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a  b  s  t  r  a  c  t

In  this  work,  we introduce  a furnace-balancing  scheme  that  generates  an  optimal  furnace-side  feed  dis-
tribution  that has the  potential  to  improve  the  thermal  efficiency  of  a reformer.  The  furnace-balancing
scheme  is composed  of  four major components:  data  generation,  model  identification,  a model-based
furnace-balancing  optimizer  and a termination  checker.  Initially,  a computational  fluid  dynamics  (CFD)
model  of  an  industrial-scale  reformer,  developed  in  our  previous  work,  is  used  for  the  data  generation
as  the  model  has  been  confirmed  to  simulate  the  typical  transport  and  chemical  reaction  phenomena
observed  during  reformer  operation,  and  the CFD  simulation  data  is  in good  agreement  with  various
sources  in  literature.  Then,  we  propose  a model  identification  process  in which  the  algorithm  is  for-
mulated  based  on the  least  squares  regression  method,  basic  knowledge  of  radiative  heat  transfer  and
the  existing  furnace-side  flow  pattern.  Subsequently,  we  propose  a model-based  furnace-balancing  opti-
mizer  that is  formulated  as  an optimization  problem  within  which the  valve  position  distribution  is the
decision  variable,  and  minimizing  the sum  of the  weighted  squared  deviations  of  the  outer  reforming
tube  wall  temperatures  from  a set-point  value  for all  reforming  tubes  with  a  penalty  term  on  the  devia-

tion  of  the  valve  positions  from  their  fully  open  positions  is  the  objective  function.  CFD  simulation  results
provide  evidence  that  the  optimized  furnace-side  feed  distribution  created  by  the  furnace-balancing
scheme  can  reduce  the  severity  of  nonuniformity  in  the spatial  distribution  of furnace-side  temperature
in  the  combustion  chamber  even  when  the  reformer  is  under  the  influence  of  common  valve-related
disturbances.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Hydrogen is a key material for the petroleum and fine chemical
anufacturing industries. In petroleum refineries, many refining

atalytic processes (e.g., the hydrotreating process, hydrocracking
rocess and hydrodesulfurization process) consume hydrogen.
pecifically, the hydrotreating process uses hydrogen to con-
ert olefins to paraffins, and the hydrocracking process uses
ydrogen to cleave sigma carbon-carbon bonds; these refining
rocesses serve the same purpose of increasing the hydrogen to

arbon ratio in the downstream process reactants, allowing these
ownstream processes to have higher efficiency. Additionally,
he hydro-desulfurization process uses hydrogen to remove thiol

∗ Corresponding author at: Department of Chemical and Biomolecular Engineer-
ng, University of California, Los Angeles, CA 90095-1592, USA.

E-mail address: pdc@seas.ucla.edu (P.D. Christofides).

ttp://dx.doi.org/10.1016/j.compchemeng.2017.04.013
098-1354/© 2017 Elsevier Ltd. All rights reserved.
compounds from the raw natural gas feedstock to prevent the
catalysts of downstream processes from being deactivated. In the
fine chemical manufacturing industries, hydrogen is the main
component of synthesis gas; e.g., in the production of ammonia,
hydrogen is reacted with nitrogen in a 3:1 ratio. In the production
of thin solar films, the feedstock to a plasma enhanced chemical
vapor deposition reactor is typically composed of 90% hydrogen
and 10% silane (Crose et al., 2017). Inside the reactor, the feedstock
is converted into hydrogen and silane radicals, which are the major
deposition species directly contributing to film growth. Moreover,
hydrogen is also a clean and efficient energy carrier as hydrogen
can be used to generate electrical energy in fuel cells.

In an industrial setting, the steam methane reforming (SMR)
process accounts for ∼48% of worldwide hydrogen production

(Ewan and Allen, 2005). The SMR  process is an endothermic pro-
cess that converts methane and superheated steam into hydrogen
and carbon oxides (carbon dioxide and carbon monoxide) in the
presence of a nickel-based catalyst network. The process takes

dx.doi.org/10.1016/j.compchemeng.2017.04.013
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2017.04.013&domain=pdf
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lace inside a unit that consists of two closed domains. Typically,
n one domain the fuel reacts with excess oxygen in air to gener-
te the necessary thermal energy to drive the endothermic steam
eforming of hydrocarbons taking place in the other domain. The
ore unit of the SMR  process is the steam methane reformer, in
hich the two closed domains are referred to as the tube side

nd the furnace side. The tube side is defined as a collection of
undreds of tubular reforming reactors (which are referred to as
eforming tubes), and the furnace side is defined by the remain-
ng components of the reformer including the burners, combustion
hamber and flue-gas tunnels. Reformers come in four typical con-
gurations which are bottom-fired, terrace wall-fired, top-fired
nd side-fired reformers. The categorization of the reformer con-
gurations is based on the locations of burners, which governs
he temperature distribution inside the reformer and the thermal
nteraction between the two closed domains. Specifically, bottom-
red reformers are characterized by a constant heat flux along
he reforming tubes (terrace wall-fired reformers are a modified
ersion of the bottom-fired configuration) (Ferreira-Aparicio et al.,
005). Top-fired reformers generate a unique temperature distri-
ution in the furnace side that allows a significant amount of heat
o enter the tube side near the reforming tube inlets. Side-fired
eformers allow flexible control of the temperature distribution
nside the combustion chamber. In the steam methane reforming
pplication, the key reactions of the SMR  process are endothermic
nd reversible, and therefore, a reformer configuration that allows
ignificant heat transfer to the tube side near the reforming tube
ntrance is an appropriate design, and motivated by this, the top-
red furnace configuration is the most frequently used reformer
onfiguration in industry. The top-fired reformer of interest in
he present work is typically used at fine chemical manufactur-
ng plants that are designed to produce high purity hydrogen on a
ommercial scale.

A typical hydrogen plant consists of the SMR, heat recovery,
ater-gas-shift and purification processes (Kroschwitz and Howe-
rant, 1999). Specifically, as synthesis gas, which is the product of

he SMR  process, exits the reformer, it typically enters a system
f heat recovery exchanger networks to produce additional super-
eated steam supply for the plant. Next, the cooled synthesis gas
nters the water shift reactor in which carbon monoxide is oxidized
o carbon dioxide, additional hydrogen is produced, and the over-
ll methane conversion is increased. Subsequently, the synthesis
as undergoes a separation process to remove the unreacted steam
rior to entering the pressure swing adsorption (PSA) unit in which
ydrogen is separated from the byproducts and unreacted methane
o produce the high purity hydrogen product. Among the major
quipment at the hydrogen plant (i.e., the reformer, water shift
eactor, heat exchanger network and PSA unit), the reformer is the
argest and is the most energy intensive. Therefore, the efficiency
f the hydrogen plant is determined by the thermal efficiency of
he reformer.

The nominal operating condition of a reformer is typically cal-
brated with the goal of extending the reformer service life by
djusting (reducing) the hydrogen production rate of the plant.
pecifically, the endothermic characteristics of the SMR process
uggest that the reformer interior should be kept at high tempera-
ure to increase the thermal efficiency because a higher conversion
f hydrogen can be accomplished by a higher outer reforming
ube wall temperature (Lee et al., 2013). However, an increase
n the outer reforming tube wall temperature of 20 K above the
esigned operating value can reduce the reforming tube expected
ervice life of 100,000 h by half (Pantoleontos et al., 2012; Latham,

008). In addition, when the outer reforming tube wall temperature
xceeds the design value by a significant margin, the reform-
ng tube wall might rupture, resulting in production and capital
osses. It becomes evident that the reformer thermal efficiency is
Engineering 104 (2017) 185–200

constrained by the design temperature of the reforming tube wall
and, therefore, depends on the spatial distribution of the furnace-
side temperature in the reformer. Specifically, a higher reformer
thermal efficiency is observed with a more uniform temperature
distribution in the combustion chamber (Kumar et al., 2015). On the
other hand, the spatial distribution of the furnace-side temperature
in the combustion chamber is linked to the outer reforming tube
wall temperature (OTWT) distributions along the reforming tube
length, each of which is defined as a collection of radially averaged
outer wall temperatures of 336 reforming tubes at a fixed distance
away from the reforming tube inlets and can be monitored by a sys-
tem of infrared (IR) cameras situated around the reformer. Hence,
OTWT distributions can be used to represent the spatial distribution
of the furnace-side temperature, and indeed, uniform OTWT distri-
butions along the reforming tube length (i.e., all reforming tubes
have the same outer wall temperature profile) allow the reformer
to be operated at the designed capacity (Dunn et al., 2002). In the
present work, the degree of nonuniformity in the OTWT distribu-
tion is defined as the maximum variation in the radially averaged
outer wall temperature between all reforming tubes in the reformer
at a specified distance away from the reforming tube inlets (Zheng
et al., 2010; Oprins and Heynderickx, 2003; Kumar et al., 2015).
The existence of the nonuniformity in the OTWT  distribution in
reformers has been confirmed with experimental data recorded by
a system of IR cameras (Zheng et al., 2010), and operating strategies
designed to counter the high degree of nonuniformity in the OTWT
distribution in the reformers has been of great interest to industry
and has been frequently discussed in published literature. This is
because when the degree of nonuniformity in the OTWT distribu-
tion inside the combustion chamber is severe, the reformer must
be operated at suboptimal conditions in which the overall aver-
age outer wall temperature among all reforming tubes along their
heated length is sufficiently smaller than the design value to com-
pensate for the wide spread of the OTWT distribution. Hence, the
hydrogen production rate of the reformer is less than the designed
capacity of the reformer. Additionally, a reformer that possesses
a high degree of nonuniformity in the OTWT distribution, which
can be as severe as 110 K, is referred to as an imbalanced reformer,
and an imbalanced reformer has noticeably lower radiative heat
transfer efficiency compared to a balanced reformer (Kumar et al.,
2015).

The major cause of the nonuniformity in the OTWT  distribution
is an asymmetric distribution of the velocity of the combustion
product mixture in the furnace side that is commonly referred
to as the furnace-side flow pattern on which the spatial distribu-
tion of the furnace-side temperature depends (Zheng et al., 2010).
Specifically, Zheng et al. (2010) shows that a maldistribution of the
furnace-side flow in the reformer can cause flame impingement,
which creates local hot-spots along the reforming tube length and
causes the OTWT distribution to have a higher degree of nonunifor-
mity. The outer wall temperature at the hot-spots may  significantly
exceed the design temperature of the reforming tube walls, which
reduces the reformer service life. The asymmetric furnace-side
flow pattern is the result of having an asymmetric geometry for
a reformer. For example, the reformer considered in this work,
developed and validated in Tran et al. (2017) and shown in Fig. 2,
is designed such that the furnace-side outlets of the combustion
chamber are situated on the front side of the refractory wall. Hence,
the asymmetric furnace-side flow pattern is an intrinsic charac-
teristic of the reformer and cannot be resolved without having
to redesign the reformer geometry and to rebuild the reformer.
However, Oprins and Heynderickx (2003) demonstrates that the

nonuniformity in the OTWT distribution under the influence of the
asymmetric furnace-side flow pattern can be altered by redistribut-
ing the furnace-side feed for which the definition is provided in
Section 2.1.
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Motivated by the above considerations, the present work
ocuses on developing a model-based furnace-balancing scheme
o determine an optimized furnace-side feed (FSF) distribution of
he reformer such that OTWT distributions along the reforming
ube length in the reformer have a reduced degree of nonunifor-

ity. The concept of ‘furnace-balancing’ is well-founded, and in
articular, Kumar et al. (2015, 2016) are noteworthy examples of
any proofs of concept in literature, which address the problem

f the optimized FSF distribution. Nevertheless, the features of the
igh fidelity reformer CFD model, model identification process and

urnace-balancing optimizer clearly differentiate the present work
rom those in literature. The remainder of this manuscript is struc-
ured as follows: in Section 2, an overview of the model-based
urnace-balancing scheme is presented, of which the algorithm of
ach component is detailed in Sections 2.1–2.4. In Section 2.1, the
hysical description, process modeling and process simulation of
he high fidelity reformer CFD model are presented. Specifically, the
eformer CFD model is created from a multiblock structured hexa-
edral reformer mesh with ∼41 million grids that has a reasonably
cceptable mesh quality, and the corresponding CFD data gener-
ted from the simulations of the reformer CFD model is verified to
e mesh-independent. The modeling strategies of the reformer CFD
odel are selected from a pool of potential models such that the

hosen models can simulate characteristics of the transport and
hemical reaction phenomena observed inside the reformer dur-
ng hydrogen production and require a reasonable computational
esource. In addition, Tran et al. (2017) demonstrates that the CFD
imulation data generated from the simulations of the reformer
FD model is in good agreement with various sources in the liter-
ture. In Section 2.2, the impact of the furnace-side flow pattern
n the OTWT distributions along the reforming tubes is investi-
ated, and the concept of a heating zone is introduced and is utilized
o allow the model identification process to embed the character-
stics of the reformer geometry and knowledge of the potential
ffects of the furnace-side flow pattern on the OTWT distribution
nto the data-driven model. The data-driven model derived from

his ‘hybrid’ model identification process (i.e., a model identifica-
ion strategy that uses information on the reformer geometry and
ffects of the furnace-side flow pattern on the OTWT distributions),
hich represents the reasonably accurate relationship between the

Fig. 1. Flowchart of the furna
Engineering 104 (2017) 185–200 187

OTWT distribution and the FSF distribution inside the reformer
CFD model, can be obtained from a small set of CFD training data.
This feature of the model identification process highlights contribu-
tions of the present work to the existing SMR  modeling literature.
In Section 2.3, the relationship between the FSF distribution and
the flow control system of the reformer and the fundamental dif-
ferences between properly functional and defective flow control
valves (i.e., constituents of the flow control system) are presented.
In Section 2.4, the algorithm of the furnace-balancing optimizer, of
which the decision variables are the valve positions of the properly
functional flow control valves, is presented. Then in Section 3.1, the
proposed furnace-balancing scheme is deployed with the assump-
tion that the reformer is properly functional, and the CFD data
corresponding to the optimized FSF distribution generated by the
proposed furnace-balancing scheme is used to evaluate its per-
formance. Finally in Section 3.2, the proposed furnace-balancing
scheme is deployed for the case in which the reformer is subjected
to two  different valve-related disturbances, and the CFD data cor-
responding to the reoptimized FSF distribution, generated by the
proposed furnace-balancing scheme, is used to evaluate its abil-
ity to compensate for the additional constraints imposed by the
disturbances.

2. Furnace-balancing scheme

The furnace-balancing scheme consists of four processes
denoted by the rectangular boxes in Fig. 1 (i.e., data generation,
model identification, a model-based furnace-balancing optimizer
and a termination checker). It is designed to search for the opti-
mized FSF distribution such that the nonuniformity in OTWT
distributions along the reforming tubes and the overall maximum
outer reforming tube wall temperature (i.e., the maximum radially
averaged outer wall temperature among all reforming tubes along
their heated length) are minimized, which facilitates the subse-
quent increase of the total FSF flow rate to the reformer to achieve
higher production rates of hydrogen and superheated steam with-

out shortening the reformer service life.

Ideally, the initial FSF distribution used by the furnace-balancing
scheme is chosen to be the nominal FSF distribution of the on-
line reformer at hydrogen manufacturing plants; however, the

ce-balancing scheme.
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Fig. 2. The isometric view of an industrial-scale, top-fired, co-current reformer with
336 reforming tubes, which are represented by 336 slender cylinders, 96 burn-

of 0.964 and average ortho skew of 0.036 are nearly ideal, which
dismiss the initial concern of the impact of the mesh quality of the
CFD data accuracy.

Table 1
Reformer mesh quality.

Current
mesh

Mesh in Tran
et al. (2017)

Recommended
range
88 A. Tran et al. / Computers and Che

ndustrial data concerning reformer operational settings is limited,
.g., although the total FSF flow rate is available for public access, to
he extent of our knowledge the FSF distribution of the reformer has
ever been reported. Additionally, it is evident that the OTWT dis-
ribution is dependent on the asymmetric furnace-side flow pattern
s discussed in Section 1, and the quantitative relationship between
hem has not yet been revealed; therefore, we do not have sufficient
nformation to form an educated initial guess of the optimized FSF
istribution. As a result, the initial guess of the optimized FSF distri-
ution is assumed to be a uniform distribution (i.e., the furnace-side
eed is uniformly distributed among the inner-lane burners and
mong the outer-lane burners, and this distribution is referred to
s the uniform FSF distribution.) Hence, the reformer CFD simula-
ion result computed using the uniformly distributed furnace-side
eed serves as a basis for this investigation. Initially, the uniform
SF distribution is implemented as the boundary condition of the
eformer CFD model in the data generation process of Fig. 1. The cor-
esponding CFD data generated from the simulation of the reformer
FD model is stored in the reformer CFD database (which is the
offman2 computing cluster at UCLA in this work). Subsequently,

he CFD data in the reformer CFD database is used by the model
dentification process to derive a data-driven model, which is a sin-
le input/single output (SISO) model that quantifies the impact of
he FSF distribution on the OTWT distribution. Next, the model-
ased furnace-balancing optimizer utilizes the data-driven model
o predict the optimized FSF distribution such that the degree of
onuniformity in the OTWT distribution is minimized. Then, the
ptimized FSF distribution is re-applied as the boundary condition
f the reformer CFD model in the data generation process and is
lso used as the input of the data-driven model to generate two sets
f the optimized OTWT distributions. Thereafter, the termination
hecker process utilizes the corresponding two data sets to evaluate
he accuracy of the data-driven model and the performance of the
urnace-balancing scheme such that when the difference between
he two data sets is within 1%, or when the performance of the
urnace-balancing scheme is no longer improved, the termination
hecker process signals for the furnace-balancing scheme to be ter-
inated and the last optimized FSF distribution to be applied to

he on-line reformer. In the remainder of this section, the data gen-
ration, model identification and model-based furnace-balancing
ptimizer processes will be presented.

.1. Data generation

The first step of the furnace-balancing scheme (i.e., the data gen-
ration process) utilizes a reformer CFD model developed in our
revious work from which the CFD simulation data is generated
nd is consistent with various sources in the literature (Tran et al.,
017). The reformer CFD model is created based on an on-line top-
red steam methane reformer designed by Selas Fluid Processing
orporation (Latham, 2008).

The reformer has a width of ∼16 m,  length of ∼16 m and height
f ∼13 m.  This unit consists of 336 reforming tubes, 96 burners
nd 8 flue-gas tunnels as shown in Fig. 2. Inside the reformer, 336
eforming tubes are arranged as seven rows of 48 units inside which
ommercial nickel-based catalyst pellets are used as packing mate-
ial. At the ceiling of the reformer, 96 burners are positioned as
ight rows of 12 units. Among the 96 burners, there are 24 outer-
ane burners which are adjacent to one row of 48 reforming tubes
nd 72 inner-lane burners which are adjacent to two rows of 48
eforming tubes. The outer-lane burners are designed to be smaller
nd to have lower maximum flow capacity compared to the inner-

ane burners. At the floor of the reformer, eight flue-gas tunnels
re placed parallel to the rows of reforming tubes. On each side
f the flue-gas tunnels, there is a row of 35 evenly spaced rect-
ngular extraction ports. The reformer produces 2,800,000 Nm3 of
ers,  which are represented by 96 frustum cones, and 8 flue-gas tunnels, which are
represented by 8 rectangular intrusions.

high-purity hydrogen and 1,700,000 kg of superheated steam per
day with an annual operating cost of 62,000,000 dollars.

In CFD study, mesh generation is the most critical and time-
consuming process because a CFD model created from a poor
quality grid requires more computational resources and a longer
computational time to calculate a converged simulation result, and
the result is likely to carry a large numerical error (ANSYS Inc.,
2013). The choice of meshing strategy (i.e., the structured multi-
block hexahedral meshing) for creating the reformer mesh and the
criteria (i.e., maximum orthogonal factor, minimum ortho skew,
and maximum aspect ratio) for evaluating the reformer mesh qual-
ity are identical to those in Tran et al. (2017) and, therefore, will not
be repeated for brevity. However, the current reformer mesh in this
work is designed to be finer than that in Tran et al. (2017) (i.e., the
total number of grids is increased from ∼29 million to ∼41 million)
and to have significantly better mesh quality compared to the mesh
in Tran et al. (2017) as shown in Table 1. Although the reformer CFD
model built from the finer reformer mesh is expected to require a
longer computational time than the reformer CFD model in Tran
et al. (2017) with the computational resources that we have at our
disposal (i.e., 80 cores on the Hoffman2 cluster), the CFD data gen-
erated by the current reformer CFD model is expected to be a more
accurate representation of the experimental data. The increased
accuracy resulting in the increased computational time is essential
because the magnitude of the reduction in the overall maximum
outer reforming tube wall temperature in a balanced reformer is
expected to be small (if not negligible) compared to its typical
value. It is important to note that though the current multiblock
structured hexahedral reformer mesh with ∼41 million grids has a
minimum orthogonal factor of 0.459 and a maximum ortho skew
of 0.541, which may  not appear to be suitable when the accuracy of
the CFD data is the primary interest, its average orthogonal factor
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
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In our previous work (Lao et al., 2016; Tran et al., 2017), the mod-
ling strategies of the reformer are chosen based on the transport
nd chemical reaction phenomena expected inside the reformer
uring hydrogen production and are selected to require a reason-
bly powerful computational resource and moderate computing
ime to create the reformer CFD model. In particular, the reformer
FD model is able to simulate the non-premixed combustion char-
cteristics of the furnace-side fuel stream by using the standard
–�  turbulence model with the ANSYS enhanced wall treatment,
nite rate/eddy dissipation (FR/ED) model and global volumet-
ic kinetic models of methane/hydrogen combustion in air (Bane
t al., 2010; Nicol, 1995); therefore, burners in the reformer CFD
odel are supplied with the well-mixed feed (i.e., the furnace-side

eed), which is created by mixing the fuel stream and the combus-
ion air stream. Additionally, the reformer CFD model is capable of
imulating radiative heat transfer between the furnace-side flow,
ombustion chamber refractory walls and outer reforming tube
alls by using an empirical correlation between the furnace-side

adiative properties and temperature (Maximov, 2012), Lambert
eer’s law, Kirchoff’s law and the discrete ordinate method (ANSYS

nc., 2013). Furthermore, the reformer CFD model can simulate the
MR  process in the tube side by means of the standard k–� tur-
ulence model, FR/ED model and global kinetic model of the SMR
rocess (Xu and Froment, 1989). Moreover, the reformer CFD model
an also simulate the effects of the catalyst network on the tube side
ow by employing the ANSYS porous zone function for which the
arameters are estimated from the semi-empirical Ergun equation
nd relevant typical industrial data (Lao et al., 2016).

In our previous work, it has been established that the simula-
ion of the reformer CFD model is sensitive to initial guesses (e.g.,
hen the simulation of the reformer CFD model is initialized by the
NSYS standard initialization based on the boundary conditions of

he CFD model, it quickly diverges) (Tran et al., 2017). In Tran et al.
2017), a step-by-step converging strategy is proposed to counter
he numerical instability issue and to accelerate the rate of con-
ergence of the simulation, which reduces the computational time
evoted to generate the converged CFD data. Hence, the converg-

ng strategy is again utilized in the present work to obtain the CFD
ata of the reformer CFD model in which the uniform FSF distribu-
ion is implemented as the boundary condition, and the CFD data
s expected to be determined by the ANSYS Fluent parallel solver
fter ∼3 days on the 80 private cores on UCLA’s Hoffman2 Cluster.
lthough subsequent simulations of the reformer CFD model, in
hich the optimized FSF distribution is implemented as the bound-

ry condition, could be executed with the converging strategy, we
ave found that we can further reduce the computational time to
lightly more than a day by utilizing a CFD data set stored in the
eformer CFD database as an initial guess for the simulations and
xecuting with a two-step converging strategy. Specifically, the
ata generation process of each iteration of the furnace-balancing
cheme begins with the simulation of the isothermal, non-reacting
INR) reformer CFD model (Tran et al., 2017), which is initialized
ased on the reformer CFD data and is solved by the aggressive
ode of the ANSYS Fluent solver to generate an intermediate solu-

ion that contains information of the new flow fields (i.e., the
elocity and turbulence fields of the furnace-side and tube-side
ows) of the balanced reformer CFD model. This is because despite
he differences in the composition and temperature fields of the
urnace-side and tube-side flows computed by the INR reformer
FD model and the reformer CFD model, their furnace-side and
ube-side flow fields are expected to be similar (ANSYS Inc., 2013;
uthaluru and Vuthaluru, 2006; Tran et al., 2017). Finally, the sim-

lation of the (complete) reformer CFD model is initialized based
n the intermediate CFD data (which contains information of the
ew flow fields in addition to the temperature and species fields

rom the reformer CFD data of a prior iteration) and is solved by the
Engineering 104 (2017) 185–200 189

aggressive mode of the ANSYS Fluent solver until the convergence
criteria, which are adopted from (Tran et al., 2017) and described
in the next paragraph, are met.

Typically, after the global normalized residuals of the conserved
transport variables are on the order of 10−4, the total mass flow
rate integrated over all boundaries of the reformer CFD model is
∼0 kg s−1, the total heat transfer rate integrated over all bound-
aries of the reformer CFD model is less than 1% of the reformer
total fired duty, and the absolute residuals of the temperature of the
furnace-side flow at five different locations inside the combustion
chamber are less than 1 K, the simulations would be terminated.
In the present work, the simulations are continued because we
recognize that the global normalized residuals are nonzero which
indicates that the CFD data fluctuates around the true steady-state
solution of the reformer CFD model, and therefore, the averaged
CFD data of many converged CFD data sets is the most accurate
representation of the reformer steady-state solution. In the effort of
acquiring the more accurate CFD data for each reformer CFD model,
the simulation is kept running for an additional 300 iterations,
which correspond to ∼5–10% of the total computational time, and
the corresponding CFD data is periodically saved in the reformer
CFD database every 100 iterations creating a total of four CFD data
sets for each reformer CFD model, of which the average CFD data is
utilized by subsequent processes of the furnace-balancing scheme.
Although the effort to obtain the more accurate CFD data results in
increased computational time, the trade-off is critical because the
reduction in the maximum outer reforming tube wall temperature
due to the optimized FSF distribution is expected to be substan-
tially smaller than the overall average outer wall temperature of
the reforming tubes.

2.2. Model identification

The second step of the furnace-balancing scheme (i.e., the
model identification process) utilizes the cumulative reformer CFD
database collected from the data generation process to derive a
data-driven model describing the relationship between the OTWT
distribution at a specified distance away from the reforming tube
inlets and the FSF distribution. In the present work, we have found
that the relationship can be assumed to be linear, and the data-
driven model can still provide a reasonably accurate prediction of
the OTWT distribution, which is generated by the reformer CFD
model, given a sufficiently large reformer CFD database. Therefore,
the radially averaged outer reforming tube wall temperature of the
ith reforming tube at the fixed distance away from the reforming
tube inlet (Ti (K)), which is an element of the OTWT  distribution,
can be approximated by a linear combination of the FSF flow rates
of all 96 burners (i.e., the FSF distribution) as follows,

Ti =
95∑
j=0

˛ijFj (1)

where Fj (kg s−1) is the furnace-side feed flow rate of the jth burner
and ˛ij (K kg−1 s) is the empirical coefficient of the data-driven cor-
relation corresponding to the ith reforming tube and jth burner,
which is to be determined by the model identification process. In
this study, the outer-lane/inner-lane burners and reforming tubes
are indexed from 0th to 95th and 0th to 335th in the specified
patterns as shown in Fig. 2. As a result, the model identification
process created based on our assumption of the linear relation-
ship between the OTWT and FSF distributions is an optimization

problem with 32,256 decision variables. Due the sheer number of
decision variables, the model identification process is expected to
be a computationally expensive algorithm. Hence, in the remain-
der of this section, the concept of a heating zone is introduced
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Fig. 3. The velocity vector field of the furnace-side flow pattern in the vicinity of

respect to the reformer CFD data at the cost of increased computa-
tional time. We  conducted a study with various dimensions of the
burner heating zone to determine the appropriate dimension of the
cylindrical volume (i.e., rcyl), and we  have found that at rcyl ∼ 3.4 m,
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n an effort to decrease the computational time for deriving the
ata-driven model, and a modified formulation of the model iden-
ification process is presented.

In high-temperature applications, thermal radiation is the dom-
nant mode of heat transfer, and the reformers are commonly
eferred to as radiant heat exchangers (Kumar et al., 2015). Olivieri
nd Vegliò (2008) shows that radiative heat transfer accounts for
95% of the total heat transfer in the top-fired reformer investi-
ated in that work, which suggests that the OTWT distribution is
rimarily controlled by thermal radiation. This is because the rate
f energy transferred by thermal radiation between two  black-
odies at different temperatures is commonly modeled as being
roportional to the difference in temperatures raised to the fourth
ower (i.e., �(T4)), while the rate of heat transfer by conduction and
onvection between them is proportional to the temperature dif-
erence (i.e., �(T)). However, the rate of heat transfer by thermal
adiation decreases drastically with increasing distance between
wo blackbodies because it is proportional to the radiation inten-
ity, which is inversely proportional to the distance between the
wo blackbodies raised to the second power. This idea allows us
o assume that when the distance between a specified burner and
eforming tube is sufficiently large, the furnace-side feed flow rate
f the burner has negligible impact on the average outer reforming
ube wall temperature. In this study, the distance between a speci-
ed burner and reforming tube is defined as the distance between
he projection of the burner centroid and the projection of the
eforming tube centroid onto any 2-D horizontal cross-sectional
lane. To quantitatively determine the local radiative heating effect
n the OTWT distribution due to the furnace-side feed flow rate of
ach burner, we consider the following simplifying assumptions:
ach burner creates a heating zone represented by a blue cylindrical
olume as shown in Fig. 5, the heating zones of the burners have an
dentical size and shape, and the FSF flow rate of the jth burner only
ffects the average outer wall temperature values of the reforming
ubes which are located inside the heating zone of the jth burner.

On the other hand, it has been established that the furnace-
ide flow pattern can influence the OTWT distribution, e.g., a
aldistribution of the furnace-side flow pattern in the reformer

an potentially cause flame impingement, which might make the
uter wall temperature values of some reforming tubes exceed
he design temperature, causing the OTWT distribution to have a
igher degree of nonuniformity as discussed in Section 1. Hence, it

s desired that the model identification process can create a data-
riven model that is also capable of accounting for the effect of
he furnace-side flow pattern on the OTWT distribution. We  begin
y utilizing the existing reformer CFD data reported in Tran et al.
2017) to construct the velocity vector fields of the furnace-side
ow pattern as shown in Fig. 3, which allows us to form a hypothe-
is regarding the underlying mechanism by which the furnace-side
ow field affects the OTWT distribution. Specifically, Fig. 3 indi-
ates that the hot combustion products (i.e., the furnace-side flow)
nter the flue-gas tunnels through the extraction ports and move
oward the reformer outlets. The existing furnace-side flow pat-
ern appears to cause the wall temperature of the flue-gas tunnels
o increase with decreasing distance toward the reformer outlets
s shown in Fig. 4. Additionally, Fig. 4 shows that the minimum
all temperature of the flue-gas tunnel of 1240 K is greater than

he maximum temperature of the reforming tube wall of 1183 K
Tran et al., 2017), so it is reasonable to assume that the reforming
ubes might receive additional radiative heating from the neigh-
oring flue-gas tunnels. However, the magnitude of the additional
eating transferred to each reforming tube from the neighboring

ue-gas tunnels depends on the location of the reforming tube with
espect to the reformer outlets. Particularly, because the flue-gas
unnels are at higher temperature toward the reformer outlets, the
eforming tubes that are situated closer to the reformer outlets are
the  4th burner row in the reformer is constructed from the reformer CFD data (Tran
et  al., 2017). The outlets of the reformer are situated at the bottom right corner and
are  placed in the direction of the velocity vectors inside the flue-gas tunnels.

expected to receive higher amounts of additional radiative heating
from the neighboring flue-gas tunnels. It is important to note that
the existing furnace-side flow pattern (Fig. 3) also suggests that the
additional radiative heating received by the reforming tubes that
are situated near the reformer outlets can be from the combus-
tion products of the burner that is situated near the reformer back
wall. The analysis motivates us to develop heating zones with the
shape shown in Fig. 5 in the effort of making the data-driven model
aware of the furnace-side flow pattern and its effects on the OTWT
distribution. It is important to note that when a larger cylindrical
heating zone is utilized in the model identification process, each
burner is assumed to influence more surrounding reforming tubes
in addition to those that are situated in the direction toward the
reformer outlets and in the two adjacent rows of reforming tubes,
which may  allow the data-driven model to be more accurate with
Fig. 4. The temperature contour map of the 4th flue-gas tunnel, which is situated
directly under the 4th burner row in the reformer, is shown. This contour map is
created from the reformer CFD data in Tran et al. (2017). In Fig. 4, the outlets of the
reformer are situated at the bottom right corner.
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Fig. 5. A representation of a burner heating zone which is created by the highlighted
burner in red. The burner heating zones are displayed by a blue cylindrical volume
(where the reforming tubes are heated via thermal radiation from the furnace-side
flow) and a green rectangular volume (where the reforming tubes are heated via
thermal radiation from the neighboring flue-gas tunnels). It is assumed that only
the reforming tubes located within the burner heating zones have the outer wall
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emperature values dependent on the FSF flow rate of the burner. (For interpretation
f  the references to color in this figure legend, the reader is referred to the web
ersion of this article.)

e are able to form 336 sets of the tube-burner relationships, which
re denoted by Si and i ∈ [0, 335] such that Si contains the FSF flow
ates of the burners on which the outer wall temperature of the ith
eforming tube depends. The tube-burner relationships reduce the
umber of decision variables of the model identification algorithm

rom 32,256 to 6865 and, thus, allow the data-driven model to be
reated within a reasonable computing time interval.

The data-driven model is designed to account for the reformer
eometry characteristics (i.e., the burner and reforming tube
rrangements) and is designed to have the potential to account
or the influence of the furnace-side flow pattern on the OTWT dis-
ribution by using the concept of a heating zone. The data-driven

odel utilizes a given FSF distribution to predict an OTWT distri-
ution that is close to that taken from a reformer CFD simulation
esult in the least squares sense. The model identification process
ased on n sets of the reformer CFD data taken from the reformer
FD database is formulated as follows,

in˛ij ∈ [0,∞)

n−1∑
m=0

(
335∑
k=0

(Tk,m − Test
k,m)

2

)2

(2)

ubject to

est
k,m =

95∑
j=0

˛kjFj,m (3a)

kj = 0 if Fj,m /∈ Sk (3b)

kj = ˛ki if Fj,m, Fi,m ∈ Sk and dkj = dki (3c)

dkj

dki

)ˇ

· ˛kj ≥ ˛ki ≥ ˛kj if Fj,m, Fi,m ∈ Sk and dkj > dki (3d)

here Tk,m and Test
k,m

are the average outer wall temperature of the
th reforming tube taken from the mth reformer CFD data set and

he corresponding value generated by the data-driven model given
he mth furnace-side feed distribution as shown in Eq. (3a), respec-
ively, Fj,m is the furnace-side feed flow rate of the jth burner derived
rom the mth reformer CFD data set,  ̌ = 4.0 is an empirical constant
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of the data-driven model estimated from the study of the burner
heating zone, dkj is the distance between the kth reforming tube
and the jth burner and dki is the distance between the kth reform-
ing tube and the ith burner. In Eqs. (3a)–(3d), the ranges of k, i, j and
m are 0–335, 0–95, 0–95 and 0–n, respectively. The cost function
(Eq. (2)) of the model identification penalizes the deviation of the
average outer wall temperature of each reforming tube generated
by the data-driven model from that derived from the correspond-
ing reformer CFD data set. Specifically, Eq. (3b) suggests that if the
kth reforming tube is not situated within the heating zone of the jth
burner (Tk,m /= Tk,m(Fj,m)), the data-driven model will assume that
the furnace-side feed flow rate of the jth burner does not affect
the kth outer reforming tube wall temperature. Additionally, Eq.
(3c) indicates that if the distance between the kth reforming tube
and the jth burner is equal to that between the kth reforming tube
and the ith burner, the data-driven model then presumes that the
effects of the burners on the kth outer reforming tube wall tem-
perature are the same. Similarly, Eq. (3d) shows that if the distance
between the kth reforming tube and the jth burner is greater than
that between the kth reforming tube and the ith burner, the data-
driven model then infers that the effects of the jth burner on the
kth outer reforming tube wall temperature are weaker than those
of the ith burner.

2.3. Valves and flow rate relation

Although the FSF distribution is used as the boundary condition
of the high fidelity reformer CFD model and is chosen as the input
of the data-driven model, it cannot be directly controlled and is not
typically measured in industrial practice. Indeed, the FSF distribu-
tion is controlled by a system of flow regulators consisting of a finite
number of flow control valves. Specifically, because the burners in
the reformer are interconnected, a fractional amount of the FSF flow
rate of the jth burner can be redistributed to other units by partially
closing the corresponding flow control valve. This suggests that
the optimized FSF distribution can be produced by appropriately
adjusting the percent open positions of all flow control valves in the
flow regulator system, which is referred to as the valve position dis-
tribution. Hence, the merit of the high fidelity reformer CFD model
and of the data-driven model for the furnace-balancing application,
which aims to reduce the degree of the temperature nonuniformity
in the combustion chamber and to increase the reformer thermal
efficiency, is evident.

In an industrial setting of commercial-scale hydrogen produc-
tion, the furnace-side feed flow rate of a burner in the reformer
may not be individually regulated. In the present work, we assume
that every set of two consecutive burners in a row of twelve burn-
ers is controlled by a flow control valve, and therefore, it is also
reasonable to assume that the same FSF flow rate is delivered to
these burners. Additionally, we assume that the FSF distribution is
regulated by two distinct linear flow control valve models with dif-
ferent maximum capacities. Among the flow control valve models,
one valve model with a larger maximum capacity is used for the
inner-lane burners, and the other valve model with a smaller max-
imum capacity is implemented in the outer-lane burners such that
when valves are at the same opening position, the FSF flow rate
of the outer-lane burners is 60% of that of the inner-lane burners.
Based on the burner arrangement in the reformer and the capacity
ratio of the inner-lane valve model and the outer-lane valve model,
the valve-position-to-flow-rate converter is formulated as follows,

[F] = ı · [X] · [Y] · [V ] (4)
subject to

[V ] ∈ R48×1 (5a)
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[X] ∈ R96×96Xij = 0.6; i = j where i ∈ [0,  11] ∪ [84, 95]

Xij = 1.0; i = j where i ∈ [12, 93]

Xij = 0.0; i /= j

(5b)

[Y] ∈ R96×48

Yij = 1.0; i = 2j ∪ i = 2j + 1 where j ∈ [0,  47]

Yij = 0.0; i /= 2j ∩ i /= 2j + 1 where j ∈ [0,  47]

(5c)

F] ∈ R96×1 Fi ≥ 0 ∀i ∈ [0,  95] (5d)

 = Ftot

‖[X] · [Y] · [V ]‖1
(5e)

here Ftot (kg s−1) is the total mass flow rate of the furnace-side
eed to the reformer, ı is the valve-to-flow-rate proportionality
oefficient and is dependent on the valve position distribution, [F]
s a vector of the FSF flow rate through each burner (the FSF distri-
ution), [X] is a transformation matrix that identifies the types of
he flow control valves (i.e., the inner-lane and outer-lane valves)
n the reformer, [Y] is a transformation matrix that describes the
urner arrangement in the reformer and [V] is a vector of valve
ositions (the valve position distribution). A characteristic of the
alve-to-flow-rate converter is that a FSF distribution can be pro-
uced by different valve position distributions by changing the inlet
ressure of the furnace-side feed to the reformer. To illustrate this

dea, we utilize a fictitious simplified interconnected flow system
hich consists of four inner-lane burners and is supplied with the

onstant total FSF mass flow rate of 4.0 (kg s−1). When both flow
ontrol valves regulating the four inner-lane burners are at 100%
pen, the total FSF flow rate to the simplified interconnected flow
ystem is evenly distributed, i.e., the FSF flow rate to each inner-
ane burner is expected to be 1.0 (kg s−1). When both flow control
alves regulating the four inner-lane burners are 80% open, the FSF
ow rate to each inner-lane burner is still required to be 1.0 (kg s−1)
o maintain the constant total FSF mass flow rate of 4.0 (kg s−1)
ecause of the two following reasons: the FSF flow rates of the two

nner-lane flow control valves that are at the same valve position
re equal, and the FSF flow rates of the two inner-lane burners that
re regulated by a flow control valve are also assumed to be equal.
he primary difference between the two case studies is in plant’s
fficiency, as the magnitude of the inlet pressure of the furnace-
ide feed to the reformer is expected to be higher in the second
ase study, which corresponds to a higher energy input to the com-
ressor system leading to an increase in the operating cost of the
eformer and a reduction in the plant’s efficiency.

In the reformer, the flow control system has 48 flow con-
rol valves among which 36 valves are designated to regulate the
SF flow rates of the 72 inner-lane burners, and the valve posi-
ion of each flow control valve must be adjusted to create the
ptimized FSF distribution. Therefore, the reformer thermal effi-
iency becomes susceptible to common valve-related problems
e.g., valve stickiness) as these disturbances prevent the valve posi-
ion distribution that is designed to produce the optimized FSF
istribution from being implemented. In this study, when a flow
ontrol valve is said to become defective, we assume that the flow
ontrol valve becomes stuck, and hence, the valve position can-
ot be adjusted, which prevents the furnace-side feed from being
istributed according to the optimized distribution.

.4. Model-based furnace-balancing optimizer
The third step of the furnace-balancing scheme (i.e., the model-
ased furnace-balancing optimizer) utilizes the data-driven model
Eq. (10b)) and the valve-position-to-flow-rate converter (Eq.
10a)) to derive an optimized FSF distribution that aims to reduce
Engineering 104 (2017) 185–200

the degree of nonuniformity in the OTWT distribution. The furnace-
balancing optimizer is designed as a multivariable optimization
problem in which the decision variables are the positions of the
properly functional flow control valves. Additionally, the furnace-
balancing optimizer is designed to handle defective valves in the
flow control system by adjusting the number of decision variables.
For instance, if a flow control valve of the 0th and 1st outer-lane
burners becomes defective, there are 47 functional valves in the
flow control system, and therefore, the number of decision vari-
ables decreases from 48 (which corresponds to the total number of
flow control valves in the reformer) to 47. During the initialization
of the furnace-balancing optimizer, a text file documenting the cur-
rent status of the flow control valves is provided, based on which the
furnace-balancing optimizer identifies the defective valve(s) and
the corresponding stuck valve position(s) to determine the number
of decision variables.

The decision variables of the furnace-balancing optimizer are
subjected to the practical constraint of the flow control valves (i.e.,
Eq. (10f), which is enforced to avoid extinguishing the flame) and
the physical constraint of the flow control valves (i.e., Eq. (10e)). In
addition, we assume that the total furnace-side feed derived based
on typical industrial data is kept constant at Ftot (i.e., Eq. (10c)),
when the optimized FSF distribution is computed. This strictly con-
trolled operating window of the reformer allows the radial average
temperature of the ith reforming tube at a fixed distance away from
the reforming tube inlet to be expressed as a linear combination of
the FSF distribution as shown in Eq. (10b).

In the development of the furnace-balancing optimizer, careful
consideration regarding the characteristic of the valve-to-flow-rate
converter must be given. Specifically, the valve-to-flow-rate con-
verter allows a FSF distribution to be produced by different valve
position distributions between which the primary difference is in
the plant’s efficiency because the valve position distribution devi-
ates further away from the default distribution (i.e., in which flow
control valves are fully open) and thus requires a higher inlet pres-
sure of the furnace-side feed to the reformer leading to a higher
energy input to the compressor system, an increase in the operat-
ing cost of the reformer and a reduction in the plant’s efficiency.
In the present work, a quantitative assessment of the deviation
of a valve position distribution ([V]) from the default distribution
([V]0) is computed as the 1-norm of the difference between [V]0 and
[V], i.e., ||[V ]0 − [V ]||1. Therefore, the furnace-balancing optimizer
is designed to minimize the degree of nonuniformity in the OTWT
distribution in a manner that requires the least duty of the compres-
sor system to maximize the plant’s efficiency and reformer service
life by penalizing the weighted quadratic deviation of the outer
wall temperature values of all reforming tubes from the set-point
temperature (TAVE),

335∑
k=0

wk(TAVE − Test
k )

2
, (6)

and also penalizing the deviation of the optimized valve position
distribution ([V]) from [V]0,

||[V ]0 − [V ]||1 =
47∑
i=0

(Vi,max − Vi). (7)

The objective function of the furnace-balancing optimizer must
signify that minimizing the degree of nonuniformity in the OTWT
distribution has by far the highest priority and should not be com-
promised by the benefit of minimizing the duty of the compressor

system. This idea is translated into mathematical expression of the
penalty associated with the task of minimizing the compressor duty
in the objective function of the furnace-balancing optimizer by nor-
malizing the deviation of the optimized valve position distribution
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rom [V]0, which is subsequently scaled by multiplying with the
roduct of the penalty associated with the task of minimizing the
egree of nonuniformity in the OTWT distribution and a weighting
actor (�),

 ·
335∑
k=0

wk(TAVE − Test
k )

2 ·
∑47

i=0(Vi,max − Vi)∑47
i=0(Vi,max − Vi,min)

.  (8)

As a result, the objective function of the furnace-balancing opti-
izer is formulated as shown in Eq. (9), in which the first term

epresents the penalty associated with the task of minimizing the
egree of nonuniformity in the OTWT distribution, and the second
erm represents the penalty associated with the task of minimiz-
ng the compressor duty. The set-point temperature (TAVE) can be
omputed based on the OTWT distribution from any of the previ-
us CFD data sets from the reformer CFD database as shown in Eq.
10d) because the overall average outer wall temperature at the
xed distance away from the reforming tube inlets is expected to
e constant despite the degree of nonuniformity in the OTWT dis-
ribution. Additionally, the initial guesses for the decision variables
f the furnace-balancing optimizer are set to be 100% open (i.e.,
hen the penalty on the control action is minimized) to allow the

urnace-balancing optimizer to initially shift the focus on minimiz-
ng the degree of nonuniformity in the OTWT distribution and to
void being stuck, which could happen when it is initially forced
o accomplish both objectives simultaneously. The model-based
urnace-balancing optimizer is formulated as follows,

in Vj ∈ [60, 100]

j  = {0, . . .,  47}\Vdef

335∑
k=0

wk(TAVE − Test
k )

2

+ �

335∑
k=0

wk(TAVE − Test
k )

2 ·
∑47

i=0(Vi,max − Vi)∑47
i=0(Vi,max − Vi,min)

(9)

ubject to

F] = ı · [X] · [Y] · [V ] (10a)

est
k =

95∑
j=0

˛kjFj ∀ Fj ∈ [F] (10b)

95

j=0

Fj = Ftot, j = {0, . . .,  95}  (10c)

AVE = 1
336

335∑
k=0

Tk,m (10d)

i,max = 100% i = {0, . . .,  47}  (10e)

i,min = 60% i = {0, . . .,  47}  (10f)

i,min ≤ Vi ≤ Vi,max i = {0, . . .,  47}\Vdef (10g)

here Vdef is the set of indices of defective control valves (the nota-
ion x\y denotes that the components of the set x are considered
xcept those that are also in set y), wk is the weighting factor of the
th reforming tube (which is used to compute the penalty associ-
ted with the deviation of the predicted outer wall temperature of
he kth reforming tube (Test

k
) from TAVE), � is the weighting factor

f the penalty associated with the control action, Vi (the ith com-

onent of [V]) is the valve position of the ith flow control valve
which regulates the FSF flow rates of the (2i)th and (2i  + 1)th burn-
rs) and Fj (the jth component of [F]) is the optimized FSF flow rate
f the jth burner. The idea of assigning the deviations of Test

k
from
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TAVE of the reforming tubes different weights in the penalty associ-
ated with the degree of nonuniformity in the OTWT distribution is
motivated by the fact that the local environments of the reforming
tubes are not all identical, and specifically, the additional radia-
tive heating provided for the reforming tubes from the neighboring
flue-gas tunnels is expected to decrease with increasing distance
away from the reformer outlets. Hence, we want to compensate
for the nonuniform additional radiative heating along the rows of
48 reforming tubes by giving the most weight to the offsets of the
reforming tubes that are the furthest away from the reformer out-
lets (e.g., the 47th reforming tube). Specifically, wk is designed to
monotonically decrease with the position (pk) of the kth reforming
tube in a row of 48 reforming tubes as follows,

pk = k − 48 ·
⌊

k

48

⌋
k ∈ {0, 1, . . .,  335} (11a)

wk = wmax
k · exp[−ˇw · (47 − pk)] pk ∈ {0, 1, . . .,  47}  (11b)

where �· represents the ‘floor’ operator, and wmax
k

and ˇw are
the parameters of wk. These weights, combined with the form
of the heating zones for the data-driven model discussed in Sec-
tion 2.2, allow the furnace-balancing optimizer to account to some
extent for the reformer geometry, furnace-side flow pattern and
its potential influence on the OTWT distribution. Therefore, the
furnace-balancing optimizer is expected to realize that the burn-
ers situated near the refractory back wall might have long range
effects on the outer wall temperature of the reforming tubes near
the reformer outlets. As a result, the optimized FSF distribution
is expected to lessen the degree of nonuniformity in the OTWT
distributions along the reforming tubes and to reduce the over-
all maximum temperature of the outer reforming tube wall, which
creates room for improving the thermal efficiency of the reformer.
It is important to note that wmax

k
= 10.0, ˇw = 0.05 and � = 0.1 are

determined based on a trial-and-error approach until the largest
reduction in the degree of nonuniformity in the predicted OTWT
distribution is observed.

3. Simulation results

In this section, the average of four CFD data sets produced by
the reformer CFD model, in which the uniform FSF distribution is
used as the boundary condition, is utilized to analyze the existing
degree of nonuniformity in OTWT distributions at different loca-
tions along the reforming tube length as shown in Table 2. We
note that the spread of the OTWT distributions only raises our
concerns about the reformer life service when the average tem-
perature of the OTWT distribution at a fixed distance away from
the reforming tube inlets is in the regime of the maximum value of
average temperatures of the OTWT distributions along the reform-
ing tube length. This is because if the average temperature of the
OTWT distribution is high, the radially averaged maximum tem-
perature for some tubes is likely to exceed the design temperature
of the reforming tube wall, and therefore, the service life of the
reformer is shortened. Additionally, Kumar et al. (2015) shows that
OTWT distributions along the reforming tube length and the spa-
tial distribution of the furnace-side temperature can be made to
become more uniform by reducing the degree of nonuniformity
in just one OTWT distribution. In the remainder of this section,
we focus on the OTWT distribution that is ∼6.5 m away from the
reforming tube inlets as it has a relatively high overall average
temperature (1165.08 K, which is ∼99% of the maximum value in
the average outer wall temperature profile), temperature range

(67.7 K) and standard deviation (9.7 K). Only the OTWT distribu-
tions and the corresponding FSF distributions are utilized by the
model identification to create the data-driven model as discussed
in Section 2.2. Next, the model-based furnace-balancing optimizer
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Table  2
OTWT distribution obtained from the reformer CFD model in which the uniform FSF distribution is used as the boundary condition.

Distance down reforming tubes (m)  TAVE (K) TMax (K) TMin (K) Standard deviation (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  1149.4 1172.7 1097.1 11.2
6.0  1161.6 1179.6 1110.6 10.1
6.5  1165.1 1183.2 1115.5 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
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accurate representation of the reformer CFD data with more iter-
ations of the furnace-balancing scheme due to a larger reformer
CFD database. Fig. 6 shows the predicted OTWT distributions gen-
erated by the data-driven model match well with those generated
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Iteration of the furnace-balancing scheme
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Fig. 6. Evolution of the maximum, average and minimum temperature values of the
10.0  1168.8 

11.0  1164.1 

12.0  1162.5 

ses the status of the flow control system, the valve-position-to-
ow-rate converter and the most up-to-date data-driven model to
earch for the optimized FSF distribution to minimize the degree of
onuniformity in the OTWT distribution. We  note that each data set
tilized by the model identification process requires 3.64 × 10−4 GB
f storage space, while the original reformer CFD data, from which
he OTWT distribution and FSF distribution are extracted, requires
12 GB of storage space, and therefore, the data-driven model
ight not be able to precisely predict the behavior of the reformer
hen the training data set is not sufficiently large. Hence, once an

ptimized FSF distribution is obtained from the furnace-balancing
ptimizer, the optimized FSF distribution is simultaneously used
s the boundary condition of the reformer CFD and as the input
f the data-driven model, and the corresponding data is utilized
n the termination checker process, in which the accuracy of the
ata-driven model and the performance of the furnace-balancing
cheme are evaluated. In the present work, the performance of the
urnace-balancing scheme is assessed based on the percent reduc-
ion in the standard deviation of the OTWT distribution generated
y the reformer CFD model, in which the optimized FSF distribution

s used as the boundary condition, compared to that generated by
he reformer CFD model, in which the uniform FSF distribution is
sed as the boundary condition.

Each iteration of the proposed furnace-balancing scheme solved
y Ipopt (Wächter and Biegler, 2006) generates an optimized
SF distribution and quantitatively estimates the reduction of the
egree of nonuniformity of the OTWT distribution within 30 h using
0 cores of the UCLA Hoffman2 Cluster, and ∼90% of the com-
utational time is designated to the data generation process. The
ermination checker process triggers a terminating signal after six
terations of the furnace-balancing scheme. It is worth noting that
ubsequent attempts to reoptimize the FSF distribution to com-
ensate for the influences of common valve-related problems can
e accomplished after fewer iterations of the furnace-balancing
cheme as the data-driven model derived using the entire reformer
FD database is expected to accurately predict the reformer behav-

or.

emark 1. It is the most beneficial for hydrogen plants to oper-
te the reformer with the optimized FSF distribution such that the
ate of hydrogen production and reformer service life is maximized.
ence, it would be illogical to frequently adjust the FSF distribution

n the absence of changes in the plant hydrogen production rate
et-point or major operational disturbances (e.g., severe changes
n ambient temperature or composition of the feedstock), and any
djustment to the optimized FSF distribution would cause the

eformer to be at a suboptimal operating condition, which would
ecrease the reformer thermal efficiency and, therefore, lower the
lant’s efficiency. As a result, adjustments to the FSF distribution are
ot frequently made as noted in Kumar et al. (2016). Additionally,
187.6 1128.7 7.9
183.4 1125.0 8.1
181.7 1124.6 8.2

the FSF distribution is typically changed every three days in indus-
try, which allows the furnace-balancing scheme to complete at least
two iterations before implementing the new optimized input to
the on-line reformer. Finally, it is important to note that ∼90% of
the computational time of each iteration of the furnace-balancing
scheme is designated to the data generation process as noted in Sec-
tion 3, and simulations of the reformer CFD models are carried out
by ANSYS Fluent, which provides a flexible computing environment
for parallel processing. Therefore, the computational time of each
furnace-balancing iteration can be decreased with a more powerful
computational resource (i.e., more computing nodes), which allows
more iterations to be completed in the alloted time period.

3.1. Case study A

In this subsection, the performance of the furnace-balancing
scheme is investigated under the assumption that the flow control
system is fully functional (i.e., the furnace-balancing optimizer has
48 decision variables). The simulation results generated during the
first six iterations of the furnace-balancing scheme are presented
and discussed.

The evolution of the data-driven model is shown in Fig. 6, which
indicates that the data-driven model progressively becomes a more
OTWT distribution at a distance 6.5 m away from the reforming tube inlets during
the first 6 iterations of the furnace-balancing scheme, which are generated by the
reformer CFD model (black symbols) and by the data-driven model (red symbols).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Evolution of the standard deviation of the OTWT distribution at a distance
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ion of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)

y the reformer CFD model with just five training data sets from
he reformer CFD database, which validates our hypotheses of the
mpact of the furnace-side flow pattern on the OTWT distribution,
he size of the cylindrical heating zone, the altered shape of the
eating zone and the assumption that the radial average temper-
ture of the ith reforming tube at a fixed distance away from the
eforming tube inlet can be expressed as a linear combination of
he FSF distribution.

Next, the evolution of the OTWT distribution at a distance 6.5 m
way from the reforming tube inlets is shown in Figs. 6–8, which

eveal that the reformer CFD model, in which the optimized FSF dis-
ribution is used as the boundary condition, has a less severe degree
f nonuniformity in the OTWT distribution after the first iteration

ig. 8. Evolution of the OTWT distribution at a distance 6.5 m away from the reforming 

btained from the reformer CFD model, is displayed by comparing the OTWT distribution
ubfigure corresponds to the reforming tubes that are the closest to the reformer outlets,
he  furthest away from the reformer outlets.
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of the furnace-balancing scheme. Fig. 8 is created to allow data visu-
alization (allowing the 336 reforming tubes in the reformer to be
represented by a table consisting of 336 rectangular cells, of which
each location in the table maps to a unique reforming tube in the
reformer) so that the performance of the furnace-balancing scheme
and the degree of nonuniformity of the OTWT distribution can be
evaluated qualitatively at a glance (e.g., if Fig. 8 has a high number
of red and green cells, the OTWT distribution is highly nonuniform).
Fig. 8 shows that the OTWT distribution gradually becomes more
uniform with more iterations of the furnace-balancing scheme.
Specifically, by the 2nd iteration, the under-heated region near the
reformer outlets in the OTWT distribution of the 0th iteration (i.e.,
the reformer CFD model of which the uniform FSF distribution is
used as the boundary condition) is completely eliminated, by the
4th iteration the other noticeable under-heated region near the
refractory back wall in the OTWT distribution of the 0th iteration
is completely removed, and by the 6th iteration the severity of the
two over-heated regions in the OTWT distribution of the 0th itera-
tion is reduced. Figs. 6 and 7 are utilized to quantitatively evaluate
the performance of the furnace-balancing scheme and the degree
of nonuniformity of the OTWT distribution. From the 2nd iteration
onward, Figs. 6 and 7 show that the temperature range and standard
deviation of the OTWT distribution decrease compared to those of
the 0th iteration. Specifically, at the 6th iteration of the furnace-
balancing scheme, the temperature range and standard deviation
of the OTWT distribution are reduced from 67.7 K and 9.7 K to 25.7 K
and 4.8 K, respectively. The reduction in the standard deviation of
the OTWT distribution due to the optimized FSF distribution with
respect to the basis is 51%.

Finally, the evolution of the overall maximum outer wall tem-
perature of the reforming tubes is shown in Fig. 9, which indicates
that the reformer CFD model, in which the optimized FSF distribu-
tion (generated at any iteration of the furnace-balancing scheme)
reforming tube wall temperature compared to that of the 0th iter-
ation. Specifically, at the 6th iteration of the furnace-balancing
scheme, the overall maximum outer temperature of the reforming

tube inlets during the first 6 iterations of the furnace-balancing scheme, which is
s in the 0th (a), 2nd (b), 4th (c) and 6th (d) iterations. In Fig. 8, the top row of each

 and the bottom row of each subfigure corresponds to the reforming tubes that are
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ng tube length among 336 reforming tubes in the reformer during the first 6
terations of the furnace-balancing scheme, which are obtained from the reformer
FD  model.

ubes is reduced from 1197.2 K to 1191.5 K (by 5.6 K). We  would
ike to note that although the magnitude of the reduction in the
verall maximum outer reforming tube wall temperature is much
ess than the overall average outer wall temperature of 1121.6 K,
he contribution of our present work for industrial applications
hat strive to improve the thermal efficiency and service life of the
eformer remains significant for the reason noted in Section 1. Due
o the reduction in the overall maximum outer reforming tube wall
emperature, the total FSF mass flow rate to the reformer can poten-
ially be increased to achieve a higher operating temperature of
he furnace-side flow without reducing the reformer service life,
hich leads to a lower rate of methane leakage (i.e., unreacted
ethane) and higher production rates of hydrogen and super-

eated steam. As a result, the thermal efficiency of the reformer is
mproved.
.2. Case study B

In this subsection, the performance of the furnace-balancing
cheme is analyzed when the flow control system is subjected

able 3
TWT distribution obtained from the reformer CFD model in the 6th iteration in which th

Distance down reforming tubes (m)  TAVE (K) T

6.0 1160.1 1
6.5  1163.4 1
7.0  1166.6 1
8.0  1171.8 1
9.0  1177.0 1
10.0  1166.8 1
11.0  1162.2 1
12.0  1160.7 1

able 4
TWT distribution obtained from the reformer CFD model in the 7th iteration when the F

Distance down reforming tubes (m)  TAVE (K) T

6.0 1158.2 1
6.5  1161.6 1
7.0  1164.9 1
8.0  1170.2 1
9.0  1175.5 1
10.0  1165.4 1
11.0  1160.9 1
12.0  1159.5 1
Engineering 104 (2017) 185–200

to two  different valve-related disturbances, which are categorized
based on the number of defective valves. We  consider the reformer
from case study A after six iterations of the furnace balancing
scheme have been executed with all valves fully functional. Though
the termination checker of the furnace balancing scheme indicated
that the balancing procedure could be terminated after the 6th
iteration if no significant changes in the plant dynamics occurred,
we assume that the valve-related disturbances occur after the 6th
iteration of the furnace-balancing scheme has been executed and
that the furnace-balancing scheme is therefore required to con-
tinue iterating to determine an optimized FSF distribution given the
change in the valve availability. The predicted optimized valve posi-
tion distribution produced by the furnace-balancing optimizer in
the 6th iteration when there were no defective valves cannot be uti-
lized because the valve positions of the defective valves cannot be
adjusted to the optimized positions. Hence, the valve position dis-
tribution that is sent to the valve-position-to-flow-rate converter
to generate the boundary conditions of the reformer CFD model is
non-optimal. As a result, the OTWT distributions obtained by imple-
menting the FSF distribution determined at the 6th iteration prior
to the occurrence of the valve-related disturbances are expected
to have a high degree of nonuniformity when implemented in a
CFD model that accounts for the valve-related disturbances, and
the furnace-balancing scheme is continued. We  will impose two
different valve-related disturbances after the 6th iteration and will
refer to the iteration of the furnace-balancing scheme assuming the
first type of valve-related disturbance occurs after the 6th iteration
as the 7th iteration, and to the iteration of the furnace-balancing
scheme assuming the second type of valve-related disturbance
occurs after the 6th iteration as the 9th iteration (according to the
above analysis, we  expect significant OTWT distribution nonuni-
formity in both the 7th and the 9th iterations). In the re-balancing
iterations of the furnace-balancing scheme (i.e., the 8th and 10th
iterations), the text file documenting the status of the flow control
system is updated, which notifies the furnace-balancing optimizer
of the defective valves. Additionally, we  simulate the two distur-
bances by assuming that the defective valves of the flow control
system are arbitrarily selected, in which the corresponding stuck

valve positions are modified from the optimized valve position by
5–30%. The simulation results generated in the 7th, 8th, 9th and
10th iterations of the furnace-balancing scheme are presented and
discussed.

e optimized FSF distribution is used as the boundary condition.

Max (K) TMin (K) Standard deviation (K)

177.9 1148.9 5.5
178.6 1152.9 4.8
180.0 1155.1 4.3
185.4 1160.1 4.5
191.5 1162.8 5.0
184.1 1155.1 4.9
181.4 1151.8 5.3
180.9 1150.2 5.6

SF distribution is altered by the single-valve disturbance.

Max (K) TMin (K) Standard deviation (K)

177.2 1112.4 10.0
178.3 1118.1 9.3
180.4 1124.7 8.6
187.4 1134.9 8.0
194.3 1142.6 7.9
186.2 1134.7 7.8
182.4 1132.2 7.7
181.1 1132.9 7.4
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Table  5
OTWT distribution obtained from the reformer CFD model in the 8th iteration when the FSF distribution is reoptimized to counter the impact of the single-valve disturbance.

Distance down reforming tubes (m)  TAVE (K) TMax (K) TMin (K) Standard deviation (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 1157.5 4.1
8.0  1171.5 1185.0 1159.6 4.3
9.0  1176.6 1190.7 1162.8 4.7
10.0 1166.4 1182.6 1154.9 4.7
11.0  1161.8 1178.9 1151.4 5.0
12.0  1160.3 1177.8 1147.2 5.3

Table 6
OTWT distribution obtained from the reformer CFD model in the 9th iteration when the FSF distribution is altered by the three-valve disturbance.

Distance down reforming tubes (m)  TAVE (K) TMax (K) TMin (K) Standard deviation (K)

6.0 1159.4 1180.3 1129.6 7.5
6.5  1162.9 1180.9 1135.4 6.7
7.0  1166.3 1181.4 1142.1 6.0
8.0  1171.7 1187.4 1151.5 5.6
9.0  1177.0 1193.1 1158.9 5.7
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mity in the OTWT distributions in the high temperature regions
along the reforming tube length in the 8th iteration is reduced with
respect to the corresponding quantities in the 7th iteration. Specif-
ically, in the OTWT distribution at the location 6.5 m away from the

Fig. 10. Comparison between the OTWT distributions at a distance 6.5 m away from
the  reforming tube inlets generated from the 7th iteration when the FSF distribution
is  altered by the single-valve disturbance (a), and from the 8th iteration when the
10.0 1166.8 

11.0  1162.2 

12.0  1160.7 

In the case in which the reformer CFD model is subjected to a
ingle-valve disturbance, a flow control valve is assumed to become
efective. In particular, the valve regulating the FSF mass flow rates
f the 48th and 49th inner-lane burners is chosen; and while the 6th
teration of the furnace-balancing scheme suggests that the opti-

ized valve position is 97%, the stuck valve position is 70%. The
FD data generated by the reformer CFD model, in which the flow
ontrol system is under the influence of the single-valve distur-
ance, is used to analyze the degree of nonuniformity of the OTWT
istributions in the high temperature regions along the reform-

ng tube length. Comparing Table 4 with Table 3 reveals that the
TWT distributions expectedly become more nonuniform at the
th iteration compared to the 6th iteration. Specifically, the tem-
erature range and standard deviation of the OTWT distribution at
he location 6.5 m away from the reforming tube inlets in the 7th
teration increase by 34.6 K and 4.6 K. The results suggest that the
urnace-balancing scheme must be made aware of the constraint
mposed by the single-valve disturbance to properly reoptimize the
SF distribution.

In the 8th iteration, as the text file documenting the status of the
ow control system has been updated, the furnace-balancing opti-
izer is aware of the defective valve, which allows the number of

ecision variables to be reduced from 48 to 47 as discussed in Sec-
ion 2.4. We  note that the furnace-balancing optimizer is designed
o handle a varying number of decision variables, and this ability
f the furnace-balancing optimizer makes the furnace-balancing
cheme especially appealing for industrial applications that are
nterested in control and automation. The CFD data generated by
he reformer CFD model, in which the reoptimized FSF distribution
s used as the boundary condition, is used to investigate the ability
f the furnace-balancing scheme to compensate for the impact of
he single-valve disturbance occurring in the flow control system.

Fig. 10 shows that the OTWT distribution at a distance 6.5 m
way from the reforming tube inlets produced in the 8th iteration
s more uniform than that produced in the 7th iteration. Specif-
cally, the under-heated region near the reformer outlets in the
TWT distribution of the 7th iteration is completely resolved in

he 8th iteration, and the severity of the over-heated region in the

th iteration is significantly lessened in the 8th iteration. Addition-
lly, the OTWT distribution in the 8th iteration shown in Fig. 10(b)
esembles the optimized OTWT distribution in the 6th iteration
hown in Fig. 8(d) even though the corresponding optimized valve
184.5 1151.9 5.8
181.2 1147.9 5.9
180.6 1146.9 6.0

position distributions are completely different as shown in Table 8.
This is because the FSF distributions produced by these optimized
valve position distributions in the 6th and 8th iterations are very
similar. Moreover, Table 5 shows that the degree of nonunifor-
FSF distribution is reoptimized to counter the impact of the single-valve disturbance
(b). In Fig. 10, the top row of each subfigure corresponds to the reforming tubes
that are the closest to the reformer outlets, and the bottom row of each subfigure
corresponds to the reforming tubes that are the furthest away from the reformer
outlets.
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Table  7
OTWT distribution obtained from the reformer CFD model in the 10th iteration when the FSF distribution is reoptimized to counter the impact of the three-valve disturbance.

Distance down reforming tubes (m)  TAVE (K) TMax (K) TMin (K) Standard deviation (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 1194.9 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

Table 8
Summary of the valve position distributions in the 0th, 6th, 7th, 8th, 9th and 10th iterations, in which the bold values represent the stuck positions of the defective valves
due  to the common valve-related disturbances.

Vi iteration 0th 6th 7th 8th 9th 10th

V0 100 86 86 68 70 70
V1 100 94 94 71 94 99
V2 100 88 88 68 88 87
V3 100 84 84 67 84 85
V4 100 85 85 66 85 83
V5 100 92 92 72 92 93
V6 100 88 88 69 88 98
V7 100 73 73 60 73 69
V8 100 81 81 65 81 79
V9 100 89 89 69 89 84
V10 100 87 87 69 87 85
V11 100 81 81 64 81 77
V12 100 92 92 71 92 83
V13 100 85 85 66 85 78
V14 100 94 94 73 94 91
V15 100 86 86 68 86 87
V16 100 78 78 61 78 77
V17 100 100 100 78 100 100
V18 100 87 87 71 87 92
V19 100 78 78 62 78 79
V20 100 91 91 70 91 93
V21 100 86 86 68 80 80
V22 100 89 89 71 89 87
V23 100 82 82 65 82 79
V24 100 97 70 70 97 91
V25 100 86 86 67 86 82
V26 100 85 85 68 85 80
V27 100 86 86 68 86 86
V28 100 84 84 65 84 84
V29 100 100 100 78 100 100
V30 100 86 86 71 86 88
V31 100 78 78 61 78 78
V32 100 92 92 72 92 95
V33 100 88 88 69 88 85
V34 100 86 86 68 86 84
V35 100 92 92 72 92 82
V36 100 86 86 66 86 79
V37 100 81 81 61 81 83
V38 100 84 84 66 84 77
V39 100 82 82 65 82 81
V40 100 86 86 67 86 84
V41 100 81 81 64 90 90
V42 100 90 90 71 90 92
V43 100 90 90 74 90 85
V44 100 87 87 68 87 89

91
86
95
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V45 100 91 

V46 100 86 

V47 100 95 

eforming tube inlets of the 8th iteration, the temperature range
nd standard deviation decrease to 24.1 K and 4.5 K. Therefore, the
ualitative assessment (Fig. 10) and quantitative analysis (Table 5)
f the degree of nonuniformity in the OTWT distribution between
he 6th, 7th and 8th iterations indicates that the furnace-balancing

cheme compensates for the impact of the single-valve disturbance
ccurring in the flow control system.

In the case when the reformer CFD model is subjected to a three-
alve disturbance after the 6th iteration, three flow control valves
 72 91 88
 69 86 84
 74 95 86

become defective. In particular, the three valves which control the
FSF mass flow rates of the 0th and 1st outer-lane burners and of the
42nd, 43rd, 82nd and 83rd inner-lane burners are selected, and the
corresponding stuck valve positions are 70%, 80% and 90%, respec-
tively, as opposed to their optimized valve positions of 86%, 87%

and 81% in the 6th iteration of the furnace-balancing scheme. The
only difference between the two  disturbances occurring in the flow
control system is the number of defective valves, and therefore, the
analysis which is used to investigate the effects of the single-valve
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Fig. 11. Comparison between the OTWT distributions at a distance 6.5 m away from
the  reforming tube inlets generated from the 9th iteration when the FSF distribution
is  altered by the three-valve disturbance (a), and from the 10th iteration when the
FSF  distribution is reoptimized to counter the impact of the three-valve disturbance
(b). In Fig. 11, the top row of each subfigure corresponds to the reforming tubes
t
c
o

d
a
b
s
d

t
t
t
f
s
O
t
t
t
t
o
v
t
t
T
c
i
1
t
b
r
r
l
d
h
1

hat are the closest to the reformer outlets, and the bottom row of each subfigure
orresponds to the reforming tubes that are the furthest away from the reformer
utlets.

isturbance on the degree of nonuniformity in OTWT distributions
long the reforming tube length and the ability of the furnace-
alancing scheme to compensate for the constraint imposed by the
ingle-valve disturbance during the search for the reoptimized FSF
istribution is also utilized.

The quantitative assessment of the effects of the three-valve dis-
urbance on OTWT distributions in the high temperature region of
he reforming tube length is presented in Table 6, which shows
hat the OTWT distributions of the 9th iteration are more nonuni-
orm compared to the corresponding ones in the 6th iteration; and
pecifically, the temperature range and standard deviation of the
TWT distribution at the location 6.5 m away from the reforming

ube inlets increase by 19.9 K and 1.9 K, respectively. Subsequently,
he information of the three-valve disturbance is utilized to update
he text file documenting the status of the flow control system in
he 10th iteration, which notifies the furnace-balancing optimizer
f the three defective valves and allows the number of decision
ariables to be reduced from 48 to 45. The CFD data generated by
he reformer CFD model, in which the reoptimized FSF distribu-
ion is used as the boundary condition, is used to create Fig. 11 and
able 7 to investigate the ability of the furnace-balancing scheme to
ompensate for the impact of the three-valve disturbance. Specif-
cally, Fig. 11 shows that the OTWT distribution produced in the
0th iteration is more uniform than that produced in the 9th itera-
ion as the over-heated region near the left corner of the refractory
ack wall in the OTWT distribution of the 9th iteration is completely
esolved in the 10th iteration, and the severity of the under-heated
egion near the reformer outlets in the 9th iteration is significantly

essened in the 10th iteration. Moreover, Table 7 shows that the
egree of nonuniformity in most of the OTWT distributions in the
igh temperature regions along the reforming tube length in the
0th iteration is reduced compared to those in the 9th iteration,
Engineering 104 (2017) 185–200 199

and specifically, the temperature range and standard deviation in
the OTWT distribution at the location 6.5 m away from the reform-
ing tube inlets decrease to 36.5 K and 5.9 K, respectively. Although
the 10th iteration appears to be able to compensate for the impacts
of the three-valve disturbance, which are observed in the 9th itera-
tion, the OTWT distribution in the 10th iteration shown in Fig. 11(b)
appears to have a higher degree of nonuniformity than the opti-
mized OTWT distribution in the 6th iteration shown in Fig. 8(d).
Therefore, the qualitative assessment (Fig. 11) and quantitative
analysis (Table 7) of the degree of nonuniformity in the OTWT dis-
tribution between the 6th, 9th and 10th iterations indicates that
the furnace-balancing scheme can compensate for the impact of the
three-valve disturbance occurring in the flow distribution system.

4. Conclusion

In this work, we developed a robust model-based furnace-
balancing scheme that can reduce the degree of nonuniformity in
OTWT distributions along the reforming tubes inside the furnace of
a steam methane reformer. To this end, we adopted a high fidelity
reformer CFD model created in our previous work and developed a
model identification process based on the effects of thermal radi-
ation, the furnace-side flow pattern, reformer CFD data and the
least squares regression method to approximate the relationship
between the OTWT distribution and the FSF distribution. Then,
we introduced the model-based furnace-balancing optimizer that
accounts for typical industrial operational constraints and physi-
cal constraints on the flow control valves while searching for an
optimal FSF distribution based on the data-driven model. The CFD
data showed that the optimized FSF distribution created by the
proposed furnace-balancing scheme allowed the degree of nonuni-
formity of OTWT distributions in the high temperature region of
the reforming tubes and the overall maximum outer wall temper-
ature to be reduced compared to the case in which a uniform FSF
distribution was used. This result demonstrated that the proposed
furnace-balancing scheme allowed the spatial distribution of the
furnace-side temperature inside the combustion chamber to also
become more uniform, which was  expected to enhance the radia-
tive heat transfer efficiency in the reformer. We  also demonstrated
the effectiveness of the furnace-balancing scheme in reducing the
degree of nonuniformity of OTWT distributions in the presence of
defects of the valves regulating the amount of furnace-side feed to
the burners. The proposed balancing scheme allows taking advan-
tage of the reduction in the overall maximum outer reforming tube
wall temperature and the more uniform OTWT distributions to
increase the total FSF mass flow rate to the burners, thereby increas-
ing hydrogen production and extending reforming tube lifetime.
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