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ABSTRACT: Uncertainty quantification (UQ) analysis is increasingly becoming one of the major requirements of simulation-
based engineering to assess the confidence in the results and make better-informed decisions based on the insight derived from
the simulations. In an earlier study, Bayesian UQ analysis was applied to existing bench-scale fluidized-bed gasifier experiment
results. In the current study, a series of simulations were carried over with the open-source computational fluid dynamics software
MFiX to reproduce the experimental conditions, where three operating factors, i.e., coal flow rate, coal particle diameter, and
steam-to-oxygen ratio, were systematically varied to understand their effect on the syngas composition. Bayesian UQ analysis was
this time performed on the numerical results for comparison purposes. This is part of ongoing research efforts to explore the
applicability of advanced UQ methods and processes such as Bayesian methods for large-scale complex multiphase flow
simulations. As part of Bayesian UQ analysis, a global sensitivity analysis was performed based on the simulation results, which
shows that the predicted syngas composition is strongly affected not only by the steam-to-oxygen ratio (which was observed in
experiments as well) but also by variation in the coal flow rate and particle diameter (which was not observed in experiments).
The carbon monoxide mole fraction is underpredicted at lower steam-to-oxygen ratios and overpredicted at higher steam-to-
oxygen ratios. The opposite trend is observed for the carbon dioxide mole fraction. These discrepancies are attributed to either
excessive segregation of the phases that leads to the fuel-rich or -lean regions or alternatively the selection of reaction models,
where different reaction models and kinetics can lead to different syngas compositions throughout the gasifier.

■ INTRODUCTION

The application of scientific computer simulations to the design
of complex engineering systems, ranging from aerospace
vehicles to automobile engines, has dramatically increased in
recent years. This has reduced the number of physical models
or prototypes that need to be built, resulting in significant
savings in the cost and time required to get the products to
market. Such an acceleration of technology development is of
practical relevance to energy systems because global changes in
ecosystems and climate require the accelerated development of
new advanced technologies for the clean and efficient utilization
of coal, renewable energy, and carbon capture and storage.
Process simulation is now routinely used for the analysis and
design of energy systems, and computational fluid dynamics

(CFD) has become a valuable tool to design and troubleshoot
energy conversion devices. To achieve the goal of using
simulations to reduce the time required to take energy
technologies from discovery to commercial deployment, the
simulations must reliably predict the performance of scaled-up
devices that are under design as well as devices at scales that
have not been built or tested. It is not possible to predict the
performance of such complex systems with 100% certainty, and
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it will be essential to quantify the uncertainty in the predictions
to make appropriate design decisions.
In this study, we assess the feasibility of employing Bayesian

uncertainty quantification (UQ) methods in a chemically
reacting multiphase CFD simulation, which is used for the
design of energy conversion devices. In multiphase CFD
simulations, usually the level of uncertainty is currently not
quantified and is characterized only by the qualitative
assessment of the discrepancy observed during validation
studies. The lack of quantified uncertainty diminishes the
confidence with which multiphase CFD modeling and
simulations can be used for making design decisions.
Furthermore, the lack of quantified uncertainty reduces the
ability to identify areas of model improvement required to
increase confidence in the simulation results. The present paper
originates from an effort underway at the National Energy
Technology Laboratory (NETL) of the U.S. Department of
Energy (DOE) to quantify the uncertainty in multiphase CFD
models to help overcome these deficiencies. In our earlier
studies,1,2 traditional UQ methods such as the comprehensive
UQ framework developed by Roy and Oberkampf3 were
applied to nonreacting multiphase flows in a riser.
On the basis of the insight gained from earlier work, this

study aims to explore the applicability of more sophisticated
UQ methods such as Bayesian UQ analysis for more complex
reacting multiphase flows such as those in fluidized-bed
gasifiers. Hence, the objectives of this paper are to outline a
general UQ methodology and demonstrate its applicability to
real-life engineering problems through a representative
demonstration problem. For this purpose, a bench-scale
fluidized-bed gasifier with experimental data has been simulated
by replicating the physical experiments, which were originally
designed through the use of a statistical design of experiments
methods. Hence, these experiments were unique in a way that
adequate data for carrying out UQ analysis were available.
The paper has been organized as follows: we first briefly

introduce the theory of the Bayesian UQ methodology applied.
The demonstration problem selected for this study with the
experimental data and computational modeling approach
employed is introduced next. A brief discussion on the
application of the proposed UQ methodology to the standalone
experimental results is presented, which was not performed by
the authors of the original study. A more detailed study utilizing
only the experimental observations and associated data was
carried out in work by Gel et al.,4 which the current paper
builds upon. Hence, the contribution of the paper is the
extension and demonstration of the application of Bayesian
hybrid UQ methods to the existing experimental data and CFD
simulations with the open-source CFD code MFiX, which are
presented in the following section. Some of the initial
observations and insights, which have motivated the follow-
up studies,22 are reported in the Conclusions section.

■ BAYESIAN UQ ANALYSIS METHOD
Kennedy and O’Hagan5 proposed a Bayesian framework to
combine the experimental data and high-fidelity simulations. In
this framework, the simulation model output is approximated
using a Gaussian process model (GPM), and the hyper-
parameters of the GPM are calibrated through a Markov chain
Monte Carlo procedure to obtain the posterior distributions of
the hyperparameters. The calibrated GPMs can then be used to
make predictions at a given input configuration. This
framework was implemented by researchers at Los Alamos

National Laboratory of the U.S. DOE in their GPMs for
simulation analysis code. In this paper, a modified version (by
GE) of Kennedy and O’Hagan’s Bayesian Hybrid Modeling
framework is used, which will be referred to as GEBHM
analysis in the rest of the paper.
The physics-based CFD model is considered to be inherently

not accurate, and the potential discrepancy is modeled as a
separate model. Overtuning of the model parameters is avoided
by simultaneously calibrating the parameters and computing
the model discrepancy.
These techniques have been successfully applied on GE

applications for calibrating complex nonlinear systems under
uncertain conditions. The methodology has been documented
in detail, and the interested reader can refer to work by
Subramaniyan et al.6,7 and Kumar et al.8

■ BENCH-SCALE FLUIDIZED-BED GASIFIER
EXPERIMENTS

Gasification is one of the promising power-generation
technologies that can offer high efficiency while keeping
pollutants at lower levels than the typical combustion-based
technologies. A key feature of the gasification process is the
extraction of carbon from diverse feedstocks through a chemical
reaction process to produce synthetic natural gas (syngas). A
number of initiatives at the NETL aim to develop and improve
advanced gasification technologies. Hence, employing an
integrated framework that combines theoretical and exper-
imental research with credible predictive models plays an
important role. As part of this effort, a bench-scale fluidized-bed
gasifier studied by Karimipour et al.,9 which is shown in Figure
1, was modeled, and the CFD simulation results were
compared against the experimental results for the gasifier
with the same configuration and operating conditions. In the
same study, a series of gasification experiments were performed
(see Table 1) to approximately characterize the effect of the
coal feed rate (referred to as factor 1, which was varied between
0.036 and 0.063 g/s), coal particle size (factor 2 varied between

Figure 1. Schematic illustration of the bench-scale fluidized-bed
gasifier used in the study of Karimipour et al.9
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70 and 500 μm), and steam-to-oxygen ratio (factor 3 varied
between 0.5 and 1.0) on the quality of syngas generated. The
response variables or quantities of interest (QoIs) were carbon
conversion (%), hydrogen (H2)/carbon monoxide (CO) and
methane (CH4)/H2 ratios in syngas, gasification efficiency (%),
and gas yield (m3/kg). Hence, in the original study, within the
primary QoI variables, the species mole fractions were only
reported as a ratio such as H2/CO. For the purposes of this
study, mole fractions measured at the monitoring location in
the experiments were obtained from the authors10 and
considered as the targeted QoIs to perform GEBHM analysis.
The study of Karimipour et al.9 was selected because of

several unique features, such as the way in which the physical
experiments were designed and executed. The experimental
conditions were determined through the statistical design of
experiments technique where 15 distinct experimental con-
ditions were tested by varying factors 1−3, with one
experimental condition being replicated six times, so a total
of 20 samples of experimental data were generated, as shown in
Table 1. However, some of the fundamental requirements of
the statistical design of experiments were not completely
followed such as randomization and replication of all samples to
increase confidence in the experimental measurements. In our
study, the available replications of the same run conditions were
useful in assessing and estimating the experimental errors. A
central composite design (CCD) based statistical design of
experiments technique11 was utilized by Karimipour et al.9

Additionally, a response surface methodology11 was used to
investigate the effect of the independent variables (coal feed
rate, coal particle size, and steam-to-oxygen ratio) on the
response variables, such as the syngas quality as characterized
by the H2/CO and CH4/H2 ratios.
The results of the physical experiments performed in the

study of Karimipour et al.9 are summarized in Table 1. The
replication runs, which were performed for the center point, are
between 8 and 13 (which are in bold italics in the “actual
experiment run order” column). In addition to the experiments
performed based on CCD-based sampling runs, four additional
experiments were conducted for validation purposes.
A preliminary UQ analysis was performed by employing the

GEBHM approach for the experimental results shown in Table
1, which was not performed in the original study, and is
presented in the remainder of the paper.
Bayesian UQ Analysis of the Experimental Results. In

the study of Karimipour et al.,9 a preliminary analysis of the
data acquired from experiments was performed using the
analysis of variance (ANOVA) method.11 In addition, response
surfaces based on regression employing second-order poly-
nomials (Table 4 in the original paper9) were generated to
relate the primary QoIs with the three operating variables. For
example, a functional relationship was established between the
gasification efficiency and the three operating variables (coal
flow rate, coal particle size, and steam-to-oxygen ratio).
However, the original study did not include any systematic
UQ analysis in spite of the extensive experimental data
collected. In a recent study,4 we employed a Bayesian UQ
analysis method, i.e., GEBHM, which was introduced briefly in
section 2, to analyze the results obtained from experiments
before proceeding with the extension of the same methodology
to CFD simulation results, which is the primary focus of the
current paper. A different set of QoIs was employed, i.e.,
instead of the derived or ratio-based quantities used in the
original study,9 direct field variables for species mole fractions

[CO, carbon dioxide (CO2), and H2] were used after the
experimental raw data were acquired through a personal
communication with the original authors. In the initial Bayesian
UQ study with an experimental data set,4 a GPM-based
emulator (or a surrogate model) was constructed from the
CCD-based 20 samples obtained with physical experiments. A
global sensitivity study was conducted to understand which
operating variables have the most effect on the QoIs. Table 2

shows the results of the global sensitivity analysis by applying
GEBHM to the experimental results only. The application of
GEBHM analysis for the experimental data clearly shows that
the steam-to-oxygen ratio has the most pronounced effect on all
QoIs under consideration. Also, an analysis was carried out for
the forward propagation of uncertainties in operating variables
and procedure to determine the next set of best sampling
candidates if we were to conduct additional experiments.
Figure 2 shows the variance in the global sensitivity for each

QoI, which is generated as part of GEBHM analysis. These
plots show the overall sensitivity of each operating variable to
the corresponding QoI. The median of the sensitivity is shown
as a darker horizontal line in the middle of the box plot. A
sensitivity value close to zero indicates low sensitivity, and that
close to one indicates very high sensitivity.12 For example, for
all QoIs under consideration, the steam-to-oxygen ratio is
identified as the most sensitive parameter. However, because
the variance in the sensitivity for this parameter ranges from 0
to 1, the sensitivity varies significantly depending on the
location in the parameter design space; i.e., depending on
where the other two variables are set, the steam ratio could be
very sensitive or completely insensitive. Hence, although the
coal flow rate and particle size do not affect the syngas
composition directly, they are still very important because they
influence the steam-to-oxygen ratio, which is the most sensitive
parameter. Additional details on the Bayesian UQ analysis of
the experimental data and results can be found in the work by
Gel et al.4

Table 2. Global Sensitivity of the QoIs with Respect to the
Operating Variables in the Original Experiments of
Karimipour et al.9 with CCD Sampling

% Contribution to the Variability Seen in the CO Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 1.6 0.05 1.1
PS: particle size (μm) 0.2 0.1
H2O/O2 ratio in syngas 96.9

% Contribution to the Variability Seen in the H2 Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 0.9 0.32 1.7
PS: particle size (μm) 1.4 0.4
H2O/O2 ratio in syngas 95.3
% Contribution to the Variability Seen in the CO2 Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 1.0 0.01 0.6
PS: particle size (μm) 0.1 0.1
H2O/O2 ratio in syngas 98.3
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■ CFD MODEL AND SIMULATIONS
MFiX,13 which is an open-source CFD software suite developed
and maintained by the U.S. DOE’s NETL, was used to model
the bench-scale fluidized-bed gasifier studied by Karimipour et
al.9 MFiX is a suite of CFD solvers that includes both
continuum (multifluid) and discrete (DEM and MP-PIC)
approaches to multiphase-flow modeling (such as gas−solid
flows typically encountered in a fluidized bed). In this study,
the multifluid framework in MFiX [i.e., MFiX two-fluid model
(MFiX-TFM) solver’s 2015-2 release version] has been used.
Hence, the gaseous mixture is modeled as a gas phase, and the
particulates are modeled as an interpenetrating continuous solid
phase. Multiple solid phases can be used to describe multiple
particulate materials. In this work, two distinct solid phases are
used to describe coal and sand particles. The governing
equations employed for the conservation of mass, momentum,
energy, and species transport for each phase (m = g for gas and
m = s for solid) are

∑ε ρ ε ρ∂
∂

+ ∇· ⃗ =
=t

v R( ) ( )m m m m m
n

N

mn
1

m

(1)

∑ε ρ ε ρ ε ρ∂
∂

⃗ + ∇· ⃗ ⃗ = ∇· + ⃗ + ⃗
t

v v v S g I( ) ( )m m m m m m m m m m
n

mn

(2)

∑

ε ρ

γ

∂
∂

+ ⃗ ·∇

= − ∇· ⃗ + − − Δ

⎛
⎝⎜

⎞
⎠⎟C

T
t

v T

q T T H( )
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m m
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mn n m rm
(3)

ε ρ ε ρ∂
∂

+ ∇· ⃗ =
t

X X v R( ) ( )m m ml m m ml m ml (4)

where subscripts m and n represent phases and l represents a
species in a phase. The closure terms for the solid phases are
obtained through kinetic granular theory with an algebraic form
of the granular temperature equation. The Schaeffer frictional
model was used in the dense regions, and Gunn’s correlation
was used for heat transfer. The momentum transfer between
the gas and solid phases is modeled using the Gidaspow drag
model in MFiX-TFM. Detailed information on the constitutive
relationships used to model the momentum and energy
exchange terms between the phases along with the solid stress
model used in MFiX can be obtained in MFiX online
documentation.14,15 The complex chemical processes taking
place in the gasifier are modeled using the following single-step
heterogeneous and homogeneous reaction mechanisms, which
utilized the stiff solver developed for MFiX-TFM.
Heterogeneous Reactions

Coal Moisture Release:

→H O(l) H O(g)2 2 (5)

Devolatization:

→ + +

+ + + +

+ + +

n n n

n n n n

n n n

coal (CH O )(s) ( )CO ( )CO ( )H

( )CH ( )H O ( )H S ( )C

H ( )HCN ( )C H ( )C H

m n CO 2 CO H 2

CH 4 H O 2 H S 2 C H 3

6 HCN C H 2 4 C H 2 6

2 2

4 2 2 3 6

2 4 2 6

(6)

Char Oxidation:

+ →C
1
2

O CO
(7)

Steam Gasification:

+ → +C H O CO H2 2 (8)

CO2 Gasification:

+ →C CO 2CO2 (9)

Catalytic Water−Gas Shift (WGS):

+ ↔ +CO H O CO H2 2 2 (10)

Homogeneous Reactions

CO Oxidation:

+ →CO
1
2

O CO2 2 (11)

H2 Oxidation:

+ →2H O 2H O2 2 2 (12)

Methane Oxidation:

+ → +CH 2O CO 2H O4 2 2 2 (13)

where (g), (l), and (s) denote gas, liquid, and solid phases,
respectively.
The reaction rates for reaction equations (5)−(13) are given

as16

ε
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Figure 2. Variance of the global sensitivity for each QoI based on the experiment data.
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The shrinking-core gas−solid particle reaction model proposed
by Field et al.17 is used to model char oxidation (i.e., eq 7) .
The resistances for the film, ash layer, and surface reactions are
defined as
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The other remaining parameters in the rate equations are
defined as follows: Achar oxidation = 8710 g/atm·cm2·s, Echar oxidation
= 35700 cal/g·mol, C = molar concentration (kmol/cm3), dp =
particle diameter, rs = ratio of the core diameter to the particle

d i ame te r [( )X X
X X

1/3
ash
0

C

C
0

ash
] , DO 2

= oxygen d iffus i v i t y

[ ( )P

T4.26
1800

1.75

total

g ], Deff_ash = effective ash diffusivity {DO2
[0.25 +

0.75(1 − Xash
0 )]2.5}, P = partial pressure (atm), Sh = Sherwood

number [(7 − 10εg + 5εg
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1.2 εg
2)Re0.7Sc1/3], Sc = Schmidt number, keq = equilibrium

constant for the WGS reaction (0.0265e3956/Ts), R = universal
gas constant = 1.987 cal/mol·K, T = temperature, α = annealing
factor, and ε = volume fraction
Coal devolatilization and gasification reactions are modeled

using the computer software PC Coal Lab from Niksa Energy
Associates LLC.16 PC Coal Lab provides the complete char

conversion history of any coal, along with the appropriate molar
stoichiometric coefficients and kinetic constants for devolatili-
zation and gasification reaction rates, at user-specified reactor
pressure, reactor temperature, and gas composition. Because
the local gas composition can vary significantly inside the
gasifier, the kinetic constants for the gasification reactions are
obtained for a range of gas compositions (CO, CO2, H2, and
H2O) at the operating reactor pressure and temperature. The
gasification kinetic constants (preexponent, activation energy,
order of reaction, and annealing factor) exhibit a strong
correlation with the H2 mole fraction for the range of gas
compositions under consideration. Therefore, the kinetic
constants in the rate expressions shown by eqs 20 and 21 are
expressed as a function of the local H2 mole fraction in the
CFD model. It is noteworthy to add that PC Coal Lab
recommends calibration of the gasification reaction kinetics by
closely matching the actual char conversion history with that
predicted by PC Coal Lab based on the proximate and ultimate
analysis of the coal. However, in this study, because no actual
char conversion history was available, we relied on the
gasification kinetic constants provided by PC Coal Lab, without
any further calibration. As such, the kinetic constants for
gasification can be treated as an uncertain model input
parameter.
The oxidation reaction models of Howard,18 Peters,19 and

Dryer and Glassman20 are used to model CO, H2, and CH4
oxidation, as shown by eqs 11−13. The catalytic WGS reaction
model of Chen et al.21 (eq 10) is used to account for
conversion of CO and steam to H2 and CO2 in the presence of
coal ash as the catalyst.

Simulation Setup. The bench-scale fluidized-bed gasifier
used in this study (as shown in the illustration in Figure 1)
consists of a bed section, 0.5 m high with a diameter of 7 cm,
and a free board section, 1 m high with a diameter of 15 cm.
The cut cell mesh capability in MFiX has been used to
construct the Cartesian grid, with a mesh size of 23 × 133 × 23,
in x, y, and z directions, respectively. Achieving a grid-
independent solution for multiphase flows is quite challenging
given the limited computational resources. Hence, to address
this important issue, a separate study was initiated to specifically
address the effect of the grid resolution,22 which is briefly
discussed under a separate section.
Some of the properties of the fluid and solid phases

prescribed during the setup of MFiX simulations are given as
follows: the coal particle diameter and coal flow rate were
defined based on the corresponding settings from Table 1 for
each run (e.g., for baseline cases shown as run 8, the coal
particle diameter was 285 μm and the coal flow rate was 0.0495
g/s). An initial coal density of 1100 kg/m3, with a composition
of 41% carbon, 35% volatile matter, 10% moisture, and 14%
ash, was prescribed. The second solid phase was defined as sand
with a composition of 100% silicon, a particle diameter of 250
μm, a density of 2600 kg/m3, and an initial temperature of 800
°C.
The gas phase was prescribed as humidified air (19.6% O2,

16.7% H2O, and 63.7% N2) at a rate of 0.189 g/s, and a
temperature of 1023.15 K (750 °C) was set to enter into the
gasifier. The gasifier operates at atmospheric pressure and a
reactor temperature of 1073.15 K (800 °C). In the experiment,
the bed temperature was maintained at 1073.15 K by using an
electric furnace, which encapsulated the bed section. In order to
be able to model the bench-scale fluidized-bed configuration
with proper boundary conditions, a new feature that enables a
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point source boundary condition definition was developed and
added to MFiX-TFM. No slip boundary conditions have been
used for the treatment of gas and solid velocities at the walls
instead of partial slip boundary conditions because of the fact
that the utilization of partial slip involves the specularity
coefficient. Because of the associated uncertainty with the
specularity coefficient, ideally one would have to add additional
sampling simulations to consider this variable as another
uncertain parameter, which would have made the preliminary
UQ analysis more costly to perform.

■ BAYESIAN UQ ANALYSIS OF MFIX SIMULATIONS

In order to perform nonintrusive Bayesian UQ analysis for the
CFD simulation results, the same workflow, which was used for
the experimental results in Gel et al.4 was followed using the
GEBHM approach. In the current study, in order to replicate
the actual physical experiments, initially a CCD-based sampling
method was employed in spite of the several shortcomings of
the factorial-based sampling approach for GEBHM. Each of the
sampling simulations was launched independently and
monitored until the determined convergence criteria were
reached, which was defined as the “quasi-steady-state” behavior
of the time history of the QoIs. The simulation results were
then postprocessed and compiled as tabular data, which became
input to the GEBHM analysis for the construction of an
adequate surrogate model (also known as the emulator) from
the sampling simulations performed and for performing UQ
analysis such as global sensitivity study.
Sampling CFD Simulations for Nonintrusive UQ

Analysis. CFD simulations of reacting multiphase flows are
computationally very demanding and require long-duration
transient simulations to reach the statistically significant
behavior of the QoIs. Hence, for nonintrusive UQ analysis,
where a deterministic modeling software is employed for
sampling, it is preferred to construct a data-fitted surrogate
model that adequately relates the inputs with the QoIs. The
surrogate model is then used during UQ analysis instead of the
actual CFD simulation. For this purpose, several dedicated
simulation campaigns were performed as part of this research
effort at NETL. The simulation campaign employed for the
purposes of this study basically aimed at replicating the physical

experiments by running 3D MFiX simulations with the same
set of operating conditions (i.e., coal flow rate, coal particle size,
and steam-to-oxygen ratio) and range of values. As discussed
earlier, for the physical experiments, a CCD-based sampling
approach was employed with 20 samples, where 6 of them were
replications of the same operating condition. The transient 3D
MFIX simulations employed in the current study are
deterministic CFD simulations, which implies that the same
results will be obtained when the same operating conditions are
simulated. Hence, only 15 samples among the 20 samples were
used by eliminating the need to perform any replication runs.
The results of the simulation campaign will be presented in this
section.
The majority of the simulation campaigns were carried out at

the National Energy Research Scientific Computing Center
(NERSC) through an award from the 2014 ASCR Leadership
Computing Challenge program of the U.S. DOE’s Office of
Science. The remaining simulations were performed at NETL’s
High Performance Computing (HPC) system at the Simu-
lation-Based Engineering User Center. The sampling simu-
lations were carried out most of the time concurrently based on
the availability of the computing cores on the HPC systems due
to the independent nature of the simulations. An MPI-based
distributed-memory implementation of MFiX-TFM was
employed to achieve a faster time-to-solution. Because of the
transient nature of the reacting multiphase flows, each of the
sampling simulations was carried out until “quasi-steady state”
was reached for the QoIs. Hence, the convergence criteria were
based on the assessment for the quasi-steady-state behavior of
the QoIs, which were written in a standalone output file at a
certain frequency. The time history of the QoIs could be
visualized (as illustrated in Figure 3) or statistically analyzed
during the progression of the simulations. The QoIs employed
in the GEBHM analysis were obtained by taking the time
average for the last user-specified duration of simulated time by
running a custom Python script, which was developed
specifically for this project to handle any number of QoI files
under the sampling simulation directories. To ensure that the
time-averaging window does not affect the reported QoIs, time
averages with several different durations (e.g., for the last 10,
15, and 20 s) were obtained and compared. Figure 3 shows

Figure 3. Time history of QoI 1: CO mole fraction for two sampling simulations (R.7 and R.9) showing different convergence characteristics in
terms of the simulated time for the simulation campaign with 15 sampling simulations.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b02506
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.iecr.6b02506


examples of the time histories from two sampling simulations,
and the red line shows the time-averaged value for the last 10 s
in each simulation, which is also reported at the lower right
corner. As illustrated in Figure 3, each individual simulation
reached the quasi-steady state, but after different simulated time
durations. For example, run 7 took about 50 s to reach a quasi-
steady state, while run 9 took about 120 s of simulated time to
reach a quasi-steady state. Hence, this convergence criteria
usually resulted in a variability in the total wall clock time
required to stop the simulation for each sample under
consideration. Such a variability in convergence posed unique
challenges as the simulations were conducted in a shared HPC
resource with batch-queuing systems and required the
generation of several custom workflows to conduct these
simulations efficiently. For example, for many high-performance
computing sites such as the NERSC, which was employed in
the current study, bundling all sampling simulations in a single
batch job to request a higher number of cores and longer wall-
clock execution time was preferred due to queuing policies in
place at the time.
Simulation Campaign with 15 Sampling Simulations

Employing the CCD Sampling Method. The target of the first
set of simulations was the exact replication of the physical
experiments by using the same statistical design of the
experiments generating the operating conditions shown in
Table 1. Although such a design of experiments matrix is more
suited for physical experiments rather than computer experi-
ments, the same run matrix was used for CFD simulations.
Hence, 15 distinct MFiX-TFM simulations were set up by
changing the three operating variables used in the physical
experiments. Because MFiX simulations are deterministic in
nature, the six replicated experimental runs for the center point
in the CCD sampling method was represented as a single
simulation using the same operating conditions. The QoIs were
calculated by temporal averaging for the last 10 s of the
simulation for each sample.
Effect of the Grid Resolution. A major challenge in the CFD

simulation of gas−solid flows is to adequately resolve the
structures that exist at different spatial and temporal scales in an
inherently transient flow. A rule of thumb for adequate spatial
resolution is for the grid spacing to be about 10 times the
particle diameter.23 The grid requirement for maintaining such
a ratio of the grid size to the particle diameter for smaller sized
particles makes such simulations computationally costly and
impractical. Additionally, in reacting gas−solid flow simulations,
small time steps are needed in order to not only resolve the
temporal scales of the flow but also ensure the numerical
stability of the solution. To address the mesh requirements, a
series of simulations were carried out at three mesh resolutions,
shown in Table 3. The table shows the overall char
consumption rate due to steam and CO2 gasification and
char oxidation, along with the time needed for 100 s of
simulation time, using 256 computational cores.22 Although
mesh refinement leads to a reduction in char consumption due
to the gasification reactions and an increase in char
consumption due to char oxidation, observing the rule of
thumb of a grid spacing to particle diameter ratio of 10 leads to
209 days of simulation time. The required hardware resources
and computational cost make a well-resolved simulation of a
reacting gas−solid flow impractical for many CFD practitioners.
In the present study, the mesh resolution was set at 70,357
control volumes, which gave about 4 weeks of simulation
turnaround time for 100 s of simulation time. With this mesh

resolution, it is expected that the uncertainties in the syngas
composition shown in the present work include uncertainties
due to the discretization error as well, but the current study
aimed to study all model discrepancies in an aggregate manner
as part of the Bayesian analysis. However, a separate study
(Shahnam et al.22) was initiated with a focus on determining
the effect of the standalone grid resolution.

Simulation Results. The time-averaged mole fraction values
for CO and H2 from MFiX-TFM simulation (green colored
solid squares) and measurement from the experiments (red
colored asterisks) are shown in Figure 4. Both values of time-
averaged CO and H2 mole fractions are underpredicted at some
of the sampling runs and overpredicted at other sampling runs.
In order to better quantify the uncertainty in the predicted
syngas mole fraction, GEBHM analysis was used to construct
emulators for the species mole fraction.
Figure 5 shows the parity plots for the emulator’s prediction

(y axis) versus experimental results (x axis) for the CO, H2, and
CO2 mole fractions. Values on the diagonal line indicate perfect
agreement between the predictions from the constructed
emulator and experiment. The blue solid circles in Figure 5
represent the emulator’s prediction of the mole fraction values
for the syngas species under consideration at the experiment
sampling locations. The intervals represent the uncertainty
bands due to propagation of the uncertainties in the three input
uncertain parameters (coal flow rate, particle diameter, and
steam-to-oxygen ratio). The difference between the solid circle
symbols and the diagonal line (actual species mole fraction) is
the discrepancy. The red solid squares in Figure 5 are the
emulator’s prediction after they are corrected for the model
discrepancy as part of the GEBHM analysis. Figure 5 shows
that the magnitude of the discrepancy varies depending on the
values of the uncertain input parameters.
The discrepancy function distributions as a function of the

steam-to-oxygen ratio for CO, H2, and CO2 mole fractions are
shown in Figure 6. A positive value on the y axis of Figure 6
indicates the amount of underprediction in the syngas
composition, whereas a negative value on y axis of Figure 6
indicates the amount of overprediction in the syngas
composition. The H2 mole fraction is underpredicted across
all operating conditions. The trend observed in the predicted
values of the CO mole fraction is changing from under-
prediction (at lower steam-tooxygen ratio) to overprediction at
higher steam-to-oxygen ratio. The opposite trend is observed in
the predicted CO2 mole fraction behavior.
The response surface plots based on the emulators were

constructed with the sampling simulation results obtained from
MFiX runs. Figure 7 shows the response surface plots for CO,
H2, and CO2 mole fractions as a function of the steam-to-
oxygen ratio and coal particle size, where the coal flow rate was

Table 3. Mesh Size and Time Requirement for the
Simulation of a Bench-Scale Fluidized-Bed Gasifier

steam-to-oxygen ratio = 1

mesh resolution (grid spacing/particle
diameter)

39375
(35)

315000
(18)

2520000
(9)

char consumption rate for steam
gasification (kmol/s)

68.0 63.0 58.1

char consumption rate for char
oxidation (kmol/s)

26.5 32.0 37.1

char consumption rate for CO2
gasification (kmol/s)

5.5 5.0 4.8

time to solution (days) 15 63 209
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kept at a nominal setting for illustration purposes. The
emulators were constructed based on the GPM in order to
establish a model that approximates the relationship between
the three input factors and QoIs using the sampling simulation
data.
Sensitivity Analysis. The GEBHM analysis employed for the

experimental data in an earlier study4 was replicated for the 3D
MFiX simulation results. Hence, Table 4 shows the global

sensitivity analysis results for the same QoIs used in the
experiment but this time using the MFiX simulation results
instead of the standalone experimental data.
Table 4 shows that the variability in the predicted syngas

composition is largely due to the coal flow rate for the CO mole
fraction, whereas for H2, it is primarily due to the steam-to-
oxygen ratio. The variability in the CO2 mole fraction, however,
is due to all three input parameters. The trends observed in

Figure 4. Comparison of the 3D MFiX simulation results for each sampling simulation with respect to the corresponding experimental data (green
squares are for 3D MFiX simulations, and red asterisks denote the experiments).

Figure 5. GEBHM surrogate model (emulator) quality for each QoI.

Figure 6. GEBHM discrepancy function distribution.
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Table 4 are contrary to the trends observed with the
experimental data in Table 2, where the steam-to-oxygen
ratio was the primary driver for the variability observed in the
QoIs.
To further investigate this discrepancy, the sensitivity of CO,

H2, and CO2 to the variance in each of the primary input
parameters (coal flow rate, particle diameter, and steam-to-
oxygen ratio) was analyzed utilizing one of the features in the
GEBHM analysis, as shown in Figure 8. Unlike what was
observed in the experimental data (Figure 2), changes in each
of the input parameters affect the mole fraction of CO, H2, and
CO2. For example, there is a large variance in the sensitivity of
CO to the particle flow rate that is caused by the variability in
the particle diameter and steam-to-oxygen ratio, or the variance
in the sensitivity of CO to the particle diameter is affected by
the variability in the coal flow rate and steam-to-oxygen ratio.
The differences observed in the sensitivity analysis of the

experimental and predicted syngas compositions indicate that
the fluidization behavior may be different in the simulations
than in the experiments because the coal flow rate and particle
diameter can directly affect the hydrodynamics through a drag

force between the gas and solid phases. The effect that the coal
flow rate exhibits on the syngas composition can further be
observed in Figures 9 and 10. Figure 9 shows the time-averaged
reaction rates for the oxidation, char combustion, and char
gasification reactions for runs 6 and 10 (refer to Table 1). It is
clear that adding more coal to the gasifier (going from run 10 to
run 6) leads to an increase in all of the reaction rates. It is also
evident that CO oxidation is stronger than char oxidation for
both runs 6 and 10. The mole fractions of CO, H2, and CO2

(measured and predicted) for runs 6 and 10 are shown in
Figure 10, which points to a decrease in the predicted mole
fractions of CO and H2 and an increase in the predicted mole
fraction of CO2 when the coal flow rate into the gasifier
increases. On basis of the trends observed in Figures 9 and 10,
one can conclude that the extent of homogeneous CO and H2

oxidation reactions in the bed is greater than the extent of
heterogeneous reactions taking place when the coal flow rate is
increased. Additionally, Table 4 and Figure 8 show that the CO
mole fraction is not sensitive to the steam-to-oxygen ratio. This
indicates that, in simulation, the coal combustion reaction is not
greatly affected by increasing or decreasing the oxygen flow into

Figure 7. Response surface plot showing the surrogate model (emulator) behavior for QoIs as a function of the steam-to-oxygen ratio and coal
particle size (coal flow rate set at the center point), constructed as part of the GEBHM analysis using the 15 MFiX sampling simulation results.
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the gasifier. Therefore, the fluidization and mixing behavior in
the experiment have to be somewhat different from the
hydrodynamic behavior that the model is predicting.

■ DISCUSSION
The steam-to-oxygen ratio is the primary uncertain input
parameter affecting the variability of the syngas composition in
the experiments, as shown in Karimipour et al.9 and Gel et al.4

Although in the experiments the syngas composition does not
show any sensitivity toward the particle flow rate and particle
diameter directly, these two factors affect the sensitivity that the
syngas composition shows toward the steam-to-oxygen ratio.4

Because steam and oxygen are oxidizers to the char in coal, the
steam-to-oxygen ratio can be thought of as an input parameter,
which can directly affect the kinetics of the combustion,
gasification, and, in turn, WGS reactions. On the other hand,
the particle flow rate and particle diameter are input parameters
that influence the hydrodynamics of the fluidized bed. The drag
between the gas and solid phases is directly affected by the
particle diameter. Any increase or decrease in the drag between
the gas and solid phases can modify the coal particle
distribution throughout the reacting bed.
The global sensitivity analysis of the simulation results shows

that the predicted syngas composition is strongly affected not

only by the steam-to-oxygen ratio (influencing the reaction
kinetics) but also by variation in the coal flow rate and particle
diameter (influencing the hydrodynamics). Moreover, the
interaction between each of the three uncertain input
parameters also affects the variability in the predicted syngas
composition. In particular, the variance in each of the input
parameters affects the uncertainty in the syngas composition
due to the other two input parameters.
Such differences in the sensitivity analysis result between the

experimental and CFD-simulation-predicted syngas composi-
tion values point to the need for modeling improvement in
both the hydrodynamic and kinetic areas such as the following:
(1) Improvements in the fluidization behavior, mixing, and

segregation between the phases that could lead to a reduction
in the sensitivity of the syngas composition to hydrodynamic
effects. This may be done through the use of other drag models
for the gas/solid and solid/solid phases for the particle range
considered in this study (70, 250, and 500 μm). Alternatively,
improvements in the modeling capabilities to account for
clustering of the solid particles could lead to a reduction in the
drag between the gas and solid phases. Figure 11 shows the
time-averaged coal and sand volume fractions for one of the
test conditions. The lighter coal particles are expected to
segregate from the denser sand particles. However, because no
visual information is available on how mixed or segregated the
fluidized bed is in the experiment, the degree to which coal and
sand particle segregation is taking place in the simulations
deserves a closer look. Additionally, the effect of the grid
resolution on the syngas composition will have to be examined,
which was initiated as a separate study22 based on the findings
of the current study.
(2) Different reaction models or reaction kinetics for the

gasification, char and gaseous oxidation, and WGS reactions.
Figure 12 shows the relationship between CO, H2, and CO2 for
both the measured and predicted values at each sampling point.
The ellipse representation in the figure shows the region
enclosing approximately 95% of the sampling points if the
variables were assumed to be bivariate normally distributed.
Hence, if the ellipse appears as fairly narrow and diagonally
oriented, then there is a strong correlation between the two
variables (e.g., CO and CO2 mole fractions in the experimental
data). If the ellipse appears to be round and not diagonally
oriented, then the variables are considered to be uncorrelated.
The experimental data show that, as the steam-to-oxygen ratio
increases, the overall trend in the gasifier is an increase in the
CO2 mole fraction and a decrease in the CO mole fraction.
However, the opposite trend is observed in the predicted
results. This difference points to the need for improvements in
reaction models such as gasification, oxidation, and WGS

Table 4. Global Sensitivity of the QoIs with Respect to the
Operating Variables Based on 3D MFiX Simulations with
CCD Sampling

% Contribution to the Variability Seen in the CO Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 84.7 0.57 0.0
PS: particle size (μm) 14.1 0.0
H2O/O2 ratio in syngas 0.6

% Contribution to the Variability Seen in the H2 Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 26.7 0.02 1.2
PS: particle size (μm) 0.1 0.1
H2O/O2 ratio in syngas 71.9
% Contribution to the Variability Seen in the CO2 Mole Fraction

factor 1 factor 2 factor 3

CF PS H2O/O2

CF: coal flow rate (g/s) 36.5 2.11 3.1
PS: particle size (μm) 27.9 2.1
H2O/O2 ratio in syngas 27.6

Figure 8. Variance of the global sensitivity for each QoI based on the MFiX simulation results.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.6b02506
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acs.iecr.6b02506


because all of these reactions lead to the production of CO,
CO2, and H2. In particular, the WGS reaction converts CO and
steam to H2 and CO2.

■ CONCLUSIONS
The global sensitivity analysis shows that the predicted syngas
composition is strongly affected not only by the steam-to-
oxygen ratio (which was observed in the experiments as well)
but also by variation in the coal flow rate and particle diameter
(which was not observed in the experiments). The CO mole
fraction is underpredicted at lower steam-to-oxygen ratios and
overpredicted at higher steam-to-oxygen ratios. The opposite
trend is observed for the CO2 mole fraction. These
discrepancies are attributed to either (i) excessive segregation
of the phases, which leads to the fuel-rich or -lean regions,
where homogeneous and heterogeneous reactions can over- or
underproduce the product gases, or (ii) selection of the
reaction models, where different reaction models and kinetics

Figure 9. Time-averaged predicted reaction rates for runs 6 and 10.

Figure 10. Comparison between the CO and H2 compositions for runs 6 and 10, both predicted and measured.

Figure 11. Time-averaged volume fractions of coal and sand, for coal
particle diameters of 70 μm (left), 285 μm (center), and 500 μm
(right).
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can lead to different syngas compositions throughout the
gasifier. Work is underway to investigate each of these factors,
i.e., the effect of gasification, char combustion, CO oxidation,
and WGS reactions, along with the bed temperature and grid
resolution, on the syngas composition.
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