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Abstract: In this paper, the catalyst tube lifetime of a practical steam methane reformer is analyzed
numerically. The effect of burner operating mode on the flow development, hydrogen yield, and
catalyst tube lifetime is discussed, with the aim of improving the reformer performance. The results of
this study reveal that using the periodic boundary conditions, the temperatures and hydrogen yields
obtained are much lower than the experimental values and the pressures are much lower than those
using the real model. This results in overestimating the catalyst tube lifetime and underestimating
the reformer operation risk. The catalyst tubes in the downstream area have longer lifetimes, while
those in the upstream area have shorter lifetimes. Turning the upstream burners off is more efficient
to the catalyst tube lifetime, while turning off the central groups of burners is less efficient. The main
drawback of turning off burners is the decrease of hydrogen yield.

Keywords: steam methane reformer; burner operating mode; catalyst tube lifetime

1. Introduction

SMR (steam methane reforming) is frequently adopted for producing hydrogen in the
petrochemical industry. The combustion reaction activated by the burners provides heat to
the catalyst tubes in which the reforming reaction occurs, and the liquid petroleum gas or
the natural gas is converted into hydrogen. For reformer design, a classical optimization
task is the control of catalyst tube temperature because the catalysts inside the tube should
have high activity while the tube should have minimal damage and acceptable lifetime.

In the past few decades, there has been a lot of research conducted on the analysis
of the catalyst tube damage and lifetime. Leta et al. [1] analyzed the lifetimes of fired
heater tubes. The authors statistically characterized the uncertainty associated with the
omega creep procedure of the API-579 Part 10 by treating the primary input parameters as
random variables and processes. They also employed Monte Carlo simulations to estimate
the probability of tubes failing for a specified time. Tawancy [2] determined the cause
of damage by investigating a reformer catalyst tube using diffraction, light microscopy,
transmission electron microscopy, etc. Garbiak, Jasiński, and Piekarski [3] discussed
the progress in increasing the catalyst tube lifetime and the reasons accounting for the
withdrawal of catalyst tubes from service. Liu and Chen [4] addressed the microstructure
evolutions and mechanical property variations of catalyst tubes after long-term service.
The authors indicated that the content of the interdendritic carbide could be used to
predict the tube lifetime. Ray et al. [5] used tensile testing, stress rupture testing, and
microstructural analysis to predict the remnant life of a catalyst tube of eleven years of
service. Alvino et al. [6] analyzed the damage characterization of two catalyst tubes of
nearly 10 years of service. They employed scanning electron microscopy, light optical
microscopy, and mechanical testing to inspect creep, aging, carburization, precipitation,
cavitation, phase transformation, and incipient micro-cracking. The authors indicated that
differences in process conditions, as well as type and frequency of cleaning maintenance
for decoking, may lead to different damage mechanisms of degradation on catalyst tubes.
Jaganathan Swaminathan et al. [7] analyzed the reformer catalyst tubes failed after eight
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years of service. They assessed the tube lifetime by Larson–Miller parameter method. The
authors concluded that the failure was caused by the local overheat leading to premature
creep failure. Maharaj, Imbert, and Dear [8] analyzed the remaining life for reformer tubes
of a methanol plant. They evaluated the tube lifetimes from their outside diameters, inside
diameters, and the middle of the tube thicknesses. Ray et al. [9] investigated the remaining
life for the catalyst tubes of a fertilizer plant. The investigation included microscopy,
hardness measurement, dimensional measurement, hot tensile tests, and accelerated creep
tests. The authors concluded that overheating is the primary cause of the significant
degradation in microstructures and mechanical properties of the catalyst tube. Gong, Tu,
and Yoon [10] metallographically analyzed the damage states of a catalyst tube of ten
years of service. They found that the catalyst tube is damaged more seriously in the lower
portion. Le May, da Silveira, and Vianna [11] discussed the damage mechanisms of catalyst
tubes and the assessment methods of damage extent and remaining life. They applied a
simplified method to evaluate the damage extent. A radiographic procedure for evaluating
creep damage is also described.

The rapid developments in computer technology, physical models, and numerical
methods enable the broad application of CFD to analyze systems involving fluid flow
and chemical reactions. Further, problems that cannot be investigated experimentally can
also be analyzed using CFD. Some recent studies of SMR by CFD are reviewed below.
Pashchenko [12] employed ANSYS Fluent to develop a CFD model for analyzing the
SMR process in a real reformer. Their investigations were focused on determining the
temperature and the species distributions in the reformer at different operating conditions.
Pajak et al. [13] numerically studied the flow development in a SMR reactor. The reformer
was divided into segments by the reactor. The authors claimed that their design made a
significant improvement in the reformer temperature distribution. Chen et al. [14] applied
CFD to investigate SMR for producing hydrogen in microchannel reactors. Some important
design factors, including dimension, flow arrangement, heat/mass transfer, and catalyst,
were examined. The authors quantitatively evaluated different transport phenomena and
proposed several methods of improving the SMR process. Tran et al. [15] proposed a
scheme that can generate the distribution of the outer surface temperature of a catalyst
tube. The proposed scheme has two major steps: prediction and correction. Tran et al. [16]
also introduced a procedure that can increase the reformer throughput by optimizing
the reformer fuel input. In an earlier paper, Tran et al. [17] developed a scheme that can
improve the reformer thermal efficiency. Tran et al. [18] also employed CFD approaches
to analyze a practical steam methane reformer. They concluded that the CFD model
could be applied to find out the risk of real reformer operation at unknown and possibly
more favorable operating conditions. Lao et al. [19] numerically investigated the chemical
reaction and transport phenomena in an industrial-scale catalyst tube. The authors chose
the outer surface temperature of the tube as the manipulated input and the hydrogen
yield as the controlled output to analyze the hydrogen production. Mokheimer et al. [20]
numerically analyzed the effect of various operating parameters on the SMR process. They
found that higher methane conversion could be obtained when the steam/methane molar
ratio was increased. Further, the way how the ratio was changed also had a significant
effect. Ni [21] developed a two-dimensional numerical model to investigate the reaction in
a reformer. He pointed out that the SMR and WGS (Water Gas Shift) reaction rates reached
their highest values at the inlet but decreased downstream.

In a previous study [22], a simplified model of a steam methane reformer was inves-
tigated numerically. The effect of the burners on/off combinations on the catalyst tube
temperature and hydrogen yield was discussed. In this paper, we use CFD to analyze
the chemical reaction and transport in a practical steam reformer. The temperatures and
pressures of the catalyst tubes are inspected. This paper aims to investigate the influence
of the burner operating mode on the catalyst tube lifetime and to seek a feasible way of
improving the reformer performance.
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2. Numerical Methodologies
2.1. Numerical Methods and Physical Models

In this research, we use ANSYS FLUENT V.17 [23] to analyze the flow development in a
reformer. The governing equations are solved by the SIMPLE algorithm [24]. The convection
terms are discretized by the second order upwind scheme, and the diffusion terms are
discretized by the central difference scheme. Concerning the choice of physical models,
FLUENT provides Spalart-Allmaras one-equation model, k-ε two-equation model, k-ω two-
equation model, transition k-kl-ω three-equation model, transition SST four-equation model,
Reynolds stress seven-equation model, scale-adaptive simulation (SAS), detached eddy
simulation (DES), and large eddy simulation (LES) for simulation of turbulence. For
simulation of radiation, FLUENT provides Rosseland radiation model, P-1 radiation model,
discrete transfer radiation model (DTRM), surface-to-surface (S2S) radiation model, and
discrete ordinates (DO) radiation model for choice. With respect to chemical reaction
simulation, FLUENT provides species transport, non-premixed reaction, premixed reaction,
partially premixed reaction, and composition PDF transport for choice. By referring to
the SMR research by CFD mentioned in Section 1 and from the viewpoint of model
accuracy, stability, and engineering application, turbulence is simulated by the standard
k-ε model [25], radiation is simulated by the DO (discrete ordinate) radiation model [26],
and chemical reaction is simulated by the FRED (finite rate/eddy dissipation) model [27].
The near-wall flow variables, including the velocity, temperature, and turbulence quantities,
are solved by means of the standard wall functions [28]. The catalyst is modeled by the
porous zone model, which is available in ANSYS FLUENT and has also been employed by
Tran et al. [15–19] and Mokheimmer et al. [20] in their studies of steam methane reformer.

This research considers the 3D steady flow with chemical reaction. The governing
equations include the continuity equation, momentum equation, turbulence model equa-
tion (k-ε model), energy equation, radiation model equation (DO radiation model), and
chemical reaction model equation (FRED model). Among these models, only the FRED
chemical reaction model is described below while the others and the convergence criterion
have been stated in detail in one of the author’s previous studies [29].

The rth chemical reaction can be expressed as follows:

N

∑
i=1

ν′i,rµi

k f ,r
�
kb,r

N

∑
i=1

ν
′′
i,rµi (1)

where

N = number of chemical species in the system
ν′i,r = stoichiometric coefficient for reactant i in reaction r
ν
′′
i,r = stoichiometric coefficient for product i in reaction r

µi = species i
k f ,r = forward rate constant for reaction r
kb,r = backward rate constant for reaction r

Equation (1) applies for both reversible and non-reversible reactions. For non-reversible
reactions, the backward rate constant, kb,r, in Equation (1) is simply omitted. The species
transport equation for a chemical reaction system can be express as

∇·
(

ρ
→
v Yi

)
= ∇·

(
ρDi,m +

µt

Sct

)
∇Yi + Ri + Si (2)

where Yi, Di,m, Sct, Ri, and Si are the mass fraction, diffusion coefficient, turbulent Schmidt
number, net generation rate, and extra source term of species i, respectively. The net source
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of chemical species i due to reaction is computed as the sum of the Arrhenius reaction
sources over the NR reactions that the species participate in.

Ri = Mw,i

NR

∑
r=1

R̂i.r (3)

where Mw,i is the molecular weight of species i and R̂i.r is the Arrhenius molar rate of
creation/destruction of species i in reaction r. For a non-reversible reaction, the molar rate
of creation/destruction of species i in reaction r is expressed as

R̂i.r = Γ
(

ν
′′
i,r − ν′i,r

)(
k f ,r

N

∏
j=1

[
Cj,r
](η′j,r+η

′′
j,r)

)
(4)

For a reversible reaction,

R̂i.r = Γ
(

ν
′′
i,r − ν′i,r

)(
k f ,r

N

∏
j=1

[
Cj,r
]η′j,r − kb,r

N

∏
j=1

[
Cj,r
]v′′j,r

)
(5)

where

Cj,r = molar concentration of species j in reaction r (kgmol/m3)
η′j,r = rate exponent for reactant species j in reaction r
η
′′
j,r = rate exponent for product species j in reaction r

Γ = net effect of third bodies on the reaction rate

The forward and backward rate constants for reaction r, kf,r and kb,r, are computed
using the Arrhenius expression:

kf,r = ArTβre−Er/RT (6)

kb,r =
k f ,r

Kr
(7)

where

Ar = pre-exponential factor (consistent units)
βr = temperature exponent (dimensionless)
Er = activation energy for the reaction (J/kgmol)
R = universal gas constant (J/kgmol-K)
Kr = the equilibrium constant for the rth reaction, is computed from

Kr = exp
(

∆S0
r

R
− ∆H0

r
RT

)( patm

RT

) N
∑

i=1
(ν
′′
i,r−ν′i,r)

(8)

where patm denotes the atmospheric pressure (101,325 Pa). The term in the exponential
function denotes the change in Gibbs free energy and its components are expressed as

∆S0
r

R
=

N

∑
i=1

(
ν
′′
i,r − ν′i,r

)S0
i

R
(9)

∆H0
r

RT
=

N

∑
i=1

(
ν
′′
i,r − ν′i,r

) h0
i

RT
(10)

where S0
i and h0

i denote the standard-state entropy and standard-state enthalpy (heat of
formation), respectively.

In the past few decades, there have been many kinetics data reported for the SMR
reaction. Sugihara, Kawamura, and Iwai [30] reviewed eight of them with their individual
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application range of temperature. In this paper, the kinetics constants proposed by Ødegård,
Johnsen, and Karoliussen [31] are adopted because their application range of temperature
matches the operating temperature of the reformer investigated in this study.

In general, a reformer operates at high temperatures. For a non-premixed reaction,
turbulence mixes the reactants and then advects the mixture to the reaction zone for quick
reactions. For a premixed reaction, turbulence mixes the lower-temperature reactants and
the higher-temperature products and then advects the mixture to the reaction zone for
quick reactions. Therefore, the chemical reaction is generally mixing (diffusion) controlled.
However, the flue gas, fuel gas, and air in a practical reformer are generally premixed
before injecting into the reformer. Although the chemical reactions in most regions of a
reformer are mixing controlled, in some regions, e.g., the neighborhood of the feed inlets,
the chemical reactions are kinetically controlled. In existing chemical reaction models,
the eddy dissipation model (EDM) [32] considers simultaneously the diffusion controlled
and the kinetically controlled reaction rates. The net generation rate of species i in the rth
chemical reaction is found from the smaller value of the following two reaction rates:

Ri,r = ν′i,r Mw,i Aρ
ε

k
min

R

(
YR

ν′R,r Mw,R

)
(11)

Ri,r = ν′i,r Mw,i ABρ
ε

k
∑P YP

∑N
j ν

′′
j,r Mw,j

(12)

where

Yp is the mass fraction of any product, P
YR is the mass fraction of a particular reactant, R
A is an empirical constant equal to 4.0
B is an empirical constant equal to 0.5

In general, the EDM works well for a non-premixed reaction. However, for a premixed
reaction, the reaction may be activated immediately when the reactants are fed into a
reformer. This is practically unrealistic. To overcome this unreasonable situation, ANSYS
FLUENT provides another model, the Finite-Rate/Eddy-Dissipation (FRED) model, which
combines the finite-rate model and the EDM. Using this model, the net generation rate
of a species is taken as the smaller value of the Arrhenius reaction rate and the rate
determined by EDM. The Arrhenius reaction rate plays the role of a switch that avoids the
unreasonable situation of immediately activating reaction when the reactants are fed into a
reformer. Once the reaction is activated, the eddy-dissipation rate is generally lower than
the Arrhenius reaction rate, and the reaction rate is then determined by the EDM.

2.2. Numerical Setup

A practical reformer is simulated and compared with available experimental data to
validate the employed numerical methods. Figure 1 shows the steam methane reformer
investigated. Due to symmetry, merely half the reformer is simulated, as shown in
Figure 1b. The reformer has a total of 276 catalyst tubes and 432 burners, i.e., each side of
the reformer has 138 catalyst tubes and 216 burners. Each burner has a diameter 197 mm,
as shown in Figure 1f. Each catalyst tube has an outside diameter 136 mm and a thickness
13.4 mm.
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dimensions and burner positions; (e) Catalyst tube positions; (f) Burner configuration. 
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Figure 1. Steam methane reformer investigated: (a) Reformer configuration; (b) Reformer numerical
model; (c) Simplified model containing one group of catalyst tubes and burners; (d) Reformer
dimensions and burner positions; (e) Catalyst tube positions; (f) Burner configuration.
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The real operating conditions used by a petrochemical corporation are adopted as
the inlet conditions of burners and catalyst tubes. The boundary conditions for numerical
simulation in this study are described below.

(1) At the Symmetry planes, the symmetric boundary conditions are used.
(2) At walls, standard wall function is applied.
(3) At the burner inlets, i.e., fuel and flue gas inlets, the real operating conditions

used by a petrochemical corporation are adopted, including Q (Flowrate in the
radial direction): 139,710 m3/hr T (Temperature): 673.15 K Pgauge (gauge Pressure):
1.04544 × 104 N/m2 Species mole fraction, including H2 (Hydrogen): 0.0816 CH4
(Methane): 0.0474 N2 (Nitrogen): 0.49057 O2 (Oxygen): 0.12818 CO2 (Carbon dioxide):
0.25225

(4) At the burner exits, i.e., fuel and flue gas exits, the diffusion flux in the outflow
direction is zero for all flow variables, and the conservation of mass should be satisfied.

(5) At the inlets of the catalyst tubes, the real operating conditions used by a petro-
chemical corporation are adopted, including Q (Flowrate in the axial direction):
24,740 m3/hr T (Temperature): 912.75 K Pgauge (gauge Pressure): 2.1658 × 106 N/m2

Species mole fraction, including CH4 (Methane): 0.2029 H2O (Steam): 0.6 H2 (Hy-
drogen): 0.12855 CO2 (Carbon dioxide): 0.06565 CO (Carbon Monoxide): 0.00145 N2
(Nitrogen): 0.00145

(6) At the exits of the catalyst tubes, the diffusion flux in the outflow direction is zero for
all flow variables, and the conservation of mass should be satisfied.

(7) At the inlets of the burners or the catalyst tubes, the turbulence kinetic energy is
assumed to be 10% of the inlet mean flow kinetic energy. The turbulence dissipation
rate is calculated from:

ε = C3/4
µ

k3/2

l
(13)

where l is connected with the hydraulic diameter, L, by l = 0.07 L.

From Figure 1b,d, we see that the catalyst tubes and burners can be divided into six
groups. In an attempt to save the computational time, we also calculate and compare a
simplified model which contains only one group of catalyst tubes and burners. Figure 1c
shows the simplified model, which contains 23 catalyst tubes and 36 burners. The prototype
differs from the simplified model in the left- and right-hand-side boundaries: the prototype
has solid walls, while the simplified model has periodic boundaries. In case the simulation
results using the simplified model are close to those using the prototype, the periodic
model can be used instead of the prototype to save simulation time in view of engineering
applications. On the other hand, if obvious difference exists between the simulation
results using the prototype and the periodic model, the prototype should be adopted for
subsequent simulation and discussion.

In this study, we use the software GAMBIT to generate grid mesh, which includes
nearly four million cells for the prototype and one million cells for the periodic model,
respectively. The computer used is a work station with Intel Core i7-8700 CPU and
64 GB ram. Number of cells used for the numerical simulation in this study has reached
the limit of the above computer capacity. To ensure the adequacy of the grid mesh near the
wall, the values of y* (the non-dimensionalized length between the wall and its interior
neighboring node in the wall function method) are checked after the iteration process is
converged. It is found that y* from the wall to its nearest interior neighboring node varies
between 20.0 and 60.0, which lies in the logarithmic layer of the boundary layer. The grid
mesh used in this paper is therefore adequate for using the wall function method.

3. Results and Discussions
3.1. Validation of the Numerical Methodologies

Firstly, we compare the simulation results with the available experimental data of a
petroleum refinery. An Infrared thermographer is used to detect the temperature inside the
reformer. Figure 2 compares the average temperatures at the outer surfaces and the hydro-
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gen yields at the outlets of the catalyst tubes using the prototype and the periodic model.
It can be seen that the results calculated from the real reformer agree better with the ex-
perimental data than that from the periodic model. The simulation error for the average
temperatures at the outer surfaces of the catalyst tubes using the prototype is within 4%.
On the other hand, the periodic model predicts much lower temperatures. Using the
prototype, the predicted hydrogen yields are around 0.67 while the experimental hydrogen
yields are around 0.69. The simulation error for the hydrogen yields at the catalyst tube
outlets using the prototype is within 3%. On the other hand, the periodic model predicts
very low hydrogen yields of around 0.13 due to its much lower predicted temperatures.
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Table 1 compares the average temperatures at the front wall and the back wall of the
reformer. It can be seen that the results using the prototype agree better with the experi-
mental data while the periodic model yields much lower temperatures. This is because
the prototype has the same boundaries as the real reformer while the periodic model has
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unconfined spaces for heat dissipation at the left- and right-hand-side boundaries, which
leads to lower temperatures. The errors of the prototype simulation at the front wall and
the back wall are 3.5% and 4.5%, respectively. On the other hand, the errors caused by
the periodic model simulation are 22.9% for the front wall and 23.6% for the back wall,
respectively.

Table 1. Average temperatures at the front wall and back wall of the reformer.

Front Wall (◦C) Back Wall (◦C)

Experiment 923 934
Prototype Simulation 891 892

Periodic Model Simulation 712 714

3.2. Lifetime Estimate of the Prototype Reformer

In this study, the Larson–Miller parameter method [33] is applied to predict the catalyst
tube lifetime. Catalyst tube failure may be attributed to many factors, e.g., manufacturing,
casting, welding, local deformation, creep, etc. In the design phase of a catalyst tube
under high temperature operation, the creep failure is usually of particular concern to
engineers and metallurgists because most of the other factors are field effects and are not
easy to evaluate in the design phase. Creep is severer for components operating under high
temperatures or high stresses. With given operating conditions, Larson-Miller parameter
method may be applied to estimate the corresponding lifetimes of the catalyst tubes.
This would be helpful to find out an optimal operating condition for the catalyst tubes in
high temperature operation. The Larson–Miller parameter is a correlation based on the
Arrhenius rate equation. Its value is usually defined as follows.

LMP = T (C + log10 tr) × 10−3 (14)

where

T represents temperature (K),
tr represents stress-rupture time (hr),
C represents a constant, usually of the order 20.

After mathematical manipulation, Equation (14) can be rewritten as the following
equation for the stress-rupture time.

tr = 10(1000 × LMP/T − C) (15)

For the catalyst tube material investigated in this paper, the correlation diagram of the
Larson–Miller parameter is shown in Figure 3, and the constant C is 22.96, as suggested by
the manufacturer [34].

The design operating conditions of the pressure and temperature for the catalyst tube
investigated in this study are 24 kg/cm2 and 925 ◦C, respectively. The stress inside the
catalyst tube can then be preliminarily estimated by the following equation to be 11.9 Mpa.

S = 0.5 P × Do/t (16)

where

S represents the stress inside the catalyst tube,
Do represents the catalyst tube outside diameter,
t represents the catalyst tube thickness.



Appl. Sci. 2021, 11, 231 11 of 20

Appl. Sci. 2021, 11, x FOR PEER REVIEW 11 of 23 
 

Prototype Simulation 891 892 
Periodic Model Simulation 712 714 

3.2. Lifetime Estimate of the Prototype Reformer 
In this study, the Larson–Miller parameter method [33] is applied to predict the cat-

alyst tube lifetime. Catalyst tube failure may be attributed to many factors, e.g., manu-
facturing, casting, welding, local deformation, creep, etc. In the design phase of a catalyst 
tube under high temperature operation, the creep failure is usually of particular concern 
to engineers and metallurgists because most of the other factors are field effects and are 
not easy to evaluate in the design phase. Creep is severer for components operating un-
der high temperatures or high stresses. With given operating conditions, Larson-Miller 
parameter method may be applied to estimate the corresponding lifetimes of the catalyst 
tubes. This would be helpful to find out an optimal operating condition for the catalyst 
tubes in high temperature operation. The Larson–Miller parameter is a correlation based 
on the Arrhenius rate equation. Its value is usually defined as follows. 

LMP = T (C + log10 tr) × 10−3  (14)

where 
T represents temperature (K), 
tr represents stress-rupture time (hr), 
C represents a constant, usually of the order 20. 
After mathematical manipulation, Equation (14) can be rewritten as the following 

equation for the stress-rupture time. 

tr = 10(1000 × LMP/T − C) (15)

For the catalyst tube material investigated in this paper, the correlation diagram of 
the Larson–Miller parameter is shown in Figure 3, and the constant C is 22.96, as sug-
gested by the manufacturer [34]. 

 
Figure 3. Correlation diagram of the Larson–Miller parameter [34]. Figure 3. Correlation diagram of the Larson–Miller parameter [34].

The design lifetime for the catalyst tube corresponding to the design operating condi-
tions can then be calculated from Figure 3 and Equation (15) to be around 5 × 106 h (or
570 year). Note that this lifetime is evaluated on the basis of design operating conditions
which have taken a safety factor into account. Using the design operating conditions, the
catalyst tube will have a very long lifetime. However, in practical operations, there are
some operational, human and environmental factors, which will yield a shorter lifetime.

On the other hand, from the simulation results, the lifetimes for the catalyst tubes of
the prototype reformer can be estimated from the calculated temperatures and pressures of
the catalyst tubes shown in Figure 4. The results are shown in Figure 5.

Figure 4 shows the simulation results of the average and maximum outer surface
temperatures as well as the average and maximum inner surface pressures of the catalyst
tubes for the prototype reformer. The average outer surface temperatures and the average
inner surface pressures of the catalyst tubes for the periodic model are also shown for
comparison. It can be observed that the average and maximum inner surface pressures of
the catalyst tubes for the prototype reformer nearly coincide. This is because the catalyst
tube is filled with catalyst. The flow motion is very slow in the tube, and therefore the
average and maximum inner surface pressures are nearly equal. From Figure 5, it is seen
that the lifetime based on the average tube temperatures and pressures of the prototype
reformer is approximately the same order of magnitude as the design lifetime. On the
other hand, the lifetime based on the average tube temperatures and pressures of the
periodic model (not shown in Figure 5) is approximately 1012 years, which is obviously
unreasonable as compared to the design lifetime. It should be noted that the catalyst tubes
can be ruptured in practical operation because the temperatures and pressures may exceed
their average values. The lifetimes estimated from the maximum tube temperatures and
pressures shown in Figure 5 reveal this fact. The catalyst tubes at the upstream areas can
be ruptured at four years of service. It can also be observed from Figures 4 and 5 that each
catalyst tube has individual lifetime due to the different temperature and pressure in each
catalyst tube. The catalyst tubes in the downstream areas have longer lifetimes because
they are closer to the reformer exit where the divergent shape of the reformer top portion
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(roof) provides larger heat dissipation space. On the other hand, the catalyst tubes in the
upstream areas have shorter lifetimes because they are farther from the reformer exit and
hence the heat dissipation is worse.
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From the above comparisons, it is found that obvious difference exists between the
simulation results of the prototype and the periodic model. Therefore, the prototype is
adopted for subsequent discussion.

3.3. Influence of the Burners Turned on or off

For the operation of a reformer, three basic requirements should be satisfied: safety,
reliability and efficiency. When a steam reformer is operating, it is important to monitor
the catalyst tube temperature because of the possible threats of thermal stress and creep
damage. When the monitored temperature reaches a dangerous status, a prompt and
feasible approach is to turn off some of the the burners. In this section, to explore the effect
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of the placement and numbers of burners turned on or off on the tube lifetime, the burners
are divided into six groups, as shown in Figure 1d. The range of each group is as follows:

(1) the first group: x = 0 ~ 6.5 m,
(2) the second group: x = 6.5 ~ 12.67 m,
(3) the third group: x = 12.67 ~ 18.84 m,
(4) the fourth group: x = 18.84 ~ 25.01 m,
(5) the fifth group: x = 25.01 ~ 31.18 m,
(6) the sixth group: x = 31.18 ~ 37.68 m.

Each group contains 23 catalyst tubes and 36 burners. Further, each group can be
controlled to be turned on or off. In the following discussion, we discuss twelve different
burners on/off combinations, including fully opened, one group (group 1, 2, 3, 4, 5, or 6)
turned off, two groups (group 1 & 2, 3 & 4, or 5 & 6) turned off, and three groups (group 1,
2 & 3 or 4, 5 & 6) turned off.

Figure 6 compares the effect of the burners on/off combinations on the average outer
surface temperatures of the catalyst tubes. Obviously, the burners on/off combinations
have a significant influence on the temperature profiles, as shown in Figure 6. The catalyst
tube temperatures have greater reductions in the areas of burners turned off. Further,
the catalyst tube temperatures reduce to a higher extent when the upstream burners are
turned off. On the other hand, the catalyst tube temperatures reduce to a lower extent
when the central burners are turned off. The outer surface temperatures of the catalyst
tubes decrease by about 106 ◦C, 163 ◦C or 215 ◦C, respectively, when one group, two
groups, or three groups of burners are turned off.
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Figure 7 compares the effect of the burners on/off combinations on the outer surface
temperature distributions of the catalyst tubes. It can be observed that the temperatures are
higher at the lower portions of the catalyst tubes because of the weaker heat convection near
the bottom wall. Further, the upstream portion of the reformer has higher temperatures.
This is because the top portion (roof) of the reformer is divergent and the reformer outlet po-
sition is at the right-hand side reformer roof. Therefore, the upper portion and downstream
portion of the reformer have larger heat dissipation space while the upstream portion has
smaller heat dissipation space and hence higher temperatures. It is also observed that the
thermal field is obviously influenced by the burners on/off combinations. For a reformer
under normal operation, temperature is higher near the left-hand-side and right-hand-side
walls because fluid motion is slow and heat dissipation is worse there. On the other hand,
convection is better in the central area of the reformer. Therefore, turning off the burners
near the left-hand-side and right-hand-side walls can mitigate the poor convection and
hence yield a higher reduction in the catalyst tube temperatures. Further, heat transfer con-
vected to the downstream area is reduced if the upstream burners are turned off; however,
effect on the convection to the upstream area is minor if the downstream burners are turned
off. Therefore, turning off the upstream burners can yield greater temperature reductions
than turning off the downstream burners.

Figure 8 compares the effect of the burners on/off combinations on the hydrogen
average mole fractions at the catalyst tube outlets (hydrogen yields). It is clear hydrogen
yields decrease in the corresponding areas of burners turned off. The hydrogen yields
reduce to a higher extent when more burners are turned off. Table 2 compares the average
hydrogen yields using different burners on/off combinations. It can be observed that the
hydrogen yields decrease by about 3.2%, 6.4%, or 10%, respectively, when one group, two
groups, or three groups of burners are turned off. The result also shows that the hydrogen
yields have greater reductions when upstream burners are turned off. On the other hand,
the hydrogen yields have less reduction when central burners are turned off. The trend is
similar to that of the outer surface temperatures of the catalyst tubes.
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Table 2. Average hydrogen yields using different burners on/off combinations.

Operating Mode Hydrogen Yield

Fully opened 0.670
Group 1 off 0.641
Group 2 off 0.647
Group 3 off 0.655
Group 4 off 0.654
Group 5 off 0.652
Group 6 off 0.644

Group 1 & 2 off 0.616
Group 3 & 4 off 0.637
Group 5 & 6 off 0.629

Group 1, 2 & 3 off 0.602
Group 4, 5 & 6 off 0.604

The lifetime of a catalyst tube is not only significantly affected by the catalyst tube
temperature but also closely connected with the pressure inside the catalyst tube. Figure 9
compares the effect of the burners on/off combinations on the inner surface average
pressures of the catalyst tubes. The result shows that the pressures have greater reductions
in areas where the burners are turned off. The pressures reduce to a higher extent when
more burners are turned off. Compared with Figure 6, it can also be seen that the inner
surface pressures and outer surface temperatures of the catalyst tubes have similar trends.
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The lifetimes for the catalyst tubes of different burners on/off combinations can be
estimated from the calculated maximum outer surface temperatures and maximum inner
surface pressures of the catalyst tubes. The result is shown in Figure 10. It can be observed
that turning off some burners is beneficial to the catalyst tube lifetime, especially for the
catalyst tubes in the corresponding areas of burners turned off. The catalyst tube lifetime
will be longer when more burners are turned off. Turning off the upstream burners is more
efficient to the catalyst tube lifetime while turning off the central burners is less efficient.
Comparing Figure 6 and Figures 8–10, it can be observed that turning off some burners
can reduce the catalyst tube temperatures and pressures, and increase the catalyst tube
lifetimes. The main drawback is the reduction in hydrogen yields.
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4. Conclusions

In this paper, we simulated a practical steam methane reformer to investigate the flow
characteristics, chemical reactions, and catalyst tube lifetimes in the reformer. The burner
operating mode, which has significant influence on the pressure, temperature, hydrogen
yield, and the catalyst tube lifetime, is discussed. This paper aims to explore the influence
of the burner operating mode on the reformer operation and to seek a feasible way of
getting acceptable temperature, pressure, and hydrogen yield for a catalyst tube so that its
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performance and lifetime can be improved. The results of this study reveal that obvious
difference exists between the simulation results of the prototype and the periodic model.
Using the periodic boundary conditions, the temperature and hydrogen yield obtained are
much lower than the experimental values and the inner surface pressures of the catalyst
tubes are much lower than those using the real model. This may result in overestimating
the catalyst tube lifetime and underestimating the reformer operation risk. The prototype
should be adopted for discussion. The temperatures are higher at the lower portions of the
catalyst tubes. Further, the upstream portion of the reformer has higher temperatures. The
catalyst tubes in the downstream areas of the reformer have longer lifetimes while those in
the upstream areas have shorter lifetimes. The catalyst tube temperature, hydrogen yield,
and pressure have greater reductions when upstream burners are turned off. On the other
hand, the catalyst tube temperature, hydrogen yield, and pressure have lower reductions
when central burners are turned off. Turning off upstream burners is more efficient to the
catalyst tube lifetime while turning off central burners is less efficient. The main drawback
of turning off burners is the decrease in hydrogen yield.
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Abbreviations
The following abbreviations are used in this manuscript:
C molar concentration
Cµ turbulence model constant (=0.09)
D diffusion coefficient
k turbulence kinetic energy (m2/s2); also reaction rate constant
L hydraulic diameter (m)
l characteristic length (m)
M molecular weight
P pressure (N/m2)
R net generation rate
Sct turbulent Schmidt number
T temperature (K)
V velocity (m/s)
Y mole fraction
Greek symbols
ε turbulence dissipation rate (m2/s3)
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