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Abstract

A comparison of reactive flows on two distinct scales is presented here (i) Particle resolved direct numerical simulation (PRDNS), and (ii) 1D packed bed model. The PR-DNS geometry is meshed with polyhedral elements both inside and outside the
particle to directly resolve the phenomena of intra particle diffusion and external heat and mass transfer. In contrast, the 1D
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The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation
the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered).
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Introduction
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and
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PR-DNS can provide insight into the local phenomena of velocities and void fractions in the packed beds, which
cannot be obtained from experiments. There have been several attempts to model the intra particle diffusion, but
most of studies used the particles as the porous regions [1]. The detailed review of several works done for intra
particle diffusion is given by Dixon [2]. Dixon [2] presented the most recent work with 3D CFD simulations for
heterogeneous catalytic reactions in a tube packed bed (3 ≤ N ≤ 10), having reactions inside the catalytic particle and
not just confined to the exterior surface for steam methane reforming (SMR) endothermic reaction.
The objective of the current work is to evaluate the prediction of endothermic steam methane reforming (SMR)
on two distinct scale. Firstly, PR-DNS is used on a geometry of ~100 densely packed mono-disperse spherical
particles (ԑ = 0.355) extracted in a way shown in our previous works [3, 4]. Secondly, computationally affordable
1D packed bed model which is based on appropriate models for effectiveness factor [5] and external heat and mass
transfer [6]. The comparison between both the approaches for specie concentration and temperature differences are
documented and the verified 1D model is used to an industrial-scale simulation of reforming in a packed bed
chemical looping reforming (PBCLR) reactor.
Nomenclature
Greek Symbols
𝛼𝛼
Volume fraction
ԑ
Void fraction
𝜙𝜙
Thiele modulus (Th)
𝜂𝜂
Effectiveness factor
ρ
Density (kg/m3)
Latin Symbols
a
Characteristic length of spherical particle (rp/3)
Cp
Specific heat capacity of gas [J/kg·K]
Ea
Activation energy [J/mol]
he
effective heat transfer coefficient [W/m2·K]
k0
Arrhenius constant [1/s]
kg
Thermal conductivity of gas [W/m·K]

Nu
Nusselt number (h dp/kg)
P
Pressure [Pa]
Pr
Prandtl number (μ Cp/kg)
R
Gas constant [8.314 J/mol/K]
r
Radius [m]
Re
Reynolds number (ρ us dp/μ)
Sc
Schmidt number (μ/ρ D)
T
Temperature [K]
us
Superficial velocity of the gas [m/s]
Sub/superscripts
g
Gas
p
Particle

2. Methodology
2.1. PR-DNS simulation setup
The realistically packed bed of monodisperse spherical particles (ԑ = 0.355) is generated using discrete element
method (DEM) in ANSYS FLUENT as explained in detail in our previous works [3, 4].
The SMR reaction takes place inside the porous particles (grain model [7]) according to Eq. (1)-(3). The
simulation parameters used are given in Table 1. The reactions were modeled using the kinetic model of LangmuirHinshelwood methodology proposed by Xu and Fremont [8] with appropriate kinetic and equilibrium constants
from [9].
CH4 + H2 O ↔ CO + 3H2
CO + H2 O ↔ CO2 + H2

Rx1

Rx2

CH4 + 2H2 O ↔ CO2 + 4H2

Rx3

(1)
(2)
(3)

Simulations are completed for three different values for inlet temperature (Table 1). The molecular diffusivity
and gas thermal conductivity are obtained according to the kinetic theory of gases.

Arpit Singhal et al. / Energy Procedia 136 (2017) 349–355
Arpit Singhal et al. / Energy Procedia 00 (2017) 000–000

351

Table 1: Simulation parameters for PR-DNS
Parameter

Value

Parameter

Value

Particle diameter (dp) (m)

0.005

Inlet mole fraction ratio (CH4:H20)

1:2

Packed bed voidage

0.355

Specific heat capacity (Cp) (solid) (J/kg/k)

1200

Particle void fraction (internal)

0.3

Thermal conductivity (solid) (W/m.K)

1.0

Density (solid) (kg/m )

2500

Operating pressure (bar)

20

Gas velocity (m/s)

0.5

Inlet temperature (◦C)

1100,1000, 900

3

2.2. 1D packed bed model
The 1D model setup used is developed considering 100 cells in one direction with solid phase velocity fixed to
zero in all these cells. The model is consistent with the previous works of the authors [4, 10, 11].
The closures [3, 5] represented in Eqns. (4)-(7) are used in conjunction with the same reaction kinetics and
boundary conditions as the PR-DNS simulation. The Thiele modulus (𝜙𝜙) represents the ratio of kinetic rate to
diffusion rate, so higher values represent greater mass transfer limitation. The effective diffusivity (𝐷𝐷𝑒𝑒) is composed
of the molecular diffusivity (𝐷𝐷), the void fraction of porous particles (𝜀𝜀 = 0.3) and the tortuosity (𝜏𝜏 = 1).
𝑁𝑁𝑁𝑁 = 2.67 + 0.53𝑅𝑅𝑅𝑅 0.77 𝑃𝑃𝑃𝑃 0.53
𝜙𝜙 = 𝑎𝑎 √

𝑘𝑘

𝐷𝐷𝑒𝑒

1

𝜂𝜂 = (

1

𝜙𝜙 𝑡𝑡𝑡𝑡𝑡𝑡ℎ(3𝜙𝜙)

𝐷𝐷𝑒𝑒 =

𝐷𝐷𝐷𝐷

−

1

3𝜙𝜙

)

𝜏𝜏

(4)

(5)

(4)
(7)

In comparison to the previous works [4, 11], three important complications are introduced: multiple reactions,
multiple reactants per reaction and the generation of gas volume during the reaction. However, multiple reactions is
not so important because the overall steam methane reforming (Rx3) reaction is much faster than the others are.
Gas generation within the particle was found to be the most important effect. Specifically, a convective flux of
gas going out of the particle would reduce the rate at which reactants can diffuse into the particle, leading to the
effective diffusivity shown below.
De


D
 ugvg l


𝑢𝑢gvg =

(8)

2(𝑟𝑟1 +𝑟𝑟3 ) 𝑅𝑅𝑇𝑇𝑝𝑝 𝑑𝑑𝑝𝑝
𝛼𝛼𝑝𝑝

𝑃𝑃 𝛼𝛼𝑝𝑝 6

(9)

The first term on the right of Eq. (8) is the conventional effective diffusivity used to calculate the Thiele modulus
and effectiveness factor as described earlier in Section 2.2. The second term represents the convective transport of
species in the opposite direction as the reactant diffusion. The length scale (𝑙𝑙) represents the distance covered by the
diffusion gradient and should be in the order of the particle radius. The outwards superficial velocity due to gas
volume generation (ugvg ) is estimated at the particle surface according to Eq. (9), where r1 and r3 represents the
reaction rates for Rx1 and Rx3 respectively. The first term represents the generation of gas inside the particles
(mol/m3.s), the second term converts the molar generation rate to a volumetric generation rate via the ideal gas law
and the final term (inverse of the surface area per unit volume of monodisperse spheres) converts this volumetric gas
generation rate to a velocity at the particle surface (m/s).
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For the fast OSMR reaction, inclusion of this effect had a large negative effect on the overall reaction rate by
reducing the effective rate of reactant diffusion into the particle, thereby increasing the Thiele modulus and
decreasing the effectiveness factor. To account for the effect of multiple reactants, the effectiveness factor was
calculated for each reactant species individually and then combined to estimate the overall effectiveness factor: 𝜂𝜂 =
(𝜂𝜂1−1 + 𝜂𝜂2−1 )−1 .
The effect of the convective flux out of the particle on the external heat transfer coefficient was estimated in a
similar manner. Given that heat diffusion is substantially faster than mass diffusion when a gas is pressurized, this
effect was much smaller.
ℎ𝑒𝑒 = (

𝑘𝑘𝑔𝑔 𝑁𝑁𝑁𝑁
𝑑𝑑𝑝𝑝

− 𝑢𝑢𝑔𝑔𝑔𝑔𝑔𝑔 𝜌𝜌𝑔𝑔 𝐶𝐶𝑝𝑝,𝑔𝑔 ) 𝛽𝛽

(10)

Again, the first term on the right represents the conventional effective heat transfer rate due to heat diffusion
through the boundary layer around the particle. The second term represents the convective heat flux in the opposite
direction due to the gases exiting the particle at the particle temperature. Experience also showed that the heat
transfer rate had to be multiplied by a factor (𝛽𝛽 < 1) to match well with PR-DNS results. This implies that the
convective flux of gas out of the particle thickens the boundary layer around the particle, adding more heat transfer
resistance.
3. Results
3.1. PR-DNS results
Contour plots for methane mole fraction and temperature are shown in Fig. 1. The effects of heat and mass
transfer limitations are clearly visible. A gradual species concentration gradient is visible inside the particles (Fig. 1,
left) signifying an internal mass transfer limitation. However, the temperature inside the particles is relatively
uniform (Fig. 1, right), implying that external heat transfer limitations dominate.

Fig. 1. PR-DNS results for molar concentration of CH4 (left) and gas temperature (K) variation at 1000 °C inlet temperature.

3.2. Comparison of 1D model to PR-DNS results
Firstly, the 1D model was run without accounting for the outwards velocity resulting from the gas volume
generation due to reaction. The resulting comparisons of species and concentration profiles are given in Fig. 2. Some
clear deviations between the 1D and PR-DNS results are evident.
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Fig. 2. Axial profiles of methane mole fraction (left) and temperature difference between gas and particles (right) when the gas generation effect
is ignored.

The over predicted reaction rate is particularly evident towards the start of the reactor where the 1D model
predicts a faster decline in methane concentration than the PR-DNS. This faster endothermic reaction is also
reflected in the slight over prediction of gas-particle temperature difference due to the large amount of heat
consumption inside the particles where the reaction takes place. Towards the middle of the geometry, however, the
reaction rates between the two models are similar, but the temperature difference predicted by the 1D model is much
smaller. This suggests an over prediction of the external heat transfer.
Subsequently, the effects of the generated gas were included in the 1D model. Trial and error experimentation
showed that a very good match could be attained if the species diffusion length scale (𝑙𝑙 in Eq. (8)) is set to 1.8 mm
and the external heat transfer modification (𝛽𝛽 in Eq. (9)) is set to 0.7. This good match is shown in Fig. 3.
The main effect of the inclusion of the outwards velocity in Eq. (8) is a large reduction in the effective reaction
rate near the reactor inlet. At the start of the domain, the OSMR and SMR reactions are far from equilibrium and the
temperature is still high, implying a very fast reaction rate. However, a faster reaction rate from these reactions
causes more gas formation inside the particle and thus a larger convective flux out of the particle, counteracting
reactant diffusion into the particle. For the OSMR reaction, this effect halved the reaction rate near the inlet.
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Fig. 3. Axial profiles of methane mole fraction (left) and temperature difference between gas and particles (right) when the full modifications in
Eqns. (8), (9) and (10) are implemented.

3.3. The reforming stage of the PBCLR process
The verified model from the previous section was then used to simulate the reforming stage of a large-scale
packed bed chemical looping reforming (PBCLR) reactor (10 m in length). The PBCLR process completes an
oxidation and reduction stage in a similar way as in the packed bed chemical looping combustion concept [10, 12],
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but then uses the heat stored in the bed to complete a long reforming stage instead of a heat removal stage for power
production.
The reforming stage of the PBCLR process will take place after the bed has been oxidized by air and reduced by
fuel. At that point, the bed is fully reduced and a lot of heat is stored in the oxygen carrier to sustain the endothermic
reforming reaction.
In this case, it was assumed that the whole bed is at 1000 °C at the start of the reforming stage. Fig. 4 shows
outputs from the simulation where gas was fed with a 1:2 CH 4:H2O ratio at 300 °C.

0
1000

Reforming stage time (s)
CH4 200 s

CH4 400 s

CH4 600 s

H2 200 s

H2 400 s

H2 600 s

H2

CO

CH4

T 200 s

T 400 s

T 600 s

H2O

CO2

T.

Fig. 4. Axial species and temperature profiles along the bed at different times (left) and outlet species and temperature profiles during the
reforming stage of the PBCLR process (right).

The PBCLR process works in a similar manner as the gas switching reforming (GSR) [13, 14] process that
utilizes a fluidized bed instead of a packed bed. An attractive feature of the PBCLR reactor over the GSR reactor is
that the outlet concentrations and temperature remains constant for a long time during the reforming stage (nearly up
to 600 s in Fig. 4), whereas the conversion will decline gradually from the start of the reduction stage in the GSR
concept as the bed cools down. This is a result of the plug-flow nature of the PBCLR concept. In practice, this will
allow the PBCLR process to be operated at lower temperatures or higher pressures, while achieving similar
performance to the GSR concept.
4. Conclusion
This work presented a comparison of particle resolved direct numerical simulation (PR-DNS) with 1D packed
bed model for a densely packed bed on mono disperse spherical particles in a reacting system of steam methane
reforming. The 1D model along with recently proposed closure models for external heat and mass transfer using
modification factors to account for the deviation caused by over prediction of particle temperature in 1D model
approximates well with the PR-DNS results. Verified models used to simulate a reforming stage of a large scale
packed bed chemical looping reforming (PBCLR) suggests promising results with the PBCLR processes.
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