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The aim of this work is to build CFD tools to study heat trans-
fer in packed beds during the thermochemical upgrading pro-
cess of woody biomass. For that purpose, a numerical work-
flow capable of investigating heat transfer phenomena inside a
packed bed was developed. First, the bed is generated using a
Discrete Element Method (DEM) code. Then, a steady-state Di-
rect Numerical Simulation (DNS) solver is used to acquire the
flow patterns inside the pores of the bed. Finally, the heat equa-
tion is solved for the particles and the fluid in a coupled man-
ner. The results are thoroughly validated against two bench-
mark cases: flow around a sphere and flow through a packed
bed of spheres. The importance of accounting for internal heat
resistance for substrates with high Biot number (e.g. wood) is
highlighted. Furthermore, the heat transfer phenomena inside
a packed bed of torrefied wood chips are investigated. Values
of the heat transfer coefficient are also provided ('5 W/m2/K,
for Re < 5, 7.7 for Re=10). Another interesting finding is the
effect of channeling in this type of beds and its impact on the
temperature field of the wood chips.
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1. Introduction
Lignocellulosic biomass is a high-quality, second-generation
biofuel production element (1–3). Through various thermo-
chemical upgrading processes, mainly pyrolysis and gasifi-
cation, it can produce a wide variety of products (e.g. char,
producer gas, syngas, bio-oils). From an engineering per-
spective, the quality of those products strongly depends on
the initial substrate properties as well as on the process spec-
ifications (temperature, heating rate and catalyst type) (4). In
addition, it is widely understood that controlled pretreatment
steps, such as drying, torrefaction, grinding and pelletization
improve the overall process throughput (5).

Grinding and pelletization help in standardizing the sub-
strate dimensions, ensuring that all particles undergo simi-
lar heat treatment. Drying makes the substrate lighter and
prevents microbiological degradation of the biomass. Tor-
refaction offers valuable properties to the substrate, namely,
hydrophobicity and higher energy density (6). The thermo-
chemical conversion steps follow, with pyrolysis being the
first one. Pyrolysis break down biomass into three broad
fractions: char, tar and gas. As mentioned earlier, temper-
ature and heating rate play an important role on the quality
of these products. Finally, gasification (or oxidative gasi-
fication, depending on the process design) upgrades pyrol-

ysis products to producer gas, which can also be later up-
graded into syngas. In most cases, when the upgrading pro-
cess does not require high heating rates, fixed bed reactors are
employed for biomass conversion. This technology is now
well-established, robust and versatile, constituting an excel-
lent option for biomass conversion (7–15).

The fixed bed is created by inserting the biomass into a
designated container. The heating strategies vary depend-
ing on the purpose. From a scientific point of view, as one
may not want to dilute the products with combustion fumes,
an allothermal operation is chosen. In this case, heat can
originate from different sources: controlled temperature gas
blown thought the bed, electrical heating (16), radiative/solar
heating (17), to name a few. In an industrial environment,
most of the time air is sent into the reactor in order to oxidize
part of the biomass and generate heat in situ, leading to an
autothermal process.

In all of the above fixed bed configurations, ensuring
proper heating of the substrate is of great importance. For
large chips or high gas/solid temperature differences, the
question of thermal uniformity of the chips inside the bed re-
mains. Indeed, as biomass is a poor heat conducting material,
a significant amount of time may be needed for the core of the
chips to reach temperatures comparable to the one of their pe-
riphery. In addition, as they are reactive, subject to either en-
dothermic of exothermic reactions, their perfect thermal ho-
mogeneity is only theoretically viable. This is crucial given
the fact that conversion reactions and their products strongly
depend on the thermal history of the particles (18). A strategy
to limit this kind of problem is to grind the biomass to very
fine levels. This, however, doubles the operational cost due to
the grinding and the decrease of the bed permeability which
results in higher gas pumping costs. In addition, from a pro-
cess perspective, handling powders is far more complicated
than chips or pellets. Knowing the volumetric heat transfer
coefficient between gas and solid in this kind of configura-
tions would be of help in assessing the impact of the afore-
mentioned phenomena and to better control the process. Yet,
obtaining the heat transfer coefficient in complex geometries
such as a fixed bed of wood chips is experimentally challeng-
ing. Typically, other researchers rely on correlations linking
Nusselt, Reynolds and Prandtl numbers, derived on multiple
objects with different shapes (19–21). The most famous of
those correlations is the one proposed by Whitaker, where the
particles’ shape is taken into account via bed porosity (22).
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Graphical abstract

Even though those correlations are of help, engineers and
scientists are lacking an optimal way of determining the heat
transfer coefficient inside the bed. Furthermore, an assess-
ment of the impact of wood chips poor thermal conductivity
is also missing from the literature. In this context, the ob-
jective of this work is to acquire the volumetric heat trans-
fer coefficient of a fixed bed from fluid flow computation
in-between the particles. Computing macroscopic physical
properties based on accurate description of microscopic phe-
nomena is not a new idea. It has been made available over the
past decade thanks to the increase in computational power.
It has successfully been applied to granular media, rocks
permeability determination (23–25), heat exchanger (26) or
static mixer design (27, 28).Their application to fixed beds
has been recently and extensively reviewed by Jurtz (29). To
date, authors working on fixed bed simulations tackle diverse
challenges, such as dealing with geometries more complex
than sphere packings (30–33), solving more complex physics
such as natural convection (34) or radiation (35), and cou-
pling with complex chemistry (36, 37).

In our case, a CFD code computing fluid flow and heat
transfer both inside the fluid and the particles is proposed. As
a first step, this tool is validated against well-established cor-
relations, first for a single sphere, then for a fixed bed made
of spheres. To do so, a DEM code is used to numerically gen-
erate a fixed bed of spheres for the CFD code. A full, novel
workflow is employed for the generation and characteriza-
tion of a packed bed of wood chips. This application appears
all the more relevant as wood chips feature an intermediate
Biot number, preventing classical decoupling between inter-
nal and external heat transfer. Finally, on a practical level,
this workflow is freely accessible on an online repository.

2. Numerical methods

The volumetric heat transfer coefficient is investigated in
steady-state over different geometries. A single-sphere setup

and various setups of multiple spheres were investigated
and compared against the existing extensive literature data.
Among the numerous articles, the terminology of the well-
established review from Whitaker (22) is adopted in this pa-
per, dealing, among others, with the heat transfer coefficient
in fixed beds of non-spherical particles. To do so, bed ge-
ometries were first generated using DEM, then, fluid flow and
heat transfer were computed inside those geometries before
extracting heat transfer coefficients.

2 1. Beds generation process

The numerical fixed beds of spheres for validation have
been produced using an in-house code called Grains3D,
based on the Discrete Element Method (DEM) (38) that
solves inelastic collisions between particles. It uses the
Gilbert–Johnson–Keerthi (GJK) algorithm (39) to detect col-
lisions and compute contact forces and momentum. More de-
tails on Grains3D and its validation on convex particles and
workflow can be found in (40, 41). For the cases presented
here, the spheres were introduced one by one at random lo-
cations in an insertion box located in the upper part of the
cylindrical reactor. Then, they fall due to gravity (g = 9.81
m/s2) and collide with the bottom plate, the cylindrical reac-
tor or other particles. The simulations were stopped when the
kinetic energy was dissipated and the particles stopped mov-
ing. Finally, spheres’ locations were exported to OpenFOAM
to recreate the fixed bed geometry.

Similar to the packing of spheres, numerical details regard-
ing the wood chips bed generation procedure can be found
in the literature (42) and will only be briefly summarized
here. 536 wood chips, selected randomly, were measured
in 3D using a caliper. Population convergence has also been
ensured. They were then reproduced numerically as paral-
lelepipeds and randomly duplicated to a 15000 particle pop-
ulation. The bed was generated by computing the stack of
these randomly oriented particles into a cylinder using the
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2.2 Fluid flow and heat transfer models

open source LMGC90 DEM code (43)1. This code was cho-
sen as LMGC90 is among the codes that can handle poly-
hedral collision detection and contact point friction without
emulating solids with a group of spheres (44).

2 2. Fluid flow and heat transfer models
The case is examined in steady-state. The fluid flow is con-
sidered incompressible and laminar. Heat transfer is de-
scribed using conduction in both phases and convection in
fluid phase. Furthermore, as the motion can be considered
as forced convection, the coupling between density and tem-
perature is neglected. Thus, the following set of equations
is obtained for the fluid phase: classical Navier-Stokes equa-
tions, i.e. continuity (Eq. 1) and momentum conservation
(Eq. 2).

∇.u = 0 (1)

u∇.u =−∇P
ρ

+ν∇2u (2)

Heat transfer balance is derived in both fluid and solid
phases. In both cases, it is used in its most classical form fea-
turing heat convection and conduction for the fluid (Eq. 3)
and conduction and volumetric heat release (ω) for the solid
(Eq. 4).

∇(ucpTf ) =−∇.(−kf∇Tf ) (3)

0 =−∇.(−kp∇Tp) +ωp (4)

The boundary conditions between the solid and fluid do-
mains are simple. From a fluid flow perspective, the solid
domain is considered as a wall, i.e. zero velocity and nor-
mal pressure gradient. Heat transfer boundary conditions are
based on heat flux conservation at the interface, meaning that
the two temperatures are equal (Eq. 5) and the heat flux has
the same value on both sides (Eq. 6).

Tf
∣∣
wall

= Tp|wall (5)

−kp∇Tp|wall = −kf∇Tf
∣∣
wall

(6)

Figure 1 provides a schematic of the cases with the associ-
ated boundary conditions for the single sphere configuration.
The values of the physical properties are available in Table
1. The fluid properties are close to those of air while particle
properties are close to those of beech wood (Fagus sylvat-
ica), except for the thermal conductivity taken as the one of
steel to ensure better agreement with experiments. Still, in
this kind of computations, dimensionless numbers are more
important than absolute values. In this case, the fluid Prandtl
number is close to 0.5, meaning that momentum and temper-
ature boundary layers are of the same order of magnitude. In
addition, with the highest value of convective heat transfer

1It is worth noting that both DEM codes could handle the generation of
the two types of beds. The interested reader can apply the workflow and
reproduce this work on any of the two.

Property Fluid Particle

ρ, kg/m3 1.2 750
cp, J/kg/K 1004 1500
k, W/m/K 0.026 100
ν, m2/s 1.00 10−5 -
Pr 0.463 -
ω, W/m3 - 1.00 106

Table 1. Physical properties used for the validation cases

coefficient (h) being approximately 35 W/m2/K, the particle
Biot number (Eq. 7) presents a maximum value of 1.05 10−3,
i.e. far below 0.1, thanks to the artificially high solid-thermal
conductivity. This ensures thermal uniformity which allows
for reasonable comparisons with experimental studies con-
ducted with spheres of constant temperature.

dp

ωp

Walls:
∇P.n = 0
u = 0
Tf = Tp

−kp∇Tp.n = −kf∇Tf .n

Symmetry

Outlet:
P = P0

∇u.n = 0
∇T.n = 0

Inlet:
∇P.n = 0
−u.n = Q/S
T = T0

Fig. 1. Numerical setup for the single sphere case

Bi= hdp
kp

(7)

2 3. Numerical methods for fluid flow and heat transfer
computations
The fluid flow and heat transfer equations were implemented
with the OpenFOAM C++ open-source library (45). The

Sassanis & Pozzobon et al. | Volumetric heat transfer in fixed beds of wood chips Published in Chemical Engineering Journal | 3



Case number Number of cells per particle diameter
Additional local refinement level

Number of cells (millions)
Particle Reactor wall

1 10 1 1 0.99
2 10 1+ 1+ 2.35
3 10 2 2 3.91
4 20 1 1+ 3.19
5 20 1+ 1+ 5.36
6 25 1+ 1+ 7.31
7 30 1 0 5.86
8 30 1 1 6.85
9 30 1+ 0 7.54

10 30 1+ 1+ 9.66

Table 2. Mesh generation parameters for convergence analysis. 1+: local refinement of 2 near sharp edges (angle > 30°), 1 everywhere else

solver is a multi-region solver using two grid regions, one for
the fluid and one for the solid. Equations were discretized us-
ing second order off-centered schemes for convection terms
and centered schemes for diffusion ones. Fluid flow is solved
using SIMPLEC scheme (46). As temperature has no retroac-
tion on fluid properties, a segregated solving strategy was
used. Once the fluid flow has been obtained, the heat transfer
equation is solved for both the fluid and solid regions.

While mesh generation is rather easy for the single sphere
setup and can be handled by a human operator, it becomes
complex for intricated geometries such as packed beds and
has to be delegated to a specialized meshing algorithm. In
this case, OpenFOAM automatic mesher, snappyHexMesh,
was used. Briefly, a hexahedral background mesh is supplied
to the algorithm which will then detect cells intersected by
the particle walls and mark those as to be refined. In re-
gions where a higher level of refinement is specified (on par-
ticle walls or in small gap regions between particles), snap-
pyHexMesh splits the cells in 2 in all directions. One level of
refinement corresponds to a division of cells by 8, two levels
of refinement to a division by 64, and so on. A surface-based
refinement level (typically 1 or 2) is used on all the surfaces
of the spheres. A global gapLevelIncrement (value 1) was
used to ensure the proper treatment of the thin gaps in regions
where the spheres are tangent. Once completed, divided cells
are snapped onto the geometry surface in order to faithfully
reproduce the physical geometry. More details for the grid
generation procedure can be found in (42).

Mesh independence is very important for such an inves-
tigation occurring in complex geometries. To ensure mesh
independence several combinations of the meshing algo-
rithm parameters were tested (Table 2) at the bed level for
a Reynolds number equal to 30. Following this procedure for
a high Reynolds number value guarantees that boundary lay-
ers are properly captured and will be properly accounted for
in lower Reynolds number cases, as the boundary layer gets
wider. Three criteria were used to assess mesh convergence:
numerical accuracy on the particle volume as it impacts both
fluid flow and heat generation (Fig. 2 (a)), outlet tempera-
ture (with respect to the theoretical value deduced from heat
balance, Fig. 2 (b)) and total heat flux (with respect to exper-
imental correlation, Fig. 2 (c)).

From these results, the meshing strategy used for the mesh

number 5 was finally selected as it produced very satisfying
results. With this strategy, meshing a bed made of 60 spheres
required about 3 million cells, resulting in a case run time
of 3h on 72 processors (Intel Skylake G-6140 @ 2.3 GHz,
1 cluster node: 96 GB memory + 2 processors per node, 18
cores per processor).

2 4. Case setup & Volumetric heat transfer coefficient
determination

The workflow validation followed an incremental proce-
dure. First, its predictions were validated against the well-
established case of one single sphere in an infinite medium.
Second, they were validated against the case of a fixed bed
made of spheres. Detailed case setups and the associated
boundary conditions are presented in Table 3.

The determination of the heat transfer coefficient depends
on the case setup. In the first case, it can be determined using
Eq. 8. One should note that the maximum sphere temperature
has to be used in order to properly account for the coefficient.
Indeed, as documented by Grace and Clift (47), temperature
minimum is located upstream and maximum downstream.
The fluid wake temperature can be higher than the average
fluid temperature. Using an average temperature would lead
to non-physical behavior as the fluid wake temperature can
be higher than the average sphere temperature. This would
mean that the fluid would heat up the sphere, creating an ar-
tifact.

h= ωpVp
Sp(Tf,in−Tp,max) (8)

While reasonably straightforward for the single sphere
case, the fixed bed heat transfer coefficient is somewhat more
demanding. Indeed, the formulations used to obtain the vol-
umetric heat transfer coefficient experimentally assume that
Tf and Tp only depend on the z coordinate. However, the ac-
tual temperature field is 3D, meaning that they have to be av-
eraged. For the fluid temperature, the mixing cup temperature
is used, defined as the velocity weighted temperature. The
solid temperature is almost uniform, owing to its high ther-
mal conductivity. Hence, the maximum value is employed to
ensure that the temperature difference is always positive and
h can be correctly computed.
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3.1 Single sphere case
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Fig. 2. Mesh convergence analysis results: top - solid phase volume, middle -
temperature discrepancy, bottom - heat flux discrepancy. Markers: square - base
mesh dp/10, circle - base mesh dp/20, triangle - base mesh dp/25, diamonds -
base mesh dp/30. For each base mesh, increasing refinement levels were tested.
Chosen mesh: circled one

As demonstrated by Wakao (48), a proper estimation of the
heat transfer coefficient requires to account for heat conduc-
tivity in the fluid. Integration of the heat equation in the fixed
bed (Eq. 9) along the bed length gives an expression of the
heat transfer coefficient (Eq. 10).

kf
d2(Tf −Tp)

d2z
−ρf cpf

|u|
ε

d(Tf −Tp)
dz

− habed
ε

(Tf −Tp) = 0 (9)

This equation can be solved analytically by integrating be-
tween the inlet and the outlet, yielding the convective heat
transfer coefficient:

h=−
ρf cpf |u|
Lbedabed

ln(
∆Tbed,out
∆Tbed,in

) +
εkf

L2
bedabed

ln2(
∆Tbed,out
∆Tbed,in

)

(10)
where, for example, ∆Tbed,in is the fluid particle tempera-

ture difference at the inlet of the bed: ∆Tbed,in = Tf,bed,in−
Tp,bed,in.

3. Test cases results

3 1. Single sphere case
Figure 3 presents the contours of the flow temperature for the
single sphere test case. As one can observe, the temperature
field features a sharp gradient over the part facing the flow
and a smoother one in the wake. Special care was taken in se-
lecting the computational domain size. Indeed, as symmetry
boundary conditions are used to describe the lateral bound-
ary, they would act as infinitely repeating spheres that could
perturb the simulated one. This would be true especially at
low Reynolds numbers . Thus, an analysis on the impact of
the domain size was conducted. For a given Reynolds num-
ber of 1 (lowest value of the examined range), the domain di-
ameter was increased progressively from 30 mm until the ob-
tained Nusselt number was stabilized. Stabilization occurred
for a domain size with a diameter of 60 mm. Thus, it can
be concluded that for this Reynolds number, computational
domain independence is achieved. As the Reynolds number
was the lowest one, this configuration is the most conserva-
tive in terms of lateral flux perturbations on the solution and
will be kept for the rest of the study.

To assess the quality of the procedure, results are compared
with the correlations from the literature (Whitaker (22), Clift
(47), Feng (49), Ranz Marshall (50)). Comparisons are re-
ported in Figure 4. The proposed solver compares very well
with the results obtained from the evaluation of the correla-
tion. Furthermore, the results are particularly close to those
reported by Whitaker. This illustrates the quality of the work-
flow as Whitaker’s correlation is fitted over experimental data
obtained for low Reynolds number values. Evidently, for the
single sphere case, the solver gives results in good agreement
with the experiments.

3 2. Packed bed of multiple spheres
Figure 5 presents the contours of the flow temperature for the
fixed bed of spheres. It can be noted that thermal boundary
layers merge quite soon after entering the bed. This obser-
vation enhances the need for proper mathematical treatment,
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Single sphere Fixed bed of spheres

Inlet
Flow: uniform velocity

Temperature: uniform temperature

Outlet
Flow: uniform pressure

Temperature : no gradient

Lateral boundary condition
Flow: Slip condition
Temperature: No gradient

Flow: No-Slip condition
Temperature: No gradient

Reynolds number
dp‖u‖
ν

dp‖u‖
ν(1− ε)

Convective heat transfer coeffi-
cient ωpVp

Sp(Tf,in−Ts,max) −
ρf cpf |u|
Lbedabed

ln(
∆Tbed,out
∆Tbed,in

)+
εkf

L2
bedabed

ln2(
∆Tbed,out
∆Tbed,in

)

Nusselt number
hdp
kf

hdp
kf

ε

1− ε

Whitaker’s Correlation Nu = 2 + (0.4 Re1/2 + 0.06 Re 2/3) Pr 2/5 Nu = (0.5 Re1/2 + 0.2 Re 2/3) Pr 1/3

Case geometry

1 sphere in a large cylinder
dp = 3 mm
Lcylinder = 27 dp = 81 mm
dcylinder = 20 dp = 60 mm
Sphere position: 7 dp from the inlet

61 spheres in a cylinder
dp = 3 mm
Lbed = 17.6 mm
dcylinder = 12 mm
abed = 863m2/m3

ε = 0.57
For Re < 10:
Lcylinder = 65 mm
Bed position: 29.5 mm from the inlet
For Re ≥ 10:
Lcylinder = 52 mm
Bed position: 16.5 mm from the inlet

Table 3. Case setup for each validation run, dimensionless numbers definitions and benchmark correlations.

Fig. 3. Heat map in the fluid region (truncated laterally for publication purposes). Case setup: 3 mm diameter sphere, Re = 10, ω = 106 W/m3, fluid inlet temperature: air at
273 K, flow from left to right

as proposed by Wakao (48). A quantitative comparison was
conducted with Whitaker’s correlation (available in Tab. 3)
for a fixed bed made of spheres. Results are displayed in
Figure 6.

Very good agreement is observed starting from a Reynolds
number of 7 and on, which is very good as Whitaker him-
self states that his correlation provides satisfactory results for
Re = 50 and above. In addition, Whitaker also underlined
that the log-log plots tend to minimize the perception of the
experimental data spread (around ± 25 %). This is why re-
sults are plotted with a shaded area of this magnitude. As one
can see, they are well encompassed in the suggested ± 25 %

range.
The above observations prove that the model of global heat

transfer coefficient and the multi-region solver together pro-
vide satisfactory modeling of the macroscopic heat transfer
phenomenon, for Reynolds numbers in the range of 7 to 70
(corresponding to Reynolds numbers from 3 to 30, with a
more classic definition based on the raw particle diameter).

4. Comments on particle internal heat trans-
fer
In the proposed workflow, the particle internal heat trans-
fer is accounted for. This kind of description was chosen
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3.2 Packed bed of multiple spheres
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Fig. 4. Nusselt number predicted versus Reynolds number for the single sphere
case.

as it is closer to the actual physical phenomenon. Neverthe-
less, this increased accuracy comes at the price of increased
mesh size, as the particle internal geometry has to be meshed,
and increased CPU cost, as the two regions are solved in a
segregated-coupled manner. Still, this additional complex-
ity allows to tackle problems featuring internal resistance to
heat transfer, i.e. particle with a Biot number higher than 0.1.
In order to assess the possibility of neglecting internal heat
transfer, three different setups were examined for a Reynolds
number of 10. The first one features a Biot number far below
0.1, with both solid and fluid regions meshed. The second
has a Biot number far below 0.1, with only the fluid region
meshed. A constant particle temperature over the bed is as-
sumed. Its purpose is to show that, indeed, for very low Biot
number internal, heat transfer can be neglected. The third
one has a Biot number of 0.6, and the actual thermal con-
ductivity of wood is used: 0.1 W/m/K (51), with both solid
and fluid regions meshed. This last setup illustrates the im-
portance of internal heat resistance, especially in the case of
biomass thermochemical conversion. A discussion on Biot
number relevance in the case of a particle having a volumet-
ric heat release is available in the appendix.

Figure 7 presents the fluid temperature averaged over a
cross section over the bed height for the three setups. As
one can see, in the case of a very low Biot number, both se-
tups predict exactly the same values for the convective heat
transfer coefficient. It is not surprising, as in these cases,
the transfer resistance is located in the fluid and both solvers
account for the fluid motion in the same way. Furthermore,
the observed curves are close to the solution that could be
derived analytically, i.e. first order increasing exponential
trend reaching a plateau as conduction may play a significant
role. The discrepancies arise when comparing those results to
those obtained for a Biot number of 0.6. The fluid tempera-
ture increases steadily over the bed height until it reaches the
same final value as in the low Biot number case. The fact that
the final temperature values are the same in any configuration

is normal. Indeed, as the simulations run in steady state, the
overall averaged fluid temperature increase is tied to the heat
released by the sphere, which is the same for all configura-
tions. On the contrary, the slower fluid temperature rise can
be explained by a less efficient overall heat transfer process
from the sphere to the fluid. In the case of spheres with Biot
number of 0.6, both internal and external heat transfer resis-
tance come into play. While, in the low Biot number case
only the external one was limiting transfer. With the fluid
flow being the same for all setups, the discrepancy can be
attributed to the internal heat transfer resistance solely. This
observation highlights the importance of properly accounting
for solid internal heat transfer in high Biot number configu-
rations.

5. Fixed bed of wood chips

In order to illustrate the capabilities of the proposed work-
flow, the case of the cooldown of freshly torrefied wood chips
inspired by Bouzarour’s work (52) is selected. Briefly, wood
chips were poured into a reactor and torrefied at a tempera-
ture of 285 °C for two hours before being cooled down. As
it is more reactive than untreated wood, torrefied wood can
be subject to self-heating when exposed to oxygen even at
moderate temperatures. The referred (52) study analyzed the
impact of air injection at a temperature of 150 °C. Indeed, the
earlier air is introduced in the cooldown process, the lower
the costs compared to pure nitrogen flushing. These experi-
ments were carried out for three different flow rates, 10, 20
and 30 NL/min corresponding to 50, 100 and 150 % of the
maximal recommendation for this configuration (53). The
authors have been able to determine the heat release asso-
ciated to the phenomena and to produce a correlation for it
(Eq. 11)(52). This illustration case is particularly interesting
because it features both internal and external heat transfer re-
sistance and a source term highly dependent to temperature.

ωp = 14.062 106×2.50 109exp(−99800
RTp

)(0.21×ρf )0.734

in W/m3 (11)

In addition to being of practical relevance, the case of tor-
refied wood, self-heating 150 °C has two other desirable fea-
tures. First, because of wood chips intermediate Biot num-
ber, chemical reaction and heat transfer cannot be decoupled.
Furthermore, the chemistry involved is quite simple. Indeed,
the diffusion of oxygen into 3 mm wood chips takes less than
1 second. The torrefaction phenomenon has a characteris-
tic time of tens of minutes. Thus, oxygen concentration can
be assumed uniform throughout the wood chip. In addition,
in the case of the experiments we are comparing to, oxygen
depletion across the bed was less than 1 % absolute. Thus,
assuming constant oxygen density field seems is reasonable.
More complex chemical reactions, such as multistep kinetics,
could be added in the same way.
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Fig. 5. Heat map in the fluid region. Case setup: 61 spheres of 3 mm diameter enclosed in a cylinder, Re = 10, ω = 106 W/m3, kp = 100 W/m/K, fluid inlet temperature: air
at 273 K, flow from left to right. Slice view along the streamwise axis. Upper part: detailed view of the bed

100 101 102
10−1

100

101

Reynolds number

N
u

ss
el

t
n
u

m
b

er

Fig. 6. Nusselt number computed versus Reynolds number for the case of a fixed
bed with multiple spheres. Markers: presented solver. Continuous line: Whitaker’s
correlation. Shaded area: ± 25 % deviation over Whitaker’s correlation

5 1. Convective heat transfer coefficient

The first problem the proposed workflow can solve is to com-
pute the effective heat transfer coefficient of the bed for dif-
ferent Reynolds number values. This parameter can be cru-
cial for the industrial design of a bed, while it seems almost
impossible to acquire experimentally for non-heat-conducive
materials such as wood. Calculations were conducted with
a constant heat source inside the chips corresponding to the
magnitude reported by Bouzarour et al. (ωp = 5.32 kW/m3

at 150 °C). The computational domain is a volume sample
of the numerically-generated packed bed of wood chips. The
volume sample is a cube. Each edge is equal to 10 equivalent
diameters (3x3x3 cm3). It was taken more than 20 equiv-
alent diameters away from the inlet to avoid packing alter-
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Fig. 7. Fluid temperature averaged over a cross section versus bed height. Dia-
monds: first setup (Biot far below 0.1, fluid and solid), squares: second setup (Biot
far below 0.1, fluid only), circles: third setup (Biot above 0.1, fluid and solid)

ation (21 dp < z < 31 dp).This sampling geometry, which
was chosen in previous work on fluid flow, showed that 8
equivalent diameters were enough to ensure convergence on
the same topology (42). Furthermore, domain size is a quite
stringent criterion, even in the case of fluid flow only, as im-
proper evaluation of channeling would lead to dramatic loss
of momentum. Adding heat transfer in the fluid domain does
not change this statement. Indeed, as Peclet number is large
in our case, convection evaluation is key, while conduction
plays a minor role in this region. The four sides of the com-
putational domain were specified as symmetry planes (slip
condition for velocity and zero-gradient for pressure and tem-
peratures). This procedure yielded a bed with a porosity of
0.47 and a specific surface area of 1276 m2/m3, two required
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5.2 Hot spots and thermal runaway

properties to compute the heat transfer coefficient using Eq.
10.

Four cases, with Reynolds numbers ranging from 1 to
10, were investigated. A point of note is that wood is
an anisotropic material with a thermal conductivity ratio of
about 2 between its longitudinal and tangential/azimuthal di-
rections (54). For the sake of simplicity, and because chips
orientation in the bed is random, wood thermal conductivity
tensor was simplified into a simple scalar value of 0.1 W/m/K
(51).

Figure 8 presents velocity and temperature variation
(Tp(z)−min(Tp(z))) at z = 27 dp, Re = 10, across a bed
of wood chips. Qualitatively, the velocity field exhibits chan-
neling, not necessarily in the openness of the pores of this
cut. This can be explained by the fact that channeling is the
result of the geometry formerly encountered by the flow and
the pressure drop ahead of it. Thus, it exhibits memory and
forecast effects that cannot be accounted for in slice view.
This observation agrees well with former investigations on
the hydrodynamics of this type of packed bed (42). The chip
temperature mapping reveals close interaction between the
flow and heat transfer. Low velocity fluid zones are associ-
ated with higher chip temperature, namely hot spots. It can
be concluded that the workflow computations are in agree-
ment with intuitive expectations. More quantitatively, Table
4 reports the values of the heat transfer coefficient. They
were obtained by fitting temperature profiles with a 1D bed
described with equivalent physical properties as advised by
Wakao (48). In terms of general trend, the workflow reports
an increase of the heat transfer coefficient with Reynolds.
Still, values are constant for low Reynolds numbers (1 and
2) and only moderately increase afterwards. This observa-
tion is counter-intuitive and calls for an explanation. Sec-
tion 4 showed that both solid and fluid thermal resistances
were considered in this problem. While the solid resistance
is constant, the fluid one is depending on velocity and should
decrease as velocity increases. Still as shown here and in
(42, 55), this type of packed bed is very prone to channeling.
Below a particle Reynolds number value of 5, the flow is in
Darcy’s regime. This has two consequences: 1. the flow pat-
terns are identical and velocity scales with the flow rate; 2. in
terms of heat transfer, in the flow channels the local fluid heat
transfer resistance is low and any increase in the flow velocity
decreases it even further. Still, in these zones, the resistance
limiting heat transfer is the solid one. Thus, no improvement
of overall heat transfer performance is observed as only the
fluid resistance decreases. This explains the trend observed
at low Reynolds values. Going to higher Reynolds numbers
modifies the flow structures. This was explored by compar-
ing normalized velocity distributions ‖u(z)‖/|uin‖ - (Fig.
9). As one can see, by increasing the Reynolds number from
5 to 10, the flow pattern is enhanced around the particle walls
everywhere in the bed. This promotes heat transfer in zones
where the limiting resistance is the fluid one and explain the
reported increased heat transfer coefficient.

Fig. 8. Velocity (top) and temperature variation (bottom, T(z) - min(T(z)) at z =
27 dp, Re = 10 across a wood chip bed under constant heat source of 5.32 kW/m3

5 2. Hot spots and thermal runaway

The proposed workflow is not limited to convective heat
transfer coefficient determination. As a next step to this work,
the heat map heterogeneity across the bed is examined. Fig-
ure 8 presents a slice view of the wood chips temperature
field (z = 27 dp and Re = 10). The chips temperature is dis-
tributed. Industrially, temperature distribution can lead to dif-
ferences in substrate thermal treatment and consequently to
the end product. As it has been shown, altering velocity in-
fluences not only flow patterns but also thermal behavior. It is
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Fluid velocity at
150 °C (mm/s)

Particle Reynolds Bed Reynolds h (W/m2/K) Nusselt

2.5 1 2.27 4.88 0.87
5.0 2 4.55 4.72 0.85
12.5 5 11.36 5.78 1.04
25.0 10 22.73 7.65 1.37

Table 4. Heat transfer coefficient as a function of Reynolds number in the wood chip packed bed

Fig. 9. Normed velocity (‖u(z)‖/|uin‖) difference between flows at Reynolds 10
and 5, at z = 27 dp

also possible to plot temperature distribution across the chips.
Figure 10 reports the temperature distribution around its av-
eraged value for two cases: Reynolds number of 5 and 10, at
27 dp from the inlet. From this graph, it can be concluded
that increasing the Reynolds number from 5 to 10, decreased
the spread of the temperature field and suppressed high in-
tensity outliers (+1 and -1 K for the case of Reynolds number
equal to 5). From a more general perspective, the workflow
allows to extract both global and local observations for both
fluid and solid phases.

As mentioned earlier, during their cooldown, torrefied
wood chips can be subject to self-heating, and, in the most
extreme cases, thermal runaway. In order to account for
it, the heat source term inside the particles was treated as
temperature-dependent (Eq. 11). Once implemented, the up-
graded code predictions were examined with respect to ex-
perimental observations. Table 5 summarizes those findings.
The code does not predict a thermal runaway per se, which
would have led to numerical divergence. Such divergence
was also experienced by starting the simulation at a higher
temperature. Still, the code predicts temperature rise over the
10 dp height of the bed. As one can see, the predicted trend
is non-linear as a multiple of 3 of the flow rate (from 10 to 30
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Fig. 10. Chips temperature distribution around the averaged value at z = 27 dp.
Black line: Reynolds number value of 5, gray line: Reynolds number value of 10

Nl/min) divided by the temperature increase by 4.6. Further-
more, extrapolating those local results obtained on 10 dp to
a 100 dp bed is not easy. Yet, linear scaling may yield sim-
plistic estimations. The lowest flow rate (10 Nl/min) would
yield a 360 K temperature rise which could be considered
as thermal runaway. The intermediate flow rate (20 Nl/min)
would yield 128 K increase, which can also be considered as
thermal runaway. Finally, the highest flow rate (30 Nl/min)
would induce a 78 K rise, which can be seen as strong self-
heating and surely as thermal runaway. This highlights one
of the limitations of the proposed workflow. As it relies on
a local approach, it can yield many interesting observations
but requires an upscaling procedure to predict the behavior
of larger beds. In addition, being operated in steady-state, it
cannot account for substrate deactivation over time. These
two developments could be accomplished by using a simple
1D code powered by the local heat transfer coefficients (Ta-
ble. 4).

6. Conclusion and perspectives
This article presents a numerical workflow capable of char-
acterising heat transfer inside a packed bed. First, the bed
is generated numerically using a DEM code. Then, a classi-
cal computational fluid dynamic approach is used to acquire
flow patterns inside the pores of the bed. Finally, heat conser-
vation equation is solved in both fluid and solid regions in a
coupled manner. Thorough validation was conducted against
well-established experimental results. Next, the possibility
to neglect solid phase resistance in low Biot number config-
urations was demonstrated. Finally, the workflow was used
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5.2 Hot spots and thermal runaway

Experimental flow
rate (NL/min)

Velocity (mm/s – at
150 °C)

Experimental observations Numerical temperature rise over 10 dp

10 8.10 Thermal runaway 12.0 K
20 16.3 Thermal runaway (near z = 30 cm) 4.28 K
30 25.0 Stable condition 2.61 K

Table 5. Experimental and numerical observations (equivalent values, not computed).

to gain insight on heat transfer inside a torrefied wood chips
packed bed. First, from a practical perspective, values of heat
transfer coefficient have been obtained for such complex ge-
ometries. This investigation was carried out for an intermedi-
ate Biot number of 0.6, where a classical approach based on
decoupling between phenomena cannot be used. It revealed
that channeling is key in understanding heat transfers in this
type of beds and allowed to quantify the magnitude of its ef-
fects on the temperature field of the chips.

From a wider perceptive, the proposed workflow paves the
way to a new research horizon. Indeed, the CFD solution
gives insight to local information. For example, preliminary
results indicate that the coefficient increases linearly through
the first layer of particles and later presents large variations
depending on the local channeling effects. By implementing
wood anisotropy at the chip level, it would be possible to as-
sess the validity of assuming macroscopic isotropy of the bed,
owing respect to their random packing. Another perspective
is to use these tools to pack several times the chip beds and as-
sess the heat transfer coefficient in each case. Hence, its vari-
ability could be assessed, giving a constraint on the maximal
accuracy to expect from correlations and single experiment
results. This will eventually give guidelines on the particle
size distribution that reduces risks of runaway at the lowest
wood grinding cost.

The interested reader can download the solver and test case
from our git repository. Furthermore, as the geometry is im-
ported via stl file, the reader could use its own, no matter how
complex.
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