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26  Nomenclature

Roman

letters

ds

CI’l,S,SS

CI'I,SS

Cps

D(r)

D(r),

External surface to particle
volume ratio, mg? m,

Molar concentration of
component n in the fluid phase,
kmol m¢?

Molar concentration of
component n in the solid phase,
kmol m¢3

Molar concentration of
component n in the solid phase
at steady state, kmol mg®
Molar concentration of
component n in the fluid phase
at steady state, kmol mg®
Specific heat capacity of the
fluid at constant pressure, kJ kgf
1 K—l

Specific heat capacity of the
solid at constant pressure, kJ
kgst Kt

Particle diameter, ms

Tube diameter, my

Solid-fluid resistance vector, kg
my2s2

z-component of the solid-fluid
resistances vector D(r), kg my2

S-2

TW,in

Solid temperature, K

Fluid temperature at steady
state, K

Temperature at the internal

surface of the tube wall, K

Temperature at the internal
heat boundary layer surface,
K

Superficial velocity, me m,?

h-l

Superficial velocity at the

bed inlet, m@ m2 ht

Global heat transfer

coefficient, kI m2 ht K1

Axial component of the
interstitial velocity, m, h*
Axial component of the
interstitial velocity at steady
state, m h't
weight factor assigned to the
i-collocation point
Conversion of component n,
Cno — Cn

n
Cn,O



Deff,r

Deff,z

8z

hw,ext

hw,in

==

H(r),

keff,r

0
keff,r

Radial mass dispersion

coefficient, m/ h't

Axial mass dispersion
coefficient, m? ht

Axial component of gravity, m,
h-2

Superficial mass flow rate, kg

my2ht

Interfacial heat transfer

coefficient, W ms2 K1

Wall heat transfer coefficient, W
m2 Kt

External wall heat transfer
coefficient, W m;2 K1

Internal wall heat transfer
coefficient, W m2 K1

Apparent permeability tensor,

2

my

z-component of the tensor H, kg

-2 o2

my=s

Slope parameter of the
keff,r,PL(r)

Damping parameter of the
keff,r,PL(r)

Radial effective thermal
conductivity, W m1 K1

Static contribution of the radial

effective conductivity, W m?* K-
1

Greek
letters

a

8HT,in

6HT,ext

AH;

AP,

Mg

Mefr

Yield of component n,
Cn - CnO
Y, = ———=
" Ceo

Axial position, mr

Ergun’s coefficient related to
viscous solid-fluid
contributions

Ergun’s coefficient related to
inertial solid-fluid
contributions

Internal heat boundary layer
thickness, my

External heat boundary layer
thickness, my

Reaction enthalpy, kJ mol™

Axial pressure drop, kg m!
h—2

Void fraction, m¢ m,2

Averaged void fraction, m¢®
my3
Fractional surface coverage
of component n

Dynamic viscosity, kg m*
h-l

Effective viscosity, kgr m?
h—l



<keff,r)core

keff,r,PLA (r)

Kefe 2

Pn

Pz
do

Averaged radial effective
thermal conductivity of the
packed bed core zone, W m1 K1
Pseudo-local radial effective
thermal conductivity, W m*K?
Axial effective thermal
conductivity, W m 1 K

Rate coefficient of reaction i,
mmol geart h?t

Interfacial mass transfer
coefficient, m¢ ms2 ht

Packed bed permeability, m/
Packed bed pseudo-
permeability, my

Adsorption equilibrium
coefficient for component n,
Pal

Reactor length, m,

Partial reaction order of reaction
i

Partial pressure of component n,
Pa

Axial component of pressure, Pa
Heat flux from the infra-red
lamp, W m,?

Radial position, m;

Specific reaction rate of reaction
i, mmol gear® h?

Tube radius, mr

Time, h

Fluid temperature, K

Feed temperature, K

Salt bath temperature, K

Pb

Pt

Ps

Subscripts

cat

eff

exp

SS
t
*
Superscript
0

Stoichiometric number of

component n in reaction i.

Packed bed density, kgs m;3

Fluid density, kgr m¢®

Solid density, kgs ms

Number of carbons

Catalyst

Effective

Experimental

Fluid

Component n

Inlet

Particle

Reactor
Solid

Steady state
Tube

Density of vacant sites

Static, inlet
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Abbreviations:

Acronym
BLA Boundary Layer Approach ODH-C,  Oxidative Dehydrogenation of
Ethane
CA Classical Approach PF-CBLA Plug Flow Complete Boundary
Layer Approach
CBLA Complete Boundary Layer PF-IBLA  Plug Flow Internal Boundary
Approach Layer Approach
di/dp tube to particle diameter ratio ~ PLA Pseudo-Local Approach
ER Eley-Rideal PL-CBLA Pseudo-local Complete
Boundary Layer Approach
IBLA Internal  Boundary  Layer PL-IBLA  Pseudo-local Internal
Approach Boundary Layer Approach
KWT-BC  Know Wall-Temperature PL-IHTA  Pseudo-local Internal Heat
Boundary Condition Transfer Approach

KWT-BLA Known Wall-Temperature
Boundary Layer Approach

Associated contents:
Supporting information available: Section A presents the details of the KWT-BLA used

to compare with the PL-IHT. In Section B, the specifications of the kinetic model used in this
work to evaluate the reactor model are described. Section C gives the details of the conventional
heat transfer approaches used in literature for the modelling of industrial-scale wall-cooled
packed bed reactors. The radial temperature profiles at different axial positions, and the axial
temperature profiles for the industrial-scale packed bed following the PL-IHTA and KWT-BLA
approaches are illustrated in Section D. Section E presents the assessment of the heat transfer
mechanisms in the internal and external heat boundary layer. Lastly, in Section F, the pseudo-
local and conventional heat transport approaches are applied to simulate ethane conversion,
ethylene selectivity, and net production rate of CO> for the oxidative dehydrogenation of ethane

in an industrial-scale wall-cooled packed bed reactor.
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Abstract

A generalized approach to model heat transfer in an industrial-scale wall-cooled packed
bed reactor with a low tube-to-particle diameter ratio (< 8) is proposed and assessed in this
work. The modeling approach rests on the realization of experiments carried out in absence of
reaction in bench-scale as well as in industrial-scale packed beds. The approximation
overcomes historical limitations identified when modeling radial heat transfer mechanisms by
applying conventional heat transfer approaches. The methodology leads to the reliable
determination of the external wall heat transfer coefficient and pseudo-local radial effective
thermal conductivity. The approach allows the quantification of heat transfer resistances
through the core, the internal and the external wall of the bed indicating that approximately
30% of the resistances are located along the internal side of the packed bed when it was operated
at Particle Reynolds numbers ranging from 700 to 1400. Because of its complex impact on heat
transfer, fluid dynamics is accounted for by implementing a methodology that uses pressure
drop data and the mass conservation criterion to describe velocity profiles, including the
determination of the viscous and inertial resistances caused by solid surfaces at the core and
near the wall. Finally, the heat transfer information is transferred to a pseudo-heterogenous
model to simulate the performance of an industrial-scale wall-cooled packed bed reactor for the
highly exothermic oxidative dehydrogenation of ethane. Simulations demonstrate both the
reliability of the proposed heat transfer approach and the limitations of the conventional

approximations when describing temperature profiles in a packed bed reactor.

Keywords: Radial heat transfer resistances, external heat transfer resistances, wall-cooled

packed-bed reactor, fluid dynamics, pseudo-local effective thermal conductivity.



67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

1. Introduction

Wall-cooled packed bed catalytic reactors with a low tube to particle diameter ratio
(d/d, < 8 m; mst) have been a workhorse in the petrochemical industry for the production of
chemical building blocks via the selective oxidation of different hydrocarbons [1-4]. The low
di/dp configuration not only reduces the pressure drop compared with those packed beds with
high di/dp but provides higher void fraction zones leading to larger interstitial velocities that
impact heat and mass transfer mechanisms along the packed bed.

Although this type of reactor has been studied for several decades [5-12], and the low
di/dp has favored momentum, heat and mass transport processes, the main challenge that still
needs to be addressed is the minimization of the extent of undesired total oxidation reactions.
Heat released by these reactions generates hot spots which, in turn, induce catalyst deactivation
and selectivity losses. Additionally, because of the presence of total oxidations, the wall-cooled
packed bed reactor, is highly sensitive to operating conditions such as the coolant temperature,
inlet gas temperature and concentration [1,13,14].

Research efforts, aiming at improving the performance of the wall-cooled packed bed
reactor with low d¢/dp, have been focused on developing pseudo-continuous models to design
[1,8,15-21], optimize [22-27] or simply understand the complex interaction between transport
phenomena and reaction kinetics in wall-cooled packed bed reactors. Because of its high
sensitivity to the operating conditions [1,13,14], a diversity of one [28-30] and two
[1,5,8,9,12,13,15,21,31-33] dimensional models, such as pseudo-homogeneous models
[1,5,8,9,12,13,15-21,31,33-36],  pseudo-heterogeneous  models  [3,7,16,27,37] or
heterogeneous models [38—43], have been assessed. Some models (~5%) have accounted for
fluid dynamics [5,33], while others (~ 95%) follow the conventional plug flow approach [1-
3,27-29,31,37,44-46]. Today, to the best of our knowledge, there is no pseudo-continuous

model that can accurately describe the performance of a wall-cooled packed bed reactor
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[3,5,31,33,44,47]. Even when, for some systems, reaction kinetics and fluid dynamics have
been accurately assessed [33], heat transfer characterization remains the main bottleneck when
modeling selective oxidations [5,33].

Firstly, although fluid dynamics is, nowadays, most often neglected when modeling a
wall-cooled packed bed reactor [3,27,31,37,44,46,48], it is well-accepted that it impacts heat
transfer mechanisms and, hence, the prediction of the temperature profiles. Navier-Stokes-
Darcy-Forchheimer (NSDF) based models [5,36,38,41,42,49] or Brinkman- Darcy-
Forchheimer (BDF) based models [15,50,51], including the two-zones-based models [33,52],
have been coupled to the heat and mass transfer governing equations to predict the temperature
and concentration profiles, respectively, in the wall-cooled packed bed reactor. Nevertheless,
most of these models are not conservative [3,5,31], which can be attributed to the methodology
implemented to determine transfer parameters such as the effective viscosity (petf), Which
accounts for the effect of solid surfaces on fluid dynamics near the reactor wall, and the
parameters a and 3, which take the solid-fluid interactions at the core of the reactor into account
[53]. Secondly, along with a reliable kinetic description, the appropriate description of
temperature profiles in the wall-cooled packed bed reactor depends on the acquisition of reliable
heat transfer parameters: the radial effective thermal conductivity (Kef,), internal wall heat
transfer coefficient (hw,in), external wall heat transfer coefficient (hw.ext), and wall heat transfer
coefficient (hw). Although different methodologies have been proposed for their determination

for over 70 years, most of them present several limitations:

e The wall heat transfer coefficient, hw, lumps the internal heat transfer resistances
encountered in the internal heat boundary layer, dur,in, the wall conductivity, kw, and the
heat transfer resistances encountered in the external heat boundary layer, OHText

[2,8,19,46,54-58]. Although those mechanisms can be characterized by decoupling the



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

hw into a hw,in, kw and hwext, respectively, the role of each parameter in the region near
the wall of the packed bed reactor, i.e., the heat transfer resistances, is not clear [59].

e The parameters hy and Kesf, are rarely determined while accounting for fluid dynamics
[8,19,31,33,36]. Normally, they are determined considering the plug-flow approach
[2,16,28,29,46,55,56,58,60-63].

e Experimental observations in absence of reaction and non-weighted regression are used
for the estimation of hw and Kesrr, presenting a high statistical correlation
[8,16,31,46,58,61,64], making them unreliable for modeling purposes.

e Temperature gradients generated during experiments in absence of reaction for
determining the heat transfer parameters are lower than those observed under reaction
conditions [16,28,43,46,54,55,65].

e When neglecting the use of hy, an effective thermal conductivity is determined but the
effect of fluid dynamics on this parameter is neglected [65,66]. Moreover, the effect of
the external wall (coolant side) heat transfer resistance on temperature profiles is

neglected.

In the present work, a generalized approach to model heat transfer in a wall-cooled
packed bed reactor with low di/dp is proposed and assessed accordingly. This approach
overcomes the limitations outlined above, by implementing experimental and theoretical
methodologies for adequately accounting for fluid dynamics and radial heat transfer.
Temperature gradients, similar to those observed in industrial-scale reactors, are experimentally
assessed in order to determine the heat transfer parameters following the pseudo-local approach
and weighted regression. The developed approach for determining the radial effective thermal
conductivity accounts for the effect of fluid dynamics on the pseudo-locality of the radial heat
transfer from the core of the bed to the wall; it aims at improving the heat transfer modeling

within the packed bed reactor, particularly in those zones presenting high void fractions,
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including the wall zone. Furthermore, the adequate description of the heat transfer at both the
internal and external wall of the reactor tube allows for the reliable determination of the heat
transfer resistances encountered at the external side of the packed bed reactor, resulting from
the heat exchange between the coolant fluid and the packed bed. The developed approach is
compared with the conventional heat transfer modeling approaches which are generally applied
to describe the performance of highly exothermic reactions in packed bed reactors with a dv/d,
lower than 8 m; ms*. To this end, the impact of each heat transfer approach examined here is
evaluated during the modeling of a wall-cooled industrial-scale packed bed reactor.

Oxidative dehydrogenation of ethane (ODH-C>) over a V-based multi-metallic catalyst
is taken as the case study to demonstrate the methodology for several reasons. Firstly, it is a
promising alternative reaction in the petrochemical industry for ethylene production. It becomes
relevant with the advent of the first pilot reaction unit, of which, as far as authors know, the
design was confirmed after lab and pilot phase validations in 2017 [67]. ODH-C; has several
advantages, such as low energy consumption, low COx production and high selectivity to
ethylene, compared to the conventional process, i.e., steam cracking of hydrocarbons and fluid-
catalytic cracking of gas oils [68]. Secondly, works from literature and some contributions from
our research group have demonstrated that V-based multi-metallic materials are, nowadays,
some of the most promising catalysts because of their high ethane reactivity at relatively low
temperatures, i.e. below 500 °C, and high selectivity to ethylene [3,31,69]. Additionally, an
intrinsic kinetic model following the Eley-Rideal formalism from our research group is
available [3]. Consequently, relevant industrial-scale reactor simulations targeting the
elucidation of the advantages of the proposed approach are presented in this work, along with

a comparison with the conventional heat transfer approximations.

2. Procedures

The experimental set-ups used in this work are a bench and industrial-scale single-tube
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packed bed with a tube-to-particle diameter ratio of ~3 m, ms™ packed with spherical pellets of
a V-based active phase supported on TiO> in its anatase phase. The effective diameter of the
pellets amounts to 0.0082 ms. Pressure drop and temperature gradients in absence of reaction
are measured under industrially relevant conditions in these packed beds in order to characterize
fluid dynamics and the heat transfer, respectively. A pseudo-local heat transfer approach is
developed and further evaluated during the modelling of an industrial-scale wall-cooled
packed-bed catalytic reactor for ODH-C..

The procedures are organized into four sections. Section 2.1 presents the experimental
set-ups and the operating conditions at which both the pressure drop, and temperature gradient
experiments are performed. Section 2.2 provides a detailed approach for simulating fluid
dynamics where solid-fluid interactions at the center of the bed are characterized by
determining the apparent permeability constants (K and K;), while the solid-fluid and fluid-
fluid interactions close to the wall are quantified by determining the effective viscosity (ueff).
Section 2.3 introduces the experimental and theoretical methodology to characterize the radial
heat transfer in the wall-cooled packed bed reactor. The different heat transfer zones and the
radial temperature gradient experiments are presented. Then, the pseudo-local approach
developed in this work is introduced. The pseudo-local radial effective conductivity (KefsrpLa(r))
is determined as a function of the radial void fraction and fluid dynamics. In addition, based on
the adequate internal heat transfer characterization, the external wall heat transfer coefficient
(hwext) is characterized to capture the effect of the heat transfer resistances in the external heat
boundary layer (dnText). Finally, Section 2.4 presents the numerical methods used to solve the

models and perform the regression analyses.

2.1 Bench and industrial scale packed bed reactor
A schematic diagram, representative for both the bench and the industrial-scale packed

bed reactor, is shown in Figure 1. The different ways in which the reactor set-up can be
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212

operated, depending on which information is pursued, i.e., pressure-drop or temperature-
gradient data, are depicted. The bench-scale packed bed is a tube, with a length of 0.5060 m;,
and a diameter of 0.0254 m, surrounded by an electric resistance (the heat source) and covered
by a thermal insulation jacket of fiberglass. The bed is packed with ca. 300 g (400 pellets) and
1.73 kg (2260 pellets) for the bench- and industrial-scale packed bed reactor, respectively. The
pellets are spherical catalyst particles with a diameter of 0.0082 ms. These particles are
composed of a V-based active phase externally deposited on a TiO (anatase) core. Manometers
are positioned at both the inlet and outlet of the packed bed in order to measure the pressure
drop along the bed. The temperature is measured with 0.1 mm outside diameter K-type
thermocouples (not shown so as not to overload Figure 1) at different axial positions in the
packed bed, through thermowells from the side. The thermocouples are set up such that they
can be moved over the entire diameter of the packed bed. One thermocouple is positioned at
mid-height of the reactor at the tube wall as a control set point to generate the required
temperature gradients. This configuration allows the measurement of radial and axial
temperature gradients.

The industrial-scale wall-cooled packed bed is a tube with a length of 2.6 m and a
diameter of 0.025m surrounded by a molten salt bath. The bed is packed with the same pellets
used in the bench-scale system. The pressure drop from the inlet to the outlet of the packed bed
is, again, measured using two manometers. Platinum resistance thermometers and 1.5 mm
outside diameter chromel-alumel sheathed thermocouples are used to measure the temperature
from the wall to the center of the packed bed at different axial positions [13]. In this packed bed

system, the coolant temperature is monitored during the experimentation.

12
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Figure 1. Schematic diagram of the packed bed showing the different kind of operations
depending on the targeted variables. Industrial-scale and bench-scale operation and bed length
in blue and red, respectively.

2.2 Fluid dynamics

2.2.1 Pressure drop

Pressure drop experiments, performed in the bench-scale reactor, consisted of
measuring the pressure at the inlet and outlet of the bed for a particle Reynolds number (Rep)
between 210 and 1680, evaluated at normal conditions. Pressure drop experiments in the
industrial-scale reactor were obtained at a Rep between 750 and 1750, evaluated at normal
conditions [13].

Pressure drop in packed beds is caused by frictional energy losses. These energy losses
are caused by viscous frictional resistances, particularly at low flow rates, which have a linear
relationship with the flow velocity (Blake-Kozeny equation [70]), and inertial frictional
resistances, which have a quadratic relationship with the flow velocity (Burke-Plummer

equation [71]). Ergun [53] demonstrated that the summation of the expressions for the low and

13



229

230

231

232

233

234

235

236

237

238

239

240

241
242

243

244

245

246

247

high-velocity ranges provides an expression for the entire range of volumetric flow rate. This
leads to Ergun’s equation where the pressure drop along the axial coordinate (AP;/L) can be

seen for the studied bed as the z-component of the solid-fluid resistance vector [72], D(r):

AP, e (1 — 2 2(1-—
D), = o2 e (1 —g(r)) pruz (1 —&(r)) )
L d e(r)3 d, &3
or, expressed in function of the apparent permeability:
D(r)z = ufH(r);zluz (2)

where u; is the axial superficial velocity, ps is the fluid viscosity, € is the radial void fraction
averaged at the axial and tangential axis, H(r); is the axial component of the apparent
permeability tensor (H(r)), and a and B are two constants related to the viscous and inertial
terms, respectively. Because these contributions are different for each system, i.e., the
geometrical configuration attributed to the shape and size of the packings and the d¢/d, ratio, o
and [ are re-estimated based on the experimentally measured pressure drop. The re-estimation
of a and [ allows determining the Darcy and Forhheimer permeabilities, presented in Egs. (3)

and (4), respectively.

B e(r)*d3
a1l —gg)? ®)
e(r)’d, 4)

K= B —e))

These terms provide information about the inertial and viscous resistances caused by
the solid-fluid interactions. In addition, K and K; allow the determination of the Darcy (Da) and
Forchheimer (Fo) numbers, see Egs. (5) and (6), respectively. Da provides information of the
influence of the viscous term due to frictional energy losses from fluid-fluid and solid-fluid
interactions, while Fo gives details of the inertial resistances within the packed bed

[33,51,73,74].
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K
Da = F (5)
t
_K (6)
Fo = R,

248  2.2.2 Fluid dynamics model accounting for the mass conservation

249 The governing equations to model momentum transfer within the packed bed with low
250  tube-to-particle diameter ratio are given by the continuity equation, see Eq. (7), and the Navier-
251  Stokes-Darcy-Forchheimer equation following Brinkman’s approach (BDF) where an effective
252  viscosity (peff) is introduced to characterize solid-fluid interactions close to the wall [75], see

253 Egs. (8) - (13).

254 Continuity equation:
vy,
—Z_ 7
oz (7)
255 Momentum equation:
v, v, ap,
pr |+ £, 2| = e T2+ nerP v, — (v, + 0072 ) + e, ®)
256 The initial and boundary conditions are:
t=0 Vz = Vzss 9)
av.
r=0 —=0 (10)
dar
r =R v,=0 (11)
7z=20 Vz = Uz (12)
av
z=1L —=0 (13)
0z
257 The left side of Eq. (8) describes the inertial forces due to fluid-fluid interactions. On

258  the right side, the first term accounts for the pressure drop within the bed (pressure forces), the

259  second term describes the radial viscous dissipation, including the use of an effective viscosity
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(1eff), proposed by Brinkman [75], to account for the impact of solid surfaces, associated with
the wall and the packing on fluid dynamics in the region near the wall of the bed. The third term
contains the Darcy and Forchheimer contributions. These terms describe the viscous and inertial
solid-fluid interactions in the packed bed, respectively. The last term captures the gravitational
forces. The void fraction profile within the bed is obtained by following the correlation
developed by De Klerk [76] for packed beds with di/dp < 8 containing spheres.

Since the pressure drop and the void fraction can be determined with high certainty, an
accurate description of velocity profiles in a packed bed with low tube-to-particle diameter ratio
depends on determining three parameters, the so-called fluid dynamic descriptors, i.e., pett, o
and B. As mentioned above, o and B can be estimated from pressure drop data for the further
determination of K and Kz Determining pesr is more challenging. Although a continuity
equation is stated when presenting the fluid dynamic model, in the literature approaches
[50,51,77,78] mass conservation is not accomplished, i.e., the mass flux at any axial position in
the bed can deviate from the mass flux at the inlet of the system. To overcome this shortcoming,
a conservative methodology aimed at determining pefr iS proposed here to describe the fluid
dynamics within packed beds with a tube-to-particle diameter ratio smaller than 8 m; ms* by
forcing the momentum equation to meet the continuity equation by fitting the mass flux with
the observed one at the bed inlet. Firstly, the superficial velocity (u;) at any axial position in the
packed bed is obtained by determining the interstitial velocity (v;) and multiplying it with the

void fraction within the bed (&i), see Eq. (14).
U, = V,€; (14)

Then, the average superficial velocity, i.e., the result of dividing the volumetric flow by

the cross-sectional area where the fluid flows, is calculated as follows:
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fozn [TRey v drde

r=0

ST [ dr de

(uz) = (15)

Eqg. (15) can be solved using weighted orthogonal collocation, resulting in Eq. (16) for

the superficial velocity:

N
(uy) = Z Wigiv, (16)
i=1

where Wi is the weight factor assigned to the i-th collocation point, v;,i is the interstitial velocity,
&i 1S the void fraction and N is the number of radial collocation points. Once the average
superficial velocity is calculated, the mass flux at any axial position within the bed can be

calculated as follows:
G = psluy) (17)
Herf IS, then, ultimately determined via regression, while ensuring mass conservation along the

bed. It is worth mentioning that this approach allows the determining the pess without the need

for interstitial velocity measurements.

2.3 Radial heat transfer in absence of reaction

To overcome the limitations mentioned in the introduction when determining Kefr,r and
hw, an alternative methodology to characterize the radial heat transfer mechanisms is proposed
here by considering a pseudo-local approach accounting for a pseudo-local radial effective
conductivity, kesrrpL(r), and an external heat wall transfer coefficient, hw.ext. This “pseudo-local
approach” is benchmarked against the conventional approaches reported in the literature.
Additionally, the experimental methodology aims at determining temperature gradients similar
to those observed in industrial-scale wall-cooled packed-bed reactors. Observations are used to
estimate the heat transfer parameters for each approach, the one proposed in this work and the
more conventional ones. The estimation of the heat transfer parameters is performed using

weighted regression focusing on the temperature gradients at the core of the bed and near the
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wall. In order to provide a decoupled assessment of the contribution of heat transfer
mechanisms to the overall performance of the packed bed, different radial zones are identified

in the packed and analyzed in the next sections.

2.3.1 Radial heat transfer zones

Figure 2 displays the different radial heat transfer zones in the packed bed by showing
temperature profiles in each zone qualitatively. The tube thickness, represented by a black line
between the wall zone and the external boundary layer zone, has no significant effect on the
radial heat transfer resistances because of the sufficiently high thermal conductivity of the tube

material, i.e., stainless steel.

Bulk OnText OHT.in Core zone

L L

h\\. keff,r

hw.in (keff,r>core

Uy

Figure 2 Schematic diagram of the relevant radial zones in a packed bed: core zone (blue),

internal wall zone (green), external wall zone (yellow) and heat transfer medium (red).

Four different zones can be identified as a function of the radial coordinate. Each of
these zones relates to an effective heat transfer parameter, such that each zone presents a
characteristic temperature gradient which can be associated with a corresponding heat transfer

mechanism. The core zone (blue) spans from the center of the bed to the heat boundary layer
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near the internal tube wall. In this region, the radial heat transfer mechanisms are captured by
Keftr. In the wall zone (green), an internal heat pseudo-boundary layer, dHr,int, may generate a
significant heat transfer resistance enhancing the temperature gradient, i.e., the temperature
difference between Ts and Tw,n. In this heat pseudo-boundary layer, the heat transfer is
described by hwint. An external heat pseudo-boundary layer (SHText) generates another
temperature gradient, at the external surface of the reactor tube. In this zone, hwext quantifies
the temperature gradient between Tw,in and Tp. This is one of the key differences between our
work and previously reported ones. In the literature, no distinction is made between the internal
and external heat pseudo-boundary layer and hyw is modeled as a single parameter that captures
the heat transfer mechanisms in both zones, i.e., internal and external wall zones. Lastly, the
coolant zone (red) represents the zone where the heat source/sink for the packed bed is situated
and it can be assumed that there are no significant temperature gradients in this zone because

of the mixing in it [5,13].

2.3.2 Radial temperature gradient experiments

The heat transfer experiments, aiming at determining the heat transfer parameters, are
performed by heating the bench-scale packed bed with an electric resistance around the external
surface of the tube while air is fed from the top of the packed bed [16,36,46,60,61]. This
generates not only significant axial, but also radial temperature gradients, similar in magnitude
to those identified in industrial packed bed reactors. Inlet air flow rates corresponding to a Rep
between 210 and 1260 at normal conditions are used during heat transfer experimentation. For
the bench-scale packed bed, the temperature was measured at twelve and nine, radial an axial
positions, respectively. While for the industrial-scale, the temperature was measured at three
axial positions and different radial positions depending of the inlet flow rate, i.e., at seventeen,
thirty three and eight radial positions at Rep, of 1400, 1050 and 700, respectively. These

observations are obtained with a salt bath as the heat source (or the coolant fluid). At all air
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flow rates, heat transfer experiments are carried out by using a coolant temperature of 400 °C.
The observed temperature gradients are then used to estimate the parameters from the radial
heat transfer mechanisms.

Through the development of a pseudo-continuous model for a packed bed, the use of a
pseudo-local approach accounting for the role of the velocity profile on radial heat transfer has
led to a better understanding and characterization of the radial heat transfer mechanisms, mainly
in the wall zone [4,12,65,81,82]. Nevertheless, the pseudo-locality itself has not been
adequately assessed such that fluid dynamics has not been properly considered during the
determination of a pseudo local kesrr (hereafter called Kefrrpia(r)). Typically, a plug flow
approach has been considered in the literature [1-3,27-29,31,37,44-46]. When fluid dynamics
is included, KetrpLa(r) remains constant in the core zone, where the lowest temperature
gradients occur, while in the internal wall zone the KesfrpLa(r) starts to decrease linearly.
Additionally, the estimation of the pseudo-local parameters has been performed at adiabatic
conditions[65], or considering an uniform static thermal conductivity, k% in the core zone
and the fluid thermal conductivity as the Keftr in the wall zone [81]. To this end, the approach
developed in this work not only allows the characterization of the internal heat transfer
mechanisms by determining a pseudo-local kestrpLa(r), but also the heat transfer mechanisms at
the external surface of the tube by determining the hwext.

Firstly, the pseudo-homogeneous heat transfer model used to describe the radial

temperature profiles within the packed bed is presented as follows:

aT aT 10 aT 9y
(psCps + ptCpr) 5¢ T PeCprev, o = —— keff,r,PLA(T)rE + Kefr, 372 (18)
t=0 T(O,r,z) = T (19)
oT 20
z=0 v,peCpe(To — T) = _keff,za (20)
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oT
0z
0T
r=0 —=0 22)
or
r=R, T = Tuin(2) (23)

The first term on the left-hand side of Eq. (18) is the accumulation term while the second
is the convective one where fluid dynamics plays a significant role. The term on the right-hand
side is the radial conductive term where the pseudo-local Kesfrpia(r) captures the static and
dynamic internal radial heat transfer mechanisms. The assumptions considered in this model
are: (i) a pseudo-local thermal equilibrium between solid and fluid phases, (ii) Newtonian and
incompressible fluid within the packed bed, and (iii) constant physical properties of the fluid.
It should be noted that commonly the axial effective conductivity (kefrz) is neglected when
modelling packed bed reactors. However, because proper analysis of its impact on the radial
heat transfer mechanisms is beyond the contribution of this paper, research on the axial
conductivity on low di/dp packed beds will be provided in further work.

The boundary condition from Eq. (23), referred to as the known wall-temperature
boundary condition (KWT-BC), allows the characterization of the internal heat transfer
mechanisms in the packed bed. Following the mathematical equations proposed by the group
of Vortmeyer [65,82], see Egs. (24) and (25), the pseudo-local radial effective conductivity,
KeftrpLa(r), can be determined accounting for fluid dynamics.

KeferpL (1) = Kegr + Ky nPrRep[f(Re — r)]ke+ (24)
Ri—r

f(Re—r) = (kzjhdp
1 ; fork;pd, <Ri—r<R;

); for0 <R;—r<k,yd, (25)

Here k% is the static radial effective conductivity, i.e., when the Re, approaches 0, K.

is the constant impacting on the dynamic contribution of the KetfrpL(r), kon is the damping
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parameter that determines where the pseudo-local kesfrpLa(r) decreases due to the effect of the
internal heat pseudo-boundary layer, d1t.in, and Ks is the fluid thermal conductivity. Hereafter,
this approach is referred as the Pseudo-local Internal Heat Transfer Approach (PL-IHTA).

Additionally, the reproduction of the temperature profiles in absence of reaction from
the PL-IHTA are compared with the conventional state-of-the-art approach, i.e., Boundary
Layer Approach considering the KWT-BC, here referred as the KWT-BLA. For the sake of
brevity, the details of KWT-BLA are given in Section A in Supporting information.

Since the pseudo-local Kesf,rpLa(r) can be determined from the PL-IHTA, the following

boundary condition is proposed for the estimation of the hw,ext:

T
r =R — Kefer,pra(r) Fri hy,ext(Twin — Tb) (26)

In the following, this approach is referred to as the pseudo-local approach (PLA). PLA
helps to understand the role of the heat transfer mechanisms in the high void fraction zones and
provides quantitative information of the internal heat boundary layer. Moreover, PLA avoids
the historical cross-correlation issue between ket and hw because the pseudo-local Kegf,r,pLA(r)
is obtained separately from hext.

With the pseudo-local KetrpLa(r) and hwext estimated, a resistance analysis for the

different zones is developed as follows [83]:

1 1 R,

= +
Uw hw.ext 4keff,r,PLA (I')

(27)

where Uy is the overall heat transfer coefficient, the internal heat transfer resistances are
characterized by the pseudo-local kefrrpLa(r), and the external heat transfer resistances are
characterized by hwext. The hwext is estimated via Eq. (26), while KefirpLa(r) is estimated from

Egs. (24) — (25).

2.3.3 Heat transfer under reaction conditions

The performance of a multitubular wall-cooled packed bed reactor is normally predicted
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by assuming that a single tube operates the same as the rest of the tubes [84-86]. Thus, the
performance of an industrial-scale single tube wall-cooled packed bed reactor operating in a
non-isothermal and non-adiabatic mode is simulated here. As mentioned earlier, the ODH-C>
is considered as the case study for the reactor simulations. The ODH-C; kinetics have been
described in our research group [3,69] for a multi-metallic V-based catalyst supported on TiO>
following an Eley-Rideal mechanism. For the sake of brevity, the details of the kinetics are
given in Section B in Supporting Information.

The reactor model is constructed while accounting for fluid dynamics, because of its
effect on the heat transfer mechanisms within the bed, including its effect on the pseudo-local
effective heat transfer parameters. To this end, heat and mass transfer mechanisms are
accounted for in a pseudo-heterogeneous two-dimensional model, based on averaged general

conservation relations, yet, by considering effective transport parameters:

Gas phase
aC aC 9%C 9*C, 1aC
Sa—tn + A 6_zn =& Deff,z ?zn + € Deff,r [?zn + Fa—rn + (1 - s)kgaS(Cnls - Cn) (28)
aT T 0°T 10 oT (29)
eptCp o + &VaPrlpro = Ketta 53 + - [keff,r,pLA(T)T E] + (1 —e)hgas(Ts — T)
Solid phase
5
0Chs
(1 - 8) ot = (1 - S)kgas(cn - Cn,s) + Pb z Vn,iri (30)
i=1
aT (31)

5
PuCps = = (1= Dhgag(T =T + py ) (~AH,
i=1

where C, and Cy s are the molar concentration of the component n in the gas and solid phase,
respectively, v; is the interstitial axial velocity within the bed, uz is the inlet superficial axial
velocity of the bed, T and Ts are the temperature in the gas and solid phase, respectively, Kesf,

is the axial thermal conductivity and ket rpLa(r) is the pseudo-local radial thermal conductivity.
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The corresponding initial and boundary conditions are:

t=20; C, = Cn,ss and Cn,s = Cn,s,ss (32)
t=0; T=Tsand Tg = T (33)
aC (34)
z=0; uz,OCnO =ev,C,—¢ Deff,za_zn
oT 35
uz,oPCpsTo = € VaPCp T — Kegr, 7 (39)
2=L22 —oandZL =0 (36)
0z 0z
r=022=0and ZL=0 (37)
ar ar
aCn T
r=Rg—=-=0 and  Kegrpra(r) o= = hyext (T — Tp) (38)

The reactor model, following the PLA is compared with the conventional state-of-the-
art approaches, i.e., Classical Approach (CA) and Boundary Layer Approach (BLA) aiming at
the elucidation of their limitations and providing the most reliable reactor model. For the sake

of brevity, the details of CA and BLA are given in Section C in Supporting information.

2.4 Numerical methods

The reactor model is given in terms of a set of parabolic partial differential equations.
Based on a mesh analysis, fluid dynamic, heat transfer and reactor models are discretized by
the orthogonal collocation method using 40 and 15 points for the radial and axial positions,
respectively, employing shifted Legendre polynomials [87]. The resulting set of ordinary
differential equations is solved by a fourth-order Runge-Kutta-Fehlberg method [88].

The fluid dynamics parameters o, B and pes, and the heat transfer parameters Kefsr,
KeftrpLA(r), hw, K1, K2h, hwext, hw,in, are estimated by a combination of weighted orthogonal
distance regression [89] and the Levenberg-Marquardt algorithm [90] by the minimization of

the following weighted objective function:
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§ M 2 01020

RSS(@) = ) Wi ) (Fi = F) 22 min (39)
: k=1
i=1

where ¢ is the optimal parameter vector containing the adjustable parameters, N is the number
of responses, Wi is the weight factor assigned to N, M is the number of independent
observations, Fi,i are the i experimental responses and Fy, are the predicted responses for the i
independent observations. The initial guesses for the fluid dynamics and heat transfer
parameters, when unknown, are chosen within the range of physically realistic values reported

in the literature [15,36,53,65].

3. Results and discussion

3.1 Fluid dynamics

Results from the fluid dynamic characterization are presented in three sections: (i)
Section 3.1.1 presents the estimation of a and B parameters related to the packed bed
permeability via pressure drop experiments, (ii) Section 3.1.2 provides the results obtained in
the determination of the packed bed permeability K and K, the Da and Fo numbers, as well as
the apparent permeability, and (iii) Section 3.1.3 discusses the effect of considering mass
conservation on the estimation of the pefr and the simulations of the velocity profiles.
3.1.1 Pressure drop — Viscous and inertial frictional forces

Figure 3 depicts the pressure drop observations and the simulation results using Eq. (1)
with the parameters, a and f3, estimated in this work as well as determined using some of the
well-accepted correlations from literature [53,91,92]. Estimates for a and § and their confidence
intervals are 2480 + 447 and 2.31 + 0.19, respectively. Simulations considering literature
reported values for o and 3 [53,91-93] are not able to describe the experimental data acquired
in the studied bed properly. This shows the importance of obtaining both parameters for a
packed bed with low di/dp. The estimated value of o and B are higher than the values reported
in the literature [53,92,93]. The latter parameter is related to inertial forces which dominate at

25



459  high flow rates. Thus, for the current case study, the inertial energy losses have a higher

460 influence on the pressure drop than the viscous energy losses.
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462  Figure 3. Pressure drop within the packed bed. A comparison between the experimental data
463  (full symbols) and simulations with, the parameters estimated in this work (continuous line),
464  Ergun’s parameters [53] (o = 150 and B = 1.75), Limberg’s parameters [91] (oo =260 and =
465  0.9), Morcom’s parameters [92] (green line, o =245 and § = 2.4), and Eisfeld’s correlation [93].

466 3.1.2Void fraction, Darcy and Forchheimer number

467 Once a and B are obtained, the apparent permeability, and the Darcy (Da) and
468  Forchheimer (Fo) numbers are determined. The void fraction is calculated using the correlation
469  reported by De Klerk [76]. Figure 4a illustrates the Da and Fo numbers together with the void
470  fraction within the bed for the bench-scale packed bed. Figure 4b depicts the apparent

471  permeability within the packed bed.
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Figure 4. (a) Void fraction, Darcy and Forchheimer number for the bench and industrial-scale
packed bed; and (b) Void fraction and apparent permeability in the packed bed obtained in this
work and reported in the literature from a particle resolved simulation (PRS) [72].

The void fraction profile shows two zones with higher void fraction, i.e., near the wall

and after one pellet-distance from the wall, where interstitial velocities are expected to be higher
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than the rest of the packed bed. The Da and Fo radial profiles present a similar trend to the void
fraction profile. Da and Fo vary from 10 up to 10° and 107 up to 1072, respectively, indicating
that the inertial term, i.e., the Forchheimer permeability, and the Brinkman term should be
considered in the fluid dynamic model. Otherwise, the impact of frictional energy losses on the
fluid-fluid and solid-fluid interaction, i.e., non-Darcyan behavior, could not be properly
accounted for. The apparent permeability determined in this work exhibits a similar trend as the
one reported in the literature from particle resolved simulations (PRS) [72] for the same packed
bed. However, a steeper increase in the wall zone and decrease in the center of the bed are
identified. This is attributed to the methodology used to determine the apparent permeability,
which in this work is calculated by using macroscopic pressure drop data through the estimation
of a and B, while in PRS it is obtained by using local information. The agreement between the
apparent permeability obtained here and the one reported in the literature, and the adequate
prediction of the pressure drop observations provide confidence in the values of o and B

estimated for quantifying the solid-fluid resistances at the core of the bed.

3.1.3Velocity profiles - Effective viscosity

Figure 5 shows a comparison between the axial velocities at different particle Reynolds
numbers considering the fluid dynamic models accounting and the ones not accounting [3,31]
for the mass conservation criteria. Furthermore, the pesr was determined accounting for the mass
conservation criterion. An overprediction of the velocity when p is used is clearly observed in
high void fraction zones, particularly, near the wall, because ps < pefr at high Rep. This means
that fluid resistances are lower when ps is considered than when pefs is used, leading to the
increment in velocity. Table 1 lists the estimated values of pefr along with the confidence
intervals. perr exceeds pr because the former captures the effect of the wall and packing surfaces
on fluid dynamics along the radial direction of the bed. Moreover, pes increases with the particle

Reynolds number, in agreement with the literature [33,50,94].
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505  Figure 5. Axial velocity profiles within the packed bed. Rep ranging from 700 to 1700.

506  Table 1. Estimated pefr values together with their 95% probability confidence intervals and the

507 Lefi/ W ratio. Note that pr equals 222 kgs m;? s,
Rep pef [kgr Mr2 5] Meff/ i
210 222 £2.1 1.00
420 233+24 1.05
630 246 = 3.3 1.11
700 251 £ 3.6 1.13
1050 289+54 1.30
1260 340+£5.0 1.53
1400 402 £ 5.6 1.81
1750 524 £ 6.8 2.36

508

509 3.2 Radial heat transfer
510 The results related of the radial heat transfer analysis are presented in four sub-sections:
511  Section 3.2.1 presents the temperature profiles obtained from PL-IHTA versus those obtained

512 from KWT-BLA. Section 3.2.2 provides the results for the radial heat transfer considering the
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PLA, CA and BLA. Here, ket and hy are estimated for CA and BLA, while for PLA only hwext
is estimated. Section 2.5.3.2.3 highlights the aspects of the heat transfer pseudo-locality by
evaluating the effect of the void fraction, fluid dynamics and the internal heat pseudo-boundary

layer. Additionally, the radial heat transfer resistances for the packed bed are presented.

3.2.1 Pseudo-local Keff,r,pLA(F)

Figure 6 illustrates the capability of the PL-IHTA and KWT-BLA for describing radial
and axial temperature profiles within the bench-scale packed bed at several Rep. It should be
noted that the temperatures at Rep of 1260 are lower due to limitation of power on the electric
resistance at this high flow. As can be seen, the PL-IHTA model can fit better to the
experimental data than the KWT-BLA model, particularly in the wall zone. On the other hand,
Figure 7 depicts the simulated industrial-scale packed bed temperature profiles using the PL-
IHTA and KWT-BLA approaches with a coolant temperature of 400 °C and at Rep of 1400. For
sake of brevity, the radial temperature profiles are presented at one single axial position, i.e.,
10 cm from the inlet. This is mainly because at this length the most challenging temperature
gradients to describe are generated. However, it is possible to describe the radial temperature
profiles at other lengths as well as the axial temperature profile, see Section D in Supporting
Information. The estimated parameters for PL-IHTA and KWT-BLA are presented in Table 2
and Table 3, respectively. As expected, both parameters ki » and ko n follow the same trend for
both the bench and industrial-scale packed bed. This is because the operating conditions, the
di/dp, and the packing geometrical configuration within both packed beds can be considered the
same. These results demonstrate what is well known in the literature, an appropriate
experimental design in a bench-scale packed bed allows an adequate internal heat transfer

characterization which can be used for an accurate scale-up of the industrial-scale packed bed.
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Table 2. Heat transfer parameter estimates and their corresponding 95% confidence intervals

for the PL-IHTA (see Eqgs. (24) — (25)).

Case Rep K1h k2,h
PL-IHTA (Bench-scale) 210 0.56 + 0.05 1.36 £ 0.12
420 0.69 + 0.05 1.20 £ 0.09
630 0.96 £ 0.04 1.06 £ 0.10
1260 5.34 £ 0.05 0.59 £ 0.04
PL-IHTA (Industrial-scale) 700 1.23 +0.08 1.10 +0.09
1050 3.40 £ 0.07 0.71+£0.01
1400 7.05+0.05 0.52+0.03

Table 3. Kefr,r estimates and their corresponding 95% confidence intervals for the KWT-BLA

(see Egs. S1 — S6 in Supporting information)

Case Rep Keff,r

KWT-BLA (Bench-scale) 210 0.98 £ 0.07
420 1.94 £0.19

630 2.44 +0.23

1260 2.81+0.20

KWT-BLA (Industrial-scale) 700 2.31+0.10
1050 2.74 £0.09

1400 2.66 £0.13

Note: Kerrr [F]W mt K?
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Figure 7. Comparison of the radial temperature profiles within an industrial-scale packed bed
for the PL-IHTA and KWT-BLA models. Axial position: 0.10 m, Air flow rate corresponding
to a Rep of 1400.

Considering a pseudo-local Kesf,r,pLA(r), when describing radial temperature observations,
results in a major enhancement of the description of the temperature data along the radial axis,
particularly in the wall zone. This improvement in the temperature description demonstrates the
limitations of the conventional heat transfer approaches that consider Ket,r. Figure 8 illustrates
the pseudo-local variation of Keftrpa(r) within the bench and industrial-scale bed for Rep
between 210 and 1400 with the void fraction profile as a reference. At all Rep the trend is the
same, there is a small decrease of the effective conductivity at the center of the bed, then a
sudden rise in the high void fraction in the core zone, followed by a decrease after the high void
fraction in the core zone and finally the effect of the dnr,in decreasing the KesrrpLa(r) value until
the static contribution value at the tube wall. The ke, pLa(r) captures heat transfer mechanisms
when there is no flow, i.e., the static contribution, and when there is flow, i.e., the dynamic
contribution [55,60,61]. In the static contribution, Kes,pLa(r) captures the thermal conduction
through solids and the contact surface of the pellets, while in the dynamic contribution
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KefrrpLa(r) captures the thermal conduction through the heat boundary layer near the pellets,
heat transfer by convection between solid particles and by lateral mixing of the fluid. The results
suggest that the dynamic heat transfer mechanisms are favored up to a Rep of 630 in the core
zone, after which a limit is reached such that the dynamic heat transfer mechanisms start to be
affected, i.e., Kefr,rpLa(r) decreases as Rep is increased up to 1400. This unexpected decrease of
KefrrpLa(r) at high Rep can be attributed to the synergy between the heat and fluid dynamics

along the radial axis and axial convective mechanisms .
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Figure 8. Pseudo-local KetrpLa(r) within the packed bed at Rep from 210 to 1400. Estimations
performed in the bench-scale and industrial-scale packed bed are presented as continuous lines

and dashed lines, respectively.
3.2.2 Characterization of the heat boundary layer: Kesf,r, hw and hw,ext

Figure 9 illustrates the radial temperature profiles predicted for the PLA, CA and BLA
within the industrial-scale packed bed with a coolant temperature of 400 °C and Rep between
700 and 1400. Temperature predictions are depicted at a length of 0.10 m from the bed inlet. It
is worth noting that PLA, CA and BLA are the only approaches that can be used during the heat
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transfer modeling of an industrial-scale reactor, because they ~nntain the effect of the coolant
source, i.e., coolant or bath temperature, Ty. For modeling highly exothermic packed bed
reactors in the literature [1,5,27,31,98], both the CA and the BLA are the state-of-the-art for

characterizing radial heat transfer.
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Figure 9. Radial temperature profiles within an industrial-scale packed bed for PLA, CA and
BLA at 700 — 1400 Rep.

As can be observed in Figure 9, the simulated temperature profiles considering the PLA
are much closer to the experimentally observed ones, than when using the CA or BLA. The
reliability of the PLA stems from several factors that, to the best of our knowledge, are not
considered during the description of the radial heat transfer in the state-of-the-art literature
[39,99]. Firstly, the use of the pseudo-local keftrpLa(r) allows for a better understanding and
characterization of the radial heat transfer mechanisms, mainly in the zones with high void
fraction, including the wall zone (as shown in the next section). Thus, the parameters from the
CA or the BLA cannot properly predict radial temperature profiles. Secondly, since fluid

dynamics significantly impacts the magnitude of the radial heat transfer mechanisms, its
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modelling is essential to accurately determine the pseudo-local KetfrpLa(r). Moreover, in this
work velocity profiles are modeled by considering a mass conservation criterion that allows
determining the descriptors (o, p and pefr) which leads to a reliable modeling of fluid dynamics,
as discussed in Section 3.1.

In contrast to the high cross-correlation between kes,r and hw, normally higher than 0.85
[8,16,31,46,58,61,64], when both parameters are estimated following the conventional
approaches, i.e., the CA or the BLA, the cross-correlation obtained in this work was between
0.41 and 0.75 for the considered operating conditions, i.e., Rep 700 — 1400. This is because the
regression method applied in this work considers the effect of weights along the radial zone of
the bed, which allows a proper description of the most pronounced temperature gradients,
including those observed near the wall. On the other hand, the use of a pseudo-local et r,pLa(r)
not only provides a better reproduction of the experimental data and, hence, description of the
radial heat transfer mechanisms, but also avoids the cross-correlation identified between Kesf
and hw.

The parameters estimated for PLA, CA and BLA in an industrial-scale wall-cooled
packed bed are presented in Error! Reference source not found.. For BLA, the Ke is re-
estimated using the Kesf,r obtained from the KWT-BLA as initial guess as it contains information
of the heat transfer from the boundary layer which should be captured by hw. Furthermore, the
PLA can be used to obtain an averaged Kestrpra(r) over the packed bed (see Section E in
Supporting information) and use it as initial guess for the ke, re-estimation in BLA. When
analyzing these parameters, it is worth noting that the wall heat transfer coefficient, hw, obtained
from the CA or the BLA captures the radial heat transfer resistances of a “negligible” heat
boundary layer, as was shown in Figure 2. Moreover, because the boundary condition is set at
the tube wall, kes,r captures the radial heat transfer mechanisms from the center of the bed to

the “negligible” heat boundary layer [15,16,46,64,81,95,100-106]. In contrast, the use of the
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pseudo-local kesrrpLa(r) allows properly characterizing the radial heat transfer resistances, such
that the wall heat transfer coefficient, hw.ext, is the only parameter estimated with the PLA. Thus,
hwext captures the heat transfer mechanisms at the external side of the packed bed, i.e., the
external heat pseudo-boundary layer.

Figure 10 depicts keffr, hw and hwext obtained for PL-IHTA, PLA, CA and BLA, along
with parameter values calculated using correlations from the literature. All parameter estimates
are within the order of magnitude reported in the literature. Nevertheless, the estimated Kefr
exhibits a sigmoidal trend instead of the reported linear trend. This might be related to the range
of the Rep assessed in KWT-BLA and used for the development of the correlations reported in
the literature, which are obtained using smaller Rep. Indeed, a linear trend can also be obtained
from this work if kesrr is determined for Rep a ranging from 0 to 500. If hy and hwext are

compared, a significant difference up to 72% is identified, hw.ex: being lower than hy.
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Figure 10. Heat transfer parameters estimated for the bench and industrial-scale packed bed and

determined from correlations from the literature [15,46,101,107-112]. (a) radial effective

conductivity and (b) the wall heat transfer coefficient

Table 4 . Heat transfer parameter estimates and their corresponding 95% confidence intervals

for PLA (see Eq. (26)), CA and BLA (see Eqg. S17 in Supporting information).

Case Rep Keftr hw or hw,ext
PLA? 700 - 55+0.16
1050 - 61 +0.30
1400 - 71 £0.67
CA 700 1.56 + 0.08 105+ 0.98
1050 1.83 + 008 126 +1.03
1400 1.55+0.07 127 £ 0.97
BLA 700 1.86 = 0.09 166 +1.42
1050 2.24 £0.09 204 £ 151
1400 2.34+£0.01 256 £ 1.56

Kettr [F] W m™ KL, hy and hwext [F] W m? KL, 2 Pseudo-local Kefrrp(r) used in this case.
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3.2.3 Radial heat transfer resistances analysis

With the heat transfer parameters estimated out of PLA, i.e., hwext, and the pseudo-local

KetrrpL(r), the internal and external heat transfer resistances and the Uy estimated from Eqgs.

(S24) — (S27) for the industrial-scale packed bed are calculated, see Table 5. Moreover, Figure

11 illustrates the variation of the heat transfer resistances for the industrial-scale packed bed.

Table 5. Internal and external heat transfer resistances.

Rep Internal External Internal External Estimated Uw
Resistances Resistances resistances resistances [W m2 K7
W K] [WK] (%) (%)
700 0.00763 0.01822 29.58 70.42 75+ 3.72
1050 0.00702 0.01634 30.07 69.93 81 +4.86
1400 0.00666 0.01400 32.29 67.71 78 £ 4.61
100%
= =Rep 700
- =Rep 1050
90% RZB 1400
E 80%
=
S 70% mm=-
§
£ 10%
i \
g 8% \
7 6% \
[
X \
4% N,
2% \:::::::::-..__
0 02 04 06 08 1 12 14

Dimensionless radial position [(R-r)/d,)]

Figure 11. Percentage of external and internal heat transfer resistances within the industrial-
scale packed bed at Re, from 210 to 1400 Rey.

The external and internal heat transfer resistances are ca. 70% and 30%, respectively.
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However, heat transfer resistances are lower than 1% in most of the packed bed except in the
wall zone. The heat transfer resistances, due to the dnT,in Or shear stresses on the fluid by solid
surfaces, start to have impact at ca. one pellet distance from the wall. Furthermore, between 0.7
pellets from the wall, the heat transfer resistances increase considerably from 1% up to 10%.
This result is in line with the pseudo-local Kesrr pL(r) variation showed in Figure 8. Additionally,
the proper characterization of the pseudo-local kesrpL(r) leads to a reliable heat transfer

characterization of the heat pseudo-boundary layers inside and outside of the packed bed.

3.3 The Role of the PLA on the ODH-C: Industrial-Scale Reactor

With the aim of elucidating the importance of properly accounting for radial heat
transfer and the uncertainties related to it when modeling an industrial reactor, the PLA is
evaluated under reaction conditions for the ODH-C. Figure 12 illustrates the axial temperature
profiles from the simulation results for the ODH-C, packed bed reactor at different bath
temperatures. The results show a hot spot appearing at ca. 0.5 m from the reactor inlet for all
the bath temperatures. However, as the bath temperature is increased, the hot spot is moved
closer to the reactor inlet. Moreover, for the bath temperature of 480 °C, a hot spot temperature
of ca. 820 °C is predicted (not shown in the figure). This runaway situation is in line with results
reported in literature when an Eley-Rideal kinetic model is coupled with the BLA, i.e., a hot

spot temperature of 717 °C[3] is predicted.
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Figure 12. Axial temperature profiles predicted from PLA for the industrial-scale packed bed
reactor at a Rep of 1400 and inlet CoHe/O2/N2 = 9/7/84. The bath temperature ranges from 400

— 480 °C. Dashed lines describes fluid temperature and continuous lines the solid temperature.

Figure 13 shows the comparison between the axial temperature profiles within the
packed bed reactor simulated by applying PLA and the conventional approaches CA and BLA
at Rep = 1400 and Ty = 440 °C. For the sake of brevity, the PLA, CA and BLA results related
to the fractional coverage on the multi-metallic VV-based catalyst, reaction rate profiles of CO;
and the ethane conversion and ethylene yield along the packed bed reactor length are presented
in Section F of the Supporting Information. The simulated axial temperature profile considering
PLA is compared with those conventional approaches reported, i.e., CA and BLA, using both,
the parameters estimated in this work and the ones reported in the literature for the ODH-C;
[3]. 1t should be noted that the differences between the estimated values obtained here and those
determined in literature for the classic approaches are due to the influence of the fluid dynamics
as well as the regression method used. In this work, the fluid dynamic profile considers the

mass conservation, and the parameters are estimated following a weighted regression method.
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The simulations reported in the literature exhibit significant differences in simulated
temperature profiles compared to the ones obtained with the PLA developed in this work. So
far, there is a difference up to ca. 0.6 m and ca. 7 °C between the conventional approaches from
literature and those reported in this work in the simulation of the hot spot position and
magnitude, respectively, due to the difference of the heat transfer parameter values. When fluid
dynamics is neglected, larger hot spot temperatures and larger displacements of the hot spot
towards the reactor outlet are simulated. Moreover, fluid dynamics also impacts on the
prediction of the broadness of the hot spot, i.e., the hot spot is wider when fluid dynamics is not
accounted for. The inclusion of the velocity profile impacts on the convective transfer
mechanisms, especially, at those zones of high void fraction, which in turn improves the heat
transfer rates. These results show the sensitivity of the reaction Kinetics to fluid dynamics and
radial heat transfer impacting on both the microscopic and macroscopic performance of the of
the reactor. Additionally, for all simulations, the temperature difference between the solid and

fluid phase is the highest at the hot spot position, albeit that also there it remains below 5 °C.
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Figure 13. Axial temperature profiles predicted from PLA, CLA and BLA for the industrial-
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scale packed bed reactor at a Rep of 1400, T, = 440 °C and inlet C2He/O2/N2 = 9/7/84. The
parameters hy [W m?2 K] and ker, [W m™? K] from literature [3] are 91.5 and 1.17,
respectively, for the CA, while for the BLA they are 155 and 1.65, respectively.

Using PLA a similar hot spot temperature is predicted as when using BLA. Using the
former approach, the hot spot is simulated to occur at 0.52 m while with the latter it is simulated
to occur already at 0.40 m from the reactor inlet. Similarities in the simulations can be related
to the methodology implemented for the BLA, i.e., the initial guesses of hy and kes,r are obtained
from the PLA and the final parameter values are determined via weighted regression. Moreover,
heat transfer parameters are determined accounting for fluid dynamics such that they account
for its impact on heat transfer once applied to the modeling of the industrial-scale reactor. PLA
is developed accounting for capturing properly the heat transfer mechanisms inside the packed
bed as well as the fluid dynamics effect on them. Moreover, hwext properly captures properly
the external heat transfer mechanisms and it is estimated independently. To this end, future
work must be aimed at validating the proposed heat transfer approach by predicting

observations.

4. Conclusions

A newly developed methodology to reliably describe the performance a packed bed
reactor with low tube to particle diameter ratio (di/dp < 8 m; mst) for highly exothermic
reactions has demonstrated the need to account for both fluid dynamics and pseudo local radial
effective thermal conductivity, KestrpLa(r), including a reliable approximation to determine heat
transfer resistances at the coolant side by estimating the external wall heat transfer coefficient,
Nw,ext.

Firstly, the fluid dynamics within the packed bed was determined, using pressure drop
experiments within a packed bed reactor, while ensuring the mass conservation criterion is met

during the estimation of the effective viscosity, pefr. It was demonstrated that the velocity
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profiles, mainly in the wall zone, obtained from the non-conservative approaches overpredict
the maximum velocity profile up to four times compared to the fluid dynamic model used in
this work.

Secondly, the radial temperature predictions obtained via the PLA greatly improves the
lack of temperature description along the radial axis, including the zone near to the wall using
the conventional approaches. At ca. one-pellet distance from the wall the pseudo-local Ketfr,pL(r)
has the highest value, because fluid velocity favors the dynamic heat transfer contribution. In
the wall zone, KerfrpL(r) decreases as a result of the synergy between fluid dynamics and the
heat boundary layers in the wall. Moreover, the pseudo-local parameters, i.e., kin and kan, are
in good agreement with those obtained at bench-scale and industrial-scale. This is mainly thanks
to the operating conditions, the geometrical configuration and the packing that can be
considered the same at both scales. Thus, an accurate scale-up can be ensured thanks to the use
of the pseudo-local kesfr,pLa(r) considering that the internal heat transfer mechanisms are very
similar between both scales.

Then, proper characterization of the external heat transfer resistances encountered in the
OHT ext Via the hwext demonstrated that the internal and external heat transfer resistances are ca.
30% and 70% of the total heat transfer resistances, respectively.

Ultimately, the PLA assessed on an industrial ODH-C, reactor predicted significant
differences related to the hot spot within the packed bed reactor compared with CA, i.e., width
of the hot spot and the position in the reactor where the hot spot is located. It should be noted
that a reliable prediction of the hot spot is key to assess the reactor performance. On the other
hand, PLA predictions versus BLA were similar, agreeing with the literature. The model
developed in this work can be considered as one of the most consistent and generalized
approximations to model heat transfer in the industrial-scale wall cooled packed bed reactor

with a low tube-to-particle ratio. It overcomes historical limitations on the characterization of
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radial heat transfer, including the methodology applied to account for the effect of fluid
dynamics on the PLA which properly captures the heat transfer mechanisms inside the packed
bed reactor, mainly in those high void fraction zones. Moreover, PLA paves the way for suitable

process concept design, optimization, and intensification in future works.
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