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Heat transfer from wall to dense packing structures of spheres, cylinders 
and Raschig rings 

E.M. Moghaddam, E.A. Foumeny, A.I. Stankiewicz, J.T. Padding * 

Process & Energy Department, Delft University of Technology, the Netherlands   
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A B S T R A C T   

This paper investigates the validity of azimuthal averaging of 3D temperature fields in the analysis of lateral heat 
transfer in dense particle packings. This is conducted by synthetic generation of 3D packing surrogates of 
spheres, cylinders and Raschig rings with tube-to-pellet diameter ratio, 3 < N < 6, using an in-house Rigid Body 
Dynamics packing algorithm, followed by detailed discrete pellet CFD simulations of heat transfer from wall to 
bed for laminar, transient and turbulent flow regimes. The CFD results of hydrodynamics and temperature fields 
are benchmarked against empirical correlations for pressure drop and interphase heat transfer Nusselt number, 
Nu, offering the best fits with correlations proposed by Eisfeld and Schnitzlein (for cylinders and spheres) and 
Nemec and Levec (for rings) for pressure drop, and by Gunn and Sun and coworkers for the prediction of Nu. The 
CFD results demonstrate that fluctuations in local temperature are completely neglected by azimuthal-averaging 
of 3D temperature fields over the bed volume, leading to more than 150 ◦C deviations from the local temperature 
data. Furthermore, it is found that deviations between azimuthally-averaged axial velocity profile and true local 
velocities are in an analogous fashion transmitted to the temperature field. This is evidenced by the coincidence 
of the peaks in the deviation profiles of azimuthally-averaged temperature and velocity from the local data over 
the bed radius. This is due to thermal disequilibrium between fluid and pellet phases which is partially omitted 
by the azimuthal-averaging of the 3D temperature field and basically neglected in pseudo-homogenous ker-hw 
models.   

1. Introduction 

Tubular fixed bed catalytic reactors with tube-to-pellet diameter 
ratio, N, in the range of 4 to 10 are extensively employed in process and 
chemical industries to handle highly exothermic reactions, e.g. oxida-
tion of n-butane to maleic anhydride [1], and endothermic reactions, e. 
g. methane steam reforming [2], due to enhancing heat transfer from 
confining wall to the particulate bed. In such narrow-tube reactors, an 
accurate description of wall-to-bed heat transfer and the positions of hot 
- or cold - spots inside the tortuous structure is of crucial importance to 
prevent runaway condition and catalyst deactivation problems during 
the operation [3]. However, the occurrence of very steep thermal gra-
dients across the tube radius, which is inherent in low-N fixed bed re-
actors, makes a reliable prediction of transport scalars and reaction rates 
very problematic at pellet scale [4–9]. Since the 1980s, several research 
groups have set forth simplistic methodologies founded on 2D quasi- 
continuum models for a priori design of these complicated reactors 
[10–15]. Such models provide continuous radial and axial profiles of 

temperature and concentrations, representing the rates of thermal and 
material transport across the catalyst bed as being due to an effective 
single homogenous phase transport rather than distinct solid and gas 
phase events [16]. As evidenced in literature [5,17–20], the averaged 
values obtained from pseudo-homogenous models do not suffice to 
accurately describe the sharp temperature and composition profiles in 
low-N fixed bed reactor because i) the condition of lateral uniformity of 
the structures is hardly fulfilled in narrow-tube fixed bed reactors, ii) the 
plug flow idealization hypothesized in such models obscures the sig-
nificant roles of flow maldistribution on the local transport processes 
[19,21–23], iii) these models rely strongly on effective transport pa-
rameters which are described in the form of empirical correlations and 
computed by solving a multi-variable parameter estimation problem to 
find the best fit with experimental measurements [16]. Nevertheless, 
these empirical correlations can hardly address the role of pellet’s 
shapes, N and operational conditions and thus are limited in terms of 
applicability, particularly in low-N fixed bed reactors [5,9]. In addition, 
several researchers showed the dependency of the effective transport 
parameters on the bed height, [16,24–26] which can further escalate the 
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threat of erroneous predictions of temperature and concentrations inside 
the reactor. With a multiplicity of still outstanding problems associated 
with the limitations of pseudo-homogenous models as well as discrep-
ancies between predictions and observations [4,9,15], one may presume 
that applying such models for a priori design of low-N fixed bed reactors 
with strong heat effects are accompanied by some methodical errors that 
do not stem from faults in the rate equations, but from inherent short-
comings in these models. Thus, even though a rigorous catalyst formu-
lation is devised and approximate operating condition and compositions 
are identified, such models may offer disappointingly very limited 
assistance in choosing the optimal pellet size and shape, N and flow 
rates. To address the local physiochemical phenomena in tubular fixed 
bed reactors precisely, a spatially resolved 3D simulation is required 
[17,19–21,27–31]. 3D discrete-pellet Computational Fluid Dynamics 
(CFD) have been extensively developed during the last two decades 
[4,29,32]. The merit of this methodology is that it succeeds in capturing 
many important local flow features and transport properties at pellet- 
scale in tubular fixed bed reactors [6,18,20,21,28,29,31,33]. Random 
packing surrogates with different pellet shapes, as a prerequisite for the 
particle-resolved CFD simulations, have been synthesized using different 
methodologies such as Discrete Element Methods (DEM) 
[6,27,29,31,33–37], Monte-Carlo methods [21,22,38], noninvasive 
image - based method such as MRI [39], and Rigid Body Dynamics 
(RBD) tools such as the open-source graphical software Blender (which 
uses the Bullet Physics Library) [40,41] or in-house RBD codes [20]. A 
detailed review on the prevailing methods for generating particle 
packing surrogates, including their advantages and disadvantages, has 
been recently presented by the present authors [23]. Furthermore, 
alternative strategies have been examined for contact point treatment in 
such complicated topologies to prevent creation of highly skewed fluid 
meshes at contact regions, and consequently to enhance convergence in 
turbulent flow regime simulations. A detailed assessment of the pre-
vailing contact point treatment approaches, viz. global methods 
including gap and overlap and local methods including bridge and cap, 
was performed by Dixon et al. [21] and Rebughini et al. [42] in a CFD 
study of heat transfer in packed columns filled with spheres. The latter 
authors proposed a meshing protocol to describe the surface reactivity 
when using bridge method for contact treatment. Up to now, particle- 
resolved CFD simulations have been extended from detailed flow 
structure [20,27], mass and heat transfer [9,22,28–30,37,38], to even 
account for surface-based reactions inside the catalyst bed [43] as well 
as intra-particle diffusion and reactions [44]. However, the majority of 
these studies have focused on spheres due to the simplicity of modelling 
particle packings for such a pellet shape [22,29,37,45,46]. For instance, 
Guo et al. [29] studied the influence of a free channel, called flow 
guiding conduit, inside a packed column of spheres on the structural 
properties, the fluid flow distribution and heat transfer. Kim et al. [46] 

compared LES and different RANS models for simulating heat transfer in 
a fluoride salt-cooled high temperature reactor (FHR) filled with 
randomly distributed spherical fuel elements. The authors showed that 
the k-ω Shear Stress Transport (SST) with low Reynolds number 
approach gives reasonably good results. Furthermore, they proposed a 
correlation to predict the Nusselt number for randomly packed heat 
transferring pebbles in a flowing FLiBe reactor. There are also few 
publications tackling transport and reactions in fixed beds with non- 
spherical pellets [19,35,40,47,48]. This scarcity can be attributed to 
the difficulties with modelling collisions between non-spherical particles 
[23,49,50] during packing generation. A group of researchers have 
exercised the glued sphere method to perform DEM-CFD simulations of 
hydrodynamics, heat and mass transfer and reactions in packed columns 
of cylinders and Raschig rings [6,35,43]. For example, Wehinger et al. 
[43] studied the influence of different pellet designs on the conversion of 
methane dry reforming process. The authors used a glued sphere method 
in DEM to synthesize random packing of cylinders (dp/h = 5/5 mm) and 
after further post-treatment in CAD software by making a hole inside the 
solid cylinders, they constructed a packing surrogate of Raschig rings 
(do/di/h = 6.2/3.5/4.5 mm) with N = 3.6. It is worth noting that this 
method can only be accurate if the hole diameter is sufficiently small 
that the (lack of) interpenetration between rings does not affect the bulk 
porosity of the generated structures [20]. The same approach, i.e. glued 
sphere in DEM followed by post-treatment in CAD software, was pursued 
by Dong et al. [6] to generate random packings of steatite rings (do/di/h 
= 6.2/3.5/4.5 mm with N = 3.4). The authors investigated radial heat 
transfer at moderate flow conditions (60 < Rep 〈100). Singhal et al. [35] 
have investigated the problem of inter-phase heat transfer in fixed beds 
filled with solid cylinders (dp = 1 mm with aspect ratio from 2 to 6) using 
particle resolved direct numerical simulation (PR - DNS). The authors 
used Star CCM+ 11.02, a commercial DEM package, to synthesize a 
packing surrogate of cylinders using the glued-sphere method. Based on 
the simulation results, they proposed a correlation for fluid-to-particle 
heat transfer Nusselt number. There are a few studies that use a hard 
body approach based on Rigid Body Dynamics (RBD) to synthesize 
random packings of non-spherical particles followed by a supplementary 
CFD study to analyze local behavior of flow structure and heat and mass 
transfer in fixed bed reactors [20,40,48,51]. The pioneering works are 
the contributions of Boccardo et al. [40] who used the open-source code 
Blender (a graphical software which uses the Bullet Physics Library) to 
generate packed columns of different pellet shapes such as spheres, 
cylinders, and trilobes for the study of hydrodynamics, and Moghaddam 
and Farbod [52], who developed an in-house RBD code to synthesize 
random packings of cylinders for the study of hydrodynamics and heat 
transfer. Following these research efforts, Partopour and Dixon [48] 
have presented a tailor-made integrated workflow using the Bullet 
Physics Library for computational generation of randomly packed 

Nomenclature 

do The outer diameter of rings m 
di The inner diameter of rings m 
dpv Diameter of a sphere of equal volume m 
dps Diameter of a sphere of equal specific surface area m 
dt Tube or bed diameter m 
h Height of pellet m 
I Turbulence intensity [-] 
L Bed length m 
N Tube-to-pellet diameter ratio [-] 
Npv Tube-to-pellet diameter ratio based on dpv [-] 
Nps Tube – to - pellet diameter ratio based on dps [-] 
Nu Fluid-to-solid heat transfer Nusselt number; Nu = hdpv/kp 

[-] 

Rt Bed radius m 
Rep Reynolds number based on dpv; Rep = ρv0dpv/μ [-] 
vo Inlet velocity m.s− 1 

vz Azimuthally-averaged axial velocity m.s− 1 

Δp Pressure drop kg.m-1s− 2 

r Radial Coordinate m 
z Axial Coordinate m 

Greek Letters 
ε Bulk porosity [-] 
ε(r) Radial porosity profile [-] 
δ Thickness of Raschig ring mm 
μ Fluid dynamic viscosity kg.m-1s− 1 

ρ Fluid phase density kg.m− 3 

Ψ Dimensionless pressure drop introduced by Eq. (2) [-]  
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particulate structures of arbitrary-shaped pellets. The authors examined 
their automated package for the analysis of flow and pressure drop in 
random packings of spheres, cylinders, Raschig rings, and quadrilobes 
with five holes. In our previous contribution [20] we used our sequential 
RBD - CFD method to investigate the local flow structure, the in-
adequacy of azimuthal averaging of velocity field and the role of wall- 
effects on flow maldistribution and pressure drop in tubular fixed beds 
of equilateral cylinders. In this work, we report on the results of detailed 
3D discrete-pellet CFD simulations of the heat transfer from wall to 
dense particulate beds. Simulations are conducted for dense packing 
structures of spheres, equilateral solid cylinders and Raschig rings with 
N ranging from 3 to 6 for a wide range of Rep values. We will show the 
importance of structural heterogeneity, the validity of azimuthal aver-
aging of the temperature field, the correlation between the in-situ 
behavior of velocity and temperature distributions in 3D and 2D 
schemes, and the roles of wall-effect and pellet design on the lateral heat 
transfer rate in a wall-heated narrow-tube fixed bed heat transfer 
problem. An effort will be made to cast some light on the reasons behind 
the methodically-driven deviations of radial temperature profile, ob-
tained from ker-hw pseudo-homogenous heat transfer model, from the 
pellet-scale temperature field. 

2. Discrete – Pellet RBD-CFD modelling 

2.1. RBD modeling of packing structures 

The synthetic generation of random packing surrogates of spheres, 
equilateral cylinders and Raschig rings is conducted using our recently 
published RBD-based packing algorithm [23]. The RBD-algorithm is 
implemented as an in-house C++ code, in which i) the surface of non- 
spherical pellets is modeled by very fine triangular face meshes based 
on the robust and fast subdivision-based polygonal approach by Loop 
[53], ii) a hard body approach is exerted to handle collision phenomena, 
i.e. colliding contacts and resting contacts, iii) the transition between 
moving and resting pellets is controlled by a cutoff on the relative 
contact velocities to stabilize the convergence in packing simulations. 
Details of the methodology, together with verification and validation 
studies, are presented in the original paper [23]. In this work, a reactor 
tube is represented by a simple open-top empty cylinder (with a height 
of 150 mm and different diameters, see Table 1) which is modeled by 
triangular face meshes. A preset number of pellets, i.e. spheres, cylinders 

and Raschig rings, are then placed at the top of the tube and in a column 
in line with the tube axis, viz. cylinders and rings are placed obliquely 
with an angle of 45◦ with respect to the gravity direction, and fall freely 
under the gravitational field to the bottom of the tube (see [23] for more 
details). A force-torque balance, together with other auxiliary models 
accounting for pellet-pellet and wall-pellet interactions, i.e. collisional 
contacts and resting contacts, is solved for each pellet over a preset time 
to simulate the particle loading process. The particle packing simulation 
stops when a dynamic equilibrium based on the work-energy theory is 
reached. Since the resulting mean and local porosities of the RBD- 
simulated structures are strongly influenced by the physio-mechanical 
properties of pellets and container, tube-to-pellet diameter ratio and 
the loading method, we pursued the setup procedure presented in our 
previous work [23] to synthesize the densest possible random packings 
of spheres, cylinders and Raschig rings. Details of the pellet properties 
and settings used in the RBD simulations are given in Table 1. Typical 
computer-generated random packings of spheres, cylinders and Raschig 
rings with Npv (tube-to-pellet diameter ratio based on the sphere 
diameter of equivalent pellet volume) around 4 are illustrated in Fig. 1. 

2.2. Computational domain and meshing procedure 

The geometrical details of the RBD-generated structures, including 
the positions of the barycenters together with the surface face vertices of 
each pellet are imported to ANSYS Workbench 16.2 to produce a CAD 
model of the packing structure. The pellets are then shrunk by 0.5% 
around their center of mass. This results in very small interstices at the 
contact points, edges and faces, and thereby prevents highly skewed 
cells in such regions. The size of the created gap is sufficiently small to 
have a negligible impact on the bulk and local porosities of the gener-
ated packings, and to prevent jet formation within the gaps even at high 
Rep flow conditions according to Dixon et al. [54] and Bai et al. [34]. 
The minor effect of this post-treatment on the bulk porosity of the 
generated structures is investigated quantitatively in section 3.1. The 
described contact point treatment method allows for an advanced 
meshing approach based on a combination of patch-independent and 
patch-conforming meshing methods to generate a high quality 

Table 1 
Pellet properties and settings used in RBD simulations for packing generation.  

Case studies and 
parameters 

Preset value 

Case study 1:Spheres 

Pellet size [mm] dp:10 
Tube diameter, dt, [mm] 31, 41, 61 
Number of face mesh per 
pellet [#] 

3120 

Case study 2: Cylinders 

Pellet size [mm] dp/hp : 10, dpv : 11.45 
Tube diameter, dt, [mm] 22.9, 35.5, 45.8 
Number of face mesh per 
pellet [#] 

4400 

Case study 3: Raschig 
rings 

Pellet size [mm] dpo/dpi/hp : 10/6/10 , 
dpv : 9.87 

Tube diameter, dt, [mm] 30.6, 40.5, 60.2 
Number of face mesh per 
pellet [#] 

8008 

Pellet density [kg.m− 3] 8030 
Surface friction coefficient of pellets (dynamic) 0.1 
Surface bounciness of pellets (COR*) 0.9 
Surface friction coefficient of tube walls (dynamic) 0.6 
Surface bounciness of tube wall (COR*) 0.6 
Gravity acceleration [m s− 2] 9.81 
Integration time step [s] 0.0025 and 0.025 

Note: * COR: Coefficient of Restitution 
Fig. 1. RBD–generated structures for spheres, cylinders and Raschig rings with 
N = 4.1,4.58 and 4.05, respectively. 
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inflationary mesh topology in the dense packing structures. This is 
performed by an ad-hoc Python script in ANSYS Workbench 16.2, which 
creates very fine meshes at the contact regions evolving into coarser 
tetrahedral grids in the bulk of voids and pellets through a graded 
meshing scheme. Further details can be found in Moghaddam et al. [20]. 
A precise prediction of the local velocity and temperature surface 
boundary layers occurring in turbulent flow simulations requires 
devising a number of prismatic layers on the surface of pellets and tube 
walls [18,21,55]. Our boundary layer treatment for the turbulent flow 
regime simulations comprises of six layers of prisms with an initial 
height of 2.5 × 10-6 m and a growth factor of 1.2 of thickness per layer 
along the surface normal direction. This allows the laminar sub-layer to 
be accurately resolved even for the cases with the sharpest velocity and 
temperature gradients at highest inlet Rep by obtaining the recom-
mended dimensionless distance parameter, i.e. y+≈1, according to the 
Enhanced Wall Treatment (EWT) method. Furthermore, considering a 
very fine mesh in the contact areas leads to a very smooth growth in the 
mesh topology from the boundary layer regions to the void and solid 
bulk zones inside the packing structures, thereby facilitating the 
convergence in turbulent flow simulations without any need for 
manipulating the under-relaxation factors. Figs. 2 and 3 illustrate typical 
results of face mesh quality (aspect ratio) for packings of spheres and 
cylinders and typical results of inflationary mesh scheme at different cut 
plains in packing structures of spheres, cylinders and rings, respectively, 
with Npv = 3.1. 

2.3. CFD model description and implementation 

Discrete-pellet CFD simulations of hydrodynamics and heat transfer 
are conducted. Packing models with different pellet shapes and tube-to- 
pellet diameter ratios (see Table 1) are scrutinized, in the laminar, 
transitional and turbulent flow regimes, using the finite volume code 
ANSYS Fluent 18.2. The simulations are in steady-state mode and the 
fluid phase is assumed to be Newtonian, incompressible and non- 
isothermal with the physical properties of air. Furthermore, the ideal 
gas law and Sutherland’s law are employed to account for density- and 
viscosity-temperature dependencies, respectively. To investigate the 
influence of catalyst pellets of different thermal conductivities on the 
wall-to-bed heat transfer, the thermal conductivity of the pellets is set as 
1.01, 16.27 and 40 W/m.K, corresponding to glass, steel and alumina 
catalyst material, respectively. 

The air at the inlet has a total pressure of 1.01325 bar and temper-
ature of 298 K, which gives the physical properties of ρ = 1.225 kg/m3, 
cp = 1006.43 J/kg.K, kf = 0.0242 W/m.K, μ = 1.7894 × 10-5 Pa.s 
(yielding a molecular Prandtl number of 0.74). The air enters from the 

bottom of the packed tube with uniform axial velocity and temperature 
to provide a constant basis for further comparisons and analyses. A 
velocity-inlet boundary condition is chosen, with axial velocity consis-
tent with the desired Rep (based on the volume-equivalent pellet 
diameter) ranging from 5 to 3000. For transient and turbulent flow 
simulations (for Rep ≥ 600), the initial inlet turbulence intensity is 
estimated based on the formula I = 0.1Rep

-1/8 to provide a similar basis 
for CFD simulations. The thermal boundary condition at the tube wall is 
considered as constant temperature (Tw = 700 K for Rep ≤ 200 and Tw =

1500 K for Rep ≥ 400). No-slip boundary conditions are applied to the 
tube wall and pellet surfaces, i.e. at fluid/solid interfaces. Furthermore, 
a coupled heat transfer boundary condition is applied to the fluid/pellets 
interfaces to account for conjugate heat transfer. ANSYS Fluent uses a 
discrete form of Fourier’s law to compute the fluid/solid film heat 
transfer at a pellet surface in the laminar flow regime. However, for 
turbulent flow, the law-of-the-wall (defined by a wall function, which 
here is Enhanced Wall Treatment) together with the analogy between 
heat and momentum transfer is applied. Furthermore, the reactor tube is 
extended by 1 and 6 particle diameters at the bed inlet and outlet, 
respectively, to minimize the tube ends boundary effects on tortuous 
flow structures. Fig. 4 shows a schematic overview of the flow model and 
boundary conditions. 

The governing equations for CFD simulations of wall-to-particulate 
bed heat transfer include the three-dimensional compressible Navier- 
Stokes and energy equations for the laminar flow regime (Rep ≤ 100). 
For the fully-turbulent flow regime, i.e. for Rep ≥ 600, the realizable k-ε 
model combined with the Enhanced-Wall-Treatment (EWT) is applied, 
which basically is a tried-and-tested RANS model for simulating velocity 
and temperature fields with strong streamline curvature, see e.g. 
[6,20,21,27,29]. It is worth mentioning that for the inlet Rep ranging 
from 100 to 600, where the transition from laminar to turbulent flow 
occurs, both the (laminar) Navier-Stokes equations and the realizable k- 
ε model are examined. 

The governing equations are solved using pressure-based segregated 
solver in ANSYS Fluent 18.2, with the SIMPLE scheme for pressur-
e–velocity coupling. The interpolation scheme used for computing the 
cell-face pressures is the PRESTO! (PREssure STaggering Option) 
method, which is a recommended method for problems with strong body 
forces (swirl) and high Rayleigh number flows. A second-order upwind 
interpolation scheme is applied for both the convection and diffusion 
terms to interpolate the field variables (stored at cell centers) to the faces 
of a control volume. Furthermore, the gradients of solution variables at 
cell centers are determined using a Green-Gauss node-based method to 
minimize false diffusion. The CFD runs are initially set under isothermal 
conditions with only momentum and turbulence activated. Having 

Fig. 2. The face mesh quality (aspect ratio) of pellet surfaces based on a medium mesh size (see Table 2) for packings of spheres and cylinders.  
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established a converged flow field throughout the computational 
domain, the heat transfer simulations are run by setting the thermal 
boundary conditions and the temperature-dependent properties of the 
flowing fluid. Contrary to previous works e.g. [21,48,54,56], conver-
gence can be properly achieved without a need for manipulating the 
under-relaxation factors which can be ascribed to the very high-quality 
mesh topology created using the advanced method outlined earlier in 
section 2.2. 

3. Verification and validation study 

3.1. Bulk and local bed porosities 

The first important step of the post-processing analysis is to char-
acterize and inspect the validity of the RBD-generated packing struc-
tures. To validate the RBD simulation results, the bulk porosity and 
radial void fraction distribution obtained from the models are bench-
marked against literature data. The bulk voidage of all simulated 
structures before and after contact point treatment is compared with 
literature data in Table 2. 

The resulting bulk voidages demonstrate a reasonable agreement 
with the empirical correlation by Dixon [57] for all packing models. The 
contact point treatment, i.e. local shrinking of pellets by 0.5%, leads to 
some minor changes in the bulk voidage of the RBD-generated structures 
within the ranges of 1.7% to 2.2% for sphere packings, 0.5% to 2.3% for 
cylinder packings, and 0.6% to 1% for Raschig ring packings (see 
Table 2). These alterations are sufficiently minor to not affect the local 

flow structure and the bed hydrodynamics according to Bai et al. [34]. 
In our previous study on the hydrodynamics of low-N fixed beds of 

spheres and cylinders [20], the radial void fraction profiles, ε(r), ob-
tained from the conceptual models were investigated and validated 
against literature data and correlations. Therefore, here only the axially- 
averaged radial porosity distributions for packings of Raschig rings are 
presented, see Fig. 5, wherein ε(r) is depicted versus the dimensionless 
wall distance. It is worth mentioning that the number of concentric tubes 
used for sampling the radial void fraction varies in respect to N, resulting 
a sampling intervals within the range of 0.09dpv to 0.135dpv for all cases. 

As shown in Fig. 5, the radial porosity profiles in random packings of 
Raschig rings demonstrate a quite distinct pattern, which is different 
from that of packings of spheres and cylinders. The observed pattern can 
be characterized by a series of humps, which stem from the presence of a 
hole inside the Raschig ring pellets, repeating in a damped-oscillatory 
fashion towards the center of the bed. The first peak occurs at a dis-
tance of 0.5dpv from the tube wall, which is a little shifted towards the 
container wall compared to the position of the first minimum in the 
radial void fraction profiles in random packings of full (solid) cylinders, 
i.e. 0.65dpv, reported in our previous study [20]. This observation can be 
explained by the interpenetration of Raschig ring pellets due to the 
presence of a hole inside such pellets, affecting the ordering of the po-
sitions of pellets along the tube radius. It is worth noting that the results 
show the presence of a channel along the bed axis for a Raschig ring 
packing with N = 3.1. Such topological behavior, which is a conse-
quence of restrictive structuring effects by the tube wall for specific 
values of N, has been previously observed for random packings of 

Fig. 3. Typical results of graded mesh topology generated based on the medium mesh size (see Table 2) in different packings with Npv = 3.1. (a) a cut plane of the 
volume mesh at height z = 7dp together with a zoom-in at typical proximity zones; (b) a cut plane of the volume mesh at height z = 5dp. 
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spheres with N = 4, see [20,22,27,58], and cylinders with N = 4.58, i.e. 
Npv ≈ 4 [20]. 

3.2. Mesh verification study 

A mesh independency study was conducted based on three different 
levels of mesh size implemented in the narrowest packing model of 
cylinders with N = 2.29, in which the sharpest gradients are anticipated. 
The mesh size range together with the cell counts are given in Table 3. 

The CFD results of the velocity and temperature distributions are 

compared in Fig. 6 for the three mesh levels along the tube diameter on 
x-axis at bed height z = 100 mm and Rep = 10000. Furthermore, Fig. 7 
shows the azimuthally-averaged temperature profile at different bed 
cross sections, together with the local temperature data along the bed 
axis for the same Rep, where the sharpest temperature gradients are 
expected. Overall, the obtained results demonstrate reasonable agree-
ment between medium and fine mesh sizes for the computed axial ve-
locity and temperature profiles. The inadequacy of the coarse mesh can 
be evidently discerned, predominantly at the wall regions, where the 
gradients are essentially steeper, leading to underestimation of the ve-
locity and temperature profile at the bed center zone. 

The Richardson extrapolation (RE) method (Roache [59]) was used 
to quantitatively evaluate the discretization error of the medium mesh 
level for the computed velocity and temperature fields. The RE approach 
uses the field variables computed based on the medium mesh, δm, and 
the fine mesh, δf, sizes to extrapolate the values that would theoretically 
be obtained at zero mesh size, δ∞, (see eqs. (1), (2)). 

δ∞ = δf +
δf − δm

r2
g − 1

(1)  

rg =

̅̅̅̅̅̅
Nf

Nm

√

(2)  

where Nf and Nm are mesh sizes of the fine and medium meshes, 
respectively. This formula assumes a second order discretization error. 
The extrapolated relative error (ERE) for the medium mesh can then be 
expressed by: 

ERE =

⃒
⃒
⃒
⃒
δ∞ − δm

δ∞

⃒
⃒
⃒
⃒ (3) 

This approach was applied to the CFD results of pressure at Rep =

10,000 and azimuthally-averaged temperature profile (Fig. 7a) for fine 
and medium mesh levels to predict the value of bed pressure drop and 
temperature profile at zero grid size, i.e. Δp∞, T(r)∞. Using this method, 
the numerical error was computed as 1.77% for pressure drop and the 
average errors for the radial temperature profiles at z = 100 and 180 mm 
were estimated as 1.74% and 1.03%, respectively. With this, we deem 
the medium mesh size to be sufficiently accurate for all remaining CFD 
simulations. 

3.3. Pressure drop 

The validity of the hydrodynamics predicted by the CFD simulations 
was assessed by comparing the predicted pressure drop along the par-
ticulate beds to literature correlations. Different modifications of the 
constants of the Ergun equation to account for wall-effects and pellet 
shape were examined in this comparison study (see Table 4 for refer-
ences). Here, the pressure drop is represented in dimensionless form, the 
so-called pore-based friction factor, which is expressed as: 

ΨW =
ε3

1 − ε
ΔP
ρu2

S

dps

L
1
M

=
AW

ReW
+BW (4)  

M = 1 +
2

3N(1 − ε) and ReW =
ρf uSdps

μ(1 − ε)M (5) 

Table 4 summarizes the noted constants AW and BW for some of the 
mostly-used correlations for predicting pressure drop in tubular fixed 
bed systems. 

Fig. 8 shows the computed dimensionless pressure drop, Ψw, 
expressed by eqs. (4, 5), obtained from numerical simulations of 
different packing structures for a bed height of 100 mm, compared with 
predictions by several correlations. 

Overall, as illustrated in Fig. 8, the numerical results show good 
agreement with the empirical correlations in all flow regimes for pack-
ings of spheres with N = 6.1, cylinders with N = 4.58 and Raschig rings 

Fig. 4. Schematic overview of the CFD flow model and boundary conditions 
used in the discrete-pellet CFD simulations represented by a tube stacked with 
Raschig rings pellets with Npv = 3.1. 

Table 2 
Bulk voidage of RBD-generated packings.  

Pellet 
shape 

N(dt/ 
dp) 

Bulk porosity analysis (based on 
packing height of H = 120 mm) 

Bulk porosity 
(after shrinkage) 

RBD-gen. 
packings 

Dixon  
[57] 

MRE 
(%) 

Sphere 3.1 
4.1 
6.1 

0.462 
0.435 
0.409 

0.459 
0.437 
0.419 

− 0.65 
0.46 
2.38 

0.470 
0.443 
0.418 

Cylinder 2.29 
3.55 
4.58 

0.580 
0.477 
0.386 

0.585 
0.465 
0.429 

0.85 
− 2.60 
9.97 

0.583 
0.485 
0.395 

Raschig 
rings 

3.06 
4.05 
6.02 

0.695 
0.641 
0.601 

0.652 
0.626 
0.605 

6.59 
2.43 
− 0.77 

0.699 
0.647 
0.607  
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with N = 6.02. Similar results were obtained for packing models with 
other N values, but not shown here for sake of brevity. Furthermore, 
very good agreement was found with the modifications proposed by 
Eisfeld and Schnitzlein [63] for packing models of spheres and cylinders 
and by Nemec and Levec [66] for packings of Raschig rings (see Table 5). 
The deviations from the correlations reported in Table 4 are evaluated 
based on mean relative errors, MRE, and reported in Table 5 for all 
packing models. 

The largest deviations from the modified Ergun equation can be 
found in packings of Raschig rings, implying that even with the use of 
the equivalent particle diameter, i.e. dps, to account for the effect of the 
pellet’s shape, the Ergun model underestimates the pressure drop. This 
can be attributed to the role of the hole inside such pellets, providing 
additional dead zones and source for eddy formation inside the partic-
ulate bed compared to spheres, which cannot be compensated with a 
larger specific surface area of the rings. This, therefore, results in a 
higher pressure drop in Raschig ring packings than those predicted by 
the modified Ergun equation (see Fig. 8c). 

It is worth mentioning that for Rep > 600, which is the typical flow 
condition of heterogeneous catalytic flow reactors in process industries, 
the MRE% computed based on Eisfeld and Schnitzlein [63] for the 
packing models of spheres and cylinders and from Nemec and Levec 

[65] for the packings of Raschig rings becomes lower than 10.6%, 
evidencing the reliability of these correlations for the use in engineering 
design calculations. 

3.4. Fluid-to-pellet heat transfer coefficient 

The results of heat transfer simulations were validated by comparing 
the computed fluid-to-solid heat transfer coefficient represented by the 
Nusselt number, Nu = hdp/kp, to values extracted from the often-cited 
literature correlations. Some of such typical correlations used in the 
analysis are given in Table 6. 

The fluid-to-solid heat transfer coefficient h plays an important role 
in heterogeneous heat transfer models, wherein interphase thermal re-
sistances are so significant that the particulate bed system can no longer 
be treated as a quasi-continuum system, and consequently cannot be 
modeled using pseudo-homogenous models with effective parameters. 
The interphase heat transfer coefficient can be obtained from our nu-
merical experiments by an appropriate lumping proposed by Stuke [73]. 
The author demonstrated that h should be treated as a lumped param-
eter comprising of fluid/solid film heat transfer coefficient, hfs, and the 
solid (catalyst) phase thermal conductivity, and hence proposed the 
following formula: 

1
h
=

1
hfs

+
dp/β

kp
(6)  

where β = 10, 8 and 6 for spheres, cylinders, and slabs, respectively. To 
obtain the fluid/solid film heat transfer coefficient, hfs, from the CFD 
results, the facet-averaged value of total heat flux for the solid phase, 
q′

fs, is computed and then divided by the difference between the mass- 
weighted average fluid phase temperature, Tf,b, and the face-averaged 
temperature at the pellets’ surface, Tp,s. 

Fig. 5. Radial porosity distribution obtained from RBD - generated packing models of Raschig rings for different tube-to-pellet size ratios N. Note that the horizontal 
axis shows the dimensionless distance to the wall. 

Table 3 
Mesh verification study settings, the cylindrical packing with N = 2.29.  

Description Fine Medium Coarse 

Mesh size range 
(mm) 

0.05–0.4 (dp/ 
25) 

0.05–0.55 (dp/ 
18.2) 

0.05–0.8 (dp/ 
12.5) 

Fluid Cells (×106) 15.29 10.87 6.80 
Total cells (×106) 23.27 17.70 10.04  
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hfs =
q’

fs

Tf,b − Tp,s
and Nufs =

hfsdpv

kf
(7)  

Tf,b =

∑n
i=1Tf,iρi|Vi|
∑n

i=1ρi|Vi|
(8)  

φ =

∑n
i=1φi

n
where φ : q’

fs and Tp,s (9)  

where Vi and ρi are the volume and fluid density in cell i located in the 
fluid domain. 

Furthermore, correlations were also defined as custom field func-
tions in ANSYS Fluent, thereby accounting for the mass-weighted 
average of Rep and Pr from the fluid phase. 

As shown in Fig. 9, the computed Nusselt number and the correlation 
results are in satisfactory agreement in all flow regimes for packings of 
spheres with N = 3.1, 6.1. Similar results were obtained for packing 
models with other N values, not shown here for the sake of brevity. 
Furthermore, results demonstrate very good agreement with correla-
tions proposed by Gunn [70] and Sun et al. [72], resulting in mean 
relative errors lower than 13%. 

4. Results and discussion 

4.1. Contour maps of velocity and temperature fields 

The analysis of heat transfer in tubular fixed beds is essential, as it 
can strongly influence the reactor performance in terms of product yield 
and selectivity. In lower N-beds, say N < 10, confinement by the reactor 
wall induces a radial heterogeneity in the local packing structure. The 
consequence of such a topological feature can strongly impact the local 
flow structure and accordingly the lateral temperature distribution. 
Fig. 10 illustrates three examples of velocity and temperature fields in 
both fluid and catalyst phases, in the form of contour maps of axial 
velocity normalized by the inlet velocity and temperature for several 
cross sections for packings of spheres, cylinders and Raschig rings with 
Npv = 3.1 and Rep = 100. 

The contour maps of normalized axial velocities and temperature 
fields at three different bed cross sections show significant in-
homogeneity in the local velocity and temperature distributions along 
packing depth, which stems chiefly from the substantial spatial hetero-
geneity inherent in such low-N packing structures. The observed local 
inhomogeneity in temperature filed is much more discernable in pack-
ings of cylinders and Raschig rings, closely connected to the sharp edges 

Fig. 6. Comparison between computed (a) axial velocity profiles, and (b) 
temperature profiles, based on three mesh levels at a typical line typical line 
passing through the points (-0.0115,0,0.11 m) and (0.0115,0,0.11 m) in a cy-
lindrical packing with N = 2.29 and Rep = 10000. 

Fig. 7. Comparison between computed temperature profile obtained from three mesh levels in a cylindrical packing with N = 2.29 and Rep = 10000; (a) azimuthally- 
averaged temperature profile at z = 100 and 180 mm, (b) local temperature data along the bed axis. 
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of the cylinders and rings which impose stronger curvatures of the 
streamlines along the packing. Similar observations and deductions can 
be attained from other studies [6,20,74,75]. Furthermore, the temper-
ature contour maps at each cross section show that there is no azimuthal 
symmetry in temperature distribution, which is due to the extreme 
radial and angular heterogeneity inherent in the structures of low-N 
beds. These results can also explain why the use of a 120⁰ wall- 
segment packing model is not adequate for CFD analysis of flow and 
heat transfer in a full narrow-tube fixed bed, because the role of angular 
heterogeneity of bed structure is completely omitted in two-thirds of the 
bed cross section. 

The contour plots of the flow field in Raschig ring packings 
demonstrate a totally different flow structure than in the other two types 
of packing. Raschig rings oriented parallel to the flow allow for accel-
eration of the local velocity through their axial holes, while rings ori-
ented perpendicular to the flow provide additional space for vortex 
formation. This behavior can cause a higher level of inhomogeneity in 
the temperature field compared to those found in packings of cylinders 
and spheres. To investigate the influence of N on the temperature dis-
tribution, contour maps of temperature fields at different cross sections 
are depicted for random packings of spheres and Raschig rings with Npv 
= 6.1 in Fig. 11. 

As shown in Fig. 11, a considerable inhomogeneity in the tempera-
ture fields can be observed in wider packing structures as well. This 
behavior is more pronounced in packed beds with Raschig rings, where 
the presence of an internal hole in such pellets causes even a much 
sharper temperature gradient along the azimuthal direction at each 
crosscut. This thermal heterogeneity can be clearly discerned near the 
wall region, where the sharpest temperature gradients in both fluid and 
pellet phases exist. It is worth remarking that, the color maps of local 
temperatures at different cross section show an improved lateral heat 
dispersion in packings of Raschig rings and cylinders compared to 
spheres for similar Npv values (see Figs. 10 and 11 for packings with Npv 
= 3.1 and 6.1), which can be directly ascribed to the more tortuous flow 
fields. 

4.2. Radial velocity and temperature profiles: The validity of azimuthal 
averaging 

In our previous work [20], we noticed that the observed fluctuations 
in the local 3D axial velocity field are obscured by azimuthal-averaging 

over the bed volume in low-N fixed beds of spheres and cylinders. We 
reported that the axially-and azimuthally-averaged velocity profile, 
vz(r), deviates by more than 500% from the local axial velocity values 
(mean relative error, MRE, expressed as percentage relative to the inlet 
velocity). Conceptually, a radially-varying axial velocity profile, vz(r), 
has been used to improve the classical plug-flow pseudo-homogenous 
models to account for the role of tortuous velocity fields. Here we take 
one step forward by casting light on the role of pellet-scale flow struc-
tures on the heat transfer and resulting 2D temperature profiles in a 
wall-heated fixed bed field with different pellet shapes. To that end, we 
assess how the deviations of the 3D velocity field from vz(r) carry over to 
deviations in the temperature field. Fig. 12a, c&e show the spread of the 
local temperature around the azimuthally-averaged temperature profile 
T(r,z), at a typical bed cross section z = 4.5dp, and Rep = 100 in different 
packing structures. Fig. 12b, d&f show the corresponding spread of local 
axial velocity data around the azimuthally-averaged velocity profile 
vz(r,z), at the same bed cross section z = 4.5dp, as well as the axially- and 
azimuthally-averaged velocity profile, vz(r). In all cases, velocities have 
been normalized with the inlet velocity. 

These results show that the azimuthally-averaged axial velocity 
profile at a typical cross section, i.e. vz(r,z), slightly deviates from vz(r) 
in packings of spheres and cylinders, whilst a considerable deviation can 
be observed in Raschig rings packings. The significant deviations 
observed for 0.3 <(Rt - r)/dpv < 0.6 stem chiefly from the internal hole in 
Raschig rings pellets, and those observed around the bed center region 
can be ascribed to the presence of a channel along the axis of Raschig 
rings packing with Npv = 3.1. 

The results demonstrate that the deviations of vz(r) from vz(r,z) 
culminate in the positions of axial velocity peaks as exemplified in 
Figs. 12 and 15 for packing models of spheres and cylinders with Npv =

3.1 and spheres and Raschig rings with Npv = 6.1 at Rep = 100, 
respectively. These deviations can be ascribed to the planar distribution 
of pellets at the cross section for which vz(r,z) is computed. Since the 
radial heterogeneity in packing structures culminates in narrower 
packed columns due to the restricting role of tube wall on particles 
ordering across the tube, a higher deviation of vz(r) from vz(r,z) is 
anticipated in very low N-beds as demonstrated with our results (see the 
axial velocity plots and graphs in Figs. 10 and 12 for packed column of 
rings with Npv = 3.1). 

The maximum deviation of the local axial velocity data in the cross 
section z = 4.5dp from vz(r) are 4.6v0, 5.11v0 and 3.9v0 (in terms of 

Table 4 
Empirical correlations proposed for evaluating AW and BW used in eq. (4).  

Authors AW BW N Rep 

Mehta & Hawley [60] 150 1.75 7.7 ~ 91 0.18 ~ 9.55a 

Reichelt [61] 150 for sphere 
200 for cylinder 

[
1.5N− 2 + 0.88

]2 for sphere 
[
2N− 2 + 0.80

]2 for cylinder  

1.7 ~ 91 74 ~ 5463 

Foumeny et al. [62] 130
M2 for sphere  

N
M(2.28 + 0.335N)

3.23 ~ 23.8 28 ~ 4569 

Eisfeld & Schnitzlein [63] 154 for sphere 
190 for cylinder 
150 for all particles 

[
1.15N− 2 + 0.87

]2for sphere 
[
2N− 2

ps + 0.77
]2 

for cylinder 
[
1.42N− 2

ps + 0.83
]2 

for all particles  

1.62 ~ 250 0.07 ~ 17,625 

Montillet et al. [64] 1000α
M2(1 − ε)N

0.2for sphere  
12α
M

N0.2for sphere  3.8 ~ 14.5 11 ~ 2557 

where α = 0.061 & 0.05 for dense and loose packings, respectively 
Nemec and Levec [65] 150

φ1.5
s M2 for cylinder 

150 × R

M2 for Raschig rings  

1.75
φ1.33

s M 
for cylinder 

1.75 × R

M 
for Raschig rings  

2.15 ~ 7.89 1 ~1000a 

where R =

[
ε3

(
1 − (1 − ε)(Vfs − mVi)/Vp

)3

]

×

[
(Sf + mSi)

Vp

dps

6

]
b  

Cheng [66] for spheres 
[

185 + 17
ε

(1 − ε)(
N

N − 1
)
2
]

1
M2  

for spheres 
[

1.3(
ε

1 − ε)
1/3

+ 0.03(
N

N − 1
)
2
]

1
M  

1.1 ~ 50.5 2 ~ 5550 

a The range of Re/(1 − ε) was reported in the original papers. 
b According to the corrections proposed by Sonntag [67] for Raschig rings pellets, reformulated in the form of Ergun constants. 
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absolute errors) for packings of spheres, cylinders and rings with Npv =

3.1, respectively. These maximum deviations occur within a region 
adjacent to the tube wall with thickness of 0.2dpv for packings of spheres 
and cylinders with Npv = 3.1, and at the position (Rt - r)/dpv = 0.5 for 
Raschig ring packings with Npv = 3.1. It is noteworthy that vz(r, z =
4.5dp) reaches its maximum at the same position as the local void 
fraction, which possesses a high values of around 0.75 within a distance 
of 0.2dpv from tube wall for all packing models and a high value of 
around 0.7 at a distance of 0.5dpv from tube wall for the packing of 
Raschig rings. This can also be deduced from Fig. 13a wherein the 
variations of axial velocity deviations at different azimuthal positions 
for a typical cross section z = 4.5dp are plotted against the dimensionless 
distance from tube wall for all packing models with Npv = 3.1 at Rep =

100. 
Similarly, the in-situ analysis of the temperature field (see Fig. 12a, 

c&e) demonstrate considerable deviations of the local temperature data 
obtained from different azimuthal positions at the typical bed cross 
sections z = 4.5dp and 8.5dp, from the azimuthally-averaged tempera-
ture profile, T(r,z), for the packing models with Npv = 3.1. These results 
demonstrate that (i) larger deviations of the local temperature data from 
T(r,z) occur in the lower cross sections, where a higher thermal 
disequilibrium (difference between bulk temperatures of the individual 
phases) between the fluid and solid phases exists; (ii) the maximum 
deviations of the local temperature data from T(r,z = 4.5dp) are 56 K , 
97 K and 103 K, observed at (Rt-r)/dpv = 0.1, 0.15 and 0.43 for packings 
of spheres, cylinders and rings with Npv = 3.1, respectively. 

Fig. 13 shows maximum differences between maximum and mini-
mum axial velocity (left figure) and temperature (right figure) computed 
at different azimuthal positions in the typical cross section z = 4.5dp as a 
function of dimensionless distance from the tube wall, for all packing 
models with Npv = 3.1. The plot shows that the first peak of the de-
viations of local temperature data from T(r,z) occurs in the region of 
sharpest temperature gradient and where the vz(r) and vz(r,z) profiles 
have their first maximum, i.e. within a distance of 0.15dpv from the tube 
wall. In fact, local void fraction in this region is higher than 0.75, 

Fig. 8. Comparison between the computed pressure drops obtained from RBD- 
CFD simulations and empirical correlations for packings of (a) spheres with N 
= 6.1, (b) cylinders with N = 4.58 and (c) Raschig rings with N = 6.02. 

Table 5 
Deviation of the computed pressure drop as percent mean relative error from empirical correlations.  

Dev. in MRE % from the empirical correlations Packing of spheres with N: Packing of cylinders with N: Packing of Raschig rings with N: 

3.1 4.1 6.1 2.29 3.55 4.58 3.06 4.05 6.02 

Ergun [68] 39 28.7 25.6 49.5 30.8 25.6 28.9 67.5 75.2 
Mehta & Hawley [60] 27.9 45.9 26.3 — — — — — — 
Reichelt [61] 11.2 26.7 11.7 19.5 30.6 37 — — — 
Fumeny et al. [62] 85.2 21.6 27.4 — — — — — — 
Eisfeld and Schnitzlein [63] 10.2 17.9 18.7 19.5 12.9 12.3 33.4 110.2 158.9 
Montillet et al. [64] 73.8 18.2 28.5 — — — — — — 
Nemec and Levec [65] — — — 34.8 30.6 26.5 27.8 17.8 14.8 
Cheng [66] 24.5 24.1 13.2 — — — — — —  

Table 6 
Empirical correlations proposed for Nu.  

Author Nusselt Number (Nu and Nufs) Application 
range 

Rep 

Gupta 
et al.  
[69] 

Nu =
Pr1/3

ε Rep(0.0108+
0.929

Re0.58
P − 0.483

)
0.26 < ε <
0.78 

10 ~ 
10,000 

Gunn  
[70] 

Nu = (7 − 10ε + 5ε2)(1 + 0.7Re0.2
P Pr1/3)

+(1.33 − 2.4ε + 1.2ε2)(Re0.7
P Pr1/3)

0.35 < ε < 1 20 ~ 
105 

Wakao 
et al.  
[71] 

Nu = 2 + 1.1Re0.6
P Pr1/3  2 < N <

107.6 
15 ~ 
500 

Sun et al.  
[72] 

Nu = (− 0.46 + 1.77ε + 0.69ε2)/ε3

+(1.37 − 2.4ε + 1.2ε2)Re0.7
P Pr1/3  

0.5 ≤ ε < 1 1 ~ 100 

Singhal 
et al.  
[28] 

Nu = 2.67 + 0.53Re0.77
P Pr0.53  0.35 < ε <

0.37 
9 ~ 180  
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resulting in a large temperature difference between the stagnant phase 
and the fluid phase. Besides, as shown in Fig. 13a, the first peak of the 
deviations of local axial velocity data from vz(r,z) occurs slightly further 
at a distance of 0.2dpv from the tube wall. 

Fig. 12 and Fig. 13b show that another peak of deviation of local 
temperature from T(r, z = 4.5dp and 8.5dp) takes place at a distance of 
1dpv from the tube wall for packings of spheres and cylinders and 
Raschig rings. The Raschig rings also have a peak of deviation at a dis-
tance of approximately 0.5dpv from the tube wall (viz. the second peak 
of vz(r), vz(r,z) and ε(r) occurs at the same distance from the tube wall 
for packings of Raschig rings due to the axial hole within the rings). 

According to the results shown in Fig. 12 and Fig. 13b, minimum 
deviations of local temperature data from T(r, z = 4.5dp and 8.5dp) occur 
at an approximate wall distance of 0.5dpv and 0.6dpv for packings of 
spheres and cylinders, respectively, and 0.15 dpv and 0.75dpv for pack-
ings of Raschig rings, all of which coincide with the positions of minima 
in the radial porosity and azimuthally-averaged axial velocity profiles. 
The local porosity in these regions decrease to even lower than 0.3 for 

packings of spheres and cylinder, implicating the major contribution of 
pellet phase temperature in the circumferentially-averaged temperature 
and axial velocity. In addition, since the volume fraction of backflow 
fields escalates in such regions (see [20,74]), the deviation of T(r,z) from 
the local data can significantly decrease, reaching in its minima as 
observed in the plots of ΔT versus (Rt-r)/dpv. Similar justifications can be 
offered to interpret the correlation between the peaks in the radial 
porosity profile and those in the plot of Δvz/v0 versus (Rt-r)/dpv. These 
results show where we may anticipate maximum and minimum de-
viations of azimuthally-averaged temperature profiles from local data 
inside a reactor. 

Next, we investigate the influence of inlet flow velocity on the 
amount of local deviations from the azimuthally-averaged temperature 
profiles. Basically, the deviations of T(r,z) from the local data originate 
from the thermal disequilibrium between the individual phases. This 
implies that larger deviations should emerge (i) at lower cross sections 
(shown in Fig. 12a, c&e), (ii) at higher flow conditions, i.e. higher inlet 
velocity, v0. Fig. 14a shows deviations of the local temperature with T(r, 

Fig. 9. Comparison between computed fluid-to-solid Nusselt number for glass particles and published correlations for packing models of spheres; (a) N = 3.1, (b) N 
= 6.1. 

Fig. 10. Contour plots of axial velocity normalized by the inlet velocity and temperature fields at different cross sections at axial positions 0.5dp, 4.5dp, 8.5dp, for 
packings of alumina pellets; (a) spheres, (b) cylinders and (c) Raschig rings, with Npv = 3.1 at Rep = 100. The flow streamlines together with the inlet and outlet of the 
reactor tube are colored by the axial velocity. 
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z = 4.5dp) and Fig. 14b shows the differences between maximum and 
minimum temperature values at z = 4.5dp at Rep = 100 and 200, for a 
packing of cylinders with Npv = 3.1. The local temperature differences 
ΔT reach their maxima at approximately (Rt-r)/dpv = 0.15 and 1, with 
larger differences occurring for Rep = 200 than for Rep = 100. This can 
be attributed to the large local porosity at these positions which lead to 
lower fluid bulk temperature in the void spaces for Rep = 200 compared 
to Rep = 100, and consequently a higher temperature difference be-
tween two phases. 

Of course the simulated results also depend on the thermal conduc-
tivity of the solid (catalyst pellet) material. Fig. 14c-d shows local 
temperature deviations at cross section z = 4.5dp for packed columns of 
alumina and glass cylinders with Npv = 3.1 at Rep = 100. Although the 
average temperature profiles between the two different materials are 
quite different (Fig. 14c), the differences between local maximum and 
minimum temperature are quite comparable (Fig. 14d). This could have 
been expected because the local heterogeneities in the temperature field 
are primarily driven by local heterogeneities in the flow field. 

The same analysis has been conducted for wider beds containing 
Raschig rings and spheres with Npv = 6.1, see Fig. 15. In general, the 

results demonstrate slightly higher deviations for T(r, z = 4.5dp) from 
the local temperature data in wider beds at similar Rep. This can be 
explained by the lower radial and azimuthal heat transfer rates in larger 
N-beds at the same flow and thermal boundary conditions, leading to a 
higher temperature difference between the fluid and pellet phases, and 
consequently larger deviations of the local temperature from the 
azimuthally-averaged temperature profile. For packings of spheres and 
Raschig rings with Npv = 6.1, the maximum deviations of T(r, z = 4.5dp) 
from the local temperature are 65 K and 113 K, which occur at (Rt-r)/dpv 
= 0.15 and 1 (see Fig. 15a, b&e). It seems that contrary to the same 
packings with Npv = 3.1, wherein maximum deviations of the 
azimuthally-averaged temperature profile from the local data generally 
occur at a distance of 0.2dpv from the tube wall, maximum deviations in 
wider packing structures take place at a distance of 1dpv from the tube 
wall. Similar results were found for packing models with Npv = 4.1 
which are not addressed here for the sake of brevity. 

Furthermore, the results presented in Fig. 15c, d&f suggest that the 
deviations of the local axial velocity data from vz(r) and vz(r, z = 4.5dp) 
are much larger than those obtained for the same packing models with 
Npv = 3.1 at similar Rep. This can be explained by the fact that the local 

Fig. 10. (continued). 
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void fraction decreases with increasing N, thus leading to a higher local 
axial velocity inside the larger-N packings at similar flow conditions. For 
the packings of spheres and Raschig rings with Npv = 6.1, the maximum 
deviations of vz(r) from the local axial velocity data (for cross section z 
= 4.5dp) are 7.31v0 and 7.6v0, which occur within a distance of 0.2dpv 
from the tube wall. 

Overall, Figs. 12-15 illustrate that the azimuthally-averaged tem-
perature profiles in packed beds of cylinders and Raschig rings 
demonstrate a much smoother pattern along the tube radius than 
spheres. Similarly, smoother radial temperature profiles in the pellet and 
solid phases can also be observed in Fig. 16, indicating more efficient 
lateral heat dispersion provided by such packings. This can also be 
elucidated by a very steep “hump” or “shoulder” observed in T(r,z) in 
packings of spheres compared to cylinders and rings, which usually 
occurs at an approximate distance of 0.8dpv to 1dpv from the tube wall in 
all packing models. This steep hump emerges due to a very sharp tem-
perature gradient at the surface of the pellets adjacent to the tube wall 
and seems to be much smoother in the packings of cylinders and rings. It 
is worth noting that these features, i.e. the presence of a hump or 
shoulder in the radial temperature profile, have been previously 
addressed by several researchers, e.g. [5,19,25,76]. 

Fig. 16 demonstrates the significant role of the pellet’s thermal 
conductivity on the azimuthally-averaged temperature profile in 

individual phases. This can be interpreted by approximating a fixed bed 
arrangement as a 2D quasi-homogenous medium, wherein the heat 
transfer is characterized by effective lumped parameters. In such a 
system, the presence of a low temperature gradient field over a large 
fraction of the tube radius, say 0.2 < (Rt-r)/dpv < 0.8dpv, is associated 
with a very large effective radial thermal conductivity, ker. Such a region 
emerges due to the higher contribution of the conductivity through the 
catalyst phase, particularly for alumina pellets (see Fig. 16b). According 
to these results, the effective radial thermal conductivity, i.e. ker, should 
be a function not only of Rep, but also of N and pellet thermal 
conductivity. 

The behavior of the azimuthally-averaged temperature profiles 
suggests that there are two different thermal regions as a function of 
distance to the tube wall: a near wall region with a thickness of around 
0.2dp, where a large temperature gradient exists, and a core region. Such 
a differentiation is in agreement with experimental observations by 
Froment and coworkers [77,78] and, more recently, by Dong et al. [6]. It 
is worth reiterating that the axial velocity peaks appear in the same 
region, i.e. within a distance of around 0.2dp from the tube wall, for all 
packing models. Since the local porosity at the location of axial velocity 
peaks in the wall region is larger than 0.75, the contribution of the fluid 
phase temperature is considerable in the azimuthally-averaged tem-
perature profile. This observation can also explain the influence of the 

Fig. 11. Contour plots of the temperature field on the surface of pellets and at different cross sections at axial positions 0.5dP, 2.5dp, 4.5dp, 6.5dp, 8.5dp and + 0.5dp 
behind the packing section, for packings of alumina spheres (a) and Raschig rings (b) with Npv = 6.1 at Rep = 100. 

E.M. Moghaddam et al.                                                                                                                                                                                                                        



Chemical Engineering Journal 407 (2021) 127994

14

wall-channeling phenomenon on the radial temperature profile. 
Fig. 17 illustrates the evolution of 2D (azimuthally-averaged) tem-

perature profiles in packings of alumina spheres, cylinders and Raschig 
rings with Npv = 3.1 along the tube axis for Rep = 100. 

As shown in Fig. 17, the humps appear to be a little smoother in 
packings of cylinders and Raschig rings, evidencing the significant role 
of pellet shape in radial heat transfer. Furthermore, the position of the 
observed hump does not change along the bed height in all packings, 
although it seems to be smoothened or even disappears as the local 
temperature in the fluid and the pellet phases approach equilibrium 

conditions. Moreover, the CFD results demonstrate independence of the 
radial position of the observed humps with changing Rep (not shown). 

To investigate the influence of N on the radial temperature profiles, 
the azimuthally-averaged temperature profile for alumina packings of 
spheres, cylinders and rings with different N at typical cross section z =
6dp and Rep = 100 is depicted in Fig. 18. 

Fig. 18 and also Fig. 15a,b reveal the presence of a second hump in 
wider beds at a distance of around 1.6dpv to 2dpv from the tube wall, 
which is however much smoother than the first hump. It can also be 
deduced that the presence of a hole in the middle of the packing 

Fig. 12. Left hand side graphs: comparison between the azimuthally-averaged temperature profile (solid lines) and the local temperature (symbols, standard de-
viations indicated by bars) at cross sections z = 4.5dp and z = 8.5dp for packed columns of alumina pellets with Npv = 3.1 at Rep = 100. Right hand side graphs: 
comparison between the (axially- and) azimuthally-averaged axial velocity profile (solid lines) and the local axial velocity (red symbols, standard deviations indi-
cated by black bars), normalized by the inlet velocity, at cross section z = 4.5dp in random packings with Npv = 3.1 at Rep = 100. The axially- and azimuthally 
averaged porosity distribution is shown by blue circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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structures of spheres and cylinders with Npv≈4, leads to poorer radial 
heat transfer compared to the packing of Raschig rings with Npv = 4.1 
(see Fig. 18). Furthermore, Fig. 18 shows much smoother temperature 
profiles in packings of cylinders and Raschig rings, even for wider tubes. 

4.3. Validity of ker-hw heat transfer model 

One of the mostly-used models for predicting heat transfer rate from 
reactor wall to catalyst bed in heterogeneous catalytic flow reactors is 

undoubtedly the 2D axial dispersive plug flow heat transfer model (2D- 
ADPFM), i.e. the well-known ker - hw model [12,22,79–81]. In fact this 
model presents a few features of the reactor thermal behavior, which are 
suitable for fast and repetitive computations for a priori design, adaptive 
control, sensitivity analysis, etc. However, due to the inherent simplicity 
of the ker - hw model, i.e. symmetry, regularity, and homogeneity of 
packing topology, plug flow idealization and the use of lumped heat 
transfer parameters, the limitations of this approach have been the 
subject of active research for more than 50 years [11,12,14–16,22,82]. 

Fig. 13. Pronounced difference between maximum and minimum local normalized velocity (left) and local temperature (right) from azimuthally averaged values for 
z = 4.dp for packing models of spheres, cylinders and Raschig rings with Npv = 3.1 at Rep = 100. 

Fig. 14. Comparison between the local temperature data and the azimuthally-averaged temperature profile at z = 4.5dp for a packed bed of cylinders with Npv = 3.1 
(a) for alumina pellets at Rep = 100 and 200, (c) for alumina and glass pellets at Rep = 100. Standard deviations in the local data are indicated by bars. Differences 
between the maximum and minimum temperature values obtained at different azimuthal positions at z = 4.5dp (b) at Rep = 100 and 200 for alumina pellets, (d) for 
alumina and glass pellets at Rep = 100. 
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Here, we apply the concept of a numerical experiment based on the 
particle-resolved CFD simulation results to investigate the validity of 
radial temperature profiles obtained from the ker - hw model. To this end, 
the effective radial thermal conductivity, ker, and the apparent wall heat 
transfer coefficient, hw, were computed by solving the inverse problem 
using an in-house code in Matlab based on a nonlinear least-squares 
technique. For this, the numerical results of heat transfer are fed to 
the model in which the effective axial thermal conductivity is computed 
using Zehner and Schlünder [83] correlation, assuming Peaf(∞) = 2, and 
the best-fitted values of ker and hw are used in the model to compare the 
radial temperature profile with the azimuthally-average temperature 
profile obtained in our RBD-CFD simulations. Fig. 19 shows the com-
parison between the azimuthally-averaged temperature profiles ob-
tained from the RBD-CFD heat transfer results and the radial 
temperature profiles predicted by the 2D-ADPF heat transfer model 

based on the optimum values of ker and hw for packings of Raschig rings 
with Npv = 3.1 and 6.1 at different cross sections. 

As illustrated in Fig. 19, the radial temperature profile predicted by 
2D-ADPF heat transfer model cannot anticipate the hump shape in the 
azimuthally-averaged temperature profile due to the fact that the model 
basically presumes no thermal resistance between fluid and pellet pha-
ses. Therefore, the 2D-ADPF heat transfer model is unable to reflect the 
role of thermal disequilibrium between individual phases along both the 
tube radius and reactor depth. A better fit can be foreseen at higher bed 
cross sections where thermal equilibrium has (almost) been reached 
between both phases, and thus the assumption of no thermal resistance 
between the two phases is legitimate. 

Nevertheless, large deviations between the azimuthally-averaged 
temperature profile and the local temperature data can also be noti-
fied here. Furthermore, it can also be deduced that these deviations are 

Fig. 15. Comparison between the azimuthally-averaged temperature and normalized axial velocity profiles with the local data sampled from different azimuthal 
positions at cross section z = 4.5dp in packings of (a,c) alumina Raschig rings (b,d) alumina spheres with Npv = 6.1 at Rep = 100. Standard deviations of local data are 
indicated by bars. Comparisons between the variations of (e) temperature ranges and (f) axial velocity ranges at cross section z = 4.5dp in the same packings and for 
the same flow and thermal boundary conditions. 
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much larger for the radial temperature profile obtained from 2D-ADPF 
heat transfer model as it further underestimate the azimuthally- 
averaged temperature profile at the position of the hump (see Fig. 19), 
i.e. at the approximate distance of 1dpv from the tube wall, where one of 
the largest deviations of the azimuthally-averaged temperature profile 
from the local temperature data was found (see Fig. 15e&18b). 

It is noteworthy that the condition of thermal disequilibrium be-
tween two phases is much more substantial when chemical reactions 
with large heat effects occur at the pellet scale. Therefore, even larger 
deviations of the local temperatures from the radial temperature profiles 
obtained from the 2D-ADPF model can be anticipated in such cases, even 
when the effective heat transfer parameters are precisely introduced. To 
provide optimum reactor performance for such reaction cases, the 
operating conditions usually need to be kept as close as possible to the 
run-away zone. So the question is, with the observed significant de-
viations of the local data from 2D temperature profiles, how accurate a 
2D-ADPF heat transfer model can predict the heat transport properties 
and the position of the hot-spot to prevent run-away and deactivation of 
the catalyst? 

Apart from the observed deviations of radial (averaged) temperature 
profile from the local data, our results in Fig. 19 demonstrate that using 
the concept of numerical experiment to compute the best-fitted values of 
ker and hw can tremendously improve the accuracy of pseudo- 
homogenous heat transfer models as the available predictive correla-
tions for the effective heat transfer coefficients shows a large scattering 
over Rep [11–14]. Furthermore, it is reiterated that since the values of 
these parameters are computed per cross section along the reactor, the 
length-dependency of ker and hw has already been considered in the best- 

fitted values. 
Overall, the findings of this research suggests the inadequacy of both 

the azimuthal averaging of 3D velocity fields and the radial temperature 
profiles obtained from the 2D-ADPF heat transfer model for accurate 
prediction of heat transfer from reactor walls to a particulate bed in 
narrow-tube heterogeneous catalytic flow reactors with large heat 
effects. 

5. Conclusion 

Discrete-pellet CFD simulations of the hydrodynamics and lateral 
heat transfer in fixed beds of spheres, equilateral solid cylinder and 
Raschig rings were performed for laminar, transient and fully turbulent 
flow regimes. CFD results were validated by comparing the numerical 
results to often-cited empirical correlations for pressure drop and fluid- 
to-solid heat transfer coefficient. Overall, comparison shows good 
agreement, evidencing the merit of the empirical correlations by Eisfeld 
& Schnitzlein [63] for packed columns of spheres and cylinders and 
Nemec and Levec [65] for packed columns of rings for the use in engi-
neering design calculations of narrow-tube fixed bed systems. Similarly, 
validation results demonstrate a remarkable agreements with the 
empirical correlations proposed by Gunn [70] and Sun et al. [72] for 
fluid-to-solid heat transfer Nusselt number. 

Overall, the CFD simulations demonstrate very large inhomogeneity 
in local velocity and temperature fields which originate from the sub-
stantial topological heterogeneity inherent in low-N packing structures. 
Results point out the inadequacy of 120⁰ wall-segment packing models 
for CFD analysis of flow and heat transfer in a full narrow-tube fixed 

Fig. 16. Azimuthally-averaged temperature profile for packings of spheres, cylinders and Raschig rings with Npv = 3.1, at the packing depth z = 6dp for glass and 
alumina pellets at Rep = 100; (a) azimuthally-averaged fluid phase temperature, (b) azimuthally-averaged pellet phase temperature, (c) azimuthally-averaged 
temperature of all phases. 
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Fig. 17. Azimuthally-averaged temperature profiles for packings of alumina pellets with Npv = 3.1, at the packing depth z = 3.5dp, 6dp and 9.5dp at Rep = 100; (a) 
spheres, (b) cylinders, and (c) Raschig rings. 

Fig. 18. Azimuthally-averaged temperature profiles for packings of alumina pellets with different N at cross section z = 6dp at Rep = 100; (a) spheres, (b) cylinders, 
and (c) Raschig rings. 
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beds as the role of azimuthal heterogeneity of the bed structure is 
omitted in two-thirds of the bed cross section. The contour maps reveal 
completely different local velocity and temperature fields in random 
packings of cylinders and Raschig rings compared to in random packings 
of spheres, where (i) sharp edges of such pellets impose stronger cur-
vatures of the flow streamlines along the packing, thereby improving the 
local heat dispersion at the pellet scale, and (ii) the presence of an in-
ternal hole in Raschig rings can tremendously affect the local velocity 
field according to the orientation of the pellets within the structure. 

A detailed analysis on the validity of azimuthal averaging of 3D 
velocity and temperature fields in low-N fixed beds has brought some 
conclusions. The scattering of local 3D axial velocity and temperature 
data are totally concealed and, thus, omitted by azimuthal-averaging of 
3D temperature and velocity fields over the bed volume, leading to more 
than 150 ◦C deviation from local temperature data. Such deviations can 
substantiate that relying on radial (averaged) temperature profiles for 
feed-forward control of temperature in tubular catalytic flow reactors 
with large heat effects are in danger of misprediction of hotspots in each 
and every cross-section along the reactor, leading to excessive deacti-
vation of catalysts and operation in localized run-away thermal zones. 

Furthermore, these deviations between local velocity and the 
azimuthally-averaged velocity field are transmitted to the temperature 
field. This was evidenced by the coincidence of positions, i.e. the dis-
tance from tube wall, with largest deviations of T(r,z) from local tem-
perature data and vz(r) from local axial velocity data, viz. the positions 
of peaks in the plots depicting ΔT vs. (Rt - r)/dpv and Δ(vz/v0) vs. (Rt - r)/ 
dpv. For faster flow conditions, and in the beginning part of a packing 
section, a larger deviation of T(r,z) from local temperature data is 
observed, with a similar thermal boundary condition. Our results show 
that the deviations become damped from the near-wall region (with a 
thickness of 1dpv) towards the bed core region, particularly for larger N- 
packing where a longer packing depth is necessary to reach thermal 
equilibrium. 

The results of azimuthally-averaged temperature profiles at different 
cross sections show a smoother radial temperature profile for packings 
of cylinders and Raschig rings, compared to spheres, offering an 
improved radial heat dispersion in such packings. 

Lastly, we found that the radial temperature profile obtained from a 
2D-ADPF heat transfer model cannot predict the presence of a hump in 
the azimuthally-averaged temperature profile obtained from CFD re-
sults, which is ascribed to the assumption of thermal equilibrium be-
tween individual phases. 
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Temperaturen: Wärmeleitfähigkeit von Schüttungen bei mäßigen Temperaturen, 
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