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Direct numerical simulation of non-isothermal flow
through dense bidisperse random arrays of spheres

H. Tavassolia, E.A.J.F. Petersa,∗, J.A.M. Kuipersa

aMultiphase Reactors Group, Department of Chemical Engineering and Chemistry,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Abstract

Extensive direct numerical simulations were performed to obtain the heat trans-

fer coefficients (HTC) of bidisperse random arrays of spheres. We have cal-

culated the HTC for a range of compositions and solids volume fractions for

mixtures of spheres with a size ratio of 1:2. The Reynolds numbers are in the

range of 30 – 100. It was found that the correlation of the monodisperse HTC

can estimate the average HTC of bidisperse systems well if the Reynolds and

Nusselt numbers are based on the Sauter mean diameter. We report the dif-

ference between the HTC for each particle type and the average HTC of the

bed in the bidisperse system as function of solids volume fraction, Sauter mean

diameter of the mixture, Reynolds number and investigate the heterogeneity of

the individual particle HTCs.

Introduction

Packed and fluidized beds have received considerable interest for many en-

gineering applications due to their abilities to provide high rates of momentum

and heat transfer. Key parameters that determine the momentum and heat

transfer characteristics inside packed and fluidized beds are the drag and heat

transfer coefficients (HTC). In order to predict these coefficients experimental

correlations have been widely used. For example, the available experimental

and computational data of pressure drop and HTC (for randomly packed beds
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of spheres) agree reasonably well with the predictions of traditional empirical

correlations such as Ergun [6] and Wakao and Kaguei [16].

However, many correlations are obtained for mono-disperse random arrays

of spheres. In reality, the particles can have a significant size distribution.

For example, the particles can grow as consequence of physical (coating) and

chemical (polymerization) processes in fluidized suspensions. Therefore, these

momentum and heat transfer correlations may result in a significant error if the

average deviation of the particle size from the mean value is not negligible.

An accepted approach, in the case of non-uniform spheres, is to use an

average particle size. For example, Balakrishnan and Pei [1] suggest a simple

arithmetic average value while a area-volume average for the particle diameter

of the bed is suggested by de Souza-Santos [4]. Despite such modifications,

the numerical simulations show significant deviation with experimental results

[2, 11]. Therefore, no concrete approaches have been proposed to characterize

the heat transfer in polydisperse systems.

To date, most of the correlations are based on experimental data. It is a

difficult task to measure the effect of polydispersity on the drag force or heat

transfer experimentally, in particular when the effect on individual particle types

must be considered.

Accurate prediction of fluid-solid flows needs improved thermal and hydrody-

namic models, which require better understanding of the effect of polydispersity.

Unlike multiphase experimental techniques, direct numerical simulation (DNS)

can provide detailed information at the small scale in multiphase systems. One

of the biggest advantages of DNS is that the operating conditions can be per-

fectly controlled, which is often not the case in experiments. Based on accurate

numerical data from lattice-Boltzmann simulations Hill et al. [9] and Van der

Hoef et al. [10] proposed new drag force relations. Van der Hoef et al. [10] and

Beetstra et al. [3] conducted extensive DNS to characterize the drag force in

mono- and bidisperse arrays of spheres. They proposed a correlation for the

drag force applicable to both mono- and polydisperse systems, based on the

Carman-Kozeny equations. Recently, the mono- and polydisperse systems were
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studied by other researchers as well (such as [14, 17]) and new correlations were

proposed.

DNS has been extended to heat transfer problems [5, 12, 15] and the HTC

was estimated for the fixed random arrays of mono-dispersed spherical particles.

These results show significant deviations between numerical HTC and prediction

of empirical correlations even in beds with mono-disperse spherical particles.

To the authors knowledge, no numerical study has been performed to inves-

tigate heat transfer in polydisperse systems of spherical particles. In this paper,

a first step is made towards assessment of the effect of polydispersity on the

heat transfer in packed and fluidized beds. The focus of our study is on binary

systems, although it can be extended readily to polydisperse systems.

The numerical approach that we employ here is similar to the approach

used by Tavassoli et al. [12] to measure the HTC in monodisperse systems.

DNS approach has been employed to simulate bidisperse systems. In the DNS

approach, the fluid and solid phases are treated by considering the Navier-

Stokes equations and the Newtonian equations of motion (for particles that

move), respectively. The mutual interactions between the phases are obtained

by enforcing the appropriate boundary conditions at the surface of the particle

(e.g. no-slip and Dirichlet boundary condition for momentum and heat transfer,

respectively) and no empirical correlations are required. Consequently the DNS

approach can improve our insight regarding the effect of non-ideality on the

hydrodynamic and thermal behaviors of the multiphase system. In this study,

we employ the immersed boundary (IB) method to simulate non-isothermal

flows through a fixed bed packed with random bidisperse spherical particles. The

physical model is constructed by distribution of 54 non-overlapping spherical

particles in a cubic domain using a standard Monte Carlo procedure for hard

spheres . A cold fluid flows through the hot particles in the bed and interchanges

the heat and momentum with particles. From the detailed flow and thermal

fields, information on the average and distribution of the heat transfer coefficient

of the system can be obtained.

The paper is organized as follows. First, the governing equations and numer-
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ical solution method are discussed. Next, the HTCs of fixed random arrays of

bidisperse systems are determined based on the Sauter mean diameter and then

compared with well-known correlations. Then the HTC of each type of particle

is characterized as well. The conclusions are provided in the last section.

Physical model and numerical method

Physical model

The physical domain is a 3-dimensional duct that consists of an inlet, packed

and outlet section, as shown in Fig. 1a. A total of 54 non-overlapping spherical

particles, with NS spheres of diameter DS and NL = 54−NS spheres of diameter

DL, are distributed randomly in the packed section by means of a Metropolis

Monte Carlo procedure (subscripts L and S denote large and small particles,

respectively). The diameter ratio that was considered is DS : DL = 1 : 2. By

changing the relative amount of small and large particles, i.e. NS : NL, the

influence of the composition on the heat transfer is investigated. The packed

section has dimensions L × L × L and the sizes of inlet and outlet sections

are the same and set to DL × L × L for all simulations in this study. The

desired size L for a given solids volume fraction φ can be determined from

φ = π
6 (NSD

3
S +NLD

3
L)/L3.

The cold fluid flows enters with a temperature T0 and flows through the

duct in the (streamwise) x-direction. In spanwise (y and z) directions periodic

boundary conditions are imposed to avoid wall effects. All spheres are main-

tained at a constant temperature Ts and exchange energy with the flowing fluid.

Therefore only the packed section is active in heat transfer. The fluid physical

properties are assumed to be independent of temperature.

The following Navier-Stokes and thermal energy equations were solved for

an unsteady incompressible fluid flow with constant physical properties and
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negligible viscous heating effects:

∂~u

∂t
+ ~u · ∇~u = −ρ−1~∇p+ ν∇2~u+ ~fIB (1)

~∇ · ~u = 0 (2)

∂T

∂t
+ ~u · ∇T = ν Pr−1∇2T +QIB, (3)

where ρ, ν, ~u, T and p are the density, kinematic viscosity, velocity field, temper-

ature and pressure of the fluid, respectively. The Prandtl number, Pr, is taken

to be 1 and the fluid kinematic viscosity and fluid density are set to 10−5 m2/s

and 1 kg/m3 in all simulations. The source terms ~fIB and QIB represent the

hydrodynamic and thermal fluid-solid interactions, respectively.

The boundary conditions for this simulation were set as follows:

• At the inlet (x = 0), uniform axial velocity U and temperature T0 of the

fluid are imposed:

uy = uz = 0, ux = U, and T = T0. (4)

• At the outlet (x = X), the boundary conditions are:

∂~u

∂x
= 0,

∂T

∂x
= 0. (5)

• On the periodic boundaries:

~u(x, 0, z) = ~u(x, Y, z), T (x, 0, z) = T (x, Y, z)

~u(x, y, 0) = ~u(x, y, Z), T (x, y, 0) = T (x, y, Z)
(6)

where Y and Z are the size of domain in y and z directions, respectively.

• At the particle surface, Dirichlet conditions were used for the velocity

(no-slip) and temperature,

~u = 0, T = Ts. (7)

To minimize the influence of the inlet and outlet boundary conditions the inlet

and outlet sections as shown in Fig. 1a were added. By varying their size

and monitoring the influence on the results it was found that the results were

invariant for inlet and outlet regions of length DL or larger.
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Numerical method

The simulation of this system had been performed by using the immersed

boundary method (IBM) extended to handling heat transfer. This method

is explained in detail in Tavassoli et al. [12]. Therefore, we describe it only

briefly in this section. In IBM, the fluid occupies the whole domain, even inside

the particles, and is modeled on the fixed Eulerian grid. The momentum and

energy equations are discretized and solved by the finite difference method on

this staggered Eulerian grid. A fractional-step method is used to integrate the

equations in time. A particle is represented by Lagrangian points uniformly

distributed over the outer boundary of the particle (Fig. 1b).

The mutual hydrodynamic and thermal interactions between the fluid and

the particle are modeled by introducing the volume forcing and volumetric heat

source terms in momentum and energy equations, respectively. These terms

are calculated such that the desired boundary conditions are satisfied on the

immersed boundary (i.e. no-slip velocity and Dirichlet boundary conditions).

In each time step, the immersed boundary source terms are calculated at the

Lagrangian points. and then they are distributed to the neighbor Eulerian grid

nodes by means of regularized delta-functions. These source terms are non-zero

only over the region near to immersed boundary interface.

An error analysis on the Nusselt number computed in a random array of

monodispersed spherical particles can be uploaded from the supplementary ma-

terials section. For a similar resolution as used in the current paper it was found

that the results have a statistical error of 2 to 5% when a sample of 5 configura-

tions was used. The current simulations consider 3 samples instead of 5 so the

statistical error will be a factor
√

5/3 larger. The deviation due to the finite

resolution of the computations was found to be approximately 10%. Thus the

total error is about 15%. Deviations depend on Reynolds number and solids

volume fraction. Table 1 reports the mesh sizes used to generate the results

reported in this study. These are chosen such that all the results have about

the same accuracy. In the figures in this paper error flags are not shown. The

first reason is that error estimates for individual data points are not available.
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The next reason is that there are different errors. The 15%-error is the error

on the value of a single data point. However, when varying for example the

Reynolds-number the same particle configurations are used. This means that

when looking at changes of values statistical errors will largely cancel. For dif-

ferences of values at different Reynolds numbers the error in this difference is

expected to be, say, 15% of the difference instead of 15% of the absolute value.

Therefore trends with varying parameters such as changing Reynolds numbers

are still relatively accurately predicted. This correlation of errors can not be

captures using error flags.

Heat transfer correlations in packed and fluidized beds

A large number of empirical correlations have been proposed in literature

to characterize the fluid-particle heat transfer in packed and fluidized beds.

Tavassoli [13] examined the heat transfer in fixed random arrays of monodis-

perse spheres by using DNS. He compared the numerical HTC of monodisperse

systems with well-known heat transfer correlations (i.e. Gunn correlation [8]).

Based on his simulation data, Tavassoli refitted the Gunn correlation and ex-

tract the following relationship for the convective HTC for the whole range of

solids volume fractions.

NuRefit = (7.0−10ε+5ε2)(1+0.1Re0.2Pr1/3)+(1.33−2.19ε+1.15ε2)Re0.7Pr1/3

for 0 < Re < 102, and 0.35 < ε(= 1− φ) < 1 (8)

In this study, the simulation results are compared to the refitted Gunn cor-

relation Eq. (8). If the simulation results for the bidisperse match with the

curves from Eq. (8) this means that the same correlation can be used for both

monodisperse and bidisperse systems.
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Results and discussion

Overall HTC for bidisperse systems

To date, no heat transfer correlation is proposed for specifically polydisperse

systems. For fixed particles (e.g. a packed bed) an accepted approach is to

find the corresponding mono-disperse system that has the same HTC of the

polydisperse system. In other words, the Reynolds and solids volume fraction

for polydisperse system must be defined. In that case a general heat transfer

correlation can be used for both mono- and polydisperse systems. It is com-

mon to consider the same solids volume fraction of polydisperse system for the

corresponding mono disperse system.

The overal Reynolds and Nusselt numbers are defined as

Re = UsDe/ν and Nu = hDe/k, (9)

where De is an effective diameter of the polydisperse system and k the thermal

conductivity of the fluid. De represents, in fact, an equivalent sphere diameter

of the corresponding monodisperse system. A variety of choices for De can be

found in literature. For example, Balakrishnan and Pei [1] and de Souza-Santos

[4] suggest a simple arithmetic average value and an average based on surface

area and particle volume for polydisperse system, respectively.

The HTC is expected to depend mostly on the available surface area of the

bed. Therefore, according to this expectation, a corresponding monodisperse

system that possesses the same volume over surface area ratio as the polydisperse

system might have closely similar heat transfer characteristics. Systems with the

same, so-called, Sauter-mean diameter have (at equal solids-volume fractions)

the same fluid volume to surface area ratio,

DSau =

∑
iNiD

3
i∑

iNiD
2
i

, (10)

where Ni is the number of particles with diameter Di. In this study we therefore

test the suitability of using the Sauter-mean diameter, DSau, for De in the non-

dimensional numbers of the polydisperse system. In order to test this suitability,
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the Nusselt numbers were computed from the simulations for fixed arrays of

bidispersed spherical particles.

To obtain the overall Nusselt number the same procedure is used as in pre-

vious work [12, 13]. First, the bed is divided into slices (perpendicular to the

flow direction). The slices are taken so thin that the temperature does not

change significantly in the streamwise direction. The thermodynamic driving

force is taken to be the particle temperature minus the cup-averaged tempera-

ture corresponding to that slice, let’s call this ∆Tslice. Next, the total heat flow,

Qslice,through the particle surfaces in that slice to the fluid is computed. In the

IBM used the heat flows at the marker points are computed such that constant-

temperature boundary conditions are obeyed. Computation of the total heat

flow in a specific slice consists of summing all heat flows from the marker points

that are located in that slice. To determine the heat transfer coefficient we

compute

hf,slice =
Qslice

ap Vslice∆Tslice
. (11)

Here ap is the specific surface area (which equals 6φ/DSau with φ the solids

volume fraction). If we consider hf,slice along the packed section we see an

entrance effect over a length of 2DL and an exit effect over the last part of the

packed section of length DL (see [13]). In the middle of the packed section the

value of hf,slice fluctuates around a constant value. The overall HTC is then

computed as the average of hf,slice over the slices in the middle part of the

packed section.

Fig. 2 shows a typical axial profile for a slice-based Nusselt number. It

can be seen that inside the ‘packed region’ a constant value is obtained with

large fluctuations. The average Nusselt number is obtained by considering the

internal region of the bed. Therefore the inlet and outlet regions plus small

adjacent developing regions are left out of consideration. The Nusselt number

for this configuration equals 8.4 with a standard deviation of 2.0. For each

composition (determined by φ, NL and NS) we considered three independent

configurations of spheres. For this case the other two values of average Nusselt
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numbers (plus standard deviation) are 9.6 (2.7) and 9.6 (2.3) respectively. The

standard deviation is not the same as the statistical error on the average. To

obtain an estimate of this error the standard deviation needs to be divided by

the square-root of the number of uncorrelated samples. Because Nu(x) can be

expected to be correlated in the axial direction over a length scale of typical (a

few)DL there will be not that many uncorrelated samples. For the squared-error

estimate we average individual squared-errors and divide it by the number of

samples (3). This statistical error estimate is consistent with the one obtained

for random arrays of monodispersed spheres presented earlier. The average

value for the mean Nu over the three realizations equals 9.2. This number is

one of the results reported in Fig. 4b.

Figs. 3 and 4 show that Nusselt numbers of bidisperse systems obtained by

DNS together with results obtained from the modified Gunn correlation, Eq. 8.

In these figures the Reynolds number based on the Sauter mean diameter is

used (as opposed to later figures where the Reynolds number based on DL

is used). The Nusselt numbers are obtained for solids volume fractions φ =

0.4, 0.5 and 0.6 at a range of Reynolds numbers and mixture compositions.

As said before the expected error on the individual data points is about 15%.

For different Reynolds numbers the same configurations are considered. This

means that when looking at differences errors will largely cancel and the error

in the difference is also expected to be 15% of this difference instead of 15% of

the absolute value. The results are compared with results for fixed arrays of

monodispersed spherical particles. It is observed that the DNS results of mono-

and bidisperse systems agree well with each other for the investigated operations

conditions. Therefore, our results indicate that the overal Nusselt number for a

bed with with mono and bidispersed spherical particles can be correlated with a

general equation if provided that the effective diameter of the bidisperse system

is based on the Sauter-mean diameter.
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The species HTC in bidisperse systems

In simulations of polydispersed systems using coarse-grained approaches,

the HTC of each type of particle is required. The local HTC is computed

from the heat flow rate from the particle, the temperature difference between

the particle, the cup-averaged temperature at the stream-wise position of the

particle’s center, and its area,

hi =
Qi

πD2
i∆Ti

and Nui =
hiDi

k
. (12)

Note that we choose to use the particle diameter to define the particle Nusselt

number and Qi is the total heat flow rate from particle i to the fluid. The

temperature difference used, ∆Ti, is the particle temperature minus the the fluid

cup-mixing temperature corresponding to the cross-sectional slice that passes

through the center of sphere i. Contrary to the experimental methods, the value

of Nui can be readily obtained with the aid of DNS.

In our case we consider a bidisperse mixture of large and small species. The

average Nusselt number per species is,

NuL =
1

NL

NL∑
j=1

NuL,j and NuS =
1

NS

NS∑
j=1

NuS,j . (13)

Note that the overall Nusselt number can be obtained from the total heat flow

rate by summing the heat flow rates of the small and large particles. In this

case the particle diameter in definition Eq. (12) needs to be taken into account

to go from species Nusselt number to species heat transfer coefficient. Next,

the area needs to be taken into account. The effective diameter enters from the

definition Eq. (9). The formula for the overall HTC becomes,

Nuav =

∑
iNi(Ai/Di)Nui∑
iNi(Ai/De)

=

∑
iNiDiNui∑
iNi(D

2
i /De)

(14)

Here Ni is the number of particles of species i (i = L, S in our case). Note that

the derived formula is general. For our choice we need to substitute De = DSau.

Note that now we have introduced two ways to compute the overall Nus-

selt number, namely, by means of the overall HTC defined by Eq. (11) and via

11



the averaging of individual particle Nusselt numbers, Eq. (13). For large sys-

tems these two ways are expected to give the similar value. Differences can be

expected if the variation of the cup-averaged temperature is significant over a

particle diameter. If the cup-averaged temperature varies nearly linearly over

a particle the difference between using the temperature at the center of the

particle is expected not to be a severe approximation. The linear variation will

almost average out when assigning all the heat flow to the central position of the

particle. In Fig. 5 a typical axial temperature profile is shown. The temperature

decay is expected to be exponential inside the packed region. It is observed that

the dimensionless temperature changes by 35% over the diameter of a large par-

ticle. At 35% of exponential decay the curvature of the decay comes into play

and the linear approximation gives some deviation in the two Nusselt number

definitions.

Also, because small systems are considered fluctuations will be a source of

mismatch. Fig. 6 shows a parity plot where the two overall Nusselt numbers are

compared. The deviation from x = y indicates the level of mismatch.

With the aid of the DNS approach, we are able to obtain individual particle

Nusselt numbers, Nuj , at different operating conditions. These can next be

used to compute the species Nusselt numbers and the overall averaged Nusselt

number. Figs. 7, 8 and 9 present the Nuav, NuS and NuL (subscripts L and S

refer to the large and the small spheres, respectively) for a range of Reynolds

numbers and compositions at several solids volume fractions. These figures show

that (as expected) all the three Nusselt numbers, Nuav, NuL and NuS , increase

with the Reynolds number.

Heterogeneity of heat transfer in bidisperse systems

Thus far, the discussion was concerned with the average Nusselt numbers

of species i in a bidisperse systems. In Fig. 10 two histograms are shown for

the occurrence of individual Nusselt numbers in two typical systems. The indi-

vidual particles are categorized in species. It is clear from this figures that the

histograms are broad, but not fully overlapping for two species.
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The variation of the particle Nusselt number NuS,j around the mean Nusselt

number of each species in bidisperse systems can be quantified by the relative

standard deviation as,

σrel,S =
1

NuS

√∑NS

j=1(NuS,j −NuS)2

NS − 1
, (15)

σrel,L =
1

NuL

√∑NL

j=1(NuL,j −NuL)2

NL − 1
, (16)

Figs. 11, 12 and 13 shows the values of σrel,L and σrel,S as a function of φ and the

Reynolds number. From these figure it can be seen that σrel,S and σrel,L increase

with decreasing Re and increasing φ. σrel,S and σrel,L are as high as 60% and

86%, respectively, in the most extreme cases. This deviation originates from

the heterogeneity in the microstructure in vicinity of the particle. The effect of

heterogeneity of microstructure is discussed in more detail in Tavassoli [13] for

monodisperse systems.

The deviation for drag and HTC in monodisperse systems was character-

ized in Kriebitzsch et al. [7] and Tavassoli [13], respectively. They tried to

relate this deviation for each particle to the local microstructure information.

For example, Kriebitzsch estimated that the particle drag coefficient based on

the local solids volume fraction for each particle φl, using Voronoi tessellation

method. However, Kriebitzsch stated that the deviation increases if the local

solids volume fraction is used in the estimate of the particle drag coefficient.

In Tavassoli [13] the fluctuation of particle HTC with respect to the average

value of the bed was characterized using DNS for random arrays of equal sized

spheres. It was concluded that the fluctuation might be modeled in a stochastic

manner. Although no stochastic model was proposed, it was shown that the

variation of particle HTC around the average HTC of the bed can be decreased

somewhat by defining a proper local Reynolds number and thermal driving

force.

We observe that the local microstructure effect in bidisperse systems is more

pronounced in comparison to monodisperse systems. More extensive studies are

required to quantify the relation between the local microstructural information
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and local particle HTC in a bidisperse system. This is, however, beyond the

scope of this study.

Conclusions

In this study, DNS is employed to study the heat transfer in stationary arrays

of bidisperse spheres. The physical model is constructed by a random distri-

bution of bidisperse spheres in a box. On the basis of detailed analysis of the

computed temperature distributions, the average HTC of the bed is determined

as function of operating conditions. Our results reveal that the average HTC

of binary systems can be determined according to the heat transfer correlation

for monodisperse system if the Reynolds and Nusselt number are based on the

Sauter mean diameter. Based on our DNS results, we characterized the HTC of

each species of particles in a binary system as function of solids volume fraction

and diameter ratio.

In addition, the fluctuations of the particles HTC of each type with respect

to the average HTC of type i in a bidisperse system was quantified. Our DNS

results reveal that the particles HTC can differ up to 60% from the average

value of the particles. This altogether indicates that the particle HTC depends

strongly on the microstructural heterogeneity of microstructure in the vicinity

of the particle.
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Table 1: The ratio of large particle diameter DL to the grid size in order to obtain mesh

independent results. The particle Reynolds number in this table is based on the diameter of

the large particle.

Re, φ 0.1 0.2 0.3 0.4 0.5 0.6

10 20 20 20 30 30 30

30 20 20 30 30 30 30

50 20 30 30 30 40 40

70 30 30 40 40 40 40

100 30 30 40 40 40 40
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(a) (b)

Figure 1: a) Example of a bidisperse system used in DNS. N=54, NL = 24, DL/DS =

2, φ=0.5. The red and blue spheres represent large and small particles, respectively. b)

Representation of a sphere surface with Lagrangian points.
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Figure 2: The local slice-based Nusselt number, Nu(x), along the flow direction in the bed for

a configuration with, Re=39, NL = 14, NS = 40 and φ = 0.4.
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(a) NL = 6 and NS = 48
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(b) NL = 14 and NS = 40

Figure 3: The Nusselt number of bidispersed systems in comparison to the monodisperse

system and prediction on the basis of the modified Gunn correlation. Two compositions with

a low amount of large spheres are shown in a) and b) for the diameter ratio DL/DS = 2 and

3 solids volume fractions.
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(a) NL = 18 and NS = 36
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Figure 4: The Nusselt number of a bidispersed systems in comparison to the monodisperse

system and prediction on the basis of the modified Gunn correlation. Two compositions with

a higher amount of large spheres are shown in a) and b) for the diameter ratio DL/DS = 2

and 3 solids volume fractions.
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Figure 5: Local cup-averaged fluid temperature, T (x), along the flow direction in the bed for

a configuration with, Re=39, NL = 14, NS = 40 and φ = 0.4 (same case as Fig. 2).
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Figure 6: A parity plot where the two overall Nusselt numbers definitions, derived from heat

transfer coefficients Eq. 11 and Eq. 12, are compared for different Reynolds number (φ=0.5).
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Figure 7: Particle Nusselt number Nu, NuL, NuS when φ=0.4.
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Figure 8: Particle Nusselt number Nu, NuL, NuS when φ=0.5.
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Figure 9: Particle Nusselt number Nu, NuL, NuS when φ=0.6.
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(a) Re=100, φ=0.4, NL = 14 and NS = 40
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(b) Re=70, φ=0.4, NL = 14 and NS = 40

Figure 10: Distribution of the particle Nusselt number in the bed for two different Reynolds

numbers at the same solids volume fraction and composition.
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Figure 11: σrel,L, σrel,S when φ=0.4.
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Figure 12: σrel,L, σrel,S when φ=0.5.
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Figure 13: σrel,L, σrel,S when φ=0.6.
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Figure 13: σrel,L, σrel,S when φ=0.6.
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