
International Journal of Heat and Mass Transfer 198 (2022) 123382 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Validation study of a Spatially-Averaged Two-Fluid Model for heat 

transport in gas-particle flows 

Stefanie Rauchenzauner a , ∗, Simon Schneiderbauer a , b 

a Christian Doppler Laboratory for Multi-scale Modelling of Multiphase Processes, Johannes Kepler University, Altenbergerstr. 69, Linz, 4040, Austria 
b Department of Particulate Flow Modelling, Johannes Kepler University, Altenbergerstr. 69, Linz, 4040, Austria 

a r t i c l e i n f o 

Article history: 

Received 20 April 2022 

Revised 19 August 2022 

Accepted 21 August 2022 

Available online 5 September 2022 

Keywords: 

Heat transfer 

Thermal energy balance 

Multiphase turbulence modeling 

Multi-scale modeling 

Cluster-induced turbulence 

Dynamic adjustment 

a b s t r a c t 

We validate a multi-scale turbulence model for the thermal energy estimation in coarse-grid simulations 

of moderately dense gas-particle flows. The model is based on spatially-averaging the Two-Fluid Model 

balance equations including the thermal energy balance equation of both phases. We found, that the 

drift temperature is a valid measure for the heat transfer reduction due to heterogeneous particle clus- 

ters. Furthermore, we propose the dynamic estimation of the drift temperature through the application 

of test-filters and the solution of transport equations for the variances of the phase temperatures and 

the solid volume fraction. Closure models for the Reynolds stress contributions are based on single-phase 

Large-Eddy Simulation models, such as gradient assumptions. In this study, we consider different test- 

cases including Geldart type A and type B particles in moderately dense regimes with domain averaged 

volume fractions ranging from 0.05 to 0.25. The operating conditions include unbounded sedimentation 

under gravity, as well as a turbulent-sluggish fluidization. In all cases, we discuss the influence of the 

meso-scale particle clusters on the macro-scale temperature distributions through the individual contri- 

butions of the unresolved terms in coarse-grid simulations. Thereby, we find that the dynamic estima- 

tion of the drift temperature leads to accurate results for the influence of local heat sinks on the global 

temperature difference decay between the phases and that the jump-response of a fluidized bed to an 

elevated gas-inflow temperature is correctly captured by the proposed multi-phase turbulence model. 

Furthermore, the importance of the correct estimation of the hydrodynamics for a correct prediction of 

the thermodynamics is highlighted. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Reacting gas-particle flows play an active role in well- 

stablished and recent advances in chemical engineering and vari- 

us other industries. Design and optimization of reactors are chal- 

enging problems, which need modelling and simulation effort s in 

rder to produce reliable predictions for the operation processes. 

ince the reacting solid’s sizes are usually several orders of mag- 

itude smaller than the reactor dimensions, fully resolved simula- 

ions of all scales involved in the process are not feasible, as they 

re limited by computational power. 

A widely used approach is to employ very coarse computational 

rids to be able to simulate the whole reactor domain in a rea- 
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onable time. By doing so, however, information on the unresolved 

icro- and meso-scale structures is lost. Especially the meso-scale 

tructures, i.e. particle clusters which form due to a clustering in- 

tability induced by an external body force, such as gravity, due to 

he momentum coupling between the phases, were found to have 

 crucial influence on the macro-scale flow properties. For exam- 

le, the local and global heat transfer between the phases is con- 

iderably overestimated when the effect of cluster-induced turbu- 

ence is not accounted for [1] . 

Many modelling effort s were presented by various groups of re- 

earchers to correctly predict the drag-force correction in coarse- 

rid simulations of gas-particle flows. Since the momentum equa- 

ions are not the focus of this work, we refer the interested reader 

o previous studies, i.e. [2–5] , and the papers referenced therein. 

 significantly smaller number has dealt with the influence of the 

eso-scale structures on the macro-scale heat transfer and tem- 

erature distribution [6] . Recently, however, more and more ef- 

orts are put in this direction. These advances are equally seen 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

β drag coefficient 

g gravitational acceleration 

u solid-phase velocity 

v gas-phase velocity 

�f fine-grid size 

γ interphase heat transfer coefficient 

κq , q = s,g effective thermal conductivities of the phases 

νtq , q = s,g turbulent viscocities of the phases 

φ solid volume fraction 

ρq , q = s,g phase densities 

	fr 
ik 

frictional stresses 

	
g 
ik 

gas-phase stresses 

	kc 
ik 

kinetic-theory stresses 

τp 

particle response time 

τT particle thermal response time 

T g gas-phase temperature 

T s solid-phase temperature 

ξ ∗
T 

correlation coefficients 

c v , q , q = s,g specific heat capacities of the phases at con- 

stant volume 

d s particle diameter 

k q , q = s,g turbulent kinetic energies of the phases 

Nu Nusselt number 

p pressure 

P r tq , q = s,g turbulent Prandtl numbers of the phases 

Re particle Reynolds number 

Sc tq , q = s,g turbulent Schmidt numbers of the phases 

T diff normalized temperature difference 

T d 

drift temperature 

SATFM Spatially-Averaged Two-Fluid Model 

TFM Two-Fluid Model 

n the context of pseudo-turbulence, i.e. fluctuations produced by 

he existence of single particles in the flow. Thereby, informa- 

ion about the unresolved terms on the micro-scale is taken from 

article-Resolved Direct Numerical Simulations (PR-DNS) and clo- 

ure models for the fluctuating components, such as the pseudo- 

urbulent heat flux [7] , as well as adapted Nusselt number cor- 

elations have been proposed [8] . In order to predict the unre- 

olved contributions on the meso-scale, earlier approaches include 

tructure-based energy-minimization multi-scale (EMMS) methods, 

here Hou and Li [9] developed and validated models for the heat 

nd mass transfer correction due to heterogeneities in gas-particle 

uspensions. In addition, filtered models, which are derived from 

patially-averaging reference Two-Fluid Model (TFM) fine-grid sim- 

lation data, were initially derived by Agrawal et al. [10] and sub- 

equently improved by addition of further physical markers [11,12] . 

n the context of Computational Fluid Dynamics - Discrete Ele- 

ent Models (CFD-DEM), for example, recent studies dealt with 

he influence of sub-grid heterogeneities on the macro-scale heat 

ransfer and developed filtered models based on CFD-DEM data of 

ono- [13] and bi-dispersed [14] particle suspensions. A different 

pproach to filtering is the coarse-grained particle model in CFD- 

EM. Thereby, a number of particles are treated as one individ- 

al larger particle in the simulation in order to reduce the load on 

omputational resources. For the correct estimation of the momen- 

um, heat and mass transfer of the coarse-grained particles, mod- 

ls were developed based on conservation considerations [15,16] or 

ased on the EMMS method in earlier studies [17] . As for the drag

orrection, newer studies employ machine-learning techniques in 

rder to predict the influence of the meso-scale structures on the 
2 
eat transfer based on physical markers [18,19] . A multiphase tur- 

ulence modelling approach based on Eulerian-Lagrangian simula- 

ions of unbounded sedimentation revealed that the covariance be- 

ween the solid volume fraction and the temperature difference of 

he phases is the main source of heat transfer reduction in dilute 

as-particle flows [20] . This finding can be viewed as an equiva- 

ent to the drag-force reduction by the drift velocity, which can be 

xpressed as the covariance between the gas-phase velocity and 

he solid volume fraction, in rather dilute gas-particle flows [21] . 

urthermore, we found in an a priori study, that the drift temper- 

ture is also accountable for the heat transfer reduction in mod- 

rately dense gas-particle flows [1] . This can directly be related to 

he drag force reduction due to the drift velocity in moderately 

ense regimes, which was observed more recently [3,22,23] . Dif- 

erent closure models for the covariance between the volume frac- 

ion and the temperature have been proposed, ranging from sta- 

istical approaches involving presumed-shape probability distribu- 

ion functions for the variables [20] to neural-network based pre- 

ictions for the drift temperature [19] . These approaches rely on 

he availability of data for the considered cases and it cannot be 

ertain that functional-fit models, presumed-shape probability dis- 

ribution functions, or neural network weights work well for cases 

ith different parameters than the ones they were initially devel- 

ped for or trained on. On the other hand, structural models rely 

n some a priori considerations and estimations of the underly- 

ng flow-structure. Coarse-grained CFD-DEM models still require 

ore computational power to correctly detect particle collisions 

nd these approaches are often restricted by geometric limitations 

24] . 

In contrast, our new approach is to model the covariance be- 

ween the solid volume fraction and the gas-phase temperature by 

he variances of the variables scaled by a linear correlation coeffi- 

ient. Based on the scale-invariance theory [25] , we suggest to cal- 

ulate the correlation coefficient dynamically in coarse-grid simu- 

ations through the application of test-filters known from single- 

hase LES modelling [26] . Thereby, information on the meso-scale 

ow properties is locally and dynamically derived from the macro- 

cale flow variables. Therefore, no specific a prioi knowledge about 

he flow properties is needed, thus, providing a vast applicability 

n a large variety of cases, including different particle types and 

perating conditions, as we have shown in the case of a dynami- 

ally calculated drift velocity correction to the drag force [2] . Cou- 

led transport equations are solved for the variances of the solid 

olume fraction, the velocities (i.e. the turbulent kinetic energies) 

nd temperatures of the phases. In this work, we aim to validate 

he extended approach to scalar transport also in an a posteriori 

nalysis. In particular, we aim to validate the drift temperature cor- 

ection model with the described dynamic adjustment, as well as 

dditional closure models for the unresolved terms in the internal 

nergy balance equations against fine-grid TFM simulation data. 

The paper is structured as follows. Firstly, we recall the gen- 

ral idea behind the Spatially-Averaged Two Fluid Model (SATFM) 

nd its applications to the temperature balance equations, includ- 

ng a detailed discussion of the drift temperature closure models 

nd the dynamic adjustment. Furthermore, we describe the test- 

ase set-ups, for which we chose to validate the models, which we 

erived in an a priori study [1] , in an a posteriori analysis. These

nclude unbounded sedimentation cases, where we observe the in- 

uence of the drift temperature on the interphase heat transfer in 

lustered systems, and a section of an elongated fluidized bed re- 

ctor, where we investigate the jump-response to an elevated in- 

ow gas temperature on the overall temperature distribution. Fi- 

ally, we discuss the simulation results with respect to the impact 

f each unresolved term on the macro-scale temperature distribu- 

ion and discuss the validity of the models on differently coarse 

rid-sizes. 
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. The Spatially-Averaged Two-Fluid Model 

The SATFM is a multiphase turbulence model aimed at pre- 

icting the influence of unresolved meso-scale structures on the 

acro-scale flow properties. A priori investigations of the momen- 

um [3,27] and heat [1] transfer between the gas- and moder- 

tely dense solid-phase revealed that, similar to the dilute case 

21] , drift scalars can be employed to model the effect of clusters, 

hich are not resolved in coarse-grid simulations. As the naming 

uggests, the models are based on the kinetic-theory Two-Fluid 

odel equations, which consist of continuous equations of motion 

or both phases: 

∂φ

∂t 
+ 

∂ 

∂x k 
(φu k ) = 0 , (1) 

∂(1 − φ) 

∂t 
+ 

∂ 

∂x k 
((1 − φ) v k ) = 0 , (2) 

∂ρs φu i 

∂t 
+ 

∂ 

∂x k 
(ρs φu i u k ) = −φ

∂ p 

∂x i 
+ 

∂ 

∂x k 

(
	kc 

ik + 	fr 
ik 

)
+ β(v i − u i ) + φρs g i , (3) 

∂ρg (1 − φ) v i 
∂t 

+ 

∂ 

∂x k 
(ρg (1 − φ) v i v k ) = −(1 − φ) 

∂ p 

∂x i 
+ 

∂ 

∂x k 
	

g 
ik 

−β(v i − u i ) + (1 − φ) ρg g i . (4) 

ere φ represents the solids volume fraction, u and v are the 

olid- and gas-phase velocities, ρs and ρg are the phase densities, 

p and 	
g 
ik 

are the gas-phase pressure, which is distributed over the 

hases, and stress tensor, g is the vector of gravitational accelera- 

ion and β is the drag coefficient. In the herein considered mod- 

rately dense regimes, drag coefficients proposed, for example, by 

en and Yu [28] or Beetstra et al. [29] can be applied. The micro-

copic solid-phase stresses 	kc 
ik 

and 	fr 
ik 

are closed by the solving 

or the granular temperature of the solid phase, a construct simi- 

ar to the thermodynamic temperature representing the collisions 

etween the particles. Details on the kinetic-theory based TFM can 

e found in various previous papers, i.e. [30–32] , and will not be 

epeated here. In this work, we will focus on the thermal energy 

alance equations for both phases: 

∂φρs c v , s T s 

∂t 
+ 

∂ 

∂x k 
(φρs c v , s T s u k ) = −φp 

∂ 

∂x k 
u k + 	kc 

ik 

∂ 

∂x k 
u i 

+ 

∂ 

∂x k 

(
φκs 

∂ 

∂x k 
T s 

)
+ γ (T g −T s ) ,

(5) 

∂(1 − φ) ρg c v , g T g 

∂t 
+ 

∂ 

∂x k 
((1 − φ) ρg c v , g T g v k ) = −(1 − φ) p ∂ 

∂x k 
v k + 	g 

ik 
∂ 

∂x k 
v i 

+ 

∂ 

∂x k 

(
(1 − φ) κg 

∂ 

∂x k 
T g 

)
−γ (T g − T s ) . 

(6) 

ere T s and T g are the phase temperatures, c v , g and c v , s the spe- 

ific heat capacities at constant volume, and κg and κs the effective 

hermal conductivities of the phases. These balance equations in- 

lude the transient behaviour, as well as the convection and con- 

uction within the phases. In addition, heat production through 

iscous heating and the coupling between the kinetic and thermal 

nergy through the compressibility of the phases, the pressure di- 

atation, is considered. Finally, the interphase heat transfer coeffi- 

ient is given by: 

= 

6 κg φNu 

d 2 
. (7) 
s 

3 
n this study, we employed the Nusselt number derived by Gunn 

33] : 

u = 

(
7 − 10 · ( 1 − φ) + 5 · ( 1 − φ) 

2 
)

·
(
1 + 0 . 7 Re P r 1 / 3 

)
+ 

(
1 . 33 − 2 . 4 · ( 1 − φ) + 1 . 2 · ( 1 − φ) 

2 
)

· Re 0 . 7 P r 1 / 3 . 

ote that we formulated the temperature equations in terms of the 

nternal energies. Likewise, we can write the balance equations in 

erms of the enthalpies of the phases using c p , g and c p , s , the spe-

ific heat capacities at constant pressure. Then, also the work of 

xpansion of the phases has to be included in the equations. 

Furthermore, we stress that the effective thermal conductivity 

f the solid phase κs is a function of the solid volume fraction 

nd, in particular, of the granular temperature. For further discus- 

ion of the individual micro-scale contributions, we refer the inter- 

sted reader to our previous a priori study [1] . We want to high-

ight, however, that pseudo-turbulence effects, such as the pseudo- 

urbulent heat flux, are neglected in this study, since the fil- 

ered pseudo-turbulent viscosities and thermal conductivities were 

ound to only have insignificant influence on the results of the fil- 

ered Two-Fluid Models for sufficiently large filter-sizes [1,3,10,34] . 

Through the application of spatial filters to the TFM balance 

qs. (1) –(6) , we are able to split the variables into their filtered, in

ther words, resolved part in coarse-grid simulations, and fluctuat- 

ng components, which need to be modelled. A general description 

f a spatial filter is given by: 

(x , t) = 

∫ 
V 

ω(x , y , �f ) ζ (y , t) d V y , 

ith a filter kernel ω(x , y , �f ) , which satisfies 
 

V 

ω(x , y , �f ) d V y = 1 , 

or every point in space x and every control volume V , whose elon-

ations are larger than the filter size �f . By using Favre-, or phase- 

verages, 

〈 T s 〉 s = 

φT s 

φ̄
, 

 T g 〉 g = 

(1 − φ) T g 

(1 − φ̄) 
, 

e can describe the unresolved components of the variables by: 

φ′ = φ − φ̄, 

T ′′ s = T s − 〈 T s 〉 s , 
 

′′′ 
g = T g − 〈 T g 〉 g . 

e want to emphasize that we use the definition of central mo- 

ents as proposed by Rauchenzauner and Schneiderbauer [1] , Ger- 

ano [35] for all covariances in this work (especially also the 

quations in Table 1 ), since spatial filters do not generally fulfill 

he identity ζ = ζ . 

In an a priori study [1] , we employed a budget analysis to con- 

lude which fluctuating components need closure and which can 

e neglected in comparison to their resolved parts. Thereby, we 

uggested i.e. to close the Reynolds-stress like contribution, which 

epresents turbulent thermal diffusion, by a gradient assumption 

losure model, which is widely used in single-phase LES modelling. 

he turbulent thermal diffusivity was related to the turbulent vis- 

osity by a turbulent Prandtl number of the order of unity. Most 

mportantly, we focused on the interphase heat transfer and found 

hat the resolved heat transfer in coarse-grid simulations severely 

verestimates the filtered heat transfer and that a sub-grid correc- 

ion is needed. Therefore, similar to the interphase drag exchange 

3] , we showed that the resolved heat transfer can be corrected by 

 drift scalar approach: 

(T g − T s ) ≈ ˜ γ ( 〈 T g 〉 g − 〈 T s 〉 s + T d ) . 
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ere, the drift temperature T d 

represents the gas-phase tempera- 

ure fluctuations as seen by the particles , defined as: 

 d = 

〈
T ′′′ g 

〉
s 

:= 〈 T g 〉 s − 〈 T g 〉 g . 
nd 

˜ γ := γ ((1 − φ̄) , 〈 v 〉 g , 〈 u 〉 s ) is the microscopic heat transfer co- 

fficient evaluated at the resolved variables. This approximation 

orresponds to a zeroth order Taylor series expansion of the fil- 

ered interphase heat transfer around the resolved variables. Fur- 

hermore, we found that the drift velocity can be expressed as a 

unction of the covariance between the solid volume fraction and 

he gas-phase temperature, therefore, we chose to model T d 

by the 

ariances of the variables scaled by a linear correlation coefficient: 

 d ≈
ξ ∗

T φg 

√ 

φ′ 2 〈T ′′′ g T ′′′ g 

〉
g 

φ̄(1 − φ̄) 
. (8) 

ere 
〈
T ′′′ g T ′′′ g 

〉
g 

is the gas-phase temperature variance, previously 

eferred to as the turbulent internal energy [1] . Transport equa- 

ions for the variances of the phase temperatures were derived and 

he unresolved contributions were closed using similar methods to 

he ones described above [1] . In addition, a transport equation for 

he variance of the solid volume fraction φ′ 2 needs to be solved 

2] . 

The corrected linear correlation coefficient is defined as, 

∗
T φg := 

φT g − φ T g √ 

φ′ φ′ 
√ 〈

T ′′′ g T ′′′ g 

〉
g 

, (9) 

nd can be calculated locally and dynamically through the applica- 

ion of test-filters in coarse-grid simulations [1–3,23,26] . 

In the context of finite volume methods, in particular, we apply 

 second-order approximation of a three-dimensional Gaussian or 

ox filter [2,36–38] : 

G, 2 = 1 + 

�2 
tf 

24 

∇ 

2 , (10) 

here ∇ 

2 is the Laplacian operator and �tf = 

√ 

24 / 7 �c is the size 

f the explicit filter, which is about two times the grid size �c . 

herefore, this filter fulfills the requirements for test-filters stated 

y Germano et al. [39] and coincides with the one used by Par- 

entier et al. [23] . 

Therefore, solving the transport equations for the turbulent ki- 

etic energies and the variances of the phase temperatures, as 

ell as a transport equation for the variance of the solids volume 

raction combined with the dynamic estimation of the correlation 

oefficients, allows us to predict the influence of the meso-scale 

ow structures on the macro-scale hydro- and thermodynamics. 
Table 1 

Transport equations for the mean internal energies and variances of the phase temperatu

SA-TFM balance equation for the internal energy of the solid- and gas phase: 

∂ ̄φ〈 T s 〉 s 
∂t 

+ 

∂ 
∂x k 

( ̄φ〈 T s 〉 s 〈 u k 〉 s ) = 

1 
c v , s ρs 

[
∂ 

∂x k 

(
φ̄〈 κs 〉 s ∂ 

∂x k 
〈 T s 〉 s 

)
+ ̃

 γ (〈 T g 〉 g − 〈 T s 〉 s + T d ) − φ̄ p ∂ 
∂x k 

〈
∂(1 −φ̄) 〈 T g 〉 g 

∂t 
+ 

∂ 
∂x k 

((1 − φ̄) 〈 T g 〉 g 〈 v k 〉 g ) = 

1 
c v , g ρg 

[
∂ 

∂x k 

(
(1 − φ̄) κg 

∂ 
∂x k 

〈 T g 〉 g 
)

− ˜ γ (〈 T g 〉 g − 〈 T s 〉 s +

+ 

∂ 
∂x k 

(
(1 − φ̄) 

νtg 

Pr tg 
∂ 

∂x k 
〈 T g 〉 g 

)
, 

Transport equation for the variance of the solid-phase temperature: 

∂ ̄φ〈 T ′′ s T 
′′ 

s 〉 s 
∂t 

+ 

∂ 
∂x k 

( ̄φ〈 T ′′ s T 
′′ 

s 〉 s 〈 u k 〉 s ) = 

∂ 
∂x k 

(
φ̄ νts 

Sc ts 
∂ 

∂x k 
〈 T ′′ s T 

′′ 
s 〉 s 

)
+ 2 ̄φ νts 

Pr ts 
∂ 

∂x k 
〈 T s 〉 s ∂ 

∂x k 
〈 T s 〉 s + 

2 
c v , s ρs 

Transport equation for the variance of the gas-phase temperature: 

∂(1 −φ̄) 〈 T ′′′ g T ′′′ g 〉 g 
∂t 

+ 

∂ 
∂x k 

((1 − φ̄) 
〈
T ′′′ g T ′′′ g 

〉
g 
〈 v k 〉 g ) = 

∂ 
∂x k 

(
(1 − φ̄) 

νtg 

Sc tg 
∂ 

∂x k 

〈
T ′′′ g T ′′′ g 

〉
g 

)
+ 2(1 − φ̄) 

νtg 

Pr tg 

+ ̃

 γ

( 

ξ ∗
Tgs 

√ 

〈 T ′′ s T 
′′ 

s 〉 s 
〈
T ′′′ g T ′′′ g 

〉
g 

− ξTg@s 

〈
T ′′′ g T ′′′g 

4 
able 1 contains a summary of the fully closed transport equa- 

ions for the mean internal energies and variances of the phase 

emperatures [1] , which are of particular interest in this study. For 

 detailed summary of the other transport equations, which are 

eeded to model the hydrodynamics, we refer the reader to our 

revious study ( [2] , Table 1 ). Note that we employ transport equa-

ions for the diagonal components of the Reynolds-stress like ten- 

or (the sub-filter stresses) and close the off-diagonal components 

ith correlation coefficients [2,3] , thus enabling an anisotropic clo- 

ure for the (momentum) Reynolds-stress like terms. As stated 

bove, the additional turbulent heat flux is closed nonetheless with 

 gradient assumption, which we found to be in sufficiently good 

greement in an a priori analysis [1] . 

. Case descriptions 

In order to evaluate the different effects of the unresolved con- 

ributions in coarse-grid simulations, we set up different test-cases, 

here we compared the results of fine-grid TFM simulations to the 

redictions obtained by using the SATFM model. Firstly, we consid- 

red unbounded fluidization/sedimentation of Geldart type A par- 

icles with different mass loadings. Secondly, we looked at a thin 

ut-out of an elongated lab-scale fluidized bed reactor of Geldart 

ype B particles. The physical properties of all validation cases are 

ummarized in Table 2 . 

Concerning the model constants present in the transport equa- 

ions, we used the ones provided in our previous study [3] , where 

he constants differ sightly between Geldart type A and type B par- 

icles. The turbulent Schmidt and Prandtl numbers are set to 1. The 

nthalpy equation is solved in favor of the internal energy equa- 

ion, since c p,s is usually known. 

The simulations were conducted using the open-source CFD 

oftware OpenFOAM 6 ( http://www.openfoam.org ), where we 

odified the two-phase flow solver twoPhaseEulerFoam to in- 

orporate the SATFM turbulence models. The modified solver can 

e downloaded via github at https://github.com/ParticulateFlow/ 

fmFOAM-public.git . The pressure-velocity coupling was solved us- 

ng the PIMPLE algorithm. We used the Gaussian theorem together 

ith linear interpolation to discretize the diffusive terms in the 

alance equations, whereas the SuperBee flux-limiter was used 

or the extrapolation of the convective terms [2,40] , since flux- 

imiters were shown to yield good predictions for bubble-shapes in 

revious studies [41,42] . Furthermore, we used first-order implicit 

chemes for time advancement, which are bounded. 

For the dynamic adjustment, we employed Eq. (10) with �tf = 

 

24 / 7 �c , using the Laplacian operator implemented in Open- 

OAM. Similar to single-phase LES modelling, we observed that 

he dynamic procedure can produce results with large fluctua- 
res [1] . 

 

u k 〉 s + 	kc 
ik 

∂ 
∂x k 

〈 u i 〉 s + C εs ̄φk s 

√ ˜ S s 
i j ̃

 S s 
i j 

]
+ 

∂ 
∂x k 

(
φ̄ νts 

Pr ts 
∂ 

∂x k 
〈 T s 〉 s 

)
. (11) 

 T d ) − (1 − φ̄) p ∂ 
∂x k 

〈 v k 〉 g + 	g 

ik 
∂ 

∂x k 
〈 v i 〉 g + C εg (1 − φ̄) k g 

√ ˜ S 
g 
i j ̃

 S 
g 
i j 

]
(12) 

[
−C ds 

√ 〈 T ′′ s T 
′′ 

s 〉 s φ̄ p ∂ 
∂x k 

〈 u k 〉 s + ̃

 γ
(
ξ ∗

Tgs 

√ 

〈 T ′′ s T 
′′ 

s 〉 s 
〈
T ′′′ g T ′′′ g 

〉
g 

− 〈 T ′′ s T 
′′ 

s 〉 s 
)]

. (13) 

∂ 
∂x k 

〈 T g 〉 g ∂ 
∂x k 

〈 T g 〉 g + 

2 
c v , g ρg 

[
−C dg 

√ 〈
T ′′′ g T ′′′ g 

〉
g 
(1 − φ̄) p ∂ 

∂x k 
〈 v k 〉 g 

 

〉
g 

− ξ ∗
T φg 

√ 
φ′ 2 〈 T ′′′ g T ′′′ g 〉 g 
φ̄(1 −φ̄) 

(〈 T g 〉 g − 〈 T s 〉 s 
)) ]

. (14) 

http://www.openfoam.org
https://github.com/ParticulateFlow/pfmFOAM-public.git
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Table 2 

Physical properties of the different validation cases. Here φmax denotes the maximum packing limit and φfr is 

the minimum solid volume fraction at which the long-lasting contacts between particles are considered domi- 

nant and the frictional viscosity is calculated. The particle Froude number is defined as F r p = u t / (gd s ) , where 

u t denotes the terminal settling velocity and g the standard acceleration due to gravity. The operator 〈〉 d rep- 

resents the average over the whole domain. The fine-grid size is represented by �f , while the coarse-grid sizes 

considered are given as �c . 

property 

unbounded fluidzation dilute unbounded fludization fluidized 

bed Fullmer (2016) Guo (2019) 

φmax 0.64 0.6 0.6 

fric. model Schaeffer [43] Schneiderbauer et al. [44] 

φfr 0.6 0.4 0.4 

ρg / (kg/m 

3 ) 1.224 

μg / (kg/m s) 1 . 8 · 10 −5 

ρs / (kg/m 

3 ) 1500 1300 2500 

drag model Beetstra et al. [29] Wen and Yu [28] 

κg / (W/m K) 2 . 4 · 10 −2 

c v,g /(J/kg K) 718 

c p,g /(J/kg K) 1007 

c p,s /(J/kg K) 1000 750 

d s / m 75 · 10 −6 90 · 10 −6 150 · 10 −6 

u t / (m/s) 0.22 0.26 0.96 

F r p 65 76 626 

〈 φ〉 d 0 . 05 , 0 . 15 , 0 . 25 0.05 0.2 

�f /d s 3 2 7 

�c /d s 24 32,64 35,63 
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ions. Therefore, we limit the coefficients by their theoretical lim- 

ts [1,2] and smooth the results using an additional spatial filter, 

amely, 

(x, t) = 

∑ 

faces A f (x, t) ξf (x, t) ∑ 

faces A f (x, t) 
, 

here A f is the area of the faces and ξf is the value of the variable

t the faces. This represents a weighted average in terms of the 

ell-center values, for which the weight of the center cell is slightly 

igher than those of the surrounding cells. 

.1. Unbounded fluidization 

In order to provide some comparability, we focused on two 

est-cases, which were previously discussed in literature. Firstly, 

he slightly smaller test-case set-up of Fullmer and Hrenya [40] , 

hich was investigated with CFD-DEM also by Radl and Sundare- 

an [45] is evaluated for different domain averaged solid volume 

ractions. Previous literature only focused on the isothermal de- 

cription of this test-case, in particular on the correct estimation 

f the slip-velocity. We will consider heat transfer in this environ- 

ent. Secondly, we examine a case with domain averaged solids 

olume fraction of 0.05 based on the work of Guo and Capecelatro 

20] , where the heat transfer in rather dilute regimes was investi- 

ated through Eulerian-Lagrangian simulations. 

In all of the unbounded sedimentation cases we started the 

imulations from a slightly non-uniform distribution of isothermal 

articles in air inside a computational domain, where we applied 

eriodic boundary conditions in every direction. Due to gravity, the 

articles start to settle and clusters of particles form due to the 

omentum coupling between the two phases. Note that we as- 

ume that the fluid pressure can be decomposed into a fluctuating 

local) component superimposed by a linear gradient, where the 

atter opposes gravity and supports the weight of the suspension, 

.e. [2,46,47] , 

p = 

(〈 φ〉 d 

ρs + (1 − 〈 φ〉 d 

) ρg 
)
g . 

ere, 〈 · 〉 d 

denotes the domain average and g is the vector of grav- 

tational acceleration. Starting from an initial transient settling be- 

aviour, the system finally reaches a statistically steady-state with 

ersistent temporarily and spatially distributed clusters. After the 
5 
ully developed CIT is ensured at about t ≈ 100 τp 

− 120 τp 

[20] , 

here we estimate the particle response time by τp 

:= u t /g, the 

ffect of the meso-scale heterogeneities on the heat transfer is in- 

estigated. 

This particular set-up is used to isolate the influence of the drift 

emperature correction on the overall temperature balance in the 

omain. Therefore, the gas-phase temperature is set to 500 K uni- 

ormly in the whole domain, while the solid-phase temperature is 

ept at 300 K . Note that we keep the gas-phase density constant in 

ur simulations since the expansion of the gas can not realistically 

e captured by the periodic box set-up, which ensures constant 

ass inside the domain. Furthermore, the gas temperature assim- 

lates very fast to the solids’, such that we neglect the change in 

as-phase density. In order to estimate the general heat transfer 

nside the whole domain, we consider the normalized temperature 

ifference between the phases [20] , 

 diff := 

T g − T s 

T 0,g − T s 
, (15) 

here T 0,g = 500 K is the gas-phase temperature at the time at 

hich heat transfer is enabled, t 0 . 

Note that, in the unbounded sedimentation cases, we had to 

imit the timestep in the simulations to 10 −7 s to ensure a sta- 

le solution process, since instantaneously setting the temperature 

ifference in the whole domain to 200 K lead to a very high heat 

ransfer between the phases, which happened significantly faster 

han the momentum transfer. This will be further discussed in the 

esults and discussion Section 4.1 . 

In the first set-up, we investigated Geldart type A particles 

ith different domain averaged volume solids fractions of 〈 φ〉 d 

= 

 . 05 , 0 . 15 , 0 . 25 . The domain size was 32 × 32 × 128 grid cells for

he fine-grid simulations, allowing us to consider coarse-graining 

atios of up to �c / �f = 8 . The geometry is despicted in Fig. 1

). The predicted values for the mean-slip Reynolds numbers, 

e slip 

:= ρg d s 〈 u slip 〉 d 

/μg , calculated from the domain averaged 

lip velocity in vertical z-direction in the domain, 

 u slip 〉 d 

= 

〈 (1 − φ̄) 〈 v z 〉 g 〉 d 

1 − 〈 ̄φ〉 − 〈 ̄φ〈 u z 〉 s 〉 d 

〈 ̄φ〉 , (16) 
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Fig. 1. Test case geometries. a) Periodic box setup with a × b × c = 32 × 32 × 128 , and a × b × c = 128 × 128 × 512 , respectively. The snapshot shows the normalized tem- 

perature difference between the phases at t = t 0 + 0 . 004 τp , together with the isosurfaces of the domain averaged solid volume fraction of 0.05 depicted as white lines. b) 

Fluidized bed dimensions and volume fraction distribution at t = 4 s. 

Fig. 2. Mean-slip Reynolds number Re slip for different domain averaged solid vol- 

ume fractions 〈 φ〉 d in the case of moderately dense unbounded sedimentation with 

u t = 0.22 m/s, including a comparison with the reported values of other TFM 

[40] and CFD-DEM [45] simulations in literature. 
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re visualized in Fig. 2 , for the fine-grid TFM, coarse-grid TFM and 

ATFM simulations. As can be deduced from Fig. 2 , the fine-grid 

FM simulation values are in good agreement with the TFM results 

f Fullmer and Hrenya [40] , where we used the same drag corre- 

ation, and slightly deviant from the CFD-DEM results obtained by 

adl and Sundaresan [45] , since the slip velocity is underestimated 

or larger solid volume fraction loadings. Furthermore, we want to 

ote that, although the flow is in a statistically steady state, the 

nstantaneous slip velocity values fluctuate around its mean due 

o the breaking and forming of clusters. Due to the model correc- 
6 
ions, the fluctuations are larger for the SATFM simulations, leading 

o larger error bars in the determination of the mean slip velocity. 

ll in all, however, the SATFM produces good results for the slip 

elocity for all considered solids mass loadings. 

In addition to the relatively smaller periodic box set-up de- 

cribed before, we considered a similar case to the ones treated 

n [20] , where domain averaged volume fractions up to 0.05 were 

nvestigated. Note that we used the same drag correlation as for 

he smaller periodic box, namely the Beetrsta et al. [29] drag co- 

fficient, while Guo and Capecelatro [20] used an adapted Stokes 

rag law for their considered mostly dilute cases. Here a grid 

ith 128 × 128 × 512 cells was used for the fine-grid TFM sim- 

lations. The larger dimensions provide us with the opportunity 

o use larger coarse-graining ratios. Although, we found that the 

inetic-theory based Two-Fluid Model yields good results for both, 

he momentum and heat transfer for a coarse graining factor of up 

o �c / �f = 5 , which is in accordance to the findings of Fullmer 

nd Hrenya [40] , who stated that coarser grids can be used for TFM 

imulations of Geldart type A particles if the flow is more dilute, 

.e. if the domain-averaged solid volume fraction is lower. 

.2. Fluidized bed cut-out 

Finally, we consider a thin cut-out of an elongated lab-scale flu- 

dized bed reactor of Geldart type B particles without the influence 

f wall-effects. Therefore, we employ periodic boundary conditions 

n the lateral directions in the simulations. Note that the appli- 

ability and validity of the test-filtering approach in the vicinity 

f walls was already shown in our previous study [2] . The phys- 

cal properties are given in Table 2 . The superficial gas velocity 

t the bottom inlet is set to 0.63 m/s and a freeboard is consid- 

red on the top of the fluidized bed. The time-step employed in 

he simulations was variable but limited to ensure that the maxi- 

um Courant number did not exceed the value of 0.25, which was 

round 10 −4 s . 
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Fig. 3. Normalized temperature difference decay predicted by TFM simulations on 

a fine grid with �g = �f and on a coarse grid with �g = 8�f , compared to the 

predictions of the SATFM on a coarse grid with �g = 8�f , for a domain averaged 

solid volume fraction of 0.15. The light gray shaded region represents the standard 

deviation around the mean value of 5 SATFM simulations on the coarse grid with 

�g = 8�f , where we used different initial conditions, i.e. different t 0 , for each sim- 

ulation. 
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In particular, we want to investigate a step-response of the gas- 

nd particle-phase temperatures in the fluidized bed reactor. The 

imulations were started from a slightly non-homogeneous set- 

led state with isothermal conditions, where T s = T g = 300 K . Heat 

ransfer between the phases, as well as heat generation through 

iscous dissipation and pressure dilatation was enabled from the 

tart through the solution of the enthalpy balance equations, which 

re equivalent to equations (11) and (12). After the initial transient 

ed expansion, at t 0 = 3 s ≈ 30 τp 

, the inlet air temperature was 

hanged from the initial value of 30 0 K to 80 0 K. At t = 4 s , the

as-phase inlet temperature was again decreased to 300 K . In or- 

er to quantify the step-response of the fluidized bed to this jump 

n inlet temperature, we investigated the temperature distributions 

nside the fluidized bed at time t = 5 s , where temperature dif- 

erences had started to evened out over the entire height of the 

uidized bed. 

. Results and discussion 

.1. Unbounded fluidization 

Figure 3 depicts the decay of the normalized temperature dif- 

erence between the phases T diff, Eq. (15) , for a domain-averaged 

olids volume fraction of 0.15. As can be seen in the figure, the pre-

ictions of the TFM without any sub-grid corrections on the coarse 

rid, with �g / �f = 8 , yield a faster decay of the temperature dif-

erence between the phases, since it does not take the heterogene- 

ty of the flow into account. The predictions of the SATFM on the 

ame coarse grid, however, are in excellent agreement with the 

ne-grid TFM simulation. It has to be noted that, the heat transfer 

etween the phases happens in under 0 . 2 τp 

, further underlining 

he fact that the particle thermal response time, which is inversely 

roportional to the heat transfer coefficient [48] , is much smaller 

han the particle (momentum) response time. In the following, we 

ill identify the particle thermal response time τT as the time af- 

er which the global temperature difference becomes 36.8% or 1 /e 

f its initial value [48] . Furthermore, Fig. 4 shows the predicted 

nstantaneous filtered heat transfer as a function of the solid vol- 

me fraction for different instances of time, a) at t = t 0 + 0 . 004 τp 

nd b) at t 0 = t + 0 . 04 τp 

. Initially, the filtered heat transfer pre-

icted by the coarse-grid TFM simulation is too high, which is in 

ccordance to previous studies [1] . After this initial phase, how- 

ver, the predicted temperature difference is already much lower 

han the one predicted by the fine-grid TFM simulation, there- 
7 
ore, at t 0 = t + 0 . 04 τp 

, the instantaneous heat transfer predicted

y the coarse-grid simulation is already lower than the predictions 

f the fine-grid simulation, as can be seen in Fig. 4 b). Overall, 

his leads to an overestimated decay of the global temperature dif- 

erence between the phases T diff. Concerning the sub-grid statis- 

ics, such as the variance of the gas-phase temperature 
〈
T ′′′ g T ′′′ g 

〉
g 
, 

nd especially the drift temperature, we evaluated them from the 

oarse-grid and fine-grid simulations and binned the values with 

espect to the solid volume fraction. Note that, on the one hand, 

he solid volume fraction range is smaller in the coarse-grid simu- 

ations due to the averaging nature of the coarse grid, and on the 

ther hand, the instantaneous coarse-grid simulation data shows 

igher fluctuations due to much lesser available data for the in- 

ividual volume fraction bins. Here, we depicted the variance of 

he gas-phase temperature 
〈
T ′′′ g T ′′′ g 

〉
g 

as a function of the solid vol- 

me fraction, for which we solve a transport equation and which, 

ccording to Eq. (8) , needs to be estimated for the prediction of 

he drift temperature together with the variance of the solids vol- 

me fraction and the correlation coefficient between the solid vol- 

me fraction and the gas-phase temperature (9) . It can be deduced 

rom Fig. 4 that the transport equation yields satisfying estimates 

or the variance of the gas-phase temperature in the coarse-grid 

imulations, while it is overestimated initially, but the dependence 

n the solids volume fraction is correctly captured. Furthermore, 

he dynamic adjustment of the correlation coefficient leads to good 

redictions for the shape and size of the drift temperature. Due 

o the decay in gas-phase temperature, variance of the gas-phase 

emperature and the drift temperature decay with time as well. 

Since the physical quantities, especially the slip velocity, fluctu- 

te around a statistical mean value during the course of the sim- 

lations, we tested the robustness of the SATFM model by using 

ifferent starting configurations and initial conditions for the heat 

ransfer simulations. This was realized by choosing different time- 

teps from the cold sedimentation case as our t 0 . The light gray 

haded region in Fig. 3 represents the standard deviation around a 

ean of the predictions of 5 different SATFM simulations on the 

oarse grid. The 5 initial conditions were chosen in the range of 

pproximately 10 τp 

. We observe that the predictions vary slightly, 

owever, we can conclude that the overall temperature decay is 

obustly predicted for all considered initial conditions. 

Finally, we also evaluated the global temperature difference de- 

ay for domain-averaged solids volume fractions of 0.05 and 0.25. 

s can be observed from Fig. 5 , SATFM simulations with the same 

et-up and parameters will produce accurate results for all con- 

idered volume fractions, ranging from rather dilute to moderately 

ense. Furthermore, it can be observed that the normalized tem- 

erature decay happens faster in higher mass loading regimes. The 

ne-grid temperature decay curves for the 0.15 and 0.25 solid vol- 

me fraction cases, however, are very similar with τT | 〈 φ〉 
d 

=0 . 15 = 

 . 0 0 03 s ≈ 0 . 013 τp 

and τT | 〈 φ〉 
d 

=0 . 25 = 0 . 0 0 02 s ≈ 0 . 009 τp 

. Addi-

ionally, both curves reach the threshold of T diff ≤ 10 −2 at t = t 0 +
 . 16 τp 

and t = t 0 + 0 . 17 τp 

, respectively. There is only a slight dif-

erence in the slope at intermediate times around t = t 0 + 0 . 03 τp 

.

hile the 0.05 volume fraction case has a thermal response time 

f τT | 〈 φ〉 
d 

=0 . 05 = 0 . 0011 s ≈ 0 . 05 τp 

and reaches the threshold only

fter 0 . 3 τp 

, showing the different influence of clusters on the heat 

ransfer depending on the domain averaged solids volume fraction. 

In the relatively larger domain with 90 μm particles, we can 

nvestigate coarse graining ratios of up to �g / �f = 32 , that cor- 

esponds to 4 grid cells in the lateral directions, same as for the 

oarse simulations in the smaller domain. In Fig. 1 , a snapshot 

f the normalized temperature difference distribution after at t = 

 0 + 0 . 004 τp 

is shown, together with the isosurfaces of the domain

veraged solid volume fraction of 0.05, further indicating that dif- 
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Fig. 4. Filtered temperature transfer γ (T g − T s ) , variance of the gas-phase temperature 
〈
T ′′′ g T ′′′ g 

〉
g 
, and drift temperature T d calculated from the fine-grid TFM simulation data 

with �g = �f and predicted by the SATFM model on a coarse grid with �g = 8�f at different instances of time; a) at t = t 0 + 0 . 004 τp , and b) at t = t 0 + 0 . 04 τp , in the case 

of unbounded sedimentation with a domain-averaged solid volume fraction of 0.15. The prediction for the filtered temperature transfer by an uncorrected TFM simulation 

on a coarse numerical grid with �g = 8�f is also depicted. 
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erences of temperature prevail only in regions, which are devoid 

f clusters. As can be deduced from Fig. 6 , the SATFM model yields

imilar results for different considered coarse-graining ratios of 16 

nd 32. The particle thermal response time is τT ≈ 0 . 055 τp 

, which 

s slightly larger than in the smaller domain with 75 μm particles, 

hile the threshold of T diff ≤ 10 −2 is reached at t = t 0 + 0 . 4 τp 

. In

he paper of Guo and Capecelatro [20] , a similar figure shows the 

emperature difference decay for a domain averaged solid volume 

raction of 0.01. In the 0.01 volume fraction case, the thermal par- 

icle response time is τT ≈ 0 . 12 τp 

, and the threshold is reached at
8

 = t 0 + 0 . 97 τp 

, which further shows the naturally slower temper-

ture difference decay for lower mass loading cases. 

As was already mentioned in Section 3.1 , the uncorrected TFM 

ields valid results for the momentum and heat transfer for coarse- 

raining ratios of up to �g / �f = 5 . Due to the averaging nature of

he SATFM and the assumptions made in the derivation process 

1] , which are only valid for larger coarse-graining ratios, where 

.g. the granular temperature can be neglected in comparison to 

he meso-scale Reynolds-stress, the SATFM does not yield the same 

esults for coarse-graining ratios of up to �g / � = 5 . 
f 
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Fig. 5. Normalized temperature difference decay predicted by TFM simulations on a fine grid with �g = �f , and on a coarse grid with �g = 8�f compared to the predic- 

tions of the SATFM on a coarse grid with �g = 8�f for a domain averaged solid volume fraction of a) 0.05 and b) 0.25. 

Fig. 6. Normalized temperature difference decay predicted by TFM simulations on 

a fine grid with �g = �f , and on a coarse grid with �g = 32�f compared to the 

predictions of the SATFM on differently coarse grids in the dilute sedimentation 

case with 〈 φ〉 d = 0 . 05 . For a grid with size �g = 32�f , a comparison between the 

SATFM model and the SATFM without a drift temperature correction is shown. 
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Finally, since the unbounded sedimentation test-cases were de- 

igned to isolate the influence of the interphasial heat transfer on 

he thermal energy balance equations of the phases alone, we also 

anted to investigate how the predictions differ if we do not apply 

he drift temperature correction to the interphase heat exchange 

erm. Thereby, we used the SATFM for the momentum and heat 

quations but set the drift temperature value to zero everywhere. 

he result can be seen in Fig. 6 for �g / �f = 32 . In comparison

o the SATFM with a drift temperature correction, the decay of 

he temperature difference is overestimated, as can be expected, 

owever, the temperature difference decay is even overestimated 

n comparison to the coarse-grid TFM simulation results. This is 

ue to the fact that the interphase heat exchange coefficient (7) is 

 function of the particle Reynolds number and, therefore, of the 

lip velocity. Since the slip velocity is underestimated in coarse- 

rid simulations but correctly estimated in SATFM simulations, the 

alue of the heat transfer coefficient is much higher in the SATFM 

imulations, therefore, leading to even larger errors if only the hy- 

rodynamic is corrected, but no drift temperature correction is ap- 

lied to the already overestimated interphase heat exchange. This 

ould lead to the conclusion that correcting the hydrodynamics but 

ot the thermodynamics leads to worse predictions than applying 
9 
o sub-grid correction models at all. However, in this specific set- 

p, we keep the domain averaged volume fraction constant, as was 

xplained in Section 3.1 . This is usually not the case in reactors, 

ince an overestimation of the gas-particle drag force leads to con- 

iderably wrong predictions for the solid volume fraction distribu- 

ions, like an overestimated bed expansion in fluidized bed reac- 

ors. However, as will be explained in the following Section 4.2 , 

he correct estimation of the solid volume fraction distribution is 

rucial for the correct prediction of the overall heat transfer in tur- 

ulent bubbling fluidized beds. 

.2. Fluidized bed cut-out 

In contrast to the unbounded sedimentation set-up, the domi- 

ant unresolved contributions in the fluidized bed set-up include 

he turbulent temperature diffusion in addition to the heat trans- 

er correction. Furthermore, the influence of the correct estimation 

f the hydrodynamics on the thermodynamics can be observed. In 

he periodic-box set-up, we wanted to investigate a case, where 

nly the drift temperature contribution to the whole heat distri- 

ution inside the domain would be visible, similar to Guo and 

apecelatro [20] . Thereby, we kept the domain-averaged volume 

raction constant through the application of a stabilizing pressure 

radient as explained in Section 3.1 . This lead to the conclusion, 

hat correcting only the momentum, but not the heat transfer in 

oarse-grid simulations yields worse results for the estimation of 

he temperatures in the domain than coarse-grid simulations with 

o corrections, as can be seen in Fig. 6 . However, in a realistic set-

p of a fluidized bed, we observe that this does not hold true and 

hat it is important to have a correct estimation of the hydrody- 

amics. While in the coarse-grid TFM simulation, the bed expan- 

ion is considerably overestimated, as can be seen in Fig. 7 , the 

emperature distribution inside the fluidized bed is also consider- 

bly deviant from the fine-grid simulation predictions. In Fig. 8 , 

he instantaneous, as well as mean temperatures of the phases are 

epicted over the height of the fluidized bed while a mean over 

he lateral directions was taken. In particular, it can be seen that 

he overestimation of the bed expansion in the coarse-grid sim- 

lation also leads to an underprediction of the temperatures in 

ertain heights of the reactor, since all the inflowing heat is dis- 

ributed over the overpredicted height of the fluidized bed. In con- 

rast, a SATFM simulation, which incorporates all model corrections 

o the momentum and energy equations but the drift temperature 

orrection to the interphase heat transfer, i.e. T d 

= 0 , yields bet- 

er results than the coarse-grid TFM simulation. The difference be- 
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Fig. 7. Predictions for the volume fraction distribution inside the fluidized bed over 

the height divided by its initial expansion z/h 0 . SATFM simulations on two differ- 

ently coarse grids are compared to TFM simulations on the fine, �g = �f , and on 

a coarse, �g = 8�f , grid. 
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ween the two test-cases is that the prediction of the volume frac- 

ion distribution in the fluidized bed yields a lower mean volume 

raction due to the larger bed expansion, while we deliberately 

ept the volume fraction constant in the periodic domain. There- 

ore, we conclude that it is essential to have a good prediction for 
ig. 8. a) Instantaneous, at t = 5 s, and b) mean temperature distributions of the phase

epicted the temperature over the height of the fluidized bed divided by its initial height

rid TFM model simulations with �g = 8�f and SATFM model predictions on grids with

epicted. 

10 
he momentum correction in order to be able to correctly predict 

he temperature distribution, and furthermore, the reaction rate in 

eal-scale reactors. 

In the region close to the inlet, all SATFM simulations yield 

verestimated values for the temperatures. This is due to the thin 

ature of the fluidized bed, which forms a region with low solid 

olume fraction and small clusters of particles just above the inlet, 

herefore, in the coarse-grid simulations, this area is one big slug- 

ish bubble, where the phase temperatures are high. Even in the 

ne-grid simulation, this phenomenon can be observed, but it is 

ot as distinct. In the coarse-grid TFM simulation, a bubble seems 

o have formed in a slightly higher region. In the upper region 

f the reactor, however, the phase temperatures are correctly es- 

imated by the SATFM for coarse-graining ratios of 5 and 8, where 

he latter represents 6 grid-cells in the lateral directions. A smaller 

umber of grid-cells was found to not be able to correctly pre- 

ict the thermo- and hydrodynamics, since it could not properly 

esolve the larger structures, which is fundamentally necessary for 

ES models. 

The drift temperature correction to the interphase heat trans- 

er seems to have an influence on the mean temperature of the 

uidized bed, especially in the upper regions. This would repre- 

ent the amount of heat that is not immediately transferred to the 

olid phase where convection and (turbulent) conduction are much 

ower than in the gas-phase and, therefore, some amount of heat is 

rstly distributed to the upper regions of the fluidized bed before 

t is exchanged to the solid phase. A difference between the SATFM 
s in the fluidized bed. We used an average over the lateral components 〈〉 x,y and 

 z/h 0 . The fine-grid TFM model predictions with �g = �f are compared to coarse- 

 sizes �g = 5�f and �g = 8�f . Furthermore, a SATFM prediction with T d = 0 is 
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redictions with and without the drift temperature correction can 

specially be observed when the phase temperatures are averaged 

ver time. Therefore, in addition to the heat transfer around local 

eat sources, which can be produced by reactions, the drift tem- 

erature correction seems to play a part in the global temperature 

istribution, for example during the heat-up of reactors. 

Moreover, the correct estimation of the temperature in the up- 

er regions of the fluidized bed depicted in Fig. 8 suggests that, in 

ddition to the drift temperature correction, also the closure mod- 

ls for the other unresolved terms in equations (11) and (12), the 

issipation of turbulent kinetic energy and, in particular, the turbu- 

ent thermal diffusion, yield valid results. Especially in this set-up, 

he turbulent conduction plays a role in the distribution of heat 

rom the inlet to the rest of the domain. We want to emphasize 

hat we applied gradient assumption closure models with a tur- 

ulent viscosity and turbulent Prandtl number known from single- 

hase LES modelling for the Reynolds-stress like contributions [1] , 

s stated in Eqs. (11) and (12). As far as we can deduce from Fig. 8 ,

his leads to good predictions for the temperature distributions in- 

ide the considered fluidized bed. Although gradient assumptions 

re generally not as valid in multiphase turbulence modelling [49] , 

e conclude that they yield satisfying results in the considered 

oarse-grid simulations. 

As was already observed in our a priori study [1] , the viscous 

issipation of mean and turbulent kinetic energy does not have a 

arge influence on the overall temperature distribution. In addition, 

ike the a priori study [1] , this validation case also suggests that the

nresolved component of the pressure dilatation, while important 

or the solution of the turbulent kinetic energy equation of the gas- 

hase [3] , can be neglected in relation to its resolved contribution 

or the evaluation of the mean temperature. 

Finally, we report that the correct prediction of the bed expan- 

ion and volume fraction distribution inside the reactor is crucial 

or the predictions of the heat distribution, as can be deduced from 

igs. 7 and 8 . Although small deviations, i.e. in slip velocity, still 

ead to robust predictions, as can be seen in Fig. 3 . Furthermore, 

e conclude that the interphase heat transfer correction by the 

rift temperature is important for the prediction of the local, as 

ell as, global temperatures of the phases. 

. Conclusions 

We validated the SATFM internal energy equation closure mod- 

ls in different set-ups by comparing the predictions on differently 

oarse grids to fine-grid TFM simulations. 

Firstly, we considered unbounded sedimentation of Geldart type 

 particles with varying domain averaged volume fractions, do- 

ain sizes and coarse-graining ratios. After the cluster-induced 

urbulence was fully developed, we produced an instantaneous 

emperature difference between the gas- and particle-phase in the 

hole domain to study the influence of clusters on the inter- 

hase heat transfer. This test-case allowed us to isolate and in- 

estigate the predictions of the drift temperature correction to the 

eat transfer. We found that the local, dynamic calculation of the 

orrelation coefficients between the solid volume fraction and the 

as-phase temperature leads to good predictions for the drift tem- 

erature and, therefore, also for the domain averaged temperature 

ifference decay between the phases. The produced results were 

alid for a large number of domain averaged solid volume fractions 

n the moderately dense regime, ranging from 0.05 to 0.25. Addi- 

ionally, the SATFM model yields satisfying results, which are, to 

 large degree, independent of the coarse-grid size. This is mainly 

ue to the fact that the sub-grid fluctuating quantities are correctly 

stimated by the solution of their transport equations using the 

ynamic approach. 
11 
Furthermore, the investigation of a thin cut-out of an elongated 

uidized bed reactor of Geldart type B particles showed that the 

losure models for the other unresolved terms in the thermal en- 

rgy equation yield good results for the temperature distribution 

nside the reactor. Especially, a gradient assumption closure model 

or the turbulent heat flux produces good predictions for the ther- 

al conduction from the fluidized bed’s inlet to the higher regions 

n the reactor. 

Finally, we highlight the importance of the correct estimation of 

he hydrodynamics for the correct prediction of the thermodynam- 

cs in moderately dense gas-particle flows and conclude that the 

ATFM model predictions for the momentum, as well as, for the 

emperature are promising, even on rather coarse computational 

rids. 

A detailed comparison to full-scale reactor experimental data 

s still lacking, therefore, a validation study, which also includes 

orrections to the mass transfer, should be conducted in the future. 
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