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Abstract
Granular material offer many advantages which qualify them for use as heat transfer medium and heat
storage material in solar thermal power plants and industrial processes. Moving bed heat exchangers
(MBHE) with horizontal tubes are favorable to extract thermal energy from hot granular materials.
However, due to the complex flow phenomena and heat transport mechanisms in granular materials
precise design tools for MBHE are lacking.
In previous studies we introduced a discrete particle model (DEM) to calculate the granular flow in
MBHE and validated it by experiments. In this study we use this precise but computationally
expensive DEM model to qualify a more efficient continuum model (CFD) which is being introduced
in this work.
We compare the two models with regard to the granular flow speed along the tube surface and find
deviations of |Δu/uref| < 20 % in the upper part of the tubes. Both models coherently predict the
formation of a static area at the top of the tubes. The formation of the void area below the tubes is less
accurately predicted, calling for further adaptations of the CFD model. The thus qualified CFD allows
to study large heat exchanger geometries with substantially reduced computational effort.
1. Introduction
Granular materials have gained increasing attention as a promising candidate for application in thermal
energy storage concepts. Being flowable, these materials can not only be used as a thermal energy
storage medium but can also serve as a heat transfer fluid. Several works consider the utilization of
granular materials as both the heat transfer medium and heat storage medium in solar thermal power
(CSP) plants [1]. Advantages of such materials are their availability, thermal stability, non-toxicity and
potentially low costs, especially when using natural stones like quartz sand. Studies have already been
conducted identifying appropriate materials and their thermal and mechanical characteristics [2] [3].
Amongst others, sintered bauxite proppants and quartz sand have turned out to be promising
candidates.
Among design alternatives, moving bed heat exchangers (MBHE) are favorable to extract thermal
energy from hot granular materials. They offer a compact and robust design [4] and low parasitic
loads. In a MBHE the granular material moves in vertical direction, driven by gravity. Immersed in the
moving bed are heat-transferring surfaces such as horizontally arranged tubes.
An accurate prediction of the heat transfer rate at the tube surfaces requires detailed knowledge of the
granular flow field around the tubes. Unfortunately, this information is difficult to access by
measurement: On the one hand, experimental investigation of dense granular flows is difficult as an
observation of the flow inside the bulk is very complex and costly, if at all possible. Optical
measurement techniques, such as PIV, are restricted to the surface of the bulk and thus are likely to be
influenced by boundary effects of the confining walls [5].
On the other hand, modelling of granular flows is a complex task as granular materials don´t behave
like Newtonian fluids: Discrete particle models, such as the discrete element method (DEM), offer
detailed information about granular flows but are computationally expensive. In contrast, continuous
model approaches are computationally light, but need adaptations through appropriate constitutive

relations to properly account for the granular behavior of the flow. Such models are less accurate but
offer to investigate large geometries.
Few works exist concerning continuum models for the slow, dense granular flow of a moving packed
bed around horizontal tubes. Niegsch et al. [6] proposed a semi-empirical model which, however,
neglects the influence of the flow geometry and is at least partially based on questionable assumptions.
Lee et al. [7] used a FEM model to calculate the heat transfer between a moving bed and a single
horizontal tube but showed no information at all regarding the calculated granular flow field. The CFD
model of Baumann et al. [8] didn’t capture the characteristic flow phenomena. Besides, several studies
have been conducted for rapidly moving granular flows, such as fluidized beds (e.g. [9]) or rapid flows
around obstacles [10]. Such models, however, are not suitable for the slow and friction-dominated
granular flow of moving packed bed as will be further explained in section 3.1.
In a preceding study we introduced a discrete particle model (DEM) to calculate the granular flow
around the horizontal tubes in a MBHE. The model has been validated on the basis of PIV
measurements and proved to capture all relevant features of the flow [5]. In this paper we introduce an
additional continuum model (CFD) and qualify it by comparing its results to those of the validated
DEM model.
2. Investigated geometry and granular flow pattern
The investigated geometry is depicted in FIGURE 1 (left). It consists of a representative section of
three rows of tubes arranged in a staggered manner. The granular material enters the geometry at the
top. At the bottom we apply a fixed boundary condition for the outlet flow.
In the particle discrete model we simulate in 3D as quantities like the porosity and the coordination
number1 of the moving bed are three-dimensional phenomena. In z-direction the geometry is 13
particle diameters thick and is confined by frictionless walls. In x-direction we use periodic
boundaries.
The DEM results are averaged in space and time within stationary control volumes (for further
information see [5]). The control volumes (CVs) keep a distance of three particle diameters from the
front and rear walls (z-direction) to exclude boundary effects. For the evaluation of the velocity at the
tube surface, the CVs are arranged in circular layers around the tube (CV size: 1.2 mm in radial
direction, 2.5 mm in tangential direction, 7.0 mm in axial direction). The remaining simulation results
are based on rectangular CVs with a size of Δx = 1.6 mm, Δy = 1.6 mm, and Δz = 7.0 mm.
The continuum model simulations are in 2D, transient and the motion of the interstitial fluid (air) is
included. The model equations are given in the following section. The geometry is split along the
vertical center line (see FIGURE 1 (left)), and only one half is simulated using symmetry boundary
conditions in x-direction.
The boundary conditions for the continuum model are as follows: At the inlet we set the pressure of
the fluid phase and the volume fraction for both phases. The velocity boundary condition at the tube
walls deserves further explanation and is discussed in detail in section 3.2. At the outlet we set the
gradient of the volume fraction normal to the boundary. Furthermore, a fixed outlet velocity is defined
which is the same for both phases.
The mesh of the continuum model was refined until the simulation results converged. At the tube
walls a local refinement was introduced to resolve the velocity gradient at the surface. The mesh size
at the tube surface was approx. 0.6 mm in each spatial direction while in the rest of the geometry the
mesh size was about 1.5 mm.
The simulation was initialized with a uniform volume fraction (εs = 0.56), a uniform velocity for both
phases (uy = uref, ux = 0) and ambient pressure. The simulation was run until a stationary state was
reached.
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The coordination number is the number of contacts of a particle with its neighbors. It is of major importance for
the heat transport in a packed bed [38] [30].

On a standard four-core machine the DEM model took about 1.5 days to simulate a time interval of
9 s. The CFD model takes about three to four hours depending on the initial conditions, using Ansys
Fluent 18 CFD solver on a single core. The saving in computation time is expected to increase further
when heat transfer is included in the simulation. In this case a time interval of about 30 s is estimated
to reach a stationary state.

FIGURE 1. Simulation geometry (left). General granular flow pattern around horizontal tube as reported
in literature (right).

Several researchers have investigated the granular flow pattern around horizontal tubes in the past [6]
[11] [12]. The general flow pattern they reported is depicted in FIGURE 1 (right).
At the tube vertex a stagnant zone forms where the particles are approximately at rest. At a certain
angle ωSZ the particles start to slide down the inclined surface of the tube. In the lower half of the tube
at a certain angle ωVZ the particles detach from the tube surface and form a void area below the tube.
Niegsch et al. [6] estimated the values of ωSZ and ωVZ from basic considerations involving the inner
friction coefficient of the bulk and the surface friction coefficient at the tube surface. By this means
they estimated ωSZ ≈ 60° and ωVZ ≈ 150° for typical friction coefficients.
Likewise, they estimated the size of the stagnant area assuming a triangular shape. The resulting
height of the stagnant area is HSZ ≈ 15 mm for typical material parameters (at a tube diameter of
27 mm as used in this work). These assumptions, however, have never been verified and it seems
unlikely that the flow pattern should not depend on the flow geometry. In section 4, we compare them
to the simulation results of this work.
3. Continuum model equations
The continuum model mainly follows the works of Srivastava et al. [13] and Schneiderbauer et al.
[14]. The moving bed is modelled as two interpenetrating continua, one representing the granular

phase and the other one representing the gas phase. Following the approach of Ishii [15], for both
phases averaged continuity equations are solved as shown in eq. (1)-(3).
𝜕
𝜀 𝜌 + 𝛁 ∙ (𝜀𝑞 𝜌𝑞 𝒖𝑞 ) = 0
𝜕𝑡 𝑞 𝑞

(1)

𝜕
(𝜀 𝜌 𝒖 ) + 𝛁 ∙ (𝜀𝑔 𝜌𝑔 𝒖𝑔 𝒖𝑔 ) = −𝜀𝑔 𝛁𝑝 + 𝛁 ∙ 𝜀𝑔 𝝉𝑔 − 𝛽(𝒖𝑔 − 𝒖𝑠 ) + 𝜀𝑔 𝜌𝑔 𝒈
𝜕𝑡 𝑔 𝑔 𝑔

(2)

𝜕
(𝜀 𝜌 𝒖 ) + 𝛁 ∙ (𝜀𝑠 𝜌𝑠 𝒖𝑠 𝒖𝑠 ) = −𝜀𝑠 𝛁𝑝 − 𝛁 ∙ 𝝈𝑠 + 𝛽(𝒖𝑔 − 𝒖𝑠 ) + 𝜀𝑠 𝜌𝑠 𝒈
𝜕𝑡 𝑠 𝑠 𝑠

(3)

Here, the indices “s” and “g” denote the solid phase and the gas phase, respectively, and “q” is
substitute for both phases. ε is the volume fraction, u the velocity and ρ the density of the
corresponding phase. For the interphase drag coefficient β a correlation of Gidaspow et al. [16] is used
who applies the Ergun equation for high volume fractions:
𝜀𝑠2 𝜇𝑔
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+ 1,75
2
(1 − 𝜀𝑠 )𝑑𝑠
𝑑𝑠
𝛽=
𝜀𝑠 (1 − 𝜀𝑠 )𝜌𝑔 |𝑣𝑔 − 𝑣𝑠 |
(1 − 𝜀𝑠 )−2.65
0,75𝐶𝐷
𝑑
{
𝑝
150

24
(1 + 0.15𝑅𝑒𝑔0.687 )
𝐶𝐷 = {𝑅𝑒𝑔
0.44

if εs > 0.2
(4)
if εs ≤ 0.2

if (1-εs) Reg < 1000
(5)
if (1-εs) Reg ≥ 1000

For the gas phase shear stress τg a Newtonian closure is used:
𝝉𝑔 = 2𝜇𝑔 𝑫𝑔 ,

(6)

where 𝑫 = 1⁄2 (𝛁𝒖 + (𝛁𝒖)𝑇 ) is the rate-of-deformation tensor.
3.1. Frictional stress model
What remains to be defined is the stress tensor of the solid phase σs. In case of a strongly agitated bed,
such as fluidized beds, particles interact by binary collisions. The stresses in such a rapidly moving
granular flow are generally modelled using the so-called kinetic theory of granular fluids (KTGF) [17].
This approach follows the kinetic theory of gases assuming the particles to behave like gas molecules.
In contrast to molecules, though, collisions between particles are highly inelastic, resulting in a
strongly dissipative nature of “granular gases”. As a consequence, granular gases can only be
maintained by a constant supply of external energy, otherwise they collapse and form a densely
packed particle assembly.
However, if the packing fraction is high (εs > 0.4) as it is the case in moving beds, particles no longer
interact by binary collisions but by enduring contacts with multiple neighbors. In this case KTGF is
not valid anymore and a frictional stress model has to be applied. This kind of models is traditionally
subject to soil mechanics and plasticity theory [18] and has been utilized to develop frictional stress
closures for dense granular flows [19] [20] [21]. The bridging of both, the kinetic and the frictional
flow regime is still a matter of research and different approaches have been proposed [22] [23] [24]
[25].
As the packing fraction in a moving bed is close to the maximum packing fraction we assume that the
granular flow is completely governed by frictional interaction between particles and we neglect the
kinetic and collisional part. The frictional closure we use follows the approach of Jackson [26] and

Tardos et al. [19] and has been used to model the discharging process of granular material from bins
[13] [14] and hoppers [19]. The frictional stress is written in a compressible Newtonian form:
𝝈𝑠 = 𝝈𝑓𝑟 = 𝑝𝑓𝑟 𝑰 + 2𝜇𝑓𝑟 𝑺𝑠

(7)

Here, 𝑺𝑠 = 𝑫𝑠 − 𝑡𝑟(𝑫𝒔 ) is the deviator of the strain rate tensor. The two parameters pfr and µfr are
called frictional pressure and frictional viscosity, respectively, and are explained in more detail in the
following paragraphs.
The frictional pressure accounts for the repulsive forces between grains and prevents the particle
assembly from being compressed beyond a maximum packing fraction εmax. In soil mechanics pfr is
often combined with a yield function to describe the effect that a particle assembly may dilate or
compact under shear movement. The theoretical framework in this context is called the critical state
theory. A simplifying assumption of this theory is that the dilation and compaction effects are small
and that the state of the material is close to the so-called critical state where it deforms without any
volume change. This assumption has been proven to be justified for the flow in a discharging bin [13]
and in hoppers [19]. Compared to this, the flow around a horizontal tube as it is being investigated in
this work is more complex. Therefore the “critical-state-assumption” has been tested beforehand and it
was found that the deviations from critical state were very small and hence the assumption is justified
in this case as well. As a consequence pfr is a function only of the packing fraction εs. Several
formulations for the critical state pressure have been proposed [27] and in this work we use the form
of Johnson and Jackson [28]:
𝑝𝑓𝑟 = 𝐹

(𝜀𝑠 − 𝜀𝑚𝑖𝑛 )𝑟
(𝜀𝑚𝑎𝑥 − 𝜀𝑠 ) 𝑠

(8)

The parameter εmin is the minimum packing fraction above which frictional interaction between
particles occurs. If the packing fraction εs undercuts the minimum packing fraction εmin, the frictional
pressure pfr is set to zero. The quantities in eq. (8) are set the same as in Bartsch et al. [8].
The second parameter in eq. (7), the frictional viscosity μfr, accounts for the shear stresses inside the
granular material. One of the major challenges regarding the viscosity is that it should model the
transition of a granular material from a “solid” (static) to a “flowing” state. This behavior manifests in
granular flows by the formation of static areas where the particle aggregation behaves like one rigid
body. The transition from a static to a flowing state takes place when the shear stress reaches a certain
threshold. The simplest assumption for the threshold at which yielding occurs is a coulomb friction
correlation (𝜏𝑓𝑟 = 𝜇𝑖 ∙ 𝑝𝑓𝑟 ), where μi is an inner friction coefficient of the material. Based on this
assumption Schaeffer [29] proposed a formulation for the granular viscosity:
𝜇𝑓𝑟 =

𝑝𝑓𝑟 ∙ 𝜇𝑖
2|𝑺𝑠 |

(9)

The denominator of eq. (9) contains the Euclidian norm of the deviatoric part of the strain-rate tensor
|𝑺𝒔 | = √𝑆𝑖𝑗 𝑆𝑖𝑗 . If the strain-rate (shear) approaches zero the viscosity diverges, which ensures the
existence of a yield stress: the stress does not vanish when the flow stops [17].
The parameter µi is an internal friction coefficient of the granular material. Schaeffer related μi to the
angle of internal friction ϕi:
𝜇𝑖 = √2sin(𝜙i )

(10)

3.2. Boundary conditions of granular phase at walls
At a solid surface we have to decide whether the granular phase is slipping along the wall or whether it
sticks to the wall. This is of particular interest with regard to the transition from a static to a flowing

area. One might imagine a curved wall such as a tube surface where particles rest on top of the tube
and start to slide along the circumference when a certain angle of inclination is reached.
In order to model this process we use a simple Coulomb friction law to define the granular velocity at
a solid wall. Similar approaches have been used by used by Schneiderbauer et al. [14] and Johnson et
al. [28].
The wall shear stress in slip-case is
𝜏𝑠𝑙 = 𝜇𝑤 ∙ 𝑝𝑓𝑟 ,

(11)

where μw is a wall friction coefficient, τw is the shear stress at the wall and pfr is the normal stress. The
wall shear stress is then compared to the viscose stress in tangential direction τfr,tan inside the particle
assembly close to the wall:
𝜏𝑓𝑟,𝑡𝑎𝑛 = 𝜇𝑓𝑟 [

𝑑𝒖𝑡𝑎𝑛
]
𝑑𝒏

(12)

𝑑𝒖

𝑡𝑎𝑛
The term [ 𝑑𝒏
] is the gradient of the tangential part of the velocity utan in the direction of the unit
normal vector n of the wall. By comparing eq. (11) and eq. (12) the shear stress at the wall τW is
determined:

𝝉𝑤 = −

𝜏𝑓𝑟,𝑡𝑎𝑛 if 𝜏𝑠𝑙 > 𝜏𝑓𝑟,𝑡𝑎𝑛
𝒖𝑠
∙{
𝜏𝑠𝑙 if 𝜏𝑠𝑙 < 𝜏𝑓𝑟,𝑡𝑎𝑛
|𝒖𝑠 |

(13)

4. Simulation results
In this section we compare the simulation results of the DEM and the CFD model applying the model
parameters given in TABLE 1. The friction parameters are chosen according to the properties of a
typical bulk material such as quartz sand. In a follow-up paper we vary some of these parameters and
examine their influence on the results.
TABLE 1. Simulation parameters.

Parameter

Symbol

Value

Unit

Reference velocity (outlet)

uref

5.0

mm/s

Wall friction coefficient

μw

0.4

-

Inner friction angle

ϕi (continuum-model)

30

°

Inter particle friction coefficient

μpp (DEM)

0.2

-

Rolling friction coefficient

μr (DEM)

0.3

-

Particle diameter

dp (DEM)

1.0

mm

Horizontal pitch

sH

57

mm

Vertical pitch

sV

50

mm

Tube diameter

DT

27

mm

4.1. Flow field and packing fraction
FIGURE 2 shows contours of the flow speed obtained from DEM (left) and CFD-model (right). The
results of the continuum-model represent the velocity magnitude of the granular phase. The DEM
results represent the particle velocities, averaged in space and time per control volume.
Both models coherently predict a stagnant area on top of the tubes. In both cases the stagnant zones
are similar in size. Still, minor differences between both models are visible regarding the shape of the
stagnant zone. The DEM results show a more curved shape whereas the continuum model yields a
more tapered shape.
Niegsch et al. assumed that the stagnant area is confined by slip planes as they occur in triaxial tests
with over-consolidated clays [30], separating resting from moving particles. Such a distinct transition
from “static” to “flowing” is not observed in the simulations. Instead, both models show a continuous
transition.
At the lateral sides of the tubes a maximum of the velocity magnitude occurs due to the constriction of
the flow cross-section. The velocity magnitude decreases towards the tube surface due to wall friction
but is not zero directly at the surface. The shear motion takes place in a narrow area near the wall
which is typical for dense granular flows [31]. The maximum flow speed at the lateral sides of the
tubes is slightly higher in the DEM simulation than in the CFD simulation.

FIGURE 2. Contour plots of velocity magnitude at reference case. Comparison of DEM-model (left) and
continuum-model (right).

In the lower half and underneath the tubes, we observe major deviations between the predicted flow
fields. The DEM model yields a void zone where the packing fraction εs is zero (see FIGURE 3 (left)).
The inclination of the flanks of this void zone is approximately the angle of repose, ϕr, of the material
(ϕi ≈ ϕr ≈ 30°). In contrast to that, the continuum model yields only a slight decrease of the packing
fraction below the tube (see FIGURE 3 (right)).
Similar observations have been made by other researchers in the past. For example, Nikolopoulos et
al. [32] applied a similar continuum model to simulate a heap of granular material and compared the
resulting repose angle to experimental data. They observed that the model can´t produce a static angle
of repose. Instead the material “deliquesces” at the free surface of the bulk.
A possible remedy for the problem could be the use of an elaborate yield function and a bulk viscosity
to include viscous normal stresses in the model [32]. However, the distinct jump of packing fraction at
the flanks of the void area is expected to remain difficult to be properly captured by a continuum
model. Once a model is found which successfully can reproduce a static repose angle, it has to be
supplemented by a description of the dilute and rapidly moving granular flow at the edges of the void
zone to cover the full range of occurring volume fractions.

Alternatively, the resulting decrease in heat transfer in this region might be accounted for by
correction factors regarding the thermal resistance between the tube surface and the first layer of
particles. Possible modifications of the model will be part of future investigations.

void zone

FIGURE 3. Particle assembly from DEM simulation with void area below the tube (left). Contour plot of
packing fraction from CFD model (right).

4.2. Velocity profile at the tube surface and above the tube
The velocity profile in the direct vicinity of the tube surface has major impact on the heat transfer from
the tube surface to the moving bulk. Therefore, an accurate modelling in this region is of particular
importance.
FIGURE 4 (left) shows the velocity profile at the tube surface obtained from DEM and the CFD
model. The velocity profile is that of the first layer of control volumes at the tube surface (see
section 2), which corresponds to the first layer of particles). The results of the continuum model are
obtained at a distance of 0.75 mm from the tube surface.
At the top of the tube (ω = 0) the particles are at rest (u/uref ≈ 0). Around a certain angle (ωSZ), the
velocity starts to rise indicating the transition from the stagnant to the flowing regime. We estimate
ωSZ by inserting a tangent to the plots as shown in FIGURE 4 (left). Both models yield ωSZ ≈ 45°.
Compared to this, the value proposed by Niegsch et al. [6] (ωSZ ≈ 60°, cf. section 2) appears rather
high.
At the lateral sides of the tube, the velocity profile of the CFD simulation yields a maximum at
ω ≈ 90° whereas the DEM simulation shows a local plateau. The results for the flow speed agree well
in both models and the absolute deviation is |Δu/uref| < 15 %.
In the lower part of the tube (ω > 110 °) the DEM simulation shows a pronounced maximum of the
velocity magnitude which does not occur in the CFD simulation. This maximum is associated with the
formation of the void area (cf. FIGURE 3 (left)). The particles gradually lose the frictional contact
with the tube surface and start to accelerate along the slope. This leads to elevated flow speeds in the
lower half of the tube. As the effect is directly linked to the formation of the void area it is not
apparent in the continuum model simulation which doesn´t capture the void zone.
The phenomenon of high flow speeds in the lower half of the tubes has been observed in the past by
Baumann et al. [12] using PIV measurements. They concluded that the static area of the subsequent
tube-row grows into the free cross section between the tubes above. Their conclusion was supported
by the size of the static areas they observed in their measurements. As seen above, though, the peak of

flow speed doesn´t originate from a reduced flow cross-section but from the formation of the void
area. Recent studies have shown that PIV measurements are likely to be influenced by boundary
effects in this case [5]. This finding illustrates the benefit of gaining information from inside the bulk
through numerical simulations compared to measurements which are restricted to the surface of the
bulk.

HSZ

ωSZ

FIGURE 4. Granular flow speed along tube surface (left). Flow speed along vertical section above tube
vertex (right).

FIGURE 4 (right) displays the velocity magnitude along the vertical center line above the tube vertex
(see FIGURE 1 (right)). The results of DEM and continuum-model agree well and the absolute
deviations are |Δu/uref| < 15 %. We estimate the height of the static zone, HSZ, by inserting a tangent to
the plots in FIGURE 4 (b) and taking the intersection with the x-axis. Both models yield HSZ ≈ 9 mm
(0.33∙DT). This value is significantly smaller than the one estimated by Niegsch et al. [6] (cf.
section 2). It remains to be investigated whether the size of the stagnant zone can be influenced by the
heat exchanger geometry or other material and operating parameters.
5. Summary and conclusions
In this study we introduce a continuum model for the calculation of dense granular flows in moving
bed heat exchangers with horizontal tubes. We qualify the model by comparing its results to those of a
validated discrete particle model.
The comparison is based on selected contour plots and velocity profiles of the granular flow field.
Particular attention is payed to the velocity profile at the tube surface.
Both models coherently yield a stagnant zone at the top of the tube. Furthermore, both models agree
well with each other regarding the size and the extent of the stagnant area.
The velocity profiles at the tube surface show deviations of |Δu/uref| < 15 % in the upper half of the
tube. In the lower half of the tube, major deviations between the two models are observed. The reason
for these deviations is found in the formation of a void area below the tubes which is captured only by
the DEM model.
Hence, the continuum model is considered valid in the upper half of the tube and in the realm of the
stagnant area. In the realm of the void area below the tube the model needs to be modified.
Given these modifications, the model will be a valuable tool to evaluate the heat transfer rate in
moving bed heat exchangers and will be used in upcoming design studies.
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