
point of the map, where II = III = 0, hence the anisotropy vanishes.
For the present analysis the trace on the invariant map along a constant radius r∗/R∗

pipe =
0.95 is shown in Fig. 77 for all four cases. For comparison the figures also show the state
of turbulence for the unladen flow. In this case the flow in the pipe is axisymmetric and
thus all data along the fixed radius are found at one (blue) point in the invariant map.
The strongest changes of the state of turbulence for horizontal particle–laden pipe flows
appears for the flow in the glass pipe at η = 70%. As obvious in Fig. 77(c) the trace in
the map is significantly extended and strongly tends towards the one–component limit.
As already mentioned before, in the top part of the glass pipe the flow is not substantially
altered by the particles because of their low concentration (see Fig. 75(c)). Consequently,
the turbulent properties should be similar to the unladen flow which is confirmed by the
invariant map shown in Fig. 77(c). Furthermore, the anisotropy of turbulence strongly
increase by the influence of the particles on the continuous flow. The tendency to tend
towards the one–component limit is typically found for relaminarizing flows and this ob-
servation is consistent with the low levels of the turbulent kinetic energy k found in the
bottom part of the glass pipe (see Fig. 76(c)). In this case the dominant component of the
Reynolds stress tensor is 〈u∗′

fzu
∗′

fz〉/U∗
B
2, i.e., the fluctuations in streamwise direction being

at least one order of magnitude higher than all other components of the tensor. This
specific region of the map is highly interesting for drag reduction investigations (see, e.g.,
Frohnapfel et al., 2007). Moving down the side wall the trace of the map approaches the
two–component limit, which is typical for the near–wall region, where the wall–normal
fluctuations decrease faster compared with the fluctuations in the other two directions.
This supports the observation made above of a partially relaminarized boundary layer in
the bottom part: At the same distance from the wall the flow in the lower part has a
near–wall behavior. On the other hand, in the top part the turbulence shows a behavior
typical for buffer layers, where the trace of the invariant map is found near the axisym-
metric border (see, e.g., Frohnapfel et al., 2007). That means that the boundary layer at
the same radial position near the bottom is much thicker than at the top. Compared with
the glass pipe the modifications of turbulence in the steel pipe (Fig. 77(d)) at the same
mass loading are qualitatively similar but much less pronounced. Regarding the depen-
dency from the mass loading η it is obvious that the changes induced by the presence of
the particles in the anisotropy map at constant radius are less pronounced for the lower
mass loading than for the higher mass loading (compare Fig. 77(a) with (c) and Fig. 77(b)
with (d)). These observations are consistent with the smaller modifications of the other
quantities (e.g., 〈u∗′

fθu
∗′

fθ〉/U∗
B
2 or k) studied before and the lower strength of the resulting

secondary flow.

Pressure Distribution
For completeness, Fig. 78 shows the mean pressure 〈p〉 = 〈p∗〉/ρ∗fU∗

B
2 for the glass

(Figs. 78(a) and (c)) and the steel pipe (Fig. 78(b) and (d)). It is evident that for
all four cases the contribution by the negative gradient of the circumferential Reynolds
stress near the wall is partially balanced by a positive pressure gradient. However, the
sum leads anyway to a net contribution of the driving forces in circumferential direction as
will be shown by a more detailed analysis in the following section. Note that the positive
circumferential direction is defined here in clockwise direction, i.e., in the direction of the
secondary flow along the wall for the right part of the pipe. For the four cases considered
the maximum pressure is observed near the concentration maximum (see Fig. 75(a)–(d))
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Figure 77: Invariant mapping along the constant radial coordinate r∗/R∗
pipe = 0.95, data of

the particle–laden flow in red, data of the unladen flow (for comparison) in blue,
poly–disperse particles for both pipes and two mass loadings.

and therefore also near the region in the pipe cross–section with the highest turbulence
attenuation. That means that for the glass pipes (Fig. 78(a) and (c)) the maximum pres-
sure is located at the bottom of the pipe leading to a pressure gradient along the wall
against the gravitational acceleration. With respect to the symmetry plane the negative
pressure gradient acts in the direction of the secondary flow. Furthermore, it is noticeable
that for the glass pipe the maximum pressure increases with increasing mass loading. For
the steel pipe (Figs. 78(b) and (d) ) on the other hand, the maximum pressure is located
near the pipe center, i.e., near the symmetry plane the pressure has a decelerating effect
in the lower half of the pipe and an accelerating effect in the upper half. In contrary to
the glass pipe, for the steel pipe the maximum pressure does not increase with increasing
mass loading but has similar values for both cases. Unfortunately, no comprehensive ex-
planation for this observation can be given. However, the maximum pressure seems to be
correlated with the degree of turbulence attenuation. For the glass pipe (especially for the
η = 70% case) a strong turbulence attenuation can be observed at the bottom of the pipe
leading to almost vanishing turbulence fluctuations in this region (see Fig. 74(c) and also
Fig. 76(c)). Therefore, a strong reduction of the turbulence fluctuations in comparison
with the unladen flow can be observed. For the lower mass loading computed for the
glass pipe, the turbulence attenuation (see Fig. 74(a) and also Fig. 76(a)) is smaller than

239



for the η = 70% case and therefore also the pressure is smaller. For the steel pipe the
particles concentration shows a maximum near the pipe center, i.e., in the region where
the turbulence fluctuations for the unladen flow have a minimum. Therefore, in contrast
to the glass pipe, no big difference between the η = 30% and η = 70% case regarding
the degree of turbulence attenuation provoked by the particles can be observed. For this
reason no big difference between the two cases regarding the maximum pressure can be
noticed.
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Figure 78: Contours of the mean pressure 〈p∗〉/ρ∗fU∗
B
2, poly–disperse particles for both pipes

and two mass loadings.

8.6.4.2 Quantitative Analysis
In order to quantify the driving mechanisms pushing the flow along the pipe walls, the
filtered velocity field ũfi predicted by LES is decomposed according to Reynolds in a time–
averaged value 〈ũfi〉 and the superimposed turbulent fluctuations u′

fi: ũfi = 〈ũfi〉 + u′
fi.

The resulting velocity field is casted into the LES equations and after time–averaging (the
time–averaging operation is denoted by the brackets 〈...〉) the Reynolds–averaged equation
of motion in circumferential direction are obtained. Assuming that the resolved flow field
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contains the major part of the turbulent spectrum, the subgrid–scale contributions can
be neglected for this rough analysis leading to the following dimensionless equation:

〈ũr〉
∂〈ũθ〉
∂r

+
〈ũθ〉
r

∂〈ũθ〉
∂θ

+
〈ũr〉〈ũθ〉

r
= −1

r

∂〈p̃〉
∂θ

+

1

Re

[
1

r

∂

∂r

(
r
∂〈ũθ〉
∂r

)
+

1

r2
∂2〈ũθ〉
∂θ2

+
2

r2
∂〈ũr〉
∂θ

− 〈ũθ〉
r2

]

−∂〈u′
ru

′
θ〉

∂r
− 1

r

∂〈u′
θu

′
θ〉

∂θ
− 2〈u′

ru
′
θ〉

r
− 〈Fpfθ〉

(8.10)

Note that the derivatives in axial direction are omitted a-priori since they are equal
to zero because of the homogeneity of the flow and the resulting spatial averaging in
this direction. To estimate the driving forces leading to the secondary flow, the above
equation is evaluated in a radial slice parallel to the pipe wall ranging from r∗1/R

∗
pipe = 0.91

(∆r+ = 210 based on the skin friction velocity of the unladen flow) to r∗2/R
∗
pipe = 0.98

(∆r+ = 51). By this way the effect of the viscous forces can be neglected since the outer
border of the slice is clearly outside of the viscous sublayer. Furthermore, by analyzing the
averaged data it turns out that 2〈u′

ru
′

θ〉 = 2〈u∗′

r u
∗′

θ 〉/U∗
B
2 is of the order O(10−5) and hence,

can also be neglected with respect to ∂〈u′

θu
′

θ〉/∂θ = 1/U∗
B
2 ∂〈u∗′

θ u
∗′

θ 〉∂θ (see Fig. 74(c) and
(d)). The derivative ∂〈u′

ru
′
θ〉/∂r is retained since it cannot be neglected a–priori. Hence,

the above equation can be simplified to:

〈ũr〉
∂〈ũθ〉
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r
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′
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′
θ〉

∂θ
− Fpfθ (8.11)

To get smoother data, we integrate the above equation with respect to θ:

∫ θ

0

(
〈ũr〉

∂〈ũθ〉
∂r

+
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r
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+
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r

)
dθ = −1

r

(
〈p̃〉(θ)− 〈p̃〉(0))

)

︸ ︷︷ ︸
P

−
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0

∂〈u′
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θ〉

∂r
dθ
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URΘ

−1

r

(
〈u′

θu
′
θ〉(θ)− 〈u′

θu
′
θ〉(0)

)

︸ ︷︷ ︸
UU

−
∫ θ

0

Fpfθ dθ

︸ ︷︷ ︸
FP

(8.12)

Note that as mentioned before the positive circumferential direction is defined in clockwise
direction starting from the top of the pipe. Since derivatives cannot be disregarded a–
priori the computation of the first derivative of the shear stress ∂〈u′

ru
′
θ〉/∂r was performed

by means of a central difference scheme. To integrate the particle force and the derivative
of the shear stress ∂〈u′

ru
′
θ〉/∂r the trapezoidal rule was applied.

Figure 79 shows the terms of the right–hand side of eq. (8.12) for the glass (Figs. 79(a)
and (c)) and the steel pipe (Figs. 79(b) and (d)). For the steel pipe the terms at the
right–hand side of eq. (8.12) are multiplied by a factor of 2 in order to use the same
scaling as for the glass pipe. Comparing the glass with the steel pipes it is evident that (i)
the gradient of the circumferential Reynolds stress UU forces the flow in circumferential
direction, (ii) the pressure gradient P partially balances this effect, (iii) the particles
and the gradient of the shear stress ∂〈u′

ru
′
θ〉/∂r exert a force against the direction of the

secondary flow but the effect is almost negligible and (iv) the sum of the four effects leads
to a net contribution in circumferential direction. Note that the sum of the right–hand
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side of eq. (8.12) for the glass pipes is approximately doubled compared with the steel
pipes explaining the difference in the magnitude of the secondary flow between both cases.
Furthermore, comparing Fig. 79(a) with (c) it can be observed that the sum of the terms
on the right–hand side of eq. (8.12) are similar in magnitude for the flow in the glass pipe
at different mass loadings. This is consistent with the observation that the intensity of the
secondary flow is similar in the two glass pipes considered (see Figs. 72(a) and (c)). An
analogous observation can be made regarding the flow in the steel pipe at η = 30% and
70%. A further observation which can be made by comparing the main forces driving the
secondary flow at the walls consisting of the same material but different mass loading, is
that the pressure P behaves inversely proportional to the integral of the Reynolds stress
in circumferential direction UU. For the low mass loadings (see Fig. 72(a) and (b)) UU
does not increase as rapidly as for the intermediate mass loading (see Fig. 72(c) and (d)).
The reason is that the turbulence attenuation for η = 30% is not as pronounced as for
η = 70%. In conclusion, the wall roughness drastically changes the particle distribution
in the cross–section. Consequently, the anisotropy of the Reynolds stress is reduced and
thus a weakened secondary flow of second kind is observed for the rough pipe compared
with the smooth pipe.

-0.0015

-0.001

-0.0005

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 0  0.5  1  1.5  2  2.5  3

P
UU

URΘ
FP

P +URΘ +UU + FP

θ
(a) η = 30%, glass pipe

-0.0015

-0.001

-0.0005

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 0  0.5  1  1.5  2  2.5  3

2URΘ

2P
2UU
2FP

2P + 2URΘ + 2UU + 2FP

θ
(b) η = 30%, steel pipe

-0.002

-0.001

 0

 0.001

 0.002

 0.003

 0.004

 0  0.5  1  1.5  2  2.5  3

P
UU

URΘ
FP

P +URΘ +UU + FP

θ
(c) η = 70%, glass pipe

-0.002

-0.001

 0

 0.001

 0.002

 0.003

 0.004

 0  0.5  1  1.5  2  2.5  3

2URΘ

2P
2UU
2FP

2P + 2URΘ + 2UU + 2FP

θ
(d) η = 70%, steel pipe

Figure 79: Quantitative analysis of the driving forces in circumferential direction for both pipes
and both mass loadings.
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8.6.5 Comparison with the Literature

Concerning experimental studies, unfortunately, no investigations reported explicitly the
existence of a secondary flow in the cross–section of a particle–laden pipe flow. Very
recently, however, Belt et al. (2012) performed LDA measurements of water flow in a
vertical Plexiglas pipe with a diameter of 50 mm. The peculiarity was that at the bottom
half of the pipe three layers of spheres separated from each other by 10 mm with a sphere
diameter of 1 mm were fixed in a staggered arrangement along the entire pipe length. The
objective was to mimic the effect of the increased particle concentration at the bottom
of a horizontal pipe under the influence of gravity. Two different Reynolds numbers, Re
= 5494 and 10,864, were investigated. The pipe had a length of 120 diameters before
the measurement section to ensure a fully developed flow and a length of 40 diameters
after the measurement section to avoid exit effects. The main outcome was that for
both Re two elongated secondary flow regions at the bottom part and two much smaller
ones with a very low intensity at the top part of the pipe developed. The intensity of
the cross–sectional flow increased with increasing Re and reached about 9% of the bulk
velocity in case of the high Reynolds number. Belt et al. (2012) attributed the presence
of the secondary flow to the particle–induced changes of the turbulent flow. In case of
inhomogeneously distributed particles observed for horizontal pipe flows these changes
lead to an anisotropy in the Reynolds stresses in the cross–section causing the secondary
flow, i.e., a secondary flow of second kind is approved. In the present study an intensity
of about 2% of the bulk velocity is found for the glass pipe and of about 1% for the
steel pipe. Despite the differences in the setup between the study of Belt et al. (2012)
and the present research, the overall structure and the direction of the secondary flow
near the pipe wall is found to agree well between both investigations. Furthermore, in
both studies the secondary flow coincides with the negative gradient of the circumferential
Reynolds stress 〈u∗′

fθu
∗′

fθ〉/U∗
B
2. However, it is worth to mention that in Belt et al. (2012)

the gradient of the circumferential Reynolds stress 〈u∗′

fθu
∗′

fθ〉/U∗
B
2 along the sidewall was

much more pronounced than in the present work explaining the higher magnitude of the
secondary flow. Hence, both observations concerning the flow direction and the gradient of
〈u∗′

fθu
∗′

fθ〉/U∗
B
2 give a clear hint that the physical mechanism responsible for the circulation

in the pipe cross–section is the same.
A similar structure of the secondary flow, i.e., the flow moves upwards at the symmetry

plane and downwards at the walls, was also found in the RANS prediction of a rough
steel pipe with a mass loading of 30% and the same poly–disperse particle distribution as
described in § 7.6 performed by Huber and Sommerfeld (1998). In contrast to the present
study, no secondary flow in the pipe cross–section was detected by Huber and Sommerfeld
(1998) in their smooth glass pipe simulations at the same mass loading. The intensity of
the secondary flow in the case of the steel pipe was about 3% of the bulk velocity and
hence tripled with respect to the same setup of the present simulation. Differences to the
present simulation can also be found in the explanation of the occurrence of the secondary
flow, i.e., Huber and Sommerfeld (1998) argued that the particles push the flow upwards
because of the difference between the top and bottom wall of the wall–normal momentum
transferred by the particles to the fluid. Hence, the explanation of the driving mechanism
of the secondary flow given by Huber and Sommerfeld (1998) is completely different to
the mechanism found in Belt et al. (2012) and in the present work, i.e., that the origin of
the secondary flow is the gradient of the circumferential Reynolds stress arising between
the bottom and the top wall. The aforementioned discrepancies are difficult to explain,
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especially since in the present work it is found that the particles have a decelerating effect
on the steady vortex developing in the pipe cross–section.
Lain and Sommerfeld (2012) recently obtained in their two–way coupled RANS sim-

ulations two circulation cells symmetric about the midplane. In their four–way coupled
simulation Lain and Sommerfeld (2012) reported a four–cell structured secondary flow
symmetric about the midplane and the plane perpendicular to the gravitational acceler-
ation almost cutting the pipe center. The intensity of the cross–sectional flow increased
with increasing wall roughness and was about 0.2% for a standard deviation of the wall
inclination of ∆γ = 0.8◦ and about 0.3% for ∆γ = 5.0◦. However, compared to the study
of Huber and Sommerfeld (1998) and the present work, the predictions of Lain and Som-
merfeld (2012) were carried out for rather large inertial mono–sized particles and for a
higher mass loading of η = 100%. In order to compare the present methodology with the
results of Lain and Sommerfeld (2012) and to investigate whether it is possible to achieve
a secondary flow of first kind, supplementary four–way coupled simulations with particles
(d∗p = 134 µm and η = 100%) hitting two different rough surfaces were performed. (For
the setup see § 7.6.) The secondary flow structures developing in the pipe cross–section
are shown in Figs. 80(a)–(b). It is obvious that for both roughnesses investigated only one
symmetry plane can be observed and hence the picture of the flow is in striking difference
to the one observed by Lain and Sommerfeld (2012). Furthermore, the same analysis
about the direction of the force exerted by the particles on the fluid as carried out in the
previous section, was performed and it can be concluded that the driving force is still
the anisotropy of the Reynolds stress tensor even for the high roughness. Furthermore,
the intensity of the cross–sectional flow decreases with increasing roughness and is ap-
proximately equal to 0.2% of the bulk velocity for the lower roughness (see Fig. 80(a))
and about 0.1% of the bulk velocity for the higher roughness (see Fig. 80(b)). Thus the
intensity of the cross–sectional flow has an opposite dependence on the roughness than
in the studies performed by Lain and Sommerfeld (2012). The trend observed in the
present simulations is in line with the findings made in in the previous section. For in-
creasing roughness the particles are more affected by rough–surface collisions and hence
the gravity plays a minor role. Therefore, the particle concentration shows an almost
axisymmetric distribution. This becomes clear by comparing the particle concentrations
for k∗

s = 30 µm (see Fig. 80(c)) with the particle concentration for k∗
s = 150 µm (see

Fig. 80(d)). It is obvious that for increasing surface roughness the concentration profile
shows a more homogeneous distribution and becomes almost axisymmetric. Furthermore,
it is evident that bigger particles hitting the same rough surface are less influenced by the
gravity than smaller particles (compare Fig. 80(c) with 75(b) or (d)). Due to the almost
axisymmetric distribution of the particles the turbulence is almost equally affected along
a constant radius and the gradient of the circumferential Reynolds stress 〈u∗′

fθu
∗′

fθ〉/U∗
B
2

in circumferential direction almost vanishes (see Figs. 80(e)–(f)). That explains why the
strength of the secondary flow in the rough steel pipe (k∗

s = 30 µm) reduces from about
1% of the bulk velocity to about 0.2% of U∗

B for the large mono–disperse particles. In case
of even higher wall roughness (k∗

s = 150 µm) the secondary flow almost vanishes com-
pletely for the mono–disperse particles. Summing up, the present simulations delivers
quite different results, both concerning the origin of the secondary flow and concerning
its pattern, compared with the study by Lain and Sommerfeld (2012). The discrepancies
remain difficult to explain.
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(a) d∗p = 134 µm, k∗s = 30 µm
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(b) d∗p = 134 µm, k∗s = 150 µm
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(c) d∗p = 134 µm, k∗s = 30 µm
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(d) d∗p = 134 µm, k∗s = 150 µm
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(f) d∗p = 134 µm, k∗s = 150 µm

Figure 80: Influence of the wall roughness seen by the particles on (a)-(b) the projected
streamlines and the fluid velocity component 〈u∗fy〉/U∗

B against the gravitational
acceleration (averaged flow), (c)-(d) the mean particle concentration and (e)-
(f) the circumferential Reynolds stress 〈u∗′fθu∗

′

fθ〉/U∗
B
2, mono–disperse distribution.

245



8.6.6 Summary and Conclusions

Secondary flow structures in turbulent flows through horizontal pipes with circular cross–
sections were investigated numerically based on large–eddy simulation and an Euler–
Lagrange approach. The objective was to prove whether the particle–driven secondary
flow is of first or second kind and to isolate the most important physical contributions.
In order to validate the numerical tool and to achieve confidence in the results, first the
unladen turbulent flow was checked based on cross–comparisons with experimental and
DNS data. In the second step a particle–laden flow through a glass and a steel pipe were
predicted and compared with the experimental measurements of Huber (1997) and Huber
and Sommerfeld (1998). All results were found to be in good agreement with the reference
data. Thus the analysis of the secondary flow structures was carried out for poly–disperse
particle with two different mass loadings and both, a smooth (glass) and a rough (steel)
surface. Furthermore, the flow with rather inertial mono–disperse particles at a mass
loading of η = 100% hitting two different rough surfaces was additionally analyzed for a
direct comparison with RANS predictions from the literature.
The main results of this study are:

• A two–cell secondary flow structure symmetric to the midplane is observed for all
cases studied.

• An analysis of the drag forces exerted by the particles on the flow yields the finding
that the secondary flow of the continuous phase is not driven by the particles, but
the particles are pushed by the fluid flow. Thus, a secondary flow of first kind can
be excluded in the present cases.

• The strongly inhomogeneous particle distribution when rather small particles hit
a smooth or rough surface leads to major variations of the Reynolds stresses. Es-
pecially, the circumferential Reynolds stress varies significantly in circumferential
direction.

• Analyzing the Reynolds–averaged Navier–Stokes equation in circumferential direc-
tion identifies three main driving contributions, the circumferential gradient of the
circumferential Reynolds stress ∂〈u′

θu
′
θ〉/∂θ, the circumferential pressure gradient

∂〈p〉/∂θ and the forces exerted by the particles. The first contribution has the
largest magnitude and is directed in the direction of the secondary flow observed.
The second contribution, i.e., the pressure gradient in circumferential direction par-
tially balances the gradient of the Reynolds stress in circumferential direction. Fur-
thermore, it is found by analyzing the pipe flow at different mass loadings that
∂〈p〉/∂θ is proportional to ∂〈u′

θu
′
θ〉/∂θ. However, since the absolute values of the

sum of the pressure gradient and the force exerted by the particles on the fluid are
smaller in magnitude than the gradient of the circumferential Reynolds stress and
directed against the secondary flow, the circumferential Reynolds stress is clearly
identified as the driving mechanism.

• The magnitude of the secondary flow velocity in the glass pipe is about 2% of the
bulk velocity for the low and medium mass loading for the poly–disperse particle
size distribution. Furthermore, the wall roughness has a significant effect leading
to a more homogeneous distribution of the particle concentration. That reduces
the gradients of the Reynolds stresses in the cross–section and consequently the
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anisotropy of the Reynolds stresses. For this reason the magnitude of the secondary
flow decreases to about 1% of the bulk velocity in the steel pipe.

• In comparison with the results found by Belt et al. (2012) for fixed particles and
two much lower Reynolds numbers (up to 9 % of the bulk velocity), the magnitude
of the secondary flow velocity in the present case is significantly smaller. However,
in both studies the direction of the secondary flow at the wall coincides with the di-
rection of the negative gradient of the circumferential Reynolds stress 〈u∗′

fθu
∗′

fθ〉/U∗
B
2.

The higher magnitude of the secondary flow found in the experimental setup with
fixed particles can be explained by the higher gradient of 〈u∗′

fθu
∗′

fθ〉/U∗
B
2 at the wall

measured by Belt et al. (2012).

• Contrary to the investigations of Huber and Sommerfeld (1998) and Lain and Som-
merfeld (2012) no evidence for the appearance of a secondary flow of first kind, i.e.,
where the particles pushing the flow inducing a secondary motion of the fluid, can
be found. This statement is also affirmed for rather large inertial particles hitting
quite rough surfaces of different roughnesses. Thus a discrepancies in the results
remained which could not by resolved.
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8.7 Cold Flow in a Combustion Chamber Model

This section shows the results obtained from the particle–laden flow simulation from the
combustion chamber model. This section is organized as follows: First, the influence of
the coupling assumption is analyzed in detail on a coarser grid in § 8.7.1. The results are
compared and validated by means of the experiment of Borée et al. (2001). Furthermore,
in this section also the influence of the particle diameter on the particle statistics is
analyzed and a physical explanation for the minor importance of the four–way coupling
even for the high mass loading η = 110% is given. After that, in § 8.7.2 the influence of the
resolution and the inflow boundary conditions is studied. Finally, conclusions regarding
the flow in the combustion chamber model are drawn in § 8.7.3. Note that a part of the
results presented here were already published by the author in Alletto and Breuer (2012),
Breuer and Alletto (2012a,b).

8.7.1 Influence of the One–, Two– and Four–Way Coupling

8.7.1.1 Overview of the Flow Structure
In order to provide a first overview on the general flow structure, Fig. 81 depicts the
streamlines of the averaged continuous fluid flow for the four–way coupled simulations,
the contour plots of the radial velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet, the averaged particle

paths for particles with a diameter of d∗p = 60 µm and the mean volume fraction Φ of the
particles at both mass loadings η = 22% and 110%. Note that the measurement planes
where the simulations are later compared with the experiments of Borée et al. (2001)
are visualized as red dashed lines. The path lines are obtained by averaging the particle
statistics of different particle classes separately in time and in circumferential direction.
Based on the averaged velocities of the particles belonging to the same class, the path
lines in a cross–section can be displayed. No big differences between the one–, two– and
four–way coupled cases for the moderate mass loading and the two– and four–way coupled
cases for the high mass loading can be observed. Therefore, Figs. 81(a) and (b) provide
an illustration of how the momentum additionally injected by the particles changes the
mean continuous fluid flow in the combustion chamber.
As visible in Figs. 81(a) and (b), due to the central jet J a second counter-clockwise

rotating recirculation region R2 is formed inside the wake characterized by a clockwise
rotating recirculation R1 generated by the sudden expansion of the annular flow A. In
the case of the moderate mass loading the momentum injected by the central jet is not
high enough to penetrate through the recirculation region R1. Thus, the first stagnation
point S1 is formed located at z∗/R∗

pipe = 12.56 and 13.99 for the unladen and the M4
case, respectively. The same flow structure is found in combustion devices where the
central fuel jet is not able to overcome the bluff–body recirculation region leading to a
recirculation type flame (Chen et al., 1990, 1998b). In this case the main combustion
occurs in the recirculation bubble. As pointed out by Namazian et al. (1989) the loca-
tion of the first stagnation point S1 depends on the normalized momentum–flux ratio
M∗

jet/M
∗
e = (U∗

jet/U
∗
e )

2 · (ρ∗jet/ρ∗e). To allow a comparison of the location of S1 with ex-
periments available in the literature, for the present simulation this quantity is estimated
as follows: M∗

jet/M
∗
e ≈ (U∗

jet/U
∗
e )

2 · (1 + η). The values corresponding to the unladen
case, the moderate mass loading case and the high mass loading case are 0.31, 0.38 and
0.66, respectively. A direct analogy with the single–phase flow is, however, only possible
for fully responsive particles whose characteristic time of momentum exchange is much
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Figure 81: Combustion chamber flow: Averaged data of the four–way coupled cases M4 and
H4: (a, b) Streamlines of the continuous flow; (c, d) contour plots of the radial
velocity fluctuations 〈u∗′fr〉rms/U

∗
jet; (e, f) path lines of the particles with a diameter

of d∗p = 60µm; (g, h) contour plots of the mean particle volume fraction Φ.

smaller than the time scales of the flow (Borée et al., 2001). Namazian et al. (1989)
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measured the location of S1 at a dimensionless distance from the entrance z∗/R∗
pipe ≈ 14

for a normalized momentum–flux ratio of M∗
jet/M

∗
e = 0.36, whereas Schefer et al. (1987)

measured the location of S1 at z∗/R∗
pipe ≈ 15 for M∗

jet/M
∗
e = 0.46. Hence the M4 case is in

good agreement with the former possessing about the same momentum–flux ratio16. The
momentum–flux ratios M∗

jet/M
∗
e provided by Borée et al. (2001) are 0.69, 0.84 and 1.44

for the unladen, the moderate mass loading and the high mass loading case, respectively.
For M∗

jet/M
∗
e = 0.68, however, Schefer et al. (1987) reported a flow structure where only

one stagnation point on the axis remains, i.e., significantly different from the flow struc-
ture with two stagnation points S1 and S2 on the axis reported by Borée et al. (2001)
for nearly the same momentum–flux ratio. Combined with the deviations found in the
measurements of Borée et al. (2001) between the specified mean velocity at the entrance
and the integrated velocity profile of the annular flow at z∗/R∗

pipe = 0.3 this probably
indicates an erroneous specification of the volume flux of the annular flow in Borée et al.
(2001).
The second stagnation point S2 found for η = 22% is formed due to the upstream di-

rected flow in the bluff–body recirculation region. The location of S2 depends prevalently
on the radius Ra (Schefer et al., 1987; Chen et al., 1998b). In case of the high mass
loading (Fig. 81(b)) the recirculation R2 is elongated compared to M2/M4 (Fig. 81(a)).
Additionally, it is shifted slightly away from the axis, since in contrast to M2/M4 the
central jet penetrates through the recirculation region. Thus, the two stagnation points
visible in Fig. 81(a) disappear for η = 110% depicted in Fig. 81(b). Furthermore, the
downstream extension of R1 is slightly reduced for H2/H4. In combustion devices a sim-
ilar flow picture can be found if the momentum injected by the fuel jet is high enough
to overcome the recirculation bubble, i.e., a central–jet dominated flame is formed (Chen
et al., 1990, 1998b). For this flow configuration the combustion occurs in the recirculation
bubble R1 and downstream of it on the axis (Chen et al., 1998b). Finally, behind both
recirculation bubbles R1 and R2 a flow field is generated which is typical for the region
in the far–field of a bluff body (see, e.g., Zdravkovich (1997)). This region is denoted W
in Figs. 81(a) and (b).
Even more drastic than on the mean flow are the effects induced by the disappearance of

the two stagnation points S1 and S2 on the radial velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet (see

Figs. 81(c) and (d)) which characterize, especially for the near–axis region, the particle
dispersion by turbulence. For M2/M4 (see Fig. 81(c)) the maximum of the radial velocity
fluctuations 〈u∗′

fr〉rms/U
∗
jet is located in a region around the second stagnation point S2 and

this region is therefore where most of the particles are dispersed from the axis in radial
direction. For H2/H4 (see Fig. 81(d)) the distribution of the radial velocity fluctuations
〈u∗′

fr〉rms/U
∗
jet is completely different. Here the maximum of the radial velocity fluctuations

〈u∗′

fr〉rms/U
∗
jet is shifted away from the axis and its magnitude is smaller compared to

M2/M4. Both effects lead to a decrease of the particle dispersion by turbulence from the
axis towards the outer flow.
The path lines displayed in Figs. 81(e) and (f) provide a first overview of the mean

particle motion in the model combustion chamber. At first the M4 case is discussed.
As visible from Fig. 81(e) particles with a diameter of 60 µm possess enough inertia to
pass the recirculation region R1 without being stopped by the upstream directed flow.

16The momentum–flux ratio in Schefer et al. (1987) and Namazian et al. (1989) is defined asM∗

jet/M
∗

e =

(U∗

jet/U
∗

e ) · (ρ∗jet/ρ∗e)0.5 and hence the square of the indicated values is taken to compare them with the
present simulation.
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Nevertheless, some particles are entrained by turbulent diffusion into both recirculation
regions R1 and R2 following different path lines depending on the recirculation region
in which they end up: The particle path lines present in R2 are still closed indicating
a mean rotatory motion of the particles. Contrarily, the particles entrained into R1 can
follow the fluid motion while they are directed upstream but, due to their inertia, they
leave the recirculation bubble almost tangentially when they regain a positive streamwise
velocity. It is noticeable that particles, which are able to reach the annular flow A, are still
transported radially outwards in spite of the inward curved streamlines (see Figs. 81(a)
and (b)). This indicates that the numerical prediction is capable to reproduce the effect
of turbophoresis on the particle motion. Turbophoresis is the tendency of particles to
migrate in the direction of decreasing turbulence level (Caporaloni et al., 1975). A similar
behavior can be observed for the H4 case (see Fig. 81(f)) with the difference that the
region where the particles follow a closed path line is marginally larger and the region
on the axis where the particles follow nearly a straight path is slightly more extended
radially outwards due the absence of the stagnation points S1 and S2.
The effect of the mean upstream directed flow on the axis on the particle dispersion is

elucidated by the mean particle volume fraction Φ depicted in Fig. 81(g) for the M4 case.
For the moderate mass loading the particles are efficiently dispersed by the recirculation
region R1 which extends until the axis. Furthermore, the particles accumulate in the
region on the axis between the two stagnation points S1 and S2. The same results were
obtained by the LES of Riber et al. (2009). Borée et al. (2001) qualified the local maxi-
mum of the particle volume fraction as natural near stagnation points. For the H4 case
(Fig. 81(h)), however, the central jet penetrates through the recirculation region R1 and
the particles are only gradually dispersed in radial direction by the turbulent fluctuations.

8.7.1.2 Influence of the One–, Two– and Four–way Coupling Assumption on
the Particle and Fluid Statistics for η = 22%

Continuous Phase
Figure 82 shows the axial evolution of the mean streamwise velocity, the streamwise
velocity fluctuations and the radial velocity fluctuations of the continuous phase. Note
that the presentation of the simulated cases (MH1, M2, M4) and of the single–phase
and two–phase measurements of Borée et al. (2001) is not changed in this section and
therefore the legend is displayed only in Fig. 82. Figure 82(a) depicts the axial velocity
of the fluid along the axis. As visible, the flow field of the continuous phase is influenced
by the particulate phase already at this moderate mass loading. The jet developing at
the exit of the pipe is stopped rapidly in the recirculating flow forming a first stagnation
point S1 on the axis already depicted by the streamlines in Fig. 81(a). In the unladen
case MH1 the first stagnation point S1 is found at about z∗/R∗

pipe = 12.56, whereas for the
two–way and four–way coupled cases M2/M4 this point is shifted downstream to about
z∗/R∗

pipe = 13.99 and 14.09, respectively. The same trend even more pronounced can
be observed between the single–phase and two–phase experimental data by Borée et al.
(2001). Contrarily, the deviation between the two–way and four–way coupled cases is
minor, indicating that the role of particle–particle collisions is of less importance for this
mass loading. However, the influence of the particles on the fluid is of major interest. A
second stagnation point S2 of the mean fluid flow is located at the end of the recirculation
bubble R1 at z∗/R∗

pipe = 20.3. Here the differences between the three predicted cases are
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minor. Figure 82(b) depicts the axial evolution of the streamwise velocity fluctuations.
No significant differences can be found between the one–, two– and four–way coupled
predictions. The maximum is observed in accordance with the experiments in the region of
the maximum axial velocity gradient and is slightly underpredicted and shifted upstream.
Figure 82(c) illustrates the radial velocity fluctuations along the axis. These Reynolds
stresses are overpredicted in the region past the recirculation region R2, but the maximum
is found similar to the experiments at the end of the recirculation region R1 near S2 (see
also Fig. 81(c)). It is worth noting that, if the influence of the particles on the fluid is taken
into account, the maximum is slightly diminishing with respect to the one–way coupled
case and furthermore marginally shifted downstream. The maximum deviation between
the predictions and the measurements is observed quite far away from the entrance, i.e.,
near the second stagnation point S2.
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Figure 82: Axial evolution of the streamwise velocity and the streamwise and radial velocity
fluctuations of the continuous phase at η = 22%; experimental data by Borée et al.
(2001).

Figure 83 shows the mean axial fluid velocity at all measurement planes investigated
by Borée et al. (2001) for this mass loading, i.e., z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40.
To provide a better overview of how the flow develops along the chamber, the profiles are
plotted at their corresponding dimensionless locations of the measurement planes z∗/R∗

pipe

and additionally scaled by a factor of 3. In all figures using this presentation the location
of the measurement planes is characterized by vertical dashed lines. The horizontal dashed
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lines denote the location where the pipe and the annular flows are discharged into the
combustion chamber. The first measurement plane analyzed by Borée et al. (2001) is
located at z∗/R∗

pipe = 0.3, i.e., shortly behind the inlet. A good agreement is found
between the experiment and the simulations for the central pipe flow. Here, according
to the experimental set–up the development section was long enough to ensure a fully
developed turbulent pipe flow (Borée et al., 2001) as assumed in the present simulations by
the additional predictions for the inflow generation. Differences between the experiments
and the simulations in this measurement plane are restricted to the annular fluid flow
where the measured profile is slightly asymmetric. The asymmetric experimental profile
can probably be traced back to the rather short development section of the annular flow
(Borée et al., 2001) which yields a non–fully developed turbulent flow and consequently is
difficult to reproduce by a separate simulation for the inflow generation applying periodic
boundary conditions. Regarding all other measurement planes in general good agreement
is found between the experiments and the simulations except for the outer radii where
the predicted mean velocity is too high. As will be shown in § 8.7.2.2 this discrepancy
between the simulation and the experiment can be removed by improving the accordance
of the inflow data used in the simulation with the one measured by Borée et al. (2001).
Note, however, that there are also certain discrepancies between the measurements of the
mean velocity in the unladen case and in the case of η = 22% at the outer radii. These
deviations are difficult to explain since the influence of the particles on the carrier phase at
η = 22% is expected to be localized to a region near the axis and not too far downstream
of the chamber entrance, i.e., where the particle concentration is high enough to justify
a feedback on the continuous phase (see Fig. 81(g)). However, good agreement with the
unladen measurements in the outer radii can be detected. Minor differences between the
one–, two– and four–way coupled simulations are found only in the near–axis region of the
measurement plane z∗/R∗

pipe = 16 where the mean fluid velocity is slightly higher for the
two– and four–way coupled fluid flow due to the momentum transferred from the disperse
to the continuous phase.
Figure 84 shows the mean radial fluid velocity at the measurement planes z∗/R∗

pipe =
0.3, 16, 20, 24, 32 and 40. The same presentation as for the mean axial velocity is chosen
but with a larger scaling factor of 10 since the magnitude of this component is much lower.
It is obvious that there are no significant differences observable between the one–, two–
and four–way coupled simulations. Very good agreement between the experiment and the
simulations can be found in the measurement plane cutting the two recirculation regions
R1 and R2 located at z∗/R∗

pipe = 8. The mean radial velocity is directed away from the
axis until slightly above the center of R1 (see Fig. 81(a)) and becomes negative near the
mixing layer between the annular flow and R1. At the measurement plane located at
z∗/R∗

pipe = 16, it is visible that the mean radial fluid velocity is very well captured near
the axis, where both, experiment and simulations, show a flat slope of the radial profile
indicating streamlines almost parallel to the axis (see also Fig. 81(a)). The magnitude
of the radial velocity in the center of the annular flow is underestimated indicating that
the simulated recirculation bubble is flatter than the one present in the experiments. The
same observation (smaller magnitude of the simulated radial velocity) can be made at
all following measurement planes indicating that the influence of the bluff body (inward
directed streamlines) is visible far beyond the recirculation bubble. Note, however, that
deviations can also be observed between the unladen and laden measurements for this
velocity component at z∗/R∗

pipe = 24 and 32 similar to the mean streamwise velocity.
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Figure 83: η = 22%: Streamwise fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8,

16, 20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way, open
symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al., 2001).
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Figure 84: η = 22%: Radial fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8, 16, 20,

24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way, open symbols:
Exp. single–phase, filled symbols: Exp. two–phase (Borée et al., 2001).

Figure 85 shows the streamwise velocity fluctuations of the continuous phase at all
measurement planes z∗/R∗

pipe using a scaling factor of 18. As obvious from Fig. 85 good
agreement can be seen between simulations and experiment at the measurement plane
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z∗/R∗
pipe = 0.3. From the data at the measurement plane z∗/R∗

pipe = 8 it is evident
that two local maxima are present at the shear layers between the central jet J and the
recirculation region R2 as well as between R1 and the annular flow A (see Fig. 81(a)).
Good agreement with the experiments is found here. At the remaining measurement
planes the following observations can be made: (i) Since the jet flow is not perceptible
far downstream of the inlet, only one local maximum is present as it is typical for the
flow in the far–field of a bluff body. (ii) The fluctuations are decreasing in streamwise
direction. (iii) Reasonable agreement with the experiments can be observed. (vi) Again
major unexpected deviations are observed in the outer region between the single–phase
and two–phase flow in the experiment of Borée et al. (2001).
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Figure 85: η = 22%: Streamwise fluid velocity fluctuations at the measurement planes z∗/R∗
pipe

= 0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way,
open symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al.,
2001).

Figure 86 shows the radial velocity fluctuations of the continuous phase at the mea-
surement planes with the same scaling factor as in Fig. 85. Observing this quantity at
z∗/R∗

pipe = 0.3, i.e., close to the inlet, good agreement is found with the experiments. As
for the velocity fluctuations in streamwise direction also the radial velocity fluctuations
at z∗/R∗

pipe = 8 show two local maxima at the border region between the central jet J and
R2 as well as R1 and the annular flow A. Interestingly, while at the plane z∗/R∗

pipe = 16
the maximum of the radial velocity fluctuations is located at the edge of the shear layer
between R1 and the annular flow, for all planes located further downstream the max-
imum is found on the axis which is typical for a flow in the far–field of a bluff body
(Zdravkovich, 1997) where the shear layers merge. Except in the near–axis region at the
plane z∗/R∗

pipe = 20, good agreement is found with the experiments. The differences
between experiment and simulations for this plane coincide with the deviations found for
this component of the Reynolds stress in the region between the two stagnation points S1
and S2 (see Fig. 82(c)).
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Particulate Phase (d∗p = 60 µm)
Figure 87 shows the axial evolution of the mean particle velocity and the streamwise
and radial particle fluctuations. As for the continuous phase the legend is shown only in
this figure, since the presentation of the different cases does not change throughout the
section. Particles with a diameter of d∗p = 60 µm, i.e., comparable to the mass–averaged

diameter d∗p,M = 63 µm, are chosen to illustrate the effect of inertia on the particle
motion. Generally good agreement is found between the simulated mean particle velocity
on the axis (see Fig. 87(a)) and the experiments of Borée et al. (2001). Minor difference
can be already observed at the entrance, where the measured mean particle velocity is
smaller than the mean fluid velocity even though the gravitational acceleration pointed
in flow direction. This effect cannot be reproduced by the simulation, because the effect
of the rough pipe walls on the particle motion is not considered for the evaluation of
the influence of the coupling assumption. As will be shown in § 8.7.2.2, the accordance
between the simulations and the experiment in the near–axis region close to the entrance
can be improved by accounting for the effect of the wall roughness seen by the particles in
the pipe flow feeding the chamber. Furthermore, similar to the mean fluid velocity on the
axis (see Fig. 82(a)) the minimum of the particle velocity on the axis is shifted upstream
compared to the experiments. The effect of inertia is clearly visible based on the particle
behavior on the axis: While for the fluid flow two stagnation points are present, the
particles with this specific diameter are not decelerated as fast as the continuous phase
and thus they are able to pass the recirculation region R1 without inverting their mean
direction of motion. Similar to the mean particle axial velocity (Fig. 87(a)) the differences
between the simulated and measured particle velocity fluctuations at the chamber entrance
(see Figs. 87(b) and (c)) can be explained by the disregard of the wall roughness effect on
the particles motion in the pipe flow. Wall roughness typically leads to a decrease of the
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mean particle velocity and an increase of the particle axial and wall–normal fluctuations
of the particles (Kussin and Sommerfeld, 2002; Vreman, 2007; Breuer et al., 2012) which
is consistent with the observations made. Similar to the fluid velocity fluctuations on
the axis (see Fig. 82(b)) the peak of the particle streamwise velocity fluctuations on the
axis is slightly shifted upstream with respect to the experiments but the magnitude is
captured very well, especially for the two– and four–way coupled simulations. In contrast
to the radial fluid velocity fluctuations on the axis (Fig. 82(c)), there are only minor
discrepancies between the simulations and the experiment for the radial particle velocity
fluctuations (Fig. 87(c)) in the region 15 < z∗/R∗

pipe < 25, i.e., in the domain, where the
recirculation is secluded by the outer annular flow.
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Figure 87: Axial evolution of the streamwise velocity and the streamwise and radial velocity
fluctuations of the particulate phase with a diameter of d∗p = 60 µm at η = 22%;
experimental data by Borée et al. (2001).

Figure 88 shows the mean streamwise particle velocity at all measurement planes
z∗/R∗

pipe. The same presentation as used for the mean fluid velocity (Fig. 83) is applied
to visualize the evolution of the mean particle velocity in the chamber. Good agreement
is found between the simulations and the experiment except for the axial region of the
measurement plane around z∗/R∗

pipe = 20. The reason is the upstream shift of the mini-
mum particle mean velocity on the axis in the prediction depicted in Fig. 87(a): In the
experiment this measurement plane is located at the minimum of the particle mean ve-
locity on the axis, whereas in the simulations the particles are already accelerated by the
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surrounding fluid. Note that the effect of inertia on the particle motion is manifested by
a smaller or even not existing region of negative particle velocities with respect to the
central region of negative fluid velocities (Compare the mean particle velocities with the
mean fluid velocity at the measurement planes z∗/R∗

pipe = 8 and 16 and the streamlines
depicted in Fig. 81(a) with the particle paths shown in Fig 81(e)).
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Figure 88: η = 22%: Streamwise velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way, green
line: 2–way, blue line: 4–way, filled symbols: experiment by Borée et al. (2001).

Figure 89 shows the mean radial velocity of the particulate phase using the same scaling
factor as for the continuous flow. At z∗/R∗

pipe = 8 it is visible that in this measurement
plane the particles are transported outwardsfollowing the fluid motion throughout the jet
and R2, but when they reach the upper part of R1 (see Figs. 81(a) and (e)) they are
not anymore able to follow the continuous phase and tangentially leave the recirculation
bubble with a mean trajectory still pointing away from the axis. Contrarily, in the
measurement planes z∗/R∗

pipe = 16, 20 and 24 there still exist regions in which the particles
are directed towards the inner part of the chamber. Noticeable is that although in the
annular flow region the mean fluid flow is directed towards the axis (see Figs. 81(a)
and 83), the particles are still transported due to turbophoresis in the direction of the
chamber walls. This effect can be reproduced in accordance with the experiments in
all measurement planes of Fig. 89. Note, since solely the drag force on the particles is
considered, the only effect leading to a transport of the particles towards the wall is the
negative gradient of the radial fluid velocity fluctuations (see Fig. 86).
Figures 90 and 91 show the axial and radial particle velocity fluctuations. The difference

in magnitude between measured and simulated particle streamwise velocity fluctuations at
the measurement planes z∗/R∗

pipe = 16, 20 and 24 can be attributed to the shifted location
of the peak value of the particle streamwise velocity fluctuations, whereas the agreement
is good in the planes located at z∗/R∗

pipe = 8, 32 and 40. Comparing the radial velocity
fluctuations of the particulate phase shown in Fig. 91 with the experiments of Borée et al.
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Figure 89: η = 22%: Radial velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way,
green line: 2–way, blue line: 4–way, filled symbols: experiment by Borée et al.
(2001).

(2001), it is evident that good agreement is found in all presented measurement planes.
Minor differences can be observed only at the inlet, which as mentioned above, can be
attributed to the disregard of the wall roughness effect in the pipe flow used to generate
the inflow data.

8.7.1.3 Influence of the One–, Two– and Four–way Coupling Assumption on
the Particle and Fluid Statistics for η = 110%

Continuous Phase
Figure 92 shows the axial evolution of the streamwise velocity and the streamwise and
radial velocity fluctuations of the continuous phase for the η = 110% case. From the
mean fluid velocity on the axis depicted in Fig. 92(a) it is clearly visible that the one–
way coupling assumption does not hold anymore for this mass loading. The particles
injected into the chamber carry enough momentum to cause the disappearance of the two
stagnation points S1 and S2. Additionally, the central jet extends further downstream
compared to the one–way coupled simulation and the minimum of the streamwise velocity
is located at the end of the recirculation region R1 at about z∗/R∗

pipe = 21.4 (see also
Fig. 81(b)). On the other hand, the deviations between the two– and four–way coupled
simulations are hardly noticeable indicating the minor importance of the particle–particle
collisions. This is consistent with the mean particle volume fraction Φ at the entrance
visualized in Fig. 81(h). Here, a maximum value of Φ ≈ 4.5 · 10−4 is observed, which is
slightly below the threshold (Φ = 10−3) specified by Sommerfeld et al. (2008) above which
the particle–particle interactions become important. Along the axis Φ further decreases
rapidly to about half of its maximum at the end of the recirculation bubble R1. Since in
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Figure 90: η = 22%: Streamwise velocity fluctuations of particles with a diameter of d∗p =
60 µm at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red
line: 1–way, green line: 2–way, blue line: 4–way, filled symbols: experiment by
Borée et al. (2001).
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Figure 91: η = 22%: Radial velocity fluctuations of particles with a diameter of d∗p = 60 µm
at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line:
1–way, green line: 2–way, blue line: 4–way, filled symbols: experiment by Borée
et al. (2001).

contrast to η = 22% no stagnation points exist in this case, a local maximum of Φ does
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not appear and thus Φ remains low.
Figure 92(b) shows the fluid velocity fluctuations on the axis. For both, the experiment

and the simulations, the maxima of the fluid velocity fluctuations are shifted downstream
with respect to the maxima of the fluid velocity fluctuations obtained for the unladen
case. Furthermore, the maxima of the fluid velocity fluctuations on the axis coincide with
the maximum slope of the mean streamwise velocity on the axis. The maximum also
coincides with the end of the axial extension of the second recirculation bubble R2 (see
Fig. 81(b)) and is underpredicted in comparison with the experiments. Note, however,
that the grid is axially stretched away from the entrance and therefore it becomes coarser
in the region of the maximum velocity gradient (see Fig. 92(a)) compared to the inlet
region.
For the radial velocity fluctuations (Fig. 92(c)) the two–phase data of Borée et al.

(2001) with a mass loading of η = 22% are shown for comparison because there are no
single–phase data available. Observing the evolution of this component of the Reynolds
stress tensor on the axis, it is evident that the disappearance of the two stagnation points
S1 and S2 on the axis leads to a strong reduction of this quantity in the simulations. In
the experiments, however, no significant difference between the moderate and high mass
loading case can be reported. This is surprising since the penetration of the jet through
the recirculation region R1 should also affect this quantity as visible in the experiment of
Schefer et al. (1994). They reported a strong decrease of the radial velocity fluctuations on
the axis if the stagnation points S1 and S2 are shifted away from the axis. Nevertheless,
a good agreement is found between the simulations H2/H4 and the experimental data of
Borée et al. (2001) for η = 110%.
Figure 93 shows the mean streamwise fluid velocity at all measurement planes. Note

that for this case there exist only experimental two–phase data for the planes z∗/R∗
pipe =

0.3, 8, 16 and 20. It is clearly visible that in the H2 and H4 cases a jet–like flow structure on
the axis is retained further downstream with respect to the MH1 case and is still visible at
the plane located at z∗/R∗

pipe = 20. Differences to the MH1 case are restricted in analogy
to the experiments to the near–axis region. Good agreement with the experiments is
found in all measurement planes. In this case the deviations between the single–phase
and the two–phase measurements of Borée et al. (2001) found in the outer radii are not as
pronounced as for the moderate mass loading (see Fig. 83). Furthermore, the centerline
velocity of the measured velocity profile at z∗/R∗

pipe = 0.3 (see also the entrance region
of Fig. 92(a)) for the high mass loading is reduced compared to the measured centerline
velocity of the unladen case. The same effect could be reproduced by Vreman (2007) by
his four–way coupled DNS considering the wall roughness effect on the particle motion.
Figure 94 shows the mean radial fluid velocity at all measurement planes. The further

downstream extension of the jet–like flow structure near the axis compared with the
MH1 case is also noticeable in this statistical moment. The jet–like flow structure is
characterized by a positive radial velocity and is visible until the measurement plane
located at z∗/R∗

pipe = 20. Good agreement is found with the experiments of Borée et al.
(2001).
Figures 95 and 96 show the fluid velocity fluctuations in streamwise and radial direc-

tions, respectively. As for all other fluid statistics presented, also for the second–order
statistics the influence of the additionally injected momentum by the particles is restricted
to a region near the axis which spreads in downstream direction. It is clearly visible that
the local minimum of the fluid streamwise velocity fluctuations (Fig. 95) on the axis of

261



-1

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 0  5  10  15  20  25  30  35  40  45

z∗/R∗
pipe

〈u
∗ f
z
〉/
U

∗ je
t

(a) Streamwise velocity

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  5  10  15  20  25  30  35  40  45

z∗/R∗
pipe

〈u
∗′ f
z
〉 rm

s
/U

∗ je
t

1-way
2-way
4-way

Exp. single–phase
Exp. η = 110%

(b) Streamwise velocity fluctuations

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  5  10  15  20  25  30  35  40  45

z∗/R∗
pipe

〈u
∗′ f
r
〉 rm

s
/U

∗ je
t

1-way
2-way
4-way

Exp. η = 110%
Exp. η = 22%

(c) Radial velocity fluctuations

Figure 92: Axial evolution of the streamwise velocity and the streamwise and radial velocity
fluctuations of the continuous phase at η = 110%; experimental data by Borée et al.
(2001)

the jet surrounded by the local maximum present at the shear layer between the jet J
and the recirculation region R1 extends beyond the measurement plane z∗/R∗

pipe = 16.
The deviations near the axis found for the measurement planes z∗/R∗

pipe = 16 and 20 are
consistent with the deviation observed in Fig. 92(b) and indicate that the radial extension
of the recirculation bubble R1 is slightly underpredicted in the simulation with respect to
the experiment. Note that in the experiment of Borée et al. (2001) the measurement plane
at z∗/R∗

pipe = 20 coincides with the location where the local maxima of the streamwise
velocity fluctuations (shear layer) merge on the axis, whereas in the simulation at this
axial position already a wake–like distribution of this quantity is found. For the radial
fluid velocity fluctuations (Fig. 96) very good agreement is found with the experiments
at z∗/R∗

pipe = 8. For z∗/R∗
pipe = 16 and 20 deviations are visible in the region between

the axis and the outer shear layer developing between R1 and the annular flow. Note
that for this component of the Reynolds stress the local minimum present on the axis at
z∗/R∗

pipe = 8 is still visible at z∗/R∗
pipe = 24 and the local maximum of the radial velocity

fluctuations typical for the far–field of a bluff body develops only further downstream.
For all other statistics presented, interestingly at this location already typical wake–like
distributions are found near the axis.
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Figure 93: η = 110%: Streamwise fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8,

16, 20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way, open
symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al., 2001).
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Figure 94: η = 110%: Radial fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8, 16,

20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way, open
symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al., 2001).

Particulate Phase (d∗p = 60 µm)
Figure 97 shows the axial evolution of the mean streamwise velocity and the streamwise
and radial fluctuations for the 60 µm particles. It is evident that also for a reliable
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Figure 95: η = 110%: Axial fluid velocity fluctuations at the measurement planes z∗/R∗
pipe =

0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way,
open symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al.,
2001).
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Figure 96: η = 110%: Radial fluid velocity fluctuations at the measurement planes z∗/R∗

pipe =
0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way, green line: 2–way, blue line: 4–way,
open symbols: Exp. single–phase, filled symbols: Exp. two–phase (Borée et al.,
2001).

prediction of the particulate phase the correct choice of the particle–fluid interaction is
crucial: Taking the two–way or four–way coupling assumption into account the minimum
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axial velocity of the 60 µm particles (Fig. 97(a)) is considerably shifted downstream due
to the absence of the two stagnation points S1 and S2. Furthermore, the magnitude is
higher than for the MH1 case. Figure 97(b) shows the axial evolution of the streamwise
particle velocity fluctuations. It obvious that the maximum is shifted downstream for
the H2 and H4 cases and the position corresponds in analogy to the experiment with
the maximum slope of the mean streamwise particle velocity. The maximum is located
at the end of R1. The reduction of the particle velocity fluctuations in radial direction
(Fig. 97(c)) for the H2 and H4 cases compared to MH1 additionally underlines the minor
particle dispersion in the case where the stagnation points S1 and S2 are shifted away
from the axis. Furthermore, looking at the statistics (Fig. 97) in the region near the
entrance it is evident that the simulated mean particle velocity is slightly higher and the
fluctuations are slightly lower than the experimental data. As will be shown in § 8.7.2.3
the particle statistics can be improved by taking the effect of the rough pipe walls on the
particle motion into account.
Figures 98 and 99 display the mean streamwise and mean radial velocity of the 60 µm

particles. It is clearly visible that for the H2 and H4 computations a jet–like structure is
retained by the particles further downstream compared to the one–way coupled simula-
tions. Independent of whether inter–particle collisions are considered or not, the results
of both LES predictions are in excellent agreement with the measurements. Interestingly,
for the H2 and H4 cases the particles still have a positive radial velocity (Fig. 99) at the
measurement plane z∗/R∗

pipe = 32. Contrarily, for the MH1 case the particles located
close to the axis in the shear layer behind R1 are directed towards the chamber center by
the inward curved streamlines (Fig. 81(b)).
Figure 100 depicts the streamwise velocity fluctuations of the 60 µm particles. Similar

to the streamwise velocity fluctuations of the continuous phase (Fig. 95) the deviations
between the experiment of Borée et al. (2001) and the H2 and H4 cases found in the
planes z∗/R∗

pipe = 16 and 20 are consistent with the shift of the maximum particle velocity
fluctuations observed on the axis (Fig. 97(b)). This again indicates that the axial extension
of the recirculation zone R1 is slightly underpredicted in the simulations. For the radial
velocity fluctuations of the 60 µm particles (Fig. 101) good agreement of the H2/H4
predictions with the experiments is found in all planes investigated by Borée et al. (2001).

8.7.1.4 Influence of the Particle Diameter d∗p on the Particle Motion
In this section the axial evolution of the mean streamwise velocity, the streamwise and
radial fluctuations for three different particle classes are compared with the same quan-
tities of the continuous flow. Furthermore, the mean drift between the size classes for
the H4 case are also shown in Fig. 102. The mean drift between the size classes i and
j is defined as the difference between the mean streamwise particle velocity 〈u∗

pzi〉 of the
class i and the mean streamwise particle velocity 〈u∗

pzj〉 of the class j at a given point
of the domain. The high mass loading is selected because the particle statistics on the
axis are smoother than those at the moderate mass loading case. The reason is that a
higher number of particles are available to generate the statistics. Note, however, that
the same trends with respect to the diameter d∗p to be discussed for H4 can be observed
for the M4 case. The size classes chosen are d∗p = 20, 40 and 60 µm which allow to outline
the effect of inertia on the particle motion since the particle Stokes numbers St differ
an order of magnitude between the smallest diameter (d∗p = 20 µm, St = 0.4) and the
biggest diameter (d∗p = 60 µm, St = 3.9) selected (see Table 5). Unfortunately, due to the
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(c) Radial velocity fluctuations

Figure 97: Axial evolution of the streamwise velocity and the streamwise and radial velocity
fluctuations of particles with a diameter of d∗p = 60 µm at η = 110%; experimental
data by Borée et al. (2001).
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Figure 98: η = 110%: Streamwise velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way, green
line: 2–way, blue line: 4–way, filled symbols: experiment by Borée et al. (2001).
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Figure 99: η = 110%: Radial velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line: 1–way,
green line: 2–way, blue line: 4–way, filled symbols: experiment by Borée et al.
(2001).

small number frequency f̃N(dp,i) of the particles larger than d∗p = 60 µm it is not possible
to obtain reasonably converged statistics for these classes (Table 5). The objective is
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Figure 100: η = 110%: Streamwise velocity fluctuations of particles with a diameter of d∗p =
60 µm at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red
line: 1–way, green line: 2–way, blue line: 4–way, filled symbols: experiment by
Borée et al. (2001).
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Figure 101: η = 110%: Radial velocity fluctuations of particles with a diameter of d∗p = 60 µm
at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Red line:
1–way, green line: 2–way, blue line: 4–way, filled symbols: experiment by Borée
et al. (2001).

to demonstrate that the whole numerical methodology presented works well for different
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particle sizes.
Figure 102(a) shows the axial evolution of the mean particle velocity compared with the

mean streamwise fluid velocity17. It is obvious that after being injected into the chamber
both fluid and particles keep a nearly constant velocity until z∗/R∗

pipe ≈ 8. The influence
of inertia is clearly manifested with increasing particle diameter d∗p. While the 20 µm
particles closely follow the fluid motion, the 60 µm particles retain for a longer distance
the initial velocity of the entrance and reach their minimum velocity further downstream
than the smaller particles. This trend is clearly visible for both data, the experimental and
the numerical results. Figure 102(b) depicts the axial evolution of the particle streamwise
velocity fluctuations compared with the streamwise fluid velocity fluctuations. Here a clear
trend is observed in the wake region W behind R1 (see Fig. 81(b)). The smallest particles
considered can closely follow the fluid motion and the amplitude of the streamwise particle
velocity fluctuations is similar to the magnitude of the fluid velocity fluctuations. Owing
to their higher inertia the 60 µm particles, however, are less influenced by the small
turbulent scales leading to a reduction of the fluctuations. A similar trend is observed for
the fluctuations in radial direction (Fig. 102(c)). The smallest particles can closely follow
the small turbulent structures leading to higher fluctuations than for bigger particles.
Overall, good agreement with the experiment of Borée et al. (2001) is found.
Figure 102(d) displays the mean drift between particle classes. As already judged from

the mean streamwise particle velocity (Fig. 102(a)), the mean drift is nearly zero in the
jet region close to the entrance and reaches its maximum in the region between the end
of R1 and R2. Here the 20 µm particles closely follow the fluid motion while the 60 µm
particles still preserve partly the initial velocity at the entrance yielding the largest drift.
In the wake region, where the streamwise fluid velocity gradient is small enough that also
the bigger particles can readjust to the carrier phase, the mean drift almost vanishes.
These observations are underpinned by both, simulations and experiment.

8.7.1.5 Influence of the Collisions on the Particle Dynamics
In this section an explanation for the minor importance of the particle–particle collisions
on the particle dynamics even for the high mass loading case is given. For this purpose,
the total number of particle–particle collisions Nctot found in each control volume (CV)
during the averaging period N ∆t (N = 90, 000 averaging time steps) is determined.
Furthermore, the total number of particles Nptot found in the same CV is counted during
the same averaging period. That allows to predict an average number of particles Npcv =
Nptot/N in the CV. Note that no distinction between classes is made. The ratio Nctot/Npcv

describes the total number of collisions found per particle in each CV of the computational
domain. The dimensionless collision frequency fc = f ∗

cR
∗
pipe/U

∗
jet, i.e., the number of

collisions per particle and time, is obtained by dividing the total number of collisions per
particle in a CV (Nctot/Npcv) by the averaging time N ∆t:

fc =
Nctot/Npcv

N ∆t
=

Nctot

Nptot∆t
. (8.13)

According to Sommerfeld (2000) the threshold between dilute and dense two–phase flows
is at f ∗

c · τ ∗p ≈ 1. For f ∗
c · τ ∗p ≥ 1, the particles do not have enough time to readjust to

17Note that for Figs. 102(a), (b) and (c) the legend is displayed only once since the presentation of the
results is not changed.
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Figure 102: Axial evolution of the streamwise velocity, the streamwise and radial velocity
fluctuations of the particulate phase with a diameter of d∗p = 20, 40 and 60 µm
compared with the continuous phase (same legend for (a), (b) and (c)) and the
mean drift between particle classes i and j at η = 110%; experimental data by
Borée et al. (2001).

the carrier phase between two subsequent collisions and therefore the particle dynamics is
significantly influenced by collisions. For the following considerations the relaxation time
τ ∗p60 of the 60 µm particles (see Table 5), i.e., the class compared in the former sections with
the experiments of Borée et al. (2001) and also the size class with the biggest diameter
having a relevant number frequency f̃N (d

∗
p,i) is used to estimate the importance of the

collisions on the dynamics of this class. Figure 103 displays the contour plot of the
product of the collision frequency f ∗

c times the relaxation time τ ∗p60 of the 60 µm particles
for the M4 and H4 cases. Note, that the product f ∗

c · τ ∗p60 is an upper bound estimation
of the influence of the collisions on the motion of the 60 µm particles. Since the number
distribution q0,i(d

∗
p,i) of the 60 µm particles (see Table 5) is less than unity, only a small

amount of the totally counted collisions Nctot in a control volume involves the 60 µm
particles and hence the real collision frequency of the f ∗

c60 60 µm particles is certainly
lower than the total collision frequency f ∗

c .
For the moderate mass loading (Fig. 103(a)) the region where most of the inter–particle

collisions occur coincides with the region of the maximum volume fraction (see Fig. 81(g)).
The product f ∗

c · τ ∗p60 is about one order of magnitude smaller than unity confirming the
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negligible importance of inter–particle collisions on the particle statistics presented in
§ 8.7.1.2. This result is contradictory to the considerations of Borée et al. (2001) who
estimated that collisions should be important already at this moderate mass loading.
For the high mass loading (see Fig. 103(b)) the maximum collision frequency is found

between the end of R2 and the end of R1 on the axis (see Fig. 81(b)). Interestingly, it
does not coincide with the maximum of the particle volume fraction Φ located for this
case at the chamber entrance on the axis (see Fig. 81(g)). However, the position of the
maximum collision frequency is in accordance with the location of the maximum drift
between the size classes (Fig. 102(d)) and the maximum of the particle streamwise fluctu-
ations (Fig. 102(b)) on the axis. According to Borée et al. (2001) and Borèe and Caraman
(2005) the collision frequency f ∗

c is a function of the averaged particle velocity fluctuations
〈σ∗

p
2〉 = 1/3(〈u∗′

pz〉2+ 〈u∗′

pr〉2+ 〈u∗′

pφ〉2), the mean drift between particle classes and the par-
ticle volume fraction. The volume fraction is maximal at the chamber entrance, whereas
the maximum of the averaged particle velocity fluctuations and the mean drift are found
further downstream between 15 ≤ z∗/R∗

pipe ≤ 20. Obviously, the influence of the particle

fluctuations 〈σ∗
p
2〉 (Fig. 102(b)) and the influence of the mean drift (Fig. 102(d)) on the

collision frequency f ∗
c compensate the contribution of the decreasing volume fraction lead-

ing to a downstream shift of the maximum number of collisions away from the entrance.
Also in the H4 case the product f ∗

c ·τ ∗p60 is less than unity in the whole chamber explaining
the results shown in § 8.7.1.3, where the differences between the H2 and the H4 cases are
found to be negligible. Hence inter–particle collisions are still of minor importance also
for η = 110%.
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Figure 103: Contour plot of the product f∗
c · τ∗p60.

8.7.2 Influence of the Resolution and the Inflow Boundary Conditions

In the following the influence of the resolution and the inflow boundary conditions (es-
pecially the one for the annular flow) is evaluated. In order to study the aforementioned
influences the moderate mass loading case η = 22% is analyzed in detail. For η = 110%
only the statistics on the axis are shown to emphasize the influence of the inflow conditions
applied for the inner pipe flow. Very similar discrepancies between the statistics computed
for the COARSE AF-PER case (the M4 and H4 cases discussed in the former chapter) and
for the FINE 1 AF-PER and FINE 2 AF-EXP cases in the cross–sections can be found
for the moderate mass loading η = 22% and the high mass loading η = 110%. Therefore,
no substantial information is lost by omitting the plots comparing the simulations with
the experiment at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20 and 24.
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8.7.2.1 Overview of the Flow Structure
To get a first overview of the influence of the resolution and the boundary conditions
applied for the annular flow, the streamlines of the averaged fluid flow and the contour
plot of the radial velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet of the fluid are analyzed. Note that

the forces displacing the particles and the parameters modeling the velocity changes after
a particle–particle collision are different for the simulations used to generate the inflow
at the pipe inlet for the COARSE grid and the grids denoted FINE 1 and FINE 2 (see
§ 7.7.2 for details and the motivations for the choices made). Despite the differences in
the numerical setup the statistics computed for the four different setups compared in the
following are very similar in the region closed to the axis near the entrances. Therefore,
the influence of the pipe flow on the qualitative differences found between the different
cases shown in Fig. 104 can be disregarded a–priori.
Figure 104 shows the influence of the resolution and the inflow conditions for the an-

nular flow on the streamlines of the averaged flow and the radial velocity fluctuations
〈u∗′

fr〉rms/U
∗
jet for η = 22%. COARSE, FINE 1 and FINE 2 denote the coarse, the fine

and the second fine grid where the grid spacing in axial direction is refined in the region
between the two stagnation points, respectively (see § 7.7.2). AF–PER and AF–EXP
represent the inflow conditions for the annular flow generated by a simulation using peri-
odic boundary conditions and a simulation for which the mean profile is taken from the
experiment and the fluctuations are superimposed (see § 7.7.2).
Comparing Figs. 104(a) and (b) with Figs. 104(c) and (d) it is evident that the res-

olution has a drastic effect on the overall flow structure in the combustion chamber.
Surprisingly, the radial velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet are drastically reduced for the

FINE 1 grid compared with the COARSE grid. This observation is unexpected since for
a finer resolution the resolved part of the turbulent spectrum should be larger. Therefore,
the velocity fluctuations should increase. Here the opposite is the case. Note, however,
that the contours of 〈u∗′

fr〉rms/U
∗
jet for all cases depicted in Fig. 104 are very similar in the

region closed to the entrance until approximately z∗/R∗
pipe ≈ 8 and in the annular flow A

until the shear layer developing between the recirculation region R1 and A.
The resolution has also a big influence on the streamlines (see Figs. 104(a) and (c)). For

the COARSE grid the region between the two stagnation points S1 and S2 is shorter than
for the FINE 1 grid. For both grids the first stagnation point S1 is located approximately
at the same axial position. However, for the FINE 1 grid the recirculation region R1
extends further downstream than for the COARSE grid. This leads to a downstream
shift of S2 which is located at z∗/R∗

pipe ≈ 20 for the COARSE case and z∗/R∗
pipe ≈ 27

for the FINE 1 case. The elongation of R1 for the FINE 1 grid is probably caused by
the drastic reduction of the radial velocity fluctuations near the axis. Especially in the
region near S2, large radial velocity fluctuations in the COARSE case cause a strong
momentum exchange between R1 and the annular flow A leading to a reduction of R1.
This big difference of the overall flow structure between the COARSE and the FINE 1
grid can probably (at least partially) explained by the radial near–axis resolution (see
Fig. 42(c)). Since the resolution near the axis of the COARSE grid is finer than the
resolution of FINE 1 grid, the momentum exchange in radial direction in the region near
the axis is larger for COARSE compared with FINE 1. This results in a better mixing
of the recirculation region R1 and the annular flow A in the near–axis region around S2.
Finally, this causes a shortening of R1 in case of the COARSE grid compared with the
FINE 1 grid and a reduction of the distance between S1 and S2.
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Figure 104: η = 22%: Influence of the resolution and the inflow conditions of the annular
flow on the streamlines and the radial velocity fluctuations 〈u∗′fr〉rms/U

∗
jet. (a,

b) COARSE grid (c, d) FINE 1, inflow generated by a simulation with periodic
boundary conditions; (e, f) FINE 1, inflow generated by imposed mean veloc-
ity and fluctuations taken from the experiments of Borée et al. (2001); (g, h)
FINE 2, inflow generated by imposed mean velocity and fluctuations taken from
the experiments of Borée et al. (2001).

The influence of the inflow boundary conditions can be observed when comparing
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Figs. 104(c) and (d) with Figs. 104(e) and (f). It is evident that the radial velocity fluctu-
ations 〈u∗′

fr〉rms/U
∗
jet in the shear layer between R1 and the annual flow until z∗/R∗

pipe ≤ 11
are larger in the case FINE 1 AF–EXP compared with the FINE 1 AF–PER case. This
increased velocity fluctuations cause an enhanced momentum transfer between R1 and
A. Therefore, the second stagnation point S2 moves from z∗/R∗

pipe ≈ 27 in the FINE 1
AF–PER case to z∗/R∗

pipe ≈ 25 in the FINE 1 AF–EXP case.
The refinement of the grid spacing in the region between the two stagnation points

S1 and S2 has only a small effect on the overall flow structure. This becomes evident
when comparing Figs. 104(e) and (f) with Figs. 104(g) and (h). For the FINE 2 AF–EXP
case the second stagnation point is slightly shifted upstream compared with the FINE 1
AF–EXP case. Furthermore, the radial velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet are slightly

increased in the near–axis region after S2 for the FINE 2 AF–EXP case compared with
the FINE 1 AF–EXP case.

8.7.2.2 Influence of the Resolution and the Inflow Boundary Conditions on
the Fluid and Particle Statistics for η = 22%

Continuous Phase
Figure 105 shows the influence of the resolution and the inflow conditions on the axial
evolution of the streamwise velocity and the streamwise and radial velocity fluctuations
of the continuous phase at η = 22%. Note that the legend is displayed in Fig. 105(b).
The representation of the test cases and of the experimental data does not change within
the entire section. Therefore the legend is visualized only ones.
As already visible in Fig. 104 it is evident that the resolution has a dramatic effect

on the length of the region between the stagnation points S1 and S2. The compatible
observation can be made from the axial evolution of the streamwise fluid velocity on the
axis (see Fig. 104(a)). For all four cases examined the axial position of S1 is similar, i.e., it
lies at z∗/R∗

pipe = 14.1, 15.3, 15.1 and 14.2 for the COARSE AF–PER, FINE 1 AF–PER,
FINE 1 AF–EXP and FINE 2 AF–EXP cases, respectively. However, the position of S2
differs considerably for the four cases, i.e., it lies at z∗/R∗

pipe = 20.3, 26.9, 25.1 and 24.0 for
the COARSE AF–PER, FINE 1 AF–PER, FINE 1 AF–EXP and FINE 2 AF–EXP cases,
respectively. That means that, when the two cases where the inflow conditions for the
annular flow are generated by means of simulations with periodic boundary conditions
are compared with each other, the distance between the stagnation points S1 and S2
increases from z∗/R∗

pipe = 6.21 for the COARSE AF–PER case to z∗/R∗
pipe = 11.6 for the

FINE 1 AF–PER case. This observation is consistent with the evolution of the radial
velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet on the axis (see Fig. 104(c)). It is evident that for

the COARSE AF–PER case 〈u∗′

fr〉rms/U
∗
jet drastically increase after the first stagnation

point S1. This leads to a strong momentum transfer in radial direction which causes a
reduction of the length of R1 (Fig. 104). For the FINE 1 AF–PER case, however, the
radial velocity fluctuations slightly decrease after S1 (see Fig. 104(c)). The minimum of
〈u∗′

fr〉rms/U
∗
jet is reached approximately at the same location as the minimum streamwise

velocity (see Fig. 104(a)). After that point, the radial velocity fluctuations slightly rise but
the maximum remains approximately one half of the maximum of 〈u∗′

fr〉rms/U
∗
jet for the

COARSE AF–PER case. The lower radial velocity fluctuations in the FINE 1 AF–PER
case compared with the COARSE AF–PER case lead to a smaller momentum transfer in
radial direction and therefore a elongation of R1 (see Fig. 104).
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Figure 105: Influence of the resolution and the inflow conditions on the axial evolution of
the streamwise velocity and the streamwise and radial velocity fluctuations of the
continuous phase at η = 22%; experimental data by Borée et al. (2001).

The resolution has also an influence on the streamwise velocity fluctuations 〈u∗′

fz〉rms/U
∗
jet

on the axis (see Fig. 104(b)). However, the effect is not as dramatic as for 〈u∗′

fz〉rms/U
∗
jet.

Comparing the streamwise velocity fluctuations of the COARSE AF–PER case with the
same quantity for the FINE 1 AF–PER case, it is obvious that the maximum is slightly
shifted downstream. Furthermore, the strong decrease of 〈u∗′

fz〉rms/U
∗
jet observed after

its maximum is more pronounced for the FINE 1 AF–PER case than for the COARSE
AF–PER case.
Regarding the influence of the inflow conditions for the annular flow, it is evident

that they are less influential on the statistics on the axis than the change of the grid.
When comparing the red line in Fig. 104(a) with the green line, it can be observed that
imposing the mean profile and the velocity fluctuations obtained by the experiment leads
to a slightly faster recovery of the time–averaged streamwise velocity than generating
the inflow conditions by simulations with periodic boundary conditions. The agreement
with the experimentally measured mean streamwise velocity can be further improved by
accumulating the grid points in the region between S1 and S2 (FINE AF–EXP case:
magenta line in Fig. 104(a)). An analogous observation can be made for the streamwise
velocity fluctuations (Fig. 104(b)). Using the improved inflow conditions (compare the red
line with the green line in Fig. 104(b)) the maximum of 〈u∗′

fz〉rms/U
∗
jet slightly increases.
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The agreement with the experimental data is further improved by concentrating the grid
points in the region between S1 and S2 (magenta line in Fig. 104(b)).
Figure 106 shows the influence of the resolution and the inflow conditions on the mean

axial fluid velocity at all measurement planes investigated by Borée et al. (2001) for
η = 22%, i.e., z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. The main conclusion which can be
drawn is that the flow in the outer region can be considerably improved by imposing the
measured mean profile and the fluctuations at the inflow of the annular region. For the
two cases where the inflow is generated by the AF–EXP method described in § 3.3.3.2
(green and magenta line in Fig. 106) the mean streamwise fluid velocity is reduced in the
annular flow region compared with the simulations for which the inflow of the annular flow
is generated by the AF–PER method described in § 3.3.3.1 (blue and red line in Fig. 106).
This finding further confirms the conjecture of Borée et al. (2001) who assumed that the
development length of the annular flow was too short to ensure a fully developed flow.
Note that the good agreement of the mean streamwise velocity on the axis for the FINE
cases (see Fig. 105(a)) can be observed also in the near–axis region of the measurement
planes at z∗/R∗

pipe = 16 and 20: While the mean streamwise velocity at these planes is
overpredicted for the COARSE AF–PER case, the same quantity is well captured for the
FINE cases.
Figure 107 illustrates the influence of the resolution and the inflow conditions on the

mean radial fluid velocity at the same measurement planes as before. Only small differ-
ences between the four cases analyzed here can be found for this quantity. The differences
among the four simulations compared are confined in the region near the shear layer de-
veloping between the recirculation region R1 and the annular flow (see the region around
r∗/R∗

pipe ≈ 5) in the measurement planes located at z∗/R∗
pipe = 20 and 24. In these

measurement planes the radial velocity has a more pronounced negative component for
the cases where the experimental data are used to generate the inflow conditions for the
annular flow.
Figure 108 shows the influence of the resolution and the inflow conditions on the axial

fluid velocity fluctuations at all measurement planes investigated by Borée et al. (2001)
for η = 22%. It is evident that the strong dependence of this quantity from the grid
resolution already observed for the evolution of 〈u∗′

fz〉rms/U
∗
jet on the axis (see Fig. 104(a)),

is also found at a considerable distance away from the axis. Surprisingly, the decrease
of 〈u∗′

fz〉rms/U
∗
jet for the finer grids (FINE 1 and FINE 2) compared with the COARSE

grid can be observed only at the measurement planes located at z∗/R∗
pipe = 16, 20, 24,

32 and 40. The discrepancies between the four cases investigated at the planes located
closer to the entrance, i.e., z∗/R∗

pipe = 0.3 and 8, are minor. Note that for the grids

FINE 1 and FINE 2 the radial position of the maximum of 〈u∗′

fz〉rms/U
∗
jet found in the

shear layer developing between R1 and A is better captured than for the grid COARSE:
For the COARSE grid the maximum lies at approximately the same radial position for
all measurement planes analyzed. For FINE 1 and FINE 2 the maximum of 〈u∗′

fz〉rms/U
∗
jet

moves according to the measurements towards the axis for increasing axial position. The
reason is that the resolution of the FINE 1 and FINE 2 grids in the region of the shear
layer developing between the recirculation region R1 and the annular flow A are finer than
for the COARSE grid (see Fig. 42).
Figure 109 shows the influence of the resolution and the inflow conditions on the radial

fluid velocity fluctuations 〈u∗′

fr〉rms/U
∗
jet for η = 22%. Similar to the streamwise velocity

fluctuations also for 〈u∗′

fr〉rms/U
∗
jet no substantial changes between the four cases considered
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Figure 106: η = 22%: Streamwise fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8,

16, 20, 24, 32 and 40. Blue line: COARSE AF–PER, red line: FINE 1 AF–PER,
green line: FINE 1 AF–EXP, magenta line: FINE 2 AF–EXP, filled symbols: Exp.
two–phase (Borée et al., 2001).
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Figure 107: η = 22%: Radial fluid velocity at the measurement planes z∗/R∗
pipe = 0.3, 8, 16,

20, 24, 32 and 40. Blue line: COARSE AF–PER, red line: FINE 1 AF–PER,
green line: FINE 1 AF–EXP, magenta line: FINE 2 AF–EXP, filled symbols:
Exp. two–phase (Borée et al., 2001).

here can be observed in the planes located at z∗/R∗
pipe = 0.3 and 8. The marked differences
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Figure 108: η = 22%: Streamwise fluid velocity fluctuations at the measurement planes
z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Blue line: COARSE AF–PER, red
line: FINE 1 AF–PER, green line: FINE 1 AF–EXP, magenta line: FINE 2
AF–EXP, filled symbols: Exp. two–phase (Borée et al., 2001).

between the grid COARSE and the grids FINE 1 and FINE 2 already observed in the
contour plot visualized in Fig. 104 can be also found in Fig. 109: The radial velocity
fluctuations predicted in the region between the shear layer and the axis by the grids
FINE 1 and FINE 2 are drastically reduced compared with the simulations performed
on the grid COARSE. A possible explanation is that the fluid dynamics in the region
between the two stagnation points S1 and S2 is very sensitive to the resolution in radial
direction. Therefore, changes of the grid spacing in this region which is characterized by
strong mixing and strong momentum exchange can have a drastic effect on the overall
flow pattern even far away from the axis.

Particulate Phase (d∗p = 60 µm)
Figure 110 shows the influence of the resolution and the inflow conditions on the axial
evolution of the mean particle velocity and the streamwise and radial particle fluctuations
for the 60 µm particles and the mass loading η = 22%. As for the continuous phase the
legend is shown only in this figure, since the presentation of the different cases does not
change throughout the section. Note that for the COARSE grid and the FINE 1 and
FINE 2 grids different inflow conditions for the particles and different forces displacing
the particles are used. The main differences are that for the computations with the FINE
grids the wall roughness is considered for the generation of the inflow conditions while it
is disregarded for the COARSE case. (see § 7.7.2 for details). Therefore, not all changes
observed between the COARSE case and the three other cases analyzed here can be traced
back on the resolution and the inflow conditions for the annular flow.
Figure 110(a) shows the evolution of the particle streamwise velocity along the axis

for the 60 µm particles. Obviously, very good agreement is found between the FINE 2
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AF–EXP case and the experiments of Borée et al. (2001). The reduction of the mean
streamwise particle velocity of the simulations with the FINE 1 and FINE 2 grids com-
pared with the simulation based on the COARSE grid in the region near the entrance
can be clearly traced back to the inflow conditions for the particles. For the FINE 1
and FINE 2 grids a four–way coupled pipe flow with rough walls is used to generate the
particle data injected into the chamber. For the COARSE grid a four–way coupled pipe
flow with smooth walls seen by the particles is used for the generation of the inflow con-
dition. Furthermore, for the FINE cases the entire forces displacing the particles given
by eq. (4.25) are considered. For the COARSE case only the gravity, the buoyancy and
the drag forces are taken into account. As already noted in the former sections, the wall
roughness leads to a diminishing of the particle streamwise velocity and an increase of the
particle velocity fluctuations. As visible from Fig. 110, the usage of more realistic inflow
conditions for the particles leads also to a better agreement with the experimental data
of Borée et al. (2001) in the region closed to the entrances for all statistical quantities
shown. It is also obvious that the minimum streamwise velocity is reduced for the FINE 2
AF–EXP case compared with the COARSE case. Furthermore, it can be observed that
for all FINE computations the particles have in close agreement with the experiment a
slight negative streamwise velocity. For the COARSE case this is not the case. This
observation can be attributed to the increased intensity of the backflow of the continuous
phase for the FINE cases compared with the COARSE case (see Fig. 105(a)).
As an introducing remark for the assessment of the particle velocity fluctuations shown

in Figs. 110(b) and (c), it should be mentioned that the averaging volume on the axis
is quite small compared with regions farther away from it. Therefore, the second order
statistics on the axis are not completely smooth.
Figure 110(b) shows the evolution of the particle streamwise velocity fluctuations along

279



-1

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 0  5  10  15  20  25  30  35  40  45

r∗/R∗
pipe

〈u
∗ p
z
〉/
U

∗ je
t

(a) Streamwise velocity

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  5  10  15  20  25  30  35  40  45

z∗/R∗
pipe

〈u
∗′ p
z
〉 rm

s
/U

∗ je
t

FINE 1 AF–PER
FINE 1 AF–EXP
FINE 2 AF–EXP

COARSE AF–PER

Exp. d∗p = 60 µm

(b) Streamwise velocity fluctuations

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  5  10  15  20  25  30  35  40  45

z∗/R∗
pipe

〈u
∗′ p
r
〉 rm

s
/U

∗ je
t

(c) Radial velocity fluctuations

Figure 110: Influence of the resolution and the inflow conditions on the axial evolution of
the streamwise velocity and the streamwise and radial velocity fluctuations of the
particulate phase with a diameter of d∗p = 60 µm at η = 22%; experimental data
by Borée et al. (2001).

the axis for the 60 µm particles. Obviously, taking into account the wall roughness seen
by the particles when generating the inflow conditions for the particles in the cases of the
FINE 1 and FINE 2 grids, leads to increased particle velocity fluctuations at the entrance.
Therefore, also a better agreement of this quantity near the entrance for the FINE 1 and
FINE 2 grids compared with the simulations using the COARSE grid can be found.
As visible in Fig. 110(c) the wall roughness considered in the pipe flow leads also to

increased particle velocity fluctuations in the radial direction close to the entrance. Unfor-
tunately, the improved inflow conditions for the particles do not influence the downstream
evolution of 〈u∗′

pr〉rms/U
∗
jet. Decisive for the downstream evolution of the radial particle

velocity fluctuations is the evolution of the radial fluid velocity fluctuations: Since this
quantity is underpredicted for the fluid in the region behind S1 for the FINE 1 and FINE 2
grids compared with the reference experiment, the same holds also for the particles.
Figure 111 shows the mean streamwise particle velocity at all measurement planes

z∗/R∗
pipe. The same presentation as used for the mean fluid velocity (Fig. 106) is applied.

It is evident that no big differences between the four cases analyzed here can be found in
the region near the axis. Further away from the axis, however, the particles are moving
faster in streamwise direction for the cases where the inflow of the annular flow is generated
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by using the experimental data (cases FINE 1 AF-EXP and FINE 2 AF-EXP) than for
the cases the FINE 1 AF-PER and COARSE AF-PER. The reason is again that the fluid
in the former two cases moves faster in this region (see Fig. 106).
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Figure 111: η = 22%: Streamwise velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Blue line: COARSE
AF–PER, red line: FINE 1 AF–PER, green line: FINE 1 AF–EXP, magenta line:
FINE 2 AF–EXP, filled symbols: Exp. two–phase (Borée et al., 2001).

Figure 112 shows the mean radial particle velocity 〈u∗
pr〉/U∗

jet at all measurement planes
z∗/R∗

pipe. Remarkable is that the agreement with the experiment is improved for the three
simulations using the fine grids in the region away from the axis at the measurement planes
located at z∗/R∗

pipe = 16, 20, 24 and 32. In the region 5 ≤ r∗/R∗
pipe ≤ 7.5 the simulation

using the coarse grid predicts only a very small negative radial particle velocity in the
aforementioned measurement planes. Contrarily, the experiments and the simulations
using the fine grids show a larger region with negative values of 〈u∗

pr〉/U∗
jet.

Figure 113 shows the streamwise particle velocity fluctuations 〈u∗′

pz〉rms/U
∗
jet at all mea-

surement planes z∗/R∗
pipe. Noteworthy is that the agreement of this statistical quantity

with the experiment of Borée et al. (2001) is significantly improved at the plane located at
z∗/R∗

pipe = 0.3 for the simulations based on the FINE grids (the red, green and magenta
line in Fig. 113) compared with the simulation using the COARSE grid (blue line). The
inflow conditions for the particles for the first three calculations mentioned are generated
taking into account the rebouncing behavior of the solid particles at rough pipe walls.
For the COARSE AF–PER case the inflow conditions for the particles are obtained by
a four–way coupled pipe flow simulation assuming a smooth wall seen by the particles.
Noteworthy is also the effect of inertia which is observable in the streamwise velocity fluc-
tuations: Since the rather heavy 60 µm particle cannot completely follow the continuous
phase, they feel only the large turbulent scales. Therefore, the discrepancies between the
COARSE AF–PER case and the FINE 1 AF–PER, FINE 1 AF–EXP and FINE 2 AF–
EXP cases observed in the near–axis region of the streamwise fluid velocity fluctuations
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Figure 112: η = 22%: Radial velocity of particles with a diameter of d∗p = 60 µm at the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Blue line: COARSE
AF–PER, red line: FINE 1 AF–PER, green line: FINE 1 AF–EXP, magenta line:
FINE 2 AF–EXP, filled symbols: Exp. two–phase (Borée et al., 2001).

(see Fig. 108) are less pronounced for the particulate phase.
Figure 114 depicts the radial particle velocity fluctuations 〈u∗′

pr〉rms/U
∗
jet at all measure-

ment planes z∗/R∗
pipe. For this statistical quantity similar considerations can be made as

for the streamwise particle velocity fluctuations illustrated in Fig. 113: The agreement
of the simulations considering the rough pipe wall with the experiment is better at the
plane z∗/R∗

pipe = 0.3 than for the simulation considering only a smooth wall seen by the
particles. Furthermore, the large discrepancies between the COARSE AF–PER case and
the FINE cases observed in the near–axis region of the radial fluid velocity fluctuations
(see Fig. 109) are less pronounced for the particulate phase.

8.7.2.3 Influence of the Resolution and the Inflow Boundary Conditions on
the Fluid and Particle Statistics for η = 110%
In the following only the influence of the resolution and the inflow conditions on the axial

evolution of the streamwise velocity and the streamwise and radial velocity fluctuations
for the continuous and disperse phase is shown. The reason is that the discrepancies
observed between the four cases analyzed in the previous section found for the region
away from the axis in case of η = 22% can also be observed for η = 110%. Therefore,
the discussion is not repeated here. Briefly summarized the differences observed between
the COARSE AF-PER and the FINE 1 AF-PER, and FINE 2 AF-EXP cases (for the
high mass loading the simulation FINE 1 AF-EXP was not performed) found in the
measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20 and 24 are the following: Only small
differences between these three simulations can be observed for the mean streamwise and
the mean radial fluid velocity. The fluid velocity fluctuations in streamwise and radial
directions for the FINE 1 AF-PER and FINE 2 AF-EXP are lower in the region between
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Figure 113: η = 22%: Streamwise velocity fluctuations of particles with a diameter of d∗p =
60 µm at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Blue
line: COARSE AF–PER, red line: FINE 1 AF–PER, green line: FINE 1 AF–
EXP, magenta line: FINE 2 AF–EXP, filled symbols: Exp. two–phase (Borée
et al., 2001).

the axis and the shear layer developing between the annular flow and the recirculation
region R1 compared with the same quantities obtained for the COARSE AF-PER case.
The discrepancies found between the COARSE AF-PER case and the FINE 1 AF-PER
and FINE 2 AF-EXP cases regarding the particles are as follows: Only small differences
between these three simulations can be observed for the mean streamwise particle velocity.
Regarding the mean particle radial velocity the agreement with the experiment is better
for the FINE 1 AF-PER and FINE 2 AF-EXP cases than for the COARSE AF-PER
case. The velocity fluctuations in streamwise and radial directions for the FINE 1 AF-
PER and FINE 2 AF-EXP cases are lower in the region between the axis and the shear
layer developing between the annular flow and the recirculation region R1 compared with
the same quantities obtained for the COARSE AF-PER case.

Continuous Phase
In this section the influence of the inflow conditions and the resolution on the fluid flow in
the combustion chamber for the mass loading η = 110% is shown. As already mentioned,
similar differences as for the lower mass loading are found between the COARSE AF-PER
and the FINE 1 AF-PER and FINE 2 AF-EXP cases. Therefore, the axial evolution of the
same quantities as before are taken as an example to illustrate the discrepancies between
the different simulations.
Figure 115 shows the influence of the resolution and the inflow conditions on the axial

evolution of the streamwise velocity and the streamwise and radial velocity fluctuations
of the continuous phase at η = 110%. The following observations can be made: The
agreement between the mean fluid velocity in streamwise direction (Fig. 115(a)) and the
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Figure 114: η = 22%: Radial velocity fluctuations of particles with a diameter of d∗p = 60 µm
at the measurement planes z∗/R∗

pipe = 0.3, 8, 16, 20, 24, 32 and 40. Blue line:
COARSE AF–PER, red line: FINE 1 AF–PER, green line: FINE 1 AF–EXP,
magenta line: FINE 2 AF–EXP, filled symbols: Exp. two–phase (Borée et al.,
2001).

experiment is improved near the pipe entrance for the FINE 1 AF-PER and FINE 2 AF-
EXP cases because of the specific choice of the inflow conditions for the pipe flow (see
§ 7.7.2). Similar to the lower mass loading cases the minimum of the mean streamwise
velocity is lower for the FINE 1 AF-PER and FINE 2 AF-EXP cases than for the COARSE
AF-PER case. Analogies to the lower mass loading of η = 22% can also be found for the
streamwise (Fig. 115(b)) and the radial velocity fluctuations (Fig. 115(c)) on the axis: The
simulations denoted FINE 1 AF-PER and FINE 2 AF-EXP predict a larger maximum
of the fluid streamwise velocity fluctuations than the simulation denoted COARSE AF-
PER. Furthermore, the reduction of this statistical quantity behind the maximum is more
pronounced for the FINE 1 AF-PER and FINE 2 AF-EXP cases than for the COARSE
AF-PER case. The radial velocity fluctuations for the FINE 1 AF-PER and FINE 2 AF-
EXP cases show a local maximum around z∗/R∗

pipe ≈ 15 and the values of 〈u∗
z
′〉rms/U

∗
jet

behind this point are clearly below the experimental values. Contrarily, for the COARSE
AF-PER case 〈u∗

z
′〉rms/U

∗
jet continuously increases until z∗/R∗

pipe ≈ 28.

Particulate Phase (d∗p = 60 µm) Phase
Figure 116 shows the influence of the resolution and the inflow conditions on the axial evo-
lution of the streamwise velocity and the streamwise and radial velocity fluctuations of the
particulate phase (d∗p = 60 µm) at η = 110%. It is evident that the predictions of stream-
wise particle velocity and the particle fluctuations near the entrances are improved for the
FINE 1 AF-PER and FINE 2 AF-EXP cases compared with the COARSE AF-PER case.
Similar to the fluid phase the following analogies can be detected between the particle
statistics obtained for the η = 22% and for the η = 110% mass loading: The minimum
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(c) Radial velocity fluctuations

Figure 115: Influence of the resolution and the inflow conditions on the axial evolution of
the streamwise velocity and the streamwise and radial velocity fluctuations of the
continuous phase at η = 110%; experimental data by Borée et al. (2001).

of the mean streamwise velocity is lower for the FINE 1 AF-PER and FINE 2 AF-EXP
cases than for the COARSE AF-PER case. The simulation abbreviated by FINE 1 AF-
PER and FINE 2 AF-EXP predict a larger maximum of the streamwise particle velocity
fluctuations than the simulation abbreviated by COARSE AF-PER. Furthermore, the
reduction of this statistical quantities behind the maximum is more pronounced for the
FINE 1 AF-PER and FINE 2 AF-EXP cases than for the COARSE AF-PER case. The
values of the radial particle velocity fluctuations for the FINE 1 AF-PER and FINE 2 AF-
EXP cases are clearly below the experimental values behind z∗/R∗

pipe ≈ 15. Contrarily,
for the COARSE AF-PER case 〈u∗

z
′〉rms/U

∗
jet continuously increases until z∗/R∗

pipe ≈ 30.

8.7.3 Summary and Conclusions

The present study reports one of the first numerical predictions of the high mass loading
case of the confined bluff–body particle–laden flow investigated experimentally by Borée
et al. (2001) (see also Alletto and Breuer, 2012; Breuer and Alletto, 2012a,b). By track-
ing a huge number of individual poly–disperse particles through an eddy–resolved flow
field predicted by LES, the collisions between particles of different sizes was simulated
deterministically. Thus a four–way coupled methodology results. In order to evaluate the
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Figure 116: Influence of the resolution and the inflow conditions on the axial evolution of
the streamwise velocity and the streamwise and radial velocity fluctuations of the
particulate phase with a diameter of d∗p = 60 µm at η = 110%; experimental data
by Borée et al. (2001).

importance of the different coupling mechanisms, additional simulations restricting the
coupling to two–way and one–way were carried out as well as predictions of the moderate
mass loading case studied numerically before by several authors. Hence according to a
suggestion already made by Borée et al. (2001) two–phase flow computations in which
separate contributions can be artificially isolated are performed, which was impossible in
their experimental investigations. Furthermore, the influence of the resolution and of the
inflow boundary conditions are studied in detail. This improves the experience regarding
LES of a cold combustion chamber flows. The following conclusions can be drawn:

• A significant difference exists between the moderate and the high mass loading
case. Whereas without or with moderate mass loading two stagnation points are
found on the axis of the chamber, these features completely disappear when the
additional momentum induced by the particles is sufficiently high. Due to their
high inertia, especially the large particles contribute to this modification of the
continuous flow. The disappearance of the two stagnation points strongly influences
the radial velocity fluctuations in the region close to the axis and thus the radial
dispersion of the particles. For the moderate mass loading a local maximum of the
radial velocity fluctuations is observed near the second stagnation point and thus
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the particles are significantly dispersed in this region. Contrarily, this effect is not
visible for the high mass loading since the stagnation points vanished by the induced
particle momentum. Furthermore, the particles are found to accumulate between
the two stagnation points for the moderate mass loading, whereas this phenomenon
is not observed for the high mass loading.

• For η = 22% the interaction between the fluid and the particles is found to play a
major role, whereas the effect of the inter–particle collisions is negligible as expected
for this low mass loading. However, even the fluid–particle interaction is restricted
in this case to the region around the axis of the chamber. In agreement with the
statement of Borée et al. (2001) an accurate prediction of this case can therefore
only be achieved by considering two–way coupling.

• For η = 110% the significance of the interaction between fluid and particles is even
more pronounced. The deviations observed between the results of the one–way and
two–way coupling strongly increase and the region where the fluid flow is influenced
by the particulate phase is more extended.

• Contrarily, the effect of the inter–particle collisions is still minor for the high mass
loading at the inlet. This observation can be explained by the fact that the local
volume fraction of the jet entering the chamber is already below the often mentioned
threshold of Φ = 10−3 at which as a widely accepted rule of thumb inter–particle
collisions are assumed to be of importance. As shown above, due to missing stag-
nation points on the axis and strong dispersion of the particles the volume fraction
decreases monotonically with increasing distance from the inlet. As estimated by
Borée et al. (2001) collisions between particles are detected in the inner jet region
of the chamber. The different classes of particles considered in the simulation leads
to a mean drift between the size classes. This favors the occurrence of collisions.
However, in contradiction to the educated guess by Borée et al. (2001) the collisions
between particles are of minor importance also for the high mass loading case since
the product of the collision frequency and the particle relaxation time f ∗

c · τ ∗p is
found to be less than unity. In contrast to the experiment in the simulations it was
possible to artificially isolate the different physical effects and thus to shed some
light on the physical phenomena.

• The effect of the rough pipe walls on the particle motion has to be considered to
correctly reproduce the inflow boundary conditions for the central jet. Considering
the effect of the wall roughness on the particle motion in the pipe flow leads to a
reduction of the mean particle velocity and to an increase of the particle velocity
fluctuations. This measure yields a better agreement of the particle statistics with
the reference experiment close to the entrance.

• A clear trend of the particle statistics on the axis depending on the particle diameter
can be observed. Due to the effect of inertia larger particles are able to retain for a
longer distance the initial velocity from the entrance. This leads to a downstream
shift of the minimum velocity on the axis compared with smaller particles and hence
to a maximum of the mean drift between small and big particles located at the end
of R2. Furthermore, for particles with a larger Stokes number the minimum velocity
on the axis is higher and the velocity fluctuations in the wake region are smaller
compared to particles with a smaller Stokes number.
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• Unfortunately, a strong grid dependence of the second–order fluid statistics and
therewith associated also of the second–order particle statistics can be observed. In
contrast to the expectatives the grid with a higher number of computational cells
leads to a reduction of the fluid streamwise and radial velocity fluctuations near
the axis. The influence of the resolution on the mean streamwise and radial fluid
velocity is predominantly reflected in the expansion of the recirculation region R1
(see Fig. 104) generated by the sudden cross–section expansion behind the inflow of
the annular flow. For the finer grid R1 extends further downstream compared with
the coarse grid.

• The influence of the inflow boundary conditions used for the annular flow is preva-
lently noticeable in the downstream expansion of R1. Imposing the mean profile
measured by the experiment of Borée et al. (2001) superimposed by the velocity
fluctuations adjusted to the experiment, leads to a reduction of R1 compared to the
simulation for which the inflow of the annular flow is generated with the help of
predictions using periodic boundary conditions.
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8.8 Cyclone Separator Flow

In the following the unladen and the particle–laden flow in the cyclone separator flow
configuration experimentally investigated by Obermair (2002) (see also Obermair et al.,
2003, 2005) is studied by means of LES. This section is organized as follows: First in
§ 8.8.1.1 the influence of the resolution and the subgrid–scale modeling for the continuous
fluid is evaluated based on the reference data of the unladen flow. After that, the overall
flow structure of the unladen flow for the simulations which show the best agreement with
the experimental data is discussed in § 8.8.1.2. Finally, the influence of the one–way and
the two–way coupling and also of the wall boundary condition for the particles is briefly
evaluated in § 8.8.2.2. Note that parts of the results are already published in Alletto and
Breuer (2014).

8.8.1 Unladen Flow

8.8.1.1 Influence of the Resolution and the Subgrid–scale Model for the Fluid
In order to provide a first overview of the influence of the grid resolution and the subgrid–
scale model for the fluid, Figs. 117–119 depict the time–averaged streamwise and circum-
ferential velocity of the fluid and the corresponding time–averaged velocity fluctuations at
three different axial positions in the x–y plane normal to the cyclone axis. According to
the representation of the axial position chosen in Figs. 120–125 these planes are located
at z∗ = −197, 205 and 602 mm. (see also Fig. 43(a)). Since the averaged flow is truly
three–dimensional, an averaging in circumferential direction was not possible and only
time–averaging could be applied. Note that the flow quantities displayed in Figs. 117–119
are made dimensionless with the mean velocity at the inflow U∗

in.
A clear trend of the time–averaged circumferential fluid velocity 〈u∗

f,θ〉/U∗
in along the axis

depending on the resolution and the subgrid–scale model for the fluid can be observed
(see Fig. 117(a), 118(a) and 119(a)). Comparing the three simulations carried out on
the FINE grid, it is evident that increasing the eddy viscosity µT leads to a decrease
of the time–averaged tangential velocity. For the two simulations using the model of
Smagorinsky (1963) it is obvious that the computation with a higher value of Cs leads
to a higher eddy viscosity since µT is proportional to C2

s (see § 3.2.1). For the model of
Germano et al. (1991) where the constant Cs is dynamically adjusted, a direct estimation
of µT is not possible. For that reason, the time–averaged values of the eddy viscosity
〈µT 〉 of the three simulations using the FINE grid are compared with each other. This
comparison turns out that the highest values of 〈µT 〉 among the three simulations using
the FINE grid is computed by the model of Germano et al. (1991). Consequently, that
is consistent with the observation that increasing values of µT yield a decreasing level of
the tangential velocity.
Regarding the time–averaged velocity in axial direction (Figs. 117(b), 118(b) and

119(b)), unfortunately, no such clear dependency on the subgrid–scale model for the
fluid can be observed. However, it can be deduced that the W–shaped velocity profile is
more pronounced for the computations applying the model of Smagorinsky (1963) than
the model of Germano et al. (1991). Furthermore, the minimum axial velocity in the core
region decreases with increasing values of 〈µT 〉. The comparison of this quantity with the
reference experiments is provided later on.
The influence of µT on the prediction of the flow in a cyclone separator can also be

observed in the second moments of the fluid velocity (Figs. 117(d)–(c), 118(d)–(c) and
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119(d)–(c)). Regarding the three computations performed on the FINE grid the highest
circumferential and axial velocity fluctuations in the core region are predicted by the
simulation applying the model of Smagorinsky (1963) with a constant of Cs = 0.1 and
the lowest are predicted using the model of Germano et al. (1991). This trend can be
observed for both second–order statistics at all three axial positions analyzed except the
axial velocity fluctuations at the plane located in the cone (see Fig. 117(d)).
Comparing the simulations performed on two different grids but with the same Smagorin-

sky constant Cs (red and magenta lines in Figs. 117–119), it is evident that the compu-
tation performed on the FINE grid predicts a higher time–averaged circumferential fluid
velocity 〈u∗

f,θ〉/U∗
in and higher velocity fluctuations compared with the computation per-

formed on the COARSE grid. Since for the model of Smagorinsky (1963) the eddy vis-
cosity µT is proportional to the filter width squared ∆2, the predicted values of µT for the
COARSE grid are higher than for the FINE grid. Therefore, the reduction of the circum-
ferential velocity and of the velocity fluctuations in the core region for decreasing resolution
is in line with the dependence of the predicted fluid flow on the subgrid–scale model, i.e.,
an increase of µT leads to a reduction of 〈u∗

f,θ〉/U∗
in, 〈u∗

f,θ
′〉rms/U

∗
in and 〈u∗

f,z
′〉rms/U

∗
in. For

the time–averaged axial velocity 〈u∗
f,z〉/U∗

in unfortunately no clear dependency on the grid
can be derived.
Regarding the comparison of the best present simulation (i.e., FINE grid, Cs = 0.15)

with the experiments of Obermair et al. (2003) in the opinion of the author, a fairly well
agreement is found in the major part of the cross–section except in the vortex core region
(see Figs. 117–119). Comparing the simulated time–averaged circumferential velocity
〈u∗

f,θ〉/U∗
in with the reference experiment (see Fig. 117(a), 118(a) and 119(a)), it is evident

that 〈u∗
f,θ〉/U∗

in is slightly underpredicted by all simulations in the region close to the
wall. This indicates that the wall model of Werner and Wengle (1993) cannot adequately
predict the wall shear stress. This is not surprising since the velocity profile assumed
by Werner and Wengle (1993) used to compute the wall shear stress relies on the mean
velocity profile of turbulent boundary layers with no or only weak positive streamwise
pressure gradients. The assumption that the wall model of Werner and Wengle (1993)
overpredicts the wall shear stress leading to a reduction of the circumferential velocity is
further supported by an additional simulation on the COARSE grid, where the no–slip
condition is applied (results are not shown for the sake of brevity). The time–averaged
circumferential velocity for this simulation reached maximal values of 〈u∗

f,θ〉/U∗
in ≈ 6 in

the core and values of 〈u∗
f,θ〉/U∗

in ≈ 2 near the wall at the same axial position as the
results shown in Fig. 117. Hence, the application of the no–slip condition leads to an
underprediction of the wall–shear stress compared to the model of Werner and Wengle
(1993) and therefore to a doubling of 〈u∗

f,θ〉/U∗
in. This indicates the great impact of the

wall model on this quantity. Note that as already mentioned in § 7.8.2 on the COARSE
grid also computations applying the wall model of Schumann (1975) were performed.
Since similar results concerning the circumferential velocity as for the model of Werner
and Wengle (1993) are achieved, this results adopting the wall model of Schumann (1975)
are not shown for the sake of brevity.
Among the four statistical quantities shown in Figs. 117–119 the axial velocity 〈u∗

f,z〉/U∗
in

predicted by the simulations in the cyclone core region shows the greatest discrepancies
with the experimental data of Obermair (2002). Especially in the conical part of the
cyclone (see Fig. 117(b)), the experiment exhibits a positive axial velocity on the axis
(i.e, the flow is directed towards the dust bin), while the simulations predict a negative
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Figure 117: Influence of the resolution and the subgrid–scale modeling on the unladen flow
statistics in the conical part of the cyclone at z∗ = −197 mm: (a) time–averaged
circumferential velocity, (b) time–averaged axial velocity, (c) time–averaged cir-
cumferential velocity fluctuations, (d) time–averaged axial velocity fluctuations.
Experiments by Obermair (2002).

axial velocity (i.e, the flow is directed towards the outlet). Note, however, that the
simulations COARSE Cs = 0.1, FINE Cs = 0.1 and FINE Cs = 0.15 predict in accordance
to the experiment a W-shaped velocity profile. Unfortunately, no explanation for the
discrepancies between simulation and experiment could be found. However, in the view
of the still strong influence of the grid and of the subgrid–scale model for the fluid,
probably the resolution was not sufficient to accurately reproduce the fluid axial velocity
in the core region. The reason for the occurrence of the positive axial velocity in the core
region observed in the experiment is still not clear. However, a positive axial velocity in
the core region could be observed in different investigations, which experimentally studied
the flow in a cyclone (Slack et al., 2000; Solero and Coghe, 2002) and by means of LES
(Slack et al., 2000; Gronald and Derksen, 2011; Elsayed and Lacor, 2012). Note that none
of the aforementioned investigations provided an explanation for the occurrence of the
positive axial velocity in the core region.
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Figure 118: Influence of the resolution and the subgrid–scale modeling on the unladen flow
statistics in the downcomer tube at z∗ = 205 mm: (a) time–averaged circumferen-
tial velocity, (b) time–averaged axial velocity, (c) time–averaged circumferential
velocity fluctuations, (d) time–averaged axial velocity fluctuations. Experiments
by Obermair (2002).

8.8.1.2 Overall Flow Structure
After having studied the influence of the subgrid–scale modeling for the continuous fluid
and the influence of the resolution on the flow in a cyclone separator, in this section
the flow structure obtained by the simulations using the FINE grid and the model of
Smagorinsky (1963) with a constant of Cs = 0.15 is compared qualitatively (but for the
entire region of the cyclone investigated by Obermair, 2002) with the unladen flow exper-
iment of Obermair (2002) and Obermair et al. (2003). In their measurements Obermair
(2002) and Obermair et al. (2003) identified two main vortical structures: one is moving
towards the dust bin along the cyclone wall and the other vortex is moving towards the
outlet near the cyclone axis. Furthermore, a precessing vortex core is identified which
rotates with a frequency of 66 Hz around the axis of the downcomer tube. The deviation
from an axisymmetric configuration induced by the non–axisymmetric inlet leads to a
spiral form of the vortex core underlining the variety of complicated flow structures found
in cyclone separators. The aforementioned combination of resolution and subgrid–scale
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Figure 119: Influence of the resolution and the subgrid–scale modeling on the unladen flow
statistics in the dust bin at z∗ = 602 mm: (a) time–averaged circumferential
velocity, (b) time–averaged axial velocity, (c) time–averaged circumferential ve-
locity fluctuations, (d) time–averaged axial velocity fluctuations. Experiments by
Obermair (2002).

model is chosen for the present analysis since it gives the best agreement with the refer-
ence experiment. Note that similar contour plots as shown in the following can also be
found in Alletto and Breuer (2014). However, in this work the COARSE grid was used
and the model of Schumann (1975) was applied.
Figure 120 depicts the contour plot of the time–averaged circumferential fluid velocity

of the LES prediction (Fig. 120(a)) compared with the reference experiment (Fig. 120(b)).
It is evident that the time–averaged circumferential fluid velocity of the LES prediction
is qualitatively in good agreement with the unladen measurements of Obermair et al.
(2003). Both investigations predict an off–axis alignment of the vortex core (the low
velocity region near the cyclone axis). That means that the core of the vortex has a
helical structure twisting down from the conical part towards the dust bin in form of
a corkscrew. The magnitude of the circumferential velocity is slightly underpredicted
and the deviation of the vortex core from the cyclone axis is not as pronounced as in
the reference experiment. Note that such spirally formed mean vortex cores were also
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found in other LES simulations (see Derksen (2003) and Gronald and Derksen (2011))
and also in other experiments (see the comment in Derksen (2003)). This indicates that
the statistically averaged flow in a cyclone separator is truly three–dimensional due to
the deviation of the present geometry from an axisymmetric geometry introduced by a
finite number of inlets (Derksen, 2003). As already mentioned in the former section, the
reason for the discrepancies between the flow statistics of the LES and the experiment is
probably due to the overprediction of the wall shear stresses by the applied wall model.
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Figure 120: Time–averaged circumferential velocity 〈u∗f,θ〉/U∗
in in the central x–z plane (a)

LES prediction (FINE Cs = 0.15); (b) unladen flow experiment by Obermair
et al. (2003) (same contour levels); Axial and radial coordinates given in [mm].

In order to visualize the core of the vortex in Fig. 121 a snapshot of the pressure
isosurface is shown. It is evident that the isosurface has the form of a corkskrew where
the turns have a small radius. This is consistent with the observation that the off-axis
alignment of the zero mean circumferential velocity representing the mean vortex core is
small.
By recording and subsequently visualizing the pressure isosurfaces in planes normal to

the z–axis, it could by observed that the instantaneous center of the vortex precesses
around its mean center. The sense of rotation of the vortex is given by the location
of the inlet. Since in the present configuration the inlet is aligned with the x–axis, the
fluid introduced in the cyclone barrel generates a vortex which rotates in mathematically
negative sense around the z–axis (see Fig. 43). For this reason also the vortex core
precesses in the same sense around the z–axis. In order to determine the frequency of
the precessing vortex core, the pressure signal is recorded in the downcomer tube (see
Fig. 122(a)). The pressure is recorded in this part of the cyclone in order to allow a
comparison with the unladen flow data of Obermair (2002). He reported a frequency of
the precessing vortex core of 66 Hz. Unfortunately, he did not visualize any data signal
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Figure 121: Snapshot of the pressure isosurface in the cyclone.

for the unladen case. From the record of the pressure signal shown in Fig. 122(a) it can
be distinguished two main frequencies: A low frequency oscillation superimposed with
a high frequency oscillation. In order to determine the frequency of this two modes, in
Fig. 122(b) the discrete Fourier transformation (DFT) of the pressure signal is shown. Two
main peaks can be distinguished: One is located at 16 Hz and the highest peak is located
at 55 Hz. From this analysis it can be concluded that the vortex core in the simulation
precesses slower around its mean center than the vortex core in the experiment. In the
view of the differences found between simulation and experiment this is not surprising.
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Figure 122: Analysis of the precessing vortex core in the unladen LES: (a) pressure signal
recorded in the downcomer (b) DFT of the pressure signal

Figure 123 shows the contour plot of the time–averaged axial velocity of the continuous
flow (Fig. 123(a)) compared with the unladen reference experiment of Obermair et al.
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(2003) (Fig. 123(b)) in the central x–z plane. Positive velocities indicate that the flow is
directed towards the dust bin and negative velocities denote that the fluid is transported
towards the cyclone outlet. For this statistical quantity the LES prediction is qualitatively
and quantitatively in good agreement with the reference experiment in the region close
to the wall. Near the axis, however, the alternating zones of positive and negative axial
velocity found in the experiment are not well captured by the simulation. Regardless this
difference between the simulation and the experiment, it is evident that for both cases
the flow is transported towards the dust bin near the wall and towards the outlet in the
zone near the axis.
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Figure 123: Time–averaged axial fluid velocity 〈u∗f,z〉/U∗
in in the central x–z plane (a) LES

prediction (FINE Cs = 0.15); (b) unladen flow experiment by Obermair et al.
(2003) (same contour levels); Axial and radial coordinates given in [mm].

The contour plot of the time–averaged RMS–values of the circumferential velocity fluc-
tuations are depicted in Fig. 124 for the same plane as before. It is evident that the LES
prediction of the fluid flow (Fig. 124(a)) is in qualitative agreement with the values mea-
sured by Obermair et al. (2003). For both cases the maximum fluctuations coincide with
the location of the vortex core. However, the amplitudes of the simulated circumferential
velocity fluctuations are overpredicted in the region near the axis. In the rest of the plane
the agreement with the experiment is reasonable.
Figure 125 shows the contour plot of the RMS–values of the axial velocity fluctuations

of the continuous flow. Also for this statistical moment the maximum of the fluctuations
is observed near the vortex core in accordance with the measurements. The amplitude,
however, is slightly underpredicted near the axis in the upper part of the downcomer tube
and slightly overpredicted in the core region in the lower part of the downcomer tube
compared with the measurements of Obermair et al. (2003). Regarding the other parts
of the measurement plane good agreement is found with the experiment.
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Figure 124: Time–averaged RMS–values of the circumferential fluid velocity fluctuations
〈u∗f,θ ′〉rms/U

∗
in in the central x–z plane (a) LES prediction (FINE Cs = 0.15);

(b) unladen flow experiment by Obermair et al. (2003) (same contour levels);
Axial and radial coordinates given in [mm].

8.8.2 Particle–Laden Flow

8.8.2.1 Overall Flow Structure and Particle Diameter Distribution
Contrarily to the previous section, here the qualitative analysis of the two–phase flow is
shown before the quantitative analysis. The goal is to first emphasize the drastic change
in the results of the two–phase flow experiment of Obermair et al. (2005) compared
with the unladen flow experiment of Obermair et al. (2003) (compare Figs. 126–129 with
Figs. 120–125). Unfortunately, these drastic changes cannot be observed in the LES
simulations. Note that the two–phase flow (particle–laden) data of Obermair (2002)
shown in Figs. 120–125 are obtained by a LDA (Laser–Doppler Anemometry) system in
contrast to the data shown in Obermair et al. (2005) which are obtained by a PDA (Phase–
Doppler Anemometry) system. In the present comparison the LDA data of the continuous
fluid are preferred to the PDA data. The reason is that for the LDA measurements also
the second moments of the circumferential and axial velocities are available.
Figure 126 compares the particle–laden time–averaged circumferential fluid velocity

〈u∗
f,θ〉/U∗

in in the downcomer tube measured by Obermair (2002) (Fig. 126(c)) with the
corresponding LES data for the fluid (Fig. 126(a)) and the particles (Fig. 126(b)). Note
that Obermair (2002) performed the particle–laden LDA measurements (and also the
PDA measurements) only in the downcomer tube, i.e., the part of the geometry shown in
Figs. 126–130. As already mentioned above, for the unladen flow experimental data are
also available for other parts of the cyclone. Since Obermair (2002) obtained particle–
laden measurements only in the downcomer tube, only the numerical results obtained
in this section of the cyclone are visualized in Figs. 126–130. It is evident that in the
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Figure 125: Time–averaged RMS–values of the axial fluid velocity fluctuations 〈u∗f,z ′〉rms/U
∗
in

in the central x–z plane (a) LES prediction (FINE Cs = 0.15); (b) unladen flow
experiment by Obermair et al. (2003) (same contour levels); Axial and radial
coordinates given in [mm].

reference experiment a structure of the vortex experience a drastic change form the upper
part, where it has the structure similar to a potential vortex to the bottom part of the
downcomer tube, where it has a structure of a solid body rotation. Obermair (2002)
supposed that the dynamics of the flow in the lower part of the downcomer tube is
predominantly influenced by the decelerating effect of the particles located in the dust
bin. He supposed that the particles slow down the fluid in the dust bin leading to the
flow pattern shown in Fig. 126. However, in the view of the low mass loading used by
Obermair (2002) and the distance between the change of the vortex structure and the
dust bin his interpretation of the phenomenon is not completely satisfactory. A more
plausible explanation for the drastic changes observed is that the vortex in the cyclone
core of the unladen flow is near the stability limit between a continuous vortex reaching
the bottom of the dust bin and a vortex where the end is bend towards the walls of the
downcomer tube. Due to the injection of the particles small changes in the boundary
conditions (e.g., a higher wall shear stress due to the particles deposited at the walls) or
of the momentum required to keep moving the material in the dust bin lead to a sudden
transition between the two vortex shapes described above. This conjecture is supported
by two observations:

(i) In the work of Bennek (2012), who used the same COARSE mesh as applied in this
thesis, the vortex does not reach the bottom of the dust bin. Close to the end of the
downcomer tube the vortex described in Bennek (2012) had a L–shape and the end
rotated along the walls of the downcomer tube in a stable axial position. The first
and second–order statistics of the fluid are in close agreement with the particle–
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laden measurements shown in Figs. 126–129. In order to obtain a vortex which
reaches the bottom of the dust bin on the COARSE grid, the solution obtained by
Bennek (2012) had to be artificially pushed by a trick. This is achieved by coping
the solution obtained in the upper half of the downcomer tube to the lower half of
the downcomer tube. Then, the simulation is restarted from this flow field and the
simulation is continued for a small period of time. After that, the coping procedure
is repeated and the computation is restarted again. The reason for the repetition is
that after only one coping procedure the flow in the dust bin was not able to acquire
enough speed in order to produce the vortex topology reaching the bottom of the
dust bin. Thus the method described above is carried out a few times until a stable
vortex reaching the bottom of the dust bin develops. For the FINE grid, however,
this measure has not to be undertaken since the vortex reaches the bottom of the
dust bin already when starting from the initial conditions described in § 3.3.5. This
observation supports the conjecture that the unladen flow of Obermair (2002) is
near a stability limit.

(ii) The second observation which supports the conjecture made above relies on the
experimental work of Peng et al. (2005) and the LES of Pisarev et al. (2011). Both
studied the ’end of the vortex’ phenomenon in a swirl separators. In this device
the flow structure is similar to the one observed in the downcomer tube: A vortex
rotates in a straight tube. Furthermore, the flow in the center is directed towards the
outlet and near the wall towards a dust bin. Both investigations reported a sudden
change between a L-shaped vortex end which rotates along the circular walls and a
straight vortex tube based on small changes in the boundary conditions. Peng et al.
(2005) observed the aforementioned sudden change by increasing the inflow mass
flow rate by only 5%. For the lower mass flow rate the L–shaped vortex and for
the higher mass flow rate the straight vortex were observed. Pisarev et al. (2011)
reported the transition from the two possible shapes of the vortex when decreasing
the length of the dust bin. For a longer dust bin the L–shaped vortex end was
predicted and for a shorter dust–bin length the straight vortex end was the stable
vortex shape. These observations support the conjecture that only small changes
of the boundary conditions or the operating conditions in a cyclone can cause the
transition between two possible shapes of the vortex core.

Unfortunately, the present LES prediction cannot reproduce the drastic changes in the
flow structure induced by the particles found by Obermair (2002). For the LES no sub-
stantial changes of the time–averaged circumferential fluid velocity between the one–way
coupled (Fig. 120(a)) and the two–way coupled simulation with the rough wall boundary
conditions for the particles can be observed (Fig. 126(a)). The reason is probably that
the overall ratio of the total particle mass present in computational domain achieved by
the parcel method to the total fluid mass present in the domain in the LES simulation is
about 0.085%, i.e., similar to the mass loading of η = 0.065% present at the entrance. The
mean total particle mass present in the domain of the LES simulation in the statistically
steady state is the result of different processes. Visualizations have shown that a part
of the particles injected in the computational domain are directly bypassed into the flow
moving towards the outlet never being transported towards the dust bin. Another part
of the particles are centrifuged towards the walls of the cyclone reaching the flow region
which is directed towards the dust bin. Light particle are able to leave this flow region
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Figure 126: Time–averaged circumferential velocity 〈u∗f,θ〉/U∗
in in the central x–z plane (a–b)

LES prediction (FINE Cs = 0.15); (c) two–phase flow experiment by Obermair
(2002) (same contour levels); Axial and radial coordinates given in [mm].

by the influence of the turbulent dispersion reaching also the flow directed towards the
outlet. Heavy particle remain in the region close to the wall and are transported towards
the dust bin where they are removed from the domain when they touch the walls of the
dust bin. Therefore, in the simulation a statistically steady particle mass is reached when
the particle mass injected is equal to the particle mass which leaves the domain from the
outlet summed with the particle mass removed from the domain at the walls of the dust
bin. The total mass of the particles present in the domain is a result of how the three
aforementioned processes are related to each other. Say, e.g., that all particles are directly
bypassed from the entrance into the gas stream moving towards the outlet. That means
that no particle can be deposited and also that the total mass of particles present into
the cyclone is very low since the residence time of the particle in the cyclone is also very
low. The opposite scenario would be that all particles are centrifuged towards the walls
moving towards the dust bin and no particle leaves the domain from the outlet. If the
particle stream moving towards to dustbin is very slow and only a very small portion of
the particles touch the walls of the dust bin being removed from the domain, this results
in a long residence time of the particles inside the domain and therefore a large total
particle mass present in the cyclone. Therefore, the total mass of the particles is strongly
influenced by the interaction of the particles with turbulence and cannot be estimated
a–priori.
In the experimental configuration similar considerations about the development of par-

ticle mass present inside the cyclone can be made but with the striking difference that it
constantly increases. The reason is that in the experiment the particles are not removed
artificially from the domain but remain trapped inside the dust bin. That means that
for increasing operation duration of the cyclone the particle mass inside the cyclone con-
stantly increases in the experiment. Unfortunately, Obermair (2002) do not provide any
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hint of the mass of particles present inside the device.
For this low mass loading no noticeable difference between a one–way coupled and a

two–way coupled simulation is expected. Note that for the aforementioned two figures
the same scaling are used as in Obermair (2002) in order to emphasize the differences
between the simulation and the experiment. One of the possible reasons why the present
LES simulation cannot reproduce the observations made in the experiment can be that
in the LES the particles are removed from the computational domain when they touch
a wall of the dust bin. This measure is taken to achieve a statistically stationary state
for the particles. (For a detailed explanation of the connection between the statistics and
the removal of the particles, see § 7.8.2.) Furthermore, the removal of the particles from
the dust bin avoids an accumulation of a huge number of particles in the computational
domain which would lead to prohibitively large computational times. However, in the view
of the big influence of the grid and also of the wall functions for the fluid, other reasons
for the discrepancies between the simulation and the experiments in the particle–laden
case are thinkable.
Regarding the difference between the particle and the fluid data (compare Fig. 126(a)

with (Fig. 126(b)) it is evident that both computed statistics are very similar. Since
the particles injected into the domain are very small, they are able to closely follow the
carrier phase producing similar statistics as the fluid. This is in line with the findings
of the former section, where only big particles are substantially influenced by the wall
roughness, whereas small particles feel the wall roughness less since they quickly adjust
to the carrier phase after a wall rebound.
Figures 127–129 compare the time–averaged axial fluid velocity 〈u∗

f,z〉/U∗
in, the time–

averaged RMS–values of the circumferential fluid velocity fluctuations 〈u∗
f,θ

′〉rms/U
∗
in and

the time–averaged RMS–values of the axial fluid velocity fluctuations 〈u∗
f,z

′〉rms/U
∗
in of

the LES predictions with the experiment of Obermair (2002). The following observations
can be made: (i) The LES simulation can reproduce the experimental data in the upper
part of the downcomer tube, while they fail to reproduce the experiment in the lower
part of the downcomer tube. This is not surprising since the drastic changes observed
in the measured circumferential velocity (see Fig. 126(c)) are reflected also on all other
statistical quantities. (ii) The LES fluid and particle statistics are in close agreement
because of the rather small particles present in the computational domain (see Table 6).
Figure 130 depicts the time–averaged particle diameter distribution normalized by the

mean diameter d∗p,in at the inlet section. Also for this quantity big differences between
the LES prediction (Fig. 130(a)) and the experiment (Fig. 130(b)) can be observed in the
lower part of the downcomer tube. In the upper part the discrepancies are minor. Here
both, experiment and simulation, show an increase of the time–averaged diameter from the
cyclone axis towards the walls. This effect can be traced back to the influence of inertia
on the particle motion. Larger particles, which are more subjected to the centrifugal
forces, move towards the cyclone walls leading to an increase of the mean diameter in this
region. Small particles, which are predominantly influenced by the turbulent motion, are
more homogeneously distributed over the cross–section of the downcomer tube parallel
to the axis. Therefore, only small particles are present in the core region leading to a
reduction of the mean diameter compared to the wall region. In the LES predictions
(Fig. 130(a)) the qualitative picture of the time–averaged diameter described before can
be observed over the whole cross–section parallel to the axis. The reason is that the
magnitude of the circumferential velocity does not change throughout the downcomer
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Figure 127: Time–averaged axial fluid velocity 〈u∗f,z〉/U∗
in in the central x–z plane (a–b) LES

prediction (FINE Cs = 0.15); (c) two–phase flow experiment by Obermair (2002)
(same contour levels); Axial and radial coordinates given in [mm].
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Figure 128: Time–averaged RMS–values of the circumferential fluid velocity fluctuations
〈u∗f,θ ′〉rms/U

∗
in in the central x–z plane (a–b) LES prediction (FINE Cs = 0.15);

(c) two–phase flow experiment by Obermair (2002) (same contour levels); Axial
and radial coordinates given in [mm].

tube (see Fig. 126(a)). The magnitude of 〈d∗p〉/d∗p,in, however, increases towards the dust
bin, indicating that the bigger particles remain trapped in the dust bin. Regarding the
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Figure 129: Time–averaged RMS–values of the axial fluid velocity fluctuations 〈u∗f,z ′〉rms/U
∗
in

in the central x–z plane (a–b) LES prediction (FINE Cs = 0.15); (c) two–phase
flow experiment by Obermair (2002) (same contour levels); Axial and radial co-
ordinates given in [mm].

experimental data (Fig. 130(b)), in the lower part of the downcomer tube the averaged
diameter 〈d∗p〉/d∗p,in does not change substantially in radial direction. This observation
can be traced back to the small magnitude of the circumferential velocity observed in the
lower part of the downcomer tube (see Fig. 126(c)). Furthermore, in the experimental
data a strong increase of the mean particle diameter in the lower part of the cross–section
visualized in Fig. 130(b) can be observed. Obermair (2002) claimed that this observation
is a clear evidence of the occurrence of particle agglomeration. Note, however, that the
different vortex structures found in the two–phase experiment compared to the single–
phase experiment also strongly influences the diameter distribution of the particles.

8.8.2.2 Influence of the One–way and the Two–way Coupling and the Bound-
ary Conditions for the Particles
In this section the particle statistics for the three different setups employed, i.e., a one–way
and two–way coupled simulation with smooth walls seen by the particles and a two–way
coupled simulation with rough walls for the particles are compared to each other. For
comparison in Figs. 131–133 also the unladen and the two–phase flow data of Obermair
(2002) are shown. The axial positions, where the statistical moments of the simulations
are compared with each other, are depicted in Fig. 43(a) by the blue lines. According to
the representation of the axial position chosen in Figs. 126–130 these planes are located
at z∗ = 57, 217 and 401 mm. (see also Fig. 43(a)). Note that a detailed discussion of
Figs. 131–133 is omitted for the sake of brevity since the main scope of this section is
to emphasize the small differences found between three different two–phase simulations
shown here.
From Figs. 131–133 the following observations can be made: (i) The differences be-
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Figure 130: Time–averaged particle diameter distribution 〈d∗p〉/d∗p,in in the central x–z plane
(a–b) LES prediction (FINE Cs = 0.15); (c) two–phase flow experiment Ober-
mair (2002) (same contour levels); Axial and radial coordinates given in [mm].

tween the experiments and the simulations observed in the former section are recovered
in Figs.131–133. (ii) Very small differences between the particle statistics computed by
means of one–way and two–way coupled simulations with smooth walls and a two–way cou-
pled simulation with rough walls for the particles can be found. (iii) The not completely
smooth particle statistics (especially the peaks in the mean circumferential velocity) in
the core region of the cyclone can be explained by the low number of particles available
in the core region used for the computation of the statistics. Analyzing the instantaneous
particles data turned out that most particles are centrifuged out of the cyclone core lead-
ing to an almost particle–free region near the axis. Therefore only a small number of
particles are available in the core region to calculate the particle statistics leading to not
completely converged statistics in these region.
The vanishing differences between one–way and the two–way coupled simulation can be

explained with the overall small ratio of particle mass to fluid mass of about 0.085% found
in the computational domain. For this mass loading the forces exerted by the particles
on the fluid are not large enough to substantially influence the flow.
Unfortunately, Obermair (2002) provided only the mass loading at the inlet and did not

specify the overall total mass of particles present in the cyclone. Since in the experiment
the particles are not removed from the device (as done artificially in the simulation),
the overall total particle mass in the experimentally analyzed cyclone is for sure higher
than the overall mass loading obtained in the simulation. (Keep in mind that, e.g., a
vacuum cleaner whose working principle relays on a cyclone has also to be emptied from
time to time.) Therefore, the influence of the particles in the reference experiment is
higher than in the simulation. This could at least partially explain why the experiment
exhibits in the two–phase flow configuration such a drastic change of the flow structure
which cannot be observed in the simulation. A further difference between the simulation
and the experiment is underlined by the photographs added in the appendix of Obermair

304



-2

-1.5

-1

-0.5

 0

 0.5

 1

-0.6 -0.4 -0.2  0  0.2  0.4  0.6

r∗/d∗body

〈u
∗ p
,z
〉/
U

∗ in

(a)

-3

-2

-1

 0

 1

 2

 3

-0.6 -0.4 -0.2  0  0.2  0.4  0.6

r∗/d∗body

〈u
∗ p
,θ
〉/
U

∗ in

Exp. unladen
Exp. two–phase

one–way
two–way

two–way rough

(b)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

-0.6 -0.4 -0.2  0  0.2  0.4  0.6

rep
lacem

en

r∗/d∗body

〈u
∗ p
,z
′ 〉 r

m
s
/U

∗ in

(c)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

-0.6 -0.4 -0.2  0  0.2  0.4  0.6

r∗/d∗body

〈u
∗ p
,θ
′ 〉 r

m
s
/U

∗ in

(d)

Figure 131: Upper part of the downcomer tube at z∗ = 57 mm: Influence of the coupling and
the wall roughness model for the particles on the particle statistics: (a) time–
averaged axial velocity, (b) time–averaged circumferential velocity, (c) time–
averaged axial velocity fluctuations, (d) time–averaged circumferential velocity
fluctuations. Experiments by Obermair (2002).

(2002). These photographs show a large number of particles deposited at the cyclone
walls. These deposited particles lead to a higher wall roughness in the two–phase case
and therefore also to a higher wall–shear stress. This higher wall–shear stress can possibly
influence the flow behavior in the two–phase experiment. Of course, the influence of the
the enlargement of the wall roughness by the deposited particles on the fluid cannot be
captured by the present implementation of the wall model for the fluid. However, as
already mentioned above, in the view of the big influence of the grid and also of the wall
functions for the fluid, other reasons for the discrepancies between the simulation and the
experiments in the particle–laden case are thinkable.
The observation of a marginal difference between the particle statistics computed with

a smooth wall boundary condition and a rough wall boundary condition for the particles
is in line with the findings of the former section: Although small particles are stronger in-
fluenced by the wall roughness when they rebound at the wall, the small inertia leads to a
quick re–adjustment to the carrier phase. Therefore, the dynamics are substantially influ-
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Figure 132: Mid part of the downcomer tube at z∗ = 217 mm: Influence of the coupling and the
wall roughness model for the particles on the particle statistics: (a) time–averaged
axial velocity, (b) time–averaged circumferential velocity, (c) time–averaged axial
velocity fluctuations, (d) time–averaged circumferential velocity fluctuations. For
the legend see Fig. 131. Experiments by Obermair (2002).

enced by the turbulent motion but only a marginal effect of the wall boundary condition
for the particles can be observed on the particle statistics.

8.8.3 Summary and Conclusions

In this section the unladen and the particle–laden flow in a cyclone separator was analyzed.
In the first part the influence of the resolution and of the subgrid–scale model for the flow
on the unladen fluid statistics was studied. The computed statistics were compared with
the unladen flow LDA measurements of Obermair (2002). After that, the particle–laden
flow was tackled. For this case three different simulations were compared with the LDA
and the PDA measurements of Obermair (2002). A one–way and a two–way coupled
simulation were performed in order to analyze the influence of the particles on the fluid.
For these two simulations the particles were assumed to rebounce at specular walls. In
order to keep the computational cost of the two–way coupled flow at a reasonable level,
the parcel method was applied. Furthermore, in order to investigate the influence of the
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Figure 133: Lower part of the downcomer tube at z∗ = 401 mm: Influence of the coupling and
the wall roughness model for the particles on the particle statistics: (a) time–
averaged axial velocity, (b) time–averaged circumferential velocity, (c) time–
averaged axial velocity fluctuations, (d) time–averaged circumferential velocity
fluctuations. For the legend see Fig. 131. Experiments by Obermair (2002).

rough walls seen by the particles on the particle and fluid statistics, a two–way coupled
simulation with the rough wall boundary condition for the particles was performed. The
following conclusions can be drawn:

• A big influence of the subgrid–scale model for the continuous flow can be asserted
for the flow in a cyclone separator at a Reynolds number of 300,000 discretized by
5.6 × 106 control volumes. For increasing eddy viscosities µT the time–averaged
circumferential velocity and the velocity fluctuations of the fluid decrease.

• Furthermore, a strong influence of the resolution can be observed. When increasing
the number of control volumes employed from 4.4× 106 to 5.6× 106 an increase of
the circumferential velocity and of the velocity fluctuations can be observed. For
the finer grid the resolution at the walls and in the dust bin was slightly increased.

• Good agreement with the unladen flow experiments of Obermair (2002) can be
achieved in the wall region of the cyclone. Unfortunately, some discrepancies in
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the core region remain. These differences are: The mean axial flow in the cyclone
core is directed towards the dust bin in the experiment. This feature cannot be
reproduced by the simulation. The radial distance between the two maxima of the
circumferential velocity in the core region is smaller in the simulations than in the
experiment. The velocity fluctuations in the cyclone center are overpredicted by the
simulations compared with the experiment.

• Regarding the particle–laden flow, Obermair (2002) observed in the downcomer
tube a transition from a potential vortex found in the part closer to the inlet to
a solid body vortex found in the region closer to the dust bin. He attributed this
phenomenon to the decelerating effect of the particles located in the dust bin on the
fluid. This effect cannot be reproduced by the simulations since the particles hitting
the wall of the dust bin are removed from the computational domain in order to
achieve a statistically stationary state and to reduce the computational costs to a
feasible amount.

• The LES statistics computed for the continuous phase and the one computed for the
disperse phase are very similar since only small particles are located in the cyclone.

• Only marginal differences between the particle statistics obtained with a one–way
and a two–way coupled simulation assuming a smooth wall seen by the particles and
a two–way coupled simulation assuming a rough wall can be observed. By removing
the particles hitting the walls of the dust bin an overall small statistically stationary
total mass of particles present in the cyclone of about only 0.085% of the fluid mass
is predicted. This explains the vanishing difference between the one– and the two–
way coupled simulation. Since the particles located in the computational domain
are small, they are predominantly influenced by the turbulent motion of the fluid
and not by the wall boundary conditions.

• Regarding the difference between the simulation and the experiment in the particle–
laden configuration different explanation can be provided. Since in the experiment
the dust bin is closed, the particle mass located inside the dust bin constantly
increases in time leading after a while to a transition of the flow structure. That
means that the force exerted by the particles on the fluid is high enough to lead
to a transition of the flow configuration where the vortex reaches the bottom of
the dust bin to a L-shaped vortex rotating around the bottom of the downcomer
tube. In the simulation the particles are removed from the cyclone when they tough
the walls of the dust bin and therefore the particle mass in the dust bin remains
constant. An other explanation could be that in the experiment the particles are
able to agglomerate at the walls of the cyclone. This leads to a higher wall roughness
and therefore also a higher wall shear stress decelerating the vortex in the cyclone.
In the simulation the influence of the increased wall roughness on the fluid flow
can not be captured by the wall model for the fluid adopted. The combination
of this two aforementioned effects can possible explain the differences between the
particle–laden experimental and simulation data. However, in the view of the big
influence of the grid and also of the wall functions for the fluid, other reasons for the
discrepancies between the simulation and the experiments in the particle–laden case
are thinkable. Therefore, the definitive explanation of the big differences between the
experiment and the simulation in the particle–laden case, is still open for discussion.
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9 Conclusions and Outlook

9.1 Conclusions

Wall–bounded particle–laden flows in complex geometries play an important role in many
industrial applications and natural phenomena. These flows are in almost all cases tur-
bulent. For that reason it is indispensable to develop tools which correctly describe the
interaction of the particles with the fluid including the turbulent motion, the particles
among each other and the particles with bounding walls to accurately predict the flows
mentioned above.
From an engineering point of view such methods should reliably predict the statistics of

the carrier and the disperse phase, such as the mean velocities, the velocity fluctuations
or the particle concentration. For highly unsteady or intermittent flows (e.g., combus-
tion processes) it is furthermore important that the time–dependent local quantities are
accurately reproduced.
From a physical point of view it is important to understand the phenomena appearing

in turbulent particle–laden flows. This can be achieved by analyzing the complex interplay
between the particles and the multiple of vortical scales present in a turbulent flow.
In order to tackle these challenges, the large–eddy simulation code LESOCC (Breuer,

1998, 2002; Breuer et al., 2006) was further enhanced in this thesis. LESOCC is an Euler–
Lagrange solver describing the particles as point–particles. The original version of the tool
relying on an eddy–resolving simulation concept was capable to describe two–way coupled
flows. In the present study a highly efficient particle–particle collision handling and a new
wall model describing the rebound of solid particles at rough walls was developed. The new
wall model has the advantage over models present in the literature that a single roughness
parameter such as the mean roughness height R∗

z or the root–mean square roughness R∗
q

is required as a fundamental model parameter. Therefore, the model is applicable in
designing industrial devices, where usually only R∗

z or R∗
q are used to characterize the

surface roughness (Breuer, Alletto, and Langfeldt, 2012). The rough wall is modeled
by a densely packed layer of mono–disperse spheres modeling sandgrain. The radius of
the spheres is related to the given roughness parameter (R∗

q or R∗
z) requiring only one

additional parameter (Csurface ≈ 3 to 5) depending on the surface finishing also borrowed
from the continuous phase (Schlichting, 1936; Hama, 1954; Zagarola and Smits, 1998;
Shockling et al., 2006). Purely based on geometric and kinematic considerations an easy
to use model is derived which mimics the most important influences of the rough walls
on the rebound behavior of the solid particles, i.e., the redistribution of the streamwise
momentum of the particles towards the wall–normal component (shadow effect) and the
momentum loss of the particles, when hitting rough asperities.
The second key aspect of this thesis is the development of an efficient deterministic

collision handling which is more accurate than stochastic models available in the literature
(see, e.g., Sommerfeld, 2001). Due to the fast collision handling turbulent flows with
high mass loadings can be computed. The efficiency of the method is underlined by the
circumstance that the computational costs scale linearly with the number of particles
present in the computational domain, whereas a standard brute–force implementation
would result in computational costs which scale with the number of particles squared
(Alletto and Breuer, 2014). The collision handling basically relies on a virtual cell concept:
The computational domain is divided into virtual cells and only particles located in these
virtual cells are checked against collision (Breuer and Alletto, 2012b). Furthermore, a
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simple model which considers the influence of the subgrid–scales on the particle motion
and an agglomeration model for frictional particle–particle collisions were presented.
The resulting method, especially the collision handling and the wall–roughness model

for the particles, was tested and validated with the help of several test cases taken from
the literature. These test cases consisted of flows in simple geometries such as the tur-
bulent channel and pipe flows but also in complicated practically relevant flows such as
the cold flow in a combustion chamber model and the particle–laden flow in a cyclone
separator. The main conclusions which can be drawn from the application of the method-
ology presented in this thesis to the channel and pipe flows (see also Breuer, Alletto, and
Langfeldt, 2012; Breuer and Alletto, 2012b, 2013, 2012c; Alletto and Breuer, 2013) are:

• Good agreement with a variety of experimental reference cases could be achieved.

• Inter–particle collisions taken into account in a turbulent channel or pipe flow lead
to a flattening of the mean particle streamwise velocity profile, an enhancement of
the particle velocity fluctuations and a homogenization of the particle concentra-
tion profile. All these observations can be explained by the enhancement of the
momentum transfer between the particles induced by the collisions.

• In accordance with measurements, the application of the wall roughness model ap-
plied to turbulent channel and pipe flows leads to a momentum loss of the particles
in streamwise direction. The momentum loss is strongly augmented with increasing
wall roughness. That leads to particles which considerably lag behind the contin-
uous flow. Two main reasons are identified for this behavior. Due to the shadow
effect a redistribution of the streamwise momentum carried by the particles towards
the wall–normal direction takes place. Additionally, the impact of the particles at
the wall is stronger due to the higher wall–normal velocity fluctuations compared
with a smooth wall configuration. This also leads to increased momentum loss.

• In close agreement with the measurements, the consideration of the influence of
the wall roughness on the particle motion leads to an enhancement of the particle
velocity fluctuations and a homogenization of the particle concentration throughout
the cross–section.

• Due to the influence of the particles on the fluid (two–way coupling) a reduction of
the fluid velocity fluctuations can be observed. Furthermore, a deceleration of the
mean fluid flow in the regions of the highest particle concentration can be found.

Especially the successful simulation of the combustion chamber flow proves the appli-
cability of the method for industrially relevant devices. The present study shows together
with investigations already published by the author (Breuer and Alletto, 2011; Alletto
and Breuer, 2012; Breuer and Alletto, 2012a,b) the fist four–way coupled LES computa-
tion using an Euler–Lagrange method in complex geometries. These computations were
possible because of the efficient collision handling presented here. The key findings of this
application are the following:

• Good agreement with the experimental reference case could be achieved.

• A significant difference exists between the moderate and the high mass loading
configuration. For the unladen and the moderate mass loading flow two stagnation
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points are found on the axis of the chamber. For the high mass loading flow, however,
these features completely disappear when the additional momentum induced by
the particles is sufficiently high. The disappearance of the two stagnation points
strongly influences the radial velocity fluctuations in the region close to the axis
and thus also the radial dispersion of the particles. For the moderate mass loading
a local maximum of the radial velocity fluctuations is observed near the second
stagnation point indicating a strong mixing in this region. Therefore, the particles
are significantly dispersed in this region. Contrarily, this effect is not visible for
the high mass loading since the stagnation points vanished by the induced particle
momentum. Furthermore, the particles are found to accumulate between the two
stagnation points for the moderate mass loading, whereas this phenomenon is not
observed for the high mass loading.

• For η = 22% the interaction between the fluid and the particles is found to play a
major role, whereas the effect of the inter–particle collisions is negligible.

• For η = 110% the interaction between fluid and particles plays a major role. The de-
viations observed between the results of the one–way and two–way coupling strongly
increase and the region where the fluid flow is influenced by the particulate phase
is more extended. Contrarily, the effect of the inter–particle collisions is still minor
for the high mass loading at the inlet.

Regarding the cyclone separator flow, unfortunately, some differences between the sim-
ulation and the experiment in the core region of the cyclone remain. The reason of this
deviation can be probably explained by the big influence of the grid and the subgrid–scale
model for the fluid. Based on this observation, it can be concluded that the resolution of
the cyclone separator flow especially in the core region is still too low.
Also the second challenge postulated above, i.e., the improvement of the understanding

of phenomena characterizing particle–laden turbulent flows, was successfully mastered.
In this thesis the particle–laden flow in a horizontal pipe was simulated the first time by
means of an eddy–resolving technique (see also Alletto and Breuer, 2013). The develop-
ment of the interesting secondary–flow was found to be indirectly caused by the particles:
Due to the gravitational settling the particles accumulate at the bottom of the pipe lead-
ing to a gradient of the circumferential Reynolds stress at the wall. Thus the anisotropy of
the Reynolds stresses is identified as the driving force for the secondary flow. Therefore,
the secondary flow is found to be of second kind and not of first kind. These findings
are in agreement with the experimental work of Belt et al. (2012). The particle are not
primarily responsible for the appearance of the secondary flow since they exert a net force
against the mean flow direction in the pipe cross–section.
Summing up, in this work the parameter space and thus also the class of flows capable

to be simulated by means of the code LESOCC was considerably enhanced. Furthermore,
some fundamental comprehension of turbulent particle–laden flows could be achieved.

9.2 Outlook

General Considerations

As mentioned in the introduction, the Lagrangian point–particle method applied in this
thesis is flanked by the Euler–Euler and the fully–resolved approach. The border between
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the point–particle and the fully–resolved approach is defined by the validity of the point–
particle approach on the one hand and on the other hand by the computational costs
of the fully–resolved approach. Concerning the border between the Euler–Euler and
the point–particle approach similar considerations can be made. That means that when
the computational costs for the point–particle approach are too high, the Euler–Euler
approach has to be applied. Of course, when adopting a method based on the continuum
assumption, it has to be ensured that a sufficiently high number of particles are present in
each computational cell. If the number of particles per computational cell is too low (i.e.,
the continuum assumption is violated), the particles have to be treated in a Lagrangian
frame of reference. Providing that the problem is feasible concerning the computational
demands.
Possible future developments of the method presented here concern the shift of the

borders between the simulation methods, i.e., the range of the parameter space, where
the point–particles approach can be applied. The overpass of the border towards the
fully resolved approach seems to be far from trivial. This would require to model the
influence of the vortices generated behind the particles on the resolved scales, which is
quite difficult. The enlargement of the parameter space feasible for the point–particle
approach towards the parameter space belonging to the Euler–Euler approach seems to
be more practicable. First, due to the increase of the computational power more particles
than a few years ago can be tracked through the computational space. Thus the motion of
smaller particles keeping the mass loading constant can be described. If the grid spacing is
not adjusted accordingly, this requires the development of more accurate models describing
the influence of the unresolved scales on the smaller particles having less inertia. Especially
the preferential concentration of small particles caused by the unresolved scales is still an
open issue in the literature worth to be investigated in the future.

Combination of the Parcel Method with the Deterministic Collision Model

In order to avoid waiting until the computational resources enable to track much more
particles as possible nowadays, additional modeling assumptions are a remedy. If only
two–way coupled flows are considered, the parcel method can be applied as already done
in this thesis. Unfortunately, a direct application of the parcel method to four–way
coupled flows using a deterministic collision algorithm is not trivial. In order to model
the inter–particle collisions a stochastic model could be an option. The reason is that in
contrast to deterministic models it can also be applied if not every real particle is tracked
throughout the domain, i.e., using the parcel method. However, the application of a
stochastic model such as the one described in Sommerfeld (2001) requires fully converged
particle velocity fluctuations in order to compute the correct collision frequency. Applying
the RANS approach this implies at least a few iterations starting from a two–way coupled
flow. Therefore, for eddy–resolving techniques such as LES, which require very long
computational times in order to produce converged statistics, this seem to be not the
right method to choose in order to save computational time.
A possible alternative might be to exploit the functional dependency of the collision

frequency per particle f ∗
c /Np from the particle diameter d∗p and the number of particles

Np present in the computational domain (see, e.g., Sommerfeld, 2000; Wang et al., 2000;
Borèe and Caraman, 2005, and references therein). f ∗

c /Np rises linearly with respect to
Np but is proportional to the particle diameter squared d∗p

2. It is obvious that if the
parcel method is applied together with the collision handling presented in this thesis, the
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correct collision frequency per particle is not captured. The reason is that the number
of parcels tracked Nparcel does not correspond to the real number of particles present
in the computational domain, i.e., Nparcel = Np/Iparcel. Iparcel describes the number of
particles grouped in a parcel. Therefore, the collision frequency per parcel f ∗

c,parcel/Nparcel

is reduced compared with the real collision frequency.
In order to artificially rise the collision frequency per parcel f ∗

c,parcel/Nparcel and there-
fore to obtain the same collision frequency per parcel f ∗

c,parcel/Nparcel as the real collision
frequency per real particle f ∗

c /Np, a fictive diameter of the parcels d∗parcel can be intro-

duced. d∗parcel has to be larger than the particle diameter d∗p by a factor of
√
Iparcel in order

to obtain the same collision frequency per parcel f ∗
c,parcel/Nparcel as the collision frequency

per real particle f ∗
c /Np. Note that d∗parcel should be only used in the collision detection

procedure in order not to change the aerodynamic properties of the particles. This simple
modification of the collision handling described in this thesis (after a careful validation)
could be a valid alternative to the stochastic models to capture the influence of the inter–
particle collisions even if not all real particles are tracked through the domain. In the
opinion of the author the methodology described above could deliver reasonable results
as long as the colliding parcels are not too far away from each other. That means that
the two colliding parcels should be located in flow regions where the flow quantities are
still correlated. Of course, when the fictive diameter of the parcels d∗parcel is so large that
a parcel located in the bulk flow collides with a parcel located in the boundary layer close
to the wall, the methodology would deliver a totally wrong momentum transfer induced
by collisions. Therefore, also a wrong velocity after the collision would be predicted.

Enhancement of the Wall Roughness Model

Regarding the wall roughness model for the particles, a possible enhancement could be
the incorporation of the influence of grazing collisions. Konan et al. (2009) argued that
even if a particle after its first wall collision would still move towards the wall or leave
the wall with a very small deflection angle, in reality it would hit anyway a second wall
asperity. This mechanism deflects the particle towards the inner part of the domain
preventing an accumulation of the particles near the wall. Unfortunately, this mechanism
is not captured by the model presented in this thesis. Therefore, the deficiency of the
reproduction of this effect in the wall roughness model presented here could explain the
high particle concentration seen close to the walls of the horizontal channel (see § 8.3).
A possible enhancement of the present wall roughness model considering also grazing

collisions could provide the following methodology:

(i) After the collision of the particles with the first wall sphere, it has to be verified if
the trajectory of the particle crosses a second wall sphere placed after the first one.
In order to verify if the aforementioned condition is fulfilled, a location of the second
wall sphere has to be assumed. For example, it can be assumed that the center of
the second wall sphere lies on the projection of the trajectory of the particle on the
wall.

(ii) If this condition is fulfilled, the wall–normal vector nRgrace in case of a grazing colli-
sion can be computed and the post–collision state of the particles can be calculated
with nRgrace instead of nR.

With this measure the wall–normal component of the particle velocity after the grazing
collision is larger that the one without considering the impact with a second wall sphere.
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Therefore, the modeling of the grazing collision could prevent a large accumulation of the
particles at the wall.

Future Steps concerning the Flow in the Cyclone Separator

Also regarding the flow in the cyclone separator some future works are possible. First
of all, a more realistic condition for the removal of the particles from the computational
domain is required. As visible in the pictures shown in the appendix of the dissertation of
Obermair (2002), quite a lot of particles where deposited at the walls of the cyclone due to
the influence of the van–der–Waals forces. Therefore, a physically motivated condition for
the removal of the particles from the computational domain would be to verify if a particle
sticks at the wall due to the influence of the van–der–Waals forces. If this condition is
fulfilled, the particles can be removed. In order to reproduce this observation also in the
simulation, criterion (5.115) can be easily modified in order to determine if a particle
sticks at the wall due to the influence of the van–der–Waals forces. With this measure
a physically motivated condition for the removal of the particles from the computational
domain could be achieved.
A further measure to improve the results obtained in the cyclone is to perform additional

computations on a finer grid. As shown in § 8.8, the subgrid–scale model for the fluid
still has a large influence on the fluid statistics. Therefore, a higher resolution hopefully
reduces this dependency providing a better accordance of the simulation results with the
reference experiment.
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A Grassmannn and Lagrange Identity

The Grassmann identity reads (Merziger and Wirth, 1999):

(a× b)× c = (a · c)b− (b · c)a. (A.1)

The Lagrange identity reads (Merziger and Wirth, 1999):

(a× b)2 = a2b2 − (a · b)2 (A.2)

B Total Kinetic Energy of a Rigid Body

In the determination of the total kinetic energy of a rigid body is recalled (see also Balke,
2011). The total kinetic energy Etot is defined as follows:

Etot =
1

2

∫

m

vA
2dm. (B.1)

vA is the velocity of a arbitrary point of the rigid body depicted in Fig. 134 and m is
the mass of the rigid body. According to Balke (2011) the velocity of the point A can be
decomposed into the velocity of the center of mass vs and a component resulting from
the rotation of the rigid body:

vA = vS + ω × rSA. (B.2)

After inserting eq. (B.2) into the definition of the total kinetic energy eq. (B.1) we obtain:

Etot =
1

2
mvS

2 + 2vS ·ω
∫

m

rSAdm

︸ ︷︷ ︸
=0

+
1

2

∫

m

(ω × rSA)
2dm. (B.3)

Since the second term on the right–hand side of the above equation is zero per definition,
the following relation is obtained:

Etot =
1

2
mvS

2 +
1

2

∫

m

(ω × rSA)
2dm. (B.4)

The integrand on the right–hand side of the above equation can be written as follows:

(ω × rSA)
2 = (ωyrSA,z − ωzrSA,y)

2 + (ωzrSA,x − ωxrSA,z)
2 + (ωxrSA,y − ωyrSA,x)

2 (B.5)

After inserting eq. (B.5) into the integral in eq. (B.4) it is easy to see that

1

2

∫

m

(ω× rSA)
2dm =

1

2

[
Ixxω

2
x+ Iyyω

2
y + Izzω

2
z +2(Iyzωyωz + Ixzωxωz + Ixyωxωz)

]
. (B.6)

Ixx, Iyy, ... are the components of the inertial stress tensor I. The are defined as follows:

Ixx =

∫
(r2SA,y+r2SA,z)dm, Iyy =

∫
(r2SA,x+r2SA,z)dm, Ixy =

∫
(rSA,xrSA,y)dm, ... (B.7)
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Figure 134: Coordinate system for the determination of the kinetic energy.

For coordinate systems which are aligned with the principal axis of I the deviatonic

moments vanish and a simple expression for the total kinetic energy is obtained.

C Treatment of the Agglomerate as a Hollow Sphere

In order to remove this inconsistency in the energy balance, the agglomerate can be treated
as a hollow sphere with an inner diameter dih and an outer diameter doh. The particle
density ρp is kept constant. The moment of inertia of a hollow sphere Ihs is calculated by:

Ihs =



1/60 π ρp (d5oh − d5ih) 0 0

0 1/60 π ρp (d5oh − d5ih) 0
0 0 1/60 π ρp (d5oh − d5ih)


 . (C.1)

In order not to violate the energy balance, the rotational energy of the agglomerate and
the rotational energy of the hollow sphere have to be equal:

1

2
Ihs ·ω2

hs,ntz
=

1

2
Iag,ntz · ω2

ag,ntz
. (C.2)

Here ωhs,ntz denotes the angular velocity of the hollow sphere which is determined by
means of the angular momentum balance:

Ihs ·ωhs,ntz = Iag,ntz · ωag,ntz . (C.3)
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Rearranging the above equation with respect to ωhs,ntz leads together with eq. (5.116)
to the following result:

ωhs,ntz =

Iag,ntz · ωag,ntz

1/60 π ρp (d5oh − d5ih)
. (C.4)

The required inertial moment of the hollow sphere is determined by inserting the above
definition of ωhs,ntz in the energy balance (5.117). The result of this operation reads:

(Iag,ntz ·ωag,ntz)
2

1/60 π ρp (d5oh − d5ih)
= Iag,ntz · ω2

ag,ntz
(C.5)

Hence, the inertial moment of the hollow sphere can be determined:

1/60 π ρp (d5oh − d5ih) =

(Iag,ntz ·ωag,ntz)
2

Iag,ntz · ω2
ag,ntz

. (C.6)

The above relation still has the two unknowns dih and doh. The last relation to obtain
the outer diameter of the hollow sphere doh (which is the main quantity of intererst since
it is required to calculate the fluid forces and also for the collision detection) is the mass
conservation. The mass of the hollow sphere has to be equal to the mass of the two
agglomerating particles:

ρp
1

6
π(d3oh − d3ih) =

1

6
π ρp( d

3
p,1 + d3p,2). (C.7)

Finally by combining eq. (C.6) and eq. (C.7) a non–linear system of equations for dih and
doh is obtained:

d5oh − d5ih =

(Iag,ntz · ωag,ntz)
2

1/60 π ρp Iag,ntz · ω2
ag,ntz

. (C.8a)

d3oh − d3ih = d3p,1 + d3p,2. (C.8b)

Unfortunately, the author was not able to obtain an analytical solution of the above
equation.
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persen Mehrphasenströmungen. Master’s thesis, Professur für Strömungsmechanik
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S. Obermair, J. Woisetschläger, and Staudinger G. Investigation of the flow pattern in
different dust outlet geometries of a gas cyclone by laser Doppler anemometry. Powder
Technology, 138:239–251, 2003.
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dispersion of solid particles in a turbulent boundary layer. Boundary–Layer Meteorology,
121(2):283–311, 2006.

A. W. Vreman. Turbulence characteristics of particle–laden pipe flow. J. Fluid Mech.,
584:235–279, 2007.

B. Vreman, B. J. Geurts, N. G. Deen, J. A. M. Kuipers, and J. G. M. Kuerten. Two– and
four–way coupled Euler–Lagrangian large–eddy simulation of turbulent particle–laden
channel flow. Flow Turbulence Combustion, 82(1):47–71, 2009.

333



B. Wang. Inter–phase interaction in a turbulent, vertical channel flow laden with heavy
particles. Part I: Numerical methods and particle dispersion properties. Int. J. Heat
Mass Transfer, 53(11):2506–2521, 2010.

L. P. Wang and M. R. Maxey. Settling velocity and concentration distribution of heavy
particles in homogeneous isotropic turbulence. J. Fluid Mech., 256:27–68, 1993.

L. P. Wang, A. S. Wexler, and Y. Zhou. On the collision rate of small particles in isotropic
turbulence, Part I: Zero–inertia case. Phys. Fluids, 10:266–276, 1998.

L. P. Wang, A. S. Wexler, and Y. Zhou. Statistical mechanical description and modelling
of turbulent collision of inertial particles. J. Fluid Mech., 415:117–153, 2000.

M. Wang, C. Lin, and Q. Chen. Advanced turbulence models for predicting particle
transport in enclosed environments. Building and Environment, 47:40–49, 2012.

H. Werner. Grobstruktursimulation der turbulenten Strömung über eine querliegende Rippe
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