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Abstract. A procedure for simulating single-phase, turbulent fluid flow based
on the lattice-Boltzmann method is described. In the large-eddy approach to
turbulence modeling, the Smagorinsky subgrid-scale model, supplemented with
wall damping, is applied exclusively. The assumptions underlying the model
are discussed. Simulation results of some sample flow systems from chemical
engineering practice are presented, with an emphasis on experimental valida-
tion, and grid effects.

1 Introduction

The performance of many industrial processes relies on turbulent flows. In agitated
tanks, in tubular reactors, in bubble columns, and in fluidized beds, the turbulent
fluctuations (that cover broad spatial and temporal spectra) enhance heat and mass
transfer, control bubble and particles size distributions due to break-up and coales-
cence, and create contact area to facilitate chemical reactions. As a result, there defi-
nitely is a need for good insight, and accurate predictions of turbulent flows in process
equipment. Computational Fluid Dynamics (CFD) is one of the tools that (to some
extent) might be able to satisfy this need. In CFD, the mass and momentum balances
that govern fluid flow are solved numerically. Because one of the characteristics of
turbulence is its wide range of scales, a full representation (i.e. a Direct Numerical
Simulation (DNS)) of the flow would require unrealistic amounts of computer re-
sources. As an example, consider the flow with a macroscopic Reynolds number

Re = vL =10*. The smallest dynamic flow scale n (i.e. the Kolmogorov scale) is
v

related to the macro-scale through ng = LRe™’*. A DNS would require a spatial

resolution at least equal to ng. As a result, to cover all length scales of the flow in
three dimensions, a grid of 1,000°=10° cells has to be defined. Nowadays, these num-
bers start becoming feasible on massively parallel computer platforms.

There are, however, a few reasons not to pursue DNS of strongly turbulent flows in
chemical engineering. In the first place, with a view to industrial applications, Re=10"
is still considered a low value. In full-scale process equipment, the Reynolds number
easily amounts to several millions. In the second place, the purpose of our research is
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to apply CFD as a scale-up, or design tool. This implies that it has to be possible to
study alternative reactor designs, and process conditions within a limited amount of
time, and on computer platforms widely available in academia and industry. In the
third place, again with a view to the applications, the flow simulations are not the final
goal of our efforts. They need to be related to the process, which next to fluid dynam-
ics involves other physical and chemical phenomena. A good balance has to be found
with respect to the computational efforts for modeling the various aspects of the proc-
ess.

The alternative to DNS is turbulence modeling. Based on assumptions regarding
turbulent fluctuations on the small scales (e.g. related to their supposedly universal
character, their tendency to isotropy and equilibrium) turbulence models can be de-
vised that distinguish between resolved and unresolved (i.e. modeled) phenomena. In
the field of turbulence modeling, a division can be made between models based on the
Reynolds Averaged Navier-Stokes (RANS) equations, and Large-Eddy Simulations
(LES). For industrial (chemical engineering) applications, RANS modeling has a
much longer tradition than LES. This is related to the lesser demand for computational
resources of the former approach. In a RANS simulation, the grids can be coarser
since only the average flow is explicitly simulated, and (in most cases) time-
dependence is not taken into account. Furthermore, use can be made of symmetry in
the boundary conditions. A large-eddy simulation shows a strong resemblance to a
direct simulation: the three-dimensional, time-dependent Navier-Stokes equations are
discretized to a grid that is (necessarily) too coarse. By viewing the flow field on the
grid as a low-pass filtered representation of the true field, and by modeling the inter-
action between the filtered flow and the (unresolved) flow at length scales smaller than
the grid spacing (the subgrid-scale (SGS) motion), the flow system is simulated.

The three-dimensionality, and time-dependence of LES make them much more
computationally demanding than RANS simulations. Fine grids are required to meet
the criteria for SGS modeling in LES [1]. I think, however, that it is worthwhile pur-
suing an LES approach to industrial flows for the following reasons. In the first place,
by resolving the time-dependent flow field at high resolution, we are better able to
account for the non-linearity's encountered in process modeling (e.g. chemical reac-
tions, nucleation of crystals in flowing supersaturated liquids, transport of solid parti-
cles in a gas stream). In the second place, better flow field predictions are expected
from LES in the case of inherently transient flows. By its very nature, turbulence is
time-dependent in an incoherent and unpredictable way. If, on top of the turbulent
fluctuations, coherent time-dependence is introduced through boundary conditions (as
is the case in turbo machinery applications, or in stirred tanks), or through a macro-
scopic instability in the flow (such as vortex core precession in swirling flow), RANS
based models might fail. In the closure models for the RANS equations, no clear
spectral distinction exists between resolved and unresolved fluctuations (this in con-
trast to LES, where the grid makes the distinction). As a result, RANS closure models
that are designed for non-coherent, turbulent fluctuations might (erroneously) affect
the macroscopic, coherent fluctuations brought about by e.g. the boundary conditions.

In this paper, some examples of LES applied to industrially relevant, turbulent
flows will be discussed. But first, our numerical method will be treated, which is
based on the lattice-Boltzmann method. Second, a brief account of subgrid-scale mod-
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eling will be given. The examples comprise of agitated flow systems (stirred tanks),
and swirling flows (with cyclone separators as the application).

2 Lattice-Boltzmann Method

Lattice-Boltzmann modeling of fluid flow has evolved from lattice-gas cellular auto-
mata (see e.g. the text book by Rothman & Zaleski [2]). The starting point of these
particle-based methods is principally different from that of more traditional ways of
numerical fluid flow modeling, such as finite element or finite volume methods. In the
latter method, the continuous equations governing fluid flow are discretized. Lattice-
gas and lattice-Boltzmann schemes start with a discrete system that can be proven to
obey the Navier-Stokes equations. The discrete system that mimics fluid flow is a set
of (fictitious) particles residing on a uniform lattice. Every time step, particles move to
neighboring lattice sites, where they exchange momentum (i.e. collide) with particles
coming in from other directions. The collision rules, and the topology of the lattice
can be defined in such a way that macroscopically the Navier-Stokes equations are
recovered [3]. The elegance of the method is its simplicity, and the locality of its op-
erations. This locality (i.e. the absence of global numerical operations) is responsible
for the high parallel efficiency of the method.

Lattice-Boltzmann methods have been applied to many problems involving fluid
flow (see e.g. the review article by Chen & Doolen [3]). Many of the applications
involve laminar flow in complexly shaped geometries (e.g. porous media modeling),
interfacial phenomena, and multiphase flows. Large-eddy simulations of turbulent
flows with lattice-Boltzmann schemes have been reported by Hou et al. [4], Somers
[5], and Eggels [6].

We use PC based computer hardware for our lattice-Boltzmann based large-eddy
simulations. By connecting the PC's (Dual-Pentium III 700 MHz machines running
under Linux) through 100 BaseTX (100 Mbit/s) switched Ethernet, a Beowulf cluster
is formed that can efficiently handle large jobs. A lattice-Boltzmann simulation on
360 (i.e. 47 million) cells, typically requires ten processors, 4 Gbyte of memory, and
some 40 hours of wall-clock time to simulate one integral time scale (e.g. one impeller
revolution in a stirred tank) of the flow.

3 Subgrid-scale Modeling

The most widely used model in LES is the Smagorinsky model [7]. It is an eddy-
viscosity SGS model based on the assumption of local equilibrium between produc-
tion and dissipation of turbulent kinetic energy. The expression for the eddy-viscosity
(v.) reads:

(1)
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with A, a mixing length, and #; the resolved (i.e. the grid scale) velocity in the i-th
coordinate direction. In the Smagorinsky model, the mixing length is proportional to

the grid spacing A: A,,;, = c,A, with ¢, a constant. This constant can be estimated from

turbulence theory under the assumption of local equilibrium: ¢;=0.165. Note that the
eddy-viscosity depends on the grid spacing. In case the grid spacing approaches zero,
the eddy-viscosity vanishes, which should be, as zero grid spacing implies a direct
simulation (i.e. a simulation without SGS model). In many simulations, especially of
shear driven turbulence, the value of ¢ is chosen between 0.06 and 1.2 [8]. This is
because, especially near walls, the equilibrium assumption breaks down, and the
length scales become too small to resolve. By decreasing the mixing length relative to
the grid, the lack of spatial resolution is (artificially) compensated for.

The vicinity of walls poses more problems to the Smagorinsky model: the turbu-
lence near the wall becomes anisotropic (fluctuations in the wall-normal direction are
suppressed), and at the wall the SGS Reynolds stresses should become zero. These
effects are not a priori accounted for in the model. The eddy-viscosity concept implies
isotropic turbulence at the subgrid-scales throughout the flow domain, including the
wall region. The problem of non-zero wall stresses can be repaired by applying wall-
damping functions that force the eddy-viscosity (and as a result the SGS Reynolds
stresses) to zero. In our studies we apply Van Driest wall damping functions [9].

In summary, the Smagorinsky model is not an obvious choice when attempting
LES of flows in complexly shaped domains with intrinsic time-dependence. In the first
place because of the presence of walls that pose principle problems related to anisot-
ropy and resolution. In the second place because of the time-dependence, that will
keep the flow off-equilibrium at least in parts of the flow domain. Dynamic SGS mod-
eling (as introduced by Germano et al. [10]) might overcome some of the difficulties
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Figure 1. Left: stirred tank geometry. The tank has four,
90° spaced baffles, with a small wall clearance. The
impeller has four pitched blades under a 45° angle. The
top surface is closed. Right: single realization of the
flow in a vertical plane midway between two baffles in
terms of velocity vectors at Re=7,300. The simulation
employed a 240° grid. The spatial resolution of the
vector plot is (in axial and radial direction) twice as
low as the actual resolution of the simulation.
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discussed here. In dynamic modeling, a double low-pass filter operation is applied to
the flow, with the aim of determining local values of the "constant" ¢,. However, some
problems (e.g. related to the stability of the method), even in simple flow geometries
have been reported [1].

For the lack of better models, the Smagorinsky SGS model has been applied exclu-
sively in our studies. The issues raised above with respect to the validity of this SGS
model require critical evaluation and experimental validation of the simulated flow
fields. In this respect, the extent to which the solution depends on the grid spacing
requires special attention.

4 Agitated Flows

Blending, crystallization, suspension polymerization, particle coating, are some exam-
ples of processes carried out in stirred tanks. A revolving impeller generates a turbu-
lent flow in a cylindrical vessel that (apart from the impeller) contains all sorts of
static internals, e.g. baffles to prevent solid body rotation of the fluid, draft tubes to
direct the flow, heat exchangers, nozzles for injection of reactants, etc. From experi-
ments (e.g. [11]) it is well known that impellers generate complex vortex structures.
These vortex structures are largely responsible for the mixing capacity of the flow
system, and are associated with strong, anisotropic turbulent activity.

In order to standardize experimental and numerical work on stirred tank flow, a
few de facto standard tank and impeller configurations can be identified. A standard
tank has a height to diameter ratio of one, and has four, 90°-spaced baffles at its pe-
rimeter with a width of one tenth of the tank diameter. In a previous paper, large-eddy
simulations on the flow driven by a Rushton turbine have been discussed [12]. In the
present paper, results on flow simulations in a standard tank, equipped with a 45°-
pitched blade turbine will be presented. The geometry is fully defined in Fig. 1. This

Figure 2. Phase-averaged flow in the vertical plane midway between two baffles at Re=7,300.
From left to right: experimental data [11]; LES on a 120° grid without wall damping functions;
LES on a 240 grid without wall damping functions; LES on a 240° grid with wall damping
functions; LES on a 360° grid without wall damping functions; LES on a 360° grid with wall
damping functions. Per simulation, the averaging extended over at least 12 impeller revolu-
tions. The LES results have been linearly interpolated to the experimental grid.
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geometry was chosen because of the availability of a detailed experimental study by
2

Schifer et al. [11] on the flow field inside such a tank at Re = =7,300 (with N

A"
the impeller's angular velocity in rev./s, D the tank diameter, and v the kinematic vis-
cosity of the fluid).

In Fig. 1, a snapshot of the simulated flow field is presented. From this figure, the
inhomogeneous character of the flow is obvious. A strongly turbulent, inclined impel-
ler stream, directs fluid from the impeller towards the tank bottom. At the tank's outer
wall, fluid (on average) moves in the upward direction. The stream at the tank wall is
not strong enough to reach the top surface of the tank. About halfway the tank height,
fluid near the outer wall is sucked into the impeller region. As a result, there is a large
part of the tank volume with quiescent fluid.

In Fig. 2, experiment and simulations are compared in terms of the phase-average
flow (i.e. the flow averaged over all angular positions of the impeller), in the vertical
plane located midway between two baffles. The major flow features in the experi-
mental field are the large, counter-clockwise circulation loop that approximately cov-
ers the lower half of the tank, and a clockwise rotating secondary loop in the vicinity
of the bottom and the axis. The top half of the tank hardly shows coherent flow struc-
tures. In the simulations, presented in Fig. 2, the grid size has been varied, and wall
damping has been switched off and on. The coarsest grid (120° nodes) has trouble in
properly representing the primary circulation (its core being too high, and at too small
radial position), as well as the secondary circulation (it extends almost to the impeller,
whereas in the experiments it is limited to approximately 35% of the impeller bottom
clearance). Predictions on the primary circulation significantly improve in case of the
2407 grid. The influence of the wall damping functions is limited, and mainly related
to the separation point of the primary circulation from the tank's outer wall: wall
damping slightly shifts the separation point upwards, in better agreement with experi-
ments. The secondary circulation is still too big on the 240° grid, its vertical size is
some 50% of the impeller clearance, irrespective of wall damping. The impact of wall
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Figure 3. Phase-resolved velocity field at four different impeller angles (from left to right: 0°%
16°; 30°% 60°) in the vicinity of the turbine (the field of view is indicated in the right diagram)
at Re=7,300. Top row: experiments [11]. Bottom row: LES on a 240° grid. The LES results
have been linearly interpolated to the experimental grid.
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damping functions on the simulation results is most pronounced for the 360° grid. This
indicates that the grid has become sufficiently fine to feel the influence of details of
the boundary layer. The separation point is located much too low for the 360° simula-
tion without wall damping, but is almost perfectly predicted with wall damping. The
size of the secondary circulation strongly benefits from the finer grid: it corresponds
well with the experimental data.

Phase-averaged data obscure the details of the flow around the impeller blades. By
conditionally averaging the flow at specific impeller positions, the action of the im-
peller on the fluid can be studied in more detail. In Fig. 3, phase-resolved LES results
are confronted with experimental data [11]. Most striking flow feature is the tip vortex
that is generated at the trailing edge of the inclined blade. It is a persistent phenome-
non, in the sense that after two blade passages the vortex can still be distinguished in
the phase-resolved flow field. The position, size, and shape (squeezed for small angu-
lar impeller positions, circular for larger angles) are well represented by the LES.

5 Swirling Flows

Swirling flows are challenging from a CFD viewpoint. They exhibit all sorts of, often
counterintuitive, flow phenomena. A few examples are flow reversal, strongly anis-
tropic turbulence, subcritical behavior, and (quasi) periodic fluctuations [13]. Our
motivation for swirling flow studies lies in their application for separation of process
streams containing phases with different density: Hydrocyclones are widely employed
in the oil industries for separation of water and oil; gas cyclones are used for separat-
ing solid particles from a gas stream. Results on our large-eddy simulations of cy-
clonic flow have been published elsewhere [14]. In the present paper, I would like to
focus on a different flow geometry, see Fig. 4. This so-called vortex tube was used in
an experimental study by Escudier et al. [15]. In the latter article, it was demonstrated
that downstream geometrical conditions had strong impact on the swirling flow in the
entire geometry. The high-quality LDA data, and the visualizations presented in [15]
were used to critically test the performance of our simulation procedures. One of the
interesting issues here is to what extent the (isotropic) Smagorinsky SGS model [7] is
capable of representing a flow system from which it is well know that isotropic RANS
models (e.g. the k- model) are inadequate [16].

In the experimental paper, the exit diameter was varied between D,=D to
D,=0.18D, with D and D, defined in Fig. 4. For the LES, three geometries were se-
lected: D,=0.73D, D,=0.45D, and D,=0.33D. For these three cases, the Reynolds

¥ 4 v
inlet_siit t=0.15D
De=D...0.18D
L=3.8D

Figure 4. Vortex tube geometry as defined by Escudier et al. [15]. Fluid enters through a tan-
gential slit, and exits through a contraction.
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number was fixed at Re = ut =1,900, with U the (superficial) inflow velocity, and ¢
\Y

the width of the inlet slit (see Fig. 4). This (atypical) definition of Re follows the ex-
perimental work. Reynolds numbers e.g. based on the superficial exit velocity, and
diameter of the exit tube show much higher values (up to 51,000 for D,=0.33D), indi-
cating that subgrid-scale modeling is definitely necessary. The three geometrical lay-
outs chosen were discretized on two grids: a coarse grid with D=82A, and a fine grid
with D=132A, as a result, six simulation cases were defined. From our experience with
cyclonic flow [14], we know that wall damping functions have to be applied to get a
realistic representation of the swirling flow.

Velocity profiles of the tangential and axial velocity are presented in Fig. 5. The
axial (i.e. z) position of the profiles, as indicated in the captions, is measured from the
closed end wall of the vortex tube (located at the left side in Fig. 4). The profiles at
z=0.7D are close to the end wall, the profiles at z=3.6D are close to the contraction
into the exit tube. The impact of the exit pipe diameter on the entire flow is evident.
The levels of the axial and tangential velocities strongly increase if the exit pipe di-
ameter is made smaller (please note the different vertical scales in Fig. 5). Qualita-
tively, the flow features apparent from the profiles are well represented by the LES:
the Rankine type of vortices as indicated by the tangential velocity profiles; the axial
velocity deficit near the vortex core for the larger exit pipe configurations; the pres-
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Figure 5. Average tangential velocity (left two columns), and axial velocity (right two col-
umns). Comparison between experiments (symbols), LES with D=132A (solid lines), and
D=82A (dashed lines). First and third column: z=0.7D; second and fourth column: z=3.6D.
From bottom to top: D,/D=0.73; D,/D=0.45; D,/D=0.33.
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Figure 6. Visualization of the flow near the contraction. Experiment (dye injection) [15], and
LES snapshots with D=132A (the contours indicate absolute velocity). A: D/D=0.73 (Re-
ep=200, Re;;5=1,900); B: D./D=0.45 (Re.,=650, Re;r¢=1,900); C: D./D=0.33 (Re,,,=1,600,
Re;£=1,900). The rectangle in part C relates to the velocity vector field.

ence/absence of "shoulders" in the profiles of axial velocity. Quantitatively, the spatial
resolution is (as it was for agitated flow systems) a key issue. The simulations with
D,=0.33D that have the largest velocity gradients clearly lack spatial resolution. The
trend, however, is in the right direction: the finer the grid, the better the predictions.

In the experiments, vortex breakdown was observed in the exit pipe. Vortex break-
down [17] is an abrupt change in the structure of a swirling flow. In bubble type vor-
tex breakdown, a stagnation point is spontaneously formed at some position along the
axis of the swirling flow. Vortex breakdown can trigger a laminar-turbulent transition.
Figure 6 shows the experimental evidence: In cases B and C, a bubble-shaped dye
structure can be observed just downstream the contraction indicating vortex break-
down. Upstream (left) of the bubble, a laminar vortex core can be observed, down-
stream (right) there clearly is turbulent flow. The simulations excellently represent this
flow structure (a one-on-one comparison can in fact only be made for case C, where
the experimental and numerical Reynolds number are close); and the laminar-turbulent
transition associated with it. The stagnation point character of the breakdown is clear
from the vector plot in Fig. 6. We may conclude that the (isotropic) Smagorinsky SGS
model is able to resolve the major features of this swirling flow system.

6 Summary

A procedure for large-eddy simulations in complexly shaped flow geometries has been
presented. The three-dimensional, time-dependent flow information that can be gener-
ated this way might be beneficial in modeling industrial processes. The lattice-
Boltzmann method provided us with a means to reach high spatial, and temporal
resolution. At the same time, we have limited ourselves to uniform, cubic grids. In
many applications, especially if boundary layer flow is of critical importance, local
grid refinement is required. In the lattice-Boltzmann community, various options for
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non-uniform, and even arbitrarily shaped grids have been proposed (e.g. [18]). To my
best knowledge, no generally accepted method has evolved yet.

The assumptions underlying the Smagorinsky subgrid-scale model have been dis-
cussed. In the applications presented here, many of these assumptions could not be
met: stirred tanks do not have equilibrium turbulence; the turbulence in swirling flows
is highly anistropic. Still, the results presented on these flow systems show fairly good
agreement with experimental data.
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