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Abstract. A non-isothermal turbulent flow with the dispersed phase is modelled using the
Large Eddy Simulation (LES) approach for fluid, one-way coupled with the equations of point-
particle evolution. The channel is heated at both walls and isoflux boundary conditions are
applied for fluid. Particle velocity and thermal statistics are computed. Of particular interest
are the r.m.s. profiles and the probability density function of particle temperature in the near-
wall region. We compare our findings with available reference data for particle-laden, heated
channel flow. Moreover, an open issue in LES is the influence of non-resolved (residual) scales
of fluid velocity and temperature fields on particles. In the present contribution, we apply a
stochastic model for subfilter fluid velocity at the particle positions that aims at reconstructing
the effects of the smallest scales of turbulence on particle dynamics. We analyse the impact of
this model on particle thermal statistics.

1. Introduction

Channel flows are important benchmarks because of the modelling issues representative of
inhomogeneous and wall-bounded turbulence. For model validation, comprehensive data sets are
available from the Direct Numerical Simulations (DNS). Despite their simple geometry, turbulent
channel flows exhibit complex physical features, including the near-wall vortical structures that
affect the temperature field. The presence of particulate phase only increases this complexity
[1]. From the practical point of view, exact predictions of particle dynamics in the near-wall
region, their separation on the walls, and temperature distribution in non-isothermal cases are
desirable.

We consider the issue of particle motion one-way coupled with the non-isothermal fluid flow
that is determined from the Large Eddy Simulation (LES). The temperature is assumed to be
a passive scalar, so it does not affect the fluid motion. We analyse here the effect of subfilter
fluid velocity field on the dispersed phase, called the subfilter particle dispersion. To this aim,
a stochastic model of the Langevin equation type is applied for the residual fluid velocity along
particle trajectories. First, we report results from a regular LES (with no reconstruction of the
residual velocity) of particle-laden channel flow. The LES corresponds to the computational
conditions of the DNS reference data: for the flow case defined by the COST Action benchmark
[2], for the heated flow [3], and for the particle thermal correlations [4]. Following our earlier
work on particle velocity statistics [5], we analyse the impact of the subfilter particle dispersion
model on particle temperature statistics. We discuss these issues and present results obtained
for the particle-laden, turbulent channel flow with isoflux conditions at the walls.

Published under licence by IOP Publishing Ltd 1


http://mostwiedzy.pl

A\ MOST

Particles in Turbulence 2011 IOP Publishing
Journal of Physics: Conference Series 333 (2011) 012014 doi:10.1088/1742-6596/333/1/012014

2. Governing equations for fluid and dispersed phase

The fluid phase is governed by the filtered Navier-Stokes equations. In the momentum equation
for the large-scale velocity field Uf(x,t), the resulting subgrid-scale (SGS) stress tensor is
modelled through the subfilter viscosity 14, closed here with the dynamic (Germano-Lilly)
approach [6]. The passive scalar equation for the filtered temperature T(x,t) takes the form

o1y _'aq_ug{<ﬁ_ w)@ﬂ] n
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and the SGS heat flux term is closed with the subfilter thermal diffusivity v;/Pr; (cf. Table 1).

Particles in the flow are assumed to be smaller than the Kolmogorov length scale and are
treated here as point-particles. The mass and volume load of the dispersed phase are taken much
smaller than 1, therefore the one-way momentum and energy coupling with the fluid phase is
sufficient. We note that some recent computational studies address the motion and heat transfer
of finite-size particles with two-way coupling between the phases, cf. [7] and references therein.

Simplified equations of motion for particles are applied here. Only the drag force term is
considered, which is acceptable for heavy particles, p, > py. The collisions of particles with the
walls are assumed elastic (the particle wall deposition case was studied in [5]). The equations
of particle motion and temperature evolution are:

dx, dU

U —U dT.
P _U p P
dt P dt

P _ _— =
=/p Tp ’ dt

fo (2)

T -1,

T
The fluid velocity U* and temperature T™ along the particle trajectory are obtained from
the second order interpolation of the LES field. The particle momentum relaxation time
Tp = ppdz/ 18pfvy and thermal relaxation time 79 = ppcpdz/ 12)\; are assumed to be equal
in the present study. The Stokes number (the particle inertia parameter) is conveniently defined
in wall-bounded flows as St = T; (viscous scaling). The coefficients fp and fy are well-known,
semi-empirical correction factors for the drag force and heat transfer, respectively [8].

Lower-inertia particles are more responsive to small-scale eddy structures and, since the fluid
velocity field is deprived of subfilter (higher) frequencies, an additional subgrid model for fluid
velocity seen by particles is needed. Let us decompose it as U* = U*+u*, where U* = U r(xp, 1)
is the part resolved in LES and u* is the SGS contribution. As proposed in [9], we use a stochastic
Langevin equation, aiming to mimic the evolution of fluid velocity at particle’s position. This is
done by adding a random term, representing the effect of fluctuations in the SGS fluid velocity
on the dispersed phase. The subfilter particle dispersion model states:

* 202
duf = —ZLdt 4 | =Eqw, (3)
7L 7L

where dW; is an increment of the Wiener process. The subfilter velocity scale og, = (%ksg)l/ 2
is obtained from the estimated kinetic energy lost by filtration (e.g., the Yoshizawa assumption
with the dynamic procedure [10]), and 7; = Cs;A /0y, is the subfilter time scale of turbulence,
where A is the filter width and Cyg is the model constant responsible for the time correlation of
the subfilter velocity and, consequently, for the amount of kinetic energy added to particles [9].

A separate model for subfilter temperature at the particle position has not yet been included.

3. Numerical solution
A fully-developed turbulent channel flow is computed at the Reynolds number, based on the
friction velocity, of Re, = 150 (a benchmark test case of the COST Action LES-AID, [2]).
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Table 1. Simulation parameters

Symbol Value Description

Re, 150 Reynolds number based on friction velocity
Pr 0.7 Prandtl number (air)

Pr, 0.98 turbulent Prandtl number

Csg 0.01, 0.05 SGS Langevin model constant

St 1, 5, 25, 125 particle Stokes number T;_

More numerical simulation parameters are presented in Table 1. The pressure-driven flow was
assumed periodic in the streamwise and spanwise directions. The size of the flow domain
in the streamwise (z), wall-normal (y) and spanwise (z) directions was 4mwh x 2h x (4/3)7h,
discretised with 64 x 84 x 64 FV meshes. For the fluid LES, we used a finite volume, academic
solver of second-order accuracy (FASTEST3D code — courtesy of Prof. M. Schéifer, TU Darmstadt,
Germany). The mesh size Ay™ (in wall units) varied from 0.17 at the wall up to 10 at the
centerline. In the periodic directions, the mesh was uniform with Az* = 29.5 and Az* = 9.8.
At the walls, the isoflux b.c. were imposed. The present case complements therefore that of [8]
where the heated-cooled channel with isothermal b.c. was studied.

Computations were performed with the time step At™ = 0.097. The dispersed phase was
added to the flow once the statistically-steady fluid thermal state was achieved (t* =~ 60000).
The total simulation time for the particle-laden channel flow with Csy = 0.01 was ¢t* ~ 34000,
and with Csy = 0.05 it was about 10000. The presence of the stochastic model for the particles
affected the convergence time of the computations. The large particles (St = 125) achieved a
stationary near-wall concentration faster with the SGS dispersion model (after ¢t* ~ 17000).
The small particles (St = 1) without the model were rapidly converged (after ¢ = 1000), while
in the presence of the model the concentration slightly varied even at t*~ 30 000.

4. Results

First, the LES fluid solution of the channel flow case was compared to the DNS data of Kasagi
et al. [11]. Figures 1 and 2 show the mean and r.m.s. profiles of fluid temperature, respectively.
The mean temperature obtained in the LES does not differ from the DNS one. However, the
r.m.s. fluctuations in LES, although smaller in the central part of the channel, are higher near
the walls and the peak r.m.s. value is somewhat shifted closer to the wall. Such a behaviour
may be due to the LES effect on small structures.

In order to estimate the impact of the Langevin equation-based model on the dispersed phase
statistics, we compare the r.m.s. velocity fluctuations for of St = 1 particles (Fig. 3) to available
DNS data [2]. Three cases of LES are shown: without the SGS particle dispersion model (denoted
by ‘LES’), with the SGS stochastic model and constant Cy, = 0.01, and with the model and
constant Csy = 0.05. Even without an additional model for particles, the LES gives good results
for the streamwise velocity fluctuations, where the absolute error is small. For the wall-normal
and spanwise directions (not shown, but qualitatively similar), the velocity fluctuations are
underestimated as compared to the DNS. The presence of the model, with Cs, = 0.01, does
not cover for energy of small scales, unresolved in LES. Another model constant tested was
Csg = 0.05 and the velocity fluctuation profiles are more consistent with DNS in the near-wall
region, but according to [5] the higher the value of Cyg, the larger the overestimation of particle
wall deposition velocity. Consequently, as the model is too dispersive in terms of preferential
concentration patterns (high values of Cy,), despite the correct amount of energy added to the
flow, the particle concentration is at odds with the physical situation.

The r.m.s. fluctuations of particle temperature for St = 1 and 25 are shown in Figs. 4 and 6.
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Figure 2. The r.m.s. fluid temperature:
LES (+) and DNS (x) ref. data [11]

Figure 1. The mean fluid temperature:
LES (+) and DNS (x) ref. data [11]
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Figure 3. The r.m.s. of St = 1 particle velocity: a) streamwise, b) wall-normal. DNS (O), LES

without model for particles (+), LES with SGS model with constant Cy, = 0.01 (x), LES with
SGS model with constant Csy = 0.05 ().

There is no significant difference between the temperature statistics of particles in LES with and
without the model in the core of the flow, but near the walls (y* < 10) there is a change in the
r.m.s. shape, depending on St. On the other hand, the effect of the subfilter particle dispersion
model is not reflected in the probability density function (PDF) of particle temperature (Figs.
5 and 7); henceforth, we consider LES results without the SGS particle dispersion model.

The turbulent heat flux (Fig. 8) obtained from LES is in a qualitative agreement with the
DNS data [4]. Also, a similar trend in both LES and DNS is observed, i.e., for increasing
particle inertia the turbulent heat flux (u#), increases. The near-wall region is most affected
by LES filtering and streamwise vortex rolls are not well resolved; therefore, the fluid velocity-
temperature correlation coefficient R, = (uf)/trmsOrms is lower than in experiment (Fig. 9).
For particles, the correlation increases with St, similarly as the turbulent heat flux.

The particle temperature PDF near the wall (Fig. 10) for St = 1 is in good agreement with
the experimental data for fluid. Morover, a deviation from the normal distribution is observed.
The “heavy tail” occurs in the region of lower temperatures, more pronounced, as the particle
size increases. The effect may be due to the longer thermal relaxation time of heavy particles.
They are more reluctant to transfer heat from the fluid in the near wall region, which results in
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Figure 5. The PDF of particle
temperature with and without the model
at yt = 3; St=1

Figure 4. The r.m.s. particle tempera-
ture for St=1; DNS data [3]
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Figure 7. The PDF of particle
temperature with and without the model
at yT = 3; St=25

Figure 6. The r.m.s. particle tempera-
ture for St = 25; DNS data [3]

a greater number of cold particles. A similar situation is observed at the centre of the channel
(Fig. 11), but now the “heavy tail” is on the hot particle side.

5. Concluding remarks

The LES simulation performed for turbulent heated channel flow with the dispersed phase is
in a reasonable agreement with available DNS and experimental data. The results show some
impact of the subfilter particle dispersion model. The presented model is of diffusion type,
and although it recovers the kinetic energy of particles, it is known to alter the preferential
concentration patterns. A solution to the problem may be in a structural model, enhancing
near-wall structures of fluid velocity field. The r.m.s. particle temperature and the velocity-
temperature correlation coefficients are found to be affected by the proposed model in the near-
wall region. Moreover, the dispersed phase behaves similarily as in the DNS: with the increase
of particle size comes a higher correlation of velocity and temperature. The PDF of particle
temperature shows a non-gaussian behaviour, more pronounced for larger Stokes numbers.
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Figure 8. The turbulent heat flux; ref.

Figure 9. The correlation coefficient
of temperature and streamwise velocity;

DNS data [4 .
4] experimental data [12]
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Figure 10. The particle temperature
PDF at y* = 3; experimental data [12]

Figure 11. The particle temperature
PDF at the centre of the channel
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