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Abstract Models of the fluid-particle velocity correlation are evaluated in fully-developed particle-laden
turbulent channel flow. The database for the model evaluations is generated using Large-Eddy Simulation
(LES) of the carrier phase flow combined with Discrete Particle Simulation (DPS) for the dispersed phase. The
current focus is on gas-solid flows for which the particle equation of motion includes the contribution from the
drag force and the influence of particle momentum exchange on properties of the carrier phase is neglected.
Three particle Stokes numbers are considered that provide a wide range in the particle response to the turbulent
fluid motions. For each Stokes number, simulations are performed with and then without the influence of
inter-particle collisions. Binary particle-particle collisions are considered that are assumed perfectly elastic.
Models for the fluid-particle correlation are developed from the Lagrangian stochastic equations of Simonin e?
al. (1993) and Minier and Peirano (2001). The model evaluations are performed using an in medio approach
in which some terms are supplied from the LES/DPS database with closures applied for the remaining terms.
A coupled system of equations is then solved for the fluid-particle correlation tensor. The in medio evaluations
show that the fluid-particle correlations predicted using the approach proposed by Simonin ef al. (1993) are
reasonably accurate for the parameter ranges considered. While the stochastic equation of Minier and Peirano
(2001) also leads to reasonably accurate predictions of the fluid-particle correlation in flows without inter-
particle collisions, the model predictions are substantially less accurate in flows that include particle-particle
collisions.

1 Introduction

Gas-solid turbulent flows occur in a wide variety of applications of both scientific and technologi-
cal interest. Simulation strategies for predicting these flows represent an important element in the
analysis and design of the devices in which these flows occur. For practical applications, simulation
strategies that require substantial empirical input will continue to form the basis for the vast majority
of engineering predictions. Thus, the development and assessment of statistical models of many of
the effects governing gas-solid flows comprises an important area of research.

The focus of the current effort is on modeling two-phase flows in which the dispersed phase is
comprised of a dilute concentration of solid particles suspended within a turbulent gas-phase carrier
flow. Dilute gas-solid turbulent flows are not easily predicted because of the complex interactions that
occur between the particles and turbulence. Because of the large difference in density between the
particles and fluid, the motion of particles that are small compared to the lengthscales of the gas-phase
turbulent motion may still exhibit significant slip relative to the carrier-phase velocity. The particle
will be responsive to only a fraction of turbulent motions in the gas, with the response of a small
particle in a gas-solid flow being dictated by its response time.

Regardless the particular choice of numerical simulation technique — Lagrangian particle tracking
methods or Eulerian solution of moment equations — accurate prescription of the correlation between
the velocities of the particle and surrounding fluid is central to accurate prediction. This complicates
measurements of turbulent two-phase flows because of the difficulty in acquiring quantities in the
reference frame attached to a particle. The importance of fluid-particle correlated motion and the need
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to model fluid turbulence along particle trajectories supply strong motivation for use of techniques
such as Direct Numerical Simulation (DNS) and Large-Eddy Simulation (LES) to model the carrier-
phase flow. These techniques offer useful tools for prediction of the interactions governing the carrier
phase and in turn a detailed database to study particle-turbulence interactions, albeit over limited
ranges and with some empiricism (e.g., low Reynolds numbers and with models of particle dynamics).
The methods have have proven very useful for fundamental studies of particle-turbulence and particle-
particle interactions in gas-solid flows (e.g., see Sommerfeld 2000). The databases generated from
such simulations are increasingly used to assess closure models for practical applications.

Using either measurements from experiments or the results from DNS or LES, the evaluation
of engineering turbulence models is nearly always performed in an a priori or a posteriori fashion.
A priori tests are usually performed using a DNS or LES database — simulation results are used to
evaluate a given model relation describing a particular quantity, e.g., the fluid-particle covariance as
possibly modeled in terms of the fluid kinetic energy and other variables. In a posteriori tests, a set of
model equations is solved in order to assess the overall accuracy of predictions of both the continuous
and dispersed phases.

While such evaluations have been and will continue to be useful, it is important to recognize
the limitations inherent to each approach. A priori tests do not account for the fact that a modeled
variable such as the fluid-particle covariance is obtained from solution of a differential equation and
simple algebraic evaluation of a model relation offers no insight into the mathematical properties of
the model. A posteriori tests require a full solution of the model equations and introduce ambiguity
into the identification of the cause for discrepancies between a model prediction and experimental
measurement or DNS/LES result.

In this contribution, an approach that is intermediate — in medio — between a priori and a posteriori
tests solves the model equation for a given quantity in which some of the terms are evaluated using
results from a DNS or LES database. The procedure offers the advantage over a priori tests of
incorporating the influence of the differential equation governing the modeled variable and over a
posteriori tests of isolating the effect of a given closure on prediction of the variable of interest.
Similar approaches to evaluating closure models have been applied in single-phase turbulence by
Hanjalic (1994) and Parneix et al. (1998).

Reported in this manuscript are in medio tests of models for fluid-particle correlated motion in
particle-laden turbulent channel flow. The primary modeling approach evaluated is that outlined in
Simonin et al. (1993) in which the equation governing the fluid-particle velocity covariance is de-
veloped from a stochastic Lagrangian description of the fluid turbulent velocity along particle paths
using a Langevin-type closure model. Predictions of the fluid-particle covariance obtained using the
Lagrangian stochastic model of Minier and Peirano (2001) are also assessed. The database used for
the evaluations is supplied from LES of turbulent channel flow for the continuous phase and Dis-
crete Particle Simulation (DPS) for the dispersed phase. The influence of the particle response time
and effect of inter-particle collisions are investigated. Summarized in the next section is the model-
ing approach and the use of two Langevin-type equations for deriving transport equations governing
the fluid-particle covariance. The procedure for performance of the in medio tests are subsequently
described followed by a presentation of the results and a summary of the work.

2 Model Development

The joint fluid-particle probability density function fy,(c,, cs; «, t) is defined as the probable number
of particles in volume [x, x + dx] at time ¢, with velocity v, in [¢,, ¢, + d¢,] and with undisturbed
fluid velocity wy at the particle position in [cf,cs + dcy]. The transport equation for fr, can be
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(e.g., see Simonin 2000). The first term on the right-hand side of (1) represents the effects of external
forces on the particle path, the second term represents the effects of fluid turbulence following the
particle, and the last term accounts for the modification of the joint fluid-particle pdf by inter-particle
collisions. The specific forms for the first two terms on the right-hand side of (1) are considered next.

2.1 Particle equation of motion

The focus of the current simulations and models is on dilute gas-solid flows for which the mass loading
ratio is negligible. The particle diameter d,, is small compared to the smallest turbulent lengthscales
of the undisturbed fluid flow. The particle density is much larger than that of fluid phase (p; < p,)
where p; is the fluid density and the p, is the particle density. Consequently, the particle response
time is large compared to the Kolmogorov timescale of the undisturbed flow. For the dilute regimes
under consideration the volume force induced by the surrounding fluid flow on the particles reduces
to the drag. The equation of motion for a single particle is written as,

dvpvi . 3,0f CD

— = o 7 |YUr|Uri, 2
dt 1o, d, vl )
where v, ; is the i component of the particle velocity and v, is the particle relative velocity,
~ 24 0.687 v |d,
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As shown in (3), the correlation for the drag coefficient from Schiller and Nauman (1935) is in-
troduced to extend the Reynolds number range of the drag force. From (2), the particle relaxation

timescale is defined as,
4p, d 1
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2.2  Modeling of the fluid turbulence following the particle

Specific forms for the fluid-particle covariance can be constructed from (1) by introducing a model
for the acceleration of the fluid following the particle, i.e., the second term on the right-hand side
of (1). In this study, the bulk of evaluations are based on use of the Langevin equation proposed by
Simonin et al. (1993) for the undisturbed fluid velocity measured along the particle trajectory:

1 0P
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where Py is the mean fluid pressure, Uy, is the mean fluid velocity, Wy, ; represents a Weiner pro-
cess and Ky, is a model coefficient depending on turbulence statistics and can be linked to the fluid
dissipation rate €y and the Kolmogorov constant, Cy = 2.1. The second-order tensor G ¢, ;; has di-
mensions of frequency and models the fluid statistics viewed by the particles. It can be shown by
comparison to the Navier-Stokes equation governing the undisturbed fluid motion that the terms con-
taining Gy, ,; and Ky, jointly model the turbulent pressure gradient, turbulent viscous forces, and
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crossing trajectory effects. The success/accuracy of the Langevin equation (5) in modeling these sta-
tistical properties is dependent on the particular form of G ¢, ;;. In this work a simple spherical form

is used, .
Gpij = —— 04, (6)
Tfp

where T}p is the eddy-particle interaction timescale and modeled in terms of the fluid turbulence
kinetic energy qJ% and dissipation rate €,

1 ¢7 1 3
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2
In addition to (5), models for the fluid-particle covariance developed from a second Lagrangian
stochastic equation are also evaluated. The particular form is that from Minier and Peirano (2001),

1 0P,
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where V/, ; is the j” component of the mean particle velocity. The second term on the right-hand side
of (8) represents the Eulerian increment in the fluid element velocity following a particle, due to the
difference in the mean particle and fluid velocities (the notation (-),, is used throughout to indicate the
average computed following the particle). As shown below, this is an important difference compared
to (5) in which the Eulerian increment in the fluid velocity is due to the difference in the instantaneous
particle and fluid velocities. Both Langevin models (5) and (8) are used to derive transport equations
for the fluid-particle covariance. The closure used for G, ;; is the same as that employed for (5),
given by (6). The closure for Ky, and K7, do not enter the model expressions for the fluid-particle
correlation.

2.3 Transport of the fluid-particle covariance

Using (2) for the particle equation of motion and the Langrangian stochastic equation for the undis-
turbed fluid velocity at the particle position (5) or (8), transport equations can be derived for various
moments of the pdf fy, by the appropriate multiplication and integration of (1) over the particle and
fluid velocity spaces. Using either (5) or (8), the transport of the fluid-particle covariance can be
expressed as,

0 0 d I~ a‘/;?l * an i
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In (9), Rypi; = (@),v),,)p is the fluid-particle correlation tensor where u,; is the 7" component

of the fluctuating fluid velocity at the particle position, v, ; is the 4" component of the fluctuating
particle velocity, and ¢y, = R, x. The first term on the right-hand side represents the transport
of fluid-particle covariance by the particle velocity fluctuations. The second and third terms on the
right-hand side are production of gy, via interactions with the mean gradients of the particle and
fluid velocity. The term ;; is dependent on the form of the Langevin equation, i.e., R, = Ry ;
using (5) from Simonin et al. (1993) while R;*j = R, ;; using (8) of Minier and Peirano (2001)

where R, ;; = (v, v, ;)p is the particle kinetic stress. The fourth term in (9) represents the effect of
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interphase exchange between the dispersed and carrier phases where the notation 7';; is introduced to
define the mean particle relaxation time. The last term in (9) is the rate of dissipation.
The triple correlation term must be modeled and is closed using a gradient transport hypothesis,

9
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in which the fluid particle turbulent dispersion tensor D}m ; and parameter oy, takes the form,
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where o, 1s calibrated to yield accurate productions of the fluid-particle covariance in equilibrium
shear flow (Fevrier and Simonin 1998, Simonin 2000) and 7, represents the ratio of the eddy-particle
interaction timescale to the mean particle relaxation time.

The production terms require specification of 2y, ;; which is evaluated using the algebraic stress
model (ASM) developed by Fevrier and Simonin (1998), derived by assuming equilibrium in the
anisotropy tensor of the fluid-particle velocity correlation. For the form of G ¢, ;; given by (6), the
ASM model is,

0ij qf 2
Rppij = =5+ o5 {Rf,ij - 59?5@}

2q7
F
T * y
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where Ry ;; is the fluid Reynolds stress tensor and the terms Py, ;; and P}, represent production terms
due to the mean particle and fluid velocity gradients,

oV . . OUy,;
pr,ij = _pr,imeJ7 P@] = _ij ax )

(13)

where, as noted above in reference to (9), R;*j = Ry, ;; using the Langevin model (5) and R;*j = R,
using (8).
For the form (6), the dissipation term in (9) takes the form,

q
G pamnRppam = =2 = —¢ 5, . (14)

Ttp
3 Approach

3.1 LES and DPS of turbulent channel flow

The fully-developed particle-laden turbulent flow between plane, parallel walls is predicted using
Large Eddy Simulation (LES) for the carrier phase and particle tracking for the dispersed phase.
The fluid flow is driven by a uniform pressure gradient along the axis of the channel. The Reynolds
number is Re, = 180 where . is the friction velocity and ¢ is the channel halfwidth. The dimensions
of the channel are 47 in the streamwise (z or x1), 476 /3 in the spanwise (z or z3), and 20 in the
wall-normal (y or x5) directions. Periodic boundary conditions are applied to the dependent variables
in the streamwise and spanwise dimensions and no-slip boundary conditions to the velocity at the
channel walls. The subgrid stress arising from the filtering of the Navier-Stokes equations is closed
using a simple fixed-coefficient eddy viscosity model.
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polpr 527 2106 8424
St 01625 0.65 2.60
T;; 29 117 468

Table 1: Particle parameters for turbulent channel flow, Re,. = 180. The particle diameter for each
case is one viscous unit, d;; = 1. The time constant in viscous units, 7';; = Tpslte;.

The equations governing the fluid flow are solved using a fractional step method on a staggered
mesh comprised of 643 cells. Spatial derivatives are approximated using second-order accurate central
differences. The Poisson equation formulated for the pressure that is used to obtain a divergence-free
velocity field is solved using fast transforms in the streamwise and spanwise direction, resulting in
a series of tri-diagonal matrices that are efficiently inverted in the direction normal to the surface.
The grid spacing is uniform in the x and z directions. The wall-normal mesh is clustered near the
solid surfaces and stretched away from the wall using a hyperbolic tangent function. The discretized
system is advanced in time using an implicit/explicit time advance (Crank-Nicholson and second-
order Adams-Bashforth).

In this work, the fluid flow is not influenced by momentum exchange with the particles and the
(undisturbed) fluid velocity ¢ ; required in (2) is the value interpolated to the particle position that
is computed in the LES, representing the spatially-filtered (volume averaged) solution of the Navier-
Stokes equations. The influence of subgrid-scale transport on particle motion is not considered, which
is a reasonable assumption given the strong filtering by particle inertia of the smaller-scale, high-
frequency components of the subgrid velocity for the given Stokes numbers. The neglect of subgrid
transport is further justified by the low Reynolds number of the calculations and relatively weak effect
of the unresolved motions on the resolved scales.

Simulations are performed for three particle Stokes numbers, St = 7,5/(/u,), where 7, is the
Stokes relaxation timescale of the particle. For all simulations the particle diameter was specified as
one viscous unit and therefore the variation in the Stokes number is achieved via a variation in the
density ratio, as summarized in Table 1. The particle response times are chosen so that the lightest
particles (St = 0.1625) follow reasonably well the turbulent fluctuations in the carrier phase, while
for the largest St = 2.60 the particles are largely unaffected by the carrier flow.

Properties of the dispersed phase are obtained by following the trajectories of 1 x 10° particles, cor-
responding to an average number density of 950 particles per unit volume, equivalent to a dispersed-
phase volume fraction of 8.5 x 1075, The particle equation of motion (2) is integrated in time using
second-order Adams-Bashforth. Third-order Lagrange polynomials are used to interpolate the fluid
velocity to the particle position. Particle displacements are also integrated using the second-order
Adams-Bashforth method. For particles that move out of the channel in the streamwise or spanwise
directions, periodic boundary conditions are used to reintroduce them into the computational domain.

A particle is assumed to contact the smooth channel walls when its center is one radius from the
wall, and elastic collisions are enacted for wall contact events. Some of the simulations include the
effects of inter-particle collisions. Particle-particle collisions are detected using an algorithm similar
to that outlined by Sundaram and Collins (1997). To avoid the full quadratic expense of naive collision
detection by checking the entire ensemble of collision partners for each particle, the physical domain
is divided into a three-dimensional array of cells. The list of possible collision partners for a given
particle is then restricted to the smaller subvolumes. Only binary collisions are considered, and all
particle-particle collisions are perfectly elastic. The reader is referred to Vance and Squires (2002) for
further details on the collision algorithm employed for the current simulations.
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Figure 1: (a) streamwise mean velocity for St = 0.65 and St = 2.60. (b) number density. St =
0.1625: e—e without collisions; +—+ with collisions; St = 0.65: ¢-— without collisions; =--= with
collisions; St = 2.60: ---» without collisions; %--—xwith collisions; X-------- x fluid.

3.2 Procedure for in medio tests

The fluid-particle covariance transport equation (9) is solved for fully developed particle-laden chan-
nel flow using an in medio approach in which some terms are evaluated using the LES/DPS database
while models are employed for other terms. In particular, LES results for the mean fluid velocity
gradient, mean particle velocity gradient, fluid kinetic energy, and particle kinetic energy are used to
evaluate the terms where those quantities appear in (9). The components of the fluid-particle velocity
correlation tensor are evaluated using the ASM model (12). The triple correlation term is modeled, in
addition to the dissipation rate, € ,, via the specification of the eddy-particle interaction time (7).

An iterative scheme is used to solve the coupled system represented by (9) and (12). The eddy-
particle interaction time is computed using (7), and the fluid-particle diffusion tensor, D;p,ij’ is calcu-
lated using (11). The remaining quantities are held fixed to their values from the LES database. The
iterations of the system are continued to convergence, defined as a reduction in the residual by seven
orders of magnitude.

4 Results

4.1 Dispersed-phase statistics

Shown in Figure 1 are profiles of the streamwise mean particle velocity in the left-hand frame and
mean number density in the right-hand frame. Comparison of the profiles of the mean velocity for
a given Stokes number in Figure 1a shows that there is an increasingly strong effect of inter-particle
collisions with increases in Stokes number. In the flows without particle-particle collisions, Figure 1a
shows that the mean streamwise particle velocity are closer to the mean fluid velocity with particles
leading the fluid flow near the wall and slightly lagging in the channel core. The effect of inter-particle
collisions increases transport across the channel, one consequence being that the mean flow becomes
more uniform. The streamwise mean velocity is largest, for example, in the near-wall region for
St = 2.60.

The change in the number density with Stokes number and inter-particle collisions is illustrated
in Figure 1b. The flows without inter-particle collisions exhibit an accumulation of particles in the
near-wall region, a well-known effect observed in many previous computations that do not include
inter-particle collisions. Changes in wall-normal (“radial”) transport across the channel induced by
inter-particle collisions leads to a more uniform number density profile, as shown in Figure 1b. For
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Figure 2: Wall-normal components of the fluid-particle (12,22 Ryp21), particle (12, 22) and fluid

(R4,22) velocity correlations. (a) St = 0.65; (b) St = 2.60. * Ry2,. Without inter-particle colli-
sions: © Rypa2; * 1995 Ryg, 015 —-— Ry, 91. With inter-particle collisions: & Ry, 205 + I2), 22;

"""" Rypo1;---- Rp1;

the smallest Stokes number St = 0.1625, the number density peaks near the wall, as observed in the
profile without inter-particle collisions, though is less pronounced compared to the non-colliding case.
Increases in the Stokes number lessen the non-uniformity in the distribution and Figure 1b shows that
the number density profile is nearly uniform for St = 2.60.

Shown in Figure 2 are profiles of the wall-normal components of the particle Kinetic stress 12, 22,
fluid stress Ry 25, and two components of the fluid-particle correlation tensor, Ry, 20 and Ry, 21. Fig-
ure 2a is from computations with and without colliding particles for St = 0.65. Figure 2b shows the
same statistics for St = 2.60. For the flows without inter-particle collisions both figures show that the
wall-normal components of the particle kinetic stress and fluid-particle correlation are nearly equal,
i.e., Ry 20 & Ryp90. This equivalence in the flows without collisions reflects the fact that the particle
velocity fluctuations in the wall-normal direction (and spanwise direction, not shown) are controlled
by the drag force and in local equilibrium with turbulent fluid flow (e.g., see Hinze 1975). In addition,
comparison of the profiles of R, oo for St = 0.65 and St = 2.60 in the simulations with non-colliding
particles shows that the wall-normal particle velocity fluctuations are damped with increases in the
Stokes number. This is further consistent with the equivalance between 2, 22 and Ry, 25 and the con-
trol of the wall-normal (and spanwise) velocity fluctuations by the drag in flows without inter-particle
collisions.

The effect of inter-particle collisions is to re-distribute the kinetic energy of the particle fluctua-
tions with one consequence being an increase in the wall-normal kinetic stress, I2,, 22, compared to
the simulations that do not include particle-particle collisions. In addition, comparison of the levels
in R, 9, for St = 2.60 in Figure 2b to the same curve for St = 0.65 in Figure 2a (given by the
+ symbols in each frame) shows that the wall-normal particle fluctuating velocities are larger for the
larger Stokes number close to the wall. In addition, for both Stokes numbers the wall-normal parti-
cle fluctuating velocities are larger than the corresponding value for the fluid in the region from the
wall to about y/6 = 0.1. Both frames of Figure 2 show that the equilibrium between the particle
fluctuations and fluid-particle correlation that is observed in the flows without inter-particle colli-
sions is disrupted, i.e., [2, 22 and Iy, 25 are no longer equivalent. Figure 2 also shows that for both
Stokes numbers the fluid-particle correlation ), ; exhibits only small changes due to the effect of
inter-particle collisions.
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4.2 Model evaluations using the in medio approach

Figure 3 shows the balance of the terms in the fluid-particle velocity covariance transport equation
(9). The balance obtained from the LES database is shown using symbols, model predictions using
(5) are shown by the lines. The balance of the terms in the exact equation for gy, are evaluated from,

9 9 9 o oV, o,
My [& + V”’ja—xj] ap = oz, ["pmp <Up,j“f,i”p,z‘>p —npp Ly Bx; npmprp,jia—%
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p
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issipation

The general features of the balance of the exact terms from (15) for all Stokes numbers and with or
without particle-particle collisions show that the interphase transfer term, accounting for production
of g, by the drag force, is comparable to the production term arising from interactions with the mean
shear of the particle and fluid velocities. For St = 2.60, for example, Figure 3e shows that the inter-
phase transfer term and mean shear production are comparable in the flow that includes inter-particle
collisions. The left-hand frames in Figure 3 also show that the balances from the simulations includ-
ing colliding particles indicate that the magnitude of the shear production is smaller as compared to
the flows without inter-particle collisions (corresponding right-hand frames in Figure 3). This feature
is in turn consistent with smaller gradients in the particle mean velocity profile in the flows including
inter-particle collisions (c.f., Figure 1a). Finally, the turbulent dispersion term is significant below
y/6 ~ 0.2, essentially zero in the outer region of the flow.

The gy, balances resulting from the in medio tests shown in Figure 3 are those from the models
developed using the Lagrangian stochastic equation (5) proposed by Simonin et al. (1993). Overall,
there is a reasonable accounting of the behavior of the terms governing the transport of ¢¢,. Outside
of y/§ ~ 0.2, the models accurately account for the evolution of the terms in the ¢y, balance over
the entire range of Stokes numbers and in the flows with and without inter-particle collisons. As the
figure shows, the greatest discrepancy between the modeling and LES results occurs in the turbulent
dispersion term which is under-predicted compared to the simulation database using the relation (10).

The mean-shear production terms in Figure 3 are relatively accurate for both flow types (with and
without colliding particles) for St = 0.1625 and St = 0.65 with the model predictions slightly higher
than the peak shear production obtained from the simulation database (c.f., Fig. 3a-d). For St = 2.60
there are larger differences between the model prediction of the shear-production term and the LES
database (c.f., Fig. 3e,f). Because the mean velocity gradients used in the in medio evaluations are
taken from the LES database, the errors in the shear production reflect differences arising from errors
in other terms (e.g., the turbulent dispersion) as well as from errors in the prediction of R, 12, which
is the component of the fluid-particle correlation tensor multiplying the mean velocity gradients in
the production for fully-developed channel flow. The contribution of interphase transfer to the gy,
balance is accurately predicted for the larger Stokes numbers St = 0.65 and St = 2.60. For the
smallest Stokes number both Figure 3a and Figure 3b show that the model predicts a peak in the
interphase transfer that is higher than the LES result and nearer the wall. The dissipation rate is
predicted reasonably accurately for each Stokes number and in the flows with and without inter-
particle collisions. For St = 0.1625, the model predictions of the dissipation rate are above the LES
results in the region y/d ~ 0.1, consistent with the under-predicion of the turbulent dispersion term
in this region (c.f., Fig. 3a,b). At the largest Stokes number St = 2.60 the peak in the dissipation rate
yielded from the in medio tests of the modeling is below the LES result for both flow types.

Figure 4 shows the comparison between the in medio predictions of ¢f, and the LES results,
again using the models based on the Lagrangian stochastic equation of Simonin et al. (1993). The
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Figure 3: Balance of the ¢y, transport equation. Symbols are the exact terms from the LES database,
lines are the model predictions using (5). Left frames from simulations with inter-particle collisions,
right frames from simulations without inter-particle collisions. St = 0.1625: (a) and (b); St = 0.65:

(c) and (d); St = 2.60: (e) and (f). ---- * production;
dispersion; —-— + dissipation.
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Figure 4: Measured and predicted fluid-particle covariance, gs,. (a) with-collisions; (b) without-
collisions. Symbols are the LES results, lines are the model predictions using (5). ——, * St =
0.1625;------- ,05t =0.65;----, 2 St = 2.60.

overall agreement between the model prediction and LES results is reasonable for the smaller Stokes
numbers, St = 0.1625 and St = 0.65, both with and without the influence of inter-particle collisions.
As observed earlier for the ¢y, balances, for y/é > 0.2 there is good (for St = 0.1625) or fair (for
St = 0.65) agreement between the models and LES results. The peak values in gy, for the smaller
Stokes numbers are slightly lower than the LES. For the larger Stokes number St = 0.65, Figure 4a,b
show that the model predictions again exhibit a reasonable agreement with the LES results, though
the under-prediction of the peak value is more apparent.

The assessment of the predictions of the fluid-particle correlations summarized above were based
on the use of the Lagrangian stochastic equation (5). Shown in Figure 5 is a comparison of the
elements of the fluid-particle correlation tensor Ry, ;; from the in medio evaluations based on (5)
proposed by Simonin et al. (1993) (left-hand frames of the figure) to those from in medio evaluations
based on (8) and proposed by Minier and Peirano (2001) (right-hand frames of the figure). The
comparisons in Figure 5 show the results obtained for St = 0.65, both with and without the effect of
inter-particle collisions.

Figure 5a,b show the streamwise component, [2¢,11. While the model predictions arising from
the use of the Lagrangian stochastic equation (5) yield a reasonable accounting of this component for
flows with and without inter-particle collisions, the model predictions in Figure 5b based on (8) are
not accurate in the flow with colliding particles. An analogous behavior is noted in Figure 5d in which
use of the Lagrangian stochastic equation (8) leads to large over-predictions of [2y, 15 in the flow that
includes inter-particle collisions.

As noted in the presentation of the models, the differences in the formulations obtained using
(5) and (8) is the term R;‘j in (9) and (12). Using (8) from Minier and Peirano (2001), R;*j = R,
whereas using (5) from Simonin et al. (1993), R;‘j = Ry, ij. In the fully-developed channel flow
this reduces to 1), 51 or R, 91 in (9) and R, 29 or Ryp 00 in (12). In the flow without inter-particle
collisions, Figure 2 showed that R, 50 =~ Ry, 22 and that there are not large differences between 1), o1
and Ry, 21. Consequently, the model predictions in Figure 5 based on (8) proposed by Minier and
Peirano (2001) yields similar accuracy as the predictions obtained from (5).

As Figure 2 also illustrates, however, there are large differences between the particle kinetic stress
R, 25 and fluid-particle correlation Ry, 9 in flows with inter-particle collisions. The wall-normal par-
ticle kinetic stress 17, oo can be much larger than R, 2> because of the redistribution of the particulate
phase kinetic energy by collisions. In the fluid-particle correlation model based on (8), Ry 12 is
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Figure 5: Measured and predicted fluid-particle correlation, Ry, ;;, St = 0.65. Symbols are LES
results, lines are model predictions. Left frames are obtained using (5). Right frames are obtained

using (8). (a) and (b) Rgp 11t - , * without collisions, , o with collisions; (c) and (d) Ry, 12:
-------- * without collisions; ---- o with collisions. Ry, 21: —-— + without collisions; , o with
collisions; (e) and (f) Rypo0: -~ * without collisions. ----1o with collisions; [y, 33: —— +

without collisions; , o with collisions;
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amplified since this component depends on 2, 22 using the approach of Minier and Peirano (2001).
The streamwise component ¢, 1; depends on Ry, 15 via (12) and the over-prediction in Ry, 12 sub-
sequently leads to a large over-prediction in Ry, ;1. Figure 5e,f shows that the predictions of the
diagonal components, ¢, 2, and Ry, 33, are very similar for the two models for both flow types.
Based on the over-prediction of the streamwise component in Figure 5b, it is apparent that using the
Lagrangian stochastic model (8), the trace of the tensor, gy,, would also be over-predicted.

These differences in the model predictions arise because of the different formulations (5) and (8)
and are important because they change the form of the shear-production term. The difference in the
shear-production term between the two models is related to the turbulent relative velocity between the
phases and is increased when inter-particle collisions take place, in turn highlighting the differences
in the model predictions and LES results in Figure 5b,d arising from the use of (8).

S Summary

The database from LES/DPS of particle-laden turbulent channel flow was used to assess models for
the fluid-particle velocity correlation. The Stokes number range was sufficiently broad to explore
regimes in which the particles track the carrier phase fluid velocity reasonably well to regimes in
which the particles are unresponsive to the bulk of the turbulent eddies. While the dispersed-phase
volume fraction was relatively low, the LES/DPS show a significant effect of inter-particle collisions
on dispersed phase transport for the higher Stokes numbers.

The model predictions for the fluid-particle velocity correlation based on the Lagrangian stochas-
tic equation proposed by Simonin et al. (1993) leads to reasonable predictions of the fluid-particle
correlation tensor. In contrast, the models based on the approach of Minier and Peirano (2001) lead
to comparable accuracy only in the flows that do not include the effects of inter-particle collisions.
Disrupting the equilibrium between the particle fluctuating velocity and fluid-particle correlation, as
occurs in the flows with inter-particle collisions, lead to over-predictions of some components of
Ryp,ij-

While obtaining encouraging predictions of the fluid-particle correlation based on (5) for the pa-
rameter ranges considered, the simple form for the eddy-particle interaction timescale is probably not
sufficient for more general settings, especially when there are strong effects of crossing trajectories. In
the present investigations, the greatest discrepancies in prediction of the fluid-particle correlations us-
ing (5) are noted for the largest Stokes number, which corresponds to the particle relaxation timescale
with the largest slip between the phases and providing some evidence of the need to improve the
timescale prescription describing the fluid turbulence viewed by the particles.

Finally, the in medio procedure provides more insight into the performance of a model than typical
a priori tests. The in medio procedure is a valuable tool for assessing statistical models and is not
restricted to an LES/DPS database as was used in the current investigations. Sufficiently detailed ex-
perimental measurements could also be used to supply quantities such as the mean velocity gradients
and fluid kinetic energy, for example. Such studies in more complex flows that include more effects
than in this work would be valuable.
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