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HIGHLIGHTS

« Pipe and free jet simulations laden with heavy rigid non-spherical particles.
« Spherical and ellipsoidal particles with aspect ratios 1 < g < 8.

» Large eddy simulations at a bulk Reynolds number of Re;, = 15000.

« Spherical and ellipsoidal point-particle models are investigated.

« Point-particle simulations are compared to direct particle-fluid simulations.

ARTICLE INFO ABSTRACT

Keywords: Coupled particle-laden pipe and free jet simulations are performed at a Reynolds number of Re; = 15000 based
Particle-laden turbulent flow on the nozzle diameter. The flow is laden with heavy rigid spherical and prolate particles, with aspect ratios
Coupled pipe-jet simulations in the range of 1 < f < 8 typically found in the context of bio-mass oxy-fuel combustion. A fully developed

Euler-Lagrange models
Direct particle-fluid simulations
Non-spherical particles

turbulent periodic pipe flow with a volume loading of ¢, = 6.67 - 10~* supplies the inflow for the free jet through
a slicing technique, thereby ensuring consistent inflow conditions for the fluid and dispersed phases. An Euler-
Lagrange approach is used for the simulations, where a large-eddy simulation is performed for the carrier flow and
individual particles, represented by point masses, are tracked in a Lagrangian frame. Three different point-particle
models are used. A conventional spherical model, an ellipsoidal model derived for creeping flow conditions, and
an ellipsoidal model that includes orientation-dependent correlations for drag, lift, and torque valid for finite
particle Reynolds numbers. In this study, results from the point-particle models are compared with interface-
resolved direct particle-fluid simulations (DPFS) and the predictive capability and accuracy of each model are
assessed. Discrepancies in the wall-bounded pipe flow are discussed and improvements concerning, e.g., the
collision model and the limitations of the correlations derived under the assumption of uniform flow are outlined.
Within the jet, the extended ellipsoidal model shows good agreement with the DPFS data for the translational
particle motion, radial spreading, and preferential orientation.

1. Introduction energy demand [4], the search for cleaner and sustainable combustion
concepts is of utmost importance and ongoing. One promising route is to
replace fossil fuels, for instance coal, with renewable alternatives such
as pulverized biomass and to retrofit existing power plants with carbon
capture and utilization technologies [4].

Due to their fibrous nature, biomass particles typically exhibit an an-
isotropic shape, a feature far less pronounced in coal particles. Indeed,
biomass particles are better approximated by cylinders or ellipsoids than

Particle-laden flows are of great relevance in natural phenomena and
technical applications. Examples range from atmospheric events such as
dust storms [1], over sediment transport in riverbeds [2] to industrial
systems such as the combustion of solid fuels [3].

The latter represents the particular application addressed in this
manuscript. In solid-fuel combustion, solid particles, serving as energy
carriers, are transported by a gaseous flow. With an ever-growing global
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\begin {equation}\label {ieq1} \underline {\boldsymbol {\mathbf {H}}}^{\text {inv}} - \underline {\boldsymbol {\mathbf {H}}}^{\text {vis}} = \begin {bmatrix} \rho \, {\boldsymbol {\mathbf {u}}}\\ \rho \, {\boldsymbol {\mathbf {u}}} \, {\boldsymbol {\mathbf {u}}} + p \, \underline {\boldsymbol {\mathbf {I}}}\\ \rho \, E \, {\boldsymbol {\mathbf {u}}} + p \, {\boldsymbol {\mathbf {u}}} \end {bmatrix} - \begin {bmatrix} 0\\ \underline {\boldsymbol {\mathbf {\tau }}}\\ \underline {\boldsymbol {\mathbf {\tau }}} {\boldsymbol {\mathbf {u}}} + \, \boldsymbol {\mathbf {q}} \end {bmatrix} \;,\end {equation}
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\begin {equation}\label {ieq2} \underline {\boldsymbol {\mathbf {\tau }}} = \mu \, \left (\nabla {\boldsymbol {\mathbf {u}}} + {(\nabla {\boldsymbol {\mathbf {u}}})}^T\right ) - \frac {2}{3} \, \mu \, (\nabla \cdot {\boldsymbol {\mathbf {u}}}) \, \underline {\boldsymbol {\mathbf {I}}} \;,\end {equation}
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\begin {equation}\label {ieq3} \mu (T) = \frac {T^{3/2}}{{Re}_{0}} \, \frac {1 + {\textrm {S}}_{\mu }}{T + {\textrm {S}}_{\mu }} \;,\end {equation}
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\begin {equation}\label {ieq4} \boldsymbol {\mathbf {q}} = -k(T) \, \nabla T \;,\end {equation}


\begin {equation}\label {ieq5} k(T) = \frac {T^{3/2}}{{Re}_{0} \, {Pr}_{0} \, (\gamma - 1)} \, \frac {1 + {\textrm {S}}_{k}}{T + {\textrm {S}}_{k}} \;,\end {equation}
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${Pr}_{0} = \mu _{0} \, c_{p,0} / k_{0} = 0.72$
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\begin {equation}m_{p} \, \frac {{\textrm {d}} {\boldsymbol {\mathbf {u}}}_{p}}{{\textrm {d}} t} = \boldsymbol {\mathbf {F}}_{p} \;, \label {eq:motionEqn}\end {equation}
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\begin {equation}\boldsymbol {\mathbf {F}}_{p} = \oint \limits _{\Gamma _{p}} (-p \, \boldsymbol {\mathbf {n}} + \underline {\boldsymbol {\mathbf {\tau }}} \cdot \boldsymbol {\mathbf {n}}) \, {\textrm {d}} A \;. \label {eq:surfInt-force}\end {equation}
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\begin {equation}\hat {\underline {\boldsymbol {\mathbf {J}}}} \, \frac {{\textrm {d}} \hat {\boldsymbol {\mathbf {\omega }}}}{{\textrm {d}} t} + \hat {\boldsymbol {\mathbf {\omega }}} \times \left (\hat {\underline {\boldsymbol {\mathbf {J}}}} \, \hat {\boldsymbol {\mathbf {\omega }}}\right ) = \hat {\boldsymbol {\mathbf {T}}}_{p} \;, \label {eq:rotMotionEqn}\end {equation}
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\begin {equation}\boldsymbol {\mathbf {T}}_{p} = \oint \limits _{\Gamma _{p}} (\boldsymbol {\mathbf {x}}_{\Gamma } - \boldsymbol {\mathbf {x}}_{p}) \times (-p \, \boldsymbol {\mathbf {n}} + \underline {\boldsymbol {\mathbf {\tau }}} \cdot \boldsymbol {\mathbf {n}}) \, {\textrm {d}} A \;, \label {eq:surfInt-torque}\end {equation}
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\begin {equation}\label {ieq6} \boldsymbol {\mathbf {F}}_{\text {proj},i} = \boldsymbol {\mathbf {F}}_{p} \cdot \frac {\exp \left ( r_{i}^2 / (\sigma \Delta ^2) \right )}{\sum _i \exp \left ( r_{i}^2 / (\sigma \Delta ^2) \right )} \;,\end {equation}
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${Re}_{p} = \rho \, |{{\boldsymbol {\mathbf {u}}} - {\boldsymbol {\mathbf {u}}}_{p}}| \, d_p / \mu $


\begin {equation}\boldsymbol {\mathbf {F}}_{p} = 3 \, \pi \, \mu \, f_{d} \, d_{p} \, ({\boldsymbol {\mathbf {u}}} - {\boldsymbol {\mathbf {u}}}_{p}) \;, \label {eq:sphericalDragForce}\end {equation}


$f_{d}$


$f_{d, \, SN}= 1 + 0.15 \, {Re}_{p}^{0.687}$


\begin {equation}\label {ieq7} \boldsymbol {\mathbf {F}}_{p} = \mu \, \underline {\boldsymbol {\mathbf {R}}}^T \, \underline {\boldsymbol {\mathbf {\hat {K}}}} \, \underline {\boldsymbol {\mathbf {R}}} \, ({\boldsymbol {\mathbf {u}}} - {\boldsymbol {\mathbf {u}}}_{p}) \;,\end {equation}


$\underline {\boldsymbol {\mathbf {\hat {K}}}}$


\begin {equation}\boldsymbol {\mathbf {\hat {T}}}_{p} = \mu \, \underline {\boldsymbol {\mathbf {\hat {K}}}}_{s} \, \boldsymbol {\mathbf {\hat {s}}} + \mu \, \underline {\boldsymbol {\mathbf {\hat {K}}}}_{\zeta } \, ( \boldsymbol {\mathbf {\hat {\zeta }}} - \boldsymbol {\mathbf {\hat {\omega }}}) \;, \label {eq:torqueStokesFlow}\end {equation}
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\begin {align}&\boldsymbol {\mathbf {\hat {s}}} = \frac {1}{2} {\left ( \frac {\partial u_{\hat {z}}}{\partial \hat {y}} + \frac {\partial u_{\hat {y}}}{\partial \hat {z}}, \frac {\partial u_{\hat {x}}}{\partial \hat {z}} + \frac {\partial u_{\hat {z}}}{\partial \hat {x}}, \frac {\partial u_{\hat {y}}}{\partial \hat {x}} + \frac {\partial u_{\hat {x}}}{\partial \hat {y}} \right )}^{{\textrm {T}}} \;,\label {autoeq:1}\\ &\boldsymbol {\mathbf {\hat {\zeta }}} = \frac {1}{2} {\left ( \frac {\partial u_{\hat {z}}}{\partial \hat {y}} - \frac {\partial u_{\hat {y}}}{\partial \hat {z}}, \frac {\partial u_{\hat {x}}}{\partial \hat {z}} - \frac {\partial u_{\hat {z}}}{\partial \hat {x}}, \frac {\partial u_{\hat {y}}}{\partial \hat {x}} - \frac {\partial u_{\hat {x}}}{\partial \hat {y}} \right )}^{{\textrm {T}}} \;.\label {autoeq:2}\end {align}


\begin {align}&\boldsymbol {\mathbf {\hat {s}}} = \frac {1}{2} {\left ( \frac {\partial u_{\hat {z}}}{\partial \hat {y}} + \frac {\partial u_{\hat {y}}}{\partial \hat {z}}, \frac {\partial u_{\hat {x}}}{\partial \hat {z}} + \frac {\partial u_{\hat {z}}}{\partial \hat {x}}, \frac {\partial u_{\hat {y}}}{\partial \hat {x}} + \frac {\partial u_{\hat {x}}}{\partial \hat {y}} \right )}^{{\textrm {T}}} \;,\label {autoeq:1}\\ &\boldsymbol {\mathbf {\hat {\zeta }}} = \frac {1}{2} {\left ( \frac {\partial u_{\hat {z}}}{\partial \hat {y}} - \frac {\partial u_{\hat {y}}}{\partial \hat {z}}, \frac {\partial u_{\hat {x}}}{\partial \hat {z}} - \frac {\partial u_{\hat {z}}}{\partial \hat {x}}, \frac {\partial u_{\hat {y}}}{\partial \hat {x}} - \frac {\partial u_{\hat {x}}}{\partial \hat {y}} \right )}^{{\textrm {T}}} \;.\label {autoeq:2}\end {align}
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\begin {equation}\label {ieq9} \hat {\boldsymbol {\mathbf {d}}}_{D} = \frac {\hat {\boldsymbol {\mathbf {u}}} - \hat {\boldsymbol {\mathbf {u}}}_{p}}{\left | \hat {\boldsymbol {\mathbf {u}}} - \hat {\boldsymbol {\mathbf {u}}}_{p} \right |} \quad \text {and} \quad \hat {\boldsymbol {\mathbf {d}}}_{L} = \hat {\boldsymbol {\mathbf {d}}}_{D} \times \hat {\boldsymbol {\mathbf {d}}}_{T} \;,\end {equation}


\begin {equation}\label {ieq10} \hat {\boldsymbol {\mathbf {d}}}_{T} = \frac {\hat {\boldsymbol {\mathbf {d}}}_{D} \times \hat {\boldsymbol {\mathbf {z}}}}{\left | \hat {\boldsymbol {\mathbf {d}}}_{D} \times \hat {\boldsymbol {\mathbf {z}}} \right |} \, \text {sign}(\hat {\boldsymbol {\mathbf {d}}}_{D} \cdot \hat {\boldsymbol {\mathbf {z}}}) \;.\end {equation}
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\begin {equation}C_{D, \phi }({Re}_{p}, \beta ) = C_{D, 0} + (C_{D, 90} - C_{D, 0}) \, \sin ^2(\phi ) \;, \label {eq:dragCorr}\end {equation}
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\begin {equation}C_{D, i}({Re}_{p}, \beta ) = C_{D, \text {Stokes}, i}({Re}_{p}, \beta ) \, f_{d, i}({Re}_{p}, \beta ) \;. \label {eq:eelmDragCoefficient}\end {equation}
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\begin {equation}C_{L, \phi }({Re}_{p}, \beta ) = 2 \, \sin (\Psi _{\phi }) \, \cos (\Psi _{\phi }) \, C_{L, \text {max}}({Re}_{p}, \beta ) \;. \label {eq:liftCorr}\end {equation}
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\begin {equation}C_{T, \phi }({Re}_{p}, \beta ) = 2 \, \sin (\phi ) \, \cos (\phi ) \, C_{T, \text {max}}({Re}_{p}, \beta ) \;. \label {eq:torqueCorr}\end {equation}
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\begin {align}&C_{D, \text {Stokes}, 0}({Re}_{p}, \beta ) = \frac {64 \, \beta ^{2/3}}{{Re}_{p}} \, \frac {1}{\chi _{0} \, / \, a^2 + \beta ^2 \, \gamma _{0}} \;,\label {autoeq:3}\\ &C_{D, \text {Stokes}, 90}({Re}_{p}, \beta ) = \frac {64 \, \beta ^{2/3}}{{Re}_{p}} \, \frac {1}{\chi _{0}/a^2 + \alpha _{0}} \;,\label {autoeq:4}\end {align}


\begin {align}&C_{D, \text {Stokes}, 0}({Re}_{p}, \beta ) = \frac {64 \, \beta ^{2/3}}{{Re}_{p}} \, \frac {1}{\chi _{0} \, / \, a^2 + \beta ^2 \, \gamma _{0}} \;,\label {autoeq:3}\\ &C_{D, \text {Stokes}, 90}({Re}_{p}, \beta ) = \frac {64 \, \beta ^{2/3}}{{Re}_{p}} \, \frac {1}{\chi _{0}/a^2 + \alpha _{0}} \;,\label {autoeq:4}\end {align}
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\begin {align}&f_{d, 0}({Re}_{p}, \beta ) = f_{d, \, SN} + c_{d, 1}{(\log (\beta ))}^{c_{d, 2}} \, {Re}_{p}^{c_{d, 3} + c_{d, 4} \log (\beta )} \;,\label {autoeq:5}\\ &f_{d, 90}({Re}_{p}, \beta ) = f_{d, \, SN} + c_{d, 5}{(\log (\beta ))}^{c_{d, 6}} \, {Re}_{p}^{c_{d, 7} + c_{d, 8} \log (\beta )} \;.\label {autoeq:6}\end {align}
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\begin {equation}\label {ieq14} \Psi _{\phi }({Re}_{p}, \beta ) = \frac {\pi }{2} \, {\left (\frac {\phi }{\pi /2}\right )}^{f_{{l, \text {shift}}}({Re}_{p}, \beta )} \;,\end {equation}


\begin {equation}\label {ieq15} f_{l, \text {shift}}({Re}_{p}, \beta ) = \left \{ \begin {array}{ll} 1 + c_{l, 1} \, \log {(\beta )}^{c_{l, 2}} \, \log {({Re}_{p})}^{c_{l, 3}} & {Re}_{p} > 1 \;, \\ 1 & \text {otherwise} \;. \end {array} \right .\end {equation}
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\begin {equation}\label {ieq16} C_{L, \text {max}}({Re}_{p}, \beta ) = f_{l, \text {max}}({Re}_{p}, \beta ) \, \frac {C_{D, \text {Stokes}, 90} - C_{D, \text {Stokes}, 0}}{2} \;,\end {equation}


\begin {equation}\label {ieq17} f_{l, \text {max}}({Re}_{p}, \beta ) = \left ( 1 + c_{l, 4} \, {Re}_{p}^{c_{l, 5} + c_{l, 6} \, \log (\beta )} \right ) \;.\end {equation}


\begin {equation}\label {ieq18} C_{T, \text {max}}({Re}_{p}, \beta ) = \frac {c_{t, 1} \log {(\beta )}^{c_{t, 2}}}{{Re}_{p}^{c_{t}, 3}} + \frac {c_{t, 4} \log {(\beta )}^{c_{t, 5}}}{{Re}_{p}^{c_{t, 6} + c_{t, 7} \, \log (\beta )}} \;.\end {equation}


$c_{d, i}$


$c_{l, i}$


$c_{t, i}$


$i$


$c_{d, i}$


$-0.007$


$1.0$


$1.17$


$-0.07$


$0.047$


$1.14$


$0.7$


$-0.008$


$c_{l, i}$


$0.01$


$0.86$


$1.77$


$0.34$


$0.88$


$-0.05$


$c_{t, i}$


$0.931$


$0.675$


$0.162$


$0.657$


$2.77$


$0.178$


$0.177$


\begin {align}\label {ieq8} \begin {split} \hat {\boldsymbol {\mathbf {F}}}_{p} &= \rho \, \frac {\pi }{8} \, d_{\text {eq}}^2 \, \left | \hat {\boldsymbol {\mathbf {u}}} - \hat {\boldsymbol {\mathbf {u}}}_{p} \right |^2 \, C_{D, \phi }({Re}_{p}, \beta ) \, \hat {\boldsymbol {\mathbf {d}}}_{D} \; \\ &\quad + \rho \, \frac {\pi }{8} \, d_{\text {eq}}^2 \, \left | \hat {\boldsymbol {\mathbf {u}}} - \hat {\boldsymbol {\mathbf {u}}}_{p} \right |^2 \, C_{L,\phi }({Re}_{p}, \beta ) \, \hat {\boldsymbol {\mathbf {d}}}_{L}\;, \end {split}\end {align}


\begin {align}&f_{d, 0}({Re}_{p}, \beta ) = f_{d, \, SN} + c_{d, 1}{(\log (\beta ))}^{c_{d, 2}} \, {Re}_{p}^{c_{d, 3} + c_{d, 4} \log (\beta )} \;,\label {autoeq:5}\\ &f_{d, 90}({Re}_{p}, \beta ) = f_{d, \, SN} + c_{d, 5}{(\log (\beta ))}^{c_{d, 6}} \, {Re}_{p}^{c_{d, 7} + c_{d, 8} \log (\beta )} \;.\label {autoeq:6}\end {align}
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Nomenclature

List of Abbreviations
DPFS direct particle-fluid simulation

EELM extended ellipsoidal Lagrangian model
ELM ellipsoidal Lagrangian model
ODF orientation distribution function
PDF probability density function

PPS point-particle simulation

SLM spherical Lagrangian model

SP single-phase

List of Symbols

B aspect ratio

deg volume equivalent diameter

u dynamic viscosity

Re, particle Reynolds number
¢ inclination angle

Rep bulk Reynolds number

P Py fluid and particle densities
u, u, fluid and particle velocities
® angular particle velocity
F, hydrodynamic force

T, hydrodynamic torque

¢, ¢, Vvolume and mass loadings
D pipe diameter

d, spherical diameter

uy, bulk velocity

u, centerline velocity

Upad radial velocity

spheres [5]. Such a non-spherical shape leads to notably different be-
havior in particle-laden flows. In particular the particle orientation,
and therefore the rotational dynamics, becomes a relevant aspect [6],
whereas the impact of rotational motion is often negligible for spherical
particles [7]. Consequently, the particle orientation should be taken into
consideration when modeling the motion of non-spherical particles.

For the simulation of full-scale furnaces, direct particle-fluid simula-
tions (DPFS), in which all scales are resolved, are prohibitively expen-
sive. A computationally more affordable alternative is Euler-Lagrange
simulations, in which large-eddy simulations (LES) for the carrier phase
are coupled with the Lagrangian tracking of individual point-like par-
ticles [8]. The forces acting on the point masses are obtained from
empirical or semi-empirical correlations that usually depend on the par-
ticle shape and flow regime. The overall accuracy of the simulation
critically depends on the fidelity of the particle model.

The motion of spherical particles in such models is well understood
and can be described by models such as the Maxey-Riley equation [9],
including corrections for finite particle Reynolds numbers [8].

Analytical solutions for non-spherical particles under creeping flow
conditions have been available for decades, covering the hydrodynamic
force [10] as well as the torque [11] and have been applied in numerous
studies [12-15]. However, these models neglect finite particle Reynolds
number effects and are formally only valid in the limit of Re, — 0.

More recently, several authors have proposed extended models for
different shapes, including corrections for finite particle Reynolds num-
bers [16-19]. For example, the model by Zastawny et al. [16] has been
applied in [20] for channel flows with non-spherical particles, revealing
a preferential orientation of the particles with their major axes perpen-
dicular to the local flow direction. The ellipsoidal model by Frohlich
et al. [19] was used to investigate the settling behavior of prolate
particles in decaying isotropic turbulence [21], revealing a preferen-
tial alignment of the particles’ major axes perpendicular to the settling
direction.

These findings highlight the importance of incorporating the par-
ticle shape into the modeling approaches. Despite the prevalence of
non-spherical particles in biomass applications, spherical point-particle
models are commonly used due to their simplicity and broad availabil-
ity within simulation frameworks. However, to the best of the authors’
knowledge, no systematic assessment of a turbulent free jet laden with
ellipsoidal particles is available that compares:

(a) a purely spherical point-particle model,

(b) an ellipsoidal point-particle model without,

(c) and an ellipsoidal model with orientation-dependent correlations
for the drag, lift, and torque coefficients.

Therefore, a canonical configuration relevant to biomass combustion,
has been selected for the current investigation. The objective of this dis-
cussion is to assess the accuracy of the three point-particle models and to
benchmark them against direct particle-fluid simulation reference data
obtained for the same investigated configuration [6]. The present study
extends previous results on isotropic turbulence [15] by directly con-
trasting, for the first time, the extended ellipsoidal point-particle model,
including the correlations proposed by Frohlich et al. [19] for prolate
particles at finite Re,, against reference DPFS. Moreover, the chosen
configuration is an important step towards more practically relevant ap-
plications by assessing different point-particle models in turbulent pipe
and free-jet flows, which more closely resemble the conditions found in
a burner. Consequently, the questions targeted in this work concern the
reliability and limitations of point-particle modeling as typically applied
in simulations of biomass oxy-fuel combustion and widely used in the
design and analysis of combustion processes.

Since experimental data on the particle dynamics of non-spherical
particles in turbulent free-jet flows are not available in the literature the
DPFS serves as reference data for the Lagrangian point-particle mod-
els. The DPFS has been thoroughly validated for various flow problems
in [22-24].

The focus is on heavy prolate particles whose aspect ratios are in the
range of 1 < § < 8 with an equivalent volume diameter of d.q/D = 0.01.
These aspect ratios align with those documented in the literature for
pulverized biomass [25]. The bulk jet Reynolds number based on the
nozzle diameter D is Rej, = 15 000.

Although the present work is motivated by combustion applications,
chemical reactions and heat transfer are deliberately excluded to isolate
shape effects and will be investigated in future research, i.e., this study
is restricted to the dynamics of rigid spherical and ellipsoidal particles.

The manuscript is organized as follows. Section 2 reviews the govern-
ing equations for the fluid and particle phases, followed by the numerical
methodology in Section 3. Section 4 describes the numerical setup and
the investigated flow and particle parameter space. The results are pre-
sented and discussed in Section 5, and a brief conclusion is given in
Section 6.

2. Mathematical model

In the following, the governing equations for the fluid and dispersed
phases are presented.
2.1. Governing equations for the fluid phase

The flow of a compressible viscous fluid is governed by the conserva-
tion laws for mass, momentum, and energy. In non-dimensional integral
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form and for a control volume V, these equations read

%/QdV"'%(Einv_EVis).ndA=/FdV’ (1)
14

4 14

where 0V denotes the control volume surface and n the outward-facing
normal vector. The vector of the conservative variables is defined as
Q = [p, pu, pE|T with the density p, the velocity vector u, and the to-
tal specific energy E. The flux tensor is decomposed into an inviscid
part H™ and a viscous part H"'* which read

pu 0
Emv _EV]S — pllll+p! _ T , (2)
pEu+pu Tu+q

where p is the pressure, I the identity tensor, z the stress tensor, and q
the vector of heat conduction. The term F denotes the volume force.

For a Newtonian fluid with vanishing bulk viscosity, the stress
tensor 7 can be written as

t=p (Vur o) - 2w, ©)

where the dynamic viscosity u is evaluated as a function of the temper-
ature T using Sutherland’s law
T3/2 1+5,
Rey T+S

@) = 4

u
with S, the Sutherland constant and Re; = pgag Lo/uy the Reynolds
number based on the stagnation-point reference values of the density p,
the dynamic viscosity y,, the speed of sound a,, and the reference length
Ly.

The vector of heat conduction is expressed by Fourier’s law

q=—-k(T)VT, 5)
where the temperature-dependent thermal conductivity is given by

T2 148,
Rey Pro(y—1) T+S,’

KT) = (6)
with the heat-capacity ratio y, the thermal Sutherland constant S,, and
the constant Prandtl number Pry = yjc,o/ky = 0.72, where c, is the
specific heat at constant pressure.

Closure is achieved through the ideal gas law, which reads y p=pT
when applying the selected non-dimensionalization using the stagnation
point quantities [26].

2.2. Governing equations for the disperse phase

The free motion of a rigid particle with mass m), is governed by the
hydrodynamic force F, exerted by the surrounding fluid on the particle
surface T',,. In this contribution, the gravitational force is omitted to focus
on the particle-fluid interaction in a flow field that is characterized by a
strong forced convection environment. The translational motion under
the neglect of gravity is therefore governed by

du

mpd—tp=Fp, ()

where u, denotes the particle velocity. The hydrodynamic force is

obtained from the surface integral

Fp=}{(—pn+1~n)dA. (8)
r

p

The rotational motion is formulated in a reference frame that is fixed
to the particle and whose axes are aligned with its principal axes of
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z

Fig. 1. Schematic of the global reference frame (x, y,z) and the particle fixed
frame of reference (%, y, 2). The particle inclination angle ¢ is defined as the
angle between the relative velocity u —u, and the particle’s major axis Z.

inertia (%, 9, 2), see Fig. 1. Quantities marked by a hat (%) are expressed
in this particle-fixed frame. The rotational equation of motion in the
co-rotating reference frame reads

d

1S3

+ox(lo)=1,. ©

| >
2

t

where 1 is the diagonal tensor containing the principal moments of in-

ertia, ® the angular velocity, and T ,» the torque exerted by the fluid onto
the particle. The torque is computed by

Tp=}£(xr—xp)><(—pn+z~n)dA, (10)
r

P

with xp- the position vector on the surface and x,, the center of mass of
the particle.

The orientation of the particle is represented by the vector of quater-
nions € = (¢, €, €, €3)T [271, which is preferred over Euler angles due
to its numerical stability. To prevent the accumulation of numerical
errors, the vector of quaternions is renormalized after each time step.
Quantities defined in the particle-fixed frame are related to those in the
inertial frame through the rotation matrix R(e).

3. Numerical methods

First, the numerical approach for the fluid phase is described. Then,
the different modeling approaches for the dispersed phase are described.
All simulations are conducted using the simulation framework m-AIA
(multiphysics-Aerodynamisches Institut Aachen) [28].

3.1. Fluid phase

A finite-volume solver based on hierarchical Cartesian meshes is
employed to solve the governing Eq. (1) of the fluid phase [29]. The
viscous fluxes are discretized using a central scheme, whereas for the
inviscid fluxes an upwind-biased scheme is utilized. Time integration
is performed with a five-stage Runge-Kutta scheme [22,30]. The simu-
lation framework includes an automatic mesh generator and supports
adaptive mesh refinement (AMR) based on discrete sensors. A dynamic
load-balancing strategy [31] ensures an even workload across all com-
putational ranks despite varying computational loads due to the moving
particles.

3.2. Disperse phase

The computation of the hydrodynamic force (8) and torque (10) ex-
erted by the fluid on the particle determines the essential difference
between the modeling approaches for the dispersed phase. In the fol-
lowing, several approaches — direct particle-fluid simulation and three
point-particle models — are briefly described.
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3.2.1. Direct particle-fluid simulations (DPFS)

In direct particle-fluid simulations [23] the surfaces of the particles
and the surrounding fluid are resolved. In the simulation framework m-
AIA, a cut-cell method is used. The particle boundary is described by
an analytical level-set, i.e., a signed distance function, and is sharply
discretized by the cut-cell formulation [30,32]. This allows the evalu-
ation of the surface integrals (8) and (10) in discrete form as a sum
over the individual surface elements. The numerical method has been
validated in [22-24] for numerous particle-laden flows. Locally refined
meshes around the particles significantly reduce the overall computa-
tional cost without compromising accuracy. Multiple level-sets allow
the use of multi cut cells, enabling sub-cell resolution of particle-wall
and particle-particle interactions. Collisions are handled by an exten-
sion for non-spherical particles of the model proposed by Glowinski
et al. [33] and are assumed to be fully elastic. A description of the
collision handling in the DPFS formulation is given in [6].

3.2.2. Point-particle simulations (PPS)

In contrast to the DPFS approach, point-particle simulations replace
each particle with an infinitesimal point carrying the same mass, i.e.,
a point mass with zero spatial extension. Since the surface is no longer
resolved, the momentum and energy exchange with the carrier fluid has
to be explicitly modeled.

Typically, this method is valid only when the particles are suffi-
ciently small, i.e., smaller than the smallest turbulent length scale,
such that their finite size can be neglected and they can be treated
as point masses [8]. Accordingly, a point-particle model is applied to
approximate the force and torque terms in (8) and (10).

The influence of the dispersed phase on the carrier flow is modeled
through a two-way coupling approach, in which the hydrodynamic force
acting on each particle is subtracted from the momentum and energy
equations of the fluid by an additional source term [34]. Applying this
approach to a single cell, however, results in a locally disturbed flow
field, which is not accounted for by the standard point-particle mod-
els. In the present work, the flow disturbance is reduced by a smooth
distribution [35] of the hydrodynamic force F, over the surrounding
cells using a distance-weighted projection. The force contribution F,
assigned to the neighbouring cell i reads

2 2
By, F, - =2 U/ an
> exp (riz/(oAz))
where r; is the distance between the particle center of mass and the
center of the cell i, A is the local grid size, and ¢ is a smoothing parameter
that controls the extent of the projection kernel [36]. The distribution is
performed over two cells wrapped around each particle.

In the simulation framework m-AIA, an efficient parallel coupling
between the flow and particle solvers is realised through an inter-
leaved execution pattern. This is facilitated by splitting the solution step
into multiple sub-stages of comparable computational load. Together
with a non-blocking message passing interface (MPI) communication,
the interleaved strategy achieves high parallel efficiency and yields a
considerable speed-up compared to a sequential coupling [34].

Particles that impinge on a wall rebound through a reflection model
based on a virtual sphere with a radius equivalent to the particle’s
semi-major axis. The wall normal component of the incoming parti-
cle velocity is inverted, simulating a fully elastic rebound, and the
new position of the particle is updated accordingly. The rotational
motion remains unchanged by the collision. While particle-wall colli-
sions are necessary for the simulation, particle-particle collisions are
neglected since the volume loading in the pipe flow is below 1%,
which is considered sufficiently low based on the experiences from ho-
mogeneous isotropic turbulence [8]. More complex collision models
for non-spherical particles have been proposed among others in [37]
and [38].

In the remainder of this section, three point-particle models, i.e.,
the spherical Lagrangian model (SLM), the ellipsoidal Lagrangian model

proj.i
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(ELM), and the extended ellipsoidal Lagrangian model (EELM), imple-
mented within the PPS framework, are described. Their accuracy will
be analyzed later and the results will be compared with DPFS data
whenever such a direct comparison is possible.

Spherical Lagrangian model (SLM).  The most basic point-particle model
is the classical spherical model, which ignores the anisotropy in the
particle shape. The motion of a solid, small, and spherical particle is
commonly described by the Maxey-Riley equation [9]. For heavy parti-
cles (p,> p) the dominant contributions are the drag and gravitational
force [8]. In the present investigation, only the drag term is consid-
ered. The Stokes drag is corrected for finite particle Reynolds numbers
Re, = plu—u,|d,/usuch that

F,=3nuf;d,(u-n,), (12)

where f, is a correction term. In this work the Schiller-Naumann drag
correction f, gy = 1 +0.15 Re):%7 [39] is chosen.

The translational equation of motion (7) is solved using a predictor-
corrector scheme [14,27]. The rotational motion is neglected as it is
considered to be of minor importance for particles of spherical shape [7].

Ellipsoidal Lagrangian model (ELM).  For modeling the dynamics of gen-
eral ellipsoidal particles, analytical solutions derived under creeping
flow conditions are widely used. The translational motion of a rigid
ellipsoid is governed by the drag force, which can be expressed by

- RTR
F,=uR"KR(u-u), a3

where K is a diagonal resistance tensor defined in the particle
frame [10].

In creeping shear flow, the torque acting on the ellipsoidal particle
relates the strain rate and vorticity of the fluid to the particle’s angular
velocity [11]. The expression reads
T,=uK38+uK -8, (14
where the resistance tensors KS and K( are defined analogously to K.
The strain rate § and vorticity & are given in the particle frame by

T
go L (e O ou our Qi o) (15)
2\ 9y 0z 0% 0% 0% a2y
(3_1 ous  Ouy duy  Ous Ouy  Quy\ " (16)
T2\9p 92 0z 9% 0%k 9P

The analytical expressions for the resistance tensors of prolate
spheroids are provided in Appendix A.

Extensions of the ELM towards finite particle Reynolds numbers are
usually limited to specific shapes and/or flow regimes. In the following,
an extended model for prolate particles is described.

Extended ellipsoidal Lagrangian model (EELM). The classical ellipsoidal
model has been reformulated and complemented with orientation-
dependent correlations for the drag, lift, and torque for prolate ellip-
soidal particles in [19]. The correlations include corrections for finite
particle Reynolds numbers up to Re, = 100 and are valid for particle
aspect ratios 1 < g <8.

The hydrodynamic force defined in the particle fixed coordinate
system and depending on the drag and lift coefficient Cp, , and Cy
reads

7> T 2 |A ~ 2 1
F,=p%dl [a-0,[ CpyRe, pay
) a7
T ~ ~ q
tpgdl [a-6,| Cpy(Re, pA, .

where ¢ is the inclination angle between the particle’s major axis Z and
the direction of the drag force d,. The direction vectors for the drag and
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lift force are

a-a

dp = and d; =dpxdy, (18)

ll—llp‘

and the torque direction is defined by

~ dp x2 A
= 277 ign(d, - 1) (19)
)dez

The orientation-dependent drag coefficient relates the two limiting
orientations of 0° and 90° by a sine-square law for intermediate angles,
which also holds for higher Re, [40]

Cpg(Re,, f) = Cpo+(Cpoy — Cpo) sin*(¢) , 20

with Cp and Cp gy obtained from the Stokes flow solutions which are
corrected for finite Re, similar to the spherical case

Cp,i(Rey, B) = Cp giokes,i(Rep, B) f4(Rey, f) . 21

The lift coefficient is similarly formulated. To reduce systematic de-
viations for Re, > 0an additional correction function ¥, (Re,, f) for the
inclination angle is introduced

Cp4(Rep, f) =2 sin(¥y,) cos(¥y) Cp max(Re, B) - (22)

Eq. (14) for the torque is extended by a pitching torque compo-
nent that rotates the particles towards their most stable orientation
¢ — 90° [19] such that

T :yKS§+MK§(f—c?>)+p£d3q

2 ~
, = dl a8, CryRe, P (23)

As the pitching term vanishes for Re, — 0, the torque coefficient is
not obtained by a simple correction from the Stokes flow expressions
but is directly modeled as

Cr.y(Rey, B) = 2 sin(@) cos(¢) Cr max (Re, B) - 24

The details of the correction functions f, ; and ¥, as well as the max-
imum lift coefficient C; ,,, and torque coefficient Cr ,,,, are provided
in Appendix B and a detailed description is available in [19].

4. Numerical setup

A turbulent free jet is investigated coupled to a fully developed tur-
bulent pipe flow that provides the inflow conditions. The numerical
setup consists of two separate computational domains: one for the pipe
flow and one for the free jet. Both simulations run concurrently and
are one-way coupled via a slicing technique. That is, at every time step
a cross-section of the pipe flow solution is extracted and imposed as
the inflow condition for the jet. The domains overlap in a short region
where the two computational grids coincide. Within this region, the data
transfer reduces to an in-memory copy, eliminating any need for interpo-
lation. The impact of prescribing a fully developed pipe flow as inflow
on the subsequent jet development has been analyzed by Nguyen and
Oberlack [41]. It has been shown that a fully developed turbulent pipe
flow as inlet distribution reduces the potential core length such that the
velocity decay occurs further upstream.

The same approach also yields the inflow condition for the dispersed
phase, i.e., particle positions, orientations, and translational as well as
rotational velocities are transferred. Further details are given in [6].
Consequently, consistent inflow conditions are ensured for both the fluid
and particle phases. An overview of the configuration, which is described
in more detail in [6], is shown in Fig. 2.
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Fig. 2. Schematic of the numerical setup showing the extent of the pipe flow and
jet domains together with the slicing technique used to transfer the information
from the turbulent pipe flow to the inlet of the jet.

4.1. Computational domain and boundary conditions

For the pipe flow simulation, periodic boundary conditions are im-
posed in the streamwise direction. At the pipe wall a no-slip condition
is imposed. A domain length of L = 10 D is chosen, which is sufficiently
long to capture the largest turbulent structures and to avoid artifacts
introduced by the periodicity [42].

For the jet simulation, a rectangular domain measuring L, = 55D in
the streamwise direction and L, = L, = 30 D in the lateral directions
is used. The pipe extends 1 D into the jet domain where the inner and
outer radii of the pipe are explicitly modeled. At the downstream and
lateral boundaries, boundary conditions of Neumann type are prescribed
for velocity and density, whereas the pressure is relaxed to the ambient
value.

A locally refined mesh is employed, with the finest cells located near
the wall, at the outlet and in the near-field. The mesh is gradually coars-
ened further downstream of the jet. For the point-particle simulations, a
near-wall resolution of y* ~ 2 is achieved. The combined grid contains
approximately 6.2 - 108 grid cells, about 521 million cells of which are
used to resolve the jet and 97 million cells for the pipe flow. The DPFS
have a particle resolution of d,/A,,;, = 14 and a near wall resolution
of y* ~ 1.22. For the details of the DPFS, including the reference results
used in this discussion, the reader is referred to [6].

4.2. Flow and particle parameters

The simulations are performed at a bulk Reynolds number of

pjuy D

Rep = =15000, (25)

Hj

where D denotes both the pipe and nozzle exit diameter, u, the bulk
velocity at the exit, p; and y; the density and dynamic viscosity at the
jet inflow cross-section. For the pipe flow, this corresponds to a friction
Reynolds number of

D
Re, = = = 448, (26)
\2

T

with the friction velocity u, = /7,,/p where 7,, is the wall-shear stress
and v the kinematic viscosity. The Mach number of the flow is Ma = 0.1.

The particles are initialized in the pipe domain at random positions
and with random orientations. The prolate spheroids are characterized
by their semi-minor axes ¢ = b and semi-major axis ¢ such that the
aspect ratio is given by # = c/a. Aspect ratios in the range of 1 < <8
are investigated with an equal distribution of particles for each value,
i.e., 12.5% of the total number of particles per aspect ratio. All particles
share the same volume-equivalent diameter d. /D = 0.01, where d.q =
2a p'/3. Motivated by biomass particles [5], a density ratio of p,/p =
600 is prescribed. Each particle has identical mass. This ensures that
differences in the results are reduced to the particle geometry. A total
of 10,000 particles are initialized within the pipe domain, yielding a
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Table 1

Overview of the flow and particle parameter space.
Parameter Value
Bulk Reynolds Number Re, 15000

Friction Reynolds Number Re, 448

Mach Number Ma 0.1
Diameter d,,/D 0.01
Density Ratio p,/p 600
Stokes Number St 50

Aspect Ratio f {1,2,3,4,5,6,7,8}
Probability P(8 = i) 12.5%
Volume Loading ¢, 6.67-1074

Mass Loading ¢, 0.4

volume loading of ¢, ~ 6.67 - 10~* and a mass loading of ¢,, ~ 0.4. Since
streamwise periodic boundary conditions are imposed, the particle count
remains constant in the pipe domain. Within the jet domain, the number
varies slightly but stays on the order of ©(10°).

The Stokes number based on the characteristic time scale t = D /u,, is
evaluated as

Rep Py [ deg\’
s;:ﬂl(ﬂ) —50. @7)

18 »p D

This value indicates that due to the particles’ high inertia their response
time is substantially greater than the characteristic time of the flow. This
ratio of the time scales is particularly relevant when the accuracy of the
employed point-particle models due to the inertia determined particle
movement is evaluated.

An overview of the flow and particle parameter space is given
in Table 1.

5. Results

In this section the time-averaged results for the fluid and particle
phases are discussed. The findings in the turbulent pipe flow and the tur-
bulent jet flow are discussed separately from each other. First, the results
of the particle-laden pipe flow are presented in Section 5.1, followed by
the investigation of the particle-laden jet in Section 5.2.

The focus lies on the predictive capabilities of the different point-
particle models. Specifically, differences between the spherical model
and the ellipsoidal point-particle approaches will be highlighted. Both
the translational and the rotational motions are analyzed and the particle
impact on the fluid phase is investigated. Furthermore, the point-particle
simulation results are compared with the DPFS results of [6] whenever
corresponding DPFS data are available. The single-phase configuration
has been validated against numerical and experimental data in [6].
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5.1. Particle-laden turbulent pipe flow

The statistical results of the pipe flow solution are independent of
the jet flow due to the one-way formulation of the slicing technique.
First, the preferential particle concentration is examined, followed by
an investigation of the translational and rotational motion.

5.1.1. Spatial particle distribution

The probability density function (PDF) of the radial particle concen-
tration compensated by the bin area reveals a preferential concentration
peak near the wall for each of the investigated point-particle models
SLM, ELM, and EELM at a location of r/D = 0.46 to 0.48 as illustrated
by the PDF in Fig. 3(a). This trend is well-known for wall-bounded
flows [43] and has also been reported in [6]. The peak for the SLM and
EELM is significantly higher than that for the analytical ELM, which
lacks corrections for finite particle Reynolds numbers. The ELM exhibits
a much more uniform distribution across the full radial distance. The
SLM predicts a slight preference, compared with the EELM, for the par-
ticles to be located closer to the wall. This behavior is directly related
to the applied wall-collision model, which for the EELM is a function of
the semi-major axis and the anisotropic shape.

Compared with DPFS results in Fig. 3(b), this peak, however, lies
closer to the wall. The point-particle simulations show only minor vari-
ations in the peak location as a function of the aspect ratio, whereas the
direct particle-fluid simulations in [6] demonstrate that the preferential
concentration location moves further away from the wall as the particle
aspect ratio increases. While the difference for spherical particles (§ = 1)
is already ~ 26%, the deviation grows for larger aspect ratios (f = 8) to
> 60%.

One factor contributing to the reduced sensitivity observed in the
PPS is the phenomenon of preferential orientation of the particles’ ma-
jor axes with respect to the streamwise direction. This will be examined
in more detail in Section 5.1.3, where significant differences between
the ellipsoidal point-particle and DPFS are observed for the pipe flow.
Several additional factors may contribute to the deviations. First, the
collision model used in the DPFS and PPS differs slightly. Whereas the
point-particle approach applies a reflection model in which the parti-
cle velocity is inverted, i.e., a reflection model focused on the linear
particle dynamics, the DPFS uses a collision model that additionally ap-
plies rotational forces based on the contact point of the fully-resolved
bodies. For the PPS, an extended algorithm has to be implemented that
determines the contact point on the virtual particle outline and thereby
allows for eccentric particle collision. Additionally, it is assumed that
the locally varying forces from the turbulent structures at the smallest
scale have a non-negligible impact on the integrated particle movement.
Within the DPFS, all scales are specifically resolved such that local vari-
ances along the particle surface are considered. Within the point-particle
model, this cannot be taken into account due to the reduction of the
particle size. Since the discussed correlation equations are derived in

= . . . ; —
—— EELM, =1 ,

4L 72 BELM, B=8
— DPFS, =1/

3 -== DPFS, g=38/

r/D

Fig. 3. Probability density function of the radial particle distribution for the pipe flow, (a) average results for the SLM, ELM, and EELM point-particle models for all
particles and (b) EELM results and DPFS data [6] for particles with aspect ratios # = 1 and 8 are compared. The PDF is compensated by the bin area.
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Fig. 4. Probability density function of the particle velocity |u,|/u, for all particles
within the pipe flow, different point-particle models are compared.

uniform or creeping flow conditions, no such local variances were con-
sidered. This is especially notable in intense shear-driven flows such as
in wall-bounded turbulent pipe flow.

5.1.2. Translational particle dynamics

The preferential concentration directly affects the particle velocities
shown in Fig. 4. Since the ELM predicts a more uniform radial distri-
bution, more particles reside in the central region of the pipe, where
the fluid velocity is maximum. In addition, the drag is underpredicted
due to missing finite particle Reynolds number corrections. This results
in a PDF peak at a 15% higher particle velocity than for the EELM. The
SLM and EELM distributions again show good agreement, with a slightly
shifted PDF for the EELM towards lower values.

The behavior in the radial direction is further illustrated by analyz-
ing the spatially and temporally averaged radial velocity u,,, in Fig. 5.
While the near wall behavior qualitatively agrees with the DPFS data,
this is not the case in the pipe center. In Fig. 5(a), the DPFS results show
a strong tendency to move away from the center, whereas the point-
particle models fail to predict this trend and show a diverging behavior,
leading to an overall lower average radial velocity in the center. This
result holds for all three point-particle models, as shown in Fig. 5(b).
The mean predicted velocity in the radial direction is up to one order of
magnitude smaller than for the DPFS results [6]. Despite a global volume
loading within the pipe flow below 1%, the local concentration can be
higher and increases close to the centerline of the pipe such that the im-
portance of finite-size effects and particle-particle collisions, neglected
in the point-particle simulations, grows.

5.1.3. Rotational particle dynamics

The rotational particle dynamics is now investigated for the ELM and
EELM, the spherical model is omitted, as it neglects the rotational motion
and particle orientation. The analysis of the angular velocity magnitude
shows that the additional pitching-torque term in (23) slightly increases
the likelihood of higher angular velocity obtained for the EELM relative
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Fig. 6. Probability density function of the angular velocity magnitude |®,| d,/u,
for the mean of prolate particles with aspect ratios # > 2 within the pipe flow,
ellipsoidal point-particle models are compared.
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Fig. 7. Orientation distribution function of the particle orientation £(x,Z) de-
fined by the angle between the streamwise direction x and the particle’s major
axis z, results for ellipsoidal point-particle models and DPFS [6] for the mean
of prolate particles with aspect ratios g > 2 are compared. The DPFS data have
been scaled according to the ODF formulation.

to the ELM, as illustrated in Fig. 6. Nevertheless, the angular velocities
remain roughly one order of magnitude lower compared to the reported
values in [6].

Although the average orientation angle, defined as the angle between
the particle’s major axis Z and the streamwise direction x is around 52°,
the orientation distribution function (ODF) [27], i.e., the compensated
probability density function of the orientation computed by non-uniform
bins of equal area on the unit sphere, shows a preference for the par-
ticles to be oriented in the streamwise direction. This is evident from
the peaks at angles of 0° or 180°, i.e., 0 or x, in Fig. 7. This result
does not agree with the DPFS data in [6], which indicate preferential
orientation peaks at 55° and 125°. It suggests that the added pitching
torque in the EELM is not strong enough, compared with the contribu-
tion of the velocity gradient, to orient the particles with their major axes
perpendicular to the flow. Note that the correlations and finite particle
Reynolds number corrections in the EELM are based on uniform flow
around fixed prolate particles [19]. Further investigations, particularly

(b)

Urad/ub

| I | I | |

0.0 0.1 0.2

r/D

0.3

Fig. 5. Radial velocity u,,,/u, as a function of the radial distance r/D from the pipe centerline, (a) EELM results and DPFS data [6] for particles with aspect ratios
p =1and g =8 and (b) average results for the different point-particle models for all particles are compared.
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into the directly modeled pitching torque term, are required to assess
and, if necessary, correct the model for strong shear flows.

It is clear that particle-particle and particle-wall collisions influence
the orientation and rotational dynamics. In particular, the latter could be
described by more realistic, eccentric collisions instead of the simplified
spherical reflection model discussed in Section 3.2.2. This would lead
to more complex trajectories and additional moments which, in turn,
directly affect the translational and rotational motion.

Furthermore, the local impact of the particle-induced dissipation af-
fects the local structure of the turbulent flow. In the direct particle-fluid
simulations, the explicit resolution of the particle surfaces and the ensu-
ing computation of the dissipation at the local cell level are in contrast
to the distribution of the forces in the two-way coupling point-particle
approach. Here, the dissipation is considered by a weighted smoothing
kernel that distributes the total dissipation induced by the particle pro-
portionally to all surrounding cells, i.e., local variances in the induced
dissipation are not considered.

To summarize, the current analysis highlights the importance of the
extended correlations, including finite particle Reynolds number correc-
tions within the ellipsoidal point-particle models, as shown by the strong
underprediction of the hydrodynamic forces by the ELM. The differences
in the translational motion between the SLM and EELM are small, how-
ever, the former neglects the rotational motion. Limitations of the EELM
have been identified and the necessity of improvements such as a more
realistic collision model and improved finite particle Reynolds number
corrections in strong shear flows was discussed.

5.2. Particle-laden turbulent free jet

Next, the overall impact of the particulate phase on the streamwise
development of the free jet is analyzed. Subsequently, preferential par-
ticle concentration and overall dispersion behavior are presented before
the translational and rotational particle dynamics are discussed.

z/D

Fig. 8. Decay of the normalized streamwise fluid velocity on the jet centerline
u, /u. .o, the profiles are based on single-phase (SP), point-particle (SLM, ELM,
EELM) and direct particle-fluid simulation (DPFS) data. The vertical lines define
the locations where the velocity has decayed to 90% of the inlet value u,

c.x=0"
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5.2.1. Free jet development

The impact of the particle phase on the fluid phase is assessed by
comparing the time-averaged fluid velocity on the centerline. Fig. 8
shows the single-phase result and the particle-laden solutions, which
include the three different point-particle models and the direct particle-
fluid simulation. Due to the momentum transfer from the particles, the
particle-laden solutions show an increase in the potential-core length
compared to the single-phase simulations. This tendency is observed in
all different modalities, i.e., all three point-particle models and the DPFS.
The potential-core length is highlighted by the vertical lines defined as
U, /U, =0 = 0.9 in Fig. 8.

However, the results indicate that the ELM underpredicts the
particle-fluid momentum exchange and hence, it only slightly influences
the flow field by increasing the potential-core length by 5%. The EELM
and SLM have a stronger impact on the jet development, resulting in an
increased potential-core length by 10% and 13%. This agrees very well
with the DPFS results [6]. However, for x/D < 5, the DPFS predicts a
higher centerline velocity than the point-particle simulations. Further
downstream, for x/D > 7, a slightly faster decay rate for the DPFS solu-
tion than for the single-phase solution is observed, which is likely caused
by an increased radial momentum exchange. This development could
not be matched by any of the point-particle simulations.

The differences between the point-particle and the direct particle-
fluid simulations are further explained by the implemented two-
way coupling which only considers the hydrodynamic force, see
Section 3.2.2. In the EELM, a portion of the total kinetic energy is trans-
formed into rotational kinetic energy, whereas the SLM considers only
the translational motion. Further investigations need to be conducted to
evaluate the influence of a torque coupling scheme.

5.2.2. Particle dispersion

In the discussion of the particulate phase, the radial particle disper-
sion predicted by each point-particle model is investigated first in Fig. 9,
in which the radial dispersion as a function of the distance from the noz-
zle exit is presented for the three point-particle models color-coded by
the average aspect ratio. The smallest dispersion is obtained by the ELM.
This is due to the larger average particle-velocity already present at the
jet inlet. The SLM and EELM show similar results, although the EELM
exhibits on average a progressively larger dispersion in the region of
0 < x/D < 10. The data show that particles with higher aspect ratios
migrate further in the radial direction. For a given positively inclined
orientation relative to the flow direction, prolate particles experience
a higher lift force resulting in a stronger lateral motion. This factor is
also considered one of the reasons for the differences between the SLM
and EELM distributions. This effect is further influenced by the velocity
gradients and associated shear forces within the turbulent free jet.

Despite the differences in the preferential concentration between the
direct particle-fluid simulations and the point-particle simulations in the
pipe flow, which define the inflow distributions, a better agreement be-
tween PPS and DPFS is obtained for the jet. Nevertheless, the DPFS

SLM ELM EELM 53
1.00 F 1 1.00 1.00
0.75 F 1 07 5
Q Q
~ ~
=050 F 1 5050
4
0.25 F 1 02
0 5 10 0 5 0 5 10
z/D z/D z/D

Fig. 9. Radial particle spreading from x = 0 to x = 10 D, SLM, ELM and EELM data color-coded by the average aspect ratio g are compared. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Probability density function of the radial particle concentration at a
location of x/D = 10, SLM, EELM, and DPFS data [6] are compared for aspect
ratios f =2 and f = 4. The PDF is normalized by the bin area.
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Fig. 11. Probability density function of the particle velocity |u,|/u, at x/D = 10,
results for different point-particle models are compared.

shows in Fig. 10 a stronger radial spreading than the SLM and EELM and
a more pronounced influence of the aspect ratio than the EELM on the
radial particle concentration at x/D = 10. However, the peak locations
agree reasonably well.

5.2.3. Particle dynamics

In the free jet, the PDF of the particle velocity is evaluated at x/D =
10. The statistics illustrated in Fig. 11 reveal a comparable reduction
in the particle velocity for the SLM and EELM when compared to the
pipe flow results and an increasing deviation from the ELM. The velocity
predicted by the ELM remains largely unchanged which emphasizes the
underprediction of the hydrodynamic force acting on the particles.

For the rotational motion, a larger average particle angular velocity
compared to the pipe flow is observed in the near field of the jet. This
is attributed to the stronger local velocity gradients and increased tur-
bulent intensity. The relative behavior of the ELM and EELM remains
unchanged, as highlighted in Fig. 12 for x/D = 10. Note that the values
are still one order of magnitude lower than the DPFS data [6].
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ELM, 8>2
60 F —&— EELM, 8>2 ]
=
Q40 B
Ay
20 .
0 -

L I [ i i
0.00 0.02 0.04 0.06 0.08 0.10

|wpldeq/w

Fuel 427 (2027) 139560

0.6 ELM, B3> 2

o5k —— EELM, 8>2 ]
—— DPFS, 3>2

=

a04r i
o

0.3F i

0.2F i

0 T 3 s

5
angle Z(z,x)

Fig. 13. Orientation distribution function of the particle orientation £(x,Z) de-
fined by the angle between the streamwise direction x and the particle’s major
axis z, results for ellipsoidal point-particle models and DPFS [6] for the mean
of prolate particles with aspect ratios f > 2 at x/D = 10 downstream of the
nozzle are compared. The DPFS data have been scaled according to the ODF
formulation.

The analysis of the particle orientation in Fig. 13 reveals larger dif-
ferences between the two ellipsoidal models. The ELM retains a strong
preference for an alignment of the major axis with the primary flow di-
rection independent of the streamwise location, whereas a flattening of
the distribution is observed for the EELM. Nevertheless, the peaks in the
ODF at 0° and 180°, i.e., 0 and =, persist at x/D = 10. This behavior
is explained by a decrease in the velocity-gradient magnitude, result-
ing in a stronger contribution of the pitching torque in (23) as well as
the transition towards a more uniform flow field further downstream.
Despite remaining quantitative differences, the qualitative behavior of
the EELM agrees much better with the DPFS results in the jet than in the
pipe flow. This highlights the differences between wall-bounded shear
flow and the free-shear flow, particularly limitations of the correlations
derived for uniform flow past fixed particles and the particle-collision
modeling.

In summary, the trends in preferential concentration and transla-
tional motion for the free jet are well captured by the EELM when
compared with the direct particle-fluid simulations. The overall behav-
ior, i.e., particles with larger aspect ratios move farther in the radial
direction, is also reproduced. While differences in the angular velocity
persist in the near-field of the jet, the preferential orientation observed
in direct particle-fluid simulations is reproduced by the EELM.

Overall, this study highlights the limitations of the investigated
point-particle models for non-spherical particles in wall-bounded tur-
bulent flows, since none of the evaluated models provides a satisfactory
prediction of the particle motion when compared to DPFS data. This is
especially true for the pipe flow. The quality of the PPS models is im-
proved in the free jet although the jet inflow condition is determined by
the fully developed pipe flow. It seems that in this non-equilibrium tur-
bulent flow, the history of the inlet distribution fades away faster than
in the pipe flow.

(b)
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Fig. 12. Probability density function of the particle angular velocity magnitude |®,| d,/u, at x/D = 10, (a) results for different point-particle models for the mean of
prolate particles with g > 2 and (b) DPFS results [6] for f = 2, 4, and 8 are compared. Note the different scaling of the x-axes.
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6. Conclusion

Coupled Euler-Lagrange simulations are conducted for a particle-
laden pipe and free jet flow. Both simulations are performed concur-
rently. The periodic pipe flow provides the inflow conditions for the
jet. This setup ensures consistent inlet conditions for the carrier and
dispersed phases. The flow is laden with heavy rigid spherical and
ellipsoidal particles with aspect ratios in the range of 1 < < 8.

Three point-particle models have been considered to model the
dispersed phase: a spherical model, an ellipsoidal model derived un-
der creeping flow conditions, and an ellipsoidal model extended by
corrections for finite particle Reynolds numbers through orientation-
dependent drag, lift, and torque correlations. The results for the different
point-particle models are compared with direct particle-fluid simulation
data determined for the same configuration.

The analysis of the pipe flow shows similar predictions for the
SLM and EELM, whereas the creeping flow ELM significantly over-
predicts the particle velocity. This shows the importance of the finite
particle Reynolds corrections. In general, substantial deviations in the
preferential particle concentration are observed for all point-particle
models when compared with direct particle-fluid simulation (DPFS)
data. Discrepancies are also evident in the rotational motion, with up
to one order of magnitude lower angular velocities compared to the
DPFS data. Although the average orientation angle is approximately
52 °, the ELM and EELM still show, unlike the DPFS solutions, a stream-
wise preference in the orientation distribution functions. The deviations
are caused by the current collision treatment, which is based on a
purely reflective model that does not affect the rotational motion. An
improved algorithm, taking into account eccentric collisions, should be
implemented. Moreover, another reason for the discrepancies is the cor-
relations in the EELM which were derived for uniform flow instead of
shear flow.

For the turbulent free jet flow problem, the SLM and EELM show
qualitatively good agreement in the translational motion and radial
spreading. Both models describe the influence of the particulate phase
on the jet development. The EELM also captures tendency for particles
with larger aspect ratios to migrate farther in the radial direction, which
matches the DPFS results. The rotational dynamics in the near field of
the free jet resemble those in the pipe flow. A qualitatively reasonable
agreement of the orientation distribution function is observed for the
EELM against the DPFS data.

In large-scale simulations of, e.g., combustion chambers, involving
particles with sizes on the order of the smallest turbulent scales, where
the computational cost of interface-resolved simulations becomes pro-
hibitively high, point-particle simulations that take into account various
shapes of the particles remain the method of choice. For the investi-
gated point-particle simulations, the computational cost per time step
is predominantly influenced by the flow solver. This remains true for
the ellipsoidal point-particle models, despite additional computational
costs associated with solving the rotational motion equation and higher
memory requirements per particle needed to store the orientation and
rotational dynamics. A rough comparison of the computational cost of
the point-particle simulations and the direct particle-fluid simulations
for the current hardware shows DPFS to be at least a factor of 10 more
costly than PPS.

In conclusion, among the investigated point-particle models, the ex-
tended ellipsoidal model (EELM) shows a better agreement with the
interface-resolved DPFS than the SLM or ELM formulations. It can be
anticipated that for particles significantly smaller than the smallest tur-
bulent scales within the flow, the differences between the spherical and
ellipsoidal point-particle models become less relevant. The main appli-
cation for the EELM is to particle-laden flows with particle sizes on the
order of the Kolmogorov length scale. However, further improvements of
the corrections for the EELM are required. In particular, since the current
correlations are derived assuming uniform flow additional corrections
for shear flows are to be developed.
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Appendix A. Resistance tensors and shape parameters

The linear resistance tensor [10] under Stokes flow conditions for
a prolate particle with semi-minor axes a = b and semi-major axis
¢ = pa where f is the aspect ratio as well as the resistance tensors for
the rotational motion under creeping shear flow according to [11] are
given in Table A.2. The corresponding shape parameters following the
definition of [44] are summarized in Table A.3.

Table A.2
Resistance tensors for a prolate particle under the
assumption of creeping flow.

Tensor Expression
K 167 fd dia (;%%)
- r ﬁ 4 g Iﬂ‘*‘“i“n In‘:"’z o goth
R 16 3 di ( 1-p2 . p-1 .
= 3 = pa diag a+f2r " @+ y
IS 16 3 5 1+4> =+ 1
LY 3 7ha dmg( a7y a By o )
Table A.3
Shape Parameters for prolate particles.
K X0 L) Y
F—vF -1 —ap 7 B =2 __
1Og<ﬁ+\/ﬂz—l) 71 ratap S T g ©

Appendix B. EELM: coefficients and empirical correlation
functions

The coefficients and correlation functions for the EELM are derived
in [19], and an overview is given below. For Stokes flow, the drag
coefficient for the limiting orientations of ¢ = 0° and ¢ = 90° reads

64 ﬂ2/3 1
c Re,, f) = . B.1
D Stokes,0(Rep, B) Re, 70/ @+ P70 (B.1)
64 f2/3 1
Ch stokes,00(Rey, f) = d (B.2)

Re, xo/a*+ay

where the shape parameters y, y,, and «, are defined in Appendix A.
Empirical functions are used to correct these coefficients in (21). The
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correction terms read

¢d,3+¢q.410¢()

Fao(Rey, B) = fyq sn + ¢4 1(10g($)? Re, s

cd.7+¢q 8 1og(B)
Faoo(Rep. B) = f4 sn + cqs(10g(§))46 Re, 7 48 %P

(B.3)

(B.4)

For the lift coefficient in (22), a coordinate transformation for the
inclination angle ¢ is introduced

¥R 7 & Sishift(Rep.p) B.5)
»(Re,,, f) = 2\z2 s (B.
with
1+4¢;4 log (P2 log(Re )3 Re,>1,
S1snife(Rep, B) = { | H ’ oth[érwise . (B.6)
The maximum lift coefficient corrected for finite Re, reads
Cp stokes.90 ~ Cp.Stokes,0
Clmax(Rep P) = fimax (Reps ) 00 —D3000 (B.7)
with
+c;6 log(p)
Simax(Rep, ) = (1 ey Re;"s <6 log ) ) (B.8)
The maximum torque coefficient used in (24) is
¢, log (B)2 ¢4 log (B)3
Cr max(Rey, ) = t 3 tC,f,+cr7 log(p) * (B.9)
Rep Rep ’

The fitted constants for ¢, ;, ¢,;, and c,; obtained in [19] are summa-
rized in Table B.4.

Table B.4
Empirical coefficients for the drag, lift, and torque coefficients as derived
in [19].

i 1 2 3 4 5 6 7 8
Cai -0.007 1.0 1.17 -0.07 0.047 1.14 0.7 —0.008
[or, 0.01 0.86 177 0.34 0.88 -0.05 - -
[y 0.931 0.675 0.162 0.657 2.77 0.178 0.177 -
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