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 A B S T R A C T

The dynamics of spherical and ellipsoidal particles in coupled turbulent pipe-free-jet flow at Reynolds number 
𝑅𝑒𝐷 = 15 546 is analyzed by direct particle–fluid simulation. The jet is laden with spherical and ellipsoidal 
particles with aspect ratios in the range 1 ≤ 𝛽 ≤ 8 with a volume loading of 6.67 × 10−4 supplied by 
turbulent periodic pipe flow. The flow field is predicted using a finite-volume formulation on an adaptively 
refined Cartesian mesh. Each particle is fully resolved by a cut-cell method. The method guarantees the 
conservation of mass, momentum, and energy at the fluid–particle interfaces. To ensure physically correct 
particle distributions and flow field characteristics, a slicing technique is used to determine the instantaneous 
solution of a simultaneously computed particle–laden fully-developed turbulent pipe flow that defines the 
inflow boundary distribution of the jet. The fluid and particle statistics within fully-developed turbulent pipe 
and free jet flow are investigated independent from each other. Preferential particle distributions, orientations, 
and time-averaged energy exchange rates are analyzed with emphasis on the impact of the varying particle 
aspect ratios. The ellipsoidal particles tend to align closer to the particle center than spherical particles in the 
turbulent pipe. Furthermore, the energy exchange rates and the particle-induced dissipation tend to differ such 
that the anisotropic particles exchange more energy with the fluid close to the pipe wall. The impact of the 
particles on the pipe flow influences the turbulent free jet flow for which it serves as inflow condition. Overall, 
the spreading rate of the particle–laden turbulent free jet is reduced due to the increased fluid dissipation 
rate. Furthermore, due to the non-spherical particles the kinetic energy of the fluid is lowered by 9% and the 
turbulence intensity is decreased by approx. 20% at the end of the near field.
1. Introduction

Flows with solid particles occur in a multitude of natural and tech-
nical environments (Hutter, 2005), such as volcano eruptions (Dufek 
et al., 2012), sandblasting (Kim and Ahn, 2021), industrial combustion 
chambers (McElroy et al., 1982; Mylläri et al., 2017) etc. In the latter, 
gaseous fluid transports solid particles which serve as energy carriers 
that release energy in the combustion process. To mitigate the effects of 
global warming (Bach, 1981; Martins et al., 2019), fossil fuels are to be 
replaced by ecological alternatives, e.g., coal is substituted by biomass 
which can be obtained from sources, such as straw, wheat, tree bark 
etc. (Tun et al., 2019; McKendry, 2002; García et al., 2017).

Unlike coal particles, however, biomass particles cannot be approx-
imated by spheres since they possess anisotropic shapes. Due to the 
mostly fibrous structure of the naturally growing resources, the shape 
of these particles is cylindrical or ellipsoidal rather than spherical (Guo 
et al., 2012). The behavior of such particles in laminar and turbulent 
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flows differs significantly from that of spherical particles. For instance, 
the anisotropic shape results in rotational dynamics the impact of which 
is generally negligible for spherical particles. The rotational dynamics 
introduces orientation-dependent behavior leading to additional de-
grees of freedom and interaction phenomena. Hence, the impact of 
non-spherical particles has to be taken into account to understand the 
combustion process of biomass particles.

In a first step, the combustion influence is neglected. That is, 
this numerical investigation focuses on analyzing the impact of non-
spherical, ellipsoidal particles on the physics, i.e., the spreading rate, 
the kinetic energy, the dissipation rate etc., of non-heated turbulent free 
jet flow.

There is a vast amount of literature on particle–laden flows for 
configurations like channel flow, pipe flow, and free jet flow. Since 
the current investigation is defined by the impact of non-spherical, 
ellipsoidal particles, only experimental and numerical studies of such 
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non-spherical particle–laden flows are discussed in the following. To 
the best of the author’s knowledge, the number of journal publications 
in the field of non-spherical isothermal pipe or free jet flows is low. 
We do include pipe flow in the chronological literature review since 
the pipe flow determines the inflow distribution of the turbulent free 
jet.

Black and McQuay (2001) performed experiments in co-axial jet and 
swirling flows to assess the influence of the shapes of spherical and 
non-spherical particles on the particle dynamics. The two-component 
phase-Doppler particle analyzer technique was used to collect data for 
the particle velocities. The authors observed that non-spherical parti-
cles follow the fluid velocity much closer than the spherical particles. 
The essential reasons for these results are: First, the non-spherical 
particles show an increase in the drag coefficient which lowers the 
response time. The drag forces depend on the particle orientation such 
that the non-spherical particles tend to behave more like the gas phase. 
Finally, the terminal velocity of the non-spherical particles is lower 
than that of the spherical particles.

Ljus et al. (2002) experimentally investigated spherical and pulp 
fiber particles with large aspect ratios in turbulent pipe flow. The 
Reynolds number based on the bulk velocity was in the range 82 000 −
130 000 and the particle mass loading was 0.01−0.1. The measurements 
were conducted using a wedge-shaped hot-film probe with a static cal-
ibration method. The authors reported significant turbulence intensity 
modulation by the particles. The modulation impact depended on the 
particle diameter. Whereas spherical particles showed a modulation as 
a function of the radial position, the pulp fibers were shown to decrease 
the turbulence intensity over the whole cross sectional area.

Qi et al. (2015) presented experimental measurements of fibrous 
particles with long aspect ratios in turbulent pipe-jet flow. The bulk 
velocity Reynolds number was 70 000 and the fiber aspect ratio was 
40. Particle-tracking velocimetry was used to measure the particle 
characteristics. The results showed that the fibers possess a preferential 
orientation at 54◦ to the axial direction. However, the orientations 
covered a wide range spanning 30◦−90◦. The absolute value of the mean 
angular velocity of the fibers increased with the radial distance from 
the axis centerline such that the lowest angular velocity was observed 
at the centerline of the jet.

Gupta et al. (2018) numerically investigated the effect of the parti-
cle shape of prolate ellipsoids on the fluid statistics in particle–laden 
turbulent pipe flow at 𝑅𝑒𝜏 ≈ 250 and volume loading 𝜁𝑣 = 0.48%. 
The finite-sized particles with aspect ratios in the range 𝛽 = 1, 𝛽 =
2, and 𝛽 = 3 are compared with a single-phase reference solution. 
It was shown that the local accumulation of particles close to the 
wall decreases for ellipsoids with increasing aspect ratio due to slower 
rotation than the spheres near to the wall. The prolate particles tend to 
align with their major axes in the streamwise direction.

Guo et al. (2019) used a model that accounts for spheroidal particle 
drag force and torque within an Eulerian-Lagrange model to simulate 
pulverized biomass jets. The findings of particle and fluid velocities 
yielded large differences. It was also shown that the spheroid model 
led to a more dispersed distribution regarding the particle residence 
time and local concentration compared to the reference models.

The literature review shows that there are hardly any detailed 
results on non-spherical, ellipsoidal particle–laden turbulent free jets. 
That is, the impact of the shape of non-spherical, ellipsoidal particles 
on the orientation and the preferential distribution of the particles, 
the fluid kinetic energy, the jet geometry etc. are not discussed in 
the existing literature. These questions will be addressed in this study 
by performing direct particle–fluid simulations for a non-spherical 
particle–laden turbulent free jet and comparing the multiphase jet 
flow data with single-phase turbulent free jet data for the same flow 
parameters. The direct comparison highlights the modulation impact of 
the particles. Energy and turbulence statistics are shown and the impact 
of the spherical and ellipsoidal particle characteristics are discussed.
2 
This manuscript is structured as follows. First, the governing equa-
tions for the fluid and the particle phase will be presented in Section 2. 
In Section 3, the numerical setup will be described and the flow and 
particle parameters will be discussed in Section 4. The validation of 
the numerical results will be presented in Section 5. The results of the 
direct particle–fluid simulation are analyzed in Section 6, followed by 
a brief conclusion in Section 7.

2. Governing equations

2.1. Fluid flow

The flow of a compressible, viscous fluid is described by the Navier–
Stokes equations. The equations of conservation of mass, momentum, 
and energy read

𝑑
𝑑𝑡 ∫

𝑉

𝜌𝑑𝑉 + ∮
𝛿𝑉

[𝜌𝐮] ⋅ 𝐧𝑑𝐴 = 0 (1a)

𝑑
𝑑𝑡 ∫

𝑉

𝜌𝐮𝑑𝑉 + ∮
𝛿𝑉

[𝜌𝐮𝐮 + 𝜎] ⋅ 𝐧𝑑𝐴 = 𝟎 (1b)

𝑑
𝑑𝑡 ∫

𝑉

𝜌𝐸𝑑𝑉 + ∮
𝛿𝑉

[𝜌𝐸𝐮 + 𝜎 ⋅ 𝐮 + 𝐪] ⋅ 𝐧𝑑𝐴 = 0 , (1c)

 where 𝜌 denotes the density, 𝐮 the velocity vector with the components 
𝑢, 𝑣, and 𝑤 in 𝑥, 𝑦, and 𝑧 direction, 𝜎 the stress-tensor, 𝛿𝑉  the control 
volume surface with the outward-facing normal 𝐧, 𝐸 the total energy, 
and 𝐪 the vector of heat conduction.

The stress-tensor 𝜎 is described by 

𝜎 = −2𝜇𝐒 + 2
3
𝜇(∇ ⋅ 𝑢)𝐈 + 𝑝𝐈, (2)

with the dynamic viscosity 𝜇, the unit tensor 𝐈, the fluid pressure 𝑝, 
and the rate-of-strain tensor 𝐒 = 1

2 [∇𝐮 + (∇𝐮)𝑇 ] for a Newtonian fluid 
of vanishing bulk viscosity.

The Fourier law is 
𝐪 = −𝑘(𝑇 ) ∇𝑇 , (3)

with the thermal conductivity 

𝑘(𝑇 ) = 𝑇 3∕2
(

1 + 𝑆𝑘
𝑇 + 𝑆𝑘

)

, (4)

where 𝑆𝑘 is the thermal Sutherland constant. 𝑇  is the temperature 
computed by the equation of state for a perfect gas 𝑇 = 𝛾 𝑝∕𝜌 where 
the heat capacity ratio 𝛾 = 1.4 is used to determine the heat conduction 
𝐪 (White, 2006).

The dynamic viscosity 𝜇 is determined by Sutherland’s law 

𝜇(𝑇 ) = 𝑇 3∕2
( 1 + 𝑆𝜇
𝑇 + 𝑆𝜇

)

, (5)

with the Sutherland constant 𝑆𝜇 .
The Reynolds number 

𝑅𝑒𝐷 =
𝜌𝑗𝑢𝑏𝐷
𝜇𝑗

(6)

is determined by the bulk velocity 𝑢𝑏, the pipe diameter 𝐷, and the 
density and dynamic viscosity in the inflow cross section denoted by 
the subscript (⋅)𝑗 .

The friction Reynolds number 

𝑅𝑒𝜏 =
𝑢𝜏𝐷
𝜈

(7)

is based on the friction velocity 𝑢𝜏 =
√

𝜏𝑤
𝜌  with the wall-shear stress in 

the pipe 𝜏𝑤 = 𝜇 𝜕𝑢𝜕𝑦 |𝑟=𝑅.
The Prandtl number 

𝑃𝑟 =
𝑐𝑝𝜇𝑗 (8)

𝑘𝑗
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Fig. 1. Spherical and ellipsoidal particles for aspect ratios 𝛽 = 1, 𝛽 = 4, and 
𝛽 = 8.

is determined by the viscosity and thermal conductivity at the jet inflow 
section and the specific heat at constant pressure.

The particle Stokes number based on the time scale 𝜏0 = 𝐷∕𝑢 of the 
turbulent flow in the exit cross section of the pipe at 𝑥∕𝐷 = 0 is 

𝑆𝑡0 =
𝑅𝑒
18

⋅
𝜌𝑝
𝜌𝑓

⋅
(𝑑𝑒𝑞
𝐷

)2

(9)

as commonly used in the analysis of interaction between particle and 
free jet flow (Lau and Nathan, 2014). The quantity 𝑑𝑒𝑞 is the volume-
equivalent particle diameter and 𝜌𝑝𝜌𝑓  is the ratio of particle and fluid 
densities.

2.2. Particles geometry and motion

The particles are characterized by the aspect ratio 

𝛽 = 𝑐
𝑎

(10)

with the condition 
𝑥2

𝑎2
+
𝑦2

𝑏2
+ 𝑧2

𝑐2
= 1. (11)

The quantities 𝑎, 𝑏, and 𝑐 are half the length of the principal axes. 
Spherical particles are defined by 𝛽 = 1. For the prolate particles, the 
two minor axes are equal, i.e., 𝑎 = 𝑏, and 𝑐 > 𝑎 resulting in 𝛽 > 1. The 
investigated particles are exemplarily shown in Fig.  1.

To ensure that all particles, irrespective of their aspect ratio, have 
the same mass, the individual axis lengths are scaled such that all 
particles have the same volume, i.e., 𝑉𝑒𝑞 = 4𝜋

3 𝑎 𝑏 𝑐 = 4𝜋
3

( 𝑑𝑒𝑞
2

)3
 and 

the same particle density.

The movement of the particles is determined by the mechanical 
loads on the particles resulting in translational and rotational motion.

Linear acceleration 𝑑𝐮𝑝
𝑑𝑡  of particle (⋅)𝑝 is modeled by Newtons 

second law of motion 

𝑚𝑝
𝑑𝐮𝑝
𝑑𝑡

= 𝐅𝑝, (12)

with the particle mass 𝑚𝑝 and the integrated force at the surface 𝐅𝑝 of 
the particle.

The rotational motion is described by 

̂
𝑑𝝎̂𝒑

𝑑𝑡
+ 𝝎̂𝒑 ×

(

̂𝝎̂𝒑
)

= ̂ 𝑝, (13)

with the diagonal tensor containing the principal moments of inertia 
 and the angular velocity 𝝎𝑝 which are defined with respect to the 
particle-fixed frame of reference ̂(⋅).

The resulting forces 

𝐅𝑝 = ∮𝛤𝑝
(−𝑝𝐧 + 𝜏 ⋅ 𝐧) 𝑑𝐴 (14)

are reduced to the particle center of mass by integrating the individual 
pressure and shear-stress forces acting on the surfaces of the bodies.
3 
Fig. 2. Global coordinate system (𝑥, 𝑦, 𝑧), particle fixed coordinate system 
(𝑥̂, 𝑦̂, 𝑧̂), and inclination angle 𝜙. The aspect ratio 𝛽 is the ratio of the major 
axis 𝑐 in red and the minor axis 𝑎 in blue. The angle 𝜙 is in relation to the 
streamwise flow direction.

The resulting torque with respect to the center of mass of the bodies 
reads 
 𝑝 = ∮𝛤𝑝

(𝐱𝐩 − 𝐱𝛤𝐩 ) × (−𝑝𝐧 + 𝜏 ⋅ 𝐧) 𝑑𝐴, (15)

with the distance of the surfaces to the particle center 𝐱 − 𝐱𝐩.
The multiphase system is described by two distinct coordinate sys-

tems. The global coordinate system (𝑥, 𝑦, 𝑧) is fixed at the center of the 
fluid domain whereas the particle coordinate system (𝑥̂, 𝑦̂, 𝑧̂) is fixed at 
the center of mass of each particle. The relative rotation between the 
two coordinate systems is expressed by a quaternion-based notation as 
shown in Fig.  2. More details are described in Siewert et al. (2014).

Buoyancy and gravitational forces are intentionally neglected to 
focus on the interaction between the particles of varying shapes and 
the carrier fluid. This approach simplifies the quantification of forces, 
allowing for an assessment of isolated interactions.

2.3. Phase interface exchange

The full resolution of the flow field over the particles allows the 
determination of all interaction forces between the carrier fluid and 
the particles. The rate of kinetic energy 𝜓 transferred from the number 
of 𝑁𝑝 particles to the surrounding fluid is determined by the net force 
𝑭 𝒑 and torque  𝒑 acting on the particle surface.

With the acting surface forces 𝐅𝑝 and the torque 𝑝 exerted on the 
particle and under consideration of the identity (𝐚 × 𝐛) ⋅ 𝑐 = (𝐛 × 𝐜) ⋅ 𝑎, 
the direct transfer of kinetic energy via linear and angular momentum 
is given by 

𝜓(𝑡) =
𝑁𝑝
∑

𝑝=1
𝜓𝑝 = −

𝑁𝑝
∑

𝑝=1
(𝐅𝐩 ⋅ 𝐮𝐩 +  𝐩 ⋅ 𝝎𝒑). (16)

While 𝜓(𝑡) quantifies the direct transfer of kinetic energy from one 
phase to the other, the particles additionally influence the fluid energy 
by modulating the dissipation rate 𝜖(𝑡)

𝜖(𝑡) = ∫𝑉𝑓

[

𝜏∶ (∇𝐮) − (∇ ⋅ 𝐮) 𝑝
]

𝑑𝑉 (17)

in the fluid control volume 𝑉𝑓 . The control volume 𝑉𝑓 =
∑

𝑝 ⧵𝛤𝑝 with 
the volume surrounding the particle ∑𝑝 and the particle volume 𝛤𝑝
encapsulates the particles and the fluid within a certain volume of 
the particle surfaces. The volume of 𝑉𝑓  is chosen such that it is not 
significantly larger than the local characteristic length scale of the 
flow. It is smaller than 4 𝑑𝑒𝑞 where a distance-based weighting is used, 
and is attached to the moving surface of the particle. The particle-
induced dissipation rate is derived from the conservation laws, i.e., the 
momentum equation is considered. Multiplication of the momentum 
equation with the particle velocity 𝐮, consideration of the identity 
∇ ⋅ (𝜏 ⋅ 𝐮) = 𝐮(∇ ⋅ 𝜏) + 𝜏 ∶(∇𝐮), and formulation in a non-inertial frame 
of reference yields the dissipation rate 𝜖 due to internal friction and 
compressibility effects of pressure dilatation within the control volume.
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For a detailed description and validation of the interface energy 
exchange dynamics and the particle-induced dissipation rate, the reader 
is referred to Schneiders et al. (2017).

The decay rate of fluid kinetic energy 𝐸𝑘 = ∫𝑉𝑓
1
2𝜌𝐮

2𝑑𝑉  with 
embedded rigid particles is computed by 
𝑑𝐸𝑘
𝑑𝑡

= 𝜓(𝑡) − 𝜖(𝑡), (18)

which allows the analysis of the temporal development of the fluid 
kinetic energy and the interphase energy exchange (Schneiders et al., 
2019).

3. Numerical method

3.1. Fluid phase

The governing equations for the carrier fluid Eq.  (1) are solved 
by a finite-volume solver using a cut-cell method formulated for a 
solution-adaptive hierarchical Cartesian grid (Hartmann et al., 2008).

The viscous fluxes are determined by a central scheme, whereas 
the inviscid fluxes are computed by an upwind-biased scheme. The 
equations are integrated in time by a five-stage predictor–corrector 
Runge–Kutta scheme (Schneiders et al., 2013, 2016).

A multi cut-cell method is utilized for the discretization of the 
particle surfaces which are tracked using a signed-distance multi level-
set function 𝜉(𝐱, 𝑡) (Schneiders et al., 2013; Günther et al., 2014). 
The cut-cell method reshapes the Cartesian cells intersected by the 
surfaces of the particles. If necessary, multiple cuts of a single cell are 
performed by adding cut surfaces accordingly. Thus, particle–particle 
or particle–wall interactions can occur on a sub-cell length level.

3.2. Particle phase

The linear particle dynamics are determined by solving the equa-
tions defining the translational motion of the particles Eq.  (12), which 
is advanced in time by an implicit Newmark scheme. The integration of 
the equation governing the rotational dynamics, Eq.  (15), is performed 
using a Crank–Nicolson scheme.

Particle–particle and particle–wall collisions are modeled using a 
modified version of the collision model proposed by Glowinski et al. 
(2001). Due to the anisotropic shape of some of the particles and 
the curvature of the pipe walls, the collision model is extended to 
operate on generic non-spherical body shapes. It additionally includes 
the point-of-attack in relation to the center of mass such that the rota-
tional momentum is correctly applied. The collisions of fully-resolved 
arbitrary shaped solid bodies (⋅)𝑝 and (⋅)𝑞 are computed for the contact 
point which is equivalent to the nearest surfaces of the bodies. No 
collision is considered if (𝐱𝐩 − 𝐱𝐪) − (𝑟𝑚𝑎𝑥,𝑝 + 𝑟𝑚𝑎𝑥,𝑞) > 𝑆, where the 
quantities 𝑥𝑝, 𝑥𝑞 and 𝑟𝑚𝑎𝑥,𝑝, 𝑟𝑚𝑎𝑥,𝑞 are the center of mass of the particles 
and the maximum radius of the non-spherical, ellipsoidal particles 
and 𝑆 defines a minimum gap between the particles. The maximum 
radius 𝑟𝑚𝑎𝑥,𝑖 is defined by the major axis 𝑐𝑖 of the particles such that a 
numerically efficient prediction for the collision is feasible. The parallel 
alignment of the major axis 𝑐𝑖 = 𝑟𝑚𝑎𝑥,𝑖 indicates the configuration with 
the minimum distance between the particles, i.e., the case where a 
collision is most likely to occur. If a collision occurs, the repulsive force 

𝑓𝑝,𝑖 = 𝐶0 ⋅
(

𝑆 − 𝑙𝑑
𝑆

)2
⋅
𝑥𝑝,𝑖 − 𝑥𝑞,𝑖

𝑙𝑑
(19)

with 

𝐶0 = 𝑓𝑟 ⋅
1
2 ⋅ (𝑚𝑝 + 𝑚𝑞) ⋅ 𝑢2𝑏

𝑙𝑚𝑎𝑥
(20)

is calculated by the repulsive force factor 𝑓𝑟, the particle masses 𝑚𝑝
and 𝑚𝑞 , the bulk velocity 𝑢𝑏, the cell length of an uncut cell 𝑙𝑚𝑎𝑥 at 
the max level, the distance between the surfaces 𝑙 , and the distance 
𝑑

4 
Fig. 3. Snapshot of the Cartesian mesh in the particle–laden pipe flow domain. 
The grid is locally refined according to flow sensors and the particle surface 
locations. Note that for better visibility a 2𝐷 mesh is shown. Particles out of 
the mesh plane are shown colored by their respective particle id.

between the center of mass 𝑥𝑝,𝑖 − 𝑥𝑞,𝑖 in the direction 𝑖 of the body (⋅)𝑝. 
Collisions are assumed to be fully elastic and the loss of kinetic energy 
due to collisions and particle deposition at the wall is not considered.

The mesh is locally refined based on distinct flow field character-
istics, i.e., the refinement is controlled by data based on the velocity 
derivatives and the vorticity of the instantaneous flow field. Moreover, 
the volume surrounding the particles and the pipe walls is refined to the 
highest predefined mesh refinement level. This approach ensures a suf-
ficiently accurate resolution around all solid surfaces. Simultaneously, 
the total amount of mesh points is minimized such that the compu-
tational cost are significantly reduced. The mesh around a number of 
particles is illustrated in Fig.  3.

The combined number of grid cells in the pipe and the free jet 
domains is in the range of 1.3 billion cells. Typically, the pipe domain 
contains approx. 15% of all cells which results in an average of approx. 
200 million cells for the pipe and 1 100 million cells for the turbulent 
free jet domain. The time step 𝛥𝑡𝑢𝑏∕𝐷 ≈ 0.00005 is determined by the 
stability condition of the numerical scheme and the resolution at the 
wall is 𝛥𝑦+ ≈ 1.22. The particle resolution is 𝑑𝑒𝑞∕𝛥𝑚𝑖𝑛 = 14 such that 
the volume-equivalent diameter is covered by 14 grid cells.

Due to the large number of mesh cells, the simulations are exe-
cuted on a high-performance computing system. To achieve a high 
parallel efficiency, dynamic load-balancing is used to redistribute the 
varying workload due to the solution adaptive mesh and the moving 
particles (Niemöller et al., 2020; Wegmann et al., 2025).

3.3. Domain of integration

A schematic of the pipe and the free jet domain is shown in Fig.  4. 
Both domains possess their own mesh resolution. However, the mesh 
in the crossflow section of the pipe is identical to that at the inflow 
boundary of the jet domain such that the solution in the pipe domain 
can be transferred at each time step without interpolation. The particles 
with all information are transferred accordingly. The slicing technique 
guarantees physically correct velocity distributions, particle positions 
and particle velocities as inflow conditions for the jet domain such that 
no assumptions regarding the turbulent flow state or particle dynamics 
have to be made (Burattini et al., 2004).

The fully-developed turbulent pipe flow is simulated by a periodic 
boundary condition in the streamwise direction, where a volume forc-
ing is applied to mimic a pressure gradient in the axial direction. While 
the free jet is coupled to the solution in the pipe flow, the solution in the 
pipe domain is independent from the solution in the free jet domain, 
i.e., one-directional coupling is applied.

The pipe has a diameter 𝐷 and a length 𝐿∕𝐷 = 6. This streamwise 
extent is based on the work of Chin et al. (2010) in which the influence 
of the periodic pipe length on the turbulence statistics was investigated. 
The free jet domain consists of a box with a length of 50𝐷 in the 
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Fig. 4. Schematic illustration of the slicing technique to determine the inflow 
condition for the particle–laden jet. The simulations for the pipe and jet 
domains are conducted concurrently. A plane of the fully-developed pipe flow 
solution is transferred to the inflow boundary of the jet domain at each 
time step. The sketch also defines the domain sizes and imposed boundary 
conditions: periodic boundary conditions are implemented at the pipe in- and 
outlet, while outflow boundary conditions are defined on all other boundaries 
of the jet domain outside of the pipe. A no-slip isothermal wall boundary 
condition is used on the pipe wall.

Fig. 5. Schematic of the prescription of ghost cells. Ghost cell values 𝐺 are 
determined at a mirror position of a reconstructed image point 𝐼 at a distance 
ℎ. A multiple ghost cell approach is used for the simulation.

streamwise and 15𝐷 in the radial direction. Note that the pipe domain 
extends a length of one 𝐷 into the jet domain as sketched in Fig.  4. 
There is no coflow around the free jet.

3.4. Boundary conditions

On the outflow boundaries of the free jet domain the static pres-
sure is prescribed. Neumann type boundary conditions are defined for 
the density and velocity. When particles enter or exit the domain, a 
special treatment around the particles is applied that is discussed in 
Section 3.6.

The boundary conditions on the particle surfaces are formulated 
using ghost cells as sketched in Fig.  5. The ghost cell values 𝐺 are 
determined at the mirror position 

𝐱𝐺 = 𝐱𝐶 − 𝑚𝑎𝑥
(

2𝜉, 𝜉 + ℎ
2

)

⋅ 𝐧𝛤 (21)

normal to an image point 𝐼 .
The velocity in the ghost cell 𝐮𝐆 is prescribed using a Dirichlet type 

boundary condition, i.e., 
𝐮𝐆(𝐱, 𝑡) = 2𝐮𝛤 (𝐱, 𝑡) − 𝐮𝐈(𝐱, 𝑡) , (22)

where 𝐮𝛤 (𝐱, 𝑡) denotes the surface velocity and 𝐮𝐈(𝐱, 𝑡) the velocity at the 
image point which is determined using a least-squares interpolation in 
the direction normal to the ghost cell surface.

For the pressure 𝑝𝐺 in the ghost cells, Robin boundary conditions 
𝑝𝐶 − 𝑝𝐺 + 𝜅

𝜉 𝑝𝐺 + ℎ∕2 𝑝𝐶 = 0 (23)

𝜉 + ℎ∕2 𝜉 + ℎ∕2

5 
based on the cell pressure 𝑝𝐶 , the distance between the ghost cell and 
the inner cell ℎ, the cell surface distance 𝜉, and the material derivative 
𝐷𝐮∕𝐷𝑡 and 𝜅 = 𝛾𝑇 −1

𝛤 (𝐷𝐮∕𝐷𝑡 ⋅ 𝐧)𝛤  are prescribed. The density 𝜌𝐺 is 
determined analogously. See Schneiders et al. (2016) for more details.

Similar boundary conditions are imposed on the pipe wall. How-
ever, these are formulated for a non-moving surface, i.e., the ghost cell 
velocity 𝐮𝐆 is set to 
𝐮𝐆(𝐱, 𝑡) = −𝐮𝐈(𝐱, 𝑡) (24)

such that the velocity at the surface 𝛤  is zero. The pipe wall tempera-
ture is set constant.

3.5. Slicing technique

The coupling of the fully-developed turbulent pipe flow and the 
free jet flow is conducted by a slicing technique. In the simulation 
framework m-AIA (multiphysics-Aerodynamisches Institut Aachen), the 
full domain consisting of the pipe and free jet domain is modeled by 
a joint grid approach (Hartmann et al., 2008; Wegmann et al., 2025). 
The full grid is consequently adapted such that the pipe domain and 
the free jet domain are independent subdomains. However, the pipe 
end domain and the jet inflow domain overlap. The adaptive mesh is 
kept consistent in the overlapping area such that the information from 
the pipe to the free jet domain can be directly transferred. Hence, the 
particles are transferred equally by using threshold boundaries inside 
the pipe domain. Upon crossing the threshold, particles are transferred 
to the free jet inflow section with all relevant particle data such as, 
e.g., particle velocity, orientation etc. This approach ensures a smooth 
transition of the particles and the fluid since the threshold boundaries 
are placed such that a gradual entering of the spherical ellipsoidal 
particles in the free jet domain is given.

3.6. Description of particle surfaces

The particle surfaces are tracked using analytical signed-distance or 
level set functions 𝜉(𝐱, 𝑡), which are evaluated for the mesh cells at each 
time step if necessary. These values, which are related to the center of 
the Cartesian cells, are used to compute the intersections of the particles 
with the cell surfaces and to identify the mesh cells which should be 
refined around the moving particles.

Unlike in the streamwise periodic pipe flow simulation, special con-
sideration must be taken for entering and exiting particles in the free 
jet simulation to ensure that the intersections of the particles with the 
cells are determined consistently. In the current cut-cell formulation, 
the cut surfaces are computed from level-set values interpolated at 
the nodal points from neighboring cell centers. This requires the cell 
centered level-set values around the nodes. Therefore, additional cells 
located outside the domain are required at the boundaries to compute 
the correct nodal level-set values. These cells are added dynamically 
during runtime of the simulation to allow particles to cross the jet 
domain boundaries without generating artificial perturbations. Fig.  6 
shows a sample configuration to highlight the difference in the surface 
representation with and without the additional cells. Without the ad-
ditional cells, the intersections are not determined consistently, which 
has a negative effect on the stability of the numerical method and the 
conservation properties of the used algorithm.

4. Flow and particle parameters

The Reynolds number based on the pipe diameter and the velocity at 
the jet inflow section is 𝑅𝑒𝐷 = 15 546 and the friction velocity Reynolds 
number is 𝑅𝑒𝜏 = 448. The Mach number is 𝑀 = 0.1 and the Prandtl 
number is 𝑃𝑟 = 0.72.

The particles are initially placed at random locations within the pipe 
domain and the initial particle velocity equals the local fluid velocity. 
Random orientations of the particles are assumed. The particle aspect 
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Fig. 6. Representation of the cut-cell surfaces without (a) and with (b) additional level-set cells outside of the domain. Without additional cells an incorrect 
surface representation is obtained, whereas the sharp resolution of the particle cell surface is ensured in the second case. Due to the sharp resolution of the 
cut-cell surfaces, the conservatism is maintained even for particles crossing boundaries.
Table 1
Particle parameters.
 Particle parameter Value  
 Diameter 𝑑𝑒𝑞∕𝐷 0.01  
 Aspect ratio 𝛽 1,2,3,4,5,6,7,8 
 Percentage of each 𝛽 12.5%  
 Density ratio 𝜌𝑝∕𝜌𝑓 600  
 Volume loading 𝜁𝑣 0.00667  
 Mass loading 𝜁𝑚 0.4  
 Stokes number 𝑆𝑡0 50  

ratios cover the range 1 ≤ 𝛽 ≤ 8. The spectrum of the aspect ratio for the 
particles is uniform, i.e., equal amounts of particles (12.5%) for each of 
the 8 different aspect ratios are ensured. As stated before, all particles 
have the same volume based on the volume-equivalent diameter which 
is 𝑑𝑒𝑞∕𝐷 = 0.01. All particles have the same density ratio 𝜌𝑝∕𝜌𝑓 = 600
which is relevant for biomass particles (Guo et al., 2012). The particle 
Stokes number is 𝑆𝑡0 = 50.

The volume loading in the pipe domain is approx. 𝜁𝑣 = 6.67 × 10−4

and the resulting mass loading is 𝜁𝑚 ≈ 0.4. The number of particles 
in the pipe domain is 5 981. It remains constant due to the periodic 
boundary conditions for the pipe simulation. In the near field of the 
jet 𝑥∕𝐷 ≤ 10, the number of particles fluctuates due to the constant 
injection of new particles and the exiting of old particles from the free 
jet domain. It slightly varies since the number of particles entering 
is not necessarily identical to the number of particles exiting the jet 
domain. On average, the number of particles in the free jet domain is 
approx. 10 000 at all time steps.

The particle parameters are summarized in Table  1.

5. Validation

The numerical methods have been extensively validated for single-
particle flows in Schneiders et al. (2016) and for particles in isotropic 
turbulent flows (Schneiders et al., 2017, 2019; Fröhlich et al., 2021).

To validate the numerical method for pipe flow and the turbulent 
free jet configuration, a single-phase pipe flow and a turbulent free 
jet are computed. The findings are compared with numerical and 
experimental data from (Pirozzoli et al., 2021; Chin et al., 2010, 2014; 
Papadopoulos and Pitts, 1999).

5.1. Fully-developed turbulent pipe flow

The Reynolds number based on the friction velocity is 𝑅𝑒𝜏 = 448
while it is 𝑅𝑒𝐷 = 15 546 based on the bulk velocity 𝑢𝑏 at the jet 
inflow section. This is somewhat different from the Reynolds number 
6 
Fig. 7. Time and streamwise averaged velocity component 𝑢∕𝑢𝑐𝑙 normalized 
by the maximum velocity on the centerline as a function of the radius 𝑟∕𝐷. 
The solution is compared with results of Chin et al. (2010).

𝑅𝑒𝜏 = 500 in Chin et al. (2010, 2014) and slightly lower than 𝑅𝑒𝜏 ≈ 450
in Pirozzoli et al. (2021). A 118 million-cell mesh was used with local 
mesh refinement of the viscous wall layer.

The time and streamwise averaged axial velocity profile as a func-
tion of the radial direction 𝑟 normalized by the centerline velocity 𝑢𝑐𝑙 is 
compared in Fig.  7 with the data of Chin et al. (2010). The results are 
in close agreement. The maximum discrepancy between the velocity 
distributions is below 3%. Furthermore, the time-averaged centerline 
velocity is 𝑢𝑐𝑙∕𝑢𝑏 = 1.27 which agrees with the result 𝑢𝑐𝑙∕𝑢𝑏 = 1.27
in Pirozzoli et al. (2021).

The distribution of the root-mean-square of the velocity fluctuations 
normalized by the friction velocity 𝑢𝜏 is shown in Fig.  8. Again, the 
maximum deviation between the current data and data by Chin et al. 
(2010) is 3% which is acceptable due to the slightly different friction 
velocity Reynolds numbers.

It is fair to conclude that the velocity field in the single-phase pipe 
flow is accurately predicted by the numerical method.

5.2. Turbulent free jet flow

To further validate the numerical approach for a turbulent free jet 
including the slicing technique, a single-phase jet is simulated. The 
Reynolds number 𝑅𝑒𝐷 = 15 546 is that of the latter discussed particle–
laden jet since the single-phase data serve as reference solution for 



T. Kiwitt et al. International Journal of Multiphase Flow 194 (2026) 105443 
Fig. 8. Streamwise root-mean-square velocity fluctuations normalized by the 
wall-friction velocity 

√

𝑢′2∕𝑢𝜏 as a function of the distance from the centerline 
𝑟∕𝐷 compared with results from (Chin et al., 2010).

Fig. 9. Centerline velocity normalized by the centerline velocity at the nozzle 
exit 𝑢𝑐𝑙∕𝑢𝑐𝑙,0 compared with experimental data from (Papadopoulos and Pitts, 
1999).

the multiphase solution. The mesh contains 118 million cells for the 
periodic pipe domain and 593 million cells for the turbulent free jet. 
Furthermore, the schematic of the turbulent free jet in Fig.  4 is also 
valid for the single-phase flow.

The mean velocity profile 𝑢𝑐𝑙∕𝑢𝑐𝑙,𝑥=0 along the centerline in the axial 
direction of the free jet domain is compared with experimental data 
from (Papadopoulos and Pitts, 1999) in Fig.  9. The authors conducted 
measurements for two jets at Reynolds numbers based on the bulk 
velocity 𝑅𝑒1 = 13 300 and 𝑅𝑒2 = 17 500. In the experimental setup, 
the jet emerges from a long straight pipe such that a fully-developed 
turbulent pipe flow at the exit is ensured. The comparison of the present 
numerical and the experimental results show good agreement. The 
deviation at various distances from the nozzle exit is below 4%.

6. Results and discussion

The following section presents the temporally averaged results of 
the particle–laden turbulent pipe and free jet flow. The temporal av-
erage is determined by comparing several time intervals that cover 
different time spans. The findings do not evidence any substantial 
differences such that the averaged data are a sound basis for the 
following discussion. An overall impression of the instantaneous flow 
7 
field is shown in Fig.  10 in which the distribution of the particles and 
the development of the potential core, that is defined by the region near 
the centerline that has almost uniform mean velocity, and the free-shear 
layers are indicated.

The fully-developed pipe flow determines the instantaneous in-
flow for the free jet flow. Therefore, the flow dynamics of the fully-
developed particle–laden pipe flow is investigated first. The spatial 
distribution and relative velocity between the particles and the fluid 
in the pipe flow are discussed and the energy exchange between the 
solid and fluid phase is analyzed with emphasis on the impact on 
the fluid dissipation. Subsequently, the results for the turbulent free 
jet are presented. The influence of the particles on the turbulence 
characteristics of the carrier fluid in the jet near field 𝑥∕𝐷 ≤ 10 will 
be investigated in detail.

6.1. Fully-developed particle–laden turbulent pipe flow

The turbulent flow in the pipe is simulated concurrently with the 
flow in the jet domain. As stated before, one-way coupling is used such 
that the pipe flow solution is not influenced by the jet results. The 
particle dynamics are analyzed statistically and the interaction between 
the two phases is discussed.

6.1.1. Particle distribution
The dynamics of spherical and non-spherical, ellipsoidal particles 

differ. Due to their anisotropic shape, ellipsoidal particles show a 
concentration maximum in a turbulent pipe flow at a radius different 
from that of spherical particles. The time-averaged particle distribution 
in the pipe is shown in Fig.  11(a) for spherical and ellipsoidal particles, 
i.e., for individual aspect ratios and the mean for all aspect ratios 
𝛽 ≥ 2. The same data is plotted scaled by 1∕𝑟 in Fig.  11(b), i.e., scaled 
by the relative distance to include the impact of the locally varying 
cross-sectional area in circular pipe geometries.

The general trend of ellipsoidal particles to accumulate closer to the 
pipe wall rather than in the pipe center is indicated. This tendency 
denoted as turbophoresis indicates a preferential distribution in the 
direction of decreasing turbulence, i.e., near the wall in wall-bounded 
flow. The behavior is well-known for spherical particles and is said to 
be caused by the drag force at the particle surfaces and the gradient 
of turbulence intensity within the turbulent flow (Reeks, 1983; Crowe, 
2005; Bec and Vallée, 2024).

For non-spherical particles, the present results show an approxi-
mately linear increase in concentration with increasing pipe radius 
until a maximum is reached at 𝑟∕𝐷 ≈ 0.32. Spherical particles show 
a maximum concentration closer to the pipe wall at approx. 𝑟∕𝐷 ≈ 0.4.

The statistical particle concentration is linked to the average resi-
dence time of particles at specific radial locations which depends on 
the local radial velocity of the particles. Consequently, the probability 
of a particle being located at a certain radius is higher where the radial 
velocity is smaller such that higher dwell times are observed. In Fig. 
12, the radial velocity 𝑢𝑅 = 𝑦𝑣+𝑧𝑤

√

𝑦2+𝑧2
 normalized by 𝑢𝑏 for aspect ratios 

𝛽 = 1, 𝛽 = 2, 𝛽 = 4, and 𝛽 = 8 as a function of the radial coordinate 
𝑟∕𝐷 is presented.

The comparison between spherical and ellipsoidal particles reveals 
that the magnitude of radial velocity varies across different aspect 
ratios. While all curves exhibit a similar trend of increased velocities at 
the pipe center and the wall, particles with larger aspect ratios demon-
strate higher radial velocities and thus, increased momentum and larger 
velocity. This increase in radial velocity, particularly noticeable near 
the pipe center and the pipe wall, results in a lower probability of 
particle presence in these regions due to reduced residence time.

The particles move away from the pipe center (𝑢𝑅 > 0) and the pipe 
wall (𝑢𝑅 < 0). The time-averaged radial velocity of 𝑢𝑅∕𝑢𝑏𝑢𝑙𝑘 ≈ 0 in the 
area between the pipe center and the pipe wall indicates longer dwell 
times of the particles which results in the probability density function 
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Fig. 10. Instantaneous absolute velocity contours for the particle–laden pipe and jet flow. Particles are shown in gray color.
Fig. 11. Probability density function normalized to unity of particles with aspect ratio 𝛽 = 1, 𝛽 = 2, 𝛽 = 4, and 𝛽 = 8. The solid black line, which represents the 
mean distribution of the ellipsoidal particles 𝛽 ≥ 2, shows a preferential distribution in the pipe domain at approx. 𝑟∕𝐷 ≈ 0.32.
distributions in Fig.  11. The higher radial velocities near the pipe wall 
for higher aspect ratios indicate larger displacement off the wall.

Several phenomena are identified for the different dynamics of 
spherical and ellipsoidal particles. Due to the elongated shape, the 
ratio of the length of prolate particles in relation to the turbulent 
scales becomes larger than that of spherical particles. Therefore, the 
ellipsoidal particles experience larger differences in the inhomogeneous 
turbulent velocity field in the near-wall region. As a result, they are 
more likely to experience torque, which induces a rotation of the 
particle. The interaction of the rotating particle with the flow field 
eventually causes the particle to translate.

In addition, the turbulent velocity profile strengthens the motion 
of the particles within the domain through the localized loads on the 
particle surfaces. The spatially varying forces on the particle surfaces 
are induced by the local eddies such that additional torque and radial 
momentum are imposed on the surfaces of the particles. The high 
Stokes number 𝑆𝑡0 = 50 means that the particles largely maintain 
their momentum. However, eventually the mechanical loads generated 
by the large-scale coherent structures in the flow field, i.e., the ver-
tical structures are greater than the particle sizes, impact the particle 
8 
trajectories. The relative mass distribution within the particles further 
influences this dynamic as the forces required to induce rotation are 
lower than those necessary to modulate the linear velocity.

In the following, a more detailed analysis of the impact of the 
particle aspect ratio 𝛽 is conducted. The separate particle distributions 
for 𝛽 = 2, 𝛽 = 4, and 𝛽 = 8 are shown in Fig.  11(a). The particle 
concentrations show the maximum values to shift towards the pipe 
center with increasing aspect ratio. The distributions of spherical and 
prolate ellipsoidal particles with aspect ratio 𝛽 = 2 exhibit a close 
resemblance. In contrast, the ellipsoidal shapes 𝛽 = 2 and 𝛽 = 8 possess 
distinctly different distributions. The distribution of the intermediate 
aspect ratio of 𝛽 = 4 lies between the two extremes. For increasing 
aspect ratio 𝛽, the maximum develops a plateau-like distribution which 
shifts progressively towards the center of the pipe. This behavior can 
be attributed to enhanced rotational dynamics among elongated par-
ticles as discussed before. This results in a more uniform distribution 
compared to that of spherical particles. Similar phenomena have been 
reported by Gupta et al. (2018).

It is evident that the particle aspect ratio plays a crucial role in 
the radial particle distribution. The shift in distribution correlates to 
localized low radial velocity and increased rotational dynamics.
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Fig. 12. Signed radial velocity 𝑢𝑅∕𝑢𝑏 as a function of the radial position 𝑟∕𝐷. 
The preferential concentration by the particles over 0.1 ≤ 𝑟∕𝐷 ≤ 0.32 is caused 
by the lower radial velocity between the pipe center and the wall.

Fig. 13. Fluid velocity 𝑢 and velocities of spherical 𝑢𝑝,𝑠, and ellipsoidal 𝑢𝑝,𝑒
particles as a function of 𝑟∕𝐷. Near the centerline the particle velocities 
are smaller than the fluid velocity, while near the pipe wall the opposite is 
observed. On average, ellipsoidal particles are slightly faster than spherical 
particles due to the increased surface area exposed to the carrier flow.

6.1.2. Linear velocity statistics
Previous research for spherical particles has shown that the ratio 

of the particle velocity and the local fluid velocity is a function of the 
radial position within turbulent pipe flow (Soo and Regalbuto, 1960; 
Popper et al., 1974).

To investigate this hypothesis for prolates, the time-averaged fluid 
velocity 𝑢 and the time-averaged particle velocities 𝑢𝑝 in the streamwise 
direction are shown in Fig.  13. The velocities for spherical particles are 
indicated by the subscript (⋅)𝑝,𝑠 and ellipsoidal particles are marked by 
the subscript (⋅)𝑝,𝑒.

The distributions of the particle velocities 𝑢𝑝 normalized by the 
centerline velocity 𝑢𝑐𝑙 in the pipe show that the particle velocity is 
higher than the local fluid velocity near the pipe wall. The opposite 
is observed near the centerline.

Kaftori et al. (1995b) reported similar behavior for spherical parti-
cles. The authors concluded that the combination of rotational spin and 
linear movement resulted in increased particle velocities in relation to 
the local fluid (Kaftori et al., 1995a,b; Mortensen et al., 2008).

A comparison of the relative velocity distribution of the spherical 
particles and the ellipsoidal particles shows that the overall trend is 
9 
Fig. 14. Mean absolute angular velocity |
|

𝜔|
|

𝑑𝑒𝑞∕𝑢𝑏 as a function of 𝑟∕𝐷. The 
maximum angular velocity is observed at 𝑟∕𝐷 ≈ 0.32 which aligns well with 
the position where the particle velocities are aligned with the fluid velocity, 
i.e., small differences of the local fluid velocity yield the rotational dynamics.

very similar. The tendency of the particles to have a lower velocity 
than the fluid flow near the centerline is consistent with the behavior 
of spherical particles. The same is true near the pipe wall. Due to the 
equal mass of all particles irrespective of their aspect ratio, the particles 
have the same Stokes number 𝑆𝑡0 and thus, show similar inertial 
behavior. Hence, the differences are mainly due to the particle shape. 
The ellipsoidal particles expose a larger surface area to the carrier 
fluid. Consequently, the ellipsoidal particles tend to experience larger 
mechanical loads on the windward side and maintain their inertia for 
a longer time. As a result, the velocity of the ellipsoidal particles near 
the pipe wall is greater than the spherical particle velocity.

6.1.3. Rotational statistics
The anisotropic shape of the ellipsoidal particles and the locally 

varying forces on the particle surface generate rotational forces which 
are less important for spherical particles. For ellipsoidal particles, this 
force distribution leads to rotational dynamics and eventually to linear 
movement due to interaction with the turbulent carrier fluid.

To support this hypothesis, Fig.  14 shows the time-averaged abso-
lute angular velocity |𝜔| 𝑑𝑒𝑞∕𝑢𝑏 over 𝑟∕𝐷. The averaged vorticity rates 
peak at 𝑟∕𝐷 ≈ 0.32 for 𝛽 ≥ 2. This is in the range of the radial position 
where the ratio of the particle to the fluid velocity changes as shown 
in Fig.  13. The relative velocity at the particle tips of the ellipsoids is 
more likely of varying direction such that modulations on the surface 
have a comparably greater impact. This results in increased rotational 
dynamics due to the locally varying forces and velocities of the fluid.

The enhanced dynamics at 𝑟∕𝐷 ≈ 0.32 leads to a preferential orien-
tation on average. The relative orientation of the ellipsoidal particles in 
relation to the streamwise axis is analyzed by the probability distribu-
tion function 𝑝𝑑𝑓 (𝜙𝑥) illustrated in Fig.  15. Considering the illustration 
in Fig.  2, 𝜙𝑥 is the angle between the elongated particle major axis 𝑐
and the fluid streamwise axis 𝑥. The results of the ellipsoidal particles 
indicate a preferential orientation of approx. 90◦. Furthermore, two 
distinct peaks at 𝜙𝑥 = 55◦ and 𝜙𝑥 = 125◦, i.e., at approx. ±35◦ from 
the mean orientation of 90◦ are observed. The shear flow and the 
boundary layer on the pipe walls determine the loads on the particles. 
An inclination of the ellipsoidal particles of 90◦± ∼ 35◦ results from the 
pressure and velocity differences at the particle tips. Moreover, note the 
slight trend towards higher angles for increased aspect ratios.

This finding is in agreement with the results by van Wachem et al. 
(2015) who reported an average value of approx. 60◦ − 70◦ for 𝛽 =
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Fig. 15. Probability density function of the particle inclination angle 𝑝𝑑𝑓 (𝜙𝑥). 
Except for 𝛽 = 2, two peaks are observed at 𝜙𝑥 = 55◦ and 𝜙𝑥 = 125◦, i.e., a 
deviation of ±35◦ from the perpendicular orientation.

Fig. 16. Multidimensional plot of the probability density function 
𝑝𝑑𝑓 (𝑟∕𝐷,𝜙𝑥) for 𝛽 ≥ 2 as a function of the angle 𝜙𝑥 and the radial 
position 𝑟∕𝐷. The maxima at 𝜙𝑥 = 55◦ and 𝜙𝑥 = 125◦ primarily occur near the 
pipe wall.

2.5 for turbulent channel flow at 𝑅𝑒𝜏 = 600 when wall effects were 
incorporated.

The probability density function 𝑝𝑑𝑓 (𝑟∕𝐷,𝜙𝑥) as a function of the 
particle position 𝑟∕𝐷 and the orientation 𝜙𝑥 in Fig.  16 evidences that 
the maxima at 𝜙𝑥 = 55◦ and 𝜙𝑥 = 125◦ primarily occur near the pipe 
wall where the ratio of the particle to the fluid velocity changes from 
> 1 to < 1 (see Fig.  13). Outside of these areas, the distribution is more 
random and uniform.

The bias towards orientations of 𝜙𝑥 = 55◦ and 𝜙𝑥 = 125◦ against 
the streamwise direction near the pipe wall shown in Figs.  15 and 16 
strengthens the hypothesis of the strong impact of the local velocity 
gradient on the particle surfaces of the anisotropic particle geometries.

6.1.4. Multiphase energy exchange
Previous publications have shown a close relationship between the 

relative velocity ratio of the particle and the local fluid 𝑢𝑝∕𝑢 and the 
energy exchange rates in multiphase setups (Vreman, 2007; Zhao et al., 
2013). Furthermore, Zhao et al. (2013) have shown that the energy 
exchange between the two phases due to the mean motion exceeds 
the exchange caused by the velocity fluctuations. To be more precise, 
the majority of the energy exchange is associated with the streamwise 
motions.

In Section 6.1.3 it was shown that the anisotropic ellipsoidal parti-
cles undergo additional rotation. It is stated in many publications such 
as (Tsuji et al., 1984; Vreman, 2007; Cannon et al., 2024; Ljus et al., 
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2002; Rani et al., 2004; Zhao et al., 2013; Balachandar and Eaton, 
2010; Pirozzoli et al., 2021) that this additional rotation impacts the 
energy exchange. This is investigated in the following.

As shown in the last section, the velocity ratio 𝑢𝑝∕𝑢 differs with the 
relative position of the particles inside the pipe. This results in varying 
shear-stress and strain rates across the pipe diameter and altered fluid 
dissipation rates. The ellipsoidal particle shape additionally leads to a 
more complex dynamics in the particle wake due to entrainment, which 
further modulates the energy exchange.

The dependence of the particle–fluid energy exchange on 𝑢𝑝∕𝑢 is 
investigated for spherical and ellipsoidal particles. Fig.  17(a) shows the 
time-averaged energy transfer 𝜓(𝑟)∕(𝜌𝑢30∕𝑑𝑒𝑞) between the fluid and the 
particles as a function of 𝑟∕𝐷. The convention of 𝜓 ≥ 0 implies that 
energy is transferred from the particle to the fluid.

The energy transfer depends on the relative position inside the 
pipe. It is positive in the near-wall region and negative near the pipe 
center, i.e., energy is transferred from the particles to the fluid in the 
near-wall region for all aspect ratios. The particle transfer of energy 
is predominantly found near the pipe wall where the particle velocity 
is higher than the fluid velocity 𝑢𝑝∕𝑢 > 1. This emphasizes the strong 
impact of the ratio of relative velocities and is attributed to the Stokes 
number 𝑆𝑡0.

Since the ellipsoidal particles are on average faster than the spheri-
cal particles near the wall, increased energy transfer rates are observed 
for ellipsoidal particles. Furthermore, larger aspect ratios yield higher 
transfer rates. Since all particles have the same mass, the surplus in 
energy transfer is caused by the differences in the relative velocities 
and the anisotropic shape and the elongated axis which results in ro-
tational dynamics which yields higher energy transfer rates. However, 
on average the energy due to the rotation is one order of magnitude 
smaller than the energy transferred by linear movement.

In contrast, the energy exchange near the pipe center is negative, 
i.e., energy is absorbed by the particles from the fluid. The ratio 𝑢𝑝∕𝑢
is < 1 which facilitates the transfer of kinetic energy from the fluid to 
the particles. Since 𝑢𝑝∕𝑢 is similar for different particle aspect ratios, 
comparable energy exchange rates are determined.

The particles additionally modulate the fluid dissipation due to 
the crossing-trajectory effect (Schneiders et al., 2017, 2019). With 
increasing 𝑢𝑝∕𝑢, the modulation is enhanced due to the increased shear 
stress on the particle surfaces. Additionally, the wake of the particles 
invokes fluid entrainment and thus, increased dissipation.

Fig.  17(b) shows by the local dissipation rate 𝜖(𝑟)∕(𝜌𝑢30∕𝑑𝑒𝑞) over 
𝑟∕𝐷 that this assumption holds true for spherical and ellipsoidal par-
ticles. Qualitatively, the dissipation distribution behaves similar as the 
interphase energy transfer. The dissipation caused by the ellipsoidal 
particles is larger than for the spherical shape. This is especially true 
near the pipe wall where 𝑢𝑝∕𝑢 > 1, which results in larger relative 
velocities and thus dissipation rates. Furthermore, the particle tips of 
the ellipsoids generate localized pressure minima and steep velocity 
gradients which enhance the dissipation in the flow field.

In summary, the additional dissipation induced by ellipsoidal par-
ticles is greater than the energy transferred from the particle to the 
fluid. Near the pipe wall, energy is transferred towards the fluid and 
the fluid dissipation is significantly enhanced. Near the centerline, the 
energy transfer is negative and lower dissipation rates are observed. 
This is similar for spherical particles. However, a larger particle aspect 
ratio results in higher additional strain and dissipation.

6.2. Particle–laden turbulent free jet flow

The dynamics and the impact of the particles on the turbulent free 
jet flow are investigated next. The focus is on the near field 𝑥∕𝐷 ≤ 10. 
The spatial dynamics of the particles are presented and their impact on 
the flow structure are analyzed. Kinetic energy and turbulent intensity 
statistics are discussed.
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Fig. 17. Comparison of the mean interphase energy exchange rate 𝜓 (a) and the mean viscous dissipation rate 𝜖 (b) for the investigated particle aspect ratios.
6.2.1. Particle statistics
The near field of the turbulent free jet single-phase flow is charac-

terized by the rapid development of the turbulent scales as described 
by Ball et al. and Ball et al. (2012), Burattini et al. (2004). Ball et al. 
summarize that the initial instability modes trigger the development of 
the flow structures in the shear layer. The subsequent mixing results in 
vortices which roll-up and stretch the vortices in the potential core (Ball 
et al., 2012).

According to Ball et al. the development of the flow field in the 
intermediate region 10 ≤ 𝑥∕𝐷 ≤ 70 is characterized by the highly 
anisotropic turbulent structures formed in the initial phase of the jet 
interacting with each other before reaching self-similarity in the far 
field 𝑥∕𝐷 ≥ 70 (Ball et al., 2012). 

The particles impact the flow development due to the particle–fluid 
energy exchange and local interphase and dissipation modulations as a 
function of the local position. In the following, the particle linear and 
rotational dynamics are discussed. Statistics equivalent to the analysis 
for the pipe flow evidence the impact of the different particle shapes 
on the turbulent free jet flow.

The probability density distribution 𝑝𝑑𝑓 (𝑟∕𝐷) of the particle posi-
tions of different shapes as a function of the radial position 𝑟∕𝐷 at 
𝑥∕𝐷 = 10, i.e., at the end of the near field, is shown in Fig.  18. 
The overall shape of the particle distributions is quite similar for the 
different particle aspect ratios.

However, the ellipsoidal particles show a slightly wider radial distri-
bution in comparison to spherical particles and the spreading increases 
for larger 𝛽.

When investigating the maximum of the probability density func-
tion, ellipsoidal particles of larger aspect ratios tend to align further 
away from the jet centerline.

The location of the maximum of the probability density function 
𝑟𝑚𝑎𝑥,𝑥∕𝐷 is plotted in the streamwise direction 𝑥∕𝐷 in Fig.  19(a) normal-
ized by the location at the jet exit 𝑟𝑚𝑎𝑥,0. It is evident that ellipsoidal 
particles spread faster in radial direction than spherical particles. While 
the maximum of the PDF for spherical particles 𝛽 = 1 changes its 
location only marginally, ellipsoids with an aspect ratio 𝛽 = 8 show 
a three times higher spreading compared to 𝛽 = 1.

The standard deviation 𝑆𝐷 =
√

1
𝑁−1

∑𝑁
𝑖=0

|

|

𝑝𝑑𝑓 (𝑟∕𝐷) − 𝜓𝑚𝑒𝑎𝑛||
2
𝑖  with 

the mean of the distribution 𝜓𝑚𝑒𝑎𝑛 at the respective distance 𝑥∕𝐷 is 
shown in Fig.  19(b) for the different aspect ratios. The deviation from 
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Fig. 18. Probability density function normalized to unity of particles with 
aspect ratio 𝛽 = 1, 𝛽 = 2, 𝛽 = 4, and 𝛽 = 8 at 𝑥∕𝐷 = 10 in turbulent free jet 
flow. The particles show similar distributions for all investigated aspect ratios, 
which indicates that the impact of the aspect ratio gradually diminishes in free 
jet flow.

the mean increases for all aspect ratios in the streamwise direction 
𝑥∕𝐷 until 𝑥∕𝐷 ≈ 3. Further downstream, the standard deviation 
decreases which implies that particles tend to cluster closer together 
with increasing distances from the nozzle exit. It can be concluded that 
the aspect ratio of the particles has a large impact on their spreading 
rate in the turbulent free jet.

The higher spreading of the ellipsoidal particles in the turbulent free 
jet flow is correlated to their increased rotational dynamics.

The probability density function 𝑝𝑑𝑓 (|𝜔| 𝑑𝑒𝑞∕𝑢𝑏) of the absolute 
angular velocity |𝜔| 𝑑𝑒𝑞∕𝑢𝑏 is shown at 𝑥∕𝐷 = 5 and 𝑥∕𝐷 = 10 in Fig. 
20. The distributions show that ellipsoidal particles with an aspect ratio 
of 𝛽 = 8 possess higher angular velocities compared to particles with 
smaller aspect ratios. Further downstream at 𝑥∕𝐷 = 10, the angular 
velocity slightly increases for all aspect ratios in comparison to 𝑥∕𝐷 = 5.

Since the jet free-shear layer merges towards the end of the potential 
core the particles are subject to larger scale fluctuations in the turbulent 



T. Kiwitt et al. International Journal of Multiphase Flow 194 (2026) 105443 
Fig. 19. Particle spreading in turbulent free jet flow. The particle aspect ratios cause different lateral spreading rates in the streamwise direction 𝑥∕𝐷.
Fig. 20. Probability density function 𝑝𝑑𝑓 (|𝜔| 𝑑𝑒𝑞∕𝑢𝑏) of the absolute angular 
velocity |𝜔| 𝑑𝑒𝑞∕𝑢𝑏 for 𝑥∕𝐷 = 5 (dashed) and 𝑥∕𝐷 = 10 (solid).

jet, which increases the likelihood of varying surface forces around the 
particles such that the rotational dynamics is enhanced.

Fig.  21 shows the average orientation of all ellipsoidal particles 
𝛽 ≥ 2 and the individual orientation of the 𝛽 = 2, 𝛽 = 4, and 𝛽 = 8 at 
the end of the near field 𝑥∕𝐷 = 10. The alignment with the streamwise 
axis is similar to the result in Fig.  15 for the pipe flow. However, the 
dip at 𝜙𝑥 ≈ 90◦ has disappeared.

In other words, the particles tend to align normal to the streamwise 
direction without any clear deviations. Compared to the pipe flow, 
the velocity gradients in the radial direction are reduced such that 
the forces on the particle surface are more evenly distributed. The 
ellipsoidal particles consequently tend to behave as bluff bodies. Similar 
results are reported by Fröhlich et al. (2021) who investigated settling 
ellipsoids in isotropic decaying turbulence by means of Lagrangian 
point-particle models.

6.2.2. Jet structure
The flow structure of a free jet is characterized by the development 

of the free-shear layer and the potential core. The velocity profile in 
Fig.  22 shows the single and multiphase solution in the potential core 
at 𝑥∕𝐷 = 1. The single-phase jet velocity profile is wider than that of the 
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Fig. 21. Probability density function 𝑝𝑑𝑓 (𝜙𝑥) of the particle orientation 𝜙𝑥 at 
𝑥∕𝐷 = 10 for ellipsoidal particles.

particle–laden jet whose radial extension is reduced by approx. 4%. The 
narrower extension is compensated by a slightly higher peak velocity 
on the centerline. Due to the small distance to the jet exit plane, it 
is clear that the distributions in Fig.  22 are strongly affected by the 
upstream pipe flow.

The particle–laden potential core has a higher mean velocity on 
its centerline. Due to the relative transfer of kinetic energy inside the 
potential core resulting from the spatially varying ratio of interphase 
energy exchange and increased dissipation rates, the shear layer of the 
jet is modulated. This means that the kinetic energy is more centralized 
to the core compared to the single-phase case. This results in lower 
velocity gradients in the radial direction which further impacts the 
energy decay rates. As a consequence of the altered core geometry, 
the length of the potential core is significantly increased. The length is 
defined by the position where the centerline velocity is less than 90% 
of its initial value, i.e., 𝑥𝑐𝑙(𝑢𝑐𝑙∕𝑢𝑐𝑙,0 = 0.9).

To counterbalance the elevated velocities on the centerline, Fig.  23 
shows that the distribution of the centerline velocity of the particle–
laden flow has a steeper decrease. The dynamics of the turbulent free 
jet flow in the near field (0 ≤ 𝑥∕𝐷 ≤ 10) evolve similarly to a sudden 
expansion. Due to the free-shear layers, turbulence further develops 
before reaching self-similarity further downstream.
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Fig. 22. Radial extension of the velocity 𝑢∕𝑢𝑐𝑙,𝑥∕𝐷=0,𝑠𝑖𝑛𝑔𝑙𝑒−𝑝ℎ𝑎𝑠𝑒 for the single-
phase and particle–laden case at 𝑥∕𝐷 = 1. The radial extension of the velocity 
is reduced by 4% for the particle–laden jet yielding a higher maximum velocity 
on the centerline.

Fig. 23. Development of the velocity 𝑢𝑐𝑙∕𝑢𝑐𝑙,0 in the streamwise direction for 
the single-phase and the particle–laden flow. The location at which the velocity 
drops below 90% of its initial value is moved downstream from 𝑥∕𝐷 = 5.62 to 
𝑥∕𝐷 = 6.24 in the particle–laden case, i.e., by ∼ 10%.

Hence, Fig.  23 shows that the decay of fluid energy is greater 
at 𝑥∕𝐷 ≥ 7 for the particle–laden jet flow. The previously outlined 
tendency of the particles to increase the local fluid dissipation is 
related to the inertia forces of the particles. To be more precise, the 
inertia of the particles in the turbulent free jet decreases due to the 
spreading of the jet. Consequently, the fluid velocity is higher than the 
particle velocity which lowers the fluid kinetic energy. The tendency 
to break up coherent turbulent structures and enhance the transfer 
from the large-scale to the small-scale motions in the near field is 
well known (Burattini et al., 2004; Ball et al., 2012). This is further 
intensified by the particles which facilitate the break-up process. This 
statement is further investigated in the following.

6.2.3. Fluid kinetic energy
The temporal development of the total kinetic energy of the fluid 

in the near field is shown in Fig.  24 for the single-phase jet and 
the particle–laden jet normalized by the maximum kinetic energy 
𝐸𝑘,𝑚𝑎𝑥,𝑠𝑖𝑛𝑔𝑙𝑒−𝑝ℎ𝑎𝑠𝑒 of the single-phase flow. The kinetic energy is inte-
grated in a volume [0 ≤ 𝑥∕𝐷 ≤ 10,−5 ≤ 𝑦 ≤ 5,−5 ≤ 𝑧 ≤ 5]
and is normalized by the kinetic energy of the single-phase flow and 
the integrated volume, i.e., excluding the volume of the embedded 
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Fig. 24. Temporal development of the normalized fluid kinetic energy of 
the single-phase and particle–laden flow. In comparison to the single-phase 
turbulent free jet, the particle–laden jet is reduced by 9.1% on average and 
small-scale fluctuations are present.

particles. The distribution of the single-phase jet possesses hardly any 
fluctuations. The kinetic energy reaches an almost steady value. The 
particle–laden jet fluctuates, it shows an unsteady distribution caused 
by the energy modulations of the carrier flow imposed by the particles. 
The fluid kinetic energy in the particle–laden jet is reduced by approx. 
9.1%. The kinetic energy distribution does not converge to a constant 
steady state value since the number of particles and their aspect ratios 
vary temporally in the jet volume.

6.2.4. Fluid turbulence intensity
The impact of different particle shapes on the turbulence intensity 

in fluid flow depends on various parameters (Gore and Crowe, 1989; 
Tsuji et al., 1984; Vreman, 2007; Sheen et al., 1994; Ljus et al., 2002).

To assess the impact of non-spherical, ellipsoidal particles on the 
intensity of the turbulent scales, the turbulence intensity 

√

𝑢′2∕𝑈𝑚 nor-
malized by the single-phase maximum turbulence intensity is evaluated 
along the centerline. It is shown in Fig.  25 for the single-phase and 
the particle–laden jet. Overall, the distributions follow a similar trend. 
Initially, the development of the turbulence intensity is identical. At 
the nozzle exit, the initial instabilities generated by the free-shear layer 
result in turbulent flow structures which convect downstream (Burattini 
et al., 2004; Ball et al., 2012). Vortex roll-ups occur which enhance 
the spreading of the jet in the near field. This interaction breaks 
up coherent structures resulting in the development of the turbulent 
fluctuations in the later stages of the jet development (Ball et al., 2012; 
Burattini et al., 2004). The tendency is enforced by the particles which 
are known to break up coherent large-scale motions (Feng et al., 2024). 
The turbulence intensity of the particle–laden jet and the single-phase 
jet diverge at 𝑥∕𝐷 ≥ 3 where the particle–laden jet is severely damped.

The increased break-up of coherent structures and the higher dissi-
pation due to the velocity differences between the carrier fluid and the 
particles cause the energy of the fluid to decrease and the turbulence 
intensity to be weakened. As shown before, the dissipation rate is im-
pacted by the anisotropic particle shapes and the rotational dynamics. 
Therefore, the dissipation of the fluid is increased by the increased 
stress on the particle surfaces resulting in the steep drop off shown in 
Fig.  23. At the end of the near field, the turbulence intensity is reduced 
by approx. 20%.

7. Conclusion

The impact of spherical and ellipsoidal particles on the overall flow 
structure in turbulent free jet flow is investigated. The particles possess 
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Fig. 25. Streamwise development of the turbulence intensity 
√

𝑢′2∕𝑈𝑚 normal-
ized by the single-phase maximum turbulence intensity (

√

𝑢′2∕𝑈𝑚)𝑚𝑎𝑥 on the 
centerline for the single-phase and particle–laden jet. The initial development 
is similar. However, the intensity is strongly damped at 𝑥∕𝐷 ≥ 3 in the 
particle–laden jet due to the effect of the particles on the large-scale structures.

aspect ratios in the range 1 ≤ 𝛽 ≤ 8. The simulations are performed 
using a cut-cell method in a finite-volume formulation. The surfaces 
are described by a level set method. Together with the multi cut-cell 
method highly accurate results in which mass, momentum, and energy 
are conserved, were achieved.

The turbulent free jet is computed simultaneous with a pipe flow. 
The latter provides the inflow data for the jet. This setup ensures phys-
ically correct particle and fluid properties at the jet inflow boundary.

The particle dynamics and flow characteristics of the
fully-developed periodic pipe flow are investigated separate from the 
turbulent free jet flow. The particle distribution is assessed and the 
preferred orientation as a function of the varying particle aspect ratios 
is outlined. The results show preferential concentrations and orien-
tations based on the particle aspect ratio and the relative position 
inside the pipe. For increasing aspect ratios, the distribution of the 
particles inside the pipe takes a more uniform distribution. Whereas 
spherical particles tend to align close to the pipe wall, ellipsoidal 
particles tend to align throughout the domain as the aspect ratio 𝛽
increases. The major reason for the different distribution inside the pipe 
is the anisotropic particle shape, i.e., the elongated major axis. Due to 
the particle shape, rotational movement is induced that leads to in-
creased spanwise dynamics. Preferential orientations of the ellipsoidal 
particles are identified at 𝜙𝑥 ≈ 55◦ and 𝜙𝑥 ≈ 125◦, i.e., 90◦± ∼ 35◦

where 𝜙𝑥 is the inclination angle against the streamwise direction. 
The almost perpendicular orientation is caused by the relative velocity 
and pressure differences at the particle tips of the anisotropic particles 
resulting in varying mechanical forces at the particle surfaces. The 
particles interact with the carrier fluid by transferring kinetic energy 
to and from the fluid. Depending on the relative position inside the 
pipe, all particles are shown to extract energy from the pipe center and 
to transfer energy to the fluid towards the pipe walls. This tendency is 
further amplified by the aspect ratio, i.e., a higher aspect ratio tends 
to increase the energy transfer. The particles are shown to additionally 
induce dissipation in the fluid. Similar trends as to the energy transfer 
are observed although varying in magnitude. The magnitude of the 
induced dissipation is on average larger than the energy transfer. This 
is shown to be caused by the additional rotational dynamics of the 
ellipsoidal particles and the relative velocity differences between the 
fluid and the particles.

Subsequently, the turbulent free jet flow is analyzed with emphasis 
on the near field region 𝑥∕𝐷 ≤ 10. The jet flow is modulated by the 
14 
particles. That is, the jet radial extension is reduced by approx. 4% due 
to the particles. The velocity along the centerline has a steeper negative 
slope in the particle–laden jet since the particles induce additional 
dissipation. The comparison of the kinetic energy budgets between 
a single-phase and the particle–laden jet reveals an attenuation of 
the fluid kinetic energy by approx. 9% through the particles. The 
turbulence intensity is reduced by approx. 20%.

In the future, a turbulent non-isothermal free jet will be ana-
lyzed, i.e., the impact of varying temperature between carrier flow and 
particles due to the locally varying heat transfer will be investigated.

Additionally, shape and mass changes will be investigated since 
solid particles undergo significant shape and mass changes during 
combustion processes (Riaza et al., 2020; Holmgren et al., 2017). In the 
present work, it was shown that the different shapes of the particles 
lead to varying concentrations and modulations of the carrier flow. 
Hence, the temporally changing aspect ratio of the particles likely will 
lead to different results.

Furthermore, mass changes result in varying Stokes numbers and as 
such in varying inertial dynamics. It is expected to observe larger radial 
dynamics of the particles due to smaller inertia at lower Stokes num-
bers. The particles are most likely to closer follow the turbulent eddies 
and the energy exchange is expected to be weakened. Consequently, 
the fluid kinetic energy would be modulated by a lesser degree and 
the statistics will be closer to the single-phase flow configuration. For 
larger Stokes numbers, the opposite is expected.
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