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Abstract

Suspensions of finite-size solid particles in a turbulent pipe flow are found
in many industrial and technical flows. Due to the ample parameter space
consisting of particle size, concentration, density and Reynolds number, a
complete picture of the particle-fluid interaction is still lacking. Pressure
drop predictions are often made using viscosity models only considering the
bulk solid volume fraction. For the case of turbulent pipe flow laden with
neutrally buoyant spherical particles, we investigate the pressure drop and
overall drag (friction factor), fluid velocity and particle distribution in the
pipe. We use a combination of experimental (MRV) and numerical (DNS)
techniques and a continuum flow model. We find that the particle size and
the bulk flow rate influence the mean fluid velocity, velocity fluctuations and
the particle distribution in the pipe for low flow rates. However, the effects
of the added solid particles diminish as the flow rate increases. We created a
master curve for drag change compared to single-phase flow for the particle-
laden cases. This curve can be used to achieve more accurate friction factor
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predictions than the traditional modified viscosity approach that does not
account for particle size.

Keywords: particle suspensions, turbulent pipe flow, pressure loss
prediction, spherical particles

1. Introduction

It is well known that the presence of a non-negligible mass fraction of a
solid phase in a turbulent flow will modulate the flow dynamics in intricate
ways (Balachandar and Eaton, 2010)), especially if the particle size is com-
parable to or greater than the most minor (Kolmogorov) length scales of the
flow Brandt and Coletti (2021). This is undoubtedly the case in many in-
dustrial applications, where the particle size d, varies from a few microns to
a few centimetres. In contrast, the diameter D of the pipe that conveys the
mixture could reach the meter scale |Pullum et al. (2018). In addition, it is
expected that the flow features a dense concentration of such finite-sized par-
ticles, resulting in vibrant dynamics where particle-fluid and particle-particle
interactions modulate the flow dynamics |Elghobashi| (1994). Pressure-driven
transport of solid-fluid mixtures in pipelines is a fundamental flow problem of
considerable practical significance (e.g., transport of slurries or wastewater,
processes related to drinking water treatment, food industry and transport
of pulp fibres in paper-making processes). In these pipelines, a large por-
tion of the energy is lost due to turbulence-induced drag and a fundamental
understanding of how this is modified by the presence of a dispersed solid
phase would give clues and insights on how to predict, control and modify the
flow, aiming for either lower energy consumption or higher product quality
(e.g. via increased mixing). Due to the complex interplay between different
physical effects and the vast number of input parameters, mainly empirical
relationships have been proposed to estimate the pressure drop in hydraulic
transport of solid-fluid mixtures (Durand}, [1953; Zandi and Govatos, [1967)).
Over the years, both experiments and simulations have been fraught with
high uncertainties, making it challenging to achieve repeatability between
two similar tests under the same conditions (Zandi, 1971). Thanks to the
development of efficient algorithms for particle resolved simulations Uhlmann!
(2005); Breugem! (2012)) and increased measurement capabilities (Brandt and
Coletti, 2021) turbulent pipe and channel flow laden with mono-dispersed
rigid spherical neutrally-buoyant particles have now been studied to a some-



what larger extent with great detail both numerically (see, e.g. [Yu et al.
(2013)); [Zhao et al. (2010)); [Shao et al| (2012); [Lashgari et al| (2014)); [Picano
et al.| (2015)); [Lashgari et al.| (2016)); [Fornari et al.| (2016al); Costa et al.| (2016]);
Niazi Ardekani et al| (2017); Eshghinejadfard et al|(2017); Peng and Wang]
(2019); [Yousefi et al.| (2023)); Hogendoorn et al. (2023)) and experimentally
(see e.g. [Zade et al| (2018)); [Leskovec et al. (2020)); [Hogendoorn et al| (2023))
and thanks to this we have been given insights into the physics governing
these flows.

An approach to modeling suspension flows is to treat the suspension as
a continuous medium with an effective viscosity v, compared to the viscos-
ity of pure fluid v (Guazzelli and Morris, 2011). This has been a common
approach in rheology, dating back to the works of Einstein| (1911)); Batchelor;
and Batchelor and Green| (1972)). These works studied the rheological
properties of suspensions using theory and semi-empirical arguments to de-
rive relations for the effective suspension viscosity v, at dilute (< 0.01) and
semi-dilute (< 0.10) solid volume fractions. Due to the increasing problem
complexity with increasing volume fraction, ¢ — even in laminar flows — only
entirely empirical or semi-empirical fits are available for characterization of
the suspension rheology, such as the ones suggested by and
Krieger and Dougherty| (1959). A drawback of these semi-empirical fits and
the continuum approach is that only the solid phase volume fraction is con-
sidered, and the size and shape of the suspended particles are left out. The
importance of particle size was highlighted by, e.g. Matas et al. (2003), who
studied how the particle-to-pipe-diameter ratio, d,/D, for mono-dispersed
rigid neutrally-buoyant spherical particles, influenced the behaviour of tran-
sition to turbulence for particle-laden flows. Non-monotonic trends for the
onset of turbulence were found. These experiments were numerically repro-
duced by [Yu et al. (2013)). More recent experimental work continued along
this line Leskovec et al|(2020); [Hogendoorn et al. (2022) arguing that there is
a need to include particle size to predict suspension effects on wall-bounded
turbulent flow.

Using an effective viscosity approach to estimate the turbulent drag was
proven by (Costa et al.| (2016]) to result in a lower drag than what is observed
in turbulent suspensions. The discrepancy was explained to originate from
the formation of a layer of particles near the solid wall. A scaling law was pro-
posed for predicting the friction Reynolds number as a function of the bulk
Reynolds number based on the thickness of the particle wall layer.
gari et al| (2014, [2016) performed numerical simulations of particle-laden

3



channel flow and identified three different flow regimes for suspensions of
neutrally buoyant particles: laminar-like regime where viscous stresses dom-
inate, a turbulent-like regime, where Reynolds shear stresses are the main
mechanism for momentum transfer and finally, at higher concentrations, a
so-called inertial shear-thickening regime where particle stresses are enhanced
and are the main contributors to the overall drag. For low Reynolds numbers
and low concentrations, viscous stresses dominate, whereas, at higher speeds,
the Reynolds shear stresses take over, and at higher volume fractions, parti-
cle stresses are enhanced. Focusing on high Reynolds numbers, a migration
of particles to the core region was reported, which was significant in dense
cases, ¢ 2 0.30. Picano et al.| (2015) studied dense suspensions in turbulent
channel flows up to volume fraction ¢ = 0.20. They demonstrated that,
despite the overall drag continuing to grow, the Reynolds shear stress and
velocity fluctuation intensities increased with volume fraction before sud-
denly declining after a local maximum. The drag increase was attributed
to the increased turbulence up to a certain volume fraction threshold and
particle-induced stresses. [Yousefi et al. (2023) investigated dense suspen-
sions (up to ¢ = 0.30) in turbulent channel flow for Reynolds numbers as
high as 10000. They found that the main contributors to overall drag was
the particle-induced stresses and the turbulence stresses, only a small part
of the drag was attributed to viscous stresses. The flow is turbulent-like for
0 < ¢ < 0.15 and 3000 < Rep < 15000 and moves into the inertial shear-
thickening regime when the volume fraction is increased (0.15 < ¢ < 0.30)
and the flowrate is reduced slightly (3000 < Re, < 10000). Under dense
conditions (¢ = 0.30), the flow becomes turbulent-like again as the flow rate
increases and the turbulent stresses dominate the particle-induced stresses.
This is attributed to flattening the particle volume fraction profile where
fewer particles move to the channel’s core. As a result, the particle-induced
stress becomes less significant, and the turbulent activity rises. According
to their findings, the flow will experience high enough Reynolds stresses and
velocity variations to revert to homogeneously turbulent conditions, leaving
the particle-induced stresses regime. [Shao et al.| (2012)) studied a turbulent
channel flow for two different values d,/D and volume fraction ¢ ~ 0.07 and
showed that the particle size effect on turbulence is connected to the volume
fraction. A higher number of smaller particles are present for a given ¢,
leading to a larger total particle surface area and, hence, an increase of the
Reynolds shear stresses. Similar results were reported by Eshghinejadfard
et al| (2017), who found that for two different particle sizes in a turbulent
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channel flow, the smaller of the two had the most profound effect on velocity
statistics. |[Peng and Wang (2019) investigated two different particle sizes in
particle-laden turbulent channel and pipe flows and found that smaller parti-
cles lead to stronger ejection and sweeping events near the wall due to faster
rotation of the small particles and a larger total surface area. They also found
that for a given ¢ and particle size, there is a stronger migration towards the
core for a pipe than a channel flow due to the shrinking volume of the pipe
in the centre region. Turning our attention to experimental work, |Zade et al.
(2018)) reported similar migration trends for a duct flow compared to a chan-
nel flow. They studied three different particle sizes and a range of Reynolds
numbers. Also, non-monotonic trends for the pressure drop as a function
of particle size were found for high-volume fractions where a reduction of
turbulent stresses but an increase of particle-induced stresses was reported.
The complex interaction of spherical particles and flow structures in a tur-
bulent channel flow was investigated by Van Hout et al. (2022) who found
that the particles might affect the evolution of structures in the boundary
layer. Only dilute conditions were studied, but the findings indicate that for
increased volume fractions the finite-sized particles will modify the near-wall
turbulent structures to a large extent and hence impact the wall friction and
turbulent drag. Hogendoorn et al.| (2023) performed a combined experimen-
tal and numerical study of a turbulent pipe flow of dense suspensions (up to
¢ = 0.47) where three characteristic cases were identified and a parameter
space (¢ vs. Re) created. The Re in the study is the suspension Reynolds
number based on the effective viscosity from the semi-empirical fit by [Eilers
(1941). The first case was characterised as low ¢ and high Re and dominated
by turbulence with a homogeneous particle distribution. In the second case,
at moderate ¢, particle migration towards the pipe centre and forming a solid
core were observed at moderate ¢. For even higher ¢, the third identified
case, the solid core expanded from the centre towards the pipe walls due to
maximum packing being reached in the pipe centre. Pressure drop measure-
ments for ¢ and Re and non-monotonic trends in the turbulent drag were
reported. An increase in drag was seen for the first case, then a decreasing
drag for the second case and an even further decrease for the third case. The
authors speculated that additional friction from the particle wall layer for
low ¢ introduces the drag increase first seen, and for higher ¢, gradients in
the solid volume fractions result in a strong non-uniform effective viscosity
in the wall-normal direction. The near-wall region, with its relatively lower
¢, acts as a lubrication layer, reducing drag.



Table 1: Experimental set-up

Parameter Symbol Value

Particle size d, {0.5,1,2,3} mm
Particle density Pp 1.03 g/cm?

Pipe size Dyipe {21, 34,42} mm
Fluid Brix °Bzx 7.4

Fluid density ps 1.03 g/cm?
Fluid dynamic viscosity [y 1.25 mPas

Over the years, progress in understanding particle-laden turbulent trans-
port has been driven by the evolution of experimental and numerical tech-
niques. As stated in the recent review of Brandt and Coletti| (2021)), there
is great potential when both approaches are used in a complementary way,
as in the studies by Wang et al.| (2019) and Hogendoorn et al.| (2023). This
is also the approach taken in the present study, where we aim to investigate
the effect of neutrally buoyant spherical particles in turbulent pipe flow us-
ing interface-resolved direct numerical simulations (DNS) and experimental
measurements of pressure drop and velocity statistics from phase-contrast
magnetic resonance velocimetry (MRV). Different flow cases are investigated
by varying the particle size, concentration, and flow rate of the mixture.
Changing the flow rate in the experimental rig is a quick way to vary one of
the parameters in the large parameter space. From this parameter variation,
exciting cases are identified and further examined using DNS, aiming at re-
vealing the secrets of turbulent particle-laden flow. In particular, we examine
how the overall pressure gradient changes for the single-phase flow upon the
addition of particles, how the velocity field changes, and how these changes
are connected to particle migration. We also report a universal drag increase
curve based on the scaling of pressure drop measurements for a wide range
of flow rates, solid volume fractions and particle sizes.

2. Methods

2.1. Ezxperimental set-up

The experimental setup used to measure the drag of suspension flows is
sketched in Figure |1l Three pipes with different diameters (D = {21, 34, 42}
mm) have been used together with four different particle sizes (d, = {0.5, 1, 2, 3}
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Figure 1: Set-up.

mm) to obtain particle-to-pipe size ratios of d,/D = 0.012 — 0.14. An aque-
ous sugar solution, with Brix (g of sucrose per 100g of solution) °Bx =
7.4 + 0.2, was used as the suspension solution to match the density of the
fluid p; with that of the particles p,. The particles were made of STMMA
(Styrene-Methyl Methacrylate Copolymer). The addition of sugar increased
the dynamic viscosity of the suspension fluid to py = 1.25 mPas, which
was measured using a viscometer (Brookfield DVII+Pro, AMETEK Brook-
field, Middleboro, MA, USA). The suspension temperature was maintained
at 2010.5°C using an immersion-coil heat exchanger placed inside the conical
tank; see Figure[l] A gentle disc pump (Discflo Corporations, CA, USA) was
used for the small and large pipe facility, and a centrifugal pump (Flygt model
3085.183, Xylem Water Solutions AB, Sweden) with a modified impeller and
volute to allow particles to pass through was used for the medium pipe facil-
ity. The pressure drop was measured using differential pressure transducers
(Fuji Electric France, S.A.S.) after a development length of at least 140D for
the three pipes. The two pressure taps were separated by L = 0.8m. Elec-
tromagnetic flowmeters (Krohne Optiflux 1000, Krohne Messtechnik GmbH,
Germany) were used to measure the volumetric flow rate @ of the suspen-
sion, from which the bulk velocity was calculated as u, = Q/A with A = WDTQ.
Drag, expressed as the Fanning friction factor f, was calculated from

Tw AP D
f = w2 I 2 2 (1)
Pra Pt



where 7, is the wall shear stress and AP/L the mean streamwise pressure
gradient.

In addition to the pressure measurements, we have used Phase-Contrast
Magnetic Resonance Velocimetry (PC-MRV or MRV) to obtain the carrier
fluid mean velocity and estimates of the variance of the fluid velocity. In
this study, MRV allows full-field measurements in fully opaque suspensions,
an advantage over traditional experimental methods such as Particle Im-
age Velocimetry (PIV) and Laser Doppler Velocimetry (LDV), which require
transparent liquids and solids. We have used a 1 Tesla Magnetic Resonance
system (Aspect Imaging, Israel); details of the measurement technique and
the MR system can be found in |Dyverfeldt et al. (2006); Elkins and Alley
(2007) and MacKenzie et al.| (2017).

2.2. Numerical set-up

We performed interface-resolved direct numerical simulations (DNS) of
turbulent pipe flow laden with finite-sized spheres. The fluid flow is solved
on a background regular Cartesian grid with equal spacing Al along all direc-
tions, with a volume-penalization immersed-boundary method to describe the
pipe geometry (see, e.g. Kajishima et al.| (2001)); Ardekani et al.| (2018))). The
immersed-boundary method of Breugem| (2012) (see also|Uhlmann| (2005))) is
used to solve the flow around the neutrally buoyant spheres. Short-range hy-
drodynamic interactions/solid-solid contacts between particles and particles
and walls are accounted for using the collision model by [Costa et al.| (2015).
The solid-solid contact between the rigid particles is governed by a normal
dry coefficient of restitution, absence of lubrication effects e,, 4 = 0.97, a tan-
gential coefficient of restitution e, ; = 0.15, and coefficient of sliding friction
is = 0.2. Lubrication corrections for the normal lubrication force when the
distance between two solid surfaces is small are used as described in |Costa
et al.| (2015), with the same model parameters as those used in |Costa et al.
(2018).

The general method has been used successfully and validated in previous
studies of wall-bounded transport of finite-sized particles (e.g. |Picano et al.
(2015); |Lashgari et al.| (2016]).

Turbulent flow is simulated in a domain with periodic streamwise ()
direction and no-slip no-penetration along the other directions (e.g. in the
absence of volume penalization, a square duct). IBM’s volume penalization
ensures the solution over a cylindrical pipe with radius R in a flow driven
by a uniform pressure gradient that ensures a constant bulk velocity. While
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Table 2: Physical and computational parameters for the interface-resolved particle-laden
pipe flow DNS.

Parameter Symbol Value
Reynolds number Re, 10150
Volume fraction ¢ {0,0.05,0.20}
Pipe-to-particle diameter ratio d,/D {0.047,0.098}
Particle-to-element size ratio d,/ Al 24

the resolution requirements for accurately performing a pipe low DNS using
a volume-penalization IBM are high, resolving the spherical particles with
0O(10) grid points over the diameter in this fixed-grid solver is what dictates
the grid resolution.

Table [2| reports the physical and computational parameters.

2.3. Upscaled continuum model

We will use the mean flow model of |Costa et al.| (2016) to estimate the
overall flow drag under regimes that fall within the model assumptions. The
model was developed for a turbulent plane channel flow and was seen to
be able to reproduce measurements accurately from direct, particle-resolved
simulation data. The present work allows us to further assess the model
fidelity against a more comprehensive parameter range. Since we consider a
circular pipe here, we summarize the model adapted to this geometry below.
Moreover, differently from Costa et al.| (2016), we derive the model equation
for the overall drag expressed in terms of the skin friction coefficient (or

Fanning friction factor) f = 7,/ (p%g), instead of a friction Reynolds number
Re, = u,h/v where u, = \/7,/p.

The model assumes that the flow domain can be divided into two re-
gions. The first, away from the wall, is the homogeneous suspension region,
where the particle concentration is approximately uniform, and the appar-
ent particle-to-fluid slip velocity — the difference between the mean particle
and mean fluid velocity — is negligible. Under these conditions, the flow in
this region is assumed to be realistically modeled as a thickened Newtonian
fluid. The second region, near the wall, is the particle-wall layer, where the
confining effect of the wall makes the assumption of a homogeneous region
unrealistic. Here, particles tend to skim along the wall with a velocity higher
than the local mean fluid velocity.



We therefore assume a two-fluid channel flow with a higher viscosity v, in
the homogeneous suspension region, decreasing from v, to v in the particle-
wall layer. The model assumes that the flow in the homogeneous suspension
region corresponds to that of a smaller pipe with an effective suspension
viscosity v.(¢) obtained from well-known correlations from the rheology of
particle suspensions |Stickel and Powell (2005), with a virtual wall origin
shifted by 0, (¢, d,), imposing a stress 7% at the edge of the particle-wall
layer. Since both regions are subjected to the same pressure gradient, the
mean wall shear stress 7,, can be obtained by linearly extrapolating the total
shear stress at the edge of the particle-wall layer, 7, to the wall. Hence, the
effective pipe radius, effective viscosity, and effective wall shear at the virtual
wall origin d,,, are given by:

wonfiot), @

2
Vezl/<1—|-ﬁ%> ,and (3)

) "

with 8 = 5/4 and ¢nax = 0.65 used in the Eilers fit (Eq. giving the
effective viscosity of the suspension. The virtual wall origin d,,, is given by
the following relation Costa et al.| (2016)):

5pw = pr dp(‘b/(bma)()l/gy (5>

with Cp, = O(1) = 1.5.
The Colebrook-White formula (Colebrook, 1939) for a suspension in a
smooth pipe is used for the thickened homogeneous suspension region:

1 2.51
Nl —2logy, (m) ; (6)

where Rej , = u,R* /v, is the Reynolds number of the homogeneous suspen-
sion region. The values pertaining to the whole pipe can then be determined
by using the relations above (Egs. 7), resulting in:

i _ _o¢l/2 251 Xe
\/7 - 2§pw 1Ogl() (\/TReb &%)2> ! (7>
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Table 3: Experimental results.

Parameter Symbol Value

Relative particle size d,/D {0.012,0.016, 0.023, 0.029,
0.048,0.063,0.1,0.14}

Particle volume fraction 0] {0.05,0.10,0.20}

Bulk Reynolds number Rey, {10000 — 41000}

with x. = v./v and &, = 1 — d,,/R. Alternatively, following the same
procedure, the explicit Haaland correlation for the friction factor of a smooth
pipe (Haaland and Asme, |1983]) becomes:

L _ 1/2 @ Xe
\/7 - 1'8€pw 1Ogl(] (Reb gpw) : (8)

We should stress again the assumptions used in the model of |Costa et al.
(2016)): 1) the slip velocity between phases in the bulk of the flow is negligible;
i) the effective Reynolds number Rej , is high enough to assume scale separa-
tion; iii) the extent of the particle-wall layer d,,, (o< d,) is much smaller than
the pipe radius R; iv) the particle concentration in the bulk of the channel
is assumed to be close to uniform. When these assumptions are satisfied, we
will see that the model produces good quantitative predictions of the present
experimental data and the simulations in Costa et al.| (2016). However, these
assumptions — especially the latter two — are not always satisfied for the cases
presented here. In these cases, the model is bound to produce qualitatively
incorrect predictions and trends.

3. Results

3.1. Overview of the experimental and numerical configurations

We present experimental data in the form of drag for three volume frac-
tions, nine relative particle sizes and nine different flow rates; see Table [3]
We also report velocity statistics and local volume fraction obtained from
MRV for ¢ = 0.05 and 0.20, d,/D = 0.1 and Re;, ~ 16 500 and 20 600. Nu-
merical data from DNS are also presented, including drag, velocity statistics
and local particle volume fraction for ¢ = 0.05 and 0.20, d,/D = 0.047 and
0.098 at Re, = 10 150.

As reported in earlier studies (e.g. |Zade| (2019); Hogendoorn et al.| (2023);
Yousefi et al.| (2023))) the drag increases with solid volume fraction ¢ for a
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given Rey, see Figure As Rey, increases, the difference between the single-
phase and the particle-laden flow drag decreases, with trends suggesting that
the drag eventually approaches the single-phase data regardless of particle
size and particle volume fraction, for ¢ = 0.05 a possible absolute drag reduc-
tion is seen for high Re;,. In what follows, we will analyze these observations
in more detail.

To compare with the numerical data presented here and the continuum
model of (Costa et al| (2016), we break down the trends of pressure drop
with particle size for different Reynolds numbers in Figure 2l We see the
change in friction factor when particles are added to a single-phase flow of
a Newtonian fluid as a function of the particle-pipe diameter ratio d,/D.
The friction factor predicted by the simplest effective viscosity approach is
represented for each ¢ as horizontal dashed lines, as this value is independent
of the size of the particles. The measured friction factor can be higher and
lower than predicted using the suspension effective viscosity above. The solid
lines correspond to the friction factor calculated from the particle-wall theory
of (Costa et al.| (2016)).

Let us first consider the case at Re, ~ 10150 (panel (a)), for which
interface-resolved DNS data is also available. As shown in the figure, the
model provides reasonable estimates of the friction factor for d,/D < 0.03 and
¢ < 0.1. The model predicts an increase in friction factor for larger particle
sizes and higher volume fractions, while the measurements and simulations
predict a decrease. As the Reynolds number increases (panels (b)-(d)), the
friction factor decreases for the experimental measurements, while the model
still predicts an increase. These inaccurate model predictions are due to the
growing importance of two distinct mechanisms.

First, particles are more prone to migrate towards the core region at
large volume fractions due to (inertial) shear-induced particle interactions;
see Fornari et al.| (2016b). The non-uniform particle concentration breaks the
validity of the assumption of constant effective viscosity v¢(¢) in the homo-
geneous suspension region. This mechanism might be modeled by extending
the ideas in|Costa et al.| (2016) to a variable viscosity profile v°(¢) in the bulk
flow, consistent with the mean local concentration. However, such a modeling
approach requires (1) a prediction of the viscosity and particle concentration
profiles and (2) a computational strategy for the system using this variable
viscosity profile (e.g., a RANS model including a transport equation for the
local volume fraction), as in this case there is no simple closed form for the
friction factor to derive an equation analogous to Eqn. (7).
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Figure 2: Relative change in friction factor due to the addition of spheres compared with
the single-phase flow of a Newtonian fluid at the same Re;. Experiments (e), predictions
from the particle-wall layer theory (Costa et al) [2016) (—) and effective suspension vis-
cosity (——). Panel (a) also includes DNS results (*).
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The second effect causing a deviation from the theory in (Costa et al.
2016)) is more difficult to model and occurs at higher flow Reynolds num-
bers or larger particle sizes. Here, the particle Reynolds number — a non-
dimensional apparent slip velocity — will increase (Costa et al.| (2018). Hence,
treating the mean flow in the bulk as a thickened Newtonian fluid becomes
unrealistic, irrespective of the particle distribution. This means that, unfor-
tunately, a variable viscosity approach does not suffice for reproducing the
physics of the system in this regime, and more complex models accounting
for finite-Reynolds number effects are required. A way to model the effect of
shear thickening due to non-negligible inertia at the particle scale can be by
incorporating the excluded volume effect as described by [Picano et al.[ (2013)).
Here, the shadow region of the particle is considered in addition to its phys-
ical volume fraction to estimate the effective viscosity of the mixture. The
shadow region is some function of the local shear rate. Knowing this along
with the local particle volume fraction in the pipe can be a way to extend the
analysis of (Costa et al| (2016) to particle-laden pipe flows. Attributing the
deviation from the model to the effect of the finite particle Reynolds number
is supported by trends in the results seen for increasing Reynolds number
in the different panels of Figure 2 As the Reynolds number increases, the
range of small particle sizes for which the drag increases as predicted by the
continuum model becomes smaller and smaller. This trend is particularly
evident when comparing the drag-increasing trends for small particle sizes at
volume fractions 5 and 10% in panels (b)-(d) of Figure 2]

For particles of size d,/D = 0.10, the pressure drop is almost the same
in experiments and simulations. For the smaller particles (d,/D =~ 0.05),
there is a discrepancy between the results. Despite this discrepancy, we
consistently observed in both experiments and simulations that the change
in friction factor is a non-monotonic function of the particle size and volume
fraction. At low concentrations, the drag decreases as the particle size is
increased. At high concentrations, the drag initially becomes higher, but as
the particle size is increased, the drag reduces.

3.2. Observations and discussion
3.2.1. Turbulent drag for Rey, and Re,

As shown in Figure adding the solid phase results in increased drag,
here quantified by the Fanning friction factor f as a function of Re,. As Re,
increases, the deviation of f from single-phase Newtonian fluid, indicated by
a black line using the empirical correlation from |Duan et al. (2012), decreases.
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Figure 3: Friction factor vs. Reynolds number for all particle-laden cases compared to
single-phase flow represented by the black solid line (correlation from Duan et al.| (2012)).
(a) Variation of friction factor f with bulk Reynolds number Re,. Dashed lines: 2.5%,
10% and 20% increase. (b) Same data re-plotted with the friction factor, here renamed
fe, expressed as a function of effective bulk Reynolds number, Re., based on an effective
viscosity (see Eq. , due to the addition of solid particles. Filled, unfilled and yellow
coloured markers correspond to the three different flow rigs used and the size of the marker
corresponds to the relative size of the particles.

For reference, the dashed lines in the figure indicate an increase in f of 2.5%,
10% and 20% compared to the single-phase Newtonian case, and the size of
the markers increases with the size of the particles (using some representative
scale). To elaborate, for the lowest Rey(~ 10000) the drag increases from
2% to as much as 42%, depending on d, and ¢. For the highest Re,(~
41000), the pressure drop increase is less, from —1 (drag reduction) to 16%;
a real drag reduction is observed for large d, and low volume fraction ¢ =
0.05. The particle size d, seems to play a less significant role than the solid
volume fraction, but there is still a dependency on d,, for the friction factor.
Specifically, at the lowest Rey, the largest particles give the highest pressure
drop, while at the highest Rey, smaller particles result in the highest pressure
drop. Note that a similar non-monotonic trend was found in the experiments
in a square-duct flow by |Zade et al| (2018).

In Figure [3b] we display the friction factor from the same experiments,
now as a function of an effective Reynolds number, with the notation f.. Us-
ing the effective viscosity, v,, which accounts only for the solid phase volume
fraction, yields a reduced Reynolds number Re, = “3—D. The effective viscos-
ity is computed using the semi-empirical Eilers fit in 6Eq. Bl Deviations from

15



the single-phase effective viscosity drag (black line) are especially evident for
high volume fractions. At the lower end of the Re, range all cases except
the smallest d, at highest ¢, show a drag increase. Differences in f. appear
as the particle size is varied, especially at high ¢. From Re. ~ 10000 and
onwards a drag reduction compared to the expected drag for a fluid with an
increased effective viscosity is seen for a large share of the studied cases. The
deviation from the effective drag is less for small particle sizes, and it is clear
that the particle size influences the drag. The study by Hogendoorn et al.
(2023)) reported a trend of decreasing drag with increasing Re., and a strong
decrease in drag was found for increasing ¢, (up to 40%). However, only
one particle size was investigated and as mentioned above, our experiments
reveal that f. has a particle size dependency that cannot be overlooked.

The friction factor f tends towards the single-phase line for all volume
fractions when increasing Re, without considering any modification of the
suspension viscosity, see Figure As we will see, this tendency to approach
single-phase flow drag and even drag reduction is possibly an effect of particle
migration, which forms a layer of “thinner” fluid near the wall while having a
laminarizing effect on the bulk flow, with mechanisms similar to the turbulent
flow of a fluid with a viscosity profile that increases from the wall towards
the channel; see De Angelis et al.| (2004)).

As mentioned above, the particle size d, is a parameter usually not in-
cluded in the estimation of the effective viscosity. This could explain why a
simple normalization of the bulk Reynolds number does not collapse the data
well. Note finally that the friction factors f, for the suspensions of the small-
est particles, dp/D = 0.012-0.016, are very close to the single-phase drag
using the effective viscosity for all three values of the volume fraction un-
der investigation. This indicates that models based on the effective viscosity
yield good predictions only for specific particle sizes.

3.2.2. Turbulent drag for Re, in inner units d;

To further investigate the role of particle size, we show in figure [4a the
relative change in drag versus the particle Reynolds number in inner units
df = dyu,/v. As d} increases, the drag increases and then decreases for
dp/D < 0.016 for all values of ¢. The flow exhibits an absolute drag re-
duction at the highest d;“ for the lowest concentration ¢,. The maximum
measured drag increase (regardless of Re,) is quantified in Figure [4b] where
it is displayed against d,,/D. The trends are similar for the data at 0.05 and
0.10 volume fractions, while there seems to be an abrupt increase for parti-
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Figure 4: (a) Maximum increase in friction factor (pressure drop) as a function of df and
(b) maximum increase in friction factor as a function of pipe-to-particle-diameter ratio
D/d,. The coloured bands represent the expected drag increase resulting from using an
effective viscosity for accounting for added particles. Filled, unfilled and yellow coloured
markers in (a) correspond to the three different flow rigs used.

cles larger than d,/D > 0.05 at ¢ = 0.20. This increase in maximum drag
occurs at low Re, (cf. Figure . Further reduction of d; would decrease
the bulk Reynolds number Re;, below 10000, outside of the investigated flow
rate range.

The colored bands in Figure [4b] indicate the increase in drag calculated
using an effective viscosity that does not depend on the particle size but on
Rey,. For particle sizes d,/D < 0.1, the maximum drag increase in volume
fractions ¢ < 0.10 is underestimated when using a prediction based on the
effective viscosity of the suspension. At volume fraction ¢ = 0.20, an effective
viscosity model can predict the maximum drag increase for some particle sizes
d,/D < 0.05 and underpredict for others. More than an effective viscosity
approach is needed for larger particles to capture the increased drag that
comes with added solid particles.

An attempt to collapse all the data in Figure [4]is made through an itera-
tive averaging process. Scrutinizing the drag vs d” data plotted in Figure
it was noted that there appears to be a maximum in the drag increase at
20 < dy < 25 for data sets that include this d; and have a d,/D > 0.016.
The first step of the averaging process is to obtain an average curve for all
data sets that contain this maximum. Index 7 is used for these datasets.
First, d . (where the index c stands for collapse) is selected and normalized
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Figure 5: The acquired pressure drop data has been collapsed into a generalized master
curve, solid black line in (a), for all volume fractions and particle sizes using a fitting
parameter for each data set (b). The d;—space spanned by Re, and dp,/D is seen in
(¢). The information can be used to estimate the pressure drop increase for a turbulent
particle-laden pipe flow compared to single phase flow.
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(dt
functions g;(d,') are obtained as g;(d}) = fildy) The normalization factors

T fildge)”
fi(d}.) are denoted K; and can be taken as an estimate of the maximum
drag increase for a given data set. We can now obtain the average of the
normalized drag increase curves g, (d;") by averaging g;(d.).

In the second step the data sets that does not include df . (tehse data sets

are indexed with j as f;(d})) are rescaled with a fitted normalization factor
K. This normalization factor is chosen so that g;(d;) = %C?) fits Ginir(d;})
as well as possible (in a least square sense) in the range of d” where g,,;; and
the respective data set overlap.

Finally, an ultimate mastercurve §(d;j ) is obtained by averaging all nor-
malized data sets, f;(d})/K; and f;(d})/K;, up to d} = 300. This master
curve is shown with the black curve on a gray background in Figure [5a] to-
gether with the corresponding fitting parameter K (estimate of the maximum
increase in drag in percent) for each data set in Figure The dashed lines
correspond to £15%. The function values for the generalized master curve
together with the fitting parmeters used are tabulated in Tables A.1 and A.2

in appendix [Xppendix A

Table 4: Measured (fimeasurea) and estimated (festimatea) friction factors compared to
single phase flow friction factor (fs,). Parameters (d}, Normalised Drag Increase (NDI),
K) computed from test cases in (Hogendoorn et al., 2023)).

Parameter Case 3 Case 4
Rey 7253 9977
d,/D 0.058 0.058
dl‘f 27.4 36.2
O 0.089 0.195
NDI 0.93 0.80
K 18.2 33.5
% 18.0 26.8
Loredited 16.9 16.6

The information in Figure 5[ can be used to predict the overall pressure
drop for a turbulent flow laden with particles. The particle size ratio (d,/D)
and the flowrate (Reyp) gives a dp™. The normalized drag increase for a given
dp* and the fitting parameter K for the corresponding particle size d,,/ D and
volume fraction ¢ give the total drag increase (in percentage) compared to a
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Figure 6: Profiles of fluid mean velocity from (a) DNS and (b) MRV. Numerical data is
acquired at Rep = 10150 and the experiment at Re, ~ 16500. Small effects are seen for
a volume fraction of 0.05 compared to single-phase flow.

single-phase flow. To test this concept, we use data from Hogendoorn et al.
(2023) (Cases 3 and 4 were chosen since the other cases required extrapolation
of the K parameter outside the ¢, range of our data) and estimate the friction
factor increase for the partice-laden case compared to the single phase flow,
see Table For case 3, we get an estimate of the drag increase of 16.9%
where the authors have reported an increase of 18.0%. A result that indicates
the potential of this generalized master curve. However, using case 4 we get
a drag increase estimate of 26.8% compared to the reported 16.6%. This
case is deemed by the authors to be in transition between two stable particle
distribution states, homogeneous distribution and core-peaking distribution.
This is a possible explanation for the discrepancy between our estimated
drag increase and the measured drag increase. Further experiments at higher
volume fractions and more particle sizes would add to a fitting parameter K
database to strengthen future estimates.

3.2.83. Mean velocity and local volume fraction

The mean velocity radial profiles extracted from simulations and experi-
ments are shown in Figure [0] for different volume fractions and particle sizes.
It can be observed that with an increase in the bulk solid volume fraction
¢, the velocity increases in the central region of the pipe and decreases in
the near wall region, resulting in a more parabolic profile resembling that
of a laminar flow. The effect is seen in simulations and experiments and is
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stronger for smaller particles (d,/D = 0.098) at ¢, = 0.20. This is most likely
because larger particles accumulate in the center, and the velocity becomes
more similar to a plug flow; similar findings have been reported by [Lashgari
et al| (2016). Compared to numerical data, the experimental profiles are
obtained at a higher Rej,, which could explain the more minor differences
between the profiles for different ¢,. The higher Re, leads to increased tur-
bulent activity, increasing the mixing and distribution of momentum across
the pipe. There are no significant differences between the numerical results
for the single-phase flow case and the ¢, = 0.05 cases, suggesting that parti-
cle size d,, does not reflect significantly in mean velocity profiles at these low
concentrations.

The numerical and experimental profiles of the particle concentration are
reported in Figure [7| for different Re;, ¢, and d, to provide insight into the
particle migration and its role on the velocity just discussed. We start by
keeping the flow rate constant and varying the particle size. For low solid
volume fractions (¢, = 0.05), the particle size has limited effects on the
particle concentration profiles, resulting in an almost homogeneous particle
concentration throughout the pipe, see Figure and [7b] The normalized
local volume fraction ¢, is the local volume fraction ¢ divided by the
bulk solid volume fraction ¢,. For ¢, = 0.20, there is an apparent size effect
where larger particles migrate towards the centre line, resulting in a local
volume fraction of ¢ ~ 0.50. For ¢, = 0.20, a distinct peak in the particle
concentration is observed close to the wall at a position corresponding to
the particle size. This wall peak is associated with the particle-wall layer
discussed in (Costa et al.| (2016]) and is responsible for increased flow drag. A
weak dip is seen for ¢, = 0.05 at 1 —r/R = d,/ R, which indicates a weaker
wall layer formed already at this volume fraction.

Now, we keep the particle size constant and change Rey; see Figure[7dand
[7d] There are almost no changes between the investigated flow rates for the
low solid volume fraction; the local concentration profiles are very similar.
However, for the higher volume fraction, an increase in flow rate decreases
the local volume fraction in the pipe centre and increases the concentration
in the wall layer. The local particle concentration is still highest in the centre
of the pipe, but the migration is less compared to the lower Re,.

We next focus on the fluid velocity fluctuations; see Figure[§ At low bulk
concentration, ¢, = 0.05, the fluid velocity fluctuations in the streamwise (u)
and radial (u) directions show no significant variations due to particle size;
the same pattern as the mean velocity and the local concentration profiles.
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Figure 7: Particle concentration profiles from DNS and MRV of the local volume fraction
(¢) and the normalized volume fraction (¢norm = @/dtot). Grey dashed lines correspond
to particle sizes. Peaks in concentration close to the wall show the formation of particle
wall layers. (a)-(b) DNS at Re, = 10150, ¢ varies with particle size for dense suspension,
constant for semi-dilute. (c)-(d) MRV at Re, = 16500 (circle, diamond) and 20600
(square, plus) and d,/D = 0.098. DNS at Re, = 10150 added for reference.
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Figure 8: Radial profiles of rms of velocity fluctuations normalized by bulk velocity.
Streamwise velocity fluctuations from (a) DNS at Re, = 10150 and (b) from experi-
ments at Rey, ~ 16 500. (c) radial velocity fluctuations and (d) Reynolds shear stress from
DNS at Rep = 10150.
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However, a stronger effect is seen for the Reynolds shear stresses, v u!, for
the smaller particles in the near wall region. At ¢, = 0.20, the particle size
plays a significant role. The near-wall fluctuation peak of v/ is dampened
for both particle sizes. However, compared with ¢, = 0.05, the smaller
particles enhance streamwise fluctuations in the region between the location
of the near-wall peak and the pipe centre. The larger particles result in lower
streamwise fluctuations across the entire pipe, with a region in the pipe centre
where fluctuations are strongly attenuated. This is related to the increased
local solid concentration, seen in Figure[7a] due to the migration of particles
towards the centre. Similar findings have previously been reported for flows
at lower Reynolds numbers; see, e.g. |Ardekani et al. (2018). The dampened
fluctuations for the large particles are seen in both DNS and MRV data. The
radial velocity fluctuations, u!., decrease for both particle sizes as ¢, increases.
The Reynolds shear stress profile approaches zero in a region around the pipe
centre for large particles at ¢, = 0.20, indicating a laminarization of the flow
due to the high local volume fraction. In this case, the primary mechanism for
momentum transfer is the particle-induced stresses suggesting that this flow
case is in the inertial shear-thickening regime as defined by [Lashgari et al.
(2014). Comparing DNS and MRV data in Figure [8a and we see that
the radial profiles resemble each other for large portions of the pipe. Close
to the wall there is however discrepancies were the MRV data has a lower
peak in fluctuations compared to the DNS. Estimating fluctuations using
the turbulence MRV protocol implemented here comes has some limitations
and drawbacks. One such is that in the protocol developed by Dyverfeldt
et al.| (2006)) there is an assumption that the velocity distribution is Gaussian.
This does not hold close to a solid wall in turbulent flows and it will have
implications for the estimated turbulence level there.

4. Summary and Conclusions

We have experimentally and numerically studied particle-laden turbulent
pipe flow at various flow rates, volume fractions and particle sizes. Our
observations are summarized in Table [

For bulk volume fractions ¢, = {0.05,0.10}, particles of all sizes have a
similar effect on the drag for low Reynolds numbers; there is a minor change
in the drag compared to the drag for the unladen case. As the Reynolds
number is increased, the drag for medium and large particles approaches the
drag of single-phase flow; the small particles, however, act as a pure viscosity
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Table 5: The effect on drag, velocity and particle migration for particle-laden cases com-
pared to single-phase flow. The drag increase is indicated by 1= 2.5%, ™= 10% or
1= 20%, no increase is indicated by =. A question mark denotes uncharted territory.

Particle Low conc. Medium conc. High conc.
size Re < 20k Re > 30k Re < 20k Re > 30k Re < 20k Re > 30k
Drag 0 T ™ T ™ ™
Small Velocity statistics Limited effect Laminarisation of U,
u/, incr. 0.2<r/R<0.8
Particle distribution Uniform Wall layer,
uniform in center
Drag ) ~ ™ ~ ”r 0
Medium Velocity statistics ?
Particle distribution ?
Drag T ~ T 7 Bt i
Large Velocity statistics Limited effect Increased Uy,
reduced u/,
Particle distribution Uniform Wall layer,
incr. towards center

enhancer, and the drag for the smaller particles is similar to the drag ex-
pected for a single-phase fluid with increased viscosity. Regarding the high
volume fraction, drag is higher than single-phase flow for all particle sizes and
Reynolds numbers. At higher flow rates, the drag approaches (but does not
fully reach) the drag of a single-phase fluid for medium and large particles.
The drag for smaller particles is yet again close to the drag of a single-phase
fluid with a modified viscosity. This makes us conclude that using a modi-
fied viscosity not considering particle size to compute an effective Reynolds
number is insufficient to capture the effect of the addition of particles on the
friction factor.

Velocity statistics and local particle concentration have an explicit de-
pendency on particle size. Particle migration towards the core for the larger
particles is seen when the volume fraction is high, along with a change in the
mean velocity and turbulence statistics compared to the single-phase and
low volume fraction cases. The migration towards the centre of the pipe is
stronger for the large particles than the small ones. This migration manifests
itself in reduced velocity fluctuations and Reynolds stresses in the centre re-
gion of the pipe. The smaller particles laminarise the flow, leading to a high
centerline velocity, reduction in streamwise velocity fluctuations in the near
wall region, and lower velocity fluctuations in the radial direction compared
to single-phase flow. Small particles are more evenly distributed in the pipe
than large particles, even though a particle-wall layer is seen in both exper-
iments and simulations for both particle sizes. A higher centerline velocity
than for single-phase flow is also seen for large particles, but not to the same
extent as for small particles.
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The drag increase as a function of particle Reynolds number in inner
units shows a similar trend for all particle sizes and concentrations: an initial
increase to a local maximum and then a decrease towards the drag of a single-
phase turbulent flow. This is in agreement with [Yousefi et al.| (2023), who
predicted that at a high enough Reynolds number, the flow would revert to
single-phase conditions due to turbulent stresses overtaking particle-induced
stresses. Experiments at higher volume fractions would aid in concluding if
this also holds under dense conditions (¢, > 0.30).

Our work shows that simplistic numerical models (like effective viscos-
ity models or continuum models like the one of |Costa et al.| (2016])) cannot
capture the complexity of turbulent particle-laden flows. We believe that
the validity of a continuum no longer holds as I) the local apparent viscosity
changes as particles migrate towards the core and II) the particle Reynolds
number increases — causing an apparent slip velocity, and more complex mod-
els that account for finite particle Reynolds number effects are required. Uti-
lizing particle volume fraction profiles to achieve a varying apparent viscosity
was tried in this work but failed to generate high-accuracy results. Note also
that such a modelling approach requires first computing the particle volume
fraction profiles, which is challenging.

For now, a way to estimate the overall drag change compared to single-
phase flow is to use the master curve we created and the flow parameters for
the case in question. This will give a higher accuracy in the drag prediction
than if a traditional modified viscosity approach is used.
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Appendix A. Generalized master curve

Table A.1: Function values for Normalised Drag Increase vs. d;.

[4f  NDI | d4f NDI | 4 NDI |
§ 0970 |[ 282 0919 [ 993  0.176
8.62 0945 || 304 0894 || 107 0.179
9.28  0.942 || 327 0869 | 115 0.156
90.99  0.943 || 352 0819 || 124  0.138
10.8 0979 | 379 0769 || 134  0.127
1.6 0.980 || 408 0716 | 144  0.112
125 0980 | 440 0656 | 155  0.0975
134 0984 | 473 0601 | 167  0.0866
145 0989 | 510 0546 | 180  0.0760
156 0989 | 549 0502 | 193 0.0688
16.8 0999 | 59.1 0438 | 208  0.0590
181  1.000 | 637 0388 | 224  0.0429
195 0999 | 686 0354 | 242 0.0360
2.0  0.990 || 73.9 0311 | 260  0.0336
226 0978 || 795 0273 | 280  0.0240
243 0964 || 85.6 0239 | 302  0.0077
262 0.943 || 922 0207 || 325  -0.00298
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Table A.2: Fitting parameter K (in percent) for d/D and ¢.

d/D ¢ =0.05 ¢ =10.10 ¢ =0.20
0.1429 8.30 63.0 225
0.1 6.20 15.2 43.3
0.0625 13.1 22.8 40.8
0.0476 9.11 14.1 20.5
0.0294 14.6 18.3 21.3
0.025 8.26 13.9 22.7
0.0227 8.78 13.1 19.3
0.0161 7.88 12.6 17.6
0.0122 7.04 10.2 16.4
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