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Abstract 

 

We experimentally study the onset of motion of single spherical particles on regularly 
arranged substrates as a function of the particle diameter. The experiments are carried out in 
laminar shear flow at particle Reynolds numbers below 1. Experimental studies have shown 
a strong dependence on the arrangement of the substrate bed geometry. We now 
characterize the influence of the particle diameter of single spheres on the incipient particle 
motion on three different substrate beds. The particle diameter of the spherical particles 
forming the substrate bed is held fix. We then vary the particle diameter of the single sphere 
placed in a valley of the substrate bed. We found that the critical shields number is 
decreasing for increasing particle diameter. Numerical studies are in good agreement with 
the experimental data. The experimental setup consists of a rotational rheometer to induce 
the shear flow and a digital camera equipped with a macro-objective to track the particles.  

 

Introduction  
 

Shear induced onset of motion encounters in a wide variety of industrial and scientific appli-
cations like pneumatic conveying, filtration and cleaning. The incipient motion can also be 
noticed in situations like river bed erosion, sediment transport and dune formation. (Groh et 

al. 2008) Therefore, the prediction of particle motion has been intensively investigated during 
the last decades. While most of the studies are performed under turbulent conditions and 
heterogeneous substrate beds (Dey 2008, Wierschem et al. 2008) new studies reveal the 
importance of the onset of motion at laminar conditions and particularly for regular substrates 
(Derksen 2011, Ouriemi 2007, Charru et al. 2004, Martino et al 2009, J.R. Agudo and Wier-
schem 2012). The influence of neighboring particles on the incipient particle motion has re-
cently been studied (J. R. Agudo and Wierschem 2014) while the interaction between sur-
face occupancy and burial degree is still not studied and absent in literature. We now study 
the geometrical impact of different bead diameters on the onset of motion at particle Reyn-
olds numbers below 1 in laminar shear flow. The bed grain size Dp is held fix while the parti-
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cle diameter d for particles resting on the bed is changed. Furthermore, we change the parti-
cle spacing a/Dp of about 0.035, 0.232 and 0.268. We determine the critical Shields number 
as a function of particle diameter. 
 
Experimental set-up 
 

All experiments are performed with a rotational rheometer MCR 301 from Anton Paar using a 
parallel disk configuration. As a plate we use a PMMA plate of 150 mm diameter. The 
substrates are formed by a monolayer of soda-lime glass beads of 405.9 ± 8.7 µm diameter 
Dp from The Technical Glass Company. The substrate spheres are glued on to different 
stainless steel wire sieves from Bückmann GmbH & Co.. The sieves with dimensions of      
15 x 70 mm2 are fixed on microscope slides. These slides are concentrically placed into a 
circular container. As shows figure 1 (a) the center of the substrate bed is located at a 
distance r of 50 mm from the rotational axis while the gap height h is 5∙d. The container 
consists of a brass bottom plate with transparent sidewalls of PMMA. As mobile bead we 
also used soda-lime glass beads with diameters d between 200 and 1000 µm. The mobile 
bead is placed right in the middle of the substrate bed, figure 1 (b). These parameters ensure 
that the results are independent from any boundary effects (Agudo & Wierschem 2012). The 
container is filled with silicone oil with viscosity of 103 ± 3.3 mPas and density of 965 ± 5 
kg/m3 at working temperature of 295.16 ± 0.5 K. The particle Reynolds number is of Order 
10-4 and 10-3. The oil temperature is controlled by using the rheometer’s Peltier element. The 
mobile bead is detected through the rheometer plate using a digital camera with 1280 x 1024 
pixels and a macro objective. The speed of the rheometer plate spinning with angular 
frequency, Ω, is increased in small steps of less than 0.5 % until the particle starts to move 
from its equilibrium position.  

    

Fig. 1 – PMMA Container carrying substrate bed and rheometer disk of 150 mm diameter (a). Distance 
between substrate bed top and rheometer plate is 5∙d. Mobile sphere with diameter d of 406 µm on 
top of substrate bed (b). The substrate bed with particle spacing a/Dp of 0.035 is formed by spheres of 
diameter Dp of 406 µm.  
 
Experimental results and discussion  
 

We characterize the incipient particle motion by the critical Shields number which compares 
shear stress acting on the particles surface with resistant specific particle weight. The fluid 
motion is created by the rotational plate spinning with angular velocity Ω at a gap height h. 
This produces a shear rate  at the radial distance r of the turning axis. The shear 
stress reads  where 𝜇 is the dynamic viscosity. The Shields number is given by:  

(b) (a) 
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The Reynolds number for the shear flow and the particle Reynolds number are given by:  
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We study the incipient particle motion for three different particle spacing’s. The threshold for 

the incipient motion is considered to be the displacement of the sphere from its equilibrium 
position to its neighboring equilibrium position. Figure 2 depicts the dependence of the critical 
Shields number from the particle spacing a/Dp.  Rhomboids, rectangles and Circles indicate 
critical Shields number for particle spacing of about 0.035, 0.232 and 0.268, respectively. 
With growing particle spacing the critical Shields number increases while for bigger particle 
diameters the critical Shields number decreases. This is due to the fact that increasing the 
particle spacing results in an increased burial degree and in a decreased particle surface 
exposed to the main flow, respectively. While increasing the particle diameter d/Dp increases 
the surface occupancy to the main flow and decreases the burial degree. This concludes to 
an increasing critical Shields number for higher particle spacing’s and a decreasing critical 
Shields number for higher particle diameter, respectively. The critical Shields number nearly 
halves between particle diameter of about 0.94 and 2.4 and fixed particle spacing’s and 

almost doubles between particle spacing’s a/Dp of about 0.035 and 0.268. This is due to the 
before mentioned fact of decreased surface exposure to the flow for higher particle spacing’s 

as well as to the fact that substrate beads only behave like sand roughness for higher 
particle diameter.  

 

Fig. 2 – Critical Shields number for mobile glass beads with diameter d/Dp varying between about 0.94 
and 2.4 as a function of particle spacing a/Dp on regular arranged quadratic substrates with particle 
diameter Dp. Rhomboids, rectangles and Circles indicate critical Shields number for particle spacing of 
about 0.035, 0.232 and 0.268, respectively.  
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Numerical results   
 

We also performed numerical simulation in OpenFOAM®-2.3.1 for a particle spacing a/Dp of 
about 0.035. We solved the steady Navier-Stokes equations with the finite volume method 
and the SIMPLE-Algorithm. For the substrate we used a monolayer of spheres, as shows 
figure 3. The mobile bead (blue) is placed as in the experimental set-up in the middle of the 
substrate bed (grey). We compare experimental and numerical data in figure 4. One can see 
that numerical and experimental data are in good agreement for the critical Shields number. 

   

Fig. 3 – Mobile bead resting on substrate bed for a particle spacing a/Dp of about 0.268.  Blue and 
grey sphere indicates mobile bead and substrate beads, respectively.  (a) Side view normal to x-z 
plane and (b) view from top.  

 

Fig. 4 – Critical Shields number for mobile glass beads with diameter d/Dp varying between about 0.94 
and 2.4 and numerical data for a particle spacing a/Dp of about 0.035.  

 

(b) (a) 
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Summary  
 

We studied the influence of particle spacing coupled with mobile bead diameter on the onset 
of particle motion in a rotational rheometer working in a parallel disk configuration. The 
incipient particle motion is characterized by the critical Shields number. It arises that the 
particle resistance to the onset of motion decreases with increasing particle diameter and 
decreasing particle spacing.  

Acknowledgement  
 

The support from Deutsche Forschungsgesellschaft through WI 2672/7-1 is gratefully 
acknowledged.  
 
References 
 
Agudo J. R., Wierschem A., 2012: Incipient motion of a single particle on regular substrates in lami-
nar shear flow. Phys. Fluids 24:093302 
Agudo J. R., Dasilva S., Wierschem A., 2014: How do neighbors affect incipient particle motion in 
laminar shear flow? Phys. Fluids 26:053303 
Charru, F., Larrieu, E., Dupont, J.-B., Zenit, R., 2007: „Motion of a particle near a rough wall in a 
viscous shear flow“, J. Fluid Mech., 570, pp. 431-453 
Dey, S., Papanicolaou, A., 2008: “Sediment Threshold under Stream Flow: A Stat-of-the-Art Review”, 
KSCE J. Civ. Engng., 12, pp. 45-60 
Derksen, J. J., 2011: “Simulation of granular bed erosion due to laminar shear flow near the critical 
Shields number”, Phys. Fluids 23, 113303 
Groh, C., Wierschem, A., Aksel, N., Rehberg, I., Kruelle, C.A., 2008: “Barchan dunes in two dimen-
sions: experimental tests of minimal models”, Phys. Rev. E78, 021304 
Martino, R., Paterson, A., Piva, M., 2009: “Onset of motion of a partly hidden cylinder in a laminar 
shear flow”, Exp. Fluids 39, pp. 036315 
Ouriemi, M., Aussillous, P., Medale, M., Peysson, Y., Guazzelli, E., 2007: “Determination of the 
crictical Shields number for particle erosion in laminar flow”, Phys. Fluids, 19, 061706 
Shields, A., 1936: “Anwendungen der Aehnlichkeitsmechanik und der Turbulenzforschung auf die 
Geschiebebewegung”, Mitteilungen der Preußischen Versuchsanstalt für Wasserbau und Schiffsbau, 
26, pp. 1-26 
Wierschem, A., Groh, C., Rehberg, I., Aksel, N., Kruelle C. A., 2008: „Ripple formation in weakly 
turbulent flow“, European Physical Journal, E 25, pp. 213-221 
 

Copyright © 2016 and published by German Association for Laser Anemometry GALA e.V., 
Karlsruhe, Germany, ISBN 978-3-9816764-2-6

47-5




