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S1 2D Flow over a Cylinder on a Flat Substrate

There are two approaches to overcome the singular contact of a cylinder on a flat plate: a) placing
the cylinder above the flat plate at different heights; b) embedding the cylinder [37] at different
depths into the flat plate; this latter geometry introduces additional singularities at the contact of
the embedded curved particle and the flat surface, and these need to be treated with a smoothing
protocol. In each approach, the lift, drag and torque, experienced by the particle, are calculated as
a function of height/depth and then extrapolated to the limiting case of the particle just touching

the wall.

Palakurthi et al [10] discussed the problem of a cylinder (2d) or a sphere (3d) in contact with a flat
plate. Simulations were performed in a channel for 2 geometries: i) the particle slightly elevated
over the flat plate; ii) the particle slightly embedded into the flat plate. While drag and torque were
relatively insensitive to these geometries, the low Re lift was found to vary slowly with elevation
height for the first geometry but to vary drastically as the embedding depth in the second geometry
was reduced. Simulations were performed [10] over the particle Reynolds number range 0.01 <

Recy < 13. We note other theoretical work on cylinders near/at walls [80-83].

Figure S1 shows the drag coefficient, Carag = Farag/1/2 p U?, where u is the asymptotic upstream
velocity at the cylinder center (i.e. at height H). Carag and the moment coefficient, Cr (not shown
here), are quite insensitive to H; our calculations for Cgrag and Cr are slightly less than those of

Sweeney & Finlay [36].
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Figure S1 Drag coefficients, for specified H/D, as a function of Cylinder Reynolds number

Figure S2 shows the lift coefficient, Ciit = Fiin/1/2 p u? (note the linear, not logarithmic, scale for
Cii). For Recy1 > 0.3, Ciirt is independent of H; for Recy1 < 0.3, Ciirt is constant and independent of
H for the cylinder elevated above the plate; however, for the embedded cylinder, Ciix decreases
dramatically as Recy is reduced, even going negative with greater decrease for the greater

embedding distance (smaller H). Our values for Ciit are always less than those of Sweeney &
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793  Finlay [36], who use the embedded geometry; the Sweeney-Finlay lift is always positive due to
794  the upward vertical velocity in the Blasius layer (vertical velocity = 0 in our axial shear problem).
795  This upward vertical velocity will again become important for the problem of the test particle on

796 ahill. Palakurthi et al (2017) discuss the origin of the negative lift for the embedded cylinder.

20
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797

798  Figure S2 Lift coefficients, for specified H/D, as a function of Cylinder Reynolds number

799
800  Palakurthi et al [10] also discuss the grid convergence of these results.

801
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802

g8o3 S2 3D Flow over a Sphere on a Flat Substrate

804  In 3d, a similar approach is carried out [10] for a sphere in the vicinity of a flat substrate for 0.01
805 < Regpn<24. For the sphere above the flat plate, H = 1.05; for the embedded sphere, H = 0.995.

806  We note other theoretical work near/at walls [84-94].
807

808  Figures S3 and S4 present coefficients of drag and lift plotted with respect to Resph
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810 Figure S3 Drag coefficient for the sphere above and embedded into the flat plate.
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Figure S4 Lift coefficient for the sphere above and embedded into the flat plate

Curag is relatively independent of H and agrees with Sweeney & Finlay [36] and with the analytical
(Stokes flow) results of O’Neill [25], even though the latter is only valid for low Resph. For H =
1.05, Ciirt agrees with Sweeney & Finlay [36], and, at lower Resph, Ciift approaches the result of
Leighton & Acrivos [26]. For H = 0.995, Ciit < O for the lowest Respn, similar to the 2d case of the

embedded cylinder.

Palakurthi et al [10] discuss the grid convergence of these results.
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S3 Parametric Study

We discuss the effect of varying the wedge height, L, and the cylinder diameter, D.

S.3.1 Wedge height

We have studied the dependence of the drag and lift forces on the wedge height, L. Using a fixed
cylinder size (D = 2 mm), fixed cylinder location near the wedge summit (6 = 80°), and fixed
wedge half-angle o = 60°, three wedge heights were considered: L =7 mm, L =13 mm and L =
19 mm. The normalized drag increases with wedge height; it also exhibits a minimum at

intermediate Re, which becomes more apparent at the higher wedge heights (Figure S5).
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Figure S5. Normalized drag Farag(6)/Fdrag(0) for the cylinder on 3 different wedge heights (o =

45°,0 = 80°): L =7 mm (triangle), L = 13 mm (diamond), L = 19 mm (square).
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The normalized lift increases with wedge height and monotonically increases with Reynolds

number (Figure S6).
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Figure S6. Normalized lift, Fiir(6)/Fii(O for the cylinder on 3 different wedge heights (a = 45°,

0 = 80°): L =7 mm (triangle), L = 13 mm (diamond), L = 19 mm (square).

S.3.2 Cylinder Diameter
We have studied the dependence of the drag, moment and lift on the cylinder diameter D. Using a
fixed wedge height H = 13 mm, fixed wedge half-angle o= 60°, and fixed cylinder location on the

wedge (0 = 60°), three cylinder diameters were considered: D=0.5mm, D=1 mm and D =2 mm.

As the diameter of the cylinder decreases, the normalized drag (Figure S7) does not vary

appreciably
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849  Figure S7. Normalized drag Fdrag(&)/Farag(0) for the different cylinder diameters on a wedge a =

850  60° 6 =60°, height L = 13mm.

851

852  As the diameter of the cylinder decreases, the normalized lift increases (Figure S8).
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854  Figure S8. Normalized lift, Fiix(&)/Fir(0 for the different cylinder diameters on a wedge o. = 60°,

855 0 =60°, height L = 13mm
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S4  Origin of the Enhanced Drag and Lift—2D Cylinder on the Wedge

In this section we analyze the origin of the enhanced drag and lift on the cylinder as it is located
up and then down the wedge. We consider the special case of Re = 1 and wedge angle o = 45°

(streamlines displayed in Figure S9).

a) e)

h)
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Figure S9 Streamlines for the flow around the cylinder positioned at different locations, 6, on
the wedge: a) 6 =0° b) 6 = 30° ¢) 6 = 60° d) 6 = 80° e) 6 = 100°, f) 6 = 120° g) 6 = 150° h) 6

= 180°. Flow is left-to-right.

It is useful to consider the pressure, p, and shear stress, t, around the surface of the test cylinder.
Let y be the polar angle around the cylinder, with standard orientation, i.e. x = 0 is the horizontal
(downstream of the flow), x = 7t/2 is the vertical (top of the cylinder) exposed to the flow, y =+ =
is the horizontal (upstream of the flow), x = - /2 is the sheltered vertical (bottom of the cylinder)
closest to the substrate. We look at p and < for various locations, 0, of the cylinder on the wedge:
6 = 0° (upstream of the wedge), 6 = 80° (upstream approaching the apex), 6 = 100° (downstream

past the apex), 6 = 180° (downstream of the wedge).

Figure S10 displays the evolution of p(y) as the cylinder is moved up the wedge (0° < 6 < 80°).
Upstream of the wedge (6 = 0°), the pressure is depressed behind the cylinder (y = 0) and enhanced
at the stagnation point ahead of the cylinder (yx = * r); both downstream depression and upstream

enhancement are amplified as the cylinder is moved up the wedge (6 = 80°).
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888  Figure S10  Pressure p(y) around the cylinder, located on the uphill side of the wedge; Re = 1.

889  Figures S11 and S12 trace the effect of this change in p(y) on the pressure contribution to the drag

890 and lift.
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891

892  Figure S11  Contribution of the pressure to the drag for the cylinder located on the uphill side

893  of the wedge; Re = 1.
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Figure S12  Contribution of the pressure to the lift for the cylinder located on the uphill side of

the wedge; Re = 1.

The cancellation between positive (upstream) and negative (downstream) contributions to the drag
gives rise to the small drag of the cylinder on the flat plate; this cancellation is less effective as the
cylinder is moved up the wedge. The cancellation between positive (bottom) and negative (top)
contributions to the lift gives rise to the small lift of the cylinder on the flat plate; this cancellation

is also less effective as the cylinder is moved up the wedge.

In Figure S13, as the cylinder is moved down the wedge, downstream of the apex (100° < 6 <

180°), the amplified pressure variation is undone.
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906  Figure S13  Pressure p(y) around the cylinder, located on the downhill side of the wedge; Re =

907 1.

908

909  Figures S14 and S15 trace the effect of this change in p(y) on the pressure contribution to the drag

910 and lift.
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912  Figure S14  Contribution of the pressure to the drag for the cylinder located on the downbhill
913  side of the wedge; Re = 1.
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914

915

916  Figure S15  Contribution of the pressure to the lift for the cylinder located on the downhill side

917  of the wedge; Re = 1.

918

919  Figure S16 displays the evolution of t(y) as the cylinder is moved up the wedge (0° < 6 < 80°).
920  Upstream of the wedge (0 = 0), all the shear stress occurs near the exposed top of the cylinder (y =
921  m/2); there is no contribution to the shear stress from the side of the cylinder closest to the substrate
922  (y =-m/2). Asthe cylinder is moved up the wedge (0° < 0 < 80°); the shear stress is amplified and

923 s also shifted slightly downstream (i.e. over the top of the cylinder).
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926  Figure S16  Shear stress () around the cylinder, located on the uphill side of the wedge; Re

927 =1

928

929  Figures S17 and S18 trace the effect of this change in t(y) on the shear contribution to the drag

930 and lift.
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The shear (maximal at the top of the cylinder) always contributes positively to the drag. The shear
contributes to the lift positively on the top upstream portion of the cylinder and negatively on the
top downstream portion of the cylinder. The incomplete cancelation results in a small lift of the
cylinder on the flat plate; as the cylinder is moved up the wedge, this cancelation becomes less

effective, resulting in a higher lift due to shear.

In Figure S19, as the cylinder is moved down the wedge, downstream of the apex (100° < 6 <
180°), the amplified shear stress variation is undone; note also that the maximum shear stress has
shifted slightly upstream (i.e.in front of the cylinder top). This slight shift (behind the cylinder top
on the upstream side of the wedge, and ahead of the cylinder top on the downstream side of the
wedge) in the maximum shear stress is reflected in the relative strength of positive and negative

contributions to the lift.
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Figure S19  Shear stress 7(y) around the cylinder, located on the downhill side of the wedge;

Re =1.
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953  Figures S20 and S21 trace the effect of this change in t(x) on the shear contribution to the drag

954 and lift.
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956  Figure S20  Contribution of the shear stress to the drag for the cylinder located on the downhill

957 side of the wedge; Re = 1.
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Figure S21  Contribution of the shear stress to the lift for the cylinder located on the downhill

side of the wedge; Re = 1.

Because the maximal shear has shifted downstream of the cylinder top, the incomplete cancelation

becomes negative, resulting in an overall negative shear contribution to the lift.

Integrating around the surface of the cylinder dy, yields the pressure and shear contributions to

the drag (Figure S22) and lift (Figure S23)

1E-10
9E-11
8E-11
7E-11
6E-11
5E-11

drag

—@— dragp
4E-11

—@— dragtau
3E-11
2E-11
1E-11

0
0 15 30 45 60 75 90 105 120 135 150 165 180

theta

Figure S22  Pressure and shear contributions to the drag for the cylinder at various locations,

6, on the wedge.
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971  Figure S23  Pressure and shear contributions to the lift for the cylinder at various locations, 6,

972  on the wedge.

973

974  Figures S22 and S23 confirm that pressure and shear contribute equally to both drag and lift, as

975  they should in the creeping flow regime (Re = 1).
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