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Executive Summary

Transportation is a major source of greenhouse gas emissions in California and the nation, with
direct tailpipe emissions accounting for over 40% of the state's greenhouse gas emissions.
California has set goals to reduce greenhouse gas emissions 40% below 1990 levels by 2030 and
add five million zero-emission vehicles to California’s roads by 2030. The executive orders N-19-
19 and N-79-20%? require the Department of General Services to maximize the reduction of
greenhouse gas emissions from the state fleet and promote zero-emission vehicle purchasing in
state and local government fleets.

Aligned with the California climate action goals, the transportation sector and package delivery
services are transitioning their fleets to low-emission and electric vehicles. Amazon has set a goal
of 100,000 electric delivery vans by 2030, and FedEx aims to achieve 100% electric delivery by
2040.

For a vehicle, the major components of its drag are pressure and viscous drag. Reducing its drag
(cars, planes, trains, ships) reduces emissions and increases travel range for both gas- and
electric-powered vehicles. Methods for reducing drag include improved aerodynamics, surface
modifications, and add-ons that change the pressure differential across the vehicles. Here, we
have focused on reducing the viscous drag. We used numerical optimization and computational
fluid dynamics to develop an optimized half-stepped cylinder surface to reduce the drag of a flat
plate turbulent boundary layer. The results indicate that when the cylinder’s dimensions are less
than 1% of the boundary layer thickness, there is over a 33% reduction in average skin friction.



1. Introduction

A boundary layer is a layer near the surface where viscous effects are significant. At low speeds,
where the boundary layer is considered to be laminar, the viscous effects are the only surface
force resisting the motion of the fluid and contributing to the viscous drag. However, at high
speeds when the boundary layer is turbulent, the total stress is the summation of laminar and
turbulent shear stress, where the turbulent shear stress is much higher than the laminar shear
stress due to its higher momentum transfer and steeper velocity gradient. Skin friction represents
the resistance to flow due to the total stress. Reducing turbulent shear stress or relaminarizing
the turbulent boundary layer reduces the total stress, skin friction, and overall drag of a flat-plate
boundary layer at high Reynolds numbers.

Passive techniques that interfere with boundary layer structure, such as grooves, vortex
generators, and large eddy break-up (LEBUs) devices, have been deployed for controlling
boundary layer separation, reducing drag, and increasing the maximum lift of airfoils®>*. Adding
transverse rectangular grooves to the main flow on the surface has been shown to improve the
pressure recovery of wide-angle diffusers and delay boundary layer separation when an adverse
pressure gradient was present>”’, and streamwise grooves placed upstream of a wing-body
junction have resulted in reducing the strength of the secondary flow, which contributes to the
overall drag reduction in airplanes and turbomachinery?.

A numerical investigation of airflow at a transonic speed (Mach 0.85) over the wing of the NASA
high-lift Common Research Model (CRM) with and without a conformal vortex generator (CVG)
has shown a nearly 6% improvement in lift-to-drag ratio and reduced tip vortices with CVG in
place®. For the CRM with CVG, the tape had a width and thickness of 0.83 m and 2 mm,
respectively, and covered the entire span of the wing. The tape had sawtooth-shaped cutouts,
and the leading and trailing edges faced opposite each other. The base radius of the tooth was
0.5 mm with a total angle of about 30 degrees. The tape was attached to the suction side of the
airfoil at 60% of the chord from its leading edge. The details of the flow characteristics showed
that with the CVG in place, the non-uniformities in upstream shear stress and pressure
distribution were reduced, and the skin friction downstream of the CVG was decreased by 8%.

In a turbulent boundary layer, the oscillation and lift-off of the low-speed streaks (hairpin
vortices) in the near-wall region are responsible for a large fraction of its total shear stress.
Placing riblets of specific dimensions constrains the growth of these streaks and reduces
turbulent shear stress. To prevent these streaks from interconnecting, the spanwise separation
and near-wall burst need to be increased. The spacing between two adjacent streaks is estimated
as 100 wall units, with their diameters on the order of 30-40 wall units. To control these streaks,
the riblet spacing should be higher than 100 wall units.



Results of several studies!®!* on flow characteristics and the development of an optimized
geometry of the riblets have shown that in a high Reynolds number laminar boundary layer over
a ribbed surface, the flow inside the grooves is increasingly retarded, creating a layer of slow-
moving fluid that results in lower shear stress inside the grooves, especially at the base of the
grooves. This shear stress is lower than the corresponding shear stress for a smooth flat plate
boundary layer. Increasing the riblet aspect ratio increases the thickness of the viscous boundary
layer, and the axial vorticity within the groove decreases with increasing the length of the groove.
The optimum aspect ratio for maximum shear stress reduction at zero pressure gradient was
found to be near 1.

Small cavities on the surface have been shown to create a condition where the no-slip boundary
condition relaxes, resulting in reduced viscous drag. The mechanism of flow through a cavity has
been investigated significantly in the past!>1°. Figure 1 shows an open cavity with separated
shear layers. Self-sustained oscillation starts with a small disturbance in the shear layer. The
flapping shear layer impinges on the cavity back wall, directing flow through the cavity and
creating a clockwise vortex. A counterclockwise vortex is also created when cavity flow
encounters the clockwise vortex. The counter-rotating vortices impinging on the shear layer
amplify the disturbance, and the cycle repeats itself; at sufficiently large Reynolds numbers, for
a specific cavity geometry, self-sustained oscillations are obtained with enhanced mixing. The
impingement of the counter-rotating vortices on the shear layer above the cavity is the
mechanism for reduced viscous drag.

Figure 1. An Open Cavity
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There have been extensive investigations over the past decades with conflicting results on flow
characteristics around structures replicating sharkskin and denticles for drag reduction
applications?%2%, The denticle has a central primary keel or ridge similar to riblets, with some
having secondary and tertiary keels. Recent results have shown increased overall drag due to
increases in both form and skin friction drag. Flow around the denticle was highly three-
dimensional, which contributed to increased turbulent statistics and the total drag.
Superhydrophobic surfaces have been investigated for reducing the viscous shear stress of naval
vessels. Studies of superhydrophobicity are rooted in water-repellent surfaces (e.g., lotus



surface) where water droplets roll rather than slide over the surface. These surfaces have
roughness at nano- or micro-scale sizes that reduces their wettability, resulting in increased
contact angles (> 150 degrees) and reduced contact angle hysteresis, allowing the rolling of the
droplets. The surface includes a series of microcavities where air is trapped between the ridges
and the water layer above it, creating an air-water interface that prevents water from entering
these ridges. The rolling of the droplets relaxes the no-slip boundary condition and reduces
turbulent shear stress and the overall drag of the vehicle.

Recent investigations?2-3° provide details of superhydrophobic characteristics and applications,
which show that for these surfaces to impact the turbulent flow, the micro-ridge spacing (w)

should approach the thickness of the viscous sublayer (W"‘yvs|). Reducing the thickness of the

viscous sublayer increases the impact of the superhydrophobic surface, and increasing the
Reynolds number results in a higher reduction in drag of these surfaces. At very large Reynolds
numbers, an asymptotic drag reduction value could be achieved with micro ridges being higher
than the viscous sublayer.

For laminar flows, increasing d (spacing between adjacent ridges) or decreasing h (the depth of
the cavity) results in drag reduction and increased slip length (the distance that the drop rolls).

We have conducted a preliminary experimental investigation of a single row of half-stepped
cylinders followed by a sheet of half-stepped cylinders placed on a flat plate inside a turbulent
boundary layer at zero pressure gradient31. The ratio of the cylinder’s radius to the local boundary
layer thickness (r/60) was 4%, and the Reynolds number based on flat plate length was 5.8 x 10/5.
An estimate of the skin friction coefficient was made using the Clauser chart, and turbulence
measurements were made using a single hot wire anemometer. Results showed that, with the
stepped cylinder in place, the local skin friction coefficient decreases downstream of the half-
stepped cylinder, with maximum drops exceeding 12% and 35%, respectively, for the single row
and cylinder sheet at x/D = 13, and then gradually recovers to the corresponding value for an
unperturbed flat plate at x/D = 26. Here, the reference axial distance is the aft edge of the cylinder
or the last row of cylinders (for the half-stepped cylinder sheet). At x/D = 13 and further
downstream, the spanwise variations of the boundary layer parameters behind the stepped
cylinder were insignificant. Above the stepped cylinder, the turbulence intensity was reduced;
however, in the near wake downstream, there was an increase in axial turbulence intensity
attributed to the wake of the stepped cylinder.

The objective of the present investigations was to use an optimization method along with CFD to
develop an optimized cylinder surface where 1) the ridges between the half-stepped cylinder
rows could control the hairpin vortices to maintain the flow laminar, and 2) the spacing between
the cylinders’ bumps creates a micro cavity for relaxing the no-slip boundary condition for a
significant reduction in surface shear stress, and thus the skin friction drag.



2. Numerical Method

A smooth flat plate 5.5 m long with variable width was used for all simulations. A trip wire of 1
mm diameter was placed 10 mm from the leading edge on the surface to trip the boundary layer
and transition it to a turbulent boundary layer. The width of the flat plate was equal to the
summation of the width and spacing of one row of three step cylinder segments. The half-
stepped cylinders were placed 5.3 m from the flat plate leading edge in the mid-section, with the
cylinders’ edge facing the incoming flow. The freestream mean velocity was 10 m/s, which
corresponds to an approximate Reynolds number of 2.85 x 10° at the streamwise distance x = 5
m, ensuring a fully developed turbulent boundary layer upstream of the cylinders.

2.1 The Half-Stepped Cylinders

Figure 2 shows the half-stepped cylinders. The spacing s, width w, and radius r (=D/2) were
optimized for maximum skin friction reduction. Parametric optimizations were performed to find
the optimum size of these parameters to control the boundary layer hairpin vortices and create
micro-cavities for re-laminarization and to reduce the no-slip boundary condition for a significant
reduction in the surface skin friction.

Figure 2. The Half-Stepped Cylinders
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2.2 The Numerical Simulations and Optimization Process

Figure 3 shows the parametric optimization process. The optimization process started with initial
conceptual geometry, followed by numerical simulations and refinement of geometrical
dimensions to identify the optimum geometry that provides a minimum of 5% reduction in skin
friction drag. To create the geometry, a program was written in Python that interfaced with Ansys
Geometry Modeler. This program used the cylinder dimensions to inform the CAD backend of
how to create a 3D representation of the domain with the row of protruding cylinders on the
surface of the flat plate, the periodic sidewalls, and other domain features, scaled appropriately
to account for the diameter, width, and spacing specific to each case. The computational domain
extended 0.5 m in the axial direction, three boundary-layer thicknesses in the vertical direction,
and varied based on the step-cylinder configuration in the spanwise direction. Each row created
on the surface had three-cylinder segments, and sequential row numbers of 1, 3, and 20 rows
were investigated. While the geometrical dimensions and spacing of the cylinders were changed
to obtain optimized parameters, the spacing between the cylinders’ rows for multi-row cases was
fixed at one diameter, such that the tangent edges of sequential cylinder rows were aligned. The
geometry generator was called on demand to generate each next test case as each prior case
was completed. Case geometry was generated programmatically to allow for feedback in the
optimization process, where geometry parameters could be modified in subsequent simulations
based on the results of prior simulations. After the CAD representation of the domain was
available, it was passed to a second Python program that directly communicated with the Ansys
Fluent meshing server process. The second program controlled the grid generator by scaling
mesh elements based on the feature sizes of the case geometry. Figure 4 shows a typical
numerical grid for a single-row case and a close-up grid for a multiple-row case.
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Figure 4. The Numerical Grid

From the grid independence test using the skin friction coefficient as the monitoring parameter,
the grid element size over the cylinders was 2% of the cylinder diameter. A total of 20 near-wall
layers were used above the flat plate and the half-stepped cylinder surfaces. The cell counts
ranged from 1 million to 20 million, depending on the geometrical dimensions of the cylinders.
The generated grid was then passed to a third Python program that interfaced with Ansys Fluent
Numerical Solver to apply the boundary conditions, create monitors for extracting data, and
iterate to a converged solution.



Figure 5 shows the locations of the flow quantities and skin friction measurements. The monitors
were generated at locations as a function of cylinder diameter. Vertical profile monitors were
placed at 2D increments from -30D upstream to 50D downstream. Local skin friction surface
monitors were placed on the flat plate from -10D upstream to the leading edge of the cylinders,
in the spacing between the cylinders, and from the trailing edge of the cylinders to +10D
downstream. A local skin friction surface monitor was also placed over the top surface of the
cylinders spanning the entire half-circumference of the wetted area. In these surface monitors,
the area-weighted skin friction was calculated using the following equation:

2(Cri- Ay)
Cf,area = T
sAi
Here, A; is the local cell face area and Cy; is the corresponding skin friction coefficient computed
using the velocity at the first cell near the wall. The separation of monitoring locations was done
to provide more detailed information about the performance of each case with respect to riblet
theory and microcavity behavior. Case subsets were chosen to encompass the boundaries of the
diameter-spacing-width configuration space to inform the direction where an optimal geometry
could be found via parameter modifications. A linear displacement function was chosen for
speed, where each dimension was varied by a delta of 0.4 mm. The parameter modification
function adjusted the cylinders’ dimensions, created new geometry CAD representations, and
repeated the mesh generation and numerical simulations with mesh independence assessment
to find new skin friction drag coefficients. If the results were less than 5% reduction, the results
were fed through the parametric modification function again for geometrical adjustments, and
the process was repeated until a minimum of 5% reduction in the skin friction was achieved. The
results were then finalized.

Reynolds-Averaged numerical simulations were performed using the commercial software
Ansys-Fluent with the k-KL-omega turbulence model. This three-equation model separates
laminar kinetic energy k; and turbulent kinetic energy k; to effectively capture laminar-turbulent
transitional flow regimes and has been shown to match experimental transition in zero-pressure-
gradient flat plate experiments. The inlet boundary condition was mapped from a plain flat plate
turbulent boundary layer to ensure the incoming flow would be fully developed at the location
of the half-stepped cylinders. This was confirmed by the data in Figure 6 and Table 1.

The outlet of the domain was set to a pressure-based outlet with zero-gauge static pressure to
prevent any backflow or pressure fluctuations. The outlet was placed at least 250D or four
boundary layer thicknesses from the trailing edge of the last row of cylinders to ensure reflections
would not influence results. The spanwise sidewalls of the domain had a periodic boundary
condition, which maps the calculated flow properties from each wall onto the other, thus creating
a numerical domain that emulates an infinitely repeating span. The ceiling of the domain had a
symmetric boundary condition applied to prevent reflections and remove any influence on the

9



freestream velocity from the presence of a boundary. The total time spent generating grids was
32.9 hours, and the solution time of all cases presented here was 379.5 hours on a 512-core HPC
server. All unscaled residuals reached convergence at or below 1e-5.

Figure 5. Locations of the Flow Quantity Profiles and Skin Friction Measurements
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2.3. Turbulent Boundary Layer

Figure 6 shows selected normalized boundary layer profiles from all cases investigated at 2D

upstream of the cylinders. The vertical distances were normalized by the boundary layer

thickness (8), and the mean velocity u was normalized by the freestream mean velocity, Uinf,

which was 10 m/s for all cases. In total, more than 1000 cases have been investigated. The range
for the cylinder’s diameter was 0.0002 m to 0.0018 m, 0.0002 m to 0.0054 m for the spacing, and
0.0002 m to 0.001 m for the width. For all cases, the profiles display a typical turbulent boundary

layer profile at zero pressure gradient. Table 1 shows the boundary layer parameters at this

location. The skin friction was calculated from the surface shear stress and was used as a

reference value for estimating the changes in the average skin friction for the half-stepped

cylinders.

Figure 6. The Normalized Boundary Layer Profiles at 2D Upstream

of the Half-Stepped Cylinders
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Table 1. Turbulent Boundary Layer Parameters
Boundary Layer Thickness (m), & 0.079
Displacement Thickness (m), 6* 0.0090
Momentum Thickness (m), 6 0.007
Shape Factor, H=6*/6 1.29
Skin Friction, Cf 0.0029
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3. Results and Discussions

Figures 7 and 8 show the variation of the skin friction coefficient for the half-stepped cylinders
with cylinder diameter and spacing, when the widths of the cylinders were 0.0002 m and 0.0006
m, respectively. Figure 9 shows the effects of changing diameter and the number of rows on the
skin friction coefficient. Table 2 shows a summary of the skin friction coefficients and the percent
changes when compared with the corresponding skin friction for the smooth flat plate turbulent
boundary layer at zero pressure gradient. When the width is 0.0002 m, the lowest skin friction is
associated with a diameter of 0.001 m and a spacing of 0.003 m. This case corresponds to 20
rows of cylinders with approximately 10% reduction in the skin friction. The rest of the cases are
associated with one-row cylinders. For one-row cylinders, the lowest skin friction coefficients
occur when the diameter, spacing, and width are 0.0002 m, with over a 7% reduction in the skin
friction coefficient.

With spacing at 0.001 m, increasing the width to 0.0006 m increased the skin friction coefficient
to higher than that of the smooth flat plate boundary layer, with the highest increase at 14%
when the cylinder’s diameter is at 0.0022 m. However, when the number of rows is increased to
20, and the spacing is 0.0046 m, there is more than a 7% drop in the skin friction coefficient.

Increasing the number of rows to three, with the cylinder’s spacing and width at 0.001 m, resulted
ina 15.8% to 16.6% decrease in the skin friction coefficient. When the number of rows increases
to 20, the reduction in the skin friction coefficient is more than 33%.

Considering the radius of the cylinder as the height of the protrusions, when the diameter is less
than 0.0018 m, the ratio of the radius to the boundary layer thickness is less than 1%. In a
turbulent boundary layer, the dimensionless wall unit y* is defined as:

+ R &
Yy =Yy Rex 2

Previous investigations on riblets have shown that if the spacing between adjacent riblets is
higher than 100 wall units, it prevents hairpin vortices from connecting to initiate unsteadiness
and transition to a turbulent boundary layer, which has a higher skin friction. In our
investigations, when the diameter and spacing are 0.001 m, the vertical protrusion is 81, and the
spacing is 162 wall units, which is higher than 100 wall units identified in the riblet studies.

Figure 10 shows micro-cavities in superhydrophobic surfaces. To reduce the no-slip boundary
condition, the width of the cavity should be greater than the viscous sub-layer thickness.
Reducing the depth of the cavity or increasing the spacing between the cavity holes should also
result in drag reduction. In our investigations, the spacing between subsequent rows that form
the cavity holes is 0.002 m (2 mm), with a depth of 0.5 mm. The viscous sublayer thickness is

12



estimated at 0.03 mm, which is much less than the width of the cavity. Given the depth and the
width of the half-stepped cylinder surface, we hypothesized that both the spacing between the
half-stepped cylinders and the cavity holes created by the rows of the cylinders contribute to the
reduction of the skin friction coefficient. The increase in the number of rows to 20 has created

significant cavities and boundary layer control for the highest reduction in the surface skin
friction.

Figure 7. Skin Friction Variation with Diameter and Spacing (Cylinder Width = 0.0002 m)
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Figure 8. Skin Friction Variation with Diameter and Spacing (Cylinder Width
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Figure 9. Skin Friction Variation with Diameter and Number of Rows (Cylinder Width and
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Table 2. The Change in Average Skin Friction with Diameter, Spacing, Width,

and Number of Rows.

Skin Skin Skin Average
Friction, | Friction, | Friction, Skin Friction, Skin
Diameter (m) [ Spacing (m) Width N_rows Upstream | Over Between Downstream Friction [% change
0.0002 0.0002 0.0002 1 0.0027 0.0027 0.0031 0.0023 0.0027 -7.6
0.0006 0.0002 0.0002 1 0.0025 0.0026 0.0041 0.0015 0.0027 -7.2
0.001 0.0002 0.0002 1 0.0024 0.0030 0.0045 0.0017 0.0029 0.2
0.0014 0.0002 0.0002 1 0.0023 0.0034 0.0046 0.0020 0.0031 7.9
0.0018 0.0002 0.0002 1 0.0022 0.0038 0.0046 0.0022 0.0032 11.8
0.0022 0.0002 0.0002 1 0.0021 0.0040 0.0046 0.0023 0.0033 13.4
0.0002 0.0006 0.0002 1 0.0027 0.0027 0.0030 0.0025 0.0027 -4.8
0.0006 0.0006 0.0002 1 0.0027 0.0027 0.0040 0.0022 0.0029 0.8
0.001 0.0006 0.0002 1 0.0027 0.0028 0.0046 0.0020 0.0030 4.5
0.0014 0.0006 0.0002 1 0.0026 0.0029 0.0049 0.0019 0.0031 7.1
0.0018 0.0006 0.0002 1 0.0026 0.0031 0.0050 0.0019 0.0031 9.2
0.0006 0.001 0.0002 1 0.0028 0.0028 0.0038 0.0025 0.0030 4.2
0.001 0.001 0.0002 1 0.0028 0.0029 0.0043 0.0024 0.0031 7.6
0.0014 0.001 0.0002 1 0.0028 0.0030 0.0046 0.0023 0.0032 9.7
0.0002 0.0014 0.0002 1 0.0028 0.0028 0.0030 0.0028 0.0029 -0.4
0.0006 0.0014 0.0002 1 0.0029 0.0029 0.0036 0.0026 0.0030 4.2
0.001 0.0014 0.0002 1 0.0028 0.0029 0.0040 0.0025 0.0031 6.8
0.0014 0.0014 0.0002 1 0.0028 0.0030 0.0042 0.0025 0.0031 8.7
0.0006 0.0046 0.0002 1 0.0029 0.0029 0.0031 0.0028 0.0029 23
0.0002 0.0054 0.0002 1 0.0029 0.0029 0.0029 0.0028 0.0029 -0.7
0.0006 0.0054 0.0002 1 0.0029 0.0029 0.0031 0.0029 0.0029 2.0
0.001 0.0054 0.0002 1 0.0029 0.0030 0.0032 0.0029 0.0030 5.1
0.001 0.003 0.0002 20 0.0028 0.0026 0.0023 0.0027 0.0026 -10.0
0.001 0.001 0.0006 1 0.0028 0.0028 0.0051 0.0021 0.0032 11.2
0.0014 0.001 0.0006 1 0.0027 0.0028 0.0052 0.0020 0.0032 10.1
0.0018 0.001 0.0006 1 0.0026 0.0028 0.0053 0.0020 0.0032 10.3
0.0022 0.001 0.0006 1 0.0026 0.0030 0.0054 0.0021 0.0033 14.4
0.001 0.0046 0.0006 20 0.0029 0.0026 0.0024 0.0027 0.0027 -7.4
0.001 0.001 0.001 1 0.0027 0.0030 0.0056 0.0020 0.0033 16.0
0.0014 0.001 0.001 1 0.0026 0.0029 0.0060 0.0022 0.0034 19.2
0.0018 0.001 0.001 1 0.0026 0.0030 0.0062 0.0022 0.0035 21.2
0.0018 0.003 0.001 1 0.0029 0.0030 0.0046 0.0026 0.0033 13.2
0.001 0.0046 0.001 1 0.0029 0.0029 0.0039 0.0027 0.0031 8.5
0.0006 0.001 0.001 & 0.0027 0.0026 0.0024 0.0020 -15.8
0.001 0.001 0.001 3 0.0026 0.0026 0.0024 0.0019 -16.6
0.0014 0.001 0.001 5] 0.0026 0.0027 0.0023 0.0021 -16.2
0.001 0.001 0.001 20 0.0024 0.0021 0.0012 0.0019 0.0019 -33.8

Figure 10. Micro Ridges in a Superhydrophobic Surface29.
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Figures 11-14 show the contour plots of the axial mean velocity, turbulent kinetic energy, and
vorticity, along with the corresponding vector plots at different vertical distances above the half-
stepped cylinder surface with 20 rows. The distances correspond to 0.13%, 0.26%, 0.52%, 0.78%,
1.04%, and 1.28% of the boundary layer thickness. At Y = 0.1 mm, the mean velocity is near zero
within the cylinders, which corresponds to nearly zero TKE. Similar results are observed at Y =0.2
mm, except that TKE increases in the wake of the cylinders downstream. The increase in TKE is
in a wavy form and decreases downstream, which corresponds to increases in the mean velocity.
These variations in TKE and mean velocity are amplified in the upper 0.50% of the boundary layer
thickness, indicating that the half-stepped cylinders significantly displace the boundary layer in
the vertical direction, thereby reducing the no-slip boundary condition and turbulence intensity
near the surface.

Near the surface, at 0.13% of the boundary layer thickness, vorticity is high between the cylinder
rows near the first two rows due to velocity acceleration and velocity gradients. However, it
decreases to zero downstream and in the wake of the cylinders. With increasing vertical distance
above 50% of the boundary layer thickness, these effects became less pronounced, and vorticity

became more uniform between and above the cylinder surfaces.

The vector plots indicate recirculation upstream and downstream of the cylinders, which
corresponds to high pressure in front and low pressure downstream, resulting in additional form
drag. However, there is also recirculation between tandem cylinders, similar to cavity-type flow,
which shifts the low-velocity region above the cylinders, reducing the velocity gradients, shear

stress, and skin friction drag.

These results indicate that the lower velocity gradients between the cylinder rows and the cavity
flow created by tandem rows of cylinders support the initial hypothesis that optimized half-step
cylinder surfaces created ridges for controlling the hairpin vortices and cavities for reducing no-
slip boundary conditions for a significant overall surface drag reduction.
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Figure 11. Contours of Normalized Axial Mean Velocity from 10D Upstream to 15D Downstream
of the Half-Stepped Cylinders, (a) X-Z Planes, (b) X-Y Plane at Mid-Section
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Figure 12. Contours of Normalized Turbulent Kinetic Energy Velocity from 10D Upstream to 15D
Downstream of the Half-Stepped Cylinders, (a) X-Z Planes, (b) X-Y Plane at Mid-Section.
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Figure 13. Contours of Vorticity
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Figure 14. Velocity Vectors, (a) First Four Rows, (b) Last Three Rows
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4. Summary & Conclusions

Parametric studies using computational fluid dynamics have been performed to identify
optimized parameters of the half-stepped cylinders for reducing the skin friction of a turbulent
boundary layer. The goal of the investigations was 1) to create ridges with half-stepped cylinder
rows to control the boundary layer hairpin vortices to relaminarize the turbulent boundary layer
and 2) to create micro cavities with tandem cylinders for reducing the no-slip boundary
conditions for a significant reduction in the surface skin friction coefficient.

A smooth flat plate of 5.5 m length with variable width, depending on the spacing between the
adjacent cylinders, was used in the investigations. The surface was tripped with a 1 mm diameter
round wire placed 10 mm from the surface leading edge. The studies were performed at a free-
stream mean velocity of 10 m/s. The Reynolds number at x = 5 m axial, which corresponds to 0.3
m upstream of the first half-stepped cylinder row, was 2.85 x 10°.

A half-stepped cylinder row had three adjacent cylinders. The parameters changed were the
cylinder’s diameter, the cylinder’s width, and the spacing between the adjacent cylinders. The
range of these parameters was 0.0002 m to 0.0018 m for the diameter, 0.0002 m to 0.0054 m
for the spacing, and 0.0002 m to 0.001 m for the width. The number of rows tested was 1, 3, and
20.

Reynolds-averaged Navier-Stokes simulations were conducted using the commercial CFD
software Ansys-Fluent in conjunction with the k-KL-Omega turbulence model. A total of 20 near-
wall layers were used above the flat plate and the half-stepped cylinder surfaces. The cell counts
ranged from 1 million to 20 million, depending on the cylinders' geometric dimensions. The skin
friction coefficient was calculated from the wall shear stress. The averaged skin friction
coefficient was obtained using the local skin friction coefficient upstream, in between, above,

and downstream of the row of cylinders.

For a single row of cylinders, the skin friction coefficient decreased by more than 7% when the
cylinder’s diameter, width, and spacing were at 0.0002 m (0.2 mm). The highest decrease for the
skin friction coefficient was more than 33% for the 20-row cylinders with these dimensions at
0.001 m (1 mm). For this case, the simulation results indicated significant reductions in
turbulence intensity and mean velocity gradient near the surface, resulting in reduced no-slip

boundary conditions and laminar flow in these areas.
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