PHYSICS OF FLUIDS 22, 1 (2010)

1 An analysis of superhydrophobic turbulent drag reduction mechanisms

2 using direct numerical simulation

3 Michael B. Martell, Jonathan P. Rothstein, and J. Blair Perot?

4 Department of Mechanical and Industrial Engineering, University of Massachusetts Amherst,

5 Ambherst, Massachusetts 01003, USA

6 (Received 26 October 2009; accepted 22 April 2010; published online XX XX XXXX)

7 Superhydrophobic surfaces combine hydrophobic surface chemistry with topological microfeatures.

8 These surfaces have been shown to provide drag reduction in laminar and turbulent flows. In this

9 work, direct numerical simulation is used to investigate the drag reducing performance of
10 superhydrophobic surfaces in turbulent channel flow. Slip velocities, wall shear stresses, and
11 Reynolds stresses are determined for a variety of superhydrophobic surface microfeature geometry
12 configurations at friction Reynolds numbers of Re_=~ 180, Re,~395, and Re, ~590. This work
13 provides evidence that superhydrophobic surfaces are capable of reducing drag in turbulent flow
14 situations by manipulating the laminar sublayer. For the largest microfeature spacing, an average
15 slip velocity over 80% of the bulk velocity is obtained, and the wall shear stress reduction is found
16 to be greater than 50%. The simulation results suggest that the mean velocity profile near the
17 superhydrophobic wall continues to scale with the wall shear stress and the log layer is still present,
18 but both are offset by a slip velocity that is primarily dependent on the microfeature spacing.

19 © 2010 American Institute of Physics. [doi:10.1063/1.3432514]
20

21 . BACKGROUND

22 Superhydrophobic surfaces are characterized by both
23 chemical hydrophobicity and microscale topological rough-
24 ness. The most overt physical characteristic of these surfaces
25 is that water droplets bead on them with high contact angles
26 (up to 179°) so that the droplets are very nearly spherical.k3
27 These contact angles are much higher than those obtained by
28 purely chemical surface treatments which achieve maximum
29 contact angles of about 130°. Nearly spherical droplets roll
30 very easily when the surface is tilted or moved. It is believed
31 that lotus leaves (which have a superhydrophobic surface)
32 take advantage of this effect to be self—cleaning.3 The rolling
33 droplets pick up dust and dirt particles as they role off of the
34 leaf.

35 The ease with which water droplets move on superhy-
36 drophobic surfaces prompted researchers to consider if such
37 surfaces might also reduce drag in pipe and channel flow.
38 Early experiments“_8 suggested that they did indeed reduce
39 drag in both laminar and turbulent boundary layer flows.
40 However, the reasons for this apparent drag reduction were
41 not clear, as the mechanisms at work in droplet motion can-
42 not be present in these flows. Leading and trailing contact
43 angles certainly have no role in channel or pipe flow. The
44 explanation for superhydrophic drag reduction in laminar
45 channels was first demonstrated in Ou ef al.’ In short, it was
46 shown that air trapped in the microscale features is respon-
47 sible for drag reduction. For a normal hydrophilic surface,
48 capillary (surface tension) forces would quickly drive air out
49 of the small surface cavities (as occurs in a sponge or cloth).
50 However, because the surface is also chemically hydropho-
51 bic, the water resists being drawn into the microcavities. As
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a result, superhydrophobic surfaces trap air at their surface 32

and may even be able to remove dissolved air from the water 53
solution. Beyond its role in allowing air cavities to form, 54
chemical hydrophobicity has little or no affect on the subse- 55
quent drag reduction. Drag reduction results from the fact 56
that water can slip over the air cavity surface, whereas it 57
comes to rest on a flat solid surface, hydrophobic or not. 58

The amount of drag reduction in laminar flows is prima- 59
rily a function of the size of the air cavities; increasing the 60
fraction of air on the surface or increasing the spacing of the 61
features increases the slip and the drag reduction.”'® The 62
maximum size of the air cavities is limited by the fact that 63
air-water interfaces bridging very large cavities can fail. This 64
occurs when the pressure becomes large enough to over- 65
whelm the surface tension forces supporting the cavity or 66
when gravitational, shear, or other dynamic instabilities are 67
strong enough to rupture the air cavity’s free surface. Subse- 68
quent research efforts'®'? have confirmed this model of 69
laminar drag reduction due to superhydrophobic surfaces. In 70
the case of roughness composed of regularly spaced ridges 71
an analytical solution corresponding to this model exists'> " 72
and experimental results appear to agree well with this 73
solution,”° specifically velocity profiles above the no-slip 74
and shear-free regions of the surfaces discussed in Philipn’14 75
and Lauga.15 76

Most research on superhydrophobic surfaces currently 77
involves very regular surface geometries—often regularly 78
spaced ridges or posts. These surfaces tend to be used in 79
research as they allow very precise characterization of the 80
topology. The model suggests that surface topology is the 81
primary factor in the resultant drag reduction thus it is im- 82
portant to characterize. This paper will continue in the tradi- 83
tion of using simple, easily characterized surfaces, but it 84
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85 should be noted that in practice unstructured surface rough- surfaces even for turbulent flows. More recent

86 ness works just as well, and is often easier to fabricate. Some
87 early experiments16 used plasma etched polypropylene which
88 produces a random surface that achieved up to 25% drag
89 reduction. More recent experiments have used hydrophobicly
90 treated sand paper.17
91 The use of superhydrophobic surfaces to produce lami-
92 nar drag reduction in boundary layers is interesting since, at
93 millimeter scales, no other drag reduction process is known.
94 At nanoscales, chemical slip is possible and electrostatic ef-
95 fects are possible. On the other hand, for turbulent boundary
96 layer flows there are numerous and quite varied ways to
97 achieve drag reduction. These include fluid additives such as
98 polymers and air bubbles,'® surface modifications such as
99 riblets,"” compliant coatings,20 and active control techniques.
100 Work by Tyrrell and Attard”! investigated the role of
101 nanobubbles trapped in hydrophobic surfaces and their rela-
102 tion to drag reduction. However, given the huge variety of
103 different kinds of turbulent boundary layer applications, it is
104 of interest to also understand the drag reducing properties
105 and controlling mechanisms of superhydrophic surfaces on
106 turbulent boundary layers.
107 In a typical boundary layer, surface roughness enhances
108 the turbulence levels and the drag. It is therefore not entirely
109 obvious that superhydrophobic surfaces (and their associated
110 surface roughness) will necessarily reduce drag in a turbulent
111 boundary layer. Nevertheless, early experiments‘"8 indicated
112 that drag reduction does occur when using superhydrophobic

experimentszz’23 have confirmed this. A theoretical analysis
by Fukugata24 proposes an explanation of how a small alter-
ation of the laminar sublayer can affect the entire turbulent
boundary layer and subsequently alter the drag.

Perhaps the earliest computational study of these sur-
faces was performed by Min and Kim.”>° This was a turbu-
lent channel flow simulation in which an assumed slip
boundary condition was applied and drag reduction was ob-
served. The slip boundary condition is an effective (macro-
scopic) boundary condition, not a physical one, so these
simulations correspond to the situation where the spacing of
the surface roughness elements is much smaller than any
turbulent eddies. Martell et al.”’ performed direct numerical
simulations in which the topology was fully resolved at a
single Reynolds number Re.=~ 180. This means that no-slip
boundary conditions were imposed on the roughness ele-
ments (posts or ridges) and a pure slip (no stress) boundary
condition was imposed at the air cavity interface. The effec-
tive macroscopic slip of the surfaces was then calculated
from the simulation, not imposed by it. The simulations in
our previous work?’ had a roughness feature spacing that
was of a size comparable to the energetic near-wall vortex
size and streak spacing.

In Martell ef al.,”’ the effects of superhydrophobic sur-
face spacing and geometry were studied at a single turbulent
Reynolds number. An increase in slip velocity and drag re-

TABLE I. Reynolds numbers, line types, geometric ratios, and length scales for the cases investigated. Note that
most Re,~ 180 cases are presented in Martell er al. (Ref. 27).

Re, Line type Geometry glw w/H g/H w* g*
180 Ridges 1.0 0.093 75 0.093 75 16.875 16.875
1.0 0.187 50 0.187 50 33.750 33.750
1.6 0.140 62 0.234 36 25.312 42.187
3.0 0.093 75 0.281 24 16.875 50.625
Posts 1.0 0.187 50 0.187 50 33.750 33.750
1.6 0.140 62 0.234 36 25.312 42.187
3.0 0.093 75 0.281 24 16.875 50.625
Transverse ridges 1.0 0.187 50 0.187 50 33.750 33.750
395 Ridges 1.0 0.093 75 0.093 75 37.031 37.031
1.0 0.187 50 0.187 50 74.062 74.062
Posts 3.0 0.093 75 0.281 24 37.031 111.09
590 Ridges 1.0 0.187 50 0.187 50 110.62 110.62
Posts 3.0 0.093 75 0.281 24 55.313 165.94
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FIG. 2. Re,=~395. A comparison of near wall velocity profiles obtained
from Moser et al. (Ref. 30) (O) and the CFD code (---) for turbulent
channel flow between two infinite parallel plates.

140 gyction with increasing feature spacing and increased free
141 surface area were observed. The Reynolds stresses showed a
142 marked shift with the presence of a superhydrophobic sur-
143 face. Ry, R,,, and R3; curves peaked lower and closer to the
144 superhydrophobic surface than their smooth channel counter-
145 part. The shear stress R, shifted toward the superhydropho-
146 bic wall. This paper is a continuation of Martell et al.”’ that
147 explores the effect of Reynolds number on superhydrophobic
148 surface performance, as well as the effect of larger roughness
149 spacing, and the underlying physical processes responsible
150 for the turbulent boundary layer drag reduction.

151 Il. COMPUTATIONAL APPROACH

152 The two roughness configurations considered in this
153 work are shown in Fig. 1. In both configurations turbulent
154 channel flow with a constant pressure gradient is simulated.
155 The flow has periodic boundary conditions applied in the
156 streamwise (X) and spanwise (Z) directions. A regular, no-
157 slip wall is applied at the top of the channel, and regions of
158 no-slip (on the top of the ridge or post) and pure slip flow (on
159 the air cavity interface) are applied on the superhydrophobic
160 lower wall. Only the water side of the air cavity is simulated,
161 and the free surface between the posts or ridges is assumed
162 to be perfectly flat. Recent work by Ybert et al® suggests
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FIG. 3. Re,=~395. A comparison of Reynolds stress profiles obtained from
Moser et al. (Ref. 30) (O R}, @ Ry, ® Ry;, @ R,) and the CFD code (- --)
for turbulent channel flow between two infinite parallel plates.
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FIG. 4. Re,~590. A comparison of near wall velocity profiles obtained
from Moser et al. (Ref. 30) and the CFD code (see Fig. 2 for symbol key).

that curvature effects exist, but have a negligible effect on
the drag under modest static pressures. Estimates based on
the maximum possible deflection angle of 12° (Ref. 29) also
suggest curvature is a secondary influence. The assumption
of a pure slip surface at the air interface is reasonable if the
roughness features are tall enough (i.e., the same order of
magnitude as the spacing). Very thin air cavities could lead
to shear flow in the air cavities and a deviation from the slip
boundary condition at the air cavity free surface.

The dimensionless length of the channel was L,/H=6
where H is the channel half height. The width was L,/H=3.
This is roughly equivalent to the values of 27 and = that
were found to be sufficient for prior spectral simulations of
channel flow.”® The simulations do not require dimensions,
but for comparison with experiments we note that if the
working fluid was water (at 20 °C), these computations cor-
respond to a channel half height H on the order of 0.15 mm
if the post or ridge sizes are assumed to be 30 wum across
(which is a common size found in experiments22’31). A total
of 13 cases were simulated. They are described in Table I.
At higher Reynolds numbers this study looks at equally
spaces ridges (50% free surface area), and widely spaced
posts (93.75% free surface area). In addition, a case with
evenly spaced ridges perpendicular to the flow direction at
Re,= 180, referred to as transverse ridges, was investigated.
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FIG. 5. Re,~590. A comparison of Reynolds stress profiles obtained from
Moser et al. (Ref. 30). See Fig. 3 for symbol key.
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FIG. 6. Re,~395. Velocity profiles from simulations with w*=g*=37.031 FIG. 8. Re,~590. Velocity profiles from simulations with w*=g*=110.62
() and wr=g*=74.062 (A) ridges, as well as w*=37.031 and g*=111.09 (A) ridges, as well as w*=55.313 and g*=165.94 (V) posts. Regular chan-

(V) posts. Regular channel profile (---) shown for reference. Note that nel profile (---) shown for reference. Note that symbols are used to identify

symbols are used to identify curves, and do not reflect data point locations. curves, and do not reflect data point locations.
188 The Re,~ 180 cases use 128% grid points for each simu- no-slip wall. Only half of the domain is shown since the 212
189 lation. The Re,~ 395 cases require 256> grid points, and the statistics are symmetric for this particular case. The mean 213
190 Re,~ 590 cases use 5123 grid points per simulation. A uni- flow matches to within 2% and the Reynolds stresses match 214
191 form mesh is employed in all directions. Stretching in the to within 5%. The greatest difference is in the stream- 215
192 wall normal direction is not required. The code uses a stag-  wise Reynolds stress in the core of the channel. Streamwise 216
193 gered mesh spatial discretization, low-storage third-order  and spanwise velocity correlations were also calculated for 217
194 Runge—Kutta time advancement for the advection terms, all three regular no-slip wall benchmark cases (Re,=~ 180, 218
195 trapezoidal advancement for the viscous terms, and a classic Re,~395, and Re,~590). Correlations approached zero 219
196 fractional step method for the pressure term and incompress- as the edge of the computational domain was reached, and 220

197 ibility constraint.*® It is parallelized using MPI libraries and  generally agreed with correlation data provided by Moser 221
: 198 efficiently hides all inter-CPU data transfers by performing etal.* although temporal averaging was not employed. Cor- 222
199 them asynchronously during the computations. The spatial relation data for the regular wall Re.~395 case is compared 223
200 discretization has no artificial dissipation associated with it with streamwise and spanwise velocity correlations from a 224
201 (which could alter the turbulent energy cascade™!). The nu-  case with widely spaced posts in Sec. V, Figs. 39 and 40. 225
202 merical method locally conserves vorticity (or circulation), These figures show that the size of the computational domain 226
203 as well as mass and momentum, to machine precision. is sufficient not only for a regular wall channel but also when 227
204 The code has been extensively tested.”"?*3%9 It was significant slip is present on the bottom wall. This is dis- 228
205 validated for laminar superhydrophobic surface calculation  cussed further in Sec. V. In addition to comparisons with 229
206 and turbulent superhydrophobic surfaces at Re,~180 in = Moser et al..” a mesh resolution study was performed. This 230
207 Martell et al.*’ Validation of the turbulence simulation capa- simulation involved evenly spaced ridges (with g/w=1) at 231
208 bilities of the code against the higher Reynolds number stan- ~ Re,~ 180. This simulation was run with both 128* and 256° 232
209 dard channel flow simulations of Moser et al.™ are shown in meshes. The Reynolds stresses were all within 3% of each 233
210 Figs. 2-5. These figures show the mean flow and Reynolds  other, and the mean velocity profiles differ by less than 0.5% 234

211 stresses that are computed when the bottom wall is a regular  of the bulk velocity. 235
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FIG. 7. Re,~395. A closer look at velocity profiles from Fig. 6, using the FIG. 9. Re,~590. A closer look at velocity profiles from Fig. 8, using the
local friction velocity, uf to normalize the velocity and calculate y*. local friction velocity ul: to normalize the velocity and calculate y*.
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FIG. 10. Comparison of velocity profiles for g/w=1, w/H=g/H=0.18750
ridges across the three Reynolds numbers investigated: Re,~180 (-)
with wr=g*=33.75, Re,~395 (- -) with w*=g*=74.062, and Re,~590
(=--—) with wr=g*=110.62.

236 I MEAN FLOW

237 In the case of the ridge topology, the ridges are always
238 aligned with the mean flow (except in the special case of
239 transverse ridges), thus the turbulent statistics depend on
240 both the distance from the surface (Y) and the spanwise lo-
241 cation (Z) (transverse ridges are dependent upon X and Y).
242 The turbulent statistics just above a ridge are different from
243 those just above a free surface region. For the post geometry,
244 the statistics are also dependent on the streamwise location
245 (X). For this reason, the statistics are calculated by temporal
246 averaging and ensemble averaging over all the posts or
247 ridges on the surface. In practice, the topological surface
248 features are very small (on the scale of microns), and engi-
249 neers are interested in the larger scale bulk properties of the
250 flow. In this paper, we present the X-Z planar averaged mean
251 flow and Reynolds stress profiles as a function of the dis-
252 tance to the wall (Y). The distinction between the planar
253 averaged statistics and the actual turbulent statistics is only
254 important at distances to the wall that are less than the gap
255 width. However, in that region this distinction is critical. Us-
256 ing the planar averaged mean velocity rather than the actual
257 (spatially varying) mean velocity to calculate the Reynolds
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FIG. 11. A closer look at velocity profiles from Fig. 10, using the local
friction velocity ulj to normalize the velocity and calculate y*.
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FIG. 12. Comparison of velocity profiles for g/w=3, w/H=0.093 75,
g/H=0.281 24 posts across the three Reynolds numbers investigated: Re.
~ 180 (-) with w*=16.875, g*=50.625; Re,~395 (- —) with w*=37.031,
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stresses produces erroneous results. This may be a particular
issue in experimental studies where the spatially varying

mean flow is very difficult to measure.

Two different ridge geometries and one post geometry
were studied at Re_ ~395. The planar averaged mean veloc-
ity profiles for those three cases as well as standard channel
flow are shown in Fig. 6. Spencer et al.*® saw similar shifts
in peak velocity toward a hydrophobic wall in their investi-
gations. The post case, with its larger gap size (and much
larger free surface area percentage) shows the most slip on
the lower wall and the greatest mass flux. Because these
simulations have the same Re, they are effectively operating
at the same pressure gradient. This shows that with a super-
hydrophobic surface, more mass can be moved through the
channel for the same effort. To show that the slip is actually
a function of the gap spacing (and not simply the free surface
area percentage), the two ridge cases have exactly the same
free surface area percentage and different gap spacings. The
smaller gap size ([J) results in a smaller slip velocity on the
lower wall and less mass flux. To first order, it can be seen
that the additional mass flux produced by a superhydropho-
bic surface is roughly proportional to the gap size of that
surface. For this reason, very small (nanoscale) features may
be ineffective for drag reduction. Figure 7 shows the velocity
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FIG. 13. A closer look at velocity profiles from Fig. 12, using the local
friction velocity uf to normalize the velocity and calculate y*.
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FIG. 14. Comparison of velocity profiles for transverse g/w=1,
w/H=g/H=0.18750 ridges at Re,~ 180 (-) with regular channel profile
(-++) shown for reference.

282 profiles in wall units (based on the bottom wall). The effec-
283 tive slip velocity caused by the superhydrophic surfaces is
284 now quite apparent. To first order these surfaces shift the
285 log-law upwards, but do not alter its slope.

286 The behavior of the mean flow as the Reynolds number
287 increases to Re_ =590 is shown in Fig. 8. The same profile in
288 wall units based on the superhydrophobic (bottom wall) fric-
289 tion velocity is shown in Fig. 9. Again, in this case, higher
290 Reynolds number essentially implies that a higher pressure
291 gradient is being applied to the same channel. As expected,
292 this drives the fluid faster through the channel. The slip ve-
293 locity, however, does not appear to be a strong function of
294 the Reynolds number. This can be seen clearly in Fig. 16,
295 when the slip velocity is normalized by the average velocity
296 in the channel. As will be discussed later, it is possible that
297 the Re, = 180 case is showing low Reynolds number effects
298 and the two higher Reynolds number cases are more indica-
299 tive of fully developed channel flow.

300 The velocity profiles for evenly spaced ridges at varying
301 Reynolds numbers are shown in Fig. 10. The velocity in
302 locally scaled wall units is shown in Fig. 11. The mean flow
303 profiles for widely spaced posts at varying Reynolds num-
304 bers are shown in Fig. 12, while the velocity in locally scaled
305 wall units is shown in Fig. 13. For both posts and ridges, the
306 slip velocity is only mildly dependent on the Reynolds num-
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FIG. 15. A closer look at velocity profiles from Fig. 14, using the local
friction velocity ulj to normalize the velocity and calculate y*.
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FIG. 16. Slip velocity as a percentage of bulk velocity for g/w=1,
w/H=g/H=0.187 50 ridges (A) and g/w=3, w/H=0.09375, and
g/H=0.281 24 posts (V) at Re,~ 180, 395, and 590, as well as transverse
g/w=1, w/H=g/H=0.187 50 ridges (H). Note that the ridge spacing in
wall units increases with increased Re .

ber for the higher Reynolds number cases. In the case of 307
transverse ridges, it is not surprising that they admit a very 308
small slip velocity at the superhydrophobic wall as seen in 309
Figs. 14 and 15. The amount of slip admitted by transverse 310
ridges may be reduced further if the interface were allowed 311
to deflect, as this may lead to recirculation above the ridge 312
gaps. Recirculation, along with streamline curvature, might 313
affect a drag increase similar to what was shown in the work 314
of Min and Kim* when transverse slip was considered. The 315
slip velocity as a percentage of the bulk velocity versus the 316
Reynolds number is shown in Fig. 16 for both the ridge and 317
post cases. This figure confirms that the Reynolds number is 318
not a strong factor in the observed dimensionless slip veloc- 319
ity of the superhydrophobic surface. This is important be- 320
cause it is likely that these surfaces will be used at much 321
higher Reynolds numbers than we have computed here. The 322
effective slip is an important parameter because it is directly 323
related to the drag reduction. In our simulations, the pressure 324
gradient is fixed, so that reduced drag on the superhydropho- 325
bic wall will lead to increased drag on the upper wall (be- 326
cause of the increased mass flow) and the same total drag in 327
the channel. Figure 17 plots the slip velocity normalized by 328
the bottom-wall friction velocity versus Reynolds number, 329
and Fig. 18 plots the drag reduction on the lower wall versus 330
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FIG. 17. Slip velocity normalized by bottom-wall friction velocity for the
same geometries shown in Fig. 16.
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FIG. 18. Superhydrophobic surface shear stress reduction as a function of
friction Reynolds number for the same geometries and Reynolds numbers
reported in Fig. 16.

331 the Reynolds number (for the ridge and post cases). These
332 figures show that the percent drag reduction varies with Rey-
333 nolds number. It is important to note that increasing the Rey-
334 nolds number while keeping g/H and w/H fixed increases
335 the microfeature spacing in wall units (w* and g*). Thus even
336 though all of the simulations in Figs. 10—18 are performed at
337 the same physical post or ridge width and spacing, their di-
338 mensions in wall units increases substantially with increasing
339 Reynolds number. Transverse ridges exhibit negligible shear
340 stress reduction and closely resemble the regular channel re-
341 sults. This adds further evidence that feature spacing, and
342 perhaps feature alignment, play a key role in surface perfor-
343 mance. We hypothesize that feature spacing in wall units,
344 and not Reynolds number, is the critical criteria for charac-
345 terizing superhydrophobic performance in turbulent flows.
346 To test this hypothesis, two ridge geometries were simulated
347 at different physical spacings and Reynolds numbers, but
348 with nearly identical ridge spacing and width in wall units.
349 The velocity profiles from these two simulations are shown
350 in Fig. 19. When normalized by the friction velocity, the
351 profiles collapse. Thus neither increasing the Reynolds num-
352 ber or reducing the physical gap size had an effect on the
353 performance of the superhydrophobic surface. This confirms

20 T T T T T
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>

FIG. 19. Near-wall velocity profiles for w*=g*=33.75 ridges (w/H=g/H
=0.1875) at Re,~180 (—) and w*=g*=37.031 ridges (w/H=g/H
=0.093 75) at Re,~395 (- —). The profiles lie atop one another, indicating
the increase in Reynolds number may not affect the superhydrophobic sur-
face performance.
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FIG. 20. Superhydrophobic surface shear stress reduction as a function of g*
for fixed w*/g*=1 ridges (A), posts (¥), and transverse ridges (H). Trans-
verse ridges exhibit near-zero shear stress reduction.

our hypothesis that it is the gap spacing in wall units that
dictates drag reduction. This suggests that it might be more
appropriate to plot drag reduction as a function of the feature
spacing in wall units w* rather than as a function of
Reynolds number. Figure 20 shows superhydrophobic sur-
face shear stress reduction as a function of g* for fixed
wt/g*=1. A nearly linear growth in drag reduction is ob-
served for both the superhydrophobic ridges and posts. A
deviation from this trend will likely be observed at low val-
ues of feature spacing if the value of drag reduction in lami-
nar flow is to be recovered. Note that 7,, is the wall shear
stress present in a comparable regular wall channel.

IV. REYNOLDS STRESSES

Figures 21-24 show the normalized planar averaged
Reynolds stresses for all the cases at Re,~395. The results
suggest that mean shear is still the primary influence on the
turbulence levels. Reduced shear at the superhydrophobic
surface results in reduced turbulent production and lower tur-
bulence levels for all the shear stresses. The magnitude of the
turbulence drop is closely related to the magnitude of the
shear reduction that occurred due to the slip on the surface.
Similarly, on the regular (upper) wall the shear increases

T

R]]/u

-1 08 06 -04 02 0 02 04 06 08 1
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FIG. 21. Re,~395. R, profiles from simulations with w*=g*=37.031 (0J)
and wr=g*=74.062 (/) ridges, as well as w*=37.031, g*=111.09 (V)
posts. Regular channel profile (---) shown for reference. Note that symbols
are used to identify curves, and do not reflect data point locations.
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FIG. 22. Re,=~395. R,, profiles for the same geometries reported in Fig. 21.
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FIG. 23. Re,=395. R3; profiles for the same geometries reported in Fig. 21.
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FIG. 24. Re,~395. R, profiles for the same geometries reported in Fig. 21.
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FIG. 25. Re,~590. R, profiles from simulations with w*=g*=110.62 (A)
ridges, as well as w*=55.313 and g*=165.94 (V) posts. Regular channel
profile (---) shown for reference.
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FIG. 26. Re,~590. R,, profiles for the same geometries reported in Fig. 25.

3

0

-1 -08 -06 04 02 0 02 04 06 08 1

y/H

FIG. 27. Re,.=~395. R3; profiles for the same geometries reported in Fig. 25.
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FIG. 29. Re,=180. R,; profiles from simulations with transverse g/w=1,
w/H=g/H=0.187 50 ridges (M). Regular channel profile (---) shown for
reference.
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FIG. 32. Comparison of R,, profiles for the same cases discussed in Fig. 31.
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376 (due to the additional mass flow through the channel) and the

377 turbulence levels increase accordingly. Note that all

378 Reynolds stresses are scaled by the square of the friction N =

379 velocity ui, which is the average of the top and bottom wall N

380 friction velocities. §— 1F

381 The variation as the Reynolds number increases to @

382 Re, =~ 590 is shown in Figs. 25-28 for both the widely spaced =

383 posts and evenly spaced ridges. At higher Reynolds numbers, 03T

384 the high-shear region lies closer to the wall and is stronger.

385 This was also observed by Spencer et al.®® who saw similar ol v v v 0
05 1 2 345710 2030 5070100 200 500

386 changes in Reynolds stress profiles near hydrophobic walls.
387 This is reflected in the turbulence intensities. For a given
388 surface topology (in w/H and g/H) the peak turbulence lev-
389 els increase with Reynolds number and move toward the
390 wall. When comparing the different surface topologies

FIG. 33. Comparison of R3; profiles for the same cases discussed in Fig. 31.
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391 against each other, it is clear that the posts reduce the normal 075 e
392 fluctuation (R,,) more than the ridges do, and the posts en- 051 ]
393 hance the surface parallel fluctuations (R;; and Rs;3) com- 025t
394 pared to the ridges. The enhanced wall parallel fluctuations N o -
395 are a result of the extensive free surface area (93.75%) pro- \:‘: 025
396 vided by the posts (versus the 50% free surface coverage N
397 found in the ridge case). A free surface does not damp  05f
398 surface-parallel fluctuations and a solid wall does.*® While 075
399 the superhydrophobic surface reduces the mean shear and Ik i
400 hence the turbulent production, it also significantly reduces o
05 1 2345710 2030 50 100 200 600
+
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FIG. 34. Comparison of R, profiles for the same cases discussed in Fig. 34.
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FIG. 31. Comparison of R, profiles for g/w=1, w/H=g/H=0.187 50 (b)  — No-Slip (ridge)

ridges across the three Reynolds numbers investigated: Re,~180 (-)
with wr=g*"=33.75, Re,~395 (- -) with w*=g*=74.062, and Re,~590
(=--—) with wr=g*=110.62.

FIG. 35. Schematic representing pairs of counter-rotating vortices for chan-

nel flow over ridges at two different Reynolds numbers.
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FIG. 36. Re.~395. Instantaneous streamwise velocity (U) contour slices (XZ), normalized by Uy, for a regular channel and one with w*=37.031,
g+*=111.09 posts. The slice in (a) is taken at y*=~44, while the slice in (b) is taken at y*=22. Feature sizes and shapes are roughly equivalent.

401 the amount of energy dissipation near the surface (by remov-

402 ing the surface-parallel viscous damping of the turbulence).
403 For this reason, the flow does not relaminarize on the super-
404 hydrophobic surface when local shear arguments alone might
405 suggest it should. Note that the unsmooth regions present in
406 the Re,~590 post Reynolds stress profiles are a result of
407 insufficient statistical averaging in time and are not indica-
408 tive of any physical phenomena. It is of no surprise that the
409 Reynolds stress profiles for transverse ridges are nearly iden-
410 tical to those for the regular channel as seen in Figs. 29 and
411 30. Unlike their streamwise counterparts, the transverse
412 ridges do not appear to affect the location or intensity of
413 turbulent structures in the flow.

414 The Reynolds stresses are plotted in wall coordinates
415 in Figs. 31-34 for g/w=1, w/H=g/H=0.187 50 ridges at
416 Re,~ 180, Re,~ 395, and Re,~590. The local (lower wall)
417 friction velocity is used in the normalization and in the cal-
418 culation of y*. While these figures appear to show Reynolds
419 number variation, it is hypothesized that they may be reveal-
420 ing variation with gap and feature widths g* and w*.

421 V. STRUCTURES

422 The mean flow profiles and Reynolds stresses imply that
423 the superhydrophobic surface does not alter the fundamental
424 structures of the turbulent boundary layer. The near wall be-
425 havior of the turbulent shear stress (R;,) continues to col-
426 lapse on wall shear units. The log-law remains intact (though
427 shifted upwards) for the mean flow. This section will look
428 closely at the streaks (and streamwise vortices) associated

(a) 025 -0.15 005 005 0.15 025

with boundary layer flows, and will investigate how they are 429

affected by the regular array of microfeatures on the super- 430
hydrophobic surface. 431

Streaks (pairs of counter-rotating vortices) have an aver- 432
age spanwise spacing of roughly 100* units.*” This means 433
that as the Reynolds number is increased (w/H and g/H are 434
held fixed), the streaks (and their associated streamwise vor- 435
tices) become smaller. Figure 35(a) depicts the size and 436
shape of vortices for a channel with evenly spaced ridges 437
(w/H=0.125) at Re,~ 180 on a cross section looking down 438
the channel. The tops of the ridges are shown with a solid 439
black line and the tops of each free surface are shown with a 440
dashed line. The counter-rotating streamwise vortices that 441
form the low-speed and high-speed streaks are shown resid- 442
ing just above the surface. For this particular case, the ridge 443
spacing and the streak spacing are nearly equal. Having the 444
ridge spacing equal to the streak spacing means that the 445
ridges have the potential to act such as riblets (see Ref. 41). 446
Riblets reduce drag by damping the spanwise motion of 447
streamwise vortices. This could be a reason (in addition to 448
low Reynolds number effects) why the Re.=~ 180 simulations 449
behave slightly differently from the higher Reynolds number 450
simulations. We note however, that the posts have little abil- 451
ity to control spanwise streak motion yet they too show 452
slight differences at Re,.= 180. 453

Figure 35(b) shows the same surface topology at the 454
higher Reynolds number, Re,~590. The vortices are now 455
much smaller than the ridges and free surface regions (gaps), 456
and the vortices are also closer to the superhydrophobic sur- 457
face. It is unlikely now that the streaks and ridges (or posts) 458

(b) -0.25 -0.15 -0.05 005 015 0.25

FIG. 37. Re,~395. Instantaneous vertical (V) velocity contour slices (XZ), normalized by Uy, similar to those found in Fig. 36, for the same geometries,

taken at the same y* locations.
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FIG. 38. Re,~180. Time-averaged streamwise (U) velocity contour slice
(YZ, looking downstream), normalized by Uy, for wt=g*=33.75 stream-
wise ridges. Note that the presence of the ridges alters the mean flow up
until y*=~10-15.

459 25

are acting such as riblets. The Min and Kim simulations,
460 where a slip boundary condition is assumed for the whole
461 lower surface, would be equivalent to the opposite situation
462 where the ridges are extremely small compared to the near
463 wall structures.

464 The behavior of the mean flow and Reynolds stresses
465 suggests that very similar near-surface structures are likely to
466 exist adjacent to the superhydrophobic surface. This is con-
467 firmed by Fig. 36 which shows a slice of the streamwise
468 velocity, normalized by the bulk streamwise velocity, which
469 is parallel to and just above the superhydrophobic surface,
470 and Fig. 37 which shows the vertical velocity (also normal-
471 ized by the bulk streamwise velocity) in the same plane. The
472 top picture is a regular channel flow (at Re,~395) and the
473 bottom slice is from the widely spaced post case (at the same
474 Reynolds number). The contour levels are identical in both
475 pictures, so that it is clear that both the magnitude and size of
476 the streaks are very similar in both flows. A bar correspond-
477 ing to 50* wall units has been added to compare the relative
478 sizes of features present in the flow. The slices are taken at
479 y-positions where the local shear is the same. In the case of
480 the regular channel, the slice is at y* =44 and in the case of
481 the posts this level of shear does not occur until one is closer
482 to the surface (at y*=22). The location with the same mean
483 shear was chosen because Lee ef al.*? suggest that shear (not
484 wall locality) is the driving mechanism in streak formation.
485 The shift in position roughly corresponds to the slip-length in
486 wall units. For the widely spaced post case in both Figs. 36
487 and 37, the turbulent structures are not closely related to the
488 post positions, although the structures shown in Fig. 36(b)
489 appear to remain aligned down the length of the channel
490 while in (a), which shows the regular wall channel, the
491 streaks intersect more and are generally less structured. The
492 fact that the post case has only 6.25% of the surface occupied
493 by a solid wall indicates that boundary layer turbulent struc-
494 tures are dominated by the mean shear and the zero vertical
495 velocity (no penetration) boundary condition. The tangential
496 boundary condition (slip or no-slip) appears to have a very
497 significant affect on the overall drag without dramatically
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FIG. 39. Re,~395. A comparison of velocity correlation profiles in the
streamwise (X) direction at y*=44 obtained from a regular channel (O uu,
@ vv, and ® ww) and w*=37.031 and g*=111.09 posts at y*=22 (---).
Note that these are the same y* locations shown in Figs. 36 and 37.

changing the nature of the near-wall turbulent structures.
Note that the velocities were normalized by the bulk stream-
wise velocity in order to better accentuate the turbulent fea-
tures present in the flow. The bottom wall friction velocity
(uf) was not used for normalization as the value of uf differs
greatly between regular channels and those with ridges or
posts.

Figure 38 shows time-averaged streamwise velocity (U)
contours over wr=g*=33.75 streamwise ridges on the bot-
tom wall at Re,~ 180. The difference between flow over the
gaps (lighter regions with higher velocity) and flow over the
ridges themselves (darker regions with near-zero velocity) is
clearly seen. The presence of the ridges appears to affect the
mean flow in the channel up to a height of y*=~10-15, and
the smooth transition between shear-free and no-slip regions
is observed. Statistics taken over the ridge will resemble
those for a “normal” no-slip wall, and similarly statistics
taken over a gap will be similar to those found above a
“normal” free surface. Superhydrophobic features affect the
near-wall region up to a distance less than or equal to the
feature spacing in wall units (g*).

Figures 39 and 40 compare velocity correlations in
X and Z for a regular wall channel and w*=37.031,
g"=111.09 post channel both at Re,~395. For the regular

B
T

)2

C/(u

0 0.25 0.5 0.75 1 1.25 1.5
r,/H

FIG. 40. Re,=~395. A comparison of velocity correlation profiles in the
spanwise (Z) direction at the same y* locations, as shown in Figs. 36 and 37.
See Fig. 39 for symbol key.
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522 wall channel, correlations were calculated at y*=44. For

523 w"=37.031, g*=111.09 posts, correlations were computed at
524 y*=~22. The correlations match well for moderate ry and r,
525 which further supports the hypothesis that shear may be pri-
526 marily responsible for streak formation. Furthermore, the
527 correlations show the computational domain is both wide
528 and long enough even with significant shear free surface
529 present on the lower wall. The unsmooth nature of the
530 streamwise velocity correlation in the spanwise direction
531 (seen in Fig. 40) may be due to the presence of streaks and
532 the lack of temporal averaging, as the behavior roughly cor-
533 responds to the spanwise streak spacing. Note that the size of
534 the fluctuations does not correspond to the post size or spac-
535 ing, and would most likely average to zero over time.

536 VI. CONCLUDING REMARKS

537 Superhydrophobic surfaces produce changes in turbulent
538 channel flow through several different mechanisms. They al-
539 low average slip velocities (along the surface) which ap-
540 proach the channel’s bulk velocity. The shear stress at the
541 superhydrophobic surface (which can be directly related to
542 drag reduction) is significantly reduced when compared with
543 regular channel flow. The shear stress reduction (near 10%)
544 found for w/H=g/H=0.1875 ridges at Re,~ 180 closely
545 matches the drag reduction reported in the experiments of
546 Daniello e al.”**' The superhydrophobic surfaces alter the
547 symmetry, peak magnitude, and peak locations of Reynolds
548 stresses, largely in keeping with the redistribution of mean
549 shear throughout the channel.

550 For all geometries investigated, and at all Reynolds
551 numbers, the widely spaced posts outperformed the ridges by
552 supporting a higher slip velocity and exhibiting a greater
553 decrease in wall shear stress. It appears as though the dimen-
554 sionless slip velocity is independent of the Reynolds number
555 (for fixed g* and w*). Many of the results appear to have
556 Reynolds number dependence when w/H and g/H are held
557 fixed. The indications are, however, that when scaled appro-
558 priately (on g* and w") the flow behavior may be indepen-
559 dent of Reynolds number.

560 Turbulent structures in the channel are shifted but other-
561 wise largely unaffected by the superhydrophobic surface. Ex-
562 amination of scaled R, profiles, and of instantaneous
563 streamwise and vertical velocity fields indicates that the tur-
564 bulent structures remain intact, and are simply shifted toward
565 the superhydrophobic surface. This is useful, as it means the
566 existing theory and understanding of turbulent structures still
567 applies to turbulent channel flow over superhydrophobic sur-
568 faces, and simply requires the turbulent structure locations to
569 be modified. An understanding of this shift will allow engi-
570 neers to model and predict the performance of superhydro-
571 phobic surfaces.
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