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Abstract. The reduction of skin friction in turbulent ﬂows holds considerable promise for energy savings. The present work shows how and why skin friction and the
dissipation are interrelated in turbulent channel ﬂows. A hydraulic model formulation is presented for the skin friction reduction that can be obtained with a surface
structure recently proposed for ﬂow control. The model predictions are validated
with results from direct numerical simulations.
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1 Skin Friction Reduction
It is well known that the skin friction coefﬁcient
cf =

τw
ρ 2
2 Ub

(1)

(where τw is the wall shear stress and Ub the bulk ﬂow velocity) suddenly increases
when laminar to turbulent transition occurs. The transition delay or the reduction of
the skin friction in turbulent ﬂows therefore holds signiﬁcant potential for energy
savings. Employing the momentum and energy conservation for a turbulent channel
ﬂow of channel height H, it can be shown that c f is related to the average total
dissipation ε by:
U3
ε  cf b ,
(2)
H
where ε is given as follows:
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Fig. 1 Friction coefﬁcient as a function of bulk Reynolds number in the laminar and turbulent ﬂow
regimes.
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Figure 1 shows a plot of c f , based on ε , versus Reynolds number, Reb = Ub H/ν
for turbulent channel ﬂows at different Reynolds numbers [1, 5, 6, 8, 9] including the
theoretical result for a laminar channel ﬂow:
cf =

12
Reb

(4)

and the typical correlation for a turbulent channel ﬂow [2]:
c f = 0.073Re−0.25
.
b

(5)

It can clearly be seen that an increase of c f at high Reynolds number is caused by
turbulent dissipation. In order to obtain energy savings in the high Reynolds number
regime, it is therefore necessary to reduce the turbulent dissipation. In [3] it is shown
that the turbulent dissipation can be signiﬁcantly reduced by forcing the turbulent
ﬂuctuations in the near-wall region to be predominantly one-component. In order to
realize this state of turbulence at the wall a surface topology with grooves aligned in
the mean ﬂow direction as shown in Figure 2(left) is proposed. Inside the grooves,
ﬂuctuations in the spanwise direction are suppressed such that their intensity is almost identical to the one found in the wall-normal direction. The ﬂuctuations in
the streamwise direction are not restricted to grow by the surface topology and are
therefore the most dominant ones inside the grooves.
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1.1 Formulation of the Hydraulic Model
To estimate the performance of the proposed surface a hydraulic model is formulated. In [4] it is shown that a trend towards one-component turbulence is commonly
found for different existing drag reduction techniques and that this trend resembles
the one for decreasing Reynolds numbers in uncontrolled turbulent channel ﬂows.
Based on these results it can be concluded that we may expect relaminarization of
a turbulent ﬂow near the wall if two of the three velocity components are fully suppressed. The hydraulic model formulation is therefore based on the assumption that
the ﬂow inside the grooves will laminarize if these are of the same order as the sublayer thickness. The skin friction within the grooves is given by Equation (4), with
the Reynolds number based on the characteristic length and velocity scales (which
are on the order of the groove dimensions) and the wall shear velocity on the wall
sections between the grooves where Equation (5) holds. Thus the main contribution
to the skin friction arises from the wall sections which separate the grooves from
each other. The resulting drag reduction DR for the grooved surface is therefore
given by:
τw,grooved Agrooved
,
(6)
DR = 1 −
τw,smooth Asmooth
where τw is the wall shear stress of the grooved surface structure and the smooth
surface of a regular turbulent channel ﬂow, respectively, and A denotes the corresponding surface areas. Figure 2 (right) shows the model predictions for a surface
structure in which the grooves are separated by a distance of three times their width
(b = 3a). Drag reduction asymptotically tends to 25% for very high Reynolds numbers when the skin friction inside the grooves can be neglected:
DRmax ≈ 1 −

b
a
=
.
a+b a+b

(7)

1.2 Comparison with Computational Results
In order validate the model description, the obtained drag reduction is compared
with results of direct numerical simulations of a channel ﬂow with grooved surfaces. These simulations are based on the lattice-Boltzmann method. A detailed
description of the employed simulation technique can be found in [7] where the applicability and accuracy of this method for channel ﬂow simulations is discussed in
detail. Simulations were carried out at two different Reynolds numbers; the details
of the simulations are given in Table 1. Based on the obtained velocity proﬁles, the
wall shear stress is calculated and the resulting drag reduction is obtained by comparing with a channel ﬂow without grooves (Equation (6)). The results are included
in Figure 2 (right) and show good agreement with the model predictions.
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Table 1 Overview of the simulations carried out for the channel ﬂow with grooves where Rec is
the Reynolds number based on centerline velocity and Reτ the one based on the wall shear velocity.
Rec

Reτ

resolution
N1 × N2 × N3

resolution
in wall units

6650
5230

187
148

4096 × 264 × 240
4096 × 364 × 360

1.4
0.8

a+
5
4

b+
in wall units
14
15

c+
5
4

Fig. 2 Surface structure with grooves aligned in the ﬂow direction (left). Drag reduction of the
grooved surface based on the hydraulic model in comparison with numerical results (right).

2 Outlook and Conclusion
A hydraulic model is presented for the drag reducing performance of a grooved surface structure which was designed to minimize the turbulent dissipation in the ﬂow.
The obtained model predictions show very good agreement with the drag reduction
obtained in direct numerical simulations. Future work will concentrate on experimental veriﬁcation [10] of the obtained drag reduction and more reﬁned numerical
investigations.
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