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This paper concerns the reduction of pressure losses during pipeline hydrogen trans-
portation, as the cost of hydrogen compression is a significant obstacle for efficient hydrogen
pumping on a large-scale basis. The use of organized micro-structures on pipeline walls is
proposed to obtain lower values of pressure losses with respect to smooth walls. Three-
dimensional micro-structures of a sinusoidal shape are investigated as potentially more
efficient counterparts to conventional two-dimensional structures (riblets) developed in
aerospace industry. Aerodynamic performance of three-dimensional structures is investi-
gated computationally in terms of both skin friction and pressure drag, two constituents of
the total drag. Three-dimensional structures are shown to provide larger total drag reduction
than two-dimensional structures for some range of geometrical parameters (14.5% versus
11%). Parametric dependence of both pressure and skin friction drag on structure geometry is
analyzed, and an optimum configuration maximizing the total drag reduction is proposed.
© 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen economy requires an infrastructure to deliver
hydrogen from the production site to the point of end-use, such
as a dispenser at a refueling station or stationary power site.
Pipeline transmission of gaseous hydrogen is so far the most
economical method for hydrogen delivery at large volumes.
But due to the relatively low volumetric energy density of
hydrogen, the costs associated with hydrogen compression are
large. Reduction of pressure losses in pipes would decrease the
number of compression stations along the pipe and lower the
costs associated with the pipeline hydrogen delivery.

More than three decades ago, hydrogen was recognized as
a promising alternative energy source, and researchers star-
ted looking into many issues related to hydrogen economy,
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such as methods of hydrogen production, storage and trans-
portation, including pipeline transmission, with the review of
early studies published, for example, by Gregory & Pangborn
[1]. Later, Tellier [2] proposed to use axial flow compressors, as
opposed to centrifugal compressors, for long distance pipeline
transmission of hydrogen. Energy losses associated with
pipeline transmission of liquid hydrogen were studied in [3],
and technical and economical evaluation of pipeline trans-
portation of gaseous hydrogen was presented in [4]. The
authors of [4] showed that it is economically feasible to
transport hydrogen or hydrogen-natural gas mixtures over
long distances under the conditions of high production pres-
sures and large markets. Since then, many various aspects
associated with pipeline transmission of gaseous hydrogen
were investigated, including safety implications [5-7], choice
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of pipeline materials and problem of hydrogen embritllement
[8,9], modeling and optimization of hydrogen networks based
on dynamic programming methods [10], neuronal networks
[11] and geographical information systems [12]. Computa-
tional modeling of a hydrogen gas flow inside the pipelines
was undertaken by Weng & Zhen [13] and Elaoud & Hadj-Taieb
[14]. However, the aspect of pressure loss reduction in gas
hydrogen pipelines was not extensively considered in the
open literature.

In a gas pipeline, pressure losses are mostly defined by the
flow conditions and by the characteristics of the pipe wall in
contact with the gas. In a first stage, pressure losses may be
reduced by using a relatively smooth internal coating, which
decreases wall roughness and therefore decreases a friction
factor. In a second stage, pressure losses can be further
reduced by using structured surfaces on a coated pipe.
Structured surfaces favorably interact with the turbulent
boundary layer on the pipe wall, decreasing the momentum
transfer associated with the most energetic turbulent struc-
tures and thus decreasing the friction factor relative to
a smooth wall [15-17]. It was estimated [18] that, for a pipeline
operating at a pressure of 150 bar, reducing the wall rough-
ness from 20 to 2 microns provides a cost saving of 11-12%,
depending on a discharge pressure. Addition of structured
surfaces, which can be represented by negative roughness,
provides 16-17% costs saving (for structured surfaces
designed for 5-10% drag reduction), which gives an extra 5-6%
gain relative to a coating with 2 micron roughness. Although
structured surfaces can also be used with application to
natural gas, they are especially well suited for use with
hydrogen for two reasons. First, due to a higher purity of
hydrogen, erosion of structured surfaces leading to a decrease
or complete loss of drag reduction efficiency is less likely to
occur. Second, since molecular weight and, therefore, density
(0) of hydrogen is about ten times smaller than that of natural
gas while viscosities (u) are similar, the Reynolds number
Re =p UD/u of hydrogen is also about ten times smaller than
that of natural gas at the same operating (bulk) velocity U and
pipe diameter D. Since physical size of the structures is
roughly proportional to the pipe diameter/Reynolds number
ratio (D/Re), the structures will be ten times larger for
hydrogen and, therefore, easier to manufacture. However,
even for hydrogen, they will be of a size of 50-100 microns, still
representing significant challenges for manufacturing. A
special technique for manufacturing micro-structures on gas
pipeline walls using laser ablation with pulsed lasers has been
developed at IFP [18], consisting of fabrication of a primary
mould, fabrication of a secondary mould from the primary
mould (flexible membrane, generally silicon) and application
of a flexible membrane on a coating during its polymerization
stage (pressurization).

When offering structured surfaces as a viable technique for
reducing pipeline pressure losses, one has to take into account
the costs associated with the surface structuring. Application
of structured surfaces with the laser ablation requires the
manufacturing of structured bladders. Although the primary
mould itself can be very costly, its cost becomes totally
negligible based on a thousand kilometers of pipeline length.
The cost of the mould replication and the application of
a flexible membrane to the pipeline coating is of the order of

the cost of a conventional coating application, which is about
6 euros/m?, compared to 600 euros/m? of overall pipeline costs
(which include installation, operating and maintenance costs
of the piping, compression stations and utilities). In other
words, costs of surface restructuring would be about 1-2% of
the overall CAPEX and OPEX costs, compared to 16-17% cost
savings which they can offer by reducing pressure losses.

Aerodynamic performance associated with two-dimen-
sional (2D) structured surfaces has been extensively investi-
gated for over 20 years, and an optimal geometry has been
established experimentally providing 4-11% drag reduction
depending on a cross-sectional shape [19-21]. However, drag
reduction properties of structured surfaces can be further
improved by designing three-dimensional (3D) structures to
reinforce the turbulence control not only in normal direction,
but also in transverse and longitudinal directions. Thus, it was
recently proposed to add longitudinal variation to a conven-
tional two-dimensional geometry of structures [22] in an
attempt to create flow conditions similar to that occurring
above a spanwise-oscillating wall, which is known to provide
flow drag reduction of 15-20% when external energy input is
taken into account [23-25]. The new three-dimensional struc-
tures represent sinusoidal waves, rather than straight lines, if
viewed from above. This paper is devoted to a computational
study of aerodynamic performance of those three-dimen-
sional structures with respect to the two major parameters
defining their longitudinal geometry: amplitude and wave-
length of the sinusoidal shape oscillations. Cross-sectional
shape in the transverse plane is chosen to correspond to the
optimal shape of the two-dimensional structures. Two types of
transverse cross-sections are considered: triangular and knife-
blade. Aerodynamic performance in terms of both skin friction
and pressure dragis documented, since pressure dragbecomes
non-zero for 3D structures as opposed to conventional 2D
structures. Total drag modification with respect to the corre-
sponding 2D configurations is assessed.

2. Geometry of the structured surfaces

Three-dimensional view of a structured surface is shown in
Fig. 1. We consider two types of transverse cross-section of
structures: triangular and knife-blade. The close view of each
cross-section, together with the major parameters defining
the cross-sectional geometry, is shown in Fig. 2. Here s is the
spacing between the two adjacent structures, h is the protru-
sion height of the structures, and « is the protrusion angle.
The angle « equals to 90° for the knife-blade cross-section. The
difference between conventional two-dimensional structures
and proposed three-dimensional (wavy) structures [22] is
highlighted in Fig. 3, where we show the top view of the
structured surface. Major parameters defining the longitu-
dinal variation of the structure geometry due to the wavy
pattern are the wavelength 2 and the amplitude a (which
uniquely define the maximum slope g).

In the calculations, the cross-sectional geometry of the
structures was kept constant corresponding to the optimum
configuration of 2D structures for this type of the cross-
section. The values of the optimum cross-sectional parame-
ters are listed in Table 1 for the triangular and knife-blade
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Fig. 1 - Structured surface.

cross-sections, respectively, and can be found, for example, in
Ref. [21].

It is known from the analysis of governing equations and
from the multitude of experimental evidence that turbulent
boundary layers at different Reynolds numbers exhibit self-
similarity and that the self-similar character of the near-wall
turbulence is defined by special reduced units, called “wall” or
“plus” units: I" =1/1,, where 1, = u/(p u,) is the friction length
and u, = \/ro_/p is the friction velocity, 1o is the shear stress on
a smooth wall [26]. It means that the major properties of
turbulent boundary layers, such as the typical size of the
structural sublayers in a turbulent boundary layer (viscous
sublayer, logarithmic sublayer, buffer layer and external
layer), as well as the characteristic size of coherent turbulent
motions (coherent vortices) are the same if expressed in wall
units for flows with different Reynolds numbers [26]. There-
fore, wall units are typically used when analyzing turbulent
boundary layers. Moreover, since the characteristic size of
coherent vortices scales with wall units, so does the optimum
size of drag reducing surface structures, whose purpose is to
interact with these vortices and reduce the turbulent activity
associated with them. Optimum parameters of the structure
geometry, defined in wall units, will therefore stay the same
when the Reynolds number of the flow changes, so that these
parameters in wall units can be determined for one particular
flow condition and be used for different flow conditions.

Triangular

Physical size of the structures, 1, can be reconstructed from
the size in wall units, 17, following the relation 1=1" D/Re,,
where Re, =D/l, = p u, D/u. From the empirical law of Blasius
for the turbulent friction factor in smooth pipes [27],

F; = 0.3164Re /%, (1)

where the friction factor Ff=8 u?/U?, it follows that

Re.~ 0.2 Re’”® )

and the physical size of the structures can be computed as

1~5.1*D/Re’/5. ?3)

Therefore, the structure size is roughly proportional to the
pipe diameter/Reynolds number ratio. Although only one
choice concerning structure parameters can be made for
a particular pipeline based on design operating conditions (gas
velocity, density and viscosity), some working deviations of
gas parameters from the targeted values are acceptable, since
the operational range of structured surfaces is reasonably
large. In fact, for changes in Reynolds number up to 50%, the
performance of a structured surface, although no longer
optimum, will still be sufficient to provide pressure loss
reduction benefits. If operating conditions are to change
significantly, as with the change of a transported fluid or
pipeline infrastructure, the application of a new inner surface

___________________,i

S
Knife-blade

Fig. 2 - Cross-sectional geometry.
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Fig. 3 - Comparison between 2D and 3D structures. Top view of the structured surface.

coating with differently-sized structures should be consid-
ered, which, as estimated above, does not constitute the major
costs in renovating a pipeline infrastructure.

Since the goal of this paper is to examine the effect of
longitudinal variation of structure geometry on the flow drag,
several configurations involving different wavelengths and
amplitudes of a sinusoidal wave defining the structure shape
were tested computationally. Geometrical parameters of these
configurations are summarized in Tables 2 and 3 for triangular
and knife-blade cross-sections, respectively. In addition to the
wavelength (1*) and amplitude (a*) in wall units, as well as the
slope angle 8, we also report the non-dimensional period T*
defined as Tt =T u?/», where T= /U and » is the kinematic
viscosity, and the transverse excitation parameter a*/T" 3
which will be discussed later (Section 6). The non-dimensional
oscillation period is the most relevant parameter in regard to
a spanwise-oscillating wall - the drag reduction mechanism
that motivated the development of wavy structures. The
quantity T* is therefore useful for direct comparison between
the two drag reduction methods. In the present application, T*
can be understood as the non-dimensional time it takes the
flow to travel through one wavelength of a structure shape
oscillation. Knife-blade cross-section is known to be the most
efficient structure shape for reducing dragin 2D configurations
[21] (10-11% drag reduction as opposed to 5-6% for triangular
cross-section). It was therefore believed that the knife-blade
cross-section would also be the most efficient in extracting
benefits from the longitudinal geometry variation, thus
providing the largest difference in drag between 3D and 2D
shapes. This explains our decision to concentrate most of our
efforts concerning parametric study of 3D configurations and
their drag reduction properties on knife-blade structures.
Although knife-blade structures with zero blade thickness
cannot be used in practice (because of the low durability and

manufacturing difficulty), very similar shapes, such as struc-
tures with trapezoidal grooves and thin wedge-like ribs, can be
used [21].

3. Computational setup

Computations of the turbulent flow over structured surfaces
were performed using Code_Saturne [28], which is an unstruc-
tured finite-volume incompressible computational solver of
a second-order accuracy both in space and in time. Although
hydrogen by itself is not an incompressible fluid and
compressibility effects would be important, say, at the
compressor entrance, pipeline transport operates at very small
Mach numbers M = U/c, which, for the case of hydrogen usually
do not exceed M ~ 0.01-0.03 due to the high value of the sound
speed ¢ = \/(vP/p), making the flow essentially incompress-
ible. In addition, it was recently evaluated that even at high
Mach numbers M > 1 compressibility effects on the pressure
losses in turbulent flows are negligible [29]. In the present
paper, large Eddy Simulation procedure with Smagorinsky
model [30] as a subgrid-scale model was used for turbulence
modeling. Simulations were setup in a channel, whose bottom
wall was a structured surface, and the top wall was a smooth
wall, see Fig. 4. All turbulence length scales were fully resolved
in streamwise and spanwise directions, while van Driest wall
functions [31] were used in the vertical direction. Computa-
tional domain contained eight surface structures in the span-
wise direction and its length was equal to one oscillation
wavelength in the streamwise direction, while periodic
boundary conditions were employed at both streamwise and
spanwise boundaries. Reynolds number was set to Re = p UD}/
w=11,200, where Dy, is the hydraulic diameter, which, for an
infinitely wide channelis calculated as Dy, = 2Ly, where Ly is the

Table 1 - Cross-sectional parameters of the structure
geometry.

Cross-section o h/s ht st
Triangular 60° 0.866 18 21
Knife-blade 90° 0.5 8 16

Table 2 - Wave parameters for triangular cross-section.

Case i at 8 T at/T*3
2DT o 0 0° © 0
3D-70-11.3 T 1080 34 11.3° 70 1.00 x 107*
3D-37-11.3 T 580 18 11.3° 37 3.55 x 107
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Table 3 - Wave parameters for knife-blade cross-section.

Case At a’ 8 T at/T* 3
2D B o 0 0° © 0
3D-105-11.3 B 1620 50 11.3° 105 0.43 x 107*
3D-70-8 B 1080 23 8° 70 0.67 x 107*
3D-70-9.6 B 1080 28 9.6° 70 0.82 x 107*
3D-70-11.3 B 1080 34 11.3° 70 1.00 x 107
3D-37-9.6 B 580 15 9.6° 37 2.96 x 107*
3D-37-20 B 580 32 20° 37 6.32 x 107*

channel height. This Re corresponds to Reynolds number based
on skin friction velocity Re,=p u.Dy/u=720. Geometrical
parameters of the computational domain with respect to the
hydraulic diameter Dy, are summarized in Table 4 for all the
computed cases. We also list the number of grid points used in
each direction (N, x Ny x N;) and the grid resolution in wall
units. The physical size of the structures with respect to the
hydraulic diameter for this Reynolds number is documented in
Table 5 (calculated from the non-dimensional structure
parameters listed in Tables 1-3). Further details of the
computational setup can be found in Refs. [32-34]. Both the
domain size and the grid resolution guarantee the absence of
an artificially introduced coherence and excessive damping of
the organized turbulent structures in a surface boundary layer
[16,35]. Present calculations were validated for the case of
a plane channel flow [32] (versus Direct Numerical Simulations
(DNS) of Abe et al. [36]) and for the case of a channel flow whose
bottom wall was a structured surface with 2D triangular
structures [33] (versus DNS of Choi et al. [16]).

4, Skin friction and pressure drag

Local force that acts on a surface at a particular point consists
of shear and pressure forces

?:-Mv?ﬂvv)w WPy T, (a)

w

Fig. 4 - Computational domain.

where U is the velocity vector, P is the pressure, T is the
outward pointing normal of the unit length, and the subscript
“w” stands for the quantities evaluated at the wall. Stream-
wise component of the local surface force (aligned with the
mean flow direction) defines the drag force

Fy= {M(W# (VO))|, T 1 —Py-T0- i

= —
w 1 ]7

()
where 1 is the unit vector in the streamwise direction.
Equation (5) can be further transformed into (see, for example,
Ref. [34])

ou
)

where u is the local streamwise velocity, and n, is the
streamwise component of the surface normal vector. Since
n,=0 on a smooth wall (wall without surface structures),
pressure drag is absent in the flow through a conventional
smooth pipe, and the only contribution to the total pressure
loss in a pipeline is the friction drag. Moreover, for the two-
dimensional structures (Fig. 3a), n, is also zero, and the pres-
sure drag is again identically zero. It explains why all previous
studies of the flow drag reduction with conventional (2D)
structures were only concerned with the skin friction drag. For
the wavy three-dimensional structures (Fig. 3b), n, is no longer
zero, and the pressure drag should be considered, together
with the skin friction drag, in order to judge the overall aero-
dynamic performance of the structured surface.

Y + Py 1y, (6)

5. Drag modification by structured surfaces

We document the values of both the skin friction and the
pressure drag in terms of the surface-averaged non-dimen-
sional coefficients, Crand C,, defined as

o [ (3
f = 1/25028,, Hon
S

1
& = 13507, /| Pone 45 )
S

as well as the total drag coefficient C4=Cs+ C, in Table 6. In
the above equations, S is the wetted area of the structured
surface, and S, is the corresponding area of the smooth
surface. Please, note, that the skin friction coefficient defined
by Eq. (7) corresponds to 1/4 of the friction factor Frappearing
in Eq. (1). Value of the drag modification with respect to the
smooth surface can be defined as

ds, 7)

Cstv _ Csm

ACy =—4 ___~d 9
d o ©)

where C§" is the drag coefficient of the smooth surface, and

Ci" is the drag coefficient of the structured surface. Since

C;"=0 and, therefore, C"=Cs *", Eq. (9) can be further

reduced to

Cfstr _ Cfsm C str
ACd:T-FC;m:ACf—FACP. (10)
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Table 4 - Geometrical parameters of the computational domain.

Case L,/Dy, L,/Dy, L,/Dy, Ny x Ny x N, AXT x Ayt x Az
2DT 0.805 0.5 0.2328 16 x 64 x 128 36 x (0.4-14) x 1.32
3D-70-11.3T 1.5 0.5 0.2328 32 x 64 x 128 33 x (0.4-14) x 1.32
3D-37-11.3 T 0.805 0.5 0.2328 16 x 64 x 128 36 x (0.4-14) x 1.32
2D B 0.805 0.5 0.1816 16 x 64 x 128 36 x (0.4-14) x 1.03
3D-105-11.3 B 2.25 0.5 0.1816 48 x 64 x 128 36 x (0.4-14) x 1.03
3D-70-8 B 1.5 0.5 0.1816 32 x 64 x 128 33 x (0.4-14) x 1.03
3D-70-9.6 B 1.5 0.5 0.1816 32 x 64 x 128 33 x (0.4-14) x 1.03
3D-70-11.3 B 1.5 0.5 0.1816 32 x 64 x 128 33 x (0.4-14) x 1.03
3D-37-9.6 B 0.805 0.5 0.1816 16 x 64 x 128 36 x (0.4-14) x 1.03
3D-37-20 B 0.805 0.5 0.1816 16 x 64 x 128 36 x (0.4-14) x 1.03

Values of AC; AC, and AC4 with respect to the smooth
surface are listed in Table 7.
Time history of the skin friction and total drag modifica-
tion, DCr and DCy, is shown in Fig. 5 for triangular and knife-
blade structures. From Table 7 and Fig. 5 it is seen that:

1. As expected, knife-blade structures are more efficient than
triangular structures both in 2D and 3D configurations.

2. 3D structures with short wavelength (T*=37) perform
worse than 2D structures; however, 3D structures with
longer wavelengths (T* =70 and T* =105) perform better
than 2D structures.

3. Long 3D structures are able to reduce the skin friction drag
significantly with respect to 2D structures: reduction of skin
friction by half as compared to 2D structures is possible for
some configurations (3D-70-11.3 T and 3D-70-11.3 B).

4. When the total drag is considered (skin friction drag+ -
pressure drag), significant reduction by at least 30% of the
corresponding 2D value can still be obtained for an
optimum knife-blade configuration (3D-70-11.3 B).

6. Parametric dependence

In order to design the most efficient three-dimensional
structures for the drag reduction purposes, it is necessary to
understand how the drag value depends on the geometrical
parameters of the structure shape. Analyzing Tables 2, 3 and
6, it is easy to see that the pressure drag depends solely on the

Table 5 - Physical size of the structures for the given
Reynolds number.

Case s/Dy, a/Dy, MDy,
2D T 0 0 0
3D-70-11.3 T 0.0341 0.05 15
3D-37-11.3 T 0.0341 0.025 0.805
2D B 0 0 0
3D-105-11.3 0.0227 0.07 2.25
3D-70-8 B 0.0227 0.03 15
3D-70-9.6 B 0.0227 0.04 15
3D-70-11.3 B 0.0227 0.05 1.5
3D-37-9.6 B 0.0227 0.02 0.805
3D-37-20 B 0.0227 0.045 0.805

slope angle . Indeed, if the pressure coefficient, C,, is plotted
versus tan 3 (Fig. 6), quadratic dependence

Cp ~A(tanﬁ)2 (12)

is recovered, where A ~5.5x 1072 Since the maximum
spanwise velocity attained by the fluid particles during the
oscillatory motion induced by the structure shape is propor-
tional to tan 8 (w ~ U tan ), the pressure coefficient behaves
like C, ~ A(w/U )%, which is in perfect agreement with the fact
that the additional pressure dragin 3D structures is due to the
conversion of the transverse kinetic energy.

For the skin friction drag, the parametric dependence is
more complex. One needs two parameters, for example, (8, a”),
(8, 2%), (a*, A1), (a*, T") etc. to completely define the oscillatory
geometry of structures. From careful examination of Tables 6
and 7 it is seen that, unlike with the pressure drag, changes in
the skin friction drag cannot be described by a single param-
eter, and itis a combination of two parameters that determines
the skin friction value. Charron & Trapy [37] suggested the
transverse excitation parameter,

e=at/T*?, (12)

as the relevant parameter with respect to a skin friction
modification by the oscillatory motion, since, if plotted
against this parameter, skin friction reduction values were
placed on a single curve with the least scatter in their
calculations. The transverse excitation can be viewed as the
maximum transverse acceleration reached by the fluid
particles during the oscillatory motion divided by the time

Table 6 - Skin friction, pressure and total drag coefficients
for the computed cases.

Case Cr Cp Ca

Smooth wall 8.80 x 1072 0 8.80 x 1072
2D T 8.32 x 1072 0 8.32 x 107
3D-70-11.3 T 8.15 x 1072 0.18 x 1072 8.33x 1072
3D-37-11.3 T 8.84 x 1072 0.18 x 107 9.02 x 107
2D B 7.81 x 1072 0 7.81 x 1073
3D-105-11.3 B 7.52 x 1072 0.21 x 107 7.73 x 1073
3D-70-8 B 7.52 x 1072 0.11 x 1072 7.63 x 1073
3D-70-9.6 B 7.52 x 107 0.17 x 107 7.70 x 1073
3D-70-11.3 B 7.30 x 1072 0.21 x 1072 7.51 x 1073
3D-37-9.6 B 7.85 x 107 0.14 x 107 7.99 x 1073
3D-37-20 B 8.54 x 1072 0.78 x 1072 9.34 x 1072
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Table 7 - Drag modification by structured surfaces with

respect to the smooth wall.

Case ACs AG, ACy
2DT —5.4% 0% —5.4%
3D-70-11.3 T —7.4% +2.0% —5.4%
3D-37-11.3T +0.5% +2.0% +2.5%
2D B —11.2% 0% —11.2%
3D-105-11.3 B —~14.5% +2.4% ~12.1%
3D-70-8 B —14.5% +1.2% —13.3%
3D-70-9.6 B —~14.5% +1.9% ~12.4%
3D-70-11.3 B —17% +2.4% —14.6%
3D-37-9.6 B -10.8% +1.6% -9.2%
3D-37-20 B —3.0% +8.9% +5.9%
DT
a s— — - — 3D-70-11.3T
————— 3D-37-113T
4 .
:“ ;’r‘\
v \ P i o, o 0,
\O 0+ Y ‘\‘f" 2 By +05 /0
(=]
L
@)
<]
‘12 l T I T I 1
100 200 300
tU/ Dy
Skin friction drag
— 2DB
—=— 3D-105-11.3B
— = 3D-70-8B
—s— 3D-70-968B
—— 3D-70-11.3B
—s— 3D-37-968B
C 1T mee-- 3D-37-20 B
10 |
0 | ‘\ [a)
® R
o v S —— 3%
— 4
o
<]
- -11%
— -145%
_— 7%

100 200 300 400
tU/ Dy,

Skin friction drag

required to reach this acceleration. We plot our results for the
skin friction modification, AC;, versus the transverse excita-
tion parameter e (values listed in Tables 2 and 3) in Fig. 7, as
well as the results of the calculations of Charron & Trapy [37]
performed for the knife-blade structures with the same
cross-sectional shape interacting with forced turbulence (as
opposed to the natural boundary layer turbulence in the
present calculations), at three different Reynolds numbers.
When the excitation is zero, it corresponds to the two-
dimensional structures. When the excitation increases, the
transverse oscillation of the mean flow velocity leads to tilt-
ing and weakening of the near-wall turbulent structures,
thus reducing the turbulent momentum transfer to the wall
and decreasing the skin friction. If the excitation is too large,
however, the near-wall turbulence is driven from its equi-
librium state, which results in a rapid growth of the skin
friction. For the large values of the excitation parameter, the

DT
b s- — - — 3D-70-11.3T
----- 3D-37-113T

\ \ \ o
\/ e ~ *emy +2_50/6

ACq, %

n -5.4%

-12 I T ] T T 1
100 200 300
tU/ Dy

Total drag

— DB
— = 3D-105-113B
—=— 3D-70-8B
e 3D-70-96B
— s 3D-70-113B
i — ~  3D-37-96B
d 5, g=ess 3D-37-20 B

e 8%

AC4,%

9%
-11%

-14.5%

tU/ Dy,
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Fig. 5 - Time history of drag modification. (a), (b): triangular structures; (c), (d): knife-blade structures.
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Fig. 6 — Pressure coefficient C, versus the slope angle.

skin friction value can exceed that of a smooth wall. This
behavior suggests that there exists an optimum value of
excitation, ey, which gives the maximum value of the skin
friction reduction with respect to the smooth wall. The fact
that the data for both triangular and knife-blade structures
give a similar shape for the curve AC{¢) with approximately
the same value for an optimum excitation is encouraging, see
Fig. 7, and the present calculations suggest that the optimum
excitation value is egpe ~ 1 x 102

Expressing the excitation parameter ¢ (Eq. (12)) through
tan gand A* (using T* = A" (Re./Re) and tan g = (2 = a*)/2") gives
the following relation for the optimum structure shape

—=—— Triangular structures
[ ] Knife-blade structures
————— Spline fit to knife-blade structures

X Knife-blade structures, Charron & Trapy [37]

a*/T*+310-4

Fig. 7 - Skin friction modification ACs versus the transverse
excitation parameter <.

3

tang = 2meqp (%) a2, (13)

Relation (13) is graphically visualized in Fig. 8, and the actual
values of tan o and B for the calculated cases (Tables 2 and 3) are
alsoincludedinthe figure.It canbe verified that the cases 3D-70-
11.3Tand 3D-70-11.3Bbothlie on the optimum curve, giving the
maximum skin friction reduction (if compared to the other
calculated triangular or knife-blade cases, respectively). Since
the pressure drag increases quadratically with tan 8 (Eq. (11)),
the objective for minimizing the total drag would be to choose
parameters (8, 2%) such that they lie on the optimum curve (13)
but the angle g is as small as possible. Obviously, some restric-
tion for the minimum effective angle g should exist, because
without such a restriction the pair (8=0°, 2* = 0) would be the
optimum choice, which corresponds to the two-dimensional
structures and clearly does not provide the optimum total drag
value (see Table 7 and Fig. 5). It is known that the near-wall
turbulence consists of coherent streamwise vortices and high-
and low-speed streaks formed by the vortices [38]. The stream-
wise correlation length of the turbulence structures, i.e. the
distance which the vortices travel before a breakdown, or the
characteristics length of the low-speed streaks, L, is estimated to
be about 1000 in wall units defined previously, i.e. L* =L/
u, ~ 1000 [38]. It is possible that if the oscillation wavelength 2™
for the sinusoidal structures is made smaller than the stream-
wise turbulence correlation length L, the streamwise devel-
opment of coherent motions in a turbulent boundary layer is
affected. Since the streamwise coherent motions are believed to
be responsible for the self-sustaining energy production cycle in
a turbulent boundary layer [35], interference with their devel-
opment might result in a different behavior of the near-wall
turbulence, which might negatively effect skin friction reduc-
tion properties. This means that the effective skin friction
reduction can not be obtained with the short structures (even if
they satisfy the optimum condition (13)), making only the part of
the optimum curve to the right of 2™ =1000 operational (see
Fig. 8). This would limit the minimum effective wavelength to
2T ~ 1000 and the minimum effective angle to g ~ 9° (corre-
sponding to the intersection of the optimum curve with the
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Fig. 8 - Dependence between tan 8 and A* for the
structured surfaces.

vertical line 2" = 1000), so that the pair (8 ~ 9°, 1 ~ 1000) would
under this reasoning correspond to the optimum three-dimen-
sional structure shape. This conclusion has to be verified,
however, by further computational and experimental investi-
gations, since no compelling evidence exists that A" ~ L* ~ 1000
is indeed the limiting wavelength and that the wavy structures
with the shorter wavelengths will necessarily lose their effi-
ciency in reducing the skin friction drag. Common sense
suggests that such a minimum effective wavelength should
exist, but in practice its value might be a fraction of the
streamwise correlation length L*=1000. Investigation of
parameters lying on the optimum curve to the left of ¥ = 1000
line is essential, especially since all the calculations done with
the smaller wavelength 2™ = 580 in this paper were significantly
offset from the optimum curve (see Fig. 8). Therefore, there is no
information on the performance of the surface structures with
this short wavelength in a situation when the angle b is close to
its optimum value.

7. Conclusions

In this paper, we investigated an ability of the structured
surfaces added to the pipeline walls to reduce pressure losses
with respect to smooth walls in order to cut costs during
pipeline hydrogen transportation in large volumes. It was
demonstrated earlier that conventional (two-dimensional)
surface structures are capable of reducing pressure losses up
to 10%, thus providing additional 5-6% cost benefits during
a pipeline operation [18]. In this paper, we explored the recent
development of three-dimensional (sinusoidal) structures [22]

as a more efficient alternative to the two-dimensional struc-
tures in terms of the pressure loss reduction. One hidden
drawback of the three-dimensional structures, missed in the
previous investigations [22,33,37], is that, unlike the two-
dimensional structures, the three-dimensional structures
induce pressure drag in addition to skin friction drag. In this
paper, we estimated both the skin friction and the pressure
drag for various 3D structure configurations using reliable
computational technique for turbulent flow calculations,
Large Eddy Simulations. We were able to confirm that, even
when the pressure drag is taken into account, the total dragis
still significantly reduced by 3D structures compared to 2D
structures (14.5% versus 11% reduction in the total drag
reported for the most efficient 3D structure configuration of
the ones investigated). We also performed a parametric study,
and we found that the pressure drag scales as the square of
the structure shape angle, C, ~ (tan §)°. For the skin friction
drag, an optimum curve has been derived in a two parameter
space relating the optimum oscillation wavelength A with the
shape angle 8. Minimizing the effective angle g while the two
parameters (8 and A) lie on the optimum curve is therefore the
objective to achieve the maximum total drag reduction. We
suggested that the minimum effective angle would be limited,
however, by the minimum effective wavelength 2, below
which the spanwise flow oscillations would interfere nega-
tively with the natural boundary layer turbulence structures,
whose streamwise coherence length is L* ~ 1000. This inter-
ference might destroy the self-sustaining cycle of the turbu-
lence energy production and thus change the boundary layer
structure, thus resulting in a loss of skin friction reduction
effectiveness. The exact value for the minimum effective
wavelength 1 is yet to be determined, however we can suggest
from physical considerations that this value is somewhere
below A% ~ 1000.
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