_ 3
(Jdynamics TU De I ft

Faculty of Aerospace Engineering Delft University of Technology







On the turbulent drag reduction of a
dimpled surface under a pressure
gradient

Master of Science Thesis

For obtaining the degree of Master of Science in Aerospace Engineering
at Delft University of Technology

Y.H.J. van Weersch

November 8, 2017

Faculty of Aerospace Engineering - Delft University of Technology



]
TUDelft

Delft University of Technology

Copyright (©) Aerospace Engineering, Delft University of Technology
All rights reserved.



DELFT UNIVERSITY OF TECHNOLOGY
DEPARTMENT OF AERODYNAMICS

The undersigned hereby certify that they have read and recommend to the Faculty of
Aerospace Engineering for acceptance the thesis entitled “On the turbulent drag re-
duction of a dimpled surface under a pressure gradient” by Y.H.J. van Weersch
in fulfillment of the requirements for the degree of Master of Science.

Dated: November 8, 2017

Supervisors:
dr.ir. B.W. van Oudheusden
dr.ir. F.J.J. Schrijer
prof.dr.ir. L.L.M. Veldhuis
Reader:

dr. S.J. Hulshoff






Vi

Acknowledgements

This thesis marks the apotheosis of six years of studying aerospace engineering and the end
of eleven months of laborious effort on the subject of turbulent drag reduction. Turbulence
remains one of the biggest unresolved problems in physics, but it has not stopped people
in attempts to control it. It was a great challenge to take part in it and I sincerely hope my
work is useful for the many soldiers that will take on the behemoth of turbulence in their
future strives.

I would especially like to thank the lab technicians of the aerodynamics department, Peter
Duyndam, Dennis Bruikman, Frits Donker Duyvis, Stefan Bernardy and Nico van Beek, for
their extensive practical knowledge (and comical relief) in helping me to perform my ex-
periments. I would also like to thank my supervisors Bas van Oudheusden, Ferry Schrijer
and Leo Veldhuis, leviathans of aerodynamics, for their suggestions and our discussions on
performing experiments. As a basement denizen I was lucky to be around people with inter-
esting backgrounds and great sense of humor. I will miss the many jokes shared with Qais,
Sumit, Roberto, Lluis, Werner, Sumedh with an H, Jordi, Arti, Ka Hin, Arun, Jaydeep, and
many others. I wish you great fortune in the future. I can of course not forget to name the
awesome guys of the Geerstreet gang at the homefront in Heerlen, including Nils, Benedikt,
Tom, Guus, Timothy, Dirk, Tim, Kevin, Heinz, and Max, who helped me discharge during
the weekends.

For the end, I would like to return to the beginning. I performed my first year in aerospace
engineering in the Dutch-speaking segment, and on a more personal note I would like to
return to my own language.

Door dejaren heen heb ik het geluk gehad dat ik omringd ben door mijn beste vrienden Jean-
Paul van Bommel, Nick Voogt, Lorenzo Vlieks en Mark Frank die er in goede en slechte tij-
den waren, met wie ik veel onvergetelijke verhalen deel en, ongetwijfeld, nog ga meemaken.
Maar er zijn twee personen die ik het meest dankbaar ben, en dat zijn mijn lieve ouders, Jos
en Anja. Ik bedank mijn lieve moeder, die voor mij bijna iedere zondag vroeg opstond om
voor de komende week eten te koken, en altijd de lekkerste dingen in huis haalde als ik
terugkwam uit Delft. Ik bedank mijn lieve vader, die mij altijd trouw van station Heerlen
kwam halen naar de warme plek die ik mijn thuis mag noemen en, uiteraard, voor de vele
ritjes naar Klimmen. Ik had niets beters kunnen wensen dan jullie.

And now my watch has ended.






vii

Abstract

Dimples are spherical indentations applied at a surface that have been shown in previous
experimental investigations to yield a drag reduction within a turbulent boundary layer.
Dimpled surfaces have inherent advantages over traditional flow control techniques like
oscillating walls, that require heavy active systems to be installed, and riblets that have
proven effective in real-flight conditions but pose maintenance problems. Potentially drag-
reducing dimples on the other hand do not require heavy actuating systems and are not
restrictive on maintenance as they are shallow and thus less prone to deterioration. The
aforementioned traditional flow control techniques show changes to their turbulent proper-
ties, like a reduced Reynolds shear stress, reduced turbulent intensity and an upwards shift
of the logarithmic layer leading to a lower skin-friction coefficient. Dimpled surfaces will
encounter varying pressure gradients in applications like airfoils, and thus the effect of both
a favorable and adverse pressure gradient is explored.

An experimental investigation is performed in which the effect of the pressure gradient and
the Reynolds number is investigated on the drag-reducing potential of a dimpled surface.
A novel experimental set-up is devised in which the pressure gradient is adjusted by means
of a planar diffuser top wall which allows the flow to accelerate or decelerate. A newly-
designed drag balance which makes us of flexible flexures is used along with a load cell
to quantify the drag of the total test plate surface directly in a direct force measurement
campaign. To investigate if the drag reduction is attained by manipulation of the turbu-
lent properties, use is made of the particle image velocimetry technique and the hot-wire
anemometry technique. With these techniques the turbulent boundary layer is quantified at
an upstream and downstream location between two dimples to check for the same changes
in turbulent properties as have been observed for drag-reduced turbulent boundary layers.

After confirming a good repeatability of the drag balance, a drag reduction is observed from
the direct force measurements for the dimpled surface in the zero pressure gradient configu-
ration. In correspondence with previous drag-reducing dimples a preliminary drag increase
is observed followed up by an increasing drag reduction with increasing Reynolds number,
yielding a drag reduction of 0.8% at the maximum considered Reynolds number. This drag
reduction is however not observed from investigation of the boundary layer properties, as
no considerable changes are observed in the turbulent properties. For the favorable pressure
gradient a drag reduction is observed from the upwards shift of the logarithmic layer, re-
duction in turbulence intensity and Reynolds shear stress. This drag reduction is also found
from the DFM campaign, however with a large data spread and no confirmed repeatability
in the favorable pressure gradient configuration. The increase in laminarization parameter
K and the absence of a clear logarithmic layer shift for the ZPG case point into the direc-
tion of a beneficial effect of the dimple on relaminarization properties. Finally, the adverse
pressure gradient case showed an increase in both Reynolds shear stress and turbulence in-
tensity. No upwards shift is detected in the boundary layer profile. It must be noted that
the smaller amount of measurement points due to the growth of the wake region lead to
reduced fitting accuracy. From the DFM campaign a drag reduction was observed for the
adverse pressure gradient cases, but no repeatability is confirmed and an unconventional
force distribution is observed with increasing Reynolds number.
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Chapter 1

Introduction

When an object traverses through a fluid a thin boundary layer is created between the object
surface and the freestream. When the upstream Reynolds number becomes high enough
the laminar boundary layer is supplanted by a turbulent boundary layer in which the skin-
friction is higher due to mass and momentum mixing by chaotic swirls or eddies. When
the Reynolds number becomes significantly high enough, as occurs in typical real-life appli-
cations, it becomes increasingly hard to prevent the advent of a turbulent boundary layer.
Looking at the aerospace engineering industry in more detail, it is described by Fischer and
Ash (1974) that the drag envelope of an aircraft consists 45% out of skin-friction drag, 35%
for a supersonic aircraft and 25% for a hypersonic aircraft. The skin-friction is thus a pro-
found contribution to the overall drag coefficient. The drag coefficient of an object is directly
related to the amount of energy required to propel it forward. In real-life application this
energy is supplied by means of propellant of varying chemical compositions, that in turn en-
gender further weight and performance penalties on the object that needs to be propelled.
Other than these design properties that are affected, the purchase of propellant needs to be
accounted for and is an important expense for industry.
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FIGURE 1.1: Expected rise in passenger numbers between 2014 and 2034 by
the International Air Transport Association (2016).

In their annual report, the International Air Transport Association (IATA) predicts a sig-
nificant increase in passenger numbers between 2014 to 2034. Markets in Asia are rapidly
emerging, but traditional markets like Europe and the United States are also still growing.
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With increasing passenger numbers airliners are obliged to buy new airplanes to ferry all
these passengers. With increasing numbers of airplanes there is also an increase in fuel cost.
It is reported by International Air Transport Association (2016) that in 2015 fuel costs con-
sisted on average 27% of an airliners budget: a significant portion. Even a 1% decrease of
fuel costs could save hundreds of millions of dollars throughout the airliner industry. Re-
ductions in drag could yield significant savings in the airliner industry, but the applications
of drag reduction can also be utilized for cars, boats and stationary objects like pipelines.

There is quite some diversity in the mechanisms for flow control of the boundary layer
that are used in an attempt to decrease the skin-friction drag. The drag-reducing effect of
riblets is well documented, and oscillating walls and compliant coatings have also led to
skin-friction reductions in direct numerical simulations and experimental studies. They are
however not applied throughout the industry and often troubled by logistical problems. For
example, an aircraft fitted with riblets was described by Szodruch (1991) to yield a 2% drag
reduction for an Airbus A320 fitted for 70% with riblets, but operators noted dirt contamina-
tion of the riblets annulling their effect and riblets simply falling off, but also reported that
riblets hinder the application of paint schemes to the aircraft [Spalart and McLean (2011)].
A possible solution that does not require excessive surface alteration is the dimpled surface.

1.1 History of dimples

Dimples are spheroids subtracted from a flat surface area, indentations of varying geomet-
rical parameters that are used in attempts to reduce the turbulent skin-friction drag. A golf
ball comes to mind when discussing spherical surface indentations. The mechanism is how-
ever different. The dimples on a golf ball triggers the transition of a laminar to a turbulent
boundary layer at the cost of increased skin-friction, but a decrease of the pressure drag due
to a smaller wake leading to an overall drag reduction. The dimple that is discussed in this
study is however used to decrease the skin-friction drag of a boundary layer that is already
fully turbulent.

FIGURE 1.2: A dimpled surface.

The drag-reducing effect has been first described by Kiknadze et al. (1984), who found a
drag-reducing effect of a dimple in a heat exchanger in a nuclear reactor in the Soviet Union.
Since then research has been performed all over the world, with several institutions pushing
the subject more than others. Drag reductions by dimpled surfaces have been investigated
scrupulously by the National University of Singapore (NUS) by Tay et al. (2015) and at Delft
University of Technology (DUT) by Vervoort (2007), Van Nesselrooij (2015) and Van Camp-
enhout (2016). At DUT Van Nesselrooij (2015) a drag reduction was observed of up to 4%
for a dimple configuration together with an increasing drag reduction trend with increasing
Reynolds number. To study this Reynolds number trend further Van Campenhout (2016)
increased the effective upstream velocity by adding a ramp to converge the test section and
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achieve higher velocties. Van Campenhout (2016) was however unsuccessful in finding a
drag reduction like Van Nesselrooij (2015) but did quantify the existence of a surface oscil-
lation. This wave is proposed by both Tay et al. (2015) and Van Campenhout (2016) to be
the drag-reducing mechanism, analogous to the oscillating wall. Whereas the existence of a
wave is proven, it is still unknown how the drag reduction is in fact achieved. If it is caused
by affecting turbulent coherent structures close to the surface of the wave it is of paramount
interest to research this region with more effort. Previous investigations have also only con-
sidered channel flows and zero pressure gradient configuration of a dimpled surface. As
aircraft (and cars, boats, etc.) have large surface areas subjected to both adverse and favor-
able pressure gradients during cruise, it is also wanted to inquire if a possible drag-reducing
effect is also present on a dimpled surface subjected to varying pressure gradients.

1.2 Research aim

The aforementioned leads to the formulation of the following two main research questions:

¢ How is the skin-friction reduction in a dimpled surface affected by the pressure gradi-
ent and the Reynolds number?

* Does a dimpled surface cause a skin friction reduction by a change in the turbulent
properties?

These two research questions are combined in the research objective, that is to better under-
stand the skin friction drag-reducing mechanism of a dimpled plate against a flat plate for a ZPG,
FPG and APG for varying Reynolds numbers by quantifying the turbulent boundary layer in the
near-wall region on a dimpled plate between two dimples by means of particle image velocimetry
(PIV) and hot-wire anemometry (HWA) measurements and performing direct force measurements
(DFM).

This objective can be split into the following sub-objectives:

Design a novel set-up to perform measurements In order to perform measurements a new
set-up is required that can change the tunnel geometry to induce a pressure gradient.

Quantify the turbulent boundary layer in the near-wall region The literature points to the
near-wall region for the drag reduction. It is thus required to examine and quantify
the turbulent statistics near the wall.

Measure the skin friction reduction over the entire test plate Whereas the near-wall region
is a detail of the flow field, measurements in which the effect of the entire geometry is
studied will give a total view of the drag reduction.

Explore the effects of both an adverse and favourable pressure gradient The pressure gra-
dient is proposed to have an effect on the drag reduction and thus its effect needs to
be examined in detail.

Quantify the effect of the Reynolds number Due to the increasing drag reduction observed
in previous experiments, the effect of the Reynolds number on the flow needs further
research.
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1.3 OQOutline

This thesis attempts to increase to contribute to the existing knowledge on turbulent drag
reductions by a dimpled plate. This report will first present a state of the art on the current
knowledge on turbulent boundary layers, the structure within it and current flow control
methods (including dimples) attempted to influence it in Chapter 2. Special focus is pro-
vided for how the turbulent boundary layer behaves when subjected to a pressure gradient.
This study investigates the effect of a dimple on the turbulent drag of a surface both in a
total sense, as well as a local sense. The different measurement techniques used for these
purposes are described in Chapter 3 for the total drag quantification and particle image ve-
locimetry and hot-wire anemometry for the flow quantification, together with a description
of the novel experimental set-up. The results of all three measurement techniques are given
in Chapter 4 to assess the effect of the dimple on the drag properties under varying Reynolds
number and pressure gradient configurations. Finally the conclusion on the results and rec-
ommendations for further research are presented in Chapter 5.



Chapter 2

Theoretical background

In this chapter a short literature survey is presented into the subjects of boundary layer
theory, existing drag-reducing mechanisms, and the previous numerical and experimental
investigation into the dimpled surfaces.

2.1 Turbulent boundary layers

The fundamentals of boundary layer theory are presented first next to the current state-of-
the-art in respect to the structure of a turbulent boundary layer. First a general description
of the boundary layer terminology is given in Section 2.1.1, while Section 2.1.2 focuses on
the boundary layer terminology. Finally the important turbulent coherent structures and
the effect of a pressure gradient are described in Section 2.1.3.

21.1 Boundary layer terminology

In this section the general boundary layer terminology is explained by the use of the schematic
boundary layer profile in Figure 2.1.

U

4 u(y) =0.99U,

———— )

FIGURE 2.1: Schematic boundary layer.

In Figure 2.1 U is defined as the upstream inlet velocity, whereas U, is the local freestream
velocity. The boundary layer thickness dgg is defined as the wall-normal coordinate where

the streamwise velocity is 99% of the freestream velocity U, at the very top of the boundary
layer at that specific location.

099 = Yu/U.=0.99 (2.1)

There exist different length scales other than dg9 for which the boundary layer can be ana-
lyzed and they are conveniently listed by White (2006). The displacement thickness §* is the
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wall-normal translation that a surface has to move to yield a solution equal to the inviscid
solution. The displacement thickness is defined by Equation 2.2.

5 = /OOO (1 - g@) dy (2.2)

The distance with which the boundary layer has to be displaced parallel to itself to account
for the reduction in momentum is called the momentum thickness 6, and is defined by Equa-

tion 2.3.
< u U
0 = —(1——)d 2.3
/ Ue< Ue) y 23)

The ratio between the displacement thickness and the momentum thickness is called the
shape factor H. It is given by Equation 2.4.

_

H
0

(2.4)
The shape factor is a measure of the "fullness” of the boundary layer. Boundary layers near-
ing separation (with an "empty’ velocity profile) will have higher shape factors than bound-
ary layers that are not (and thus have "full” velocity profiles). The laminar boundary layer
has a shape factor of 2.59, while turbulent (ZPG) boundary layers have shape factors around
1.3 as reported by Pope (2000).

Another non-dimensional parameter is the skin-friction coefficient. The friction velocity u*
is measure of the wall shear stress 7, at the wall location:

Tw

Cr=1—5 2.5
Tz @5
where the wall shear stress is defined with the velocity gradient at the wall location:
Tw = [ Ou (2.6)
oy =0

From this it is possible a define a useful quantity called the friction velocity u*:

\V » V 2

The relation between the different length scales inside the boundary layer was combined

into the integral relation by Von Karman [White (2006)]. This integral relation (Equation 2.8)

is not a fundamental relation but a useful correlation tool to assess boundary layer growth.
Cr 1 _ df 6 dU.

Jw % 90 gy
2 pU? daz+( + )Ue dz

(2.8)

For a ZPG (dU,/ dx = 0) the skin-friction coefficient is reduced to the spatial derivative of the
momentum thickness. When the boundary layer is subjected to a pressure gradient (dU./ dx
# 0) it can be observed from Equation 2.8 that the skin-friction no longer is dependent on
only just the spatial distribution of momentum thickness. Head (1960) combined additional
empiric relations to allow for the computation of the boundary layer when an external ve-
locity is applied. Next to Equation 2.8 the additional empiric entrainment relation were
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defined: B d
2= @ w6H) =0. H, — 3)70-6169 2.9
it (uefH1) = 0.0306 (Hy — 3) (2.9)
dH, B 1 du., 1d6 0.0306 —0.6169
& - <u i *m) —p (M-3) N

3.3+ 1.5501(H — 0.6778) 7394 H > 1.6

Gy — 0"
0

The correlation of Ludwieg and Tillmann (1949) is used as a relation to determine the skin-
friction coefficient:

i { 3.3+ 0.8234(H — 117187 H <16
1 =

H,y

(2.11)

Cy = 0.246 - 10700781 Re 0268 (2.12)

These additional closure relations can be numerically implemented to compute the bound-
ary layer development for an accelerating or decelerating flow. To compute the pressure co-
efficient for an inviscid flow can be expressed as a direct relation between the local freestream
velocity and the upstream inlet velocity.

Cplx) = p(Zf)pr“’ —1- [UE( )} (2.13)

2.1.2 Turbulent boundary layer theory

In a turbulent boundary layer the flow is unsteady and chaotic, and many swirls or eddies
can be observed. To describe the turbulent boundary layer the velocity can be decomposed
into a mean velocity and its instantaneous fluctuation:

u=u+u v=ov+ (2.14)
The shear stress for the turbulent boundary layer 7 is defined by Equation 2.15.

= T+ Mg“ (2.15)
)

In Equation 2.15 a new term arises due to the turbulent nature of the boundary layer. The
term pu'v’ is referred to as the Reynolds shear stress. Due to the no-slip condition the velocity
at the wall location is zero-valued, and as a result the instantaneous velocity fluctuation
as well. The wall shear stress 7, for a turbulent flow can then be described purely by the
viscous stress:

ou

=, 2 (2.16
"y o )

Tw = 7(y =0)

White (2006) describes that the mean velocity and its coordinate can be non-dimensionalized
into wall-units by the friction velocity u* and the kinematic viscosity v:

= Y - (2.17)
v Ur

Based on the wall units three distinct regions can be observed inside the TBL. The viscous
sublayer (y* < 5) in which the linear relation y* = u™ holds, the buffer layer (5 <y* < 30) and

the overlap layer (30 < y* < 350), see Figure 2.2.
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FIGURE 2.2: The non-dimensionalized turbulent boundary layer containing
the viscous sublayer, buffer layer, logarithmic layer and wake component
compiled by White (2006).

The overlap layer is a straight line when plotted on a logarithmic axis, and thus it is also
referred to as the logarithmic layer. The logarithmic layer can be described with Equation
2.18:

ut = 1 Inyt +B (2.18)
K
Spalding (1961) unified these three layers into a single implicit expression:

+2 +13
yt =ut 4B et 1 — kut — (m; ) - (RUG ) (2.19)

for which the near-universal constants x ~ 0.41 and B ~ 5.0 are used. Since the skin-friction
coefficient is captured in Spalding’s Law of the Wall, it is possible to fit an experimental
velocity profile to the Law of the Wall, the so-called Clauser method. Klebanoff (1955) exam-
ined turbulence intensities of the turbulent boundary layer by investigating the root-mean-
square velocity of the streamwise-, spanwise- and wall-normal velocities. Klebanoff (1955)
observed that close to the wall (y/0 < 0.01) a turbulence intensity peak exists, with values as
high as 10% of the freestream velocity (see Figure 2.3).

0.10

oost I
§<41 il : @ mo\t i
G

1.0

AN
/

nN
F'cl
(=]
o
X

:\

I

=
o
[=}
©

g

o L=
0.005 0.015

U.
0010  0.020 |
R ;

é

=
5l
o
g

Q’EI

3

o
o

/.

1

(%)
e
»‘205("i
e Y

: N -
oot s

0.2 0.4 0.6 0.8 1.0 1

A
g

A
/

1.4

FIGURE 2.3: Root-mean-square velocity fluctuations and mean turbulent ve-
locity profile by Klebanoff (1955).
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It is furthermore observed that the wall-normal fluctuation is extra damped near the wall
and has its peak at (y/0 ~ 0.2). The streamwise and wall-normal velocity fluctuations to-
gether form the Reynolds stress (see Equation 2.15).

2.1.3 Turbulent coherent structures

In an attempt to seek order within apparent chaos and explain phenomena observed in the
turbulent boundary layer, since 1960 efforts have increased to dissect the turbulent wall-
bounded flows into elementary coherent structures [Pope (2000)]. In this section a review of
several of these coherent structures is given.

Sweeps and ejections. Kline et al. (1967) performed the one of the first flow visualizations
in a water channel flow where they detected the presence of near-wall (y* < 10) low-speed
streaks and their subsequent lift-up, oscillation and bursting. They named this uplifting and
violent break-up of the streak ejection, and proposed this to be one of the sources of near-
wall turbulent production. These streaks are observed near quasi-streamwise vortices, and
opposing the upwards movement there is also a corresponding downward impingement of
fluid towards the wall, which is referred to as sweep by Corino and Brodkey (1969). Kasagi
and Fukagata (2006) describe these impingement regions as high regions of turbulence pro-
duction and contributions to the Reynolds stress, and propose that suppression of these
events should be the primary objective of skin-friction drag control.

Wallace (2016) describes quadrant analysis as a useful tool in the detection of these sweep
and ejection events, which sorts the instantaneous fluctuations along the instantaneous fluc-
tuation axes (see Figure 2.4).

ejection
2 1
u!
3 4

sweep

FIGURE 2.4: Quadrant definition for the instantaneous velocity fluctuations.

Ejections are identified as Q2 events (u” < 0, v > 0) and sweep events as Q4 events (u” >
0, v < 0). To quantify the contribution of the Reynolds stress to the turbulent skin-friction,
Mehdi et al. (2014) performed a threefold integration on the Reynolds-averaged Navier-
Stokes equation similar as Fukagata et al. (2002) did. In this expression the skin-friction
coefficient is determined up to a height y inside the turbulent boundary layer, such that the
skin-friction coefficient can be compared also if the boundary layer thickness is unknown or
if the boundary layer is not fully captured with flow measurement techniques.

4y yti 4 Yt 7 2 Yt 87—/0
C:/ udy—/ y—yu’v’dy—/ v —y)? dy (2.20)
TTRT Sy Mz gy Y RUZ o Yy
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Equation 2.20 shows that negative quadrant contributions close to the wall of Q2 and Q4
relatively lead to the largest skin-friction contributions.

Quasi-streamwise vortices. Bakewell and Lumley (1967) identified pairs of counter-rotating
vortices in the the near-wall region (y™ < 100) and found that they were slightly tilted from
the streamwise direction and are therefore referred to as quasi-streamwise vortices. Dennis
(2015) describes the symbiosis between low-speed and high-speed (see Figure 2.5) streaks
existing between the counter-rotating vortices and that there is no consensus if the counter-
rotating vortices cause the low-speed streaks or vice-versa.

quasi-stream-wise
vortices

FIGURE 2.5: Schematic view of the near-wall turbulent structures inside the
buffer layer [Perlin et al. (2016)].

Kasagi and Fukagata (2006) describe that sweep and ejections are inherently connected to
these quasi-streamwise vortices, where the vortex motion of the quasi-streamwise vortex
impinges flow downwards to the wall and moves flow upwards in an ejection event.

Hairpin vortices. Theodorsen (1951) was the first to propose a vortical structure model in-
side the turbulent boundary layer of a "horseshoe” vortex. In this model the heads of the vor-
tex are inclined downstream at 45° creating a symmetric arch vortex. Head and Bandyopad-
hyay (1981) investigated the zero pressure gradient turbulent boundary layer and found
arch-type vortical structures inclined at angles to the wall of 40° to 50°. For larger Reynolds
numbers they found that the arch-type vortices were thinner and protruded through a large
part of the boundary layer, naming them hairpin vortices instead of horseshoe vortices. They
introduced the notion that as a hairpin leaves the surface, it leaves favorable conditions for
the creation of a new hairpin vortex.

FIGURE 2.6: Visualized "hairpin forest” for Reg = 370-445 by Eitel-Amor et al.
(2015).
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These hairpin vortical structures have been observed in both DNS studies [Eitel-Amor et al.
(2015)] as well as experimental studies [Elsinga et al. (2007)]. Adrian et al. (2000) found
that the boundary layer is densely populated by hairpin vortices and different deformations
(‘cane’, "horseshoe’, ‘'omega’-shaped) in "packets’. They pose that the hairpin packets orig-
inate from near the wall from a disturbance that creates an area of low momentum at the
wall, which is induced between the legs.

Effect of pressure gradient. Investigations into coherent turbulent motion in a turbulent
boundary layer subjected to a pressure gradient have primarily focused on low Reynolds
number DNS studies and experimental studies using hot-wire probes.

Krogstad and Skare (1995) performed an experimental analysis of a turbulent boundary
layer under a strong adverse pressure gradient and reported that the Q2 motions are dimin-
ished near the wall while the Q1 and Q4 motions are strongly increased. The same decrease
in Q2 motions in the near-wall region is also reported by Drozdz and Elsner (2011) and Lee
and Sung (2009). The latter furthermore describe that under an adverse pressure gradient
turbulent production is moved to higher layers in the boundary layer, and by larger angle
inclinations of the hairpin vortex packets. The result of this is that near the wall (y " < 50) the
vortical activity is decreased, as is observed in Figure 2.7. This decrease in vortical activity
is also found by Maciel et al. (2017) in a large defect turbulent boundary layer subjected to a
strong pressure gradient.
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FIGURE 2.7: Decrease of vortical structures in the near wall region (y* < 50)
observed by Lee and Sung (2009) when an APG is applied.

The investigation into the effect of both an adverse and favorable pressure gradient is com-
bined in the experimental investigation of Dr6zdz and Uruba (2014). They investigated a
turbulent boundary layer at several stations inside a converging-diverging channel where
a favorable pressure gradient induced by the converging part is followed up by an adverse
pressure gradient in the expanding part. They found that the absolute magnitude of the
turbulent intensity peak in Figure 2.8 is increased for a favorable pressure gradient while it
is decreased for an adverse pressure gradient, followed up by the advent of a second peak
at a higher location (as was also reported by Lee and Sung (2009)).
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FIGURE 2.8: Turbulent fluctuations for a converging-diverging channel by

Drozdz et al. (2015) versus the corresponding dimensionless distance Sg =

xs/L, where L is the length of the test section (L = 1067 mm). Sg < 0.4 indicates

the converging part of the set-up, whereas Sg > 0.4 indicates the diverging
part.

It was found by Narasimha and Sreenivasan (1973) that under a favorable pressure gradient
the turbulent boundary layer may reset into a quasi-laminar state, in a so-called relaminar-
ization. They found that if in sufficiently large favorable pressure gradients the acceleration
parameter K (Equation 2.21) rises to 3.5x107% and above, turbulent activity starts to freeze
in the boundary layer. Mukund et al. (2006) found that the logarithmic layer is shifted up-
wards during relaminarization. They describe three stages in the relaminarization effort: an
initial stage in which the flow is subjected to a favorable pressure gradient (with a result-
ing increase of Cy and decrease of H), a second relaminarizing stage where the law of the
wall breaks down and a third and final stage where H increases and C; decreases towards

laminar values.
v dU.(x)

- U2(zx) dx
The onset of relaminarization is not found to appear instantly by Sreenivasan (1981), but

progresses when the boundary layer is sustained under such a favorable pressure gradient
long enough for a large enough K.

(2.21)

2.2 Turbulent drag-reduction methods

Next to dimpled surfaces, there methods have been methods devised to reduce the skin-
friction in a turbulent boundary layer. Among these are the riblet surface and the oscillating
wall. In this section a concise overview of the methods is given and how the flow control
leads to a drag reduction.

2.21 Logarithmic layer shift

In early flow measurement techniques the two-dimensional properties of a turbulent bound-
ary layer are often not captured, such that the Reynolds shear stress can not be determined.
The skin-friction integration technique defined by Fukagata et al. (2002) and expanded upon
by Mehdi et al. (2014) is thus not applicable. An often used method in determining Cs is by
measuring the logarithmic part of the turbulent boundary layer. The Clauser method is of-
ten used, in which the logarithmic part of the boundary layer is fitted to the expression of
the turbulent boundary layer by Spalding (1961).
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The turbulent boundary layer is affected by the application of a drag-reducing mechanism,
and the expression with the standard wall-intercept B is no longer valid. For wall rough-
ness it is reported by White (2006) that the viscous sublayer breaks up, with a downwards
shift of the logarithmic layer with a resulting skin-friction increase. Gatti (2016) devised an
expression in which the reduction of the skin-friction by a shift in the logarithmic layer was
explicitly shown. In this expression the defect law of Equation 2.22 and the law of the wall
of Equation 2.18 are combined by Gatti (2016) yielding Equation 2.23.

L.y
Uf —ut =~ (E) + B (2.22)
2 1 1
= = “InRe,+ B+ By — - (2.23)
Cy kK K

where B is a flow-dependent constant that is not equal to B. For the flow-controlled case, the
skin-friction reduction can be expressed as a function of the wall shift AB using this relation.
The skin-friction is captured in Re, (hu,/v for channel half-height h), thus the skin-friction
is extracted from Re,, yielding Re}, (hu./v) based on channel height and upstream velocity

only:
\/7_11n./@_11n3eh+3+31—1 (2.24)
Cy kK 2 K K

Gatti (2016) assumes the differences in B and « to be unaffected by the flow control for a
channel flow. When a drag-reduced flow and an uncontrolled flow (with subscript 0) are
then considered, the change in skin-friction due to a shift in the wall intercept can then be
defined when the same upstream Rey, is considered:

[2 1. [cf [2 1 \/@_ a
Cy nln\/? (CfO i 2)—30 B=AB (2.25)

The skin-friction changes can now be examined for the same upstream velocities. From
Equation 2.25 it is observed that positive values for AB (upwards shifts of the logarithmic
layer) lead to skin-friction reductions.

2.2.2 Riblets

Riblets are a drag-reducing method in which small grooves are applied to an otherwise
flat surface and are inspired by shark-skin (see Figure 2.9). Choi (1989) postulates that the
grooves restrict the movement of quasi-streamwise vortices with a resulting decrease in
bursting activities near the wall. In applications riblets have been shown to have drawbacks
as laborious efforts to apply them and degradation due to wear and dirt, annuling their
effectiveness.

FIGURE 2.9: Shark-skin (A) and riblet (B) geometry by Dean and Bhushan
(2010).
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Choi (1989) performed an experimental investigation on the effect of smooth and riblet wall
surfaces using hot-wire anemometry. The drag reduction was determined by fitting the ve-
locity profile with the law of the wall. For the riblet surface the a reduction in skin-friction of
3% was found. The near-wall turbulence intensity peak was found was found to be reduced
by 10% for the riblet surface (Figure 2.10a). As a result it is also observed that the mean
profile is shifted upwards (Figure 2.10b).
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(A) Mean TBL velocity profile in wall units. (B) Turbulent intensity and mean flow.

FIGURE 2.10: TBL properties for a smooth and riblet surface by Choi (1989).

Upwards shifts of the mean velocity profile and a decrease of turbulence statistics above
triangular riblets were found by Choi et al. (1993) to lead to a 6% skin-friction reduction in
a DNS study. Reynolds shear stress producing events were reported to be reduced in the
riblet configuration, with a quadrant analysis pointing out the increase of positive Reynolds
shear stress (Q1 and Q3) and the reduction of negative shear stress (Q2 and Q4). The same
reduction in positive shear stress events is also reported by Sasamori et al. (2014), who in-
vestigated the drag reduction of a three-dimensional sinusoidal riblet surface in a channel
flow supplemented by a PIV investigation. They found that the Q1 and Q3 events remain
relatively unchanged, but reported reductions of Q2 and Q4 in both the buffer and the log-
arithmic layer. A maximum drag reduction of 11.7% was found, and the turbulence intensi-
ties were found to be smaller for the riblets.

Adverse pressure gradient. As in applications an adverse pressure is often encountered,
a special interest is taken into the effectiveness of riblets in an adverse pressure gradient.
Nieuwstadt et al. (1993) investigated riblets under such an adverse pressure gradient. Using
a diverging straight upper wall to impose a pressure gradient, a drag balance and hot-wire
anemometry to measure the skin-friction over a flat- and riblet surface, a drag reduction of
7% was found for moderate adverse pressure gradients. In a follow-up study, Debisschop
and Nieuwstadt (1996) used the same experimental set-up to investigate drag reductions
under higher pressure gradients and found a maximum drag reduction of 13%. Just as
for zero pressure gradients a shift in the logarithmic layer was found, accompanied by a
reduction of the turbulence intensity (see Figure 2.11). Turbulence properties in the outer
layer were found to be unaffected by the riblet.
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FIGURE 2.11: Turbulence intensity for Uy = 15 m/s for H = 1.56 by Debiss-
chop and Nieuwstadt (1996).

More recently, Klumpp et al. (2010) found a drag reduction in a DNS study using a riblet
surface in an adverse pressure gradient boundary layer. A drag reduction of 6-7% was
found for the adverse pressure gradient compared to 4-5% for the same riblets in a zero
pressure gradient configuration. The results of the aforementioned authors show that the
skin-friction reduction for a riblet surface seems to persevere under the application of an
adverse pressure gradient.

2.2.3 Wall oscillations

Compared to the passive riblet, the actively oscillating walls are an active flow control mech-
anism to reduce the turbulent skin-friction drag. Relatively large drag reductions up to 45%
have been reported by Choi and Clayton (2001) and up to 45% by Jung et al. (1992). Draw-
backs of the oscillating wall are the large energy inputs for the moving system, annulling
much of the energy saved by its actual application. Moving systems also impose weight
penalties when they are applied. Due to the large reported drag reductions, they are how-
ever still investigated numerously.

W,(x, 1) = Asin(kcx — o1)
N

Mean flow

FIGURE 2.12: Oscillating wall schematics for a turbulent channel flow by Gatti
(2016).
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Choi et al. (1994) explored flow control concepts for a turbulent channel flow by applica-
tion of streamwise-, spanwise and wall-normal flow control in a numerical study. For the
spanwise flow control an upwards shift in the logarithmic layer and a decrease of turbu-
lence intensity and Reynolds stress (mainly Q2 and Q4) throughout the boundary layer was
found. This was confirmed by Kim and Lee (2017), who found a decrease in Reynolds stress
for Q2 and Q4 events for an oscillating wall in a numerical study (Figure 2.13).
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FIGURE 2.13: Reynolds shear stress quadrant contributions normalized by u?2
for different oscillation amplitudes by Kim and Lee (2017).

Jung et al. (1992) investigated the response of wall-flow turbulence to high frequency oscilla-
tions of a channel wall using DNS. Skin-friction reductions of 10% were found, with a max-
imum drag reduction of 40%. They posed that this maximum drag reduction was achieved
by a suppression of the bursting process, and the accompanying decreasing Reynolds stress
(-40%) and turbulent intensities (-14% for u’, -30% for v’). The mean velocity profiles showed
that the logarithmic part of the velocity profile was shifted upwards, analogous the previ-
ously discussed riblets. These reported shifts were found to be even more profound when
the oscillating frequencies were varied in a study by Choi and Clayton (2001) (Figure 2.14a).
They performed an experimental wind-tunnel study in which drag reductions up to 45%
were found for a spanwise-oscillating wall. In correspondence to Choi et al. (1994) and
Jung et al. (1992) the turbulence intensity was decreased in the near-wall region (Figure
2.14b) and they proposed a conceptual model in which the Stokes layer and its correspond-
ing spanwise vorticity impedes the near-wall burst activity associated with high turbulence
production peak.

30

0.15

© without oscillation o . .
uf= lHz a7 00000 ® without oscillation
af=3Hz a OOD:A““““ o . wf= IH:L
i o A L] - af=3Hz
of=5Hz o oS at _."‘:'_.... o ToAl of=5Hz
20 | of=7Hz » n oo o .l'..O o1 | .:‘ “A‘m“ oo o0 f=7Hz
A g . .
lﬂ‘&ﬂ‘mggﬁ s !-1
ut w/U. y 4c" 20 %
Agy .
© B ool
10 + 0.05 | 'n,D“ um‘%.
.fp 0..
=] Oa
. Foiy
> %IZ.
0 — 0
1 10 100 1000 1 10 100 1000
y* "
(A) Mean TBL velocity profile in wall units. (B) Turbulent intensity.

FIGURE 2.14: Turbulent boundary layer properties for different oscillating fre-
quencies by Choi and Clayton (2001).
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Proposed mechanism. Choi et al. (1998) describes that a thin layer of shear flow is formed
due viscous diffusion of the wall due to the surface oscillating: the so-called previously men-
tioned Stokes layer. The vortex sheets created by the Stokes layer are convected throughout
the boundary layer, as Choi et al. (1998) found by performing flow visualization. In Figure
2.15 a conceptual model is shown in which they propose that the spanwise vorticity is tilted
during the upward and downward motion, yielding a net spanwise vorticity (2, located at
the end of the buffer layer that reduces the velocity in the buffer layer and increases the
velocity in the logarithmic layer, yielding an effective shift in the logarithmic layer.
vo)

Shift-up of mean
velocity profile

j’/

¥

Reduction of mean
velocity gradient

— Q

FIGURE 2.15: Conceptual model for a drag reduction by an oscillating wall by
Choi et al. (1998). The upwards shift of the velocity profile is explained by a
vorticity 2, induced by a Stokes layer.

In a DNS study Yakeno et al. (2014) investigated the modification of turbulent coherent
structures due to the alternating Stokes layer of a wall oscillation. They decomposed the
different contributions of the quadrant events to the skin-friction drag by applying the FIK
identity by Fukagata et al. (2002) to integrate the Reynolds shear stress. They investigated
the modification of the quasi-streamwise vortices by the spanwise oscillations and found
two primary mechanisms:

1. Suppression of a ejection (Q2) event occurs when the spanwise shear opposes the rotation

of the quasi-streamwise vortex.

2. A quasi-streamwise vortex is tilted slightly in the streamwise direction when the span-
wise shear coincides with the rotation of the quasi-streamwise vortex, resulting in a
suppresion of a sweep (Q4) events.

5.0

4.0

-2.0
16 50 75 125 250 500

.,
FIGURE 2.16: Quadrant contributions to the bulk mean velocity based on
the FIK identity by Yakeno et al. (2014). Uncontrolled (non-oscillating) value

is subtracted. Positive contributions of ARB}\IS indicate decreased Reynolds
stresses compared to the uncontrolled case.
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The suppression of the Q2 and Q4 event leads to a smaller turbulent skin-friction coefficient
as they contribute positively to the skin-friction coefficient as Reynolds shear stresses. It is
observed in Figure 2.16 that at T > 75 the drag reducing effect of sweep suppression is dimin-
ished. Akin to Yakeno et al. (2014), Kim and Lee (2017) showed that the streamwise vortices
are severely inhibited when spanwise flow control is applied. When the amplitude becomes
too large the suppression of new vortex formation is no longer happening and turbulent
activity is reinstigated (Figure 2.17), similar as found by Yakeno et al. (2014), indicating a
clear optimum for a drag reductiom.

FIGURE 2.17: Vortical streamwise structures in the near-wall region for in-

creasing amplitude of the wall oscillation by Kim and Lee (2017). (a) shows

the no-control case. A clear optimum for the reduction of vortical structures is

seen for the amplitude in (d). Increasing amplitude further increases vortical
structures.

2.24 Compliant coatings

Another passive drag-reducing method based on the animal kingdom (dolphins, in this
case) is by the application of a compliant coating to a surface. Such a compliant coating
allows the deformation of the wall by the shear stresses yielding a reduced turbulence in-
tensity [Duncan (1986)] and drag reductions up to 50% have been reported by Kramer (1960).
In the attempt to recreate the large drag reductions reported by Kramer (1960), several ex-
perimental investigations have been performed. Choi et al. (1997) performed a validation
experiment of the experiment by Kulik et al. (1991), who found a skin-friction drag reduc-
tion when a compliant coating (silicone rubber) was applied in a turbulent boundary layer.
From the two coatings they tested they found a skin-friction drag reduction of 7%. They
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reported an upwards shift of the logarithmic layer and a decrease of turbulent intensity for
a drag-reducing compliant coating.
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(A) Mean TBL velocity profile in wall units. (B) Turbulent intensity and mean flow.

FIGURE 2.18: Turbulent boundary layer properties for a rigid (x), drag-
reducing coating (e), and drag-increasing coating (o) surface for Us, =4 m/s
by Choi et al. (1997).

2.2.5 Combined and other methods

Another way in which skin-friction was found to be decreased is by applying a geometrical
sinusoidal deformation to a wall. Kendall (1970) reported that the total skin-friction could
be as much as 25% lower compared to a flat surface for such a wavy wall. Hamed et al.
(2015) found a decrease in Reynolds stresses and turbulent kinetic energy for a geometry
in which two wavy walls were superimposed (creating several ‘mountain valleys’). Ghebali
etal. (2017) looked at a boundary layer over wavy wall with a 45% tilt to the streamwise axis
in an experimental study. They found an upwards shift of the logarithmic layer, a turbulent
intensity reduction and a reduction of the Reynolds shear stress reduction throughout the
boundary layer, resulting in a total drag reduction of 0.5%. Gad-el Hak (2006) provides
the explanation that regions of convex and concave curvature cause the occurrence of a
pressure gradient, in which the boundary layer is relaminarized when it enters a favorable
region. The effectiveness of active and passive turbulent drag reduction methods also lead
to attempts to combine the drag reducing properties of each to yield a higher drag reduc-
tion. Roggenkamp et al. (2015) combined the use of wavy walls with a spanwise transversal
surface wave in an experimental PIV and ;-PTV study and found an optimal skin-friction
drag reduction of 3.4%. They found an accompanying upwards shift in the logarithmic layer
and a reduction of the Reynolds peak stress, however increasing Reynolds number led to an
insignificant drag reduction or even a drag increase.

2.3 Drag reduction by dimples

With the framework for skin-friction drag reduction layer in the previous sections, in this
section the dimpled surface is investigated further. Compared to riblets, dimples are rel-
atively easy to maintain and do not require profound changes to the surface of a vehicle.
Compared to oscillating walls dimples do not require a heavy power-consuming mecha-
nism to induce oscillation.
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The first data on a perceived drag reduction by a dimpled surface was publicized by Kik-
nadze et al. (1984). They discovered the positive effect of a dimpled surface on the drag
during a heat transfer problem inside a nuclear plant. In later work they named the method
"Tornado-Like Technology’ (TLT), due to the perceived existence of a strong vortex inside the
dimple responsible for the drag reduction. No consensus has been achieved on the actual
drag-reducing mechanisms, although several theories have been proposed.

2.3.1 Overview

Other than Kiknadze et al. (1984) several authors and research institution have been investi-
gating the subject ever since. One institution that has found a drag reduction for a dimpled
surface is the National University of Singapore (NUS). The first investigation by Mitsudhar-
madi et al. (2009) studied the effect of dimple depth on the flow topology in a blow-down
low-speed wind tunnel. A second investigation by Tay (2011) found the first drag reduc-
tion in a channel flow with dimples for different coverage ratios by measuring the pressure
drop over the dimples. Tay (2011) found that for both coverage ratios considered the drag
decreased with increasing Reynolds number, yielding a maximum drag reduction of 2%
at the maximum considered Reynolds number. Most recently Tay et al. (2015) found drag
reductions up to 3% with increasing Reynolds number for a dimpled surface and found re-
gions where the flow was pulled in and pushed out of the sides of the dimple, resulting in a
converging-diverging flow topology. Tay et al. (2015) proposed that the interaction between
dimples with this converging-diverging flow topology could have the same drag reducing
effect analogous to the one found for the oscillating wall.

At Delft University of Technology (DUT), Vervoort (2007) performed both a numerical and
experimental investigation into flows over dimpled surfaces using direct force measure-
ments with a load cell and found drag reductions up to 20%. Several years later Van Nes-
selrooij (2015) performed another experimental investigation into dimples using direct force
measurements and found a drag reduction up to 4% only for the shallow dimples in a stag-
gered dimple pattern. For a staggered shallow dimple the same drag reducing trend with
Reynolds number was observed as Tay et al. (2015) did. Independently of Tay et al. (2015)
the analogy to an oscillating wall was also proposed by Van Nesselrooij (2015). In an at-
tempt to achieve higher Reynolds numbers Van Campenhout (2016) added an inlet ramp to
accelerate the flow such that higher upstream velocities were achieved above the dimpled
surface that had the same properties as the one of Van Nesselrooij (2015). Van Campenhout
(2016) did however not find any drag reduction, but quantified a surface wave with oil flow
visualization. Van Campenhout (2016) proposed that the absence of a drag reduction was
caused by the favorable pressure gradient of the inlet ramp, thereby impeding the turbulent
structures that led to a drag reduction.

The drag reduction by a dimpled surface is not ubiquitous. B. Zhao et al. (2004) performed
a flow visualization study on flow structures inside just two dimples inside a channel flow.
By measuring the friction factor over the channel no measurable drag difference was found.
Lashkov and Samoilova (2002) determined the skin-friction of a surface with sharp-edged
dimples at various depths for a coverage ratio of 32%. They performed their experiments
in a flow facility with speeds from 10 m/s to 100 m/s. Two dimple design based on the
design of Kiknadze et al. (1984) and additional one defined by themselves were utilized. All
of these configurations yielded a drag increase up to 50% with increasing Reynolds number.
Lienhart et al. (2008) performed another experimental investigation and a complementary
DNS study over an array of dimples. They answered no to the question whether their dim-
pled surface led to a drag reduction. For a velocity of 6 m/s a skin-friction reduction of
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0.38% was found, whereas an increase of 2% for 12 m/s. These values are however within
statistical uncertainty found during their experiment.
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FIGURE 2.19: Skin-friction

coefficient Cs versus

streamwise Reynolds num-

ber Re by Lienhart et al.
(2008).

FIGURE 2.20: Skin-friction
ratio compared to flat plate
(ce/cep) for increasing up-
stream unit Reynolds num-
ber Re; (Us/v) by Lashkov
and Samoilova (2002).

The most recent research from the original authors by Leontiev et al. (2017) investigated the
effect of several staggered dimples of different geometrical configurations. Using a floating
head drag balance the skin-friction was determined for velocities from 25 m/s to 125 m/s
in a subsonic windtunnel.

Model 1

Model 6/Q/ @\Q
) & g

FIGURE 2.21: Dimple geometries considered by Leontiev et al. (2017).

From Figure 2.22 it is observed that all configurations defined in Figure 2.22 ultimately lead
to a drag increase when the flow velocity is increased. Only for the round-edged dimple
configuration of Model 5 a small drag reduction is observed in the low Reynolds number
regime.
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FIGURE 2.22: Drag ratio ¢, compared to flat plate ¢y as a function of
Reynolds number based on (constant) boundary layer development length
and upstream velocity by Leontiev et al. (2017).

2.3.2 Effect of geometry

The geometry of a dimpled surface can be described by the cross-sectional properties of the
dimple itself, and the pattern in which the dimples are oriented. The dimple cross-sectional
properties can be defined by the diameter D, edge radius r and the depth d, see Figure 2.23.

FIGURE 2.23: Dimple cross-sectional properties by Van Nesselrooij (2015).

Depth. Various investigations have been performed into the effect of dimple depth on the
drag behavior and the flow topology. Mitsudharmadi et al. (2009) varied the d/D-ratio from
4% to 12% in a rounded-edged dimple geometry in a staggered pattern at a fixed free-stream
velocity of 5.5 m/s in a channel flow. The wall-shear stress was found to increase up to 40%
for all d/D ratios (see Figure 2.24). Burgess and Ligrani (2004) varied the d/D ratio at 10%,
20% and 30% in an experimental investigation, and measured the friction factor loss over a
dimpled plate in a channel. They observe that the values of d/D higher than 10% generally
increase skin-friction with Reynolds number, while they stay relatively constant for d/D =
10%, although still with a skin-friction increase. This beneficial effect of a small d/D-ratio
was found by Van Nesselrooij (2015), who observed a drag reduction for d/D = 2.5%. Drag
reductions where also found for d/D = 5%.
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FIGURE 2.24: Spanwise variation (z/D) of wall shear stress ratio compared to
the flat plate case for varying depth ratios by by Mitsudharmadi et al. (2009).
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When varying the depth of the dimple the flow topology changes as well. Tay et al. (2014)
showed the effect of dimple depth on the flow structures in the dimple using dye streaks.
In Figure 2.25 the effect of the dimple depth is shown by Tay et al. (2014). For small depths
(d/D < 10%) it is observed that the flow follows a converging-diffuser topology for both the
round and sharp edged dimple. For depths higher than d/D = 10%, the flow organizes into
two symmetric counter rotating vortices for the sharp edged dimple. For a deep rounded
edge, the flow organizes into a single tornado-like vortex, as reported in the work of Kik-

nadze et al. (2012a)

(A)d/D=5%. (B)d/D=50%. (C)d/D=5%. (D)d/D=10%. (E)d/D=15%. (F)d/D =20%.

FIGURE 2.25: Flow topology affected by dimple depth by Tay et al. (2014).
Dimples in (A) and (B) are round edged, (C) to (F) sharp edged.

Edge radius. From the previous section it was observed that in the studies by Lashkov and
Samoilova (2002) and Burgess and Ligrani (2004) no drag reduction was found. Both studies
applied a sharp edged dimple which were both ineffective in reducing the dag. Terekhov
et al. (1993) described that the resistance of a dimple with smooth edges is about half as
great as for the sharp edged dimples, and delays the formation of vortical structures in-
side the dimple. Zhou et al. (2016) performed an experimental investigation to quantify the
characteristics of the turbulent boundary layer inside of the dimple on a dimpled array in
a staggered pattern. The dimples in their investigation had a sharp edge and a d/D-ratio
of 0.2. They found that the friction factor over a dimpled plate is 30%-80% higher than for
a flat plate, with an increasing friction factor for increasing Reynolds number. Finally, it is
observed from Figure 2.22 by Leontiev et al. (2017) that the round-edged dimple led to a
lower skin-friction coefficient than the sharp-edged dimple (model 1 and 5 from Figure 2.21
respectively), although both configurations ultimately led to a drag increase.

Pattern and coverage ratio. When a dimple array is considered in a study, generally two

main patterns are observed: flow-aligned or staggered (see Figure 2.26). The ratio between
the dimple-cover area and the actual area is the coverage ratio S.
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FIGURE 2.26: Definition of streamwise and spanwise spacing and difference
of a staggered and flow-aligned pattern by Van Campenhout (2016).
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An interesting case is when the same dimple geometry is utilized while the pattern is switched
from flow-aligned to staggered. For the same dimple geometry, Van Nesselrooij (2015)
shows that the drag reduction effect of a dimpled surface was annulled by rotating the
geometry into a flow-aligned pattern. A staggered dimple pattern was further found to
yield drag reductions by Vervoort (2007), Tay (2011) and Tay et al. (2015). Using an actuated
dimpled surface, in which dimples could be activated at will, Van Campenhout (2016) tested
patterns with increased spanwise and streamwise spacing, patterns in which a wavy surface
was simulated and two surfaces in which the dimples were placed in a streamwise oscilla-
tory manner. For all these patterns Van Campenhout (2016) did not find a drag-reduction.

Next to the orientation the pattern is also defined by the coverage ratio, which describes
what part of the surface is covered by dimples. For low coverage ratios the spanwise and
streamwise spacing L, and Ly will be higher than for a low coverage ratio. In his exper-
iments Van Nesselrooij (2015) observed the beneficial effect for a low coverage ratio. Tay
et al. (2015) observed a drag reduction for both a high (90%) and low (40%) coverage ratio
(see Figure 2.27).

2.3.3 Effect of Reynolds number

Several studies have been performed in which the upstream Reynolds number is prone to
variation. Both Van Nesselrooij (2015) and Tay et al. (2015) performed experimental inves-
tigations over a dimpled array, both using a staggered shallow round-edged dimple array
(Figure 2.27). Both investigations show a drag increase in the low Reynolds number regime,
with a downward trend with Reynolds number. It was already proposed by Vervoort (2007)
and shown by Lienhart et al. (2008) that the dimple shape causes a higher pressure drag
due to its shape compared to a flat plate. Both Tay et al. (2015) and Van Nesselrooij (2015)
propose that the skin-friction reduction overtakes the pressure drag for increasing Reynolds
numbers.
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FIGURE 2.27: Drag reduction with increasing dimple diameter-based
Reynolds number.

Once again it must be noted that this trend is not ubiquitous. Lashkov and Samoilova (2002)
increased the velocity up to 100 m/s in a wind-tunnel experiment, and found drag increases
up to 50% for increasing unit Reynolds numbers (Figure 2.20). Van Campenhout (2016)
increased the Reynolds number range over the same geometry as Van Nesselrooij (2015),
but found no drag reduction with increasing Reynolds number. Finally, the experimental
work provided by Leontiev et al. (2017) showed an increase in skin-friction when changing
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the upstream velocity from 25 m/s to 125 m/s for all the different dimple configurations
considered.

2.3.4 Proposed working principles

Throughout the time that experimental and numerical investigations have been performed
into the drag reduction by a dimpled surface, there is still no scientific consensus on how the
drag reduction in achieved. In this section the commonly reported theories are discussed.

Tornado-Like Technology. The original explanation as given by Kiknadze et al. (2012b)
states that inside the dimple self-organizing secondary tornado-like jets are established, that
induce a counteracting shear against the drag force leading to an overall drag decrease.
These proposed vortices have been observed by Isaev et al. (2005) and Tay et al. (2014), but
their direct link to a drag reduction is still not present due to lack of details in respect to
the experiments. This theory is also proposed by Vervoort (2007), evidenced by simulations
(Figure 2.29), who says that the vortex causes reduced wall shear stress in the upstream part
of the dimple and a small increase of the pressure drag in the downstream part of the dim-
ple, yielding an effective drag reduction.

i

FIGURE 2.28: Isolines WL T IR
of pressure by Isaev

et al. (2005). FIGURE 2.29: Pathlines over a

dimple by Vervoort (2007).

Relaminarization. It was described in Section 2.1.3 that under a certain acceleration param-
eter K the turbulent boundary layer returns to a quasi-laminar state. In respect to a dimple,
it can be argued that analogous to a wavy wall, drag reductions are attained when the tur-
bulent boundary layer is relaminarized in the downstream part of the dimple. The working
mechanism is then explained by Gad-el Hak (2006) as that the balance between the resulting
pressure drag and the skin-friction drag leads to an overall drag reduction by a net balance
of these two forces.

Spanwise shear. Another proposal for the drag-reducing mechanism is postulated by Van Nes-
selrooij (2015) and Van Campenhout (2016) at DUT and by Tay et al. (2015), and states that
analogous to drag reductions for oscillating walls, spanwise shear is the reason for the drag
reduction. Tay et al. (2015) backs this theory with the formation of spanwise velocity bands
and the converging-diverging flow topology (Figure 2.30) observed by Tay et al. (2014).
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FIGURE 2.30: Converging-diverging flow topology observed with dye-streaks
by Tay et al. (2014).

This theory states that the converging-diverging flow topology has a drag-reducing effect
analogous to the drag-reducing effect found for the oscillating wall. It is proposed that the
interaction between dimples causes regions of spanwise oscillations, forming a Stokes layer
that inhibits turbulent coherent structures. Van Campenhout (2016) quantified the flow over
a dimpled surface by means of Particle Image Surface Flow visualization (PISFV) and de-
tected a spanwise wave alternating between the dimples. No drag reduction was found
however, which Van Campenhout (2016) argued to be caused by the suppression of Q2 and
(Q4 events by the favorable pressure gradient applied by the ramp preceding the test plate
in the experimental set-up.

FIGURE 2.31: Surface oil flow visualization by Van Campenhout (2016).
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Chapter 3

Methodology

In this chapter the methodology surrounding the experimental procedure is revealed and
justified. Three experimental methods are discussed in sequence, which are direct force
measurements (DFM), particle image velocimetry (PIV) and hot-wire anemometry (HWA).
Before these are discussed in detail, first the experimental set-up and the aerodynamic de-
sign based on a boundary layer simulation, are spelled out in Section 3.1.

3.1 Experimental design

Before any experiment can be performed a theoretical and physical framework are required.
In this section a theoretical framework is given by the aerodynamic design and the resulting
test matrix in Section 3.1.2 while a physical framework which makes up the experimental
set-up is given in Section 3.1.1. This physical framework needs some initial deliberation
which is provided in a moment’s notice.

The test plate geometr of Table 3.1 is used in the experiment. This geometry contains all
the beneficial geometrical properties for drag reductions described in Section 2.3.2 and is
the plate configuration where a maximum drag reduction of 4% was found. In this config-
uration the dimples are placed in a staggered pattern. This is also the geometry for which
Van Campenhout (2016) found no drag reduction. Due to this contrast it is a natural choice
for a dimpled plate configuration in this experimental research.

TABLE 3.1: Drag-reducing dimple geometry in mm by Van Nesselrooij (2015)
(see Figure 2.23 and 2.26 for definition of parameters).

D|d|r| L |L
20 (05[] 1057233

The test plate in the same order of dimension as the previous experiments at DUT, and
contains 21 rows of dimples with 11 dimples each row, totalling 231 dimples. In order to
perform direct force measurements the test plate must be decoupled from the test section. To
this end a gap of 2 mm is created between the test section and the test plate by constraining
the plate width to 396 mm (whereas the test section has a width of 400 mm). The geometry is
shown in Figure 3.1 and has a surface area S = 0.25 m?. The same plate dimensions (without
the dimples) is also used to create a flat plate for comparison.
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FIGURE 3.1: Test plate dimensions in mm.

Since the interest of this research is to identify the effect of a pressure gradient, a means must
be found to apply a pressure gradient. Whereas an airfoil has pressure gradients due to the
presence of curvature, a straight test plate has by no means an internal mechanism to cre-
ate a pressure gradient. A pressure gradient exists due to the acceleration and deceleration
of the flow. Bearing in mind the mass-conservation relation, which states that (assuming
density to be constant) that area times velocity remains constant, indicating that a changing
cross-sectional area can induce acceleration and deceleration. This implies that a pressure
gradient can also be applied by changing the exterior area (keeping the bottom geometry
flat). In a similar fashion to Starke et al. (1999) and Van der Hoeven (2013) and in riblet drag
reduction research by Debisschop and Nieuwstadt (1996) it is chosen to use a planar diffuser
to apply a pressure gradient on the test plate, defined purely by its deflection angle ¢ (see
Figure 3.2). Having several fixed locations to attach it, the plane diffuser has the advantage
that pressure gradients can be easily adjusted and reproduced and is also easily manufac-
tured. A schematic set-up is presented in Figure 3.2.

This set-up is then attached to the flow facility. The flow facility at hand is the W-tunnel
at Delft University of Technology. This tunnel is driven by a single fan, which can be con-
trolled by setting the RPM. The W-tunnel fan instead accelerates the flow along a straight
path through a nozzle. A 0.4 x 0.4 m nozzle is chosen to have have an upstream velocity
range up to Uy, = 34 m/s. To allow the boundary layer to develop an additional extension
of 810 mm is added before the test section. A carborundum strip of 20 mm is added at the
end of the W-tunnel (x = -975 mm) contraction to ensure a turbulent flow at the start of the
test plate.
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FIGURE 3.2: Schematic representation of a planar diffuser.
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3.1.1 Experimental set-up

A schematic set-up of the test-section was shown in Figure 3.2 which in this section will
be refined for experimental suitability. The test section has to go through three different
experimental techniques, namely DFM, PIV and HWA. All these have their different general
requirements that have to be taken into account. The DFM campaign uses a flexure-based
drag balance, of which the details will be elaborated upon in more detail in Section 3.2.3.
This balance requires the test plate to be completely detached from the test section, such that
the drag force is not thwarted by friction with the wall. As a result spacing gaps are required
at the front, back and the sides. The PIV measurements require optical access to the test plate.
To accommodate this requirement the test section is primarily made of Plexiglas. The HWA
measurements require physical access. To this end a sealable gap is created downstream
behind the test plate such that the HWA apparatus can be inserted to the test section. To
allow for a straightforward changing of the plates, a sliding system is devised in which the
plate can be easily inserted and removed from the test section without the use of bolts. To
allow this sliding to occur, a door is created by which the test-section can be opened. The
set-up and its important attributes are shown in Figure 3.3.

Tunnel attachment

| Test section door

| HWA probe slot |

Flexure balance

FIGURE 3.3: Schematic test section

In the aerodynamic model of the boundary layer it is assumed that the velocity changes
only in the streamwise direction. In reality the wall-normal velocity distribution will not be
constant at a fixed streamwise position. Since the boundary layer at the top diffuser wall is
inclined more sharply in respect to the W-tunnel extension compared to the test plate, it is
more likely to separate at the top wall. To tackle this slots are added in the top wall, in similar
fashion to Van der Hoeven (2013) and Starke et al. (1999). These slots allow for natural
boundary layer suction due to larger pressure inside the test section due to an APG, thus
allowing the boundary layer to have a ‘fresher’ start when traversing a slot. When required
a screen is added in the back to create a larger pressure inside the test section. In order to
have a on-the-site approach and to allow for quick changing it is chosen to divide the top
wall in 10 sliding plates instead of using one fixed configuration. Using this in combination
with tufts to check for flow separation (Figure A.4) it is then possible to maintain attached
flow at the top wall. A schematic view of the top wall is given in Figure 3.4.
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Open slots

Closed slots

FIGURE 3.4: Diffuser wall with slots.

The pressure gradient and the pressure coefficient are connected to the change in freestream
velocity (see Equation 2.13). Placing large pressure probes into the flow to measure the static
pressure at multiple streamwise locations would introduce large flow disturbances when
intricate differences in drag need to be captured. In order to monitor the pressure gradient
16 pressure taps are added on the anchored side wall, see Figure A.5. They are placed 30
mm above the surface, as to measure the pressure just above the boundary layer. Then two
rows of 8 pressure taps are added with a spacing of 90 mm in the streamwise direction and
a wall-normal spacing of 80 mm between the two rows, where the first pressure tap starts at
x = 15 mm, just before the test-section transitions to the test plate. Pictures of the test-section
including the pressure taps are given in Appendix A.

FIGURE 3.5: Pressure taps on the rigid wall.

3.1.2 Aerodynamic design

In order to have a first order estimate of how the boundary layer behaves and to find proper
cases to perform the experiments in this section an aerodynamic design of the experiment is
elaborated upon. Determining the initial diffuser angles ¢ for the experiment is dependent
on the flow conditions that are wanted at the flat plate section. To this end an aerodynamic
model of the boundary layer in the test section is devised. Traditional empirical relations
that are used to compute turbulent boundary layer development under a ZPG are no longer
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valid when a pressure gradient is applied. The method of Head (1960) is an excellent can-
didate to calculate turbulent boundary layer development under a pressure gradient. This
method uses the Von Karman integral momentum relation, the skin-friction correlation of
Ludwieg and Tillmann (1949) and entrainment closure relations to numerically compute the
boundary layer development. In these expressions the external velocity and its derivative
are required, which can be modeled with the mass conservation relation when the plane
diffuser angle ¢ is known. With the velocity distribution known, an initial boundary layer
development is calculated. The boundary layer growth influences the velocity distributions
by decreasing the effective cross-sectional area and thus five iterations are performed until
the development is converged. It must be noted that the model is purely one-dimensional,
and thus assumes the same turbulent boundary layer development on the plane diffuser as
the test plate, as well as uniform conditions at each section. It does also not account for mass
transfer through the gaps that are required for the DFM set-up (further discussed in Section
3.1.1). More information about the architecture of the algorithm is given in Appendix B.

Other than the ZPG cases FPGs and APGs are naturally of interest. To not grab the exper-
imental pressure gradients from thin air, a reference airfoil case is considered to have an
initial feeling of the values found over an airfoil. A NACA 2415 airfoil is chosen, flying
at 250 m/s (Mach 0.85 at 11 km altitude) at C; = 0.7 with a chord length equal to the test
plate length (c = 0.631 m). Using XFOIL the pressure coefficients and the shape factor are
computed over the airfoil surface. They are shown in Figure 3.7a and 3.7b.
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FIGURE 3.6: NACA 2415 airfoil.
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FIGURE 3.7: Flow properties around a NACA 2415 at C; = 0.7 at Re. = 1.11 x
107.

No forced transition is applied, such that a turbulent boundary layer starts at x/c = 0.2 on
the top side and at x/c = 0.6 on the bottom side (observed from the sudden downward shift
of the shape factor in Figure 3.7b). Focusing on the top side, a region of shape factors is
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observed in which the shape factor stays around the ZPG value of 1.31. Between x/c = 0.7
and x/c = 1.0 the shape factor increases up to 1.83, indicating the effect of the pressure re-
covery (adverse gradient) at the rearward part of the airfoil. A C; = 0.7 is chosen to resemble
cruise conditions. As a result no boundary layer shape factors approaching separation (H =
3.0, as by White (2006)) are observed. Shape factors approaching separation generally occur
when the airfoil is at high angles of attack and the boundary layer is nearing separation, but
these are not the design conditions for which a drag reduction mechanism is optimized. It
is furthermore observed from Figure 3.7a that a minimum C,, of about -1.26 is observed at
x/c = 0.05 on the top side of the airfoil related to the largest velocity found on the airfoil.
The shape factor and the pressure coefficient and their values found for this typical case will
be the main aiming targets of the aerodynamic design. For the application of a FPG it is de-
cided to constrain the final exit area to half of the initial inlet area. This is done to maintain
the integrity of the test section and to force the bulk of the flow to leave through the end
area instead of the side gaps.

The algorithm extracts the turbulent boundary layer properties at two specific locations,
one at an upstream location at x = 0.150 m and one at x = 0.520 m, corresponding to the
planned PIV and HWA measurement areas of the experimental campaign. After several
user iterations the cases a test matrix was synthesized that suited the conditions found on
the NACA airfoil, given in Table 4.7

TABLE 3.2: Simulated boundary layer development for a strong adverse and
strong favorable pressure gradient and a zero pressure gradient.

| UPSTREAM (X = 150 MM) | DOWNSTREAM (X = 520 MM)
Uoo ReD 2 Ue (599 Cp H Ue (599 Cp H
m/s] [10%] [] | [m/s] [mm] [-] [-]|[m/s] [mm] [-] []
7 1.86 -13 7.7 280 -022 127 | 104 234  -120 124
15 399 -13 | 16.6 242 -022 127 | 223 205 -120 1.23
15 3.99 0 15.1 274 -0.01 131 | 153 324 -004 134
30 7.97 0 30.1 240 -0.01 131 | 305 289 -0.04 1.33
15 399 10 14.1 30,0 011 135| 124 447 031 1.51
30 797 10 28.2 26.3 011 135 | 2438 39.6 032 1.49

A negative deflection ¢ indicates a converging test-section. From Table 4.7 a strong favor-
able pressure gradient (SFPG) ¢ = -13° and a strong adverse pressure gradient (SAPG) for
¢ =10° can be observed. The ZPG and SAPG cases are computed at 15 m/s and 30 m/s to
examine the upstream Reynolds number effect. The SFPG is constrained to lower velocities,
as the test section starts to bulge at increasing upstream velocities from 15 m/s.

Expected behavior is observed from Table 4.7. The shape factor decreases for the SFPG and
increases for the SAPG, the boundary layer thickness decreases for a SFPG and increases for
a SAPG, and the freestream velocity increases for a SFPG and decreases for a SAPG. For the
ZPG case there is a slight acceleration of the flow due to the effective shape of the test section
by the turbulent boundary layer thickness. The deflection angle for the SFPG case is chosen
as to constrain the test section to half of its original area. A minimum C,, of -1.2 is found
for this deflection, analogous to the peak pressure coefficient found for the NACA airfoil in
Figure 3.7a. For the SAPG design case the shape factor does not approach separation values,
but has a close value to the rearward part of the NACA airfoil observed in Figure 3.7b. It is
furthermore observed that at the upstream position the changes to the turbulent boundary
layer are not as profound as towards the end. These cases are then defined as the limiting
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cases for the pressure gradients. Additionally two intermediate cases are discussed for the
DFM campaign in Section 3.2 (the mild adverse and mild favorable pressure gradient) that
have their deflection at half the limiting cases.

3.1.3 Nomenclature

Before transferring to the experimental descriptions, a note must be made about the nomen-
clature that is used to describe different flow cases. Throughout this report different con-
figurations of velocity, pressure gradient, geometry and measurement location are given.
Instead of using the full description of the case a straightforward abbreviation is used. For
the direct force measurements, in which cases are repeated multiple times, this abbreviation
exists out of the geometry:

* [F] flat plate,
e [D] dimpled plate,
pressure gradient:

* [F2]] strong favorable pressure gradient,

[F1] mild favorable pressure gradient,

[Z] zero pressure gradient,

[A1] mild adverse pressure gradient,
* [A2] strong adverse pressure gradient,

followed by the occurrence N: the N'th measurement of that geometry and pressure gradi-
ent. FZ1 then means a flat plate at a ZPG measured for the first time while DF23 indicates
a dimpled plate at a strong favorable pressure gradient measured for the third time. For
the repeatability experiments, in which a ZPG case is considered and no dimpled plate is
used, the additional prefix R[epeatibility] or [inter]C[hanged] is added. RZ3 then indicates
the third time that a ZPG flat plate is tested without opening the door (more explanation on
the “interchanged” definition of the repeatability cases is given in Section 3.2.5).

3.2 Direct force measurements

In this section an approach is described in which the entire drag coefficient of a test plate
is measured by means of direct measurement of the drag force with a new flexure-based
drag balance, where both the upstream Reynolds number and the pressure gradient are
changed. Compared to a local measurement using PIV or HWA this gives an immediate
direct measurement of the drag force and the effect of a dimpled surface. On of the primary
aims during the experiment is to provide consistency to the experiment, as to exclude external
interference on drag behavior other than the dimples. This section shall focus on the drag
balance that is designed for the experiment and an experimental procedure that aims to
provide the wanted consistency, but first a general description of the test set-up and its
requirements are given.
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3.2.1 General set-up

In Figure 3.9 the physical manifestation of the schematic blueprint in Figure 3.3 is shown.
Since very small differences in drag are to be measured it is of paramount importance that
the set-up is not changing during the experimental runs. Great care is taken to make sure
that the set-up is as invariable as possible. To achieve this the different parts of the set-up
are rigidly clamped to prevent movement due to outward disturbances. The drag balance
is rigidly clamped to an X-beam base. The load cell is attached to a separate X-beam base,
such that the load cell and drag balance are not in contact with one another other than at the
interface between the test plate and the load cell. The load cell has a fixed position, and dur-
ing the experiment detachment between the load cell and test plate is achieved by moving
the test plate forward (due to flexibility of the drag balance) and subsequently anchoring the
test plate. The clamping does not allow the drag balance displacement when the test plate is
replaced, thus preventing potential misalignment of the force sensor between experiments
that could occur when plates are being changed. The test section is clamped at the outlet
to a heavy support structure, furthermore constraining movement. As the Plexiglas walls
themselves are not very stiff additional stiffening is required in order to prevent bulging of
the side walls during the experiment at larger velocities. With these structural efforts it is
attempted to make the set-up as invariable as possible. The set-up is shown in Figure 3.9,
from which it is furthermore observed that the test section is shielded by black screens to
reduce disturbance from the outside environment.
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FIGURE 3.8: Schematic view of the measurement apparatus and the experi-
mental set-up.
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FIGURE 3.9: Experimental set-up in SFPG configuration. Screens placed near
the entrance of the wind-tunnel hall to prevent disturbances.

A newly-designed drag balance based on flexures is used to measure the drag (which will
be discussed in Section 3.2.3 in more detail). As the test plate is decoupled from the test
section, flow is able to escape through the side gaps. To have a qualitative notion of how
much flow enters or leaves the test-section when the wind-tunnel is operational, tufts are
placed in streamwise direction just above the test plate surface. To prevent the occurrence
of indeterminable components in the force signal due to flow impingement of this escaping
flow on the flexures, the flexures are shielded. Tufts are furthermore added to this shielding
to qualitatively study the flow below the test plate. As the test plate is decoupled from the
test section the flow is smoothly guided from the test section to the test plate by means of a
thin plastic strip at the test plate interface with the test section to avoid early separation due
to a step (see Figure 3.10).
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FIGURE 3.10: Upstream interface between the test plate and the test section.
Inlet flow coming from the right. Thin plastic strip (not shown) at the leading
edge is applied here to avoid early separation due to a step.

The load cell makes contact with the test plate through a small but rigid rod underneath
the test plate (Figure 3.12). In order to prevent moments inside the force sensor due to
misalignment of the frontal surface with the rod, a small bolt is added to the force sensor
to make sure the raw measured force F.,y is distributed through the centerline of the force
sensor (see Figure 3.11).
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FIGURE 3.11: Force application to the load cell via a small bolt.

Test plate
frame

FIGURE 3.12: Rod-sensor interface underneath the test plate while in an-
chored "resting’ position.

The only movable part of the test section is then the section door, that needs to be opened
in between experiments to change test plates. To check if this has any influence on the
drag measurements, repeatability experiments are performed which are the focus of Section
4.2.5. Between experiments the force sensor is also allowed to "rest’. This is mainly done to
account for drift that was observed in the previous experiments of Van Campenhout (2016)
and Van Nesselrooij (2015) after prolonged loading, but also to not overload the sensor when
the plates are being changed. During resting the test plate is moved in upstream position
(away from the force sensor, see Figure 3.12) and anchored to the test section wall by means
of a pin. Another advantage of this is that the pre-loading force for each measurement run
should be equal, thus further improving consistency.

As a pressure gradient is established over the plate, pressure differences start to arise at the
start and the end of the plate. To quantify the effect of the pressure gradient on the measured
raw force, the static pressure is also measured at the upstream and downstream gaps by
means of pressure taps just before and behind the test plate beneath the flow domain. At
each gap six pressure taps are placed with equal spanwise spacing.

3.2.2 Equipment

Other than the drag balance and the test-section other off-the-shelf hardware is required
during the experiment. A sensitive force sensor is required to measure the force acting on
the plate, as well as measuring apparatus to measure ambient and flow conditions during
the experiment. An overview is presented in this section. In LABVIEW a program is avail-
able to the measured variables are digitalized into text files that can be further studied and
processed.
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Ruska 6200. The ambient pressure in the wind-tunnel room is read by the Ruska 6200 se-
ries. The Ruska 6200 has a stated accuracy of +-0.01% and a range of 0 to 1.31 bar. The
Ruska 6200 is not digitally connected to the LABVIEW program, and thus the ambient
pressure must be manually inserted into the LABVIEW program before each measure-
ment run.

DTM 5080. The temperature of the flow is directly measured by the insertion of the DTM
5080 temperature sensor through a small gap at the top of the test section. The DTM
5080 by LKM Electronic has a stated accuracy of +0.02 degrees Celcius. Together with
the dynamic pressure it is sampled at a 10 Hz frequency.

Mensor 2101. The atmospheric values measured from the ambient pressure and tempera-
ture sensors is coupled with the dynamic pressure measured by the Mensor 2101 to
yield the flow velocity. The Mensor 2101 uses one port to measure the total pressure
and one port to measure the local static pressure, both measured by means of a pitot
tube. The difference between these is then the dynamic pressure. Using a LABVIEW
program the the dynamic pressure is acquired together with the temperature at a sam-
pling rate of 10 Hz. The Mensor 2101 has a stated accuracy of +0.03% and is recently
calibrated at the time of the start of the experiment.

KD34s-2N load cell The load cell used in this experimental investigation is the KD34s-2N
load cell by ME-Mefisysteme (Figure 3.13). It is made of an aluminum alloy and has
a mass of 30 g. The stated accuracy is 0.1% It has a nominal load of 2N, which when
applied creates a 0.25 mm displacement inside the system, from which a force sensor
stiffness k. of 8,000 N/m can be deduced when a linear relation between force and
deformation is assumed. The sampling frequency of the raw force F,;, can be adjusted
in the LABVIEW program, and a sampling frequency of 10 KHz is chosen to capture a
good range for performing an analysis of the frequency domain. The force sensor is
connected to a National Instruments 9236 acquisition box which converts the voltage
of the load cell into data files.

FIGURE 3.13: Top view of the KD34s-2N force sensor.

Nub Systems pressure transducer The static pressures are digitalized by a Nub Systems
pressure transducer (Figure 3.14). This transducer is availabe in three ranges, 600 Pa,
2500 Pa and 6000 Pa. For the gap pressures small values are expected and thus the 600
Pa version is used for the upstream and downstream gaps. For the pressure gradients
over the test plate larger values are expected, and thus the 2500 Pa version is used. The
transducer is connected to a control unit which in turn is connected to a computer and
subsequently read by a LABVIEW program. The pressure is measured at a sampling
frequency of 2 KHz.



38 Chapter 3. Methodology

FIGURE 3.14: Opened Nub Systems pressure transducer with all the pressure
transducer ports observable. Pressure adapters are used to transfer from a
smaller tube to a larger tube.

3.2.3 Drag balance

In order to quantify the drag coefficient for both the flat and dimpled plate under different
pressure gradients it is wanted to capture the drag force of the plate and accurately measure
it with a force sensor (load cell). A novel flexure-based drag balance is presented in this
section. A flexure is a thin plate that allows free movement in the streamwise direction but
which still carries the weight of the plate. When the bending stiffness of the flexures is small
compared to the load cell, most of the force in streamwise direction is captured by the force
sensor. The advantage of a flexure-based drag balance it that is relatively simple. It requires
no power supply, components are easily interchanged, and it does not require additional
equipment like compressors that air bearings do require. Since the flexures are clamped,
they have only one degree of freedom of movement. Since such a drag balance was not in
existence for the current purpose, a new design was made for the current experiment. For
an initial design the drag balance (Figure 3.15a) is simplified into a mass-spring system with
two springs (Figure 3.15b): a spring that represents the load cell and a spring that represents
the flexures.

test plate (test plate)
'2'“7 N W W W W W W L W N W . W W W W . L —E
N I_%' 1 m
load cell
Ke
(load cell)
k
«—— flexures ——— (flexures)
J . TITTTT77
(A) Schematic side view. (B) Mass-spring representation.

FIGURE 3.15: Drag balance design.

Assuming a linear spring relation, the relation between an applied force and the displace-
ment is given by Equation 3.1:
F=—kx (3.1)

All springs are placed in parallel, meaning that the individual stiffness of two flexures can
be summed up. In Figure 3.15b k¢ represents the equivalent stiffness of the two flexure
plates that carry the plate. From the specifications of the load cell it was derived that the
maximum displacement of the force sensor is 0.25 mm at the nominal load. The stiffness
k. can then be computed to be 8,000 N/m, assuming a linear relationship between the load
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and the displacement. This stiffness can not be altered, but the stiffness of the flexures is
a choice of design. When a force is applied in the streamwise direction to the mass-spring
system it is divided over both springs according to their stiffness. Since a flexure is naturally
not capable of creating a voltage which can be read into a computer, it is of interest to have
most of the force absorbed by the load cell. To this end a relatively high flexure efficiency 7
is wanted.

. F. . ke
7 Ftotal kc+kf

(3.2)

For practical and stability reasons it is wanted that the test plate moves back to an equilib-
rium position when an applied load is removed. To achieve this the flexures are clamped
both at the base and the head by L-profiles and bolts. Would this not be the case, the test
plate would collapse to one side during handling and transport, and could possibly over-
load the force sensor during the experiment. To compute the stiffness of a clamped beam
standard beam theory is used. To account for the clamping on both sides of the beam, the
flexure stiffness is approximated by Equation 3.3, where a factor of 12 is used to account
for the clamping. For a high flexure efficiency it is observed from Equation 3.2 the stiffness
should be very low (k; — 0), but this will lead to failure due to buckling when a small load
is applied. For the computation of the critical buckling force Equation 3.4 is used, where K
= 1.2 is used to account for the clamping.

12E17,
k=" (3.3)
mEI,
Ferit = (KL)2 (34)

Two main loads are identified that act on the flexure system: the mass of the test plate
and the pressure force that exists due to the application of a pressure gradient. To get this
pressure force the pressure gradient (computed by the algorithm described in Section 3.1) is
integrated over the test plate. This force is then included in the static equilibrium to compute
the forces in the flexures. This pressure gradient will induce a force at a location that is
downstream relative to the center of gravity. For an increasing pressure over the plate the
buckling constraint becomes increasingly important. After performing several iterations the
design parameters of Table 3.3 were determined to be suitable to prevent buckling while also
allowing for a maximum efficiency 7. More information on the static equilibrium analysis
that was used to determine the forces in the flexures is presented in Appendix B.

TABLE 3.3: Flexure design parameters.

Parameter \ Symbol \ Value \ Unit
Flexure stiffness k¢ 598 | N/m
Load cell stiffness ke 8,000 | N/m
Equivalent stiffness Keq 8,598 | N/m
Flexure thickness te 1 mm
Flexure length L¢ 0.35 m
Flexure width bg 0.35 m
Upstream flexure distance S1 0.18 m
Downstream flexure distance S9 0.58 m
Flexure efficiency n 0.93 -
Buckling ratio Fo/Feie | 095 -




40 Chapter 3. Methodology

A computed efficiency of 93% then means that 93% of the applied force is captured by the
force sensor. Using a calibration wheel and a set of small weights below 200 g the set-up is
calibrated to check if the same efficiency is represented in the force signal. The calibration
wheel uses knife edges such that internal friction is reduced, such that the gravity force
of the weights is efficiently transferred to the flexure system. From the calibration plot in
Figure 3.16 it is then observed that the drag balance returns 92% of the force of the weights
into the load cell, close to the computed value of 93%.
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FIGURE 3.16: Flexure system calibration. Note that the signal returns negative
values for compression.

3.2.4 Data corrections

As the pressure is changing when a pressure gradient is applied to the test section, this
creates a pressure difference between the leading edge and trailing edge that is not part of
the skin-friction force. This pressure force needs to be determined using the pressure taps
and subtracted from the raw measured force. Other than the pressure force corrections, an
additional study is performed to determine the other proper corrections to the force signal.
For this the set-up flexure balance was moved to the Open Jet Facility (OJF) air-conditioned
control room (Figure 3.18). Using the air-conditioning it is attempted to model the change of
the ambient temperature throughout the day in the wind-tunnel and its effect on the force
signal. Instead of an aerodynamic loading, calibration weights were used in combination
with the knife-edge calibration wheel described in Section 3.2.3. Instead of maintaining the
time planning of the measurement plan, the force signal is measured for some time before
and after the start and end of the timing presented in the measurement plan. To ensure a
consistent replication of the actual experiment, the same time cycles of 30 s intervals and
10 s measurement time were maintained. The raw measured force signal for one of these
measurements is shown in Figure 3.17.
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FIGURE 3.17: Full run during sensitivity study. Raw measured force shown,
which is negative for compression.

Five distinct regions are observed: a pre-load cell attachment phase, post-load cell attach-
ment phase, loading phase, pre-load cell detachment phase and a post-load cell detachment
phase. Five temperature distributions are considered in this study to simulate the change
in temperature observed throughout the day during the actual experiment. It is observed
from Figure 3.19a that the air-conditioning system does not keep a constant temperature, but
each subsequent temperature distribution is higher than the previous distributions. The raw
measured forces are observed in Figure 3.19b. They do not have the same force magnitude,
indicating that there is an effect on either the experimental set-up or the force sensor, possi-
bly due to temperature differences. This presumed temperature dependency is discussed in
further detail in Section 3.2.6.
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FIGURE 3.18: Flexure balance set-up in the OJF control room.
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FIGURE 3.19: Parameters tracked during the temperature sensitivity study.

During the experiment the aerodynamic forces applied to the load cell are not known. In
this study the "aerodynamic forces” are known, as they are the calibration weights. As the
exact load of the weights is known, the results are used to determine the required force sig-
nal corrections to arrive at the same measured values.

Null-force. The first correction was utilized by both Van Nesselrooij (2015) and Van Camp-
enhout (2016), who observed the a shift in null-force between the start and the end of the
loading. To combat this they applied a force correction in which the force signal at a step i is
corrected by adding the measured null force shift AF scaled by the force measured that step
divided by the largest force measured in the calibration.

F;

Fi=F—
max

AF, (3.5)

Although this seems a physically justified correction, from Figure 3.5 it can be observed that
towards the higher steps inside the calibration the force signals start to diverge. That is why
this correction is not used for the DFM campaign.

Temperature. As temperature is changing throughout the experiment, it is also attempted to
apply a temperature correction with Equation 3.6. In this correction a procedure analogous
to Equation 3.5 is chosen, but instead using scaling based on the force of each step, the null
force is scaled by the temperature change at each measurement step normalized by the total
temperature change AT between the start and end of the weight-loading period.

T; — Tp

Fi=F——x7

AFy (3.6)

Looking at Figure 3.20c it is observed that just as for the null force correction the forces start
to diverge towards the end of the calibration steps. Therefore, this correction is discarded
for the DFM campaign.

Subtraction of initial force. As the first value before the load application is the 0 g case, the
initial loading at the end of the value before the first loading is subtracted from the force sig-
nal such that the resulting force represents the actual loading. For the different temperature
cases the effect of this is shown in Figure 3.20b. Compared to both the null-force corrections
and the temperature corrections this shows the best representation of the calibration weights
that are used. Due to this fact the initial force subtraction is the correction that is applied for
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FIGURE 3.20: The effect of different force corrections.

Pressure. Another force correction needs to be applied that is not related to the sensitivity
analysis above. The load cell measures a raw force F.,y. This raw force is not the skin-
friction force, that is of interest in this study, but also contains a pressure component that
exists due to pressure differences in the streamwise direction. The pressure measurements
thus have a twofold goal. First of all they are used to quantify the pressure gradient over
the test plate but the pressure taps between the upstream and downstream gaps are used to
distill the skin-friction force by subtracting the pressure force difference AF,, that exists at
these upstream and downstream gaps. The pressure force on each side is computed by the
summation of each measured pressure multiplied by the area on the test plate which it acts,
which is mathematically expressed as:

6
=1

There are six pressure taps at both the upstream and downstream gap (as shown in Figure
A.6a and A.6b). Using the pressures measured at the downstream and upstream gap and
the area of the front and rear part of the test plate, the effective pressure force difference AF,
can be computed and subtracted from the the raw force F,,y to yield an effective drag force
Fp. The pressure force calculation for one side is shown schematically in Figure 3.21.

Test plate

Test plate frame

FIGURE 3.21: Calculation of F, on the test plate upstream/downstream edge
from multiple pressures p; and areas S;. Pressures represented by arrows.



44 Chapter 3. Methodology

3.2.5 Measurement plan

It is wanted to have a high-quality experiment by increasing consistency and repeatability.
Next to the measures taken to ensure the invariability of the set-up, a consistent measure-
ment plan is used. One pressure gradient case is considered each day, such that possible
movement from the adjusting of the planar diffuser does not influence subsequent mea-
surements. The first two days are used to setup the wind-tunnel, performing the calibration
procedure and defining the velocity as a function of RPM. The latter is done to quickly
change the wind-tunnel velocity during the measurement runs. This table is shown in Ap-
pendix C.

The general approach of the measurement runs is the sandwich principle and follows pre-
vious best practices. This approach means that the drag performance of a dimpled plate is
compared to the previous and subsequent flat plate measurement, creating a measurement
schedule where the flat plate and the dimpled plate are interchanged. Using the sandwich
principle it is attempted to cancel out possible differences in temperature, pressure and the
set-up that arise throughout the day. differences The drag differences for each sandwiched
case is then averaged to yield an average drag change ACp. This schedule is then given in
Table 3.4.

TABLE 3.4: Measurement schedule. Off-days and first two days are omitted.

I DAY
Goal || Repeat. 1 | Repeat. 2 | ZPG | SFPG | SAPG | MFPG | MAPG | Vibrations
RUN Day 3 Day 4 Day5 | Day6 | Day7 | Day 8 | Day9 Day 10
1 RFZ1 CFZz1 Fz1 | FF21 | FA21 | FFl1 FA11 VZz1
2 REZ2 CFz2 Fz2 | FF22 | FA22 | FF12 | FAl2 VE2
3 RFZ3 CFZ3 Dz1 | DF21 | DA21 | DF11 | DA11 VA2
4 RFZ4 CFZ4 FZ3 | FF23 | FA23 | FF13 | FAIl3 VF1
5 RFZ5 CFZ5 DZz2 | DF22 | DA22 | DF12 | DA12 VA1l
6 RFZ6 CFZ6 Fz4 | FF24 | FA24 | FF14 | FAl4
7 RFEZ7 CFz7 DZz3 | DF23 | DA23 | DF13 | DA13
8 RFZ8 CFZ8 Fz5 | FF25 | FA25 | FF15 | FAl5
9 RFZ9 CFZ9 Dz4
10 Fz6

As the sandwiching of plates requires the opening of the set-up door, the first two days of
actual measuring (days 3 and 4 in Table 3.4) are composed of repeating the flat plate mea-
surements in the ZPG configuration. The first day it is examined what the effect is on the
drag behavior when the flat plate measurements are performed without opening the door,
thus making no changes to the test section. The second day the flat plate is taken out, and
then put back in again, and thus the effect of opening the door is examined. For the first day
the prefix R- is used, and for the second day when interchanging the plate the prefix C-. In
this way the effect of the only non-invariable part of the set-up is quantified. Then the first
measurement of the dimpled plate is performed for the ZPG, followed by the SFPG, SAPG,
and two intermediate pressure gradients at half the deflection angle of the strong pressure
gradients: the mild FPG for which ¢ = -6.5° (MFPG) and mild APG for which ¢ = 5° (MAPG).
Each pressure gradient is measured each day. Each day is furthermore initiated with a pre-
run to "awake’ the force sensor after a night of rest. It is furthermore observed from Table 3.4
that a total of three dimpled plates are tested each day, with the exception of the ZPG case
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where logistics allowed to measure four dimpled plates.

FIGURE 3.22: Pin in anchored position. The setup is held in a forward position
preventing contact with the load cell.

Each measurement cycle takes exactly one hour. During the measurement cycle use is made
of a checklist to ensure consistency of each cycle. Using a stopwatch the time is reset at the
start of each measurement run. In the first 25 minutes the test plate is replaced, while the pin
is attached to anchor the test plate and to prevent overloading of the force sensor. After 25
minutes the pin (Figure 3.22) is removed, allowing the force sensor to move against the rod
underneath the test plate. Then a period follows in which the logistical tasks as measuring
the ambient conditions and updating the file names are performed. At the 33 minute mark
the LABVIEW algorithm is toggled to start saving results. Instead of a continuous signal, a
timer is set on the LABVIEW program that measures the velocity and the load cell simultane-
ously at 30 s intervals for a duration of 10 s. The wind tunnel is started at 35 minutes and 40
seconds, before which it has read 5 consecutive null-force measurements without any aero-
dynamic loading. As previous investigations by Van Nesselrooij (2015) have shown the low
Reynolds number regimes to have a large root-mean-square deviations, the velocities under
10 m/s are not measured for the DFM campaign. During the run the wind-tunnel is set as
soon as the previous measurement has ended, allowing for 20 s of adapting the upstream ve-
locity. Then a measurement of 10 s takes place of the drag force, when the freestream velocity
has set. After a full wind-tunnel run the null-force is measured for another 10 consecutive
times. The pin is attached at 55 minutes, allowing the force sensor to rest a consistent 30
minutes between each measurement run. The checklist contains additional tasks like set-up
integrity checks and is given for the ZPG case in Appendix D.

3.2.6 Temperature sensitivity

When the set-up is moved against the set-up a drift in the force signal is observed while
no external load is applied. In this section it is investigated if this drift has its origin in the
set-up or the force sensor. For the drift analysis of the set-up the same set-up is used as
depicted in Figure 3.18. The force is measured continuously and averaged for each 15 s for
approximately an hour. After toggling the measurement the set-up is moved against the
load cell at 3 minutes and the drift is subsequently measured for 30 minutes. A total of six
temperature and force distributions are captured and show in Figure 3.23a.
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FIGURE 3.23: Experimental set-up drift.

After the drag balance moves against the load cell it is observed that a drift starts to appear,
indicating that an increasing load is applied to the load cell. This load appears to be tem-
perature dependent, as increasing the temperature also increases the load perceived by the
load cell. In order to locate a probable source for the thermal expansion of the set-up when
it makes contact with the load cell the thermal expansion due to a temperature difference

AT is considered:
AL

— =aAT 3.8
L=o (38)
To determine a probable length scale of a segment of the test set-up, the test set-up is as-
sumed to be a rod of characteristic length Ly, see Figure 3.24. A change in temperature AT
results in a thermal expansion, which then creates an extra force AF measured by the load
cell. As the stiffness of the load cell is known, as well as the temperature and force change

from Figure 3.23, the characteristic length can be determined for a first-order estimate.

(test set-up)

a S

Lo AL kC
(load cell)

FIGURE 3.24: Thermal expansion and the load cell.

Rewriting the spring-displacement equation in to Equation 3.8 then yields Equation 3.9. The
thermal expansion coefficient o = 23x 1075 m/(m-K) for aluminum is used, as most materials
in the balance are made of aluminum.

_AF
ok AT

Ly (3.9)
The thermal expansion is determined at two time instants at t = 800 s and t = 1500 s for all
six measured temperature- and force distribution. For six distributions this then leads to 10
lengths Ly. Averaging all found results leads to an average Lo = 0.21 m. This is a physical
distance that however can not be attributed to any distance in the set-up.

The final temperature sensitivity experiment is performed by applying a weight to the load
cell itself without any experimental set-up coming in between. Just as for the set-up drift the
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weight is applied for 30 minutes. Two weights of 10g and 50g were used. The temperature
was regulated by setting the air-conditioning to both its minimum and maximum level. The
temperature distributions for both this low and high temperature are given in Figure 3.25.

28 80
m = 10 g, Tiow
m = 10 g, Tioy 70 r ——m=50g Tiow
26 m = 50 g, Tiow e m = 10 g, Thign
m = 10 g, Thign 2 z > 60 — — m =50g, Then
— — m = 50 g, Thign P ~ =
24 —==<==x - 1 50 7
(&) = 40
oot 1 =
=
301
20 1 1 20
i i
0

16 * * * * *
200 500 800 1100 1400 1700 2000

t [s]

200 500 800 1100 1400 1700 2000
t [s]

(B) Calibration with value before first loading sub-

(A) Calibration with null-force shift correction.
tracted.

FIGURE 3.25: Load cell drift.

There is an offset between the the two temperature distributions for both the high tempera-
ture Ty, and the low temperature T),,, considered in this comparison, since the tempera-
ture can not be uniformly regulated in the room. In Figure 3.25b the raw force is converted
into a mass value by dividing by the gravitational constant to check if the force accurately
represents the masses that are applied to the load cell. Compared to the drift analysis of the
drag balance set-up it can be found that there is no drift as a function of time, and no effect
of temperature. The effect of both a high and low temperature does not have a noticeable
effect on the values measured by the load cell. This leads to the conclusion that the drift is
caused by the expansion of the experimental set-up.

3.3 Particle image velocimetry

The second research question attains to the possible cause of drag reduction by a dimpled
surface. Whereas the DFM campaign quantifies if such a drag reduction exists, it does not
point into the direction of a cause. To this end a PIV campaign is performed to acquire
quantitative information of the flow in the vicinity of the wall. From literature it is known
that drag reducing methods have several similar characteristics: an upwards shift of the
logarithmic layer, a decrease in Reynolds shear stress and a decrease of turbulence inten-
sity. Combined with the HWA campaign discussed in Section 3.4, the PIV campaign is used
to see if the same drag-reducing behavior is represented in the turbulent boundary layer
boundary layer characteristics of a dimpled surface.

3.3.1 Experimental set-up

PIV is a non-intrusive measurement technique. Particles are injected into the flow and using
a light source the particles are illuminated. The particles are then captured at the start and
end of a short interval by an image acquisition system. The images are then processed
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using a cross-correlation algorithm, where the displacement of the particles between the
two snapshots and the pulse time separation are then used to construct the velocity field.
This is schematically shown in Figure 3.26.

Image

system
+
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processor

FIGURE 3.26: Schematic set-up of an exemplary PIV measurement system by
Scarano (2013).

Several forms of PIV are available depending on the velocity components that need to be
captured. Observing Equation 2.5 it can be concluded that the streamwise skin-friction dis-
tribution is only dependent on the streamwise velocity u and the wall-normal velocity v.
To capture these velocity components planar PIV is chosen to be suitable to investigate the
required turbulent boundary layer properties.

FIGURE 3.27: Location of maximum shear identified by Van Campenhout
(2016) in oil flow visualization.

In previous research it is postulated that the drag reduction by a dimple is caused by the
same turbulent structure inhibiting mechanism as for the oscillating wall. Van Campenhout
(2016) and Tay et al. (2015) showed that this wave has it highest spanwise velocity between
the dimples (Figure 3.27). As this is the region where the highest spanwise velocity is in-
duced, this region is targeted in the PIV campaign. As the skin-friction coefficient generally
decreases in the downstream direction it is of interest to see if the drag reduction is primar-
ily attained in the upstream or downstream portion of the test plate. To this end two field of
views are considered near the wall, one at x = 150 mm and one at x = 520 mm measured from
the leading edge. This location then corresponds to the location of the oscillation between
the fourth and fifth dimple row and between the fourth and fifth row before the trailing
edge.
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The pressure gradient cases described in Section 3.1.2 are considered to determine the PIV
experimental settings, as they are conveniently computed at the wanted measurement lo-
cations between the dimples. As a ZPG or APG boundary layer is expected to grow an
additional field of view is added to capture the full boundary layer at x = 520 mm, which
overlaps with FOV 2 to allow coupling of both FOVs. At the same time this field of view
can be used as a check that the flow is actually accelerating or decelerating. The aerody-
namic algorithm computes the freestream velocity at each station (the maximum velocity
in the turbulent boundary layer) which is used to compute the expected At camera pulse
separation for each FOV and pressure gradient such that a maximum 10 pixel displacement
is found for the particles (Table 3.6). Three FOVs can be identified, which are schematically
shown in Figure 3.28 and tabulated in Table 3.5.

FOV3

,
path -
e B fron

Ix=520mm

FIGURE 3.28: Location of FOVs and the HWA path on the test plate.

TABLE 3.5: Planar PIV configuration for the experiment.

FOV Camera b'e A f M d,
[-] [-] [mm] | [mmxmm] | [mm] | [] | [m]
1 LaVision Imager Intense | 150 22.5%30 105 | 0.36 | 0.40
2 PCO Sensicam 520 25x33 105 | 0.39 | 0.37
3 LaVision Imager Intense | 520 83x110 60 0.11 | 0.62

TABLE 3.6: Pulse separation times At used for the PIV campaign based on
aerodynamic algorithm.

‘ FOV1 ‘ FOV 2 ‘ FOV 3
Uy Case ¢ Ue At Ue At Ue At
m/s] [-] [] | [m/s] [us] | [m/s] [us] | [m/s] [us]

7 SFPG -13 | 7.7 28 104 23 104 75
15 SFPG -13| 166 13 | 223 11 223 35
15 ZPG 0 15.1 14 153 16 | 153 52
30 ZPG 0 30.1 7 30.5 8 30.5 26
15 SAPG 10 | 14.1 15 124 19 124 63
30 SAPG 10 | 282 8 248 10 | 248 32

The cameras that were utilized have a pixel size of 6.45x107¢ m for an area of 1376 by
1040 pixels. FOV 1 and FOV 2 are sampled into 1000 image pairs at a frequency of 5 Hz.
This low acquisition frequency means that the flow is not time-resolved, and thus is not
suitable for time-resolved turbulence development. FOV 3 has to capture less important
turbulent structures (namely at the outer layer of the turbulent boundary layer), and thus
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300 image pairs are taken for FOV 3. The particles are captured using three cameras (Figure
3.29), which are placed at a distance d,, from the field of view. The seeding particles for the
experiment are provided by a Safex fog generator and have a typical diameter of 1 ym. The
light source that is used to illuminate the particles is the Spectra Physics Quanta-Ray PIV-
400 laser, which is a Neodym-YAG laser with a repetition rate of 10 Hz, maximum pulse
energy of 400 mJ, pulse duration of 6 ns and a wave length of 532 nm. The cameras and the
laser are controlled by a programmable timing unit (PTU), that is connected with the PIV
software DaVis 8.1 by LaVision. The cross-correlation is performed in DaVis 8.1, and then
exported into data files that can be further analyzed.

FIGURE 3.29: PIV camera set-up.

3.3.2 Processing

Within DaVis several steps are taken to arrive at a physical flow velocity field that can be
further analyzed. The sequential steps are discussed here.

Calibration. First a calibration is performed in order to allow the algorithm to couple parti-
cle displacement to an actual physical distance. To this end a calibration plate with millime-
ter paper is used to calibrate the image pairs.

Pre-processing. Before the velocities are calculated by DaVis the quality of the images can be
improved to yield flow fields with less outliers. To this end several operations are performed
within DaVis to increase the quality of the raw snapshots. In Figure 3.30a a raw image is
presented of a small area close to the wall. The following operations are then performed:

¢ Subtracting the minimum. (Figure 3.30b) To delete the noise from the background of
each snapshot, the minimum of all the snapshots is computed by DaVis and subse-
quently removed from each individual snapshot. The cross-correlation algorithm can
give erroneous results when stationary objects in the background interfere with it, as
the velocity should be purely be computed from the displacement of the particles.

* Division by the average. (Figure 3.30c) The values show by DaVis for each snapshot
show the relative intensity values of each particle. By computing the average and
dividing by it the pixel intensity between each particle is normalized, leaving a more
equalized snapshot. To have sufficient pixel intensity after division by the average, the
image is multiplied by a large integer value beforehand.
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FIGURE 3.30: PIV pre-processing steps.

Correlation. It is wanted to have a sufficient resolution to capture the turbulence scales as
much as possible. An iterative cross-correlation is performed in which an initial iteration
is performed with a square interrogation window of 96x96 pixels with an overlap of 50%.
Three iterations are then performed with a 32x32 4:1 elliptical interrogation window, as the
mean velocity is expected to change the most in the wall-normal direction. For FOV 3 a
96 x96 square interrogation window is taken. Eventually a vector spacing of 0.17 mm (5.8
vectors/mm) is found for FOV 1, 0.19 mm (5.2 vectors/mm) for FOV 2, and 1.9 mm (0.5
vectors/mm) for FOV 3.
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FIGURE 3.31: Custom MATLAB outlier removal algorithm example.

Post-processing. As a quadrant analysis is to be performed on the Reynolds stress, it is cho-
sen to perform the post-processing of the velocity fields computed by DaVis in a MATLAB
algorithm so that the instantaneous values can be split into quadrants and greater user con-
trol is permitted. As outliers negatively influence the computation of the mean Reynolds
stress the first step is to remove the outliers in the velocity fields. The fields are loaded into
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MATLAB, then the mean velocity fields for the horizontal and vertical velocity are computed
by taking the mean of each original velocity field. The instantaneous fluctuation fields are
then computed by a subtraction of the mean on each original flow field. As a turbulent flow
is considered, the instantaneous fluctuations in each point resembles a stochastic signal (Fig-
ure 3.31a). An outlier is identified as a point that has a magnitude higher than three times
the standard deviation of this signal, and is then subsequently removed (Figure 3.31b). As
the number of samples is important in the computation of the uncertainty, the number of
samples N is adjusted for the outlier removal in that point.

Before the required turbulent boundary layer properties are extracted, FOV 2 and FOV 3
need to be coupled to one another. FOV 2 and FOV 3 are not captured simultaneously due
to differences in At, and thus it is not possible to cross-correlate each instantaneous velocity
field. Instead an approach is taken in which the mean properties of the field are merged by
a curve-fitting process. This is schematically shown in Figure 3.32. Due to the calibration it
is known where the profile in FOV 2 (d2) resides in FOV 3 (d;+d3), thus the relative position
of the measured boundary layer profile in FOV 2 can be determined in FOV 3. The mean
velocity at the bottom of FOV 3 is known, and the top velocity in FOV 2 is known. Using a
least-squares curve-fit the relative distances between FOV 2 and FOV 3 is then calculated.

FOV 3

FOV 21

I
dl d2 wal

FIGURE 3.32: Merging of FOV 2 and FOV 3 in the MATLAB algorithm.

3.4 Hot-wire anemometry

To provide another quantification of the turbulent boundary layer the hot-wire anemometry
technique is used. A hot-wire is a thin and fragile wire that makes use of heat transfer to
determine the flow velocity of a fluid. A hot-wire makes use of the principle that heat is con-
vected by the passing of a fluid around it. As the electrical current of a hot-wire is connected
to the temperature by dissipation (Joule effect), energy transfer to keep the temperature (or
the electrical current) constant can be used to connect the electrical properties to the flow
properties.
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In constant temperature anemometry (CTA) the temperature of the wire is kept constant
by a variable current through the wire using a Wheatstone bridge. In equilibrium, the heat
production is equal to the loss of heat. The rate of change of the thermal energy is then
equal to the power generated by the Joule effect minus the heat transfer to the surroundings,
which next to convection consists of conduction and radiation. This can be mathematically

expressed as:

deth

W =W - Qcom) - Qrad - Qcand (310)

In equilibrium, assuming that radiation and conduction are negligible, the heat production
of the Joule effect is equal to the energy that is convected:

W = Qconv (311)
Nudk
2 Rypre = — T (Tire = To) (3.12)

where the following terms are defined:

¢ [ the current through the wire,

® Ruire the resistance of the wire,

¢ Nu the Nusselt number,

¢ A the exposure area of the wire through which the heat transfer takes place,
¢ ( the diameter of the wire,

* ks the conductivity of the fluid,

* Tyire the temperature of the wire,

* T the upstream velocity.

White (2006) describes the relation between the Nusselt number Nu and the Reynolds num-

ber around an infinite cylinder. Substituting this relation into Equation 3.12 leads to King’s
law (Equation 3.14):

Nu = a1 + b Re"™ = ag + U™ (3.13)

PR, = E = /(Tyire — Ts) (a3 + c3U™) (3.14)

where a3, b3 and n are constants.

For a CTA system the value for Tyire - T is a constant, and thus the calibration procedure
only requires the voltage and the velocity to acquire the calibration constants c; and co.
For a single wire Equation 3.14 does not take into account the direction of the wire-normal
flow. Thus, the measured velocity is equal to the result wall-normal and streamwise velocity.
As the streamwise velocity is considerably higher than the wall-normal velocity, it can be
assumed that the measured velocity is approximately equal to the streamwise velocity. The
calibration of the velocity for the current experiment is given in Section 3.4.2. First it is
explained in Section 3.4.1 how the hot-wire is integrated into the test section.

3.4.1 Experimental set-up

The current CTA bridge that is used is the IFA-300, which is connected to a LABVIEW pro-
gram on a computer. For the HWA experiment the Dantec Dynamics type 55P15 hot-wire
with curved prongs is used. The shape of the curved prongs allows measurements close to
the test plate wall without any interference of the probe body. The hot-wire is connected to
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a small hollow tube, which in part is connected to a stiff rod. The rod is connected to a sup-
port structure that can be moved in spanwise direction over an X-beam construction. With
two traversing wheels the probe can be moved in streamwise direction and wall-normal di-
rection as much as the slot allows. For the current investigation it is only wanted to inspect
the behavior in wall-normal direction at one particular streamwise and spanwise position,
namely the same location as where the PIV measurements are made. The hot-wire probe
traversing system is inserted through a slot downstream of the test plate (Figure 3.33a). This
allows a fixed mounting of the traversing system while still allowing for opening and clos-
ing of the test-section door while. The gaps next to the traversing system are then closed
during the experiment to prevent ambient interference to the measurements.
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FIGURE 3.34: Hot-wire set-up within the test-section.

An attempt was made to measure the turbulent boundary layer in the upstream measure-
ment location, but due to the length of the rod and the induced vibrations by the flow it
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was not possible to measure the region in the upstream measurement location. Instead the
location was fixed at the center of FOV 2 of the PIV measurements, such that the same mea-
surement domain for the analysis was considered. This HWA path is shown together with
the PIV domains in Figure 3.28.

The hot-wire measurements are sampled for 5 s with a sampling frequency of 50,000 Hz, in
steps of 0.1 mm close to the wall, and steps of 2 mm further away of the wall. While the
relative position between each measurement point could be determined by the traversing
the wheel, determining its absolute position in respect to the wall can be a devious task. The
HWA experiments were performed while the PIV cameras were active and calibrated. As
result it was possible to detect the hot-wire probe in the captured area of the cameras (Figure
3.35). When the hot-wire is in close proximity to the wall, a reflection becomes visible on the
surface of the test plate. Since the field of view of the camera is calibrated, it was possible
to determine the smallest distance between the hot-wire and the wall by measuring the
distance between the hot-wire and its reflection and dividing and two. To make sure the
displacement imposed by the traversing wheel coincided with the displacement measured
with the cameras, the hot-wire was captured at four locations. Its displacement was then
correlated with the expected displacement by the traversing wheel to account for possible
calibration errors.

(A) Probe in camera view. (B) Probe and its reflection in DaVis.

FIGURE 3.35: Hot-wire observation with the PIV system.

3.4.2 Calibration

Before any actual measurement can be taken, the measured voltage must be associated with
a corresponding flow velocity. Therefore first a calibration is performed. Before the wind-
tunnel is started, the temperature of the hot-wire probe must be determined and calibrated.
Using the overheat resistor of the bridge the overheat ratio can be set such that the wire has
a desired temperature during the measurements. Using the values from the hot-wire probe
specification, this overheat ratio is computed first and added to the program that sets the
CTA bridge together with a predetermine gain value of 12 and an offset value of 1.16. Since
the boundary layer has a decreasing mean streamwise velocity when moving towards the
wall, the hot-wire is places at a sufficiently high location as far upstream as possible to have
a good correspondence between the velocity measured with the pitot tube and the velocity
measured by the hot-wire probe.

The Labview algorithm prescribed an initial calibration table that should be measured. A
total measurement of 17 points spanning from Uy, = 0 to U, = 30 m/s was considered,
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representing the velocity domain from the wall to the freestream respectively. A fourth
order polynomial fit was then taken through the measured calibration values. The measured
values and the calibration fit are given in Figure 3.36.
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FIGURE 3.36: Calibration curve of the hot-wire.

3.4.3 Uncertainty

In this section some of the uncertainties will be addressed in respect to the HWA configura-
tion. First of all there is the statistical error, that exists for N uncorrelated samples:

U
S rms 3.15
‘ VN (3.15)
Urms
u = 3-16
6 Tms /2N ( )

which are the errors for the mean flow and the standard deviation respectively. As the
number of samples N for each HWA measurement is 250,000. Taking the position close to
the wall for the ZPG case at Uy, = 15 m/s, where the velocity fluctuation are highest, an
uncertainty margin of 0.02% is computed. This error becomes negligible when compared
to research on drag-reducing riblets and oscillating walls, wherein changes in the order of a
few percent in peak turbulence intensity are reported. Other than the statistical error, other
possible errors can be identified:

¢ Calibration error. The pitot tube that is used to measure the upstream velocity U is
placed in the wind-tunnel extension upstream of the measurement location. Due to
boundary layer growth the velocity inside the test-section is accelerating slightly (as
observed in Table 4.7). It is thus wanted to measure the velocity as close to the hot-wire
as possible, while also staying outside of the boundary layer. To this end a pressure
rod was attached near the hot-wire during the calibration (Figure 3.37). Instead of
using the static port of the pitot tube, the pressure rod was used instead. There is still
a wall-normal distance between the hot-wire and the pressure rod, but the streamwise
difference is eliminated in this way.
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Pressure rod

FIGURE 3.37: Location of the pressure rod relative to the hot-wire.

¢ Temperature differences. Throughout the day the ambient temperature inside the wind-
tunnel changes, while the flow also heats up slightly due to the wind-tunnel fan. The
calibration temperature T, is taken to be the mean of all the temperatures measured
during the calibration. The LABVIEW program takes into account the temperature vari-
ations on the current by using Equation 3.17:

Twire - Tcal
E d= FEomp\| —//—— 3.17
correcte am Twire — Too ( )

¢ Hot-wire misalignment. Ideally it is wanted to have the freestream velocity impinge
the hot-wire perpendicularly. During placement there is a possibility that the hot-wire
probe is misaligned with the flow direction. From Figure 3.35b it can be observed that
the hot-wire supports align in both streamwise and wall-normal direction. The effect
of possible misaligment is thus expected to be negligible.

* Wall interference. As the probe moves progressively towards the wall the effect of the
wall becomes more profound. Heat flow next to the surface of the plate will also
conduct into the wall surface. Jorgensen (2002) describes that this influence starts at

+_
y'T =35.

Even though errors can exist they exist only in the absolute sense: as turbulent boundary
layer properties are compared for the HWA campaign, it is still possible to compare mea-
sured values relatively to one another.
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Chapter 4

Results

In this chapter the results of the DFM, PIV and HWA campaigns (as well as the pressure
measurements) are discussed. Instead of describing the results of each experimental tech-
nique into a separate section, a more integrated discussion is presented. First a flow validation
is presented in Section 4.1, where the streamwise pressures and the flow topology observed
by the tufts are discussed. The drag for the total test plate, encompassing the DFM cam-
paign, is presented in Section 4.2 as the total drag quantification. Finally the boundary layer
turbulent properties measured with the PIV and HWA experimental technique is discussed
in Section 4.3 as the flow quantification.

4.1 Flow validation

The subject of this study is the effect of a pressure gradient on the drag-reducing properties
of a dimpled surface. This pressure gradient was captured by means of streamwise pres-
sure taps. In this section it is validated that adverse and favorable pressure gradients are
created by the plane diffuser deflection. Due to the inherent properties of the drag balance
(that requires side gaps) and the plane diffuser (that introduces a step angle deflection), the
flow field is inherently affected by the application of a pressure grap. This flow field is
qualitatively investigated by the mean of tufts at several crucial locations.

41.1 Tuft behavior

Before arriving at a quantification of the pressure gradients, the flow topology observed
from the tufts is discussed first. To examine the flow topology during the experiments tufts
were applied at three general locations:

* Plane diffuser, to check for separations for adverse pressure gradients,

* Close to the test plate surface at the wall, to check for wall vorticity and flow behavior
near the gaps,

¢ Flexure shielding, to check for the flow behavior underneath the test section due to the
release of side flow through the gaps.

FIGURE 4.1: Tufts at the upper wall at U,, = 10 m/s in the SAPG configura-
tions.



60 Chapter 4. Results

Plane diffuser. A step angle ¢ is applied near the intersection of the wind tunnel nozzle
with the test set-up. To see if the flow separates for the SAPG case, which has a high deflec-
tion angle of ¢ = 10°, tufts were applied on each sliding plate that makes up the diffuser.
The most critical case of U, was considered, and it was found from the tuft behavior in Fig-
ure 4.1 that the flow was not separating at the top diffuser. As the flow was not separating
for this case, the sliding plates were not shifted throughout the experiment, and no screen
behind the test-section was required to create natural boundary layer separation.

Test plate surface. The physical gap with the test sections starts as soon as the flow enters
from the tunnel wall to the test plate. At this location the flow is then suddenly exposed to
the ambient below the test plate. The flow was inspected in further detail at this location for
several pressure gradient cases. In Figure 4.2 the tufts at the start of the test plate are shown.

(A) SFPG. () ZPG. (C) SAPG.

FIGURE 4.2: Wall tuft behavior near the test plate for the highest considered
upstream velocities.

It is found that when a favorable gradient was applied (by a negative downward deflection
of the top planar diffuser), the flow leaves the test section in a steep manner (Figure 4.2a), For
the ZPG, no considerable oscillations of the tufts were observed. When an adverse pressure
gradient was applied the tufts were pointed in an upward position, indicating that flow
from the ambient is entering the test section at the start of the test plate. The effects of the
gaps become more profound as the Reynolds number increases.

(a) (B) (©)

FIGURE 4.3: Tufts vibrating below the test plate at the flexure shielding for the
SFPG figuration.

Flexure shielding. It is observed from Figure 4.2a that flow is escaping the test section
through the gaps at the sides of the test plate. This flow then enters the space underneath
the test plate where the force is measured. The drag balance consists of two delicate plates,
where small external flow impingement can cause extra forces measured by the load cell
that are hard to quantify and are not part of the drag force experienced by the plate. To
counteract this the flexures are shielded with cardboard and fitted with tufts to see if this is
actually transpiring. In Figure 4.3 the flow field under the test plate is inspected in further
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detail for the SFPG configuration. The tufts show violent behavior, and show clear flow
impingement against the flexures.

4.1.2 Streamwise pressure

The pressures are measured at the wall location at the utmost spanwise position of the test
plate. At this location there is also the gap that is required to perform the drag balance mea-
surements. As a result the measurements at the side wall are influenced by the effect of flow
entering or leaving the test sections through the gaps at these locations. The pressure is mea-
sured locally in the pressure transducer system and compared to the ambient temperature.
As a result the values for Ap shown in Figure 4.4 for different diffuser angles are measured
in respect to the ambient instead of the upstream position.
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FIGURE 4.4: Pressure differences Ap in respect to the ambient pressure for the
different configurations for U, =22 m/s.

From Figure 4.4 it is found that the effect of inducing a favorable pressure gradient has a
more significant effect on the pressure gradient than the variation for an adverse pressure
gradient. The SFPG case has the largest inward deflection ¢ = -13° (SFPG) and causes the
highest pressure gradient. For this case the streamwise pressure decreases when travers-
ing in the downstream direction, indicating an accelerating flow and confirming a favorable
pressure gradient. The same can be declared for the intermediate favorable pressure gra-
dient case MFPG. The pressure is observed to increase in the streamwise direction for the
MAPG and SAPG cases confirming an adverse pressure gradient and indicating decelera-
tion of the flow. The effect of outward deflection is less powerful than for inward deflection.
The absolute differences between the SAPG and the MAPG case are smaller than the differ-
ence measured between the MFPG and the SFPG case. For the adverse pressure gradient
cases it is observed that the pressure differences become increasingly close when closing in
at the end of the test section. The profiles do not end up at the ambient level (Ap = 0) as the
flow is still accelerating of decelerating when it reaches the test section end.
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FIGURE 4.5: Streamwise pressure coefficients.

It is proper custom in aerodynamics to non-dimensionalize quantities and the pressure is
no exception to this. When the pressure difference with the ambient Ap is divided by the
dynamic pressure q the result is the pressure coefficient C, in Figure 4.5. In Figure 4.5 the
pressure coefficients are given for different upstream velocities for the most extreme pres-
sure gradient cases and the zero pressure gradient case. For the all pressure gradient cases it
is observed that the pressure coefficient curves coincide into a single C,, curve. For the SAPG
case in Figure 4.5¢ it is found that the second pressure tap in the streamwise direction at x =
0.1 m shows a response to the change in upstream velocity that is not observed for the zero
and favorable pressure gradient cases. This location coincides with the location where the
flow was observed to enter the test section in Figure 4.2c whereas the first tap is placed just
in front of the interface between the test plate and the wind tunnel extension. The pressure
coefficients then most likely disagree due to the influx of flow from the ambient at this wall
location.

4.2 Total drag quantification

Whereas the PIV and HWA campaigns quantify the flow at specified streamwise positions,
the DFM campaign establishes a drag force for the entire test plate and thus poses a complete
picture of the total drag force. In this section the results of the direct force measurements will
be discussed leading up to the drag reductions observed for the different pressure gradient
cases.



4.2. Total drag quantification 63

42,1 Raw force data

When the experimental procedure of Section 3.2.5 is followed a force signal and a velocity
signal is created for each run. In Figure 4.6a and 4.6b such a typical force signal and velocity
signal is shown for the FZ1 case.
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FIGURE 4.6: Unprocessed signals.

The upstream velocity starts at 10 m/s and progresses up to 34 m/s, the maximum setting
of the RPM, and is then shut off. The windtunnel does not shut off immediately, and thus
there is still a ‘recovering” period present in the force signal after the highest upstream ve-
locity. For the raw force signal it is observed that the data spread increases for increasing
velocities, and is thus prone to increasing vibrations in the system.

In accordance with aerodynamic tradition the aerodynamic properties are non-dimensionalized
for proper comparison. For each step the force signal is averaged into Fy, corrected for the
initial pre-run force and the pressure difference (see Section 3.2.4) into an effective drag force
Fp, then non-dimensionalized by the test plate area S and the dynamic pressure g (that is
also captured in the raw velocity file outputs) to yield a drag coefficient Cp.

_fp
-

The upstream velocity is non-dimensionalized into the Reynolds number Rep that is based
on the dimple diameter D and the kinematic viscosity v determined from the flow tempera-

ture:
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FIGURE 4.7: Typical force signal at one specific upstream velocity over a 10 s
period. Conversion by calibration already applied.
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The force is samples at 10,000 Hz for 10 s, resulting in a total of 100,000 measurement points
for each measurement. A look at the force signal in Figure 4.7 shows the existence of a force
signal bandwidth imposed by vibrations in the force signal. This increasing force signal
spread with increasing upstream velocity has implications for the statistical significance of
the force signal, which is discussed in further detail in Section 4.2.2. A look at the energy
spectrum of the force signal is given in Section 4.2.3.

4.2.2 Statistical significance

Even though the force signal is oscillatory, it is observed that with enough sample points
individual measurements fall into a normal distribution. In Figure 4.8 the measurements at
higher velocities have higher variances, with large overlapping areas. For smaller velocities
the variance is relatively small compared to one another.
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FIGURE 4.8: Uncorrected force probability distributions for different velocities
and cases.

When a large part of the probability distribution starts to overlap, small differences in the
mean value become less significant. A way to quantify the statistical significance is by the
classic t-test by Welch (1938), exemplified in Equation 4.3 for two mean values X; and Xs. A
confidence interval of 0.01% is chosen to compare the statistical significance.

X -X
=122 (4.3)

There are two ways in which the t-value can become sub-critical for the measurements (for
a same amount of measurement points). When the means of both measurements are very
close to one another, or/and when the variances of the data sets are relatively large. The
behavior observed in Figure 4.9, where the t-values generally decrease towards the higher
Reynolds number regimes can then be explained by the increase of the variance of the force
signal with increasing Reynolds number. The values are however well above the critical
t-value. In Figure E.1a the t-values computed for the ZPG cases are shown. The t-values are
computed by comparing the dimpled value with both the preceding and subsequent mea-
surement (thus two t-distributions per dimpled case). Only one of the t-values is below the
critical t-value for a 99.99% confidence interval, corresponding to one measurement point.
The t-values for each pressure gradient case are given in Appendix E.
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FIGURE 4.9: T-values for the ZPG case.

4.2.3 Vibration analysis

From the force signal presented in Figure 4.7 it becomes clear that there exist periodical
variation in the signal. The result of the vibrations causes the force signal to have a higher
variation for increasing Reynolds numbers. By applying a direct Fourier transform to the
force signal at a high velocity of U, = 30 m/s the power spectral density is computed. The
flexures themselves are designed to have a low stiffness compared to the force sensor. The
disadvantage of this flexibility is that they become prone to vibrations. The flexure balance
presented in Section 3.2.3 has an effective stiffness and a defined mass. This allows for
computing the expected natural frequency of the total flexure system. With an equivalent
stiffness of 8,589 N/m and a plate mass of 5.5 kg the natural frequency can be computed
with Equation 4.4.
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FIGURE 4.10: Power spectral density for the ZPG case for U,, =30 m/s.
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A natural frequency of 6.6 Hz is computed. The vibration analysis is presented for Uy, =
30 m/s for the ZPG case in Figure 4.10. This corresponds with the peak observed in Figure
4.10a. Another peaks is observed at 33 Hz. To investigate if these peaks are a result of aero-
dynamic phenomena, a dry run has been performed where the test plate is anchored and
making no contact with the force sensor underneath the test plate. Looking at the same fre-
quency plot in Figure 4.10b it is observed that the peak is maintained, although at a smaller
spectral density compared to the attached test plate. The wind tunnel fan is operating at
866 RPM at this velocity, equivalent to 14 Hz, and thus this frequency is not caused by the
wind tunnel fan. Other phenomena are thus responsible for this peak frequency other than
the drag balance and the tunnel fan, but as of yet unknown. However, due to the relatively
large frequency the vibration is averaged out over the 10 s measurement period.

4.2.4 Temperature averaging

As previously mentioned in Section 3.2.5 the sandwich principle is applied in which the
performance of a dimpled plate is compared to the average of the preceding and subsequent
flat plate. In Figure 4.11 the temperature during each measurement run is shown for the
ZPG case. Two main features are observed. Firstly, the temperature increases slightly as
the velocity in the test-section increases, possibly due to warming of the wind-tunnel fan.
Secondly, the temperature varies throughout the day. The temperature in the wind-tunnel
increases throughout the day, but decreases in the evening. Note that some measurement
points are missed (for CFZ3 and CFZ8) due to failure of the LABVIEW algorithm to toggle
the measurement routine at these points.
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FIGURE 4.11: Temperature during each run for the second repeatability ex-
periment.

Now the sandwiching is applied to the temperature profiles presented in Figure 4.11. CFZ2
is sandwiched by CFZ1 and CFZ3, CFZ3 by CFZ2 and CFZ4 etcetera. The result is shown
in Figure 4.12. In this case it is shown that the temperature increases quasi-linearly through-
out the day. As the same time interval between each measurement is taken, the average
temperature of the preceding and subsequent runs approaches the sandwiched case quite
adequately.
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FIGURE 4.12: Sandwiching principle applied to temperature for the second
repeatability experiment.

4.2.5 Repeatability

The drag balance and the experimental set-up are new additions to the experimental reper-
toire, and thus they are scrutinized first to check if possible drag reduction can actually be
attributed to a dimpled surface. To this end repeatability experiments are performed with
the balance in the ZPG configuration during the first two days of the experimental cam-
paign. Two effects will be examined in the repeatability measurements: the effectiveness of
the sandwiching described in Section 3.2.5 and the effect of opening the door and replacing
the plate. The same measurement routine and timing intervals are used, to ensure good
comparison with the actual measurement days where the dimpled surfaces are compared
to the flat surfaces. In the sandwiching principle the drag coefficient of a dimpled plate is
compared with the previous and following flat plate drag coefficients. The general drag
reduction formula is presented in Equation 4.5:

ACp — Cp,dimpled — CD, flat

x 100% 4.5
Cp, flat ’ (45)

where Cp g, is the average of the preceding and following plate, linearly interpolated to the
dimpled Rep value. When the dimpled plate is replaced with a flat plate the effective drag
reduction should be zero. Any other value would indicate faults with the test set-up or the
calculation routine. To this end repeatability experiments are performed in which the flat
plate is left in the set-up and is thus not replaced in between runs (indicated by prefix R-).
The section door stays closed. Theoretically this means that no physical changes are made
to the experimental set-up throughout the day and purely the effect of sandwiching can be
investigated.
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FIGURE 4.13: Computed drag difference for the repeatability experiments
where the test-section is left stationary, with dotted RMSE bounds.

In total 9 repeatability measurements are performed, meaning that the sandwiching can be
applied 7 times (as the first plate can not be compared to a preceding plate and the last plate
can not be compared to a following plate). The effective drag reductions computed with the
sandwich principle are shown in Figure 4.13 over the entire Reynolds number domain. The
mean of the drag difference is shown to be slightly below the 0% line. A slight decrease of
the error is observed with increasing Reynolds number. It is tedious to find a real physical
explanation for this. Only a relatively small number comparisons are performed. It could be
possible that increasing the sample size annuls the RMSE error differences with Reynolds
number change.
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FIGURE 4.14: Computed drag difference for the repeatability experiments
where the flat plate is interchanged between measurements, with dotted
RMSE bounds.

The invariability of the set-up is only breached when the section door is opened and the
test plate is replaced. Small force differences are measured, and thus small changes to the
set-up can possibly cause unwanted differences between measurement runs. To achieve
consistency as much as possible is done to ensure the invariability of the set-up, including
the shielding and clamping of the experimental set-up such that internal movement is pre-
vented. Internal movement could cause small misalignment of the balance with the force
sensor, causing changes in the results between runs that are not due to the dimples. The only
changes that are allowed to the test set-up from design are the replacement of the test-plates
and the opening of the test-section door. To examine if the opening of the door and replace-
ment of the plate has any measurable effect on the drag coefficient a second repeatability
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experiment is performed (with prefix C-). Once again only a flat plate is used, but instead of
leaving it inside the test section it is taken out and subsequently placed back again between
measurement runs. The effect of the plate replacement and door opening on the drag differ-
ence can then be quantified. The results are given in Figure 4.14.

Once again the mean of the drag difference varies slightly around 0% throughout the entire
Reynolds regime. A maximum RMSE of 0.4% is observed from Figure 4.14, but compared to
the first repeatability experiment there is no decrease in RMSE error as the Reynolds number
increases. A small increase with Reynolds number is however observed, but the RMSE still
falls within the 0.4% range. The experiment runs show that the expected mean value of 0%
drag difference is produced with a RMSE well within the order of several percent for which
drag reductions are found (for the ZPG configuration).

4.2.6 Effect of pressure gradient

Now that the repeatability of the experiment has been discussed, the sandwiching principle
is also applied for the other pressure gradient cases. In this section the drag differences as a
function of Reynolds number are presented.

Zero pressure gradient (ZPG). The first case that is considered is the ZPG case (¢ = 0°). The
ZPG case has been studied extensively for other drag-reduction mechanisms and also for
the dimpled case by Vervoort (2007), Van Nesselrooij (2015) and Van Campenhout (2016).
For the ZPG case a total of 4 dimpled cases were measured. After applying the corrections
and non-dimensionalizing, the results in Figure 4.15 were acquired.
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FIGURE 4.15: Drag difference for the individual measurements and mean
drag difference against Reynolds number for the ZPG case.

The drag difference starts at a positive value for low Reynolds numbers, indicating a drag
increase. When the Reynolds number is increased, the drag differences starts to become
negative, indicating a drag reduction. Thus an increasing drag reduction is observed for
increasing Reynolds numbers. A maximum drag reduction of 0.8% is observed. All individ-
ual comparisons show a drag reduction at the highest Reynolds number measurement.

Just as the repeatability measurements shown in Section 4.2.5 the same diffuser angle ¢ =
0° was used. Measured over two different days in this configuration the average drag delta
was observed to be twice zero-valued when only flat plates were considered, with error mar-
gins lying within a half percent. The current ZPG case in which the dimple is used yields
an effective drag reduction using the same set-up, and thus this result seems to indicate that
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a drag reduction is present, although relatively small. When looking at Figure 4.3 it is also
observed that the t-values computed for the ZPG case are with exception of a single mea-
surement point all within a 0.01% confidence interval significance.

Strong favorable pressure gradient (SFPG). The second discussed case is the SFPG config-
uration (¢ = -13° case). For this configuration a total of three sandwiched dimpled plates
were considered. In Figure 4.16 the results of the three comparisons are given.

ACp [%]

Rep x10%

FIGURE 4.16: Drag difference for the individual measurements and mean
drag difference against Reynolds number for the SFPG case.

From Figure 4.16 it is found that the individual measurements show a relatively constant
behavior with Rep. When looking at the individual measurements, it is found that during
the experiment one measurement run yielded a drag reduction, while the other two a drag
reduction. When averaging the drag differences for all three considered measurement runs
a drag difference ACp between 0% and -2% is found. The Reynolds number does not seem
to have a large influence on the drag difference, as the mean difference is relatively con-
stant with Rep, and no downward trend is observed as for the ZPG case. The results are
acquired using the same experimental procedure as for the ZPG case and a drag reduction
is observed, but compared to the ZPG case, no repeatability experiment is performed to see
the effect of diffuser deflection on the drag difference results using just a flat plate.

Mild favorable pressure gradient (MFPG). Between the ZPG case and the SFPG the inter-
mediate diffuser angle ¢ = -6° is considered, imposing a smaller favorable pressure gradient
compared the SFPG case. Three sandwiched dimpled plate cases are considered, shown in
Figure 4.17.
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FIGURE 4.17: Drag difference for the individual measurements and mean
drag difference against Reynolds number for the MFPG case.

In contrast to the previous SFPG case all three individual measurements show a negative
drag difference. One measurement which yields the smallest drag reduction shows an up-
ward trend for the drag difference with Rep. while the other two considered comparison
show a downward trend with increasing Reynolds number. The total drag difference then
oscillates between -2% and -3%, indicating that for the MFPG case a drag reduction is also
observed. The mean trend with Rep is then observed to be relatively constant. Comparison
between the MFPG and SFPG case then implies that the drag difference is more profound
for a relatively mild favorable pressure gradient, although increasingly stochastic.

Mild adverse pressure gradient (MAPG). Now that the favorable and zero-valued pres-
sure gradients are considered, an adverse pressure gradient is investigated, in this case the
MAPG case with a deflection ¢ = 5°, intermediate between the SAPG and the ZPG cases.
Once again three sandwiched dimpled plates are considered. In Figure 4.18 the results of
the MAPG measurements are presented.
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FIGURE 4.18: Drag difference for the individual measurements and mean
drag difference against Reynolds number for the MAPG case.

Compared to the previous cases the behavior of the drag reduction is consistent for each
drag comparison but in a somewhat tedious pattern. It decreases to a mean drag reduction
of 2.5%, then increases up to a drag increase of 0.5% and subsequently moves downward
again to a drag reduction of -1% for the highest considered Reynolds number. Analogous
to the drag result of the SAPG case, the MAPG case has a distinct dent in its force signal,
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possibly indicating the dent on in the force signal. Looking at the particular drag difference
behavior at the dent, it is observed that the rise in ACp between Rep = 2.6x10* and Rep =
3.8x10* corresponds to the dent in the drag coefficient curve as presented in Figure 4.20.

Strong adverse pressure gradient (SAPG). The final case that is considered in the DFM
campaign is the SAPG configuration. For the SAPG configuration a step angle deflection ¢
= 10° is considered. For this configuration it was validated that no flow separation occurred
on the top plane diffuser, although it was observed that flow entered the set-up through the
side gap. Bearing this in mind, the drag difference results are presented in Figure 4.19. For
this configuration a total of three sandwiched dimpled plates were considered.
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FIGURE 4.19: Drag difference for the individual measurements and mean
drag difference against Reynolds number for the SAPG case.

From Figure 4.19 it is found that the drag difference starts at a drag reduction, and goes to
drag difference of -10%. It then starts to increase again up to a drag difference of approxi-
mately 0% and then continues upwards to approximately 10%, indicating a drag increase.
The results indicate a relatively large drag reduction that goes into a relatively large drag
increase at the highest considered Reynolds number.
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FIGURE 4.20: Dent in the force signals for the MAPG and SAPG cases.

When looking at an individual force signal in Figure 4.20 it is observed that for the adverse
pressure gradient cases a dent exists the drag difference. A decreased force could indicate
the advent of separation on the plate. It was however investigated using a tuft to see if
separation appears on the plate. However, no separation was observed by means of the tuft,
as it would indicate chaotic movement of the tuft in all directions. As a result the cause is
still unknown.
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4.3 Flow quantification

In the previous section the drag reducing effect of the entire surface was given. In this
section the results from the PIV and HWA campaigns are used to quantify the flow in the
boundary layer to resolve if a drag reduction is observed in the boundary layer profile and
how it is achieved.

4.3.1 Flow field convergence

Instantaneous flow fields. During the DFM campaign it was checked that the flow was
turbulent by using a microphone, which measures a larger amount of noise for a turbulent
boundary layer than for a laminar boundary layer. An additional check is performed using
the instantaneous velocity fields of the PIV campaign. A turbulent flow is characterized by
chaotic structures and alternating regions of high and low velocity. For relatively higher
Reynolds numbers the flow becomes increasingly prone to transition to a turbulent flow, so
the low Reynolds numbers are most critical when looking for the presence of a turbulent
boundary layer.

The mean velocity for the streamwise and wall-normal component are determined by Equa-
tion 4.6, where N is the total number of samples after outlier removal.

1 1 &
i=1 =1

The instantaneous streamwise and wall-normal fluctuation in a point are then determined
by Equation 4.7.

u;<m7y) = ui(x7y> - E(xvy)v U;(‘%y) = vi(x,y) - E('%'73/) (4.7)

Applying these relations to all the raw velocity profiles obtained from PIV, the instantaneous
velocity fluctuation fields are computed. In Figure 4.21 the instantaneous velocity fluctua-
tion fields are shown for the upstream location (FOV 1) for both the SFPG and SAPG case.
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FIGURE 4.21: Instantaneous streamwise velocity fluctuation fields in the up-
stream location at x = 150 mm.
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In Figure 4.21 both the streamwise fluctuations are shown for the SFPG case and the SAPG
case. In both Figure 4.21a and 4.21b is observed that there exist fluctuations of both negative
and positive magnitude, confirming the existence of a turbulent boundary layer. It is seen in
Figure 4.21a that most fluctuations are confined to the lower part of the turbulent boundary
layer, while for the SAPG case the fluctuations are also present in the top part of the turbu-
lent boundary layer. The boundary layer instantaneous fluctuation fields thus confirm the
turbulent boundary layer heard by the microphone.

Flow convergence. The outlier removal procedure shown in Section 3.3.2 leads to the num-
ber of samples to be slightly less than 1,000 (which is the original sample size). This leads to
every point on the FOV to have a different number of samples, which is is incorporated into
the MATLAB processing algorithm. The mean flow fields computed by Equation 4.6 are thus
computed at a different N at each location (x,y). After outlier removal the mean streamwise
velocity fields are obtained. They are given in Figure 4.22 for both the SFPG and the APG
case.

The SFPG is caused by an accelerating flow. The boundary layer is becoming thinner with
increasing streamwise distance while the SAPG boundary layer is becoming thicker. Due to
the growth of the boundary layer for the SAPG case, the freestream velocity can not be cap-
tured due to the top of the boundary layer being outside the field of view. It is furthermore
found that both flow fields are smooth, and no outliers are observed in the converged flow
fields.
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FIGURE 4.22: Mean streamwise velocity fields in the upstream location at x =
150 mm.

Other than the mean flow fields, the Reynolds shear stress is a required parameter as it is
used to determine the skin-friction coefficient contribution from all the quadrant events in-
side the turbulent boundary layer. The Reynolds shear stress is a function of the velocity
fluctuations. The Reynolds shear stress is the average of the multiplied velocity fluctuation.
When an outlier is found it often comes with both an erroneous streamwise velocity fluctu-
ation and an erroneous wall-normal velocity fluctuation. Multiplication of outliers makes
the Reynolds shear stress convergence extra sensitive to the existence of outliers within the
individual flow fields. The Reynolds shear stress is thus computed after outlier removal
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using Equation 4.8.

N

(o) = 3 Do) 4.9
The different quadrant contributions by Q1, Q2, Q3 and Q4 can be easily extracted by check-
ing the sign of the velocity fluctuation components during processing. It must then be noted
that the different quadrant contributions of the Reynolds shear stress are computed using
fewer samples than the total Reynolds shear stress. Applying Equation 4.8 to the individual
velocity fluctuations for the same SFPG and SAPG cases as before, the Reynolds shear stress
field of Figure 4.23 is obtained.
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(A) SFPG, Uy =7 m/s. (B) SAPG, Uy, =15 m/s.

FIGURE 4.23: Reynolds shear velocity fields in the upstream location at x =
150 mm.

It is shown in Figure 4.23 that the Reynolds shear stress is not smooth with 1,000 samples.
In Figure 4.24 the Reynolds shear stress profile is presented in red for a single streamwise
location at the center of the field of view. In order to arrive at a smoother profile it is at-
tempted to increase the sample size by taking a bandwidth of streamwise Reynolds shear
stress profiles. Instead of taking the location at the center of the field of view, the profile
is determined by taking 25% of the field of view before and 25% of the field of view after
the center location, in total spanning half (50%) of the field of view. The averaging is built
upon the assumption that when changes are observed in the Reynolds shear stress profiles
due to the dimples, the effects of the drag reducing properties should also be observable just
before and after the wanted location at the center of the field of view. The effect of the av-
eraging is presented in Figure 4.24, where it is shown that the Reynolds shear stress arrives
at a smoother profile when the sample size is increased by a bandwidth addition, although
variance persists in the profile.
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FIGURE 4.24: Increasing sample size by taking a streamwise bandwidth of
wall-normal Reynolds shear stress distributions u'v’(y).

4.3.2 Uncertainty quantification

Just as for the direct force measurements it is paramount to quantify the significance of a
measured value in the flow quantification procedure. For PIV the cross-correlation can be
calculated using Equation 4.9 according to Raffel et al. (1998):

0.1

R 49
¢ RAt (4.9)

where R is the px/m in the FOV. A conservative estimate of 0.1 pixel is chosen to determine
the correlation error. The uncertainty for the mean flow properties and the turbulence prop-
erties were noted by Benedict and Gould (1996). For the mean streamwise and wall-normal
velocities Equation 4.10:

u? v (4.10)
g = ) & = ’
Vi VN
and for the turbulent intensity:
6'Uw"ms = ’ 6Urms - 4:.11
V2N V2N (1D
with finally for the Reynolds shear stress:
1+ R2_Vu2Vo?
€ = h 4.12
™ = 412)
where R77 is the correlation coefficient:
T
R = e (4.13)
w2\ v'?

These equations have been evaluated for all the pressure gradient cases and velocities en-
countered in the experiment. The highest found values are noted in Table 4.1.
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TABLE 4.1: Computed uncertainties

ZPG SAPG SFPG
U [m/s] 15m/s \ 30m/s | 15m/s \ 30m/s | 7m/s \ 15m/s
€cor [m/s] 0.15 0.27 0.16 0.31 0.10 0.22
éx/Uso [-] 0.0032 | 0.0028 | 0.0036 | 0.0025 | 0.0043 | 0.0044

€upms/ Uoo [-] 0.0023 | 0.0020 | 0.0025 | 0.0018 | 0.0030 | 0.0031
€vime/ Uoo [-] 0.0010 | 0.0009 | 0.0011 | 0.0010 | 0.0010 | 0.0013
JU2, [x1074] | 1.267 1.125 1.366 1.095 1.447 | 2.170

€

u'v’

4.3.3 Zero pressure gradient

When the deflection is kept at ¢ = 0° the ZPG case is found for which a drag reduction was
found in the total drag quantification effort. In Table 4.2 the boundary layer characteristics
are shown for both the PIV and HWA measurements while the boundary layer profiles are
given in Figure 4.25.

TABLE 4.2: Boundary layer characteristics measured for the ZPG case.

Geometry X Uy dgg o* 0 H Ue Cp

[-] [mm] [m/s] | [mm] [mm] [mm] [] [m/s] [-]

Flat (PIV) 150 15 24.3 4.0 297 136 150 0.00
Dimpled (PIV) 150 15 24.6 4.0 296 135 151 -0.02
Flat (PIV) 150 30 23.9 3.8 283 134 302 -0.01
Dimpled (PIV) 150 30 23.9 3.7 280 133 301 -0.01
Flat (PIV) 520 15 32.2 5.0 377 133 152 -0.03
Dimpled (PIV) 520 15 31.3 49 3.67 132 152 -0.03
Flat (PIV) 520 30 30.6 4.6 348 131 305 -0.03
Dimpled (PIV) 520 30 32.0 4.6 355 130 305 -0.03
Flat (HWA) 520 15 | 340 55 399 138 152 -0.02
Dimpled (HWA) | 520 15 32.6 53 391 136 152 -0.02
Flat (HWA) 520 30 28.5 4.6 1.35 135 309 -0.06
Dimpled (HWA) | 520 30 29.0 4.6 1.34 134 309 -0.06

The mean velocity profiles in Figure 4.25a agree well between the PIV and the HWA mea-
surements. A small offset exists between the values measured by the HWA and the PIV
measurements, where the PIV measurements show higher values for * and smaller values
for 6, which then result in a higher shape factor H. A slightly higher freestream velocity is
observed for the Uy, = 30 m/s, which could be due to slight differences in measurement
location between the HWA and the PIV measurement.



78 Chapter 4. Results

50
40 |
'g' 30
£
>) 20 F
10t
O\ L L
0 10 20 10 20 30 40
T [m/s] T [m/s]
(A) Uy =15m/s. (B) Uso =30m/s.

FIGURE 4.25: Comparison of flat plate mean velocity profiles for the ZPG case.

As is furthermore expected, the boundary layer thickness increases downstream and accom-
panied with this is a slight rise in the freestream velocity U. due to the contraction of the
section area due the boundary layer growth. The pressure coefficient C,, is slightly lower
than zero, indicating that the flow is accelerating which is in correspondence with the afore-
mentioned. Pope (2000) reports that the typical shape factor H measured for a ZPG turbulent
boundary layer is around 1.3. Looking at the shape factor in Table 4.2 is is found that for
most profiles this is the case, with slightly higher values reported for upstream locations at
low velocities. Only small changes are observed for both dg9, 6* and H. The skin-friction can
be derived by examining the streamwise change in the momentum thickness df/dx, but the
value stays nearly constant between the dimpled and the flat case indicating that the dim-
pled surface has only a minor effect. In the next section the boundary layer is inspected in
more detail to derive the skin-friction using the law of the wall as defined by Spalding (1961).

Skin-friction coefficient. One common feature of a drag-reduced flow is that the logarith-
mic part of the non-dimensionalized has an upward shift by the addition AB to the wall-
intercept value B in the law of the wall by Spalding (1961). Both for the riblets and the
oscillating wall drag reductions are always accompanied by positive values for AB.
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FIGURE 4.26: Curve-fitting the TBL profile with Spalding’s law of the wall.
In order to fit the boundary layer profile to the law of the wall with an intercept addition

AB, the law of the wall by Spalding (1961) is rewritten by reversing the wall-coordinate
non-dimensionalization such that the wall-normal position y can be described as a function
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of the parameters that are known from experiment (mean velocity profile T, freestream ve-
locity U, kinematic viscosity v, Von Karman constant « and wall intercept value B) and
the parameters that are required (skin-friction coefficient C¢ and wall intercept change AB).
This rewritten expression is given in Equation 4.14. When a flat plate is considered it is
assumed that AB = 0.

2 3
yo 2o v 2 wmean) gV g N0 O e JOp L e [Cr
Ue20f U\ Cy U, 2 2\ U, 2 6\ U, 2

(4114)
Using a nonlinear least-squares fitting algorithm in MATLAB, all the known parameters are
fitted to the rewritten law of the wall to yield the wanted parameters C; and AB. To have a
notion of the curve fitting error, the squared residuals of the fit for different values for AB
and C; are given in Figure 4.27. From this it is observed that a minimum squared residual
value is found at C¢ = 3.17 and AB = 0.11. Figure 4.27 exemplifies that small changes in the
experimental y that are compared to the fitted y of Equation 4.14 have an effect on the values
for C; and AB found by the curve-fitting algorithm.
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FIGURE 4.27: Squared residuals as fitting parameter for the dimpled plate,
upstream at Uy, = 15 m/s as a function of AB and C;. Smallest contour line
associated with the magnitude of 1.1 times the minimum squared residual.

The first case that is considered for a shift in the logarithmic layer is the ZPG case. The
boundary layer profiles non-dimensionalized in wall units are shown in Figure 4.28. For all
the considered cases in Figure 4.28 it is observed that the logarithmic layer of the measured
velocity profiles fits well to the law of the wall by Spalding (1961). Changes start to exist
in the buffer layer, where it is observed that the deviations are most profound for the case
considered in Figure 4.28c. As the fitting procedure is based on a finite number of points
there exists a slight fitting error. As the profiles in wall units are plotted on a logarithmic axis,
slight differences in skin-friction coefficient are exaggerated when non-dimensionalizing the
spatial coordinate y to y™. When going upwards in the velocity profile the advent of the
turbulent wake region is observed where the profile starts to deviate from the linear region
of the law of the wall. It is observed that for all positions and upstream velocities changes
in the wall intercept value are small.
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FIGURE 4.28: Boundary layer profiles in wall coordinates for the ZPG case.

TABLE 4.3: Clauser fit of the boundary layer profiles non-dimensionalized in
wall units for the ZPG case.

\ |  HWA | PIV
Geometry X U, Rep Cs AB Ce AB
[-] [mm] [m/s] [10%] | [107%] [-] |[107%] []
Flat 150 15 1.99 - - 3.20 0
Dimpled 150 15 1.99 - - 3.17 0.11
A[%] - - - - - -0.9 -
Flat 520 15 1.99 3.00 0 3.10 0
Dimpled 520 15 1.99 3.00 -0.09 | 3.07 0.09
A[%] - - - 0.0 - -0.8 -
Flat 150 30 3.99 - - 2.75 0
Dimpled 150 30 3.99 - - 281 -0.17
A[%] - - - - - 2.2
Flat 520 30 3.99 2.67 0 2.75 0
Dimpled 520 30 3.99 271  -0.09 | 280 -0.16
A[%] - - - 0.1 - 1.8 -

In Table 4.3 the skin-friction coefficient measured from the fitting procedure are shown to-
gether with the changes in wall intercept value B. It is observed that the skin-friction co-
efficient of both the dimpled and flat plates decreases when traversing in the downstream
direction, as is generally expected for a ZPG boundary layer. It is found in Table 4.3 that the
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skin-friction coefficient changes minimally for the boundary layer profiles that were mea-
sured with the HWA technique. For the PIV profiles it is observed that for Uy, = 15 m/s
a small skin-friction reduction is observed with a positive value for AB, indicating a small
upwards shift of the logarithmic layer, while a skin-friction increase is observed for the Uy,
= 30 m/s case. This is in contrast with the measurements from the DFM campaign which
show a drag increase for low Reynolds number (also due to pressure drag) and a reduction
for the highest considered Reynolds number. For the HWA measurements a smaller skin-
friction coefficient is found, for both upstream velocities. It must however be noted that for
the HWA campaign a smaller amount of measurement points is used compared to the PIV
campaign.

Reynolds shear stress. A quadrant decomposition is performed in which the Reynolds
shear stress is decomposed in four quadrants representing each positive and negative com-
bination of the turbulent velocity fluctuations. The resulting Reynolds shear stress are then
non-dimensionalized by dividing by the square of the upstream velocity U,,. The turbulent
contribution to the skin-friction is computed using Equation 4.15 as by Mehdi et al. (2014).

4

Yt
_y2U2/0 (y: — y)u'v'dy (4.15)
t ~ 0o

Cf,turb =
Equation 4.15 states that both increases in Q1 and Q2 as decreases in Q2 and Q4 lead to
skin-friction reductions. Equation 4.15 is then applied to the averaged Reynolds shear stress
profiles. In Figure 4.29 the averaged shear stress profiles are presented for both the flat and
dimpled cases for both different locations and upstream velocities for the ZPG case.
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FIGURE 4.29: Reynolds shear stress profiles and quadrant contributions for
the ZPG case.

As a general observation it is observed that the Q2 and Q4 quadrants make up the largest
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part of the Reynolds shear stress, having the highest skin-friction contribution. Moving from
the wall upwards the Reynolds shear stresses increase until a peak of all the Reynolds shear
stress components around y/dgg = 0.2. After this peak the Reynolds shear stress decreases
towards the freestream turbulence values of around zero. It must be noted that all the mea-
sured values are still unconverged, even after increasing the sample size with the procedure
described above. For the cases considered in Figure 4.29a, 4.29b and 4.29c¢ it is found that the
Reynolds shear stress is most impacted at the peak value. For the dimpled (dashed) cases
the total Reynolds shear stress is seen to increase before the flat plate peak, and reduced af-
ter it. Outside of the peak range the Reynolds shear stresses are approximately equal for all
cases. For the case considered in Figure 4.29d it is observed that the Reynolds shear stress
profiles show minor changes throughout the entire profile. Using the Reynolds shear stress
integration routine of Equation 4.15 the results in Table 4.7 are obtained: the profiles are
quantified into a skin-friction coefficient.

TABLE 4.4: Skin-friction contributions of the Reynolds shear stress for the

ZPG case.
Geometry X IjC>O ReD Cf7turb Cf7Q1 Cf7Q2 Cf’Q3 Cf’Q4
[-] [mm] [m/s] [10%] | [1073] [1073] [1073] [1073] [1079]
Flat 150 15 1.99 2.10 -0.34 1.48 -0.35 1.31
Dimpled 150 15 1.99 2.08 -0.34 1.47 -0.36 1.32
A [%] = = = -1.1 0.8 -1.0 2.9 0.4
Flat 520 15 1.99 1.27 -0.24 0.93 -0.25 0.83

Dimpled 520 15 1.99 1.30 -0.25 0.95 -0.25 0.86

A%l | - - - 23 6.2 2.1 2.9 3.8
Flat 150 30 399 | 174 030 124 -031 1.11
Dimpled | 150 30 399 | 177 032 126 -032 114

Al%] | - - - 15 6.1 2.0 5.1 3.1
Flat 520 30 399 | 107 -024 082 -025 074
Dimpled | 520 30 399 | 106 -026 083 -026 075

A% | - - - 12 8.0 1.1 39 0.9

A total turbulent skin-friction reduction is found for the Uy, = 15 m/s in the upstream po-
sition, and one which is more profound for the downstream U, = 30 m/s location. A drag
increase is observed for the downstream U, = 15 m/s case and the upstream Uy, =30 m/s
case. Looking the Reynolds shear stress profile it is however observed that there exists lit-
tle variation between the profiles, and indeed it is observed that only the peak is increased
somewhat for the dimpled cases, while the development of the remaining boundary layer
stays equal. It is noted that the noise of the profile impedes the integration routine, and
changes in the skin-friction coefficients can also be caused by integration of disturbances
from the mean profile due to this noise.

For a different quadrant analysis the instantaneous fluctuations can be examined. Wallace
(2016) describes a straightforward method in which the individual velocity fluctuation pairs
are plotted on the instantaneous velocity fluctuation axes. The data points are available from
the PIV measurements. The sample size was previously increased to include half of the field
of view: for both the dimpled and the flat plate this then yields the same amount of sample
points. By sorting the fluctuations into bins and normalizing the occurence in each bin the
probability distribution can be computed.
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FIGURE 4.30: Quadrant analysis of at y™ = 24 in the buffer layer for the ZPG
case, downstream location at U, = 15 m/s.
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FIGURE 4.31: Quadrant probability difference for the ZPG case, downstream
location at U, = 15 m/s.

In Figure 4.31 a quadrant analysis is presented for both the flat plate and the dimpled plate
for the ZPG case in the buffer layer at the same y* coordinate, including both the instanta-
neous events in their associated probability P. Yakeno et al. (2014) proposes that the near-
wall events are manipulated here for an oscillating wall. It is generally found that the quad-
rant events are tilted towards the Q2-Q4 axis. The bins spacing for the probability of both the
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dimpled and the flat plate have been chosen to be equal such that a subtraction can be per-
formed to investigate the relative changes in probability AP. In Figure 4.31b the probability
distribution for the dimpled plate (Figure 4.30c) is subtracted from the flat plate probability
distribution (Figure 4.30a) to investigate relative changes that occur due to application of a
dimpled surface. From Figure 4.31b it is then observed that around the u’-axis the quadrant
events are diminished while they are enhanced further away from the u’-axis. Increases in
Q1 and Q3 events lead to reduced Reynolds shear stresses while decreases in Q2 and Q4
events lead to reduced Reynolds shear stresses. These increases and decreases are small (in
the order of tenths of a percent with maximum reduction of -0.3% in the Q4 region) and
annulled by subsequent decreases and increases in other areas of the quadrant regions. Go-
ing upwards from the buffer layer, the peak location y/dgg = 0.2 at y* = 174 is investigated
as well in Figure 4.31c. At this location the differences in probability become significantly
smaller compared to the y™ = 24 location, with differences measured being within uncer-
tainty.

Turbulence intensity. In Figure 4.32 the turbulence intensities in the upstream position at
x = 150 mm are shown. As is expected from literature there exists a strong peak in the
streamwise fluctuation component u close to the wall, and a peak at y/dg9 = 0.2 for the
wall-normal velocity fluctuation as also reported by Klebanoff (1955).
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FIGURE 4.32: Turbulent intensities for the ZPG case at x = 150 mm.

For the streamwise velocity component the turbulent intensities in Figure 4.32a for the dim-
pled case the peak is not captured totally, but there is no significant change trough out the
entire boundary layer profile, as they are all within statistical uncertainty. The wall-normal
velocity fluctuation component peak is however completely captured, but as is found in
Figure 4.32b no significant changes exist in the profile between the flat and dimpled plate,
with a hint being present that the dimpled profile has a slightly higher v,s peak (although
within statistical uncertainty).

The HWA measurements in the downstream position at x = 520 mm captures the stream-
wise component only, but due to the close proximity to the wall the HWA measurements
capture the peak better than the PIV measurements for the U, = 15 m/s case. In Figure
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4.33 it is observed that just as for the upstream position no significant changes exists across
the boundary layer profile for both considered upstream velocities as they are encountered
for other drag-reducing methods. For these drag-reducing methods a general diminishing
trend is observed for the entire turbulence intensity profile compared to the flat plate case,
and thus as the peak is not captured it can be deduced from the rest of the profile that the
changes in peak value are minor.
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FIGURE 4.33: HWA streamwise turbulent intensities for the ZPG case in the
downstream position at x = 520 mm.

4.3.4 Strong favorable pressure gradient

When an inward deflection is applied to the test plate the test section area contracts and
the flow has to accelerate due to mass conservation. In this section the boundary layer
properties are determined for the SFPG case, for which it was observed that the flow leaves
through the side gaps of the test plate, indicating that mass conservation is not totally valid.
Looking at Figure 4.34 it is found that the flow is indeed accelerating.
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FIGURE 4.34: Comparison of flat plate mean velocity profiles for the SFPG
case.
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In contrast to the ZPG case it is expected from the aerodynamic boundary layer algorithm
that the boundary layer is becoming smaller in the downstream direction. Table 4.5 it is
found that the boundary layer grows. This growth is most likely caused by the boundary
layer thickness determination algorithm, which looks at the y, ;y,—g.99 point. As there ex-
ists a high gradient in the SFPG turbulent boundary layer a point slighly lower than the
u/Ue = 0.99 point leads to a relative high change in boundary layer thickness.

TABLE 4.5: Boundary layer characteristics measured for the SFPG case.

Geometry X Uy dg9 * 0 H U, K Cp

[-] [mm] [m/s] | [mm] [mm] [mm] [-] [m/s] [x107%] [-]

Flat (PIV) 150 7 154 2.1 1.50 1.39 7.5 1.93 -0.15
Dimpled (PIV) 150 7 14.7 1.9 141 1.34 7.6 2.31 -0.16
Flat (PIV) 150 15 22.2 3.1 239 129 16.0 0.74 -0.14
Dimpled (PIV) 150 15 21.7 3.0 231 128 16.0 0.81 -0.13
Flat (PIV) 520 7 16.7 1.6 1.23 130 9.1 3.21 -0.69
Dimpled (PIV) 520 7 16.8 1.6 1.21 1.29 9.3 3.88 -0.77
Flat (PIV) 520 15 20.2 1.9 1.57 119 19.0 1.92 -0.60
Dimpled (PIV) 520 15 19.6 2.0 1.64 120 19.1 1.60 -0.62
Flat (HWA) 520 7 | 245 24 19 124 92 - -0.86
Dimpled (HWA) | 520 7 | 270 30 23 127 94 - 0.82
Flat (HWA) 520 15 | 202 22 18 122 191 - 0.79
Dimpled (HWA) 520 15 20.2 2.3 1.9 1.22 19.6 - 0.71

In Table 4.5 the boundary layer characteristics are presented. For the SFPG case the accelera-
tion is accompanied by a negative pressure coefficient C;,. To investigate the laminarization
properties of the flow the acceleration parameter K is also presented in Table 4.5. A small ve-
locity discrepancy is observed for the Uy, =7 m/s between the PIV and HWA measurements
in Figure 4.34a. The mean velocity profile measured by the HWA technique shows a slightly
higher freestream velocity accompanied by a higher boundary layer thickness, resulting in
higher values for the displacement thickness ¢* and smaller values for momentum thickness
6, resulting in a lower boundary layer shape factor H. It is however shown that even though
there are differences between the techniques, the effect on the shape factor by the favorable
pressure gradient is clear, as it drops below the value of H = 1.3 reported by Pope (2000) for
the typical ZPG turbulent boundary layer, and at smaller values than measured for the ZPG
case in the current experiment. It is reported in literature that for K > 3.5x1076 the flow will
start to relaminarize. It observed from Table 4.5 that the dimple increases the acceleration
parameter K, indicating possible favorable effect of a dimple on the relaminarization pro-
cess under a favorable pressure gradient as reported by Sreenivasan (1981). This is however
not found for the downstream U, = 30 m/s case.

Skin-friction coefficient. The turbulent boundary layer profile contains a clear turbulent
wake for the ZPG case, and it is observed in Figure 4.35 that the wake is subdued in the
advent of a favorable pressure gradient, indicating the partial cessation of turbulence. The
acceleration is accompanied by a decrease in the turbulent wake in the upper layer of the
turbulent boundary layer. This change is observed in Figure 4.35 to be most profound for
the smallest upstream velocity of Uy, =7 m/s, as the the turbulent wake is still observable in
in the upstream position at x = 150 mm for U, =7 m/s at the upstream position. Once again
it is shown that the determination of the skin-friction fitting procedure leads to an erroneous
fit of the viscous layer, with deviations shown for both the PIV and HWA measurements.



4.3. Flow quantification 87
25 25
20 20
- 15 - 15
4 Y Flat, PIV
10 10 / ——— Dimpled, PIV
Flat, PIV / — — Flat, HWA
5+ Dimpled, PIV 5t Dimpled, HWA
-------- Spalding (1961) ---+---- Spalding (1961)
NE ‘ | 7 ok ‘ | ‘
10° 10" 102 10° 10* 10° 10' 102 103 10%
v [ v [
(A)x=150mm, Uy, =7 m/s. (B) x=520mm, Uy, =7 m/s.
25 T T T 25 . : ;
20 20
+ 15 — 15} =7
4 Y Flat, PIV
10 F 10 ——— Dimpled, PIV
Flat, PIV — — Flat, HWA
5t Dimpled, PIV 5t Dimpled, HWA
-------- Spalding (1961) <weooo- Spalding (1961)
ok ‘ | NE ‘ |
10° 10" 102 10° 10* 10° 10' 102 103 10%
v [ v [

() x =150 mm, Uy, =30 m/s.

(D) x=520mm, Uy, =30 m/s.

FIGURE 4.35: Boundary layer profiles in wall coordinates for the SFPG case.

A good fit is observed for the logarithmic layer for the flat plate. When the same fitting
procedure is used, it immediately becomes apparent that there exists an upwards shift of the
logarithmic layer for both the PIV and HWA measurements for the dimpled case compared
to the flat plate, being most profound for the smaller upstream velocity of Uy, = 7 m/s.
Another approach to see if the logarithmic layer is shifted upwards is by taking a look at
the mean velocity profiles that are not non-dimensionalized with wall units. It is reported
by Choi (1989) that the upwards shift of the logarithmic layer is also observable in the mean
velocity profile (Figure 2.10b) by an inflection of the velocity profile. In Figure 4.36 the
velocity profiles are presented in where the upstream velocity U, and the boundary layer
thickness dgg are used instead of the wall units to non-dimensionalize the profiles.
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FIGURE 4.36: Mean velocity profiles for the SFPG case for Uy, =7 m/s.
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TABLE 4.6: Clauser fit of the boundary layer profiles non-dimensionalized in
wall units for the SFPG case.

\ \ HWA \ PIV
Geometry X Ux Rep Cs AB Ce AB
[-] [mm] [m/s] [10%] | [107%] [-] |[107%] [-]
Flat 150 7 0.93 - - 5.09 0
Dimpled 150 7 0.93 - - 4.63 1.1
A[%] - - - - - -9.0 -
Flat 520 7 0.93 4.73 5.31 0
Dimpled 520 7 0.93 402 116 | 4.68 1.1
A[%] - - - -14.9 - -11.8 -
Flat 150 15 1.99 - - 3.60 0
Dimpled 150 15 1.99 - - 3.51 0.4
A[%] - - - - - -2.5 -
Flat 520 15 1.99 3.88 4.03 0
Dimpled 520 15 1.99 3.66 0.81 | 3.85 0.7
A[%] - - - -5.7 - -4.5 -

It is observed in Figure 4.36 that for both the upstream and downstream location an inflec-
tion points exists in the velocity profile where it is observed that the decrease in the velocity
profile is shifted leading to an upwards shift of the logarithmic layer. In Table 4.6 the actual
computed shifts are given and observed to be larger than for the ZPG case. The computed
wall intercept changes AB are in the order of 1, as is also reported for drag-reducing ri-
blets by Choi (1989) and compliant coatings by Choi et al. (1993). This effect is however not
found for the ZPG case, and combined with the higher values for K a probable cause is that
the dimple assists the relaminarization effort of the favorable pressure gradient.
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FIGURE 4.37: Reynolds shear stress profiles and quadrant contributions for
the SFPG case.
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Reynolds shear stress. The Reynolds shear stresses are presented in Figure 4.37. Compared
to the ZPG case it is found that the Reynolds shear stress peak is located closer to the wall,
and overall Reynolds shear stress values go to their freestream levels faster than the ZPG
case, indicating that turbulence is maintained closer to the wall compared to the ZPG case.
Due to the occurrence of persistent outliers the near wall region of the U, = 15 case in the
downstream region is not captured accurately for the flat plate.

The effect of the dimple is found to be beneficial for the upstream position for both upstream
velocities. For the downstream location the difference is small for the U, =7 m/s case, and
for the Uy, =7 m/s the near wall region is not fully captured due to persistent outlier. It can
however be noted that in the latter case a reduction is observed for both the Reynolds shear
stress profile that is captured. When the integration routine is performed to determine the
skin-friction coefficient, it observed that for the upstream case at Uy, =7 m/s a skin-friction
reduction is attained, as well as for the upstream location of the U,, = 15 m/s case. No
considerable changes in skin-friction are found for the downstream locations, and for the
downstream case of Uy, = 15 m/s no changes in the near-wall region can be determined
(although the rest of the profile shows a clear reduction). Once again it must be noted that
noise of the profile inhibits proper computation of the skin-friction.

TABLE 4.7: Skin-friction contributions of the Reynolds shear stress for the

SFPG case.

Geometry X Usx Rep | Ceturb Crqir Crqz Craq3z ©Craqa
[-] [mm] [m/s] [10%] | [1073] [1073] [1073] [1073] [1079
Flat 150 7 0.93 2.23 -0.39 1.65 -0.40 1.36
Dimpled 150 7 0.93 2.10 -0.39 1.59 -0.40 1.31

A [%] - - - -5.5 0.4 -4.1 2.3 -3.3
Flat 520 7 0.93 1.83 -0.43 1.48 1.24 3.58
Dimpled 520 7 0.93 1.85 -0.46 1.52 1.28 3.37

Al%] | - - - 1.2 8.4 2.2 35 5.9
Flat 150 15 1.99 2.07 -0.36 1.50 -0.36 1.30

Dimpled 150 15 1.99 2.04 -0.32 1.43 -0.32 1.25

Al%] | - - - 15  -12.8 49 130 -39
Flat 520 15 199 | 188  -064 167 -0.64 149
Dimpled | 520 15 199 | 168 -038 130 -039 116

A%l | - - - 103 401 221 -39.1 222

Just as for the ZPG case in the instantaneous probability difference AP can be determined
to check if the quadrant events are changed close to the wall. In Figure 4.38 the difference
is shown for the upstream location together with a measure of uncertainty by including the
probability difference using just one flat plate data set. Since the same y ™ can not be attained
due to the measurement resolution, the closest values of y* are chosen to do a comparison.
Once again it is observed that there is some scattering of the events, with a reduction of
events around the u’-axis and an increase further away of the u’-axis, although it must be
noted that the differences are within half a percent and close to the uncertainty margins that
are in the same order.
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FIGURE 4.38: Quadrant probability difference for the SFPG case, upstream
location at U,, =7 m/s.

Turbulence intensity. The turbulence intensity is presented for the SFPG case in Figure
4.39. In Figure 4.39 it is seen that the dimple reduces the streamwise velocity peak for the
U =7 m/s case, whereas the peak of the Uy, = 15 m/s case is not accurately captured
due to its close proximity to the wall. All the turbulence intensities presented in Figure 4.39
show a smaller value for the dimpled case. This is the case for both the streamwise and
wall-normal velocities. Throughout the boundary layer, it is observed that there exists a
diminishing trend caused by the dimple outside of the statistical uncertainty.
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FIGURE 4.39: Turbulent intensities for the SFPG case at x = 150 mm.

4.3.5 Strong adverse pressure gradient

Finally the boundary layer is quantified for the SAPG case. When an adverse pressure gra-
dient is introduced to the boundary layer by means of a positive diffuser deflection ¢ = 13°
the flow velocity is expected to decrease. In an adverse pressure gradient the boundary layer
starts to grow at a rate higher than for the ZPG case. The boundary layer thicknesses for the
SAPG case computed by the aerodynamic boundary layer simulation discussed in Section
3.1.2 and tabulated in Table 4.7 are at lower values compared to the actual measured values.
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The result of this is that the boundary layers in the upstream location are not captured in
total for the SAPG case. It was found that for this configuration flow is sucked into the test
section through the side gaps. In Table 4.8 the boundary layer characteristics of the SAPG
case are shown, where the upstream values for the PIV measurements are missing due to
the failure of capturing the entire boundary layer profile in the FOV. From Table 4.8 it is in-
duced that the flow is indeed decelerating (accompanied by a positive pressure coefficient),
and the shape factor starts to increase in downstream direction as is expected for an adverse
pressure gradient.

TABLE 4.8: Boundary layer characteristics measured for the SAPG case.

Geometry X Uy d99 o 0 H Ue Cp
[-] [mm] [m/s] | [mm] [mm] [mm] [-] [m/s] [-]

Flat (PIV) 520 15 41.0 9.6 621 155 131 0.23
Dimpled (PIV) 520 15 425 9.9 644 154 132 0.23
Flat (PIV) 520 30 49.3 12.4 787 157 264 0.23
Dimpled (PIV) 520 30 49.1 11.7 770 152 263 023
Flat (HWA) 520 15 43.6 10.1 6.5 156 131 0.24
Dimpled (HWA) 520 15 439 10.1 6.5 1.55 131 0.24
Flat (HWA) 520 30 40.9 9.6 6.2 1.54 264 0.23
Dimpled (HWA) 520 30 41.8 9.5 6.2 153 264 0.23

One particular inconsistency in Table 4.8 is the displacement thickness §* between the Uy,
= 30 m/s cases of both the HWA and PIV campaign. The value found for the PIV measure-
ments is 10% higher than for the HWA campaign. To investigate this discrepancy further
the mean velocity profiles are presented in Figure 4.40.
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FIGURE 4.40: Comparison of flat plate mean velocity profiles for the SAPG
case.

It is found from Figure 4.40 that the mean velocity profiles of the Uy, = 15 m/s case cor-
respond closely, whereas there is a larger difference between the U,, = 30 m/s cases. The
HWA profile shows a distinct fuller profile, although the freestream velocity is equal to
one another. It is found that the PIV case was measured at an upstream velocity of U, =
30.0023 m/s, while the HWA measurements where performed at an upstream velocity of
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Us =30.0171 m/s: a minor difference. The PIV measurement at 30 m/s was also conducted
directly after the the Uy, = 15 m/s case, and thus changes to the set-up should be minor.

Skin-friction coefficient. As the flow starts to decelerate, it is observed that the wake region
of the profile starts to increase and become larger compared to the ZPG case. In Figure 4.41
the curve-fitted boundary layer profiles are shown for the SAPG case. As the the wake
region is larger for the SAPG case, the number of points used for the curve fit is smaller than
for the ZPG case, increasing possible errors in the curve-fitting algorithm. Even though this
is the case, generally good fits are found. For the upstream positions at x = 150 mm Figures
4.41a and 4.41c show that the boundary layer grows larger than the inspected field of view.
As the curve-fitting procedure is dependent on the freestream velocity U, a third curve-
fitting property is added to the algorithm which is this freestream velocity. It is unwanted to
perform a curve fit on three properties for the dimpled case. instead the freestream velocity
is computed for the dimpled case by performing a curve-fit on the non-dimpled case, as
such a curve fit only has two inputs which are C¢ and U.. As the upstream position at x =
150 mm is not far removed from the start of the test plate, it is assumed that the freestream
velocity is not influenced by the dimples and equal to the freestream velocity for the flat
plate case. The resulting freestream velocity is then inserted for the dimpled case. For the
downstream location the freestream velocity U, can however be determined by the merging
of FOV 2 and FOV 3.
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FIGURE 4.41: Boundary layer profiles in wall coordinates for the SAPG case.

The results of the curve-fitting procedure are then shown in Table 4.9 for the SAPG case.
Skin-friction increases are found for the downstream locations in the HWA measurements.
More profound drag increases are found in for the U, = 30 m/s case in the downstream loca-
tion. Drag reductions are indeed found for the U, = 15 m/s case for the PIV measurements,
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but it is accompanied by a negative shift of the logarithmic layer which should indicate a
drag increase. As the number of fitting points is smallest for the 15 m/s case, this is the most
likely cause together with the assumed freestream velocity derived from the fitting of the
flat plate case. The results indicate that increasing the Reynolds number currently leads to a
drag increase, where the highest drag increase is attained in the upstream location.

TABLE 4.9: Clauser fit of the boundary layer profiles non-dimensionalized in
wall units for the SAPG case.

\ | HwWA | PIV
Geometry X U, Rep Cs AB Ce AB
[-] [mm] [m/s] [10%] | [107%] [-] | [107%] []
Flat 150 15 1.99 - - 2.65 0
Dimpled 150 15 1.99 - - 2.64 -0.3
A[%] - - - - - -0.3 -
Flat 520 15 1.99 2.03 - 2.08 0
Dimpled 520 15 1.99 2.09 0.00 2.05 0.0
A[%] - - - 3.0 - -1.7 -
Flat 150 30 3.99 - - 2.16 0
Dimpled 150 30 3.99 - - 2.58 -0.4
A[%] - - - - - 19.5 -
Flat 520 30 3.99 1.68 - 1.58 0
Dimpled 520 30 3.99 1.75 0.00 1.73 0.0
A[%) - - - 4.0 - 9.9 -

Reynolds shear stress. For adverse pressure gradients it is reported in literature that the
turbulent events move upwards from the wall. This general trend is indeed observed in the
Reynolds shear stress profiles of the SAPG case. In Figure 4.42 it is found that the Reynolds
shear stress profile resembles the ZPG case, but traversing further downstream the effect of
the pressure gradient becomes visible. Whereas for the ZPG case the location of maximum
Reynolds shear stress is location around y/dgg ~ 0.2, this position of maximum shear stress
moves upward in Figure 4.42b and Figure 4.42d to y/dg9 ~ 0.35. It is found that for Uy, = 15
m/s a small change exists, but more profoundly for Uy, =30 m/s.
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FIGURE 4.42: Reynolds shear stress profiles and quadrant contributions for
the SAPG case.

Integrating the Reynolds shear stress profiles then leads to the values found in Table 4.10.
Once again it is found that the noise introduced due to an unconverged Reynolds shear
stress influences the integration procedure. It is found as a general trend from Figure 4.42
that the Reynolds shear stress has a larger peak value for the dimpled plate than for the flat
plate, but noise in the profile does not allow for accurate numerical comparison.

TABLE 4.10: Skin-friction contributions of the Reynolds shear stress for the

SAPG case.
Geometry X Uoo ReD Cf,turb Cf7Q1 Cf7Q2 Cf’Qg Cf7Q4
[-] [mm] [m/s] [10%] | [107%] [1073] [1073] [10°3] [107¥]
Flat 150 15 1.99 2.34 -0.43 1.63 -0.40 1.54
Dimpled 150 15 1.99 244 -0.42 1.69 -0.42 1.60
A% | - - - 43 14 3.2 3.9 3.8
Flat 520 15 1.99 1.63 -0.32 1.16 -0.33 1.11
Dimpled 520 15 1.99 1.66 -0.33 1.19 -0.33 1.13
A% | - - - 22 47 2.3 0.1 2.1
Flat 150 30 3.99 1.90 -0.37 1.32 -0.37 1.32
Dimpled 150 30 3.99 1.88 -0.41 1.39 -0.40 1.30
A [%] - - - -0.7 10.0 5.3 8.4 -1.2
Flat 520 30 3.99 1.39 -0.34 1.06 -0.35 1.02
Dimpled 520 30 3.99 1.48 -0.41 1.17 -0.40 1.12
Al%] | - - - 6.3 213 102 134 9.7

In Figure 4.43 the quadrant probability difference is presented for the downstream location
of the SAPG case for Uy, = 15 m/s. Contrary to the ZPG and SFPG case, the events are
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increased around the u’-axis and reduced further away from it, instead of vice-versa. The
differences are however small, within half of a percent difference. Especially the Q2 and Q3
events are amplified in the near-wall region for this case. These events lead to an increase
and decrease of Reynolds stress respectively, and thus it is expected that the combined effect
of the increases is net zero.
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FIGURE 4.43: Quadrant probability difference for the SAPG case, downstream
location at U, =15 m/s.

Turbulence intensity. When a strong adverse pressure gradient is applied the occurrence
of a second u;ms peak is reported by literature. When looking at Figure 4.44 it is indeed
observed that a second peak is present that is located higher than the near wall peak, and
of higher magnitude. This behavior is represented in the Reynolds shear stress behavior as
well, where it is observed that the traditional peak at y/dg9 = 0.2 for the ZPG case is moved
upwards in Figure 4.42b and Figure 4.42d.
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FIGURE 4.44: Turbulent intensities for the SAPG case at x = 150 mm.
When comparing the different values it is observed that for the streamwise velocity tur-

bulence intensity the dimpled case shows overall higher values throughout the boundary
layer for the streamwise turbulence intensities. For the wall-normal turbulence intensities a
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smaller peak value is observed, but is currently within statistical uncertainty. The stream-
wise turbulent intensity is observed in the HWA results, where a second peak is also ob-
served. The differences in turbulence intensity between the dimple and the flat plate are
however minor in the downstream location.
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FIGURE 4.45: HWA streamwise turbulent intensities for the SAPG case in the
downstream position at x = 520 mm.
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Chapter 5

Conclusion

In this chapter the results from the direct drag quantification and the boundary layer flow
quantification are used to synthesize a conclusion on the current research and recommenda-
tions for future research.

5.1 Conclusions

Before reaching the concluding remarks, the research questions are restated here:

1. How is the skin-friction reduction in a dimpled surface affected by the pressure gradient and
the Reynolds number?

2. Does a dimpled surface cause a skin friction reduction by a change in the turbulent properties?

After performing a DFM campaign, PIV campaign and HWA campaign these research ques-
tions will be answered below for the different considered pressure gradient cases in this
experimental investigation. First some general conclusions are noted for the experimental
campaigns. It was found using tufts that the existence of a required gap for the drag balance
allowed flow to enter and leave the test section during the experimental runs, possibly in-
troducing unwanted flow properties. These were the most prevalent for the larger Reynolds
numbers, and least prevalent for the ZPG case as a whole. The boundary layer profiles that
were obtained were measured at two streamwise locations at the spanwise center of the test
plate. As a result, differences in skin-friction measured at these locations do not imply that
they are also found at other stations on the test plate. It must however be noted that the
measurement location was at the location of the highest spanwise induced velocity of the
dimple, and thus this is the as of yet best probable location to measure a drag difference if
the spanwise shear theory is valid.

Zero pressure gradient. The ZPG results for the direct drag quantification are extracted
from the total set of results as a good repeatability was determined for the ZPG case. For
this case deviations below 0.5% were determined, indicating that the result for the ZPG case
for the dimpled case is the strongest result of the DFM campaign. This data set is extracted
and placed within the existing body of knowledge obtained at DUT, as previous experi-
ments at DUT have been performed for the same wind-tunnel geometry, pressure gradient,
Reynolds number range and test plate geometry. The main difference between previous
measurements at DUT is the use of a new drag balance and a different wind-tunnel. For the
ZPG case a drag reduction was found by using direct force measurements, and a trend of
increasing drag reduction with increasing Reynolds number was observer analogous to the
results of Van Nesselrooij (2015). The magnitude of the drag reduction is however lower:
0.8% for the current study against 4% for the study performed by Van Nesselrooij (2015).
The results of the ZPG total drag quantification are shown in Figure 5.1 together with previ-
ous results at DUT.
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Within the boundary layer a minimal change was found in the turbulent properties, with
negligible differences for the turbulence intensity and even a slight increase of the Reynolds
shear stress, for both upstream and downstream locations for the two considered upstream
velocities. The skin-friction coefficients found from both measurement techniques yielded
small differences in magnitude, and even negligible for the HWA results. Although these
difference were found, they were both positive and negative, and no clear trend of the skin-
friction reduction exists as a function of upstream Reynolds number Rep. This is in contrast
with the results observed from the total drag quantification, in which the total drag force of
the test plate is captured and a consistent trend with Rep was observed. It was observed
that a drag reduction of 0.8% is obtained for the maximum considered Reynolds number
for the ZPG case in the total drag quantification. This configuration was also thoroughly
validated with the repeatability measurements in which set-up bias was quantified. The
obtained drag reductions by the dimpled surface in the ZPG configuration lies within the
uncertainty margins determined from the two repeatability runs performed beforehand.
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FIGURE 5.1: Total drag quantification results shown between previous results
at DUT.

Favorable pressure gradient. The favorable pressure gradient case was investigated for
both a strong case (SFPG, ¢ = -13°) and a mild case (MFPG, ¢ = -6.5°) for the total drag
quantification. Both cases showed a mean drag reduction, as is shown in Figure 5.2. For the
MEFPG case the drag difference with the dimpled plate varied between -2% and -3%, remain-
ing fairly constant with increasing Reynolds number. For the SFPG case the drag difference
varied between 0% and -2% for the dimpled plate and just as the MFPG case it stayed fairly
constant with increasing Reynolds number. The SFPG case showed a drag increase for one
individual measurement run and thus the mean drag reduction is plagued by a deviation
around the mean that traverses into a drag increase. This deviation introduces uncertainty
for the actual occurrence of a drag reduction. The results of the direct drag quantifications
are however strengthened by the results obtained from the boundary layer profile quantifi-
cation, which was performed for the SFPG case. For all considered upstream velocities, and
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for both the upstream and downstream location, a reduced skin-friction coefficient is found
accompanied by an upwards shift of the logarithmic layer AB in the order of 1, comparable
to the shifts found for drag-reducing compliant coatings by Choi et al. (1997). Looking at
other turbulent properties like the Reynolds shear stress, the turbulence intensity it is indeed
observed that they decrease in the SFPG case. An increase in the laminarization parameter
K is found for all upstream velocities and locations, with an exception for the downstream
location at Uy, = 15 m/s, where the relaminarization parameter K decreases. As the change
is not observed within the ZPG case, it seems the dimple has a beneficial effect on the lami-
narization effort of the SFPG, allowing the boundary layer to laminarize faster.
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FIGURE 5.2: Total drag quantification results for the FPG cases.

Adverse pressure gradient. The adverse pressure gradient case was investigated for both a
strong case (SAPG, ¢ = 10°) and a mild case (MAPG, ¢ = 5°) for the total drag quantification.
The investigation of the adverse pressure gradient was subjected to several problems. First
of all it was observed during the experiment that flow was sucked in from the ambient at
the set-up/test plate interface. Looking at the force signal, it was furthermore observed that
when the Reynolds number increased, a dent starts to exist in the force signal, indicating
a decreasing force when the velocity is increased. This change persisted when performing
the run backwards, and using tufts the flow field was qualitatively investigated on all walls
in the experimental set-up. No separation was observed at any wall. The cause of the dent
in the force signal as of now still remains unknown. The dent seems to have an effect on
the drag reduction caused by a dimple. The results for both adverse pressure gradients are
given in Figure 5.3. For the SAPG case a relatively large reduction of 10% was found, which
traversed into a drag increase of 10% with increasing Rep, with a relatively large deviation
around the mean. For the MAPG case a smaller deviation around the man is found, and a
drag reduction was reported for the larger part with the exception of the Reynolds regime
affected by the dent in the force signal.

For the PIV and HWA measurements the correlation algorithm had less measurement points
to fit to the rewritten law of the wall, impeding proper comparison of the skin-friction coeffi-
cients between the flat surface and the dimpled surface. The turbulent properties were also
investigated, and they revealed an increase in turbulence intensity throughout the entire
boundary layer profile. The Reynolds stress profiles were not converged in such a matter
that precise comparison can be made. From the Reynolds shear stress profiles that were
obtained, it was however found that for the dimpled surface the Reynolds shear stress in-
creases at the peak location. As Reynolds stresses close to the surface are weighted more
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heavily in the skin-friction coefficient, it is expected that the skin-friction is in fact higher at
this location.
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FIGURE 5.3: Total drag quantification results for the APG cases.

5.2 Recommendations

As is commonplace for experimental investigations, the new insights into the experiment
can be used to formulate recommendations for future research. They are briefly noted in
this section.

Experimental set-up optimization. During the experiments it was found that inherent prop-
erties of the drag balance inhibit uniform flow features of the drag properties, especially for
the pressure gradient cases. The gaps at the sides of the drag balance, which are indispens-
able for the drag balance, introduce flow into the set-up for the adverse pressure gradient
cases and allow flow to leave the set-up. To improve the set-up it is wanted to reduce the
width of the side gaps, which could be attained by the application of a small film cover-
ing them. For the drag balance it was also required to have a low flexure stiffness to allow
the bulk of the force to be applied at the force sensor. This inherent property also leads to
structural resonance since the natural frequency of the system is then also relatively low.
In order to reduce the effect of vibrations the test plate can be connected to an oil bath by
means of an extra rod. Such an extra measure would introduce dampening into the system,
reducing the spread of the force signal and increasing the statistical significance of the signal.

Momentum deficit analysis. As a fluid moves over a surface it exchanges momentum to the
surface which is manifested in the drag force of the surface. Using the momentum deficit
of the boundary layer the effective drag coefficient of the test plate can be computed. The
momentum deficit can be investigated over a spanwise distance relative to the streamwise
locations considered in this study. This can be done either by putting a PIV laser plane sheet
over the exit of the test section, perpendicular to the mean flow, as well as at the start. The
difference in momentum can then be manipulated into a drag force. A fine pressure rake
is another possibility, which can be fitted with a traversing wheel to allow a relatively large
spatial resolution. An advantage of a momentum deficit method is that no side gaps are
required, and the test section can be completely closed off from the outside world. When
testing at different pressure gradients this then also circumvent the exchange of flow with
the ambient through the gaps.
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Skin-friction measurement. The skin-friction coefficient of was determined by taking a
nonlinear least-squares fit of the logarithmic layer, in which both C; and AB were deter-
mined simultaneously. To determine the skin-friction coefficient more accurately two pos-
sible options could be attempted. The skin-friction could be determined by measuring the
pressure loss over two locations spaced closely together (as is common in channel flows
drag reduction studies), and measuring the boundary layer profile between those locations
to determine the actual wall intercept change. Another more direct option is by measuring
the wall-normal velocity gradient very close the wall with either a hot-wire or p-PTV, as the
skin-friction is a function of the velocity gradient at the wall.

Drag reduction in a favorable pressure gradient. If the dimple has a beneficial effect on
the relaminarization parameter K, it is of interest if this drag reduction in maintained for in-
creased Reynolds number. The relaminarization parameter K is inversely correlated to the
upstream velocity, indicating that the critical value K = 3.5x10~% becomes harder to attain
when the freestream velocity increases. It is expected that possible effects of the dimple are
annulled when the Reynolds number is further increased.

Direct numerical simulation. As also posed by previous authors, there could also be a ben-
efit into investigating the turbulent structures around a dimple by means of a DNS study.
Yakeno et al. (2014) used DNS to investigate the effect of an oscillating wall on the turbulent
structures that exist within the near-wall region, and such an analysis can also give insight
into possible manipulation of the flow field in the near-wall region by a dimpled surface.
The possible downside of a DNS study is that it is restricted to low Reynolds numbers,
whereas the perceived drag reductions are obtained at relatively higher Reynolds numbers.
It is posed that that at low Reynolds numbers the effect of a skin-friction reduction is an-
nulled by the advent of a pressure force. A DNS study could however still yield valuable
results into the actual presence of turbulence manipulation by the dimpled surface, although
at lower Reynolds numbers.

These recommendations can then lead to the further advancement of the knowledge on drag
reductions by dimpled surfaces in turbulent boundary layers.
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Appendix A

Set-up pictures

FIGURE A.1: Experimental set-up in ZPG configuration.

- A

FIGURE A.2: Carborundum strip (width = 2 cm) at x = -975 mm just after the
tunnel contraction to assure turbulent boundary layer.

109
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FIGURE A.3: Plastic strip between set-up and test plate to assure proper guid-
ance of the boundary layer to the test plate.

FIGURE A.4: Tufts on each individual sliding plate contained inside the planar
diffuser.

FIGURE A.5: Pressure taps on the rigid wall.
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(A) Upstream. (B) Downstream.

FIGURE A.6: Spanwise pressure taps at the gaps between the test plate and
the test section.
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Appendix B

Experimental design

In this appendix the algorithm written for the first order estimate of the boundary layer de-
velopment is explained. The structural loading of the flexure balance system and its design
parameters are also discussed. The aerodynamic model is initialized from within MAT-
LAB. An overview of the algorithm is given in B.1, and its components discussed in the
subsequent sections.

INPUTS

wTunnel.m
Computes the entry conditions
for the BL for the test section.

!

headsMethod.m
Computes the BL development Computes 849(X), 8*(X), 8(x), H(X),
using the method of Head, and Ci(x), Reg, D, Cp, Ug(X), du/dx(x),
iterates for change in cross- u*(x).
sectional area.

!
pressureDistribution.m
Computes the (non- Computes C,(x), dp/dx(x), B(x) and
dimensionalized) pressure K.
distribution.

l

forceFlexures.m

Using a structural FBD of the Computes forces in the flexures F,
test section the force in the and F,.

flexures is computed.

Computes 6, and H, (at the start of
the test plate).

FIGURE B.1: MATLAB algorithm used to compute boundary layer develop-
ment and structural properties.

B.1 Aerodynamic model

Intialization. Before computing any TBL development, some initial flow conditions that are
specific for the flow problem at hand is required. In the aerodynamic model it is wanted
to have some inlet conditions which are used to determine the development through the
tunnel section. Luckily, Kuik (2007) performed a boundary layer study with the W-tunnel,
nozzle size and extension. He placed a trip wire just after the nozzle contraction stops.
The TBL was quantified at a distance somewhat behind the tunnel extension. Using the
empirical boundary layer equations given in Equation B.1 the start of the boundary layer
is estimated by taken the average of the three distances computed from the data of Kuik
(2007). To compute the initial TBL properties for different upstream velocities Uy, at the
start of the considered flow domain this origin location is used. The inlet conditions are
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computed within the wTunnel .m file.

0.037x 0.380z 0.048z
0=—7-, 099 = —— 0=—1- (B.1)
ReZ Rej Re?

Boundary layer development. Under a pressure gradient the relations given in Equation
B.1 are no longer valid, as they are defined for a ZPG. To this end the method of Head is
utilized, as a velocity distribution is required due to the pressure gradient. The method of
head consideres two ODEs which will be repeated from Section 2.1.2:

dg Oy 0 dU.

— =2 —(2+H)— .

dx 2 (2+ )Ue dx (B-2)
dH1 1 due 1d6 0.0306 —0.6169
—=-H | — — — (H — : .
dz ! (u dw de) T (Hi-3) (B.3)

Equation B.2 is the Von Karman integral relation, in which the velocity gradient is intrin-
sically captured. The second relation in Equation B.3 is defined by Head (1960). Only two
boundary conditions are required, H; and 6, which are supplied by wTunnel.m file. Ad-
ditional closure relations are need, which were defined in Section 2.1.2. The velocity dis-
tribution and its derivative are still required. For a one dimensional incrompressible flow
problem the conservation of mass between two stations in a channel can be given as:

U(l‘)A(l’) = U()Ao (B4)

where Figure 3.2 can be used as a reference. Since the plain diffuser has a simple geome-
try depending on the deflection angle ¢, the conservation can be conveniently rewritten to
determine the velocity distribution when the inlet velocity Uy and ¢ are known:

Uo Dy

Ulw) = Dy — ztang — 2 X dgg(x)

(B.5)

where Dy is the initial channel height, in this case for the W-tunnel 0.4 m. Note that the
boundary layer thickness is included twice in Equation B.5, as the boundary layer changes
the effective change of the channel (on the top and bottom of the section). For the initial cal-
culation of the boundary layer (the first iteration) a zero-valued boundary layer thickness
is used. With the velocity distribution now known, it can be used in the method of Head
(1960). In the algorithm headsMethod.m the only variable inputs are thus the upstream
velocity Uy, diffuser angle ¢ and the ambient temperature Ty, together with the TBL bound-
ary condition inputs from the initialization.

A numerical ODE solver is used as to solve the equations, in this case MATLAB’s ode45
solver. After four iterations in which the velocity is updated for the boundary layer thickness
a converged solution is observed. The outputs are then 0(x) and H;(x), which can then be
used with the closure relations to compute the required boundary layer properties. With the
iterated velocity distribution known the pressure parameters can also be calculated, which
is done subsequently in pressurebDistribution.m.

B.2 Structural model

Load calculation. With all of the aerodynamic forces known, these can then be used in the
design of the flexure drag balance. The pressure gradient p(x) induces an effective resultant
force F,¢; on the test plate with an arm x,es. Next to the pressure force there is also the weight
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of the test plate that acts on the flexures. In the streamwise direction only the aerodynamic
drag force is present, which results from an integration of the skin-friction over the plate
surface. With all these forces known static equilibrium can be used to calculate the effective
force in the flexures. In Figure B.2 all the forces and their associated distances are given.
The two distances s; and s; indicate the distance at which the flexures are placed compared
to the leading edge of the test plate. Equilibrium of horizontal forces, vertical forces and
moments is then given by Equation B.6:

1 1 0 Fy Fres + W
0 0 -1 B |= -D (B.6)
S1 82 Lf Fineas (Lf + t)D + ngW + TresFres

| PO) e
_’ ............................................................
....... ‘_FP:% *UULLI l l J j l J ‘ ‘ | I ‘ J |_ 11l
Fn:eas —I» F4 W Fo FFZ
t+Le|Le| y
:
‘—31’%
Xog
Xres > '
S2

FIGURE B.2: Free body diagram of force acting on the plate.

This matrix relation can then be solved for different inputs of pressure gradient, drag force

and flexure spacing, yielding the resultant force in the flexures, which is donein forceFlexures.m.
After several user iterations as well as the flexure dimensions, a result is wanted in which the

flexure efficiency is high whereas the flexures do not buckle due to the gravity and pressure

forces.
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Wind-tunnel RPM settings
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Before starting the DFM campaign the velocities measured through the pitot tube are corre-
lated to the required RPM. The values are tabulated in Table C.1.

TABLE C.1: W-tunnel required fan settings for specific free-stream velocity.

VELOCITY | ZPG | SFPG | SAPG | MAPG | MFPG
(m/s) (RPM) | (RPM) | (RPM) | (RPM) | (RPM)
10 311 391 298 305 332
12 367 464 349 358 392
14 422 537 400 411 452
16 478 610 452 464 512
18 533 683 503 517 572
20 589 756 554 570 631
22 644 829 605 623 691
24 700 902 657 676 751
26 755 975 708 729 811
28 811 - 759 782 871
30 866 - 810 835 931
32 921 - 862 888 990
34 977 - 913 941 -
36 - - 964 994 -
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Appendix D

DFM checklist

TABLE D.1: Checklist for the DFM campaign, for the ZPG case.

CONSIDERED CASE: DATE: TIME:
Task Check | Actual time Measurements
Set stopwatch 0:00 No. | Velocity | Start | Check
Open door 1 0(1) 33:30:00
Insert upper wall support 2 0(2) | 34:00:00
Remove plate 3 0(3) 34:30:00
Insert plate 4 0(4) 35:00:00
Close door 5 0(5) 35:30:00
Remove pin 0:25 6 10 36:00:00
Update file names 7 12 36:30:00
Temperature sensor active? 8 14 37:00:00
Pressure sensor active? 9 16 37:30:00
Force sensor active? 10 18 38:00:00
Note total pressure p; 11 20 38:30:00
Check if plate is aligned 12 22 39:00:00
Reset delta on (all) Mensor(s) 13 24 39:30:00
Start measuring 0:33 14 26 40:00:00
Note time in logbook 15 28 40:30:00
Adjust speed lever to initial A
RPM 16 30 41:00:00
Full RUN (10-30 m/s with 2 0:35:40 || 17 32 | 41:30:00
m/s increment)
End of full RUN 0:47:10 18 34 42:00:00
Check if plate is aligned 19 0(1) | 42:30:00
Check flexures 20 0(2) 43:00:00
Insert pin 0:55 21 0(@3) 43:30:00
22 0 (4) 44:00:00
23 0 (5) 44:30:00
24 0(6) 45:00:00
25 0(7) 45:30:00
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Appendix E. Statistical significance

Appendix E

Statistical significance
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FIGURE E.1: Statistical t-values computed for the DFM campaign.
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Appendix F

Forces after corrections
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FIGURE F.1: Corrected force signals measured during the DFM campaign.
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