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Introduction
In many industrial applications, the interaction between fluids and solid surfaces play
an important role. Everyday examples are not hard to find: the flow around aircraft
and wind turbines, the flow through a jet engine, oil transport through pipelines, and
many more. Whenever fluids interact with solid walls, energy is dissipated due to skin
friction and/or pressure drag. Engineers and physicists worldwide try to reduce the
energy consumption of these processes, and thus the fuel costs and CO2 emissions.
Some of these processes involve multiphase flows, i.e. a mixture between multiple
liquids, solid particles and/or gasses. In many multiphase flows, a dispersed phase
is carried by a carrier fluid. Examples are countless, and include atmospheric flows,
combustion chambers in engines, plankton in the ocean, sediment-laden rivers, mud
slides, avalanches, and distillation columns. In the vast majority of these large processes, the flow is ‘turbulent’, a flow state which is characterised by chaotic motion
of fluid, which therefore is very hard to predict or to compute. A clear example of
multiphase turbulent flows are atmospheric flows: it is a multiphase flow consisting of
both air and water (in liquid and solid state), and a large separation of scales: from
tiny rain droplets up to 1000km sized tropical cyclopes. Our knowledge of turbulent
multiphase flows is limited. E.g. think of the prediction of our weather: even with
the most modern techniques, we cannot predict the weather more than several days
in advance.
Virtually every flow experiences wall roughness. As the intensity of the turbulence
- largely governed by the ‘Reynolds number’ - of the flow increases, the length-scales
in the flow decrease, and eventually every wall is seen by the fluid as being rough. The
influence of wall roughness on the drag is a classic topic within fluid dynamics, and
has been well-studied over a century from an engineering perspective. Even though
this field has now become mature, open questions remain. For a limited number of
systems, such as pipe flow, empirical formulas exist to calculate the friction induced
by roughness, but for only slightly different situations our knowledge is lacking.
Next to wall roughness and multiphase fluid, many flows undergo transient effects.
A commonly observed phenomenon is flows with time-dependent driving. The driving
can be periodic, such as periodically heating from the sun, tidal waves due to periodic
fluctuations in gravitational forces, and the periodic beating of our heart. A different
category is fluid in which the energy input is removed, the fluid gradually comes to
rest as its velocity and kinetic energy decay, such as wakes behind aircraft and ships.
1
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Fully understanding these processes is difficult. The large majority of studies in
the field of turbulence focussed on idealized flows, which e.g. have smooth walls, are
single-phase, are constantly driven, or the turbulent fluctuations are assumed to be
homogeneous and isotropic in space (HIT). Analytical approaches are useful to obtain overall scaling relations, but getting a full quantitative solution is not possible.
Numerical simulations will give us these full quantitative solutions, but the achievable
Reynolds numbers are limited due to computational power, especially when dealing
with wall roughness, transient effects or multiphase flows. Simplified numerical methods, such as RANS and LES, overcome the problem of computational costs and can
be useful for engineering purposes, but their added physical insight is limited. Experimentally, even though experiments in multiphase flows are not trivial, we can measure
global flow properties without too much difficulties. However, most optical measurement techniques are impossible in multiphase flows, so that local flow information,
such as the velocity, is difficult to obtain.
Therefore, a single perfect method of studying these types of fluid systems does
not exist. Eventually, the best understanding of the aforementioned topics will be obtained from combined theoretical, numerical and experimental efforts from physicists,
mathematicians and engineers.

Air lubrication and bubble drag reduction
One particular field in which efforts are being made to reduce the overal fuel consumption is the maritime industry. Around 90% of the world trade is transported by
ships [1], which means that a few percentage of fuel savings would massively impact
the overall fuel consumption and costs. Drag in maritime vessels consists of three
major components: skin friction, wave drag and viscous pressure drag. Wave and
viscous pressure drag are minimized by optimizing the shape of the vessel [2]. It is
not possible to reduce the skin friction in a similar manner, as the skin friction is
proportional to the wetted surface and velocity squared. One way to reduce the skin
friction is by air lubrication. In this concept, air is injected under the hull of the
ship, where it forms a lubricative layer between the ships hull and the surrounding
water. Various types of air lubrication are suggested, such as bubble drag reduction,
air layers, air chambers and air cavities. Most straightforward to apply is bubble
drag reduction, which is achieved by injecting air below the ship’s hull. When excessive amounts of air are injected, an air layer will develop. An air layer significantly
decreases the wetted area, and thus the friction, at the cost of large expenses for
the air injection itself. With the air chamber and air cavity concepts, additional
structural modifications are applied to the hull to prevent air leakage and to increase
the air layer stability. Although laboratory results and some full-scale measurements
are promising, the governing parameters are not yet well understood. As a result,
maritime operators are somewhat reluctant to apply these techniques on their fleet.
Furthermore, biofouling, i.e. the accumulation of organisms on the hull’s wetted
surface is known to significantly increase the roughness and hence the drag of ves-
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sels. To which extent wall roughness influences air lubrication is not known, and the
interplay between air lubrication and biofouling clearly is an area open for research.
In addition, most experimental efforts on air lubrication are performed in laboratory
environments with fresh, or even purified water, whereas dissolved ions and organic
surfactants in the ocean alter the behaviour of air in water. The effectiveness of air
lubrication in salty water, possibly in the presence of fouled surfaces is not known,
and thus there is a clear need for more well-controlled measurements.

Taylor-Couette turbulence
A system which is particularly well-suited to study new concepts in fluid dynamics is
the Taylor-Couette system. Taylor-Couette flow, i.e. the flow between 2 concentric,
independently rotating cylinders, is one of the fundamental systems in which fluid
physics is studied. It has the advantage of being a closed system, with a measurable
exact energy balance between the energy input and dissipation. Due to its simple geometry, the system can be constructed with high precision. Over the last century, this
system has received tremendous attention, and has been studied extensively by analytical, numerical and experimental efforts. Research areas include pattern formation,
(transition to) turbulence, instabilities and viscosity measurements.
The Taylor-Couette geometry is described by an inner radius ri , an outer radius
ro and the height L of the setup. Two geometric ratios are relevant: the radius ratio
η = ri /ro and the aspect ratio Γ = L/d, in which d = ro − ri is the gap width between
the cylinders. The driving of the cylinders is characterized by two Reynolds numbers:
the inner Reynolds number Rei = ωi ri d/ν and the Reynolds number of the outer
cylinder Reo = ωo ro d/ν. Here, ν is the kinematic viscosity of the fluid, and ωi,o is
the angular velocity of the inner and outer cylinder, respectively. Alternatively, the
driving can be described by the Taylor number:
Ta =

(1 + η)4 d2 (ro + ri )2 (ωi − ωo )2
64η 2
ν2

(1)

and the rotation ratio a = −ωo /ωi . Only inner cylinder rotation corresponds to a = 0,
whereas a > 0 and a < 0 denote the counter-rotating and co-rotating regimes, respectively. Whereas the Reynolds number compares the inertial and viscous forces, the
Taylor number characterises the importance of centrifugal forces relative to viscosity.
The primary response parameter of the system is the torque τ which is needed to
rotate the cylinders at constant angular velocities. The torque can be non-dimensialized
as a ‘Nusselt number’ Nuω = τ /τlam , in which τlam is the torque in the purely
laminar, azimuthal flow case. In this way, the similarity between Taylor-Couette
(TC) flow and Rayleigh Bénard (RB) convection are emphasised. Different dimensionless representations of the torque are G = τ /2πLρν 2 or a friction coefficient
Cf = τ /(Lρν 2 (Rei −η Reo )2 ).
Throughout this thesis, the Twente Turbulent Taylor-Couette facility is used,
which is depicted in figure 1. In this setup, the inner and outer radii are ri = 200

4
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LDA

PIV

Figure 1: A sketch of the used Taylor-Couette setup. Left: cross-section of the setup.
Right: used PIV and LDA setup, here depicted at mid-height.

mm and ro = 279 mm, respectively, giving a radius ratio of η = 0.71 and a gap
width of d = 79 mm. The height of the setup is L = 927 mm, resulting in an aspect
ratio of Γ = 11.7. Both cylinders can rotate independently. The maximum rotation
rates of the inner and outer cylinder are fi = 20 Hz and fo = ±10 Hz, respectively.
With water at 20 ◦ C, this corresponds to Reynolds numbers up to Rei = 2 × 106 and
Reo = ±1.4×106 . The outer cylinder is transparent, allowing for non-intrusive optical
measurements and flow visualizations. The endplates rotate with the outer cylinder.
The energy dissipation of the fluid is significant, and the fluid needs to be cooled to
keep the temperature, and thus the viscosity constant. Therefore, we cool the setup
actively through the endplates. We refer to ref. [3] for all experimental details. The
torque is measured with an internal torque transducer, which is placed in the inner
cylinder. The exact relevant setup characteristics are explained in the corresponding
chapter.
Besides the global torque, we are interested in studying local flow properties. To
do so, we used a variety of experimental tools, such as particle image velocimetry
(PIV), laser Doppler anemometry (LDA) and high-speed imaging. In contrast to e.g.
pitot tubes and hot-wire anemometry, these tools are non-intrusive, meaning the flow
is not disturbed by the measurement technique. With LDA, we measure the velocity
at a single point at a high data-rate, using the Doppler shift of the reflected light of
seeding particles. PIV is a technique with which we measure the two velocity components in a plane. With high-speed imaging, it is possible to visualize fast-moving
flow dynamics which are not possible to capture by the eye or with conventional photography. Additionally, it is crucial to always measure the temperature, as the fluid
viscosity (and thus all dimensionless quantities) depend on it. The temperature is
measured with non-intrusive temperature sensors (PT100), which are mounted flush
to the wall of the inner cylinder.

5
Open questions
The majority of Taylor-Couette research focussed on statistically stationary, single
phase flows with smooth walls. For this case, the torque scaling up to high Reynolds
numbers is well-studied, i.e. Nuω ∝ Ta0.4 [4–7], similar to the Nu ∝ Ra0.4 scaling for
RB convection [8]. Efforts are made to study the dynamics of bubbles in TC flow,
although most studies focussed on lower Reynolds number regimes. For the limited
number of studies in the highly turbulent regime, it was shown that a few percent of
bubbles lead to a huge drag reduction, i.e. with 4% of bubbles 40% drag reduction is
observed [9].
TC flow with rough walls saw limited attention by two exploratory studies [10,11].
Time-dependent driving of TC turbulence is completely unexplored. In this thesis,
we attempt to answer the following questions:
• When the energy input is removed, how does the kinetic energy decay?
• How does a turbulent flow respond to periodic forcing?
• Can we understand the torque scaling in the presence of rough riblets?
• Can we unravel the mechanism behind bubble drag reduction?
• Can we use the TC system to study other forms of air lubrication, such as air
cavities?
• Is bubble drag reduction still effective in the presence of rough walls?

A guide through the thesis
This thesis consists of 3 different parts, which are Part 1: Transient turbulence, Part
2: Roughness in turbulence, and Part 3: Air lubrication in turbulent flows. In Part 1,
we focus on the transient effects of non-constantly driven cylinders. This is done by
either completely stopping the cylinder rotation (chapter 1) or by periodically drive
the cylinders (chapter 2). Then, in Part 2, we study the effects of roughness on TC
flow and its energy dissipation. In chapter 3, we show that the ‘asymptotic ultimate
turbulence regime’ can be reached, which was predicted by Robert Kraichnan for
Rayleigh-Bénard convection in 1962, but now shown in Taylor-Couette flow by the
use of transverse ribs. We conclude our study on roughness by studying the influence
of roughness height in chapter 4. Part 3 focusses on multiphase flows in TC flow. We
study the drag-reducing effects of bubbles in chapter 5, to understand the physical
mechanism of bubble drag reduction. In chapter 6, we explore the possibilities of
studying the dynamics of air cavities in TC flow. As a concluding study, we combine
roughness and bubbles in chapter 7 on page 89. All conclusions and an outlook can
be found in the last chapter.
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Chapter 1

Self-similar decay of high Reynolds
number Taylor-Couette turbulence1
We study the decay of high-Reynolds number Taylor-Couette turbulence, i.e. the
turbulent flow between two coaxial rotating cylinders. To do so, the rotation of
the inner cylinder (Rei = 2 × 106 , the outer cylinder is at rest) is stopped within
12 s, thus fully removing the energy input to the system. Using a combination of
laser Doppler anemometry and particle image velocimetry measurements, six decay
decades of the kinetic energy could be captured. First, in the absence of cylinder
rotation, the flow-velocity during the decay does not develop any height dependence
in contrast to the well-known Taylor vortex state. Second, the radial profile of the
azimuthal velocity is found to be self-similar. Nonetheless, the decay of this wallbounded inhomogeneous turbulent flow does not follow a strict power law as for
decaying turbulent homogeneous isotropic flows, but it is faster, due to the strong
viscous drag applied by the bounding walls. We theoretically describe the decay in a
quantitative way by taking the effects of additional friction at the walls into account.

1 Published as: Ruben A. Verschoof, Sander G. Huisman, Roeland C.A. van der Veen, Chao
Sun, and Detlef Lohse, Self-similar decay of high Reynolds number Taylor-Couette turbulence, Phys.
Rev. Fluids 108, 024501(R) (2016).
Experiments by Verschoof, Huisman and van der Veen. Data analysis by Verschoof. Verschoof,
Huisman and Lohse wrote the paper. Sun and Lohse supervised the project. All authors discussed
the results and proofread the paper.
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CHAPTER 1. DECAY OF TAYLOR-COUETTE TURBULENCE

Introduction

Turbulence is a phenomenon far from equilibrium: Turbulent flow is driven in one or
the other way by some energy input and at the same time energy is dissipated, predominantly (but not exclusively) at the smaller scales. For statistically stationary turbulence, this balance is reflected in the famous picture of the Richardson-Kolmogorov
energy cascade [12, 13]. While the driving on large scales clearly is non-universal, depending on the flow geometry and stirring mechanism, the energy dissipation mechanism has been hypothesized to be self-similar [14–19].
How exactly is the energy taken out of the system? A good way to find out is to
turn off the driving and follow the then decaying turbulence, as then all scales are
probed during the decay process. This has been done in various studies over the last
decades for homogeneous isotropic turbulence (HIT). Experimentally, the focus of
attention was on grid-induced turbulence [19–26], whereas in numerical simulations
periodic boundary conditions were used [27–30]. To what degree the decay of the
turbulence depends on the initial conditions [31–33] and whether or not it is selfsimilar has controversially been debated [16, 22, 27, 34–38]. We note that for HIT,
already from dimensional analysis one obtains power laws for the temporal evolution
of the vorticity and kinetic energy in decaying turbulence, namely ω(t) ∝ t−3/2 and
k(t) ∝ t−2 , respectively, in good agreement with many measurements [21, 23, 39].
These scaling laws are also obtained [40] when employing the ‘variable range mean
field theory’ of Ref. [41], developed for HIT. In that way, the late-time behavior,
when the flow is already viscosity dominated, can also be calculated, allowing for the
calculation of the lifetime of the decaying turbulence [40].
However, real turbulence is neither homogeneous nor isotropic, but it has anisotropies and is wall-bounded, with a considerable fraction of the dissipation taking
place in the corresponding boundary layers. Studies on the decay of fully developed
turbulence flow in wall-bounded flows are however scarce [42], though exploring the
decay of such flows would teach us about the energy dissipation in the boundary layers
and its possible universality. The reason for the scarcity of such studies may be that
for the most canonical and best-studied wall-bounded flow, namely, pipe flow [43–46],
the decaying turbulent flow is flushed away downstream so that it is hard to study it.
This problem is avoided in confined and at the same time closed turbulent flows,
such as Rayleigh-Bénard flow [47,48] or Taylor-Couette (TC) flow [49–51], i.e., the flow
between two independently rotating co-axial cylinders (Fig. 1.1). Indeed, turbulent
TC flow is neither homogeneous nor isotropic, due to coherent structures that persist
also at high Reynolds numbers [52,53], and the boundary layers play the determining
role in the angular momentum transfer from the inner to the outer cylinder [54, 55].
In this chapter, we employ the TC system to study the temporal and spatial
behavior of decaying confined and wall-bounded turbulence, and compare it with
the known results for HIT, thus complementing the study of Ref. [19] for decaying
homogeneous isotropic turbulence. We suddenly stop the inner cylinder rotation
(similarly as in Ref. [56], which focused on the decay of turbulent puffs for much
lower Reynolds number) and then measure the velocity field over time. We find that

1.2. EXPERIMENTS
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the decay models for HIT [19, 40] are insufficient to describe the data, but when
extending them by explicitly taking the wall friction into consideration, the measured
data can be well described. Though the decay does not follow a power law due to
the wall friction, the velocity profiles are still self-similar. In the study we restrict
ourselves to fixed outer cylinder and decaying flow; for a numerical study on flow
stabilization by a corotating outer cylinder we refer the reader to Ref. [57].
r
θ

LDA

laser

PIV
camera
Figure 1.1: Schematic of the vertical cross-section of the T3 C facility. The laser beams
are in the horizontal plane (r, θ) at midheight; z = L/2 (unless stated otherwise) for
both the LDA and PIV measurements. The top right inset shows the horizontal
cross-section, showing the LDA beams (not to scale). The beams refract twice on
the OC and intersect at the middle of the gap (r = rm ), giving the local velocity
component uθ . The bottom right inset shows, for the PIV measurements, particles
are illuminated by a thin laser sheet. We use the viewing windows in the end plate
to look at the flow from the bottom, thus obtaining the velocity components uθ and
ur in the (r, θ) plane.

1.2

Experiments

The experiments were performed at the Twente Turbulent Taylor-Couette facility
(T3 C) [3], consisting of two independently rotating concentric smooth cylinders. The
setup has an inner cylinder (IC) with a radius of ri = 200 mm and an outer cylinder
(OC) with a radius of ro = 279 mm, giving a mean radius rm = (ri + ro )/2 = 239.5
mm, a radius ratio of η = ri /ro = 0.716 and a gap width d = ro −ri = 79 mm. The IC
can rotate up to fi = 20 Hz, resulting in a Reynolds number up to Rei = 2πfi ri d/ν =
2 × 106 with water as the working fluid at T = 20◦ C. The cylinders have a height
of L = 927 mm, giving an aspect ratio of Γ = L/d = 11.7. The transparent acrylic
OC allows for non-intrusive optical measurements. The end plates, which are partly
transparent, are fixed to the OC. The velocity is measured using two non-intrusive
optical methods: particle image velocimetry (PIV) and laser Doppler anemometry
(LDA), as shown in Fig. 1.1. The LDA measurements give the azimuthal velocity

1
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uθ (t) at mid-gap (r = rm ) and at several heights. The water is seeded with 5µm
diameter polyamide tracer particles with a density of 1.03 g/cm3 . The laser beams
are focused in the middle of the gap, i.e. at r = rm . Using numerical ray-tracing,
the curvature effects of the OC are accounted for [58]. The PIV measurements are
performed in the θ−r plane at mid-height (z = L/2), using a high-resolution camera2 ,
operating at 20 Hz. The spatial resolution of the PIV measurements is 0.04 mm/pixel,
with interrogation windows of 32 pixel × 32 pixel. The flow was illuminated from the
side with a pulsed Nd:YLF laser3 , with which a horizontal light sheet is created (fig.
1.1). The water was seeded with 20 µm polyamide tracer particles. Because of the
large velocity range of our measurements, several measurements with a changing ∆t
are performed (50 µs ≤ ∆t ≤ 50 ms), so that the entire velocity range is fully captured.
The PIV measurements were processed to give both the radial velocity ur (θ, r, t) and
azimuthal velocity uθ (θ, r, t). The Stokes number of the seeding particles are always
smaller than St = τp /τη < 0.2, so the particles faithfully follow the flow [13, 59].
We first drive the turbulence at a rotation rate of fi = 20 Hz (Rei = 2×106 ) of the
IC, while the OC is at rest, allowing for the development of a statistically stationary
state. We then decelerated the IC within approximately 12 s linearly down to fi = 0
Hz, so, starting from t = 0 s, there is zero energy input. The deceleration rate is
limited by the braking power of the electric motor. The deceleration time is much
smaller than the typical time scale for turbulence decay (τ = d2 /ν ≈ 6 × 103 s). The
velocity measurements start when the IC has come to rest, so at t = 0, fi = fo = 0
Hz.

1.3

Results and analysis

In Fig. 1.2, the azimuthal velocity decay uθ (t) is shown. The results obtained with
PIV and LDA are the same; the LDA results only start to deviate from the PIV
measurements when the measured velocities are close to the dynamic range of the
LDA system. Viscous friction dissipates the energy, bringing the fluid eventually to
rest. Also the spatial velocity fluctuations, characterized by the standard deviation of
the azimuthal velocity fluctuations σuθ (t) decay in a very similar way, see Figs. 1.2 and
1.4. The LDA data (dashed lines shown in fig. 1.2) are measured at different heights
using LDA; their collapse indicates that during the decay no Taylor rolls develop,
which would lead to a height-dependence of the profiles. This is in contrast to TC
flow with increasing inner cylinder rotation, where with increasing Rei first Taylor
rolls develop [60], before one arrives at the structureless fully developed turbulent
state (for the chosen geometry) [7, 51]. The reason for this difference is that in the
constantly rotating case angular momentum is transported from the inner to the outer
cylinder, whereas in the decaying case the angular momentum is transported from the
bulk to both walls, i.e., a net momentum transport between the cylinders is absent.
2 pco, pco.edge camera, double frame sCMOS, 2560 pixel ×2160 pixel resolution, operated in dual
frame mode.
3 Litron, LDY303HE Series, dual-cavity, pulsed Nd:YLF PIV Laser System. The sheet thickness
was approximately 1 mm.
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Figure 1.2: Midgap azimuthal velocity as a function of time at mid-height. PIV
measurements with seven different interframe times ∆t were performed, as shown
in the legend, to produce accurate results over the entire velocity range. The PIV
measurements are averaged azimuthally and radially; we average over rm − 4 mm <
r < rm +4 mm, corresponding to 10% of the gap width. These results are confirmed by
LDA measurements performed at several heights (dashed lines), which are shifted by
one decade for clarity. The standard deviation σuθ , a measure for the spatial velocity
fluctuations, is shown as the solid black line. The data are averaged azimuthally
and radially as described above, and binned using logarithmic bins of 0.1 decades.
The measurements cover three orders of magnitude of the velocity, corresponding
to six orders of magnitude in kinetic energy. The measurement uncertainty roughly
corresponds to the width of the lines.
From earlier work [54], we know that the normalized velocity profiles in the bulk
are nearly Re independent and height independent over a large range of Reynolds
numbers. Here we focus on the bulk flow velocity where the Re-independence holds.
Correspondingly, we would get similar results for different Re-measurements in the
turbulent regime. The axial and radial velocities are approximately 50-100 times
smaller than the azimuthal velocity, so their contributions to the total kinetic energy
are negligible.
Turbulence is characterized by a fluid motion over a large range of length scales.
In TC flow, the upper limit is the gap width d and the smallest length scale is the
1/4
Kolmogorov scale ηK , which is defined as ηK = ν 3 /
. From the bulk velocity
as measured with PIV, we calculate the energy dissipation rate from the change in
velocity over time, i.e.  = d( 12 u2θ )/dt. As shown in Fig. 1.3, as the velocity decreases,
also the energy dissipation rate becomes smaller. Clearly, the dissipative length scale
changes over time, though ηK only remains a fraction of the gap. Consequently, we
cannot faithfully resolve spatial gradients in the flow with our PIV data.
To compare the experimental data on the decay of the velocity and their fluctuations with theory, we first define the respective Reynolds numbers, namely Reuθ (t) =

1
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Figure 1.3: (a) Energy dissipation rate, normalized with ν 3 /d4 , as a function of time.
Here  is calculated from the PIV data as shown in Fig. 1.2.  drops by more than 8
orders of magnitude. (b) Kolmogorov length scale ηK as a function of time, normalized
with the gap width d. As time progresses, the separation of scales becomes smaller,
although ηK remains small.
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Figure 1.4: (a) The PIV results for Reuθ and Reσθ , binned using logarithmic bins
of 0.1 decades: The scale on the y-axis refers to Reuθ , whereas the one for Reσθ is
vertically shifted to show that the decay of the spatial fluctuations and the mean is
the same. On the horizontal axis, both the real time and the non-dimensionalized
time (normalized by τ = d2 /ν) are shown. Included in the graph are the results for
the HIT model of Ref. [40] and those of the Prandtl-von Kármán skin friction model
(eq. (2)), which includes the effects of the walls. Below the short line at Re = 500,
thermal effects set in. (b) Ratio between the measurements and respectively the HIT
model (solid red line) and the skin friction model (solid blue line). The respective
dashed lines show the ratio between the fluctuation decay and the two models.

1.3. RESULTS AND ANALYSIS

15

uθ (r = rm , t)d/ν taken at mid-gap rm and Reσθ (t) = const × σuθ (r = rm , t)d/ν for
the fluctuations, which we have rescaled with a constant so that it collapses with
Reuθ at t = 0, i.e. const = Reuθ (0)/ (σuθ (0)d/ν). The curves show that the decay of
the velocity itself and the fluctuations is the same [see Fig. 1.4a]. We then compare
the decay of Re(t) with the one predicted for the theory of HIT, as it follows from a
numerical integration of the ordinary differential equation obtained in the model of
Ref. [40],
˙ = − 1 ν cHIT (Re) Re2 ,
Re
3 d2

(1.1)

with cHIT (Re) given by Eq. (6) of [40]. From Fig. 1.4 we see that, though in the beginning the decay is reasonably well described, at a later time the decay experimentally
found in this wall-bounded flow is much faster than resulting from the model for HIT.
We therefore replace the model for cHIT (Re) in Eq. (1.1) by a model for wallbounded flow, namely by a friction factor cf (Re) following from the Prandtl-von
Kármán skin friction law [13, 43, 53],
1
√
√ = a log10 (Re cf ) + b.
cf

(1.2)

For pipe flow, a good description of various experimental data can be achieved
with a = 1.9 and b = −0.3 [61]. These values depend on the boundary conditions
of the flow, i.e. on the geometry and whether or not the flow is actively driven or
decaying. For decaying turbulence in the TC geometry we find that a good leastsquare fit of this model to the decay of Re(t) is achieved with a = 2.72 and b = −2.22
(see Fig. 1.4). As can be seen, due to the extra friction in the wall regions the decay
is now faster than the decay observed in HIT and much better and longer agrees with
the experimental data, reflecting that the no-slip boundary conditions force the fluid
to slow down faster.
How long do the respective models for HIT [40] and the Prandtl-van Karman skin
friction hold? We define the beginning of the discrepancy between data and models
to be |1 − RePIV / Remodel | = 0.2, which is visible as thin gray lines in Fig. 1.4(b).
From this definition, we calculate that the discrepancy between the Reuθ and the HIT
model starts at t = 45 s and the one between Reuθ and the friction model at t = 530
s.
As was discussed in the introduction, self-similarity is commonly assumed and
observed [16, 20] in the decay of HIT flows. The question is whether self-similar flow
fields still exist in the decay of inhomogeneous wall-bounded turbulence with a strong
shear. By analyzing several instantaneous velocity profiles (see fig. 1.5), we found
that also for this inhomogeneous turbulence the normalized velocity profiles are selfsimilar during the decay, see Fig. 1.6. We find that the normalized velocity profile is
self-similar up to t ≈ 400 s. Hitherto, a self-similar decay has not yet been observed
for wall-bounded inhomogeneous turbulence, and it is remarkable that also in this
highly inhomogeneous and anisotropic flow a self-similar decay exists. Eventually the
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Figure 1.5: Azimuthal velocity profiles uθ (r) for z = L/2, averaged over θ. The
decelerating effects of the walls (left and right edges of the figure) can be seen clearly.
(b) The velocity is normalized with the (spatial) mean azimuthal velocity, huθ ir,θ (t).
The normalized velocity profiles overlap, indicating the self-similarity of the velocity
profile during the decay.

Figure 1.6: (a) Measured velocity uθ as a function of time, resulting from seven PIV
measurements with changing ∆t and averaged over θ. (b) Same results as shown in
(a) but now normalized with the mean velocity huθ (t)ir,θ . The normalized velocity is
self-similar up to t ≈ 400 s.
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self-similarity breaks down, possibly due to thermal convection. Residual cooling in
the end plates causes small temperature differences and thus thermal convection is
estimated to start from Re ≈ 500 (see Ref. [3] for a detailed discussion). Therefore,
the results after t ≈ 600 s are dominated by effects other than the initial velocity and
the decay process. As can be seen in Fig. 1.4, this roughly coincides with the moment
the model starts to deviate from our measurements.

1.4

Conclusions

In conclusion, we measured six decades of the decaying energy in Taylor-Couette
flow after the cylinders were halted. During the decay, no height dependence of
the flow develops, which is in contrast to the upstarting case, in which the wellknown Taylor vortices develop. The azimuthal velocity profile was found to be selfsimilar. Nonetheless, the kinetic energy in this wall-bounded flow decays faster than
observed for homogeneous isotropic turbulent flows. This accelerated decay is due to
the additional friction with the walls. We successfully modeled this accelerated decay
by using a friction coefficient in which the Prandtl-von Kármán skin friction law for
wall-bounded flow is used to model cf (Re). With this model, both the decay of the
mean and the fluctuations could be described successfully. We hope that this work
will stimulate further investigations into the decay of wall-bounded (and thus nonsotropic and inhomogeneous) turbulence in other flow geometries, disentangling the
universal and non universal features.
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Chapter 2

Periodically driven Taylor-Couette
turbulence1
We study periodically driven Taylor-Couette turbulence, i.e. the flow confined between
two concentric, independently rotating cylinders. Here, the inner cylinder is driven
sinusoidally while the outer cylinder is kept at rest (time-averaged Reynolds number
is Rei = 5 × 105 ). Using particle image velocimetry (PIV), we measure the velocity
over a wide range of modulation periods, corresponding to a change in Womersley
number in the range 15 ≤ Wo ≤ 114. To understand how the flow responds to a given
modulation, we calculate the phase delay and amplitude response of the azimuthal
velocity.
In agreement with earlier theoretical and numerical work, we find that for large
modulation periods the system follows the given modulation of the driving, i.e. the
system behaves quasi-stationary. For smaller modulation periods, the flow cannot
follow the modulation, and the flow velocity responds with a phase delay and a smaller
amplitude response to the given modulation. If we compare our results with numerical
and theoretical results for the laminar case, we find that the scalings of the phase delay
and the amplitude response are similar. However, the local response in the bulk of
the flow is independent of the distance to the modulated boundary. Apparently, the
turbulent mixing is strong enough to prevent the flow from having radius-dependent
responses to the given modulation.

1 Ruben A. Verschoof*, Arne K. te Nijenhuis*, Sander G. Huisman, Chao Sun, and Detlef
Lohse, Periodically driven Taylor-Couette turbulence, accepted for publication at J. Fluid Mech.
Verschoof and te Nijenhuis contributed equally to this work. Experiments by Verschoof and te
Nijenhuis. Data analysis by te Nijenhuis. Verschoof wrote the paper. Huisman, Sun and Lohse
supervised the project. All authors discussed the results and proofread the paper.
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Introduction

Periodically driven turbulent flows are omnipresent. Well-known examples include
blood flow driven by the beating heart, the flow in internal combustion engines, the
earth’s atmosphere which is periodically heated by the sun, and tidal currents caused
by periodic changes in the gravitational attraction of both the moon and sun.
One line of research assumes homogeneous isotropic turbulence. These studies
focussed on the global response of the system, i.e. the response amplitude and the
phase shift of the quantities such as a global Reynolds number [62], or the total
energy in the system [63]. Most numerical studies in addition only used simplified
models, such as the GOY shell model or the reduced wave vector set approximation
(REWA) [64–66]. Only a limited number of DNS studies have been performed in
this field, because of the computational costs needed to achieve both fully developed
turbulence and sufficient statistical convergence with temporal dependence [67–69].
Also studies on periodically driven wind tunnels were performed [70].
The field of pulsating pipe flow received significantly more attention, presumably
because of its clear industrial and biophysical relevance, see e.g. refs. [71–75], and
many others. In most studies, like in the present study, an oscillatory flow was superimposed on a steady current. Depending on the relative strength, the system was
either ‘current-dominated’ or, for strong oscillations, ‘wave-dominated’, the majority
of the studies being current-dominated [76]. For many cases it was found that pulsations increase the critical Reynolds number [77,78], and, an initially turbulent flow can
relaminarize when a periodic forcing is applied [72, 79]. In most studies the Reynolds
number of the imposed oscillatory flow however was close to the laminar-turbulent
transition [74], thus, even if the steady current was fully turbulent, the oscillation was
not.
Periodically driven turbulence also includes studies in a number of different wellknown and canonical closed-flow geometries, such as Rayleigh-Bénard convection [80,
81], and von Kármán flow [10]. In these systems the forcing was periodically varied
over time, with the variations being of O(10%) of either the average forcing or the
energy input.
The main observations made in the studies on sinusoidal driven turbulence were
similar regarding the global response of the system [10,p63, 65, 68, 82]. The periodic
driving is governed by the Womersley number Wo = L Ω/ν, which can be seen as
the square root of the dimensionless modulation frequency. Here, L is a characteristic
length-scale, ν the kinematic viscosity, and Ω the angular oscillation frequency. In
the limit of extremely small Womersley numbers, the flow can fully respond to the
changes, meaning that the flow behaves quasi-stationary. In this regime, no phase
delay Φdelay between the response and the modulation is observed, and the response
amplitude is identical to the modulation amplitude. As the Womersley number is
increased, the fluid system cannot follow the changing BC: the response amplitude
decreases and a phase delay between input and response is observed. In the extreme
case of infinite Womersley numbers, the response amplitude vanishes and a phase
delay can no longer be defined.
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In this chapter, we study the physics of periodically driven turbulence in a TaylorCouette (TC) apparatus, employing a sinusoidally driven inner cylinder. TC flow, i.e.
the flow of a fluid confined in the gap between two concentric cylinders, is one of the
canonical systems in which the physics of fluids is studied, see e.g. the recent reviews
by [50] and [51]. It has the advantage of being a closed system with an exact global
energy balance []eck07b, and due to its simple geometry TC systems can be accessed
experimentally with high precision.
An important difference between pipe flow and TC flow is the way the system is
driven. Pulsating pipe flow is driven by a time-dependent pressure difference applied
to the system, but the walls remain fixed. Therefore, momentum is transported
from the bulk flow to the boundary layers. In TC flow, the (periodic) driving is
by the rotation of the cylinders, so that the momentum is transported from the
boundary layer to the bulk flow. By periodically driving the inner cylinder we directly
modulate the boundary layer, which transports the modulations to the bulk flow,
whereas in pipe flow the bulk flow is directly modulated by the applied pressure
gradient. Therefore, studying periodically driven Taylor-Couette turbulence sheds
light on the role of the boundary layers in transporting these modulations. Further
important differences are the presence of curvature effects and centrifugal forcing in
TC, which are clearly absent in pipe flow. Apart from several recent studies which
focussed on the decay of turbulent TC flow [57, 144, 184], or time-dependent driving
close to the low Reynolds number Taylor-vortex regime [56, 183, 187, 191, 192], to our
knowledge no work has been conducted so far on TC turbulence with time-dependent
driving.
The outline of this chapter is as follows. We start by explaining the experimental
method in §2.2. The results, in which we present the response of the flow, are shown
in §2.3. Finally, we conclude this chapter in §2.4.

2.2

Method

In this chapter, we restrict ourselves to the case of inner cylinder rotation, while
keeping the outer cylinder at rest. The inner cylinder rotation is set to
fi (t) = hfi it (1 + e sin(2πt/T )) ,

(2.1)

in which fi (t) is the rotation rate of the inner cylinder at time t and T = 2π/Ω is
the period of the modulation. The time t is related to the phase Φ by Φ = 2πt/T .
We here chose to study the current-dominated regime. To do so, the modulation
amplitude is set to e = 0.10 throughout this work, so that the mean flow is one order
of magnitude larger than the induced modulation. The time-averaged rotation rate
hfi it is set to hfi it = 5 Hz, resulting in a time-averaged Reynolds number of hRei it =
hui it d/ν = 2πhfi it ri d/ν = 5×105 . In this equation, ui = 2πfi ri equals the velocity of
the inner cylinder with radius ri , ν is the kinematic viscosity and d is the gap width
between the cylinders. Here, we are in the so-called ‘ultimate turbulence’ regime, in
which both the bulk flow and boundary layers are fully turbulent [8,185,186,219]. The
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laser
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Figure 2.1: Schematic of the vertical cross-section of the T3 C facility. The laser
illuminates a horizontal plane (r, θ) at midheight (z = l/2) for all PIV measurements.
The flow is imaged from the bottom with a high resolution sCMOS camera to obtain
the velocity components uθ and ur in the (r, θ) plane. On the right we
p show a
typical instantaneous flow field, as measured with PIV. Here we show u = u2r + u2θ
normalized with the inner cylinder velocity ui , for the case with Wo = 44.3, Φ = 2.17
radians and an instantaneous Reynolds number of Rei = 5.4 × 105 .
strength of the modulation, which can be estimated as ∆ Rei ≡ ehRei it = 5 × 104 ,
is such that the system is well in the ultimate regime at all times. We varied the
modulation period T from 180 s down to 3 s. The modulation period can be made
dimensionless, resulting in the Womersley number, which is defined as
p
Wo = d 2π/(T ν).
(2.2)
See table 2.1 for all experimental parameters. ThepWomersley number is connected
with the Stokes boundary layer thickness δ = 2π 2νT /(2π), which, in its dimen√
sionless form δ̃ = δ/d = 8π/ Wo, is proportional to the inverse of the Womersley
number. The modulation frequency was limited by the power of the motor needed to
accelerate and decelerate the mass of the inner cylinder (160 kg). Due to vibrations
in the system, higher order statistics cannot be measured. We then simultaneously
measured the rotational speed of the inner cylinder fi (t) and the fluid velocity by
using non-intrusive Particle Image Velocimetry (PIV).
The experiments were performed in the Twente Turbulent Taylor-Couette (T3 C)
facility [3], as shown schematically in figure 2.1. The apparatus has an inner cylinder
with a radius of ri = 200 mm and a transparent outer cylinder with a radius of
ro = 279.4 mm, resulting in a radius ratio of η = ri /ro = 0.716, a gap width d =
ro − ri = 79.4 mm. The height of the setup is l = 927 mm, giving an aspect ratio
of Γ = l/d = 11.7. As working fluid we use water with a temperature of T = 20 ◦ C,
which is kept constant within 0.2 K by active cooling through the end-plates of the
setup. More experimental details of this facility can be found in [3].
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hRei it
5 × 105
5 × 105
5 × 105
5 × 105
5 × 105
5 × 105
5 × 105
5 × 105

∆ Rei
5 × 104
5 × 104
5 × 104
5 × 104
5 × 104
5 × 104
5 × 104
5 × 104

T [s]
3
5
10
20
30
60
90
180

Wo
114.3
88.6
62.6
44.3
36.2
26.6
20.9
14.8

δ̃
0.078
0.100
0.142
0.201
0.246
0.348
0.426
0.602

Table 2.1: Experimental details of the measurements. In all measurements the timeaveraged Reynolds number as well as the modulation strength as kept identical. By
changing the modulation period T , we consequently change the Womersley number
Wo. In the last column, we show the normalized Stokes boundary layer thickness
δ̃ = δ/d.
The PIV measurements were performed in the r − θ plane at mid-height (z = l/2)
using a high-resolution camera operating at 15 fps (pco.edge camera, double frame
sCMOS, 2560×2160 pixel resolution). We illuminate the flow from the side with
a horizontal laser sheet, as shown in figure 2.1. The used laser is a pulsed dualcavity 532 nm Quantel Evergreen 145 Nd:YAG laser. We seeded the water with 1-20
µm fluorescent polyamide particles. We calculate the Stokes number which equals
Stk = τp /τη = 0.0019  1. Furthermore, the mean particle radius is roughly 6 times
smaller than our Kolmogorov length scale, thus we can be sure that the particles
faithfully follow the flow. The images are processed with interrogation windows of 32
× 32 pixel with 50% overlap, resulting in uθ (r, θ, t) and ur (r, θ, t). We were unable to
measure close to the cylinders due to the strong laser light reflections.
To compare our experiments in highly turbulent flow with the laminar case, we
numerically solved the response of the flow. We therefore solved the partial differential
equation
  


1 ∂
∂uθ
uθ
∂uθ
=ν
r
− 2 ,
∂t
r ∂r
∂r
r

(2.3)

which is the time-dependent Navier-Stokes equation in cylindrical coordinates for the
azimuthal direction under the assumptions of i) no azimuthal and axial derivatives,
ii) ur = 0 and uz = 0, so that ~u(r, θ, z, t) = uθ (r, t)êθ . As initial
 condition we used

the steady-state laminar flow profile, i.e. uθ (r, t = 0) =

1
1−η 2

ri2 ωi
r

− ωi η 2 r . As

time-dependent boundary conditions we set u(ri , t) = ωi ri (1 + 0.1 sin(2πt/T )), and
the outer cylinder is stationary, i.e. u(ro , t) = 0. We run the computation for 40
periods, so that all transient effects are gone.
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2
Figure 2.2:
Normalized azimuthal velocity of the sinusoidally driven inner cylinder
ui /hui it .
Normalized azimuthal velocity uθ /huθ it at mid-gap. Three Womersley
numbers are shown, namely (a) Wo = 88, (b) Wo = 36, and (c) Wo = 15. The
velocity is radially averaged between 0.3 ≤ r̃ ≤ 0.7. On the top x-axis, we show the
phase Φ of the modulations in radians.

Figure 2.3: Phase averaged normalized azimuthal mid-gap flow velocity uθ /huθ it as
a function of normalized driving velocity of the inner cylinder ui /hui it . We show the
result for all measured Womersley numbers Wo. The velocity is radially averaged
between 0.3 ≤ r̃ ≤ 0.7. The solid grey line corresponds to the quasi-stationary case
uθ /huθ it = ui /hui it . The arrow at the bottom right indicates the direction of the
cycles.
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Results and analysis
Velocity response

In figure 2.2 we show the normalized driving and response of the mid-gap flow
velocity uθ (r̃ = 0.5, t) for three different modulation periods. The radius is nondimensionalized as r̃ = (r − ri )/d, so that r̃ = 0 corresponds to the inner cylinder and
r̃ = 1 to the outer one. We non-dimensionalize both velocities by their time-averaged
value, so both lines meander around 1. For all oscillation periods, the mid-gap flow
velocity oscillates with the same period T as the driving. The amplitude and phase
delay of the response depend on the driving period. For the larger modulation periods
T , uθ responds nearly in phase with the same amplitude as the driving. For smaller
modulation periods, the response amplitude decreases and a phase delay is observed,
just as in prior studies [10, 63, 65, 66, 69].
A different representation of a modulation cycle is depicted in figure 2.3. Here
we plot the data from figure 2.2 parametrically as a function of Φ. A fully quasistationary cycle completely follows the grey line, in which uθ /huθ it = ui /hui it . The
Wo = 15 measurement is close to this line. The deviation from this line, which
indicates a phase delay, increases for smaller modulation periods.
To study whether the flow responds similarly over the gap width, we extend the
analysis from figure 2.2 to the entire radius, see figure 2.4. In the top row, the
data is normalized by hui it = 2πhfi it ri = 6.3 m/s, i.e. the same constant for all
measurements. The better all lines collapse, the smaller the response amplitude is.
For the bottom row, we chose to normalize with ui (Φ) = 2πri hfi it [1+e sin(Φ)], i.e. the
inner cylinder velocity at the corresponding phase in the modulation. Here, when all
lines collapse, the modulation is slow enough for the flow to react to the modulation,
i.e. the system is in a quasi-stationary state. For comparison, the azimuthal velocity
profile for the non-modulated case is shown as a grey line [54]. Figure 2.4(a) and (f)
depict the most extreme cases. Furthermore, we show the laminar flow response in
the top row. In figure 2.4(a), the azimuthal velocity of the flow is almost constant over
a modulation cycle, and therefore uθ (r, Φ) is close to the non-modulated statistically
stationary solution for fi = 5 Hz; the flow cannot adapt to the quick changes of the
inner cylinder. For larger Womersley numbers, the opposite is the case, see figure
2.4(f). Here, for every phase Φ, the azimuthal velocity profile is identical to the
statistically stationary solution for fi (Φ). This behaviour is surprisingly constant
over the entire radius. We note that it might appear as if the correct boundary
conditions are not met. However, as shown in [54], the boundary layer at the studied
Reynolds number is too thin to resolve from the current measurements.
The laminar flow response is completely different as compared to the measured
turbulent case. First, the response in the flow is restricted to a thin layer close to the
inner cylinder wall. Calculating the thickness of the Stokes boundary-layer, although
slightly off due to the presence of the outer cylinder and a cylindrical coordinate
system, gives a similar result, i.e. δ̃(Wo = 88) = 0.10, δ̃(Wo = 36) = 0.24, and
δ̃(Wo = 15) = 0.60 (see table 2.1). Second, the response is radius-dependent, as is
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2

Figure 2.4: Azimuthal velocity profiles as a function of dimensionless radius r̃. All
data is phase-averaged and normalized.
Top row (a-c) uθ (Φ) is normalized with the time-averaged inner cylinder velocity
hui it = 6.3 m/s, i.e. the same constant value for all lines. A collapse of all lines
indicates that the response amplitude is small, as is observed for large Wo, see figure
(a). Furthermore, we show the response of laminar flow to the modulation, calculated
numerically (see method section).
Bottom row (d-f ) uθ (Φ) is normalized by the instantaneous inner cylinder velocity
at phase Φ, i.e. ui (Φ) (a value between ui (0.5π) = 6.9 m/s and ui (1.5π) = 5.7 m/s).
A collapse of all lines indicates that the system behaves quasi-stationary, as can be
seen for small Wo in figure (f).
The solid grey lines show the azimuthal velocity profile for Rei = 5 × 105 for the
non-modulated, stationary case (data from [54]).
Bottom right (g) The azimuthal velocity uθ (Φ) is shown for a series of phases of
the modulation; here we show data for phases between 0.5π ≤ Φ ≤ 1.5π, i.e. half of a
modulation cycle, as shown in this inset. See also figure 2.2 for the definition of phase
Φ.
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2
Figure 2.5: The delay between the driving modulation and the fluid velocity response
as a function of Womersley number Wo. The delay Φdelay is normalized with 2π of
the modulation. The phase delay is calculated for a number of radii, not showing
much difference. The figures show the same data in linear scale (a) and logarithmic
scale (b). The results are radially binned within r̃ ± 0.025. The inset in figure a)
shows how the phase delay Φdelay is defined. Φdelay is calculated by cross-correlating
both signals. We included the scaling of the response for laminar flow, which equals
Φdelay ∝ Wo.
also known from Stokes oscillating plate theory, as the response decays exponentially
with increasing distance from the oscillating wall. These observations highlight how
turbulent mixing enhances the transport of the modulation over the entire radius.
2.3.2

Phase delay

Up to now the conclusions drawn from figures 2.2, 2.3, and 2.4 were only qualitative. Here, we quantify the phase shift and amplitude response for the turbulent
case. We extract the phase delay Φdelay between the modulation and the response by
cross-correlating ui (t) and uθ (t). We detect the first peak in ui ?uθ (τ ), and obtain the
phase delay by fitting a Gaussian function through this peak and its two neighbouring
points, to obtain the peak with increased accuracy. As visible in figure 2.5, at large
modulation periods, the phase delay is small, as we already qualitatively concluded
from figure 2.2. As the Womersley number increases, the bulk flow cannot follow the
changing BCs anymore and it responds with an increasing delay. Within this approximation, [63] calculated, and [10] experimentally found, that the phase delay has a
linear dependence on the modulation frequency, i.e. Φdelay ∝ Wo2 . We do not observe
a similar behaviour, however. The results in the aforementioned studies, which both
study homogeneous and isotropic turbulence (HIT), are significantly different than
what we observe in our Taylor-Couette setup, which cannot be regarded as HIT [109].
As visible in figure 2.5b, in these experiments the dependence of Φdelay is better
described by an effective power law over a range of larger values of Wo, with Φdelay ∝
Wo1.1 . For the laminar case, the phase lag in the Stokes boundary layer problem is
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2
Figure 2.6: Amplitude response as a function of the Womersley number Wo for various
dimensionless radii. The coloured lines represent our measurements, and the solid grey
lines are numerically calculated laminar flow responses. (a) The response amplitude of
the velocity Au and (b) the response amplitude of the energy AE . The experimental
results are radially binned between r̃ ± 0.025. The dashed grey lines show the scalings
of A as predicted by [63]. We included the laminar responses, shown in solid grey
lines. A number of radii are included, to highlight the dependence on the radius,
which does not exist in the well-mixed turbulent case. The effective slope of the
measurements A ∝ e−0.025 Wo is shown in dashed black. This would correspond to
the slope of the laminar flow response at r̃ ≈ 0.035.

√
calculated as Φdelay = 2r̃ Wo. The exponent 1.1 is close to the value of the laminar
flow response, in which there is a linear dependance between the Womersley number
and the phase delay. The phase lag saturates at around Φdelay = π/2, similar to
what is known in pulsating pipe flow [71, 72] and in e.g. periodically forced harmonic
oscillators.
We now come to the spatial dependence of the response. Intuitively, one expects
an increasing phase delay further away from the modulated wall. Surprisingly, this is
not the case. Apparently, the turbulent mixing of this highly turbulent flow prevents
the system from having a range of phase delays over the radius, given the fact that
the modulation has been “passed on” from the boundary layer to the bulk flow. This
can be explained by calculating a characteristic timescale τbulk for the movement from
the inner to the outer cylinder, using the Reynolds wind number Rew = σ(ur )d/ν,
in which σ(ur ) is the standard deviation of the radial velocity. We estimate τbulk =
d/σ(ur ) = d2 /Rew ν. Rew for the corresponding hRei it = 5 × 105 is known from [219],
resulting in a τbulk = 0.27 s. As long as τbulk  T , the radial dependence of the phase
delay and amplitude should be negligible, in agreement with our observations. Such
small periods T are unfortunately not accessible experimentally due to the moment
of inertia of the cylinders.
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Amplitude response

We calculate the amplitude A of the response for both the velocity and kinetic energy,
which is defined as E = 12 ~u · ~u ≈ 21 u2θ . Following the approach of [63], the local
oscillating response of the velocity and energy is calculated as
uθ (t)
− 1, and
huθ it
E(t)
− 1.
∆E (t) =
hEit
∆u (t) =

(2.4)

We average ∆u (t) and ∆E (t) radially and azimuthally, and make the ansatz that
∆u,E (t) can be described as:
∆f it (t) = eA(T ) sin(2πt/T + Φdelay ).

(2.5)

∆f it (t) is fitted to ∆(t) with A(T ) as sole fitting parameter. Φdelay is not a fitting parameter, as it is calculated using cross-correlation, see figure 2.5. In the case
of slow, quasi-stationairy modulations, the amplitude response 
of the azimuthal
ve
locity can be calculated from equations (2.4), namely Au = (1+e)
−
1
/e
=
1.
1
Strictly speaking is it impossible to describe the kinetic energy with a sinusoidal
function, as it has a squared dependence on the velocity, but, as e is small a sine wave
can be used within the assumption of a linear response. However, the calculation
of AE in the quasi-stationary case is less straight-forward, as the response
ampli
max
2
tude varies over the sine
wave.
We
calculate
A
=
(1
+
e)
−
1
/e
=
2.1
and
E

2
=
(1
−
e)
−
1
/-e
=
1.9
as
the
two
extremes,
leading
to
a
phase-averaged
Amin
E
value of AE = 2.0. Both response amplitudes will vanish in the limit of infinitely fast
modulations, i.e. Wo → ∞ implies that Au,E → 0.
As figure 2.6 clearly shows, the fluid completely follows the imposed modulation
at larger modulation periods, i.e. amplitude responses of Au = 1 and AE = 2 are
observed, which corresponds to our expectations. For smaller modulation periods,
the response amplitude decreases. We do not observe clean power laws, as predicted
assuming HIT by [63] and [10] shown as dashed lines. The response of the flow can
better be described by an exponential function, as indicated by the solid black line.
This is in line with the laminar flow response, in which the amplitude of the response
also is an exponential function of the Womersley number and the distance to the
modulated wall. Note that, in contrast to the turbulent case, the amplitude response
of the laminar case depends on the radius.
Similar to the phase delay between modulation and response, also in the response
amplitude we do not observe any trend over the radius. Here, one could expect a
decreasing A at higher radii, i.e. further away modulated wall. Because of the no-slip
condition at the wall, the values of A and Φdelay directly at the wall are fixed, i.e.
Au (ri ) = 1 and Φdelay (ri ) = 0. At the outer cylinder, Au (ro ) = 0, hence Φdelay (ro )
cannot be defined. Clearly, the boundary layers play a pivotal role in transferring
perturbations and modulations to the bulk of the flow.
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Summary and conclusions

To conclude, we studied periodically driven Taylor-Couette turbulence. We drove the
inner cylinder sinusoidally, and measured the local velocity using PIV. Consistent with
earlier studies and theoretical expectations, we observe a phase delay and declining
velocity response as we increase the Womersley number. Most surprisingly, we did
not observe a radial dependence of the phase delay in the bulk of the flow, nor of
the amplitude response, in contrast to the expectation one might have that there
could be a larger influence of the modulation on the flow close to the modulated wall.
Apparently, a radial dependence of A and Φdelay is prevented by the strong mixing in
this turbulent flow. Even though we did not measure directly in the boundary layers,
their vital importance in transferring modulations to the bulk flow is evident. This
contrasts our numerical results for laminar flow, where a strong radial dependence
is observed, and the response of the flow is confined to a thin layer close to the
modulated wall. Therefore it is even more remarkable that the scaling relations of
both the phase delay and the amplitude response are similar to what had been found
for laminar flows.
To further study this interesting phenomenon, direct numerical simulations are
necessary to cover the extremely high Womersley number range, which is inaccessible
in experiments. Using such data, it will be possible to study the interplay between the
modulated cylinder, the boundary layers and the bulk in more detail, as the entire
flowfield will then be available. Another domain of “terra incognita” is the study
of modulations with larger amplitude. Here, we limited ourselves to a modulation
amplitude of e = 0.1. Larger values induce non-linear effects, and linear response
type assumptions such as those made in equations (2.4) and (2.5) will then not be
valid anymore.
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Roughness in turbulence
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Chapter 3

Wall roughness induces asymptotic
ultimate turbulence1
Turbulence governs the transport of heat, mass, and momentum on multiple scales.
In real-world applications, wall-bounded turbulence typically involves surfaces that
are rough; however, characterizing and understanding the effects of wall roughness
for turbulence remains a challenge. Here, by combining extensive experiments and
numerical simulations, we examine the paradigmatic Taylor-Couette system, which
describes the closed flow between two independently rotating coaxial cylinders. We
show how wall roughness greatly enhances the overall transport properties and the
corresponding scaling exponents associated with wall-bounded turbulence. We reveal
that if only one of the walls is rough, the bulk velocity is slaved to the rough side,
due to the much stronger coupling to that wall by the detaching flow structures. If
both walls are rough, the viscosity dependence is thoroughly eliminated, giving rise
to asymptotic ultimate turbulence – the upper limit of transport – the existence of
which was predicted more than fifty years ago. In this limit, the scaling laws can be
extrapolated to arbitrarily large Reynolds numbers.

1 Published as: Xiaojue Zhu*, Ruben A. Verschoof*, Dennis Bakhuis, Sander G. Huisman,
Roberto Verzicco, Chao Sun, and Detlef Lohse, Wall roughness induces asymptotic ultimate turbulence, Nature Physics 14, 417-423 (2018).
Zhu and Verschoof contributed equally to this work. Simulations by Zhu. Experiments by Verschoof
and Bakhuis. Data analysis by Zhu and Verschoof. Zhu, Verschoof and Lohse wrote the paper.
Verzicco, Sun and Lohse supervised the project. All authors discussed the results and proofread the
paper.
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Introduction

While the vast majority of studies on wall-bounded turbulence assumes smooth walls,
in engineering applications and even more so in nature, flow boundaries are in general
rough, leading to a coupling of the small roughness scale to the much larger outer
length scale of the turbulent flow. This holds for the atmospheric boundary layer
over canopy or buildings, for geophysical flows, in oceanography, but also for many
industrial flows such as pipe flow, for which the presumably most famous (though
controversial) study on roughness was performed [145]. For more recent works on the
effect of wall roughness in (pipe or channel) turbulence we refer to various studies
[146–149], reviews [150, 151], or textbooks [13, 152].
Rather than the open channel or pipe flow, here we use a Taylor-Couette (TC)
facility [51], which is a closed system obeying global balances and at the same time
allows for both accurate global and local measurements. The overall torque τ in TC
flow to keep the cylinders at constant angular velocity, is connected with the spatially
and time averaged energy dissipation rate u . This can be expressed in terms of the
friction factor [13, 51, 152]
Cf =

πη
u
τ
=
.
`ρf ν 2 (Rei − ηReo )2
(1 − η) (Ui − ηUo )3 /(ri + ro )

(3.1)

Here Ui,o are the velocities of the inner resp. outer cylinder, ri,o their radii, ν the
kinematic viscosity (together defining the inner and outer Reynolds numbers Rei,o =
Ui,o d/ν), ρf the density of the fluid, ` the height of the TC cell, d = ro − ri the gap
width, and η = ri /ro the ratio between outer and inner cylinder radius. The key
question now is: how does the friction factor Cf depend on the (driving) Reynolds
number Rei,o and how does wall roughness affect this relation?
Alternatively, the Reynolds number dependence of the friction factor Cf can be exω
pressed as a “Nusselt number” Nuω = τ /(2π`ρf Jlam
) (i.e. the dimensionless angular
ω
velocity flux normalized with the laminar flux Jlam = 2νri2 ro2 (ωi − ωo )/(ro2 − ri2 ) [189])
4
1 (1+η) 2
2
2 −2
depending on the Taylor number Ta = 64
[51], with
η 2 d (ri + ro ) (ωi − ωo ) ν
ωi,o the angular velocity of the inner resp. outer cylinder. This notation Nuω (Ta)
stresses the analogy between TC flow and Rayleigh-Bénard flow (RB) [47, 48], the
flow in a box heated from below and cooled from above, where the Nusselt number
Nu (the dimensionless heat flux) depends on the Rayleigh number Ra (the dimensionless temperature difference). For that system in 1962 Kraichnan [185] had postulated
a so-called “ultimate scaling regime” [5, 8, 51, 153, 154, 219]
Nu ∝ Ra1/2 (log Ra)−3/2

(3.2)

(for fixed Prandtl number). In analogy, such an ultimate regime also exists for TC
flow, namely
Nuω ∝ Ta1/2 (log Ta)−3/2 ,

(3.3)
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as worked out in Ref. [186]. In fact, in that reference slightly different log-dependences
were derived, namely
Nu ∝
Nuω

∝

Ra1/2 L(Re),
1/2

Ta

L(Re),

and

(3.4)
(3.5)

where L(Re(Ra)) resp. L(Re(Ta)) are logarithmic dependences (see Methods and also
Ref. [186]). Irrespective of whether one takes the logarithmic dependences (3.2) resp.
(3.3) or (3.4) resp. (3.5), for smooth walls due to these log-corrections the effective
scaling exponent for the largest experimentally achievable Rayleigh (Taylor) numbers
is only around 0.38 and not 1/2, i.e., Nu ∝ Ra0.38 resp. Nuω ∝ Ta0.38 . This effective
exponent 0.38 has indeed been observed in large Ra RB experiments [153, 154], large
Ta TC experiments [51, 219] and numerical simulations [5, 51]. The log-corrections,
which are intimately connected with the logarithmic boundary layers [155], thus prevent the observation of the asymptotic ultimate regime exponent 1/2, which is the
exponent of mathematically strict upper bounds for RB and TC turbulence [156–158].
Historically, whether such asymptotic 1/2 scaling exists or not has triggered enormous
debate, see e.g. [47]. In the last two decades, great efforts have been put into reaching
this regime with smooth boundaries, both experimentally and numerically. Today,
this issue is often considered as one of the most important open problems in the thermal convection community. In fact, the exponent 1/2 has only been achieved with
rough walls [159] as presumably a transient, local effective scaling, which saturates
back to smaller exponent at even larger Ra [47,160,161], or in artificial configurations,
such as numerical simulations of so-called “homogeneous convective turbulence” [162]
with periodic boundary conditions and no boundary layers, or experimental realisations thereof such as in Refs. [163, 164].
The asymptotic exponent 1/2 in the Nu vs. Ra resp. Nuω vs. Ta scaling laws
corresponds to a friction factor Cf being independent of the Reynolds number. Vice
versa, expressed in terms of the friction factor, Eqs. (3.2) to (3.5) can be written
with a logarithmic dependence, analogous to the so-called Prandtl-von Kármán skin
friction law [13, 152, 165] for pipe flow, i.e.
√
√
1/ C f = alog10 (Rei C f ) + b,
(3.6)
which can be obtained by assuming that the boundary layer profiles at each cylinder
wall are logarithmic and match at the middle gap [6, 54, 55]. Here a and b are fitting
constants connected with the von Kármán constant κ.
How to get rid of the log-correction and to thus achieve asymptotic ultimate
turbulence with a 1/2 power law or equivalently a Reynolds number independent
friction factor for TC flow? The path we will follow here is to introduce wall roughness
[125, 166–170]. By combining direct numerical simulations (DNS) and experiments
(EXP), we explore five decades of Ta to present conclusive evidence that the 1/2
power law can be realized, thus achieving the asymptotic ultimate regime. Moreover,
we will give a theoretical justification for the findings based on measurements of the
global and local flow structures and extend the analysis also to outer cylinder rotation.
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Figure 3.1: Plume structures for smooth and rough Taylor-Couette turbulence, i.e. turbulent flow between two co-axial rotating cylinders, with inner cylinder
rotates at angular velocity ωi and outer cylinder at ωo . Here the volume renderings of azimuthal velocity at Ta = 2.15 × 109 and Rossby number Ro−1 = −0.2 are
shown, from numerical simulations (see Methods for more details). a, Both cylinders
are smooth. The plumes are generated on both cylinders and form the structure of
Taylor rolls and they are concentrated in local regions and can not reach the other
cylinder. b, Both cylinders are rough with 6 ribs of height h = 0.1d. Even in the
rough case, Taylor rolls still exist. Now the plumes are also generated on top of the
roughness elements and shed to the opposing cylinder. The arrows in the top-down
views illustrate the directions of plumes shedding. All plots share the same colormap,
based on the value of the local angular velocity.
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Four cases will be considered: SS, SR, RS, and RR, where the first (second) letter
specifies the configuration of the inner (outer) cylinder, which can be either rough
(R) or smooth (S). In both DNS and EXP, the radius ratio between the two cylinders
is η = 0.716. The cylinders were made rough by attaching 1 to 192 vertical ribs
with identical heights ranging from 1.5% to 10% of the gap width d and a square
cross-section over the entire TC cell on none, both, or either one of the cylinders (see
Methods section). To give the reader an impression of the flow organization, typical
flow structures of a smooth case and a rough case are shown in Fig. 3.1.

3.2

Global scaling relations

In this section we address the question of how roughness modifies the global scaling
relations. First, we focus on the cases of 6 ribs with identical heights h = 0.075d. The
global dimensionless torques, Nuω ∝ Taγ , for the four cases, with increasing Ta and
fixed outer cylinder, are shown in Fig. 3.2a. Combining EXPs and DNSs, the range of
Taylor number studied here extends over five decades. Similarly to what was shown
in various recent studies [4, 5, 51, 55, 154, 171], for the SS case, an effective scaling of
Nuω ∝ Ta0.38±0.02 is observed in the DNS, corresponding to the ultimate regime with
logarithmic corrections [185, 186]. A very similar scaling exponent Nuω ∝ Ta0.39±0.01
is found in EXPs, demonstrating the excellent agreement between DNS and EXPs.
Dramatic enhancements of the torques are clearly observed with the introduction
of wall roughness, resulting in the transition of Nuω from O(102 ) to O(103 ). Specifically, when only a single cylinder is rough, the logarithmic corrections reduce and the
scaling exponents marginally increase, implying that the scaling is dominated by the
single smooth wall. For the RR case, the best power law fits give Nuω ∝ Ta0.50±0.02 ,
both for the numerical and experimental data, suggesting that the logarithmic corrections are thoroughly canceled. This state with the scaling exponent 1/2 corresponds
to the asymptotic ultimate turbulence predicted by Kraichnan [185]. The compensated
plots of insets of Nuω / Taγ show the robustness and the quality of the scalings.
When expressing the relation between the global transport properties and the
driving force in terms of the Reynolds number dependence of the friction factor Cf ,
we obtain Fig. 3.2b. For the SS case, the fitting parameters a and b yield a von
Kármán constant κ = 0.44 ± 0.01, which is slightly larger than the standard value
of 0.41 due to the curvature effect [54, 155, 172]. This agrees well with the previous
measurements on TC with smooth walls [53]. For the RR case, for large enough driving
the friction factor Cf is found to be independent of Rei , but dependent on roughness
height, namely Cf = 0.21 in the DNS and Cf = 0.23 in the EXP for roughness
height h = 0.075d. The results here are consistent with the asymptotic ultimate
regime scaling 1/2 for Nuω and indicate that the Prandtl-von Kármán log-law of the
wall [13, 152] with wall roughness can be independent of Rei [13, 145, 150–152], which
has been verified recently for Taylor-Couette flow [173]. For the RS and SR cases, one
boundary is rough and the other is smooth such that the friction law lies in between
RR and SS lines.
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We further show the RR case with ribs of different heights, ranging from 1.5% to
10% of the gap width d in Fig. 3.2c, displaying its similarity with the Nikuradse [145]
and Moody [84] diagrams for pipe flow. It can be seen that once h > 0.05d and
Rei > 8.1 × 103 (Ta > 108 ), the asymptotic ultimate regime can always be achieved
in both DNS and EXP.
Analogously, we note that in pipe flow, the same phenomenon of Reynolds number
independent friction factor with wall roughness was observed in the fully rough regime
[13, 145, 150–152], where the characteristic heights of the roughness elements in wall
units h+ > 70 [13,152]. In contrast, for Ta = 108 , for the roughness height h/d = 0.05,
h/d = 0.075, and h/d = 0.10, h+ = 51, h+ = 61, and h+ = 71, respectively. Indeed,
almost all of our data are in the fully rough regime for cases with h > 0.05d and
Ta > 108 , thus corroborating the current conclusion that adopting wall roughness is
one way to achieve asymptotic ultimate turbulence in TC.

3

We now interpret the asymptotic ultimate torque scalings through an extension of
the Grossmann-Lohse (GL) theory [186], by accounting for the Prandtl-von Kármán
log-law of the wall [152] in the presence of roughness. To demonstrate this extension,
for simplicity we take as example the case of only inner cylinder rotation. For a
smooth wall, the energy dissipation rate in the log region scales with u d4 /ν 3 ∝
Re3i (uτ /U )3 ln(Rei uτ /U ) [186], which stems from the integration of the Prandtl-von
Kármán log-law of the wall, where uτ is the friction velocity and U the velocity of
the inner cylinder. The log term in the law is dependent on Rei , which is the origin
of the logarithmic correction term L(Re) = (uτ /U )3 ln(Rei uτ /U ) and thus for the
deviation from the asymptotic ultimate regime scaling u d4 /ν 3 ∝ Re3i , leading to a
decrease of the effective scaling exponent. However, with roughness, as stated before,
the log term in the law of the wall becomes independent of Rei [13, 150–152, 173],
which correspondingly renders this correction constant. Translating this argument
for the energy dissipation rate u (Rei ) back to the dimensionless torque Nuω and the
driving force Ta [189], we obtain Nuω ∝ Ta1/2 , i.e. the effect of the logarithmic term
on the scaling vanishes; see Methods for details.
One distinct difference between TC and pipe flow is that in a TC system, the inner
and outer cylinders can rotate independently, resulting in a second control parameter,
namely the rotation ratio a = −ωo /ωi of the two cylinders. Just as for smooth
walls [4,51], also for rough walls the Nuω ∝ Taγ scaling exponents are independent of
the rotation ratio a in the studied rotation ratio regime; see Supplementary Fig. S2.
As known since Taylor [174], the inner cylinder rotation has a destabilizing effect on
the flow, whereas outer cylinder rotation has a stabilizing effect. For TC flow with
smooth walls, it was found that the optimal transport rotation ratio aopt between
the two cylinders, where the torque reaches the maximum for a specific driving Ta,
is around aopt = 0.36 [52, 175], and not zero, as one may have assumed. This is
attributed to the existence of the strong Taylor rolls between the counter-rotating
cylinders when a ≈ aopt . Only for strong enough counter-rotation (a > aopt ) does the
stabilization through the counter-rotating outer cylinder take over [176]. Here, we
address the question whether this optimal transport rotation ratio shifts or stays the
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Figure 3.2: Global torque and friction factor scalings in both DNS (symbols), and experiments (colored lines). a, The dimensionless torque as a function
of Taylor number Ta. Four cases are shown: (SS) both cylinders smooth; (SR) smooth
inner, rough outer; (RS) rough inner, smooth outer; and (RR) both cylinders rough,
with the exponent γ in the power law relation Nuω ∝ Taγ shown for every case. The
insets depict the compensated plots Nuω / Taγ , showing the quality of the scaling. b,
The friction factor Cf as a function of the inner cylinder
Reynolds number
Rei . The
√
√
lines show the best fits of the Prandtl friction law 1/ C f = alog10 (Rei C f )+b, with
all prefactors shown in the figures. For a and b, 6 ribs were used and the roughness
height is h = 0.075d. For the RR case, Rei independent friction factors are revealed.
c, The friction factor Cf for RR cases with 6 ribs of different heights, ranging from
1.5% to 10% of the gap width d.
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same in the presence of roughness. The results are shown in Fig. 3.3. We find that
when either one of the cylinders is rough, the effect of that rough cylinder is enhanced
in several ways, as we will now elaborate.
S
EXP
In the SR case, aDN
opt,SR = 0.09 ± 0.03 and aopt,SR = 0.11, i.e. little outer cylinder
rotation is necessary to reduce the angular velocity transport with the help of the
roughness elements on it, which are thus not so effective. In contrast, a rough inner
cylinder is much more effective to enhance the momentum transport. The optimal
S
transport peak for the RS case occurs at much larger rotation ratio, aDN
opt,RS = 0.69 ±
EXP
0.05 and aopt,RS = 0.84, as very strong outer cylinder rotation is needed to suppress
turbulence originating from the rough inner cylinder. In this case the stabilizing effect
of the smooth outer cylinder becomes inefficient.

3

Finally, in the RR case, the effects of the inner cylinder and outer cylinder are
S
balanced in a similar way as in the SS case, resulting in similar values of aDN
opt,RR =
DN S
0.28 ± 0.03 and aEXP
opt,RR = 0.31 as found in the SS case (aopt,SS = 0.30 ± 0.03 and
EXP
aopt,SS = 0.34). At optimal rotation ratio aopt , the enhanced shear is caused by Taylor
rolls [5, 52, 177, 178]. This indicates that even in the presence of roughness, Taylor
rolls still exist, as visible in Fig. 3.1b. We further notice that the optimal transport
properties are dependent on the roughness height, as shown in Supplementary Fig.
S3. As expected, when the roughness height is smaller, aopt for SR and RS cases are
closer to aopt for the SS case. On the contrary, when the roughness height is larger,
aopt for SR and RS cases deviates more from aopt for the SS case. This can be clearly
seen from Supplementary Fig. S4.
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Figure 3.3: Optimal transport peak. Nuω as function of a for constant driving
strength, normalized by its value for a = 0. For both EXP and DNS, 6 ribs were
used and the roughness height is h = 0.075d. a, DNSs with Ta = 1 × 109 . The
S
DN S
optimal transport peaks are located at aDN
opt,SS = 0.30 ± 0.03, aopt,SR = 0.09 ± 0.03,
DN S
DN S
aopt,RS = 0.69 ± 0.05 and aopt,RR = 0.28 ± 0.03. b, Experiments with Ta = 4 × 1011 .
EXP
The optimal transport peaks for the four cases are located at aEXP
opt,SS = 0.34, aopt,SR =
EXP
EXP
0.11, aopt,RS = 0.84 and aopt,RR = 0.31. All optimal transport peaks are indicated
by the dashed lines, with the respective colors.
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Figure 3.4: Local energy dissipation rate from simulations. Local energy dissipation rate in the bulk u,c (at the center of the gap, averaged over the height)
and in the inner cylinder boundary layer u,BL (averaged in the range from the wall
to the distance corresponding to the maximum root mean square of the azimuthal
velocity) as a function of Ta, with β as the scaling exponent. For the rough cases, 6
ribs were used and the roughness height is h = 0.1d. The symbols are the numerical
data and the lines show the best fits. a, The bulk energy dissipation rate follows
u,c ∝ Ta1.50 ∝ Re3i , irrespective of whether the wall is smooth or rough. b, The
boundary layer dissipation rate at the inner wall follows u,BL ∝ Ta1.32 for the cases
with smooth walls, while it scales with u,BL ∝ Ta1.50 for the cases with rough inner
wall.

3.3

Local flow organization and profiles

Till now, we have focused on the global transport properties. However, the details of
the boundary layer-bulk interaction, and in particular how the local scalings of the
energy dissipation rates affect the global ones, are still unknown. To verify above
sketched theory, from our DNS data we split the mean energy dissipation rate (Eq.
3.1) into boundary layer and bulk contributions, following the GL approach [179,180].
In Fig. 3.4(a), the local energy dissipation rates at mid-gap u,c are shown as a function
of Ta (only inner cylinder rotation, a = 0). It is clear that no matter whether the wall
is smooth or rough, the bulk energy dissipation rate follows u,c ∝ Ta3/2 ∝ Re3i , which
corresponds to the asymptotic ultimate regime without any logarithmic correction.
In analogy, for RB turbulence, the same scaling exponent u,c ∝ Ra3/2 was reported
in Refs. [181, 182]. Therefore, the crucial element determining the overall scaling is
the dissipation rate in the boundary layer. To further confirm this, in Fig. 3.4(b) we
show the local energy dissipation rates of the boundary layer u,BL (averaged in the
range from the wall to the distance corresponding to the maximum root mean square
of the azimuthal velocity). For the case with smooth walls, we find u,BL ∝ Ta1.32
because of the Rei -dependent velocity profile, while for the boundary layers at rough
walls we have u,BL ∝ Ta3/2 because, as shown above, roughness cancels out the Rei dependence in L(Rei ) and thus restores the asymptotic ultimate regime scaling. The
competition between the boundary layer and bulk ultimately determines the global
scalings.
We now detail the origin of the enhanced torque. With roughness, the main
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contribution to the torque originates from the pressure differences between the side
surfaces of rough elements, rather than from viscous forces [13, 150–152, 173]. With
roughness, we therefore expect the shear rate close to the rough wall to decrease
significantly, as compared to the smooth case. This is clearly shown in Fig. 3.5: with
smooth cylinders, the normalized velocity profiles are characterized by a bulk region
in which the velocity is relatively constant, Uθ = 0.45ri ωi (whereas for pipe flow, this
is not the case, see Supplementary Fig. S5). In case one single cylinder is rough,
the bulk velocity is completely dominated by the velocity of the rough cylinder, or
in other words, the bulk is enslaved to the rough wall. In the RR case, as there the
torque is dominated by pressure forces, the shear rate at the rough cylinder is still
smaller as compared to the smooth case. The implication is that with roughness, a
larger fraction of energy dissipates in the bulk, and thus the system becomes bulk
dominant. As mentioned before, the bulk energy dissipation rate follows u,c ∝ Ta3/2 ,
which implies the asymptotic ultimate regime. The more the bulk dominates the
energy dissipation rate, the better the asymptotic ultimate regime manifests itself.
This is indeed verified by the flow structure in Fig. 3.1, where for the rough case, the
plumes shedding from the roughness elements on one wall elongate towards the other
wall and push more energetic fluid elements into the bulk, as compared to the smooth
case, leading to more energy dissipation in the bulk.
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Figure 3.5: Mean velocity profiles. Normalized azimuthal velocity Uθ (r)/(ri ωi )
profiles as a function of the normalized radius (r − ri )/d for only inner cylinder
rotation. For both EXP and DNS, 6 ribs were used and the roughness height is
h = 0.075d. Experimental and numerical data are shown in the same figure. EXP:
Rei = 5 × 105 and DNS: Rei = 3.74 × 104 . The experimental results were obtained
using PIV.

3.4

Controlling ultimate turbulence

To bridge the gap between the effective ultimate scaling exponent 0.38 for the smooth
case [5, 51, 153, 154] and the asymptotic ultimate scaling exponent 0.5 for the RR
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case and thus to actively control ultimate turbulence, we vary the sparseness of the
roughness elements while keeping the height of the riblets fixed at 7.5% of the gap
width. To show how this will change the results, as an example, in Fig. 3.6(a), we
show the Nuω vs. Ta scaling for the case of 2 ribs (very sparse). The effective scaling
exponent γ for the RR case is then smaller than 0.5 (i.e. 0.47), so the asymptotic
ultimate regime is not yet achieved in this situation, in contrast to Fig. 2, when there
are six ribs, for which γ = 0.5. We then continuously vary the number of ribs from
1 (very sparse) to 192 (very dense). Correspondingly, the spacing between the rough
elements s/h mounted on the inner wall varies from 208.44 to 0.07. We note that in
pipe and BL flows, there is a distinction between k- and d-types of roughness, and a
close spacing will make the roughness behave more like d-type roughness compared
with k-type roughness [150, 151]. In Fig. 3.6(b), we see that the effective scaling
exponent is continuously changing with s/h. There is an optimal s/h = 7 where
the effective scaling exponent is the largest, corresponding to k-type roughness. To
explain why the effective scaling exponent depends on s/h, in Fig. 3.6(c) we split
the global Nuω into two parts, namely the viscous force contribution (Nuv ) and the
pressure force contribution (Nup ). Clearly, when the effective scaling exponent is
higher, the pressure forces are more dominant.
We propose a simple model which can recover the effective scaling exponent. The
model is based on the fact that in the smooth case, only viscous forces contribute to
Nuω , resulting in Nuω ∝ Ta0.38 . In contrast, when the pressure forces take over, we
have Nuω ∝ Ta0.5 . Therefore, in the spirit of GL theory of RB [179], we combine
these contributions to set
Nuω = a Ta0.38 +b Ta0.5 ≈ c Taγm ,

(3.7)

where a = Nuv / Ta0.38 and b = Nup / Ta0.5 are the prefactors of the separated scalings
for Nuv and Nup , respectively, which are roughness height dependent, and γm is the
effective local exponent predicted by the model. Here for the h = 0.075d case we use
the separation shown in Fig. 3.6(c) at Ta = 4.6 × 108 to determine a, b, and hence
the effective exponent γm (other Ta can also be used and the results are similar).
It can be seen that the model gives very good agreement with the DNS and EXP
values (Fig. 3.6 (d)). Clearly, different number of roughness elements can tune the
scaling exponents and optimal transport properties, thus paving the way to control
ultimate turbulence. The insight gained from this study provides valuable guidance
not only for shear flows but also for thermally driven turbulence with wall roughness
in the ultimate regime, which is useful for a wide range of applications in industrial,
geophysical, meteorological, and oceanographical flows.

3.5
3.5.1

Methods
Experimental methods

The experiments were performed in the Twente Turbulent Taylor-Couette facility
(T3 C) [3], consisting of two independently rotating concentric cylinders. The setup
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Figure 3.6: Dependence on the roughness density. a, The dimensionless torque
as a function of Taylor number Ta: DNS (left part), and experiments (right part)
for the case of two ribs with height h = 0.075d. For the RR case, the asymptotic
ultimate regime is not yet achieved in this situation, in contrast to Fig. 2, when there
are six ribs, for which the exponent is 0.5. b, Effective scaling exponent γ for varying
spacing distance s/h between the ribs, where h is the height of the roughness. The
number of ribs varies from 1 to 196 and correspondingly, the spacing s/h varies from
208.44 to 0.07 at the inner cylinder. To get each γ, five simulations between Ta = 108
and Ta = 109 were performed. c, Contributions Nup (from pressure drag) and Nuv
(from viscous drag) to the global Nuω at Ta = 4.6 × 108 with varying the spacing s/h
between the ribs. The data are collected from DNS. The separation into the two parts
is performed at the inner cylinder for the RR case. Clearly, when the pressure forces
are dominant, γ is closer to 1/2 and when viscous forces are dominant, γ is closer to
0.38 (Fig. 3.6 (b)). d, Comparison of the effective scaling exponent γ between the
DNS results (RR case), EXP results (RR case), and the model results (based on Eq.
3.7) with varying spacing s/h between the ribs.
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has an inner cylinder with a radius of ri = 200 mm and an outer cylinder with a
radius of ro = 279.4 mm, resulting in a radius ratio of η = ri /ro = 0.716 and a
gap width of d = ro − ri = 79.4 mm. The gap is filled with water with a temperature of T ≈ 20◦ C. In this chapter, the inner and outer cylinder rotate up to
ωi /(2π) = 7.5 Hz and ωo /(2π) = 5 Hz, respectively, resulting in Reynolds numbers
up to Rei = ωi ri d/ν = 7.5 × 105 and Reo = ωo ro d/ν = 7 × 105 . The cylinders have a
height of L = 927 mm, resulting in an aspect ratio of Γ = L/(ro − ri ) = 11.7. The end
plates rotate with the outer cylinder. The cylinders were made rough by attaching 2,
3, or 6 vertical strips with a square cross-section (four roughness heights: 2 × 2 mm,
i.e. 2.5% of the gap width, 4 × 4 mm, i.e. 5% of the gap width, 6 × 6 mm, i.e. 7.5%
of the gap width, and 8 × 8 mm, i.e. 10% of the gap width) over the entire height on
none, both or either one of the cylinders.
The torque is measured with a co-axial torque transducer (Honeywell 2404-5K,
maximum capacity of 565 Nm), located inside the inner cylinder, to avoid measurement errors due to seals and bearing friction, as shown in Supplementary Fig. S1.
For the SS case, the inner cylinder consisted of 3 different compartments, in which
torque was measured in the middle section to exclude end plate effects. For the rough
cases, we measure torque over the entire height of the cylinder.
Planar particle image velocimetry (PIV) measurements were performed in the
θ − r plane at mid-height (z = L/2). We used a high-resolution sCMOS camera
(pco.edge camera with 2560 px × 2160 px resolution), which was operated in double
frame mode, as depicted in Supplementary Fig. S1. We recorded images through
transparent windows in the bottom plate. The flow was illuminated from the side
with a pulsed laser (532 nm Quantel Evergreen 145 Nd:YLF). The water was seeded
with 20 µm fluorescent polymer particles (PMMA-RhB-10 by Dantec). The sheet
thickness was approximately 1 mm. The PIV measurements were processed using an
iterative multi-pass method with final interrogation windows of 32 pixel × 32 pixel
with 50% overlap and averaged over 500 image pairs per measurement. This results
in the averaged azimuthal velocity profile huθ (r)i.
3.5.2

Numerical methods

The motion of the fluid is governed by the incompressible Navier-Stokes equations in
the frame co-rotating with the outer cylinder
∂u
+ u · ∇u
∂t
∇·u

= −∇p +
=

f (η)
Ta1/2

0,

∇2 u − Ro−1 ez × u,

(3.8)
(3.9)

where u and p are the fluid velocity and pressure, respectively. f (η) is a geometrical
factor which has the form
f (η) =

(1 + η)3
.
8η 2

(3.10)
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Ta is the Taylor number and Ro the Rossby number which characterizes the strength
of the driving force. The rotation ratio a = −ωo /ωi can alternatively be expressed as
Rossby number
Ro−1 =

1−η a
2ωo d
= −2
.
|ωi − ωo |ri
η |1 + a|

(3.11)

The inner cylinder Reynolds number Rei = ri ωi d/ν and outer cylinder Reynolds
number Reo = ro ωo d/ν are associated with Ta and Ro through
Rei =

Ta1/2
f (η)


1+

η Ro−1
2(1 − η)


(3.12)

and

3

Reo =

Ro−1 Ta1/2
.
2f (η)(1 − η)

(3.13)

The governing equations are solved using an energy conserving second-order finitedifference code [124], in combination with an immersed-boundary method [122,123] to
deal with the roughness. To achieve high performance computation, a two-dimensional
MPI decomposition technique (MPI-pencil) [121] is adopted. Weak and strong scaling
tests show the linear behaviour of the code up to 64K cores. The axial direction is
periodic and thus the end plate effects [120] are eliminated. The radius ratio is chosen
as η = 0.716. The aspect ratio of the computational domain Γ = L/d, where L is
the axial periodicity length, is taken as Γ = 2.09. The ribs are equi-distributed in
the azimuthal direction, similarly to the experimental implementation (with one more
roughness height at 1.5% of the gap width). The computation box is tested to be
large enough to capture the sign changes of the azimuthal velocity autocorrelation at
the mid-gap, as suggested as a criterion for the box size [119]. An appropriate number
of grid points is chosen to make sure that enough resolution has been employed, e.g.
at Ta = 2.15 × 109 for the RR case with 6 ribs at roughness height 10% of the gap
width, 3072 × 1536 × 1536 grid points are used.
3.5.3

Extention of the Grossmann-Lohse theory to the case with wall
roughness

To explain the asymptotic ultimate scaling 1/2 found in this chapter, we first recall
the origin of the logarithmic correction. We take the only inner rotation case as
an example. We first look at the local dissipation rate in the turbulent boundary
layer [39], which can be approximated by
u (y) = u3τ /(κy),

(3.14)
p
where uτ = τ /(2ρπr2 L) is the friction velocity, with ρ the fluid density, κ the von
Kármán constant. The radius r can be either the inner cylinder radius ri or the outer
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one ro , and y the distance from the wall. uτ is connected with the inner cylinder
velocity U = ri ωi through the law of the wall, which is shown to obey
uτ
κ
=
.
U
ln(B Rei uτ /U )

(3.15)

Rei is the inner cylinder Reynolds number and which for pure inner cylinder rotation
6
2
can be related to Ta through the expression Ta = (1+η)
64η 4 Rei , and B is a constant
depending on the system geometry. By averaging the local dissipation rate along the
radius, we can estimate the mean dissipation rate as
u,m

∝
=
=

1
d/2

Z

d/2

u (y)dy

0
3 −4

Re3i L(Rei )

 u 3 2 
uτ 1
τ
ν 3 d−4 Re3i
ln Rei
.
U
κ
U 2
ν d

(3.16)

Here we assume that logarithmic boundary layer extends from the wall to the midgap. Usually how far the log-layer extends depends on Rei and can be a small fraction
of the gap width, but still for both TC and pipe flows, taking the half gap width or
radius is a reasonable approximation to derive the friction laws. The term L(Rei ) =
(uτ /U )3 ln(Rei uτ /U ), depending on Rei , is the logarithmic correction. Using the well
known exact relation between u,m and Nuω , namely
3 −4

u,m = ν d


Ta(Nuω −1)

√

η
(1 + η)/2

8
(3.17)

and with Ta ∝ Re2i , one obtains
u,m
∝ Re3i L(Rei ) and Nuω ∝ Ta1/2 L(Rei ).
ν 3 d−4

(3.18)

with the logarithmic correction L(Rei ) for both dissipation rate and torque scalings.
It leads to a less steep increase of u with increasing Rei than in the Kolmogorov bulk
which scales as Re3i , and hence decreases the torque scaling between Nuω and Ta from
the asymptotic ultimate scaling 1/2 to the effective scaling 0.38, as mentioned before.
With both walls roughened, the log-law in the fully rough regime (uτ h/ν > 70;
most of the rough cases in this study are in this regime) becomes
κ
uτ
=
.
U
ln(Bd/h)

(3.19)

The momentum transfer between the wall and the fluid is accomplished by the shear,
which in the fully rough regime occurs predominantly by the pressure forces on the
side surfaces of the rough elements, rather than by viscous forces. That in the ultimate
regime the kinematic viscosity ν is an irrelevant parameter, is reflected in the velocity
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profile (Eq. (3.19)) being independent of Rei . Replacing the velocity profile from the
smooth one to the rough one in Eqs. (3.14, 3.15, 3.16), remarkably we find that the
logarithmic correction term for u,m turns into a constant and thus its effect on the
scaling exponent vanishes. The mean dissipation rate and torque thus now scale as
u,m
∝ Re3i and Nuω ∝ Ta1/2 ,
ν 3 d−4

(3.20)

which explains the asymptotic ultimate regime scaling seen in Fig. 2 for the RR case.
In the RS or SR case, the boundary layer at the smooth wall depends on Rei while
the boundary layer at the rough wall is independent of it. Therefore, in these cases
the logarithmic correction is reduced but not totally canceled.

3

Chapter 4

Rough wall turbulent
Taylor-Couette flow: the effect of
the rib height1
In this study, we combine experiments and direct numerical simulations to investigate
the effects of the height of transverse ribs at the walls on both global and local flow
properties in turbulent Taylor-Couette flow. We create rib roughness by attaching
up to 6 axial obstacles to the surfaces of the cylinders over an extensive range of rib
heights, up to blockages of 25% of the gap width. In the asymptotic ultimate regime,
where the transport is independent of viscosity, we emperically find that the prefactor of the Nuω ∝ Ta1/2 scaling (corresponding to the drag coefficient Cf (Re) being
constant) scales with the number of ribs Nr and by the rib height h1.71 . The physical
mechanism behind this is that the dominant contribution to the torque originates
from the pressure forces acting on the rib which scale with rib height. The measured
scaling relation of Nr h1.71 is slightly smaller than the expected Nr h2 scaling, presumably because the ribs cannot be regarded as completely isolated but interact. In the
counter-rotating regime with smooth walls, the momentum transport is increased by
turbulent Taylor vortices. We find that also in the presence of transverse ribs these
vortices persist. In the counter-rotating regime, even for large roughness heights, the
momentum transport is enhanced by these vortices.

1 Ruben A. Verschoof, Xiaojue Zhu, Dennis Bakhuis, Sander G. Huisman, Roberto Verzicco,
Chao Sun, an Detlef Lohse, Rough wall turbulent Taylor-Couette flow: the effect of the rib height,
under review.
Experiments by Verschoof and Bakhuis. Simulations by Zhu. Data analysis by Verschoof and Zhu.
Verschoof wrote the paper. Verzicco, Sun and Lohse supervised the project. All authors discussed
the results and proofread the paper.
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4.1

Introduction

Turbulent flows with rough walls are omnipresent in nature and industry. In fact,
for increasing Reynolds numbers, the viscous length-scales in the flow decrease, and
eventually every surface appears to be rough even when the roughness is small in
absolute scale. Roughness in turbulent flows is relevant in many fields, one can think
of e.g. biofouling in marine vessels [85], atmospheric boundary layers [90], and the
accelerated transition to turbulence, see e.g. refs. [45, 151] for recent reviews. The
study of roughness in turbulent flows has received tremendous attention, especially
the field of rough pipe flow studies has a long history. The most seminal work to
date remains the well-known pipe flow experiments by Nikuradse [145]. He expressed
the friction as a dimensionless friction factor Cf , and found that Cf decreases for
increasing Reynolds number Re, and eventually becomes constant in the presence of
roughness. The absolute value of Cf then depends on the characteristic height of
the roughness. Using that work and successive work of Colebrook [83] and Moody
[84], engineers were enabled to estimate the pressure drop in pipes. However, the
influence of roughness on turbulent flows remains far from being understood. Many
experimental studies focussed on industrial applicability, and have not emphasized
the physical understanding of the flow dynamics, as was pointed out by ref. [150].
Furthermore, roughness remains hard to quantify given the huge variety of roughness
types. Although significant progress has been made in recent years, the study of
roughness in highly turbulent flows remains a topic of great interest to both physicists
and engineers [86–89, 91, 92, 147].
In this study, building further upon our recent work [220], we use a Taylor-Couette
system, i.e. the fluid flow between two concentric, independently rotating cylinders, to
study the effects of transverse ribs in highly turbulent flow. Taylor-Couette (TC) flow
has the advantages of (i) being a closed flow with an exact balance between energy input and dissipation, (ii) being accesible to study both numerically and experimentally
due to its simple geometry and high symmetries, (iii) having no streamwise spatial
transients and (iv) being mathematically well-defined based on the Navier-Stokes
equations, the continuity equation and the known boundary conditions.
Indeed, Taylor-Couette flow, together with pipe flow and Rayleigh-Bénard (RB)
convection, is one of the canonical systems in which the physics of fluids is studied
[50,51,94]. When the correct dimensionless parameters are used, the scaling relations
between driving and response are the same for RB convection and TC flow, namely
[186]
Nuω ∝ Ta1/2 L(Re),

and

Nu ∝ Ra1/2 L(Re),

(4.1)

for fixed (geometric) Prandtl number. The terms L(Re) are logarithmic corrections,
which are related to a viscosity-dependence in the turbulent boundary layers [185,186].
For smooth walls, effective power laws of Nuω ∝ T a0.38 and Nu ∝ Ra0.38 are found
both numerically and experimentally in TC flow and RB convection in hitherto studied
parameter regions (108 ≤ Ta ≤ 1013 and 5 × 1014 ≤ Ra ≤ 1015 ) [4, 5, 153, 154].
Recently, building on prior work [96, 125] we showed that attaching ribs on both
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cylinders in a TC setup is an effective way to attain a Nuω ∝ Ta1/2 scaling without
log-corrections [220]. Thanks to the ribs, the viscosity-dependence in the boundary
layers is eliminated as the dissipative process becomes fully pressure-dominated. This
scaling, which we called “asymptotic ultimate turbulence scaling” has the same scaling
as the mathematical upper bound of momentum transport [156, 157], namely Nuω ∝
Ta1/2 , where the prefactor of the Nuω ∝ Taγ scaling still depends on the roughness
characteristics, i.e. the height and number of ribs. Similar observations were made in
pipe flow [100], as Nuω ∝ Ta1/2 is mathematically equivalent to having a Reynolds
number independent drag coefficient Cf . In fact, what we here refer to as “asymptotic
ultimate turbulence” is identical to the so-called “fully rough” regime in pipe flow.
The geometry of a Taylor-Couette setup is characterized by two geometric parameters, which are the radius ratio η = ri /ro and the aspect ratio Γ = L/(ro − ri ), in
which ri and ro are the radii of the inner and outer cylinder, respectively, and L is
the height of the setup. Taylor-Couette flow is driven by the rotation of one or both
cylinders. Their driving can be expressed as two different Reynolds numbers, i.e.
Rei =

ωi ri d
,
ν

and

Reo =

ωo ro d
,
ν

(4.2)

in which ν is the kinematic viscosity, d = ro − ri is the gap width and ωi and ωo are
the angular velocities of the inner and outer cylinders, respectively. Alternatively, we
can express the driving using the Taylor number Ta and a rotation ratio. The Taylor
number, being equivalent to the Rayleigh number in RB convection, is given as
Ta =
Here σ =



1+η
√
2 η

4

σ d2 (ri2 + ro2 )(ωi − ωo )2
∝ (Rei −η Reo )2 .
4
ν2

(4.3)

, which is a fixed geometric parameter, is referred to as a ‘geometric

Prandtl number’ [189]. The rotation ratio between both cylinders is given as a =
−ωo /ωi , and can also be expressed in terms of an inverse Rossby number, which
directly enters the equations of motion as the Coriolis force, as will be discussed in
section 4.2.2. The rotation ratio a and the inverse Rossby number are related by
Ro−1 =

a 1−η
2ωo d
= −2
.
|ωi − ωo |ri
|1 + a| η

(4.4)

The primary response parameter is the torque τ necessary to rotate the cylinders
at a given driving Rei and Reo , or, equivalently, T a and a. To underline the analogy
with RB convection, the torque is expressed as the Nusselt number, which is the
ω
ratio between the angular velocity flux J ω and its laminar value Jlam
= 2νri2 ro2 (ωi −
2
2
ωo )/(ro − ri ). The Nusselt number is directly related to the torque by
ω
Nuω = J ω /Jlam
=

τ
ω ,
2πLρJlam

(4.5)

in which ρ is the density of the fluid. These equations hold for all cases, including
co- and counter-rotation, and are also valid when ribs are added to the cylinders.
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A different nondimensional representation of the torque is as friction coefficient Cf ,
which is traditionally used in the wall-bounded turbulence community
Cf =

τ
.
Lρν 2 (Rei −η Reo )2

(4.6)

Lastly, the torque
q can be related to the friction velocity at either the inner or the outer
2 L, which can be used, along with the viscous lengthscale
cylinder uτ = τ /2πρri,o
δν = ν/uτ , to express the velocity and wall-normal distance in wall units.
In this work, we build further on our prior work [220], by combining detailed
experiments and direct numerical simulations, to quantify the influence of the rib
height on the prefactors of the scaling relations. Furthermore, we study the role of
the pressure acting on the ribs, as well as the local flow response.
The outline of this chapter is as follows; We first discuss the experimental and numerical methods, as well as the explored parameter space in section 4.2. We continue
with presenting global flow results in section 4.3, which is followed by local flow results
in section 4.4. In section 4.5, we explore the regime of counter-rotating cylinders. We
conclude this chapter in section 4.6.

4

4.2
4.2.1

Methods
Experimental methods

The experiments were performed in the Twente Turbulent Taylor-Couette (T3 C) facility [3]. The setup has an inner cylinder with a radius of ri = 200.0 mm and
an outer cylinder with a radius of ro = 279.4 mm, resulting in a radius ratio of
η = ri /ro = 0.716 and a gap width of d = ro − ri = 79.4 mm. The gap is filled with
water at a temperature of T = 20 ± 0.5◦ C, which is kept constant by active cooling through the top and bottom plates. Nonetheless, the temperature is monitored
continuously, such that the viscosity is calculated using the instantaneous temperature. In this work, the inner and outer cylinder rotate up to ωi /(2π) = 10 Hz
and up to ωo /(2π) = ± 5 Hz, respectively, resulting in Reynolds numbers up to
Rei = ωi ri d/ν = 1 × 106 and Reo = ωo ro d/ν = 7 × 105 . The cylinders have a height
of L = 927 mm, resulting in an aspect ratio of Γ = L/(ro − ri ) = 11.7. The end plates
rotate with the outer cylinder.
The torque is measured with a co-axial torque transducer (Honeywell 2404-1K,
maximum capacity of 115 Nm), located inside the inner cylinder to avoid measurement
errors due to friction of seals and bearings, as shown in figure 4.1. In previous studies
using this setup, the inner cylinder consisted of 3 different sections, and the torque
was measured only in the middle section to reduce end plate effects [4, 176]. Here, we
measure over the entire height of the cylinder, which accounts for the slightly different
results for the smooth-wall case as compared to those studies.

4.2. METHODS

53

(a)

(b)
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Figure 4.1: Schematic of the experimental setup (a) Top view of the experimental setup, in which ribs (not to scale) are placed on both the inner and outer cylinder.
The ribs extend over the entire height of the cylinders. The zoom shows how the rib
height h is defined. (b) Cross-section of the TC setup. The torque sensor is located
in the inner cylinder.
4.2.2

Numerical methods

We numerically solve the incompressible Navier-Stokes equations in the frame of reference which co-rotates with the outer cylinder
∂u
+ u · ∇u
∂t
∇·u

= −∇p +
=

f (η)
Ta1/2

0,

∇2 u − Ro−1 ez × u,

(4.7)
(4.8)

where u is the fluid velocity, p the pressure, and ez the unit vector in the axial
direction. f (η) is a geometrical factor which has the form
f (η) =

(1 + η)3
.
8η 2

(4.9)

The direct numerical simulations were carried out by solving the above governing
equations, using a second order finite difference code AFiD [121, 124], in combination
with an immersed-boundary method [122,123] for the rotating roughness elements. A
two-dimensional MPI decomposition technique (MPI-pencil) [121] was implemented
to achieve highly parallelized computation. In recent years, we have tested the code
extensively for TC flow with smooth [5, 55, 119] and rough [173, 220] walls. The
boundary condition in the axial direction is periodic and thus we do not have end
plate effects, which, as ref. [120] showed, are small in the turbulent regime. The
radius ratio is chosen as η = 0.716, the same as in experiments. The aspect ratio of
the computational domain Γ = L/d, where L is the axial periodicity length, is taken
as Γ = 2.09. The azimuthal extent of the domain is π/3, to reduce computation costs
without affecting the results [171]. The computation box is tested to be large enough
to capture the sign changes of the azimuthal velocity autocorrelation at the mid-gap,
which was suggested as a criterion for the box size [119]. For more information on
the numerical details, we refer to ref. [220].
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Figure 4.2: Torque scaling as a function of driving for a = 0, i.e. pure inner cylinder
rotation. 6 ribs are attached to each cylinders. As indicated in the figure, the lower
Taylor number data points are DNSs, the higher Taylor number data are experimental
results. (a) The Nusselt number Nuω as a function of Taylor number Ta. (b) Here
we compensate Nuω with Ta1/2 to reveal whether the asymptotic ultimate regime is
reached. The local scaling depends on both the Taylor number and the roughness
height.
4.2.3

Explored parameter space

Experimentally, we explored Taylor numbers of O(1010 ) to O(1013 ). Numerically,
all Taylor numbers below O(1010 ) are accessible. The exact values depend on the
roughness size. In that sense, the simulations and experiments are completely complementary, and we explore a parameter space in which T a extends over 5 orders of
magnitude. We restrict ourselves to, (i) equidistant ribs, and (ii) the same number
of ribs on both the inner and outer cylinder. Numerically, we attach 6 ribs to both
cylinders. The used rib heights are 1.5%, 2.5%, 5%, 7.5% and 10% of the gap width.
The maximum blockage obviously is twice as large: e.g. with when 2 ribs with a 10%
rib height pass, the local blockage is 20% of the gap width.
Experimentally, we attach 2, 3, or 6 vertical ribs to both cylinders, as shown in
figure 4.1. The used roughness heights are 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm,
corresponding to 2.5%, 5%, 7.5%, 10%, and 12.5% of the gap width. For both the
simulations and experiments, we also measure without ribs as reference smooth-wall
case. Numerically, we restricted ourselves to inner cylinder rotation only, whereas
experimentally we also explore the counter-rotating regime.

4.3

Global response: torque and its scaling

The global response of momentum transport in TC flow can be expressed as the
torque which is necessary to keep the cylinders rotating at fixed angular velocities.
Here we show the dimensionless torque Nuω as a function of driving, expressed here

prefactor of Nuw /T a1/2 · 103
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Figure 4.3: Prefactor of the Nuω ∝ Ta1/2 scaling as a function of rib number Nr and
normalized rib height h/d, obtained from experiments. (a) Results as a function of
rib frontal area, which equals the Nr (h/d). In (b), we show the best fit, showing that
the prefactor scales with Nr (h/d)1.71 . In (c), we show the prefactor as a function of
Nr (h/d)2 . The goodness of the fits is calculated here with the R2 value. For figures
2
2
2
(a), (b), and (c), they are Rb=1
= 0.9317, Rb=1.71
= 0.9953, and Rb=2
= 0.9901,
respectively.
as the Taylor number T a. In figure 4.2 we show results for 6 ribs on both cylinders
for the case with a stationary outer cylinder. This figure clearly shows that Nuω
is increased tremendously as the roughness height increases. To highlight the local
scaling, we compensate Nuω with Ta1/2 in figure 4.2b. This figure is very similar to
the well-known Moody diagram for pipe flow, in which the friction coefficient Cf is
expressed as a function of the Reynolds number [84,220]. In fact, using the definitions
given above, and apart from a prefactor, Nuω / Ta1/2 and Cf are identical, as they
are related as
Nuω
Ta1/2

=

(1 − η)(1 − η 2 )
2(η − 1)2 η
p
Cf =
Cf .
√ p 2
2π σ η + 1
π(1 + η) 1 + η 2

(4.10)

For the currently used radius ratio of η = 0.716, this results in Nuω / Ta1/2 =
0.0174Cf . Here, we see that for the currently studied Taylor number regime, all
cases with ribs larger than 7.5% of the gap width result in reaching the asymptotic
ultimate regime [220], i.e. the Nuω ∝ Ta1/2 scaling is attained.
To understand how the torque scales with rib height, we extract the mean prefactor
of the experimental results shown in figure 4.2 over the measured Taylor number range,
as shown in figure 4.3. We here plot experimental results for various roughness heights
h and rib number Nr . Intuitively, one could think that the prefactor scales with the
total frontal area of the ribs, i.e. with S = Nr hL. When considering e.g. the drag
equation FD = 12 ρu2∞ CD S, this argument indeed could be correct, as long as CD
remains constant. Although figure 4.3a indeed shows some correlation, the quality of
the fit, which is shown as solid black line, can be improved. The fit quality can be
increased by assuming a scaling of type Nr (h/d)b , in which b is a fitting parameter.
It is found that b = 1.71 collapses our data in the best way. The R2 values are given
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Figure 4.4: Dimensionless pressure difference ∆p/ 12 ρu2i between upstream and downstream sides of the ribs as a function of rib height h for Ta = 1 × 109 and a = 0,
obtained from DNS. We observe a linear dependence between pressure difference and
rib height.
in de caption of figure 4.3.
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As shown in ref. [220], in the asymptotic ultimate regime, the pressure force results
in the dominant injection of momentum, rather than the skin friction. The torque τp
exerted by the fluid on the inner cylinder through pressure forces on the ribs is given
as:
τp = ri S∆p,

(4.11)

in which S = hNr L is the total frontal area of all the ribs, and ∆p is a mean pressure
difference between the upstream and downstream side of the rib. An instantaneous
pressure field is shown in figure 4.5a. Obviously, a local region of high pressure is
found at the upstream side of the rib, and a local region of low pressure is present at
the downstream side. In figure 4.4, we show the pressure difference ∆p as a function
of rib height h. Indeed, the pressure difference is related to the rib height, and, is
surprisingly well represented by the linear relation ∆p ∝ h. With this knowledge we
can now better understand the height dependence of the prefactor of the Nuω / Ta1/2
relation: the pressure forces scale with the product frontal area Nr hL, and pressure
difference ∆p, which is also proportional to the rib height h, leading to the prefactor
to scale with Nr (h/d)2 , as long as the skin friction is negligible compared to the
pressure forces, and in the case that ribs are unaffected by the neighbouring ribs.
This result is close to what we found in our experiments, where we observe a slightly
smaller scaling, namely the aforementioned Nr (h/d)1.71 scaling, presumably because
the ribs cannot be regarded as isolated. In addition, the analysis presented here is
obviously limited to cases in which the pressure drag is dominant. Therefore, it does
not fully cover cases with too sparse or dense rib densities, as well as too small rib
heights [220].
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Figure 4.5: (a) Dimensionless pressure field, and (b) dimensionless azimuthal velocity
field obtained with DNS. The rib height is 0.1d, and the Taylor number is 1 × 109 and
a = 0. We here show one instantaneous field, taken at mid-height of the numerical
domain. The inner cylinder rotates counter-clockwise as indicated, the outer cylinder
is stationary. The positions of the ribs are indicated by the black squares.

4.4

Local results

We now show the azimuthal velocity profiles in figure 4.6, extracted from the DNS
simulations which were shown in figure 4.2. Although the mean azimuthal velocity
in the bulk remains largely unaffected by the roughness, that is not the case in the
boundary layers (BLs), as one could expect for rough walls. Here we see that the
BLs become thicker, and consequently that the wall-normal velocity gradient is less
steep for all roughness cases. The difference in uθ in the BLs for all roughness heights
is difficult to observe in figure 4.6, and becomes clearer in figure 4.7. In this figure,
we show the azimuthal velocity profiles in the form u+ = (ui − uθ )/uτ as function of
the wall distance y + = y/δν from the inner cylinder, in which the viscous lengthscale
is calculated as δν = ν/uτ . We see, as is known for roughness, that u+ decreases
with roughness [151]. One could think that rib roughness has a significantly different
influence on the flow than e.g. sand grain roughness, as ribs act in a more local and
isolated way than the uniform sand grain roughness. This is however not reflected
in the data, neither in the global torque results, nor by these local velocity results,
as the results shown here are similar to a wide range of other types of roughness in
other flow setups, see e.g. refs. [86, 87, 147, 150]. Therefore our data suggests that the
overall trends are independent to the type of roughness applied.
We clearly see in both figures 4.6 and 4.7 that the shear at the cylinders becomes
increasingly smaller with increasing roughness. As the skin friction is directly related
to the shear at the wall, we see that this contribution to the torque gets smaller,
wheareas the total torque is increased tremendously. This finding again confirms that
skin friction is not the dominant way of injecting energy to the system, and again
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Figure 4.6: Azimuthal velocity profiles for various roughness heights, nondimensionalized by the inner cylinder velocity and the gap width at Ta = 1 × 109 ,
obtained from DNS. Here, six ribs are attached to both cylinders. The outer cylinder
is kept stationary. The stars indicate the extent of the ribs.
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Figure 4.8: RMS of the velocity fluctuations of the azimuthal velocity at Ta = 1×109 ,
obtained from DNS. Here, six ribs are attached to both cylinders. The outer cylinder
is kept stationary. The stars indicate the extent of the ribs. In (a), the full fluctuation
profiles are given, whereas in (b) the fluctuations are shown on a semi-log scale as
function of the wall distance to the inner cylinder.
highlights the role of the pressure drag. Velocity fluctuations (fig. 4.8) show a clear
and large peak close to both cylinders, with velocities in the bulk being of around
5% of the mean azimuthal velocity. As the rib size increases, the position of the
aforementioned peaks is further away from the cylinder wall, the peak value however
being at smaller y + values than the roughness height h+ , indicated in the figure by
the asterisk symbols. This indicates that the equivalent sand roughness height ks
of the roughness heights is significantly smaller than the rib height itself, as ks is
expected to be located closer to the wall than the peak of the fluctuations.

4.5

Optimal transport

So far we focussed on cases with stationary outer cylinder. In this section, we explore
the behaviour of wall roughness in the counter-rotating regime. For smooth walls, it
is known that outer cylinder rotation has a significant influence on the momentum
transport between both cylinders [4, 5, 171]. Counter-rotating cylinders stimulate
the existence of so-called “turbulent Taylor vortices”, which enhance the momentum
transport [5,99]. At a rotation ratio of aopt = 0.36, the momentum transport reaches a
maximum for the currently used radius ratio for the smooth wall case. In both extrema
of a = ±∞, the flow (in the absence of end plates) is laminar, and thus Nuω = 1
[98, 176]. Here we investigate what the influence of ribs is on the behaviour in the
counter-rotating regime. To study this, we fixed the Taylor number to T a = 3.8×1011 ,
and increased the rotation ratio a from a = 0 to a = 1 in a quasi-stationary way. As
seen in figure 4.9, there is a momentum transport enhancement in the counter-rotating
regime for all cases. When normalizing all curves by their Nuω (a = 0) value, their
shapes become very similar, i.e. apart from a prefactor, the behaviour is comparable.
As in the smooth-wall case this ‘optimal transport peak’ is related to the Taylor rolls,
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these results suggest that also in the presence of roughness Taylor rolls exist. As was
shown in ref. [173], ribs effectively shed off turbulent plumes, which feed and drive
the Taylor rolls. That even for extremely large roughness heights, here up to 12.5% of
the gap width, these rolls exist is surprising. The peak value of Nuω (a)/ Nuω (a = 0)
however does decrease for increasing rib height, indicating that the relative strength
of the Taylor vortices decreases.

4.6

Conclusions and Outlook

To conclude, building further upon our recently published work [220], by providing further flow details on the local flow organization, the dependence on rib height
and the behaviour in the regime of counter-rotating cylinders is illuminated. We
found that the momentum transport is largely enhanced with increasing rib height,
caused by increasing pressure forces acting on the ribs. A scaling argument is found
which predicts a scaling linear with rib number Nr and squared with rib height h,
i.e. Nr (/d)h2 . Experimentally, we find that to collapse the data the second scaling
exponent must be slightly smaller for the investigated Nr and h, i.e. Nr (h/d)1.71 ,
presumably because the ribs cannot be regarded as isolated. Velocity profiles and
the near-wall velocities in wall units show that the velocity gradient close to the wall
decreases with increasing roughness, similarly to what has been observed in other flow
systems using other roughness types.
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In the counter-rotating regime, the momentum transport depends on the rotation ratio similarly as in the smooth-wall case. Therefore, we hypothesize that in
spite of the roughness, Taylor rolls still exist, and that their momentum-transporting
role remains unaffected by it. However, the ribs might decrease the effective radius,
thus increasing the apparent aspect ratio and might thus allow for a larger number
of rolls. Furthermore, the characteristics of the rolls can be affected by the significantly increased mixing. In addition, efforts are currently ongoing towards more
realistic types of roughness, i.e. ‘sand-grain roughness’, which are often encountered
in turbulent flows encountered in engineering applications and in nature.
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Part III

Air lubrication in turbulent flows
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Chapter 5

Bubble drag reduction requires
large bubbles1
In the maritime industry, the injection of air bubbles into the turbulent boundary
layer under the ship hull is seen as one of the most promising techniques to reduce
the overall fuel consumption. However, the exact mechanism behind bubble drag
reduction is unknown. Here we show that bubble drag reduction in turbulent flow
dramatically depends on the bubble size. By adding minute concentrations (6 ppm) of
the surfactant Triton X-100 into otherwise completely unchanged strongly turbulent
Taylor-Couette flow containing bubbles, we dramatically reduce the drag reduction
from more than 40% to about 4%, corresponding to the trivial effect of the bubbles
on the density and viscosity of the liquid. The reason for this striking behavior is
that the addition of surfactants prevents bubble coalescence, leading to much smaller
bubbles. Our result demonstrates that bubble deformability is crucial for bubble drag
reduction in turbulent flow and opens the door for an optimization of the process.

1 Published as: Ruben A. Verschoof, Roeland C.A. van der Veen, Chao Sun, and Detlef Lohse,
Bubble drag reduction requires large bubbles, Phys. Rev. Let. 107, 104502 (2016).
Experiments by Verschoof and van der Veen. Data analysis by Verschoof. Verschoof and Lohse wrote
the paper. Sun and Lohse supervised the project. All authors discussed the results and proofread
the paper.
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Introduction

Theoretical, numerical and experimental studies on bubble drag reduction (DR) of
a solid body moving in a turbulent flow have been performed for more than three
decades [195, 213–217]. In the last decade from the maritime industry there was a
renewed interest into this subject and into air lubrication, because other contributions
to the total drag such as pressure drag and wave drag have already been optimized
thanks to sophisticated vessel design [2]. A few volume percent (≤ 4%) of bubbles
can reduce the overall drag up to 40% and beyond [9, 11, 196, 208–211, 218]. However,
the exact physics behind this drag reduction mechanism is unknown, thus hindering
further progress and optimization, and even the dependence of the effect on the bubble
size is controversial [205–207], though it is believed to be independent of the bubble
size [217].
In this chapter, we experimentally investigated the mechanism behind bubble drag
reduction in a Taylor-Couette (TC) system, i.e. the flow between two independently
rotating coaxial cylinders. The TC system can be seen as “drosophila” of physics of
fluids, with many concepts in fluid dynamics being tested therewith, ranging from
instabilities, to pattern formation, to turbulence; see the reviews [50, 51]. Here we
inject bubbles into the system, which due to the density difference to water experience
a centripetal force towards the inner cylinder, mimicking the upwards gravitational
force acting on bubbles under a ship hull.

5.2

5

Experiments

The experiments are performed in the Twente Turbulent Taylor-Couette facility
(T3 C) [3], with the inner one strongly rotating, corresponding to very large Reynolds
number of Re ∼ 105 − 106 . The setup has an inner cylinder with a radius of ri = 200
mm and an outer cylinder with a radius of ro = 279 mm, resulting in a radius ratio
of η = ri /ro = 0.716. The inner cylinder rotates with a frequency up to fi = 20 Hz,
resulting in Reynolds numbers up to Re = 2πfi ri (ro − ri )/να = 2 × 106 , in which
να is the kinematic viscosity of water-bubble mixture. At these rotation rates, the
influence of gravity is negligible compared to the centripetal acceleration [3]. The
outer cylinder is at rest. The cylinders have a height of L = 927 mm, resulting in an
aspect ratio of Γ = L/(ro − ri ) = 11.7. The flow is cooled through both end plates
to prevent viscous heating through the viscous dissipation. The torque τ is measured
with a coaxial torque transducer (Honeywell Hollow Reaction Torque Sensor 2404-1K,
maximum capacity of 115 Nm), mounted inside the middle section of the inner cylinder, to avoid measurement uncertainties due to seals and bearing friction and end
plate effects. Details are described in Ref. [3]. The gap between the cylinders is either
fully filled with water (T = 20◦ C) or, when measuring with bubbles, partly filled with
water. The effective viscosity and density of a bubbly liquid can be approximated
using ρα = ρ(1 − α) and the Einstein relation [9, 204], να = ν(1 + 52 α), in which ρ
and ν are the density and the viscosity of the single phase liquid, and α is the global
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Figure 5.1: (a) Drag coefficient cf as a function of time (for fi = 20 Hz, corresponding
to Re = 2.0 · 106 at α = 0%) for different gas volume fractions α. At t = 0 s the
surfactant is injected, as indicated by the dashed vertical line. We then observe a
large jump in the measured friction coefficient and within ∼ 20 s all curves overlap.
(b) Drag reduction (DR) as function of time. Nearly all DR is lost after injection of
the surfactant at t = 0 s. Inset: averaged DR before (circles) and after (asterisks)
addition of the surfactant, as a function of the gas volume fraction α. The thin line
equals DR = α, showing that after addition of the surfactant the small residual DR
is accounted for by the reduced density of the fluid mixture. (c) The dimensionless
torque Nuω = τ /τlam , which is the torque τ divided by the torque in the laminar and
purely azimuthal case [51], as a function of the Reynolds number Re for various α =
0%, 1%, 2%, 3%, both with (dashed lines) and without (solid lines) the surfactant
Triton X-100. (a),(b) correspond to Re = 2.0 · 106 (at α = 0%), shown by the thin
vertical line in the plot.
volume fraction of air. Air bubbles form over the entire cylinder height because of
the large turbulent fluctuations and the high centripetal forces.

5.3

Results and analysis

The main result is seen in Figs. 5.1(a) and 5.1(b), where we show the drag coefficient
cf (t) at Re = 2 × 106 as function of time for four different bubble concentrations. It is
calculated as cf = τ /(Lρα να2 Re2 ) [see Fig. 5.1(a)] from the measured required torque
τ (t) to keep the inner cylinder rotating at the fixed angular velocity ωi . While with
bubble volume concentration between 2% and 4% the drag is remarkably reduced
between 18% and 43% as compared to the single phase flow case without bubbles [9],
adding the surfactant Triton X-100 at t = 0 s at a concentration of only 6 ppm
reduces the drag reduction within 20 s (the time needed for Triton X to mix over
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the whole system) to the value corresponding to the volumetric gas concentration
of 2%-4%. Here the percentage of drag reduction is expressed as DR = (τ with −
τ without )/τ without , with the superscripts with and without referring to the cases with,
and without surfactant, respectively. The same holds for weaker turbulence — here
we tested down to Re ≈ 8 × 105 [see Fig. 5.1(c)] — though for weaker turbulence
the original drag reduction effect through the bubbles is less pronounced. Here, we
show the dimensionless torque in terms of the Nusselt number Nuω = τ /τlam , in
which τlam = 4πLρα να ri2 ro2 ωi /(ro2 − ri2 ) is the torque needed in the purely azimuthal
and laminar flow case. The Nusselt number can also be directly related to the drag
coefficient cf by Nuω = cf ωi (ro − ri )2 (ro2 − ri2 )/(4πνα ro2 ).

5

Figure 5.2 shows snapshots of the bubbly turbulence at three different length
scales (reflecting the multiscale character of bubbly turbulence) without (upper row)
and with (lower row) the addition of Triton X-100. It is seen that the addition of
the surfactant dramatically changes the structure of the turbulent dispersed bubbly
flow, resulting in much smaller bubbles (with the same total volume concentration)
in the case with Triton X-100. The reason is that the surfactant suppresses bubble
coalescence [194, 203]. Earlier studies noticed the role of the bubble Weber number
in bubble drag reduction [9, 11, 214]. The Weber numbers We = ρα u02 Dbubble /σ
before and after addition of Tritox X-100 are estimated as follows: From Fig. 5.2,
we estimate that the equivalent bubble diameters are of order Dbubble,without = O(1
mm) for clean water, and Dbubble,with = O(0.1 mm) for water with Triton X-100,
respectively. The surface tension between water and air is known for clean water, i.e.
σwithout = 73 mN/m at room temperatures. After the addition of 6ppm Triton X-100
(equivalent to 5 × 10−5 mol/L), the surface tension lowers to σwith = 40 mN/m [202].
The velocity fluctuations, as well as bubble sizes and the spatial distribution, are
impossible to measure in the bulk of the flow after the addition of surfactant, as the
bubble flow is too dense to be optically accessible. We know that without bubbles,
u0 ≈ 0.03ωi ri [9] in the bulk of the flow, and that this ratio is constant over a large
range of Reynolds numbers, as long as the flow is fully turbulent [219]. Furthermore,
it has been shown that this ratio does not change much after adding a few percent of
mm-sized bubbles [9]. For a rotation rate of 20 Hz, we calculate that u0 = 0.76 m/s.
We assume that this is a reasonable measure for the fluctuations in our bubbly flow.
For lower Reynolds numbers, the velocity fluctuations become smaller, resulting in
lower Weber numbers. We note that for the smaller bubbles the accelerations due to
turbulent fluctuations are much larger than the centripetal accelerations. Therefore
no bubble clustering close to the inner cylinder occurs [9].
From the figures we estimate the corresponding Weber numbers in the two cases
as Wewithout ≈ 10 and Wewith ≈ 1, implying that prior to injection of the surfactant
the bubbles can deform [as indeed seen from Figs. 5.2(b) and 5.2(c)], whereas this is
not possible after Triton X-100 was added [which is consistent with Figs. 5.2(e) and
5.2(f)]. As shown in Fig. 5.1(c), drag reduction is less pronounced at lower Reynolds
numbers. The physical reason for this trend is that the Weber number of the bubbles
decreases when reducing the Reynolds number.
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Figure 5.2: Snapshots of the bubbly turbulence (α = 1%, Re = 2×106 ) with increasing
magnification (as shown by the scale bars). In the first row no surfactants are present
in the turbulent flow, whereas the second row shows the (statistically stationary)
situation after addition of 6 ppm Triton X-100. In the left photos the T3 C apparatus
can be seen.
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Conclusions

Our findings give strong evidence that the bubble deformability is crucial in the drag
reduction mechanism, as already speculated in Refs. [9,205,210], but disputed by other
authors. We note that both the shape change of the bubble and the bubble coating
by the surfactant will also modify the lift force coefficient of the lift acting on the
bubble [194,197,201,203,208] and thus the bubble distribution in the flow. Apparently,
the large and deforming bubbles, which accumulate close to the inner cylinder [9],
hinder the angular momentum exchange between boundary layer and bulk by partly
blocking the emission of coherent structures from the boundary layer towards the bulk
and reducing the Reynolds stress, thus leading to drag reduction [9, 193, 197, 205].
Our results have strong bearing on the projected bubble drag reduction in the
naval industry. Not only surfactants, but also ions of the various dissolved salts have
a strong effect on coalescence properties of bubbles, either enhancing or suppressing
coalescence [198]. As seen from our experiments, tests of bubbly drag reduction in
fresh water facilities will therefore lead to very different results as in the salty ocean
water.
Our results, however, also offer opportunities to enhance drag reduction in pipelines
transporting liquified natural gases (LNGs) close to the boiling point by adding appropriate surfactants helping coalescence [200]. Going beyond bubbly multiphase flow
towards emulsions of e.g. oil in water [199], also here the global drag will be strongly
affected by the local coalescence behavior of the droplets, thus opening opportunities
to influence the overall drag by the use of surfactants.

5

Chapter 6

Air cavities at the inner cylinder of
turbulent Taylor-Couette flow1
Air cavities, i.e. air layers developed behind cavitators, are seen as a promising drag
reducing method in the maritime industry. Here we utilize the Taylor-Couette (TC)
geometry, i.e. the flow between two concentric, independently rotating cylinders, to
study the effect of air cavities in this closed setup, which is well-accessible for drag
measurements and optical flow visualizations. We show that stable air cavities can be
formed, and that the cavity size increases with Reynolds number and void fraction.
The streamwise cavity length strongly depends on the axial position due to buoyancy
forces acting on the air. Strong secondary flows, which are introduced by a counterrotating outer cylinder, clearly decrease the stability of the cavities, as air is captured
in the Taylor rolls rather than in the cavity. Surprisingly, we observed that local air
injection is not necessary to sustain the air cavities; as long as air is present in the
system it is found to be captured in the cavity. We show that the drag is decreased
significantly as compared to the case without air, but with the geometric modifications
imposed on the TC system by the cavitators. As the void fraction increases, the drag
of the system is decreased. However, the cavitators itself significantly increase the
drag due to their hydrodynamic resistance (pressure drag): In fact, a net drag increase
is found when compared to the standard smooth-wall TC case. Therefore, one must
first overcome the added drag created by the cavitators before one obtains a net drag
reduction.

1 Ruben A. Verschoof, Dennis Bakhuis, Pim A. Bullee, Sander G. Huisman, Chao Sun, and
Detlef Lohse, Air cavities at the inner cylinder of turbulent Taylor-Couette flow, accepted for publication at Int. J. of Multiphase Flow.
Experiments by Verschoof, Bakhuis and Bullee. Verschoof analysed the data and wrote the paper.
Huisman, Sun and Lohse supervised the project. All authors discussed the results and proofread the
paper.
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Introduction

Around 90% of the world trade is carried by cargo vessels. Therefore, even a minor
energy saving in this industry has a major impact on global fuel savings and CO2
emissions. One method to save the overall fuel consumption is to reduce the resistance
between the hull and the surrounding water. Next to wave drag and pressure drag
(or form drag), viscous skin friction is the major contribution to the total friction,
accounting for approximately half of the total resistance [143]. Wave drag and pressure
drag can be optimized by a careful design of the shape of the vessel. Skin friction,
however, cannot be optimized similarly, as it is proportional to the wetted area of the
hull [2].
One of the most promising techniques in naval engineering to reduce the skin
friction is the use of air lubrication. Air lubrication can be applied in the form of
bubbly drag reduction (DR) or — presumably more effective — in the form of air
layer drag reduction [217]. Both methods have been studied, mainly experimentally,
in great detail over a wide range of Reynolds numbers and bubble diameters, mostly
in water channels and flat plate configurations, see e.g. the review articles [214, 217].
The mechanism of bubbly DR is not yet entirely known, but it is clear that large,
deformable bubbles are effective in reducing the friction in the boundary layer [9,
126, 205]. The working principle of DR using air layer is more intuitive: An air layer
prevents the water from contacting the hull, thus decreasing the wetted area. The
DR can be over 80%, as reported in several studies, as long as the air layer is stable
and well-developed [139, 208, 209, 218].
Air layers are formed when sufficient amount of air is injected under a vessel or
flat plate [209, 218]. Although it is a straightforward technique, its drawbacks are
the low stability of the air layer and excessive necessary air injection rates, see e.g.
ref. [134] for a recent literature overview of air layers and air discharge mechanisms.
One way of improvement is by installing a raised edge, commonly referred to as
the “cavitator”, see figures 6.1 and 6.2 for typical cavitator shapes. The cavitator
creates a region of low pressure at the leeside which stimulates air to attach to the
wake of the cavitator, thus decreasing the necessary air injection rate and increasing
stability. This air layer developed downstream of the cavitator is called “air cavity”.
Air is usually injected directly at the cavitator, attaches to it, and forms the cavity.
Eventually, the air is discharged from the air cavity in the “closure region”, thus
forming a contact line at the wall-water-air interface. In this region, the drag is
increased due to local cavity shedding and re-entrant flows [217]. The streamwise air
cavity length was found to depend
q on the gravity wavelength λ, which is found through

gλ
tanh( 2πD
the dispersion relation u∞ = 2π
λ ), in which D is the water depth, u∞ the
free-stream velocity and g the gravitational acceleration [130–132]. The maximum
stable air cavity length then equals half the gravity wavelength λ, which thus only
depends on the water depth and vessel speed . Experiments indeed confirmed that
the cavity length is virtually independent on the cavitator height and air injection
rate [134]. Two different air discharge mechanisms are known in the closure region:
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i) wave pinch-off and ii) a re-entry jet [217]. The wave pinch-off mechanism is related
to interfacial waves, that can pinch off patches of air when the air cavity is thin. The
re-entry jet is formed by a stagnation point in the wake of the cavity. This jet flows
upstream, leading to a periodic break-off of air [140]. Note that the nomenclature
of the “cavitator” is unrelated to real cavitation, i.e. the rapid liquid-to-vapor phase
transition.
When applying air cavities, a significant difference between net and gross DR
is present. A compressor to blow air under the hull consumes energy, and locally
the drag is increased in the closure region and by the cavitators and skegs, which
are installed to prevent air from discharging sideways. In fact, the challenge is not
to increase the drag by the geometric changes, but to find a net drag reduction.
Therefore one has to find the optimum between DR and additional energy losses
and also expenses. Recent full-scale ship measurements resulted in impressive net
power savings of 10% to 20% [133, 135–138, 213]. However, despite its clear potential
advantages, air lubrication is hitherto not widely used. One of the main issues it
that laboratory results are hard to scale up to the conditions of real applications
and therefore the performance of ships is difficult to predict [214]. Although efforts
are being made to numerically model air cavities, presently only RANS and LES
simulations are common, and thus closure models, which are not always reliable,
are necessary [113]. In this field of research, many questions remain unanswered, and
there is a clear need for well-controlled, precise measurements to study the underlying
physics.
The goal of this study is to explore the possibilities of studying air cavities in
Taylor-Couette (TC) flow. Taylor-Couette flow, i.e. the flow between two concentric,
independently rotating cylinders, is one of the canonical systems in which fluid flow
physics is studied, see the recent reviews refs. [50, 51], and fig. 6.1 for a schematic of
a TC setup. It has the advantage of being a closed system with an exact balance
between driving and energy dissipation, and it is accessible experimentally thanks to
its simple geometry. Furthermore, it is a compact system in which highly turbulent
flows can be studied. By using a TC apparatus, we have the opportunity to study air
cavities in a highly controlled environment.
In TC flow, the driving of the flow is expressed through two Reynolds numbers,
namely Rei = ωi ri (ro − ri )/ν for the inner cylinder and Reo = ωo ro (ro − ri )/ν for
the outer cylinder. Here, ri and ro are the radii of the inner and outer cylinder,
respectively, ωi and ωo are the angular velocities of the inner and outer cylinder,
respectively, and ν is the kinematic viscosity. The primary response parameter is the
torque τ necessary to rotate the cylinders at a constant driving speed, i.e. at constant
Rei and Reo . The torque is made dimensionless as G = τ /(2πLIC ρν 2 ), in which ρ
is the fluid density and LIC is the height of the inner cylinder, i.e. the height over
which the torque is measured.
Taylor-Couette flow has been used extensively to study bubbly drag reduction
and bubble dynamics, see e.g. refs. [9, 11, 97, 115–117, 126, 141, 142, 177, 210]. At lower
Reynolds numbers, small bubbles do not only beautifully visualize Taylor rolls and
other vortical structures in the flow [114], they also decrease the drag by destroying
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the momentum transport in these vortices [112]. At higher Reynolds numbers, in
which the drag and shear rates are high, a small percentage of large bubbles has a
tremendous effect on the global drag, e.g. at Rei = 2 × 106 , DR percentages of 40%
were observed for a global gas volume fraction of only 4% [9]. These DR percentages
reach far beyond the trivial effects of the changed effective density and viscosity.
Efforts are being made to study thin air layers around the inner cylinder in TC flow,
which can be achieved by using a superhydrophobic coating [128, 129], or by heating
the inner cylinder, thus creating a Leidenfrost vapour layer [127]. Studying air cavities
in TC flow has, to the best of our knowledge, never been done before.
The outline of this chapter is as follows. First, we describe the experimental
method in section 6.2. In section 6.3.1 we show the existence of air cavities by showing
and interpreting high-speed recordings. From these visualizations, we extract the
cavity length and global coverage in section 6.3.2. We continue by presenting the
torque measurements and resulting drag reduction in section 6.3.3, thus quantifying
the flow behaviour. We conclude this study in section 6.4.
(a)

─

ωo

(b)

ωi

6

αL

L

LIC

Figure 6.1: Experimental setup. (a) Top view schematic of the T3 C facility (not
to scale). Air is captured at the leeward side of the cavitators, as indicated. We
attached 2, 3, or 6 cavitators equally distributed around the perimeter of the inner
cylinder. The rotation of the cylinders is shown as ωi and −ωo . (b) Vertical crosssection, showing the position of the torque sensor. The sensor is located in the
inner cylinder, so that the torque between the driving shaft and the inner cylinder is
measured. To control the void fraction, we fill the cylinder only partially with water,
so that the void fraction α is controlled by measuring the relative height of the water
level. Turbulent mixing ensures axial mixing between the two phases, whereas the
centrifugal accelerations push the water towards the outer cylinder and, consequently,
the air towards the inner cylinder.

6.2

Experimental method

The experiments were performed in the Twente Turbulent Taylor-Couette (T3 C) facility, see ref. [4] for all technical details. The setup has inner and outer cylinder
radii of ri = 200 mm and ro = 279.4 mm, respectively, giving a radius ratio of
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η = ri /ro = 0.716 and a gap width d = ro − ri = 79.4 mm. The maximum rotationfrequencies of the inner and outer cylinder with cavitators are fi = 10 Hz and fo = ±5
Hz, respectively, resulting in Reynolds numbers up to Rei = 2πfi ri d/ν = 1 × 106 and
Reo = ±2πfo ro d/ν = ±7 × 105 with water as the working fluid with a temperature of
T = 20±0.5 ◦ C. We continuously measure the temperature, and use the instantaneous
temperature-dependent viscosity and density to calculate our dimensionless quantities. The rotation ratio between outer and inner cylinder is defined as a = −fo /fi .
When both cylinders rotate, we express the driving as a “shear Reynolds number”,
i.e.
ri (ωi − ωo )d
= Rei −η Reo ,
(6.1)
Res =
ν
in which ωi,o = 2πfi,o . In this study, the rotation rates are limited by vibrations in
45°
ωi

Cavitator h

1 mm

Air cavity

Inner cylinder
Air injection
(optional)

Figure 6.2: Sketch of the cavitator and air injector. The cavitator, here shown in
dark gray extends over the entire height of the inner cylinder, see also fig. 6.3. The
cavitator edge has a sharp, 45◦ corner, with a height of h = 2 mm. This sharp edge,
although introducing pressure drag, is necessary to start a stable air layer. Using a
rotary union-slip ring combination, air is led through the shaft, meaning that air can
be injected through the inner cylinder while the cylinder is rotating. This way of
active air injection is optional.
the system, which are caused by the uneven distribution of air. The outer cylinder
has a height of L = 932 mm, giving an aspect ratio of Γ = L/d = 11.7. The inner
cylinder has a height of LIC = 927 mm. The transparent acrylic outer cylinder
allows for flow visualizations. The end plates, which are partly transparent, are fixed
to the outer cylinder. The torque τ is measured with a co-axial torque transducer
(Honeywell 2404-1K), placed inside the inner cylinder to avoid measurement errors
caused by seal- and bearing friction, see fig. 6.1. All flow visualizations are made
with a Photron FASTCAM SA-X high-speed camera with a resolution of 1024 × 1024
px. As illumination we used a Briteq BT-Theatre-1EZ LED theatre spotlight. We
stress that a uniform light intensity is hard to achieve due to the curved surface of
the cylinders. A Zeiss Makro 50 mm lens was used, resulting in a field of view of
23◦ in both the horizontal and vertical direction. We fix 2, 3, or 6 cavitators to the
inner cylinder (IC), as shown in figures 6.1 and 6.2. Due to a local low pressure, air
attaches to it in the wake of the cavitator. The cavitators extend over almost the
entire height of the cylinders, and have a height of 2 mm. Shape and size effects of
the cavitator have been studied in a water tunnel configuration [134], indicating that
a sharp cavitator tip is necessary.
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Air cavity
Streamwise
cavity length

Air injectors
(optional)

Air patch
Contact line
(Closure region)

Cavitators

Figure 6.3: A sketch of the front view of the setup with a developed air cavity, which
is shown in red to ease readability. The cavitator is shown in dark gray. We indicate
the position of all relevant features encountered in this study. The height of the air
injectors equals z/L = 0.09, 0.33, 0.57, 0.81.
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The amount of air is characterised by the global void fraction α. In the current
study, we used 2 procedures of controlling the amount of air in the setup: i) We do
fill the apparatus only partially with water, leaving room for a controlled amount of
air, which is measured with both cylinders at rest. Already at the lowest Reynolds
numbers presented here, turbulent mixing ensures distribution of air in the bulk flow
(see fig. 6.1 and e.g. [126]). This procedure is used, unless mentioned otherwise. Or
ii) We actively inject air from the cavitators at four axially distributed heights, as
indicated in figs. 6.2 and 6.3. An overflow channel allows air to leave the setup and
prevents pressure build-up in the system. After each measurement, when both the
cylinders and the fluid are at rest again, we remeasure the void fraction, to ensure
that the void fraction was constant during the measurement. With this procedure,
the uncertainty in void fraction is kept below αerr ≤ 0.1%. We note that in both
procedures, the local effective local void fraction depends on axial and radial position
due to buoyancy and centripetal forces, as shown in [9].

6.3
6.3.1

Results
Flow visualizations

The goal of these visualizations is two-fold: i) we can qualitatively study the flow
dynamics to prove the existence of air cavities in TC flow, and ii), we can extract the
streamwise air cavity length and air coverage from these images. We first visualize
the entire TC setup, as shown in fig. 6.4. The air cavity is best visible in fig. 6.4c.
Here, we see the cavity over a considerable portion of the cylinder, especially in the
top part of the setup. We observe the interfacial capillary waves at the surface of
the air cavity, and we see bubbles or air patches at locations where the cavity is not
formed. See the annotations in fig. 6.3 and 6.4, in which all relevant flow features are
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Figure 6.4: Snapshots of air cavities at Res = 8 × 105 , for 3 different rotation ratios:
(a) a = 0.14 (counter-rotation), (b) a = 0 (stationary OC) and (c) a = −0.2 (corotation). The direction of the cylinder rotation is indicated by the curved arrows, in
which ωi and ωo indicate the direction of the inner and outer cylinder, respectively.
The global gas volume fraction is α = 2%. The vertical bars and horizontal rings are
essential structural parts of the setup. (I) The air cavity. (II) The cavitator. (III)
Cylinder not covered with an air cavity. (IV) The contact line of the cylinder-waterair interface. (V) In the counter-rotating case, many bubbles are trapped in these
‘Taylor vortices’. In fig. (b) and especially in fig. (c), the flow is radially more stably
stratified. Therefore, less bubbles are present and the air cavity is better visible.
highlighted.
In fig. 6.4a the cylinders counterrotate, which is known to induce turbulent Taylor
vortices [5, 176]. These vortices are visualized here by the bubbles captured within
them. The vortices, which introduce strong secondary flows in the system, prevent
the bubbles from sticking to the inner wall. Apparently, the air cavity is largely
destabilized and destroyed in the counterrotating regime. In fig. 6.4c, the opposite
is the case. Corotating cylinders stabilise the flow and suppress secondary flows.
We see that air is pushed towards the inner cylinder more effectively than in the
counterrotating case. Fig. 6.4b, in which only the inner cylinder rotates, shows an
intermediate behaviour, i.e. no pronounced Taylor vortices, but nonetheless larger
vortical structures in which bubbles are entrained.
To capture the local dynamics we zoom in, as shown in fig. 6.5. Here, we only
rotate the inner cylinder. We clearly see the interfacial waves at the air-water interface. Also, it is clear that the majority of the air is indeed captured in the air cavity
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Figure 6.5: Snapshots of air cavities at Rei = 5 × 105 with a stationary outer cylinder,
3 cavitators, and 2% of air. We zoomed in on the top of the cylinder. We show 2
photos taken at time = t1 — when the cavitator is visible, and t2 — when the closure
region is visible. (a) Cavitator (vertical white strip in image) with development of the
air cavity at t1 . (b) The closure region of the air cavity at t2 . The visible white bar
here is not a cavitator, but a blank that is mounted flush with the cylinder surface.
Note the dependence of the cavity length on the height. The white arrow indicates
the position of the closure region, which is governed by the re-entry jet mechanism.
— only few bubbles are present in the bulk. In the closure region, we see that the
dominant breakup process is the “re-entry jet”. This is clear from the local structure,
which is more “blurry” than most of the cavity, as indicated by the white arrow in
fig. 6.5b.
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6.3.2

Cavity length and coverage

The streamwise cavity length and global coverage are among the crucial parameters
of the cavity as they govern the de-wetted area and thus the possible drag reduction.
From images as shown in fig. 6.4, we extract the air cavity length. We first averaged
100 independent instantaneous photos of the flow, to get a time-averaged cavity length
rather than the instantaneous value. Then, we manually tracked the edges of the
cavity and the cavitator, and binarized the image, in which the area covered by
cavity is distinguished from the area which is not. From this binarized image, we can
extract the global coverage and the streamwise air cavity length at any axial position.
Due to the structural parts blocking the view and light reflections, an automated
procedure to extract the position of the air cavity turned out to be unfeasible. We do
this for all cases with 3 cavitators and a stationary outer cylinder. Here, the cavity
length is shown for 3 axial heights in fig. 6.6. The axial dependence, which already
was made clear from fig. 6.4 and 6.5 is significant. Clearly, due to buoyancy forces
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Figure 6.6: Streamwise air cavity length on the inner cylinder as a function of Rei .
The outer cylinder is stationary. We used 3 cavitators. The coverage is extracted by
visual means from a series of images similar to those of fig. 6.4. We show results for
three different axial positions, close to the top (z/L = 3/4), at mid-height (z/L = 1/2)
and close to the bottom (z/L = 1/4). The estimated error bar is shown in the bottom
left corner of the graph. In dashed black, we added the streamwise length between two
cavitators 2πri /3, which is the upper limit of the streamwise cavity length. On the
right y-axis, we normalized the streamwise cavity length with the distance between
two cavitators.
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Figure 6.7: Percentage of air cavity coverage on the inner cylinder as a function of Rei .
The outer cylinder is stationary. We used 3 cavitators. The coverage is calculated by
integrating the streamwise cavity lengths (see fig. 6.6). The estimated error is shown
in the bottom right corner of the graph.
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air has an spatial preference towards the top of the cylinders. Previous bubble DR
measurements already showed the axial dependence of the location of bubbles, even
when air is continuously injected from the bottom [9]. We see here that this axial
dependence is present also in the case of air cavities. We note that although the cavity
length at the three shown axial heights for the smallest Reynolds numbers is zero, a
small cavity already forms closer to the top.
The centrifugal acceleration at the inner cylinder is given by acentr = ωi2 ri . Consequently, in the limit of Rei → ∞, the gravitational forces are negligible as compared
to acentr , and the axial dependence of the air cavity length will disappear. In the
hypothetical case of air in a purely laminar TC flow, all air would be pushed towards
the inner cylinder due to a radial pressure gradient caused by the centrifugal forces [9].
In this turbulent flow, however, strong velocity fluctuations are present, causing the
air to distribute itself over the entire gap width, even though the preferential accumulation close to the inner wall remains present [9]. The number of cavitators does not
influence the cavity length, as long as the air cavities can be regarded as isolated [134].
If the cavitators are so closely spaced that cavitators are within range of an upstream
cavity, they become submerged in air and a continuous air cavity is formed.
We calculate the air coverage for both α = 2% and α = 4%, to know whether
the global gas fraction influences the coverage, see fig. 6.7. The coverage is calculated
by integration of the streamwise cavity lengths over the entire height of the cylinder,
which is then divided by the total area between 2 cavitators (i.e. 2πri LIC /3). We see
that the coverage for both measured gas fractions are similar up to Rei = 6×105 , after
which the α = 2%-curve saturates at a coverage of 25%. The coverage for α = 4%
increases up to Rei = 8 × 105 , where it saturates at a coverage of 45%.
In these 2 saturation coverages regimes, the majority of the air is attached to the
cavity, and not dispersed throughout the flow as bubbles. Assuming that all air is
attached to the cavity, it is possible to get an estimate of the thickness of the air cavity.
The surface area covered of the inner cylinder equals 2πri LIC · coverage. We divide
the volume of air in the setup, which equals αV = α · LIC π(ro2 − ri2 ), by the coverage
surface area, to get a nominal value for the thickness hcavity . For both α = 2% and
α = 4% we find that hcavity ≈ 8 mm, which is in line with earlier measurements [134].
Note that the estimated hcavity is much larger than the cavitator height, which is
h = 2 mm.
Clearly, achieving a higher coverage would be beneficial, and could be achieved
by measuring with a larger void fraction. Measurements at higher gas volume fractions are impossible due to vibrations of the system, which are caused by the uneven
distribution of air.
6.3.3

Torque and drag reduction

Up to now, we focussed on flow visualizations and results which can be extracted from
these. Now, we turn to torque measurements to quantify how the torque is affected by
the air cavities. We study the influence of the Reynolds number, the void fraction α,
the number of cavitators and the effect of outer cylinder rotation on the global torque
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and drag reduction. In all measurements, we quasi-statically increase the rotation
rates of the cylinders, and constantly measure the rotation rate, the torque, and
the temperature in the flow. From the temperature we calculate the instantaneous
viscosity and density. The drag reduction is defined as DR = 1 − G(α)/G0 . Here, we
use as G0 = G(α = 0) the case without air, but with cavitators. For the calculation
of G we used the density and viscosity of water, and we did not corrected for any
changed effective flow properties caused by the air.
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Figure 6.8: Global dimensionless torque and drag reduction percentage for 0%, 2%,
and 4% of air. Here we mounted 3 cavitators, and we kept the outer cylinder stationary. (a) Dimensionless torque G as a function of the inner Reynolds number
Rei . (b) Drag reduction percentages as a function of inner Reynolds number Rei .
As comparison, we also show the bubbly DR results from [9]. A typical error bar is
shown in both graphs.
We show results in fig. 6.8. Here, we mount 3 cavitators to the IC, and while
keeping α constant, we quasi-statically increase ωi , and thus Rei . The outer cylinder
is kept stationary. We clearly see that the dimensionless torque G decreases with
the presence of air cavities. When we compare our air cavity results with earlier
measurements with bubbly DR, we clearly observe that air cavities decrease the drag
more effectively for the same Reynolds number. Nevertheless, we see that the air
cavity DR saturates from Rei = 8×105 and onwards, whereas the bubbly DR increases
with increasing Reynolds number. This can be explained as follows. When applying
air cavities, the DR largely depends on the coverage, which is shown in fig. 6.7. We see
in fig. 6.7 that the air coverage saturates, which is reflected in the observed saturating
DR. In fact, the shapes of fig. 6.7 and 6.8b are similar. The relation between these two
quantities is better revealed when plotting the DR as a function of air cavity coverage,
see fig. 6.9.. In bubbly DR, the bubbles do not necessarily attach to the cylinder.
For bubbly DR, the relevant parameter is the Weber number, which is a measure
for bubble deformability [9]. The Weber number increases with increasing Reynolds
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Figure 6.9: The drag reduction, as shown in fig. 6.8 as a function of air cavity coverage
(fig.6.7). Note that both the DR and the coverage depend on Rei . A typical error
bar is shown for both the drag reduction as the coverage percentage.
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Figure 6.10: Dimensionless torque and DR for the case of counter-rotating cylinders
with 3 cavitators as a function of shear Reynolds number Res . The rotation ratio
equals a = 0.2. (a) Dimensionless torque G as a function of shear Reynolds number
Res . (b) Drag reduction percentages as a function of shear Reynolds number Res .
The DR is significantly smaller than for the case of only inner cylinder rotation (fig.
6.8). A typical error bar is shown in both graphs.
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number, hence the increasing DR. In the present study, the mechanism of DR is
different, and as the coverage is limited by the void fraction, the DR consequently is
limited too.
In the T3 C setup, we have the possibility to rotate the outer cylinder. It is
known that for single-phase TC flow, the counterrotating cylinders enhance secondary
flows, i.e. turbulent Taylor vortices [5, 51, 176]. These Taylor vortices enhance the
momentum transport from inner to outer cylinder, thus increasing the global torque
[4]. By measuring in the counter-rotating regime we can study the influence of strong
secondary flows on the cavity and the drag reduction. We are not aware of any prior
measurements of bubbles in turbulent TC flow with counterrotating cylinders. In
these experiments we fix the rotation ratio between outer and inner cylinder to a
rotation rate a = −fo /fi = 0.2. The results are shown in fig. 6.10. Also in the
counter-rotating regime the drag is decreased by air cavities. However, the DR is
smaller than for pure inner cylinder rotation. This can be explained as follows. In fig.
6.4 we see that many bubbles are entrapped in the turbulent Taylor vortices, as the
strong radial flow drags air away from the inner cylinder. Therefore, strong secondary
flows decrease the stability of the air cavity, thus suppressing drag reduction.
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Figure 6.11: (a) Dimensionless torque with 2, 3, or 6 cavitators as a function of Rei
for stationary outer cylinder. (b) The drag reduction for α = 2% for the case with 2, 3
or 6 cavitators. The DR percentages are similar for a constant gas volume fraction α,
although the global torque is increased by the cavitators, which induce an additional
pressure drag [220]. A typical error bar is shown in both graphs.
We now vary the number of cavitators. We installed 2, 3, or 6 cavitators, and
while keeping the outer cylinder stationary we measured the torque for void fractions
of α = 0% and α = 2%. The DR here is calculated comparing the case with α = 2%
to the single-phase water case for the same number of cavitators. The results, which
are shown in fig. 6.11, show that the DR is very similar. However, the absolute torque
values clearly differ, and increase with the number of riblets. E.g. here we see that
the torque with 6 cavitators and 2% void fraction is larger than the torque with 2
cavitators case without air. Since we clearly observe the additional drag caused by
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the cavitators, it is crucial to study the effect of the pressure drag at the cavitators
in more detail.
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Figure 6.12: Dimensionless torque and DR as a function of Rei . The reference case is
without cavitators and with α = 0. The other cases are measured with 3 cavitators.
The outer cylinder is stationary. (a) The dimensionless torque as a function of the
inner Reynolds number Rei . (b) The net drag reduction as a function of the inner
Reynolds number Rei . The net DR as compared to the reference case is negative, i.e.
instead of drag reduction we observe a drag increase. A typical error bar is shown in
both graphs.

6

As discussed in the introduction, one has to find the optimum between the DR
caused by the cavities and the drag increase caused by the cavitators due to their
pressure drag. In figures (6.8-6.10) the presented DR percentages are relative to the
case without air, but with cavitators. The presented DR values can be seen as a ‘gross
drag reduction’. However, it is known that in TC flow (as for any other flow) even
small roughness heights increase the drag tremendously [125, 220]. The cavitators
have a height of 2 mm, corresponding to 2.5% of the gap width and to O(102 ) wall
units, so we are in the fully rough regime. In this paragraph, we study the effect of
these cavitators on the drag, by comparing our results with a reference case without
cavitators. We define a ‘net DR’ as:
DRnet = 1 − G(α)/Gref ,

(6.2)

in which Gref is a reference case without air and without cavitators, i.e. with
smooth cylinders. The results are shown in fig. 6.12. Clearly, the lowest dimensionless
torque is obtained with the reference case. So, when applying air cavities, the net
drag is increased, as is also clear from fig. 6.12b. We observe here that the drag
increase caused by the cavitators is larger than the drag reduction caused by the
air layer. We, however, note that measuring at larger void fractions and Reynolds
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numbers might cause DRnet to be positive. Knowing the difference between net and
gross drag reduction is crucial when applying air cavities. Full-scale ship experiments
are extremely costly, and a reference test without cavitators might not be performed
at all. Here, we show that the negative effects of the cavitators can be larger than
the beneficial effects of the air cavity.
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Figure 6.13: (a) The dimensionless torque G as a function of gas flow rate Q̇. We
observe that G does not depend on Q̇. Here, the number of cavitators is 3, and we
measure at Rei = 1 × 106 with a void fraction of α = 2%. The OC is kept stationary.
On the top x-axis, we non-dimensionalized Q̇ with the volume of the system V , which
equals α̇, i.e. the void fraction injected per minute. Injecting more air than shown
here is not possible as it leads to an increase in void fraction as water is pushed out
of the system, and thus to an unfair comparison. In plot (b), we show the same data
but made dimensionless: (G − G0 )/G0 , in which G0 = G(Q = 0). In this way, the
relative change of G is shown. A typical error bar is shown in both graphs.
In water tunnel measurements the parameter governing the amount of air in the
flow is the air injection rate Q̇, which partially governs the cavity stability [134]. Q̇
should be sufficiently high to maintain the cavity, whereas a further increase in Q̇
does not further increase the cavity length, but causes more air to be discharged in
the closure region. In a closed TC system, air escaping from a certain cavitator can
be re-entrained by other cavitators downstream. Similarly, in flat plate experiments
it was shown that air which is discharged from a cavity can develop a new cavity if
an additional cavitator is placed downstream [134]. In open systems, such as ships
or flat plates, the working fluid (with α = 0%) is continuously refreshed such that
Q̇ is important, while the TC flow system is closed, meaning that α is the relevant
parameter. In all measurements presented above, we did not inject air locally, but
instead chose to fill the cylinder only partially (see fig. 6.1). Air is then entrained in the
water by turbulent mixing. It is not known to which extent active local gas injection
influences the global torque and the air cavity length, given a certain α. The fact
that pipe flow measurements showed that air can be reentrained at a cavitator placed
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further downstream indicates that rather than the air injection rate, the amount of
available air is crucial [134]. However, in flat plates it is not possible to disentangle
air injection and local void fraction. Here we study this by injection of a certain gas
flow rate Q̇, locally, directly at the cavitator, as indicated in fig. 6.2, while keeping the
void fraction constant at α = 2% and the Reynolds number constant at Rei = 1×106 .
We simultaneously measure the torque. We note that we inject significant amounts
of air as compared to the amount of air which already is in the system (2.2 liter for
α = 2%), namely up to 5 times as much air per minute than the amount of air already
present.
Surprisingly, we observe that active air injection does not influence the torque in
the studied range of air injection rates, as shown in fig. 6.13. Apparently, the turbulent
mixing in the flow is so strong that a steady state is reached almost immediately.
Therefore, any excess of air is transported towards the top of the setup immediately,
where it can leave the system. This is somewhat similar to what was found in [134].
In here, it was observed that increasing the gas flow in a flat plate setup does not
increase the length of the cavity, and only leads to an increase in air discharge in the
closure region.

6.4

6

Discussion and conclusions

A relevant question one could ask is: how can these Taylor-Couette results be compared with channel flow measurements [2, 214, 217]? Several parameters which are
common in the channel flow- and naval architecture communities are not used in TC
flow and vice versa, see table 6.1 for a comparison of these parameters. As discussed
above, as the air is not continuously swept away, like in an open system, it is α, rather
than Q̇, that is the governing parameter in a closed flow system. The mean-field forcing of the flow is a second source of ambiguity. In TC flow, the mean-field forcing is
not limited to the gravitational forces, as the centrifugal forces play a large role. The
centrifugal forces acentr = ωi2 ri increase with Reynolds number until eventually, in the
limit of Rei → ∞, acentr  g. As the centrifugal forces are directed in the radial direction, the water depth is to be taken in radial direction as well and thus equals the gap
width d. Furthermore, in TC flow a second Froude number can be defined. The com∞
, in which u∞ is a free
monly used depth-based Froude number is defined as Fr = √ugD
stream velocity and D is the water depth. Using the centrifugal
pacceleration
p we now
define a “centrifugal Froude number” as Frcentr = √a ui d = ri /d = η/(1 − η),
centr
which, surprisingly, does not depend on the driving of the setup but only on the geometrical parameter η. In the currently used setup, the centrifugal Froude number
equals Frcentr = 1.59.
Earlier studies showed that the length of the cavity equals half
q of the gravity

gλ
2πD
wavelength, which is described by the dispersion relation u∞ =
2π tanh λ , in
which λ is the wavelength of the surface gravity waves [130,132]. Here, as Frcentr > 1,
the flow is supercritical, and the gravity wavelength becomes infinite [134]. Thus, if
enough air would be available and for acentr  g, our streamwise cavity length would
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Quantity
Amount of gas
Gravity
Water depth
Cavitation number
Driving

Channel flow
Q̇ [l/s]
Fr
D
σ
Re

87

TC flow
α [%]
For high Rei : Frcentr . For low Rei : Fr
For high Rei : ro − ri . For low Rei : L
σT C
Rei and Reo

Table 6.1: Comparison between air cavity parameters for channel flow and TC flow.
become unbounded and the entire cylinder is expected to be covered in air. We note
that in our study, both the buoyancy forces and centrifugal forces play a role, and
therefore the flow is not yet supercritical, and consequently, the cylinder is not yet
fully covered by cavities. In channel flow, the cavitation number σ is one of the basic
parameters, and it is straightforward to measure. It is defined as σ = (p−pc )/( 21 ρu2∞ ),
in which p is the free stream pressure and pc is the pressure in the cavity. In TC
flow, due to hydrostatic pressure, we define a height dependent cavity number as
σT C = (p(z) − pc )/( 12 ρu2i ).
A final difference between TC flow and channel flow is the way the systems are
driven. Channel flow is pressure-driven, and consequently the momentum is transported from bulk to BLs. In TC flow, momentum is transported from the inner cylinder BL to the outer cylinder BL. The regimes of counter- and co-rotation, caused by
rotation of the outer cylinder are exclusive to the TC geometry.
Then, knowing these differences, what can be learned from these experiments,
and how can these interpreted and applied by the naval industry? Our conclusion
is that although one-to-one comparisons are difficult, the underlying physics remains
the same. Therefore, our findings are of interest to anyone working on this topic.
To conclude, in this chapter we convincingly showed that air cavities can be
(re)entrained in a Taylor-Couette flow setup. We show that air cavities result in
gross DR percentages which are larger than the DR percentages for conventional
bubble drag reduction. However, for all cases we see a net drag increase, caused by
pressure drag at the cavitators. Therefore, when applying air cavities it is crucial to
focus on the balance between drag reduction by the cavities and drag increase by the
cavitators, closure region and any skegs. In addition, for maritime applications one
should also take into consideration the energy costs to continuously inject air to judge
whether or not a net gain can be achieved.
We observed that the streamwise cavity length is significantly influenced by buoyancy effects. Therefore, we expect that air cavities on any non-flat bottomed hull
behave similarly, and applying them is difficult. The global coverage is correlated to
the Reynolds number and void fraction. To conclude, we showed that local air injection is not necessary, as long as sufficient amounts of air are available. This confirms
that air which is discharged can be captured by any cavitator placed downstream on
the hull.
In this exploratory study we restricted ourselves to one cavitator shape. Future
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work includes a study on the shape and size of the cavitators, preferably measuring
at higher Reynolds numbers or at larger void fractions. The flow can be further
quantified by local velocity measurements, which, although these are clearly difficult
in multiphase flows, should be possible as the air is not dispersed homogeneously
throughout the flow domain.
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Chapter 7

The influence of wall roughness on
bubble drag reduction in
Taylor-Couette turbulence1
We experimentally study the influence of wall roughness on bubble drag reduction
in turbulent Taylor-Couette flow, i.e. the flow between two concentric, independently
rotating cylinders. We measure the drag in the system for the cases with and without
air, and add roughness by installing transverse ribs on either one or both of the
cylinders. For the smooth wall case (no ribs) and the case of ribs on the inner cylinder
only, we observe strong drag reduction up to DR = 33% and DR = 23%, respectively,
for a void fraction of α = 6%. However, with ribs mounted on both cylinders or
on the outer cylinder only, the drag reduction is weak, less than DR = 11%, and
thus quite close to the trivial effect of reduced effective density. Flow visualizations
show that stable turbulent Taylor vortices — large scale vortical structures — are
induced in these two cases, i.e. the cases with ribs on the outer cylinder. These
strong secondary flows move the bubbles away from the boundary layer, making
the bubbles less effective than what had previously been observed for the smoothwall case. Measurements with counter-rotating smooth cylinders, a regime in which
pronounced Taylor rolls are also induced, confirm that it is really the Taylor vortices
that weaken the bubble drag reduction mechanism. Our findings show that, although
bubble drag reduction can indeed be effective for smooth walls, its effect can be spoiled
by e.g. biofouling and omnipresent wall roughness, as the roughness can induce strong
secondary flows.
1 Ruben A. Verschoof, Dennis Bakhuis, Pim A. Bullee, Sander G. Huisman, Chao Sun, and
Detlef Lohse, The influence of wall roughness on bubble drag reduction in Taylor-Couette turbulence,
under review.
Experiments by Verschoof, Bakhuis and Bullee. Verschoof analysed the data and wrote the paper.
Huisman, Sun and Lohse supervised the project. All authors discussed the results and proofread the
paper.
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Introduction

In the maritime industry, air lubrication is seen as one of the most promising techniques to reduce the overall fuel consumption [2, 101, 138]. Air lubrication has been
studied for several decades, and it is found that a few percent of air can significantly
decrease the overall friction, e.g. with 4% bubbles, drag reductions up to 40% were
shown [9, 126]. Notwithstanding its clear industrial potential, it remains difficult to
translate highly controlled laboratory results to drag reduction in large-scale vessels.
So far, the vast majority of studies on bubble drag reduction (DR) have been performed in test facilities with purified water and smooth walls, see e.g. the review
articles Ceccio [217] and Murai [214]. However, many surfaces in industry are rough
to some extent, and also initially smooth surfaces can become rough by means of
corrosion, cavitation, mineral scaling, and (bio)fouling [85, 104]. Furthermore, the
dynamics of bubbles are strongly affected by any dissolved ions in oceanic water and
surfactants [194, 203]. As the conditions in controlled experiments and real applications are so much different, one can expect that bubble DR experiments will lead
to very different results in practice. Only a limited number of studies focussed on
‘non-ideal’ DR, either through wall roughness [196, 209, 210], surfactants or seawater [102, 105, 106, 126, 209], and their results are somewhat inconsistent. Some studies
found that wall roughness completely eliminates any drag reduction [210], whereas
others show that roughness does not affect, or even enhance, drag reduction [196,209].
Therefore, there is a clear need to better understand the influence of wall roughness
on bubble drag reduction.
In this work, we study the effect of wall roughness on bubble drag reduction. To do
so, we employ the Taylor-Couette (TC) system, i.e. the flow between two concentric,
independently rotating cylinders [50,51]. TC flow is one of the canonical flow systems
in which fluid mechanics concepts and theories are tested. Among the advantages of
using a TC setup are the ease with which the global void fraction α is controlled, the
absence of any streamwise spatial transients, and as it is a closed system, an exact balance that connects the global torque measurements with the local energy dissipation
rate. The driving and response of the system are characterized by the Taylor number
Ta and the Nusselt number Nuω , respectively [51]. The Nusselt number is defined
as the ratio of the convective momentum transport to the diffusive flux, and using
it underlines the close analogy between Taylor-Couette flow and Rayleigh-Bénard
convection [189]. In the currently studied parameter regime, an effective scaling of
Nuω ∝ Ta0.4 is observed [4]. The TC setup has been used frequently to study (bubble)
drag reduction in turbulent flows [9, 11, 126, 127, 129], even numerically [93, 115]. In
these studies, it was shown that a small air fraction can considerably reduce the drag.
E.g. with a void fraction of α = 4%, a drag reduction of 40% was observed [9, 126],
which is significantly larger than the trivial effects of affected effective density and
viscosity. These studies highlighted the importance of bubble deformability for large
drag reduction, and thus a sufficiently large Weber number We = ρDb u2 /σ, in which
ρ is the fluid density, Db the bubble diameter, u a characteristic velocity and σ the
interfacial surface tension. It was shown that large Weber number bubbles, i.e. large
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and deformable bubbles, are crucial to efficiently reduce the drag.
Wall roughness, on the other hand, obviously increases the friction. Its effects
have been studied extensively for single-phase turbulence flows, mostly in pipe or
channel flow configurations given their industrial relevance, see e.g. refs. [45, 151]
and references therein. For TC flow, adding sufficiently large, rough ribs results
in a Nuω ∝ Ta1/2 scaling, rather than the aforementioned Nuω ∝ Ta0.4 smooth
wall scaling [96, 125, 220]. The Nuω ∝ Ta1/2 scaling, mathematically equivalent to
a constant friction coefficient in the fully rough regime, is the mathematical upper
bound to the transport of momentum. In this regime, the roughness decreases the
near wall velocity gradient, whereas the streamwise velocity fluctuations are increased.
The bubble dynamics are largely governed by the motion of the surrounding fluid,
but to which extent any drag reduction is affected by the changed fluid motion is
unknown.
A number of studies focussed on wall modifications to stimulate air to attach to
the inner cylinder wall of Taylor-Couette flow, either by a hydrophobic coating [128]
or by using cavitors to try to create an air layer [103]. van den Berg et al. [210] studied
the effects of roughness on bubble drag reduction, and found that ribs attached to
both cylinders prevent bubbles from reducing the overall friction. Therefore, it was
suggested that bubbly drag reduction is a boundary layer effect. However, the exact
reason why the drag reduction was lost remained elusive. Therefore, here we aim to
repeat and extend those experiments in a more accurate and controlled setup and to
visualize the flow, to better understand the physics of the aforementioned conclusions.

7.2

Experimental method

The experiments are performed in the Twente Turbulent Taylor-Couette facility
(T3 C) [3], in which the flow is fully turbulent. TC flow is driven by the angular velocity of the inner and outer cylinder, denoted by ωi and ωo , respectively. The setup has
a height of L = 927 mm, an inner radius ri = 200 mm, an outer radius ro = 279.4 mm,
giving a gap width d = ro − ri = 79.4 mm. The geometry can therefore be described
by two geometric parameters; the radius ratio η = ri /ro = 0.716 and the aspect ratio
Γ = L/d = 11.7, see also figure 7.1a. The inner cylinder and outer cylinder rotate up
to fi = ωi /(2π) = 10 Hz and fo = −4 Hz, respectively. These result in two Reynolds
numbers: Rei,o = ωi,o ri,o (ro − ri )/ν, respectively, in which ν is the viscosity of the
working fluid, and a rotation ratio a = −ωo /ωi . We here express the driving using the
Taylor number Ta = [(1+η)4 /(64η 2 )]d2 (ri +ro )2 (ωi −ωo )2 ν −2 ∝ (Rei −η Reo )2 , which
thus incorporates the rotation of both cylinders in one dimensionless number. In the
current study, we measure at Taylor numbers of O(1012 ), or, equivalently, Reynolds
numbers up to O(106 ). The primary response parameter is the torque τ necessary
to maintain the inner cylinder at a constant angular velocity. The torque is measured with a co-axial torque transducer (Honeywell Hollow Reaction Torque Sensor
2404-1K, maximum capacity of 115 Nm), which is located inside the inner cylinder
to avoid measurement errors due to seal and bearing friction, see figure 7.1b. The
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Figure 7.1: Experimental setup. (a) Top view schematic of the T3 C facility. We attached 6 vertical transverse ribs (not to scale) equally distributed around the perimeter of the inner cylinder, the outer cylinder, or both cylinders. We also measure a
smooth-wall case without any ribs. (b) Vertical cross-section of the setup at rest,
showing the position of the torque sensor. To control the void fraction, we fill the
cylinder only partially with water, so that the void fraction α is controlled by measuring the relative height of the water level. (c) Vertical cross-section of the setup
during a measurement. The free surface disappears, and all air is entrained by the
turbulent flow (bubbles not to scale).
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torque is made dimensionless with the torque for laminar non-vertical flow, resulting
in the Nusselt number: Nuω = τ /τlam , with τlam = 4πLρνri2 ro2 (ωi − ωo )/(ro2 − ri2 ).
The flow is cooled through both endplates to counteract viscous heating, keeping the
water temperature constant within T = 21 ± 0.5◦ C. Although the effective viscosity
and density are altered by the presence of bubbles, we chose to consequently use the
pure water material properties, as we are interested in the net changes in drag.
The cylinders are made rough by attaching 6 transverse ribs over the entire height
of the cylinders, as shown in figure 7.1a. The rib dimensions are 6 mm by 6 mm,
corresponding to 7.5% of the gap width, and to O(103 ) in wall units, depending
on the Taylor number and roughness case. We study the torque and resulting drag
reduction for 4 cases: both cylinders smooth (SS), both cylinders rough (RR), and
roughness on either only the inner cylinder (RS) or only on the outer cylinder (SR).
We here chose to apply rib roughness, which, for the RR case, causes the flow to be
in the “fully rough” state, or the “asymptotic ultimate turbulence” regime [220] in
the studied parameter regime. In this regime, the behaviour in the boundary layers
becomes independent of the viscosity. Consequently, a Nuω ∝ Ta1/2 is observed rather
than the effective Nuω ∝ Ta0.4 scaling found for the smooth wall case in the currently
studied parameter regime [4, 185, 220]. For the cases of ribs on a single cylinder, the
exponent γ of the Nuω ∝ Taγ -scaling is between these two bounds.
The gap is either partially or completely filled with water, so that the void fraction
is precisely set between 0% ≤ α ≤ 6%, see figure 7.1b. We determine the void fraction
with both cylinders at rest. During a flow measurement, the air is distributed over
the height of the cylinder because of turbulent mixing, see figure 7.1c. We note that
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Figure 7.2: (a) Dimensionless angular velocity flux Nuω as a function of Ta for α = 0%
and α = 6%. To increase the readability, we do not show Nuω for α = {2%, 4%},
which are used to calculate the DR shown in figure 7.3. The two short black lines
indicate the Nuω ∝ Taγ scaling relations for the pure liquid cases. The exponents
are γ = 0.4 and γ = 1/2 for the SS and RR cases, respectively. (b) Resulting drag
reduction as a function of T a. The outer cylinder is stationary. The DR is calculated
with equation (7.1).
a perfect homogeneous axial distribution is not feasable, even with continuous bubble
injection through the bottom end cap [9], but it becomes more homogeneous with
increasing Taylor number.

7.3

Results

We measure the torque and present our findings in figure 7.2 and figure 7.3. The drag
reduction is calculated as
Nuω (α)
DR = 1 −
,
(7.1)
Nuω (α = 0)
in which we compare the Nuω values for the same roughness case. In figure 7.2, we
show the Nusselt number and resulting drag reduction for all roughness cases. As
was shown before, Nuω depends tremendously on the applied roughness [220]. In the
current study, however, we are more interested in the relative bubbly drag reduction
as compared to the smooth wall case, rather than the absolute friction increase by
roughness. From figure 7.2 two different regimes can be distinguished: we observe
strong drag reduction for the SS and RS cases — up to DR = 33% with a void fraction
of α = 6%, whereas for the SR and RR cases, the DR is only weak — with the same
void fraction never exceeding DR = 12% .
To further study the DR per roughness case, we show the drag reduction for void
fractions of 2%, 4% and 6% in figure 7.3. The DR increased monotonically with
increasing void fraction for all cases. In the weak drag reduction cases (SR and RR),
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Figure 7.3: Drag reduction percentages as a function of Ta for all roughness cases.
In the RR case, the highest achievable Taylor number is slightly smaller due to experimental limitations. The outer cylinder is stationary. The DR is calculated with
equation 7.1.
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the DR is quite close to the trivial effect of reduced global density, which equals
ρeff = ρ(1 − α) + αρair ≈ ρ(1 − α), in which ρair is the air density. For the RS and
SS cases however, the drag reduction is significantly larger than the reduced density
effect. Interestingly, given the strong DR in the RS case, it is clear that wall roughness
does not necessarily prevents strong bubble drag reduction. For both the RS and SS
cases, the drag reduction increases with Taylor number [9], contrasting the SR and
RR cases, in which the drag reduction does not have a clear monotonic Taylor number
dependence.
To better understand the flow dynamics, we visualize the flow for a void fraction of
α = 6%. As shown in figure 7.4, for all four cases the flow structures are significantly
different. In the SS and RS cases, clear streaks and patterns are visualized by the
bubbles, but stable turbulent Taylor vortices are not observed. For both cases with
ribs on the outer cylinder, i.e. the SR and RR cases, we do however observe stable
turbulent Taylor vortices.
The existence and the dynamics of Taylor vortices have been studied extensively
for the single-phase smooth-wall case [6,7,51–53,107]. In the explored Taylor number
regime, measurements showed that for sufficiently strong turbulence (Rei > 105 ),
stable Taylor rolls do not exist in the pure inner cylinder rotation regime, and are
only present in the counter-rotating regime [5, 51]. Roughness elements promote
the ejection of turbulent plumes, leading to localised radial flows towards the outer
cylinder [108, 159]. As the TC system is closed, consequently a radial flow towards
the inner cylinder must be present. These flows can organise themselves as stable
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Figure 7.4: Instantaneous photographs of the flow for all four roughness cases: SS,
RS, SR and RR. Clear differences in the flow patterns are visible. In the SS and RS
cases, we see turbulent streaks, but no stable structures. Clear stable Taylor rolls
are visible for the SR and RR cases. We indicate the position of the rolls by the
dashed line, and indicated the roll pairs by the dotted line. The Taylor number is
Ta = 1.5 × 1012 , except for the RR case (Ta = 8.4 × 1011 ), while the outer cylinder is
kept stationary. The void fraction in all cases is α = 6%. Note that in all cases the
bubbles are not homogeneously distributed over the height, this is most visible in the
SS case.
Taylor rolls. Thus, as the roughness promotes the ejection of turbulent plumes, the
existence of Taylor vortices is stimulated.
The roll dynamics observed with wall roughness are different than what has been
observed hitherto in the same setup. Earlier studies found 6 or 8 rolls for the smoothwall case with counter-rotating cylinders [52, 107]. Here, for pure inner cylinder rotation, we see 10 rolls for the RR case, whereas for the SR case we observe 8 rolls. The
number of rolls is related to the aspect ratio Γ, which depends on the gap width. The
roughness elements decrease the ‘effective gap width’, and thus increase the apparent
aspect ratio Γeff . Therefore, the system allows for an increased number of rolls [107]
We argue that the existence of the Taylor vortices is the underlying mechanism
through which the effectiveness of bubble drag reduction is reduced in the SR and
RR cases. To effectively decrease the drag, it is crucial that large bubbles are present
in or close to the boundary layer [9, 93, 126]. The flow visualizations show that the
bubbles are dragged away from the inner cylinder wall by low vorticity regions, here
in the form of turbulent Taylor vortices. Therefore, as the bubbles do not accumulate
close to the inner cylinder, the drag reduction almost vanishes, and becomes close to
the trivial effect of the reduced global effective density, as was shown in our torque
measurements.
Up to here, we showed that in the SR and RR cases, the ribs induce turbulent
Taylor vortices, and we argued that Taylor rolls eliminate DR. One could presume
that the rolls, instead of being the underlying physical explanation, merely coincide
with the weak DR. To further prove the effect of turbulent Taylor vortices on bub-
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ble DR, we study the DR behavior in the counter-rotation regime. For the SS case,
pronounced stable turbulent Taylor vortices exist in the counter-rotating regime between approximately 0.1 ≤ a ≤ 0.5 [52, 107, 176]. By measuring the DR as a function
of rotation ratio a = −ωo /ωi while keeping the Taylor number constant, we can directly show the influence of Taylor rolls on the effectiveness of air lubrication. For
all roughness cases, we show the torque in figure 7.5(a-d) and the resulting DR in
figure 7.5(e). As already shown before, we observe strong DR for the SS and SR cases
at a = 0. Then, for increasing a, we see that the DR decreases. The observation is
very similar to the above discussed weak DR in the SR and RR cases, namely in the
counter-rotating regime the bubbles are trapped in the Taylor rolls, dragged away
from the boundary layer and unable to effectively decrease the drag. For the SR case,
the strength of the turbulent Taylor vortices decreases with increasing outer cylinder.
Consequently, an increase in DR is observed. For the RR case, the DR remains weak
for all cases, as the turbulent Taylor vortices exist for the entire scanned parameter
space.

7.4

Conclusions

To conclude, we studied the influence of wall roughness on bubble drag reduction
in a highly turbulent flow. We showed that in the SR and RR cases wall roughness
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promotes stable turbulent Taylor rolls, which induce strong secondary flows, suppressing the drag reduction. Bubbles are captured in low vorticity regions, and therefore
dragged away from the inner cylinder boundary layer. As a result, the drag reduction
is mostly lost, and the effective drag reduction is close to the trivial effect of reduced
global density. These findings help us to understand earlier studies on air lubrication and wall roughness, which had conflicting results whether roughness influences
bubble drag reduction. We here distinguish two different regimes: (i) a regime with
strong drag reduction if the roughness does not introduce strong secondary flows.
And, (ii) a regime with weak drag reduction if strong secondary flows are induced by
the roughness.
Future work includes studies on wall roughness combined with bubbles in other
types of setups, e.g. flat plates, or pipe flow. In these setups, roughness increases the
velocity fluctuations but not necessarily induces stable large-scale secondary flows,
and thus the bubble DR behaviour might be significantly different than in the current
study. Moreover, as we here limited ourselves to the influence of rib roughness, more
work is needed to understand the influence of more realistic types of roughness.
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Conclusions
In this thesis we studied various forms of non-ideal turbulent flows, i.e. multiphase
flows, wall roughness and transient effects. As test setup we used a high Reynolds
number Taylor-Couette setup, in which we performed both local and global flow
measurements. The findings of each chapter are discussed below.
In chapter 1 we studied the decay of high Reynolds number Taylor-Couette flow.
We showed that decay in this inhomogeneous turbulent flow does not follow a strict
power law as for decaying homogeneous isotropic flows, as the decay is faster due to
the viscous drag applied by the walls. The radial profile of the azimuthal velocity is
found to be self-similar over time. Furthermore, the flow velocity does not develop
any height dependence, in contrast to the well-known Taylor vortex state.
In chapter 2 we sinusoidally drove the inner cylinder of the Taylor-Couette system,
thus periodically forcing the flow. Using particle image velocimetry, we measured
the velocity over a wide range
pof modulation periods T , non-dimensialized as the
Womersley number by α = d 2π/(T ν). To understand how the flow responds to
a given modulation, we calculate the phase delay and amplitude response of the
azimuthal velocity. In agreement with earlier theoretical and numerical work, we find
that for large modulation periods the system follows the given modulation of the
driving, i.e. the system behaves quasi-stationary. For smaller modulation periods,
the flow cannot follow the modulation, and the flow velocity responds with a phase
delay and a smaller amplitude response to the given modulation. Surprisingly, the
local response in the bulk of the flow is independent of the distance to the modulated
boundary. Apparently, the turbulent mixing is strong enough to prevent the flow
from having radius-dependent responses to the given modulation.
In chapter 3 we studied the effects of wall roughness on turbulent flows. By
combining extensive experiments and numerical simulations, here, taking as example
the Taylor-Couette system, we show how wall roughness greatly enhances the overall
transport properties and the corresponding scaling exponents. If only one of the
walls is rough, we reveal that the bulk velocity is slaved to the rough side, due to
the much stronger coupling to that wall by the detaching flow structures. If both
walls are rough, the viscosity dependence is eliminated in the boundary layers and
we thus achieve asymptotic ultimate turbulence, i.e. the upper limit of transport,
whose existence had been predicted by Robert Kraichnan in 1962 (Phys. Fluids 5,
1374 (1962)) and in which the scalings laws can be extrapolated to arbitrarily large
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Reynolds numbers.
In chapter 4 we built upon these results by varying the rib height, and focussed on
the local flow properties and the counter-rotating regime. We showed the impact of
riblet height and number of ribs on the global torque τ , and find an effective scaling
of τ ∝ nr h1.71 , in which nr is the number of ribs and h the rib height. Even for huge
rib heights, the behaviour in the counter-rotating regime is largely unaffected: in this
regime Taylor vortices increase the torque, and we observe a rotation ratio aopt for
which the torque reached a maximum value.
In chapter 5 we convincingly showed that bubble drag reduction dramatically
depends on the bubble size. We added minute concentrations of the surfactant Triton
X-100 into otherwise completely unchanged strongly turbulent Taylor-Couette flow
containing bubbles, we dramatically reduce the drag reduction from more than 40%
to about 4%, corresponding to the trivial effect of the bubbles on the density and
viscosity of the liquid. The reason for this striking behavior is that the addition
of surfactants prevents bubble coalescence, leading to much smaller bubbles. Our
result demonstrates that bubble deformability is crucial for bubble drag reduction in
turbulent flow and opens the door for an optimization of the process.
In chapter 6 we explored the possibilities of studying air cavities in Taylor-Couette
turbulence. An air cavity, i.e. an air layer developed downstream an rised edge — the
cavitator — is seen by the maritime industry as a promising method to reduce the
overall skin friction acting on ships. We showed that creating air cavities in TC flow is
feasible, and that they result in significant gross drag reductions. However, the added
drag due to the cavitators is larger than the drag reduction by the cavities, so that
in fact a net drag increase was observed. We demonstrated that local air injection is
not important, air should be present in the flow.
In chapter 7, we studied the effects of rough walls on bubble drag reduction. In
maritime vessels, surfaces which are smooth initially will become rough by means of
biofouling and corrosion. Therefore, initially effective air lubrication methods might
become ineffective, or even counterproductive. Our experiments showed that roughness on outer cylinder induces strong stable Taylor vortices, i.e. large-scale secondary
flow structures. These vortices significantly affect the torque and resulting drag reduction. We showed the existence of two different regimes. i) A regime in which
roughness does not induce Taylor rolls. In this regime, the drag reduction is effective.
And ii) a regime in which roughness induces strong secondary flows, eliminating any
drag reduction.

Outlook
And now, which further steps should be taken in this line of research? The questions
which we posed in the introduction have now been answered as good as I was able
to. Of course, many questions remain, and the more one knows about some topic,
the more one is aware of how much is not yet known.
We became aware of the existence of a significant gap between laboratory exper-
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iments and the conditions, which are encountered when applying the studied techniques in marine vessels. Vessels are fouled with both calcareous organisms as well as
a soft slimy biofilm, which significantly alter the surface of the vessel. Furthermore,
large quantities of ions and any other surface active agents are dissolved in (sea)water,
thus changing the way dispersed bubbles behave. Clearly, it is impossible to one-toone compare laboratory experiments with distilled water and smooth walls to marine
vessels. Therefore, to close this gap it is crucial to mimic more realistic conditions in
lab environments.
Numerical tools will become even more important as the computational powers
continue to increase. For single-phase flow the gap between DNS and experiments is
rapidly closing. Numerically, dealing with multiphase flows, transient effects or wall
roughness is difficult, and one could argue that direct numerical simulations in these
fields are still in their infancy. LES and RANS simulations, as well as a variety of
related and hybrid methods are not limited by computational power, but by physical
insight. The practical use of these methods in the fields addressed here is hindered
by the way small-scale turbulence is modelled, and more work needs to be done to
improve the turbulence models. More collaboration between experimentalists and
numericalists will stimulate both fields.
The author would like to add some personal notes on the developments in physics
and science. My observation is that the way students are being educated is changing.
At highschools, ‘iPads’ and ‘digiboards’ largely replaced blackboards and multiplication tables. Given the increasing role computers play, useful tools such as Matlab
and Solidworks are given an increasing role in the current curricula at universities.
This however comes with a cost, as one can only spend his time once. In my opinion, the theoretical background in physics and mathematics has increasingly come
under pressure. Numerical tools, how useful they indeed can be, cannot replace a
thorough understanding of physical phenomena and the mathematical description
thereof. Given the fact that many universities prefer to focus on ‘internationalisation’
and ‘student-driven learning’ rather than on solid physics and math, I think it is clear
that a reevaluation of the current curricula has become inevitable. A good education
in physical mechanisms is most crucial for the scientific quality of future generations.
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Summary
Turbulent flows are omnipresent in nature and technology. The majority of flows
encountered in daily life and in industrial applications deal with rough walls and
transient effects. Furthermore, many flows can be regarded as multiphase flows, i.e.
the flow consisting of multiple phases of liquids, gasses and solids. Surprisingly maybe,
the understanding of these flows is still limited, and many studies focus on idealised
situations, which do not take the aforementioned phenomena into account. To study
these types of flow, we used a Taylor-Couette system, i.e. the flow between 2 concentric independently rotating cylinders. This system is one of the canonical flow
setups in which the physics of fluids is studied, and it has been used to study a.o.
pattern formation, instabilities, viscosity measurements, turbulence and multiphase
flows. Taylor-Couette flow is known to be mathematically similar to Rayleigh-Bénard
convection. That is, written in the correct dimensionless form, the relevant scaling
laws are identical for both systems. In that sense, one can learn about RayleighBénard convection by studying Taylor-Couette flow, and vice versa.
In this thesis, we chose to specifically study transient effects, rough walls and air
lubrication in turbulent flows, not only to increase our fundamental understanding of
these of ubiquitous flows, but also to address highly relevant questions in collaboration
with industrial partners. In maritime industry, the use of air lubrication is seen as a
promising method to reduce the overall friction between a ship and the surrounding
water, and thus the fuel consumption. However, the relevant parameters optimizing
air lubrication are not yet well understood. Wall roughness is known to increase
the drag, but given the enormous variety of roughness types, many open questions
remain to be unanswered. The thesis is divided in three parts, i.e. Part 1: Transient
turbulence, Part 2: Roughness in turbulence, and Part 3: Air lubrication in turbulent
flows.
In part 1, we studied 2 different transient turbulent flows, i.e. decaying turbulence
and periodically driven turbulence. We found that decaying turbulence cannot be
described by a pure power law, contrasting the case of homogeneous and isotropic
turbulence. In wall-bounded flow, the flow decays faster due to additional viscous
drag applied by the walls. We found that the velocity profiles during the decay process are self-similar.
In chapter 2, we studied Taylor-Couette turbulence with periodically driven cylinders
over a wide range of modulation periods, expressed here as the dimensionless Wom119
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ersley number, and compared our results to the numerically calculated laminar flow
response. We find that, in contrast to the laminar case, the local flow response is
independent of the distance to the modulated wall. Apparently, the turbulent mixing
is sufficiently strong to prevent any radial dependence. However, the scalings of both
the phase delay and amplitude response are similar to the laminar case.
In part 2, we studied the effect of riblets on both, or only one of the cylinders.
We studied both global and local flow properties, making use of both numerical simulations and experiments. In chapter 3, we showed how wall roughness enhances the
overall momentum transport. We found that when both walls are made rough, the
boundary layers become independent of Reynolds number, and we reach the so-called
‘asymptotic ultimate turbulent’ regime, i.e. the upper limit of momentum transport.
This regime was predicted by Kraichnan, Einstein’s last assistant, more than fifty
years ago. In chapter 4, we expand our analysis on these results by exploring the
influence of riblet height on both local and global flow quantities.
In part 3, we focussed on various types of air lubrication. Firstly, we studied
the mechanism behind bubble drag reduction. We added minute concentrations of
the surfactant Triton X-100 into otherwise unchanged turbulent Taylor-Couette flow
with bubbles. This resulted in reducing the drag reduction from over 40% to about
4%, corresponding to the trivial effect of the reduced effective density. As the surfactant prevents bubble coalescence, and thus effectively makes the bubbles smaller,
we conclude that bubble size and deformability are crucial for efficient bubble drag
reduction.
Secondly, we studied so-called air cavities, which are air layers close to the wall, developed behind a rising edge, a so-called ‘cavitator’. Air cavities are expected to
effectively reduce the drag, as the wetted area of the solid wall is decreased significantly. We show that air cavities can be formed, and that size of the cavity increases
with Reynolds number and void fraction, and that secondary flows destabilise the
flow. Local air injection is not necessary, as long as air is present in the system it will
be captured in the low-pressure wake of the cavitator. Although with air cavities we
observe a gross drag reduction, overall we see a drag increase, as the added drag by
the cavitators is larger than the drag reduction by the cavity.
Thirdly, we investigated how rough walls affect bubble drag reduction. We added
rough ribs on both, either one, or none of the cylinders, and inject some global void
fraction of air. We then measure the torque and the resulting drag reduction as compared to the case without bubbles. We here find two different regimes: (i) Strong
drag reduction for the smooth-wall case and the case with ribs on the inner cylinder
only. And (ii) weak drag reduction for the cases of ribs on the outer cylinder only
and ribs on both cylinders. The underlying mechanism are turbulent Taylor vortices
which are triggered when ribs are attached to the outer cylinder. Bubbles are trapped
in these vortices, dragged away from the inner cylinder wall, and cannot decrease the
drag effectively. In the case of ribs on the inner cylinder only, no Taylor rolls develop,
and we still see remarkable drag reduction. We thus show that wall roughness can
spoil air lubrication, if the roughness induces strong secondary flows.

Samenvatting
Turbulente stromingen zijn overal aanwezig in de natuur en technische toepassingen. De meerderheid van de stromingen die we in het dagelijkse leven tegenkomen,
ervaren oppervlakteruwheid en tijdsafhankelijke effecten. Daarnaast kunnen veel stromingen worden beschouwd als meerfase stromingen. Dat wil zeggen dat de stroming
bestaat uit een mengsel van meerdere fases van vloeistoffen, gassen en solide deeltjes.
Misschien verrassend, maar het fundamentele begrip van dit soort stromingen is nog
steeds beperkt en veel wetenschappelijk werk onderzocht enkel geidealiseerde situaties, waarin de eerdergenoemde fenomenen geen rol spelen. Om deze stromingstypes
wel goed te kunnen bestuderen hebben we ‘Taylor-Couette stroming’ gebruikt, d.w.z.
de stroming tussen two concentrische, en onafhankelijk van elkaar roterende cylinders. Dit systeem is een van de typische testopstelling waarin vloeistoffysica wordt
onderzocht. Het is gebruikt om bijvoorbeeld patroonvorming, instabiliteiten, viscositeitsmetingen, turbulentie en meerfase stromingen mee te onderzoeken. TaylorCouette stroming is wiskundig gezien te vergelijken met Rayleigh-Bénard convectie. Dat wil zeggen, wanneer de parameters in de correcte dimensieloze vorm zijn
opgeschreven, zijn de relevante schaalwetten voor beide systemen gelijk. In die zin
kunnen we iets over Rayleigh-Bénard convectie leren door Taylor-Couette stroming
te bestuderen en vice versa. In dit proefschrift is ervoor gekozen om tijdsafhankelijke
effecten, oppervlakteruwheid en luchtsmering in turbulente stromingen te bestuderen,
met als doel om niet alleen het fundamentele begrip over deze overal aanwezige stromingen te vergroten, maar ook om een aantal belangrijke industriële vraagstukken te
bestuderen. In de maritieme techniek wordt het gebruik van luchtsmering gezien als
een veelbelovende techniek om de wrijving tussen een schip en het omringende water,
en daarmee het brandstofverbruik te verminderen. Echter, de belangrijke parameters
om luchtsmering te optimaliseren zijn nog niet goed begrepen. Oppervlakteruwheid
staat erom bekend dat het de wrijving vergroot, maar gezien de enorme variëteit aan
ruwheidstypes blijven vele vragen onbeantwoord. Dit proefschrift is verdeeld in 3 delen: Deel 1: Tijdsafhankelijke turbulentie, Deel 2: Ruwheid in turbulente stromingen,
en Deel 3: Luchtsmering in turbulente stromingen.
In deel 1 hebben we twee verschillende tijdsafhankelijke stromingen onderzocht:
het verval van turbulentie en periodiek aangedreven turbulentie. We vonden dat
vervallende turbulentie niet kan worden beschreven door een pure machtsfunctie, in
tegenstelling tot het verval van homogene en isotrope turbulentie. In deze wandbe121
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grenste stroming is het verval sneller door de toegevoegde viskeuze wrijving door de
zijwanden. De genormaliseerde snelheidsprofielen blijven gelijk gedurende het vervalproces.
In hoofdstuk 2 hebben we Taylor-Couette turbulentie met periodiek aangedreven
cylinders onderzocht. We varieerden de frequentie van de periode, hier uitgedrukt
in het dimensieloze Womersley getal en vergeleken onze resultaten met de numeriek
berekende respons van laminaire stroming. We vonden dat de lokale stromingsrespons,
in tegenstelling tot de laminaire case, onafhankelijk is van de afstand tot de wand
van de binnencylinder. Blijkbaar voorkomt de sterkte turbulente mixing elke radiale
afhankelijkheid van de stromingsrespons. Echter, de schaalwetten van het faseverschil
en de amplituderespons zijn vergelijkbaar voor de laminaire en turbulente gevallen.
In deel 2 hebben we gekeken naar het effect van transverse ribbels op beide of één
van de cylinders. We hebben zowel lokale als globale stromingseigenschappen onderzocht, gebruik makend van zowel numerieke simulaties als experimenten. In hoofdstuk
3 lieten we zien hoe oppervlakteruwheid het globale impulstransport beı̈nvloedt. Als
beide cylinders ruw zijn, wordt het gedrag in de grenslaag onafhankelijk van het
Reynolds getal, en bereiken we het zogenaamde ‘asymptotisch ultieme regime’ van
turbulentie, wat de opperste limiet is voor het impulstransport. Dit regime was door
Robert Kraichnan, de laatste assistent van Albert Einstein, al meer dan 50 jaar geleden voorspeld. In hoofdstuk 4 breiden we onze analyse uit door de invloed van de
ribhoogte te onderzoeken.
In deel 2 hebben we verschillende manieren van luchtsmering onderzocht. Ten
eerste keken we naar het mechanisme achter luchtsmering met bellen. We voegden
minitueuze concentraties toe van de oppervlakte-actieve stof Triton X-100 in TaylorCouette stroming met bubbels. Dit resulteerde in een verminderde wrijvingsreductie
van meer dan 40% tot ongeveer 4%, wat overeenkomt met het triviale effect van de
verminderde effectieve dichtheid. De oppervlakte-actieve stof verhindert het clusteren
van bubbels, waardoor de bubbels kleiner worden. Hieruit concluderen wij dat de
bubbelgrootte en deformabiliteit cruciaal zijn voor effectieve wrijvingsreductie met
bubbels.
Ten tweede keken we naar zogenoemde ‘luchtholtes’. Dat zijn luchtlagen dicht bij
de wand, die stabiel blijven met behulp van een ‘cavitator’ — een opstaande rand. Van
luchtholtes wordt verwacht dat ze de wrijving efficient verminderen, aangezien deze
het contactoppervlak tussen water en schip significant verminderen. We laten zien
dat luchtholtes inderdaad kunnen ontstaan en dat hun grootte afhangt van Reynolds
getal en de volumefractie lucht in de stroming. Secondaire stromingen destabiliseren
de luchtholtes. Het lokaal injecteren van lucht is niet nodig; zolang voldoende lucht
in het systeem aanwezig is kan deze lucht gevangen worden in het zog van de cavitator, waar immers de druk laag is. Hoewel we met luchtholtes aanzienlijke bruto
wrijvingsreducties meten, neemt de netto wrijving neemt. De toegevoegde wrijving
van de cavitators is groter dan de wrijvingsreductie door de luchtholtes.
Ten derde keken we naar hoe oppervlakteruwheid wrijvingsreductie met bellen
beı̈nvloedt. We voegden transverse ribbels toe aan beide, één van beide of geen van
de cylinders, en voegden een zekere hoeveelheid lucht toe aan het systeem. Vervolgens
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maten we de torsie en resulterende wrijvingsreductie, die we vergeleken met de case
zonder bubbels. We vonden 2 regimes: (i) Sterke wrijvingsreductie voor de case zonder
ribbels en de case met ribbels op de binnencylinder, en (ii) zwakke wrijvingsreductie
voor de cases met ribbels op de buitencylinder en ribbels op beide cylinders.
Het onderliggende mechanisme wordt veroorzaakt door turbulente Taylor vortices,
die getriggerd worden door de ribbels op de buitencylinder. In deze vortices worden
bubbels gevangen en de bubbels worden weggezogen van de wand van de binnenste
cylinder, waardoor ze de wrijving niet meer efficient beı̈nvloeden. In de met ribbels op
alleen de binnenste cylinder ontstaan geen Taylor vortices en zien we dus nog steeds
een opvallende wrijvingsreductie. Hiermee laten we zien dat, indien de ruwheid sterke
secondaire stromingen triggert, luchtsmering nutteloos wordt.
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