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1. Scientific results 2016 

The aim of the programme is to examine experimentally, numerically, and theoretically whether there are dif-
ferent states of turbulence, how they are triggered, and what the nature of the transitions between them is. 
The programme focuses on turbulence in closed systems, namely on Rayleigh-Benard (RB) turbulence and 
Taylor-Couette (TC) turbulence. In these paradigmatic systems – thermally or shear driven, respectively – the 
interplay between boundary layers and bulk is of particular importance. We want to understand the transition 
towards the so-called ultimate turbulent state, which for extremely strong driving had recently been found in 
both of these systems and which had been interpreted as an indication of the breakdown of laminar-type 
boundary layers. To achieve our goals, we have to further advance the level of experimental measurements 
and numerical simulations on these two systems, to allow for one-to-one comparisons.  
 
The main focus in Twente was on turbulent Taylor-Couette flow (both experimentally and numerically) and on 
double diffusive convection (numerically), see also the cover picture. Double-diffusive convection (DDC), which 
is the buoyancy-driven flow with fluid density depending on two scalar components, is ubiquitous in many nat-
ural and engineering environments. Of great interests are scalars' transfer rate and flow structures. Here we 
systematically investigate DDC flow between two horizontal plates, driven by an unstable salinity gradient and 
stabilized by a temperature gradient. Counter-intuitively, when increasing the stabilizing temperature gradient, 
the salinity flux first increases, even though the velocity monotonically decreases, before it finally breaks down 
to the purely diffusive value. The enhanced salinity transport is traced back to a transition in the overall flow 
pattern, namely from large-scale convection rolls to well-organized vertically oriented salt fingers. We also 
show and explain that the unifying theory of thermal convection originally developed by Grossmann and Lohse 
for Rayleigh–Bénard convection can be directly applied to DDC flow for a wide range of control parameters 
(Lewis number and density ratio), including those which cover the common values relevant for ocean flows.  
 
In related work, we looked at vertically bounded fingering double diffusive convection, focusing on the influ-
ences of different velocity boundary conditions, i.e., the no-slip condition, which is inevitable in the lab-scale 
experimental researches, and the free-slip condition, which is an approximation for the interfaces in many 
natural environments, such as the oceans. For both boundary conditions the flow is dominated by fingers and 
the global responses follow the same scaling laws, with enhanced prefactors for the free-slip cases. Therefore, 
the laboratory experiments with the no-slip boundaries serve as a good model for the finger layers in the 
ocean. Moreover, in the free-slip case, although the tangential shear stress is eliminated at the boundaries, the 
local dissipation rate in the near-wall region may exceed the value found in the no-slip cases, which is caused 
by the stronger vertical motions of horizontally focused fingers and sheet structures near the free-slip bounda-
ries. This counterintuitive result might be relevant for properly estimating and modeling the mixing and 
entrainment phenomena at free surfaces and interfaces widespread in oceans and geophysical flows.  
 
In this year's report I however want to focus on the Eindhoven and Delft results.  
 
In Eindhoven, the main focus this year was on performing the experiments and analysis of the data for the geo-
strophic regime, where the flow is highly turbulent and at the same time dominated by the Coriolis forces. In 
order to approach the geostrophic regime, we required to modified our experimental setup for fast background 
rotations. After the modifications were realized, we performed 3D particle tracking velocimetry (3D-PTV) and 
particle image velocimetry (PIV) in the geostrophic regime and the vicinity of the onset of convection. We ana-
lysed the vertical vorticity field obtained from PIV and 3D-PTV, and by comparing different parameters related 
to the vertical vorticity (e.g. spatial and temporal vorticity autocorrelations and the flow coherence along the 
axis of rotation), different flow morphologies are identified. Fig. 1 shows the vorticity field for three different 
background rotations, from left to right the background rotation decreases. The results of this work are almost 
ready to be submitted to the journal of Physics of Fluids. In addition, two other papers, which were discussed in 
2015 report, were finalized and published in 2016. Furthermore, a fourth manuscript is in preparation with a 
focus on different time scales observed in the vertical velocity autocorrelations obtained from 3D-PTV data.  
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Fig. 1. The vorticity field from PIV measurements for three different background rotations. From left to right, 
the rotation rate decreases. 
 
Another study in Eindhoven focused on the effect of injecting microparticles in the flow. It was found that the 
injected particles settle on the top and bottom surfaces forming particle layers with non-ideal heat transfer 
properties. These layers cannot respond rapidly enough to fluid temperature fluctuations, and as a result, 
decrease the heat transfer. However, as the flow time scales change under rotation, so does the response of 
the particle layers to fluid temperature fluctuations. In particular, at high rotation rates in the so-called geo-
strophic regime of convection, the flow time scales close to the wall become very large. As a result, the heat 
transfer relative to the non-rotating state becomes higher in the presence of these particle layers than without. 
These findings have been summarized in the form of a journal publication published online in December 2016.  
 
In the second part of that study the effect of rough walls on the heat transfer in RRBC. Heat transfer plates 
covered with roughness in the form of a square array of pyramids are used. Two roughness heights have been 
used: k=1.5 mm and k=8 mm. It is found that depending on the roughness size relative to the thermal and 
Ekman boundary layer thicknesses, the roughness can either increase or decrease the heat transfer. For k=1.5 
mm, the normalized (by its value under no rotation) Nusselt number is increased in comparison to that for 
smooth walls and the transition out of regime II is delayed to lower Rossby number (higher rotation rates). 
However, for k=8 mm, the normalized Nusselt number is lower than the reference case of smooth walls and 
rotation decreases the heat transfer. The data is currently being analyzed and written up for publication which 
is expected to be ready for submission in 2-3 months. 
 
Next, the influence of rotation on flow structures in Rayleigh-Bénard convection (RBC) is investigated by ana-
lyzing the geometry of tracer trajectories. In figure 2 examples of such trajectories are shown for non-rotating 
and rotating RBC and we clearly observe the transition a large scale circulation (LSC) to vertically aligned 
plumes under rotation. We collect curvature and torsion statistics from these trajectories and find that rotation 
shifts the PDFs towards larger values. This shift is found to be related to the development of length scales of 
typical vortical flow structures under rotation. 

 
Fig. 2. Tracer trajectories in non-rotating (a) and rotating (b) cylindrical Rayleigh-Bénard convection resulting 
from direct numerical simulations. The Ekman numbers, defined as 𝐸𝐸𝐸𝐸 = 𝜈𝜈/(2𝛺𝛺𝐻𝐻2), with 𝜈𝜈 the kinematic viscos-

a) non-rotating  b) rotating  
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ity, 𝛺𝛺 the rotation rate and 𝐻𝐻 the cell height, are 𝐸𝐸𝐸𝐸 = ∞ (a) and 𝐸𝐸𝐸𝐸 = 7.2 ⋅ 10−6 (b). The colours of the particles 
represent vertical velocity, where blue is negative velocity and red is positive velocity.  
 
The Delft/Marburg group performed marginal stability considerations which allow to model velocity profiles and 
transport properties in turbulent flows. The dependence of torque in Taylor-Couette flow as a function of the 
rotation number for moderate shear Reynolds numbers Re = 20,000 was described. Assuming the usual piece-
wise linear profile enables us to reproduce the variation of torque with rotation rate and the maximum near Ro 
= 0.3. For weak rotations (small rotation number) a 2nd maximum in the torque appears that is related to an 
instability in the boundary layer, usually described as the transition to the ultimate regime.  
 
The relation between turbulent TC and RB flows already elaborated in our proposal was also analyzed in consid-
erable detail. We identify corresponding parameters in the two flows where the Nusselt numbers (heat and 
angular momentum transport relative to the laminar diffusive transport) coincide. This allows us to show that 
not only the mean profiles but also some of the fluctuations show similar properties.  
 
As a step towards analyzing the interplay between boundary layers and exact coherent structures in fluids 
heated from below, we studied the transition to turbulence in the asymptotic suction boundary layer with a 
superimposed destabilizing temperature gradient. The transition to turbulence is subcritical, which gives rise to 
a wide range of localized structures, distinguished by their properties in the downstream and spanwise direc-
tion. This study provides a point of entry for the interaction between coherent structures in mode complex flows 
such as RB.  
 
Exact coherent structures and Tollmien Schlichting waves in plane Poiseuille flow were also described. When the 
structures are localized, their intensity usually falls off exponentially away from the center. This can be ration-
alized by an expansion of the velocity field around the laminar profile, and a relation between the phase speed, 
the spanwise wavenumber and the localization rate can be derived. 
 
2. Added value of the programme 

First of all, the added value of the programme can be seen from the joint publications, see point 4 below. In 
particular, there were joint publications between UT and TUE and between different UT groups. There also were 
joint publications between Goettingen and UT and Santa Barbara and UT. 
 
Here I also want to highlight a joint Twente (Lohse) - Twente (Geurts) - Goettingen publication, in which we 
performed a comparison between the performances of four different numerical codes for RB convection (from 
three different groups). A dedicated second order finite difference method and a specialized fourth order accu-
rate finite volume method for RB convection are compared with a general purpose finite volume approach and a 
general spectral element method. Reassuringly, all methods provide accurate predictions of the average heat 
transfer. The computational costs are found to differ considerably. The dedicated second order finite difference 
method is found to excel in efficiency, outperforming, e.g., the high-order spectral element method by an order 
of magnitude in cases of modest accuracy with an error of up to 5%. At higher accuracy and correspondingly 
higher spatial resolutions, the differences between the performance of the codes reduce and it becomes impos-
sible to distinguish either of the codes as superior because of the remaining time-averaging error. Dedicated, 
special purpose codes for RB convection are found to be generally more effective than general purpose codes. 
We quantify these differences in detail for the Nusselt number.  
 
Obviously, in this programme we have built on the existing structures like the J. M. Burgers Center (Research 
School for Fluid Dynamics), within which we offer courses and classes for the PhD students and postdocs, the 
EU-COST programmes (headed by Toschi), within which we offer dedicated workshops on turbulence subjects 
(several per year), the EuHit programme (an EU initiative headed by our Goettingen partner Bodenschatz on 
large scale facilities in turbulence, in which Goettingen, Twente and Eindhoven are strongly involved – total 
volume about 7 Mio Euro), the 3TU Center of Excellence on Fluid and Solid Mechanics, and the Euromech-collo-
quia on RB turbulence, which Lohse has organized since 2003, starting in June 2003 with a Lorentz-Center 
workshop in Leiden, where nearly all consortium members were present, and continuing with the Trieste (2006) 
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and Les Houches (2010) Colloquia. This series of colloquia was extended to TC flow (Bad Duerkheim 
(Germany), September 2011), and continued in Hongkong in December 2012. In June 2015 we had another of 
these workshops, also on both RB and TC turbulence, organized by our partners in Goettingen. The next con-
ference of this series will take place in Twente, as part of our programme as planned, namely in May 2018. 
Main organizers are Lohse, Stevens, and Verzicco, all part of the programme. 
 
Also at the European Turbulence Conference (ETC) in Stockholm in late August 2017 the whole consortium will 
be present. Lohse is Chairman of the ETC-Board and BendiksJan Boersma (Delft) member and last local orga-
nizer. 
 
3. Personnel 

The numbers of the PhDs and postdocs refer to the project proposal. 
 
Goettingen:  
Dennis van Gils (PD 1) – finished meanwhile and now employed in Twente from local sources.  
 
Delft:  
Meilika Gül (PhD 3) and Stefan Zammert (PD 5) 
 
Twente PoF group:  
Yantao Yang (PD 4 and 2), Sander Huismann (PD 2, finished), Rodrigo Ezeta (PhD 1), Xiaojue Zhu (朱晓珏) 
(PhD 4), Alexander Blass (PhD 7).  
 
Twente Mathematics group: 
Gijs Kooij (PhD 5) 
 
TUE group: 
Rajaei (PhD 2), Alards (PhD 6), Joshi (PD 3) 
 
4. Publications 

Siegfried Grossmann, Detlef Lohse, and Chao Sun,  
High Reynolds number Taylor-Couette turbulence,  
Annu. Rev. Fluid Mech. 48, 53-80 (2016). 
 
Yantao Yang, Roberto Verzicco, and Detlef Lohse,  
From convection rolls to finger convection in double-diffusive turbulence,  
Proc. Nat. Acad. Sci. 113, 69-73 (2016).   
 
Daniela Narezo-Guzman, Yanbo Xie, Songyue Chen, David Fernandez-Rivas, Chao Sun, Detlef Lohse, and 
Guenter Ahlers, 
Heat-flux enhancement by vapour-bubble nucleation in Rayleigh-B ́enard turbulence, 
 J. Fluid Mech. 787, 331-366 (2016).   
 
Rodolfo Ostilla-Monico, Roberto Verzicco, Siegfried Grossmann, and Detlef Lohse,  
The near-wall region of highly turbulent Taylor-Couette flow,  
J. Fluid Mech. 788, 95-117 (2016).   
 
Daniela Narezo-Guzman, Tomek Fraczek, Chris Reetz, Chao Sun, Detlef Lohse, and Guenter Ahlers,  
Vapour-bubble nucleation and dynamics in turbulent Rayleigh-Benard convection,  
J. Fluid Mech. 787, 331-366 (2016).   
 
Daniela Narezo-Guzman, Tomek Fraczek, Chris Reetz, Chao Sun, Detlef Lohse, and Guenter Ahlers,   
Vapour-bubble nucleation and dynamics in turbulent Rayleigh-Benard convection,  
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J. Fluid Mech. 795, 60-95 (2016).   
 
Xiaojue Zhu, Rodolfo Ostilla-Monico, Roberto Verzicco, and Detlef Lohse,  
Direct numerical simulation of Taylor-Couette flow with grooved walls: torque scaling and flow structure,  
J. Fluid Mech. 794, 746-774 (2016).   
 
Olga Shishkina, Siegfried Grossmann, and Detlef Lohse,  
Heat and momentum transport scalings in horizontal convection,  
Geophys. Res. Lett. 43, 1219-1225 (2016).   
 
Yantao Yang, Roberto Verzicco, and Detlef Lohse,  
Vertically bounded double diffusive convection in the finger regime: comparing no- slip vs free-slip boundary 
conditions,  
Phys. Rev. Lett. 117, 184501 (2016) [5 pages]; see also the Cover of that issue.   
 
Rodolfo Ostilla-Monico, Roberto Verzicco, and Detlef Lohse,  
Turbulent Taylor-Couette flow with stationary inner cylinder,  
J. Fluid Mech. 799, R1 (2016) [11 pages].   
 
Roeland C. A. van der Veen, Sander G. Huisman, Sebastian Merbold, Uwe Harlander, Christoph Egbers, Detlef 
Lohse, and Chao Sun,  
Taylor-Couette turbulence at radius ratio η = 0.5: scaling, flow structures and plumes,   
J. Fluid Mech. 799, 334-351 (2016).   
 
Rudie P.J. Kunnen, Rodolfo Ostilla-Monico, Erwin P. van der Poel, Roberto Verzicco, and Detlef Lohse,  
Transition to geostrophic convection: the role of the boundary conditions,  
J. Fluid Mech. 799, 413-432 (2016).   
 
Yantao Yang, Roberto Verzicco, and Detlef Lohse, Scaling laws and flow structures of double diffusive 
convection in the finger regime, J. Fluid Mech. 802, 667-689 (2016).   
 
Roeland C. A. van der Veen, Sander G. Huisman, On-Yu Dung, Ho L. Tang, Chao Sun, and Detlef Lohse,  
Exploring the phase space of multiple states in highly turbulent Taylor-Couette flow,  
Phys. Rev. Fluids 1, 024401 (2016) [14 pages].   
 
Rodolfo Ostilla-Monico, Roberto Verzicco, and Detlef Lohse,  
'Eppur non si muove': the effect of roll number on the statistics of turbulent Taylor- Couette flow,  
Phys. Rev. Fluids 1, 054402 (2016) [10 pages].   
 
Ruben A. Verschoof, Sander G. Huisman, Chao Sun, and Detlef Lohse,  
Self-similar decay of high Reynolds number Taylor-Couette turbulence,  
Phys. Rev. Fluids. 1, 062402 (R) (2016) [5 pages].   
 
H. Rajaei, P.R. Joshi, K.M.J. Alards, R.P.J. Kunnen, F. Toschi, H.J.H. Clercx,  
Transitions in turbulent convection: A Lagrangian perspective.  
Physical Review E 93(4), 043129 (2016). 
 
H. Rajaei, P.R. Joshi, R.P.J. Kunnen, H.J.H. Clercx,  
Flow anisotropy in rotating buoyancy-driven turbulence.  
Physical Review Fluids 1(4), 044403 (2016). 
 
P. Joshi, H. Rajaei, R.P.J. Kunnen, H.J.H. Clercx,  
Effect of particle injection on heat transfer in rotating Rayleigh-Bénard convection.  
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Physical Review Fluids 1(8), 084301 (2016).  
 
H. J. Brauckmann, M. Salewski, and B. Eckhardt, J. Fluid Mech. 790, 419 (2016).  
 
S. Zammert and B. Eckhardt, Journal of Turbulence 18, 103 (2016).  
 
S. Zammert, N. Fischer, and B. Eckhardt, J. Fluid Mech. 803, 175 (2016).  
 
S. Zammert and B. Eckhardt, Phys. Rev. E 94, 041101(R) (2016). 
 
5. Valorisation, outreach and patents 

There were various general audience talks on turbulence. The Max-Planck Center set up in Twente can also be 
seen as outreach activity of the programme as turbulence will play a central role therein. 
 
6. Vacancies 

None. 
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Fact sheet as of 1 January 2017 

 FOM - 13.0225/4 
 datum: 01-01-2017 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 142. 
  
Title (code)  Towards ultimate turbulence (ULT) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. D. Lohse 
  
Duration 2013 – 2018 
  
Cost estimate M€ 2.4 
  
Concise programme description 

a. Objectives 

In contrast to a decade-old paradigm, highly turbulent flow is strongly influenced and determined by 
boundaries. An increasing amount of evidence suggests that different states of turbulent flow exist, separated 
by sharp transitions and bifurcations. This evidence makes it difficult to extrapolate results from lab-scale 
experiments to industrial, geophysical, or astrophysical flows. We want to examine experimentally, numerically, 
and theoretically if different states of turbulence exist, how they are triggered, and the nature of the transitions 
between them. We focus on turbulence in closed systems, namely on Rayleigh-Benard (RB) and Taylor-Couette 
(TC) turbulence. In these paradigmatic systems – thermally or shear driven, respectively – the interplay 
between boundary layers and bulk is particularly important. We especially want to understand the transition 
towards the so-called ultimate turbulent state, which for extremely strong driving has recently been found in 
both systems and was interpreted as an indication of the breakdown of laminar-type boundary layers.  
The objectives of the proposal thus are: 
1. To explore when there are different states of turbulence and how transitions between them occur. To study 

the role of boundary layers and how they interact with the bulk flow. What determines the state of the 
turbulent flow? What are the apt observables to characterize these states? Can one trigger a transition? 

2. To explore the ultimate regime of RB and TC turbulence, to understand the boundary layer – bulk interaction 
in this regime and the transition towards this regime. 

3. To push direct numerical simulations towards the ultimate turbulence regime in both TC and RB flow, which 
will allow for a one-to-one comparison between DNS and experiments. 

 
b. Background, relevance and implementation 

Turbulent flow is omnipresent. It is the standard type of flow for air and water at scales above the microscale. 
The strength of turbulence is defined by the Reynolds number, Re; the ratio between inertial and viscous 
forces. In geophysical, oceanographic, or astrophysical turbulence, Re is typically 1010 and larger. Neither in 
lab-scale experiments, nor in direct numerical simulations are these numbers attainable. One has to somehow 
extrapolate the results from lab-scale experiments and simulations at lower Re to these large values. Such an 
extrapolation becomes meaningless if a transition from a turbulent state at low Re to another turbulent state at 
high Re occurs, or when different states coexist at the same Re. So, one must understand if there is a transition 
to another state and what the properties of the flow are below and above such a transition. 
The focus of the programme is on RB and TC turbulence, for many reasons: (i) They are mathematically well-
defined by the (extended) Navier-Stokes equations with their respective boundary conditions; (ii) for these 
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closed systems exact global balance relations between driving and dissipation can be derived; (iii) they are 
experimentally accessible with high precision, due to simple geometries and high symmetries; (iv) for possible 
transitions between different states, boundaries and boundary layers play a salient role, which are prominently 
present in these systems. RB and TC turbulence are thus ideal systems to study the interaction between 
boundary layers and bulk; and (v) a close analogy exists of RB and TC flow with pipe flow, which from a 
technological point of view may be the most important turbulent flow. Insight into the interaction between 
boundary layers and bulk in RB and TC turbulence will shed more light on the pipe flow problem. To achieve 
these objectives, we have to advance the level of experimental measurements and numerical simulations on RB 
and TC turbulence, to allow for one-to-one comparisons.  
 
 
Funding 

salarispeil cao tot 01-01-2016 

bedragen in k€ < 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 1.422 474 474 - - - 2.370 

FOM-basisinvesteringen - - - - - - - 

Doelsubsidies NWO - - - - - - - 

Doelsubsidies derden - - - - - - - 

Totaal 1.422 474 474 - - - 2.370 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-12.1321 
b) Ex ante evaluation: FOM-12.1416 
c) Decision Executive Board: FOM-13.0220 
 
 
Remarks 

The final evaluation will be based on the self-evaluation report initiated by the programme leader and is 
foreseen for 2019. 
 
 
 
 
 
 
 
 PS par. HOZB 
 
 
Subgebied: 100% FeF 
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Overview of projects and personnel 

 
Workgroup FOM-D-36 

Leader Prof.dr.ir. J. Westerweel 

Organisation Delft University of Technology 

Project (title + number) Medium Taylor number TC turbulence (12ULT05)  

 

FOM employees on this project 

Name  Position Start date End date 

M. Gul PhD 1 September 2014 31 August 2018 

S. Zammert WP/T  31 August 2017 
 
 
Workgroup FOM-E-23 

Leader Prof.dr. F. Toschi 

Organisation Eindhoven University of Technology 

Project (title + number) Rotating RB turbulence: numerics (12ULT04) 

 

FOM employees on this project 

Name  Position Start date End date 

K.M.J. Alards PhD 1 October 2014 30 September 2018 
 
 
Workgroup FOM-E-24 

Leader Prof.dr. H.J.H. Clercx  

Organisation Eindhoven University of Technology 

Project (title + number) Rotating RB turbulence: experiments (12ULT03) 

 

FOM employees on this project 

Name  Position Start date End date 

P.R. Joshi WP/T 15 April 2014 31 January 2016 

H. Rajaei PhD 1 September 2013 31 August 2017 
 
 
Workgroup FOM-T-03 

Leader Prof.dr. D. Lohse 

Organisation Twente University 

Project (title + number) RB & TC turbulence (12ULT01) 

 

FOM employees on this project 

Name  Position Start date End date 

Y. Yang WP/T 1 May 2013 30 April 2016 

R. Ezeta Aparicio PhD 15 November 2014 14 November 2018 

X. Zhu PhD 1 April 2014 31 March 2018 

A.G.E. Blass PhD 1 July 2016 30 June 2020 
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Workgroup FOM-T-39 

Leader Prof.dr.ir. B.J. Geurts 

Organisation Twente University 

Project (title + number) Development of numerical methods for turbulence (12ULT02) 

 

FOM employees on this project 

Name  Position Start date End date 

G.L. Kooij PhD 1 November 2013 31 October 2017 
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