
Thermal performance of rotating discs

structured with dimples

Thermisches Verhalten von rotierenden,

mit Dimpeln strukturierten Scheiben

Der Technischen Fakultät

der Friedrich-Alexander-Universität

Erlangen-Nürnberg

zur

Erlangung des Doktorgrades Dr.-Ing.

vorgelegt von

Julian Gerald Praß



Als Dissertation genehmigt
von der Technischen Fakultät
der Friedrich-Alexander-Universität Erlangen-Nürnberg

Tag der mündlichen Prüfung: ₂₅.₀₅.₂₀₂₃

Gutachter: Prof. Dr.-Ing. habil. Stefan Becker
Prof. Dr.-Ing. Jörg Franke



Preface

This dissertation was largely written during the time I worked as a research

assistant at the Institute for Factory Automation and Production Systems

(FAPS) in close cooperationwith the Institute of Process Machinery and Sys-

tems Engineering (iPAT) and the Institute of Fluid Mechanics (LSTM) at

Friedrich-Alexander-Universität Erlangen-Nürnberg.

First, I thank my supervising professors at the two institutes, Prof. Dr.-Ing.

habil. Stefan Becker (iPAT,LSTM) and Prof. Dr.-Ing. Jörg Franke (FAPS) for

theiractivesupportof myresearchworkand theassistance theyprovideddur-

ing thedissertation process. Both professors promotedmypersonal and pro-

fessional development by assigning me challenging tasks at two completely

different research institutes. I particularly thank them for the independence

they granted me and the trust they placed in me.

Furthermore, I thank Prof. Dr. Sc. Techn. Philipp Schlatter for supervising

the doctoral examination as chairman of the examination committee and

Prof. Dr.-Ing. Tobias Günther for taking on the task as further member of

the examination committee.

Despite many freedoms and mostly self-determined activities at the insti-

tutes, the day-to-day business at the university can be demanding. Special

thanks thereforegoes tomycolleaguesat the two institutes, especiallymydir-

ect office colleagues, whomademy time as a research assistant incomparably

enriching and unforgettable. These are in particular: Lukas Baier, Thomas

M. Braun, Felix Czwielong, Johannes Bürner, Adrian Fehrle, RomanKrusche,

Ralf Merkl néeBöhm, KatrinNusser, AndreasRenz, ThomasUffinger, Florian

Wachter, and Johannes Weber. I also thank my research partners and stu-

dents for their commitment, which contributed to the success of thiswork.

Sincere appreciation goes to my parents Ulrike and Roland as well as my sib-

lings Tino and Joana, who have provided me with moral support from the

very beginning on the path to my doctorate. The largest gratitude, of course,

goes tomywonderful wife Aylin and our two children Estelle and Leonard for

their understanding consideration and the patience I was permitted to enjoy

during the preparation of my thesis.

Roßtal, May ₂₀₂₃ Julian Gerald Praß

iii





Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

₁ Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁

₁.₁ Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁

₁.₂ Aims and objective of this thesis . . . . . . . . . . . . . . . . ₂

₁.₃ Methodology and structure of this thesis . . . . . . . . . . . ₃

₂ Analysis of topic-related research . . . . . . . . . . . . . . . . . . . ₅

₂.₁ Progress in heat transfer enhancement due to dimples . . . . ₅

₂.₂ Observation of drag reducing effects of dimples . . . . . . . ₁₁

₂.₃ Flow and heat transfer of rotating discs . . . . . . . . . . . . ₁₃

₃ Fundamental theory and governing equations . . . . . . . . . . . . ₁₉

₃.₁ Heat transfer in fluids . . . . . . . . . . . . . . . . . . . . . . ₁₉

₃.₂ Principals of fluid dynamics . . . . . . . . . . . . . . . . . . . ₂₃

₃.₃ Turbulent flows . . . . . . . . . . . . . . . . . . . . . . . . . . ₂₆

₃.₄ Boundary layers . . . . . . . . . . . . . . . . . . . . . . . . . ₃₂

₃.₅ Rotating discs . . . . . . . . . . . . . . . . . . . . . . . . . . ₃₆

₃.₆ Numerical modelling of turbulent flows . . . . . . . . . . . . ₃₈

₄ Investigation of dimpled surfaces in non-rotating flow . . . . . . . ₄₇

₄.₁ Turbulent flow in channels and over flat plates . . . . . . . . ₄₇

₄.₁.₁ Setup and validation of turbulent flow simulations . . ₄₈

₄.₁.₂ Vortex-induced formation of ordered flow patterns of

the boundary layer . . . . . . . . . . . . . . . . . . . . ₅₂

₄.₂ Effects of shallow dimples on the flow . . . . . . . . . . . . . ₅₆

₄.₂.₁ Drag reduction due to shallow dimples on surfaces . . ₅₆

₄.₂.₂ Effects of dimples on the flow velocity . . . . . . . . . ₆₀

₄.₂.₃ Effects of dimples on pressure and wall shear stress . ₆₂

₄.₂.₄ Shallow dimples in channels at low 𝑅𝑒 . . . . . . . . . ₆₄

₄.₃ Heat transfer enhancement due to dimples . . . . . . . . . . ₆₇

₄.₃.₁ Simulation setup and validation . . . . . . . . . . . . ₆₈

₄.₃.₂ Influences of dimples on local Nusselt number . . . . ₇₄

₄.₃.₃ Effects of the coverage rate on the heat transfer . . . . ₇₇

v



Contents

₅ Influence of noninteracting dimples on rotating discs . . . . . . . ₈₁

₅.₁ Numerical setup . . . . . . . . . . . . . . . . . . . . . . . . . ₈₂

₅.₂ Validation based on the turbulent flow around smooth, rotat-

ing discs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₈₈

₅.₃ Thermal behaviour of single dimples on discs . . . . . . . . . ₉₂

₅.₃.₁ Performance of spherical and teardrop-shaped dimples ₉₂

₅.₃.₂ Scale resolved results . . . . . . . . . . . . . . . . . . ₉₆

₅.₃.₃ Concluding remarkson thefindings fromnoninteract-

ing dimples on rotating discs . . . . . . . . . . . . . . ₉₈

₆ Thermal performanceof rotatingdiscscoveredwith spherical dimples ₁₀₁

₆.₁ Problem description and investigated dimple arrangements . ₁₀₁

₆.₂ Influences of the cylindrical shaft on the flow and heat transfer ₁₀₅

₆.₃ Thermal performance of dimpled discs . . . . . . . . . . . . ₁₁₀

₆.₃.₁ Heat transfer of rotating dimpled disc . . . . . . . . . ₁₁₀

₆.₃.₂ Heat transfer characteristics below the critical rota-

tional velocity . . . . . . . . . . . . . . . . . . . . . . ₁₁₃

₆.₃.₃ Thermal behaviourof rotating discs in the transitional

region of rotational velocity . . . . . . . . . . . . . . ₁₁₈

₆.₃.₄ Heat transfer characteristics at high rotational numbers ₁₂₇

₆.₃.₅ Thermal efficiency of the discs . . . . . . . . . . . . . ₁₃₀

₆.₄ Guidelines for creating application-specific dimple setups . . ₁₃₁

₇ Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₃₃

Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₃₇

A Literature Overview . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₄₃

A.₁ Heat Transfer from dimples . . . . . . . . . . . . . . . . . . . ₁₄₃

A.₂ Drag reduction . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₄₅

A.₃ Rotating discs . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₄₇

B visualisation of turbulent structures near the surface . . . . . . . . ₁₅₁

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₅₃

vi



List of Figures

₂.₁ Visualisation of dimples (a) and presentation of covered area (b). ₆

₃.₁ Flow quantity 𝜙 of a turbulent flow at a defined physical position

𝑥𝑖 over time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₂₇

₃.₂ Schematic representation of thedevelopmentof a viscous bound-

ary layer and a thermal boundary layer in ₂D. . . . . . . . . . . . ₃₂

₃.₃ Dimensionless velocity as a function of dimensionlesswall distance. ₃₄

₃.₄ Energy cascade for turbulent flows. . . . . . . . . . . . . . . . . . ₃₉

₃.₅ Different meshing approaches for hexahedron elements. . . . . . ₄₆

₄.₁ Validation of the channel flow simulations. . . . . . . . . . . . . ₅₀

₄.₂ Schematic representationof longitudinal vortices leading tostreaks

on flat plates and cross-section of a dimple. . . . . . . . . . . . . ₅₃

₄.₃ Schematic representationof themechanisms leading to the form-

ation of vortices near the surface. . . . . . . . . . . . . . . . . . . ₅₄

₄.₄ Streaks near and fluid motion above smooth wall, main flow dir-

ection into the viewing plane. . . . . . . . . . . . . . . . . . . . . ₅₄

₄.₅ Effect of streamwise-vortices on the local drag coefficient and

the velocity in correlation with the rotation (Simulation data was

partly generated within the context of Kalb [S₁]). . . . . . . . . . ₅₅

₄.₆ Arrangements of Dimples on flat plates, used to determine drag

reduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₅₇

₄.₇ Used computational domains for simulations and corresponding

boundary conditions. . . . . . . . . . . . . . . . . . . . . . . . . ₅₈

₄.₈ Development of drag coefficient over flows through the domain

and local velocity perpendicular to the wall. . . . . . . . . . . . . ₅₉

₄.₉ Comparison of pressure and wall shear around dimples for the

setups OL and NOL. . . . . . . . . . . . . . . . . . . . . . . . . . ₆₃

₄.₁₀ Comparison of the drag coefficient of different dimple shapes. . ₆₆

₄.₁₁ Visualisation of the finest mesh with ₅.₆ · ₁₀₆ elements. . . . . . ₇₀

₄.₁₂ Computational domain with dimples and comparison to meas-

urement position of literature data . . . . . . . . . . . . . . . . . ₇₀

₄.₁₃ Anisotropy invariantmap, showing that the simulated turbulence

is physically realisable. . . . . . . . . . . . . . . . . . . . . . . . . ₇₃

₄.₁₄ Increaseof Nusselt numberdue todimplescompared to thesmooth

channel at constant streamwise position. . . . . . . . . . . . . . ₇₅

₄.₁₅ Increaseof Nusselt numberdue todimplescompared to thesmooth

channel at constant spanwise position. . . . . . . . . . . . . . . . ₇₆

vii



List of Figures

₄.₁₆ Used computational domains for simulations of heat transfer. . . ₇₇

₄.₁₇ Dimensionless wall shear along the dimples. . . . . . . . . . . . ₇₈

₄.₁₈ Thermal performance of different setups at varying 𝑅𝑒𝛿. . . . . . ₇₉

₅.₁ Computationaldomain for thesimulationsof thediscswithdimples. ₈₃

₅.₂ Setups of investigated cases in order to determine the effects of

individual dimples on rotating discs. . . . . . . . . . . . . . . . . ₈₄

₅.₃ Evaluation of simulation results of a disc structured with five

spherical dimples with and without cylindrical shaft. . . . . . . . ₈₉

₅.₄ Simulation results in comparisonwith correlations found in liter-

ature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₉₁

₅.₅ Thermal performance of spherical and teardrop-shaped dimples

on rotating discs. . . . . . . . . . . . . . . . . . . . . . . . . . . . ₉₃

₅.₆ Temporal mean heat flux along centre line of dimples. . . . . . . ₉₅

₅.₇ Visualisation of the arising vortices in the flow field. . . . . . . . ₉₇

₆.₁ Investigated arrangements of dimples on rotating discs. . . . . . ₁₀₄

₆.₂ Evaluation of the simulation quality on the basis of the develop-

ment of themean heat flux density at the disc surface and by eval-

uation of the dominant frequencies. . . . . . . . . . . . . . . . . ₁₀₆

₆.₃ Evaluation of the simulation quality on the basis of comparison

with literature values. . . . . . . . . . . . . . . . . . . . . . . . . ₁₀₉

₆.₄ Mean ratiosof Nusselt numbers for sixdifferent setupsof dimpled

discs as function of Γ. . . . . . . . . . . . . . . . . . . . . . . . . ₁₁₁

₆.₅ Time-averaged heatfluxdensityover ₁₀₀equidistantcircular lines

from cylindrical shaft to disc edge for Γ = ₁.₁₇. . . . . . . . . . . ₁₁₄

₆.₆ Snapshots of an arbitrary time 𝑡 of local heat flux and arising flow

structures around a smooth rotating disc. . . . . . . . . . . . . . ₁₁₅

₆.₇ Snapshots of an arbitrary time of local heat flux and arising flow

structures around a rotating disc patterned with dimples. . . . . ₁₁₈

₆.₈ Time-averaged heatfluxdensityover ₁₀₀equidistantcircular lines

from cylindrical shaft to disc edge for Γ = ₂.₃₃. . . . . . . . . . . ₁₁₉

₆.₉ Time-averaged heatfluxdensityover ₁₀₀equidistantcircular lines

from cylindrical shaft to disc edge for Γ = ₃.₅₀. . . . . . . . . . . ₁₂₂

₆.₁₀ Relative averagedepthof dimplesdivided by local circumferential

length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₂₅

₆.₁₁ Correlation of the heat transfer increase of dimpled setups with

average dimple depth and local, dimensionless rotational velocity. ₁₂₆

₆.₁₂ Time-averaged heatfluxdensityover ₁₀₀equidistantcircular lines

from cylindrical shaft to disc edge for Γ = ₄.₆₆. . . . . . . . . . . ₁₂₈

₆.₁₃ Thermal performance parameter of the investigated setups. . . . ₁₃₁

viii



List of Figures

B.₁ Vortex structures at 𝑦+ < ₁₅₀ visualised by the 𝜆₂-criterion with

threshold −₁.₂ · ₁₀₇ and coloured by wall distance (Simulation

data was partly generated within the context of Kalb [S₁]). . . . . ₁₅₂

ix





List of Tables

₄.₁ Data of the examined setups to investigate the reduction of drag

by dimples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₅₇

₄.₂ Validation data for the smooth channel with one heated and one

adiabatic surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . ₇₂

₅.₁ Metrics of the meshes used for URANS and SAS. . . . . . . . . . ₈₆

₅.₂ Material properties of the used medium air. . . . . . . . . . . . . ₈₆

₅.₃ Time step lengths and corresponding angle of rotation. . . . . . . ₈₈

₆.₁ Overview of the investigated setups including name used, type of

arrangement, numberof dimples, diameters used and surface cov-

erage rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₀₅

₆.₂ Characteristic frequency of mean heat flux density and corres-

ponding Strouhal number. . . . . . . . . . . . . . . . . . . . . . . ₁₀₇

A.₁ Selected literatureon the heat transferdue todimples sorted chro-

nologically . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₄₄

A.₂ Selected literature on the drag reduction due to dimples sorted

chronologically . . . . . . . . . . . . . . . . . . . . . . . . . . . . ₁₄₆

A.₃ Selected literature on the flow and heat transfer due to rotating

discs chronologically sorted . . . . . . . . . . . . . . . . . . . . . ₁₄₈

xi





Nomenclature

Acronyms

AIM anisotropy invariant map

CFD computational fluid dynamics

CFL Courant-Friedrichs-Lewy

DDES delayed detached eddy simulation

DNS direct numerical simulation

DSM dynamic Smagorinsky model

FFT fast Fourier transformation

LES large eddy simulation

NOL not overlapping arrangement of dimples

OL overlapping arrangement of dimples

PISO pressure-implicit with splitting of operators

PSD power spectral density

RANS Reynolds-averaged Navier-Stokes

REF refernece case

RKE realizable 𝑘-𝜀
RNG re-normalisation group

SAS scale-adaptive simulation

SGS subgrid-scale

SIMPLE semi-implicit method for pressure linked equations

SM Smagorinsky model

SST shear stress transport

URANS unsteady Reynolds-averaged Navier-Stokes

WALE wall-adapting local eddy viscosity

Greek letters

𝛼∗ thermal diffusivity as a function of 𝑐𝑝
𝛼D thermal diffusivity as a function of 𝑐𝑣
𝛼h convection heat transfer coefficient

𝛼r rotation rate

𝛽 coverage rate

𝛾 ratio of Reynolds numbers 𝑅𝑒Ω,l/𝑅𝑒𝑢

xiii



Nomenclature

Γ ratio of Reynolds numbers 𝑅𝑒Ω/𝑅𝑒𝑢
𝛿 channel half-height

𝛿₀ inlet boundary layer thickness

𝛿₉₉ boundary layer thickness

𝛿𝜃 momentum thickness

𝛿d displacement thickness

𝛿𝑖𝑗 Kronecker delta

𝛿𝑇 thermal boundary layer

𝛿𝑢 viscous boundary layer thickness

Δ filter width

Δ𝑡 time step size

Δ𝑇 characteristic temperature difference

Δ𝑥+ dimensionless spacing in streamwise direction

Δ𝑥𝑖 shift in direction of 𝑥𝑖
Δ𝑧+ dimensionless spacing in spanwise direction

𝜀 rate of dissipation of turbulent kinetic energy

𝜖𝑖𝑗𝑘 Levi-Civita symbol

𝜖rel relative error

𝜁 point in space

𝜁G term in the Gnielinski correlation

𝜂K Kolmogorov length scale

Θ+ dimensionless Temperature

𝜅 wavenumber

𝜅Θ universal constant to calculate Θ+

𝜅c von Kármán constant

𝜆₂ second largest of the three eigenvalues of 𝑆₂
𝑖𝑗 + Ω₂

𝑖𝑗
𝜆m mean free path

𝜆S wave length of streamwise vortices

𝜇 dynamic viscosity

𝜇𝑡 turbulent viscosity

𝜈 kinematic viscosity

𝜈𝑡 eddy viscosity

𝜉 arbitrary or observation variable

𝜉c calculated value of observation variable on coarse mesh

𝜉f calculated value of observation variable on fine mesh

xiv



Nomenclature

𝜉R generalized Richardson extrapolation estimate

𝜌 density

𝜌₀ constant or reference density

𝜎 standard deviation

𝜏𝑖𝑗 molecular-caused momentum transport

𝜏SGS
𝑖𝑗 subgrid-scale Reynolds stress tensor

𝜏t specific time

𝜏w wall shear stress

𝜏w temporal mean wall shear stress

𝜏w,₀ reference wall shear stress of a flat plate

𝜙 flow variable

Φ𝑖𝑗 velocity spectrum tensor

𝜒 space vector

𝜓 possible values a considered variable can represent

𝜔 specific rate of dissipation

𝜔+ normalized vorticity

𝜔𝑢 vorticity

Ω angular velocity

Ω𝑖𝑗 antimetric part of the velocity gradient

Latin letters

𝑎 speed of sound

𝑎𝑖𝑗 anisotropy tensor

𝐴 surface area

𝐴+ van Driest constant

𝐴₀ reference or projected area

𝐴tot total area

𝑏₁ exponent

𝑏₂ exponent

𝑐𝑓 drag coefficient

𝑐𝑓₀ drag coefficient of a smooth channel or plate

𝑐𝑓 𝜏 drag coefficient formed with 𝜏w
𝑐𝑀 dimensionless moment coefficient

𝑐𝑀₁ dimensionless moment coefficient of a rotating disc

𝑐𝑀,d spatial mean moment coefficient of dimpled disc

xv



Nomenclature

𝑐𝑀,s spatial mean moment coefficient of smooth disc

𝑐𝑝 specific heat capacity at constant pressure

𝑐𝑣 specific heat capacity at constant volume

𝐶 constant

𝐶₁ integration constant

𝐶Θ integration constant

𝐶S Smagorinsky model constant

𝐶W WALE constant

𝑑 distance to closest wall

𝐷 mass diffusivity

𝐷₀ reference dimple imprint diameter

𝐷c diameter of cylindrical shaft

𝐷d disc diameter

𝐷h hydraulic diameter

𝐷i dimple imprint diameter

𝐷r diameter of rotating domain

𝐷(𝑦+) van Driest damping function

𝑒 inner energy

𝐸 energy spectrum function

𝑓 frequency

𝑓 mean frequency

𝑓p frequency of one period

𝑓res frequency resolution

𝐹R total drag force

𝑔𝑖𝑗 subgrid-scale flux

𝑔𝑗 acceleration in 𝑗-direction
𝐺 energetic potential

𝐺 filter for large eddy simulation

𝐺B Box filter

𝐺G Gaussian filter

ℎ dimple depth

𝐻d disc thickness

𝑖 index

𝐼𝐼𝑎 invariant of the anisotropy tensor 𝑎𝑖𝑗
𝐼𝐼𝐼𝑎 invariant of the anisotropy tensor 𝑎𝑖𝑗

xvi



Nomenclature

𝑗 index

𝑘 turbulent kinetic energy

𝑘t thermal conductivity

𝑙 local circumferential length

𝑙p length of a pipe

𝑙𝑥 streamwise distance of dimples

𝑙𝑧 spanwise distance of dimples

𝐿 characteristic length

𝐿𝑠 mixing length for subgrid-scales

𝐿𝑥 length of a domain

𝐿𝑦 height of a domain

𝐿𝑧 width of a domain

�̇�out mass flux at outlet

𝑀 torque

𝑛 normal direction

𝑛c number of elements of a coarse mesh

𝑛f number of elements of a fine mesh

𝑁 performed rotations of a disc

𝑁d number of dimples

𝑜 order of accuracy of a scheme

𝑝 pressure

𝑝 temporal mean pressure

𝑝₀ reference pressure

𝑝in static pressure at inlet

𝑝m mean pressure

𝑞 heat transfer rate

�̇� heat flux density

�̇� temporal average of �̇�
�̇�∗

dimensionless temporal average of �̇�
�̇�d temporal mean value of heat flux of a disc with dimples

𝑞f sum of velocity fluctuations

�̇�𝑖 heat flux in 𝑖-direction
�̇�m spatial mean heat flux density

�̇�s temporal mean value of heat flux of a smooth disc

𝑄 𝑄-criterion

xvii



Nomenclature

𝑟 local radius

𝑟∗ dimensionless disc radius

𝑟e edge radius

𝑅 specific gas constant

𝑅𝑐 general correlation coefficient

𝑅𝑖𝑗 two-point correlation coefficient

𝑅𝑙 correlation coefficient lengthscale

𝑅max maximum of correlation coefficient

𝑅RMS root mean square of correlation coefficient

𝑅s auto correlation coefficient in space

𝑅t auto correlation coefficient in time

𝑅𝑢 correlation coefficient of 𝑢 in main flow direction

𝑠 mesh refinement factor

𝑆𝑖𝑗 symmetric part of the velocity gradient

𝑆𝑖𝑗 strain rate of calculated velocity field in LES

𝑆𝑑
𝑖𝑗 adjusted strain tensor

𝑡 time

𝑡₀ starting time

𝑡i duration of input signal

𝑡p period duration

𝔗 specified time

𝑇 temperature

𝑇+ dimensionless temperature

𝑇𝜏 friction temperature

𝑇₀ reference temperature

𝑇d disc temperature

𝑇f fluid temperature

𝑇+
f dimensionless fluid temperature

𝑇w wall temperature

𝑇+
w dimensionless wall temperature

𝑢 component of velocity in 𝑥-direction
𝑢+ dimensionless velocity

𝑢∞ inlet or free stream velocity

𝑢𝜏 friction velocity

xviii



Nomenclature

𝑢𝑖 𝑖-component of velocity

𝑢′
𝑖𝑢

′
𝑗 turbulent stress tensor

𝑢𝑟 circumferencial velocity

𝑢rel relative velocity

𝑈 characteristic velocity

𝑈b bulk velocity

𝑈c centerline velocity

𝑈+
𝑒 non dimensional free stream velocity

𝑣 component of velocity in 𝑦-direction
𝑣 temporal mean of 𝑣
𝑤 component of velocity in 𝑧-direction
𝑥 cartesian coordinate representing streamwise direction 𝑥₁
𝑥𝑖 spatial coordinate in 𝑖-direction
̇𝑥𝑖 integration variable in space

𝑦 cartesian coordinate representing wall normal direction 𝑥₂
𝑦+ dimensionless wall distance

𝑦+
m mean dimensionless wall distance

𝑦+
max maximum dimensionless wall distance

𝑧 cartesian coordinate representing spanwise direction 𝑥₃
𝑧d average dimple depth

Mathematical expressions
D⋄
D𝑡 substantial derivative of ⋄
d⋄
d𝜉 derivative of ⋄ with respect to 𝜉
𝜕⋄
𝜕𝜉 partial derivative of ⋄ with respect to 𝜉
𝑓 (⋄) probability density function of ⋄
⋄′ temporal fluctating part of ⋄
⋄″ fluctating value of ⋄
⟨⋄⟩ expectation or probability-weighted mean of ⋄
⋄ temporal average of ⋄
⋄̃ spatial filtering of ⋄

Dimensionless groups

𝐾𝑛 Knudsen number 𝐾𝑛 = 𝜆m/𝐿
𝑀𝑎 Mach number 𝑀𝑎 = 𝑈/𝑎
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Nomenclature

𝑁𝑢 Nusselt number 𝑁𝑢 = 𝛼ℎ𝐿/𝑘t
𝑁𝑢₀ Nusselt number of a smooth channel or plate

𝑁𝑢m mean Nusselt number

𝑁𝑢m,Ω=₀ mean Nusselt number of stationary disc

𝑁𝑢m,d spatial mean Nusselt number of dimpled disc

𝑁𝑢m,s spatial mean Nusselt number of smooth disc

𝑃𝑟 Prandtl number 𝑃𝑟 = 𝜈/𝛼∗

𝑅𝐴𝑅 Reynolds analogy ratio

𝑅𝑒 Reynolds number 𝑅𝑒 = 𝐿𝑈/𝜈
𝑅𝑒𝛿 Reynolds number based on bulk velocity 𝑅𝑒𝛿 = ₂𝛿𝑈b/𝜈
𝑅𝑒𝜃 Reynolds number based on momentum thickness 𝑅𝑒𝜃 = 𝐿𝑢𝜏/𝜈
𝑅𝑒𝜏 friction Reynolds number 𝑅𝑒𝜏 = 𝑢𝜏𝛿/𝜈
𝑅𝑒Ω rotational Reynolds number 𝑅𝑒Ω = Ω𝐷₂

d/ (₄𝜈)
𝑅𝑒Ω,l local rotational Reynolds number 𝑅𝑒Ω,l = Ω𝑟𝐷d/ (₂𝜈)
𝑅𝑒c Reynolds number based on centerline velocity 𝑅𝑒c = 𝛿𝑈c/𝜈
𝑅𝑒𝐿 turbulence Reynolds number 𝑅𝑒𝐿 = 𝑘₁/₂𝐿/𝜈 = 𝑘₂/(𝜀𝜈)
𝑅𝑒𝑢 cross-flow Reynolds number 𝑅𝑒𝑢 = 𝑢∞𝐷d/ (₂𝜈)
𝑆𝑐 Schmidt number 𝑆𝑐 = 𝜈/𝐷
𝑆ℎ Sherwood number 𝑆ℎ = 𝛼ℎ𝐿/𝐷
𝑆𝑟 Strouhal number 𝑆𝑟 = 𝑓 𝐿/𝑈
𝑆𝑡 Stanton Number 𝑆𝑡 = 𝑁𝑢/(𝑃𝑟𝑅𝑒)
𝑇𝑃𝑃 thermal performance parameter
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Introduction ₁
”As the saying goes, the Stone Age did not end because we ran out
of stones; we transitioned to better solutions. The same
opportunity lies before us with energy efficiency and clean energy.”

—Chu [₃₆]

₁.₁ Motivation

Due to the increasing scarcity of resources and the arising environmental

awareness of people, methods for optimizing efficiency become increasingly

important in industry. This opens up new fields of research in both industry-

related and fundamental research. Tremendous progress has already been

made in many areas in terms of energy and resource efficiency over the last

years. Particularly in established processes, the possibilities for further per-

formance increases areoften limited. However, potential still exists in a num-

ber of fluid mechanical processes. The technically relevant turbulent flows

in particular cause losses that are directly responsible for the consumption

of several billion tons of fossil oil per year worldwide [₇₀]. At the latest, the

effects of the energy crisis of the ₁₉₇₀s, when the oil price doubled for the

first timewithin twoyears from ₁₉₇₂ to ₁₉₇₄ beforemore thandoubling again

from ₁₉₇₇ to ₁₉₈₀ [₂₀₂], promoted interest in researching scientific solutions

for direct drag reduction in all fluid mechanical processes. As described by

Gad-el-Hak [₇₀], reducing the overall drag of aircraft would result in over a

billion dollars in fuel price savings for US aircraft alone.

Nature proved to be the most important source of inspiration to achieve

efficiency in flows, producing drag reduction mechanisms essential for the

survival of various species [₂₃]. While promising results have already been

achieved with surface texture replication (e. g. [₁₃]), many effects turned out

to be not usable until today in most technical flows since they are based on

natural mucus (e. g. [₄₅]), renewable surface structures (e. g. [₄₇]), dynam-

ically adaptable surface shapes (e. g. [₁₇₉]) or a combination of those. All

these measures aim to keep the boundary layer laminar. By the research of

the mechanisms of action new concepts for lowering drag of bodies exhib-
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iting relative motion to contacting fluid are constantly developed (e. g. [₈₂,

₁₄₇, ₂₃₈]).

In addition to thedrag reductions inspired bynature, otherpassiveand active

methods have also been investigated. Active methods, which are character-

ized by energy input into the fluid, include boundary layer suction (e. g. [₇]),

boundary layer blow-off (e. g. [₁₇₇]) or other boundary layer influences such

as moving walls (e. g. [₃₅, ₃₈]), as well as general turbulence destabilisation

with the aimof relaminarising turbulent flows (e. g. [₁₂₈]). Passivemethods,

bycontrast, are characterized by the fact that noactuators are necessary to in-

fluence the boundary layer. This category includes methods such as grooves

(e. g. [₁₂₆]), tabs (e. g. [₁₇₆]), protrusions (e. g. [₂₀₄]), crests (e. g. [P₄]), and

dimples (e. g. [₁₄₀, ₁₆₈, P₃]). These methods aim to change the statistics of

turbulentmotions towards the one-component limit in order to relaminarise

the flow [₁₀₃] or tomodify the phenomenon of streak formation [₁₀₉, ₁₁₉] by

stabilizing coherent structures and generating anenergy barrieracrosswhich

the interaction of small scales is prevented, and thus energy loss is minim-

ized.

Dimples are also well known in the field of thermal efficiency enhancement

[₁₄₄] in addition to their use to increase mechanical efficiency. In this case,

deeper dimples are used, for example in cooling channels of gas turbine

blades. As such, dimples are used as turbulators, structures that generate

vortices when they are subjected to cross-flow [₆₂, ₆₃]. These disturb the

thermal boundary layer which increases mixing of the fluid and thus en-

hances heat transport from surfaces. In contrast to other turbulators such as

protrusions, ribs or rods, dimples are characterised by the fact that the vor-

tices are generated inside the dimple, which makes them self-cleaning and

prevents the surface from getting polluted. They also do not protrude into

the channel, which prevents the channel from being blocked and reduces the

weight of the overall construction. Ultimately, the resulting pressure drop is

low, which leads to comparably high thermal efficiency of dimples [₂₁₉]. As

noted by Griffith et al. [₇₉], the thermal effects of such dimples have been

intensively studied since the work of Schukin et al. [₂₀₀] in ₁₉₉₅.

₁.₂ Aims and objective of this thesis

With regard to the drag-reducing effect of dimples in channels and on sur-

faces subjected to cross-flow, contradictory statements still exist in the sci-

entific literature. In addition to the pure effectiveness, the physical mech-

anism of action is controversially discussed [₁₄₀, ₂₁₂]. In this way, different
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authors arrive at appreciably different results with relatively similar setups.

For this reason, one aim of this work is to model the physical phenomena in

detailed numerical flow simulations, to draw conclusions about the effects of

the dimples on the flowand thus to close the existing gaps in knowledgewith

regard to both the thermal and the drag-reducing effects of dimples.

Anotheraimof thiswork is toexplore thepossibilitiesof energy-efficient heat

transfer from rotating discs by using dimples. Examples of such applications

include the cooling of brake discs and other rotating components that re-

quire cooling during operation, such as turbines or electric motors. As part

of the RegVent project [₅₉], which was funded by the Bavarian State Min-

istry of Education, Science and the Arts, rotating discs were used as friction

fans. As a result of their positioning in two separate air ducts, the discs in this

setupwere investigated as roomventilation systemswith heat recovery. Des-

pite the frequently studied effects of dimples in rotating cooling channels,

there is still a lack of fundamental research into the influences of dimples on

rotating discs. In this work, the thermal and hydro-mechanical behaviour of

dimples on discs is therefore to be investigated in a structured manner for

the first time. The declared aimof this research is to obtain knowledge about

parameters that lead to desired effects in the structuring of discs. From this,

a design rule is to bederived that enables the heat transfer of rotating discs to

be designed with regard to desired objectives through the use of dimples.

₁.₃ Methodology and structure of this thesis

Chapter ₂ provides an overview of the most important literature in the three

disciplines relevant to this thesis: (i) heat transfer fromsurfaceswithdimples,

(ii) drag reduction due to dimples, and (iii) heat transfer from rotating discs.

Chapter ₃ presents themost important theoretical principles. These are heat

transfer in fluids in section ₃.₁, the general principles of fluid mechanics in

section ₃.₂, the basics of turbulent flows in section ₃.₃, specific knowledge of

boundary layers in section ₃.₄, special features of rotating discs in section ₃.₅

and the numerical treatment of turbulent flows in section ₃.₆.

Chapters ₄ to ₆ cover the main part of this thesis. In chapter ₄, the most im-

portant physical phenomena of dimples in plain channel and plate flows are

investigated. In section ₄.₁ the basic phenomena in turbulent flows without

dimples are examined and the simulation quality is validated. In the follow-

ing section ₄.₂ the impact of flat dimples on the drag behaviour is analysed.

In section ₄.₃ the behaviour of deeper dimples is evaluated. Due to the con-

siderably different geometry of these dimples from flat surfaces and the heat
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transfer involved, these simulations require detailed validations, before the

relevant parameters are examined in detail.

In chapter ₅, dimples on rotating discs are investigated, which are placed far

enough from each other so that the mutual influence of the flow around the

dimples is prevented. In sections ₅.₁ and ₅.₂, the setup is presented and the

quality of the simulations is shown on the basis of available literature data

and numerical parameters. Section ₅.₃ deals with the analysis of the thermal

behaviourof thediscswith singledimples. Here, thedifferentperformanceof

round and teardrop-shaped dimples is discussed in particular. Furthermore,

the findings from scale-adaptive simulations (SAS) are presented.

From the findings concerning the dimple shape and the numerical efficiency

of the different solver methods, the interaction of several dimples in differ-

ent arrangements on rotating discs is analysed within chapter ₆. Section ₆.₁

deals with the methodology according to which the setups were constructed

in order to allow for a systematic investigation of thewidest possible range of

influencing factors. In the following section ₆.₂, the fluid-mechanical effects

of the cylinder, which is used as a support for the discs and is also subjected

to flow, are discussed. Subsequently, the findings of the different setups in

various flow regimes are presented. The investigations show that there is

a critical rotation rate above which some of the effects of the dimples be-

come dominant. Therefore, section ₆.₃ is structured according to the flow

condition in relation to the critical rotation velocity. Here, a distinction is

made between a range below the critical rotation velocity as well as a trans-

ition range and a state above the critical rotation velocity. In addition to the

quantitative thermal effects, the thermal efficiency of the individual setups

is also examined. Finally, guidelines are developed in section ₆.₄, according

to which the design of dimples setups on a rotating disc can be carried out

with regard to the desired target parameters. The final chapter ₇ summarises

the most important findings of the work and gives an outlook on promising

starting points for further research work.
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Analysis of topic-related research ₂
”[To] mechanical progress there is apparently no end: for, as in the
past so in the future, each step in any direction will remove limits
and carry us past barriers which have till then blocked the way in
other directions; and so what for the time may appear to be a visible
end or practical limit will turn out but a bend in the road.”

—Reynolds [₁₈₇]

This thesis deals with the use of dimples as a surface structure to increase

the convective heat transfer of rotating discs while at the same time limiting

the hydrodynamic losses. Therefore, three different fields of research are of

major importance for this work. These are firstly the increase of heat trans-

fer from plates subjected to cross-flow by the use of dimples, and secondly

the mechanisms of heat transfer at rotating discs. With regard to the use

of dimples on plates, there is a third, albeit less wide-ranging, field of re-

search dealing with the phenomenon of drag reduction caused by the use of

dimples. This chapter thus presents the already existing scientific work on

each of these three research fields.

₂.₁ Progress in heat transfer enhancement due to

dimples

Dimples are depressions in surfaces, which are generally used in structured,

but less often also in random arrangements. Spherical dimples are the most

common shape, but there are also studies on oval, polygonal and teardrop-

shaped dimples [₁₄₄]. Figure ₂.₁ shows an example of spherical dimples in a

structured arrangementona surfaceaswell as thecovered areaof thedimples

compared to the reference area to calculate coverage ratio 𝛽. As outlined by

Ligrani [₁₄₄], serious research into heat transfer on dimples began in ₁₉₈₆.

In this year, Gromov et al. [₈₀] published first studies on the flow and heat

transfer due to dimples. The authors describe the emergence of symmet-

ric cells in the boundary layer and recirculation flow inside the dimples. In

the ₁₉₉₀s, Kesarev & Kozlov [₁₀₈] investigated the local heat transfer at indi-

vidual dimples. They foundadependenceof theheat transferon thedegreeof
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turbulenceof the flow. Afanasyev et al. [₃] investigated both the heat transfer

and the drag behaviour of plates structured with dimples. They found up to

₃₀% to ₄₀% increase in heat transferwithout significant increase in friction

factors.

𝑧

𝑦
𝑥

(a) Visualisation of dimples in a structured arrangement

𝑙𝑥

₂𝑙𝑥

𝑙 𝑧

₂
𝑙 𝑧

𝐴₁ 𝐴₂

(b) Schematic representation of a
structured arrangement of dimples with
indication of the dimpled area used to
calculate the coverage ratio 𝛽.

Figure ₂.₁: Visualisation of dimples (a) and presentation of covered area (b).

Schukin et al. [₂₀₀] presented the first investigations of dimples to be used

in gas turbine technology, which is themain field of application and research

regarding the heat transfer behaviour of dimples to date. The given meas-

urement results include the average heat transfer coefficient at a heated plate

downstream of a single hemispherical cavity in a diffuser and in a nozzle.

Kithcart & Klett [₁₁₈] investigated the influence of dimples and other three-

dimensional surface roughness in ducts with respect to thermal efficiency.

They used the ratio of Stanton number 𝑆𝑡 = 𝑁𝑢/(𝑃𝑟𝑅𝑒) increase to drag

coefficient increase (𝑆𝑡/𝑆𝑡₀)/(𝑐𝑓/𝑐𝑓₀) for evaluation and found dimples to

be best suited to increase heat transfer without significant losses. Although

Gee & Webb [₇₂] showed as early as ₁₉₈₀ that the use of thermal efficiency

(𝑆𝑡/𝑆𝑡₀)/(𝑐𝑓/𝑐𝑓₀)₁/₃ is better suited for judgements about the heat trans-

fer increase, the comparison of increasing heat transfer to increasing drag

(𝑆𝑡/𝑆𝑡₀)/(𝑐𝑓/𝑐𝑓₀) is still used today. However, this value only provides in-

formation about howwell the Reynolds analogy is suitable for the case under

consideration, while the thermal efficiency can be interpreted as a ratio of

gain to cost.

Chyu et al. [₃₇] compared spherical and teardrop-shaped dimples with rib

turbulators. Their investigations show that the dimples provide similarly
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high heat transfer as the rib turbulators, but with mentionable lower pres-

sure losses. The authors also point out the advantage of weight reduction

when using dimples for turbine cooling. Lin et al. [₁₄₅] showed results of nu-

merical simulations known as computational fluid dynamics (CFD) on the

same dimples arrangement regarding the resulting flow structures as well as

the heat transfer distribution. Gortyshov et al. [₇₇] investigated the hydro-

dynamics and heat transfer in ducts with different arrangements of dimples

and found both an increase in heat transfer and pressure losswith increasing

dimples depth.

Moon et al. [₁₆₁] experimentally investigated the influence of channel height

on heat transfer and drag in dimpled passages. The investigations included

channel heightsof ₃₇% to ₁₄₉%of thedimplediameterat Reynolds numbers

𝑅𝑒 of ₁₂ ₀₀₀ to ₆₀₀₀₀. The authors found no dependence of the heat trans-

fer increase on the duct height. Similarly, no dependence of the heat transfer

enhancement ratio on 𝑅𝑒 was found. Furthermore, the authors confirmed

the high thermal performance of the dimples compared to other turbulat-

ors. Chen et al. [₂₇] found very good results for different variants of dimples

in investigations of the heat transfer behaviour of dimples in pipes. They

were able to demonstrate an increase in heat transfer of up to ₈₄% for the

same pumping power compared to smooth tubes. The authors emphasise

that despite the comparatively simple design, dimples outperform almost all

other known heat transfer enhancement mechanisms.

Mahmood et al. [₁₅₀] compared the flows for awide range of 𝑅𝑒 and temper-

ature ratios at constant channel height. They identified the detachment of

vortex pairs at thedimples and the resulting strong secondary flows as factors

influencing the heat transfer. Furthermore, they described shear layer reat-

tachment within the dimples as well as the strong mixing due to the vortices

as significant influences. Ligrani et al. [₁₄₃] deepened the knowledge of this

geometry and described that the effects on thermal transport are particularly

pronounced near the downstream rims of the dimples and on the smooth

surfaces behind and between thedimples. In an investigation concerning the

influence of channel height, Mahmood & Ligrani [₁₅₁] found an intensifica-

tion of detached vortices with decreasing channel height. They also found a

strong correlation of Nusselt number 𝑁𝑢 and temperature difference of fluid

temperature and wall temperature.

Ligrani et al. [₁₄₁] described the transient, dynamic and time-averaged char-

acteristics of the vortex structures formed by dimples in staggered arrange-

ment in channels of different heights ℎ/𝐷i = ₀.₂₅ to ₁.₀₀. They described a

primary vortex pair for all channel heights, which periodically sheds from the
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centre of the dimples. This detachment causes a constant flow of fluid into

the dimples. According to the authors, the frequency of these vortices scales

with the mean bulk velocity �̄� and the dimple imprint diameter 𝐷i, result-
ing in dimensionless frequencies 𝑓 of ₂.₂ to ₃.₀ for all channel heights in-

vestigated. Furthermore, with decreasing channel height, the authors found

morepronounced primaryvortices aswell as additional, likewise intensifying

secondary vortices which arise at the spanwise sides of the dimples. Finally,

Ligrani et al. [₁₄₁] observed a relation between the vortices and the locally

prevailing wall shear stress 𝜏w. These investigations were further intensified

by Won et al. [₂₃₇]. Using ensemble-averaged power spectral density pro-

files, the authors found separation frequencies of primary vortex pairs from

₇Hz to ₉Hz at Reynolds numbers based on channel height 𝑅𝑒H from ₂₁₀₀

to ₂₀₀₀₀.

On setups similar to those studied by Kithcart & Klett [₁₁₈] in terms of fric-

tion factors and some flow structure characteristics, Mahmood et al. [₁₅₂]

and Ligrani et al. [₁₄₂] conducted intensive studies on heat transfer and flow

structures arising in channels with dimples on one wall and protrusions on

the opposite wall. The authors found increased vortex activity and thus in-

creased mixing as a result of protrusions, which increases both heat transfer

and drag compared to dimpled channels without protrusions. Overall, the

protrusions lead to lower thermal performance due to the increased drag. In

initial numerical investigations, Isaev et al. [₉₅] were able to determine both

large-scale vortex structures and an increase in heat transfer. The authors

also found notable increases of drag in these investigations. Their results are

in well agreement with the values determined experimentally by Chyu et al.

[₃₇].

From the early ₂₀₀₀s, the need for valid results of the effects of turbulators

in rotating ducts intensified. Bredberg [₁₅] addressed this challenge by us-

ing numerical simulations and explicitly points out the lack of experimental

investigations of 𝑁𝑢 in rotating ducts in his investigations. Griffith et al.

[₇₉] conducted experiments regarding heat transfer in rotating ducts with

dimples and confirmed theconsiderable influenceof rotationon theflowand

resulting heat transfer behaviour. Discussions of the paper by Ligrani et al.

[₁₄₂] and Griffith et al. [₇₉] show that the measured factors of heat transfer

increase in the literature for similar dimple setups in stationary ducts range

from ₁.₆ to ₂.₆ and thus – depending on themeasurementmethod used – are

likely to be subject to noteworthy measurement uncertainties. A compre-

hensive literature review by Ligrani et al. [₁₄₃] underlines the wide disper-

sion of the measured heat transfer increase and increase of drag for different
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dimple shapes, setups and measurement methods. Other studies, in which

rotationwas taken into account, delivered partly contradictory results. Some

studies show that the rotational effects on the ratio of 𝑁𝑢 are suppressed at

high 𝑅𝑒, whereby the heat transfer increase with increasing 𝑅𝑒 corresponds

more closely to that of the stationary channels [₁₄₄]. However, this is attrib-

uted to the fact that the rotation number decreases with increasing 𝑅𝑒 and

otherwise constant conditions in the measurement setups. Studies in which

𝑅𝑒 was kept constant show a stronger deviation of 𝑁𝑢 increase compared to

stationary channels with increasing rotation number [₁₄₄].

Kim et al. [₁₁₆] extended the Reynolds number range up to 𝑅𝑒 = ₃₆₀₀₀₀

related to the hydraulic diameter of the stationary cooling channel. The in-

vestigations confirm the high thermal efficiency of the dimples compared to

other, commoncoolingmethods. In the following, the researchgroup includ-

ing Isaev & Leontiev [₉₄] carried out many numerical investigations on in-

dividual dimples using the 𝑘-𝜔-SST model proposed by Menter [₁₅₅], which

was by then known to yield good results for such complex, wall-dominated

flows [₁₅₇]. Although these investigations contribute to the understanding

of the flow within a dimple, they provide only a limited contribution to the

direct applicability of the technology due to the neglect of the often complex

interactions that occur when using several dimples.

Burgess & Ligrani [₂₂] examined the influenceof dimpledepth inmoredetail

and found larger increases inmeanNusselt number𝑁𝑢m fordeeperdimples.

However, the authors point out that in practice the possible dimple depth is

often limited by the wall thickness of the channel. This limitation is also

relevant for the present work when the effects of dimples on rotating discs

of limited thickness are discussed. The authors note that the local values of

𝑁𝑢 within the dimples are mostly higher than those of the smooth channels.

This is consistent with the results of Kesarev & Kozlov [₁₀₈] and Schukin et

al. [₂₀₀] as mentioned by Ligrani [₁₄₄].

Kim & Choi [₁₁₅] and Samad et al. [₁₉₄] dealt with the numerical optim-

isation of the arrangement and size of dimples. They found correlations

betweendimple shape, heat transfer behaviourand drag, enabling rudiment-

arydesignsof the surface layout. Indirect numerical simulations,Wang et al.

[₂₂₆] found regions of high turbulent intensity above thedownstreamhalf of

the dimples and along the side edges. These regions match with thosewhere

Ligrani et al. [₁₄₁] found vortex shedding in experiments. The authors also

pointout the increaseddragdue todimples, but theheat transferand thus the

thermal efficiency was not considered. In his dissertation, Elyyan [₅₇] dealt

with the influences of the Coriolis force due to rotation on dimpled channels
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using large eddy simulations (LES). He found a pronounced dependence of

flow and turbulent mixing on the relative direction of rotation, related to

the position of the dimples. In agreement with Xiao et al. [₂₃₉], Elyyan &

Tafti [₅₈] pointed out that dimples are no suitable heat transfer amplifiers

for steady, laminar flows.

Numerical investigations by Xie et al. [₂₄₁] regarding the effectiveness of

dimples in non-rotating cooling ducts with ₁₈₀° bends show that dimples

are suited to reach heat transfer increases of up to ₂.₀ with only ₅% pressure

drop increase. These values were obtained for ₁₀₀₀₀₀ ≤ 𝑅𝑒 ≤ ₆₀₀₀₀₀

and with dimples on the outer side of the ₁₈₀° bends. In a numerical optim-

isation using RANS simulations, Kim et al. [₁₁₀] optimised spherical dimples

arranged in a rowwith respect to heat transfer. They found inclined elliptical

dimples to be ideally suited to increase heat transfer by ₈₁.₂%, while pres-

sure drop only increased by ₃₁.₇%. The investigation of the flow structures

showed a pronounced vortex, which was caused by the dimple shape and

was also detectable downstream of the dimple. The authors see this as the

reason for the improvement in heat transfer. Turnow et al. [₂₁₈] also confirm

the good effectiveness of oval dimples. In time-resolved numerical investig-

ations of the flow around spherical dimples, they also found coherent vor-

tex structures that occur inclined to the main flow. The orientation of these

structures varies over time, resulting in oscillations of long period duration.

In another publication, Turnow et al. [₂₂₁] found an optimal dimple depth of

ℎ/𝐷i = ₀.₂₆. With this setup, the heat transfer rate reached over ₂₀₀% of

the smooth channel, which agrees well with the results obtained by Siddique

et al. [₂₀₃].

Chen et al. [₂₈] investigated the influence of shifting the lowest point of the

dimples while maintaining the round print shape of the dimple. They found

that such asymmetric dimples have better thermal properties than spherical

dimples when the lowest point is shifted about ₁₅% downstream. The au-

thors emphasise the positive potentials of asymmetric dimples. V-shaped

dimpleswere investigated by Jordan &Wright [₁₀₂]. They found comparable

thermal efficiency with spherical dimples at low 𝑅𝑒. However, with increas-

ing 𝑅𝑒, the authors observed secondary vortices due to the V-shape, which

considerably increased the heat transfer, but only marginally increased the

pressure drop. Xie et al. [₂₄₀] investigated spherical dimples with protru-

sion structureswithin the cavity. This shape is alsomotivated by the need for

minimising the recirculation area at the dimple inlet and thus increasing the

heat transfermore in proportion to thepressuredrop. Depending on the spe-

cific locationof theprotrusion, theauthors found ideal shapes for the highest
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heat transfer as well as for the highest thermal efficiency. However, corres-

ponding dimples aremore difficult tomanufacture than conventional spher-

ical dimples. Rao et al. [₁₈₃, ₁₈₄] conducted a comprehensive experimental

and numerical study on round, elliptical, inclined elliptical, and teardrop-

shaped dimples. The teardrop-shaped dimples turned out to be the most

suitable. This shape is also asymmetrical and reduces the recirculation area

at the dimple inlet. The teardrop shape leads to a higher surface coverage

rate compared to the spherical shape. As a result, teardrop-shaped dimples

in ducts achieve appreciable thermal efficiency.

From ₂₀₁₅ onwards, the teardrop shape was researched more intensively.

Yoon et al. [₂₄₃] explored the influence of the length of the upstream half

of the dimples. Their results show that small asymmetries up to ₂₀% have

hardly any influence on the thermal performance. For ₃₀%, however, the

efficiency increases, but does not increase further with increasing asym-

metry. Numerical optimisation of the shape and arrangement of the dimples

provided further insights into the flow-relevant effects. Li et al. [₁₃₇] per-

formed a geometric optimisation of the thermal performance of dimples in

pipes. They found that for this case, an arrangement of the dimples in rows

provides better heat transfer characteristics than staggered arrangements.

Furthermore, they found the dimple diameter to have little influence com-

pared to the influence of dimple shape, depth, pitch, and starts. Murata et

al. [₁₆₅] investigated arrangements of teardrop-shaped dimples at different

angles to the inflow direction. In their investigations, the film cooling effect-

iveness remained almost constant at different blowing ratios. They found the

highest heat transfer at an angle of ₃₀°.

Rashidi et al. [₁₈₅] provide a comprehensive overview of the energy saving

potentials as well as the mechanisms of dimples in thermal energy systems.

They conclude their work with suggestions for future research topics in the

field of dimples. They emphasise the need for further research on dimples in

rotating systems. They justify this with the increased relevance to applica-

tions. This conclusion is in line with the motivation for the present research

work. A tabular overview of the research carried out on heat transfer due to

dimples is given in the appendix in table A.₁.

₂.₂ Observation of drag reducing effects of dimples

In addition to the intensively explored field of application of heat transfer

enhancement, a much smaller field of science deals with the reduction of

drag of smooth surfaces by dimples. As noted by Lashkov & Samoilova [₁₃₀]
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and Lienhart et al. [₁₄₀], these are not the effects that occur on round golf

balls when using dimples. On golf balls, the dimples lead to a stabilisation

of the turbulent boundary layer as well as to defined detachment edges on

the surface of the ball. This stabilises the trajectory of the golf ball. Since

dimples are spatially discrete indentions whose shape and arrangement on

plates vary in spanwise as well as in streamwise direction, the effects on the

flow are strongly dependent on the specific geometric design. As a result,

different studies come to very different conclusions regarding the effects and

effectiveness of drag reduction. However, all studies have in common that

drag reductions – if at all – are only found with shallow dimples whose depth

ℎ does not exceed approximately ₅% of the imprint diameter 𝐷i, i. e. ℎ/𝐷i <
₅% for a wide range of 𝑅𝑒.

It is therefore not surprising that Lashkov & Samoilova [₁₃₀], in their invest-

igations of the influence of dimples on the drag of plates with dimple depths

ℎ/𝐷i between ₇% and ₁₅%, only found increases of drag for 𝑅𝑒 = ₃ · ₁₀₆ to

₉ · ₁₀₆. Comprehensive numerical and experimental investigationswere car-

ried out by Lienhart et al. [₁₄₀]. They investigated two different setups with

ℎ/𝐷i = ₄.₃% and ℎ/𝐷i = ₅% in a channel flow and on a plate. They found

only negligible differences of about ₁% over the entire range 𝑅𝑒 = ₁ · ₁₀₄ to

₆ · ₁₀₄ investigated. In the direct numerical simulations, they found that the

mean wall shear stress decreased due to the dimples. However, the dimples

resulted in a pressure force in flowdirection, which amounted to about ₅.₅%

of the total force on the wall. This effect entirely negated the positive in-

fluence of the reduced shear force and even lead to a slight net increase of

drag.

Tay [₂₁₂] investigated avery similar setupovera similar rangeof 𝑅𝑒 and found

drag increases of up to ₂.₅% for 𝑅𝑒 = ₁ · ₁₀₄ to ₂ · ₁₀₄. However, for 𝑅𝑒 >
₃ · ₁₀₄ he found reductions of about ₀.₇%. In addition, the author examined

the same dimples in a more dense arrangement, increasing the coverage rate

𝛽 from ₄₀% to ₉₀%. In this case, he found notable drag reductions for

𝑅𝑒 > ₃ · ₁₀₄ as well, reaching up to almost ₂% at 𝑅𝑒 ≈ ₄ · ₁₀₄. In further

investigations, he explored the formation of flow structures over shallow and

deep dimples [₂₁₃] and investigated the physical effects of drag reduction

of shallow dimples [₂₁₄] as previously suggested by Abdulbari et al. [₁]. In

this work, he extended the original investigations by a setup with a reduced

dimples depth ℎ/𝐷i = ₁.₅% and a coverage rate of ₉₀%. With this setup,

reductions of ₁% to ₂.₅% were achieved over the entire range 𝑅𝑒 = ₆ · ₁₀₃

to ₇.₇ · ₁₀₄. For 𝑅𝑒 > ₃ · ₁₀₄, up to ₃% reduction could be achieved with

the setup of the same coverage rate using deeper dimples of ℎ/𝐷i = ₁.₅%.
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The authors Tay et al. [₂₁₄] attribute the results to the conclusion that the

dimples lead to spanwise flow components near thewall, which suppress the

normal energy cascade towards the smaller scales and thus reduce the wall

shear stress due to the stabilisation of the flow. Deeper dimples, however,

are more likely to lead to flow separation and pressure force components on

the wall. As 𝑅𝑒 increases, detachments become less likely, suppressing the

negative effect of flow separation. The highest drag reductions of up to ₆%

were found by Tay & Lim [₂₁₅] with teardrop-shaped dimples.

Van Nesselrooij et al. [₁₆₈] found reductions of up to ₄% for a plate with

dimples of depth ℎ/𝐷i = ₂.₅% at 𝑅𝑒 = ₄ · ₁₀₄. By varying the distribution

of the dimples on the surface, the authors showed that the orientation of the

dimples with respect to each other has a decisive influence on the drag re-

duction. From this, they deduce that the dimples must be placed in such a

way that large scale flow structures are created near thewall, which influence

the turbulent structures in the boundary layer. This creates a system that

is sensitive to disturbances and must be optimally adapted to the respective

flow condition in order to generate positive effects with regard to drag. Sim-

ilar investigations by van Campenhout et al. [₂₅] with a favourable pressure

gradient in the inflow boundary layer did not lead to a reduction in drag with

otherwise identical setup. A tabular overview of the research carried out on

drag reduction due to dimples is given in the appendix in table A.₂.

₂.₃ Flow and heat transfer of rotating discs

The first theoretical investigations of laminar and turbulent flow without

heat transfer around rotating discs were carried out and published by von

Kármán [₁₀₅], who analytically derived the theoretical boundary layer thick-

ness, the axial velocity and the frictional resistance for the laminar case as

well as an approximate solution for the turbulent case of a rotating disc.

Theodorsen & Regier [₂₁₆] carried out measurements at high Mach num-

bers 𝑀𝑎, which largely confirmed and expanded von Kármán’s considera-

tions. The results also showed that skin friction does not depend on 𝑀𝑎, but
strongly depends on surface roughness and its specific structure. Further in-

vestigations of the flowfieldwere carried out byCochran [₄₀], who improved

vonKármán’sworkandgave theexact solution for the laminarflowfield. Sch-

lichting & Truckenbrodt [₁₉₇] expanded the knowledge by presenting the

solution for the axial flow around a rotating disc in the laminar range.

Noteworthy investigations of the heat transfer of rotating discs were pub-

lished from the ₁₉₅₀’s onward by Millsaps & Pohlhausen [₁₅₈, ₁₅₉] who cal-
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culated the mean heat transfer coefficient for discs of constant temperat-

ure in the laminar regime and later by Cobb & Saunders [₃₉], who conver-

ted the results given by Millsaps & Pohlhausen [₁₅₈, ₁₅₉] into the equation

𝑁𝑢 = ₀.₂₈ ⋅ 𝑅𝑒₀.₅ and stated, that this formula underestimates the results

they had found experimentally. As an explanation, they mention that the

solution of Millsaps & Pohlhausen [₁₅₈, ₁₅₉] applies to incompressible flu-

ids, but due to the density changes of air by thermal effects, the specific heat

capacity at constant pressure 𝑐𝑝 would have to be used instead of that at con-

stant volume 𝑐𝑣 in the energy equation. By correcting this they found the

correlation to be𝑁𝑢 = ₀.₃₅⋅𝑅𝑒₀.₅, whichwasmuch better in agreementwith

their experimental results and also confirms the results of Wagner [₂₂₃]. In

the turbulent range they found the relationship 𝑁𝑢 = ₀.₀₁₅ ⋅ 𝑅𝑒₀.₈, which

comes from the friction analogy for turbulent flows, as a limitation of the

achievable values. Rotem [₁₉₀] later stated that the heat transfer of freely

rotating discs limited by 𝑁𝑢=₀.₀₁₇₂ ⋅ 𝑅𝑒₀.₈ in the turbulent range is about

₂₅% lower for enclosed discs with 𝑁𝑢 = ₀.₀₁₃₁ ⋅ 𝑅𝑒₀.₈.

Also during this time, a comprehensive investigation of the stability of three-

dimensional boundary layerswas carried out by Gregory et al. [₇₈], whowere

the first to use the china-clay evaporation technique [₁₈₈] on rotating discs

[₆₉]. For this method, which was developed during the Second World War,

the model is sprayed with a transparent cellulose glue containing powdered

kaolin, known as china clay [₈₆]. When the glue dries, the surface of the

model turns white. If a liquid with a similar refractive index is sprayed onto

the kaolin, the refraction of light in the crystals that make up the layer is in-

hibited and the layer thus appears transparent. Since the evaporation of the

liquid is increased in areas of turbulent flow, these zones lose their transpar-

ency earlier than lamellar zones. This flow visualization technique allowed

the identification of the beginning of the transition range from laminar to

turbulent flow. Asdrivers of the transition, they identified disturbances lead-

ing to waves, that propagate under the influence of the rotation and - with

increasing radius and thus increasing 𝑅𝑒 - form characteristic vortex cords,

which ultimately lose their identity in a fully turbulent flow. In the late ₁₉₅₀’s

and early ₁₉₆₀’s, research in the field of flow around rotating discs focused

on the influence of compressibility [₁₇₅], Prandtl number 𝑃𝑟 [₂₀₉, ₂₁₇] and

non-uniform surface temperature distribution on the discs under investiga-

tion [₈₄, ₈₅, ₂₁₇]. In addition, more unusual influences, such as that of an

axial magnetic field on the flow and heat transfer [₂₀₈] have also been in-

vestigated, giving rise to new fields of studies that will not be examined here

in greater extend.

₁₄



₂.₃ Flow and heat transfer of rotating discs

Kreith et al. [₁₂₅] investigated the mass and heat transfer from an enclosed

rotating discwith and without source flow bymeans of hotwire, smoke visu-

alization technique, and the china clay method. They derived a dimension-

less correlation of Sherwood number 𝑆ℎ = 𝛼ℎ𝐿/𝐷 using mass diffusivity 𝐷
for mass transfer from a partially enclosed disc with source flow at Schmidt

number𝑆𝑐 = 𝜈/𝐷 = ₂.₄with the kinematic viscosity 𝜈. In his doctoral thesis

published in ₁₉₆₉, the main author Kreith [₁₂₄] presented the first compre-

hensive overview of the heat and mass transfer on rotating bodies in both

laminar and turbulent regimes, with and without enclosure as well as with

and without external flow field.

Due to the rapidly growing computerpower [₁₂₀], whichwas found todouble

every one to two years [₁₆₂, ₁₆₃] and still does so today [₂₀, ₁₂₂], numerical

investigations became more and more important. On the one hand, science

wasconcernedwith increasing theflexibilityandefficiencyof code forsolving

fluid mechanical problems (cf. e. g. Schumann [₂₀₁]). On the other hand,

the new field of turbulence models emerged, among which the 𝑘-𝜀 model,

developed by Jones & Launder [₁₀₁] and later reformulated by Launder &

Sharma [₁₃₃] to the standard 𝑘-𝜀 model known today, became widely used.

They showed that themodel iswell suited tocapture the swirling flowaround

rotating discs and point out the importance of this model for the calculation

of heat transfer of rotating discs.

Nevertheless, the simulations were not used to any significant extent until

the ₁₉₉₀s. Ong & Owen [₁₇₃] simulated the flow and heat transfer of a rotat-

ing disc and showed on the basis of several simulations that the method is

sufficiently simple, efficient and accurate to answer practical questions. This

conclusion is supported by Pilbrow et al. [₁₈₀], who investigated the heat

transfer on a rotating disc with a special enclosure to illustrate the effects

in gas turbines. Their simulations show good agreement with the measure-

ments. Furthermore, the simulations gave detailed insights into areas that

could not be measured. This possibility is one of the greatest advantages of

computational fluid dynamics to date.

Czarny et al. [₄₄] investigated vortex structures in turbulent flows between

rotatingand stationarydiscs. Previously, Abrahamsonet al. [₂] andHumphrey

et al. [₈₉] had discovered such structures between co-rotating discs, later

vortex instabilities in certain rotor-stator configurations were suspected as

the reason for difficult-to-predict flow conditions. Czarny et al. [₄₄] found

in their investigations that detectable structures occur over a wide range of

flow conditions. In their experiments, the number of vortices decreases with

increasing rotational Reynolds number.
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Comprehensive numerical work by means of LES as well as measurements

in the wind tunnel were carried out by Wiesche [₂₂₈] from ₂₀₀₂. The work

dealt with the heat transfer increase as well as wake instabilities [₂₂₈], the

heat transfer in general [₂₂₉] and the influence of the disc thickness as well

as the angle of attack to the flow [₂₃₀]. In ₂₀₁₆, Wiesche & Helcig [₂₃₁]

published a comprehensive work concerning the flow and heat transfer phe-

nomena that occur when rotating discs are exposed to flows under different

conditions. Theauthorspointout that thenumerical effort forsimulating the

flow around rotating discs using LES is still relatively high today and there-

fore the use of RANS simulations still remains justified, even if their ability

to represent more complex phenomena is limited.

Nguyen & Harmand [₁₆₉] were able to closely reproduce the heat transfer of

rotating discs mounted on a cylinder using RANS simulations. Using more

complex LES, they were able to describe the complex vortex formations and

the detailed heat transfer behaviour of the disc. They found a close connec-

tion between the time-dependent heat transfer at thedisc surface in thewake

of the cylinder and the vortices in the flow field. They also found half-moon

shaped areas of high heat transfer on the flow-facing side of thedisc aswell as

a high correlation between turbulentmomentum transport and heat transfer

on the disc.

Sardasht et al. [₁₉₅] investigated seven turbulence models, including four

RANSmodelsand threehybridmodels,with respect to theirsuitability forad-

equately predicting the heat transfer of rotating discs subjected to impinging

jets. In their investigations, the delayed detached eddy simulation with real-

izable𝑘-𝜀 model (DDES-RKE)was best suited to represent thecharacteristics

of both the flow and the heat transfer. Among the RANS models, the re-

normalisation group model (𝑘-𝜀-RNG) performed poorest. The shear stress

transport model (𝑘-𝜔-SST) performed well in the edge region. The scale ad-

aptive model (SAS) yielded similar results as the 𝑘-𝜔-SST model in the sta-

tionary case, but achieved slightly better results in the case of rotating con-

ditions. A tabular overview of the research carried out on the flow and heat

transfer of rotating discs is given in the appendix in table A.₃.

Conclusions

This overview of the scientific literature about heat transfer due to dimples,

drag reduction due to dimples and heat transfer from rotating discs demon-

strates the intensive research being done in these three disciplines. In all

cases, a number of experimental and numerical investigations have already

been carried out. Especially in the case of drag-reducing effect of dimples,
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there is still no consensus regarding the mode of action and the effective

potential of dimples. Information about the effects of dimples on the flow

would also affect the research field of thermal effects of dimples. So far, no

investigations of the thermal and hydro-mechanical effects of dimples on ro-

tating discs have been carried out. Several authors such as Griffith et al. [₇₉]

andWagneret al. [₂₂₄] point out theusefulness of investigating the effects of

dimples in rotating systems aswell. These challenges are therefore addressed

in the following of this thesis.
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Fundamental theory and governing
equations

₃

”Les causes primordiales ne nous sont point connues; mais elles
sont assujetties à des lois simples et constantes, que l’on peut
découvrir par l’observation, et dont l’étude est l’objet de la
philosophie naturelle.” ₁

—Fourier [₆₅]

In order to understand the complex fluid-mechanical processes of convective

heat transfer in general and on rotating discs in particular, the partial differ-

ential equations for the description of the heat transfer aswell as those of the

underlying fluid dynamics are presented in the following. Subsequently, the

principals of turbulent flows are discussed. Special emphasis is then given

to boundary layers and the features of the flow around rotating discs are de-

scribed.

₃.₁ Heat transfer in fluids

In general, heat transfer takes place through one or more of the three basic

types heat conduction, convection, and heat radiation [₉₁, ₁₃₉]. Since heat

radiation plays only a subordinate role in the investigations carried out in

this thesis, it will not be discussed in detail. Heat conduction and especially

convection dominate the heat transfer investigated in this work, hence these

are introduced in the following. The explanations are mainly based on the

works of Incropera et al. [₉₁] and Lienhard & Lienhard [₁₃₉].

Conduction

Heatconduction is the transportof thermal energy betweenmolecules in flu-

idsor solidsdriven bya temperaturegradient. Heat is always transferred from

the higher temperature to the lower temperature and is proportional to the

₁ The primary causes are not known to us; but they are subject to simple and constant laws,

which can be discovered through observation, and whose study is the object of natural philo-

sophy. (own translation)
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temperature gradient. Fourier’s law of ₁₈₂₂ [₆₅], given in Equation (₃.₁), de-

scribes stationary heat conduction for the one-dimensional plane wall and

shows that the steady heat flux density �̇� in a medium is proportional to

the temperature gradient d𝑇/d𝑥 multiplied by the material-specific thermal

conductivity 𝑘t. This effect occurs at the atomic and molecular level and

transfers energy in the form of heat from the more energetic to the less ener-

getic particle [₉₁].

�̇� = −𝑘t
d𝑇
d𝑥 (₃.₁)

The heat transfer rate d𝑞 normal to an infinitesimal surface element d𝐴 is de-

termined according to equation (₃.₂) where 𝑛 denotes the normal direction

to the surface d𝐴.

d𝑞 = −𝑘t
𝜕𝑇
𝜕𝑛 d𝐴 (₃.₂)

By using the first law of thermodynamics, the dependent variable �̇� can be

eliminated from Fourier’s law, resulting in the unsteady heat diffusion equa-

tion given in equation (₃.₃) using the thermal diffusivity 𝛼D = 𝑘t/(𝜌𝑐𝑣),
where 𝜌 is the fluid density and 𝑐𝑣 is the specific heat capacity at constant

volume.
𝜕₂𝑇
𝜕𝑥₂𝑖

= ₁

𝛼D

𝜕𝑇
𝜕𝑡 (₃.₃)

Convection

In addition to heat diffusion by random molecular motion energy is also

transported by macroscopic fluid motion, when fluid moves with a relat-

ive velocity 𝑢rel ≠ ₀ to a solid body while both substances have a different

temperature. Convective heat transfer occurs as free or as forced convection.

Free convection is exclusively driven by buoyancy forces due todensity differ-

enceswhile forced convection occurswhen an external energy source such as

a pumpor fan powers the flow. In the flows considered in thiswork, thedens-

ity differences due to temperature gradients are negligible compared to the

prevailing inertial effects. Therefore, buoyancy forces can be neglected.

The heat transfer �̇�w from the wall to the fluid is coupled to the temperature

gradient via the convection heat transfer coefficient 𝛼h as shown in equa-

tion (₃.₄).
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�̇�w = 𝛼h (𝑇w − 𝑇f) (₃.₄)

This relationship is known as Newton’s law of cooling. The convection heat

transfer coefficient 𝛼h depends on the specific boundary layer, which in turn

is influenced by the surface geometry and the prevailing forces and condi-

tions such as surface roughness. Therefore, any investigation of convective

heat transfer can ultimately be summed up in the determination of the cor-

responding 𝛼h.

In common heat transfer considerations, energy is transferred from a surface

of higher temperature 𝑇w to a fluid of lower temperature 𝑇f < 𝑇w. Since

fluid adheres to thewall, the heat flow at the surface 𝑦 = ₀ can be coupled to

the temperature gradient using Fourier’s law according to equation (₃.₅) via

the thermal conductivity 𝑘t of the fluid [₉₁].

�̇�w = −𝑘t
𝜕𝑇
𝜕𝑦 ∣

𝑦=₀

(₃.₅)

Accordingly, the convection heat transfer coefficient 𝛼h can be determined

from equations (₃.₄) and (₃.₅) as given in equation (₃.₆).

𝛼h = − 𝑘t
𝑇w − 𝑇f

𝜕𝑇
𝜕𝑦 ∣

𝑦=₀

(₃.₆)

The Nusselt number 𝑁𝑢 is a dimensionless ratio that relates 𝛼h and a char-

acteristic length 𝐿 to the thermal conductivity 𝑘t as shown in equation (₃.₇).

In this work, 𝑁𝑢 was used for evaluations in chapters ₄ to ₆.

𝑁𝑢 = 𝛼h𝐿
𝑘t

(₃.₇)

As recommended by Turnow [₂₁₉], the temperature can be represented di-

mensionless as 𝑇+ via equation (₃.₈) in order to compare different temper-

ature levels with one another. Here, 𝑇₀ is the reference temperature and Δ𝑇
the characteristic temperature difference.

𝑇+ = 𝑇 − 𝑇₀

Δ𝑇 (₃.₈)
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Using this, 𝛼h can be determined from equation (₃.₆) according to equa-

tion (₃.₉).

𝛼h = − 𝑘t
𝑇+w − 𝑇+

f

𝜕𝑇+

𝜕𝑦 ∣
𝑦=₀

(₃.₉)

When used in equation (₃.₇), 𝑁𝑢 results as a function of the dimensionless

temperature according to equation (₃.₁₀).

𝑁𝑢 = − ₁

𝑇+w − 𝑇+
f

𝜕𝑇+

𝜕𝑦 ∣
𝑦=₀

𝐿 (₃.₁₀)

Themean Nusselt number 𝑁𝑢m of a surface under consideration is obtained

as the integral of the local Nusselt numberover the surface, as shown in equa-

tion (₃.₁₁).

𝑁𝑢m = ₁

𝐴 (𝑇+w − 𝑇+
f )

∫
𝐴

𝑁𝑢 (𝑇+
w − 𝑇+

f ) d𝐴 (₃.₁₁)

In the case of constant wall temperature and constant fluid temperature far

from the wall, equation (₃.₁₁) simplifies to equation (₃.₁₂). Likewise, 𝛼h is

directly proportional to the temperature gradient at the wall 𝜕𝑇+/𝜕𝑦∣𝑦=₀ in

this case.

𝑁𝑢m = ₁

𝐴 ∫
𝐴

𝑁𝑢d𝐴 (₃.₁₂)

Using this approach, the total heat transfer rate 𝑞 can be determined with

𝑁𝑢m using equation (₃.₁₃).

𝑞 = 𝑁𝑢m
𝑘t
𝐿 (𝑇w − 𝑇f) 𝐴 (₃.₁₃)
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₃.₂ Principals of fluid dynamics

All calculations used in this work are based on the continuum assumption.

This is valid for laminar and turbulent flows when time and length scales are

very large compared to the molecular scales. This means that the Knudsen

number 𝐾𝑛 = 𝜆m/𝐿 must be significantly less than unity, i. e. 𝐾𝑛 ≪ ₁.

Here, 𝜆m and 𝐿 are the mean free path of molecules and the macroscopic

characteristic length, respectively. In the present work air is used as medium

with a free path length of 𝜆m ≈ ₅ · ₁₀−₈ m to ₆.₈ · ₁₀−₈ m [₈₇, ₉₈, ₁₈₁], de-

pending on temperature, pressure and humidity. The smallest geometric di-

mensions investigated are in the rangeof ₁ · ₁₀−₄ m, resulting in 𝐾𝑛 ≈ ₅ · ₁₀−₄

to ₆.₈ · ₁₀−₄ and thus 𝐾𝑛 ≪ ₁. The conservation of mass, momentum and

energy can therefore be used as the basis of all physical descriptions. The

following derivations are based on standard works for fluid dynamics and

thermodynamics such as Durst [₅₄], Brodkey [₂₁], Bird et al. [₁₂], Spurk &

Aksel [₂₁₀], White [₂₂₇], Rotta [₁₉₂], Böswirth & Bschorer [₁₄] or Herwig &

Schmandt [₈₇].

Continuity equation

The continuity equation, also referred to as mass conservation, states, that

the rate of increase of mass per unit volume is equal to the net rate of mass

additionperunit volumebyconvection [₁₂], leading to thegeneral formgiven

in equation (₃.₁₄)

𝜕𝜌
𝜕𝑡 +

𝜕(𝜌𝑢𝑖)
𝜕𝑥𝑖

=
D𝜌
D𝑡 + 𝜌𝜕𝑢𝑖

𝜕𝑥𝑖
= ₀ (₃.₁₄)

with thefluiddensity𝜌 and thevelocitycomponent𝑢𝑖 in the𝑥𝑖-direction. For
thermodynamically incompressible flows equation (₃.₁₄) simplifies to equa-

tion (₃.₁₅) [₅₄].
𝜕𝑢𝑖
𝜕𝑥𝑖

= ₀ (₃.₁₅)

This condition applies in good approximation for many technically relevant

flows where it holds for Mach number 𝑀𝑎 as defined in equation (₃.₁₆) with

the speed of sound 𝑎 that 𝑀𝑎 ≲ ₀.₂...₀.₃.

𝑀𝑎 = 𝑢
𝑎 (₃.₁₆)

As can be seen from equation (₃.₁₇) [₁₆₇] density changes scale linearly with

changes of velocity and with 𝑀𝑎₂, meaning that the changes in density are
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₃ Fundamental theory and governing equations

around ₄% of the velocity changes at 𝑀𝑎 = ₀.₂ and around ₉% of the velo-

city changes at 𝑀𝑎 = ₀.₃.

−𝑀𝑎₂d𝑢
𝑢 =

d𝜌
𝜌 (₃.₁₇)

Since temperature gradients are relevant in this work, flows are considered

incompressible when the changes in density d𝜌 due to variations in pressure

𝑝 and temperature𝑇 asgiven inequation (₃.₁₈) arenotgreater than ₅%. Such

flowsare referred toas incompressibleflows, as nosignificantdensitychanges

occur in the flow field. In this sense, incompressibility is to be interpreted as

a property of the flow field rather than a fluid property [₈₇].

d𝜌 =
𝜕𝜌
𝜕𝑝d𝑝 +

𝜕𝜌
𝜕𝑇d𝑇 (₃.₁₈)

Momentum equation

From Newton’s second law the momentum equation for viscous fluids can

be derived as shown in e. g. [₅₄] or [₂₁], leading to equation (₃.₁₉) with the

unknown, symmetric, molecular-caused momentum transport 𝜏𝑖𝑗 and ac-

celeration 𝑔𝑗.

𝜌 [
𝜕𝑢𝑗
𝜕𝑡 + 𝑢𝑖

𝜕𝑢𝑗
𝜕𝑥𝑖

] = − 𝜕𝑝
𝜕𝑥𝑗

−
𝜕𝜏𝑖𝑗
𝜕𝑥𝑖

+ 𝜌𝑔𝑗 for 𝑗 = ₁, ₂, ₃ (₃.₁₉)

For Newtonian fluids, that are relevant in this work, 𝜏𝑖𝑗 can be derived from

the physics of ideal gases [₅₄], leading to the general form given in equa-

tion (₃.₂₀)

𝜏𝑖𝑗 = −𝜇 [
𝜕𝑢𝑗
𝜕𝑢𝑖

+ 𝜕𝑢𝑖
𝜕𝑢𝑗

] + ₂

₃
𝛿𝑖𝑗𝜇

𝜕𝑢𝑘
𝜕𝑥𝑘

(₃.₂₀)

Here, 𝛿𝑖𝑗 = ₁ for 𝑖 = 𝑗 and ₀ for 𝑖 ≠ 𝑗 is the Kronecker delta and 𝜇 stands for

dynamic viscosity. For incompressible fluids, the second term on the right

side disappears since 𝜕𝑢𝑘/𝜕𝑥𝑘 = ₀ for incompressible fluids as shown in

equation (₃.₁₅). Applied in equation (₃.₁₉) the Navier-Stokes equations fol-

low from the momentum equation, as given in equation (₃.₂₁).

𝜌 [
𝜕𝑢𝑗
𝜕𝑡 + 𝑢𝑖

𝜕𝑢𝑗
𝜕𝑥𝑖

] = − 𝜕𝑝
𝜕𝑥𝑗

+ 𝜇
𝜕₂𝑢𝑗
𝜕𝑥₂𝑖

+ 𝜌𝑔𝑗 (₃.₂₁)
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Equation (₃.₂₁) yields one equation for each spatial direction 𝑗 = ₁, ₂, ₃. The
resulting systemof equations, consisting of theconservationof mass in equa-

tion (₃.₁₄) and the three equations of conservation of momentum in equa-

tion (₃.₂₁), is not closed, since the four existing equations need to solve for

five unknown scalar quantities 𝑢₁ = 𝑢, 𝑢₂ = 𝑣, 𝑢₃ = 𝑤, 𝜌 and 𝑝. To solve

this problem, an additional equation of state of the form 𝑝 = 𝑓 (𝜌𝑇) can be

introduced. For ideal gases, the ideal gas law according to equation (₃.₂₂)

using the specific gas constant 𝑅 is usually applied.

𝑝 = 𝜌𝑅𝑇 (₃.₂₂)

Using the continuity equation given in equation (₃.₁₅) and the Navier-Stokes

equations from equation (₃.₂₁), flows without thermal impacts can be de-

scribed using suitable initial and boundary conditions. As soon as thermal

effects become relevant, the total energy balance of the fluid needs to be

taken into account.

Energy equation

The total energy is composed of kinetic, potential and internal energy and

can be described according to equation (₃.₂₃) using inner energy 𝑒 and the

potential 𝐺 as well as the heat flux �̇�𝑖

𝜌 D
D𝑡 ( ₁

₂
𝑢₂

𝑗 + 𝐺 + 𝑒) = −𝜕�̇�𝑖
𝜕𝑥𝑖

−
𝜕 (𝑝𝑢𝑗)

𝜕𝑥𝑗
−

𝜕 (𝜏𝑖𝑗𝑢𝑗)
𝜕𝑥𝑖

(₃.₂₃)

The thermal energy equation given in equation (₃.₂₄) follows by subtracting

the mechanical part of the energy, which can be obtained from multiplying

equation (₃.₁₉) by 𝑢𝑗 and is therefore not independent of the momentum

equation [₅₄].

𝜌D𝑒
D𝑡 = −𝜕�̇�𝑖

𝜕𝑥𝑖
− 𝑝

𝜕𝑢𝑗
𝜕𝑥𝑗

− 𝜏𝑖𝑗
𝜕𝑢𝑗
𝜕𝑥𝑖

(₃.₂₄)

From the form of the thermal energy equation shown in equation (₃.₂₄),

different forms of representation can be derived, depending on the field of

application. In fluid mechanics, the change of internal energy is usually re-

placed by pressure and temperature. This, in conjunction with the Maxwell

equationsof thermodynamicsandusing thespecificheatcapacityatconstant

volume 𝑐𝑣, yields the form of the thermal energy equation for ideal gases in

equation (₃.₂₅).

𝜌𝑐𝑣
D𝑇
D𝑡 = 𝑘t

𝜕₂𝑇
𝜕𝑥₂𝑖

− 𝑝𝜕𝑢𝑖
𝜕𝑥𝑖

− 𝜏𝑖𝑗
𝜕𝑢𝑗
𝜕𝑥𝑖

(₃.₂₅)
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₃ Fundamental theory and governing equations

Here, theheatflow �̇�𝑖 hasbeen replaced by the thermal conductivity𝑘t multi-

plied by the temperature gradient according to Fourier’s law as given in equa-

tion (₃.₁) [₉₁].

₃.₃ Turbulent flows

The characteristics of a floware largely determined bywhether the prevailing

inertial forces or the viscous forces of the fluid dominate. The ratio of those

forces is thus an important indicator for the behaviour of a flowand is known

as theReynolds number𝑅𝑒 given in equation (₃.₂₆), even though Stokes [₂₁₁]

used this concept ₃₀ years before Reynolds [₁₈₆] popularised its use from

₁₈₈₃ onwards [₁₉₁].

𝑅𝑒 = 𝑈𝐿
𝜈 (₃.₂₆)

𝑈 is a characteristic velocity, 𝐿 is a characteristic length and 𝜈 = 𝜇/𝜌 is the

kinematic viscosity. With increasing 𝑅𝑒, the probability increases that small

disturbances in thefloware notdamped by theviscosityover time but are fur-

ther amplified by inertia [₈]. In this case the flow turns turbulent in contrast

to laminar flow at lower 𝑅𝑒. Most technically relevant flows are turbulent

flows. Overall, turbulent flows exhibit some important properties that can

be described primarily in qualitative terms. For example, turbulent flows are

irregular and disorganised. In addition, turbulence leads to increased dif-

fusion. This results in higher rates of momentum, heat and mass transport,

which leads tomixing andaccelerated transportprocessesof scalarquantities

such as temperature 𝑇. The increased mixing also leads to increased dissip-

ation. This often results in increased losses that need to be compensated by

higher external power in order to maintain the flow.

Other characteristics of turbulent flows are their three-dimensionality and

rotation. Due to vortex stretching and tilting, turbulent flows always develop

in all three spatial directions. Furthermore, turbulent flows are characterised

by the occurrence of different scales, whereby energy is principally transpor-

ted from the large to the small scales. Nevertheless, all turbulent flows can

bedescribed as a continuum, since even the smallest scales are far larger than

the molecular scales. The individual movement of a vortex or a particle in a

turbulent flow is unpredictable [₁₈₁], but the probability of future states can

be estimated using statistical methods.
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𝜙(𝑥𝑖)

𝜙′(𝑥𝑖, 𝑡)

time 𝑡

fl
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u
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𝜙
(𝑥

𝑖,
𝑡)

Figure ₃.₁: Flow quantity 𝜙 of a turbulent flow at a defined physical position 𝑥𝑖 over time

with the temporal average 𝜙 from equation (₃.₂₈) and the fluctuating part 𝜙′(𝑡)
based on Durst [₅₄].

Statistics of turbulent flows

Acommonapproach for the treatmentof turbulentflows is thedivisionof the

time-dependent variables 𝜙 such as velocity 𝑢𝑖, pressure 𝑝 or temperature 𝑇
into a temporal mean value 𝜙 and a time-dependent fluctuation component

𝜙′ according to equation (₃.₂₇) [₅₄].

𝜙 = 𝜙 + 𝜙′ ; 𝑢𝑖 = 𝑢𝑖 + 𝑢′
𝑖 ; 𝑝 = 𝑝 + 𝑝′ ; 𝑇 = 𝑇 + 𝑇′ (₃.₂₇)

The division is visualised in figure ₃.₁. The calculation of the mean value can

be done according to equation (₃.₂₈).

𝜙(𝑥𝑖) = lim
𝔗→∞

₁

𝔗
𝔗
∫
₀

𝜙(𝑥𝑖, 𝑡)d𝑡 (₃.₂₈)

Equation (₃.₂₇) shows that the turbulent fluctuation 𝜙′ represents the dif-

ference between the instantaneous value 𝜙 and the temporal mean value 𝜙.

Fromthisdefinition it follows that the temporalmeanvalueof thefluctuation

𝜙′ is equal to ₀ according to equation (₃.₂₉).
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lim
𝔗→∞

₁

𝔗
𝔗
∫
₀

𝜙′(𝑥𝑖, 𝑡)d𝑡 = 𝜙′(𝑥𝑖) = ₀ (₃.₂₉)

The calculation of the mean value of a local instantaneous flow quantity can

also be calculated using the probability density function. The expectation

value ⟨𝜙⟩ of a random variable 𝜙 is defined in equation (₃.₃₀) [₁₈₁].

⟨𝜙⟩ =
∞
∫

−∞
𝜓𝑓 (𝜓)d𝜓 (₃.₃₀)

Here, 𝜓 represents the possible values that 𝜙 can take while 𝑓 (𝜓) is the

probability density function. ⟨𝜙⟩ is thus the probability-weighted mean of

all potential values of 𝜙, which is why it can also be considered the mean of

𝜙. Therefore, 𝜙 equals ⟨𝜙⟩, as shown in equation (₃.₃₁) [₅₄].

𝜙(𝑥𝑖) = lim
𝔗→∞

₁

𝔗
𝔗
∫
₀

𝜙(𝑥𝑖, 𝑡)d𝑡 =
∞
∫

−∞
𝜓𝑓 (𝜓)d𝜓 = ⟨𝜙⟩ (₃.₃₁)

Correlated Fluctuations

More detailed information about the structure of turbulence is provided

by correlation analysis of the fluctuations, usually the velocity fluctuations.

Here, both the temporal variation of a variable at a fixed point in space and

the spatial correlation at a given point in time can be considered. The correl-

ation coefficient 𝑅c for two variables 𝜙₁ and 𝜙₂ is defined in equation (₃.₃₂)

[₁₈₁].

𝑅c =
⟨𝜙′

₁𝜙′
₂⟩

√⟨𝜙′₂
₁ ⟩⟨𝜙′₂

₂ ⟩
(₃.₃₂)

The normalisation √⟨𝜙′₂
₁ ⟩⟨𝜙′₂

₂ ⟩ leads to a limitation of the function to the

range of −₁ to +₁. The unscaled two-point correlation 𝑅𝑖𝑗 of streamwise ve-

locity fluctuation 𝑢′ at time 𝑡 is given in equation (₃.₃₃). In the following

equations, 𝑥𝑖 stands for any point in space, Δ𝑥𝑖 represents a shift of 𝑥𝑖, and 𝜁
is a specific, fixed position in space. Likewise, 𝑡 stands for any point in time,

Δ𝑡 represents a duration of time, and 𝜏t is a specific, fixed point of time.

𝑅𝑖𝑗 = ⟨𝑢′ (𝑥𝑖, 𝑡) 𝑢′ (𝑥𝑖 + Δ𝑥𝑖, 𝑡)⟩ (₃.₃₃)
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Using this approach, the correlation of the velocity at different points at the

same time 𝑡 = 𝜏t can be derived using equation (₃.₃₂). It is called the auto-

correlation in space and is given in equation (₃.₃₄).

𝑅s = ⟨𝑢′(𝑥𝑖, 𝜏t)𝑢′(𝑥𝑖 + Δ𝑥𝑖, 𝜏t)⟩
√⟨𝑢′(𝑥𝑖, 𝜏t)₂⟩⟨𝑢′(𝑥𝑖 + Δ𝑥𝑖, 𝜏t)₂⟩

(₃.₃₄)

In the same way, the autocorrelation in time for a fixed point 𝑥𝑖 = 𝜁 can be

determined according equation (₃.₃₅).

𝑅t =
⟨𝑢′

𝑖(𝑥𝑘, 𝑡)𝑢′
𝑗(𝑥𝑘, 𝑡 + 𝜏t)⟩

√⟨𝑢′
𝑖(𝑥𝑘, 𝑡)₂⟩⟨𝑢′

𝑗(𝑥𝑘, 𝑡 + 𝜏t)₂⟩
(₃.₃₅)

The analysis of the time-averaged autocorrelation of velocity 𝑢 in the main

flow direction 𝑥, that will be used in this thesis further on, leads to 𝑅𝑢 as

defined in equation (₃.₃₆) [₁₁₇] for all positions 𝑦 investigated.

𝑅𝑢 = ₁

Δ𝑡𝐿𝑧

𝑡₀+Δ𝑡
∫
𝑡₀

𝐿𝑧

∫
₀

𝑢′(₀, 𝑦, 𝑧, 𝑡) 𝑢′(𝜁, 𝑦, 𝑧, 𝑡) d𝑧 d𝑡 − 𝑢₂(𝑦) (₃.₃₆)

Here, 𝑦 is thewall-normaldirection, 𝜁 is theposition instreamwise𝑥-direction,
𝑧 is the spanwise direction, 𝐿𝑧 is the width of the domain, 𝑡 is the time, and

𝑡₀ the chosen starting time. Correlation analysis were used for validations in

chapters ₄ to ₆.

Length scales

Toverifywhether computational domains are large enough to resolve the tur-

bulent structures, the integration of the correlation coefficient length scale

𝑅𝑙 according to equation (₃.₃₇) is frequently used.

𝑅𝑙 = ₁

𝑅s(𝑥𝑖 = ₀, 𝑡)
∞
∫
₀

𝑅s(𝜁, 𝑡)d𝜁 (₃.₃₇)

A length scale 𝐿 characterising the largest eddies in a turbulent flow is given

in equation (₃.₃₈) as a function of the turbulent kinetic energy 𝑘, and the rate

of dissipation of turbulent kinetic energy 𝜀. This length corresponds to the

characteristic length of the flow problem under investigation.
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𝐿 = 𝑘₃/₂

𝜀 (₃.₃₈)

The length scale of the smallest structures is given by the Kolmogorov length

scale 𝜂K according to equation (₃.₃₉) as a function of the kinematic viscosity

𝜈 and the rate of dissipation of turbulent kinetic energy 𝜀.

𝜂K = (𝜈₃
𝜀 )

₁/₄
(₃.₃₉)

With the definition of the turbulence Reynolds number 𝑅𝑒𝐿 = 𝑘₁/₂𝐿/𝜈 =
𝑘₂/(𝜀𝜈) according to Pope [₁₈₁], it becomes apparent that the ratio of these

scales 𝐿/𝜂K increases with 𝑅𝑒𝐿 according to equation (₃.₄₀).

𝐿
𝜂K

= 𝑘₃/₂𝜀₁/₄
𝜀𝜈₃/₄ = 𝑘₃/₂

𝜀₃/₄𝜈₃/₄ = (𝑘₂
𝜀𝜈)

₃/₄
= 𝑅𝑒₃/₄

𝐿 (₃.₄₀)

For the numerical consideration of the flow, this implies that with a constant

length scale 𝐿 of the flowproblem, a finer resolution becomes necessarywith

increasing 𝑅𝑒 in order to resolve the same proportion of the energy. This

increases both the effort for the calculation and for the post-processing.

Anisotropy invariant map

The anisotropy invariantmap (AIM) offers the possibility to check the plaus-

ibility of numerically simulated turbulence. For this purpose, the anisotropy

of theReynolds stress tensor is represented inan invariantmap [₆₁]. This type

of analysis was introduced by Lumley [₁₄₈] and further developed by Jovan-

ović [₁₀₃]. The anisotropy tensor 𝑎𝑖𝑗 is defined according to equation (₃.₄₁)

[₁₀₃] where 𝑢′
𝑖𝑢

′
𝑗 denotes the turbulent stress tensor, 𝑞f = 𝑢′

𝑘𝑢′
𝑘 the turbu-

lence intensity [₆₁] represented by the sumof the velocity fluctuations on the

main diagonal, thus the trace of the turbulent stress tensor and 𝛿𝑖𝑗 the Kro-

necker delta. From the anisotropy tensor 𝑎𝑖𝑗 the invariants 𝐼𝐼𝑎 and 𝐼𝐼𝐼𝑎 can

be derived according to equations (₃.₄₂) and (₃.₄₃).

𝑎𝑖𝑗 =
𝑢′

𝑖𝑢
′
𝑗

𝑞f
− ₁

₃
𝛿𝑖𝑗 (₃.₄₁)
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𝐼𝐼𝑎 = 𝑎𝑖𝑗𝑎𝑗𝑖 (₃.₄₂)

𝐼𝐼𝐼𝑎 = 𝑎𝑖𝑗𝑎𝑗𝑘𝑎𝑘𝑖 (₃.₄₃)

Identification of vortices

In order to identify vortices in turbulent flows, different approaches have

been developed. A very simple way is to use vorticity 𝜔𝑢 = 𝜖𝑖𝑗𝑘
𝜕𝑢𝑗
𝜕𝑥𝑖

in order

to identify vortices. A disadvantage of this method is the insufficient identi-

fication of vortices in boundary layer flows, since in these a superposition of

vortices and shear movements occurs. A differentiation of these is not pos-

sible using 𝜔𝑢. The 𝑄-criterion according to Hunt et al. [₉₀] represents the

second invariant of the velocity gradient 𝜕𝑢𝑖/𝜕𝑥𝑗 following equation (₃.₄₄).

Here 𝑆𝑖𝑗 according to equation (₃.₄₅) and Ω𝑖𝑗 according to equation (₃.₄₆)

stand for the symmetric and the antimetric part of the velocity gradient, re-

spectively.

𝑄 = ₁

₂
(Ω𝑖𝑗Ω𝑖𝑗 − 𝑆𝑖𝑗𝑆𝑖𝑗) (₃.₄₄)

𝑆𝑖𝑗 = ₁

₂
(𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗
𝜕𝑥𝑖

) (₃.₄₅)

Ω𝑖𝑗 = ₁

₂
(𝜕𝑢𝑖

𝜕𝑥𝑗
−

𝜕𝑢𝑗
𝜕𝑥𝑖

) (₃.₄₆)

For positive values of 𝑄, the antimetric part and thus the rotation rate Ω₂
𝑖𝑗

dominates the symmetric part, i. e. the strain rate 𝑆₂
𝑖𝑗. These areas therefore

mark regions in which rotation predominates in the investigated flow.

The 𝜆₂ method, which was developed by Jeong & Hussain [₉₉] in ₁₉₉₅, is

very well suited for vortex identification in a large number of different flows.

In this method, the 𝜆₂-criterion is used to determine for each point in the

velocity field whether it is part of a vortex core or not. The starting point for

the definition of the 𝜆₂ criterion is again the symmetric and the antimetric

parts 𝑆𝑖𝑗 and Ω𝑖𝑗 of the velocity gradient 𝜕𝑢𝑖/𝜕𝑥𝑗. From the sum 𝑆₂
𝑖𝑗 + Ω₂

𝑖𝑗,
the three eigenvalues 𝜆₁, 𝜆₂ and 𝜆₃ are calculated, where 𝜆₁ ≥ 𝜆₂ ≥ 𝜆₃

holds. The 𝜆₂ criterion states that a point is part of a vortex for 𝜆₂ < ₀.
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₃ Fundamental theory and governing equations

This criterion identifies local pressure minima, which result exclusively from

vortex movements. A vortex structure is visualised by the iso-surface of a

chosen 𝜆₂ threshold value.

₃.₄ Boundary layers

In the vicinity of solid walls, flows differ fundamentally from a free flow. As a

result of the interaction between fluid and wall, boundary layers are created

whichcan influence theentireflow. This isparticularly relevantwhen thewall

is covered with macroscopic structures such as dimples [₂₁₉]. The theory of

boundary layers was developed by Prandtl [₁₈₂], who showed that the flow

around a body can be divided into two different areas. These are a very thin

layer of low velocity close to the body, in which viscosity dominates, and the

main flow faraway from the body, whereviscosity can be neglected [₁₉₉]. The

formation of a viscous and a thermal boundary layer is shown schematically

on an overflowed plate in figure ₃.₂. Here, the temperature at the wall is

higher than that of the fluid.

There are different definitions for the determination of the viscous bound-

ary layer thickness 𝛿𝑢. The conventional definitions have in common the

description of the boundary layer thickness as a function of the mean velo-

city profile which develops perpendicular to the wall. The most basic, rather

arbitrary definition sets the boundary layer thickness 𝛿₉₉ equal to the wall

distance at which 𝑢 reaches ₉₉% of the free stream velocity 𝑢∞. A physic-

ally sensible and fluid-mechanically interpretable measure for the boundary

layer thickness is thedisplacement thickness𝛿d given inequation (₃.₄₇). The

displacement thickness 𝛿d indicates how far the streamlines of the external

flow are displaced by the boundary layer. This thickness is approximately ₁/₃
of the thickness 𝛿₉₉. [₁₉₉]

𝑥

𝑦 𝛿𝑢

𝛿𝑇

𝑢∞,𝑇F 𝑢∞ 𝑇F

𝑢W = ₀ 𝑇W

Figure ₃.₂: Schematic representation of the development of a viscous boundary layer and a

thermal boundary layer in ₂D.
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₃.₄ Boundary layers

𝛿d(𝑥) =
∞
∫
₀

(₁ − 𝑢
𝑢∞

) d𝑦 (₃.₄₇)

Another possibility to determine the boundary layer thickness is the mo-

mentum thickness 𝛿𝜃, given in equation (₃.₄₈). It is defined by the smallest

amount of momentum that flows in the boundary layer relative to that in the

inviscid flow [₉₁].

𝛿𝜃 =
∞
∫

𝑦=₀

𝑢
𝑢∞

(₁ − 𝑢
𝑢∞

) d𝑦 (₃.₄₈)

The presence of velocity gradients and thus a boundary layer inevitably leads

to a molecular momentum exchange perpendicular to the surface. This res-

ults in drag that can be expressed by thedrag coefficient 𝑐𝑓 𝜏, which is defined

from the occurring wall shear stress 𝜏w according to equation (₃.₄₉).

𝑐𝑓 𝜏 = 𝜏w
₁
₂
𝜌𝑢₂∞

(₃.₄₉)

In a Newtonian fluid, thewall shear stress 𝜏w is coupled to the velocity gradi-

ent at the wall by viscosity 𝜇 according to equation (₃.₅₀).

𝜏w = 𝜇 𝜕𝑢
𝜕𝑦 ∣

𝑦=₀

(₃.₅₀)

In the same way as a velocity boundary layer is caused by different velocities

of wall and fluid, a region of temperature gradient is also caused by different

temperatures of wall and fluid. The region overwhich the temperature gradi-

ent occurs is called the thermal boundary layer𝛿𝑇 and is defined analogously

to the boundary layer 𝛿₉₉. The thickness is thus determined by the point at

which equation (₃.₅₁) applies.

𝑇w − 𝑇
𝑇w − 𝑇f

= ₀.₉₉ (₃.₅₁)
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₁₀₀ ₁₀₁ ₁₀₂ ₁₀₃
₀

₅

₁₀

₁₅

₂₀

₂₅

𝑢+ = 𝑦+

𝑢+ =
₁

₀.₄₁ ln (𝑦+) + ₅.₂

outer region

𝑦+

𝑢+

Figure ₃.₃: Dimensionless velocity 𝑢+ as a function of dimensionless wall distance 𝑦+. The

grey area indicates ranges of approximations found in Foken [₆₄], Högström [₈₈]

and Pope [₁₈₁].

Similarities

In someflows, theviscousand thermal boundary layersare similar. TheReyn-

olds analogy [₁₀₆] is based on the assumption that the heat flux �̇� correlates

with themomentumflux𝜏𝑖𝑗. It thus links theviscousand the thermal bound-

ary layers with each other. This assumption is approximately valid for gases

and smooth surfaces as long as no form drag is present [₇₁]. In this case, it is

possible to estimate the heat transfer of a body to a fluid by using the often

more easily available information about wall shear stress 𝜏w.

In turbulent flows, the resulting velocity boundary layers are similar formany

types of flows. Figure ₃.₃ shows the course of the dimensionless velocity

𝑢+ according to equation (₃.₅₂) over the wall distance 𝑦+ as given in equa-

tion (₃.₅₃). The friction velocity 𝑢𝜏 is derived from the wall shear stress 𝜏w
as defined in equation (₃.₅₄).

𝑢+ = 𝑢
𝑢𝜏

(₃.₅₂)

𝑦+ = 𝑢𝜏𝑦
𝜈 (₃.₅₃)

𝑢𝜏 = √
𝜏w
𝜌 (₃.₅₄)

As shown in figure ₃.₃, 𝑢+ = 𝑦+ applies in the viscous sublayer in direct vi-

cinity of the wall up to 𝑦+ < ₅. For 𝑦+ > ₃₀, the boundary layer follows
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₃.₄ Boundary layers

the logarithmic relationship given in equation (₃.₅₅). This region is known

as the log-law region. In between is a transition region, the buffer-layer, in

which the boundary layer transitions from the linear to the logarithmic rela-

tionship.

𝑢+ = ₁

𝜅c
ln (𝑦+) + 𝐶₁ (₃.₅₅)

𝜅c and 𝐶₁ are thevonKármánconstantand an integrationconstant. Depend-

ing on the study under consideration, the values for these constants fluctuate

in the small percentage range around 𝜅c = ₀.₄₁ and 𝐶₁ = ₅.₂ [₁₈₁]. The un-

certainty arising from this variation is indicated in light grey in figure ₃.₃.

Analogous to𝑢𝜏 and 𝑢+, a friction temperature𝑇𝜏 asgiven in equation (₃.₅₆)

and a dimensionless temperature Θ+ as given in equation (₃.₅₇) can be

defined to consider the dimensionless temperature profile [₇₅].

𝑇𝜏 =
�̇�w

𝜌𝑐𝑝𝑢𝜏
(₃.₅₆)

Θ+ = 𝑇 − 𝑇w
𝑇𝜏

(₃.₅₇)

Outside the viscous sublayer, this leads to the logarithmic relation in equa-

tion (₃.₅₈), where 𝜅Θ = ₀.₄₇ [₇₅] is a universal constant. The integration

constant 𝐶Θ contains a dependency of the Prandtl number 𝑃𝑟 according to

equation (₃.₅₉) [₁₉₉].

Θ+ = ₁

𝜅Θ
ln (𝑦+) + 𝐶Θ (𝑃𝑟) (₃.₅₈)

𝐶Θ (𝑃𝑟) = ₁₃.₇𝑃𝑟₂/₃ − ₇.₅ (𝑃𝑟 > ₀.₅) (₃.₅₉)

𝑃𝑟 represents the ratio of the viscosity 𝜈 to the thermal diffusivity 𝛼∗, which

in turndependson the thermal conductivity 𝑘t as given in equation (₃.₆₀).

𝑃𝑟 = 𝜈
𝛼∗ =

𝜈𝜌𝑐𝑝
𝑘t

(₃.₆₀)
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₃.₅ Rotating discs

In this work, the heat transfer from rotating discs of constant temperature to

fluid with free stream velocity 𝑢∞ is investigated. Such a setup results in a

complex flow interaction, which arises from the superposition of the rotation

and the cross-flow. Fluid close to the rotating disc is accelerated in azimuthal

direction as a result of the rotation, and at the same time convective trans-

port takes place as a result of the main flow. Heat transfer occurs due to the

temperature difference between the disc and the fluid.

The characteristic prevailing velocities are themain flow velocity 𝑢∞ and the

azimuthal velocity at the outermost edge of the disc, which is the product

of the angular velocity Ω and the disc radius 𝐷d/₂. By using these velocit-

ies in equation (₃.₂₆) and the disc radius as the characteristic length 𝐿, two

Reynolds numbers suitable fordescribing the flowconditions can be formed.

These are the rotational Reynolds number 𝑅𝑒Ω in equation (₃.₆₁) and the

cross-flow Reynolds number 𝑅𝑒𝑢 in equation (₃.₆₂) [₂₃₁].

𝑅𝑒Ω = 𝑈𝐿
𝜈 = (Ω𝐷d/₂) (𝐷d/₂)

𝜈 =
Ω𝐷₂

d
₄𝜈 (₃.₆₁)

𝑅𝑒𝑢 = 𝑈𝐿
𝜈 = 𝑢∞ (𝐷d/₂)

𝜈 = 𝑢∞𝐷d
₂𝜈 (₃.₆₂)

To characterise the prevailing flow condition at the disc, the ratio Γ of 𝑅𝑒Ω
to 𝑅𝑒𝑢 according to equation (₃.₆₃) was used in chapters ₅ and ₆.

Γ = 𝑅𝑒Ω
𝑅𝑒𝑢

(₃.₆₃)

For the description of the heat transfer of the rotating disc, themean Nusselt

number 𝑁𝑢m averaged over the disc surface according to equation (₃.₆₄) is

suitable. Here as well, the disc radius 𝐷d/₂ is used as characteristic length.

The mean convection heat transfer coefficient 𝛼h is calculated according to

equation (₃.₄) from the quotient of the temporal and spatial mean heat flux

at the disc �̇�m and the temperature difference 𝑇w − 𝑇f.

𝑁𝑢m = 𝛼h𝐷d
₂𝑘t

=
�̇�m𝐷d

₂𝑘t (𝑇w − 𝑇f)
(₃.₆₄)
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Thedimensionlessmomentcoefficient 𝑐𝑀₁ of a rotatingdisc,which isdefined

for the rotating discwetted onone side according toequation (₃.₆₅) [₁₉₇, ₁₉₈,

₁₉₉], is used to evaluate the drag, using torque 𝑀, density 𝜌, angular velocity
Ω, and disc radius 𝐷d/₂. Amore general formulation for 𝑐𝑀 is given in equa-

tion (₃.₆₆), which replaces the specific, characteristic values of the rotating

discwith general characteristic values and summarizes all constants in 𝐶, us-

ing a characteristic velocity 𝑈, a characteristic length 𝐿, and a characteristic

area represented by 𝐿₂.

𝑐𝑀₁ = 𝑀
𝜌
₂

Ω₂
𝐷₅

d
₃₂

(₃.₆₅)

𝑐𝑀 = 𝑀
𝜌𝑈₂𝐿₃𝐶

(₃.₆₆)

Depending on the definition, the values can be converted into one another

using the corresponding characteristic values and a constant 𝐶 for propor-

tional scaling. By using the cross-flow velocity 𝑈 = 𝑢∞ and the disc radius

𝐿 = 𝐷d/₂, 𝑐𝑀 can be expressed as given in equation (₃.₆₇). The choice

of these values can be interpreted as using the disc radius 𝐷d/₂ as charac-

teristic length and the projected disc area 𝜋𝐷₂
d/₄ as characteristic area. All

constants including 𝜋/₈ resulting from the area of the discs are summarised

in 𝐶. From equations (₃.₆₁) and (₃.₆₂) it follows that 𝑢∞ = Ω𝐷d/₂Γ. With

this definition, the factors 𝑐𝑀₁ and 𝑐𝑀 can be converted into one another

using equation (₃.₆₈) and 𝐶 = ₂𝜋.

𝑐𝑀 = 𝑀
𝜌𝑢₂∞𝐷₃

d𝐶
(₃.₆₇)

𝑐𝑀 = 𝑀₄Γ₂

𝜌Ω₂𝐷₅
d

𝜋
₃₂

= 𝑐𝑀₁ ⋅ Γ₂

₂𝜋 (₃.₆₈)

By considering the increase of 𝑁𝑢 on the one hand and the increase of 𝑐𝑀 on

the other hand, the thermal efficiency of the setups compared to the smooth

disc can be determined. For this purpose, the Reynolds analogy ratio (𝑅𝐴𝑅)

and the thermal performance parameter (𝑇𝑃𝑃), as shown in equation (₃.₆₉)

and equation (₃.₇₀), were used for evaluations in chapter ₆.
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𝑅𝐴𝑅 =
𝑁𝑢m,d/𝑁𝑢m,s
𝑐𝑀m,d/𝑐𝑀m,s

(₃.₆₉)

𝑇𝑃𝑃 =
𝑁𝑢m,d/𝑁𝑢m,s

(𝑐𝑀m,d/𝑐𝑀m,s)₁/₃
(₃.₇₀)

To determine 𝑅𝐴𝑅, the increase of the temporal and spatial averaged Nus-

selt number 𝑁𝑢m,d of the considered setup with dimples in relation to the

average Nusselt number of the smooth disc 𝑁𝑢m,s is divided by the ratio of

the correspondingmoment coefficients 𝑐𝑀m,d/𝑐𝑀m,s. For the calculationof

𝑇𝑃𝑃, both the increase in convective heat transfer and the increase in drag

are related to the samemass flow ratio, as originally proposed byGee &Webb

[₇₂] and later confirmed by Liou & Hwang [₁₄₆]. Thus, this value more real-

istically reflects the actual, energetic advantages or thermal efficiency of the

considered setups. 𝑅𝐴𝑅 cannot be used directly as a measure for estimat-

ing the efficiency of the investigated setup. Rather, it provides information

on how well the Reynolds analogy matches for the compared cases, where a

perfect validitywould result in 𝑅𝐴𝑅 = ₁. 𝑅𝐴𝑅 is often referred to in the liter-

ature as Reynolds analogy performance parameter, e. g. [₁₄₃, ₁₄₄]. However,

this name is misleading, as this ratio does not allow for evaluation of the per-

formance of a setup in the conventional sense, which suggests a connection

to efficiency.

₃.₆ Numerical modelling of turbulent flows

As introduced in section ₃.₃, the largest structures of a turbulent flow exhibit

a length scale 𝐿 whose order corresponds to that of the characteristic length

of a flow problem. Due to the instability of these structures, they gradually

break down into smaller structures. During this process, energy is transpor-

ted from the large to the small scales. On the smallest scales, which corres-

pond to the Kolmogorov length scale 𝜂K, the energy dissipates into internal

energy [₁₂₁]. To consider this energy transfer, it is helpful to transform the

two-point correlation from equation (₃.₃₄) into the Fourier space as given

in equation (₃.₇₁). Here Φ𝑖𝑗 is the velocity spectrum tensor, 𝜒 stands for

the space vector and 𝜅 is the wavenumber, which is the inverse of the length

scale.
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DNS
LES

URANS

transfer ∼ 𝜅− ₅
₃

dissipation

production

resolved

modeled

₁/𝐿 ₁/Δ ₁/𝜂K 𝜅

𝐸(𝜅)

Figure ₃.₄: Schematic distribution of energy over wavenumber 𝜅 in a turbulent flow. Differ-

ent levels of modelling resolve different amounts of the energy. Relevant scales

are the characteristic length 𝐿, the filter width Δ, and the Kolmogorov length

scale 𝜂K.

Φ𝑖𝑗 (𝜅, 𝑡) = ₁

(₂𝜋)₃
∞

∭
−∞

𝑒−𝑖𝜅𝜒𝑅𝑖𝑗 (𝜒, 𝑡) d𝑥d𝑦d𝑧 (₃.₇₁)

The integration of ₁/₂Φ𝑖𝑗 over 𝜅 yields the energy spectrum function 𝐸. As

shown inequation (₃.₇₂), the integral of theenergy spectrum function𝐸over

all wavenumbers 𝜅 yields the kinetic turbulent energy 𝑘 [₁₈₁].

∞
∫
₀

𝐸 (𝜅, 𝑡) d𝜅 = ₁

₂
𝑅𝑖𝑗 (₀, 𝑡) = ₁

₂
((𝑢′

𝑖𝑢′
𝑖)) = 𝑘 (₃.₇₂)

The schematic representation of the energy spectrum 𝐸 over the wavenum-

ber 𝜅 in figure ₃.₄ visualises the effect of energy transfer. In this representa-

tion, threeareascan bedistinguished [₆₆]. At lowwavenumbers₀ ≤ 𝜅 ≤ ₁/𝐿
the energy is introduced into the flow. This is the energy containing range

around the peak of 𝐸 (𝜅, 𝑡). In the inertial range ₁/𝐿 < 𝜅 < ₁/𝜂K, the energy

transport takes place towards the smaller scales. In this range, the relation

𝐸 (𝜅, 𝑡) ∼ 𝜅−₅/₃ applies. In the dissipation range ₁/𝜂K ≤ 𝜅, the energy dis-

sipates into internal energy.

This universal behaviour applies to flows of high 𝑅𝑒 and far from solid walls.

Sincewalls influence the formation and decay of vortices, the effect of viscos-
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ity on the energy cascade is masked. This results in different energy spectra

in the vicinity of walls [₁₁₁].

Different levels of modelling

In order to simulate a turbulent flowdomain based on theconservation equa-

tions, all occurring scales need to be spatially and temporally resolved. Such

an approach is called direct numerical simulation (DNS). The numerical ef-

fort for a DNS increases with ∼ 𝑅𝑒₃. Therefore, the direct simulation of

highly turbulent flows is neither possible nor economically reasonable even

on modern high-performance computers. Furthermore, in many technically

relevant flows the most important information does not lie in the smallest

scales and these can therefore be modelled without considerable loss of in-

formation instead of requiring calculation. For this purpose, different mod-

elling approaches exist. In the following, the ones thatwere used in thiswork

will be presented.

Reynolds-averaged Navier-Stokes equations (RANS)

Formany engineering applications, the time-averaged flow field and integral

quantities such as lift, drag, mean torque and pressure losses are of primary

relevance. Therefore, themost rigorousmodelling approach tominimise the

need for eddy resolution is the calculation of the time average of the flow

variables. To achieve this, it is first necessary to decompose the flow vari-

ables 𝜌, 𝑝, 𝑇 and 𝑢𝑖 into a time-independent mean value (⋄) and a time-

dependent fluctuation value(⋄′), as already shown in section ₃.₃ as well as in

equation (₃.₇₃).

𝜌 = 𝜌 + 𝜌′ ; 𝑝 = 𝑝 + 𝑝′ ; 𝑇 = 𝑇 + 𝑇′ ; 𝑢𝑖 = 𝑢𝑖 + 𝑢′
𝑖 (₃.₇₃)

This decomposition is introduced into the presented equations for conserva-

tion of mass, given in equation (₃.₁₅) and conservation of momentum, given

in equation (₃.₂₁). The equations are then averaged over time. By following

the rules for time averaging in equation (₃.₇₄), the continuity equation for

the mean flow in equation (₃.₇₅) and the Reynolds-averaged Navier-Stokes

equationsusing aconstantdensity𝜌₀ and neglecting thegravity termasgiven

in equation (₃.₇₆) follow.

𝜙 = 𝜙 ; 𝜙′ = ₀ ; 𝜙𝜙′ = ₀ ; 𝜙′𝜙′ ≠ ₀ (₃.₇₄)
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𝜕𝑢𝑖
𝜕𝑥𝑖

= ₀ (₃.₇₅)

𝜌₀ [
𝜕𝑢𝑗
𝜕𝑡 +

𝜕𝑢𝑖𝑢𝑗
𝜕𝑥𝑖

] = − 𝜕𝑝
𝜕𝑥𝑗

+ 𝜕
𝜕𝑥𝑖

[𝜇
𝜕𝑢𝑗
𝜕𝑥𝑖

− 𝜌₀𝑢′
𝑖𝑢′

𝑗] (₃.₇₆)

The equation for themeanvalueof a scalarquantity, here temperature, in the

flow field is given in equation (₃.₇₇) [₆₁].

𝜕 (𝜌₀𝑇)
𝜕𝑡 + 𝜕

𝜕𝑥𝑖
(𝜌₀𝑢𝑖𝑇 + 𝜌₀𝑢′

𝑖𝑇′) = 𝜕
𝜕𝑥𝑖

(𝛼D
𝜕𝑇
𝜕𝑥𝑖

) (₃.₇₇)

The mean value is usually formed as a function of the flow under consider-

ation. If the flow is stationary, any unsteadiness is averaged out over time.

In this case, any fluctuation is implicitly assumed to be turbulence. As a res-

ult, themean flowequations are steady, knownas Reynolds-averaged Navier-

Stokes (RANS) equations. If the flow itself is unsteady, the equations are

averaged over statistically identical realizations of the flow. In this case, ran-

domfluctuationsarealsoaveragedout, but theequationsaveraged in thisway

may have a non-stationary mean value originating from coherent structures

in the flow. Consequently, the equations are called unsteady RANS (URANS)

equations.

Due to the non-linear term in equation (₃.₂₁), the term 𝜕 (𝑢′
𝑖𝑢′

𝑗) /𝜕𝑥𝑖 arises
in equation (₃.₇₆). Because of its structural similarity to the momentum

transport term, it acts on the flow similarly to an additional stress. There-

fore, the term is called Reynolds stress tensor. This tensor is symmetrical

and thus introduces six new unknowns into the system of equations. These

unknowns are not balanced by equations, which is why the system of equa-

tions is no longer closed. This circumstance is known as the closure problem

of turbulence and requires the modelling of the Reynolds stress tensor.

Tomodel the influenceof turbulenceon theaveragedflowfield, theBoussinesq

approximation is the most widely used assumption. Here, analogous to the

viscous stress, a turbulent viscosity 𝜇𝑡 is formed, which, multiplied by the

mean spatial velocity gradient, approximates the Reynolds stress tensor as

given in equation (₃.₇₈).

𝜌₀𝑢′
𝑖𝑢′

𝑗 = −𝜇𝑡 (
𝜕𝑢𝑗
𝜕𝑥𝑖

+ 𝜕𝑢𝑖
𝜕𝑥𝑗

) (₃.₇₈)
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As can be seen from equation (₃.₇₈), the six unknowns are replaced by an

unknown quantity, the turbulent viscosity tensor 𝜇𝑡. In contrast to the dy-

namicviscosity𝜇, this is notapropertyof thefluid. Inanalogy to thedynamic

viscosity, many turbulence models are based on the calculation of the turbu-

lent viscosity as a product of a length scale characteristic of the turbulence

and a characteristic velocity. Transport equations can be developed to cal-

culate these. Nowadays, two-equation models are widely used because they

are numerically efficient and sufficiently adjustable due to the independent

equations to be able to represent a large number of different states of turbu-

lence. The best known two-equation models are the 𝑘-𝜀 model of Launder

& Sharma [₁₃₃] and the 𝑘-𝜔 model of Wilcox [₂₃₂]. While the 𝑘-𝜀 model

adequately represents free shear flows, the 𝑘-𝜔 model is superior for wall-

bounded shear flows. A combination of the two models was presented by

Menter [₁₅₅] as the 𝑘-𝜔-SST model. Due to the mentionable improvements

of this model compared to the classical two-equation models [₁₅₇], the 𝑘-𝜔-

SST model is nowadays a widely used standard in the scientific environment

and was also applied in this work.

Large eddy simulation

With the help of two-equation models, efficient calculations of several types

of flow are possible. By using the URANS formulation, time dependencies in

the main flow can also be represented. However, small scale fluctuations in

flowscaused by turbulenceare toagreatextend isotropic far fromwall. Other,

often large-scale variations in flows are not isotropic at all. For this reason, a

flow simulationwith one – however calibrated – turbulencemodel to capture

all fluctuations is often not suitable for the investigation of more complex

flow phenomena such as pronounced vortex shedding or rotation [₆₇]. A

better separation of large, anisotropic structures and more homogeneous,

isotropic turbulent fluctuation can be achieved with large eddy simulations

(LES) as used in this work in chapter ₄.

In a LES, large structures are calculated directly, while the resource-intensive

calculation of the smallest scales is omitted. This is done by spatial filtering

of the conservation equations according to Leonard [₁₃₅] with a filter 𝐺 of

filter width Δ according to equation (₃.₇₉).

𝜙(𝑥𝑖, 𝑡) =
+∞
∫

−∞
𝐺(𝑥𝑖, ̇𝑥𝑖; Δ)𝜙( ̇𝑥𝑖, 𝑡)d ̇𝑥𝑖 (₃.₇₉)
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₃.₆ Numerical modelling of turbulent flows

Here ̇𝑥𝑖 is the integration variable in space. The filter 𝐺 is designed in such

a way that ∫ 𝐺(𝑥𝑖)d𝑥𝑖 = ₁ applies. Common and widely used filters are

the Gauss filter 𝐺G = √₆/𝜋₁/Δ exp(−₆𝑥₂𝑖 /Δ₂) and the Box filter, which is

defined by 𝐺B = ₁/Δ for |𝑥𝑖| ≤ Δ/₂ and 𝐺B = ₀ elsewhere. More details on

different filters and their properties can be found in Fröhlich [₆₈] and Breuer

[₂₀]. Since only large structures are to be calculated directly in the LES, the

meshcanbecoarser than foraDNS.Thus, filtering can takeplacevia themesh

by setting the filter width equal to the mesh size. Filtering the conservation

of mass equation (₃.₁₅) and conservationof momentumequation (₃.₂₁) leads

to the filtered equations equation (₃.₈₀) and equation (₃.₈₁).

𝜕𝑢𝑖
𝜕𝑥𝑖

= ₀ (₃.₈₀)

𝜌 [
𝜕𝑢𝑗
𝜕𝑡 +

𝜕𝑢𝑖𝑢𝑗
𝜕𝑥𝑖

] = − 𝜕�̃�
𝜕𝑥𝑗

+ 𝜕
𝜕𝑥𝑖

[𝜇 (𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)] (₃.₈₁)

When applying the linear filtering operation on the non-linear term on the

left-hand side, a closure problem arises again. This results in a need formod-

elling this term 𝜏SGS
𝑖𝑗 as given in equation (₃.₈₂) known as subgrid-scale

Reynolds stress tensor that represents the impact of the unresolved velocity

components on the resolved velocity components [₆₇].

𝜏SGS
𝑖𝑗 = 𝑢𝑖𝑢𝑗 − 𝑢𝑖𝑢𝑗 (₃.₈₂)

The main task of the subgrid-scale (SGS) model is to ensure that the energy

drain of the LES matches that of the DNS according to the energy cascade

shown in figure ₃.₄. According to Zhiyin [₂₄₆], the oldest known model is

the Smagorinsky model (SM) [₂₀₅]. As with most SGS models, the concept

of an eddy viscosity 𝜈𝑡 = 𝜇𝑡/𝜌 is applied, in which the traceless part of the

SGS stresses is coupled with the strain rate 𝑆𝑖𝑗 given in equation (₃.₈₄) of the

calculated velocity field as given in equation (₃.₈₃).

𝜏SGS
𝑖𝑗 − ₁

₃
𝛿𝑖𝑗𝜏SGS

𝑘𝑘 = ₂𝜌𝜈𝑡𝑆𝑖𝑗 (₃.₈₃)

𝑆𝑖𝑗 = ₁

₂
(𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗
𝜕𝑥𝑖

) (₃.₈₄)
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The turbulent viscosity can bewritten according to equation (₃.₈₅) using the

Smagorinsky model constant 𝐶S.

𝜈𝑡 = (𝐶SΔ)₂ √₂𝑆𝑖𝑗𝑆𝑖𝑗 (₃.₈₅)

From the consideration of isotropic turbulence follows 𝐶S = ₀.₁₈. However,

this value is too high formost flows, which is why 𝐶S = ₀.₁ or even lower val-

ues are often assumed. In the vicinity of solid walls, 𝜈𝑡 must be reduced due

to the anisotropy of turbulence. This is usually done by van Driest damp-

ing [₅₂], replacing 𝐶S in equation (₃.₈₅) by 𝐶S𝐷(𝑦+) with the van Driest

damping function 𝐷(𝑦+) according to equation (₃.₈₆) using the van Driest

constant 𝐴+ = ₂₅.

𝐷(𝑦+) = ₁ − 𝑒−𝑦+/𝐴+
(₃.₈₆)

Germano [₇₄] developed the dynamic procedure to calculate the value of 𝜈𝑡
from the information available from the resolved scales. Anotherwidely used

model is the wall-adapting local eddy-viscosity (WALE) model. One advant-

age of this model is that it calculates a turbulent viscosity 𝜈𝑡 = ₀ for laminar

shear flows. Therefore, laminar regions in the flow are automatically treated

correctly from a physical point of view. In the case of the WALE model, the

eddy viscosity is calculated according to equation (₃.₈₇) which in term uses

the mixing length for subgrid-scales 𝐿𝑠 according to equation (₃.₉₀), and

the adjusted strain tensor𝑆𝑑
𝑖𝑗 according to equation (₃.₈₈) using the subgrid-

scale flux 𝑔𝑖𝑗 as given in equation (₃.₈₉).

𝜈𝑡 = 𝐿₂
𝑠

(𝑆𝑑
𝑖𝑗𝑆𝑑

𝑖𝑗)
₃/₂

(𝑆𝑖𝑗𝑆𝑖𝑗)
₅/₂

+ (𝑆𝑑
𝑖𝑗𝑆𝑑

𝑖𝑗)
₅/₄ (₃.₈₇)

𝑆𝑑
𝑖𝑗 = ₁

₂
(𝑔𝑖𝑗

₂ + 𝑔𝑗𝑖
₂) − ₁

₃
𝛿𝑖𝑗𝑔𝑘𝑘

₂
(₃.₈₈)

𝑔𝑖𝑗 = 𝜕𝑢𝑖
𝜕𝑥𝑗

(₃.₈₉)

𝐿𝑠 = min (𝜅c𝑑, 𝐶WΔ) (₃.₉₀)

When calculating themixing length for subgrid-scales 𝐿𝑠 in equation (₃.₉₀),

𝜅c is the von Kármán constant, 𝑑 is the distance to closest wall, 𝐶W is the
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₃.₆ Numerical modelling of turbulent flows

WALE constant and Δ is the filter or mesh width. As stated in [₆], the value

for 𝐶W is originally ₀.₅ [₁₇₀]. In the context of this work, the WALE model

was used in the ANSYS® Fluent software in chapter ₄. Based on intensive

validation work, the value 𝐶W = ₀.₃₂₅ is used as the default value in AN-

SYS® Fluent [₆]. TheWALE model is used here in addition to numerical effi-

ciency and correct treatment of laminar flows, as it provides good results es-

pecially forwall-bounded flows. Besides RANS and LES formulations, hybrid

methods also exist, of which the scale-adaptive simulation (SAS) according

to Egorov et al. [₅₆] and Menter & Egorov [₁₅₆] was applied in chapter ₅.

Mesh Requirements

The mesh has an influence on the quality of the results in every fluid dy-

namics simulation. Depending on the solver used, different types of meshes

can be applied. For complex geometries, unstructured meshes consisting

of polyhedron-shaped elements, which lead to numerical disadvantages, are

usually unavoidable. In contrast, greater challenges in meshing arise when

hexahedron elements are used. However, these elements are advantageous

for the simulation quality and are therefore used throughout this work.

In order to adequately resolve the boundary layer near the wall, a condensa-

tion of themesh nodes in thewall-normal direction is necessary. Mesh com-

pression, as shown in figure ₃.₅(a), is a suitablemethod for this purpose. The

element quality suffers from this, as the ratio of longest to shortest element

edge increases due to the compression. For RANS simulations, in which no

small-scale fluctuations are resolved, the distortion of the elements up to a

maximum edge length ratio of about ₁₀₀₀ usually does not lead to a consid-

erable loss of quality.

However, this does not apply to scale-resolving simulations such as LES sim-

ulations, which were applied in this work. In order to adequately resolve

the smallest vortices in all spatial directions, elements with amaximum edge

length ratio of less than ≈ ₂₀ are required for such simulations. To avoid the

detailed resolution of the entire computational domain, it is advisable to use

adapted meshes with hanging nodes in this case. For this purpose, elements

in defined layers are divided in half in all three spatial directions, whereby

one hexahedron is transformed into eight hexahedra in the next layer. This

procedure is shown schematically in figure ₃.₅(b) and was used in all simula-

tions carried out in chapter ₄. Correspondingmeshes cannot beprocessed by

all solvers. Therefore, the software ANSYS® Fluent, Release ₁₇.₁ and Release

₁₉.₁ was used for all LES and RANS simulations in chapter ₄. RANS, URANS

and SAS simulations with lower mesh requirements were carried out with
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₃ Fundamental theory and governing equations

ANSYS® CFX, Release ₁₇.₁ and Release ₁₉.₁ in chapters ₅ and ₆ after demon-

strating the validity of the approach in chapter ₅.

(a)Mesh compression

I

II

(b)Mesh adaption

Figure ₃.₅: Visualisation of different meshing approaches for meshes consisting of hexahed-

ron elements. Mesh compression (a) leads to good resolution of the wall-normal

flow profile but fails at resolving turbulent structures. This can be achieved using

mesh adoption (b), where the size of elements is divided by two in each spatial

direction in each level, levels are indicated as I and II. This ensures that the ele-

ment quality is maintained down to the wall.
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Investigation of dimpled surfaces
in non-rotating flow

₄

”When I meet God, I am going to ask him two questions: Why
relativity? And why turbulence? I really believe he will have an
answer for the first.”

—Heisenberg, cited by Marshak & Davis [₁₅₃]

In order to understand the mechanisms of interaction of dimples on rotat-

ing discs, these are first explored in stationary channels. The investigation of

this simplified case offers a number of advantages. On the one hand, literat-

ure values already exist for various setups, which can be used for validation.

On the other hand, effects of interest are not masked by the superposition

of other mechanisms, which come into play with rotating discs. In addition,

therearestill inconsistenciesand knowledgegaps in thescientificcommunity

regarding the effectiveness and the mechanisms of action of dimples on sur-

faces. The investigationspresented in this chaptercontribute toclosing these

gaps. Some of the simulation data used in this chapter was partly generated

within the context of [S₄].

₄.₁ Turbulent flow in channels and over flat plates

Reference simulations were carried out on smooth plates as well as in infin-

itely extended smooth channels to obtain reference values for the effects in-

vestigated and for further validation of the simulations. Both the flow condi-

tions and the geometric dimensions were chosen according to the cases with

dimples. In order to consider the effect of the opposite wall in the case of the

channel simulations, the free surface opposite the considered wall was sim-

ulated as a wall with no-slip boundary condition. For the physically correct

representation of the flow over a free plate, this surface was modelled with a

symmetry boundary condition.
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₄ Investigation of dimpled surfaces in non-rotating flow

₄.₁.₁ Setup and validation of turbulent flow simulations

In order toobtain physicallymeaningful results froma simulation, several re-

strictions have to be considered, especially in LES. These restrictions concern

– among others – the mesh resolution as well as the time step size. Also the

physical dimensionsof the simulationdomainmust be sufficiently large toal-

low for resolving all relevant structures [₆₈]. In the following, the simulation

validation is illustrated exemplarily for the domain shown in figure ₄.₇(a) on

page ₅₈withoutdimples. Asdescribed byMoin& Kim [₁₆₀] threeaspects are

essential for mesh generation. These are firstly the total size of the domain,

whichmust be largeenough toprevent influencesof the boundaryconditions

on the resulting flow in the region of interest, secondly the spatial mesh res-

olution, which is determined by the respective size of the individual cells and

thirdly the limitation by available computing power.

Computational domain and setup

The size of the domain in streamwise 𝑥-direction and spanwise 𝑧-direction
should be at least twice as large as the maximum length up to which relev-

ant velocity correlations exist [₁₆₀] to ensure that the basically non-physical

periodic boundary conditions [₆₈] – that are necessary forDNS [₁₁₇] and also

for other transient, scale resolving simulations of channel flow – have no in-

fluence on the results [₂₀₁]. According to the investigations conducted by

Comte-Bellot [₄₃], this distance is ₃.₂𝛿 and ₁.₆𝛿 in 𝑥- and 𝑧-direction, re-
spectively, with the channel half-height 𝛿. As the resulting structures typic-

ally grow bigger for lower 𝑅𝑒, e. g. 𝑅𝑒τ = ₁₈₀ [₆₈], many investigations have

been carried out on domains of size 𝐿𝑥 × 𝐿𝑧 × 𝐿𝑦 = ₄𝜋𝛿 × (₄
₃

… ₂)𝜋𝛿 × ₂𝛿,

suchase. g. Grundestamet al. [₈₁], Kimet al. [₁₁₄], Kristoffersen&Andersson

[₁₂₇] and Moser et al. [₁₆₄]. For higher 𝑅𝑒, e. g. 𝑅𝑒τ ≥ ₃₉₅ [₁₆₄], and thus

smaller eddies domain sizes of ₂𝜋𝛿 × 𝜋𝛿 × ₂𝛿 are common [₆₈].

When plates are overflowed neither the thickness of the boundary layer nor

the thickness of the turbulent zoneoutside the boundary layerare influenced

by additional walls. Nevertheless, the flow regions close to the wall are sim-

ilar, although they can differ in scaling, see for example [₉, ₄₆, ₁₆₄, ₂₀₇].

For this type of simulations, the dimensions of the domain usually depend

on the boundary layer thickness. Inoue [₉₂] used domains 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧 =
₃₆𝛿₀ × ₄𝛿₀ × ₆𝛿₀ based on the inlet boundary layer thickness 𝛿₀, to sim-

ulate developing boundary layers. In the present simulations of developed

boundary layers - and thus without a defined inlet boundary layer thickness

𝛿₀ - domains of 𝐿𝑥 ×𝐿𝑦 ×𝐿𝑧 ≈ ₂₆𝛿𝜃 × ₁₄𝛿𝜃 × ₁₅𝛿𝜃 and ≈ ₃₀𝛿𝜃 × ₁₄𝛿𝜃 × ₁₃𝛿𝜃
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based on momentum thickness 𝛿𝜃 were used. No considerable dependence

of the results on the domain length could be found, which is in accordance

with the results of Inoue [₉₂].

The domain height is much higher in order to minimise non-physical influ-

ences of the boundary condition on the flow near the surface of the plate.

Furthermore, the domain was chosen large enough to allow for uncorrel-

ated velocity values in main flow direction inside the viscous sublayer up

to 𝑦+ ≤ ₅, the buffer layer at ₅ < 𝑦+ ≤ ₃₀… ₅₀, the log-law region at

₃₀… ₅₀ < 𝑦+ ≤ ₃₀₀…₈₀₀, and theouter layerwhich already belongs to the

main flow at 𝑦+ > ₁₀₀₀ [₁₈₁]. These regions are indicated in figure ₄.₁(b).

Since the dimensions of the domain are linked to the condition that geomet-

ric periodicity is also guaranteed for the dimpled channel, the length and

width were chosen such that a total of four rows of dimples in streamwise

and two rows of dimples in spanwise directions were represented, as shown

in figure ₄.₆ on page ₅₇. In these simulations, the friction Reynolds num-

ber of 𝑅𝑒𝜏 ≈ ₄₆₀₀ was relatively high compared to most literature values

such as [₉₂, ₁₁₄, ₁₆₄]. Therefore, further verification measures to ensure the

plausibility of the results are to be taken into account.

The verification of sufficiency of the domain sizes used for the simulations

was done by correlation analysis as supposed by Herwig & Schmandt [₈₇] of

thevelocity inmain flowdirectionatdifferentwall distances. As shown in fig-

ure ₄.₁(a), the values over the entire boundary layer are uncorrelated clearly

before ₄₀% of the domain length. According to Kiš et al. [₁₁₇] this result in-

dicates that the chosen domain size is sufficient for the simulations carried

out. It can be seen that the values slightly fluctuate around ₀ shortly down-

stream of the boundary condition, which stems from the fact that averaging

in spanwise directionwas done over five equidistant evaluation lines for each

𝑦+ ∈ {₄, ₁₅, ₁₃₇, ₁₀₇₃}. The position of these lines as well as the evaluation

points located on them are included in figure ₄.₆(a) on page ₅₇. Due to the

periodic boundary conditions, the correlation at the end of the simulation

domain naturally rises towards unity again.

Using the resultingmomentumthickness𝛿𝜃 and the frictionvelocity𝑢𝜏 yield

a Reynolds number based on momentum thickness of 𝑅𝑒𝜃 ≈ ₉₀₆₆ and a

non-dimensional free stream velocity 𝑈+
𝑒 = 𝑈∞/𝑢𝜏 = √₂/𝑐𝑓 = ₂₇.₀₃₃.

This is in good agreement with the simulations of Inoue [₉₂]. Österlund

[₁₇₄] and Nagib et al. [₁₆₆] find similar values 𝜅c = ₀.₃₈₄, 𝐶 = ₄.₀₈ [₁₇₄]

and 𝜅c = ₀.₃₈₄, 𝐶 = ₄.₁₂₇ [₁₆₆] for the best fit to their experiments for

the adopted formula of Fernholz & Finleyt [₆₀] by Nagib et al. [₁₆₆] 𝑐𝑓 =
₄₉
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₂ [𝑈+
𝑒 ]−₂ = ₂ [ ₁

𝜅c ln(𝑅𝑒𝜃) + 𝐶]
−₂

. The results given deviate less then ₃%

from this correlation, titled Coles Fernholz ₂ in [₁₆₆], which demonstrates

the high quality of the simulations carried out.

₀ ₀.₂ ₀.₄ ₀.₆ ₀.₈ ₁

₀

₀.₅

₁

𝑥/𝐿𝑥

𝑅
𝑢

𝑦+ = ₄ 𝑦+ = ₁₅

𝑦+ = ₁₃₇ 𝑦+ = ₁₀₇₃

(a) Correlation coefficient 𝑅𝑢 at different distances
of the wall demonstrating the sufficiency of the
chosen domain size.

₁₀₀ ₁₀₁ ₁₀₂
₀

₅

₁₀

₁₅

₂₀

₂₅

viscous

sublayer

buffer

layer

log-law

region

𝑦+

𝑢+

𝑅𝑒𝜏 = ₁₈₀ 𝑅𝑒𝜏 = ₃₉₅

𝑅𝑒𝜏 = ₅₉₀ 𝑅𝑒𝜏 ≈ ₄₆₀₀

(b) Dimensionless velocity profile at the wall of
the current LES (𝑅𝑒𝜏 ≈ ₄₆₀₀) in comparison
with the data of Moser et al. [₁₆₄] (𝑅𝑒𝜏 ∈
₁₈₀, ₃₉₅ and ₅₉₀), as well as the possible
range of the log-law region found in [₆₄, ₈₈,
₁₈₁] included in grey.

Figure ₄.₁: Validation of the channel flow simulations. The data were published in a similar

way in Praß et al. [P₃].

Boundary conditions and meshmetrics

The boundary conditions correspond to those of the plates with dimples

shown in figure ₄.₇ on page ₅₈. The lower boundary of the domainwasmod-

elled as a wall with no-slip condition. The upper boundary of the domain

was modelled as a free-slip wall by using a symmetry condition in order to

simulate the overflow of a free plate. The side boundaries in the 𝑧- and 𝑥-
directions were defined as periodic boundaries, with the main flow velocity

adjusted by a pressure gradient in 𝑥-direction as suggested by Deardorff [₄₉]

corresponding to𝑅𝑒𝜏 ≈ ₄₆₀₀. Thismethod proved to bemore robust for the

simulations performed here than the constant mass flow method proposed

by Benocci & Pinelli [₁₁].

In order to resolve the flow close to the wall on all relevant scales, meshes

according to the requirements of Chapman [₂₆] with 𝑦+ = ₁–₂ as well as di-

mensionless spacing in 𝑥- and 𝑧-direction Δ𝑥+ < ₁₀₀ and Δ𝑧+ < ₂₀ were
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₄.₁ Turbulent flow in channels and over flat plates

used, as these early estimates are still known to be valid today [₆₈]. The

growth rate of the cells perpendicular to the wall was also chosen according

to the specifications given by Chapman [₂₆]. A mesh independence study fi-

nally led to amesh of resolution 𝑦+ = ₁.₂, aswell as Δ𝑥+ < ₁₀ and Δ𝑧+ < ₁₀.

This resulted in a mesh with ₁₆.₇ · ₁₀₆ elements, which is reasonably consist-

ent with Choi & Moin [₃₄], who estimate the required number of grid points

for turbulent boundary layers to scalewith 𝑅𝑒₂₆/₁₁
𝜏 for high 𝑅𝑒𝜏 and give a for-

mula for determining themesh points, which leads to approximately ₂₀ · ₁₀₆

elements for the present simulation, based on the assumption that the used

power-law curve-fits are valid for 𝑅𝑒𝜏,𝑥₀ ≈ ₅₈₀₀.

As the mesh resolution near the wall is almost as fine as that needed for a

DNS, such simulations are sometimes referred to as well resolved LES in lit-

erature, e. g. Cabot & Moin [₂₄]. Due to the high mesh resolution down to

the wall, the flow can be described in detail. The adequate resolution of the

boundary layer can be verified by the representation of the dimensionless

velocity 𝑢+ as a function of dimensionless wall distance 𝑦+ as shown in fig-

ure ₄.₁(b). All values follow the law of the wall, according to which 𝑢+ = 𝑦+

applies within the viscous sublayer and 𝑢+ = ₁/𝜅c ln(𝑦+) + 𝐶₁ in the turbu-

lent boundary layer. The marked range includes the values for 𝜅c reaching

from ₀.₃₅ to ₀.₄₃, and 𝐶₁ = ₅.₂ ± ₅%. These values arise from different

resources, namely Foken [₆₄], Högström [₈₈] and Pope [₁₈₁]. This universal

course of the boundary layer is maintained even with Reynolds numbers up

to 𝑅𝑒𝜏 ≈ ₅₂₀₀ and beyond [₁₃₄]. In addition to thematchwith the theory, a

negligibledeviation to thedataderived viaDNS byMoseret al. [₁₆₄] is found.

This proves that the physical effects near the wall can be resolved accurately

with the present LES. This fact is especially important to emphasise as the

flow phenomena in the immediate vicinity of the wall are of major interest

when surface structures such as dimples are applied.

All LES were initialized using the results of RANS simulations performed on

the same meshes in order to accelerate the development of the fully formed

flow. The time step size was set to ₁ · ₁₀−₆ s in order to reach CFL < ₁. Ar-

tificial turbulence generated via a spectral synthesizer based on Kraichnan

[₁₂₃] and further developed by Smirnov et al. [₂₀₆] as given in [₆] was su-

perimposed on these to accelerate the formation of physical turbulence, as

suggested by Fröhlich [₆₈]. The temporal averaging of the fluctuating val-

ues was enabled from the point in time when the average flow velocity and

the static pressure on a cross-sectional area perpendicular to the main flow

direction fluctuated around a constant value. Such a method of evaluation

of the steady state of a simulation, as recommended by Fröhlich [₆₈], was
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₄ Investigation of dimpled surfaces in non-rotating flow

also applied by Choi & Moin [₃₃], who considered the simulations to be stat-

istically stationary as soon as the wall shear stresses showed quasi-periodic

behaviour. Other authors such as Moin & Kim [₁₆₀] evaluated the quasi-

periodic behaviour of the horizontally averaged turbulent stresses in time or

the quasi-periodic behaviour of the kinetic energywhilemaintaining a linear

profile of the total shear stress [₁₁₄]. The method used here is based on the

principle of Wille [₂₃₃], who considered the behaviour of the force necessary

to maintain the flow. All these methods lead to comparable points in time,

from which the flow can be considered quasi-stationary. In the present sim-

ulations this state was reached after ₉ to ₁₀.₅ flow-through-times. This short

simulation time compared to other simulations, e. g. Wille [₂₃₃], can be at-

tributed to the described initial conditions. The subsequent averaging of the

values was performed over the subsequent ₇ to ₈ flow-through-times.

₄.₁.₂ Vortex-induced formation of ordered flow patterns of the
boundary layer

In the previous section, the general, quantifiable evidence for the simulation

quality was discussed. In addition, depending on the flow under investig-

ation, there are characteristic features which should also be checked when

evaluating the simulation quality. In the immediate proximity of turbulently

overflowed surfaces, adjacent areas of strongly differing velocities are formed

[₁₁₉]. Theseparallel structures, knownas streaks, can beobservedveryclearly

in the viscous sublayer, but can also be observed in the buffer layer and in the

lower part of the log-law region up to 𝑦+ ≈ ₁₀₀. Further away from the wall,

at 𝑦+ ≈ ₄₀₀, they are superimposed by turbulent fluctuations and can no

longer be clearly identified [₁₁₉]. The streaks form about ₁₀₀ wall units apart

from each other in spanwise direction and have a length of about ₁₀₀₀ wall

units [₂₉]. They are the result of rotating longitudinal vortices caused by ve-

locity gradients in the flow field that are self-sustaining [₈₃, ₁₀₀, ₁₁₂] as they

draw the necessary energy from the main flow [₁₁₃]. Due to differently ori-

ented directions of rotation of adjacent vortices, fluid is either transported

in the direction of the wall or in the direction of the main flow. The former

mechanism is called a sweep, the latter burst, as schematically shown in fig-

ure ₄.₂(a). There is no doubt that streaks have an influence on the drag of an

overflowed body [₆₈, ₁₁₉], while the exact physical mechanisms of formation

have not yet been conclusively explored [₃₀] but are supposed to consist of a

combined effect of advection of the mean velocity profile through wall nor-

mal motion, mean shear and viscous diffusion [₂₉]. Studies show that areas

where burst occurs correspond with local areas of lower shear stress on the
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₄.₁ Turbulent flow in channels and over flat plates

wall [P₂, P₃]. Likewise, sweep occurs in areas with higher wall shear stress,

which can be linked to the higher momentum of the fluid coming from the

main flow.

𝑦

𝑧 𝑥

vortex vortex vortex
burst sweep

(a) Streaks form due to burst and sweep
movements of the flow near the wall, that arise
from counter rotating longitudinal vortices.
Main flow in positive 𝑥-direction.

𝑥
𝑦

𝑧
𝑅

𝑟e

𝐷i

₂
𝛿

ℎ ₁ ₅

₂,₃,₄

(b) Cross-section of a dimple with lines indicating
the measurement direction for velocity analysis
carried out in section ₄.₂.₂.

Figure ₄.₂: Schematic representation of longitudinal vortices leading to streaks on flat plates

(a) and cross-section of a dimple (b).

Kline et al. [₁₁₉] describe the occurrence of the streaks in direct proximity

to the wall and their interaction with the main flow by gradual lifting of the

fluid from the wall. They also describe the process of sudden oscillation and

the subsequent bursting and ejection of the fluid. Kim et al. [₁₀₉] carried

out detailed investigations of the influence of the streaks on the turbulence

production near the wall. They found that bursting is the key mechanism

for turbulence production. In ₁₉₈₅, Allen [₄] and Wallace [₂₂₅] provided

visualizations of the formation of streaks and the lifting of the structure from

the wall. Modified representations of these are shown in figure ₄.₃. The

representation shows that the gradual lifting of the structure from the wall

leads to instability which is caused by the higher momentum content of the

main flow. The lifting of the structure first forms a hairpin vortex, which then

loses its identity. It is thismechanism that leads to the turbulenceproduction

described by Kim et al. [₁₀₉].

The simulations performed exhibit these same streaks, as exemplarily shown

by a snapshot of a sectional plane at 𝑦+ = ₂₀ coloured by velocitymagnitude

in figure ₄.₄. The differences in amplitude of velocity between the individual

streaks are clearly visible. As described in the literature, the streaks extend in

a longitudinal directionandarearranged next toeachotheras zonesof higher

and lower velocities. The additional streamlines above the sectional plane

further confirm the findings of Kline et al. [₁₁₉], who state that the streaks are

self-sustaining in the flow due to longitudinal vortices, which in turn draw

theirenergy fromthemainflow [₁₁₃]. As shownschematically infigure ₄.₂(a),

fluid preferably rises from thewall towards themain flow, where twocounter-
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𝑢∞

𝑥
𝑦

𝑧

(a) Schematic representation of the process of
formation, rolling up, rising and decay of
the structure according to Allen [₄].

𝑢∞

𝑥

𝑦

𝑧

Hairpin

Vortex

(b) Detailed view of the formed structure
shortly before its decay according to
Wallace [₂₂₅].

Figure ₄.₃: Schematic representation of themechanisms leading to the formation of vortices

near the surface.

₁.₄ ₆.₃ ₁₁.₃ ₁₆.₂ ₂₁.₂ ₂₆.₂

velocity in m s−₁ at time 𝑡

Figure ₄.₄: Streaks near and fluid motion above smooth wall, main flow direction into the

viewing plane. Representation taken from Praß et al. [P₃].

rotating vortices transport slow fluid close to the wall into the area between

them. At these points a streak of slowly flowing fluid is formed on the wall.

Likewise, at locationswhere twocounter-rotating vortices transport fast fluid

from the main flow towards the wall, streaks of higher velocity arise. Above

streaks of lower velocity, the streamlines are thus diverted towards the main

flow,while above faster streaks theyare bent towards thewall. This behaviour

can also be observed in the visualisation in figure ₄.₄.
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₄.₁ Turbulent flow in channels and over flat plates

To further illustrate this phenomenon, longitudinal vortices close to thewall

are visualised in figure ₄.₅. The vortices are coloured according to the flow

velocity 𝑣 in the direction perpendicular to thewall. Red represents negative

velocity and thus flow towards the wall. Blue, in contrast, visualises positive

velocity values and thus flowaway from thewall. On the left side of figure ₄.₅

the wall is coloured according to the local drag coefficient. Brighter colour

represents higher resistance coefficients and thus higher wall shear stresses.

On the right side of figure ₄.₅ a plane at the height of 𝑦+ = ₂ is coloured

according to the velocity 𝑢 in the main flow direction. The marked vortex

shows exemplarily that the vortex in the area of descending fluid (red area)

leads to a higher local drag coefficient. This is due to the higher flow velocity

𝑢 in 𝑥-direction, which is caused by the fact that the vortex transports fluid of

higher velocity to the wall in this area. On the side where fluid rises from the

wall as a result of the vortex (blue area), the drag coefficient is considerably

lower. The associated flow velocity in the main flow direction is also lower.

This is due to the fact that in this area slowly flowing fluid near the wall rises

as a result of the vortex.

₀

₈.₅

₁₇

₂₅.₅

₃₄

₄₂.₅

₅₁

₅₉.₅

𝑐𝑓 ⋅ ₁₀₄

₀

₁

₂

₃

₄

₅

₆

₇

₈

₉

₁₀

velocity 𝑢velocity 𝑣 in m s−₁ at time 𝑡

− ₀ + 𝑦+ = ₂

𝑥

𝑧

Figure ₄.₅: Effect of streamwise-vortices on the local drag coefficient and the velocity in cor-

relation with the rotation (Simulation data was partly generated within the con-

text of Kalb [S₁]).

Themeasures taken and results obtained show that the simulations are valid

and that complex flow phenomena are adequately resolved down to thewall.

The appropriate domain size ensures that turbulent structures can propag-

ate without being influenced by the boundary conditions. The high mesh

resolution in combination with the selected time step size ensures sufficient

resolution of the small-scale structures. The high level of agreement of the

velocity profile with literature [₆₄, ₈₈, ₁₆₄, ₁₈₁] as well as the presence of the
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₄ Investigation of dimpled surfaces in non-rotating flow

streaks and the resulting fluid and momentum transport perpendicular to

the surfacedemonstrate the correctmodelling of the physical circumstances.

The simulation methodology is therefore found suitable for delivering reli-

able results also for the flow over surfaces with dimples.

₄.₂ Effects of shallow dimples on the flow

Besides the suitability of dimples to increase heat transfer considerablywhile

only slightly increasing hydrodynamic losses, they can – under specific cir-

cumstances – beused to reducedrag. For thispurpose, thedimpleshave toex-

hibit a ratio of depth to diameter in the low, single-digit percentage range. In

addition, the result is strongly dependent on the arrangement of the dimples

and the existing flow conditions. For example, Lienhart et al. [₁₄₀] found a

slight increase of drag of ₂% in a setupwith ℎ/𝐷i = ₅% and ₂₂.₅% coverage

rate 𝛽, while van Nesselrooij et al. [₁₆₈] determined a reduction of drag of up

to ₄% in experimental studies for a very similar setupwith a coverage ratio of

𝛽 = ₃₃.₃% using shallowdimples of ℎ/𝐷i = ₂.₅%. Tay et al. [₂₁₄] also found

a reduction of net drag of up to ₃% for dimples of ℎ/𝐷i = ₅%, but with a

much higher coverage ratio of ₉₀%. There are still no clear results regarding

the actual mechanisms that cause the reduction of drag. It is solely known

that the dimples need to be shallow so that the resulting formdrag due to the

cavity shape is lower than the drag reduction due to the effects of the dimples

on the flow [₁₃₆]. When it comes to increasing heat transfer, deeper dimples

achieve better results. This shows that ameaningful increase in heat transfer

with a simultaneous reduction of drag is only possible to a limited extent.

₄.₂.₁ Drag reduction due to shallow dimples on surfaces

Due to the geometric limitationswhen using thin discs, the depth of dimples

is limited by the disc thickness. Thus, only shallow dimples or dimples of

low diameter are suitable for application on thin discs. The separated in-

vestigation of the mechanisms regarding the reduction of drag as well as the

increased heat transfer due to dimples is necessary to provide the basis for

the consideration of the effects on rotating discs.

Five parameters are sufficient to describe a patterned dimple setup on the

wall [₁₆₈]. These are thediameterof thedimples 𝐷i, thedepthof thedimples

ℎ, the edge radius 𝑟e, the streamwise distance between dimples 𝑙𝑥, and the

spanwise distance between dimples 𝑙𝑧, as shown in figure ₄.₆. In this sec-

tion, two setups were investigated. The parameters for the setups are given
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𝐿
𝑧
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𝑧
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(a)Overlapping arrangement OL

𝑧

𝑥𝑦

𝐿𝑥
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∅𝐷 i

₁

₂

₃

₄

₅

(b) Not overlapping arrangement NOL

Figure ₄.₆: Arrangements of Dimples on flat plates, used to determine drag reduction. Loc-

ations for evaluations are indicated (green lines in (a), points ₁-₅ in (b)) as well as

characteristic parameters to describe the distribution of dimples.

in table ₄.₁. For the first setup, the dimples were arranged overlapping (OL)

in flow direction, for the second setup they were not overlapping (NOL). For

the detailed consideration of the resulting drag, the setups already described

in section ₄.₁.₁ were used. The solid wall was supplied with dimples in dif-

ferent arrangements, as shown in figure ₄.₇. Only dimples of the diameter

𝐷i = ₂₀mm with depth ℎ/𝐷i = ₂.₅% were used. For these setups experi-

mentally determined data from van Nesselrooij et al. [₁₆₈] exist, which sug-

gest a noteworthy drag reduction potential for the setupOL. Their results are

thus used as reference and for validation. The boundary conditions, mesh

resolution and numerical validationwere carried out analogously to the sim-

ulations without dimples presented in section ₄.₁.₁.

Table ₄.₁: Data of the examined setups to investigate the reduction of drag by dimples.

setup 𝐷i/mm ℎ/𝐷i/% 𝑙𝑥/𝐷i 𝑙𝑧/𝐷i 𝑟e/𝐷i 𝐿𝑥 𝐿𝑧 𝛽/%

OL ₂₀ ₂.₅ ₁.₄₃₀ ₀.₈₂₅ ₀.₅ ₄𝑙𝑥 ₄𝑙𝑧 ₃₃.₃

NOL ₂₀ ₂.₅ ₀.₈₂₅ ₁.₄₃₀ ₀.₅ ₈𝑙𝑥 ₂𝑙𝑧 ₃₃.₃

When determining the drag of a smooth, parallel plate subjected to parallel

cross-flow, only frictional drag occurs. Due to the dimples, however, there

are also areas that feature a projected surface perpendicular to the direction

of flow. As a result, a component of form drag is added to the frictional drag.

For this reason, the total resulting force 𝐹R in flow direction acting on the

surface was always used to determine the corresponding drag coefficient 𝑐𝑓
as given in equation (₄.₁).
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translational periodicity symmetry no slip wall

𝑧

𝑦
𝑥

(a)Overlapping arrangement OL

𝑧

𝑦
𝑥

(b) Not overlapping arrangement NOL

Figure ₄.₇: Usedcomputational domains forsimulationsandcorresponding boundarycondi-

tions. Boundaries of translational periodicity in spanwise direction are indicated

in (a), boundaries of translational periodicity in streamwise direction and sym-

metry are indicated in (b) for clear representation.

𝑐𝑓 = ₂𝐹R
𝜌𝑢₂∞𝐴

(₄.₁)

The projected surface parallel to the flow direction was used as surface area

𝐴, which in the case of the smooth plate is equal to the wetted surface. The

dimples slightly increase the areaof thewetted surface. The useof thewetted

surfacewould therefore always lead to lower 𝑐𝑓. However, the influenceof the

dimples on a given plate is to be investigated, so that the use of the projected

surface allows for a better comparison of the results. In addition, the use of

drag force as well as the projected area as a reference surface corresponds to

the approach of van Nesselrooij et al. [₁₆₈], thus ensuring comparabilitywith

their data.

The quasi-stationary state was reached for the setup OL after slightly more

than ₁₀.₅ flow-through-times and for the setup NOL after little more than

₉ flow-through-times, which corresponds closely to the simulations without

dimples. The subsequent averaging of the values was performed over ₆ and

₉ flow-through-times for the setups OL and NOL, respectively. The obser-

vation of the temporal evolution of 𝑐𝑓 in figure ₄.₈(a) reveals an oscillation

of the values over time. For both setups, this oscillation results in period
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₄.₂ Effects of shallow dimples on the flow

durations of 𝑇p ≈ ₆ − ₈ flow-through-times. These low-frequency oscil-

lations have considerably higher period durations than the fluctuations of

the mean velocities and the mean pressure, as shown in Praß et al. [P₂, P₃].

The amplitudes are at maximum ₄.₁₄% and ₇.₂₁% deviation from the mean

value for the setups OL and NOL, respectively. These values are nevertheless

higher than the fluctuation of the mean velocity would suggest [P₃]. Addi-

tionally, both graphs are overlaid by higher frequency fluctuations of lower

amplitudes.

₁₀ ₁₂ ₁₄ ₁₆ ₁₈

₀.₉₅

₁

₁.₀₅

𝑡 ⋅ 𝑢∞/𝐿𝑥

𝑐 𝑓
/𝑐

𝑓₀

OL NOL

OLmean NOLmean
REF

(a) Temporal progression and mean values of the
total drag coefficient for the flat plate without
dimples (REF) compared to the progression of
the investigated setups OL and NOL.

₁₀₁ ₁₀₂
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₀

₁

₂

₁

₂

₃

₄

₅
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𝑢 ∞
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%

OL₁ NOL₁
OL₂ NOL₂
OL₃ NOL₃
OL₄ NOL₄
OL₅ NOL₅

(b) Average velocity perpendicular to the wall
scaled with bulk velocity in streamwise
direction for OL and NOL at different positions
near the dimples.

Figure ₄.₈: The development of drag coefficient 𝑐𝑓 as a function of number of flows through

the domain (a) shows small drag reductions for both setups OL and NOL. The ex-

amination of velocities perpendicular to thewall (b) shows that different vortices

form over the dimples. The data were published in a similar way in Praß et al.

[P₃].

The authors van Nesselrooij et al. [₁₆₈] found reduction of drag of about

₃% for the arrangement OL at 𝑅𝑒 = ₃₅₀₀₀ compared to the smooth plate.

In the LES performed here, the average reduction found was not more than

₀.₆₇% and is therefore hardly existent. Better results were obtained with the

arrangement NOL, which exhibits a ₃.₁₆% lower 𝑐𝑓 than the smooth plate.

However, vanNesselrooij et al. [₁₆₈] could notfind a reductionof drag for this

setup, but even an increase of drag of slightly more than ₂%. At first glance,

these results appear to be in direct contrast to each other. However, the ex-
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pected and the simulateddifferencesare in the rangeof singlepercent-points.

In a direct comparison of the measured and simulated values, absolute de-

viations of only about ₃% for the arrangement OL and about ₅% for the ar-

rangement NOL are found between the simulations and the experiments.

Lienhart et al. [₁₄₀], for example, obtained absolute deviations of more than

₈% with their DNS compared to the corresponding measurements. Even

compared to the DNS of Moser et al. [₁₆₄], the deviation exceeded ₂.₅%.

Moreover, the repeatability of the experiments of van Nesselrooij et al. [₁₆₈]

was reported to be up to ₂%. The small effects to be detected as well as the

relatively low repetition accuracy of the experiments underpin the relevance

of the adequate resolution of the computational domain and the validations

of the simulations carried out in section ₄.₁.₁.

₄.₂.₂ Effects of dimples on the flow velocity

In addition to the behaviour of the drag coefficient 𝑐𝑓, the high-resolution

simulations offer the possibility to investigate the local velocity distribution

in the immediate vicinity of the dimples with respect to the three spatial di-

mensions. Of particular interest is the velocity component 𝑣 in the direction

normal to thewall, which can be seen as ameasure for themomentum trans-

port perpendicular to the wall. The velocity at the wall is equal to zero in all

directions due to the no-slip condition. The influence of the dimples is re-

stricted to a region close to the wall. Thus, there is a limited area within the

boundary layer in which the velocity perpendicular to the wall is influenced

by them. This comprises the range ₁₀ < 𝑦+ < ₈₀₀ as shown in figure ₄.₈(b).

Thevelocity evaluationwas performed on five lines perpendicular to thewall.

The starting points of the lines represent the entry of the flow into thedimple

(₁) as well as the centre of the dimple (₃) and the exit of the flow from the

dimple (₅) along the dimple diameter in streamwise direction. In addition,

the effects at the outermost dimple edges in spanwise direction (₂) and (₄)

were considered. The data collection was carried out on all dimples repres-

ented in the simulations, the results discussed present the average results for

each location.

Theaveragevelocityperpendicular to thewall in relation to the freestreamve-

locity𝑢∞ is shown infigure ₄.₈(b). All available, statisticallymeaningful data

were used for the time averages shown. Due to the limited simulation dur-

ation, the averaging durations are nevertheless short compared to temporal

averages from experimental investigations. Here negative values correspond

to a flow towards the wall, while positive values represent fluid movement

away from the wall in direction of the main flow. For both setups OL and
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NOL, the highest negative values of more then −₁% are found at the dimple

inlet (₁). Up to 𝑦+ ≈ ₅₀ the courses are approximately identical, further away

from the wall up to 𝑦+ ≈ ₆₀₀ the flow towards the wall is more pronounced

for the setup NOL than for the setup OL. A similar behaviour can also be ob-

served above the dimple centre (₃), where the magnitude of velocity towards

the wall is about twice as high for setup NOL over the entire region investig-

ated. At the dimple outlet (₅) the flow for both setups is directed away from

the wall. Here the resulting flow for setup OL for 𝑦+ > ₆₀ reaches higher

values than in the setup NOL.

Theseobservations indicate that for the setupNOLoverall dimplesa stronger

flow towards thewall tends to prevail than for the setupOL along the dimple

diameter in the direction of flow. According to figure ₄.₂(a), the dimples in

the setup NOL thus favour the formation of a sweep more than the dimples

of the setup OL. The observation of the flow at the dimple edges (₂) and (₄)

reveals that the geometric dimensions of the dimples of setup NOL might

match the spanwise extension of the longitudinal vortices. This setup pro-

duces a net flow away from the wall above (₂) and a flow of similar intensity

towards the wall at (₄). This finding is an indication that structures with

a preferred direction of rotation form above the dimples. This suggests that

thedimples in theNOLsetupmaintain longitudinal vortices. Since this setup

also exhibits the lowest drag, a connection between the maintenance of the

structures and the drag reduction seems plausible. In order to validate this

correlation from simulation data an extensive study of long simulation dura-

tion of hundreds of flow-through-times ondifferent setupswould be needed.

This challengearises in all time resolved flowsimulations andwill be topic for

future studies when computational resources further increase. The available

simulation durations are too short which means that the effect could also be

merely a temporary phenomenon. It is therefore possible that over longer

periods of time, other structures also emerge, similar to the observations of

Turnow et al. [₂₂₀]. For the setup OL, the overlap of positions (₂) and (₄) in

flow direction causes a cancellation of the average flow velocity perpendicu-

lar to the wall. No difference in the frequency of occurrence and structure of

the vortices is apparent for the plate with dimples and the flat plate as can be

seen in appendix B.

From this consideration it follows that the influenceof the streaks bydimples

is generally possible. The stabilization of corresponding structures can also

positively influence 𝑐𝑓. However, since the actual shape of the streaks is

strongly dependent on the prevailing 𝑅𝑒 and the influence of dimples on the

flow near the wall is strongly connected to their geometry, it is unlikely to
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find a dimple setup that yields satisfactory results over a wide range of 𝑅𝑒.
This conclusion is in accordance with the results of Lienhart et al. [₁₄₀], van

Nesselrooij et al. [₁₆₈], Tay et al. [₂₁₄] and Tay & Lim [₂₁₅], who found a pro-

nounced Reynolds number dependence of their investigated setups, which

cannot be explained exclusively by the Reynolds number dependence of 𝑐𝑓 of
smooth plates as described by Coles [₄₂] and Spalart [₂₀₇] or that of smooth

channels as investigated byDean [₄₈]. However, the investigations show that

theadaptationof thedimplegeometryand theirarrangement, taking intoac-

count the expected longitudinal vortices and streaks, offers a high potential

concerning drag reduction that has not yet been scientifically investigated.

₄.₂.₃ Effects of dimples on pressure and wall shear stress

In addition to the velocity distribution in the immediate vicinity of the plate,

the dimples alter the pressure distribution and also influence the wall shear

stresses and thus the local drag. Tay et al. [₂₁₄] and van Nesselrooij et al.

[₁₆₈] assume that the dimples cause secondary flows, that are responsible for

the fluid mechanical effects of the dimples. These in turn are related to char-

acteristic pressure distributions in the vicinity of the dimples. Figure ₄.₉(a)

shows the mean static pressures across all dimples in streamwise direction 𝑥
and spanwise direction 𝑧 for the two setups OL and NOL. For averaging, the

linear pressure loss over the length of the domain was excluded.

The pressure distribution at the dimples is qualitatively and quantitatively

comparable for both setups. In flow direction 𝑥 the pressure drops initially

before the dimple entry. Then a fluid retardation takes place, which causes

thepressure to increase considerably. Themaximum is reached at about ₄₃%

of the dimple diameter 𝐷i. During the subsequent acceleration of the fluid

towards thedimpleoutlet, the static pressuredecreases. The reasonably sym-

metrical pressuredistribution in flowdirection shows that noflowseparation

occurs at the dimple entrance. This is consistent with the investigations of

vanNesselrooij et al. [₁₆₈]. Lienhart et al. [₁₄₀], however, founddetachments

and recirculation areas for similar dimples with ℎ/𝐷i = ₅% at much lower

𝑅𝑒𝜏 = ₅₉₀. The pressure distribution in this case shows a clear maximum

at about ₇₆% to ₈₀% of the dimple diameter. The authors attribute to this

phenomenonan influenceon the resulting pressuredrag of thedimples. This

amounted to ₅.₅% of the total drag and thus exceeded the drag-reducing ef-

fects of the dimples (≈ −₁.₅%). This observation thus supports the assump-

tion that the integral effects depend strongly on geometry and arrangement

of the dimples as well as flow conditions.
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(a) Average static pressure at the wall in direct
proximity of the dimples. The sketch shows the
position of the measurement lines in 𝑥- and
𝑧-direction along the dimples.
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(b)Wall shear distribution scaled with average wall
shear of the flat plate at the wall in direct
proximity of the dimples as reference.

Figure ₄.₉: Comparison of pressure and wall shear around dimples for the setups OL and

NOL in 𝑥- and 𝑧-direction represented by 𝜉. The datawere published in a similar

way in Praß et al. [P₃].

Besides static pressure, it ismainly the shear rate 𝜏 at the surface thatdeterm-

ines thebehaviourof drag. Figure ₄.₉(b) shows thedistributionof magnitude

of wall shear stress 𝜏w in streamwise (𝑥) and spanwise (𝑧) direction along

the dimples for the investigated arrangements in comparison to the smooth

reference channel. The reference data is derived from averaging over one

flow-through-time in an area that corresponds to the size of a dimple. When

averaging over the entire simulation period as well as over several compar-

ison areas, clearly no variations would be detectable. However, the chosen

representation reveals fluctuations which can be attributed to the presence

of the streaks. Due to the local and temporal fluctuation of the streaks, no

quantitative conclusions about their characteristics should be drawn from

the data presented. For both setups OL and NOL a notable local increase of

the wall shear stress in streamwise direction can be seen both at the dimple

inlet and at the dimple outlet. These local peaks are mainly caused by the

predominant geometry changes at these points and are also visible in meas-

urements in experiments, e. g. [₁₄₂, ₁₅₀, ₁₅₁]. In addition, the blocks of the

numerical mesh are aligned with these edges. It is a well known fact that

such changes inside meshes can result in a local overestimation – and thus

an exaggeration – of the actual effects. Sincemeasured values, depending on
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₄ Investigation of dimpled surfaces in non-rotating flow

themeasuring equipment used, represent an integral value over ameasuring

volume, it is difficult to determine the exact exaggeration experimentally. It

follows that corresponding local peaks determined experimentally tend to

be too low, whereas numerically determined values – as in this case – tend to

overestimate the actual magnitude.

The wall shear stress in 𝑥-direction for the setup OL lies above the course

of the setup NOL over the entire dimple. This is consistent with the finding

of higher total drag of this setup. The integral of wall shear stress over the

considered range is ₁₁% above the reference value, while for the setup NOL it

is ₁₄% below the reference value. This difference clearly shows the relevance

of the central area of the dimples in flow direction on the total drag and the

importance of the arrangement of dimples.

The increase of 𝜏w in the inlet area of the dimples is caused by the resulting

fluid acceleration, as stated by Isaev et al. [₉₃]. The subsequent decrease res-

ults from the inertia of the fluid, due towhich the flow cannot directly follow

the geometry. However, the fact that the values of 𝜏w remain positive shows

that no persistent flow separation from the wall occurs. The steep gradient

and the reduction of the wall shear stress by about ₅₀% give a good impres-

sion of how sensitive the surface flow is to changes in geometry, considering

the low ratio of ℎ/𝐷i = ₂.₅% and the high Reynolds number of 𝑅𝑒𝜃 ≈ ₉₀₆₆.

Flow separations would inevitably lead to local areas of increased pressure

and thus form drag, which would cancel out all positive influences of the

dimples on the frictional drag, asmentioned byTayet al. [₂₁₄]. In 𝑧-direction
both setupswith dimples show lower average values of 𝜏w. The setupOL lies

₆.₇% below the reference value, the setup NOL even ₁₀.₄%. However, there

are no considerable differences in the distribution and fluctuation intensity

for the investigated setups. Nevertheless, the fluctuations are much more

pronounced when compared to those in flow direction. These result from

the smaller expansion of the streaks in spanwise direction compared to the

expansion in streamwise direction [₇₀].

₄.₂.₄ Shallow dimples in channels at low 𝑅𝑒

Often the effects of flow over free surfaces differ substantially from those in

channels and those in the flow between two parallel plates. In many prac-

tical applications the flow is influenced by enclosures or otherwalls. To eval-

uate the influence of different dimple depths in such flows, this section ana-

lyses the flow between two infinitely extended, parallel plates, of which one

is structured with dimples. For the investigations sharp-edged dimples with
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edge radius 𝑟e = ₀ were used. The height ℎ of the dimples varied from ₁%

to ₁₀% of the diameter 𝐷i. The distribution of the dimples with distances

𝑙𝑥/𝐷i = ₁.₇₃₉ and 𝑙𝑧/𝐷i = ₁.₀₀₄ resulted in a coverage rate of 𝛽 = ₂₂.₅%.

The channel height ₂𝛿/𝐷i = ₀.₄₁₇ was chosen according to the investiga-

tions of Tay et al. [₂₁₄], the distribution was inspired by the investigations of

Lienhart et al. [₁₄₀]. To ensure comparabilitywith otherworks, the Reynolds

number 𝑅𝑒𝛿 based on bulk velocity 𝑈b and channel height ₂𝛿 is also used

in addition to 𝑅𝑒𝜏 = 𝑢𝜏𝛿/𝜈, as recommended by Pope [₁₈₁]. Tay et al. [₂₁₄]

form the Reynolds number 𝑅𝑒c = 𝑈c𝛿/𝜈 with centreline velocity 𝑈c and the

half channel height 𝛿, therefore the conversion 𝑅𝑒𝛿 = (₁.₅₆₂₅𝑅𝑒c)₁/₁.₀₁₁₇ is

applied. The relation 𝑈c/𝑈b = ₁.₂₈𝑅𝑒−₀.₀₁₁₆
𝛿 presented byDean [₄₈] is used

for the conversion.

The investigations of Tay et al. [₂₁₄] and Lienhart et al. [₁₄₀] lead to very

different results. The investigations carried out differ in dimples setup as

well as investigate range of 𝑅𝑒 and channel height ₂𝛿. Lienhart et al. [₁₄₀]

found only increased drag with a channel height of ₂𝛿/𝐷i = ₃.₃₃, using

dimples of depth ℎ/𝐷i = ₅% and a coverage rate of 𝛽 = ₂₂.₅%. Tay et

al. [₂₁₄], however, found up to ₃% reduction of drag in channels of height

₂𝛿/𝐷i = ₀.₄ with dimples depth ℎ/𝐷i = ₅% and coverage rate 𝛽 = ₉₀%.

The investigations of Tay et al. [₂₁₄] show that higher coverage rates 𝛽 lead

to better results at higher 𝑅𝑒. However, at lower 𝑅𝑒, lower coverage rates are

superior. In addition, dimples of lower depth ℎ/𝐷i = ₁.₅% provide more

constant results over a wider Reynolds number range, while deeper dimples

become efficient only at higher 𝑅𝑒. In this context, it remains to be clarified

what effect the dimple depth has at lower coverage rates and correspondingly

lower 𝑅𝑒. The Reynolds numbers considered here, 𝑅𝑒𝜏 = ₈₉ (𝑅𝑒𝛿 = ₂₄₃₀,

𝑅𝑒c = ₁₄₂₁) and 𝑅𝑒𝜏 = ₁₅₉ (𝑅𝑒𝛿 = ₄₈₆₀, 𝑅𝑒c = ₂₈₁₉) lie below the ranges

of 𝑅𝑒 considered by Tay et al. [₂₁₄] and Lienhart et al. [₁₄₀]. This leads to the

possibility to use numerically efficient RANS simulations for the detection

of general effects on drag. In order to keep the mesh and calculation errors

low, extensive tests and measureswere carried out, as published in Praß et al.

[P₁].

Figure ₄.₁₀(a) shows the dependence of 𝑐𝑓 on the dimples depth for the two

Reynolds numbers examined. In addition, the corresponding drag coeffi-

cients are shown according to Dean’s [₄₈] equation 𝑐𝑓 = ₀.₀₇₃𝑅𝑒−₁/₄
𝛿 , which

applies to two-dimensional, fully turbulent flows in smooth channels. As

stated in this publication, the transition range for this flow extends from

about 𝑅𝑒𝛿 = ₁₀₃ to ₁₀₄. Good results of the approximation can be expec-

ted for the range ₆ · ₁₀₃ < 𝑅𝑒𝛿 < ₆ · ₁₀₅. The considered flows are thus just
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𝑅𝑒𝜏 ≈ ₈₉, 𝐴₀ 𝑅𝑒𝜏 ≈ ₈₉, 𝐴tot 𝑅𝑒𝜏 ≈ ₈₉, 𝐴₀, Dean Dean

𝑅𝑒𝜏 ≈ ₁₅₉, 𝐴₀ 𝑅𝑒𝜏 ≈ ₁₅₉, 𝐴tot 𝑅𝑒𝜏 ≈ ₁₅₉, 𝐴₀, Dean
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(a) Drag coefficient 𝑐𝑓 for different dimple depths
and theoretical values for the flat channels
according to Dean [₄₈].
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(b) Normalized drag coefficient 𝑐𝑓/𝑐𝑓₀ for different

dimple depths. Additionally included are values
calculated with total, wetted area 𝐴tot of
dimpled setups as well as the values calculated
with 𝑐𝑓₀ according to Dean [₄₈].

Figure ₄.₁₀: Comparison of the drag coefficient of different dimple shapes at two Reynolds

numbers (a) and relative consideration of the change using the projected and

the total wetted area (b). The data were published in a similar way in Praß et al.

[P₁].

outside this range, which is why slight deviations can be expected. The mag-

nitude of the deviations of the simulations of the smooth channels, where

ℎ/𝐷i = ₀, are at a maximum of ₃.₅% and are thus smaller than the existing

deviations of the underlying data used by Dean [₄₈], on the basis of which

the correlation was determined.

The graphs clearly show that in both cases 𝑐𝑓 is reduced by using flat dimples.

This effect results in an optimum at ℎ/𝐷i = ₄% to ₅%, which corresponds

very well with the literature data. It is noticeable that the reduction of drag

decreases with further increasing depth of dimples and is no longer present

at ℎ/𝐷i = ₇% to ₈%. Deeper dimples result in a increase of drag, which is

in accordance with the results of Tay et al. [₂₁₄]. This finding is illustrated

by the presentation of the results in figure ₄.₁₀(b), which displays the ratio

of the drag coefficient 𝑐𝑓 to the drag coefficient of the smooth channel 𝑐𝑓₀.
For the purpose of completeness two different calculations of the 𝑐𝑓-value
are visualised. Besides the calculation with the projected or reference area

𝐴₀, the total surface area 𝐴tot enlarged by the dimples was used. Due to

the small dimples depth, the difference almost vanishes for shallow dimples

with ℎ/𝐷i < ₇%. For deeper dimples, the positive bias of the results in

terms of drag becomes evident by using the larger area 𝐴tot. Additionally,
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the ratio of 𝑐𝑓 to the theoretical value 𝑐𝑓₀ according to Dean [₄₈] is shown.

The values obtained by the calculation with constant reference area 𝐴₀ are

to be seen as the most relevant, as the effect compared to the surface 𝐴₀ is

of major interest. Connecting lines are thus used in the representation for

these values in order to simplify their identification. The respective minima

lie in the case of 𝑅𝑒𝜏 = ₈₉ at −₄.₁% and in the case of 𝑅𝑒𝜏 = ₁₅₉ at −₃.₃%.

For better visibility, they are highlighted in red in figure ₄.₁₀(b).

Two further points are evident from the data. First, the highest possible re-

lative decrease of 𝑐𝑓 decreases with increasing 𝑅𝑒. Second, also the relative

dimple depth ℎ/𝐷i, that leads to the highest reduction of drag, decreases

with increasing 𝑅𝑒. Although extrapolations of the results are to be treated

with caution, these findings provide a possible explanation why Lienhart et

al. [₁₄₀] did not detect any reduction of drag at the same coverage rate 𝛽
at considerably higher Reynolds numbers of 𝑅𝑒𝜏 > ₅₅₀ using dimples of

ℎ/𝐷i = ₅%. It is possible that the geometry would be suitable for drag re-

duction at lower𝑅𝑒𝜏. Alternatively, a differentdimples set-up could have had

positive effects at the higher 𝑅𝑒𝜏 investigated.

The findings show that a reduction of drag on surfaces and in channels by us-

ing dimples is generally possible. However, the achievable effects are in the

single digit percentage range and very much dependent on the specific sur-

face design in combinationwith the prevailing flowconditions. With slightly

varying conditions, the positive effect can turn into the opposite and lead to

an increase in net drag. Due to this sensitivity, some published results in

this area seem contradictory at first sight. The present simulations, however,

show where the different findings come from and thus help to close the pre-

vailing knowledge gap in this context.

₄.₃ Heat transfer enhancement due to dimples

As shown in the previous section, flat dimples can reduce drag. However,

this can only be achieved when the flow remains attached while the global

flow structures near the wall are modified. In contrast, for a considerable

increase in heat transfer, it is necessary to increase the momentum exchange

perpendicular to the wall. This is achieved by local flow separation, which

can be caused by deeper dimples. For the majority of technically relevant

flows, dimples with ℎ/𝐷i > ₁₀% are suitable for this purpose.

This section deals with the thermal and physical mechanisms on channels

with dimples of geometry and arrangement suitable for efficient heat trans-
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fer increase. Data provided by Mahmood & Ligrani [₁₅₁] serves to validate

the simulation of heat transfer in dimpled channels. The simulations were

run using a periodic section of the duct geometry. As in the previous section,

literature data as well as simulation results of a geometrically identical chan-

nel without dimples were used as reference values for quality assurance. The

criteria for the mesh resolution were maintained, mesh convergence studies

were carried out and the quality of the boundary layer representation was

verified.

₄.₃.₁ Simulation setup and validation

As in the previous simulations, the WALE model proposed by Nicoud &

Ducros [₁₇₀] was used as a subgrid-scale model. As Ben-Nasr et al. [₁₀]

show, in the case of simulationswith heat transfer theWALE model captures

the statistical quantities better than a dynamic Smagorinsky model (DSM),

which is an improved version of the standard Smagorinsky model (SM). Es-

pecially in the determination of themean temperature profile at thewall, the

DSM showed disadvantages compared to theWALE model. The latter is also

numericallymoreefficient. In their simulations, Ben-Nasret al. [₁₀] achieved

almost ₂₅% savings in computational cost. Similarly, Yuen et al. [₂₄₄] found

clear advantages of theWALEmodel over the Smagorinskymodel in the sim-

ulation of compartment fires especially regarding accuracy.

To ensure the best possible comparability of the simulation results with data

provided by Mahmood & Ligrani [₁₅₁], air was used as simulation fluid. The

reference temperature was assumed to be 𝑇₀ = ₂₉₈.₁₅ K, the wall with

dimples was therefore modelled with a constant wall temperature of 𝑇w =
₃₂₄.₀₈K to ensure the ratio 𝑇₀/𝑇w = ₀.₉₂ given by Mahmood & Ligrani

[₁₅₁] for the reference case of ₂𝛿/𝐷i = ₁. The opposite wall was simulated

as adiabatic wall. Due to the present range of pressure and temperature, the

assumption of an ideal gas can be considered as valid. The values for thermal

conductivity 𝑘t and kinematic viscosity 𝜈 were calculated as temperature-

dependent variables according to the values in [₂₂₂] by linear interpolation.

The numerical settings include a coupled scheme for pressure-velocity coup-

ling, the least squares cell based approach for gradients, second order ac-

curacy for pressure, central differencing for density and momentum, and

bounded central differencing for the energy equation.

The validation of the simulation quality was carried out by means of three

differentobservationcriteria. Thesearefirstlyameshconvergencestudywith

associated Richardson extrapolation [₁₈₉], secondly the verification of the
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resultingNusselt number𝑁𝑢₀ anddrag coefficient 𝑐𝑓₀ of the smoothchannel

with literature values and thirdly the consideration of velocity data bymeans

of correlation as well as investigation of the second and third invariants of

turbulent fluctuations in an anisotropy invariant map (AIM) as proposed by

Lumley & Newman [₁₄₉] and further developed by Jovanović [₁₀₃].

Therelevanceof estimating thediscretizationerrordue to toocoarsemeshing

in flow simulations is undisputed [₁₅₄]. The great advantage of Richardson

extrapolation is that it can be applied during post-processing [₁₇₂] in order to

estimate the introduced error. In the present case, three meshes were used

with different resolutions of a channel section large enough to represent a

total of eight of the dimples used by Mahmood & Ligrani [₁₅₁] as indicated

in figure ₄.₁₂(a). The resolutions used were ₈.₃ · ₁₀₅, ₂.₈ · ₁₀₆ and ₅.₆ · ₁₀₆

elements. The resulting meshwith the highest resolution is visualized in fig-

ure ₄.₁₁. The time step size was chosen according to the flow velocity and the

smallest cell size in order to fulfil the criterion CFL < ₁. For the Richardson

extrapolation, the results of the two finer meshes were used. For the calcula-

tions, thegeneralised Richardsonextrapolationasgiven inequation (₄.₂)was

used. The simulations were performed with second order accuracy (𝑜 = ₂),

the mesh refinement factor 𝑠 can be derived directly from the number of ele-

ments 𝑛f of the fine and 𝑛c of the coarse mesh according to equation (₄.₃).

𝑁𝑢₀ and 𝑐𝑓₀ were used as observation variables 𝜉. Thesewere comparedwith

common literature values.

𝜉R = 𝜉f + 𝜉f − 𝜉c
𝑠𝑜 − ₁

(₄.₂)

In equation (₄.₂), 𝜉R represents the generalized Richardson extrapolation

estimate of the observation variable according to Richardson & Gaunt [₁₈₉].

It is derived from thecalculated valueof theobservationvariable𝜉on thefine

mesh 𝜉f and on the coarse mesh 𝜉c, the mesh refinement factor 𝑠 as given in

equation (₄.₃) and the order of accuracy of the used scheme 𝑜.

𝑠 = √
𝑛f
𝑛c

(₄.₃)

For thecalculationof 𝑁𝑢₀, theGnielinski correlationasgiven inequation (₄.₄)

[₂₂₂] was used, which is based on the work of Gnielinski [₇₆] related to

the fully developed, turbulent flow through circular pipes. The equation is

known to have good validity for non-circular pipes as well [₉₁]. In this case,

the calculation is done with the hydraulic diameter 𝐷h, the length of the
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Figure ₄.₁₁: Visualisation of the finest mesh with ₅.₆ · ₁₀₆ elements.
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(a) Computational domain of the channel with dimples of
depth ℎ/𝐷i = ₂₀% for investigation of the heat
transfer behaviour.
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(b) Top view with measurement domain of
Mahmood & Ligrani [₁₅₁] in red and
sample lines in green.

Figure ₄.₁₂: Computational domain with dimples (a) and comparison to measurement posi-

tion of Mahmood & Ligrani [₁₅₁] (b).

considered pipe 𝑙p, the Prandtl number 𝑃𝑟 as given in equation (₃.₆₀), and

the Reynolds number 𝑅𝑒𝛿 based on bulk velocity 𝑈b and channel height ₂𝛿.

This procedure was successfully applied for a similar case by Turnow et al.
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₄.₃ Heat transfer enhancement due to dimples

[₂₂₁] and yields similar results to the simpler correlation named after Dittus

and Boelter₂ given in equation (₄.₆).

𝑁𝑢₀ =
(𝜁G/₈) 𝑅𝑒𝛿𝑃𝑟

₁ + ₁₂.₇(𝜁G/₈)₁/₂ (𝑃𝑟₂/₃ − ₁)
⎡⎢
⎣
₁ + (𝐷h

𝑙p
)
₂/₃

⎤⎥
⎦

(₄.₄)

𝜁G = (₁.₈ log₁₀ 𝑅𝑒𝛿 − ₁.₅)−₂
(₄.₅)

𝑁𝑢₀ = ₀.₀₂₃𝑅𝑒₀.₈
𝛿 𝑃𝑟₀.₄ (₄.₆)

For the case of infinitely expanded plates considered here, the hydraulic dia-

meter is 𝐷h ≈ ₄𝛿, the length 𝑙p approaches infinity, and thus the term in the

square brackets simplifies to ₁. With 𝑅𝑒𝛿 = ₁₀ ₃₀₀ and 𝑃𝑟 = ₀.₇, the theor-

etical 𝑁𝑢₀ according to equation (₄.₄) is 𝑁𝑢₀ = ₃₂.₉₉. The Dittus Boelter

correlation yields a similar value of 𝑁𝑢₀ = ₃₂.₃₆. The Gnielinski correlation

is valid for ₁₀₄ < 𝑅𝑒𝛿 < ₁₀₆, ₀.₁ < 𝑃𝑟 < ₁₀₀₀ and 𝑙p > 𝐷h. For the range

of validity, it leads to an accuracy of about ₉₀%, while the Dittus-Boelter

correlation achieves about ₇₅% accuracy [₉₁].

The reference drag coefficient 𝑐𝑓₀ was calculated using three different meth-

ods. These are the derivation of the value from Prandtl’s one-seventh power

law [₂₂₇], the correlation according to Dean [₄₈], and the correlation of Za-

noun et al. [₂₄₅] based on more recent research results. While according to

Prandtl 𝑐𝑓 is a function of 𝐶𝑅𝑒−₁/₇, Dean [₄₈] and Zanoun et al. [₂₄₅] find a

better fit of the available data with a function of the type 𝐶𝑅𝑒−₁/₄. The for-

mulas of Dean [₄₈] and Zanoun et al. [₂₄₅] thus differ only in the constant

𝐶, which Dean [₄₈] gives as ₀.₀₇₃ and Zanoun et al. [₂₄₅] as ₀.₀₇₄₃, which

is ₁.₈% higher.

The Richardson extrapolation given in table ₄.₂ shows that thediscretization

error is no longer dominant over other errors for the mesh with ₅.₆ · ₁₀₆ ele-

ments. This is evident from the fact that the determined deviation of 𝑁𝑢₀

and 𝑐𝑓₀ for this mesh is of the same order of magnitude as that of the ex-

trapolated values. Table ₄.₂ shows that 𝑁𝑢₀ with this mesh deviates from

the literature values by about ₁%. The extrapolated value in relation to the

₂ This correlation does not appear in the original publication by Dittus & Boelter [₅₁]. Further-

more, according toWinterton [₂₃₅], it is unclearwhere the value of the constant ₀.₀₂₃ comes

from.
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₄ Investigation of dimpled surfaces in non-rotating flow

Gnielinski correlation is in the same range, in relation to the Dittus-Boelter

correlation the maximum error is almost ₃%.

A very similar picture emerges with regard to drag. Depending on the refer-

ence considered, 𝑐𝑓₀ of the fine mesh lies in the range of less than ₃% to less

than ₅%. The extrapolated value agreeswith the reference values to less than

₄% to just over ₆%. Since the error of the extrapolated values 𝜉R is in the

same order of magnitude as that of the fine mesh, the discretization error is

not to be seen as the dominant source of the remaining deviation.

Table ₄.₂: Validation data for the smooth channel with one heated and one adiabatic sur-

face. Nusselt number 𝑁𝑢₀ and drag coefficient 𝑐𝑓₀ are given for different mesh

resolutions together with their relative deviation to literature values. Last column

represents the data obtained via Richardson extrapolation.

Correlation ref. ₈.₃ · ₁₀₅ ₂.₈ · ₁₀₆ ₅.₆ · ₁₀₆ 𝜉R

𝑁𝑢₀ ₃₀.₅₀ ₃₂.₃₇ ₃₂.₇₀ ₃₃.₂₆

D
ev

. Gnielinski [₂₂₂] /% −₇.₅₆ −₁.₈₉ −₀.₈₉ ₀.₈₁

Dittus-Boelter [₉₁] /% −₅.₇₅ ₀.₀₂ ₁.₀₄ ₂.₇₈

𝑐𝑓₀ ⋅₁₀₃ ₁₄.₅₈ ₆.₆₄ ₇.₀₂ ₇.₆₇

D
ev

. Prandtl [₂₂₇] /% ₁₀₂.₁₄ −₇.₉₄ −₂.₆₇ ₆.₃₀

Dean [₄₈] /% ₁₀₁.₂₁ −₈.₃₇ −₃.₁₂ ₅.₈₁

Zanoun [₂₄₅] /% ₉₇.₆₉ −₉.₉₇ −₄.₈₂ ₃.₉₅

The selected domain is large enough to cover all relevant scales of fluid mo-

tion. This is verified by the correlation analysis analogous to the procedure

in section ₄.₂.₁. From about ₂₀% of the domain length, the velocity fluctu-

ations in all considered regimes of the boundary layer are uncorrelated.

The simulated turbulence is also physicallymeaningful, which is awell suited

indicator for realistic simulations [₆₁]. It can be illustrated by the invariants

𝐼𝐼𝑎 and 𝐼𝐼𝐼𝑎 as given in equations (₃.₄₂) and (₃.₄₃) of the anisotropy tensor

𝑎𝑖𝑗 given in equation (₃.₄₁) at different points along a line perpendicular to

the wall. As shown in figure ₄.₁₃, all values lie within the limits given by

Lumley [₁₄₈] and scaled according to the notation of Jovanović [₁₀₃].

The obtained course near the wall agrees very well with the expected traject-

ory of a turbulent channel flow. It is known that in such flows the trajectories

of the invariants are close to the two-component state and the axisymmet-

ric state [₁₀₃]. Directly at the wall, in the viscous sublayer, the anisotropy
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₀ ₀.₀₅ ₀.₁ ₀.₁₅ ₀.₂
₀

₀.₂

₀.₄

₀.₆

𝐼𝐼𝐼𝑎

𝐼𝐼
𝑎 ₀.₀₉₅ ₀.₁₀₀ ₀.₁₀₅ ₀.₁₁₀ ₀.₁₁₅ ₀.₁₂₀

₀.₄₂

₀.₄₄

₀.₄₆

₀.₀₂₀ ₀.₀₂₅ ₀.₀₃₀ ₀.₀₃₅ ₀.₀₄₀
₀.₁₅

₀.₂

₀.₂₅

𝑅𝑒𝐻=₈₈₀₀ 𝑅𝑒𝐻=₁₂ ₅₆₀ Kim et al.

𝑅𝑒𝐻=₁₀ ₃₀₀ 𝑅𝑒𝐻=₁₅ ₀₀₀

Figure ₄.₁₃: Anisotropy invariant map, showing that the simulated turbulence is physically

realisable. Compared to the DNS data of Kim et al. [₁₁₄], no isotropic turbulence

is found far away from the wall.

increases along the two-component limit towards the one-component tur-

bulence. At the transition from the viscous sublayer to the buffer layer, the

invariants reach their maximum and follow the course of the axisymmetric

turbulence. Due to the considered range of 𝑅𝑒, the slight shift towards the

two-component state is also realistic [₁₀₃]. In contrast to the data of the DNS

from Kim et al. [₁₁₄], no isotropy is achieved in the region far from thewall in

the flows investigated here. This physically implausible behaviour can prob-

ably be attributed to the boundary conditions used in streamwise direction.

Since in this work the effects close to thewall are of interest and all values are

within the described limits, it can be accepted that isotropy of turbulence far

from the wall is not achieved.

Based on the simulations in the smooth channel, the necessary resolution to

capture the relevant scales is known. However, the relatively high coverage

rate of 𝛽 = ₅₈.₄% and the depth of the dimples of ℎ/𝐷i = ₂₀% lead to

a mentionable modulation of the flow characteristics. For this reason, the

mesh for the simulations of the dimpled channels was likely to need fur-

ther refinement and was analysed via the ratio of the Nusselt number of the

dimpled channel to the Nusselt number of the smooth channel 𝑁𝑢/𝑁𝑢₀ by

Richardson extrapolation. The investigation shows an estimated discretiz-
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₄ Investigation of dimpled surfaces in non-rotating flow

ation error of ₂.₁₇% for a mesh with ₈.₆ · ₁₀₆ elements and of ₁.₀₉% for a

mesh with ₁₂.₆ · ₁₀₆ elements. The finer mesh thus achieves an error of the

same order of magnitude as the mesh with ₅.₆ · ₁₀₆ elements for the smooth

channel.

₄.₃.₂ Influences of dimples on local Nusselt number

The evaluation of the local heat transfer shows a very good qualitative and

quantitative agreement with the data of Mahmood & Ligrani [₁₅₁] shown in

figure ₄.₁₄ and figure ₄.₁₅. As confirmed in comparable simulations by Sato

et al. [₁₉₆], the highest gradients occur at the edges of the dimples. When

looking at the visualisations of Mahmood & Ligrani [₁₅₁], it seems probable

that there is a slight offset between the measured values and the visualised

values. For this reason, the results of Mahmood & Ligrani [₁₅₁] were slightly

shifted in the following illustrations compared to the published data in order

to improve the comparability of the results. The evaluation was carried out

using the sample lines shown in green infigure ₄.₁₂(b). Themeasuring range

of the investigations by Mahmood & Ligrani [₁₅₁] is marked in red. In the

following graphs, the respective cross-section of the dimples is shown as a

line in the upper area in the correct scale for better comprehension. The re-

spective transition points of dimples and smooth area are projected as dotted

lines on the graphs.

The results obtained along lines at constant 𝑥 for the case 𝑅𝑒𝛿 = ₁₀₃₀₀

shown in figure ₄.₁₄ indicate that the heat transfer within the upstream half

of the dimples is similar to that of the smooth channel. Within the dimples,

at the investigated positions, the relative velocity between fluid and wall is

lower due to flow separation. This reduces the shear on the wall, which is a

driving force for turbulent mixing. At the same time, the dimple shape and

the separation behaviour create newflow structures that increase themixing.

These two effects are more or less balanced in the setup investigated.

Mahmood & Ligrani [₁₅₁] find very similar values in the centre of thedimples,

but the measurements near the edges of the dimple show a much smoother

course. This behaviour is generally known, as the averaging period for the

measurements is usually considerably longer than for the corresponding sim-

ulations ( see e. g. Nusser [₁₇₁]). Furthermore, the measurement volume

overwhich the average is taken per measurement point is larger than the cell

volume of the well-resolved LES. In addition, the convective effects on the

wall are time-dependent and thus an averaging over the measuring period
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Mahmood & Ligrani LES ₈.₆ · ₁₀₆ cells LES ₁₂.₆ · ₁₀₆ cells dimple

−₁ ₀ ₁

₁

₂

₃

𝑧/𝐷i

𝑁
𝑢/

𝑁
𝑢 ₀

(a)Measurement along a line with constant
𝑥/𝐷i = ₈.₅₀, i. e. a line located at ₈₀%
between two consecutive rows of dimples.

−₁ ₀ ₁

₁

₂

₃

𝑧/𝐷i

𝑁
𝑢/

𝑁
𝑢 ₀

(b)Measurement along a line with constant
𝑥/𝐷i = ₉.₃₅, i. e. a line located at ₈₅%
between two consecutive rows of dimples.

Figure ₄.₁₄: Increase of Nusselt number due to dimples compared to the smooth channel at

constant 𝑥/𝐷i. Measurement uncertainty as given by Mahmood & Ligrani [₁₅₁]

is indicated in grey. Position and shape of thedimples along the intersection line

are indicated.

occurs depending on the time-dependent convective effects in the measur-

ing volume, which can be determined only to a limited extend. These influ-

ences lead to considerable measurement uncertainties, which are visualised

according to the information of Mahmood & Ligrani [₁₅₁] as grey areas along

with the plotted measurement and simulation results. The dimple edges can

be represented as perfectly sharp edges in the simulation. This is not possible

in the experiment due to manufacturing conditions. As a result, the edge of

dimples acts as adefineddetachmentedge in the simulationmuchmore than

is the case in the experiment, leading to higher gradients in these areas.

The increase in heat transfer mainly takes place in the wake of the dimples.

With constant 𝑥/𝐷i, the dimple wake of the previous row corresponds to the

area between the intersected dimples. Here the increase of 𝑁𝑢 reaches val-

ues above ₂. The range of the maximum heat transfer increase in streamwise

direction is locally strongly limited and depends on the resulting flow struc-

tures in the wake. The line with 𝑥/𝐷i = ₈.₅₀ shown in figure ₄.₁₄(a) lies

about ₀.₆₅𝐷i behind the midpoints of the previous row of dimples. This

equals ₈₀% of the distance from one row of dimples to the next. The line

with 𝑥/𝐷i = ₉.₃₅ shown in figure ₄.₁₄(b) lies about ₀.₆₉𝐷i behind the pre-

vious row and thus at about ₈₅% of the distance between two consecutive

rows. This small difference already gives a ₈.₆% lower increase in heat trans-
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₄ Investigation of dimpled surfaces in non-rotating flow

fer according to the data of Mahmood & Ligrani [₁₅₁] and ₁₁% according to

the simulations.

The analysis in flowdirection in figure ₄.₁₅(a) shows the strong local depend-

ence of the heat transfer across a dimple. At the dimple inlet, the increase

of 𝑁𝑢 falls below ₁ due to separation. This effect is recorded less distinctly

in the measurements. Within the detachment range, the heat transfer re-

mains low. Subsequently, 𝑁𝑢 increases continuously along the length of the

dimple. It reaches a maximum at the outlet edge, which is also visible but

much less pronounced in the measurements. In the wake of the dimple 𝑁𝑢
initially drops sharply before another local but clearly less pronounced peak

follows. After this, 𝑁𝑢 continues to drop moderately up to the next dimple.

The course over the dimple corresponds very closely to that found by Sato

et al. [₁₉₆] in comparable simulations.

Mahmood & Ligrani LES ₈.₆ · ₁₀₆ cells LES ₁₂.₆ · ₁₀₆ cells Sato et al. Dimple

₈ ₈.₅ ₉ ₉.₅
₀

₁

₂

₃

₄

𝑥/𝐷i

𝑁
𝑢/

𝑁
𝑢 ₀

(a) Nusselt number ratio along a line with constant
𝑧/𝐷i = ₀.₀, i. e. through the centreline of a
dimple.

₈ ₈.₅ ₉ ₉.₅
₀

₁

₂

₃

₄

𝑥/𝐷i

𝑁
𝑢/

𝑁
𝑢 ₀

(b) Nusselt number ratio along a line with constant
𝑧/𝐷i = ₀.₄₅. This line intersects two dimple
series at different offsets to the centre.

Figure ₄.₁₅: Increase of Nusselt number due to dimples compared to the smooth channel at

constant 𝑧/𝐷i. Availabledata from Sato et al. [₁₉₆] andMahmood & Ligrani [₁₅₁]

as well as the reported measurement uncertainty are included.

Outside the centre line of the dimples, the heat transfer behaviour remains

qualitatively comparable to a large extent, but the increase compared to the

smooth channel is smaller. This can be seen from the plot along the line

𝑧/𝐷i = ₀.₄₅ in figure ₄.₁₅(b). This line intersects one dimple row off-centre

at about ₀.₃₅𝐷i and another at ₀.₄₅𝐷i. At the intersection at ₀.₃₅𝐷i, the
drop at the dimple inlet as well as the rise across the dimple and the peak

behind the dimple edge are still clearly visible. However, this peak is located

further downstream, which results from the fact that the forming structures
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₄.₃ Heat transfer enhancement due to dimples

aremodulated by the shape of the dimple trailing edge. Only at the border of

the dimple, i. e. at the intersection at height ₀.₄₅𝐷i, the characteristic is no

longer recognisable. Nevertheless, a clear increase in heat transfer remains in

this areaas𝑁𝑢/𝑁𝑢₀ ≈ ₂, which can beattributed to the secondary structures

created as a result of the dimple edge.

₄.₃.₃ Effects of the coverage rate on the heat transfer

In order to use the positive effects regarding the heat transfer of deeper

dimplesaswell as thedesirableeffects regarding thedragof shallowerdimples

on rotating discs of limited thickness, compromises are inevitable. Since the

absolute depth of the dimples is limited by the disc thickness, dimples with

smaller diameter 𝐷i lead to deeper dimples in relative terms of ℎ/𝐷i. The

examination of two setups with dimples of the same depth ℎ/𝐷i = ₂₀% but

at lower coverage rates 𝛽 = ₂₄.₇% and 𝛽 = ₇.₂% at 𝑅𝑒𝛿 = ₁₂ ₅₆₀ helps

to determine the influence of the coverage rate on a surface. The resulting

diameters of the corresponding dimples with unchanged simulation domain

related to the previously investigated- reference dimple imprint diameter 𝐷₀

are 𝐷i/𝐷₀ = ₀.₆₅ and 𝐷i/𝐷₀ = ₀.₃₅, respectively. The domains are visual-

ised in figure ₄.₁₆.

𝑧

𝑥𝑦 ∅ 𝐷i

∅ 𝐷₀
𝑧

𝑥𝑦
∅ 𝐷i

∅ 𝐷₀

𝑧

𝑥𝑦
∅ 𝐷i

∅ 𝐷₀

𝑧

𝑦
𝑥

(a) Domain with 𝐷i = 𝐷₀

𝑧

𝑦
𝑥

(b) Domain with 𝐷i/𝐷₀ = ₀.₆₅

𝑧

𝑦
𝑥

(c) Domain with 𝐷i/𝐷₀ = ₀.₃₅

Figure ₄.₁₆: Used computational domains for simulations of heat transfer. Channels with

dimples of reduced imprint diameter 𝐷i.

In addition to the increase of 𝑁𝑢, the increase of drag is crucial for the evalu-

ation of thermal efficiency. Improving heat transfer and improving resist-
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ance represent opposing optimisation goals. With increasing dimple size

at constant ℎ/𝐷i, the proportion of pressure drag increases. However, the

drag component resulting from the wall shear stress shows a dependence on

both 𝑅𝑒 and the dimple geometry. Figure ₄.₁₇(a) shows the dimensionless

wall shear stress for different 𝑅𝑒𝛿 and 𝐷i/𝐷₀ = ₁. It can be seen that the

wall shear stress decreases with increasing 𝑅𝑒𝛿 over the entire course of the

dimple. A sharpdropcanbe founddirectlyat thedimple inletdue toflowsep-

aration. Depending on the forming detachment area, the point at which the

flow reattaches varies with 𝑅𝑒. The value increases rapidly towards the trail-

ing edge of the dimple. Due to the edge, another, smaller detachment area

forms before the wall shear stress increases again towards the next dimple.

The characteristic course of the wall shear stress remains even with smaller

dimples. In figure ₄.₁₇(b), however, it is noticeable that the mean wall shear

stress increases with decreasing dimple diameter. This indicates a change of

the characteristic of the boundary layer, which is not only local but global in

nature in streamwise direction.

₀ ₀.₅ ₁ ₁.₅
₀.₀₀₁

₀.₀₁

₀.₁

₁
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₂
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/𝜌
𝑈

₂ b

𝑅𝑒𝛿 = ₈₈₀₀

𝑅𝑒𝛿 = ₁₀ ₃₀₀

𝑅𝑒𝛿 = ₁₂ ₅₆₀

𝑅𝑒𝛿 = ₁₅ ₀₀₀

dimple

(a) Comparison of dimensionless wall shear stress
for different 𝑅𝑒𝛿 and constant diameter
𝐷i = 𝐷₀ in dependence of the streamwise
position at 𝑧/𝐷i = ₀.₀.

₀ ₀.₅ ₁ ₁.₅
₀.₀₀₁

₀.₀₁

₀.₁

₁

𝑥/𝐷₀

₂
𝜏 w

/𝜌
𝑈

₂ b

𝐷i = 𝐷₀

𝐷i/𝐷₀ = ₀.₆₅
𝐷i/𝐷₀ = ₀.₃₅

(b) Comparison of dimensionless wall shear stress
at fixed 𝑅𝑒𝛿 = ₁₂ ₅₆₀ and varying diameter 𝐷i
in dependence of the streamwise position at
𝑧/𝐷i = ₀.₀.

Figure ₄.₁₇: Dimensionless wall shear along the dimples shows a qualitatively comparable

behaviour that is independent of 𝑅𝑒𝛿.

The behaviour resulting from the smaller dimples also leads to a better heat

transfer ratio. This results in a higher overall thermal efficiency than for the

case with dimples of size 𝐷i/𝐷₀ = ₀.₆₅, as shown in figure ₄.₁₈(a). The
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₄.₃ Heat transfer enhancement due to dimples

setupwith the largest dimples achieves the highest thermal efficiency. There

is also no clear trend with regard to 𝑅𝑒 observed with this setup. The lowest

thermal efficiency results for the setup with large dimples at 𝑅𝑒𝛿 = ₁₀ ₃₀₀.

At 𝑅𝑒𝛿 = ₈₈₀₀ and 𝑅𝑒𝛿 = ₁₅ ₀₀₀ the setup performs on roughly the same

level. This demonstrates the sensitivity of a setup of dimples to deviations

of the operating condition from the design point. Due to this, extrapola-

tion of the results is effectively impossible. Even with interpolation, the in-

terpolation space must be chosen small in order to obtain valid statements.

This behaviour explainswhy the literature sometimes contains contradictory

statements regarding the effectiveness of similar setups, e. g. [₁₄₀, ₁₆₈, ₂₁₄,

₂₁₅].
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(b) Visualisation of the relation of 𝑁𝑢/𝑁𝑢₀ and
drag force coefficient 𝑐𝑓/𝑐𝑓₀ for different
𝐷i/𝐷₀ and 𝑅𝑒𝛿 for ℎ/𝐷i = ₂₀%. Dased line

represents (𝑁𝑢/𝑁𝑢₀) / (𝑐𝑓/𝑐𝑓₀) = ₁

Figure ₄.₁₈: Thermal performance of different setups at varying 𝑅𝑒𝛿.

This finding is reinforced by analysing the increase of 𝑁𝑢 compared to the

increase of 𝑐𝑓 in figure ₄.₁₈(b). This comparison is based on the modified

Reynolds analogy [₃₂, ₄₁, ₉₁]. The dashed line indicates where the increase

of 𝑁𝑢 is equal to the increase of 𝑐𝑓. It can be seen that in no case the increase

of heat transfer is higher than the increase of drag. Merely the setup with

large dimples of 𝐷i = 𝐷₀ at 𝑅𝑒𝛿 = ₁₂ ₅₆₀ achieves a ratio close to unity.

The limited performance of the setup with 𝐷i/𝐷₀ = ₀.₆₅ is also reflected
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₄ Investigation of dimpled surfaces in non-rotating flow

in this observation. The other points of consideration deliver similarly high

increases of heat transfer of just under ₂. However, the increase of drag due

to the generated form drag in the dimples as well as the overall increased

frictional drag in the case of the dimples of 𝐷i/𝐷₀ = ₀.₃₅ is up to ₂.₆. This

is consistentwith the known fact that the Reynolds analogy loses much of its

validity in the case of occurring pressure drag [₇₁, ₉₁].

Conclusions on drag reduction and heat transfer due to dimples

The investigations in channels and on stationary plates with different kinds

of dimples show that a reduction of drag is only possible with flat dimples

ℎ/𝐷i ≪ ₁₀%. In order to adequately resolve the effects on the wall in nu-

merical simulations, stringent mesh criteria and sufficiently large domains

are to be maintained. Flow conditions and dimples setup must be matched

within narrow limits to achieve positive effects. However, the studies show

that specific manipulation of streaks near the surface by dimples is prom-

ising in terms of drag reduction. An increase in heat transfer is possible with

dimples of higherdepth ℎ/𝐷i ≥ ₁₀%. Moderate efficiency increases are pos-

sible regardless of the chosen setup and flow condition, while for higher ef-

ficiency increases of (𝑁𝑢/𝑁𝑢₀) /(𝑐𝑓/𝑐𝑓₀)₁/₃ > ₁.₅ setup and flow condition

have to be matched and maintained very precisely. Away from the design

point, the resulting efficiency can’t be predicted from extrapolations and is

prone to decreasing drastically in some cases. This statement applies to both

drag reduction and heat transfer. It was shown that at first sight contradict-

ory results in the literature can be traced back to exactly this circumstance.

The investigations presented thus close the previously existing knowledge

gap concerning the general question of the effectiveness of dimples with re-

gard to drag reduction and show clear potential with regard to the physically

efficient increase in heat transfer through dimples.
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Influence of noninteracting
dimples on rotating discs

₅

”By describing the basic physical mechanisms governing fluid
dynamics better, numerical simulation helps us understand, model,
and later control these mechanisms.”

—Sagaut [₁₉₃]

After the effects of dimples on the flow in stationary setups have been con-

sidered, this chapter examines the effects of individual dimples on rotating

discs subject to transverse flow.

Due to the superposition of the rotational motion, the direction of inflow

of the dimples changes continuously. In addition, the transverse flow is dis-

placed by the thickness of the disc in the upstream direction. This results

in a global, non-uniform flow over the disc, which does not occur as a result

of the rotation. Discs attached to a cylindrical shaft furthermore provoke a

wake area, which causes time- and location-dependent fluctuations in velo-

city and the prevailing pressure. These effects result in a highly complex flow

pattern, which causes the relative flowoveradimple todepend notonlyon its

geometry but also on the radial position on the disc and the current angle of

rotation of thedisc relative to the inflowdirection. This chapterdiscusses the

influenceof individual, non-interacting dimples on this complex flowfield as

well as possible increases in efficiency compared to smooth discs. The main

effects are sufficiently detectable by unsteady RANS (URANS) simulations.

For more detailed considerations, the results of scale adaptive simulations

(SAS) are presented for selected operation points. Someof the data shown in

this chapter was gathered in Stadler [S₃]. A possible application scenario for

dimples on rotating discs is the room ventilation system with heat recovery

alreadymentioned in chapter ₁, which uses rotating discs to generate twoop-

posing air flows in two separate ducts. This system was investigated as part

of the RegVent project, which was funded by the Bavarian State Ministry of

Education, Science and the Arts.
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₅ Influence of noninteracting dimples on rotating discs

₅.₁ Numerical setup

So far no published investigations on the thermal behaviour of dimpled discs

is available in literature. However, numerous publications on the heat trans-

fer behaviourof rotating, smoothdiscs subjected to transverseflowhavebeen

published. Experimental as well as simulative investigations have already

been carried out by various research groups, as presented in section ₂.₃. This

broad database was used to validate the simulations carried out in this work.

In order to ensure comparability, the simulations were based on the investig-

ations by Nguyen & Harmand [₁₆₉].

Initial geometry and computational domain

Rao et al. [₁₈₃] achieved heat transfer improvements of ₅₅% to ₆₅% with

spherical dimples of depth ℎ/𝐷𝑖 = ₂₀% in rectangular channels. Other

authors such as Turnow et al. [₂₂₁] and Moon et al. [₁₆₁] also achieved good

results with similarly designed dimples. However, since the present work

evaluates dimples on discs of limited thickness, there are restrictions on the

maximumdepthof thedimples. Furthermore, it has already been shown that

the best values regarding drag are achieved with very shallow dimples. For

these reasons, the following investigations focus ondimples of depth ℎ/𝐷i =
₁₀%. The examination of discs with five dimples each, evenly distributed

on the same radial distance to the centre, allows for the investigation of the

effectsof individual, non-interactingdimples₃. Thesimultaneous simulation

of fivedimples, however, makesdataacquisitionmuchmoreefficient than for

the simulation of a single dimple on the disc.

For validation and as a reference case for the dimple setups, the flow around

a smooth disc was also simulated. The computational domain shown in fig-

ure ₅.₁ was used for all investigated cases. As in the work of Nguyen & Har-

mand [₁₆₉], the diameter of the cylinder was set to 𝐷c = ₅₈mm. The at-

tached disc was set to a thickness of 𝐻d = ₅mm and a diameter of 𝐷d =
₁₇₈mm, resulting in 𝐷d ≈ ₃.₀₇𝐷c.

The disc and cylinder rotate at angular velocity Ω and are simultaneously

subjected to a cross-flowof free streamvelocity 𝑢∞. The geometric extension

of the simulation domain is also based on the work of Nguyen & Harmand

[₁₆₉]. Thus the inflow length measures about four disc diameters 𝐷d, the

₃ Preliminary investigations have shown that the mutual interaction is negligible with five

evenly distributed dimples.
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₅.₁ Numerical setup

wake length measures about ₇𝐷d, the total width was set to approximately

₅𝐷d and the height was set to ₁.₅𝐷c in each direction.

₂₁₅₀ ≈ ₁₂𝐷d

₉
₀
₀

≈
₅
𝐷

d

Ω
𝑢∞

₈₀₀ ≈ ₄.₅𝐷d ₁₃₅₀ ≈ ₇.₅𝐷d
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Figure ₅.₁: Computational domain for the simulations of the discs with dimples, absolute

lengths are given in mm, and magnified cross section of the rotating disc. Disc

and cylinder are shown in light green, the rotating domain is indicated in dark

green.

Since the position of the surface structures relative to the upstream flow as

well as to the cylinder changes over time in the case of the dimpled, rotat-

ing discs, the domain was divided into a rotating and a stationary area. The

rotating area with a diameter of 𝐷r ≈ ₁.₄ 𝐷d, indicated as dotted line in

figure ₅.₁, was kept small enough to minimize the computational effort, but

large enough to capture the occurring effects of rotation in the direct vicinity

of the disc. The stationary and rotating areas do not overlap and are connec-

ted at the cylindrical contact surface by a fluid-fluid interface.

Teardrop-shaped dimples often yield promising results in channels concern-

ing heat transfer increase [₁₈₃, ₁₈₄, ₂₄₂, ₂₄₃] and haveevenbeen investigated

for drag reductions [₂₁₅]. Their effect on rotating discs was therefore also in-

vestigated. The geometry of the dimples used was derived from Rao et al.

[₁₈₃]. The geometry of the discs togetherwith the centrally positioned cylin-

der corresponds to that of the publications by Latour et al. [₁₃₂] and Nguyen

& Harmand [₁₆₉]. Additionally, a model of a disc without a central cylinder

was investigated. For both models – with and without cylinder – the smooth

disc without dimples was also investigated.

Computational mesh

Both domains were meshed with block-structured, hexagonal meshes. For

this purpose, the calculation areawas divided into geometrically determined
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(c) Spherical dimples without
cylindrical shaft

Figure ₅.₂: Setupsof investigated cases inorder todetermine theeffectsof individual dimples

on rotating discs. Discs and cylinders are shown in black, dimples are shown in

light green.

blocks, which were meshed separately. In addition to the higher control over

the distribution of the grid points, this approach also offers the possibility to

resolve areas of interest with a finer mesh. Also, the resulting mesh quality

is generally higher than for unstructured meshes as shown in section ₃.₆,

which means that the simulations converge faster or convergence is achieved

at all.

In the simulations carried out, the mesh elements were condensed towards

thesolidwalls fordetailed boundary layer resolution. Both thedimensionless

wall distance 𝑦+ and the growth rate of the elements were controlled to en-

sure that sufficient elements were placed in the boundary layer. Simulations

of rotating discs require larger domains to minimise the influence of bound-

ary conditions on the flow region near the discs. Additionally, no periodicity

or symmetry in the flow can be exploited in order to save computational re-

sources. As a result, these simulations require more computing time and nu-

merical effort than the simulations carried out in chapter ₄, so that the use

of numerically more efficient models – which always imply a loss of accuracy

– is unavoidable. As will be shown in section ₅.₂, URANS simulations are

very well suited to represent the heat transfer and the drag behaviour of the

discs both with and without dimples. For detailed investigations of the tran-

sient flow effects, scale-adaptive simulations were also carried out. A mesh

convergence study, similar to that carried out in section ₄.₁.₁, showed that a

mesh with a maximum of 𝑦+
max ≈ ₂.₄ and a mean of 𝑦+

m ≈ ₁.₂ was suited

for valid results of the URANS. The mesh used for SAS yielded 𝑦+
max ≈ ₁.₇

and 𝑦+
m ≈ ₀.₉. Together with a maximum time step size of Δ𝑡 = ₅ · ₁₀−₅ s

for the URANS and Δ𝑡 = ₁.₂₅ · ₁₀−₅ s in the case of the SAS, mean Cour-
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ant–Friedrichs–Lewy (CFL) numbers of ₀.₈ and ₀.₄ aswell asmaximumCFL

numbers of ₂.₇ and ₁.₄ were obtained.

Due to the rotation of the disc and the constant cross-flow, the highest rel-

ative velocities occur in the outer area of the disc. This results in high shear

stresses, so that the first grid point requires to be sufficiently close to thewall

in order to keep the dimensionless wall distance small. In this case, con-

ventional mesh compression towards the wall results in elements with high

aspect ratios and thus low quality. In addition, the dimple structures require

a fine surface resolution in both radial and tangential directions in order to

reproduce the geometry accurately. For these reasons an adaptive meshing

technique similar to that used for the simulations in chapter ₄ was chosen

in which the refinement is not achieved by compression but by dividing cells

into smaller cells as schematically shown in figure ₃.₅. This approach main-

tains theaspect ratioof the initial cellsand the resultingmeshquality remains

high.

Asgiven in table ₅.₁, thefinalmesh forURANS simulationsconsistedof about

₁.₂ · ₁₀₇ elements with a maximum aspect ratio of ₁₇.₇, a maximum skewness

of ₀.₅₄₆ andaminimumcell qualityof ₀.₇₅₆. For the SAS, the resultingmesh

consisted of more than twice as many elements with a slightly higher max-

imum aspect ratio of ₂₁.₁. The maximum skewness of ₀.₅₈₂ was also slightly

higher than for the URANS mesh. Nevertheless, the minimum cell quality

increased to ₀.₇₉₂. In the first adaptation layer on thewall, ₁₆ elements were

placed. In each additional adaptation layer, at least six elements were placed

in the wall-normal direction in order to meet the recommended minimum

requirements for adopted meshes [₇₃] and to ensure that the boundary layer

was sufficiently resolved. Since the disc surface was always meshed as a con-

nected topology, these settings were applied to all setups. This ensured that

both the resolution and the mesh quality were kept constant in all cases, al-

lowing for better comparability of the results, while simultaneously main-

taining the geometrical differences of the setups.

Setup, boundary conditions and initial conditions

For all URANS simulations the 𝑘-𝜔-SST model by Menter [₁₅₅] was used.

The interface between stationary and rotating area was defined as matching

interface. As summarised in table ₅.₂ the simulationmediumwas air at refer-

ence temperature 𝑇₀ = ₂₀ °C with corresponding density 𝜌₀ = ₁.₂₀₄ kgm−₃

and dynamic viscosity 𝜇 = ₁.₈₂₅ · ₁₀−₅ kgm−₁ s−₁, resulting in a kinematic

viscosity of 𝜈 = 𝜇/𝜌 = ₁.₅₁₆ · ₁₀−₅ m₂ s−₁.
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Table ₅.₁:Metrics of the meshes used for URANS and SAS.

URANS SAS

elements ₁₂m ₃₂m

max. aspect ratio ₁₇.₇ ₂₁.₁

max. skewness ₀.₅₄₆ ₀.₅₈₂

min. cell quality ₀.₇₅₆ ₀.₇₉₂

Table ₅.₂:Material properties of the used medium air.

material property variable value unit

density 𝜌₀ ₁.₂₀₄ kgm−₃

temperature 𝑇₀ ₂₀ °C

dynamic viscosity 𝜇 ₁.₈₂₅ · ₁₀−₅ kgm−₁ s−₁

kinematic viscosity 𝜈 ₁.₅₁₆ · ₁₀−₅ m₂ s−₁

specific heat capacity 𝑐𝑝 ₁₀₀₆.₄₃ J kg−₁ K−₁

thermal conductivity 𝑘t ₀.₀₂₄₂ Wm−₁ K−₁

Boundary conditions

An inlet velocity of 𝑢∞ = ₄ms−₁ was defined in order to represent the case

of a rotating disc with transverse flow. This results in a constant cross-flow

Reynolds number according to equation (₃.₆₂) 𝑅𝑒𝑢 = ₂₃ ₅₇₆ for all simula-

tions. Different ratios Γ = 𝑅𝑒Ω/𝑅𝑒𝑢 as given in equation (₃.₆₃) were real-

ized by the variation of the disc rotational velocity Ω, ranging from ₀min−₁

to ₂₀₀₀min−₁, resulting in 𝑅𝑒Ω ≤ ₁₀₉ ₈₆₃ and thus Γ = 𝑅𝑒Ω/𝑅𝑒𝑢 ≤ ₄.₆₆.

Theoutlet of the stationarydomainwasdefined as pressure outletwithmean

pressure 𝑝m = ₀Pa. The disc and the surface of the cylindrical shaft were

defined as smooth, rotating walls with no-slip condition and constant tem-

perature 𝑇d = ₁₂₀ °C. The rotational velocity of the discwas set via the rotat-

ing domain, to which the disc exhibits no relative velocity. The boundaries

in spanwise and axial direction were defined as symmetry planes. The other

boundarieswere located sufficiently far fromthedisc to simulateundisturbed

flow without wall influences by using symmetry conditions.
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Initial conditions

All transient simulationswere initializedwith resultsof stationaryRANS sim-

ulationsof the respectivecaseunderconsideration. The resulting initial pres-

sure and velocity fields, which were determined with low computational re-

source consumption, accelerate the convergence and lead to a much earlier

occurrence of the pseudo-stationary state in order to start with the temporal

averaging of data of interest [₆₈].

Solver setup

Solving was done using pressure-based segregated algorithms, the coupling

of pressure with velocity was carried out using the semi-implicit method for

pressure linked equations (SIMPLE) as originally proposed by Patankar &

Spalding [₁₇₈] and in the transient simulations using pressure-implicit with

splitting of operatorsmethods (PISO)with neighbourcorrectionas supposed

by Issa [₉₇]. Despite good mesh quality, skewness correction was used in the

transient calculationswhile under-relaxation factorswere kept at unity [₅].

Discretization and convergence criteria

Second order methods were used to minimize discretization errors while

achieving acceptable computing times. For the spatial discretization of ve-

locities, turbulent quantities and energy, upwind methods were used, while

pressure was discretized via central differences. In order to prevent stability

problems without reducing the accuracy of the simulation results, a limited

implicit second order method was used for the temporal discretization. To

ensure sufficient convergence, residuals of ₁ · ₁₀−₅ for the URANS and ₁ · ₁₀−₆

for the SAS were used as convergence criteria.

Time step size

The time step Δ𝑡 was selected for all simulations according to the recom-

mendations of the documentation [₅]. Thus, an initial time step of Δ𝑡 =
₁ · ₁₀−₅ s was increased until in each simulation step the convergence criteria

of ₁ · ₁₀−₅ were reached within ₅ to ₁₀ inner iterations. The time step size

was found to depend exclusively on the rotational velocity, independent of

the case considered. In table ₅.₃ the time steps as well as the corresponding

angleof rotation per time step for the respective rotational velocities are sum-

marized. One can see that higher rotational velocities require smaller time

steps in order to converge. However, the higher rotational velocities result in

larger angles of rotation per simulation step, reducing the calculation time

per revolution.
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Table ₅.₃: Time step lengths Δ𝑡 and corresponding angle of rotation for outer iterations of

the investigated ratios Γ = 𝑅𝑒Ω/𝑅𝑒𝑢.

𝑅𝑒Ω / - Γ / - Δ𝑡 / ₁₀−₅ s
Angle of rotation

per time step / °

₀ ₀.₀₀ ₅ -

₂₇ ₄₆₆ ₁.₁₇ ₄ ₀.₁₂

₅₄ ₉₃₁ ₂.₃₃ ₃ ₀.₁₈

₈₂ ₃₉₇ ₃.₅₀ ₃ ₀.₂₇

₁₀₉ ₈₆₃ ₄.₆₆ ₂ ₀.₂₄

Judgement of simulation state

In addition to the judgement of convergence via residuals within the outer

iteration steps, it is necessary to run the simulationsuntil a stateoccurswhich

is termed as steady state or pseudo-stationary. To determine this state, the

mean static pressure 𝑝in at the inlet, the mass flux �̇�out at the outlet, as well

as the mean heat flux density �̇�m and the mean wall shear stress 𝜏w at the

disc and at the cylindrical shaftweremonitored over the simulations. For the

later evaluation of the heat transfer behaviour, moment and drag coefficients

of all walls were additionally recorded during the simulations. These were

calculated using the disc radius 𝐷d/₂ and the projected surface 𝐷₂
d𝜋/₄.

₅.₂ Validation based on the turbulent flow around

smooth, rotating discs and numerical

characteristics

For the given problem, the validation of numerically obtained data is not a

trivial issue. The straight comparison with experimentally determined val-

ues contains several potential deviations even with simple flow phenomena,

which cannot be prevented, such as geometrical deviations, differing bound-

ary conditions, surface roughness, blockage in the test rig as well as free

stream turbulence level [₁₉]. In the flows investigated here, fluctuations in

the operating point, temperature deviations, air humidity, density changes

and deviations in rotational velocity pose further challenges. In addition, the

comparisonof the rotational Reynolds number𝑅𝑒Ω and cross-flowReynolds
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number𝑅𝑒𝑢 neglects possibledifferences in theMach number𝑀𝑎 and thick-

ness of the disc, which have a proven influence on the overflow and thus on

the fluid dynamical and thermal behaviour of the disc.

The comparison with numerically determined data from similar simulations

also shows uncertainties, as the results depend on factors such as the mesh

quality, the solver, the discretization, the models used and the stopping cri-

terion. For these reasons, numerical parameterswere also used for validation

in addition to comparisonswith experimentally and numerically determined

data. In addition to mesh independence studies, the convergence behaviour

and the transient behaviour of the simulations were evaluated.

Stabilisation of simulation results

Suitable, since for further processing relevant, parameters for determining

the pseudo-stationary state are the course of the mean heat flux density �̇�m
and the course of the moment coefficient 𝑐M at the disc surface. These were

therefore monitored for all simulations in each simulation step. The courses

of heat flux density and torque over simulated revolutions of the discs 𝑁 for

the disc with spherical dimples is shown for the case with and without cyl-

indrical shaft in figure ₅.₃.

�̇�, Γ = ₁.₁₇ �̇�, Γ = ₂.₃₃ �̇�, Γ = ₃.₅₀ �̇�, Γ = ₄.₆₆

𝑐𝑀, Γ = ₁.₁₇ 𝑐𝑀, Γ = ₂.₃₃ 𝑐𝑀, Γ = ₃.₅₀ 𝑐𝑀, Γ = ₄.₆₆
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Figure ₅.₃: Evaluation of simulation results of a disc structured with five spherical dimples

with (a) and without cylindrical shaft (b). (Simulation data was partly generated

within the context of Stadler [S₃])

In the case of the simulations with cylinder in figure ₅.₃(a), the detach-

ment frequency at the cylinder is the dominant source of fluctuations, as
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₅ Influence of noninteracting dimples on rotating discs

can be seen from the comparison with the cases without cylinder repres-

ented in figure ₅.₃(b). The long-term mean value of each case is reached

after about two full detachment periods in all simulations, and for 𝑁 > ₂

for the cases without cylinder. As the rotational velocity increases, the char-

acteristic of the flow separation decreases noticeably. This phenomenon is

discussed in more detail in chapter ₆. In all simulations, the results stabilise

after about ₁.₂ s of simulation time. This corresponds to less than ₂ periods

of the flow separation on the cylinder. With the higher rotation numbers

Γ ≥ ₃.₅₀ the amplitude decreases due to the detachment after the first two

fully formed periods. These rotation numbers correspond to a rotation rate

𝛼r = Ω𝐷d/₂𝑢∞ = ₁.₁₄ and 𝛼r = ₁.₅₂. The results of Kumar et al. [₁₂₉]

show that for larger 𝛼r > ₁.₉₅ even a suppression of the detachment can be

expected.

Validationwith data from literature

The necessary mesh resolution was determined using a mesh convergence

studyas in thepreviouschapter. Suitabledata fromLatouret al. [₁₃₂], Nguyen

& Harmand [₁₆₉] and Wiesche & Helcig [₂₃₁] exist for validation with liter-

ature values. Those authors carried out investigations of heat transfer on

rotating discs and derived correlations between the increase of 𝑁𝑢 and Γ =
𝑅𝑒Ω/𝑅𝑒𝑢. As a result of different definitions of the dimensionless ratios,

someof the papers produced noticeabledeviations in the findings. In the fol-

lowing, all results are thereforeconverted to thevariables used in thiswork.

Figure ₅.₄ shows the ratio of meanNusselt number𝑁𝑢m of the rotating discs

to mean Nusselt number 𝑁𝑢m,Ω=₀ of the stationary disc plotted over Γ. In

addition to the simulation results, the data from Latour et al. [₁₃₂], Nguyen

& Harmand [₁₆₉] andWiesche & Helcig [₂₃₁] are included as literature refer-

ence values. Small differences to these data are to be expected as the setups

slightly differ in parameters such as the ratio of disc thickness to diameter

or the presence of a cylindrical shaft. The correlations found in literature,

included in figure ₅.₄(a), agree very well for the investigated range of Γ. The

approximated uncertainty for the correlation of ±₁₀% given by Latour et al.

[₁₃₂] is indicated in grey. With the exception of the smooth disc at Γ = ₄.₆₆,

all simulated values lie within this area. Due to slightly different setups and

boundary conditions, the correlations found in literature deviate from one

another. The URANS simulations performed slightly underestimate the cor-

relations, but accurately reproduce the characteristics and are mostly within

the uncertainty range of ±₁₀% given by Latour et al. [₁₃₂], which is included

in light grey. Only the operating point Γ = ₄.₆₆ of the smooth disc lies ₀.₁%

outside of this range.
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Figure ₅.₄: Simulation results in comparison with correlations given by Latour et al. [₁₃₂],

Nguyen&Harmand [₁₆₉] andWiesche&Helcig [₂₃₁]. (Simulationdatawaspartly

generated within the context of Stadler [S₃])

In addition to the results of the smooth disc, the increase of 𝑁𝑢 of the discs

with spherical and teardrop-shaped dimples is also shown. Thedimples have

little influence on the heat transfer behaviour in the range Γ ≤ ₂.₆. In this

range, the results obtained differ from each other by less than ₃%. The in-

fluence of the dimples increases with increasing rotational frequency. The

teardrop-shapeddimples tend toexhibit lowervalues in the rangeof Γ > ₂.₆,

in some cases even lower than the smooth disc. At Γ = ₃.₅₀ the heat transfer

increase of the spherical dimples compared to the smooth disc reaches ₅.₉%,

at Γ = ₄.₆₆ it exceeds ₉%. The teardrop-shaped dimples also produce the

highest increase in heat transfer at the highest rotational velocity. Yet it lies

no more than ₃% above that of the smooth disc.

More detailed insights into the correlation of 𝑁𝑢m with the rotational ve-

locity of the disc are provided in figure ₅.₄(b). The correlation provided by

Wiesche & Helcig [₂₃₁] applies to smooth discs that are not attached to cylin-

ders. The simulation of this case provides very good agreement with the cor-

relation. Themaximumdeviation in the considered rotational velocity range

is slightly above ₉%. The implemented data for different 𝑅𝑒𝑢 from Latour et
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₅ Influence of noninteracting dimples on rotating discs

al. [₁₃₂] illustrate the uncertainty in the given correlations. The simulation

results of 𝑁𝑢m deviate from the calculated correlation for 𝑅𝑒𝑢 = ₂₃ ₅₆₀ by a

maximumof ₉% and thus lie below the stated inaccuracy of ₁₀%. Neverthe-

less, the results tend to match the values of the data for lower 𝑅𝑒𝑢 = ₁₇ ₃₆₅

better than that of 𝑅𝑒𝑢 = ₂₆₀₁₀, despite the fact that the simulated operat-

ing point is closer to the higher 𝑅𝑒𝑢.

The verified mesh quality as well as the stabilising state and the good agree-

ment with literature values suggest a high reliability of the results. No refer-

encevalues exist in the literature fordiscswithdimples. Due to thegeometric

similarity to the smooth discs and the same operating range, the results de-

scribed in the following are nevertheless considered to be valid.

₅.₃ Thermal behaviour of single dimples on discs

As shown in the previous section, the dimples have a positive effect on the

heat transfer increase at higher rotational velocities. This results from the

disturbance of the boundary layer, especially in the area of the dimple edges

that favours the turbulentmomentumtransportperpendicular to thesurface.

However, this effect also causes an increased drag, which in the case of the

rotating disc is observed in the behaviour of 𝑐𝑀. Similar to the observation

in ducts and on smooth plates, the ratio of the increase in heat transfer with

respect to the increase in themoment coefficient provides information about

the thermal efficiency of the setup.

In addition to the thermal performance of the different shapes of dimples

as a function of the operating condition, detailed investigations of the heat

transfer within the dimples are presented in the following. Furthermore, the

results obtained using scale-resolved simulations are examined and the con-

clusions drawn for further considerations are presented.

₅.₃.₁ Performance of spherical and teardrop-shaped dimples

Figure ₅.₅ presents the thermal performanceof thedifferentshapesof dimples

in two ways. In the representation, the index d stands for dimples, while the

index s stands for smooth. Figure ₅.₅(a) shows that over the entire range of

rotational velocity the actual heat transfer increase of the teardrop-shaped

dimples equals ₉₅.₄% ± ₀.₇% of the corresponding drag increase. In the

case of the spherical dimples, this ratio lies about three percentage points

lower at ₉₂.₃% ± ₀.₇%. In both cases, the ratio of the increase in heat
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₅.₃ Thermal behaviour of single dimples on discs

transfer to the increase of drag is approximately constant, which results in

only slight variations in the values over the rotational velocity. Since the

changed drag affects the required pumping power for the equivalent mass

flow, Gee & Webb [₇₂] suggest taking this effect into account for the evalu-

ation of thermal performance in pipes. Relating the increase of heat transfer

as well as the increase of drag to the same mass flow leads to the thermal ef-

ficiency (𝑁𝑢m,d/𝑁𝑢m,s) / (𝑐𝑀,d/𝑐𝑀,s)₁/₃. This ratio is shown accordingly

for the rotating discs in figure ₅.₅(b) and shows that the teardrop-shaped

dimples provide about ₂% performance advantage in the best case. This

value is achieved for Γ = ₃.₅₀ and Γ = ₄.₆₆. At lower rotational velocities,

no effective advantage of the dimples over the smooth disc can be observed.

This is also true for the spherical dimples. However, the efficiency of the

spherical dimples exceeds that of the smooth disc for Γ = ₃.₅₀ by ₃.₃%, in

the case of Γ = ₄.₆₆ even by ₅.₅%.
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(a) Thermal behaviour derived from Reynolds
analogy.
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(b) Thermal performance of dimples.

Figure ₅.₅: Thermal performanceof spherical and teardrop-shapeddimpleson rotatingdiscs.

(Simulation data was partly generated within the context of Stadler [S₃])

The positive effect of teardrop-shaped dimples that was found in channels

cannot be observed for individual dimples on rotating discs. In channels,

the main flow is parallel to the central axis of the dimples. In this case, the

teardrop shape causes a less abrupt inflow into the dimple than in the case

of a spherical dimple. This reduces the edge inflow effect, which is partly

responsible for the increaseof drag, while thedownstreamedge, and thus the

effectsof iton theflow, remainsunchanged. Thehighest, local increaseof 𝑁𝑢
takes place at this edge. This interaction results in the observed performance

increase of teardrop-shaped dimples in channels.
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₅ Influence of noninteracting dimples on rotating discs

In the case of the rotating disc, the relative flow condition is different. Due to

the rotation and the superimposed cross-flow, the relative flow is no longer

parallel to the central axis of the dimple. Spherical dimples are robust to this

change due to their symmetrical shape. This finding underlines the sens-

itivity of the used dimples with regard to the prevailing flow condition. To

obtain a similareffecton rotating discs, the shapeof dimpleswould have to be

matched to the direction of the prevailing relative velocity of the disc to the

surrounding fluid. Since this varies in the case of a superimposed cross-flow

as a function of Γ and centrifugal forces as well as the current rotation angle

of the disc, an optimisation of this shape is not likely to yield satisfactory

results.

The differences in heat transfer behaviour become clear when observing the

temporal average heat flow �̇� along the centre line of the dimples in the azi-

muthal direction. These are shown in figure ₅.₆, where figure ₅.₆(a) repres-

ents the spherical dimples and figure ₅.₆(b) the teardrop-shaped dimples. In

all cases, the data was obtained by averaging over all five simulated dimples

on each disc. In addition, the data are represented in dimensionless form in

figure ₅.₆(c) and figure ₅.₆(d) for both types of dimples. At low rotational ve-

locity Γ = ₁.₁₇, the heat flux of spherical dimples drops slightly at the dimple

inlet. Up to the centre of the dimple, the heat transfer rises back to the level

reached outside the dimple. Afterwards, the heat flux density continues to

risemoderately before a peak occurs at the outlet edge. With increasing rota-

tional velocity, thebehaviouratΓ = ₂.₃₃ changes in suchaway that the initial

drop as well as the following increase of �̇� are more pronounced. This indic-

ates that a recirculation area forms at the inlet of the dimple, which is con-

sistent with the increased drag observed, which is the reason for the thermal

behaviour shown in figure ₅.₅(a). This clear change in characteristics is also

evident in the dimensionless representation using �̇�∗
given in figure ₅.₆(c).

A similar behaviour can also be observed at the highest rotational velocities

Γ = ₃.₅₀ and Γ = ₄.₆₆. Here, the heat flux density downstream the dimple

inlet drops in absolute terms to a comparable level of the case Γ = ₂.₃₃. The
subsequent steep increase leads to a local peak in �̇� at about a quarter of the

dimple length as indicated by an arrow in figure ₅.₆(c). Even after this local

peak, the level remains above the heat flux density outside the dimples. The

additional increase at the trailing edge of the dimples thus leads to consider-

ably higher average heat flux densities with increasing rotational velocity. As

the 𝑐𝑓 increases to the same extent, the spherical dimples show the highest

increases of mass flowweighted thermal efficiency in this operation range as

discussed in figure ₅.₅(b).
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teardrop-shaped dimple on a rotating disc,
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Figure ₅.₆: Temporal mean heat flux along centre line of dimples. Dimensionless values are

scaled with the integral mean of the respective setup. (Simulation datawas partly

generated within the context of Stadler [S₃])

The heat flux density along the centre line of the teardrop-shaped dimples in

figure ₅.₆(b) shows a fundamentally different behaviour. Due to the teardrop

shape, the dimples are larger in the upstream direction. The inlet edge lies

about ₅₈% further away from the lowest point of the dimple and is marked

byadashed line. Aswith spherical dimples, a reduction of the heat fluxdens-

ity takes place after entering the dimple. However, at all rotational velocities

this reduction is less pronounced than in the case of the spherical dimples.
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Also, no immediate increase of �̇� takes place downstream of this decrease.

Instead, the heat flux density remains at a constant level. Only from about

₀.₁₂₅𝐷i to ₀.₁₇₅𝐷i upstream the lowest point a renewed increase of the heat

flux density occurs as indicated by an arrow in figure ₅.₆(b). Particularly the

dimensionless representation in figure ₅.₆(d) shows that the characteristic of

the heat flux density course is almost independent of the rotational velocity,

in contrast to the case of the spherical dimples. The point of onset of this

increase is almost independent of the rotational velocity, whereby it tends

to start earlier with increasing rotational velocity. Similar to the case of the

spherical dimples, the increase towards the downstream edge is more pro-

nounced at higher rotational velocities. However, the slope lies consistently

below that of the comparable case with spherical dimples. Also, in no case

does a local maximumof the heat flux density occurwithin the dimples. The

maximum �̇� at the downstream edge is quantitatively comparable with that

of the spherical dimples in all cases considered.

The course of the heat flux density within the teardrop-shaped dimples sug-

gests that flow separation at the dimple inlet is reduced due to the modi-

fied inflow into the dimple. This is consistent with the original purpose of

teardrop-shaped dimples used in channels. Due to the reduced detachment,

not only the increase in heat transfer but also the increase of drag in the up-

stream area of the dimples remains moderate. As a result of the comparable

behaviour at the trailing edge of the dimple, the teardrop-shaped dimples

haveahigheroverall ratioof heat transfer increase todrag increase. Consider-

ing thermal efficiency, however, the teardrop-shaped dimples performworse

than the spherical dimples due to the insufficient increase in heat transfer.

This shows that the beneficial effects of teardrop-shaped dimples in ducts

cannot be transferred to rotating discs due to the drastically changed inflow

conditions of the dimples.

₅.₃.₂ Scale resolved results

The URANS simulations delivered acceptable results throughout. Despite

the higher numerical effort due to the more complex but also more precise

underlying model of the SAS and the finer mesh, the results regarding the

thermal behaviour of the discs deviate from those of the URANS simulations

by ₀.₉% to ₂.₈%. These small deviations prove the high quality of the UR-

ANS simulations. One advantage of the SAS, however, lies in the possibility

to visualise the resulting flow structures in a higher resolution. In addition

to verifying the physical validity, this can also be used to draw conclusions

about the behaviour of the flow within the dimples.
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Figure ₅.₇: Visualisation of the arising vortices in the flow field via an isosurface of 𝑄 =
₁₀₀₀ s−₂, coloured with the normalised vorticity 𝜔+. (Simulation data was partly

generated within the context of Stadler [S₃])

To visualise the vortex structures at any given time of the statistically eval-

uable flow, the 𝑄-criterion is shown in figure ₅.₇ by means of an isosurface

at 𝑄 = ₁₀₀₀ s−₂. According to the recommendation by Nguyen & Harmand

[₁₆₉], the isosurface is coloured with the normalised vorticity 𝜔+ according

to equation (₅.₁). These areas can be visualised and interpreted as coherent

vortex structures [₅₃, ₉₀] as shown in figure ₅.₇.

𝜔+ = 𝜔𝑢𝐷c
₂𝑢∞

(₅.₁)

As expected, the highest vorticity occurs near the rotating bodies, therefore

the legend is limited to the range₀ < 𝜔+ < ₄ in figure ₅.₇. At the upper edge

of the disc, which rotates counter-clockwise in the indicated representation,

the highest flow velocity relative to the cross-flow coming from the left is

present. In this area, minor flow detachments occur at the upstream disc

edge. These lead to vortex structures that follow the disc geometry due to

the prevailing pressure field. The formation of small vortex structures can

be seen at the leading edge of the disc. At the lower edge of the disc, the
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₅ Influence of noninteracting dimples on rotating discs

relative velocity is much lower than at the upper edge since the cross-flow is

in the direction of rotation. The resulting vortex structures are transported

downstream by the cross-flow. The most dominant structures arise in the

wakeof thecylinder. Here, aperiodicdetachmentaswell as typical horseshoe

vortices known from the literature can be clearly identified. The structures

are transported downstream and develop a distinct vortex street.

The structures identified are in close agreement with those described in lit-

erature, such as Nguyen & Harmand [₁₆₉]. Based on the structures near the

dimples, the close connection between the flow state and the current angle

of rotation becomes clear. In the wake of the cylinder as well as in the up-

per region of the disc, the dimples are exposed to large-scale and thus highly

energetic structures. These dominate the prevailing flow condition, the in-

fluences due to the geometry of the dimple areminimal in these areas. As the

disc rotation progresses, the dimple leaves this area, whereupon an interac-

tionwith the smaller structures resulting from thedetachment at the leading

edge occurs. Depending on the prevailing frequency of these structures and

the current position of the dimple, both strengthening and weakening inter-

actions with the structures on the dimple occur. In the lower area of the disc,

at low or negative relative velocity, the effects of the dimples dominate and

determine the prevailing flow pattern.

From these observations it is evident that the combination of dimple shape,

radial position of the dimple, rotational Reynolds number 𝑅𝑒Ω and cross-

flow Reynolds number 𝑅𝑒𝑢 leads to constantly varying flow conditions at the

dimples. The spherical dimple shape is theonly one that provides the relative

flow with an identical leading and trailing edge in every disc position. The

optimisation of the dimple shape can therefore only be done for a defined

combination of 𝑅𝑒Ω, 𝑅𝑒𝑢 and radial position. The potential for improving

the thermal behaviour is higher themoreuniform the relativeflowconditions

are at different angles of rotation. This is generally the case with increasing

𝑅𝑒Ω and decreasing 𝑅𝑒𝑢, thus generally spoken with increasing Γ.

₅.₃.₃ Concluding remarks on the findings from noninteracting
dimples on rotating discs

The investigations show that teardrop-shaped dimples on rotating discs have

no advantages over spherical dimples in the setups considered. The main

reason for the better performance of teardrop-shaped dimples in channels

lies in the uniform macroscopic flow within a channel. On rotating discs,

which are subject to cross-flow, the local flow conditions vary with the angle
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of rotation. Adjusting the shape of the dimples with the aim of increasing

thermal efficiency requires a high effort in this flow environment, especially

since the basic phenomena on spherical dimples have not yet been conclus-

ively studied.

URANSsimulationswithanappropriatelyfinemeshresolutionarewell suited

to adequately represent the integral flow effects of the single dimples. The

additional numerical effort of SAS, in contrast, is only rewarding for the de-

tailed consideration of flow structures. However, further research into de-

tailed flow has a lower priority than research on the effects of using multiple,

interacting dimples on rotating discs.

For these reasons, the effects of different arrangements of spherical dimples

on discs are investigated in the following chapter. For this purpose, both

structured, uniform arrangements and random distributions of dimples are

examined. In addition, dimples of uniform size as well as of different sizes

are considered. In all cases, exclusively spherical dimples are examined due

to the mentioned findings in this current chapter ₅.
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Thermal performance of rotating
discs covered with spherical
dimples

₆

”The range of practical applications for disc flow extends to
computer memory disc drives [...], centrifuges, cutting discs and
saws, gears, and brakes.”

—Childs [₃₁]

The results obtained from chapter ₅ show that spherical dimples are well

suited for the use on rotating discs due to their inherent directional inde-

pendence of the inflow. In this chapter, the effects of the distribution of

dimples on discs are investigated. The focus is on the dependence of the

thermal performance on the arrangement and geometry of the dimples at

different Reynolds numbers. For this purpose, the changes of the numerical

setup in comparison to that used in chapter ₅ are presented first. The validity

of the investigations is then verified. The heat transfer and drag behaviour of

six differentdimple arrangements is subsequently evaluated and discussed in

detail. Finally, design rules are derived according to which the distribution

of dimples on rotating discs can be determined for given problems. Some of

the data shown in this chapter was gathered in [S₂].

₆.₁ Problemdescription and investigated dimple

arrangements

So far, neither the influence of regular nor irregular distributions of dimples

on rotating discs has been investigated. Therefore, in this chapter, simula-

tions of different arrangements of dimples on rotating discs are evaluated.

Unlike in the previous chapter ₅, smaller dimples are used for two reasons.

Firstly, the number of dimples distributed on the surface can be increased

by reducing the size of individual dimples. Secondly, the dimple depth de-

creaseswith aconstant ratioof ℎ/𝐷i, whichmeans that thedisc thickness can
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₆ Thermal performance of rotating discs covered with spherical dimples

be reduced. This decreases the edge effect on the upstream side, reducing a

possible source of masking flow effects.

The simulation area used is similar to theone in chapter ₅ shown in figure ₅.₁,

but the thickness of the disc is reduced by ₆₀% to 𝐻d = ₂mm. In addition,

only one side of the rotating disc was simulated and the height of the do-

main of ₁.₅𝐷c was adjusted following the achievements from investigations

of Breuer [₁₈] and Karabelas [₁₀₄]. Breuer [₁₈] investigated the flow around

circular cylinders at different 𝑅𝑒 at a domain of height 𝜋𝐷c [₁₆, ₁₇], before

investigating the influence of the domain height on the results [₁₈], where

he found even better agreementwith experiments for some values at domain

height 𝐷c compared to 𝜋𝐷c. Karabelas [₁₀₄] also refers to these studies and

uses a domain of height 𝐷c in his investigationswithwhich he achieves good

results for a rotating cylinder. The investigations of Williamson et al. [₂₃₄]

also show that the wavelength 𝜆S of the streamwise vortex structures in the

wake of a cylinder is approximately 𝜆S = ₂₅𝑅𝑒−₀.₅
𝑢 𝐷c. For 𝑅𝑒𝑢 = ₂₃ ₅₇₆

investigated here, this results in about ₁₆.₃% of 𝐷c = ₅₈mm. In order to

increase numerical efficiency and since the three-dimensional, turbulent ef-

fects of thecylinderwakeareof minor relevance in thepresent investigations,

as well as due to the mentioned results in literature, the computational do-

main height was reduced to ₆₀mm, which is approximately the diameter of

the cylinder 𝐷c.

The investigations aim to explore the influence of dimples as a surface struc-

ture on rotating discs on fluid and heat transfer behaviour. For this purpose,

several parameters such as the rotational frequency, the number of dimples,

the geometry of the individual dimples as well as the arrangement of the

dimples relative to each other are of particular interest. Six different setups

were investigated in order to discover the influences of the arrangement and

the size of the dimples. At least three dimples were always arranged next

to and behind each other in order to enable interaction of the dimples in

both radial and azimuthal directions. From this in conjunction with the di-

mensions of disc and cylinder, the maximumdiameterwas determined to be

𝐷i = ₉mm to ensure that a distance between the dimples is always guaran-

teed. Smaller dimples of imprint diameter 𝐷i =₅mm to ₈mm were used for

the investigation of the effect of this geometrical parameter. The minimum

size of the dimples results from the requirement to keep the coverage range

𝛽 in a range of roughly ₁₀% to ₂₀%. Dimples with a constant depth to dia-

meter ratio of ℎ/𝐷i = ₁₀% were used to ensure that only the influence of

the diameter was determined. This value serves as a compromise solution to

achieve both significant heat transfer increase, while the required disc thick-
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₆.₁ Problem description and investigated dimple arrangements

ness 𝐻d remains small compared to the disc diameter 𝐷d and the resulting

flow loss remains moderate.

Besides the influence of the diameter, the effects of the distribution of the

dimples on the local and global heat transfer of the disc were examined.

For this purpose, bothmathematicallydefined, structured arrangements and

randomdistributionsof thedimpleson the surfacewereevaluated. Using the

identical number and shape of dimples in different arrangements allows for

conclusions to be drawn about the impact of the relative position of dimples

to each other and on the disc. The heat transfer can be homogenized by

random arrangements, while periodic interactions and effects might occur

in the structured cases. Finally, different numbers of dimples 𝑁d for com-

parable application typeswere investigated to determine the influence of the

coverage rate. Here, the coverage rate is defined as the projected surface of

the dimples in relation to the projected surface of the disc.

Six setups were defined from these requirements, which are visualised in fig-

ure ₆.₁. These are three discs with dimples of diameter 𝐷i = ₉mm and three

discs with different diameters 𝐷i = ₅mm to ₈mm. In addition to the use

of 𝑁d = ₆₄ dimples in patterned and random arrangement, a setup with

𝑁d = ₅₆ dimples of 𝐷i = ₉mm that were arranged in a staggered manner

and one with 𝑁d = ₁₂₈ dimples of diameter 𝐷i = ₅mm to ₈mm arranged

in a patterned manner was investigated. In the setups with patterned ar-

rangements, the dimples are organised in four concentric rows. The setups

in figure ₆.₁ are arranged as follows: The first row (a, b, c) shows the setups

with dimples of imprint diameter 𝐷i = ₉mm, the second row (d, e, f) shows

the arrangements of dimples with 𝐷i = ₅mm, ₆mm, ₇mm and ₈mm. The

firstcolumn (a, d) represents thepatternedarrangements, thesecondcolumn

(b, e) the randomly distributed arrangements. The third column shows the

staggered arrangement of ₅₆ dimples (c) and the more densely packed, pat-

ternedarrangementwith ₁₂₈dimples (f). Table ₆.₁ shows themost important

data of the various setups including the names used throughout the chapter

and the resulting coverage rate 𝛽.

The names of the setups depend on the different parameters. The preced-

ing letter indicates the type of distribution. ”P” stands for patterned, ”R” for

random and ”S” for staggered setups. It is followed by the number 𝑁d of

dimples, which is ₅₆, ₆₄ or ₁₂₈. Finally, the size of the imprint diameter is

indicated, which is either ₉mm or ₅mm to ₈mm, denoted by D₉ or D₅-₈,

respectively.
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Figure ₆.₁: Investigated arrangements of dimples on rotating discs.

For the patterned setupswith varying dimple size, the dimpleswere arranged

in such a way that the dimple diameter increases with increasing disc radius

in order to achieve a high packing density. In addition, the radial distance

between the dimples was selected equidistantly. This results in rows of four

dimples each for patterned cases, with the dimples of the samediameter hav-

ing thesamedistance fromtheaxisof rotation. In thestaggeredarrangement,

the distance between the dimples in each row was also kept constant. With

the random arrangements, the dimples were placed in descending order ac-

cording to their size with the aim of increasing the probability of being able

to fit all dimples on the disc at a distance of at least ₂mm from one another

and ₅mm away from the disc edge and the shaft.
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Table ₆.₁:Overview of the investigated setups including name used, type of arrangement,

number of dimples, diameters used and surface coverage rate.

setup arrangement 𝑁d
diameter 𝐷i

in mm

coverage

rate 𝛽 in %

reference smooth disc ₀ - ₀.₀

P_₀₆₄_D₉ patterned ₆₄ ₉ ₁₈.₃

R_₀₆₄_D₉ random ₆₄ ₉ ₁₈.₃

S_₀₅₆_D₉ staggered ₅₆ ₉ ₁₆.₀

P_₀₆₄_D₅-₈ patterned ₆₄ ₅, ₆, ₇, ₈ ₉.₈

R_₀₆₄_D₅-₈ random ₆₄ ₅, ₆, ₇, ₈ ₉.₈

P_₁₂₈_D₅-₈ patterned ₁₂₈ ₅, ₆, ₇, ₈ ₁₉.₇

Computational mesh and solver settings

The same mesh criteria, boundary layer resolution and quality assurance

mechanisms as in chapter ₅ were used in the simulations presented here.

Due to the slightly changed geometry, a final mesh with 𝑦+
max ≈ ₃.₀ and

𝑦+
m ≈ ₁.₇ was determined to be suited for valid results. The final mesh con-

sisted of about ₁₀₇ elements with a maximum aspect ratio of ₂₂.₂ and amin-

imum angularity of ₄₅.₉°. The minimum ₂×₂×₂ determinant was ₀.₆₉₁,

which is well above the minimum requirements for a suitable computational

mesh. The material properties as well as the solver settings, discretization

schemes, time step sizes, boundary conditions, and initial conditions also

correspond to those from chapter ₅. The same applies to the evaluation of

the quasi-stationary state of the simulations.

₆.₂ Influences of the cylindrical shaft on the flow

and heat transfer

As in the previous chapter ₅, the heat flux at the disc serves as a suitable

parameter to evaluate the transient behaviour of the simulations. The course

of heat flux density over the ratio of rotational velocity 𝑁 to ratio of Reynolds

numbers Γ for the different rotational velocities is shown exemplarily for the

case R_₀₆₄_D₅-₈ in figure ₆.₂(a). It can be seen that for ratios 𝑁/Γ > ₂.₄

all simulations are to be considered as steady state. Only at Γ = ₃.₅₀ a slight

reductionof �̇�m for𝑁/Γ > ₄canbenoticed. Even though thisdecrease is not
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₆ Thermal performance of rotating discs covered with spherical dimples

more than ₀.₄%, only the range beyond the reductionwas used for averaging

and for the evaluations in this case. The used ranges for the averages as well

as the resulting mean values are indicated in figure ₆.₂(a) as dotted lines.

For this purpose, complete disc revolutions were used in all cases in order

to prevent shifts of the mean values caused by non-periodic fractions. The

deviation of the calculated mean values from the respective mean value of

the first disc rotation of the averaging range was less than ₀.₄% for all cases,

which confirms the assumption of the stabilized state of the simulations.
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Γ = ₁.₁₇ Γ = ₂.₃₃

Γ = ₃.₅₀ Γ = ₄.₆₆

(a) Stabilization process of the mean heat flux for
case R_₀₆₄_D₅-₈ plotted over the ratio of
simulated revolutions 𝑁 to 𝑅𝑒-ratio Γ.

₁₀₁ ₁₀₂

₁₀−₄

₁₀−₂

₁₀₀

₁₀₂

𝑓 in Hz

P
S
D
in

W
₂
m

−
₄
H
z−

₁

Γ = ₁.₁₇ Γ = ₂.₃₃
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(b) Power spectral density (PSD) of heat flux for
determination of the dominant frequencies,
used for deriving the Strouhal number 𝑆𝑟.

Figure ₆.₂: Evaluation of the simulation quality on the basis of the development of the mean

heatfluxdensityat thedisc surface (a) and byevaluationof thedominant frequen-

cies (b). (Simulation data was partly generated within the context of Matsche

[S₂])

From the graphs in figure ₆.₂(a) it can be seen that the heat flux density peri-

odically oscillates about themean value. Hereby the amplitude of the fluctu-

ation decreases with increasing Γ, but the frequency remains approximately

constant leading to Strouhal numbers 𝑆𝑟 as given in equation (₆.₁) of 𝑆𝑟 =
₀.₂₁₅ to ₀.₂₂₃ as shown in table ₆.₂. This range fits well with the known re-

lationship for long, non-rotating cylinders given in literature as 𝑆𝑟 ≈ ₀.₂ for

₁₀₃ < 𝑅𝑒 < ₂ · ₁₀₅ [₁₀₇] or 𝑆𝑟 = ₀.₂₂ [₅₀]. The Strouhal number 𝑆𝑟 relates

the frequency 𝑓 of a periodic flowphenomenonwith the characteristic length

𝐿 to the characteristic flow velocity 𝑈 and can thus be interpreted as the di-

mensionless frequency of this flow phenomenon. For the calculations of the

mean frequencies 𝑓 shown in table ₆.₂, at least six full periods of the main

oscillation were used in each case, which are denoted as full periods. The
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₆.₂ Influences of the cylindrical shaft on the flow and heat transfer

determined mean frequencies 𝑓 result from the evaluation of low pass filter-

ing of the signal. From this, the period 𝑡p of each fundamental oscillation

was determined and the inverse value was calculated for obtaining the cor-

responding frequencies 𝑓p = ₁/𝑡p. From these, the mean values 𝑓 and the

standard deviations 𝜎 were calculated to determine the coefficients of vari-

ation 𝜎/𝑓. The additionally given frequencies 𝑓 follow directly from the fast

Fourier transformation (FFT) of the heat fluxdensities over thegiven number

of disc revolutions. For the case Γ = ₃.₅₀ the low-pass filtering of the simu-

lation data shown in figure ₆.₂(b) does not lead to sufficient significance for

the value of the determined mean frequency 𝑓. Therefore, the indication of

this value and thus also the value for 𝜎/𝑓 in table ₆.₂ is omitted.

𝑆𝑟 = 𝑓 𝐿
𝑈 = 𝑓 𝐷c

𝑢∞
(₆.₁)

As shown in figure ₆.₂(a), the main oscillation is dominant even before the

pseudo-stationary state persists for all cases investigated. As the frequency

resolution 𝑓res = ₁/𝑡i depends on the duration 𝑡i of the input signal the

longest possible number of revolutions for these calculations were used and

are denoted as revolutions. These frequencies were also used to calculate the

Strouhal numbers𝑆𝑟. Due to thedifferent timestepsizesaswell as numberof

simulated time steps for the different Reynolds number ratios Γ = ₁.₁₇, ₂.₃₃,

₃.₅₀ and ₄.₆₆ the calculated frequency bands become 𝑓res = ₁.₄₃, ₁.₉₅, ₁.₃₂

and ₂.₄₈, respectively, which contribute to a slight inaccuracy concerning the

calculation of 𝑆𝑟.

Table ₆.₂: Characteristic frequencyof meanheat fluxdensity �̇�m and corresponding Strouhal

number 𝑆𝑟 for different ratios of Reynolds numbers Γ.

Γ full periods 𝑓 / Hz 𝜎/𝑓 revolutions 𝑓 / Hz 𝑆𝑟
₁.₁₇ ₁₀ ₁₅.₅₄ ₅.₂₆% ₆ ₁₅.₆₈ ₀.₂₂₇

₂.₃₃ ₆ ₁₅.₈₈ ₆.₄₂% ₉ ₁₅.₆₂ ₀.₂₂₇

₃.₅₀ ₈ - - ₁₉ ₁₅.₇₈ ₀.₂₂₉

₄.₆₆ ₆ ₁₄.₇₅ ₄.₂₅% ₁₄ ₁₄.₈₅ ₀.₂₁₅

Thedominant frequencyof all cases is found tobearound ₁₅Hz,while further

local peaks occur in the range of the rotational frequency of the disc for all

cases. In thecaseΓ = ₂.₃₃ the rotational frequencyof thedisc approximately

matches thatof theKármánvortex streetdownstreamof thecylindrical shaft.
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₆ Thermal performance of rotating discs covered with spherical dimples

In the case of Γ = ₁.₁₇ the detachment frequency is twice as high as the

rotational frequency, while in the case of Γ = ₄.₆₆ the rotational frequency

is twice as high as the detachment frequency. Only in the case of Γ = ₃.₅₀,

where the rotational frequency of thedisc is ₂₅Hz, there is no corresponding

relationship which would favour a resonance-like behaviour, which explains

the slightlydifferentcharacteristicsof the resulting courseof �̇�m over𝑁/Γ.

Influences of grid point distribution

Thenecessarymesh resolutionwas investigated in chapter ₅. This part there-

fore only deals with the determination of the appropriate grid point distri-

bution for the correct representation of the fluid mechanical phenomena of

interest. For this purpose twomesheswith almost ₁₀₇ elementswere created,

which differ in the compression of the elements towards the fixed walls. The

critical case of Γ = ₄.₆₆ regarding the mesh quality and occurring gradients

was used for the comparison of the meshes. The mesh with lower compres-

sion leads to amean and amaximumdimensionlesswall distanceof 𝑦+
m ≈ ₁.₇

and 𝑦+
max ≈ ₃.₀, respectively while themeshwith higher compression yields

𝑦+
m ≈ ₀.₈₅ and 𝑦+

max ≈ ₂.₃. Due to the increased compression rate, the ele-

mentqualitydecreasedwhich resulted in the timestepsize for this simulation

being reduced by a factor of two in order to prevent divergence. Figure ₆.₃

shows the increaseof 𝑁𝑢 of the rotating discs compared to the stationarydisc

plotted over Γ. In addition to the simulation results, the data from Latour et

al. [₁₃₂], Nguyen & Harmand [₁₆₉], and Wiesche & Helcig [₂₃₁] are included

as literature reference values.

The comparisonwith literature values illustrates three different points. First,

the simulation results best match the correlation of Latour et al. [₁₃₂]. As

shown in figure ₆.₃(b), the relative error related to these values is up to Γ =
₃.₅₀ smaller than ₂.₁% and in case of Γ = ₄.₆₆ still below ₁₀%. Second,

the deviation is highest in relation to Wiesche’s values, at Γ = ₁.₁₇ it is with

almost ₁₄% clearly above the differences in relation to the other cases, which

can beattributed to the fact thatWiesche&Helcig [₂₃₁] have notdetermined

any increase in heat transfer in this range. This is probably due to the differ-

ences in the setup used by Wiesche & Helcig [₂₃₁]. Third, the simulation

continuously overestimates the heat transfer increase and the error tends to

increase with increasing Γ. This is due to the fact that with increasing ro-

tational velocity also the maximum velocities and thus the largest velocity

gradients occur in the flow field. This results in small-scale patterns, which

are not resolved by the URANS, but are taken into account to a certain extent

in the LES carried out by Wiesche & Helcig [₂₃₁] and Nguyen & Harmand

[₁₆₉]. In the experiments carried out by Latour et al. [₁₃₂], these effects are
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Figure ₆.₃: Evaluation of the simulation quality on the basis of comparison with values given

byLatouret al. [₁₃₂], Nguyen&Harmand [₁₆₉], andWiesche&Helcig [₂₃₁]. (Sim-

ulation data was partly generated within the context of Matsche [S₂])

considered automatically. Nevertheless, the overall deviation is acceptable,

as the correlations between the two types of data given in literature show

deviations of the same magnitude. Two main difference between the invest-

igations of Wiesche & Helcig [₂₃₁] and those of Latour et al. [₁₃₂], Nguyen &

Harmand [₁₆₉] and the simulations carried out here are present. These are

the absence of a cylindrical shaft and the significantly higher disc thickness

in relation to the disc radius in the works of Wiesche & Helcig [₂₃₁], which

are very likely to contribute considerably to the observed deviations.

Thecomparisonof the simulationswithdifferentgrid pointdistributions and

boundary layer resolution in figure ₆.₃ shows that the finer resolution does

not lead to further quality improvement of the obtained results. The result

obtained by the simulation with 𝑦+
m = ₁.₇ deviates by ₀.₅% of that obtained

with 𝑦+
m = ₀.₈₅. This result supports theassumption that themaindeviation

is generated by the modelling used and not by an insufficient resolution of

the boundary layer. Also, the results in comparisonwith those fromchapter ₅

show that the disc thickness has a considerable influence. The thinner discs

cause a change in flow separation at the upstream edge for both the rotating

and the stationary discs. This structure, known as a separation bubble, has a
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₆ Thermal performance of rotating discs covered with spherical dimples

decisive influence on heat transfer [₂₃₁], as can also be seen from the results

presented.

Altogether, the arising deviations of the simulations are found to be accept-

able. The same applies to the boundary layer resolution of the mesh with

𝑦+
m = ₁.₇ in case of Γ = ₄.₆₆. For further investigations on the discs with

dimples, meshes with this grid point distribution were therefore used. Since

the velocity gradient in the boundary layer decreases at lower rotational ve-

locities, the 𝑦+ value also decreases, which improves the boundary layer res-

olution in the cases of lower Γ. The deviations shown can therefore be con-

sidered as maximum occurring errors.

₆.₃ Thermal performance of dimpled discs

The most important parameter regarding the heat transfer increase due to

dimples on the discs is the ratio of spatial and temporal mean Nusselt num-

bers 𝑁𝑢m,d/𝑁𝑢m,s from dimpled disc 𝑁𝑢m,d to smooth disc 𝑁𝑢m,s. This

ratio provides information about the heat transfer increase, which is essen-

tial for the intended functionality in many practical applications. Since this

is associated with losses, the heat transfer and the flow losses of the different

dimple configurations are evaluated and the thermal efficiency of the discs is

examined more closely in this section.

₆.₃.₁ Heat transfer of rotating dimpled disc

Figure ₆.₄(a) shows the effectiveness of the individual setups in terms of in-

creasing heat transfer. In all cases considered, heat transfer is increased by

the use of dimples at all investigated operating points Γ, leading to values

of 𝑁𝑢m,d/𝑁𝑢m,s > ₁. The improvement compared to the smooth disc in-

creases with increasing rotational velocity. The positive influence of rotation

on heat transfer, which has already beenobserved in thecaseof smoothdiscs,

is thus further enhanced by the use of dimples.

The results of the different arrangements and dimple shapes shows that lar-

ger dimples with a diameter of ₉mm generally lead to higher heat transfer

increases than dimples with ₅mm to ₈mm, reaching a maximum improve-

mentof more than ₁₃% compared to the smoothdisc. On average, the setups

achieve increasesof ₃% to ₇.₅%percentover the rangeof 𝑅𝑒 considered. The

setup R_₀₆₄_D₅-₈ achieves the lowest and the setup P_₀₆₄_D₉ the highest
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Figure ₆.₄:Mean ratiosof Nusselt numbers for sixdifferent setupsof dimpleddiscas function

of Γ. The range of ₇.₂ to ₁₀.₂ on the ordinate axis was excluded in (b) in favour

of a more compact representation. (Simulation data was partly generated within

the context of Matsche [S₂])

average increase of 𝑁𝑢. With the same dimple shape and number, the pat-

terned setups tend to perform better than the unstructured arrangements.

It is noteworthy that the differences are higher at lower rotational velocities.

Using the smaller dimples there is hardly any difference between patterned

and random distribution at Γ = ₄.₆₆, as both increase the heat transfer rate

by slightly more than ₅.₅%. For the larger dimples, the random distribution

even exceeds the performance of the patterned distribution from Γ = ₃.₅₀

on, though only by amaximumof ₁.₄ percentage points. The staggered setup

of ₅₆ dimples and the patterned setup of ₁₂₈ dimples perform comparably

over theentire rangeof rotational velocity, but reach slightly lowerheat trans-

fer rates than the setupswith ₆₄ large dimples. It turns out that the doubling

from ₆₄ to ₁₂₈ dimples of different size leads to an improvement, which is

small in the low rotational velocity range. From Γ = ₂.₃₃ the difference is

about ₁.₅ percentage points, at Γ = ₃.₅₀ about ₄ percentage points, and at

Γ = ₄.₆₆ over ₅.₁ percentage points. Thus, at higher numbers of revolutions

the positive effect of the increased number of dimples becomes stronger.

These results show that higher heat transfer rates are possible with larger

dimples, which agrees with the results found by Isaev et al. [₉₆] and Samad

et al. [₁₉₄], who also found higher heat transfer increase for larger dimples

in non-rotating channel flow. Furthermore, higher heat transfer rates occur

with higher numbers of dimples. Both, larger dimples of equal number as
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₆ Thermal performance of rotating discs covered with spherical dimples

well as higher amounts of dimples of the same size, result in a higher cover-

age rate 𝛽 of dimples on the disc surface. From this, the assumption can be

derived, that theachieved heat transfercorrelates notonlywith the rotational

velocity but also with the coverage rate 𝛽 of the discs with dimples.

To investigate such a correlation, figure ₆.₄(b) shows the heat transfer in re-

lation to the coverage rate of the individual setups, as shown in table ₆.₁. The

comparison clearly shows that the coverage rate is not a direct factor influen-

cing the heat transfer. The setupwith ₁₂₈ Dimples exhibits the largest cover-

age rate 𝛽 = ₁₉.₆₆%. Since the heat transfer increase is not correspondingly

high, however, the ratio (𝑁𝑢m,d/𝑁𝑢m,s) /𝛽 of ₅.₂ to ₅.₆ is comparatively

low. As the setup with ₅₆ large dimples has similarly high heat transfer in-

creases as the setups with ₆₄ dimples of the same size, a satisfactory ratio of

₆.₄ to ₇.₀ results for this case. By far the highest values related to thecoverage

rate of of ₁₀.₂ to ₁₀.₇ are achieved by the setups with ₆₄ small dimples.

Since the patterned setups of ₆₄ dimples only differ in the size of dimples,

and the setup with ₁₂₈ dimples has a similar coverage rate as the setup with

₆₄ large dimples, it becomes apparent that larger dimples have a clearly pos-

itive effect on the increase of heat transfer in the area of the centre of the

disc. Furthermore, it can be seen that the staggered setup of ₅₆ dimples in

the low rotational velocity range behaves similar to the random setup of ₆₄

dimples, whereasat higherΓ it behaves similar to thepatterned setup. Due to

the lower coverage rate, this setup achieves the highest relative heat transfer

increases among the larger dimples, reaching up to ₇.₀ at Γ = ₄.₆₆.

Overall, the results show that neither the size of the dimples, nor the num-

ber, nor the total coverage rate exclusively explain the increase in heat trans-

fer, even though the dimple size is found to be the most influential factor

among these three. Furthermore, the radial position of the dimples on the

disc considerably influences the heat transfer characteristic. Smooth discs

exhibit varying heat flux characteristics over the radius, thus the effects of

dimple distribution in radial dimension interactwith these. This effect is ad-

ditionally superimposed by the shape and position of the dimples in relation

to each other, resulting in a highly complex mechanism of action influen-

cing the heat transfer from the disc. In order to explore this mechanism, the

heat flux on ₁₀₀ equally spaced, concentric circular lines was examined for

the considered setups. Each ₃₆₀° line consists of ₁₀₀₀ measurement points

from which the mean heat flux �̇� per circular line was calculated.

In the following figures ₆.₅, ₆.₈, ₆.₉ and ₆.₁₂ the values of mean heat flux

of the different setups over the dimensionless radius 𝑟∗ as given in equa-
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₆.₃ Thermal performance of dimpled discs

tion (₆.₂) with the local radius 𝑟, the diameter of the cylindrical shaft 𝐷c
and the disc radius 𝐷d/₂ are shown. The dimensionless radius 𝑟∗ represents

the radial position on the disc between the outer part of the cylindrical shaft

where 𝑟∗ = ₀ and the outer edge of the disc where 𝑟∗ = ₁. At the secondary

ordinate axis, the heat flux is converted into the resulting Nusselt number

𝑁𝑢. When displaying the patterned arrangements, the positions and size of

thedimples are additionally indicated in the following representations via er-

ror bars in direction of the abscissa axis. These positions correspond to four

rows of dimples, whereby these rows are addressed in ascending numbering

according to their respective position 𝑟∗.

𝑟∗ = ⎛⎜⎜
⎝

𝑟 − 𝐷c
₂

𝐷d
₂

− 𝐷c
₂

⎞⎟⎟
⎠

= ( ₂𝑟 − 𝐷c
𝐷d − 𝐷c

) (₆.₂)

₆.₃.₂ Heat transfer characteristics below the critical rotational
velocity

AtΓ = ₁.₁₇ the local effects of dimples are not relevant, but aremasked by the

global effects of the rotating disc. This can be seen in figure ₆.₅, that shows

the heat flux densities averaged over time and space, along each circular line,

for the patterned (a) aswell as for the smooth disc, the randomdistributions,

and the staggered distribution (b) at Γ = ₁.₁₇. Qualitatively and quantitat-

ively the progressions of all graphs are very similar. In both sub-figures two

distinct local maxima at about ₁₅% and ₈₀% of the dimensionless radius 𝑟∗

are clearly visible. In the case of patterned arrangements, the radial position

of the first dimples falls into this area. As thesemaxima also occur at random

arrangements as well as for the smooth disc, the dimples themselves are not

to be seen as the cause to this effect. This is also indicated by the fact that the

second and third rows of dimples are positioned in the area of local minima

of the heat flux density.

In comparison the smooth disc exhibits the lowest heat transfer in the range

of 𝑟∗ ≈ ₀.₄ to ₀.₆. The local minimum at 𝑟∗ ≈ ₀.₃₅ to ₀.₄₅ which can be

observed at all setups results in the fact that at Γ = ₁.₁₇ the rotational ve-

locity and thus also the relative velocity between fluid and disc are compar-

atively low. In addition, the influence of the vortex upstream the cylindrical

shaft can’t be found within this area. With increasing 𝑟∗ also the circum-

ferential velocity 𝑢𝑟 = Ω ⋅ 𝑟 increases, whereby the shear stress 𝜏w at the

disc surface rises and thus, according to the Reynolds analogy, also the heat

transfer increases. The maximum local heat transfer is reached at 𝑟∗ ≈ ₀.₈.
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(a) Time-averaged heat flux density at Γ = ₁.₁₇ of
patterned setups.
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(b) Time-averaged heat flux density at Γ = ₁.₁₇ of
random setups, staggered setup and smooth
disc.

Figure ₆.₅: Time-averaged heat flux density over ₁₀₀ equidistant circular lines from cyl-

indrical shaft to disc edge for Γ = ₁.₁₇. (Simulation data was partly generated

within the context of Matsche [S₂])

For 𝑟∗ ≳ ₀.₈ a decrease of mean heat flux �̇� can be observed. This is due

to a separation bubble forming at the upstream edge as a result of the over-

flow, in which fluid of low mixing and low velocity circulates, as shown in

figure ₆.₆(b), where vortex structures are visualised using the 𝜆₂-criterion

proposed by Jeong & Hussain [₉₉]. This results in low temperature gradients

and low shear stresses, which is why the heat transfer is moderate. The local,

strong peak directly at the edge of the disc is partially due to the sharp edge

of themodel and can therefore be regarded as a singularity of the simulation,

which would not occur in a real disc with a rounded edge.

The patterned setups in figure ₆.₅(a) show further, less pronounced local

maxima on the sides of the first row of dimples that are not apparent with

the random arrangements and are particularly pronounced at P_₁₂₈_D₅-₈.

For the staggered setup, corresponding fluctuations in the heat flux density

can be detected, but due to the overlapping of the dimples rows in azimuthal

direction these cannot be explicitly associated with dimples positions. Since

an increased heat transfer is usually related to a higher relative velocity from

fluid to disc or to a higher fluid mixing in the corresponding area, the local

maxima at the sides of the dimples indicate that the local boundary layer

influence due to the dimples leads to an increased mixing, which transports

colderfluid near thedimples in thedirectionof thedisc. This indicatesvortex

structures, whicharecaused by thedimples incombinationwithdisc rotation

and whose axis of revolution follows an azimuthal direction. The fact that
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₆.₃ Thermal performance of dimpled discs

this effect is most pronounced at the innermost and thus first row of dimples

indicates that these structures lose their identity at higher inertial forces due

to higher relative velocity between fluid and disc. Another indication for this

is that the effect is less pronounced or no longer detectable at higher disc

rotational velocities, as will be shown later on.

Furthermore, a local maximum at about ₂₀% of the radius can also be seen

on the smooth disc in figure ₆.₅(b), the origin of which is explained in the

following. Due to the temporal averaging as well as to the averaging of the

valuesover ₃₆₀° local and time-dependent effectsmay not beobserved in the

chosen representation. However, byconsidering thecurrent heatfluxdensity

on the disc surface at any given time 𝑡, time- and location-dependent phe-

nomena become observable. Due to the rotationally symmetrical geometry,

a qualitatively similar situation is obtained at any point in time, allowing for

the observation time to be arbitrarily chosen. Quantitative differences result

from periodic effects such as the detachments in the wake of the cylindrical

shaft aswell as random, turbulent fluctuations. Figure ₆.₆(a) therefore shows

the current 𝑁𝑢 at a time 𝑡 after reaching the pseudo-stationary state. This

type of examination, which is widespread in the literature (e. g. [₁₆₉, ₂₂₈,

₂₂₉]), clearly shows twohalf-moon-shaped areas of increased heat fluxdens-

ity on the side of the disc directed towards the inflow. The first of these areas

is located shortly behind the edge of the disc and results from the separation

of the flow at the sharp edge. As a result of the reattachment the heat flux

density increases [₂₃₁], as the turbulent mixing in this area is increased [₁₃₂,

₁₆₉].

𝐼
𝐼𝐼

𝐼𝐼𝐼
𝐼𝑉

(a) Local heat flux on the smooth disc at Γ = ₁.₁₇
for an arbitrary time step 𝑡

(b) Visualization of vortex structures over
isosurfaces with 𝜆₂ = −₁₅ ₀₀₀ s−₂, coloured by
eddy viscosity ratio 𝜇𝑡/𝜇 for the smooth disc at
Γ = ₁.₁₇

Figure ₆.₆: Snapshots of an arbitrary time 𝑡 of local heat flux and arising flow structures

around a smooth rotating disc. (Simulation data was partly generated within the

context of Matsche [S₂])
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₆ Thermal performance of rotating discs covered with spherical dimples

The second area is located just upstream of the cylindrical shaft. At the con-

nection of disc and shaft the flow stagnates, resulting in reverse flow and

the formation of a vortex [₅₅], which separates from the disc behind the

cylindrical shaft but is maintained in front of the shaft by the succeeding

flow. This large-scaled vortex leads to a much smaller counter-rotating vor-

tex, which is located further upstream and is still reasonably stable at the low

rotational velocity considered. This vortex also causes an area of increased

heat flux.

By averaging the heat flux over the entire circumference of the disc, the half

moon-shaped areas lead to global maxima of heat flux density. These thus

dominate the heat transfer and are only slightly modulated by the dimples.

The smaller, counter-rotating vortex leads to the observed local maximumof

𝑁𝑢 on the smooth disc. Since this maximum is located in the area of the first

rowof dimplesof thepatterned setups, thesideeffectsof thedimplesproduce

a similar structure, which amplifies the effect. In the case of the randomly

arranged dimples, however, the irregular interaction of the dimples with the

flowprevents the formationof a corresponding stable structure, which iswhy

no local increase in heat transfer can be observed.

In general the dimples have a positive influence on heat transfer especially in

the range 𝑟∗ = ₀.₃ to ₀.₈. This is due to the fact that the surface structures

disrupt the boundary layer even at low relative velocity and lead to increased

momentum exchange perpendicular to the disc surface. The local influences

of the dimples can be observed particularly well in the patterned setups. In

addition to the previously discussed local peaks at the edges of the first row

of dimples, this effect also occurs in a less pronouncedmanner at the edges of

the second row of dimples. In the third row, the characteristic changes to the

effect that the heat transfer is higher at smaller 𝑟∗ and reaches a minimum

between ₅₀% to ₇₀% of the dimple size before increasing again towards the

dimple edge. To explain this phenomenon it has to be kept in mind that due

to the rotation of the disc in combination with the constant cross-flow a very

inhomogeneous flow pattern occurs in the immediate vicinity of a dimple

over one revolution of the disc. This results in four distinct sectors: first, the

chaotic wake behind the shaft (𝐼); second, the sector of the highest relative

velocity above the shaft (𝐼𝐼); third, the cross-flow facing sector (𝐼𝐼𝐼); and

fourth, the sector of lowest relative velocity (𝐼𝑉). These sectors are included

in figures ₆.₆(a) and ₆.₇(a).

The snapshot of the heat flux on the rotating disc with patterned dimples

P_₀₆₄_D₉ in figure ₆.₇(a) shows the prevailing situation at dimples in each

of these sectors. The resulting vortex structures are visualised in figure ₆.₇(b)
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₆.₃ Thermal performance of dimpled discs

using the 𝜆₂-criterion, the colour indicates the intensity of turbulent viscos-

ity 𝜇𝑡 compared to dynamic viscosity 𝜇. In the wake of the shaft in sector 𝐼,
local heat flux is dominated by the large scale vortex structures due to flow

detachment. As dimples move further into sector 𝐼𝐼 due to rotation, a uni-

form and homogeneous heat flux profile over 𝑟∗ occurs. The inhomogeneity

over the azimuth is not visible in the averaging over the circumference. The

direction of movement is opposite to the cross-flow direction in this area,

which explains the low variations of heat flux density in the radial direction.

In section 𝐼𝐼𝐼, the main direction of rotation is perpendicular to the cross-

flow. The region of increased heat transfer at the rear of the dimple is thus

shifted in the direction of the shaft due to the changed relative movement.

When averaging the values over the circumference this leads to the observed

increase of the dimple range closer to the shaft. In sector 𝐼𝑉, the mean cir-

cumferential velocity of the third row of dimples at Γ = ₁.₁₇ corresponds to

about ₈₅% of the cross-flow velocity. The resulting relative velocity on the

disc surface is equivalent to a cross-flow Reynolds number of 𝑅𝑒𝑢 ≈ ₅₈₉₄,

which results in lowerwall shear stresses 𝜏w and lower inertial effects relative

to viscous effects. This leads to homogenization of the heat flux in this area

and in turn the influenceof dimples is less pronounced. Finally, the third row

of dimples is located outside the alreadymentioned half-moon-shaped areas

of increased heat flux density, whereby the rotational and cross-flow effects

dominate in that radial area.

Altogether, the average heat transfer is homogeneous in thewake of the shaft

over 𝑟∗ due to the superposition of the occurring large-scale structures. Due

to the alignment perpendicular to the inflow velocity, the heat flux is also

homogeneous over 𝑟∗ in the sectors of highest (𝐼𝐼) and lowest (𝐼𝑉) relative

velocity. Only in sector 𝐼𝐼𝐼 the heat transfer gradient in radial direction is

strongly influenced by the cross-flow. As the radial coordinate is alignedwith

the cross-flow the region of highest heat flux density is shifted towards the

axis of rotation. This region is thus decisively responsible for the observed

heat transfer characteristics of the third row of dimples.

Another remarkable characteristic occurs at the patterned arrangements in

the fourth row of dimples. The local maximum of the heat flux density at

𝑟∗ ≈ ₀.₈ is about ₈% higher than that of the randomly arranged setups and

about ₁₃% higher than that of the smooth disc. In all patterned setups the

local maximum is situated just behind thedimple edge facing the shaft of the

fourth row. This inner edge of the dimples is located clearly within the range

of the half-moon-shaped area of increased heat flux density facing towards

the cross-flow. By this, the effects already observed in the third row are addi-
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tionally amplified and the local maximum near the inner edge of the dimples

becomes even more pronounced.

𝐼
𝐼𝐼

𝐼𝐼𝐼
𝐼𝑉

(a) Local heat flux on the disc of setup P_₀₆₄_D₉
at Γ = ₁.₁₇ for an arbitrary time step 𝑡

(b) Visualization of vortex structures over
isosurfaces with 𝜆₂ = −₁₅ ₀₀₀ s−₂, coloured by
eddy viscosity ratio 𝜇𝑡/𝜇 for case P_₀₆₄_D₉

Figure ₆.₇: Snapshots of an arbitrary time 𝑡 of local heat flux and arising flow structures

around a rotating disc patterned with ₆₄ dimples of diameter ₉mm. (Simula-

tion data was partly generated within the context of Matsche [S₂])

₆.₃.₃ Thermal behaviour of rotating discs in the transitional
region of rotational velocity

The influence of the rotational velocity on the heat transfer behaviour of ro-

tating discs becomes apparent only when a local, critical threshold value of

the rotational velocity in relation to the cross-flow velocity is exceeded. Wi-

esche & Helcig [₂₃₁] describe this phenomenon for discs with a high ratio of

thickness to diameter 𝐻d/𝐷d = ₀.₀₆. When using dimples, a comparable

phenomenonoccurs, whichdependson theactual distributionandgeometry

of the dimples on the disc. In this section, two rotational velocities are con-

sidered at which this transition point is located at about ₂₅% and at about

₆₀% of the dimensionless disc radius 𝑟∗.

Heat transfer characteristics at 𝚪 = ₂.₃₃

The mean heat flux density at the disc surface for the different setups at Γ =
₂.₃₃dependingon 𝑟∗ is shown infigure ₆.₈. Similar tofigure ₆.₅, figure ₆.₈(a)

shows the patterned setups, figure ₆.₈(b) the other setups and the smooth

disc. As in the case of Γ = ₁.₁₇, two areas of local heat flux increase are

visible at 𝑟∗ ≈ ₀.₁₈ and again at 𝑟∗ ≈ ₀.₈. The first area is thus located a

little further away from the axis of rotation compared to the case of Γ = ₁.₁₇

where this maximum occurred at 𝑟∗ ≈ ₀.₁₅. The second local maximum
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covers a broader area and is thus less focused, especially for the patterned

setups.
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(a) Time-averaged heat flux density at Γ = ₂.₃₃ of
patterned setups.
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(b) Time-averaged heat flux density at Γ = ₂.₃₃ of
random setups, staggered setup and smooth
disc.

Figure ₆.₈: Time-averaged heat flux density over ₁₀₀ equidistant circular lines from cyl-

indrical shaft to disc edge for Γ = ₂.₃₃. (Simulation data was partly generated

within the context of Matsche [S₂])

Local maxima at the second and third rows of dimples, which aremore dom-

inant than in the case of Γ = ₁.₁₇, are also prominent in figure ₆.₈(a). A

detailed examination of the individual rows of dimples also shows that the

heat flux density of the first rowof dimples is increased, especially in the case

of the dimples of diameter ₉mm, which is very similar to the behaviour at

Γ = ₁.₁₇. However, the effect is much more evident at Γ = ₂.₃₃, where the

maximum value lies ₇% above the maximum value of the smooth disc. For

the second row of dimples with 𝐷i = ₆mm, a local maximum at the dimple

edge facing the axis is observable for both the cases with ₆₄ and ₁₂₈ dimples

in total. The heat flux density drops towards the edge facing away from the

axis. The smooth disc also shows a local maximum in this area, before the

heat flux density decreases further with increasing 𝑟∗. This is due to the

previously described large scale vortex arising in the area of the stagnation

flow in front of the shaft. The smaller dimples of the second rows influence

this effect only slightly. The situation is different with the larger dimples of

𝐷i = ₉mm. Here, a noticeable shift of the local maximumaway from theaxis

can be observed, which clearly indicates a strong interaction of the dimples

with the outer region of the large scale vortex. The increased value remains

almost constant even beyond the centre of the dimples. After that, the heat

flux density drops rapidly until beyond the outer dimple edge. The resulting

local minimum lies about ₁₁% below the value of the smooth disc.
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In the third row, the two setups with dimples of 𝐷i = ₇mm show a qualit-

atively very similar behaviour. In both investigated setups the heat transfer

increases strongly close to the dimples. Reaching the edge of the dimples, it

increases moderately until the centre of the dimples, before it decreases rap-

idly towards the outer edge of the dimples. Quantitatively, the heat transfer

of the setupwith ₁₂₈ dimples outperforms that of the setup using ₆₄ dimples

by ₁₃%. The patterned setup with dimples of diameter 𝐷i = ₉mm shows a

slightly different behaviour. Here the heat transfer increases strongly just be-

fore the dimples and continues to raise beyond the middle of the dimples.

Then it drops to a local minimum in the area of the outer dimple edge. In

terms of magnitude, the heat transfer lies between the two setupswith smal-

ler dimples. A pronounced interaction of the flow between the second and

the third rowof dimples is thusobserved in the caseof the𝐷i = ₉mm,which

is not observable with the corresponding ₆mm and ₇mm dimples, neither

for the setup with ₆₄ nor for the setup with ₁₂₈ dimples. This clearly shows

that the size of the dimples as well as the radial distance of the individual

rows to each other influences the qualitative course of the heat transfermuch

stronger than the number of azimuthally successive dimples.

At the outermost row of dimples at Γ = ₂.₃₃ there are no significant dif-

ferences within the patterned setups. The dimples in this row have approx-

imately the same size, ₈mm and ₉mm, respectively. The doubling from ₆₄

to ₁₂₈ dimples shows only a slight increase in heat transfer. The local max-

imum lies in all cases near the centre of the dimples. Additionally, a strong

increase in heat transfer from the side of the axis of rotation is noticeable.

It is remarkable, however, that the characteristic differs greatly from that of

the smooth disc. Here, the general course of the heat flux density is consid-

erably lower towards the outer edge of the disc. The local maximum lies at

𝑟∗ ≈ ₀.₈₆, which corresponds to the centre of the dimples. Nevertheless, the

patterned setups exceed the heat transfer of the smooth disc in the range of

this maximum by ₉% to ₁₃%.

From the shaft to 𝑟∗ ≈ ₀.₆, the setups investigated in figure ₆.₈(b) exhibit no

noteworthy deviation from the smooth disc. Only the staggered setup shows

someweakly pronounced minima and maxima, which can be assigned to the

position of the dimples. However, the differences are much smaller than for

the patterned setups due to the radial overlapping of the individual dimple

rows. For 𝑟∗ > ₀.₆ the increase of heat transfer for the discs with dimples is

much more pronounced than that of the smooth disc. The size as well as the

numberof dimples areof minor relevance here, which becomesobvious from

the relatively similar courses of the different setups. This behaviour suggests
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that with dimple arrangements that are not patterned, the local influence

of the boundary layer on the disc is mainly decisive for increasing the heat

transfer. Obviously, however, a minimum relative velocity between disc and

fluid is required for this effect to take place.

Since the circumferential velocity increases linearly with the radius 𝑟 and the

rotational velocity Ω, the ratio 𝛾 of the local rotational Reynolds number

𝑅𝑒Ω,l formed with local circumferential velocity Ω𝑟 instead of maximum

circumferential velocityΩ𝐷d/₂ as characteristicvelocity𝑈 in equation (₃.₆₁)

on page ₃₆ to 𝑅𝑒𝑢 can be calculated directly from 𝛾 = ₂Γ𝑟/𝐷d. This value

represents the dimensionless ratio of local circumferential velocity to cross-

flowvelocity. Thecritical valueof this local ratio𝛾 can therefore becalculated

to 𝛾 ≈ ₁.₇. Since 𝛾 = Γ applies for 𝑟 = 𝐷d/₂, Γ represents the maximum

value that𝛾 can reach. Thisexplains theabsenceof acorresponding influence

of theunstructured dimples atΓ = ₁.₁₇. The setupswithdimples outperform

the smooth disc by ₈% to ₁₀% in terms of maximum heat transfer at the

outermost part of the disc.

To conclude, it becomes evident that the size of the dimples affects the heat

transfer behaviourmore than the numberof dimples positioned oneafter the

other, especially at low relative velocities. It is also evident that froma certain

relative velocity onwards, the disturbance of the boundary layer by dimples -

irrespective of the specific arrangement - is decisive for the increase in heat

transfer. This effect is masked in the patterned setups due to the strong order

of the dimples, but is clearly noticeable in the more homogeneous, random

distributions and the staggered arrangement.

Heat transfer characteristics at 𝚪 = ₃.₅₀

As the ratio of azimuthal to cross-flowvelocity increases, the influence of the

dimples on the heat transfer behaviour of the disc increases as well. This is

especially true for thepatterned setups as shown in figure ₆.₉(a). Clearly pro-

nounced local maxima in the area of the dimple rows arise at Γ = ₃.₅₀. The

influenceof the large scale flowstructuresdue to the flowaround the rotating

disc is still evident at 𝑟∗ ≈ ₀.₁₅ and 𝑟∗ ≈ ₀.₈₅. However, the dimples of the

third row, i. e. at 𝑟∗ ≈ ₀.₆ lead to increases in the heat flux of comparably

high magnitude.

The patterned setup with large dimples, i. e. P_₀₆₄_D₉, shows, as at lower

rotational velocities, the highest local heat flux density near the cylindrical

shaft. The maximum lies ₁₃% above that of the smooth disc and ₉% above

that of the setup with ₆₄ dimples of smaller size. Similar to the lower rota-

tional velocities, the local maximum for the setups with ₆₄ dimples and for
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₆ Thermal performance of rotating discs covered with spherical dimples

the smooth disc is situated at 𝑟∗ = ₀.₁₆ to ₀.₁₈. This shows that the posi-

tion of the large scale vortex is not considerably influenced by the dimples.

However, the size of the dimples is crucial in influencing the intensity of the

heat transfer increase. The setup with ₁₂₈ dimples shows a slightly differ-

ent characteristic. Here the maximum of the heat flux density lies exactly

in the centre of the first dimples row at 𝑟∗ = ₀.₁₂. Nevertheless, this setup

also exhibits a distinct secondary maximum at 𝑟∗ = ₀.₁₇ which matches the

location of the outer edge of the first row of dimples. This shows that the

influence of the large scale vortex is still present in this setup. In addition,

the increased number of dimples causes an increase in the heat flux density

in this area. Since in the patterned setupwith dimples of the size 𝐷i = ₉mm

the centre of the dimples of the first row corresponds to the position of the

macroscopic vortex, the influence of the position of the dimples cannot be

separated from the influence of the vortex itself. Due to the pronounced in-

crease in heat transfer as a result of this setup, the combination of position,

size and number of dimples can nevertheless be identified as an influential

criterion for heat transfer behaviour.
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Figure ₆.₉: Time-averaged heat flux density over ₁₀₀ equidistant circular lines from cyl-

indrical shaft to disc edge for Γ = ₃.₅₀. (Simulation data was partly generated

within the context of Matsche [S₂])

The second row of dimples, as before at lower rotational velocities, provokes

an increase in heat transfer compared to the smooth disc. However, at Γ =
₃.₅₀ theeffect ismuchmorepronounced than forΓ = ₂.₃₃ and Γ = ₁.₁₇. The

effect is smallest at the setup with ₆₄ smaller dimples. Here, the maximum

heatfluxdensityexceeds thatof thesmoothdiscat thesameradial positionby

only ₂%. In the case of ₁₂₈ dimples, this maximum is about ₁₂% higher. The
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₆.₃ Thermal performance of dimpled discs

effect is strongest with the larger dimples. The local maximum of the heat

flux in this setup is approximately in the radial range of the local minimumof

the smooth disc. This qualitative observation suggests that the dimples have

a strong influence on the heat transfer behaviour of the discs. In quantitative

terms, this results in an increase of almost ₂₂%. The inner dimple edges of

the dimples with 𝐷i = ₆mm are located at 𝑟∗ = ₀.₃. This results in a local

velocity ratio of 𝛾 = ₂.₂, which is above the previously determined threshold

valueof 𝛾 ≈ ₁.₇. The considerable increaseof the heat transferof thedimples

of the second row thus confirms the finding of this threshold.

In the third row, twice the number of smaller dimples results in approxim-

ately the same increase in heat transfer as half the number of larger dimples.

Due to the slightly different radial position of the centres, the maximum of

₁₂₈ dimples is shifted slightly further in the direction of the axis of rotation.

In the case of ₆₄ smaller dimples, a distinct local maximum is also formed.

Due to the larger proportion of the disc surface without dimples in this case

compared to the setup with ₁₂₈ dimples, the maximum is shifted a little fur-

ther towards the disc edge. In all three cases the effect of the heat transfer

increase in this area that can be observed at the smooth disc is amplified by

the dimples.

In the outermost row of dimples, the effect of the number of consecutive

dimples is emphasized even more due to the higher velocity ratio 𝛾 in this

area. The differences in size of the dimples are small with 𝐷i = ₈mm and

𝐷i = ₉mm, but due to the large radius 𝑟∗, the density of dimples for the

setups is much lower with only ₆₄ dimples. Thus the effects of the dimples

are less pronounced in relation to the effects of rotation, as they occur sim-

ilarly on the smooth disc. As a result, the heat transfer increase is most pro-

nounced for the case with ₁₂₈ dimples. The local maximum outperforms

that of the smooth disc by ₁₉%. Both setups with ₆₄ dimples show a very

similar behaviour. They outperform the smooth disc by about ₁₀% at the

maximum.

Two facts become apparent from the observed behaviour. First, the dimples

investigated here have no global influence on the flow field, the influence in

radial direction is locally limited to the immediate vicinity of the dimples.

Second, it becomes clear that in the inner area of the disc, the size of the

dimples has a noteworthy influence on the increase in heat transfer, whereas

with increasing velocity ratio 𝛾 the number of consecutive dimples becomes

decisive.
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₆ Thermal performance of rotating discs covered with spherical dimples

The unstructured setups in figure ₆.₉(b) all increase the heat transfer com-

pared to the smooth disc. In contrast to the lower rotational velocities, the

effect can already be seen at smaller disc radii. The threshold value of 𝛾 = ₁.₇

is reached at 𝑟∗ ≈ ₀.₂₄. Nevertheless, the setup of randomly distributed

smaller dimples shows hardly any considerable improvement compared to

the smooth disc up to about 𝑟∗ = ₀.₅. This is caused by the small number

of larger dimples in the inner area of the disc. Due to the spherical shape of

the dimples, the average depth over the respective disc radius can be used as

a measure for the local dimple density. The disc surface lies at 𝑧d = ₀, for

visualization purposes indentations are shown as positive values of 𝑧d. The

average depth is made dimensionless with the length of the corresponding

circular ring 𝑙 = ₂𝜋𝑟∗. As a result, the mean depth is weighted with the

corresponding proportion of the smooth disc as shown in figure ₆.₁₀.

When considering the unstructured setups in figure ₆.₁₀(b), it can be seen

that the setup with randomly distributed, small dimples exhibits consider-

ably lower maximum values than the other setups, especially near the cyl-

indrical shaft. Thus the behaviour of the smooth disc dominates in this area

compared to the other setups. The number and size of the dimples in this

area is thus not sufficient to disturb the boundary layer over the entire cir-

cumference severely enough to ensure noticeable increases in heat transfer.

This shows that not only the local, dimensionless rotational velocity 𝛾 is de-

cisive for increasing the heat transfer. There is also a threshold value for the

strength of the disturbance of the flow, which must occur in combination

with 𝛾 > ₁.₇ to cause an increase in heat transfer compared to the smooth

disc.

The correlation analyses shown in figure ₆.₁₁ confirm this assumption. The

diagramshows thevalues and theabsolutemaximumvaluesof the rootmean

square correlation coefficient 𝑅c, denoted as 𝑅RMS and 𝑅max, respectively.
They are calculated for the correlation of the heat transfer increase of the dif-

ferent setups �̇�d/�̇�s with different orders 𝑏₁ and 𝑏₂ of (𝑧d/𝑙)𝑏₁𝛾𝑏₂. Here, �̇�d
stands for the temporal mean value of heat flux of a disc with dimples, �̇�s
stands for the temporal mean value of heat flux of the smooth disc. Three

points become apparent here. First, as expected 𝛾 by its own is not suited

to explain the increase of heat transfer as the resulting correlation of 𝛾 and

�̇�d/�̇�s is low. Second, the heat transfer correlates much better with the di-

mensionless portion of dimpled area per circle segment 𝑧d/𝑙. Third, the

strongest correlation is shown for 𝑧d/𝑙 ⋅ 𝛾₂, which slightly increases with Γ
up to Γ = ₃.₅₀ and exceeds the linear combination of correlation of both

values separately. This confirms the assumption that there is a threshold for
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Figure ₆.₁₀: Relative average depth of dimples divided by local circumferential length.

𝛾 atwhich the effects start to occur, comparable to the transition to turbulent

flow when a threshold of 𝑅𝑒 is exceeded.

As this threshold value was determined in the range of 𝛾 ≈ ₁.₇ at Γ = ₂.₃₃,

figures ₆.₁₁(c) and ₆.₁₁(d) show the correlation coefficients only for the ranges

𝛾 > ₁.₇. Since at the lowest examined rotational velocity of the discs this

value is not reached even at the outer edge of the disc, no corresponding val-

ues exist for Γ = ₁.₁₇. In addition to the strong correlation of 𝑧d/𝑙 ⋅𝛾₂ already

found, the correlation of the heat transfer increase with the mean dimen-

sionless dimple depth 𝑧d/𝑙 is of particular interest in this examination, as a

correlation would strongly support the hypothesis of a necessary threshold

value 𝛾 > ₁.₇ in order to increase the heat transfer. Especially in the case of

Γ = ₂.₃₃, where 𝛾 = ₁.₇ is reached at 𝑟∗ ≈ ₀.₆, the correlation is clearly

increased with all considered conditions. The dimensionless dimple depth

seems to be dominant here, with a maximum value of 𝑅max ≈ ₀.₈. Also

for Γ = ₃.₅₀ the correlation increases noticeably, which supports the hypo-

thesis of the threshold value. In the case of Γ = ₄.₆₆, the transition point

lies at 𝑟∗ ≈ ₀.₀₇, which means that almost the entire disc exhibits values of

𝛾 > ₁.₇. Consequently, the comparatively high levels of correlation shown in

figures ₆.₁₁(a) and ₆.₁₁(b) are not further increased considerably.

However, it can be seen that especially for the dimple depth 𝑧d/𝑙 the correla-

tion for the condition 𝛾 > ₁.₇ is considerably better than for the entire disc.

Nevertheless, the correlation does not reach unity for any of the combina-

tions of (𝑧d/𝑙)𝑏₁ ⋅ 𝛾𝑏₂ studied, which suggests that other parameters do also
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Figure ₆.₁₁: Correlation of the heat transfer increase of dimpled setups compared to the

smooth discwith combinations of different order of the product of relative, aver-

age dimple depth 𝑧d/𝑙 and local, dimensionless rotational velocity 𝛾.

influence the heat transfer increase. It is very likely that the distribution of

dimples in azimuthal position isoneof them. Across all setupsand rotational

velocities, the disc with ₁₂₈ patterned dimples shows the highest correlation

values. In this setup, the averagedistances between thedimples in azimuthal

direction are the smallest and moreover uniform. This is not taken into ac-

count when considering the average dimple depth 𝑧d/𝑙. Thus, in order to

increase heat transfer efficiently, in addition to the depth and radial position,

the azimuthal distance and the local rotational velocity in relation to the in-

flow velocity are likely to be of mentionable importance.
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₆.₃.₄ Heat transfer characteristics at high rotational numbers

At Γ = ₄.₆₆, both the characteristics and the magnitude of heat transfer

are dominated by the dimples. In the patterned setups from figure ₆.₁ (a),

(d), and (f) the original heat transfer characteristic of the smooth disc is no

longer visible as the influence of the individual rows of dimples masks it for

all setups as shown in figure ₆.₁₂(a). With ₂₀%, the increase in heat transfer

is again strongest for dimples with a diameter of 𝐷i = ₉mm. The setups

with smaller dimples lead to increases of ₁₃% and about ₇% for ₁₂₈ and ₆₄

dimples, respectively.

It is noticeable that in the caseof the ₁₂₈ smallerdimples, the local maximum

of heat transfer occurs at the centre of the dimples, whereas in the cases with

₆₄ dimples it is shifted further towards the outer edge of the disc. Due to the

high rotational velocity, considerable centrifugal forces are already present

on the disc surface at the comparatively small disc radius 𝑟∗ of the first row

of dimples. The resulting acceleration of the fluid outwards of the axis of

rotation leads to zones of increased heat transfer in the wake of the dimples,

which are not located exactly azimuthally behind the dimples but are shifted

radially outwards. As the areas behind the dimples are smooth in the case of

setupswith ₆₄dimples, these structures are clearly visible. For the setupwith

₁₂₈ dimples, the azimuthal distances between thedimples are smaller, which

prevents the formation of corresponding zones of increased heat transfer in

the wake of dimples. Inside the dimples, the zone of highest heat transfer is

located in themiddle of the downstream part of the dimples, resulting in the

local maximum being located at the height of the dimple centres.

The dimples of the second row exhibit comparable characteristics regardless

of their number and size. The local maximum for all three setups lies out-

side the centreline of the dimples. The reason for this is the combination of

a further increased rotational velocity and the increased distance between

the dimples in azimuthal direction. As a result, a pronounced, radially out-

wardly deflected wake area is formed on the smooth part of the disc even for

the setupwith ₁₂₈ dimples, in which the heat transfer is increased. However,

there is a remarkable difference in the behaviour of the setups among one

another. The local maximumof heat transfer of the second row in the case of

the setups with ₆₄ dimples is below the maximum of the first row. This be-

haviour was observed for all setups at lower rotational velocities. The reason

for this was the dominance of the large scale vortex in the shaft area. How-

ever, the setup with ₁₂₈ dimples shows a higher heat transfer in the second
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Figure ₆.₁₂: Time-averaged heat flux density over ₁₀₀ equidistant circular lines from cyl-

indrical shaft to disc edge for Γ = ₄.₆₆. (Simulation data was partly generated

within the context of Matsche [S₂])

row. This demonstrates that in this case the influenceof the large scale vortex

already falls behind the influence of the surface structures.

The setups with ₁₂₈ small and ₆₄ large dimples cause approximately the

samemaximumheat transfer rate in the second rowof dimples, which is ₁₃%

higher than thatof the setupwith ₆₄ small dimples. The smoothdiscexhibits

again a local decrease of heat transfer in this area, which causes the relative

increase of heat transfer for all setups to be over ₁₁%. For the setup with ₆₄

large dimples, the position of the local maximum of the second row lies at

𝑟∗ = ₀.₄₄, which corresponds exactly to the position of the local minimum

of the smooth disc. Thus this setup causes a relative increase in heat transfer

of ₂₈%. In addition, this observation emphasizes that the characteristics of

the smooth disc with respect to heat transfer at high rotational velocities can

be modified tremendously by the use of dimples.

However, the influenceof thedimples is still spatially limited, ascanbeshown

by examining the area between the second and third row of smaller dimples.

The local minimumof the smooth disc is located in this area. In both setups,

with ₆₄ and ₁₂₈ dimples, a pronounced decrease of the heat transfer can

be observed. The radial positions of the local minima are approximately the

sameas for the smoothdisc. With less than ₈.₈%with ₁₂₈ dimples and ₂.₅%

with ₆₄ dimples the heat transfer in these areas is hardly increased.

In the third and fourth row, the higher number of dimples exhibits the most

pronounced influence on the heat transfer behaviour due to the high relative
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velocity. In the setups with ₆₄ dimples, no further increase in heat transfer

can be observed in the outermost row compared to the third row of dimples.

In thecaseof thedimplesof diameter𝐷i = ₉mm, evenaslightdecreaseof the

maximum heat transfer can be observed. It is noteworthy that pronounced

local maxima occur at the inner edges of the dimples. These indicate vortices

that form at the examined range of rotational velocity and increase the heat

transfer locally in a considerable extent.

With ₁₃% increase, the variant with ₆₄ larger dimples shows the highest

mean heat transfer increase of the non-structured setups in figure ₆.₁₂(b).

It also exhibits the highest local heat transfer increase, located at 𝑟∗ ≈ ₀.₈
reaching more than ₁₉%. The setup with ₆₄ smaller dimples shows an al-

most uniform heat transfer increase over the entire disc radius, leading to an

average increase of just below ₆%. The setup with the staggered dimples is

associatedwith a considerable increaseof more than ₁₂% aswell as an almost

constantly distributed heat transfer over the entire disc radius. The charac-

teristic of the smooth disc is no longer visible. The local maxima at the inner

edges of the dimples, which had already been noticeable in the patterned

setups, are also visible and contribute to an additional homogenization of

the heat transfer.

Overall, the examination of the heat transfer of discs with dimples shows

that the influence of the dimples depends strongly on the ratio of Reynolds

numbers Γ = 𝑅𝑒Ω/𝑅𝑒𝑢 as well as on the position, size and arrangement

of the dimples themselves. At low rotational velocities, the influence of the

dimples - regardless of their size and position - is low while the behaviour

of the smooth disc dominates the heat transfer characteristic. A positive in-

fluence on the heat transfer is primarily possible with large dimples close to

the cylindrical shaft. In general, the influence of the dimples does not influ-

ence the global heat transfer behaviour but is locally limited. Even at high

rotational numbers, the smooth areas of the discs with dimples behave very

similar to the corresponding smooth disc. Due to this, a homogeneous heat

transfer over the entire surface of the disc is possible by an even and circum-

ferentially overlapping distribution of larger dimples. To achieve this, it is

also necessary to position the dimples in such a way that as the radius of the

disc increases, the uniform density of dimples decreases in inverse propor-

tion to the radius.
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₆.₃.₅ Thermal efficiency of the discs

In addition to the mere effectiveness of the dimples regarding increase of

heat transfer, their actual efficiency is also important for the evaluation of

performance. Due to the increased momentum transfer perpendicular to

the disc surface as a result of the dimples, the drag of the disc also increases

besides the heat transfer.

Figure ₆.₁₃(a) shows the Reynolds analogy factor 𝑅𝐴𝑅 as given in equa-

tion (₃.₆₉) on page ₃₈ for the different examined setups over Γ. In all cases,

the value tends to decrease with increasing rotational velocity. In this case

an increasing rotational velocity is always accompanied by a rise of the mo-

ment coefficient 𝑐𝑀. Thus, this result is consistent with the well-known

phenomenon that 𝑅𝐴𝑅 decreases with increasing loss coefficient and thus

in general with increasing 𝑅𝑒. This behaviour has been observed in square

channelswithall kindsof turbulators [₁₄₄] aswell as in round tubes roughened

with dimples [₁₃₈]. As mentioned in section ₃.₅, this merely indicates that

𝑁𝑢 increases slower than 𝑐𝑀 as 𝑅𝑒 increases. It can be seen that the Reynolds

analogy has the best validity over the considered operating point range for

the setup with ₆₄ small, randomly distributed dimples, reaching values over

₉₅%. The second highest values are achieved by the setup with the identical

dimples, positioned in a patterned manner. These setups showed consist-

ently low heat transfer increases and thus behaved similar to the smooth

disc. The high 𝑅𝐴𝑅 values show that 𝑐𝑀 also increases only moderately.

With ₈₉% to ₉₅% the setups with ₆₄ large, randomly distributed and ₁₂₈

patterned dimples show the lowest values. These setups achieved large in-

creases in heat transfer. This shows that the increase in heat transfer is always

accompanied by increased drag. In addition, 𝑐𝑀 increases stronger than 𝑁𝑢,

so 𝑅𝐴𝑅 decreases with increasing heat transfer.

Toconsider theactual thermal efficiencyof the individual setups, the thermal

performance parameter 𝑇𝑃𝑃 as given in equation (₃.₇₀) on page ₃₈ is shown

in figure ₆.₁₃(b). Here, adifferent characteristic compared to𝑅𝐴𝑅 is evident.

The values tend to increase for all setups with increasing rotational velocity.

Furthermore, mostvaluesaregreater thanunity, whichmeans that the invest-

igated setups are reasonable fromanenergetic pointof viewat the considered

operating points in addition to their mere ability to increase heat transfer.

Overall, the use of setups with larger dimples leads to favourable values. In

a direct comparison of the setups with ₆₄ dimples positioned in a patterned

manner, a similar qualitative progression of 𝑇𝑃𝑃 over Γ can be observed for

both dimple sizes used. However, the setup with larger dimples constantly

₁₃₀



₆.₄ Guidelines for creating application-specific dimple setups
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discs covered with dimples in different setups

Figure ₆.₁₃: Thermal performance parameter of the investigated setups. Red line indicates

unity for better readability. (Simulation data was partly generated within the

context of Matsche [S₂])

lies ₁.₄ to ₃ percentage points above that using smaller dimples. Over the ob-

served rotational velocity range, the setup with ₅₆ dimples is generally more

efficient than the setup with ₁₂₈ dimples. The setups with ₆₄ small dimples

achieve the lowest performance overall. All setups achieve the highest effi-

ciency at Γ = ₄.₆₆. All arrangements using larger dimples achieve a 𝑇𝑃𝑃
of about ₁.₀₅ at this operating point. Higher values might be achieved with

deeper dimples on thicker discs as well as with optimised arrangements.

₆.₄ Guidelines for creating application-specific

dimple setups

From the setups and operating points investigated, general rules can be de-

rived which are applicable to the design of heat transfer optimisation of ro-

tating discs. First of all, it should be noted that all investigated setups in-

creased the heat transfer. With a higher rotation ratio Γ, the positive effect

of the dimples on heat transfer also increases. From an energetic point of

view, all setups are efficient for Γ ≥ ₂.₃₃. Due to the diversity of considered

setups with respect to the distribution of dimples, it is therefore unlikely to

find thermally inefficient setups of corresponding dimples in the considered

range of coverage rate ₉.₈%< 𝛽 <₁₉.₇%. However, the coverage rate with

dimples is not a suitable design parameter for heat transfer increase. Instead,
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₆ Thermal performance of rotating discs covered with spherical dimples

the investigations showed that the combination of dimple size and position

together with local rotation ratio is crucial to modulate heat transfer.

The results revealed that the highest correlation values of heat transfer ex-

ist with the combination of relative dimple depth 𝑧d/𝑙 with the square of

the local rotation number 𝛾₂. This correlation is particularly significant for

𝛾 > ₁.₇. For a design of a defined operating point and thus given ratio

Γ = 𝑅𝑒Ω/𝑅𝑒𝑢, the desired distribution of the heat flux �̇� can thus be ap-

proximated via the relation 𝑧d/𝑙 ⋅ 𝛾₂. The local rotation ratio 𝛾 as well as

the circumferential length 𝑙 are linear over the radius of the disc. Thus, the

dimple depth 𝑧d can be determined for each radius 𝑟 of the disc via the ratio

�̇�/ (𝑟Ω₂).

For a homogeneous distribution of the heat flux over the radius of the disc,

a higher concentration of dimples in the area of the cylindrical shaft and a

lower dimple density in the outer area of the disc are the result. The setup

S_₀₅₆_D₉ exhibits a similar distribution, as can be seen in figure ₆.₁₀(b). In

fact, this setup leads to a homogenisation of the heat flux �̇� over the radius of

the disc at high rotational velocities Ω, where 𝛾 > ₁.₇ is valid on a large part

of the disc. This behaviour can be observed in figure ₆.₁₂(b), underlining the

adequacy of the design rule.
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Conclusion ₇
Efficient heat transfer in rotating systems defines the performance limit and

the highest, technically feasible efficiency in many applications nowadays.

These include gas turbines and electric motors, for example. While dimples

arealreadyused in thefieldof gas turbines to increase thecoolingefficiency in

thebladechannel, there is still nowidespread applicationdespite theexisting

potential in other areas. One reason for this is that both the mechanisms of

action of the dimples themselves and the specific effects in rotating systems

have not yet been sufficiently explored. Therefore, the motivation for this

work, inaddition toexpanding thephysical understandingof theflowaround

dimples, was to investigate the influences on a simplified, rotating system.

Through this consideration, design rules could be derived in a defined initial

system for modulating the heat transfer of rotating discs.

Methodology

Research into the physical processes on dimples was carried out with regard

to the mechanisms of action of drag reduction on overflowed plates. Literat-

ure values of van Nesselrooij et al. [₁₆₈] and Mahmood & Ligrani [₁₅₁] served

as reference values to prove the validity of the simulations. For the study

of the increase in heat transfer, investigations were carried out on the flow

through channels. The data was validated with and compared to data given

by Mahmood & Ligrani [₁₅₁] and Sato et al. [₁₉₆]. Due to the high influence

of comparatively small geometric changes, special attention was paid to the

sufficient spatial and temporal resolution of the simulations.

For the original investigations of the effects of dimples on rotating discs, no

published reference values exist. Therefore, the simulations were validated

using smooth discswith data of Latour et al. [₁₃₂], Nguyen & Harmand [₁₆₉],

and Wiesche & Helcig [₂₃₁]. Simulations with non-interacting spherical and

teardrop-shaped dimples were used to evaluate the influence of rotation on

theeffects at thedimples. Thecomplex interactionof the flowarounddimple

arrangements was investigated in six setups, which were designed to reveal

the differences in the arrangement of the dimples on the disc and the influ-

ence of the coverage rate.
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₇ Conclusion

Physical effects in non-rotating systems

The effects of the drag reduction show a strong dependence on Reynolds

number 𝑅𝑒 as well as the concrete geometric design of the dimple setups.

This is due to the influence of streaks near the surface, which can be modu-

lated and thus stabilised by the dimples under certain circumstances. How-

ever, this requires precise coordination of the geometric arrangement and

the operating condition. A deviation leads to a negative influence on the

flow structures, whereby the positive effect of drag reduction turns into drag

increase. For dimple depths of ℎ/𝐷i ≳ ₆% the generated pressure drag be-

comesdominant, wherebydrag reductions in the investigated rangeof 𝑅𝑒 can

no longer be achieved. In addition, the influences of individual parameters

are not linear and cannot be extrapolated. The data clearly show that seem-

ingly contradictory results in literature regarding the effectiveness of dimples

for drag reduction can be attributed to the mentioned, small differences in

setups and operating points of the different studies.

While deeper dimples are known to result in higher heat transfer gains, the

actual thermal efficiency of a defined setup is not robust to operating point

changes. Likewise, the influences of geometric parameters cannot be inter-

polated linearly. The results show that smallerdimples lead to higher average

wall shear stresses, indicating that the boundary layer is globally influenced

despite the local nature of the dimples. However, this influence is superim-

posed by the local influences, resulting in a complex interaction of different

effects, making interpolationorextrapolationprone toconsiderableerrors.

Shape of dimples on rotating discs

The advantages of teardrop-shaped dimples in non-rotating setups do not

come into play on rotating discs. In ducts, the relative flow of the dimples

does not change over time. Compared to spherical dimples, the teardrop

shape causes the flow to enter the dimples more gradually. This minim-

ises losses, while the heat transfer remains comparable to that of spherical

dimples due to the shape of the trailing edge.

In the rotating system, the relative inflow depends on the current position of

the disc. This means that the advantages of the modified inlet and outlet of

the flow at the dimples do not act. Due to the rotational symmetry, spherical

dimples are more robust against changes in the incoming flow and therefore

provide more advantageous results overall. Optimising the geometry of the

dimples on rotating discs would therefore only be possible to a very limited

extent for a defined operating point.
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Influence of individual parameters on the effects of interacting

dimples

The investigation of size, number and arrangement of spherical dimples on

discs showed a clear dependence of the influences on the respective operat-

ing condition. The influence of the dimples tends to increasewith increasing

rotational numbers, while the pure effects of the rotating disc dominate at

lower rotational numbers. The results show that the size of the dimples and

the radial spacing of individual rows of dimples have a stronger influence on

the qualitative course of heat transfer than the number of azimuthally con-

secutive dimples. For local rotation numbers above 𝛾 ≈ ₁.₇, in the case of

unstructured arrangements of the dimples on the disc, the local influence of

the boundary layer is decisive for heat transfer increases. A detailed examin-

ation of the distribution of the relative depth of the dimples along the radius

shows that largerdimples closer to the rotation axis lead to higher heat trans-

fer rates. This is due to the interaction of the dimples in this area with the

stagnation flow in front of the cylindrical shaft.

Overall, up to very high rotation numbers, the effects of the dimples were

found to act rather locally. From this it follows that a uniform heat transfer

increase on rotating discs can be achieved by radially and azimuthally over-

lapping rows of dimples. The size of the dimples needs to be adapted to the

radial position in such away that the resulting effective depth of the dimples

is inversely proportional to the radius. With regard to the thermal efficiency,

increases of up to ₅% could be achieved in the investigated rotation number

range. A clear positive correlation between efficiency and rotation number

was found, especially for the setups with larger dimples.

Outlook

As part of the work, a design-rule was developed with the help of which it

is possible to specifically influence the heat transfer behaviour of rotating

discs by the placement of dimples. This design rule states that for local ro-

tation numbers 𝛾 > ₁.₇ the heat flux �̇� is approximately proportional to 𝛾₂

multiplied by the relative dimple depth 𝑧d/𝑙. This can be used to investigate

different scenarios regarding the increase in heat transfer. Based on the in-

vestigated setups, the rule is valid for ₁.₁₇ ≤ Γ ≤ ₄.₆₆ for discs and dimples

corresponding to the investigated proportions. Extrapolation to other relat-

ive dimple sizes has not been tested.

Extending the range of validity by varying the dimples geometry in terms

of diameter, depth and resulting arrangement is the next logical step in the

research. Additionally, in the investigations of heat transfer enhancement,
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₇ Conclusion

the greatest correlation was shown with the relative dimples depth in the ra-

dial direction 𝑧d/𝑙 and the square of the local rotation number 𝛾₂. Although

the correlation is clear, it is likely that other parameters such as the relative

dimplesdepth in theazimuthal direction havean influenceon the heat trans-

fer behaviour. Detailed investigations of such influences could further refine

the model and lead to even better predictive power.

Increasing the heat transfer while minimising the drag increase is an optim-

isation problem with opposing optimisation objectives. Automatic optim-

isation methods such as the conjugate gradient method can be used in this

context. In fluid mechanics, artificial intelligence methods are also being

used more and more frequently due to broader availability of data, which can

also be used in the future to further increase the efficiency of dimple setups

on rotating discs.

Exclusively numerical investigations were carried out in this work. Due to

the ensured simulation quality, these provide detailed, spatially highly re-

solved information about the entire flow field. Geometric variations can also

be implemented well in the model. However, different operating points of a

setup require separate simulations, which increases the numerical effort. In

this case, experiments on selected geometries would be a suitable means of

obtaining a wide range of data on the behaviour of certain setups over differ-

ent operating points. Significantly longer measurement durations can also

be implemented considerably faster than in numerical high-resolution sim-

ulations.
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Zusammenfassung

EffizienteWärmeübertragung in rotierendenSystemendefiniertheute invie-

len Anwendungen die Leistungsgrenze und den höchsten, technisch reali-

sierbaren Wirkungsgrad. Hierzu zählen beispielsweise Gasturbinen sowie

Elektromotoren. Während Dimpel im Bereich der Gasturbinen bereits zur

effizienten Kühlung im Schaufelkanal eingesetzt werden, gibt es in anderen

Bereichen trotz des vorhandenen Potenzials noch keine breite Anwendung

dieserTechnologie. EinGrundhierfür ist, dass sowohldieWirkmechanismen

der Dimpel an sich als auch die spezifischen Effekte in rotierenden Systemen

noch nicht ausreichend erforscht sind. Die Motivation für diese Arbeit war

daher, nebenderErweiterungdesphysikalischenVerständnissesderUmströ-

mung von Dimpeln, die Einflüsse dieser auf ein vereinfachtes, rotierendes

Strömungssystem zu untersuchen. Durch diese Betrachtung konnten in ei-

nem definierten Ausgangssystem Gestaltungsregeln für die Modulation des

Wärmeübergangs von rotierenden Scheiben abgeleitet werden.

Methodik

An überströmten, mit Dimpeln strukturierten Platten wurden die physikali-

schen Effekte in Bezug auf die Wirkmechanismen zur Widerstandsredukti-

onvonOberflächenuntersucht. LiteraturwertevonMahmood & Ligrani [₁₅₁]

und van Nesselrooij u. a. [₁₆₈] dienten als Referenzwerte, um die Gültigkeit

und Güte der Simulationen zu belegen. Die simulationsbasierten Untersu-

chungen hinsichtlich der Erhöhung desWärmeübergangswurden an durch-

strömten Kanälendurchgeführt undmitDaten vonMahmood & Ligrani [₁₅₁]

sowie Sato u. a. [₁₉₆] verglichen. Aufgrund des hohen Einflusses vergleichs-

weise kleiner geometrischer Änderungen wurde besonderes Augenmerk auf

eine ausreichende räumliche und zeitliche Auflösung der Simulationen ge-

legt.

Für die erstmaligen Untersuchungen der Effekte von Dimpeln auf rotieren-

den Scheiben existieren keine publizierten Referenzwerte. Daherwurdendie

hierfürdurchgeführten Simulationenanhandglatter ScheibenmitDatenvon

Latour u. a. [₁₃₂], Nguyen & Harmand [₁₆₉] sowieWiesche & Helcig [₂₃₁] va-

lidiert. Simulationenmit nicht interagierenden rundenund tropfenförmigen

DimpelndientenderEvaluationdes EinflussesderRotationauf die Effektean

den Dimpeln. Die Erforschung der komplexen Interaktion der Umströmung

von Dimpel-Anordnungen erfolgte an sechs unterschiedlichen Setups. Die
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Zusammenfassung

Setups wurden so gewählt, dass Unterschiede hinsichtlich der Anordnung

der Dimpel auf der Scheibe sowie der Bedeckungsrate zumTragen kamen.

Physikalische Effekte in nicht rotierenden Systemen

Die Effekte der Widerstandsreduktion zeigen eine starke Abhängigkeit der

Reynolds-Zahl𝑅𝑒 sowiederkonkretengeometrischenGestaltungderDimpel-

Setups. Dies ist auf die Beeinflussung oberflächennaher Streaks zurückzu-

führen, welche durch die Dimpel moduliert und dadurch stabilisiert werden

können. Diese Beeinflussung erfordert eine genaue Abstimmung der geo-

metrischen Anordnung sowie des Betriebszustandes. Bereits verhältnismä-

ßig kleineAbweichungen führen zu negativer Beeinflussung der Strömungs-

strukturen, wodurch der positive Effekt der Widerstandsreduktion in Wi-

derstandserhöhung umschlägt. Für Dimpel-Tiefen von ℎ/𝐷i ≳ ₆% wird der

erzeugte Druckwiderstand dominant, wodurchWiderstandsreduktionen im

untersuchten Reynoldszahlbereich nicht mehr erreicht werden können. Zu-

dem wurde gezeigt, dass die Einflüsse einzelner Parameter nicht linear sind

und somit nicht extrapoliertwerden können. DieDaten zeigendeutlich, dass

scheinbar widersprüchliche Ergebnisse in der Literatur bezüglich der Wirk-

samkeit vonDimpeln zurWiderstandsreduzierung auf die erwähnten, gerin-

gen Unterschiede in den Aufbauten und Betriebspunkten der verschiedenen

Studien zurückzuführen sind.

Während tiefereDimpel bekanntermaßenzuhöherenSteigerungendesWär-

meübertrags führen, ist die tatsächliche thermische Effizienz eines definier-

ten Setups nicht robust gegenüber Betriebspunktänderungen. Ebenso kön-

nen die Einflüsse der geometrischen Parameter aufgrund komplexer Abhän-

gigkeiten nicht linear interpoliert werden. Die Ergebnisse zeigen, dass klei-

nere Dimpel zu höheren durchschnittlichen Wandschubspannungen füh-

ren, was darauf hin deutet, dass die Grenzschicht trotz der lokalen Natur

der Dimpel global beeinflusst wird. Diese Beeinflussung wird jedoch durch

die lokalen Einflüsse überlagert, wodurch eine komplexe Interaktion unter-

schiedlicher Effekte entsteht, welche sowohl Interpolation als auch Extrapo-

lation fehleranfällig macht.

Einfluss der Form von Dimpeln auf rotierenden Scheiben

Die Vorteile tropfenförmiger Dimpel in nicht rotierenden Setups kommen

auf rotierenden Scheiben nicht zum Tragen. In Kanälen ändert sich die re-

lative Anströmung der Dimpel über die Zeit nicht. Im Vergleich zu runden

Dimpeln führt die Tropfenform dazu, dass der Einlauf der Strömung in die

Dimpelmodifiziertwird. HierdurchwerdenVerlusteminimiert, währenddie
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Wärmeübertragung aufgrund der Hinterkantenform mit jener der runden

Dimpel vergleichbar bleibt.

Im rotierenden System hängt die relative Anströmung hingegen von der ak-

tuellen Position der Scheibe ab. Hierdurch kommen die Vorteile des modifi-

zierten Ein- und Auslaufs der Strömung an den Dimpeln nicht zum Tragen.

Runde Dimpel sind aufgrund der Rotationssymmetrie robuster gegenüber

den Änderungen der Anströmung und liefern daher insgesamt vorteilhafte-

re Ergebnisse. Eine Optimierung der Geometrie der Dimpel auf rotierenden

Scheiben wäre daher nur für einen definierten Betriebspunkt in sehr einge-

schränktem Maße möglich.

Einfluss einzelner Parameter auf die Auswirkungen interagierender

Dimpel

Die Untersuchung von Größe, Anzahl und Anordnung von runden Dimpeln

auf Scheiben zeigte einedeutlicheAbhängigkeit der Einflüssevom jeweiligen

Betriebszustand. Der Einfluss der Dimpel nimmt mit steigendem Verhältnis

von Rotationsgeschwindigkeit zuQuerstromgeschwindigkeit tendenziell zu,

während bei niedrigeren Rotationsgeschwindigkeiten die reinen Effekte der

rotierenden Scheibe dominieren. Die Ergebnisse zeigen, dass die Größe der

Dimpel und der radiale Abstand einzelner Dimpel-Reihen einen stärkeren

Einfluss auf den qualitativen Verlauf desWärmeübergangs haben als die An-

zahl der azimutal aufeinanderfolgenden Dimpel. Für lokale Rotationszahlen

oberhalb von 𝛾 ≈ ₁.₇ ist bei unstrukturierter Anordnung der Dimpel auf der

Scheibe der lokale Einfluss der Grenzschicht ausschlaggebend für die Wär-

meübergangssteigerung. Eine detaillierte Betrachtung der Verteilung der re-

lativenTiefederDimpel entlang des Radius zeigt, dass größereDimpel näher

an der Rotationsachse zu höherenWärmeübertragungsraten führen. Dies ist

auf die Wechselwirkung der Dimpel in diesem Bereich mit der Staupunkt-

strömung vor der zylindrischen Welle zurückzuführen.

Insgesamt wurde gezeigt, dass die Wirkung der Dimpel bis zu sehr hohen

Drehzahlen tendenziell lokal begrenzt ist. Daraus folgt, dass eine gleichmä-

ßige Wärmeübergangssteigerung an rotierenden Scheiben durch radial und

azimutal überlappendeDimpel-Reihen erreichtwerden kann. Die Größeder

Dimpel muss dabei so an die radiale Position angepasst werden, dass die re-

sultierende effektive Tiefe der Dimpel umgekehrt proportional zum Radius

ist. Hinsichtlich des thermischenWirkungsgrades konnten im untersuchten

Drehzahlenbereich Steigerungenvonmaximal ₅%erreichtwerden. Eswurde

eine deutliche positive Korrelation zwischen Wirkungsgrad und Rotations-

zahl festgestellt, insbesondere bei den Versuchen mit größeren Dimpeln.
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Ausblick

Im Rahmen der Arbeit wurde eine Designregel entwickelt, mit deren Hilfe es

möglich ist, dasWärmeübergangsverhalten von rotierenden Scheiben durch

die Platzierung von Dimpeln gezielt zu beeinflussen. Diese Designregel gibt

an, dass für lokale Rotationszahlen 𝛾 > ₁.₇ der Wärmefluss �̇� näherungs-

weise proportional zu 𝛾₂ multipliziert mit der relativen Dimpel-Tiefe 𝑧d/𝑙
ist. Damit lassen sich verschiedene Szenarien hinsichtlich der Steigerung des

Wärmeübergangs untersuchen. Ausgehend von den betrachteten Setups gilt

die Designregel für ₁, ₁₇ ≤ Γ ≤ ₄, ₆₆ für Scheiben und Dimpel entsprechend

den untersuchten Verhältnissen. Eine Extrapolation auf andere Dimpel wur-

de nicht getestet.

Die Erweiterung des Gültigkeitsbereiches durchVariation der Geometrie der

Dimpel hinsichtlichDurchmesser, Tiefe und ausderDesignregel resultieren-

der Anordnung ist der nächste Schritt für künftige Forschung. Bei den Un-

tersuchungen zur Verbesserung des Wärmeübergangs wurde außerdem die

größte Korrelation mit der relativen Tiefe der Dimpel in radialer Richtung

𝑧d/𝑙 und dem Quadrat der lokalen Rotationszahl 𝛾₂ festgestellt. Obwohl die

Korrelationsehrdeutlich ist, isteswahrscheinlich, dassandereParameterwie

die relative Tiefe der Dimpel in azimutaler Richtung einen Einfluss auf das

Wärmeübertragungsverhalten haben. Detaillierte Untersuchungen solcher

Einflüsse könnten das Modell weiter verfeinern und zu einer weiter besser-

ten Vorhersagekraft führen.

Die Steigerung desWärmeübertrags bei gleichzeitiger Minimierung derWi-

derstandserhöhung stellteinOptimierungsproblemmitgegensätzlichenOp-

timierungszielen dar. Hierfür können automatische Optimierungsverfahren

wiedasVerfahrender konjugiertenGradientenverwendetwerden. Auchwer-

den in der Strömungsmechanik durch breitere verfügbare Datengrundla-

gen immer öfter Methodiken der künstlichen Intelligenz verwendet, welche

künftig auch für die weitere Steigerung der Effizienz von Dimpel-Setups auf

rotierenden Scheiben herangezogen werden können.

In dieser Arbeit wurden ausschließlich numerische Untersuchungen durch-

geführt. Diese liefern aufgrund der sichergestellten Simulationsqualität de-

taillierte, örtlichhochauflösende InformationenüberdasgesamteStrömungs-

feld. Auch sind geometrischeVarianten imModell gut umsetzbar. Allerdings

erfordern unterschiedliche Betriebspunkte eines Setups eigene Simulatio-

nen, was den numerischen Aufwand in die Höhe treibt. Hier wären Experi-

mente an ausgewählten Geometrien ein geeignetes Mittel, um gezielt breite
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Datengrundlagen über das Verhalten bestimmter Setups über verschiede-

ne Betriebspunkte zu erhalten. Auch können deutlich längere Messdauern

wesentlich einfacher umgesetzt werden als in numerisch hochauflösenden

Simulationen.
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A
Literature Overview

A.₁ Heat Transfer fromdimples

An overview of the historical development of research on the heat transfer

due to dimples is given in table A.₁. The publications are sorted chronologic-

ally and the focus of investigation ismarked. A distinction ismade according

to whether single dimples or multiple dimples were observed. Furthermore,

a distinction is made between round dimples and other shapes such as oval,

polygonal or teardrop-shaped dimples. Finally it is indicated whether exper-

imentally determined results (exp) or numerical investigations (num) were

presented.
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Appendix A Literature Overview
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A.₂ Drag reduction

A.₂ Drag reduction

An overview of the historical development of research on the possible drag

reduction due to dimples is given in table A.₂. The publications are sorted

chronologically and the focus of investigation is marked. A distinction is

made according to whether shallow dimples (ℎ/𝐷i ≤ ₅%) or deep dimples

(ℎ/𝐷i > ₅%) were observed and the coverage ratio 𝛽 is given. Furthermore,

it is shown whether drag reduction (red) or drag increase (inc) was found in

the study. Finally it is indicated whether experimentally determined results

(exp) or numerical investigations (num) were presented.
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A.₃ Rotating discs

A.₃ Rotating discs

An overview of the historical development of research on the flow and heat

transfer of rotating discs is given in table A.₃. The publications are sorted

chronologically and the focus of investigation is marked. The distinction is

made according to whether laminar (lam) or turbulent (turb) flow around

a single disc (SD) or between two discs (TD) was observed. Furthermore,

it is noted whether or not axial flow (AF), crossflow (CF) or heat transfer

(HT) were included at the investigations. In addition, a distinction is made

between theoretical solutions (TS), experimentally determined results (exp)

and numerical investigations (num). Here, numerical investigations refers

to the use of computational fluid dynamics (CFD) rather than numerical in-

tegration of analytical equations.
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B
visualisation of turbulent structures
near the surface

This appendix discusses near-wall streamwise vortices on plates with flat

dimples, as studied in chapter ₄ for the flat plate and the setups OL and

NOL. Streamwise vortices occur in all investigated turbulent flows in the

near-wall region. The average length and the average distance of the struc-

tures to each other depends strongly on the value of 𝜆₂ forwhich the vortices

are investigated. No difference in the frequency of occurrence and structure

of the vortices is apparent for the plates with dimples and the flat plate. Only

at the leading and trailing edges of the dimples an influence of the vortex

structures is recognizable. At the same threshold value of 𝜆₂, the vortices

of the plate with dimples protrude to greater distances from the wall than

in the case of the flat plate. These lose orientation in the 𝑥-direction with

increasing 𝑦+ and eventually form new vortex structures. Figure B.₁ shows

the vortex structures with a 𝜆₂ threshold of −₁.₂ · ₁₀₇. The isosurfaces are

coloured according to the 𝑦+ value related to the height of the wall surface.

The vortices coloured in dark blue are thus located within the dimples and

therefore lie below the average wall level.
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Appendix B visualisation of turbulent structures near the surface

₀ ₁₀ ₂₀ ₃₀ ₄₀ ₅₀ ₆₀ ₇₀ ₈₀ ₉₀ ₁₀₀

𝑦+

Figure B.₁: Vortex structures at 𝑦+ < ₁₅₀ visualised by the 𝜆₂-criterion with threshold

−₁.₂ · ₁₀₇ and coloured by wall distance (Simulation data was partly generated

within the context of Kalb [S₁]).
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