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Abstract 

Experimental and numerical investigations have been conducted with the aim to 
understand the transport mechanisms that lead to varying heat and momentum transfer 
in the wake flow behind a square cylinder placed in a turbulent boundary layer along a 
heated flat plate. By varying the distance between rod and flat plate the boundary layer 
flow could be disturbed in a way to stimulate the formation of wake recirculation and 
vortex streets interacting with the flat plate. Nusselt number and wall skin friction dis-
tributions along the heated flat plate were compared with the results of the undisturbed 
boundary layer flow. 

The experimental studies were performed in an atmospheric open-loop wind tunnel 
with ambient air as working fluid creating a developed velocity and thermal boundary 
layer along an eletrically heated flat plate. Within the optically accessible test section a 
bluff body with square cross section and optional devices for active flow excitation 
was mounted transverse to the quasi two-dimensional flow. Velocity, fluctuation and 
temperature distributions along the heated bottom wall were measured with tube- and 
anemometer based sensors and liquid crystal sheets, respectively. 

In a second step a series of large-eddy simulations with high near-wall grid resolu-
tion were performed to reveal local flow separation, vortex formation processes as 
well as drag and lift forces on the rod by analyzing the instantaneous and phase-
averaged flow, pressure and temperature fields that could not be fully resolved exper-
imentally. The wall clearance between rod and wall was varied from zero to two body 
diameters in a way to leave the rod entirely immersed in the turbulent boundary layer. 
Different wake flow regimes including quasi-stationary wake recirculation at zero and 
low wall clearance as well as fully developed vortex street regimes with a wall clear-
ance of up to two body diameters were observed. Their interaction with the heated bot-
tom wall lead to a strong heat transfer enhancing effect in a certain region downstream 
of the flow perturbation while simultaneously local wall skin friction remains low. 

As a major result of combined experimental and numerical investigations it could 
be shown that passive configurations with such rod to wall clearance leading to the 
formation of a developed asymmetric vortex street with strong wall interaction are 
most efficient to increase local wake heat transfer while keeping wall shear stress low. 
These findings were finally used to define design criteria for a Kármán Vortex type 
heat exchanger that can make use of the local heat and momentum transfer variation. 
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Zusammenfassung 

Die Umströmung eines quadratischen Zylinders in einer turbulenten Grenzschicht 
entlang einer beheizten Wand wurde experimentell und numerisch untersucht. Der Ab-
stand des Störkörpers von der beheizten Wand wurde so variiert, dass sich im Nach-
lauf verschiedene Strömungszustände ausbilden konnten: die Strömung über eine Rip-
pe, Spaltströmungen sowie Umströmungen mit Bildung stabiler, wegen des Wandein-
flusses asymmetrischer Wirbelschleppen. Für alle betrachteten Konfigurationen wur-
den Verteilungen der Nusseltzahl und der Wandschubspannung entlang der beheizten 
Wand ermittelt und mit den Ergebnissen der ungestörten Grenzschichtströmung ver-
glichen.   

Die Experimente wurden in einem atmosphärischen Windkanal durchgeführt, der 
durch geeigneten Umbau die Simulation einer quasi-zweidimensionalen 
druckgradientenfreien Grenzschichtströmung entlang einer elektrisch beheizten Platte 
mit konstanter Wärmestromdichte ermöglichte. Die optisch zugängliche Testkammer 
wurde nach Referenzmessungen an der ungestörten Grenzschichtströmung mit einem 
quadratischen Störkörper versehen, mit der optionalen Möglichkeit aktiver Strö-
mungsbeeinflussung durch oszillierendes Absaugen/Ausblasen aus dem Störkörper. 
Für die Messung der Geschwindigkeitsfelder, Fluktuationen und Temperaturverteilung 
sowie des Wandwärmestroms wurden Differenzdruckmessungen, Anemometer-
basierte Fluktuationsmessungen, sowie temperatursensitive Flüssigkristallmesstreifen 
in Wandnähe eingesetzt.  

In einem zweiten Schritt  wurde eine Serie von Grobstruktursimulationen durchge-
führt, mit hoher räumlicher Auflösung in Wandnähe, um in der Lage zu sein, auch lo-
kale Strömungsablösungen und Wirbelbildungsprozesse analysieren zu können, die im 
Experiment nicht aufgelöst werden konnten. Hierzu dienten die erzeugten augenblick-
lichen, zeitgemittelten und phasengemittelten Felder der Strömung und der Tempera-
tur. Als Zuströmung wurde zuerst eine Grobstruktursimulation der zugehörigen turbu-
lenten Grenzschicht erzeugt. Danach wurden unterschiedliche Strömungsfälle berech-
net, mit Variation des Abstandes des quadratischen Zylinders von der beheizten Bo-
denplatte zwischen null und zwei Zylinderabmessungen, wobei dieser immer vollstän-
dig in der ankommenden Grenzschicht verblieb. Die erzielten Ergebnisse zeigen im 
Detail die Wechselwirkung der mit zunehmendem Wandabstand entstehenden, zu-
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nächst stark asymmetrischen von Kármánschen Wirbelstrasse mit der beheizten Bo-
denplatte. 

Im Ergebnis erwies sich die zur Ausbildung einer asymmetrischen Wirbelschleppe 
mit ausreichend starker Wandinteraktion führende Wahl des Abstands zwischen Stör-
körper und beheizter Wand als geeignetste Maßnahme zur Erhöhung des Wärmetrans-
ports bei gleichzeitiger Kontrolle der Wandschubspannung. Dies findet Eingang in die 
abschliessende Bewertung geeigneter Wärmetauscherkonfigurationen zur Nutzung des 
lokal verstärkbaren Wärme- und Impulstransfers. 
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Nomenclature 

Latin Symbols 

A surface 

Ai surface normal to coordinate direction of xi, (xi = x,y,z) 

b (channel) width 

c speed of sound 

cp specific heat capacity at constant pressure 

C wall clearance / wall distance  

CD drag coefficient (see dimensionless groups) 

Cf (wall) skin friction coefficient (see dimensionless groups) 

CL lift coefficient (see dimensionless groups) 

Cp pressure coefficient (see dimensionless groups) 

CS Smagorinsky constant  

D square rod diameter / edge length 

D* vortex diameter 

DDX finite volume cell size in streamwise direction 

DDY finite volume cell size in spanwise direction 

DDZ finite volume cell size in vertical direction 

DX adjacent finite volume cell center distance in streamwise direction 

DY adjacent finite volume cell center distance in spanwise direction 

DZ adjacent finite volume cell center distance in vertical direction 

e internal energy per unit mass 

et total energy per unit mass (et = e + 1/2 ui ui) 

E spectral energy density of turbulence 

f frequency 
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wq

TQ

iq

Q

fi body force in direction xi, (xi = x,y,z) 

g nominal acceleration due to gravity 

G numerical total viscosity 
Gmol numerical molecular viscosity 
h channel height 

h convection heat transfer coefficient 

h enthalpy per unit mass ( h e p ρ= + ) 

I,J,K finite volume cell indices in streamwise, spanwise and vertical direction 

k wavenumber 

L (flat plate) length, characteristic large-scale length 

LF vortex formation length 

LR (wake) recirculation length 

Lx length (in streamwise direction) 

Ly width (in spanwise direction) 

Lz height (in vertical direction) 

Ma Mach number 

Ngrid grid size, grid cell number 

NTOP total number of operations 

Nu Nusselt number 

p pressure 

Pr, Prmol Prandtl number 

Prt turbulent Prandtl number 

q numerical flux density term 

 heat flux per unit area in xi direction, (xi = x,y,z) 

 wall heat flux per unit area 

 numerical flux term 

 heat production per unit volume 

Re Reynolds number 
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jA

ijS
∆ ( )( )1 2j i jA A A

ij i , j j ,iS u u
∆ ∆ ∆

= +

( )wu /τ τ ρ=

ReD Reynolds number based on rod diameter 

Reh Reynolds number based on channel height 

ReL Reynolds number based on flat plate length 

Reδ2 Reynolds number based on the momentum defect thickness  

Re∆2 Reynolds number based on the enthalpy thickness  

Ret turbulent Reynolds number 

Rex local Reynolds number at streamwise position x  

s placeholder for x,y or z coordinate 

sij strain rate tensor ( sij = 1/2 (ui,j +  ui,i)) 

sm viscous sublayer extension 

S dimensionless placeholder for X,Y or Z coordinate 

 filtered strain rate tensor 

Sm dimensionless viscous sublayer extension 

Sr Strouhal number 

St Stanton number 

t time 

T (dimensionless) temperature 

T∝ (dimensionless) bulk temperature 

Tf absolute fluid temperature 

Tw wall temperature 

TuUi turbulence level of bulk velocity component Ui 

TuT bulk temperature turbulence level 

u streamwise velocity 

uj velocity component (u,v,w) 

uτ mean streamwise friction velocity  

U dimensionless filtered streamwise velocity 

Uc convective transport velocity in streamwise direction 

Uj dimensionless filtered velocity component (U,V,W) 



 xi 

( )U U / uτ
+ =

( )X X uτ∆ ∆ ν+ = ⋅

( )X X uτ ν+ = ⋅

( )Y Y uτ ν+ = ⋅

rmsU +

( )rms rmsU U / uτ
+ =

( )V V / uτ
+ =

rmsV +

( )rms rmsV V / uτ
+ =

( )W W / uτ
+ =

rmsW +

( )rms rmsW W / uτ
+ =

U+ streamwise velocity in wall coordinates  

Urms root mean square of streamwise velocity fluctuations 
 root mean square of streamwise velocity fluctuations in wall coordinates  

U∝ (dimensionless) bulk velocity in streamwise direction 

v spanwise velocity 

V dimensionless filtered spanwise velocity 

V (control) volume 

V+ spanwise velocity in wall coordinates  

Vrms root mean square of spanwise velocity fluctuations 

 root mean square of spanwise velocity fluctuations in wall coordinates  

w vertical velocity 

W dimensionless filtered vertical velocity 

W+ vertical velocity in wall coordinates  

Wrms root mean square of vertical velocity fluctuations 

 root mean square of vertical velocity fluctuations in wall coordinates  

v velocity 

x streamwise coordinate 

X dimensionless streamwise coordinate 

X+ dimensionless streamwise wall coordinate   

∆X+ dimensionless streamwise grid spacing in wall coordinates 

y spanwise coordinate 

Y dimensionless spanwise coordinate 

Y+ dimensionless spanwise wall coordinate   
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( )w w
Z Z uτ∆ ∆ ν+ = ⋅

( )Y Y uτ∆ ∆ ν+ = ⋅

( )Z Z uτ ν+ = ⋅

( )Z Z uτ∆ ∆ ν+ = ⋅

∆Y+ dimensionless spanwise grid spacing in wall coordinates   

z vertical coordinate 

Z dimensionless vertical coordinate 

Z+ dimensionless vertical wall coordinate   

∆Z+ dimensionless vertical grid spacing in wall coordinates   

wZ∆ +  dimensionless vertical wall distance of wall nearest cell in wall coordi-
nates   

Greek Symbols 

β compressibility 

β similarity 

β∗ vortex size parameter (D*/D) 

δ boundary layer thickness (normalized by D) 

δ1 boundary layer displacement thickness (normalized by D) 

δ2 boundary layer momentum (defect) thickness (normalized by D) 

δij Kronecker operator  (δij = 1, if i = j; δij =  0, if i ≠ j) 

δΤ thermal boundary layer thickness (normalized by D) 

δ∆2 boundary layer enthalpy thickness (normalized by D) 

∆ characteristic grid-scale filter width 

∆D dissimilarity  

ε average rate of energy dissipation per unit mass 

Φ place holder variable ( { }, , , ,U V W P TΦ ∈ ) 

Γ thermal diffusivity ( pc PrΓ λ µ= = ) 

κ von Kármán constant 

µ, µmol molecular dynamic viscosity 

µB bulk viscosity ( 2
3Bµ λ µ= + ) 

µt turbulent eddy viscosity 
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( )C .

( )D .

ν kinematic viscosity (ν µ ρ= ) 

νt kinematic turbulent viscosity 

ρ fluid density 

Θ dimensionless temperature ( w w(T T ) /(T T )∞− − ) 

Θ+ dimensionless temperature in wall coordinates ( *
w(T T ) / Θ− ) 

Θ∗ friction temperature ( w p wq /( c u ) ( q ) /( Pr u )τ τρ µ λ ρ= ⋅ ⋅ ⋅ ⋅  ) 

σij stress tensor 

τ shear stress 

τw wall shear stress ( w wU Xτ µ ⊥= ⋅∂ ∂


) 

τij shear stress tensor 

λ thermal conductivity 

λ wave length 

ξ unheated starting length (from the flat plate edge) 

ω vorticity 

Superscripts, subscripts and symbols 

( )'.  deviation from spatial average  

( )".  deviation from ensemble average / fluctuation in time 

( )*.  substitution 

( ). +  wall coordinate 

( )0
.  value at entrance / flat plate edge 

 convection term 

( )CL
.  value at centerline 

( )corr
.  corrected / with correction applied 

( )cyc
.  referring to one periodic cycle 

 diffusion term 

( )E
. , ( )W

.  east, west cell center (+x, -x direction) 

( )i
.  in xi direction, (xi = x,y,z) 
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( ).

( )in
.  inlet section of flow domain 

( )inj
.  injection 

( )inlt
.  inlet section for fluctuation rescaling and recycling 

( )K
.  Kolmogorov scale 

( )n
.  normal to 

( )N
. , ( )S

.  north, south cell center (+y, -y direction) 

( )P
.  cell center 

( )PB
.  bottom cell face (-z direction) 

( )PE
.  east cell face (+x direction) 

( ) phase
.  referring to a (periodic) phase 

( )PN
.  north cell face (+y direction) 

( )PS
.  south cell face (+y direction) 

( )PT
.  top cell face (+z direction) 

( )PW
.  west cell face (+x direction) 

( )osc
.  oscillatory 

( )r
.  referring to the rod location 

( )ref
.  (characteristic) reference value 

( )rms
.  root mean square value  

( )sample
.  referring to statistical sample 

( )stat
.  referring to statistical sample 

( )rec
.  referring to record sample for spectral analysis  

( )recy
.  recycling position 

( )out
.  outlet section of flow domain 

( )t
.  turbulent 

( )T
. , ( )B

.  top, bottom cell center (+z, -z direction) 

( )w
.  at the wall 

( )wake
.  in the wake 

( )WC
.  wall correction term 

 time average (of spanwise average) 



 xv 

v
c

0 715p
air

c
,Pr .

µ
λ
⋅

≈

ref ref ref refL U L U ρ
ν µ
⋅ ⋅ ⋅

=

D U D U ρ
ν µ

∞ ∞⋅ ⋅ ⋅
=

h U h U ρ
ν µ

∞ ∞⋅ ⋅ ⋅
=

L U L U ρ
ν µ

∞ ∞⋅ ⋅ ⋅
=

( )
y

.

( ).

( )
A

.
∆

( )
V

.
∆

21
2

p p

Uρ
∞

∞

−

21
2

w

U

τ

ρ ∞

( ).

P fA A
C dA C dA



 


 

P fA A
C dA C dA



 


 

 spatial average 

 spanwise average 

 surface filtered value 

 volume filtered value 

 phase average 

( ).


 parallel to the wall, parallel to the inflow 

( ). ⊥
 normal to the wall, normal to the inflow 

Dimensionless groups 

CD drag coefficient  

Cf (wall) skin friction coefficient 
 

CL lift coefficient  

Cp pressure coefficient 
 

Nu Nusselt number  

Ma Mach number   

Pr, Prmol molecular Prandtl number  

Re Reynolds number  

ReD Reynolds number based on rod diameter  

Reh Reynolds number based on channel height 
 

ReL Reynolds number based on flat plate length  

0 0w

w f

h ( x x ) q ( x x )
(T T )λ λ

⋅ − −
=

−


 



xvi     

ref ref

t

L U ρ
µ

⋅ ⋅

p

h Nu
c U Re Prρ ∞

=

y ,z
x U( x ) ρ

µ
⋅ ⋅

f D
U∞

⋅

2 2U Uδ δ ρ
ν µ

∞ ∞⋅ ⋅ ⋅
=

2 2U U∆ ∆ ρ
ν µ

∞ ∞⋅ ⋅ ⋅
=

1 1
2 2f f

St Nu

C C Re Pr
=

Reδ2 
(momentum defect) Reynolds number based on 
the momentum defect thickness 

 

Re∆2 Reynolds number based on the enthalpy thickness 
 

Ret turbulent Reynolds number 
 

Rex local Reynolds number at streamwise position x 
 

Sr Strouhal number  

St Stanton number  

β similarity  
 

D∆  dissimilarity 00 01 1 f
D

f

CNu
Nu C

β∆
β

= − = − ⋅  

Abbreviations 

BR Blockage ratio  

CCD Charge-coupled device (camera sensor)  

CFL Courant–Friedrichs–Lewy (convergence) condition  

DNS Direct numerical simulation  

Dyn Dynamic subgrid-scale model  

HWA Hot-wire anemometry  

LCS Liquid crystal sheet  

LCT Liquid crystal thermography  

LES Large-eddy simulation  

LDV Laser Doppler velocimetry  

MEMS Micro electro-mechanical systems (sensor technology)  

MGLET Multi grid large-eddy turbulence (simulation tool)  
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Nd:YAG Neodymium-doped yttrium aluminum garnet (laser crystal)  

PEB Piezo-electric balance (measuring method)  

PIV Particle image velocimetry  

POD Proper orthogonal decomposition  

RANS Reynolds-averaged Navier-Stokes  

rms Random mean squared (fluctuations)  

RRM Rescaling and recycling method  

RSM Reynolds stress (turbulence) model  

SGS Subgrid-scale model  

Smag Smagorinsky subgrid-scale model  

ZPG Zero pressure gradient  
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The Reynolds analogy, similarity and dissimilarity between momentum and heat transport 1 

1 Introduction 

The flow past bluff bodies, the alternating shedding of vortex motion in the body 
wake and the resulting pressure forces have been subject of numerous empirical, scien-
tific and engineering analyses over centuries. Its relevance is related to a high number 
of applications dealing with flow and heat transfer in vortex streets behind stationary 
or moving bluff bodies. Wherever natural or forced flow past an obstacle occurs or 
when a body moves through a stationary atmosphere, the wake flow influences mo-
mentum and heat transport on and around the obstacle. Its influence becomes particu-
larly significant when the wake flow turns into an unsteady flow regime and a Kármán 
Vortex Street of alternating counter-rotating vortices emerges. 

A major reason for the early and lasting popularity of analyses on flow past bluff 
bodies results from our perception of vortex shedding as part of natural and daily life 
phenomena. We experience periodic swirling motion of a Kármán Vortex Street in 
moving open waters like creeks or rivers and at home in a bath tub in which soap may 
help visualizing local swirls and moving vortices. Besides, vortex streets can deter-
mine local weather phenomena.  

 

Figure 1.1:  Kármán Vortex Street in the cloudy sky over island Selkirk 09/15/2009 [123]: clock-
wise and anticlockwise rotating vortices separate from the mountainsides. Vortex 
cores disclose a view to the ground while the rest of the sky is covered by clouds. 

Thus, sunny moments near a mountain island may well depend on whether a vortex 
core of the Kármán Vortex Street of clouds in the wake of a mountain summit opens 
the view to the sun or if moments later a vortex trail clouds the sky. Although less ap-

 



2  1  Introduction 

parent, Kármán Vortex Streets play a major role in design and development of many 
achievements of modern civilization. Mankind continuously seeks and realizes new 
records in altitude and size of buildings like skyscrapers or more recently dams and 
wind mills for renewable energy production. New speed records of ground, water and 
airborne vehicles are apparent in daily news, more recently paired with rising focus on 
their energy efficiency. Both, stationary buildings exposed to incoming wind as well as 
vehicles moving in a steady atmosphere are examples for flow past bluff bodies that 
once the Reynolds number exceeds a critical value lead to unsteady wake flow re-
gimes, namely Kármán Vortex Streets. Pressure fluctuations on buildings originating 
from the alternating vortex separation at the building’s trailing edges can cause struc-
tural vibrations on the buildings as well as acoustic noise. The energy efficiency of 
ground vehicles is closely linked to the drag of the vehicle. Drag and lift coefficients 
as well as vehicle acoustics significantly depend on the pressure fluctuations around 
the vehicle body and thus, the characteristics of the wake flow regime. A pronounced 
Kármán Vortex Street in the wake of a vehicle is related to higher drag and conse-
quently lower vehicle efficiency. Additional measures for the control of fluctuating lift 
forces due to the vortex shedding are required for vehicle stability and safety aspects, 
which typically lead to downforce enhancement measures, namely drag increasing co-
vers or spoilers on the vehicle body. The pressure fluctuations also lead to higher 
complexity of acoustic noise insulation measures for the passenger compartment, 
which again decreases fuel economy by additional vehicle weight and adds cost to the 
product. Limited take-off and landing intervals of aircrafts on airports are another ex-
ample for the disadvantageous effects of Kármán Vortex Streets. Although subject of 
continuous optimization by means of smart air traffic and ground control, the interval 
between consecutive landings is still limited by the time required to damp strong air 
swirls originating from the Kármán Vortex Street of a previous aircraft. Engineering 
efforts on designing a super quiet helicopter are a recent example of engineering pro-
gress to control the impact of Kármán Vortex Street related acoustics. The significant 
noise level of a conventional helicopter mainly results from the interaction between the 
main rotor blades and the vortex streets created by the moving blades. Active blade 
control concepts using smart materials and structures that dynamically move the 
blades out of the trajectory plane of the previous’ blades’ vortex streets have been 
identified as a promising way to significantly reduce noise level. 

Historically, Leonardo da Vinci (1452-1519) first described the phenomenon of 
swirling water motion behind a bluff body [68]. He also created several sketches of 
vortex structures in water flow catching large and small-scale motion in a stunningly 
precise manner. It is certainly not too far-fetched to assume that da Vinci inspired - 
among many others - his famous successors Strouhal (1878) and von Kármán (1912) 
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with the latter later establishing the theory of vortex streets behind bluff bodies while 
linking vortex street structure and body drag. Whereas in engineering applications un-
controlled vortex-street related motion and excitation is a mostly unwanted phenome-
non, the music originating from wind-driven string vibrations of an Aeolian harp got 
wide-spread popularity as early as in the Romantic age. Lord Rayleigh (1915), only, 
connected vortex street vibrations and string resonance and thus, explained the mys-
tery of the wind harp [117]. Without stressing the history of vortex street research any 
further at this early point – but in a more detailed way in chapter 4.2.1 – one can con-
clude that most of the real world vortex street occurrences are related to engineering 
challenges that deal with controlling implications of the unsteady wake flow phenom-
enon.  

It took until the 80th of the last century when scientific discussion on a possible use 
of the vortex street in the wake of bluff bodies started to leave marks in literature. 
Thoughts on benefits of the primarily energy dissipating phenomenon directed to the 
improved mixture of fluid layers stimulated by the flapping vortex street that moves 
fluid in the wake crosswise from the trajectory plane of one trailing edge to the other. 
It stands to reason that such process can be used for the purpose of designing efficient 
fluid mixer configurations. Thinking further of a Kármán Vortex Street interacting 
with a nearby wall it comes to one’s mind that the improved mixing of near-wall fluid 
and far-wall fluid can enhance heat transfer at the wall surface if the latter has a tem-
perature level that differs from the fluid’s temperature. Thus, heat transfer enhance-
ment along a hot or cold plate in the bluff body’s wake region that extends in 
streamwise direction of the incoming flow tends to be an interesting application for 
thermal engineering purposes and is a focus of discussion in chapter 4, and particularly 
4.5. Kawaguchi et al. [54], Suzuki et al. [118] and Inaoka et al. [47] added the idea of 
making use of the simultaneous heat transfer enhancement and skin friction reduction 
along a heated flat plate behind a bluff body mounted into the flat plate’s boundary 
layer. They named the simultaneous incident of reduced drag and enhanced heat trans-
fer at the wall “dissimilarity” in contrast to the similarity of heat and momentum 
transport in an undisturbed boundary layer flow. Chapter 1.1 is dedicated to further 
introduce the effect of dissimilarity between momentum and heat transport in a dis-
turbed boundary layer that seems to conflict with the Reynolds analogy.   

Heat transfer enhancement in turbulent wall-bounded wake flow could be used to 
optimize forced convection type heat exchangers designed for high local heat flux den-
sities and/or drag sensitive environment. Wall shear stress reduction in the wake re-
sulting from the dissimilar momentum and heat transport in the wake region can limit 
the drag on the heat exchanging surface. The resulting local heat transfer enhancement 
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and simultaneous drag reduction could be used for cooling or heating of small-scale 
and/or drag-sensitive devices in a confined space configuration, where heat transfer-
ring surface enhancement measures can hardly be applied. Possible applications for 
heat transfer enhancement measures in confined spaces comprise e.g. cooling devices 
for power electronics, compact high-energy batteries as well as fuel cells with high 
power densities. In micro-scale electronic components that are sensitive to skin friction 
while requiring a high heat flux density, a Kármán Vortex type heat exchanger that 
combines heat transfer enhancement and drag force reduction on the cooled or heated 
body could advance new heat exchanger configurations, provided that heat transfer 
and skin friction can be controlled in a satisfying manner.  

1.1 The Reynolds analogy, similarity and dissimilarity between momen-
tum and heat transport 

The Reynolds momentum-heat transfer analogy dates back to Osborne Reynolds’ 
work in 1874 [91]. By explaining observations about friction and heat transfer between 
fluid streams and solid walls he supposed that momentum and heat transfer are related 
in a fundamental way. Reynolds claimed that the momentum flux at the wall, namely 
the wall shear stress, and the heat flux at the wall scale in a similar way in flow re-
gimes dominated by a balance between convection and diffusion, where similar veloci-
ty and temperature boundary conditions apply and a well-mixed outer flow makes wall 
structures universal and thus, geometry-independent1. The analogy typically applies 
for turbulent flows, in which Reynolds stress and flux transport is large compared to 
molecular diffusion driven by velocity and temperature gradients. Examples of flows 
obeying the Reynolds analogy cover turbulent channel flow and zero pressure gradient 
turbulent boundary layer flow (ZPG) along a heated flat plate. 

According to the Reynolds analogy in its modified version valid for Prandtl num-
bers differing from unity, also known as Colburn analogy in A. J. Reynolds’ derivation 
of Osborne Reynolds’ theory [90], viscous dissipation, namely the wall shear stress, 
expressed as skin friction coefficient Cf , scales with the local Nusselt number Nu, with 
the local Reynolds number Re and with the fluid’s molecular Prandtl number Pr as  

 
1
3

1
2 f

Nu Pr
C Re

= . (1.1) 

1   For a more detailed explanation of the Reynolds’ analogy, its applicability and its general limitations 
see [91]. 
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The Stanton number  

 
p

h NuSt
c U Re Prρ ∞

= =  (1.2) 

applied to a turbulent boundary layer flow along a heated plate can be interpreted as 
the ratio of convective heat transfer at the heated wall to the thermal convective energy 
reception by the fluid along the wall. Using this expression, the modified Reynolds 
analogy that applies to turbulent ZPG flows along a flat plate writes as 

 
2 
3

1 1
2 2f f

St Nu Pr
C C Re Pr

−
= = . (1.3) 

It should be noted that the application of equation (1.3) is indeed limited to flows with 
heat transport that obey several assumptions like a heat flux that does not produce sig-
nificant property variations or the restriction to fluids with moderate Prandtl numbers 
in between 0.5 and 50 [90]. All obvious necessary requirements for the validity of the 
Reynolds analogy can be regarded fulfilled in the present work since quasi-
incompressible turbulent boundary layer flow with only minor fluid property varia-
tions due to a modest wall heat flux is investigated. The right side of equation (1.3) can 
be regarded constant for a given fluid with no or only minor changes in fluid proper-
ties. In order to have a good estimation for the validity of the Reynolds analogy, the 
left side of (1.3) is defined as the Reynolds analogy or similarity indicator 

 1 1
2 2f f

St Nu

C C Re Pr
β = = . (1.4) 

In case of laminar-turbulent transition regimes, strong adverse pressure gradients or 
geometry- or pressure-induced flow separation, the Reynolds analogy as given by 
equation (1.3) cannot be applied. As for the disturbed and manipulated boundary layer 
cases within this work, it is found that there is strong local deviation from the Reyn-
olds analogy and thus, the similarity parameter β will differ considerably from the val-
ue predicted in equation (1.3). Such deviation from the Reynolds analogy in a turbu-
lent boundary layer flow across a flat plate with obstruction of a rod has first been 
called dissimilarity between momentum and heat transfer by Kawaguchi et al. in 1984 
[54]. From that time dissimilarity between momentum and heat transport in turbulent 
wall-bounded wake flow has been repeatedly investigated by e.g. Suzuki et al. and 
Inaoka et al. using a circular rod obstruction in a turbulent flat plate velocity and ther-
mal boundary layer [118], with varying cylinder size and position [119], or using a 
square rod with and without manipulation of the vortex shedding in the wake by 
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a splitter plate attached to the rod’s wake side [45], [46]. Reynolds numbers based on 
the rod diameter were fixed around 7000 in all cited papers, the fluid used was ambient 
air at around 20°C with a molecular Prandtl number of 0.71. All the mentioned inves-
tigations revealed a strong wall heat transfer enhancement in the near-wake area of the 
rod mounted close to the heated wall while simultaneously wall skin friction was re-
duced due to the vortex-wall interaction. In the case of a cylinder obstruction, as re-
ported in [119], wall heat transfer enhancement has shown to be strong for a limited 
ratio of wall clearance to rod diameter in between 1 and 2. At rod positions closer to 
the wall than the rod’s diameter, heat transfer enhancement becomes weaker as it is the 
case for a ratio larger than 2. A ratio of 1.38 between wall clearance and rod diameter 
was found to show a local heat transfer coefficient that is about 1.6 times higher than 
that of the undisturbed reference boundary layer at a location of around 10 diameters 
downstream of the rod centerline. The local skin friction, however, reveals a minimum 
that is located much closer to the rod obstruction.  

Investigations with manipulation of the vortex shedding by use of a splitter plate, 
[45], mounted at the wake side of the obstacle meant to suppress the interaction of the 
flow across the rod and jet flow between the wall and the rod show a weakening of 
heat transfer enhancement, whereas the skin friction is even slightly further reduced.  

1.2 Problem formulation – flow past a square rod close to a heated wall 

The present study is based on the investigation of flow past a square rod immersed 
in a turbulent zero pressure gradient (ZPG) boundary layer along a heated flat plate as 
schematically illustrated in Figure 1.2. The Reynolds number of the incoming flow is 
set to 7000 based on the fixed rod diameter D. The thickness of the fully developed 
boundary layer at the insertion point of the rod (x/D = 0) reaches 3.5 rod diameters. 
Velocity and thermal boundary layers are of equal thickness at x/D = 0. With variable 
rod positions ranging from a wall clearance of C = 0 (rib mounted to the flat plate) to 
C = 2D the rod remains fully immersed into the boundary layer in all investigated con-
figurations. At very low wall clearance the formation of alternating vortices in the 
rod’s wake caused by geometrically-induced separation at the leading edges of the rod 
is suppressed (0.25 < C/D < 0.5). At higher wall clearance a pronounced Kármán Vor-
tex Street can be observed (0.5 < C/D < 1.5). With further rising wall clearance the 
interaction between wake flow and flat plate gets loose and the vortex structure in the 
rod’s wake converges against that of free-stream Kármán Vortex Street (C/D > 1.5).  
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Figure 1.2:  Turbulent flow past a square rod in the boundary layer of a heated flat plate. The un-
steady vortex street enhances wall heat transfer and reduces wall skin friction at the 
heated bottom plate in an extended region of the rod’s wake. As discussed in chapters 
2.2.5, 4.2.5 and 4.3.2 dissimilarity between wall heat transfer (enhancement) and wall 
skin friction (reduction) arises in the wake region along the flat plate. The local de-
gree of dissimilarity can be monitored by comparing normalized distributions of 
Nusselt number and skin friction coefficient along the plate. The normalizing distribu-
tions of Nusselt number and skin friction coefficient (index 0) are derived from an 
undisturbed boundary layer flow.   

A main focus of this study is associated with the heat transfer and skin friction 
along the flat plate, which is exposed to a constant heat-flux along its entire 
streamwise and spanwise extension. Via the influence of the alternating vortices on the 
flow in the near-wall region of the plate, heat transport enhancement and skin friction 
reduction can occur simultaneously. The schematic time-mean normalized Nusselt 
number distribution <Nu>/<Nu0> in Figure 1.2 indicates significant heat transfer en-
hancement in the wake region, whereas the distribution of the normalized time-mean 
skin friction coefficient <Cf>/<Cf0> signals a lower mean drag on the plate than in the 
case of an undisturbed boundary layer flow. 

1.3 A twofold approach – experimental and numerical investigation 

This work continues the efforts of Kawaguchi, Inaoka and Suzuki et al. who started 
to analyze the dissimilarity phenomenon. A twofold approach has been chosen to 
study wake flow formation, structure and manipulation, as well as wake-wall interac-
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tion. First, a preliminary experimental investigation was performed followed by a 
three-dimensional numerical study using the method of large-eddy simulation (LES).  

The experiments that were generously supported and hosted by Kyoto University’s 
former Heat Transfer Laboratory between 1998 and 2000 were carried out in an at-
mospheric air-driven wind tunnel with a test section designed for zero pressure gradi-
ent boundary layer flow along a bottom-side heated flat plate as illustrated in Figure 
2.1 and Figure 2.2. The test section was equipped with mountings for a square rod to 
be placed in the boundary layer at different vertical positions to vary wall clearance. 
Besides, the rod contained optional injection drillings and connections to an additional 
air supply for the purpose of active flow excitation. Chapter 2.1 of this work is dedi-
cates to the experimental setup and explains the test apparatus as well as the measuring 
techniques and setup, while in chapter 2.2 the experimental results are summarized.  

In a consecutive effort between the years 2000 and 2005 the numerical LES analy-
sis of the wall-bounded wake flow past the square rod was performed at TU 
München’s Lehrstuhl für Thermodynamik and the Institut für Strömungsmechanik and 
Aerodynamik at the Universität der Bundeswehr, Neubiberg,. The LES code MGLET, 
previously developed for simulation of incompressible turbulent flow in collaboration 
of the two mentioned institutes, has been qualified for heat transfer by adding a pas-
sive scalar transport option. The extended version of MGLET – with its features and 
limitations specified in chapter 3.1.5 and a description of the mathematical setup and 
numerical methods summarized in chapter 3.2 – was subsequently used to compute a 
series of large-eddy simulations with sufficiently high grid resolution to resolve all 
near-wall regions. A summary of the computed configurations and their numerical set-
ups can be found in chapter 3.4 of this thesis. The chapters 4.1, 4.2 and 4.3 include a 
detailed discussion of all computed configurations, namely 

• the undisturbed boundary layer;  
• the reference case with mounted rod at unity wall clearance to rod diameter 

(C/D = 1); 
• five additional configurations with varying rod to wall clearance from zero 

wall clearance to a wall clearance of two rod diameters (C/D = 2); 
and 

• active flow excitation by oscillatory injection from the plate’s far side of the 
rod that is mounted at C/D = 1.   
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1.4 Objectives and contributions to enhance the state of the art 

The present work is meant to enlighten and complete explanations for the mecha-
nisms that lead to wall heat transfer enhancement and skin friction reduction along a 
heated plate in the wake of a bluff body. By analyzing the vortex structure and heat 
transport in the wake of the square rod one can draw conclusions on if and how heat 
transfer enhancement and reduction of wall skin friction can be controlled and manipu-
lated. Based on the prior setup of an undisturbed reference boundary layer flow a 
square rod was first introduced into the fully developed boundary layer at a distance 
C=D to the underlying heated flat plate. Such configuration had previously been 
shown to result into a pronounced Kármán Vortex Street with measurable wall interac-
tion [47]. In a consecutive step the focus was directed to means of controlling the de-
gree of heat transfer enhancement, its local maximum as well as its interference with 
the wall skin friction distribution along the plate. The focus of this study specifically 
directs to enable a better understanding of the flow dynamics in the near-wall region of 
the heated flat plate. In particular skin friction measurements in previous studies were 
not well suited to disclose the wall shear stress distribution accurately, as further ex-
plained in chapter 2.2.1. The comparison of experimental measurements and LES 
analysis in this study revealed a quantitative and qualitative difference in the distribu-
tion of the wall skin friction compared to previous studies. Figure 1.2 that schematical-
ly shows the normalized Nusselt number and skin friction distributions – correspond-
ing to the reference case with unity wall clearance to rod diameter (C/D = 1) – reveals 
two local peaks of normalized skin friction in the wake region, namely a distinct min-
imum at x/D = 1.5 and a local maximum – still indicating reduced skin friction com-
pared to the undisturbed boundary layer – between 20 and 30 diameters behind the 
rod. The explanation for their occurrence is discussed in chapter 4.2.2. A second focus 
of this work goes to the manipulation and control of local heat transfer and skin fric-
tion along the heated flat plate. Therefore, two methods of manipulation were applied: 
first a passive2 manipulation by variation of the rod’s wall clearance C in a range that 
allows vortex suppression up to weak rod wall interaction. Secondly, an active2 ma-
nipulation through steady or alternating fluid injection and suction from the rod to the 
passing main flow as schematically illustrated in Figure 1.2. Compared to prior inves-
tigations, the approach in this study differs in the choice of parameters and methodolo-
gy, in particular since: 

2   Passive flow manipulation is realized within an energy conservative system, e.g. by variation of 
geometrical boundary conditions, while active flow manipulation implies external energy to be add-
ed to the flow [36]. 
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• the main focus in the analysis is set on the wall heat transfer enhancement as well 
as on the skin friction reduction along the wall, both being a consequence of the 
interaction between the Kármán Vortex Street and the adjacent flat plate;  

• with the focus on heat transfer and skin friction the available range of experi-
mental and numerical wall clearance setups enable different flow configurations: 
the flow over a rib (C/D = 0), configurations with very low wall clearance lead-
ing to vortex suppression (C/D = 0.25, 0.5) and those with fairly weak coupling 
of wake and wall (C/D = 1.5, 2.0); 

• the effect of active manipulation via steady and oscillatory flow excitation com-
pare to those of geometrical manipulation with variation of the wall clearance. 
The comparison allows an assessment of the impact of different manipulation 
methods; 

• a constant Reynolds number is chosen at 24.500 based on the boundary layer 
thickness at the rod’s insertion point (corresponding to Re = 7000 based on the 
rod diameter). Compared to other investigations, such low Reynolds number can 
be closer to a range of practical heat exchanger applications. Combined with the 
generally lower Reynolds number sensitivity of geometry-induced flow separa-
tion – given by the choice of a sharp-edged rod as bluff body – on the flow pat-
tern in the wake, the results from the present study eventually increase confi-
dence in the conclusions and projections for real world applications;  

• the rod remains fully immersed into the incoming turbulent boundary layer for all 
investigated cases. Indeed, the undisturbed boundary layer thickness at the rod’s 
insertion point reaches 3.5 rod diameters whereas the largest wall clearance is 
limited to 2 rod diameters;   

• for all computed cases three-dimensional time-dependant large-eddy simulations 
with fully resolved grids in all near-wall regions have been performed. Mean and 
phase-averaged values of pressure, velocity and temperature as well as higher-
order statistics are computed using a statistical sampling technique. Such LES 
produces highly accurate results for the flow and heat transfer in the near-wall 
regions that are specifically important for the accurate prediction of skin friction 
along the heated flat plate.  
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2 Experimental approach 

The experimental analysis of momentum and heat transport mechanisms in turbu-
lent wall-bounded wake flow is set up in a way that guarantees reproducible results at 
well-defined boundary conditions. These results can then be compared to theory and to 
previously conducted experiments. In order to focus on the effect of heat transfer en-
hancement induced by Kármán Vortex shedding as well as on the dissimilarity be-
tween momentum and heat transport modes, a turbulent flow obeying the Reynolds 
analogy between momentum and heat transfer is chosen as reference for the undis-
turbed flow regime. Flow in a turbulent developed velocity and thermal boundary lay-
er obeys to the modified Reynolds analogy between momentum and heat transfer, 
namely the local wall shear stress and the wall heat flux. Therefore, turbulent bounda-
ry layer flow across a heated flat plate at zero pressure gradient in streamwise direction 
with velocity and thermal boundary layers, both developing from the leading edge of 
the flat plate, is chosen as a reference. 

Flow conditions are set to those of developed turbulent flow at moderate Reynolds 
number sufficiently above those of transitional flow, but still low enough to satisfy the 
assumption of incompressible flow with no major variations of fluid properties due to 
temperature gradients. Besides, an accurate numerical investigation based on a large-
eddy simulation method imposes finer grid resolution along with increasing Reynolds 
number, leading to excessive computation time and memory demand. As discussed in 
chapter 4.2, periodic vortex shedding, which induces momentum and heat transfer en-
hancement, only occurs up to a given maximum Reynolds number. Thus, low Reyn-
olds number turbulent flow is chosen for practical reasons: such flow regime applies to 
a wide range of “real life” internal and external flows with practical relevance for en-
gineering applications. 

Creating periodic vortex shedding that interacts with the nearby heated wall is real-
ised by placing a square rod transverse to the flow within the developed boundary lay-
er close to the heated plate wall. In the wake of the rod, wall heat flux and wall shear 
stress can be measured and thereby effects of vortex-wall interaction and dissimilarity 
be determined. Possibilities of wall heat flux enhancement and thus, control of the dis-
similarity effect, comprise active and passive means. Passive means of manipulation 
cover geometry variations like changing the distance between the obstacle and the 
heated wall. Active flow manipulation mainly focuses on influencing the vortex shed-
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ding by mass conservative periodic excitation like for example suction and blowing 
from and to the rod. Other parameters including varying inflow conditions, e.g. vary-
ing Reynolds number of the inflow or varying thermal boundary conditions at fixed 
geometry are not considered within the present work. A focus is set on passive manip-
ulation by varying geometrical boundary conditions and on active shedding manipula-
tion. Inflow conditions and fluid properties are kept constant as is the basic wall heat 
flux constraint, once an optimum for visualization and measuring is found.   

The following paragraphs are destined to explain the experimental facility, the 
measuring as well as the control setup. Furthermore, the experimental results and eval-
uation methods are rated by comparison to theory and to numerical results presented in 
a more detailed manner in chapter 4. 

2.1 Experimental setup 

Air has been chosen as the working fluid due to its simplicity in handling and the 
availability of an open-loop wind tunnel at Kyoto University’s former3 Heat Transfer 
Laboratory where the experimental studies were conducted. While re-designing the 
test section of the existing wind tunnel, attention has been paid to optical as well as to 
physical accessibility. Thus, a variety of flow and temperature measuring techniques 
could be applied. 

2.1.1 Experimental facility 

The open-loop wind tunnel as shown in Figure 2.1 was located in an air-condition 
controlled laboratory at Kyoto University. It features a rectangular cross section of 30 
cm in width and 38 cm in average height and settles a homogeneous flow regime in 
spanwise direction. The test section has been re-designed in order to establish a zero 
pressure gradient (ZPG) flow along the flat plate by widening the cross section in 
height along the streamwise direction through inclination of the top wall. The test sec-
tion side walls and the flat plate are made of transparent acrylic and allow for optical 
access from both sides and from below the flat plate.  

The flow in the wind tunnel shown in Figure 2.1 is driven by the main blower (8) 
sucking air into the inlet section (1), leading it through the honeycomb flow straight-
ener (2) and the velocity harmonizer screen (3) to the contraction chamber (4), where 

3   After a reorganization in the year 2004, the Heat Transfer Laboratory became part of the Depart-
ment of Aeronautics and Astronautics 
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the flow is accelerated smoothly. The leading edge of the flat plate (10) extends into 
the suction channel, where the suction blower (13) and a flow controller (12) help to 
diminish the existing boundary layer and establish a uniform velocity profile at the 
plate’s leading edge being the starting point for the velocity boundary layer along the 
flat plate (10). From short behind the sand paper coated, turbulence promoting leading 
edge, stainless steel sheets attached to an electric power source cover the whole flat 
plate in streamwise direction. The stainless steel sheets in serial connection charge the 
wall-bounded flow with a mean heat flux density of around 800W/m2, which was kept 
constant for all experimental investigations. 

 
 

Figure 2.1: Schematic view of the open-loop wind tunnel facility. 

Behind the test section (5), the air is led through screen (6) and honeycomb (7) into the 
main blower (8) that ejects the fluid through flow controller (9).  
The installation point for the obstacle rod (11) within the test section is located 1.4 
meters downstream of the leading edge guaranteeing a well-developed boundary layer 
with a mean inlet flow velocity of 13.4 m/s, the latter being kept constant over all ex-
periments within 1% accuracy. The obstacle rod cross section is chosen to be a square 
of 8 mm times 8 mm, which is called the rod diameter D. The rod distance from the 
wall, namely the wall clearance C, can be varied between 0 and 2 times the rod diame-
ter D by shifting the rod suspension in vertical direction. On one of the rod’s side walls 
a row of 61 small drillings of 0.5 mm diameter distribute over 8 cm in spanwise direc-
tion, centered in the middle of the rod. These drillings are connected to a larger bore 
hole passing through the entire rod and connecting the injection air supply devices at 
its borders. The injection mechanism used for flow excitation, suction or blowing is 
explained in detail in section 2.1.3. The smoke generator (14) is used for flow visuali-
zation in the test section (5). Whenever the flow is seeded with smoke oil droplets, the 
main channel as well as the suction channel outlet is connected to an exhaust air chan-
nel in order to prevent smoke contamination within the laboratory. 
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2.1.2 Flow regime and test section 

Due to the existing open-loop wind tunnel facility, ambient air has been chosen as 
working fluid. The temperature of the working fluid is kept constant at around 20°C 
for all experiments by air-condition control in the wind tunnel facility building. A 
schematic view of the test section layout is given in Figure 2.2. The test section ex-
tends from the leading edge of the flat plate and is a cuboid of a length of around 2 
meters in streamwise direction. Height and width result from the open-loop wind tun-
nel facility and correspond to 35 cm, due to the flat plate shifted 3 cm in vertical direc-
tion, and 30 cm respectively. The test section is designed to allow optical access from 
all sides, including the top wall, in between 320mm in upstream and 640 mm in down-
stream direction from the obstacle mounting location. Based on the characteristic rod 
diameter this corresponds to a region of 100D, 40D upstream and 60D downstream of 
the obstacle location. The resulting blockage ratio (rod diameter to channel height) is 
2.3%. 

 

Figure 2.2: Schematic test section setup, dimensions and boundaries. 

The inclination of the test section’s top plate could be adapted in order to guarantee a 
zero pressure gradient boundary layer development along the flat plate. Inclination 
adjustment is done for each experimental configuration by pressure measurement near 
the inflow and the outflow region of the test section. A trailing edge flap is used for 
boundary layer control. Diminishing of the existing velocity and thermal boundary 
layers at the leading edge is controlled by suction as described in Figure 2.1. The ex-
pected uniform velocity and boundary layer profile at the leading edge is checked by 
measurement prior to each experiment. The obstacle position can be varied by shifting 
the rod within the mounting slots milled into the acrylic side walls. Minimum and 
maximum height in reference to the origin are 0 (no wall clearance) to 2D (maximum 
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wall clearance). The reference configurations are limited to wall clearances of 0.5D, D 
and 1.5D.  

Geometry and flow boundary conditions  Symbol Value 

Geometry   

 Characteristic body diameter D 8 mm 

 Channel height Lz,h 43,75D  

 Channel width Ly,b 37.5D 

 Rod wall clearance C 0 – 2D   

 Inlet length (leading edge of flat plate to obstacle) Lx,in 175D 

 Unheated starting length Lx,in,ξ 12.5D 

 Wake length (obstacle to test section outlet) Lx,w 87D 

 Blockage ratio D/h 2.3% 

Flow regime   

 Bulk velocity at test section inlet ∞,inU  ≈ 13.4 m/s 

 Air temperature at test section inlet ∞,inT  ≈ 20°C 

 Velocity boundary layer thickness at inlet section δin 0 

 Thermal boundary layer thickness at inlet section δT,in 0 

 Heat flux density at the flat plate wall q  800 W/m2 

Table 2.1:  Experimental geometry and flow boundary conditions. 

Dimensionless fluid and flow characteristics  Symbol Value 

Reynolds number based on   

 Flow past an obstacle of diameter D ReD ≈ 7000 

 Channel flow Reh ≈ 332500 

 Flow past a flat plate of length L ReL ≈ 1,2*106 

Molecular Prandtl number (of ambient air at 20°C) Pr ≈ 0.715 

Table 2.2:  Dimensionless fluid and flow characteristics. 

The coordinate system origin is chosen at the centre line of the obstacle location in 
streamwise direction x, at the right sidewall in y and at the flat plate-fluid interface in z 
direction. The stainless steel sheets of 6 cm width each, in serial connection apply a 
constant wall heat flux to the fluid along the flat plate by applying a suitable electric 
voltage. A constant wall heat flux density of around 800 W/m2 is guaranteed for all 
experimental configurations by adapting the voltage according to the measured electric 
current. The main dimensions of the test section as well as fluid and flow boundary 
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conditions are summarized in Table 2.1. The resulting main dimensionless fluid and 
flow characteristics referenced in all further chapters are given in Table 2.2. 

2.1.3 Measuring and control setup 

The measuring and control setup in and around the test section of the open-loop 
wind tunnel is shown in Figure 2.3. The device numbering follows Figure 2.1. 

 

Figure 2.3: Schematic view of the measuring and control setup. 

The incoming turbulent channel flow is forced to establish a uniform velocity pro-
file at the leading edge of the flat plat (10) by making use of a suction blower (13) that 
removes the existing boundary layer through suction into the suction channel (15). The 
manual flow controller (12)4 within the suction channel (15) allows for the necessary 
suction flow control. The flow controller adjustment is validated by measuring the ve-
locity profile at the plate’s leading edge via a Preston tube (33). The first 10 cm of the 
flat plate (10) in streamwise direction are covered by a turbulence promoting fine sand 

4   See Figure 2.1. 
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paper (29). The stainless steel sheets (30) are glued onto the acrylic flat plate (10). In a 
range between 40D (320mm) upstream and 60D (480mm) downstream of the rod’s 
mounting location, a temperature sensitive 800 mm times 300 mm liquid crystal sheet 
(31) is mounted below the stainless steel sheets (30). The temperature distribution on 
the heated flat plate, translated into a color scheme through the temperature sensitive 
liquid crystals as explained in section 2.2.4, are captured by the LCS video camera 
(28), which is connected to the hot-wire anemometer and LCS control and data pro-
cessing unit (26), where the captured image material is stored for later evaluation. 
Flow visualization around the rod (11) and in its wake region is realized by using a 
dual Nd:YAG laser system and its light sheet optics (34) as well as a CCD highspeed 
camera (32). The laser system (34) generates a streamwise light sheet along the test 
section center axis around and downstream of the rod (11). When the flow is seeded 
with oil droplets from the smoke generator (14), as shown in Figure 2.1, the flow mo-
tion can be captured by the CCD camera (32). Using the PIV synchronizer and data 
processing unit (23) to synchronize laser (34) and camera (32), instantaneous mul-
tipoint flow field information like velocity distribution or turbulent fluctuations can 
generally be acquired. Due to the uneven seeding distribution, the PIV system was 
mainly used to generate smoke flow snapshots for comparison with simulation results.  

The flat plate (10) and the square rod (11) are mounted as shown in Figure 2.4. The 
flat plate (10) is mounted 3 cm above the channel frame (37). The suspension of the 
square rod (11) is fixed to the acrylic channel side walls (40). The rod’s wall clearance 
can be adjusted by shifting the guide and rotation bushing (39) within the mounting 
slot (41). The wall clearance C can be varied in between 0 and 2 times the rod diame-
ter D. The square rod (11) can be rotated around its centre line. Therefore, the guide 
and rotation bushing (39), which is fixed to the rod (11) by a parallel key (38), is rotat-
ed within the mounting slot (40) until the desired inclination is reached. Active flow 
manipulation is driven by blowing, suction and as a combination of these two by oscil-
latory excitation of the main flow through the square rod’s injection drillings. Within 
the present work, injection and suction from the top side of the rod (11) is investigated 
since it was regarded as most promising way to manipulate the Kármán Vortex shed-
ding and its wall interaction. Suction and blowing into the main flow is realized by 61 
drillings in the square rod (11) within 30 mm to each side of the channel centerline. 
Each drilling has a diameter of 0.5 mm. The overall injection surface area sums up to 
11.98 mm2. The injection square rod (11) is connected to flexible hoses at its both 
ends. The fluid used for injection is air at ambient temperature. 
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Figure 2.4: Injection square rod mounting setup. 

Injection and suction supply is realized by a blowing and a suction device setup re-
spectively. Air supply for injection is driven by a compressor (16) and regulated by a 
pressure regulator (17) and a buffer tank (18) as shown in Figure 2.3. Low pressure for 
the suction is generated by a vacuum pump (22) and controlled by a pressure regulator 
(21) and a low pressure buffer tank (20). The injection and suction bulk velocities are 
measured by two Preston tubes (27) for blowing and suction mode respectively, 
mounted in the main supply hose. The pressure in the high and low pressure buffer 
tanks (18) and (29) is regulated to match a maximum injection velocity of about 5 
times the average channel flow velocity ∞,inU  and a maximum suction velocity of the 
order of  ∞,inU . Oscillatory flow excitation is realized by the use of a butterfly valve 
(19), driven by an asynchronous motor with stepless rotation speed control. A butterfly 
valve approach has been preferred to a more “elegant” Helmholtz resonator5 approach 
due to the latter’s limitation in amplitude control. The maximum velocity amplitude 
for oscillatory flow excitation is fixed at about the average channel flow velocity ∞,inU . 
In earlier investigations by Inaoka et al. [47] an eigenfrequency of around 200 Hz has 

5   Helmholtz resonator tanks with variable air volume connected to the injection rod were also con-
sidered for oscillating excitation.  
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been found for the Kármán Vortex shedding in the current flow regime. This is the 
reason why the present setup is designed to allow for excitation frequencies between 0 
and 250 Hz. The given frequency range corresponds to a motor rotation speed of up to 
7500 rpm with the valve configuration shown in Figure 2.5. Frequency control is done 
by a single wire hot-wire anemometer (25) installed in the centerline of the supply 
hose as shown in Figure 2.3.  

 

Figure 2.5: Butterfly valve assembly for oscillatory injection/flow excitation. 

In constant blowing or suction mode the rotor position of the butterfly valve (19) is 
locked to connect the high pressure side or the low pressure side to the output con-
nector respectively while the suction or blowing side is closed by a shut-off valve. The 
butterfly valve (19) is designed for the purpose of manipulating the formation of the 
Kármán Vortex Street behind an obstacle as given in the present work. Its schematic 
design is indicated in Figure 2.5. The valve is composed of a stator casing (41) and a 
butterfly rotor (42), which is connected to an asynchronous motor via its drive shaft 
(46). The low pressure side is connected to the low pressure buffer tank (20) via the 
suction side hose connector (44). The high pressure blowing side hose connector (45) 
connects the valve to the high pressure buffer tank (18) as indicated in Figure 2.3. In 
order to guarantee smooth operation a relief borehole (47) connects high and low pres-
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sure side while the rotor (42) detaches the output side from the suction and blowing 
side. During operation, the valve’s stator casing (41) is mounted onto the common mo-
tor and valve base plate. 

Flow excitation parameters  Symbol Value 

Injection surface area (61 inj. drillings with d=0.5mm) Ainj 11.98 mm2  

Mean injection velocity for constant injection/suction Winj - ∞,inU ≤ Winj ≤ 5 ∞,inU  

  Injection (air) temperature Tinj ≈ 20°C 

Oscillatory excitation frequency range finj 0 ≤ finj ≤ 250Hz 

Oscillatory excitation velocity amplitude Winj, osc ∞± ,inU  

Table 2.3:  Main parameters of active flow manipulation. 

The main flow excitation parameters as summarized in Table 2.3 are checked by a 
single wire hot-wire anemometer measurement close to the injection drillings, which is 
carried out prior to installation in the test section. Hot-wire anemometry is used due to 
its high data acquisition rate necessary for resolving the 250 Hz maximum excitation 
frequency. It is found that by controlling high and low pressure in the buffer tanks ac-
curately a well defined periodic excitation function with a zero mean mass transfer to 
the channel flow can be established.  

2.2 Measuring techniques and experimental results 

Measuring instantaneous velocity and temperature fields in the given open-loop 
wind tunnel requires high speed multipoint data acquisition. For the chosen turbulent 
flow regime, a satisfactory resolution in space and most notably in time could not be 
guaranteed by any measuring technique available to the author at the time of applica-
tion. Hence, a detailed analysis of the flow and heat transport mechanisms is conduct-
ed numerically as described in chapter 4. Experimental investigation was limited to 
global time-averaged velocity and temperature data as well as to statistical turbulence 
data. Furthermore, instantaneous flow field snapshots for comparison with numerical 
results have been taken. In all experiments a Reynolds number of 7000 based on the 
square rod diameter D of 8 mm was applied. The heat flux density from the heated 
wall was kept constant at 800 W/m2. In addition to the undisturbed boundary layer 
(case “bl”), three different rod positions with varying wall clearance have been ana-
lyzed. Active manipulation of the Kármán Vortex shedding has been realized with 
constant blowing from the injection rod drillings at three different injection velocities 
in between one and five times the inlet bulk velocity as well as with constant suction at 
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a suction velocity equal to the inlet bulk velocity. Oscillatory periodic excitation has 
been limited to excitation with the eigenfrequency of the non-manipulated Kármán 
Vortex Street as given in Table 2.4.  

Case  Wall clearance Excitation mode Excitation amplitude Excitation frequency 

bl 0 - - - 

slebu D - - - 

hslebu 1.5D - - - 

lslebu 0.5D - - - 

mslebu1 D constant blowing ∞,inU  - 

mslebu1m D constant suction ∞,inU  - 

mslebu2 D constant blowing ∞,2 inU  - 

mslebu5 D constant blowing ∞,5 inU  - 

mslebu1p 

 

D periodic ∞,inU  200Hz 

Table 2.4:  Experimental flow parameters and boundary conditions. 

Different measuring techniques have been applied to gather the desired flow and 
temperature field data. Velocity and turbulence data including near-wall velocity have 
been acquired by the use of Pitot/Preston tubes and by using a hot-wire anemometer. 
Wall temperature distributions were measured by using the liquid crystal thermogra-
phy technique, and were amended by thermocouple measurements. The measuring 
techniques used, their limitations and the experimental results are described in the fol-
lowing chapters. 

2.2.1 Limitations of the Preston-Patel method for measuring skin friction in 
turbulent wall-bounded wake flow 

As by the author’s antecessors at Kyoto University, according to reports [45], [46], 
[118], or [119], the Preston-Patel method is applied for measuring the velocity along 
the heated flat plate in order to conclude for the wall skin friction distribution. The 
Preston tube probe, first used by Joseph Henry Preston (1911-1985) in 1954, denotes a 
Pitot tube for measuring the pressure difference between total and static pressure at the 
probe location that rests on a wall in order to measure near-wall velocities [84]. For the 
present work a Preston tube of 1.2 mm diameter was used. Depending on the velocity 
distribution law that applies at the measuring location, the velocity gradient at the wall, 
the wall shear stress and the wall skin friction coefficient can be derived from Patel’s 
calibration curves. 
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V.C. Patel based his considerations on J.H. Preston’s proposal of measuring turbu-
lent skin friction by a Pitot tube resting on the wall [88]. According to Patel’s calibra-
tion [84], turbulent skin friction in flows that obey the “law of the wall”, is linked to 
the dynamic pressure, measured by a Preston tube of diameter dt  through relation 

 ( )102 1 95 4 1x y log . y .∗ ∗ ∗= + + , (2.1) 

where 
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10 24
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ρν
∗  

=  
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Within this relation, ∆pt denotes the dynamic pressure (i.e. the pressure difference be-
tween Pitot and static pressure), ρ and ν the fluid density and kinematic viscosity re-
spectively, and τw the wall shear stress. In the range  

2 9 5 6. y .∗< <  

equation (2.1) can be rewritten in a simplified polynomial form as 

 2 30 8287 0 1381 0 1437 0 0060y . . x . x . x∗ ∗ ∗ ∗= − ⋅ + ⋅ − ⋅ . (2.2) 

For the range  

2 9y .∗ ≤  

the following linear relation approximates equation (2.1)  

 0 037 0 5y . . x∗ ∗= + ⋅  (2.3) 

to within less than 2% of τw [84]. 

Patel’s method was supposed to produce no significant errors except in regions 
where recirculation with counterflow appears [119]. Thus, in a small near-wall region 
downstream of the rod measuring results would not be expected reliable. V.C. Patel 
himself, however, claimed the validity of the law of the wall as a prerequisite for cor-
rect application of his method [84], which was further confirmed by Fernholz et al. in 
e.g. [34]. As shown by comparison to numerical results for the skin friction obtained 
by a well resolved large-eddy simulation discussed in chapter 4 of this work, a fairly 
considerable region around and downstream of the rod location show a breakdown of 
the standard logarithmic law of the wall and thus, the Preston-Patel method for con-
cluding skin friction from velocity measurements close to the wall should not be ap-
plied. 
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Figure 2.6:  (a) Experimental skin friction coefficient derived from Patel’s method compared with 
LES results and (b) mean velocity profiles without and (c) with numerical wall shear 
stress correction for the reference case slebu (C=D). 

Figure 2.6 and Figure 2.7 show experimental results for the case of turbulent wall-
bounded flow around a square rod with diameter D and a wall clearance of C=D at a 
Reynolds number of 7000 based on the rod diameter, compared to numerical results 
from a large-eddy simulation (LES) discussed in chapter 4.2. As for the shape of the 
time-mean skin friction coefficient <Cf> in Figure 2.6 (a), the experimental data eval-
uated with Patel’s method show a considerable deviation from the LES data around the 
square rod and up to 20 D downstream of the rod’s origin. Further downstream a good 

(a) 

(b) 

(c) 
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agreement between computed data and experimental data processed with Patel’s meth-
od can be observed. The reason for the local deviation around the obstacle and in its 
near-wake region can be found in Patel’s assumptions of a logarithmic wall profile, 
which does not apply in the given region. By its prediction of the wall shear stress, 
Patel’s method shifts the velocity wall coordinates in a way that the first wall nearest 
measuring point fits the logarithmic wall profile. Figure 2.6 (b) shows that all wall 
nearest points of the measured velocity profiles are set to range in the logarithmic re-
gion, where the velocity profile is given by  

 ( )10
1 5 2U log Z .
κ

+ += + , (2.4) 

with κ equal to 0.41, written in dimensionless wall coordinates U+(Z+) 

 UU
uτ

+ = , uZ Z τ

ν
+ = ⋅ , (2.5) 

and uτ denoting the friction velocity  

 wuτ
τ
ρ

= . (2.6) 

If, instead of using Patel’s method for shear stress evaluation, a computed wall shear 
stress τw from the well-resolved LES as of chapter 4.2 is used for calculation of the 
friction velocity in (2.6), the so corrected velocity profiles in wall coordinates show a 
deviation from the logarithmic law of the wall around the rod up to a position of 20 D 
downstream of the obstacle, as can be seen from Figure 2.7, and Figure 2.6 (c). Further 
downstream than 20 times the rod diameter, shear stress predictions derived from Pa-
tel’s evaluation method are in good agreement with the numerically corrected data. 
Although computed and experimental velocity profiles show some general deviation in 
the wake region, as can be seen in Figure 2.7 (b), (c), (d), the coincidence of corrected 
and non-corrected experimental data in the far wake can be regarded as indicator for a 
validity of the logarithmic law of the wall, whereas a breakdown of the law around the 
rod and in its near-wake is attributed to the inapplicability of Patel’s method to deriv-
ing shear stress and skin friction from Preston tube measurements at the wall.   

More promising approaches to measure wall shear stress distributions in regions 
where the standard logarithmic law of the wall does not apply, are given by the pulsed 
wire skin friction measurement technique or by the oil-film interferometry technique. 
Wall hot-wire techniques are discussed by e.g. Bradbury [18] or in the detailed analy-
sis of different skin friction measuring techniques by Fernholz et al. [33], [34]. How-
ever wire-skin friction measuring is incompatible with wall heating. Thus, a combined 
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heat transfer and skin friction measurement would be difficult using hot-wire tech-
niques. Other hot-wire or hot-film related methods like hot-film sensors based on 
MEMS technology, see Ruedi et al, [99], are also inadequate for a use with wall heat-
ing. As for oil-film interferometry based on measuring the thinning of an oil-film by 
shear stress as examined by Fernholz et al. in [33], or Janke in [49], again, wall heating 
imposes some limitations since oil properties are temperature dependant and thus, cal-
ibration becomes difficult when temperature gradients are notable. 

  

  

Figure 2.7:   Experimental mean velocity profiles with and without numerical wall shear stress 
correction (a) at the rod centerline location, (b) 5D, (c) 15D, (d) 20D downstream of 
the square rod for the reference case slebu (C=D). 

Since, at the moment of application in the present work, no adequate measuring 
technique for quantification of the wall skin friction on a heated wall was available and 
the risk of inconsistency between cold and warm experiments had to be minimized, the 
Preston-Patel method was used for measuring the velocity profiles in the boundary 
layer region and close to the wall. Although, the results obtained by evaluating the 

(c) 

(b) 

(d) 

(a) <U+> = <Z+> 

2.44ln(<Z+>) + 5.0 
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Preston tube measurements according to Patel’s method have been shown not to give a 
realistic estimate of the real skin friction in a part of the wake region, they still are val-
uable for comparison with the numerically obtained mean velocity profiles, discussed 
in chapters 4.2, 4.3, and 4.4 of this work.  

2.2.2 Smoke flow visualization and large-scale vortex structure 

Experimental smoke flow snapshot  Computed instant. T/T∝ distribution 

  

  

  

Figure 2.8:   Large-eddy structure in the Kármán Vortex Street downstream of the rod for different 
rod wall clearance ratios (a) C/D=1.5, (b) C/D=1, (c) C/D=0.5; comparison between 
experimental smoke image snapshots and LES-computed temperature distributions. 

For analysis of the instantaneous flow pattern in the Kármán Vortex Street and for 
later comparison with numerical results, the flow was seeded, locally illuminated by a 
planar laser sheet and visualised by using a high speed camera. A smoke generator 
produced paraffin oil droplets of 1.5 µm average size with a specified range of 0-4 µm 
that were seeded into the lower part of the inlet funnel as shown in Figure 2.1. The 
small size and specific weight of the droplets guarantee good traceability up to highly 
turbulent flow regimes and thus, are adequate for the present work’s low Reynolds 

(c) 

(b) 

(a) 
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number turbulent flow. Through bypass suction and removal of the existing boundary 
layer at the leading edge of the flat plate, smoke oil droplets were concentrated into the 
newly developing boundary layer. The right amount of smoke seeding for a good visu-
alization of the large-scale flow pattern in the vortex street has been adjusted by trial 
and error. The laser used for generating the planar light sheet along the centerline of 
the wind tunnel around and in the wake of the rod was a pulsed dual neodymium-
doped yttrium aluminum garnet crystal (Nd:Yag) laser with a pulse energy of 25mJ 
and frequency of 20Hz. A high speed charge-coupled device CCD camera featuring a 
frame rate of 30 Hz and a resolution of 800 times 600 pixels has been used for captur-
ing the flow pattern in the illuminated planar region of 15D in streamwise and 7D in 
vertical direction. Synchronization of laser and camera was controlled by a synchroni-
zation unit of a commercial TSI particle image velocimetry (PIV) system. 

Selected snapshots for three cases with varying rod wall clearance are shown in 
Figure 2.8 and compared to computed instantaneous temperature distributions from the 
LES approach in chapter 4. Since the scalar temperature transport, driven by the heat-
ed bottom plate, is dominated by convective transport mechanisms, the temperature 
distribution is a good indicator of local mixing of near-wall and far-wall flow regions. 
With an adequate scaling, the instantaneous temperature distribution is well suited for 
flow visualization in the rod’s wake region. As in the flow pattern of Figure 2.8, a 
clear large-scale vortex structure can be observed for wall clearances of D and 1.5D. 
Flow pattern is even more distinct in the case with higher rod distance from the wall, 
whereas the shedding frequency does not seem to differ considerably. In cases with 
smaller wall clearance like in case lslebu with C/D equal to 0.5 as shown in Figure 2.8 
(c), vortex shedding becomes less distinct. As will be shown by the more profound 
flow and shedding analysis in chapter 4.2, falling below a value of 0.5 the rod diameter 
in wall clearance leads to suppression of periodic shedding, while wall heat transfer 
enhancement is weak compared to the cases with larger wall clearance. 

2.2.3 Hot-wire anemometry, power spectra and velocity fluctuations 

Hot-wire anemometry has been used for determining velocity fluctuations and pow-
er spectra uncovering eigenfrequencies of the Kármán Vortex Street. In opposite to 
Inaoka [44], a simple commercial plated single-wire probe has been used for simplici-
ty and compared to Inaoka’s previous results acquired by hot-wire anemometry in x-
wire configuration [44]. Due to the limitation of a single-wire probe, only fluctuations 
of streamwise velocities were acquired. The use of hot-wire anemometry, here, is lim-
ited to demonstrate the reliability of the numerical results discussed in chapter 4. In 
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addition to chosen velocity fluctuation profiles, free-stream turbulence has been meas-
ured at the flat plate’s leading edge in order to determine the degree of turbulence to be 
used as input for the numerical investigation. For setting the frequency of oscillatory 
flow excitation, a single-wire HWA probe has been used as shown in Figure 2.3. The 
main advantage of hot-wire anemometry (HWA) over other single- or multipoint 
measuring techniques for velocity or temperature data is HWA’s time resolution with a 
high constant frequency response of up to several hundred kilohertz. Moreover, spatial 
resolution can be of the order of the probe diameter of several µm and thus, by an or-
der of magnitude higher than for e.g. LDA6 systems [21]. This is why it is used for 
determining power spectra as well as first and second-order moments of turbulence, in 
particular root mean square (rms) velocity fluctuation data. Details on the sampling 
procedure and data evaluation can be found in Inaoka [44]. H. Bruuns detailed text-
book on hot-wire anemometry [21] describes general principles of hot-wire measuring 
techniques as used for this work. 

Turbulence data were acquired mainly for comparison with the computed LES data 
as of chapter 4.2 and are therefore not discussed in this chapter. Power spectra were 
derived for the cases slebu, lslebu, hslebu with varying rod to wall clearance. 

2.2.4 Liquid crystal thermography and wall temperature distribution  

For measuring the mean wall temperature distribution around the square rod and in 
its wake region, liquid crystal thermography (LCT) has been applied. LCT features 
most advantages of a multipoint non-contact measuring technique. In order to guaran-
tee a satisfactory spatial resolution for the measured wall temperature field, numerous 
thermocouples would have to be arranged in larger arrays. Hence, higher effort would 
be required for setup, data acquisition and evaluation. Moreover, the risk of local flow 
disturbance, e.g. by reduced surface smoothness, limits the ease of use of thermocou-
ple contact measuring techniques. In the LCT used in the present work a thin 
thermochromic liquid crystal sheet (LCS) was attached on the transparent flat plate 
below the stainless steel sheets, in between 40D upstream and 60D downstream of the 
rod mounting location. The stainless steel sheets apply a constant heat flux density to 
the adjacent flow. Attention has been paid on level adjustment in order to guarantee a 
smooth passage of the flow along the plate. The thermochromic liquid crystal sheet 
featured a temperature sensitivity range of 20°C to 60°C.  

6   Laser-Doppler anemometry, also called Laser Doppler velocimetry, LDV. 
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The organic liquid crystals within the sheet reflect incoming light at a wavelength 
corresponding to different colors from dark blue to light red according to the local 
temperature on the sheet. This selective light reflection is driven by a temperature de-
pendant re-orientation of the liquid crystal lattice structure. Only light of a specific 
wavelength is reflected while others are transmitted. Due to this selective, wavelength 
dependant light reflection, a color distribution can be captured and evaluated by digital 
image processing techniques, once a calibration between color and temperature has 
been done7. The overall uncertainty of the LCT method including color change, main 
stream and initial temperature measurement techniques sum up to less than 5% overall 
inaccuracy and thus, can be regarded as sufficient for the investigation of heat transfer 
enhancement in the current flow configuration. 

In the current calibration setup a constant high temperature was set on one side and 
ambient temperature on the opposite side of a rectangular test body that was placed on 
top of the sheet. Both temperatures are chosen to fall into the LCS sensitivity range. 
The temperature distribution on the LCS along the test body between its hot and cold 
sides was then measured by a row of thermocouples. The resulting color scheme on 
the illuminated LCS was captured by a RGB color camera featuring a resolution of 
640 times 480 pixels and was digitized using the frame grabber board of the LCS con-
trol unit computer as shown in the schematic measuring setup in Figure 2.3. The 
grabbed digital pictures are stored in the RGB color format. By the use of a base level 
C program the calibration color scheme is connected to the corresponding temperature 
levels through a weight coefficient table. In a later application of the LCT technique to 
temperature measurement under real flow conditions, an evaluation program based on 
a neural network algorithm transforms the captured color scheme into a temperature 
field using the calculated coefficient table. Both, the calibration and the thermal field 
calculation programs, were originally developed by JaeHwan Kim at Kyoto University 
in 1995 and advanced by the author to fit the needs of the present work.  

Temperature field evaluation using the LCT technique has been focused on a region 
of 10D upstream and 30D downstream of the obstacle location, where a high 
streamwise resolution was desired. Up to 60 rod diameters further downstream, the 
temperature was measured by a row of 7 thermocouples, evenly distributed along the 
centerline of the channel. In opposite to several gas turbine investigations, where LCT 
was used as e.g. by Ekkad et al. [9] for transient analysis, only time-averaged tempera-
ture distributions on the heated wall were analyzed. Based on the high 
eigenfrequencies of up to 200 Hz of the Kármán Vortex Street in the current setup, no 

7   A summary on liquid crystal thermography can be found in Ekkad et al., [9]. 
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transient application of LCT was possible due to a limited time response of the LCS. 
Thus, evaluation is limited to global mean temperature distributions at the wall. There-
fore, a series of snapshots focused on a region of 5D in spanwise direction around the 
channel centerline were averaged by digital image processing. Resulting time-
averaged images for various flow cases are shown in Figure 2.9 (b) to (e), Figure 2.10 
(b) to (e) and Figure 2.11 (b). Since three-dimensional effects are expected to occur in 
cases with active manipulation due to the limited spanwise extension of the manipula-
tion region, the evaluation was limited to the temperature distribution along the center-
line, where three-dimensional effects can be assumed to be of lowest importance.  

As a measure for the local heat transfer from the heated plate to the adjacent fluid 
the Nusselt number is an appropriate indicator for local heat transfer enhancement and 
reduction. With the convection heat transfer coefficient written as 
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the local Nusselt number in streamwise direction X can be written as  
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with X0 denoting the thermal boundary layer starting point, Tw denoting the local wall 
temperature and Tf the absolute local fluid temperature given by 
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Time-averaged local Nusselt number distributions and the corresponding LCT im-
ages for the cases indicated in Table 2.4 are given in Figure 2.9 (a), Figure 2.10 (a) 
and Figure 2.11 (a), respectively. As depicted in Figure 2.9, variation of the wall 
clearance between the square rod and the wall has a major influence on heat transfer 
enhancement in the rod’s wake. In all three experimentally investigated configurations 
with varying wall clearance, namely hslebu (C = 1.5D), slebu (C = D) and lslebu (C = 
0.5D), an increase in the mean Nusselt number can be observed in the region from 
around 2D upstream to further downstream than 30 rod diameters. A first peak in the 
mean Nusselt number around the square rod location X = 0 is related to the fluid accel-
eration in the gap between rod and wall leading to higher convective heat transfer. The 
second Nusselt number peak appearing at locations between 3 and 9 diameters down-
stream of the rod is attributed to the Kármán wall vortex that entrains cooler fluid from 
the far-wall main flow region to the wall. The so called “washing” action is related to 
the heat transfer enhancing clockwise fluid motion as discussed in chapter 4. The most 
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elevated Nusselt number peak occurs in reference case slebu. As for case hslebu with 
larger wall clearance, the peak is slightly lower with the peak position shifted further 
downstream compared to the reference case. For a wall clearance to rod diameter ratio 
of 0.5 as in the case lslebu, a first distinct Nusselt number peak can be observed at 
around 3.5D downstream of the obstacle location, while a second less distinct heat 
transfer enhancement plateau extends from 20D to 25D downstream of the rod. In be-
tween the two Nusselt number peaks, a region with far lower enhancement spans from 
5D to 10D downstream. The distinct high peak at 3.5D is generated by the washing 
action while the plateau further downstream is related to periodic and random fluctua-
tions. To limited extent the enhancement is also attributed to secondary flow induced 
longitudinal vortices. All three cases with varying wall clearance show a distinct local 
minimum in the Nusselt number distribution in between 0.5D and 1.5D downstream of 
the rod, which is related to pressure induced flow separation resulting in the creation 
of a thin oscillatory near-wall recirculation zone. 

Figure 2.10 summarizes temperature and heat transfer distributions for active flow 
manipulation with constant blowing and suction. In all active manipulation cases the 
rod wall clearance is kept constant at one rod diameter (C = D). No strong deviation in 
shape from the non-manipulated case slebu can be observed for any of the constant 
blowing cases mslebu1, mslebu2 and mslebu5 with rising mean injection velocity of 
one, two and five times the inlet bulk velocity U∝,in respectively. The same applies for 
the constant suction case mslebum1. In all cases a first peak in the Nusselt number 
distribution is induced by enhanced convection heat transfer between rod and wall. A 
second plateau-like heat transfer maximum is related to the washing effect. The local 
minimum just downstream of the rod attributes to the moving recirculation zone as 
indicated above. For the cases using the manipulation mode “blowing”, a significant 
trend to lower heat transfer enhancement in a declining region downstream of the rod 
can be observed for cases with rising injection velocity. As can be seen in the RGB 
color scheme of Figure 2.10 (d) and (e) for the case mslebu2 and even more notable 
for mslebu5 three-dimensional effects become visible. The time-averaged wall tem-
perature increases along with increasing distance from the channel centerline at Y = 
18.75. This increase is a consequence of the limited spanwise manipulation region that 
was originally dedicated to minimize pressure loss induced injection velocity variation 
along the injection manifold. 
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Figure 2.9:  Wall heat transfer enhancement in the wake of a rod with varying wall clearance; Nusselt 
number and liquid crystal thermography wall temperature plots: (a) Nusselt number dis-
tribution, (b) LCT image, undisturbed boundary layer “bl”, (c) disturbed boundary layer 
hslebu, C = 1.5D, (d) slebu, C = 1.0D, (e) lslebu, C = 0.5D. 
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Figure 2.10: Wall heat transfer enhancement through active manipulation; Nusselt number and liquid 
crystal thermography wall temperature plots: (a) Nusselt number distribution, (b) LCT 
image, mslebu1, constant suction Winj=-U∝,, (c) mslebum1, constant blowing 
Winj=+U∝,, (d) mslebu2, Winj=+2U∝,, (e) mslebu5, Winj=+5U∝. 
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 The occurrence of three-dimensional effects due to the manipulation setup limits 
the Nusselt number evaluation to the streamwise centerline wall temperature distribu-
tion and therefore requires a high number of sample pictures for time-averaging. Con-
stant suction with one time the inlet bulk velocity U∝,in shows a slight heat transfer 
enhancing effect, as well in elevation as in plateau extension of the local Nusselt num-
ber distribution. Since the difference in peak elevation is about one percent, only, it 
can nevertheless not be regarded as significant compared to the overall LCT uncertain-
ty of up to 5%. 

 

 

Figure 2.11: Wall heat transfer enhancement through active manipulation; Nusselt number and liquid 
crystal thermography wall temperature plots: (a) Nusselt number distribution, (b) LCT 
image, case mslebu1p, oscillatory excitation, Winj=U∝ fper(2πft), f = 200Hz. 

Figure 2.11 shows the LCT and Nusselt number results around the rod for periodic 
flow excitation with a frequency close to the Kármán eigenfrequency of 200 Hz. The 
peak heat transfer is lower and shifted downstream compared to reference case slebu. 
A faster decay of heat transfer augmentation is significant. By injection in vertical di-
rection from the spanwise rod centerline as in case mlebu1p, the Nusselt number dis-
tribution features a slightly compressed plateau around its main peak. 
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2.2.5 Summary of experimental results 

Global time-averaged data on wall heat transfer and near-wall velocities as well as 
mean velocity profiles and turbulent fluctuations have been acquired experimentally 
for different cases of turbulent flow past a square rod with a nearby heated wall. The 
resulting time-averaged Nusselt number distribution as a measure for the local heat 
transfer and the near-wall streamwise velocity as indicator for local wall skin friction 
are compared to data from the undisturbed turbulent boundary layer flow along the 
heated flat plate. Analyzing the wall heat transfer variation reveals local heat transfer 
enhancing effects. Comparing heat transfer and skin friction qualifies the level of simi-
larity between heat and momentum transfer in the wake of the rod. In addition to time-
averaged temperature and velocity field data, the instantaneous large-scale vortex 
structure around the rod and in its near-wake has been visualized and compared to nu-
merical results. Satisfactory qualitative agreement on vortex structure and periodicity 
can be concluded. As well for geometrical variation of the rod wall clearance as for 
active manipulation through constant injection, suction or periodic excitation of the 
Kármán Vortex, heat transfer enhancement is notable in the entire investigated wake 
region. The ratio of rod diameter to wall clearance plays a determining role for the lev-
el of heat transfer enhancement as well as for its local distribution. Active manipula-
tion by constant blowing or suction from the rod’s wall-opposed side to the bulk flow 
region leads to reduced heat transfer enhancement compared to the non-manipulated 
reference case. Periodic flow excitation with frequencies in the order of the eigenfre-
quency of the Kármán Vortex does not lead to considerable heat transfer enhancement 
or reduction compared to the reference case slebu without active manipulation.  

The Preston-Patel method for evaluating the wall skin friction from Preston tube 
near-wall velocity measurement has been shown not to produce accurate estimates for 
the rod’s near-wake region. Due to the lack of adequate alternative measuring tech-
niques, wall skin friction in the near-wake has to be determined by an additionl numer-
ical analysis. The experimental near-wall velocity data can be used for validating the 
simulation methods. Figure 2.12 features Nusselt number and near-wall velocity dis-
tribution as well as resulting skin friction normalized to the undisturbed boundary lay-
er (index 0) for the reference case slebu and the cases hslebu and lslebu with varying 
wall clearance. From a comparison of the measured near-wall velocity referring to the 
location of the Preston tube (Z=0.075) with numerical data from the large-eddy simu-
lation of chapter 4, satisfactory agreement with the numerical distributions for all three 
cases can be concluded. Unlike this agreement, skin friction resulting from Patel’s 
evaluation shown in Figure 2.12 (c) reveals a considerable deviation from the comput-
ed skin friction distribution as is noticeable in Figure 2.12 (d).  
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Figure 2.12: (a) Nusselt number, (b) near-wall velocity at Preston tube location and (c) calculated skin 
friction coefficient according to Patel’s calibration compared to (d) LES-computed skin 
friction. Comparison between cases slebu, lslebu, hslebu normalized to the undisturbed 
boundary layer bl. 
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The computed skin friction distribution is directly related to the near-wall velocity dis-
tribution, since the LES resolution is chosen in a way that the wall nearest grid point 
falls into the laminar sublayer (Z+ < 5), where velocity rises linearly. Whereas no mean 
recirculation can be detected in the experimental near-wall velocity distribution, the 
LES-computed skin friction data of reference case slebu show a thin recirculation zone 
just downstream of the rod. As for the cases hslebu and slebu the skin friction distribu-
tions come close or even exceed unity and therefore indicate wall skin friction en-
hancement compared to the undisturbed boundary layer. While for the active manipu-
lation cases as of Figure 2.13 heat transfer enhancement gets weaker with increasing 
manipulation amplitude, near-wall velocity is significantly reduced for the highest 
blowing amplitude of mslebu5. 

 

 

Figure 2.13: (a) Nusselt number, (b) near-wall velocity at Preston tube location. Comparison between 
cases mslebu1, mslebum1, mslebu2, and mslebu5 normalized to the undisturbed bounda-
ry layer bl for active manipulation by constant blowing or suction. 

Deviation of the streamwise near-wall velocity for periodic excitation given in Fig-
ure 2.14 (b) from the non-manipulated reference case slebu is not significant whereas a 
slightly reduced extension of the heat transfer enhancement region can be concluded 
from  the Nusselt number distribution in Figure 2.14 (a).  
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Figure 2.14: (a) Nusselt number, (b) near-wall velocity at Preston tube location. Comparison between 
case mslebu1p and reference case slebu normalized to the undisturbed boundary layer bl 
for active manipulation through oscillatory excitation, Winj=U∝ fper(2πft), f = 200Hz.  

As a result of the experimental investigations, heat transfer enhancing effects of the 
Kármán Vortex-wall interaction can be confirmed. Manipulation of heat transfer and 
skin friction can be achieved by variation of the rod to wall clearance as well as by 
active blowing or suction from the wall-opposed rod side. While heat transfer en-
hancement is dominated by the washing effect of the Kármán Vortex, skin friction is 
reduced by its clockwise rotation that - enhanced by local recirculation through pres-
sure induced flow separation - decreases the streamwise local near-wall velocity. It can 
thus be concluded that dissimilarity between wall heat transfer and skin friction occurs 
in wall-bounded flow past a square rod and can be influenced by either geometrical or 
active means of manipulating the Kármán Vortex. 
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3 Numerical approach 

Simulating a real life turbulent flow by means of numerical modeling is still one of 
the most challenging fields of research in fluid dynamics. The main difficulty of turbu-
lent flows compared to “well ordered” laminar fluid movement is its random character. 
Turbulence itself arises from small disturbances that are not mathematically determin-
istic and enforces an approach different in mathematical description, equation solving 
and evaluation of simulation results than for laminar flow regime.  
As for a mathematical description of turbulent flow, decomposition of flow variables, 
like velocity, pressure or temperature into a time-mean value and a fluctuating part is 
commonly used when expressing the basic equations of (continuum) fluid mechanics. 
Due to the mean free path of the fluid molecules being much smaller than the smallest 
known turbulent scales8, the set of base equations also apply for turbulent flows. Sta-
tistical evaluation methods for turbulent flow regimes have to be applied for a “global 
view”, namely time-mean values and higher order statistics for the local flow variables 
including global results for heat and momentum transfer.  
The following chapter 3.1 explains the choice of large-eddy simulation (LES) as nu-
merical simulation method. For LES, a detailed mathematical description of the under-
lying flow regime including boundary and initial conditions is derived. As for the 
“ease of reading”, details on the numerical procedure are given in the appendix, only, 
but are referred to within the following chapters, whenever needed for deeper under-
standing. The final chapter 3.4 gives an overview over all computed cases and the 
evaluation strategy applied.  

3.1 Computational methods – choice of method and tool 

The questions arising from numerical simulation of turbulent flow regimes are two-
fold. On the one hand the size of the problem, mainly determined by the resolution of 
the grid, to which the main set of equations has to be discretized, limits the choice of 
appropriate numerical methods. On the other hand, the flow phenomena to be captured 
exclude some methods due to their inability to model them correctly. So, a first step in 
finding an adequate simulation method is to identify the necessary method and grid 

8   demonstrated by e.g. Breuer in [20] 
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resolution required to guarantee that the determining flow phenomena can be captured 
and the simulation results are sufficiently accurate. 

3.1.1 Turbulence theory – Kolmogorov scales 

The theory of fully-developed turbulence is based on the energy cascade process, 
establishing a connection between the largest eddies of the order of the overall flow 
regime and the smallest occurring flow pattern.  
The energy cascade model, proposed by Kolmogorov in 1941 [58] assumes that in a 
turbulent velocity field consisting of eddies of different size, the energy flux through 
scales is constant, from the largest eddies to the smallest9. The energy flux is driven by 
production in the energy supply region through the large-scale mean velocity gradients 
and is transferred to the inertial subrange as schematically shown in Figure 3.1. 
 

 

Figure 3.1:  Schematic energy cascade of turbulence – featuring the spectral energy density of 
turbulence E(k) over wavenumber k. 

According to Kolmogorov’s theory, energy dissipation mainly occurs at the level of 
small scales, which are supposed to be of isotropic character10. Energy being dissipat-
ed at the small scales implies that the rate, at which energy is transferred to the small 

9   More recent investigations, see e.g. [132] claim that “backscattering“, energy transfer from smaller 
to larger scales by smaller eddies, occur in real life turbulent flows. 

10  Isotropy implies that while proceeding down the energy cascade, all directional information on the 
large-scale motions as well as information on mean flow characteristics and boundary conditions is 
lost. 
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scales, as given by the average rate of energy dissipation per unit mass ε, and the kin-
ematic viscosity ν as a measure for the viscous dissipation, are the important parame-
ters describing the universal scales. A simple dimensional analysis results in the 
unique Kolmogorov length, time and velocity scales ηK, τηK, uηK, respectively, which 
represent the smallest scales to be resolved in order to cover all relevant turbulent flow 
information: 
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The intermediate eddies in the transfer region are characterized by their large-scale 
size L and velocity U. Since they are able to transmit the energy at the required rate ε, 
Kolmogorov postulated that it is possible to express ε in terms of L and U. On dimen-
sional grounds, the simplest way of writing ε in terms of L and U is 
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Using the Reynolds number based on the characteristic large-scale size L as 
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one can conclude the relation between the large-scale Reynolds number and the Kol-
mogorov length, time and velocity scales, respectively: 
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For resolving all relevant turbulence scales of a three-dimensional flow in a cube of 
edge length L, one would need a grid resolution of 
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Including the resolution in time necessary to obey the Kolmogorov theory, the total 
number of operations would sum up to the order of 
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3.1.2 Direct numerical simulation – DNS  

A self-evident conclusion of Kolmogorov’s turbulence theory and its minimum 
scales to be resolved for a complete “picture” of a flow regime would be to choose a 
numerical resolution that is higher than the Kolmogorov scales demand, both in space 
and in time. Direct numerical simulation, DNS, is based on a resolution that resolve 
the Kolmogorov scales, which allows for capturing all relevant turbulent motion with-
in the flow. In DNS, no turbulence models are needed, the governing equations of mo-
tion and energy conservation are solved directly, using various methods like spectral 
or advected grid explicit (AGE) schemes [13]11. By principle, the solution of a well 
resolved DNS is very accurate, but creates an extensive demand of computing power 
which limits its application to low Reynolds number flows and, when including heat 
transfer, to low Prandtl and Schmidt numbers. In the present work’s wake-flow prob-
lem with a Reynolds number of 7000 based on the obstacle diameter D, one would 
need a spatial resolution of the order of 800 grid points per unit length D in all spatial 
directions. As for a computational domain around the rod of 10D times 5D times 5D a 
full local Kolmogorov resolution in the entire domain would lead to a grid of more 
than 100 billion grid points. Such grid size is far from giving any realistic perspective 
to finish a DNS simulation in a man’s lifetime even when using state of the art super-
computers. Thus, DNS application to engineering-type problems seems to be unrealis-
tic within the near and mid term future.  

3.1.3 Reynolds-averaged Navier-Stokes simulation – RANS 

The most common available method for turbulent flow simulation in Computational 
Fluid Dynamics (CFD) is based on classical turbulence modeling, namely the Reyn-
olds-averaged Navier-Stokes simulation (RANS)12. Due to their minor requirements 
on computing power, RANS is widespread in engineering practice. In RANS simula-

11  A summary of DNS methodology can be found in Moin et al. [76]. 
12  For a summary of RANS simulation, see C. Speziale’s essay on turbulence modelling [26]. 
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tion, the flow governing variables are decomposed into time-averaged and fluctuating 
parts, introducing new unknown stress terms to the governing equations known as 
Reynolds stresses. These Reynolds stresses form a second-order tensor of unknowns 
for which various turbulence models can provide different levels of closure. Most of 
the turbulence models need some (semi-empirical) adjustment to the flow geometry 
and turbulent flow regime to be simulated. Unsteady turbulent flows can be treated by 
(U)RANS13, but the prediction accuracy decreases with the time scales of the turbulent 
motion getting closer to those of the large scales. Laminar-turbulent transition and 
wall-bounded flows as well as (pressure and geometry induced) flow separation pro-
cesses are critical issues of RANS simulations, since the large-scale eddies have major 
influence on the overall flow regime, while it cannot be expected that the modeled 
large scales behave in the same way as the quasi universal modeled small scales. This 
conclusion generally questions the use of RANS simulation for those flow regimes, in 
which no-slip wall boundary conditions and flow separation processes play a deter-
mining role. In spite of its lower demand in computing performance, resulting from 
low spatial and time resolution requirements, the (U)RANS method is therefore not 
suitable for reliable, accurate prediction of the flow regime in turbulent wall-bounded 
wake flow, which is subject of the present work.  

3.1.4 Large-eddy simulation – LES 

In between the DNS and the RANS simulation techniques, the large-eddy simulation 
(LES) combines the strength of the two previously mentioned methods, namely the 
prediction accuracy of DNS and the limited demand for resources proprietary to 
RANS techniques. The LES technique was originally developed by meteorologists in 
the 1970s [108] based on the idea to compute the weather forming atmospheric large 
scale eddies directly, while modeling the more universal “subgrid” small-scale turbu-
lence. So, they found a hybrid technique combining RANS and DNS that resulted in 
better accuracy for the large scale flow structures than in RANS at modest computa-
tional costs. When discovering LES it certainly came to the inventors mind that a ma-
jor advantage of the LES technique is its ability to continuously approach DNS accu-
racy by refining the grid resolution, once better computer resources become available. 
Numerically, in LES, the large-scale energy-carrying turbulent structures are comput-
ed directly, while the more homogeneous and universal smallest scales of turbulence 
are subject to modeling. Since the larger eddies are fully resolved by the LES grid, 
they belong to the so called “grid-scale” structures whereas the quasi-isotropic smaller 

13  (U)RANS=(Unsteady) Reynolds-averaged Navier-Stokes (simulation). 
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turbulence scales that occur within a grid cell are named “subgrid-scale” structures. By 
similar means of decomposition as for the RANS method, the subgrid-scale fluctua-
tions form the subgrid stresses (SGS) that are subject to turbulence modelling.  

It should be mentioned that more recently a combination of LES and RANS focuses 
rising attention. The detached eddy simulation technique (DES) was originally pio-
neered by Spalart et al. in 1997 [111]. In DES, an algorithm based on the local turbu-
lent length scale switches between a RANS based mode of solution and LES. In re-
gions where the maximum grid dimension exceeds the turbulent length scale, LES is 
applied. Regions with a turbulent length scale lower than the maximum grid size, like 
e.g. regions close to solid boundaries, are treated with a RANS simulation technique. 
This procedure allows lower grid resolution in near-wall regions, where the turbulent 
length scale is usually small, and as a result, cuts down the cost of computation con-
siderably. Along with the advantages of this method go the problems that arise from 
switching between the two modes. While from LES to RANS information can be cut 
down, it is difficult to provide accurate information about the local flow when switch-
ing back from RANS to LES, since RANS apparently covers less details of the flow 
and turbulence structure than LES. Moreover, grid generation is more complex in a 
hybrid DES than in RANS or LES due to the inhomogeneous grid requirements of the 
two methods. In conclusion, DES certainly features interesting future prospects for 
engineering-type applications but due to its current limitations and open challenges at 
the time of application in the present work did not seem to be a good choice for a larg-
er study on turbulent wall-bounded wake flow, where wall treatment and separation 
have a major impact on the flow phenomenology. 

Since RANS techniques disqualify for the flow regime investigated in the present 
work the choice of simulation method is concentrated on DNS and LES techniques. As 
the fixed Reynolds number range in the current case (around 7000 based on the diame-
ter of the flow obstructing rod) imposes requirements on grid resolution that cannot 
practically be fulfilled due to limitations in computing resources, DNS cannot be ap-
plied. Hence, LES, with a focus on a high DNS-like grid resolution close to all walls, 
is the numerical method “of choice” that is expected to best fulfill the requirements of 
the present’s work challenge. All following studies on undisturbed and disturbed 
boundary layer flow including vortex shedding and wall interaction in the wall-
bounded obstacle wake flow are carried out by the LES tool MGLET, which is de-
scribed subsequently. 
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3.1.5 MGLET – Multi-Grid Large-Eddy Turbulence simulation tool 

MGLET, as for “Multi-Grid Large-Eddy Turbulence”, in its current state is a steadi-
ly grown LES / DNS Fortran code developed for numerical simulation of incompressi-
ble Newtonian and non-Newtonian fluid flow in simple and complex three-
dimensional geometries. It has been initiated in the late 80th as an efficient code for 
LES of turbulent flows by the efforts of Heinz Werner and Hans Wengle, see [126] or 
[127], and further been advanced by Michael Manhart [71], Alexander Orellano  [81] 
and Adnan Meri [74]. More recently its use and further improvement is spread over 
Europe [4]. MGLET is based on a finite volume formulation of the incompressible 
Navier-Stokes equations on staggered Cartesian non-equidistant grids. It has been ena-
bled for treatment of curved boundaries using the immersed boundary method for Car-
tesian grids implemented by F. Tremblay [121] in 2001. Originally a strong focus had 
been set on a high grade of Vectorization, but due to the general shift to parallel com-
puting, MPI14 based parallelization has been promoted by using the mean of domain 
decomposition. As for the subgrid-scale modeling of turbulent structures in LES, a 
Smagorinsky and a dynamic Germano model have been implemented. Discretization 
of the filtered Navier-Stokes equations is realized by a central second-order scheme for 
convective and diffusive terms and more recently by fourth-order compact schemes. 
Time advancement is done by explicit second-order time stepping or alternatively 3rd 
order Runge-Kutta time stepping. Pressure correction, finally, has been implemented 
in a Poisson equation based on a multi-grid method. Flow boundaries can be pre-
scribed by slip, no-slip, periodic, fixed inflow and convective or zero-gradient outflow 
boundary conditions, among others. Global post processing can be done by evaluating 
first and higher order statistics computed in MGLET. Time advancement of flow vari-
ables can be analyzed and visualized using time records, which MGLET writes on de-
mand for any section or part of the computational flow domain. In conclusion, 
MGLET features a variety of different numerical schemes and algorithms and runs 
fully parallelized on most high performance computing platforms. Using MGLET for 
the kind of turbulent wall-bounded wake flow being subject of this work, guarantees a 
satisfying performance and reliable accuracy. 

As a contribution of the present work, MGLET, which up to the present work was a 
pure flow simulation tool, was enabled for passive heat transport. So, a major effort 
was set on the implementation of a scalar transport, compatible with the existing nu-
merical schemes, to all or most types of boundary and initial conditions under the re-

14  Message Passing Interface.  
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striction of full parallelizability. Details on the numerical schemes available in 
MGLET with a focus on this work’s contribution can be found in appendix A. 

In the following, the basic mathematical setup as well as boundary and initial condi-
tions, required for the simulation of a wall-bounded wake flow around a square rod 
obstructing a turbulent boundary layer including heat transfer from a nearby heated 
wall, will be explained in detail. 

3.2 Mathematical setup – base equations and restrictions 

As long as the characteristic length in an investigated physical fluid domain is much 
larger than the mean free path of the fluid molecules, the assumption of continuum can 
be applied to the fluid. Provided that the fluid can be considered in local thermody-
namic equilibrium in a way that macroscopic length and time scales can be regarded 
considerably larger than the largest molecular length and time scales, the flow regime 
within the physical domain can be described mathematically by a set of conservative 
equations. If no chemical reaction or mass diffusion driven by the existence of differ-
ent chemical species interfer, the mathematical description of the fluid flow including 
momentum and heat transport can be restricted to the conservation laws of mass, mo-
mentum and energy.  

The following sections outline the derivation of a restricted dimensionless base 
equation set describing turbulent fluid flow with heat transport, starting with a general 
integral formulation of the conservation laws and leading to the filtered formulation in 
Cartesian coordinates used for the computation by LES.   

3.2.1 General integral formulation of mass, momentum and energy conserva-
tion 

A detailed description and derivation of the generalized conservation laws of mass 
(“continuity”), momentum (“Newton’s law”) and energy (“first law of thermodynam-
ics”) can be found in Hoffmann et al. [41] or Bradshaw et al. [19]. Werner [126] pro-
vides an integral formulation of mass and momentum conservation in component nota-
tion. In all following equations in component notation a Cartesian coordinate system is 
assumed and the Einstein summation convention is applied.15  

15  Einstein summation convention: double indices are summed over all their allowed values, e.g. 

i i x y z
u dA udA vdA wdA= + +  

                                              



Mathematical setup – base equations and restrictions 47 

The continuity equation describing the conservation of mass in a control volume V  
with surface A  can be written in integral formulation as 

 0i iV A
dV u dA

t
 


 

    (3.11) 

with ρ denoting the fluid density and the second term the sum of the mass fluxes 
through the surface of the control volume in x, y or z direction, respectively.  

Newton’s second law provides the conservation of (linear) momentum. Using the 
Eulerian notation16 an integral formulation for a control volume V  with surface A  
results in three equations covering the different spatial directions 

 i i j j ji j iV A A V
u dV u u dA dA f dV

t
   


  

     

 (3.12) 

where jiσ  denotes the stress tensor component at each surface element jdA directed 
parallel to ix : 

 ij ij ijpσ δ τ= − + . (3.13) 

p  therein represents the thermodynamic pressure and ijτ  denotes the shear stress ten-
sor component analogous to jiσ . The Kronecker operator ijδ 17 serves to limit the ap-
plication of pressure normal to the control volume surface. The body force if  in direc-
tion ix  contains gravity and buoyancy effects. 

By multiplying the differential momentum equation by iu 18, taking into account the 
continuity equation19 and integrating over control volume V , (3.12) can be rewritten 
as integral balance equation for the kinetic energy 

   1 1
2 2i i i i j j i ij j ij ij i iV A A V V

u u dV u u u dA u dA s dV u f dV
t

    


   
      

 (3.14) 

with ijs  denoting the strain rate tensor element 

 1
2ij i , j j ,is ( u u )= + . (3.15)      

16  Eulerian notation: description for a non-accelerating control volume referenced to a fixed coordi-
nate system. 

17  Kronecker operator:  {1
0ij
, i j
, i jδ == ≠  

18  Conservation of momentum in differential formulation: , , ,( ) ( )i t i j j ji j iu u u fρ ρ σ ρ+ = +  
19  Conservation of mass in differential formulation: , ,( ) 0t j juρ ρ+ =  
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The conservation of energy in an investigated fluid control volume represents the ap-
plication of the first law of thermodynamics. It expresses that the change of total ener-
gy inside a control volume corresponds to the sum of heat fluxes through its surface, 
its internal heat production and the rate of work applied through its surfaces. Heat 
transfer and work are assumed positive when heat or work adds energy to the fluid 
control volume. Making use of (3.13) the energy equation in terms of total energy te  
writes as 

 t j t j j j i ji j i i TV A A A V V
e dV u e dA q dA u dA u f dV Q dV

t
   


    

       



  

 (3.17) 

Therein, te  is the sum of internal energy and kinetic energy per unit mass within the 
control volume V : 

 1

2
t i ie e u u= +  (3.18) 

The potential energy within the system is included in the body force work term 

i iu f dV , which will later be neglected due to its minor effect. The heat flux balance 
term j jq dA   denotes the amount of heat per time added to the control volume through 
its surface A. TQ dV  represents the overall internal heat production within the control 
volume. The work term  

 i ji j ij j j i ji jA A A
u dA p u dA u dA       

 (3.19) 

covers the flow work ij j jp u dA  done by mass flow to and from the control volume 
at varying local pressure as well as the contribution of the viscous forces i ji ju dA , 
called viscous dissipation or viscous heating. Due to its minor effect in low viscous 
fluids the heat generation by viscous dissipation can usually be neglected against the 
contributions of the other terms on the right hand side of (3.17). 
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3.2.2 Adapted conservation laws for incompressible viscous “ideal fluid” flow 
with passive heat transport 

In the following, assumptions are applied to the general conservation laws, which 
lead to a set of adapted balance equations describing incompressible continuous New-
tonian fluid flow with passive heat transport.  

Provided that the viscous stresses are linearly related to the rate of strain, the working 
fluid obeys the assumption of a Newtonian fluid. The shear stress tensor component, 
thus, depends on the strain rate ijs  by a linear relation  

 2ij ij kk ijs sτ µ λ δ= +  (3.20) 

where µ is known as dynamic viscosity and λ  as the coefficient of viscosity. The 
combination of the two, namely the bulk viscosity 2

3Bµ λ µ= + , can be set to zero 
when the Stokes hypothesis is invoked [50]. 

In case the flow is assumed incompressible the changes in density ρ  can be neglected. 
This assumption is usually justified in sub-sonic flow regimes at low Mach number20 
and with small temperature variations within the fluid. In incompressible flow the 
change of mass within a fluid control volume and thus, the first term in the continuity 
equation (3.11) tends to zero. The remaining relation for the continuity 

 0i iA
u dA   (3.21) 

written in differential notation imposes 0kks = , which makes the assumption of a zero 
bulk viscosity unnecessary for incompressible flow regimes. 

The momentum conservation equations for continuous Newtonian fluid flow are 
generally called the Navier-Stokes equations21. In incompressible flow regime with 
minor temperature variations and heat transport within the flow system can be regard-
ed as passive and no buoyancy occurs22. When buoyancy and gravity effects are ne-
glected against the viscous forces, the body force term in (3.12) can be dropped. Tak-

20  As a “rule-of-thumb”, a Mach number of Ma < 0.3 is adopted for the assumption of incompressibil-
ity, accepting a maximum density variation of about 5%, see Truckenbrodt [122] , pp. 202. 

21  Other formulations include the continuity equation or refer the Navier-Stokes Equations to the full 
set of differential equations governing the motion of a fluid, see http://www.navier-stokes.net/. 

22  For fluid flows with Ma < 0.3 but large temperature variations, buoyancy effects can be taken into 
consideration by the Boussinesq approximation for weakly compressible fluid flow. The body force  
term in (3.12) then results in

0
(1 ( ))

i i
V V

f dV g T T dV      . 
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ing into consideration the assumption of small temperature variations, viscosity may 
be assumed constant and the Navier-Stokes equations in spatial direction x,y,z, respec-
tively, write as 

 ,[ ]i i j j i i j jV A A A
u dV u u dA pdA u dA

t
  


  

      

. (3.22) 

The general energy equation (3.17) can be rewritten in terms of enthalpy 

 ph e
ρ

= +  (3.23) 

by subtracting equation (3.14) from equation (3.17) and re-arranging using relation 
(3.20): 

  
, ,

j jV A

j j j j ij i j TA V V V V

h dV u h dA
t

q dA p dV u p dV u dV Q dV
t

 




 




    


 
     







 (3.24) 

Limiting equation (3.24) to incompressible flow of an ideal Newtonian fluid with 
Stokes hypothesis, the thermodynamic pressure p  degrades to the mean pres-
sure 1 3 jjp σ= − , which is independent from fluid property variations, and so, the 
pressure related terms in (3.24) can be dropped. If, in addition, viscous heating can be 
neglected and if the internal heat transport obeys the Fourier heat conduction law 

 ,j jq Tλ= −  (3.25) 

with the conductivity λ linked to thermal diffusivity Γ  by 

 
pc Pr

λ µΓ = = , (3.26) 

equation (3.24) for the enthalpy 0ph c (T T )= − simplifies to the scalar temperature 
transport equation in integral notation: 

 ,Pr
T

j j j jV A A V
p

d QT dV u T dA T dA dV
dt c


      



 

 (3.27)  

Equation (3.27) is called passive scalar transport equation for the temperature T. The 
“passive” character signifies that the temperature does not affect the flow. The cou-
pling between momentum and heat transport results from the convective term in the 
energy and temperature transport equations, respectively.  
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3.2.3 Volume-balance filtering 

For use in LES, the adapted conservation laws of mass (3.21), momentum (3.22) 
and energy (3.27) have to be rewritten in a finite volume formulation that can be ap-
plied to discrete grids. Such formulation is obtained by filtering the base equation set. 
Spatial filtering means applying a filter like a Gauss-, a Top-Hat- or a Cutoff-filter to 
the basic transport equations in order to get a formulation for the main variables aver-
aged over a finite volume grid. As a result of the filtering, the variables describing the 
flow regime are decomposed into their large or grid-scale part representing the flow 
structure larger or equal to the local grid size and into the remaining small-scale or 
subgrid-scale contribution, which is not resolved by the discrete grid and must there-
fore be modeled. Details on filtering can be found in Hallbäck et al. [39] or Leonard 
[62], different filtering techniques are discussed by Reynolds [92], Horiuti et al. [42] 
or Schumann [104], [105].  

In the present work, the finite volume balance procedure by Schumann [104], [105] 
is applied, which corresponds to applying a Top-Hat filter. According to this method 
the flow quantities are decomposed into an integral grid average and its spatial sub-
grid deviation. As for the main flow variables this decomposition writes as 

 '

'

'

    

    
    

jA

j j j
V

V

u u u

p p p
T T T

∆

∆

∆

≡ +

≡ +

≡ +

 (3.28) 

with the large scale quantities 
V

p
∆

 and 
V
T

∆
  denoting the integral averages of pres-

sure and temperature over the discrete finite volume V∆ , and jA

ju
∆

 representing the 
average velocity in direction jx  over the volume’s ik -surface jA∆ :  

 1 1 1, ,j

j

A V V

j j j
j A V V

u u dA p p dV T T dV
A V V

∆ ∆ ∆

∆ ∆ ∆

≡ ≡ ≡
∆ ∆ ∆∫ ∫ ∫  (3.29) 

The definition of the large scale quantities implies that the integral averages of the sub-
grid deviations over the control volume V  vanish: 

 ' ' '1 1 1 0j j
A V V

u dA p dV T dV
A V V

    

 (3.30) 

By substituting (3.28) into the adapted conservation laws (3.21),  (3.22) and (3.27), 
taking into account (3.30), one gets the filtered integral balance equations for mass, 
momentum and temperature (energy), respectively: 
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: 0jA

j j
A

mass u dA


   (3.31) 
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 (3.32) 
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(3.33) 

3.2.4 Subgrid-scale closure 

The filtered balance equations for momentum (3.32) and temperature (3.33) contain 
two unknown sub-grid based terms, namely the sub-grid stresses (SGS) ' '

i j jA
u u dAρ ∫  

and the turbulent heat fluxes ' '
j jA

u T dAρ ∫ . In case a discrete grid doesn’t resolve the 
minimum scales relevant to flow and temperature field, respectively, these SGS stress-
es and heat fluxes have to be taken into account. Due to a lack of analytic relations for 
the interaction between resolved and unresolved scales, models have to be applied in 
order to get a closed set of equations. 

Within this work the eddy viscosity approach according to Smagorinsky [106] and 
Lilly [63] of the form 

  ' ' ' '
, ,

1
3

ji j
AV A A

i j j t i j j k k ij jj i
A A A

u u dA u u dA u u dA   
  

       

 (3.34) 

has been applied to model the SGS stresses. Therein 
V

tµ
∆

 denotes the filtered eddy 
viscosity that needs to be modeled. The last term in (3.34) denotes a supplementary 
normal stress contribution which is assigned to the filtered pressure. The resulting fil-
tered pressure, which indeed, becomes a “pseudo-pressure”, writes as: 

 
* ' '1

3
jAV V

k k ij j
A

p p u u dA 
 

    (3.35) 

Analogous to the eddy viscosity approach an eddy diffusivity model is applied to the 
turbulent heat fluxes of the form 

 ' '
,

V
Vt

jj j jV
A A t

u T dA T dA
Pr


 




   

, (3.36) 
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with a filtered turbulent Prandtl number tPr  subject to modeling or further assump-
tions. 

3.2.5 Dimensionless filtered set of base equations 

In a last step on the way to a dimensionless formulation of the balance equations 
adequate for computation, the following substitutions are applied to the filtered flow 
quantities  

 
* 2; ;jA V V

j j ref ref refu U U p P U T T Tρ
∆ ∆ ∆

≡ ⋅ ≡ ⋅ ≡ ⋅  (3.37) 

as well as to the governing geometry and time scales 

 * * 2 * 3/ ; ; ;ref ref j j ref j j ref reft t L U x X L A A L V V L≡ ⋅ ≡ ⋅ ≡ ⋅ ≡ ⋅  (3.38) 

refU  and refT denote a characteristic velocity and total temperature within the analyzed 
control volume, while refL means a length characteristic to the investigated flow sys-
tem. With the substitutions so defined in (3.37) and (3.38) a dimensionless filtered 
formulation of the governing conservation laws can be expressed as: 

*

*: 0
jj

A

mass U dA    (3.39) 

* * * *

* * * *
*

:
1 1 ji

i i j j i j
t j iV A A A

momentum
UUU dV U U dA P dA dA

t Re Re X X

                
     

 (3.40) 

* * * *

* * * *
*

T ref
j j j

t t j p ref refV A A V

energy in terms of  temperature :
Q L1 1 1 1 TT dV U T dA + dA dV

t Re Pr Re Pr X c U T

            


 

 (3.41) 

with the turbulent Reynolds number tRe  based on the filtered turbulent dynamic vis-
cosity 

V

t tµ µ
∆

≡   

 ref ref
t

t

U L
Re

ρ
µ

=  (3.42) 

and the filtered turbulent Prandtl number 
V

t tPr Pr
∆

≡ . 

The remaining unknown quantities to be modeled within (3.40) and (3.41) are the 
turbulent viscosity tµ  and the turbulent Prandtl number Prt. In the present work a dy-
namic SGS stress model according to Germano et al. [38] is used for tµ as roughly 
explained in appendix A.5, while for Prt a constant value of 0.85 throughout the entire 
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flow domain is used in all simulations. A dynamic sub-grid modeling of Prt, as pro-
posed by Moin et al. in [77] has not been concluded to significantly influence the heat 
transport in the near-wall, wake or bulk flow region23.  

3.3 Boundary and initial conditions 

 

Figure 3.2: Computational domain and boundary conditions. 

Different types of boundary and initial conditions are applied for a simulation of a 
spatially developing boundary layer with an optional flow obstruction in vicinity of a 
heated wall. The basic boundaries and boundary conditions of the computational do-
main are schematically summarized in Figure 3.2. At this point, only mathematical 
formulations of boundary and initial conditions are discussed. Details on numerical 
procedure and implementation of selected boundary conditions in reference to the dis-
cretization method are summarized or referenced in appendix A.3. All restricting as-
sumptions on flow regime and heat transport as introduced in 3.2.2 are applied. A fo-
cus is given to the discussion of inflow boundary condition settings since they are a 
dominant factor in creating a coherent turbulence structure close to the inflow plane 
and thus, strongly influence the required size of the computational domain as well as 
the required time of computation. 

3.3.1 Turbulent inflow boundary condition 

In case that no time-dependant, fully turbulent inflow data for all required flow 
quantities including phase transport information on the turbulent flow structure is 
available, efforts must be set on finding suitable approximations. The basic objective 

23  See appendix A.5 for a justification of the choice of a constant turbulent Prandtl number.  
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in finding a qualified inflow boundary condition for spatially evolving boundary layer 
flow is to obtain realistic, coherent24 turbulent structures and correct values for integral 
boundary layer thickness, skin friction and wall heat transfer within the shortest dis-
tance possible downstream of the inflow boundary. The size of such an inflow domain 
is determined by the length required for the relaxation of possible approximation er-
rors.  

Turbulent inflow generation methods can be divided into two major groups: meth-
ods based on known instantaneous or mean inflow profiles and those without exact 
knowledge of the mean profiles but prescribing integral thickness, skin friction and 
heat transport information at the inlet section. The first group covers the random fluc-
tuation methods as e.g. proposed by Rai and Moin [89], the matching database method 
as suggested by Schlüter et al. [102] and the basic rescaling recycling techniques based 
on known time-mean inlet profiles according to e.g. Schmitt et al. [103]. The second 
group mainly focuses on the advanced rescaling recycling method derived by Lund et 
al. [66] based on Spalart’s original rescaling method [110].  

The simplest procedure for generating turbulent inflow profiles for velocity, tem-
perature and eddy viscosity consists in superimposing random fluctuations on given 
mean profiles at the inlet section. The amplitude of the superimposed random fluctua-
tions can be constrained by a qualified distribution of the turbulent kinetic energy 

1 2 " "
i ik ( u u )= ⋅  over the inlet profile to satisfy the Reynolds stress tensor. A major 

deficiency of such method is the fact that random fluctuations have no correlation in 
space and time. Uncorrelated random fluctuations tend to dissipate most of their ener-
gy quickly in the high wave number region. As a result, the typical cascade of turbu-
lent kinetic energy transfer from large to small scales is obstructed and thus, the crea-
tion of real turbulent structures is delayed. Organized turbulent motion with proper 
transport of phase information is only achieved far downstream of such inflow condi-
tion, which leads to a large and computationally costly error relaxation length.  

In a matching database method, an experiment or a preliminary simulation delivers 
instantaneous inflow data for the final simulation at a plane, where the turbulent 
boundary layer is developed, and fits the final simulation’s inflow constraints. In either 
case the effort for producing consistent inflow data is high or in case of experimental 
feeding even excessive. Moreover, the database lookup at each time step during the 
final simulation is time-consuming and thus, numerically costly. 

24  Coherent structures are a property of turbulent shear flows including boundary layer flows; coher-
ence denotes the persistence of large-scale structures in turbulence. 
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If no instantaneous or time-mean inflow profiles are given for spatially-developing 
zero pressure gradient (ZPG) boundary layer flows, but an inlet boundary layer thick-
ness, the bulk flow velocity and inlet wall shear stress data are available, the scaling 
law developed by Lund et al. [66] can be applied. Lund’s advanced rescaling and recy-
cling method (RRM), describes a method to rescale a velocity field taken from a 
downstream location according to inlet boundary layer thickness and wall shear stress, 
which is then “recycled” at the inlet plane by prescribing the rescaled solution. It 
makes use of a proposal by Spalart and Leonard [112] to create a quasi-periodic 
boundary condition in streamwise direction. Lund expanded Spalart’s recycling tech-
nique by a weighting factor to enhance stabilization of inflow conditions when using 
initial conditions for the overall flow field that are far from a correct turbulent state. 
Such correction in an early part of the simulation can also help to reduce the distance 
between inflow and recycling position without major penalty on flow initialization.  

 

Figure 3.3: Schematics of the adaptive rescaling and recycling technique. 

In the present work a basic rescaling recycling method proposed by Manhart [70], 
[72] was chosen. Manhart shows in [70], that the simple rescaling recycling method 
for the velocity components  

4 0 inltmin( , Z )"
i ,inlt i inlt i ,recyU (Y ,Z ,t ) U ( Z ) u (Y ,Z ,t ) e δ −=< > + ⋅   (3.43) 

based on a known time-mean spanwise-averaged velocity field i inltU< >  at the inlet 
plane and with fluctuations "

i ,recyu  taken from the recycling location can be a stable and 
efficient way to produce realistic turbulent structures in a spatially evolving ZPG 
boundary layer flow. A schematic description of such adaptive rescaling recycling 
method is shown in Figure 3.3. The exponential damping function is designed to pre-
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vent excessive boundary layer growth due to recycled fluctuations taken from a recy-
cling location with a larger boundary layer than the inlet boundary layer thickness. 

In a quasi two-dimensional flow, where the spanwise direction Y is homogeneous, 
the fluctuations "

i ,recyu  can be derived from velocity profiles averaged in spanwise di-
rection Y as 

 
Y"

i ,recy i ,recy i ,recyu U (Y ,Z ,t ) U ( Z ,t )= − . (3.44) 

According to Manhart’s investigations in [70], the distance between inlet plane and 
recycling location in streamwise direction should be of the order of 10 inlet boundary 
layer thicknesses in order to produce a correct wall skin friction distribution close to 
the inlet plane. If the distance is as short as 5 inlet boundary layer thicknesses, only, no 
realistic wall shear stress behavior can be produced. According to the present work’s 
author’s own experience, the minimum streamwise distance between recycling and 
inlet plane could be chosen according to 

 ( )  8recy recy inlt inltX X X∆ δ= − ≥ .     (3.45) 

As for the temperature boundary layer, Manhart’s adapted rescaling recycling 
method is used accordingly based on the known time-mean and spanwise homogenous 
temperature profile inltT< >  

 4 0 inltmin( , Z )"
inlt inlt recyT (Y ,Z ,t ) T ( Z ) T (Y ,Z ,t ) e δ −=< > + ⋅ , (3.46) 

with the temperature fluctuations at the recycling position resulting from averaged 
temperature profiles in spanwise direction 

 
Y"

i ,recy i ,recy i ,recyT T (Y ,Z ,t ) T ( Z ,t )= − . (3.47) 

In the present work the time-mean velocity and temperature profiles at the inlet 
plane are known from previous experimental investigation25. A zero pressure gradient 
in streamwise direction is fixed at the inlet section. 
In case the inflow was of the type “oscillatory transient”, phase averages would have 
to be used instead of time-mean quantities and the recycling position should be set in a 
way that ( )recy recy inltX X X∆ = −  is a multiple of the phase length. 

25  Details on the measured inlet profiles are given in appendix B. 
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3.3.2 Outflow boundary conditions 

Two outflow boundary conditions are applied for a turbulent boundary layer flow 
with or without obstruction as schematically shown in Figure 3.2. In streamwise direc-
tion X an outflow boundary condition constrains the main flow to exit the computa-
tional domain. At the upper truncation plane in vertical Z direction a free-stream 
boundary condition controls the pressure by allowing fluid displacement from and to 
the computational domain. 

3.3.2.1 Outflow  

Outflow boundary conditions for incompressible flows can be roughly classified in-
to three major groups, simple extrapolation boundary conditions, convective boundary 
conditions and buffer-zone type sponge-layer boundary conditions. In a convective 
formulation, an additional transport equation of the type 

 0i i
c

U UU
t X

∂ ∂
+ =

∂ ∂
 (3.48) 

is solved to predict the velocity at the outflow boundary. The formulation including a 
transport velocity cU  to be chosen in a way to fulfill continuity goes back to Schmitt 
et al. [103] and was originally destined to prevent numerical deformation of turbulent 
structures and damping of fluctuations close to the outflow boundary. Further infor-
mation on convective boundary conditions can be found in Werner [126] and Richter 
[93]. 

Sponge-layer formulations make use of an additional damping function close to the 
outflow boundary to prevent disturbances/reflections originating in the outflow bound-
ary from moving upstream. The buffer-zone, in which the damping function is applied, 
tends to extend the computational domain and thus, results in higher computational 
costs. Further information on sponge-layer type boundary conditions can be found in 
e.g. Israeli and Orszag [48], who were the first to report a sponge-layer formulation in 
1981.  

Extrapolation is a simple way to prescribe the main flow variables at the outflow 
boundary. A first-order extrapolation of velocity and temperature across the outflow 
boundary leading to a Neumann-type boundary condition  

 { }( ) 0 ,   , , ,outX X U V W T
X
Φ Φ∂

= = =
∂

 (3.49) 



Boundary and initial conditions 59 

is known as a robust method with a limited impact on the upstream flow field if the 
flow field at the outlet section is sufficiently settled with just minor gradients close to 
the boundary and with no backflow over the outflow face occurring. Therefore, an ex-
trapolation-type outflow boundary condition has to be placed far downstream from any 
recirculation flow region. 

Due to its simplicity and stability as well as because of the outflow boundary being 
located far downstream of the obstruction wake region, a first-order extrapolation for 
velocity and temperature has been chosen for all LES simulations within the scope of 
this work. 

3.3.2.2 Free-stream  

At the “free-stream” truncation plane in vertical Z direction a zero pressure gradient 
is set in streamwise direction. Velocity and temperature are controlled by a first-order 
extrapolation similar to that at the outflow boundary. The first-order extrapolation is 
realized by setting a zero gradient according to 

 { }( ) 0 ,   , , ,outZ Z U V W T
Z
Φ Φ∂

= = =
∂

. (3.50) 

3.3.3 Periodic boundary conditions 

In a flow regime with a homogeneous spanwise direction Y, periodicity of pressure, 
velocity and temperature at the spanwise boundary planes Y=0 and Y=Ymax can be ex-
pected. Periodic boundary conditions of the type 

 min max

max min

( , , , ) ( , , , ), 
( , , , ) ( , , , )
X Y Y Z t X Y Y Z t
X Y Y Z t X Y Y Z t

Φ Φ
Φ Φ

= = =
= = =

 (3.51) 

are applied for each variable { }, , , ,U V W P TΦ =  at each time step for each node on the 
boundary faces Y=0 and Y=Ymax. 

3.3.4 Wall boundary treatment 

All walls, namely the heated flat plate as well as the rod’s surface are treated as no-
slip boundaries. Within the no-slip assumption, all velocity components tend to zero 
towards the wall:  

 0
w w w

U V W= = =       (3.52) 
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Velocity gradients at the wall needed to solve the discretized momentum equations can 
directly be derived from the wall-nearest velocity by dividing through the correspond-
ing wall distance if the viscous sublayer is resolved. In case that the viscous sublayer is 
not resolved a generalized wall function has to be used to estimate the wall velocity 
gradient. A general wall modeling for a non-resolved viscous sublayer, based on the 
assumption of a general “law of the wall” for the mean near-wall velocity distribution 
as it is implemented in MGLET, can be found in e.g. Werner [126] and is not further 
discussed within the scope of this work26. 

At the heated flat plate, represented by the computational domain’s bottom surface, 
a constant heat flux boundary condition corresponding to 

 refw

refw

LqT
Z Tλ

 ∂
= −  ∂  

  (3.53) 

is applied. refT  and refL  herein denote a total temperature and a length characteristic to 
the investigated flow system, respectively, as defined in 3.2.5. /wq λ  represents the 
given ratio of local wall heat flux density to the molecular fluid conductivity. All wall 
boundaries other than the bottom boundary including the rod’s surfaces are considered 
adiabatic, resulting in a zero temperature gradient normal to the wall 

 0
n w

T
X
∂

=
∂

. (3.54) 

As the viscous sublayer is consistently resolved around all wall boundaries in all simu-
lations, no wall modeling other than assuming a linear velocity and temperature distri-
bution between the edge wall node and the first fluid node has to be applied. Within 
the laminar viscous sublayer molecular viscosity and diffusivity are dominant. Thus, 
eddy viscosity and diffusivity effects can be neglected, which eases the boundary 
treatment of momentum and energy transport at all wall boundaries. 

A detailed discussion of all heat flux and temperature boundary conditions imple-
mented by the author, including wall functions for a non-resolved viscous sublayer 
referring to the discretization scheme used in MGLET can be found in appendix A.3. 

3.3.5 Initial conditions 

The time-mean velocity and temperature distributions at the inlet plane, that are 
known from the experimental investigation discussed in chapter 2, can be used to ini-

26  See also appendix A.3. 
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tialize flow and temperature fields within the computational domain as shown in Fig-
ure 3.4. Details on the measured inlet profiles including inlet boundary layer thick-
nesses are given in annex B. The computational domain’s inlet plane for all computed 
cases is set to min 40X = − , far enough upstream of the flow obstruction to guarantee a 
settling length of more than 12 times the streamwise inlet velocity boundary layer 
thickness. Such choice of a settling length enables the use of a rescaling recycling in-
flow boundary condition as described in 3.3.1.  

 

Figure 3.4: Initial (streamwise) velocity and temperature settings. 

The measured profiles for streamwise and vertical velocity U and W as well as the 
temperature distribution are copied from the inlet section to all streamwise and 
spanwise sections of the computational domain as schematically illustrated in Figure 
3.4. Since the spanwise direction Y is regarded homogeneous, a time-mean zero profile 
is set for the spanwise velocity component V. Turbulence is initialized by superimpos-
ing randomized velocity and temperature fluctuations to their time-mean distributions. 
The random fluctuations are bounded by turbulence levels for bulk velocity and tem-
perature fluctuations given by 

 

2 2

0 25i ,

i

" "
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Tu Tu ~ .

U T
∞

∞ ∞

= = = . (3.55) 

A value of 0.25 for the bulk flow turbulence levels is chosen to support a fast devel-
opment of turbulent flow structures. Local fluctuations result from a scaling of the 
bulk turbulence levels given by (3.55) to the local mean value and subsequent multi-
plication with a random number between minus and plus one. Adding such random-
ized fluctuations to each discrete grid location leads to a statically independent initial 
level of turbulence. Coherent turbulent structures are formed through the use of the 
rescaling recycling inflow condition during simulation run time. 
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3.4 Computed cases, applied numerical schemes and evaluation strategy 

3.4.1 Computational domain, boundary settings and grid structure 

As explained in chapter 2.2, hardly any available measuring technique for instanta-
neous flow and temperature field measurements can guarantee a sufficient resolution 
in space and in time to analyze the transient flow and temperature pattern in turbulent 
wall-bounded wake flow. This basic lack of an applicable measuring technique inter-
feres with the purpose of this work: the evaluation of different means to influence 
momentum and energy transport in the Kármán Vortex Street in a way to control wall 
heat transfer enhancement and skin friction. As a result, a numerical investigation has 
been concluded to be the best way to analyze the transient flow pattern in the Kármán 
Vortex Street. Based on a detailed knowledge of its flow pattern, mechanisms that lead 
to local heat transfer maxima and locally dissimilar skin friction minima can be de-
rived. As enhancement of other approaches [14], [15], [16], [47] two different ways of 
flow manipulation with varying geometrical and thermo-fluidic parameters are subject 
of investigation in the current work: Passive boundary layer flow manipulation by a 
square rod near the heated wall with variation of its wall clearance and active flow ex-
citation by additional oscillatory injection from the square rod with a frequency close 
to the Kármán Vortex’s eigenfrequency. 

Compared to the experimental approach in chapter 2, the rod wall clearance C in 
reference to its diameter D is varied in a range to cover cases with no vortex street 
formation/vortex suppression as occurring at very low wall clearance (C/D=0.25) as 
well as cases with diminishing wall impact at higher wall clearance (C/D=2.0). The 
wall heat transfer enhancement and the dissimilarity between wall heat transfer and 
skin friction show a peak between these two extremes. Investigating the influence of 
the rod’s wall distance on the vortex shedding and its impact on wall heat transfer and 
dissimilarity aims at identifying the transient local transport mechanisms that lead to 
heat transfer enhancement and dissimilarity between heat and momentum transfer. 
Compared to Bosch et al. [14], [15], [16], who based their investigation on RANS 
simulation the LES approach in the current work promises a more accurate simulation 
of the real world flow and heat transfer in the wake region, where flow separation and 
reattachment dominate the flow regime.  

In addition to the perturbation of a passive boundary layer by variation of the rod’s 
wall clearance, active flow manipulation through oscillatory injection from the square 
rod into the wall distant boundary layer flow has been simulated. Oscillatory flow ex-
citation based on a frequency of the order of the Kármán Vortex Street’s 
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eigenfrequency aims at investigating means to strengthen the Kármán Vortex’s dy-
namics and thus, further enhance heat transfer and dissimilarity in the wake region. 
Such flow excitation is assumed to allow conclusions on formation and stability of the 
vortex street’s dynamic flow pattern, which could help to find further means of con-
trol.     

Case  C/D LX x LY x LZ LX,in LX,wake |Xinj| |Yinj| |Zinj| |Uinj| |Winj| Srinj 

Undisturbed reference “boundary layer”. 

bl - 102D x 3.125D x 12D 102D - - - - - - - 

Reference case passive boundary layer perturbation: “shear layer eddy break-up”. 

slebu 1 100D x 5D x 12D 40D 60D - - - - - - 

Passive boundary layer perturbation: “very low” to “very high” wall clearance. 

rib 0 100D x 5D x 12D 40D 60D - - - - - - 

vlslebu 0.25 100D x 5D x 12D 40D 60D - - - - - - 

lslebu 0.5 100D x 5D x 12D 40D 60D - - - - - - 

hslebu 1.5 100D x 5D x 12D 40D 60D - - - - - - 

vhslebu 2 100D x 5D x 12D 40D 60D - - - - - - 

Active boundary layer perturbation: oscillatory flow excitation. 

mslebu 1 100D x 5D x 12D 40D 60D 0.5 0 - 5 2.0 |U∝|1/2 |U∝|1/2 0.115 

Table 3.1:  Computed cases: computational domain and manipulation setup. 

As in the experimental approach, an undisturbed boundary layer flow is used as ref-
erence to compare the effects of the applied boundary layer perturbation. The undis-
turbed boundary layer simulation, bl, discussed in chapter 4.1, is based on a computa-
tional domain of 102 rod diameters in streamwise, 3.125 rod diameters in spanwise, 
and 12 rod diameters in vertical direction. As likewise all computed cases, summarized 
in Table 3.1, the inlet profiles for temperature and velocity are based on the measured 
time-mean profiles as described in appendix B with their inlet boundary layer thick-
nesses given in Table 3.2. Transient turbulent structures are generated by applying the 
rescaling recycling method as described in chapter 3.3.1, based on turbulence levels at 
the inlet section of 0.25 for both, velocity as well as temperature. The mean flow 
Reynolds number at the inlet is set to 7000 based on the rod diameter D, which corre-
sponds to a Reynolds number of about 21000 referenced to the inlet boundary layer 
thickness δ, or 2350 when referenced to the inlet boundary layer momentum (defect) 
thickness δ2. The molecular fluid Prandtl number is set to 0.715, the value of air at 
ambient conditions, as used in the experimental investigations. The dimensionless heat 
flux density at the bottom wall as derived from 
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 Wq D Tλ ∞⋅  (3.56) 

is set to 1.0 for all computed cases, a value that closely matches the experimental 
boundary conditions. Fluid properties and boundary settings that are common to all 
simulated cases are summarized in Table 3.2. 

All cases: bl – slebu – rib – vlslebu – lslebu – hslebu – vhslebu - mslebu 

Fluid Prandtl number Pr 0.715 

Reynolds number at inlet section ReD / Reδ / Reδ, r  / Reδ2 7000 / 21000 / 24500 / 2350 

inlet boundary layer thickness δin/D 3.067 

inlet boundary layer momentum thickness δ2,in/D 0.338 

inlet thermal boundary layer thickness δin,T/D 2.745 

inlet boundary layer enthalpy thickness δ∆2,in/D 0.240 

heat flux density at bottom wall Wq D Tλ ∞⋅  1.0 

inlet turbulence levels 
iUTu / TTu  0.25 

Table 3.2:  Common fluid properties and boundary condition parameters. 

The reference case slebu (“shear layer eddy break-up”) is set up to disturb the 
boundary layer flow along the heated flat plate through a square rod of diameter D at a 
reference wall clearance C=D. The square rod is located far enough downstream of the 
inlet that a fully developed turbulent boundary layer flow regime can be guaranteed. 
As outlined in Table 3.1 and schematically shown in Figure 3.5, an entrance length of 
40D in streamwise direction X, starting from the inlet of the computational domain and 
ending at the rod location, is used to fit the experimental setup. The measured inlet 
profiles including the boundary layer thicknesses for velocity and temperature as of 
Table 3.2 are used as boundary conditions for the simulation. Like in the experimental 
case, the further evolution of velocity and thermal boundary layer from the inlet at X=-
40D up to the rod location at X=0 results in similar boundary layer thicknesses of  
about 3.5 times the rod diameter for velocity and thermal boundary layer at X=0, with 
no obstruction being present (case bl). The computational domain extends 60D further 
downstream of the rod, which places the computational domain’s outflow boundary far 
enough from the rod obstruction in order to make the computational domain extend 
over more than six cycle lengths of the Kármán Vortex. Since the Kármán Vortex is 
damped in a way to disappear upstream of X=60D, a reattached flow prevents large-
scale eddy induced recirculation and particularly local backflow at the outlet section 
from disturbing the simulation. The square rod extends over the entire spanwise direc-
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tion Y of 5D, transverse to the main flow and thus, makes Y a homogeneous direction 
for the LES simulation. The wall normal extension of 12D covers about 4 times the 
entrance boundary layer thickness. The grid shown in Figure 3.5 comprises 13.5 mil-
lion cells and is representative for all other computed cases in X and Y direction. Due 
to the different positions of the rod in vertical direction Z, the grid structure and total 
cell number vary for all investigated cases with passive manipulation. Grid refinement 
around the square rod in X and Z direction is bound by a stretching factor of below 3% 
based on the local grid size. As shown in Figure 3.5 uniform grid spacing is used in 
spanwise direction Y. Local grid refinement is applied towards all edges of the square 
rod as well as towards the bottom wall of the heated flat plate. Since local flow separa-
tion and reattachment at the heated flat plate wall are identified to have a considerable 
influence on local heat transfer and skin friction, a fine mesh resolution is chosen in 
the near-wall fluid domain. The wall distance wZ +∆ of the wall nearest grid cell centre 
in dimensionless wall coordinates is given by  

 
/w

w
Z

Z
uτν

+ ∆
∆ = , (3.57) 

based on the mean friction velocity in streamwise direction 
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wZ +∆  does not exceed 2.4 along the entire flat plate. This ensures that the viscous 
sublayer ( 0 10Z +≤ ≤ ) always contains more than one entire grid cell and thus, is re-
solved in a way that no wall function modeling must be applied. The grid resolution in 
spanwise directions Y based on the local mean friction velocity in streamwise direc-
tion, uτ , is given by 

 
/
YY
uτν

+ ∆
∆ = . (3.59) 

Y +∆ does not exceed 15 in the near-wake and 25 in the far wake of the square rod ob-
struction. However, it reaches a maximum of 55 at a streamwise position shortly up-
stream of the rod’s front face, where the streamwise friction velocity is highest due to 
local acceleration ahead of the gap between rod and wall. In streamwise direction X, 
the non-uniform grid spacing is set in a way that 

 
/
XX
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∆ =  (3.60) 
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remains below a value of 10 upstream and in the near-wake of the rod, while it reaches 
higher values of up to 78 in the far wake and inlet region of the computational domain 
due to local grid coarsening. The dimensionless wall distance wX +∆  at the rod’s 
streamwise front and rear face, based on the friction velocity vertical to the streamwise 
direction, remains below 1.0 due to a fine grid and low local velocities along theses 
faces. Hence, the viscous sublayer of every no-slip wall within the computational do-
main can be regarded as fully resolved and thus, no wall function modeling must be 
applied.  

 

Figure 3.5: Computed cases with perturbation/manipulation: grid structure. 

Case  NX x NY x NZ Ngrid fstretch,x,max fstretch,z,max ∆Z+
wall,max ∆Y+

grid,max ∆X+
grid,max 

Undisturbed reference boundary layer. 

bl 1024 x 44 x 136 6.1*106 - 3.0% 1.2 

 

24 30 

Reference case passive boundary layer perturbation: wall clearance C/D = 1. 

slebu 804 x 60 x 282 13.6*106 2,7% 2,9% 2.4 55 79 

Passive boundary layer perturbation: varying wall clearance C/D = 0 … 2. 

rib 804 x 60 x 280 13.5*106 2.7% 2.7% 0.8 28 79 

vlslebu 804 x 60 x 278 13.4*106 2.7% 2.9% 1.7 78 78 

lslebu 804 x 60 x 292 14.1*106 2.7% 2.8% 2.0 70 78 

hslebu 804 x 60 x 280 13.5*106 2.7% 2.8% 2.4 46 78 

vhslebu 804 x 60 x 286 13.8*106 2.7% 2.9% 

 

2.2 40 78 

Active boundary layer perturbation: oscillatory flow excitation, C/D = 1. 

cslebu 804 x 60 x 282 13.6*106 2,7% 2,9% 2.4 55 79 

Table 3.3:  Computed cases and grid characteristics. 

All computed cases other than the undisturbed boundary layer bl have a grid size in 
between 13.5 and 14.1 million cells. The grids are composed of 804 cells in 
streamwise, 60 cells in spanwise and between 278 and 292 grid cells in vertical direc-
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tion. The grid resolution feature a dimensionless wall distance wZ +∆  below 2.4 with 
grid stretching factors in all directions below 3%. The spanwise grid resolution in 
terms of Y +∆  reaches a maximum of 78 for case vlslebu due to a high near-wall veloc-
ity gradient upstream of the narrow gap between the square rod and the flat plate’s 
wall. 

In the case lslebu the wall clearance is half of the one of reference case slebu. To 
analyze mechanisms that lead to a suppression of the Kármán Vortex, the wall clear-
ance is further reduced for case vlslebu with a quartered ratio of wall clearance to rod 
diameter compared to the reference case. For case rib no gap exists. Hence, this con-
figuration corresponds to a flow over a single rib. Case rib is investigated to compare 
mechanisms dominating the recirculation flow behind the rib with those controlling 
the Kármán Vortex Street and its wall interaction in the wake of a rod detached from 
the wall. The computed cases hslebu and vhslebu feature an increased wall clearance 
of 1.5D and 2D compared to slebu. They are destined to clarify the effects of a slip-
ping wall proximity on vortex-wall interaction. The borderline case of turbulent flow 
past a detached rod without significant wall-vortex interaction is not subject of investi-
gation in the current work. Results on experiments or on RANS and LES simulations 
of turbulent flow past a square rod with no significant wall-vortex interaction can be 
found in numerous publications like in e.g. [14], [16], [17], [29], [78], [80], [131]. 
Simulation results for all computed cases with varying wall clearance are bundled and 
discussed in chapter 4.3, “Passive wake flow manipulation”.  

In opposite to the experimental investigations, where several configurations with 
active flow manipulation through constant blowing or suction as well as through oscil-
latory flow excitation were examined, just one case with oscillatory flow excitation is 
investigated numerically. The decision to concentrate the numerical approach on oscil-
latory flow excitation as a mean to actively stimulate the vortex formation in the wake 
of the rod was taken based on the interest to: 

• find out, if and how the flow pattern can be influenced by flow excitation with a 
frequency close to that of the Kármán Vortex Street’s eigenfrequency;  

• prove the significance of changes between cases with and without flow excita-
tion concerning their time-mean heat transfer enhancement as it occurs in the 
experimental case mslebu1p in comparison with the experimental reference case 
slebu; 

• identify the driving mechanisms in the transient flow pattern that lead to changes 
in energy and momentum transport in the rod’s wake.  
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Figure 3.6:  Oscillatory flow excitation setup: a) experimental case mslebu1p, b) numerical case 
cslebu. 

In the computed case with oscillatory excitation a Strouhal number of 0.115 is ap-
plied. This Strouhal number corresponds to the experimental Kármán Vortex 
eigenfrequency of 200 Hz as observed in the reference case slebu. The absolute ampli-
tude of the sinusoidal oscillation with blowing and suction from and to the square rod 
is set to that of the free-stream velocity, U∝. The computed configuration uses the ge-
ometrical setup of reference case slebu, with a wall clearance C equal to D. Different 
from the setup of mslebu1p, oscillatory injection and suction in cslebu is applied at the 
wall-distant downstream square rod edge as shown in Figure 3.6. This location and 
direction of the oscillatory flow excitation was assumed to be an even more effective 
way to manipulate vortex formation than a centered vertical flow excitation as applied 
in the experimental configuration mslebu1p, since it is supposed to cause more signifi-
cant separation of the rod’s wake recirculation from the recirculation zone along the 
rod’s top face.  

Contrary to the experimental setup, where an evenly distributed series of injection 
drillings was placed along the spanwise direction Y, a slot covers the entire spanwise 
rod extension in both computed active manipulation cases. This simplification is nec-
essary to leave Y a homogeneous direction for simulation and was assumed to rather 
enforce than to weaken vortex formation.  

3.4.2 Applied numerical schemes 

With a maximum value for the local streamwise velocity U of 1.65, appearing close to 
the rod-wall gap at the rod’s front edge in configuration vlslebu, and a minimum grid 
spacing minZ∆  for that case of 0.004, the largest chosen time step of 0.0025 leads to a 
maximum CFL number of 1.0, which ensures convergence for the chosen third-order 
Runge-Kutta time integration method. The velocity pressure coupling in the momen-
tum equation (3.40) leads to a discrete Poisson equation for pressure P, which is solved 
by using an iterative multi-grid pressure correction scheme as explained in appendix 
A.4. MGLET’s dynamic subgrid-scale model is used for closure of the momentum 
balance. No subgrid-scale modeling is applied for energy balance, namely the tem-
perature transport. Instead, the turbulent Prandtl number in (3.41) is chosen constant at 

(a) (b) 
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a value of 0.85. A reason for this choice as well as details on the subgrid-scale model-
ing can be found in appendix A.5. For parallelization, the Message Passing Interface 
protocol, MPI, has been used for communication between the different processing 
units. Each of these units solves the discretized set of equations on a separate partition 
representing a part of a homogeneously decomposed computational domain.  

 

All cases: bl – slebu – rib – vlslebu – lslebu – hslebu – vhslebu - cslebu 

Spatial discretization scheme: 2nd order central differencing 

Time integration method: 3rd order Runge-Kutta 

Dimensionless time step: * 3/ 1.25 2.5 10t t U D −
∞∆ = ∆ ⋅ = − ⋅  

Pressure correction scheme: implicit  iterative multi-grid pressure correction 

SGS model (momentum): dynamic Smagorinsky (Germano) 

SGS model (energy): constant turbulent Prandtl number (Prt = 0.85) 

Parallelization: MPI based on homogeneous domain decomposition 

Table 3.4:  Computed cases, numerical schemes and parameters. 

3.4.3 Evaluation strategy 

The main evaluation focus in all computed cases with flow manipulation is set on 
analyzing the transient heat and momentum transport mechanisms that lead to time-
mean wall heat transfer enhancement and local dissimilar skin friction reduction in the 
cylinder’s wake. Therefore, a twofold evaluation strategy is employed. For studying 
local transport mechanisms a detailed flow pattern analysis has to be performed on a 
transient scale. Although the spanwise extension of the computational domain is re-
garded a homogeneous direction and the dominating flow mechanisms are assumed to 
take place in X-Z planes, spanwise transport effects induced by primary X-Z flow 
mechanisms effect local momentum and heat transport and thus, have to be investigat-
ed. Linking transient local flow and heat transport snapshots to averaged distributions 
that allow drawing conclusions on the mean local and global flow and heat transfer 
characteristics, requires the use of statistical evaluation methods. Due to the intrinsic 
transient character of LES, time averages - as well as all other statistical data - have to 
be acquired by a statistical sampling technique. As explained in appendix A.6 the ex-
istence of the spanwise homogeneous direction Y accelerates the sampling procedure 
significantly, since time and spatial samples of a homogenous direction can be com-
bined to smooth out transient deviation. Hence, time and phase averages as well as 
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statistical data for turbulent motion and heat transport are derived from time samples 
of spanwise averaged velocity, pressure and temperature fields. 

Case  Nstat Nrec ∆t ∆tstat ∆trec tstat (Lstat) trec (Lrec) 

Undisturbed reference boundary layer. 

bl 13383 10000 0.004 0.1 0.08 1383 800 

Reference case passive boundary layer perturbation: wall clearance C/D = 1. 

slebu 11917 10300 0.0025 0.08 

 

0.08 953 824 

Passive boundary layer perturbation: varying wall clearance C/D = 0 … 2. 

rib 10768 10000 0.00125 

 

0.08 0.08 

 

861 800 

vlslebu 17318 

 

10000 0.00125 0.05 0.08 866 800 

lslebu 13476 7200 0.0025 

 

0.08 0.08 1078 576 

hslebu 11898 6400 0.0025 0.08 0.08 952 512 

vhslebu 10741 10000 0.0025 0.08 0.08 859 800 

Active boundary layer perturbation: oscillating flow excitation, C/D = 1. 

cslebu 8562 5000 0.0025 

 

0.08 0.08 685 400 

Table 3.5:  Sampling parameters for statistical evaluation and spectral analysis. 

Case  Sr tcyc ∆t ∆tcyc Ncyc Nphase 

Reference case passive boundary layer perturbation: wall clearance C/D = 1. 

slebu 0.115 8.69 0.0025 0.125 68.5 11 

Passive boundary layer perturbation: varying wall clearance C/D = 0 … 2. 

rib - - 0.00125 - - - 

vlslebu - - 0.00125 - 

 

 

- - 

lslebu 0.113 8.85 0.0025 0.125 69.8 

 

10 

hslebu 0.116 

 

8.62 0.0025 0.125 68.2 10 

vhslebu 0.116 8.62 0.0025 0.125 68.2 5 

Active boundary layer perturbation: oscillatory flow excitation, C/D = 1. 

cslebu 0.115 8.69 0.0025 0.125 68.5 10 

Table 3.6:  Periodicity and phase averaging parameters. 

Table 3.6 summarizes sampling parameters for statistical evaluation (stat) and spec-
tral analysis (rec). A fixed sampling stride has been used to avoid interference with 
flow periodicity. The overall number of samples for statistical evaluation and spectral 
analysis is a result of continuous monitoring of mean value smoothness. A slightly 
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higher overall number of samples have been dedicated to those cases with unstable 
intermittent vortex shedding (lslebu) or no periodic vortex shedding (vlslebu, bl, rib) in 
order to allow for a sufficient smoothing. The overall statistical sampling time covers 
around 100 times the periodic cycle time in all cases with periodic shedding (slebu, 
lslebu, hslebu, vhslebu, cslebu). With the chosen time steps and sampling times the 
relevant time scales of the periodic vortex shedding with Strouhal numbers given in 
Table 3.6 can be regarded as sufficiently resolved. 

To analyze the dominant Kármán Vortex transport mechanisms, the technique of 
phase averaging is applied for all cases with periodic flow pattern. Computed cases 
with periodic motion comprise all configurations with flow manipulation except from 
vlslebu and rib, where no noticeable periodic movement can be observed. Phase aver-
aging is based on the known dominant eigenfrequency of the Kármán Vortex Street. In 
a first evaluation step, this eigenfrequency is derived from a power spectra analysis of 
the wake flow, based on a significant ensemble of several thousands of statistically 
independent streamwise and/or vertical velocity time samples. Care is taken to guaran-
tee that the sampling frequency does not interfere with the expected eigenfrequency27. 
Once the eigenfrequency and thus, the Strouhal number as a measure for the flow re-
gime’s periodicity, is determined, a second sampling process is started for taking 
three-dimensional snapshots of the desired flow and temperature characteristics. A 
snapshot is taken every 0.125 time units. As outlined in Table 3.6, the chosen time in-
terval guarantees a sufficient number of time samples per phase of a periodic time be-
tween 8.62 to 8.85 normalized time units. The number of time samples per period var-
ies between 67 and 70 according to the Strouhal numbers of their periodic Kármán 
Vortex motion. Depending on the applied time step of 0.00125 for the cases rib and 
vlslebu with no noticeable periodic motion in the wake and 0.0025 for all other (peri-
odic) cases, the chosen time sampling interval of 0.125 implies a three-dimensional 
snapshot of all relevant flow and temperature data to be saved every 100 or 50 time 
steps, respectively. Except from case vhslebu, where only 5 periods were necessary to 
obtain a smooth phase average, averaging extends over 10 or 11 periods. Each 3D 
snapshot is stored in a result file of more than 300 Megabytes. With up to 11 periods 
used for phase averaging and up to 70 files per period, each phase averaging process 
leads to a considerable temporary memory requirement of up to 250 Gigabytes, since a 
sequential phase average processing is used to guarantee reproducibility and later ad-
justments. 

The evaluation of the reference ZPG boundary layer bl in chapter 4.1 concentrates 
on time averages and higher order statistics, which serve as validation for the numeri-

27  A posterior counter-check was used to confirm non-interference. 
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cal method. The focus is set on the ability to reproduce a velocity and thermal bounda-
ry layer that is in good agreement with the experimental results. Analyzing three-
dimensional turbulent flow dynamics in a spatially evolving ZPG turbulent boundary 
layer is not objective of this work, since it has been performed in numerous previous 
works as e.g. in [57]. Once the results of the LES simulation for case bl are validated, 
all manipulated cases are referenced to bl in order to assess changes through manipula-
tion in an analogous manner as in the experimental evaluation. Case slebu discussed in 
chapter 4.2 serves as the reference case for analyzing transport mechanisms in the 
Kármán Vortex Street that lead to heat transfer enhancement and dissimilarity. There-
fore, flow dynamics resulting from the Kármán Vortex in X-Z planes as well as sec-
ondary flow in Y-Z planes normal to the main flow direction are studied to conclude 
for transient transport mechanisms contributing to average heat transfer enhancement 
and dissimilarity. Statistical data from X-Z planes as well as 3D phase-averaged and 
transient data are used for this purpose. Means to control momentum and heat 
transport in the wake by varying the square cylinder’s wall clearance (passive manipu-
lation) and by oscillatory excitation (active manipulation) are subject of discussion in 
chapter 4.3 and 4.4, respectively. Two- and three-dimensional flow pattern and heat 
transfer analysis is applied wherever local or transient transport mechanisms are as-
sumed to contribute to time-mean deviations. 
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4 Results and discussion 

4.1 Turbulent boundary layer along a heated flat plate 

The computed case “reference boundary layer bl”, simulates a zero pressure gradi-
ent (ZPG) boundary layer in incompressible, low Reynolds number turbulent flow 
along a flat plate with passive heat transport, originating from the isoflux bottom wall. 
Its computational domain covers 102 reference units D - equal to a square rod’s edge 
length - in streamwise direction X, 12D in vertical direction Z and 3.125D in spanwise 
direction Y. The computational domain is resolved by a 1024 times 44 times 136 cell 
grid with non-equidistant grid spacing in vertical direction Z and uniform grid spacing 
in X and Y directions. All relevant grid characteristics as well as flow and boundary 
conditions are given in Table 3.3 and Table 3.2, respectively. A basic rescaling and 
recycling method as described in chapter 3.3.1 is used for generating a turbulent in-
flow boundary condition based on the experimental mean profiles given in appendix 
B. The recycling location is placed 10δ or 88.3 2δ  downstream of the inlet. The Reyn-
olds number at the computational domain’s inlet adopts a value of 2350 when referring 
to the momentum thickness δ2 as characteristic length scale. Hence, it exceeds the crit-
ical Reynolds number for a flat plate as derived by Kays and Crawford [56] 

 2
2,Re 360crit

U
δ

δ
ν

∞ ⋅
= =  (4.1) 

by almost an order of magnitude. The entire boundary layer covered by the computa-
tional domain can therefore be considered fully turbulent and the assumption of a tur-
bulent flow regime within the entire computational domain is justified. A correction 
factor for the Nusselt number along the flat plate, taking into account the unheated 
starting length in the experimental setup following Kays and Crawford [56] is 

 
0.12

1
x
ξ − 

 
, (4.2) 

with ξ denoting the unheated starting length. At the inlet section of the computational 
domain X=-40D, the correction factor resulting from (4.2) and the experimental inlet 
length given in Table 2.1 takes a value of > 0.99. Hence, the influence of the unheated 
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starting length on the thermal boundary layer in the experimental setup can be neglect-
ed for the LES simulation. 

Figure 4.1 compares streamwise mean velocity profiles and the boundary layer 
thickness distribution of LES simulation bl with the experimental data. The normalized 
velocity boundary layer thickness is determined according to the 99% rule as 

 0 99Z( U . )δ = < >= . (4.3) 

Both, streamwise mean velocity profiles and the boundary layer thickness distribution 
along the flat plate show a satisfactory agreement between simulation and experi-
mental results, with a maximum deviation of below 10%. Even better agreement can 
be concluded for the profiles of the normalized mean temperature 

 w

w

T T
T T

Θ
∞

−
< >=

−
 (4.4) 

as well as for the distribution of the normalized thermal boundary layer thickness  

 0 99Z( . )Θδ Θ= < >= . (4.5) 

Since the Prandtl number in air flow takes a value lower than unity (0.715), the ther-
mal boundary layer grows faster than the velocity boundary layer. The experimental 
setup was chosen in a way to obtain a similar thickness of velocity and thermal bound-
ary layer at the square rod location X=0. Since the Reynolds number in the turbulent 
boundary layer flow is relatively low, the evolving boundary layer along the flat plate 
reaches a considerable thickness of 3.5 rod diameters at X=0. Hence, the square rod 
can be expected fully immersed into the boundary layer in all computed cases, where a 
noticeable influence of the nearby wall on the vortex formation and the dissimilarity 
between heat and momentum transport can be detected.   

A more generalized picture of the boundary layer can be obtained by examining the 
(normalized) boundary layer displacement thickness δ1 and the momentum (defect) 
thickness δ2, shown in Figure 4.3 that are in good agreement with experimental data. 
The normalized boundary layer displacement thickness as resulting from 

 1 0
1 U dZ

U
δ

∞

∞

 
= − 

 
∫  (4.6)  

represents a measure of the main flow displacement due to the presence of the bounda-
ry layer. The (normalized) momentum (defect) thickness δ2 quantifies the momentum  
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Figure 4.1: (a) Mean streamwise velocity <U>, (b) Boundary layer thickness δ;  := LES, bl; ο := Ex-
periment. 

 

 

Figure 4.2: (a) Mean normalized temperature <Θ>, (b) Thermal boundary layer thickness δΘ;               
 := LES, bl; ο := Experiment. 

(a) 

X 

(b) 

X 

(b) 
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 2 0
1U U dZ

U U
δ

∞

∞ ∞

 
= − 

 
∫  (4.7) 

flux in the boundary layer. It is a measure for the drag of the wall, at which the bound-
ary layer evolves, and thus, is well suited to act as reference length scale for a general 
assessment of the wall skin friction dependant on the (momentum defect) Reynolds 
number as given by 

 

 

 

Figure 4.3: (a) Boundary layer displacement thickness δ1, (b) boundary layer momentum (defect) thick-
ness δ2;   := LES, bl; ο := Experiment. 

 

Figure 4.4: Boundary layer enthalpy thickness δ∆2;   := LES, bl; ο := Experiment. 

(a) 

X 

(b) 
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 2
2

UReδ
δ

ν
∞⋅

= . (4.8) 

Figure 4.4 depicts the evolution of the (normalized) boundary layer enthalpy thickness 
∆2  

 ( )2 0
1U dZ

U∆δ Θ
∞

∞

= −∫  (4.9) 

that is a measure for the energy flux to or from the boundary layer. The Reynolds 
number based on the boundary layer enthalpy thickness  

 2
2

URe∆
∆

ν
∞⋅

=  (4.10) 

is further used to reference wall heat flux distributions in terms of Nusselt and Stanton 
numbers.  

Figure 4.5 and Figure 4.6 show streamwise velocity and temperature profiles in wall 
coordinates at two streamwise locations, namely X=0 and X=30. The corresponding 
Reynolds numbers based on momentum and enthalpy thickness yield 2825 and 3170 
for momentum and 2105 and 2500 for enthalpy thickness, respectively. Compared 
with existing reference data resulting from DNS simulations by Kong et al. [59] or 
Spalart et al. [110], and from measurements by Ching et al. [25], a slightly higher 
Reynolds number range is covered within this work. A good resolution of the viscous 
sublayer can be confirmed from Figure 4.5, with a first wall-near grid point located at 
Z+~1. While the normalized streamwise velocity distribution in wall normal direction 
obeys well to the linear progression with a unity gradient 

 U Z+ +=  (4.11) 

within the sublayer region, it follows a logarithmic slope according to 

 ( )1 5 0U ln Z .
κ

+ += +  (4.12) 

with κ equal to 0.41. The normalized mean temperature profile in wall coordinates 
obeys fairly well to the linear relation with a gradient equal to the molecular Prandtl 
number   

 Pr ZΘ + += ⋅ . (4.13) 

In the logarithmic region, a good agreement with the slope of 
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 ( ) 3 9tPr ln Z .Θ
κ

+ += +  (4.14) 

can be observed, even though the thermal boundary layer seems to be less developed 
than the velocity boundary layer in the outer far-wall region. 

  

Figure 4.5:  Mean velocity profiles, (a) X = 0, Reδ2 = 2825; (b)  X = 30, Reδ2 = 3170;   := LES, bl;    
ο := Experiment. 

Figure 4.8 and Figure 4.7 depict the distributions of velocity and temperature fluc-
tuations in terms of their rms values, written in wall coordinates, respectively. As can 
be seen from Figure 4.8a and b, the streamwise velocity fluctuations are in good 
agreement with the experimental data at both locations, X=0 and X=30. The rms tem-

  

Figure 4.6:  Mean dimensionless temperature profiles, (a) X = 0, Re∆2 =2105; (b)  X = 30, Re∆2 =2500; 
 := LES, bl; ο := Experiment. 

(a) (b) 

(a) (b) 
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perature fluctuations for the isoflux wall of case bl as shown in Figure 4.7 differ signif-
icantly from those of an isothermal wall, since they lead to non-zero temperature rms 
values at the wall, whereas temperature fluctuations for an isothermal wall tend to zero 
towards the wall [59]. Experimental rms values are available only for the streamwise 
velocity component and are in excellent agreement at the rod insertion point X=0, 
whereas a slight deviation can be observed at the far-wake location X=30, which is in 
line with the under-prediction of the boundary layer (displacement, momentum) thick-
nesses. Similarity between streamwise velocity and temperature rms fluctuations can 
be observed in the transition and log layer region (Z+ > 5), whereas in the sublayer (Z+ 
< 5) the streamwise velocity fluctuations tend to zero. A quadrant analysis as per-
formed by e.g. Kong in [59] suggests a correlation between the Reynolds shear stress 
and the wall-normal heat flux and thus, a similarity between the transport mechanisms 
of heat and momentum. Due to the presence of the bottom wall the vertical velocity 
rms fluctuations rmsW +  show a lower peak at a higher wall distance than the spanwise 
velocity rms fluctuations rmsV + . Peak height and wall distance agree with the ranges 
covered by data of Kong [59] and Fernholz [32], with Reδ2 between 300 and 7000. 

  

Figure 4.7:  Rms temperature fluctuations, (a) rmsT + , X = 0, Re∆2 =2105; (b) rmsT + , X = 30, Re∆2 =2500; 
 := LES, bl. 

 

(a) (b) 
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Figure 4.8:   Rms velocity fluctuations, (a) rmsU + , X = 0, Reδ2 = 2825; (b) rmsU + , X = 30, Reδ2 = 3170; 
(c) rmsV + , X = 0, Reδ2 = 2825; (d) rmsV + , X = 30, Reδ2 = 3170; (e) rmsW + , X = 0, Reδ2 = 
2825; (f) rmsW + , X = 30, Reδ2 = 3170;   := LES, bl; ο := Experiment. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.9: Power spectra of streamwise velocity fluctuations Urmse  at Z+=14; (a) X= 0; (b) X= 30. 

Power spectra of the streamwise velocity component are shown in Figure 4.9 at the 
two streamwise locations, X=0 and X=30, with a vertical wall distance Z+=14, located 
in the transition between viscous sublayer and log layer. The total number of time 
samples used for the Fourier transformation adds up to 10000. This number of samples 
is high enough for obtaining smooth spectral distributions, since the existing homoge-
neous direction Y offers 40 additional spatial samples for each time sample. The spec-
tra in Figure 4.9 show fully developed turbulence following the energy cascade with 
good fit to the –5/3 power asymptote in the energy transferring inertial subrange as 
well as to the –7 power asymptote in the viscous dissipation region, where the smallest 
turbulent scales are dissipated according to the Kolmogorov theory. 

Good overall agreement between the LES simulation results for the ZPG boundary 
layer bl and the experimental data presented in chapter 2 can be concluded for the 
mean velocity and temperature distributions as well as for their fluctuations and ve-
locity and thermal boundary layer characteristics. Velocity and temperature profiles 
are well developed at X=0 and further downstream. Power spectra of the streamwise 
velocity show developed turbulence of the boundary layer flow in the region down-
stream of X=0. Case bl covers a Reynolds number range of 2400 to 3500 based on the 
local momentum (defect) thickness δ2 and allocates Reynolds numbers of 1700 to 
2850 based on the local enthalpy thickness ∆2 of the thermal boundary layer. A valida-
tion of the LES simulation on the ZPG boundary layer case bl given, further investiga-
tion of momentum and heat transport in the near-wall region can be focused on local 
skin friction at the wall and heat convection from the wall to the convecting fluid.  

(a) (b) 
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Therefore, the mean skin friction distribution as a measure for the normalized wall 
shear stress and the Nusselt number distribution along the bottom wall as a measure 
for the heat flux from the wall into the convecting fluid are depicted in Figure 4.10. 
13383 time samples times 40 spatial samples in spanwise direction have been used to 
smoothen the skin friction coefficient and the Nusselt number distribution. Good 
agreement between simulation and experimental data can be observed for both, skin 
friction coefficient and Nusselt number, with LES data slightly overpredicting the ex-
perimental Nusselt number. The uneven LES skin friction distribution is a result of the 
near-wall velocity gradient and thus, the wall shear stress that acts as amplifier for lo-
cal velocity fluctuations.  

 

 

 

Figure 4.10: Time-averaged (a) skin friction coefficient <Cf> and (b) Nusselt number <Nu>, along the 
heated flat plate;   := LES, bl; ο := Experiment. 

X 

(a) 

(b) 
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Figure 4.11 shows a comparison of the skin friction coefficient as a function of the 
Reynolds number Reδ2 with reference data provided by different authors within the last 
70 years. A best fit between bl and reference data can be observed for the formulation 
derived by Fernholz in 1974 as given in [32] by 

( )

( )
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2

2 2
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and for the distribution of Smits provided in 1983 [109]  

 0.25
20.024fC Reδ

−= , (4.16) 

with the latter featuring a similar gradient as the distribution of bl. While the formula-
tion given by Reynolds in [90] (1974) 

 0.25
20.0256fC Reδ

−=  (4.17) 

as wells as the one proposed by Squire and Young in [114] (1938) 

 ( )( ) 20.25
21.81 ln 2.54fC Reδ

−
−= +  (4.18) 

 

Figure 4.11: Skin friction coefficient; comparison with reference data.   := LES, bl; ο := Experiment. 
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seem to overpredict the skin friction in the Reynolds number range above 2000, 
Österlund more recently in 2003 presented the formulation  

 ( )
2

0.25
2

12 ln 4.08
0.384fC Reδ

−
− = + 

 
 (4.19) 

[82] that obviously tends to be the lower bound of all referenced data for the ZPG 
boundary layer skin friction distribution. 

The Nusselt number distribution of bl as depicted in Figure 4.12 shows a satisfying 
agreement with the relations given by Johnson and Rubesin [51] (1949) 

 
1

0.8 30.0288x xNu Re Pr=  (4.20) 

as well as with that of Whitaker [128] (1976) 

 0.8 0.430.029x xNu Re Pr= , (4.21) 

and Buznik et al. [24] (1966) 

 0.80.0255x xNu Re= . (4.22) 

Kays and Crawford in 1992 [56] have formulated the Nusselt number correlation 

 0.8 0.60.0295x xNu Re Pr=  (4.23) 

 

Figure 4.12: Nusselt number; comparison with reference data.  := LES, bl; ο := Experiment. 
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that predicts significantly lower Nusselt numbers than the other formulations.  

It can be concluded that a well-developed turbulent boundary layer flow along a 
heated flat plate with velocity and thermal boundary layer of equal thickness at the 
streamwise location X=0, 175 square rod diameter reference units behind a flat plate’s 
leading edge, could be reproduced by a well-resolved LES simulation with passive 
heat transport. Simulation results are in good agreement with the experimental data 
acquired in an atmospheric wind tunnel. Skin friction and Nusselt number distributions 
along the heated bottom wall are in good agreement with reference correlations from 
various authors. Hence, wall shear stress and heat flux results from the LES simulation 
bl can be used as reference for simulations of a boundary layer disturbed by a square 
cylinder with varying wall clearance and/or active manipulation through oscillatory 
flow excitation. 
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4.2 Flow past a square cylinder placed in the turbulent boundary layer 
along a heated flat plate 

The interference of momentum and heat transport in the wake of a square cylinder 
along a heated flat plate leads to significant heat transfer enhancement and dissimilari-
ty between wall skin friction and wall heat transfer at the plate, particularly in the 
wake of the cylinder. To characterize and explain the mechanisms that enhance mixing 
between warm near-wall fluid layers and the colder main flow, the vortex formation 
processes around the square cylinder and the shedding in its wake region have to be 
analyzed in detail. Since the experimental investigation as of chapter 2 could not re-
veal enough details to qualify and quantify local momentum and heat transport mecha-
nisms, the numerical LES study focuses on disclosing vortex formation processes and 
shedding characteristics and aims at quantifying wall heat transfer enhancement and 
skin friction reduction. 

Vortex formation and shedding in the wake of a cylinder placed in a free-stream 
turbulent flow or in the vicinity of an adiabatic or heated wall have been investigated 
in numerous publications. In 4.2.1 the state-of-the-art of the analysis on vortex shed-
ding from bluff bodies in turbulent flow without and with interaction with a nearby 
(heated) wall will be summarized and referenced to relevant publications. The consec-
utive chapters 4.2.2 to 4.2.5 cover a detailed analysis of reference case slebu (C/D = 1, 
no active manipulation) with a focus on disclosing mechanisms that lead to wall vortex 
interaction with heat transfer augmentation along the heated flat plate. 

4.2.1 State-of-the-art – problem classification 

4.2.1.1 Vortex formation and shedding from bluff bodies in turbulent free-stream 

The formation of a vortex street of alternating pairs of vortices separating from the 
lower and upper side of a bluff body as schematically depicted in Figure 4.13 is con-
sidered to be a result of Kelvin-Helmholtz instabilities within the separating shear lay-
ers around the body [75]. In case of a sharp-edged body like a rectangular cylinder 
placed in a flow of sufficiently high Reynolds numbers the separation points are locat-
ed at the leading edges of the rod. Within each shear layer arising from one of the two 
leading edges, the Kelvin-Helmholtz instabilities lead to a vortex sheet roll-up in the 
wake of the rod. Counter-rotating vortex sheets emerge from the two trailing edges of 
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the body. In case that no wall interaction influences the free-stream flow around the 
obstacle, the Strouhal number quantifying the vortex street’s periodic frequency shows 
only minor variations in a wide range of Reynolds numbers for laminar to turbulent 
flow regimes. Vortex shedding behind bluff bodies depends on the Reynolds number 
of the incoming flow and can be classified into several regimes from laminar to turbu-
lent supercritical [129]. Whereas at very low Reynolds numbers in laminar regimes 
(Re < ~50) no unsteady flapping as typical for a Kármán Vortex Street can be ob-
served, the fluctuations of all turbulent wake flow configurations in this work (Re = 
7000) show distinct irregularities and thus, can be classified as three-dimensional shear 
layer transition regimes according to Williamson’s shedding scheme for free-stream 
cylinder wakes [129].  

The earliest historical reference on vortex shedding in wake flow dates back to Le-
onardo da Vinci. He described the swirling water motion behind a bluff body, sketched 
with a pair of quasi-stationary, counter-rotating vortices in a random wake in his notes 
translated by MacCurdy [68]: "So moving water strives to maintain the course pursu-
ant to the power which occasions it and, if it finds an obstacle in its path, completes 
the span of the course it has commenced by a circular and revolving movement". Later 
in his notes, Leonardo adds that “the small eddies are almost numberless, and large 
things are rotated only by large eddies and not by small ones, and small things are 
turned by both, small eddies and large" [68]. These phenomenological conclusions can 
be regarded as a first scientific reference for the existence of coherent structures in 
turbulent flow, and for the distinction of large and small-scale eddies and their contri-

 

Figure 4.13: Wake river streamlines behind a square rod in a turbulent boundary layer indicating 
Kármán Vortex shedding – Phase-averaged normalized spanwise vorticity and streamlines, 
LES results vhslebu (C/D=2). 
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bution to turbulent flow, which 500 years after Leonardo became the basis for the the-
ory of LES. 

Theodore von Kármán in 1912 [52] investigated the flow around bluff bodies in 
free-stream flow with a focus on the drag of the body obstructing the flow. Referring 
to their inventor flapping vortex streets behind bluff bodies in viscous flows are named 
“Kármán Vortex Streets”. Based on his analysis on the stability of vortex streets, von 
Kármán suggested that only one single stable arrangement of parallel, staggered vorti-
ces of opposing rotation, having their origin at the lower and upper sides of the bluff 
body, respectively, exists. This single stable arrangement features a ratio of b/a = 
0.281 between the streamwise spacing a of two vortices of the same rotation, and the 
vertical spacing b between vortices of opposing rotation.  

Various later investigations deal with shedding frequencies of vortex streets behind 
bluff bodies. Roshko et al. [95] and Roshko [97], [96] first gave an overview of the 
Reynolds number dependant shedding regimes in the wake of bluff bodies and derived 
a theory on the similarity of vortex streets. Roshko postulated the existence of a uni-
versal Strouhal number in free-stream bluff body wakes that depends on the wake 
width. Based on observations of a geometrical similarity in vortex streets behind bluff 
bodies and Roshko’s resulting theory of a universal Strouhal number, Ahlborn et al. 
[1] proposed a phenomenological model for the vortex shedding process behind cylin-
drical bluff bodies. They combine Roshko’s theory of the shedding frequency that 
solely depends on universal vortex street parameters with von Kármán’s concept of the 
bluff-body drag resulting from a phenomenological model of the wake kinematics. The 
resulting correlations analytically relate the Strouhal number to the body drag coeffi-
cient and the Reynolds number, thus, incorporating streamwise flow velocity, bluff 
body diameter and fluid viscosity. In higher Reynolds number regimes no further ge-
ometry features of the bluff body influence the wake structure that, hence, can be as-
sumed similar for all bluff bodies with similar level of drag. The universal Strouhal 
number Sr* relating Strouhal number and vortex size parameter β∗ =D*/D with the vor-
tex diameter D* and the rod diameter D,  

 * *Sr Srβ= ⋅ , (4.24) 

is shown to be a function of the drag coefficient. 

Table 4.1 summarizes the relevant studies on Kármán Vortex Streets behind a 
square cylinder in free-stream flow sorted by Reynolds numbers starting with Re = 
5000. The Strouhal numbers that cover a range of Reynolds numbers between 5000 
and 1.76.105 indicate a slightly rising shedding frequency for Reynolds numbers be-
tween 5000 and 10000. For Reynolds numbers above 14000 a frequency decrease can 
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be observed. In addition to the selection of experimental data the EROFTAC test case 
LES2 [31] with a Strouhal number of 0.13 at Re = 22000 is quoted as a reference for 
numerical investigations that show a satisfying agreement with experimental data. 

Data source Method ReD LR/D CD Sr 

Okajima [80] Exp., HWA 5000   0.127 

Okajima [80] Exp., HWA 7000   0.128 

Okajima [80] Exp., HWA 10000   0.134 

Norberg [79] Exp., HWA 13000  2.16 0.132 

Durão [28] Exp., LDV 14000 0.83  0.139 

Rodi [94], ERCOFTAC [31] LES, Smag 22000 0.9 2.30 0.13 

Franke and Rodi [35] RANS, RSM 22000 0.48 2.15 0.136 

Liou [64] LES, Dyn 22000 0.91 2.14 0.133 

Lyn [67] Exp., LDV 22000 0.9 2.1 0.135 

Bearman [10] Exp., HWA 50000  2.19 0.123 

Schewe and Larsen [101]  Exp., PEB 105  2.05 0.118 

Lee [61] Exp., HWA 1.76 x 105  2.04 0.122 

Table 4.1:   Mean wake recirculation length, drag coefficient and Strouhal number of square cyl-
inders in turbulent free-stream flow. 

In [98] Roshko studied the effect of a splitter plate attached parallel to the turbulent 
free-stream at the downstream side of a bluff body. He could prove that the shedding 
frequency can be manipulated by increasing or decreasing the formation length of the 
vortex street, which is associated with a decrease or increase of the velocity fluctuation 
maximum and thus, the Reynolds stresses. The interference of  shedding instabilities 
created by a splitter plate and their effect on the shedding frequency of free-stream 
bluff body wakes have further been proven by Bearman in 1965 [9]. Okajima [80] 
conducted experiments on the shedding frequency of rectangular cylinder wakes with 
varying side ratio. He concluded that with a length to height ratio of the cylinder of 
about three and Reynolds numbers of several thousands a flow reattachment along the 
bottom and top face can occur with a first separation at the leading edge and reattach-
ment along the cylinder faces followed by a second separation further downstream 
along the cylinder bottom and top faces. As a result two periodic shedding frequencies 
can be observed. Okajima concludes that the occurrence of a second shedding fre-
quency becomes predominant in a Reynolds number range of several thousands with a 
rectangle length to height ratio of three. In such a configuration a flow reattachment 
with a second separation along the streamwise faces can occur. 

 



90  4  Results and discussion 

More recently three-dimensional effects of vortex shedding in turbulent bluff-body 
wakes have been analyzed in detail. Prasad and Williamson [87] investigated the in-
fluence of spanwise end plates on the shedding frequency in the wake of a circular cyl-
inder. They concluded that even for higher Reynolds numbers of several thousands, 
inducing three-dimensional oblique shedding leads to lower shedding frequencies than 
in quasi two-dimensional parallel shedding modes. They also found that spanwise vor-
tex dislocations at higher Reynolds numbers than ~5000 appear in parallel shedding 
modes making any vortex shedding behind bluff bodies at higher Reynolds numbers 
inherently three-dimensional - regardless of the influence of spanwise end conditions.  

This conclusion applies to all computed cases of this work at Re = 7000 with peri-
odic spanwise boundary conditions and an adjacent wall influencing the wake flow. As 
can be seen in Figure 4.14, the spanwise vortex cores that are encircled by isosurface 
pressure “rollers” show a noticeable three-dimensional distortion in spanwise direction 
mainly between X = 15 and X = 25. Spanwise distortions signal inherent three-
dimensionality of the flow which is in contradiction to findings that declare shedding 
from a square rod as a purely two-dimensional phenomenon. Differing results on 
shedding frequency, drag coefficient and the kinetic energy originating from two-
dimensional RANS simulations [35] underline the importance of three-dimensional 
effects in vortex formation and shedding. Bouris et al., however, could show in [17] 
that in quasi two-dimensional configurations like the flow past a square cylinder 
placed in a turbulent free-stream, two-dimensional LES can still produce satisfactory 
results on large-scale motion and statistical properties of turbulence. By analyzing the 
vortex shedding and formation processes Perry et al. and Steiner et al. in 1982 [85] to 
1987 [115] confirmed the three-dimensional character of vortex shedding behind bluff 

 

Figure 4.14: Three-dimensional spanwise vortex distortion caused by large-scale vortex dislocations, 
particularly noticeable in the vortex roller at X~20; instantaneous pressure distribution and 
selected isosurfaces, LES case hslebu (C/D = 1.5). 
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bodies, first suggesting that a “periodic waviness of the vortex cores in the spanwise 
direction is involved” [86]. More recently, Saffman [100] and Williamson [129] sum-
marized the state of the art of vortex formation and vortex dynamics including the role 
of three-dimensional instabilities. Williamson concluded that an unsteady wake can be 
regarded two-dimensional as long as it is in the laminar vortex shedding regime and no 
disturbances through end conditions interfere. Three-dimensional instabilities can be 
“extrinsically” enhanced by e.g. end conditions or oblique separation. “Intrinsic” 
three-dimensionality becomes relevant at higher Reynolds numbers indicating a wake, 
shear layer or boundary layer transition regime, in which streamwise discontinuities, 
vortex dislocations and spanwise distortions make the Kármán Vortex Street inherent-
ly three-dimensional. 

4.2.1.2 Turbulent flow past circular cylinders with a nearby wall  

The interference of a vortex street with a wall mounted in streamwise direction 
close to the rod causes asymmetry of the vortex sheets that separate from the lower 
and upper side of the bluff body, respectively. Most studies on flow past bluff bodies 
with wall interaction deal with flow past circular cylinders. Bearman et al. [9] in 1978 
experimentally investigated the flow past a circular cylinder close to a flat plate with 
varying wall clearance at a fairly high Reynolds number of ReD = 450000. They con-
cluded that wall clearance and the characteristics of the wall boundary layer influence 
the wake flow and vortex shedding. In particular the shedding reveals to be suppressed 
for wall clearances below 0.3 cylinder diameters, while for larger rod distance from 
the wall a regular Kármán Vortex shedding at remarkably constant Strouhal number of 
0.2 can be detected. They also found that the mean pressure-force on the cylinder was 
a lift force repelling it from the wall. While some of these findings were surprising, the 
authors themselves constrained their conclusions to their specific boundary conditions. 
They assumed that the inlet length from the leading edge to the rod position chosen to 
36 rod diameters as well as the boundary layer thickness of 0.8 diameters – that never 
leaves the cylinder fully submerged into the boundary layer – play a role in the for-
mation of the vortex street, its shedding frequency and the resulting drag and lift forces 
on the rod. Buresti et al. in 1979 [22] investigated vortex shedding past a circular cyl-
inder close to a wall and found that regular shedding occurs for C/D > 0.4. In 1992 
[23] they added observations on the influence of the incoming boundary layer thick-
ness, which they varied in the range 0.11 < δ/D < 1.1. They found that within the in-
vestigated range of thicknesses no significant influence of the boundary layer thick-
ness on the vortex shedding can be observed. They also concluded that the pressure 
forces on the cylinder depend on the wall clearance whereas the Strouhal number is 
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less sensitive to its variation. Taniguchi et al. [120] with their measurements of drag 
and lift forces for a circular cylinder at Reynolds number ReD = 94000 confirmed a 
correlation between critical wall clearance and boundary layer thickness. For a thin 
boundary layer of δ/D ~ 0.4 the critical wall clearance was found to be 0.3D while for 
a thicker boundary layer of δ/D ~ 1 vortex shedding suppression was concluded to oc-
cur below C/D ~ 0.8. The Japanese authors also found that the shedding frequency is 
independent of the wall clearance and confirmed a Strouhal number of 0.2 for the pe-
riodic vortex pattern in the flow past a circular cylinder close to a plane wall.  

4.2.1.3 Turbulent flow past a square cylinder with a nearby wall 

Several more recent studies deal with the flow past a square cylinder close to a 
plane wall. Durão et al. [28] in 1991 used an LDV technique to investigate the flow 
past a square rod with a nearby flat plate at a Reynolds number ReD = 13.600. They 
conducted their experiments in a water channel with a blockage ratio of 12.8% and a 
turbulence level of the inflow of 6%. By varying the wall clearance they identified the 
value 0.35 as critical ratio of wall clearance to rod diameter, below which regular vor-
tex shedding is suppressed. They furthermore confirmed a constant Strouhal number of 
0.133 for a wall clearance to rod diameter ratio larger than 0.35. While the Reynolds 
number applied by Durão et al. comes closer to the 7000 applied in the present work 
the same restrictions on the boundary layer thickness as in [9] apply. Bosch et al. in 
1996 [15] reported about experiments in a closed water channel at Reynolds number 
ReD = 22000 with a square cylinder of side length D placed in a boundary layer of ~ 
0.13D thickness (with no rod present). The cylinder aspect ratio was set to 9.8 and the 
blockage ratio in the channel was 7.8%, with a turbulence level of the incoming 
boundary layer of 3%. Bosch et al. confirmed suppression of shedding motion for C/D 
< 0.35. At C/D = 1.5 (with the rod located outside of the bottom wall boundary layer) 
little influence of the wall could be observed and the flow tended to be similar to that 
past a rod in free-stream. Vortex shedding becomes asymmetric at C/D = 0.75 and 
even stronger at C/D = 0.5 with instantaneous break downs of the regular shedding. At 
C/D = 0.375 finally, the flow revealed to be mostly non-periodic. The critical wall 
clearance for vortex suppression was concluded to be in the range C/D = 0.35-0.5 with 
no sharp transition from non-periodic to periodic wake flow motion. The Strouhal 
number for their reference case with C/D = 0.75 revealed to be 0.139. Devarakonda et 
al. [27] in 1996 investigated the near-wall streamwise velocity component and the 
pressure forces that act on a square cylinder in channel flow with varying wall clear-
ance at a Reynolds number ReD = 27500. They used an experimental setup with a high 
blockage ratio of 13.75% and an inflow turbulence level of 1.7%. From their results 
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with wall clearances between C/D = 3.13 and C/D = 0.95 they concluded that the drag 
coefficient of the rod decreases while the lift coefficient and Strouhal number increase 
with decreasing gap height. The Strouhal number was found to vary between 0.136 for 
the largest wall clearance (C/D = 3.13) to 0.154 for the smallest gap between rod and 
wall (C/D = 0.95). Park et al. [83] and Straatman et al. [116] particularly focused on 
the influence of the boundary layer thickness on the vortex shedding from a square 
cylinder near a wall with a wall clearance close to the critical gap size indicating vor-
tex suppression. Park et al. [83] from their experimental studies concluded that the 
critical wall clearance, below which vortex shedding is suppressed, increases with in-
creasing boundary layer thickness. The two-dimensional computations performed by 
Straatman et al. were based on a second-order moment turbulence modeling technique 
and refer to a Reynolds number of ReD = 23.000 with a turbulence intensity of 1%. 
They explain previous contradictions on the size of the critical wall clearance with the 
existence of a transitional shedding regime and the influence of the boundary layer 
thickness on the vortex formation. In the transitional shedding regime that connects 
regular shedding at sufficiently large gap sizes with vortex suppression at low wall 
clearance, the shear layer coupling shifts downstream from the near-wake to the far-
wake region as the clearance between rod and wall decreases. As a consequence peri-
odic motion might still exist although measurements in the near-wall region support a 
non-periodic flow regime. By varying the boundary layer thickness in a range of 0.5 < 
δ/D < 2.0 for gap widths between 0.25D and 0.38D they could also prove that the pe-
riodic motion persists at smaller wall clearances as the thickness of the incoming 
boundary layer increases and shifts the shear layer coupling from the far-wake to the 
near-wake region of the rod. Hwang et al. [43] conducted a numerical investigation on 
the influence of an oncoming laminar boundary layer thickness on the vortex forma-
tion behind a square in the vicinity of a wall at Reynolds numbers between ReD  = 500 
and 1500. In the case of a thick boundary layer of δ/D = 5, into which the square rod is 
fully submerged, they report a decreasing Strouhal number and mean drag coefficient 
due to increasing interaction with the wall. In the case of a thin boundary layer of δ/D 
= 0.8 not fully covering the rod, both, Strouhal number and drag coefficient increase 
due to the rising wall interaction with decreasing wall clearance. In both cases of thick 
and thin boundary layers, the critical wall clearance is reported to be around C/D = 
0.5. In 2002 Bailey et al. in [7] and [8] and consequently Martinuzzi et al. in 2003 [73] 
investigated turbulent flow past a square cylinder near a wall and classified four dif-
ferent regimes dependant on the wall clearance. They varied the wall clearance of a 
square rod placed in turbulent flow at ReD = 18,900 with a free-stream turbulence in-
tensity of 1% and a blockage ratio of 6.6% between C/D = 1.6 to 0.07 while measuring 
the mean and fluctuating pressure forces as well as the velocity field around the square 
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rod. With the oncoming boundary layer thickness set to δ/D  = 0.5, leaving the body 
only partially immersed into the boundary layer, they identified four wall clearance-
dependant flow regimes: for C/D > 0.9 they claimed a no-influence region with a flow 
regime similar to that of free-stream flow around a square cylinder. Below the critical 
wall clearance of C/D = 0.3 periodic motion in the near-wake region is fully sup-
pressed while between C/D = 0.3 and 0.4 a weak vortex street can be observed in the 
wake flow, whereas no indication of periodicity can be concluded from the pressure 
distributions around the body. For 0.3 < C/D < 0.9 a transitional regime between the 
regular vortex shedding and suppression occurs, which can be divided into two sub 
regions: between 0.6 < C/D < 0.9 the strength of the vortex shedding as well as the 
mean drag on the square rod decrease with decreasing wall clearance, while the magni-
tude of the (negative) mean lift towards the wall increases. From C/D = 0.6 down to 
0.3 periodicity becomes increasingly intermittent, while the flow reattaches intermit-
tently on the bottom side of the square rod. For wall clearances close to the critical 
gap, namely between 0.5 and 0.7, the presence of the wall dominates three-
dimensional instabilities and the flow becomes increasingly two-dimensional. In a re-
cent experimental study from 2010 Liu et al. [65] analyzed the flow pattern behind a 
square cylinder placed close to the channel wall of a low-speed water channel at ReD = 
2250 with a boundary layer thickness of δ/D = 0.8 (with no cylinder present). By ap-
plying a PIV visualization technique and a POD analysis they could characterize the 
flow pattern and vortex structure in the cylinder wake for different wall clearances be-
tween C/D = 0.1 and 0.8. While their analysis confirmed periodic vortex structures for 
wall clearance values of 0.8 down to 0.4, they showed that at lower gap sizes of 0.2 
and 0.1 only non-periodic stable recirculation zones of increasing size and intensity 
emerge. 

Among the available numerical studies on turbulent flow past a square rod in vicini-
ty to a wall Liou et al.’s three-dimensional LES analysis from 2002 [64] is an impor-
tant reference. Liou et al. in their LES simulation use a dynamic subgrid-scale turbu-
lence model for a flow along a heated flat plate at ReD = 22000 with C/D = 0.75 ana-
logous to the experimental study by Bosch et al. [15]. Results on shedding and body 
drag indicate an increase of shedding frequency and a decrease of drag on the square 
rod due to the influence of the wall. Agreement with experimental data on mean and 
statistical data as well as on predictions of periodicity reveals to be better than in pre-
vious studies that rely on two- or three-dimensional RANS [14], [47], [69] or two-
dimensional LES simulations [17] with different turbulence modeling approaches.  
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Data source Method ReD C/D C/Dcrit δ/D BR / ZPG LR/D CD Sr 

Liu [65] Exp., PIV 2250 0.4  
0.8 

0.2–0.4  0.8  7.5%    0.12 

Inaoka [44], [45], [47] Exp., HWA 7000 1.0  3.5 ZPG   0.12 

Durão [28] Exp., LDV 13600 0.5  0.375 0.8 12.8% 1.6  0.133 

Wang [124] Exp., PIV 14000 0.6  
0.8  
1.0 

 0.4–0.6 0.4  ZPG 1.65  
1.6 
1.6 

 0.145 

Bailey [7], [8] 
Martinuzzi [73] 

Exp., 

P.tabs,PIV 

18900  0.47  
 0.6  
 0.87 

0.3–0.4 0.47  6.6%    0.132     
 0.140   
 0.122 

Bosch [14] RANS, k-ε 
          2D KL 

22000 0.375  
0.5 
0.75 
1.0 
1.5 
2.0 

0.25–0.375 0.1   
 
1.73 
 

2.139 
2.272 
2.247 
2.181 
2.100 
2.041 

0.138  
0.152 
0.159 
0.156 
0.149 
0.147 

Bosch [15] Exp., LDV 22000 0.75  0.35–0.5 0.13 7.8% 1.10  0.139 

Liou [64] LES, Dyn, 

 

22000 0.75      1.06  2.41  0.139 

Straatman [116] RANS,RSM 
             2D 

23000 0.34  0.25–0.28 0.5–2.0 10%  2–1.6 ~ 0.11 

Devarakonda [27] Exp., LDV 27500 0.95   13.75%    2.35 0.154 

Table 4.2:   Mean characteristics of turbulent flow around square cylinders with a nearby wall: 
reference cases. 

None of the cited studies summarized in Table 4.2 copy the set of boundary condi-
tions and flow parameters applied in the current work. The Reynolds number of 7000 
based on the rod diameter and bulk velocity is significantly lower than the Reynolds 
number applied in most previously cited studies. However, it still indicates a fully tur-
bulent flow regime and due to a lower demand on grid and time resolution it eases 
three-dimensional LES simulations with DNS-like resolution in near-wall regions. As 
a result a larger number of well-resolved LES simulations for different passive and 
active flow manipulation cases could be computed and used to analyze flow pattern 
and heat transfer enhancement in the rod’s wake region. Many previous studies are 
based on channel flow experiments with a high blockage ratio (BR) prohibiting a real 
zero pressure gradient (ZPG) boundary layer flow with sufficient boundary layer 
thickness to fully cover the square rod when placed at a distance of up to several rod 
diameters from the wall. In contrast to the aforementioned studies with no or only par-
tial coverage of the rod, the square cylinder is fully immersed into the velocity and 
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thermal  boundary layers of equal thickness (δX=0/D ~ 3.5 in absence of the rod) for all 
evaluated wall clearances between C/D = 0.25 to 2.  

Only a few numerical studies of turbulent flow past a square rod with a nearby wall 
have been conducted, most of them applying RANS methodology with modified k-ε 
[14], [47] or Reynolds stress turbulence models [116]. The LES simulation of turbulent 
flow past a square rod without and with nearby heated wall computed by Liou et al. in 
2002 [64] comes closest to the configuration and numerical schemes applied in this 
work. While a similar dynamic subgrid-scale turbulence model as in the current work 
is used, Liou et al. apply a second-order time alternating explicit MacCormack and 
modified Godunov scheme instead of a third-order Runge-Kutta time integration 
method with central discretization as used in the current work. The CFL number of up 
to 1.0 compared to a maximum CFL number of 0.6 in Liou et al. is an evident ad-
vantage of the current work’s scheme that leads to a shorter computation time at simi-
lar computing power and thus, enables the investigation of multiple configurations 
with varying wall clearance and active manipulation. 

4.2.1.4 Heat transfer enhancement and dissimilarity between momentum and heat 
transfer along a heated wall in the wake of a square rod 

A very limited number of publications deal with heat transfer enhancing effects of 
the Karman vortex street behind a bluff body placed close to a heated wall. Most of the 
available data go back to the former Heat Transfer Laboratory group at Kyoto Univer-
sity between 1988 and 1999. Suzuki et al. in 1988 [118] used the term dissimilarity in 
relation to the discrepancy between momentum and heat transport in a boundary layer 
disturbed by a circular cylinder. In their experimental investigations [118], [119] they 
could show the importance of the wall clearance on heat transfer enhancement and 
simultaneous skin friction reduction in the wake region. They also concluded that the 
dissimilarity does not originate from different thicknesses of the incoming velocity and 
thermal boundary layers. In 1995, Yao et al. [131] extended the investigations to a 
flow around a square rod in a confined channel. While shedding frequency in a con-
fined configuration was shown to be higher than in a flow past a rod placed in an un-
confined space, the Nusselt number distribution takes a similar direction with two 
peaks and a local minimum occurring, one peak at the insertion point of the rod result-
ing from the flow acceleration between rod and nearby wall, a local minimum just be-
hind the rod followed by a second peak further downstream, where the separated flow 
from the upper edge of the rod approaches the wall. While noting the assumed impor-
tance of the second peak that occurs as a local minimum of the wall heat transfer, no 
detailed explanation for its appearance were given at the time. In 1995 [46], and 1997, 
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[44], [45] Inaoka and Inaoka et al. could show that the dissimilarity between momen-
tum and heat transfer in the square rod’s wake region can be controlled by attaching a 
splitter plate of varying length to the downstream-oriented face of the rod. With the 
splitter plate of higher length suppressing the generation of the Karman vortex the heat 
transfer enhancement is reduced while the skin friction reduction due to the presence 
of the rod remains mainly unchanged. Finally, Inaoka et al. [47] in 1999 attempted a 
numerical simulation of the Karman vortex behind a square rod in a turbulent bounda-
ry layer along a heated flat plate, using a k-ε type modified Launder-Sharma turbu-
lence model, which qualitatively predicted the “washing action” that directs colder 
fluid from the main stream to the near-wall region in the rod’s wake and thus, repro-
duces the local heat transfer enhancement along the bottom-side heated flat plate in the 
wake of the rod. 

Dissimilarity between velocity and temperature fields has also been reported by 
Kong et al. [60] in relation to a thermal boundary layer perturbed by uniform blowing 
and suction from a spanwise slot in a heated wall. The Reynolds number based on the 
inlet boundary layer thickness in Kong et al.’s DNS study was set to 300 based on the 
inlet momentum thickness δ2,in. The blowing/suction magnitude was set to only 5% of 
the free-stream velocity to avoid flow separation. With no vortex shedding occurring 
downstream of the slot, but significant dissimilarity between streamwise velocity and 
temperature in the near-wall region, the authors recognize the mean pressure gradient 
as the main source of dissimilarity between velocity and temperature in their configu-
ration. Hence, a different mechanism than in the case of vortex-driven dissimilarity in 
the wake of a bluff body placed in a boundary layer close to a heated wall drives the 
observed dissimilar velocity and temperature fields in the wake of the active disturb-
ance. 

Liou et al.’s LES study of flow past a square cylinder at Reynolds number ReD = 
22000 and a distance of C/D = 0.75 to a nearby heated wall [64] is the most significant 
reference that contributes to explain heat transfer enhancement along a heated flat 
plate mounted in the turbulent wake of a square rod. Liou et al. in their numerical 
study find a regular Kármán Vortex Street and quantify the frequency of the periodic 
shedding as to Sr = 0.139. They indicate a mean recirculation wake length in the rod’s 
centerline of LR/D = 1.06 and a drag coefficient of the rod of CD = 2.41. The first two 
findings are in good agreement with Bosch’s experimental results [14], the rod’s drag 
coefficient is in a 3% range with Devarakonda et al’s results [27]. The recirculation 
length however, differ considerably from Wang’s [124] and Durão’s [28] studies, that 
predict LR/D ~ 1.6 for C/D = 0.5 to 1.0. It admittedly has to be noted that the Reynolds 
number of Wang’s and Durão’s study is only ~14000 and the boundary layers in both 
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studies at least partially submerge the rod while in Bosch’s configuration a very thin 
boundary layer leaves the rod fully outside of the boundary layer in the bulk flow. 
With their near-wall velocity and wall heat transfer data, Liou et al. give an explana-
tion of the heat transfer enhancement mechanisms in the rod’s wake. They particularly 
address the distinct peak in the Nusselt number below the rod as well as the plateau-
like heat transfer augmentation that covers a larger region downstream of X/D ~ 1. The 
first is a result of the forced convection heat transfer due to the fluid acceleration in the 
gap between rod and wall. The larger wall heat transfer enhancement plateau down-
stream of the rod is reported to be a result of two mechanisms: the washing action 
caused by the clockwise-rotating wall vortex and secondary spanwise flow effects. The 
clockwise-rotating wall vortex is induced by the anti-clockwise rotating vortex sepa-
rating from the lower bottom-wall oriented face of the rod. This wall vortex together 
with the main clockwise-rotating vortex that separates from the upper face of the rod 
entrains cooler fluid from the far-wall main flow into the near-wall region. The secon-
dary spanwise vortices are reported to enhance the washing effect while they are di-
rected into the near-wall region by attraction of the wall vortex. Beyond their precise 
explanation of the washing and secondary flow effects, Liou et al. do not give an ex-
plicit explanation for the local wall heat transfer minimum just downstream of the rod 
at X/D ~ 1, which was previously reported by Yao et al. [131] and Inaoka et al. [44], 
[45], [46]. No information is available on the thickness of the oncoming boundary 
layer. No evidence of an analysis of means to control heat transfer enhancement by 
passive or active manipulation could be found up to the moment, when the present 
study was finalized. 

4.2.2 Time-mean quantities 

In the present work time-mean quantities and statistics for reference case slebu (C/D 
= 1) are derived from a parallel sample evaluation as described in appendix A.6. 11917 
samples are taken at constant sampling rate of 1 sample per 32 time steps leading to 
about 108 samples per average Kármán Vortex cycle. Profiles of the mean quantities 
for velocity components U, V, W,  pressure coefficient Cp and dimensionless tempera-
ture Θ depicted in Figure 4.15 as well as rms values in Figure 4.16 show smooth dis-
tributions indicating a sufficiently high number of samples. The streamwise velocity 
profiles in Figure 4.15 (a) between X = -5 and X = 40 show good agreement between 
LES data and experiments although the experimental velocity boundary layer seems to 
recover slightly faster. Time-mean profiles for the vertical velocity <W> in Figure 
4.15 (b) signal fluid displacement over the top boundary of the computational domain  
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Figure 4.15: Time-mean quantities: (a) streamwise velocity, (b) vertical velocity, (c) pressure coeffi-
cient, (d) temperature;  := LES, o := Experiment. 
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Figure 4.16: Velocity, pressure and temperature fluctuations: (a) Urms, (b) Wrms, (c) Prms, (d) Trms;           
 := LES, o := Experiment. 

 

(b) 

(d) 

(a) 

(c) 



Flow past a square cylinder placed in the turbulent boundary layer along a heated flat plate 101 

X
-5 0 5 10 15 20 25 30 35 40

0

2

4

6

8

10

12
0.025

Z

<U''W''>

X
-5 0 5 10 15 20 25 30 35 40

0

2

4

6

8

10

12
6.25

Z

<W''T''>

 

 

Figure 4.17: Turbulent shear stress and heat flux: (a) <U”W”>, (b)  <W”T”>;  := LES, o := Exper-
iment. 

at Z = 12 and thus, indicate that the free-stream boundary condition effectively enables 
simulating a ZPG boundary layer flow. The vertical fluid displacement, however, di-
minishes in the wake region and tends to zero at about 15D behind the rod. 

The rms distributions in Figure 4.16 show good agreement between LES and experi-
mental data. The decay of streamwise and vertical velocity fluctuations in streamwise 
direction confirm a slightly faster boundary layer recovery in the experiment compared 
to the LES simulation. The peak Wrms values are underpredicted by 13% at maximum, 
whereas their counterparts in streamwise direction coincide within a 10% range. The 
turbulent shear stress U”W”, depicted in Figure 4.17, reveal a larger deviation from 
the experimental results at X = 7.5 and X = 10, whereas a satisfying agreement can be 
concluded  for the region downstream of X = 15.  

The rms velocity fluctuations in the rod’s centerline in streamwise and vertical di-
rection, Urms and Wrms, respectively, are shown in Figure 4.18. A peak of the rms ve-
locity in streamwise direction is located at X = 1.56. The distance of this peak, where 
the streamwise velocity fluctuations reach their maximum along the rod’s wake center 
line from the rear face of the rod, defines the vortex formation length LF that thus, re-
sults to 1.06D. The mean recirculation length LR that signifies the extent of the time 

(b) 

(a) 
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averaged wake recirculation zone starting from the rod’s centerline results to 1.62D as 
can be derived from Figure 4.28 (d). LF and LR coincide within a 3% range.  

 

 

Figure 4.18: Rms velocity fluctuations along the rod centerline (Z=1.5): (a) Urms , (b) Wrms  

4.2.3 Vortex formation and shedding mechanisms 

The vortex shedding behind an elongate bluff body placed into a free-stream 
flow results from the interaction of two shear layers separating at the upper and lower 
side of the rod, respectively. In a laminar free-stream at low Reynolds number the suc-
tion in the rod’s wake gives birth to two vortices of opposing circulation but equal size 
and strength that form a steady recirculation zone behind the rod. With rising Reynolds 
number, the recirculation zone elongates and finally develops instabilities that lead to 
one of the steady vortices to temporarily displace the other, consequently cutting it 
from its source and thus, separating a vortex that starts moving downstream in the 
wake. The dominating vortex in return is sucked back in the direction of its original 
location, creating another suction zone at the opposing side that gives birth to a new 
vortex with opposing circulation that separates from the rod’s flow-parallel face, from 
which the previously truncated vortex originated. With that newly formed vortex, in 
return, cutting the previously dominating vortex when it bounces against the free-

(b) 

(a) 
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stream, the mechanism of alternating vortices is set in operation and a periodic shed-
ding mechanism typical for a Kármán Vortex Street emerges. In turbulent flow re-
gimes up to Reynolds numbers of several hundred thousands, three-dimensional struc-
tures can lead to vortex dislocations and spanwise vortex distortions, thus, making the 
vortex street inherently three-dimensional [129]. While the shedding mechanism of a 
Kármán Vortex Street in the wake of a bluff body is generally independent from its 
geometry, differences in the formation and shedding intensity exist between a flow 
past circular and square cylinders. In a flow past a circular cylinder pressure-induced 
flow separation makes the streamwise location of the separation point along the upper 
and lower cylinder surfaces a variable depending on the Reynolds number and, pro-
vided an unsteady flow regime, also depending on the instantaneous phase angle of the 
vortex cycle. Flow separation in a flow past a square rod, however, is mainly geome-
try-induced and first takes place at the leading edges. A square rod generally features a 
more pronounced wake recirculation zone, but lower absolute Reynolds shear stress 
along the rod’s centerline in the wake region [124]. When the rod with either circular 
or square section is approaching a solid wall the wake vortex street becomes distorted 
and with further decreasing wall clearance, the vortex shedding tends to lose its perio-
dicity up to the point, where it is fully suppressed. As described by several authors cit-
ed in 4.2.1.3 the critical wall clearance, below which suppression occurs, depends on 
various constraints like the geometry of the rod, the thickness of the incoming bounda-
ry layer, in particular in relation to the rod’s position inside or outside of the boundary 
layer, as well as on the Reynolds number of the inflow. Hence, a detailed analysis of 
the vortex formation and shedding as well as their effect on local and global momen-
tum and heat transport mechanisms in the wake region must be conducted while taking 
these boundary conditions into account.  

In contrast to most references cited in 4.2.1.3, the current study focuses on a flow 
past a square rod with a nearby heated wall, in which the rod is fully submerged into a 
developed turbulent velocity and thermal boundary layer for all investigated wall 
clearances up to C/D = 2. In such configurations the formation and appearance of the 
evolving Kármán Vortex Street is strongly influenced by the interaction of the bounda-
ry layer along the bottom wall with the boundary layers along the rod’s upper and 
lower flow-parallel faces as well as the free shear layers evolving in the wake region. 
Phase-averaged distributions of spanwise vorticity over an averaged Kármán Vortex 
cycle in Figure 4.19 and of pressure in Figure 4.21 illustrate the LES results on vortex 
formation and shedding for the reference configuration slebu with a wall clearance of 
C/D = 1. Figure 4.19 shows that vortices with positive vorticity indicating clockwise 
rotation separate from the upper trailing edge of the rod. Three of these clockwise ro-
tating vortices originating from three consecutive Kármán Vortex cycles can be identi-
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fied in a range between X = 0 and X = 15. The vortex cores move away from the heat-
ed bottom wall literally making the vortex street oblique. The upwards moving anti-
clockwise vortex that separates from the rod’s lower trailing edge has a shorter life 
span and gets blurred after approximately two vortex cycles. It is obvious that the low-
er vortex interacts with the adjacent bottom wall, while it creates an oscillatory zone of 
positive vorticity along the bottom wall. The wall vortex emerges at X = 0 and moves 
downstream up to X = 3, where it disperses due to the interaction with the rod’s lower 
vortex that moves downwards and displaces the wall vortex. Driven by the interaction 
of zones with opposite vorticity that neutralize each other, the rod’s lower vortex, thus, 
loses most of its strength in the near-wake region up to X ~ 3, which results in its rela- 

  

  

  

  

Figure 4.19: Phase-averaged spanwise vorticity in the wake region over one shedding period, case 
slebu (C/D=1); → movie 

(a) (e) 

(b) (f) 

(c) (g) 

(d) (h) 
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tively fast dissipation further downstream. This mechanism of mutual neutralization 
empowers the rod’s clockwise rotating upper vortex to dominate the far-wake region. 
As most obvious remnant of the vortex clash the upper vortex takes a slightly angled 
trajectory while moving downstream from the near into the far wake. 

The energy spectra of the streamwise velocity U at a height of Z = 3.0 along the 
streamwise direction as shown in Figure 4.20 indicate that the life span of the Kármán 
Vortex extends downstream to X ~ 30. Between X = 30 and X = 35 the eigenfre-
quency peak at Sr ~ 0.115 tends to disappear. In opposite to the far-wake region a 
strong spectral peak at Sr = 0.115 can be detected at X = 4.0, followed by two weaker 
harmonics at higher Strouhal number. No clear indication of the vortex street can be 
observed at X = 35, where the vortex has lost most of its energy and the boundary lay-
er flow is about to recover. The harmonics in the near-wake region are related to the 
recirculation zones along the rod’s lower and upper face, where pressure oscillations at 
a multiple of the Kármán frequency originate at the leading lower and upper edges 
alternatively, when the recirculation zones along the upper and lower faces contract. 

  

 

 

 

 

Figure 4.20: Energy spectra of streamwise velocity U, (a): near-wake, (b)-(d): far wake, case slebu 
(C/D=1). 

 

(c) 

(b) (a) 
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Figure 4.21: Phase-averaged pressure coefficient and velocity vectors in the near-wake region, case 
slebu (C/D=1), isoline U = 0 enclosing the recirculation zone; → movie  

As can be seen from Figure 4.21 the recirculation zone on the lower near-wall side of 
the cylinder gets squeezed by the accelerating flow in the gap between cylinder and 
wall, whereas the one at the upper far-wall side expands when the wake recirculation 

(a) (e) 

(f) 

(c) (g) 

(d) (h) 
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zone moves up and contracts when the latter moves down, but always remains thicker 
than the one at the lower side.  

The wall vortex in combination with the suction effect in the near-wall region arising 
from the rod’s finger-like wake recirculation zone with a maximum downstream ex-
tension of 2.5D induces an oscillatory wall recirculation bubble of very low thickness 
< 0.1D that – due the DNS-like resolution of the LES in the near-wall region28 – can 
be detected in Figure 4.21 during a period of t/tcyc = 0.75 and t/tcyc = 0.37. This oscilla-
tory wall recirculation bubble forms at X = 1.5 shortly after the rod’s main recircula-
tion zone reaches its lower turning point and starts mowing upwards at t/tcyc ~ 0.65. 
The recirculation bubble grows horizontally around its center at X = 1.5 until the rod’s 
main recirculation zone reaches its upper turning point at t/tcyc ~ 0.05. At t/tcyc ~ 0.10 a 
new upper vortex starts separating from the wake recirculation zone and thus, releases 
the wake recirculation zone that shifts downwards toward the bottom wall. Due to the 
resulting displacement effect the wall recirculation bubble is flushed downstream 
while rapidly shrinking in extension and finally disappearing between X = 2.5 and X = 
3 at t/tcyc ~ 0.45. The life cycle assessment of the wall recirculation bubble shows that 
for almost half of a periodic cycle the region between X = 1 and X = 2 close to the 
heated wall is covered by the wall recirculation bubble and thus, is cut from the strong 
convective transport around the rod, which effectively reduces the heat transfer from 
the wall to the fluid in that region. Hence, this effect serves as explanation for the local 
minimum in the Nusselt number distribution along the heated bottom wall as shown in 
Figure 4.26. 

  Phase-averaged drag and lift forces on the square rod represented by their spanwise 
phase-averaged drag and lift coefficients in Figure 4.22 show only minor transient be-
havior of the drag but a major variation of the lift forces over cycle time. While the 
mean drag force acts in streamwise direction with a time-mean value of the drag coef-
ficient of 1.18, the negative time-mean lift force with a lift coefficient of -0.18 is a re-
sult of the wall influence and the shear in the boundary layer. They apply an attractive 
force on the rod towards the wall during half of a period between t/tcyc ~ 0.2 and t/tcyc ~ 
0.7 that the consecutive integral repulsion from the wall in the other half of the period 
cannot compensate. The shear of the boundary layer, into which the rod is fully im-
mersed, strengthens the imbalance between the magnitudes of the integral suction 
force at the lower and the upper face, respectively. A strong low-pressure zone along 
the lower rod face can be detected in Figure 4.21 between t/tcyc ~ 0.7 and t/tcyc ~ 0.2 
when the wake recirculation zone moves upwards. The recirculation zone along the 

28  Prohibitive for experimental detection with the applied velocity measurement techniques of 2.2. 
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lower rod face separates from the wake recirculation zone starting with t/tcyc ~ 0.65 
before reunifying at t/tcyc ~ 0.25. The fluid acceleration in the gap between the rod’s 
lower face and the bottom wall and thus, the local velocity gradients in the gap region 
are stronger than those at the upper face of the rod. As a result of the asymmetry be-
tween the flow regimes along the upper and the lower rod faces the integral pressure 
forces apply a time-mean suction and thus, a negative mean lift force on the rod. 

 

 

Figure 4.22: Phase-averaged drag and lift variation of the rod over time, case slebu (C/D=1). 

4.2.4 Heat transport enhancing flow mechanisms 

It is known from previous studies, e.g. [64], and confirmed by the experimental re-
sults described in chapter 2.2 that the interaction of a turbulent vortex street behind a 
square cylinder with a nearby wall has significant influence on the vortex and flow 
dynamics in the near-wall region. In particular it enhances vertical mass transport in 
the cylinder wake close to the wall, which in case the wall is heated (or cooled) leads 
to local heat transfer enhancement along the wall in the wake region. As an apparent 
result of the local periodic vortex dynamics, the local heat transfer enhancement leaves 
its mark in the time-mean Nusselt number distribution in form of a pronounced en-
hancement region between X ~ 2 and X ~ 20 with a local maximum at X ~ 6 as shown 
in Figure 4.26 (a). Figure 4.23 (a) to (h) show the sequence of phase-averaged temper-
ature contours and vortex cores represented by their isoline Cp = -0.5 together with 
their associated Nusselt number distribution along the heated wall. This representation 
of the periodic temperature and wall heat transfer variation over time together with the 
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visual explanations on vortex and flow dynamics shown in Figure 4.19 and Figure 
4.21 are well suited to enlighten the main heat transfer enhancing transport mecha-
nism, also called “washing effect”. The clockwise rotating roller vortices shown in 
Figure 4.23, (a) to (h), at their upstream side suck hot fluid from the wall into the main 
wake flow while forming oblique mushroom-like regions of warmer fluid that move 
downstream with local streamwise velocity. Simultaneously, cold fluid is pumped into 
the near-wall region at the downstream side of the vortices. The Nusselt number peaks 
occur close to the instantaneous streamwise location of those vortex cores that 
orginated from the upper trailing edge of the square rod. The Nusselt number peaks 
result from the upper clockwise rotating vortices that entrain cold main stream fluid 
into the heated near-wall region at their respective downstream side. As explained in 
4.2.3 the anticlockwise rotating vortices separating from the lower trailing edge of the 
rod dissipate quickly due to their interaction with the wall vortex. Hence, their disap-
pearance leaves a dominant role to the upper vortices that entrain the colder fluid into 
the near-wall region at their downstream side. During the course of one phase at least 
three distinct vortex core rollers followed by their oblique mushroom-like regions of 
warmer fluid can be observed simultaneously between X = 0.5 an X ~ 20 in Figure 
4.23 (a) – (h). Each of these fluid-washing rollers is accompanied by a local wall heat 
transfer maximum below the roller. The absolute maximum of the Nusselt number is 
related to the roller in the downstream region that is closest to the rod. The absolute 
heat transfer maximum of the moving heat transfer peaks occurs in the region 5 < X < 
7, where the dominant roller as well as the entrained mushroom-like warm fluid region 
show their largest extension. While moving downstream from X = 6 towards X = 15 
the vortex rollers shrink and loose their entraining force. Along with their disappear-
ance the Nusselt number peaks get less distinct and reach a quasi-steady level at X ~ 
20, 35% to 40% above the Nusselt number niveau of the incoming boundary layer at X 
= -5. This obviously lasting heat transfer enhancing effect of the Karman vortex street 
behind the rod goes along with a remaining thickening of the thermal boundary layer 
compared to the undisturbed boundary layer (case bl), as can be derived from a com-
parison of the undisturbed thermal boundary layer in Figure 4.2 and Figure 4.23. 

The steady distinct local heat transfer maximum below the rod at X = 0 as shown in 
three dimensions in Figure 4.23 (i) – (p) and including spanwise-averaging in Figure 
4.23 (a) – (h) is a result of the local flow acceleration in the gap between rod and wall. 
The local flow acceleration is related to the enhanced convective transport in the gap 
region. Heat transfer from the wall to the adjacent flow augments and leads to a rela-
tively stable local peak in the streamwise Nusselt number distribution along the wall 
that averages to a time-mean Nusselt number peak as highlighted in Figure 4.26 (a). 
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Figure 4.23: Temperature and Nusselt number distribution in the wake region over one shedding peri-
od: (a)-(h): spanwise average including isolines of pressure fluctuations  0 1yP P .− = − ;  (i)-
(p): three-dimensional phase-averaged Nusselt number distribution at bottom face wall Z = 
0, phase-averaged temperature distributions at X = -5 and Y = 5, case slebu (C/D=1); → 
movie (a)-(h); → movie (i)-(p) 

The local wall heat transfer minimum just behind the rod’s trailing edge results from 
the wall recirculation bubble as characterized in chapter 4.2.3. The local wall heat 
transfer minimum coincides with the distinct Nusselt number minimum between X = 1 
and X = 2 that reaches an absolute phase minimum in between 0.3 ≤ t/tcyc ≤ 0.5. It oc-
curs at a time, when Figure 4.21 indicates a local pressure maximum in the gap zone, 
while the wall recirculation bubble moves downstream and entrains accelerated warm 
fluid to the near-wall region around X ~ 1.5. Interestingly, the local Nusselt number 
minimum between X = 1 and X = 2 reaches its relatively highest phase value in be-
tween 0.7 ≤ t/tcyc ≤ 0.9 at a time, when the wall recirculation bubble emerges, driven 
by the wake recirculation zone crossing the rod’s centerline and creating a local suc-
tion zone at the wall.  
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Figure 4.24: Instantaneous streamwise vorticity isocontours ωx/(U∞D), velocity vector field, and local 
Nusselt number, case slebu (C/D=1), (a)-(h): X=1.0, (i)-(p): X=6.0, (q)-(x): X=10.0;       
→ movie (a)-(h); → movie (i)-(p); → movie (q)-(x) 
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It is known from e.g. Liou et al. [64] that secondary flow effects in spanwise direc-
tion induced by streamwise longitudinal vortices can locally strengthen the heat trans-
fer enhancing washing action in the near-wall region. Figure 4.24 illustrates the instan-
teneous normalized streamwise vorticity ωx/(U∞D) in spanwise direction Y and links it 
to the Nusselt number normalized to its streamwise time-average at different locations, 
X = 1, X = 6 and X = 10. Local deviations in the normalized spanwise Nusselt number 
distribution, in particular peaks to values far above unity result from local three-
dimensional flow effects that enhance the wall heat transfer. Whereas local deviations 
of the Nusselt number in close vicinity of the rod at X = 1 as shown in Figure 4.24 (a) 
– (h) are rather insignificant, Figure 4.24 (i) – (l) and (q) – (x) at respective streamwise 
locations X = 6 and X = 10 show distinct Nusselt number peaks at different spanwise 
locations. From the local vorticity isocontour distribution it becomes obvious that local 
heat transfer maxima occur in regions where clockwise rotating vortices (red) interfere 
with anti-clockwise vortex regions (blue). Fewer local enhancement events are regis-
tered when the Kármán Vortex is close to its upper far-wall turning point than when it 
moves towards the wall, hits the wall or circulates away from the wall. As shown in 
the local snapshot at t/tcyc = 3.57 of Figure 4.25 a region with no or low heat transfer 
augmentation between Y = 2 and Y = 3 and heat transfer peaks to both sides can be 
related to a pair of interfering counter-rotating vortices that enclose a region of low 
flow activity and thus low entrainment effect in their center, whereas wall cooling oc-
curs at their remote sides, where fluid is entrained in the near-wall region. Hence, it 
can be concluded that primary flow induced secondary longitudinal vortices contribute 
to the heat transfer enhancement while still playing a minor role compared to the dom-
inant effect of the streamwise Kármán Vortex interacting with the adjacent wall.    

 

Figure 4.25: Instantaneous streamwise vorticity isocontour and velocity vector snapshot, normal-
ized local Nusselt number at X = 6, t/tcyc = 3.57, spanwise distribution, case slebu 
(C/D=1). 



Flow past a square cylinder placed in the turbulent boundary layer along a heated flat plate 115 

X
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

0.8

1.0

1.2

1.4

1.6

1.8

<N
u>

/ <
N

u
> 0

X
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

-1

0

1

2

3

4

5

<C
>/

<C
>

f0
f

X
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60

-3

-2

-1

0

1

2

<∆
>

D

4.2.5 Dissimilarity between momentum and heat transport in the wake region 

The degree of simultaneous wall heat transfer enhancement and skin friction reduc-
tion along the heated flat plate can be measured by the degree of local dissimilarity, 
expressed as suggested by the author as 

 00 01 1 f
D

f

CNu
Nu C

β∆
β

= − = − ⋅ , (4.25) 

with β indicating the similarity as described in (1.4) and β0 representing the similarity  

 

 

 

Figure 4.26: (a) Time-averaged normalized Nusselt number and (b) wall skin friction coefficient, (c) 
time-averaged dissimilarity, case slebu (C/D=1);  := LES, o := Experiment. 
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Figure 4.27: Phase-averaged temperature, normalized Nusselt number, wall skin friction coefficient and 
dissimilarity distribution, case slebu (C/D=1); → movie 
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of the undisturbed boundary layer. The time-averaged dissimilarity along the bottom 
wall as depicted in Figure 4.26 (c) has a positive sign in the entire wake region down-
stream of X ~ -0.5 and shows a pronounced peak at X ~ 1.5 going along with a signifi-
cant skin friction reduction due to the wall vortex just behind the rod. The strong skin 
friction augmentation just before the rod’s streamwise center location at X = 0 is a re-
sult of the local flow acceleration at the entrance into the gap between rod and wall 
that produces strong near-wall velocity gradients and thus, elevated shear stress. The 
distribution of the dissimilarity indicator discloses that the region of maximized heat 
transfer enhancement in between X = 5 an X = 10 does not coincide with the region, 
where the dissimilarity indicates the maximum deviation between heat transfer aug-
mentation and skin friction reduction. This is majorily related to the normalized phase-
averaged skin friction showing only a minor reduction in that region. Although the 
heat transfer enhancement starts decreasing behind its absolute maximum at X ~ 6 as 
shown in Figure 4.26 (a), the dissimilarity remains significant in the region 10 < X < 
30, which is a result of a stronger decrease of the time-mean wall skin friction in that 
area. The distributions of phase-averaged Nusselt number, skin friction coefficient and 
dissimilarity over cycle time as illustrated in Figure 4.27 reveal the existence of local 
skin friction enhancement with a moving local maximum in the tail of the mushroom-
like region dragged by the vortex cores separating from the rod. Strong skin friction 
enhancement compared to the distribution of the undisturbed boundary layer flow goes 
along with the tail end of the primary fully separated vortex behind the rod that weak-
ens while moving downstream and finally leads to a reduced skin friction compared to 
the undisturbed boundary layer downstream of X ~ 8. The increase of the local skin 
friction behind the primary vortex leaving the rod is related to the washing effect. The 
vortex’ successor vortex, while forming at the trailing edge of the rod, starts producing 
a clockwise-rotating swirling fluid movement towards the wall at its downstream side. 
By doing so it reduces the local streamwise velocity down to the near-wall region, 
where it finally leads to a reduced velocity gradient at the wall and thus, a decrease of 
the local skin friction at the wall. A steady decrease of the instantaneous phase-
averaged skin friction along the bottom wall can be detected downstream of X ~ 10. If 
for a technical heat exchanger application local skin friction increase has to be exclud-
ed for e.g. the purpose of efficient heating or cooling of drag-sensitive structures, the 
instantaneous skin friction has to be monitored and analyzed in order to identify a re-
gion with simultaneous heat transfer enhancement and skin friction reduction. The 
time-mean and phase-averaged distributions shown in Figure 4.26 and Figure 4.27 
suggest that such region could be located in between X = 10 and X = 30. 
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4.3 Passive wake flow manipulation: varying distance between square 
rod and heated flat plate 

Based on the reference case slebu with a unity rod to wall clearance (C/D = 1), two 
ways of varying the level of perturbation of mass and heat transport in the rod’s wake 
flow have been investigated including active and passive perturbation methods. Pas-
sive manipulation is related to a variation of the rod to wall clearance in order to simu-
late different levels of wall interaction, starting with a flow over a rib (C/D = 0) and 
gradually leading to flow regimes with increasing similarity to free-stream flow 
around a square rod at higher wall clearance (C/D = 1.5, 2) that, however, still show 
enhanced wall heat transfer in the wake region. Prior to the analysis of the transport 
mechanisms in the wake region for those cases with a wall clearance differing from the 
reference case slebu, the applied boundary conditions are subject to a basic classifica-
tion. Table 4.3 gives an overview of key identifiers for the wake flow regimes of all 
investigated configurations with passive and active perturbation. A comparison of key 
identifiers, namely normalized recirculation length, Strouhal number, lift and drag co-
efficients indicates a difference in impact of wall clearance on the periodic shedding in 
the wake region as well as on the force feedback on the rod. To guarantee a compari-
son of key dimensionless numbers on a similar basis, the rod’s full submersion in the 
incoming boundary layer has to be taken into account during normalization. Hence, all 
rod locations from C/D = 0 to 2 require a correction of the reference bulk flow velocity 
U∞ to account for the lower mean velocity of the incoming boundary layer at the re-
spective rod’s centreline location. The resulting corrected absolute values of the di-
mensionless numbers based on the respective centerline velocities UCL are compared 
with their non-corrected values in Table 4.3. Apparently the corrections lead to a sig-
nificant absolute increase of Strouhal number as well as drag and lift coefficients, 
which is a result of the ratio UCL/U∞ remaining below unity for all investigated cases. 
For cases with C/D > 0.5, where periodic shedding can be detected the trend of a con-
tinuously decreasing Strouhal number with increasing gap size between rod and wall 
goes along with a lower eigenfrequency of the Karman vortex street. This trend is in 
line with the trends elaborated by Bailey and Martinuzzi in [6], [7], [8] and [73] for 
C/D > 0.5 and Bosch in [14] for C/D > 0.75. However, the reported trends result from 
configurations with higher Reynolds numbers and only partial submersion of the rod in 
the boundary layer. Good agreement can be registered for the recirculation length of 
the reference case slebu with the ZPG experiment from Wang [124] based on a unity 
ratio of rod diameter and wall clearance and a Reynolds number of twice that applied 



Passive wake flow manipulation: varying distance between square rod and heated flat plate 119 

in the reference case slebu. A significant increase of drag with rising wall clearance (0 
≤ C/D ≤ 1) and a lower increase for higher wall clearance values (C/D > 1) can be de-
rived from Table 4.3. The lift coefficients indicate a decreasing pull effect towards the 
wall with rising wall clearance for all cases, where periodic shedding can be detected 
(C/D ≥ 0.5).  A lower pull effect can be derived for case vlslebu (C/D = 0.25), where 
no periodic shedding occurs. The mean lift force decreases towards higher wall clear-
ance values (C/D > 1) indicating a decreasing impact of the nearby wall. 

Case  C/D LR/D Sr Srcorr CD CD,corr CL CL,corr 

Reference case passive boundary layer perturbation: wall clearance C/D = 1. 

slebu 1 1.12 0.115 0.134 1.18 1.63 -0.18 -0.24 

Passive boundary layer perturbation: varying wall clearance C/D = 0 … 2. 

rib 0 10.7 - - 

 

0.66 1.33 0.41 0.82 

vlslebu 0.25 2.13 - - 0.79 1.39 -0.04 -0.08 

lslebu 0.5 1.52 0.113 0.143 0.95 1.52 

 

-0.27 -0.44 

hslebu 1.5 0.96 0.115 

 

0.126 1.34 1.65 

 

 

-0.06 -0.07 

vhslebu 2 0.92 0.116 0.124 1.48 1.67 -0.04 -0.05 

Active boundary layer perturbation: oscillatory flow excitation, C/D = 1. 

cslebu 1 0.99 0.115 0.134 

 

 

1.21 1.67 

 

-0.12 

 

-0.16 

Table 4.3:    Comparison of dimensionless numbers for cases with varying wall clearance (passive 
manipulation) and active manipulation: recirculation length LR/D, Strouhal number 
Sr, mean drag coefficient CD and mean lift coefficient CL based on normalization to 
U∞; inflow-corrected values Srcorr, CD,corr and CL,corr based on normalization to the re-
spective centerline velocity UCL of the undisturbed boundary layer at ZCL = (C/D + 
½).  

Active manipulation by oscillatory flow excitation with a frequency close to the 
eigenfrequency of the Kármán Vortex Street as defined in 3.4.1 and further discussed 
in 4.4 seems to increase the drag on the rod compared to the reference case without 
active manipulation, although the variation is below 2.5% and thus, not significant. 
The increase of the lift force on the rod with active manipulation can be regarded sig-
nificant. The Strouhal number by default remains unchanged since the excitation fre-
quency by intent matches the eigenfrequency of the vortex street. A significant de-
crease in the extension of the recirculation zone in the rod’s centerline compared with 
the reference case slebu is evident and subject to further discussion in 4.4. 
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4.3.1 Influence on vortex formation, shedding, heat transfer, drag and lift 

The mean (streamwise) velocity distributions and border lines of the recirculation 
zones highlighted in Figure 4.28, the pressure and velocity vector fields depicted in 
Figure 4.29 and the instantaneous temperature and Nusselt number distributions and 
energy spectra in the wake region as illustrated in Figure 4.30 serve as basis for dis-
cussion of the impact of wall clearance on periodic shedding and heat transfer in the 
rod’s wake region. Figure 4.31 and Figure 4.32 illustrate the magnitude of streamwise 
and vertical fluctuations in the near and far wake of the rod as well as along its center-
line. Their distribution and magnitude give information on the vertical extension of the 
boundary layer, on the vortex formation and shedding intensity in the wake region. 
The time-mean Nusselt number distributions as shown in Figure 4.33 document the 
impact of the interaction of wake flow and wall on the wall heat transfer. The investi-
gated cases in the order of rising wall clearance cover the flow over a rib (C/D = 0), 
the cases vlslebu (C/D = 0.25) and lslebu (C/D = 0.5) with gap sizes below one rod 
diameter D, the reference case slebu (C/D = 1) discussed in 4.2 and those cases featur-
ing wall clearance values above one rod diameter, namely hslebu (C/D = 1.5) and 
vhslebu (C/D = 2), where the rod is still fully submersed in the incoming boundary 
layer but the flow field signals starting detachment from the wall by rising symmetry 
of the vortex shedding. 

The time-mean streamwise velocity distribution of case rib (C/D = 0) in Figure 4.28 
(a) documents an extended steady recirculation zone with a recirculation length at the 
rod’s centerline reaching 10.7D. The pressure distribution and velocity vectors in Fig-
ure 4.29 (a) as well as the spanwise-averaged instantaneous temperature distribution as 
depicted in Figure 4.30 (a) lack visible signs of a periodic shedding structure. So does 
the instantaneous spanwise-averaged Nusselt number along the heated bottom wall 
that illustrates the lack of moving local heat transfer maxima or minima in the near-
wake region as they would occur in case of a regular vortex shedding regime docu-
mented in 4.2.4 for reference case slebu. The energy spectrum in the near-wake (X = 4) 
two rod diameters above the rib (Z = 3) does not reveal an exposed eigenfrequency. 
Moreover, the streamwise centerline rms velocity fluctuations in the wake region (X > 
0.5) shown in Figure 4.32 (a) are of the order of their upstream values and do not show 
a distinct peak in the wake region. Hence, no periodic shedding occurs in the wake 
region. Heat transfer in the rod’s wake obeys the mechanisms inherent to a turbulent 
flow over a rib. The Nusselt number distribution in Figure 4.33 (a) shows an extended 
plateau with heat transfer enhancement in the entire wake region downstream of X ~ 4. 
The Nusselt number indicates a maximum heat transfer enhancement of about 50% 
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compared to the undisturbed boundary layer between X = 14 and X = 15. The time-
mean heat transfer rises sharply towards X ~ 5, where Figure 4.30 (a) illustrates a be-
ginning collapse of the region of extended temperature in the near-wake that separates 
the warmer wake flow region from the outer main flow through a separating fluid layer 
between Z = 2 and Z = 2.5, into which a sharp decay of temperature towards the main 
flow can be oberseved. A region of elevated temperature in the near-wake of the rod 
signals low heat transport activities between X = 0.5 and X ~ 4. It is a consequence of 
a relatively stable “dead water” area just behind the rod, which separates the region of 
streamwise directed flow in direct vicinity of the rod from the major wake recircula-
tion zone that entrains colder fluid from downstream into the near-wake. The distinct 
peak of heat transfer enhancement just ahead of the upstream face of the rod is a result 
of local flow acceleration inducing a clockwise rotating recirculation zone that entrains 
colder fluid into the near-wall region. 

With the rod shifting away from the wall opening a minor gap of C = 0.25D as in 
case vlslebu the extension of the recirculation zone along the rod’s centerline reduces 
drastically to 2.13D behind the downstream face of the rod. A second recirculation 
zone forms at the bottom wall between X = 4 and ~12 as illustrated in Figure 4.28 (b). 
The recirculation zone around the rod remains highly asymmetric related to the rod’s 
centerline and separates the region around the rod’s lower trailing edge from the re-
gion of recirculating flow in the rod’s near-wake. The energy spectrum in Figure 4.30 
(b) with a minor peak at Sr ~ 0.11(uncorrected value) together with the Nusselt num-
ber distribution reveal early periodic structures in the near-wake, namely small inter-
mittently appearing vortex cores represented by closed isolines of pressure fluctuations 
that separate from the upper trailing edge of the rod. The streamwise velocity fluctua-
tions in Figure 4.32 (a) show a peak at X ~ 3 resulting in a vortex formation length of ~ 
2.5D. The main wake recirculation zone extends downstream to X ~ 3.5 and remains 
relatively stable without periodic flapping. It acts as a separator between the flow 
structure originating from the upper and lower trailing edges of the rod and thus, pre-
vents the formation of a regular vortex street in the near-wake region. The near-wall 
recirculation zone downstream of the rod that only occurs intermittently is swept away 
before forming again between X = 2.5 and X = 4. The unsteadily repeating formation 
and dislocation of the near-wall recirculation zone is a sign of intermittent periodicity 
in the wake region that has also been reported by e.g. Bosch [15] for a beginning tran-
sition towards a regular vortex shedding regime. Since no distinct regular vortex shed-
ding can be detected in the flow and temperature fields, vlslebu is accounted as a tran-
sitional, non-regular vortex shedding regime. Compared to its distribution in case rib 
the time-mean Nusselt number along the heated bottom plate as shown in Figure 4.30 
(b) documents a significant effect of the gap flow between rod and bottom wall on the 
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near and far wake regions. The gap flow gets aligned in streamwise direction behind 
the minor recirculation zone at the lower face of the rod close to its leading edge as 
can be derived from Figure 4.28 (b). Due to its acceleration and alignment with its up-
per and lower boundary the flow becomes jetlike at the exit of the gap and further 
along the bottom plate. It starts expanding towards the main wake recirculation zone 
downstream of X ~ 2.25, where it gives birth to the near-wall recirculation zone. The 
near-wall jet flow also prevents the formation of an extended wake recirculation zone 
as detected in case rib. It shifts the zone of low transport activity from the direct vicini-
ty of the rod towards X ~ 5, where the mean Nusselt number in Figure 4.33 (b) signals 
a region of low heat transfer. The distinct bottom wall heat transfer maximum at the 
upstream side of the rod as observed in case rib convertes into a double peak located 
just ahead of and behind the rod’s upstream and downstream faces, respectively. It 
reveals the strongest heat transfer enhancement of all investigated cases into that re-
gion. The upstream Nusselt number peak ahead of the rod can be interpreted as a result 
of the significant flow acceleration in the entrance region that entrains colder fluid in 
the gap and enhances convective heat transport by a locally high flow velocity. The 
second wall heat transfer peak just downstream of the gap’s exit is a result of the inter-
action between the jetlike flow leaving the gap exit and the rod’s wake recirculation 
zone entraining colder fluid into the wake region and thus, closer to the jet. The jetlike 
flow leaving the gap remains attached to the bottom wall until X ~ 4, where it shifts 
upwards and separates from the wall until it reattaches downstream of the wall recircu-
lation zone at X ~ 11.5. As a result, a stable region of low heat transport extends from 
the wall up to Z = 1.25 in a streamwise range between X = 2 and X ~ 10. The decrease 
of the Nusselt number with an absolute minimum at X ~ 5 signals lower wall heat 
transfer than in the undisturbed reference boundary layer flow. The heat transfer en-
hancement in the far wake with a plateau-like maximum between X = 12 and X = 20 
reveals to be lower than in case rib, reaching a maximum of only 35% above the level 
of the undisturbed boundary layer, which is a result of the recirculation zone moving 
downstream along the bottom wall while weakening the vertical convective exchange 
between near-wall regions and the outer main flow. 

For a wall clearance of C/D = 0.5 as set for case lslebu the energy spectrum shows a 
distinct peak at Sr ~ 0.11 (corrected value ~ 0.14) with a second lower peak related to 
the first harmonic frequency as illustrated in Figure 4.30 (c). The instantaneous tem-
perature distribution and isolines of the pressure fluctuations in the near to mid wake 
region between X = 0.5 and X = 15 document up to three simultaneous clockwise rotat-
ing vortex cores originating from the upper trailing edge of the rod. At their upstream 
side the clockwise rotating vortices suck fluid from vertically lower regions and form 
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several oblique mushroom-like regions of warmer fluid that are characteristic for the 
transport mechanisms of a vortex street interacting with a nearby heated wall as dis-
cussed in 4.2.3 for reference case slebu. The wake flow shows signs of a regular shed-
ding regime. The streamwise velocity fluctuations as of Figure 4.32 (a) indicate a vor-
tex formation length close to 1.06D as of reference case slebu. No mean wall recircula-
tion zone as in cases rib and vlslebu can be detected in the wake region. The gap flow 
driven near-wake flow structure in Figure 4.28 (c) and Figure 4.29 (c) show apparent 
flow separation at the lower trailing edge giving birth to anti-clockwise rotating vortex 
cores that interact with the clockwise rotating vortices originating from the upper trail-
ing edge of the rod in the way described in 4.3.2. The rod’s time-mean wake recircula-
tion zone depicted in Figure 4.28 (c) apparently remains asymmetric to the rod’s 
streamwise centerline and extends downstream to X ~ 2.5. The Nusselt number of 
Figure 4.33 (c) shows a qualitatively similar but less pronounced double peak distribu-
tion as in case vlslebu. A local minimum between X = 8 and 10 follows a first local 
heat transfer maximum at X ~ 4, which leads into a plateau-like second maximum in-
dicating a 35% to 40% heat transfer enhancement compared to the undisturbed bound-
ary layer. The second heat transfer peak goes along with the appearance of oblique 
mushroom-like regions of elevated fluid temperature in the wake of the vortex rollers. 
They tend to blur towards X ~ 15 as illustrated in Figure 4.30 (c), giving birth to a col-
lapse of the regular vortex shedding and leading to a more unstructured large-scale 
vertical mixing between outer mainstream and near-wall fluid regions. The phase-
averaged drag force on the rod represented by the drag coefficient illustrated in Figure 
4.34 shows only a minor variation in time due to the flapping wake vortex, but a lower 
value of the mean drag coefficient compared to slebu, which is a result of the lower 
average velocity of the oncoming boundary layer in the rod’s centreline at C/D = 1.0. 
The distribution of the lift coefficient documents a more profound difference between 
lslebu and slebu. While CL,slebu shows a strong variation between suction to and repul-
sion from the bottom wall during the course of a phase, the lift force on the rod in case 
lslebu remains negative over the entire phase and thus, acts as a suction force towards 
the wall. As discussed in 4.2.3, the lift force results from the suction of the accelerated 
flow in the gap between rod and wall as well as from the momentum of the Kármán 
Vortex exercised during the vortex separation from the rod. With a smaller gap in case 
lslebu and a resulting higher gap flow velocity, a larger mean suction force than in 
case slebu applies to the rod. In the same time the rod’s oscillatory wake recirculation 
zone remains highly asymmetric. It repells from the bottom wall before reaching the 
expected lower turning point and while loosing impact on the gap flow velocity that it 
can only slightly reduce. These combined incidents finally result in a lack of lift force 
compensation during the downturn of the rod’s recirculation zone. 
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Vortex formation and shedding as well as their influence on heat transfer, drag and 
lift inherent to reference case slebu with a unity diameter to wall clearance ratio (C/D 
= 1) have been discussed in 4.2. Slebu shows all signs of a regular Kármán Vortex 
shedding regime with a strong wall interaction leading to enhanced heat transfer in the 
wake region towards X ~ 25 as illustrated in Figure 4.33 (d). Figure 4.30 (d) docu-
ments a distinct eigenfrequency in the wake region at Sr ~ 0.12 (corrected value 0.126) 
with two smaller peaks at harmonic frequencies. Compared to case lslebu the mush-
room-like regions of elevated temperature that move downstream in the wake of the 
vortex rollers are more pronounced and tend to be less oblique while leaving a visible 
track downstream till beyond X ~ 25. As a result of the developed regular vortex shed-
ding in the wake region the Nusselt number distribution in Figure 4.33 (d) lacks the 
double peak characteristic of vlslebu and lslebu. An exposed heat transfer maximum 
can be detected at X ~ 6 with the local minimum in the near-wake being a results of the 
wall vortex as discussed in 4.2. Except from a systematic deviation in the Nusselt 
number downstream of X ~ 30 good agreements of computed and experimental data 
disclosed in 2.2.4 and 2.2.5 can be concluded. The deviation in the far wake goes 
along with a slightly faster recovery of the computed boundary layer in the region be-
yond X ~ 25 as documented by the rising deviation of the experimental and computed 
streamwise velocity fluctuation rms profiles in that region as illustrated in Figure 4.31 
(d). Drag and lift force on the rod have been analyzed in 4.2.3 with a focus on the 
variation of the lift coefficient over cycle time that documents a time-mean suction 
force to the wall as a result of the interaction of rod and wall in the rod’s gap and wake 
flow regions. 

At the higher wall clearance of case hslebu (C/D = 1.5) and vhslebu (C/D = 2) vor-
tices start detaching more symmetrically from the upper and lower trailing edges while 
the rod to wall interaction apparently diminishes as illustrated by Figure 4.29 (e) and 
(f). Figure 4.28 (e) and (f) show the rod’s wake recirculation zone being close to sym-
metric to the rod’s streamwise centerline. The wake recirculation lengths fall into a 
10% variance window between LR = 0.96D and LR = 0.92D. The Urms profiles in Fig-
ure 4.31 (e) and (f) show peaks of almost equal size originating at the lower and upper 
rod face centers (X = 0) that leave their mark till downstream of X ~ 7.5. The Urms and 
Wrms peaks in the rod’s wake along the streamwise centerline (Figure 4.32) show a 
convergence towards higher wall clearance in terms of quantity and location. No mov-
ing wall recirculation zone appears in vhslebu whereas it is still apparent in hslebu as 
can be derived from Figure 4.29 (e) and (f). The energy spectra (Figure 4.30 (e), (f)) 
are similar to that of reference case slebu and show three exposed eigenfrequencies 
with the base eigenfrequency decreasing from slebu to vhslebu as quantified in Table 
4.3. Vortex rollers and, in their wake, the mushroom-like regions of elevated tempera-
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ture in Figure 4.30 (e), (f) show an increasing life span towards higher wall clearance, 
with distinct structures still visible at X = 30 for both cases, hslebu and vhslebu, 
though more pronounced for vhslebu. Vortex rollers originating from both, the upper 
and lower rod face can be detected for hslebu and vhslebu. While the time-mean rod 
drag coefficients continue to increase from 1.65 to 1.67 (corrected values, Table 4.3) 
from hslebu to vhslebu, the time-mean lift coefficients of hslebu and vhslebu tend to 
converge to zero. Rising symmetry in the vortex formation and shedding as well as 
convergence of recirculation lengths and lift coefficients indicate an increasing de-
tachment of the Kármán Vortex Street’s flow field from the wall. However, the re-
maining impact of the interaction between rod and wall on the wall heat transfer is ev-
ident: the time-averaged Nusselt number distributions for hslebu and vhslebu (Figure 
4.33 (e), (f)) still show pronounced local maxima in the wake that decrease in magni-
tude with increasing wall clearance. Their peak locations move downstream to X ~ 8 
for hslebu and to X ~ 18 for vhslebu, while forming a large plateau-like region of pro-
nounced heat transfer enhancement. Compared to case rib that also shows an elongated 
plateau of enhanced heat transfer in the far wake (Figure 4.33 (a)) the maximum 
Nusselt numbers are 7% and 15% higher for vhslebu and hslebu, respectively.  

As a summary of the wall clearance variation it can be conluded that 

• all cases with a wall clearance of 0.5D or more (lslebu, slebu, hslebu, vhslebu) 
show regular Kármán Vortex shedding regimes in the rod’s wake region. The 
critical wall clearance, below which no periodic shedding occurs, can be found in 
between a wall clearance range of 0.25D and 0.5D, where early signs of (inter-
mittent) periodicity in the near or far wake can be detected; 

• with rising wall clearance the life span of the Kármán vortices extends signifi-
cantly for those cases with regular vortex shedding regimes (lslebu, slebu, hsle-
bu, vhslebu). The vortices become more pronounced and the shedding intensity, 
namely streamwise and vertical velocity fluctuations, continuously increase; 

• at higher wall clearance (hslebu, vhslebu) the shedding regime shows rising 
symmetry in the wake flow field indicating decreasing influence of the wall on 
the vortex formation and shedding, on the time-mean wake recirculation zone 
and drag and lift forces on the rod;  

• pronounced heat transfer enhancement takes place in the wake region with a 
time-mean enhancement level of up to 75% compared to a non-disturbed bounda-
ry layer flow. Rising wall clearance above C/D = 1 leads to a streamwise elonga-
tion of the heat transfer enhancement zone, with, however, a continuously de-
creasing heat transfer peak value; 
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• the interaction of the regular vortex shedding regimes as apparent in the cases 
slebu, hslebu and vhslebu with a wall clearance between one and two rod diame-
ters can be an effective mean to enhance wall heat transfer. A regular vortex 
shedding behind a square rod with the nearby wall reveals a higher heat transfer 
enhancement potential than a flow over a rib attached to the wall that promotes 
heat transfer in its wake region through its wake recirculation zone;  

• the advantage in heat transfer enhancement compared to a flow over a rib comes 
with the penalty of an increased drag on the rod rising with increasing wall clear-
ance as well as with a higher skin friction along the wall as explained in 4.3.2. 

  

  

  

Figure 4.28: Mean streamwise velocity distribution, borderlines of regions with recirculation; rod cen-
terline velocity, (a) rib (C/D=0, ZCL=0.5), (b) vlslebu (C/D=0.25, ZCL=0.75), (c) lslebu 
(C/D=0.5, ZCL=1.0), (d) slebu (C/D=1, ZCL=1.5), (e) hslebu (C/D=1.5, ZCL=2.0), (f) 
vhslebu (C/D=2, ZCL=2.5). 
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Figure 4.29  Contours of spanwise-averaged instantaneous (a,b; tcyc = tcyc,slebu), phase-averaged (c-f) 
pressure coefficients and velocity vectors in the near-wake region, isoline U = 0 enclos-
ing the recirculation zone, t/tcyc = 0; 0,5: (a) rib (C/D=0), (b) vlslebu (C/D=0.25), (c) 
lslebu (C/D=0.5), (d) slebu (C/D=1), (e) hslebu (C/D=1.5), (f) vhslebu (C/D=2);           
→ movie (a); → movie (b); → movie (c); → movie (d); → movie (e); → movie (f) 
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Figure 4.30: Instantaneous spanwise-averaged temperature distributions including isolines of pres-
sure fluctuations (  0 1yP P .− < >= − ), Nusselt number, energy spectra of streamwise 
velocity at X = 4, Z = 3, (a) rib (C/D=0), (b) vlslebu (C/D=0.25), (c) lslebu (C/D=0.5), 
(d) slebu (C/D=1), (e) hslebu (C/D=1.5), (f) vhslebu (C/D=2); → movie (a); → movie 
(b); → movie (c); → movie (d); → movie (e); → movie (f) 
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Figure 4.32: Rms velocity fluctuations along the rod centerline, comparison rib, vlslebu, lslebu, slebu, 
hslebu, vhslebu: (a) Urms , (b) Wrms. 

 

 

 

Figure 4.31: Transverse profiles of Urms in the wake region, (a) rib (C/D=0), (b) vlslebu (C/D=0.25), (c) 
lslebu (C/D=0.5), (d) slebu (C/D=1), (e) hslebu (C/D=1.5), (f) vhslebu (C/D=2);  := LES, 
o := Experiment. 
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Figure 4.33: Time-averaged normalized Nusselt number, (a) rib (C/D=0), (b) vlslebu (C/D=0.25), (c) 
lslebu (C/D=0.5), (d) slebu (C/D=1), (e) hslebu (C/D=1.5), (b) vhslebu (C/D=2);            
 := LES, o := Experiment. 
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Figure 4.34: Phase-averaged drag and lift forces acting on the rod over one period, (a) drag coeffi-
cient, (b) lift coefficient, cases lslebu (C/D=0.5), slebu (C/D=1), hslebu (C/D=1.5). 

4.3.2 Dissimilarity between wall heat transfer and skin friction 

A comparison of the time-mean Nusselt number and skin friction coefficient distri-
butions as shown in Figure 4.35 reveals significant dissimilarity between heat and 
momentum transfer along the bottom wall for case rib in the entire wake region down-
stream to X ~ 30. It is less a result of significant heat transfer enhancement in that re-
gion than of the rib’s wake recirculation zone that obviously reduces the streamwise 
velocity gradients along the wall and thus, reduces the wall skin friction downstream 
to X ~ 30. The instantaneous spanwise-averaged distributions of temperature, Nusselt 
number and skin friction coefficient illustrated in Figure 4.36 (a) disclose that it takes 
until X ~ 25 to 30 for the skin friction coefficient to recover up to the level of an undis-
turbed boundary layer while it remains reduced in the entire wake region between the 
rod and X ~ 25 to 30. These distributions given it can be concluded that, while the flow 
over a rib shows a lower heat transfer enhancement in the wake than all other investi-
gated cases with a non-zero wall clearance, it is well suited to concurrently increase 
heat transfer and strongly reduce skin friction along the heated bottom wall. With a 
gap size below the critical wall clearance in case vlslebu a region of strong skin fric-
tion enhancement in the gap region and the near-wake till X ~ 2.5 can be registered. It 
is related to the jet-like flow in the gap and the region downstream of its exit, respec-
tively, that lead to local flow acceleration in the near-wall region and thus, increased 
skin friction at the wall. In a region between X ~ 3 and X ~ 7 a heat transfer reduction 

(b) 

(a) 

 



134  4  Results and discussion 

can be observed while skin friction at X ~ 2.5 changes from a local enhancement to a 
skin friction reduction compared to the undisturbed boundary layer reference. As a 
consequence, a plateau-like increase of the dissimilarity develops downstream of X ~ 
2.5 that is not related to continuous heat transfer enhancement, but to a strong devia-
tion of the local skin friction. For practical heat exchanger applications such behavior 
is rather unfavorable. Cases with a higher wall clearance than C/D > 0.5 that have de-
veloped regular vortex shedding regimes (slebu, hslebu, vhslebu) show distributions 
of the phase-averaged skin friction coefficient over cycle time with one to three mov-
ing skin friction maxima in the near-wake resulting from the washing effect as de-
scribed in 4.2.5. The washing effect, however, has a limited impact on the wake region 
behind X ~ 2.5 for case lslebu, where the local normalized skin friction coefficient 
remains below unity. It is thus, literally bound to the primary vortex.With rising wall 
clearance the time averaged distributions in Figure 4.35 show an extended region of 
skin friction enhancement in the rod’s wake along the bottom wall compared to the 
undisturbed boundary layer. It goes along with a weakening dissimilarity behind the 
leading local maximum at X = 2 to X = 3, which is a result of the significantly reduced 
skin friction and heat transfer in the wall recirculation zone. The enhanced time-mean 
skin friction along the bottom wall, finally, goes along with the longer life span of the 
vortices and mushroom-like regions of elevated temperature leaving their mark into 
two (slebu) or three simultaneously appearing skin friction maxmima (hslebu, 
vhslebu) moving downstream in the tail of the vortices. 

As a summary it can be conluded that 

• in case rib (C/D = 0) the heat transfer enhancement described in 4.3.1 goes along 
with a significant reduction of skin friction compared to an undisturbed boundary 
layer flow. The elevated dissimilarity makes case rib an interesting configuration 
for heat exchanger applications that require cooling or heating of drag sensitive 
structures; 

• developed regular vortex shedding regimes (slebu: C/D = 1, hslebu: C/D = 1.5, 
vhslebu: C/D = 2) show a higher heat transfer enhancement than the flow over a 
rib with rising downstream extension of their enhancement plateau along with the 
increase of the wall clearance. However, their skin friction distributions show ex-
tended regions of elevated wall skin friction compared with an undisturbed 
boundary layer flow, which make those cases less suitable for heat exchanger ap-
plications on drag sensitive structures; 

• intermittent or developing shedding regimes (vlslebu: C/D = 0.25, lslebu: C/D = 
0.5) show quantitatively lower heat transfer enhancement and lower skin friction 
reduction than a flow over a rib. They, thus, are generally less qualified for the 
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purpose of promoting wall heat exchange on more or less drag sensitive surface 
structures. Though, their only small instantaneous variations in skin friction, heat 
transfer and thus, dissimilarity downstream of X ~ 5 make them a relatively better 
heat transfer enhancer for the application to drag sensitive structures than the 
configurations with developed regular Kármán Vortex shedding regimes. 

  

  

  

Figure 4.35: Time-averaged normalized Nusselt number, wall skin friction coefficient and dissimilarity,     
(a) rib (C/D=0), (b) vlslebu (C/D=0.25), (c) lslebu (C/D=0.5), (d) slebu (C/D=1), (e) hslebu 
(C/D=1.5), (f) vhslebu (C/D=2). 
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Figure 4.36  Contours of spanwise-averaged instantaneous (a,b; tcyc = tcyc,slebu) and phase-averaged (c-f) 
temperature, Nusselt number, skin friction coefficient and dissimilarity, (a) rib (C/D=0), 
(b) vlslebu (C/D=0.25), (c) lslebu (C/D=0.5), (d) slebu (C/D=1), (e) hslebu (C/D=1.5), (f) 
vhslebu (C/D=2); → movie (a); → movie (b); → movie (c); → movie (d); → movie (e); 
→ movie (f) 
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4.4 Active wake flow manipulation: oscillatory injection from the rod 
into the far-wall boundary layer 

Active flow excitation through a sinusoidal oscillatory jet from the rod’s upper 
face’s spanwise centerline into the flow past the rod as defined in 3.4.1 (Sr = 0.115, 
Uinf, 45°), was origininally supposed to be a suitable mean to stimulate the Kármán 
Vortex shedding and eventually increase its effect on the nearby wall in the near as 
well as in the far wake region. The performed experimental and numerical investiga-
tions show an effect by the active manipulation on the recirculation length, as well as 
drag and lift coefficients as summarized in Table 4.3. Compared to reference case 
slebu without active manipulation a reduction of the time-mean extension of the recir-
culation zone behind the rod is noticeable for case cslebu as shown in Figure 4.37. The 
vortex formation length taken from the peak location of the streamwise velocity fluc-
tuations in Figure 4.40 reduces only by a few percent with an increase of the peak val-
ue of a similar order, while the vertical Wrms fluctuations show a significantly increas-
ing peak value that indicates more pronounced vertical fluctucations compared to case 
slebu. In addition to its reduced extension and higher fluctuation activity, the wake 
recirculation zone evidently becomes more compact and shows a higher level of sym-
metry to the rods streamwise centerline. This goes along with an increasing drag and a 
decreasing lift coefficient compared to case slebu, moving cslebu closer to the appear-
ance of a vortex flow behind a square rod in unbounded free-stream flow. Hence, it 
can be concluded that the applied active flow excitation enhances the Kármán Vortex 
Street’s dominating wake flow structure and in the same time reduces the effect of the 
nearby wall on the shedding in the wake flow. In opposite to the original intent it 
weakens the interaction with the nearby heated wall in the wake region and hence, 
tends to decrease the local heat transfer peak, which indeed decreases by ~20% com-
pared to case slebu as documented in the normalized Nusselt number of Figure 4.39. A 
less significant change can be observed in the skin friction coefficient and dissimilarity 
as of Figure 4.39 with, however, a slight increase of the normalized wall skin friction 
in the wake region up to X ~ 25, which supports the assumption of weakening interac-
tion between vortex street and nearby wall. 
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Figure 4.37: Mean streamwise velocity distribution and rod centerline velocity, (a) slebu, (b) cslebu. 
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Figure 4.38: Phase-averaged temperature and normalized Nusselt number distribution including 
isolines of pressure fluctuations  0 1yP P .− = − ; comparison between actively manipu-
lated case cslebu and reference case slebu; → movie 

From the observations of the local flow structure and mean distributions of heat and 
momentum transfer in the wake region it can be concluded that the Kármán Vortex 
Street with its dominance and stability does not serve to control the interaction of the 
vortex street and a nearby wall in a way to enhance heat transfer and/or reduce wall 
skin friction significantly. The influence of the oscillatory excitation on the flow 
around the rod as well as the wake vortex shedding remains limited. Heat transfer en-
hancement beyond the level of reference case slebu without active manipulation can-
not be established, whereas a slightly more pronounced plateau-like heat transfer en-
hancement further downstream of the peak value can be observed. Hence, active ma-
nipulation as suggested cannot reach the level of impact of passive manipulation by 
variation of the wall-to-rod clearance as discussed in chapter 4.3. 
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The reason for the larger influence of passive manipulation by variation of the wall 
clearance compared to the applied active excitation can be found in the insensitivity 
and dominance of the Kármán Vortex. Up to a certain level the insensitivity might also 
be triggered by the rod’s geometry: the geometry-induced separation at the leading 
edges of the square rod leads to newly developing boundary layers at the top and bot-
tom face of the rod that dissipate part of the excitation from the rod’s upper face and 

 

 

 

Figure 4.39: Time-averaged normalized (a) Nusselt number, (b) wall skin friction coefficient, (c) dis-
similarity for oscillatory injection (cslebu) compared to the reference case with no active 
manipulation (slebu, C/D=1.0) and to the experimental Nusselt number distribution of 
case mslebu1p with oscillatory injection. 
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thus, might damp the effect of excitation. The efficiency of the proposed excitation 
might improve when applied to a circular cylinder with pressure-induced separation 
along the rod’s surface although the Kármán Vortex might still dominate the wake 
flow structure and its interaction with the nearby wall. 

  

  

Figure 4.40: Velocity fluctuations along the rod centerline (Z=1.5), comparison between slebu and 
cslebu: (a) Urms , (b) Wrms. 
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4.5 Design criteria for a “Kármán Vortex heat exchanger” 

The results of the present study on the control of a Kármán Vortex Street in the 
wake of a square rod that impacts heat transfer and skin friction along a nearby heated 
wall can be used to derive design criteria for a Kármán Vortex type heat exchanger. 
Design criteria for such a heat exchanger are driven by partly competing requirements 
on heat transfer enhancement and skin friction control along the wall to be cooled (or 
heated). Two different types of heat exchanger designs for different applications are 
suggested and discussed: 

• Type 1, “Heat transfer optimized Kármán Vortex heat exchanger” with an abso-
lutely maximized heat transfer enhancement in a given region of the wake. 

• Type 2, “Heat transfer and skin friction (dissimilarity) optimized Kármán Vortex 
heat exchanger” featuring a maximized heat transfer enhancement in a given re-
gion in the wake, where low skin friction is required to e.g. cool (or heat) drag-
sensitive structures. 

Case  <Nu>/<Nu0> > 1 Max(<Nu>/<Nu0>) |Cf/Cf0| < 1 Min(|<Cf>/<Cf0>|) <CD>corr 

rib  3.2 < X 1.45 at X = 13.2 10 < X < 25 0.6 at X = 5.0  1.33 

vlslebu 7.0 < X 1.35 at X = 15 2.5 < X < 40 0.2 at X = 8.5 1.39 

lslebu -1.9 < X 1.65 at X = 3.6 2.5 < X < 18 0.25 at X = 6.5 1.52 

slebu 1.2 < X 1.75 at X = 5.8 13 < X < 23 0.3 at X = 1.6 1.63 

hslebu 1.9 < X 1.7 at X = 7.7 - 0.15 at X = 2.0 1.65 

vhslebu 2.7 < X 1.6 at X = 18 - 0.4 at X = 2.5 1.67 

cslebu 1.3 < X 1.7 at X = 4.7 15 < X < 25 0.35 at X = 1.6 1.67 

Table 4.4:  Layout parameters for a Kármán Vortex heat exchanger. 

A type 1 Kármán Vortex heat exchanger requires identifying a configuration with 
maximized absolute heat transfer enhancement in a well-defined region along the wall, 
where a hot (or cold) structure could be placed for cool-down (or heat-up), e.g. a vehi-
cle power electronics device with significant local heat production. A type 2 Kármán 
Vortex heat exchanger would need enhanced heat transfer with simultaneous limitation 
of the applied drag force on the heat exchanging surface, e.g. a drag-sensitive micro-
structure of a high-power semiconductor chip. Whereas for heat transfer enhancement 
the time-mean Nusselt number is an appropriate indicator for identifying a region with 
reduced risk of damage by a high drag force that might apply only in a short period of 
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time, the instantaneous skin friction coefficient distribution needs to be evaluated and 
used as a selection criteria. 

Table 4.4 summarizes the relevant layout parameters for a Kármán Vortex heat ex-
changer of type 1 and 2, namely the streamwise region of time-mean heat transfer en-
hancement at the heated wall compared to the reference boundary layer, the maximum 
normalized heat wall transfer enhancement and its streamwise location in the wake 
region, the region with reduced absolute instantaneous skin friction, the minimum ab-
solute value of the time-mean skin friction and the time-mean drag coefficent of the 
rod. From the evaluation of the maxima of the normalized Nusselt numbers it becomes 
evident that case slebu with a unity rod diameter to wall clearance (C/D = 1.0) is the 
best choice for a type 1 Kármán Vortex heat exchanger, since it shows the highest heat 
transfer enhancement compared to the reference boundary layer and all other investi-
gated configurations. Interestingly, a simple rib beats all configurations with a pro-
nounced Kármán Vortex Street when choosing a type 2 Kármán Vortex heat exchang-
er. Although the heat transfer enhancement is lower than in all cases with a developed 
Kármán Vortex regime (C/D > 0.25), the region of continuously reduced instantaneous 
skin friction is broad with the most significant reduction of the mean skin friction and 
the lowest global drag coefficent of the rod of all investigated cases. Case rib would, 
thus, be most suitable as a type 2 Kármán Vortex heat exchanger, although case lslebu 
(C/D = 0.5) also seems to be a reasonable compromise between heat transfer en-
hancement and slightly reduced instantaneous drag in a broad region between 2.5 < X 
< 18. 
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5 Conclusions 

Based on the possible relevance for engineering applications such as heat exchang-
ers for drag-sensitive structures a combined experimental and numerical study has 
been conducted to enlighten and complete explanations for the mechanisms that lead 
to wall heat transfer enhancement and skin friction reduction along a heated plate in 
the wake of a bluff body. By analyzing the vortex structure and heat transport in the 
wake of a square rod (see 4.2.3 and 4.2.4), conclusions could be drawn for ways to 
control and manipulate heat transfer enhancement and reduction of wall skin friction. 
Based on the prior setup of an undisturbed reference boundary layer flow (4.1) a 
square rod was introduced into the fully developed boundary layer at a variable dis-
tance to the underlying heated flat plate. Such configurations had been previously 
shown to eventually result into a pronounced Kármán Vortex Street with measurable 
wall interaction. Given the results of a reference case with a unity ratio of rod diameter 
to wall clearance (4.2), the focus was directed to means of controlling the degree of 
heat transfer enhancement and its interference with the wall skin friction distribution 
along the plate by variation of the wall clearance (4.3) as well as by active flow excita-
tion (4.4). In particular skin friction measurements in previous studies were not well 
suited to disclose the wall shear stress distribution accurately (2.2.1). The comparison 
of experimental measurements and LES analysis in this study revealed a quantitative 
and qualitative difference in the distribution of the wall skin friction compared to pre-
vious studies (2.2.5). Explanations for these deviations can mainly be found in the 
partly inaccurate experimental methods and resulting data thereof. Compared to prior 
investigations, the approach in this work differs in the choice of parameters and meth-
odology as follows: 

• the main focus in the analysis is set on the wall heat transfer enhancement as well 
as on the skin friction reduction along a nearby heated wall, both being a conse-
quence of the interaction between the Kármán Vortex Street and the adjacent flat 
plate; 

• the variation of wall clearance cover an extended range of flow configurations 
with geometrically induced separation and vortex formation, including: flow over 
a rib (C/D = 0), configurations with very low wall clearance leading to vortex 
suppression (C/D = 0.25 / 0.5), a reference case with strong wall interaction (C/D 
= 1) and those cases with fairly weak coupling of wake and wall (C/D = 1.5 / 
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2.0). Besides, a comparison of active manipulation via steady and oscillatory 
flow excitation with passive geometrical manipulation through variation of the 
wall clearance has been performed to evaluate the efficiency of active and pas-
sive methods to control heat and momentum transport in the wake region (4.3 
and 4.4); 

• flow parameters have been chosen in a way that differ from previous studies: 

o the experimental and numerical setups served to simulate a ZPG flow past a 
flat plate with velocity and thermal boundary layer of equal thickness at the 
insertion point of the flow obstruction; 

o a constant fairly low Reynolds number of 24.500 based on the boundary 
layer thickness at the rod’s insertion point (corresponding to Re = 7000 
based on the rod diameter) was chosen. Such low Reynolds number that 
still indicates a fully turbulent regime is close to a range of practical heat 
exchanger applications;  

o all investigated configurations keep the body fully submerged into the in-
coming turbulent boundary layer. The undisturbed boundary layer thickness 
at the rod’s insertion point reaches 3.5 rod diameters whereas the largest in-
vestigated wall clearance that already shows signs of detachment of the 
Kármán Vortex shedding from the wall is limited to 2 rod diameters. In 
such configurations the formation and appearance of the evolving Kármán 
Vortex Street is strongly influenced by the interaction of the boundary layer 
along the bottom wall with the boundary layers along the rod’s upper and 
lower flow-parallel faces as well as the free shear layers evolving in the 
wake region; 

• for all computed cases three-dimensional time-dependant large-eddy simulations 
with fully resolved grids in all near-wall regions have been performed. Mean and 
phase-averaged values of pressure, velocity and temperature as well as higher-
order statistics are computed using a statistical sampling technique.  

The experimental studies were performed in an atmospheric open-loop wind tunnel 
with ambient air as working fluid creating a developed velocity and thermal boundary 
layer along an electrically heated flat plate (2.1). Within the optically accessible test 
section a bluff body with square cross section and optional devices for active flow ex-
citation was mounted transverse to the quasi two-dimensional flow. By varying the 
distance between rod and flat plate the boundary layer flow could be disturbed in a 
way to stimulate the formation of wake recirculation and vortex streets interacting with 
the flat plate. Time-mean velocity, fluctuations and the temperature fields and distribu-
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tions along the heated bottom wall were measured with either Preston tube based 
methods, anemometric (HWA) or thermographic (LCT) methods to derive the flow 
regime in the wake region as well as Nusselt number and wall skin friction distribu-
tions along the heated flat plate (2.2). It became evident that the applied measuring 
setup suffered some, partly intrinsic, deficiencies: 

• the Preston-Patel method revealed not to be suitable for determining the wall 
shear stress at the heated flat plate in the near-wake region, since the logarithmic 
law of the wall does not apply throughout the wake region (2.2.1); 

• liquid crystal sheets are fairly slow in transient response and thus, LCT mainly 
returns time-mean wall temperature distributions, but cannot resolve intra-
periodic deviations (2.2.4). 

A consecutive numerical study was initiated to overcome the limitations of the ex-
perimental analysis and to increase the level of transparency and understanding of the 
transient three-dimensional flow characteristics. LES with DNS-like resolution in crit-
ical near-wall regions has been selected as method of choice and preferred over DNS 
(3.1.2), RANS (3.1.3) and DES (3.1.4), since it allows applying an efficient grid with 
high resolution in near-wall regions, and lower resolution in outer large-scale flow re-
gions. Computations were performed with the incompressible turbulent flow solver 
MGLET based on a finite volume formulation on staggered Cartesian non-equidistant 
grids with MPI based parallelization, allowing a fairly accurate modeling of the sub-
grid scales with a dynamic Smagorinsky (Germano) model (3.1.5). An advanced third-
order Runge-Kutta time stepping scheme was applied that allowed stable convergence 
up to a maximum CFL number of 1.0 and thus, enabled a fairly large time step com-
pared to other studies. Originally being a pure flow simulation code, in the course of 
the present work MGLET has been advanced by implementing a passive scalar 
transport that was used to model the involved passive heat transport. Turbulent inflow 
profiles to be prescribed at the inlet 12 times the inlet boundary layer upstream of the 
insertion point could be derived by rescaling and recycling experimental time-mean 
streamwise velocity and temperature profiles, using an adapted rescaling recycling 
method (3.3.1). A recycling length of 8 times the inlet boundary layer thickness lead to 
a suitable developed turbulent boundary layer at the insertion point and contributed to 
keeping the overall computational domain small. Evaluation concentrated on analyzing 
time-mean, instantaneous and phase-averaged flow field and temperature data as well 
as additional statistics up to the second order. Phase-averaging was applied in a two-
step approach. First, a power spectra analysis of the wake flow was performed to re-
veal the vortex street’s eigenfrequency if any. Once the eigenfrequency and thus, the 
Strouhal number as a measure for the flow regime’s periodicity, was determined, a 
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second sampling process was started to acquire three-dimensional snapshots of the 
desired flow and temperature characteristics. Averaging was performed over up to 11 
phases with up to 70 time samples per period to guarantee a sufficient resolution in 
time as well as smooth phase-averaged flow and temperature fields. Time-mean data 
for heat transfer and wall skin friction for all manipulated cases were referenced to the 
computed undisturbed boundary layer case in order to assess changes through manipu-
lation in an analogous manner as in the experimental evaluation. Overall, the applied 
numerical methods and tools enabled the following key advances of the present work: 

• full three-dimensional LES simulations could be performed resulting in 
good agreement with the previously acquired experimental data for most of 
the compared flow characteristics. Moreover, primary and secondary flow 
and temperature fields could be analyzed and confirmed the three-
dimensional character of rod’s wake flow regime (4.2.4); 

• the resulting flow and energy characteristics up to second-order statistics 
reached a high accuracy due to the DNS-like resolution of all “critical” flow 
regions including near-wall and vortex formation zones;  

• the applied time-stepping method allowed a large time step (CFL up to 1.0), 
which enabled a significant number of computed configurations including 
cases with passive and active perturbance that could be compared to the pre-
viously computed undisturbed boundary layer flow as well as to the experi-
mental results; 

• time-mean, instantaneous and phase-averaged flow, pressure and tempera-
ture data and their first and second-order statistics could be used to analyze 
the three-dimensional heat and momentum transport in the wake region and 
in particular in the vicinity of the heated flat plate where separation and re-
attachment dominate the flow. 

As a result of the key advances the entire numerical study allowed to cover a range of 
configurations with passive and active manipulation, including flow over a rib with 
quasi-steady wake recirculation zone, gap flow regimes with suppression of regular 
vortex shedding in the wake, as well as the formation of developed Kármán Vortex 
Streets with regular vortex shedding in strong up to weak interaction with the adjacent 
heated wall. Flow characteristics like the “periodically moving wall vortex” along the 
heated bottom wall originating behind the square rod’s trailing edge that leaves its heat 
transfer reducing and shear stress enhancing footprint in the distributions of Nusselt 
number and wall skin friction coefficient, could be analyzed and their impact assessed, 
whereas the limited measuring setups in the experimental study left their existence and 
explanation vague (4.2.3).  
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A major result of the combined experimental and numerical investigations is the con-
clusion that passive configurations with such rod to wall clearance leading to the for-
mation of a developed asymmetric vortex street with strong wall interaction are most 
efficient to increase local wake heat transfer while keeping wall shear stress low. Pro-
nounced heat transfer enhancement could be detected in the wake region of those con-
figurations with regular vortex shedding and strong wall interaction (C/D = 1) featur-
ing a time-mean enhancement level of up to 75% compared to a non-disturbed bound-
ary layer flow. Rising wall clearance above C/D = 1 towards weaker wall interaction 
leads to a streamwise elongation of the heat transfer enhancement zone, with, howev-
er, a continuously decreasing heat transfer peak value. A regular vortex shedding be-
hind a square rod with the nearby wall reveals a higher heat transfer enhancement po-
tential than a flow over a rib attached to the wall that promotes heat transfer in its 
wake region through its wake recirculation zone. However, the advantage in heat 
transfer enhancement compared to a flow over a rib comes with the penalty of an in-
creased drag on the rod rising with increasing wall clearance as well as with a higher 
skin friction along the wall. Moreover, in those cases with fully developed regular vor-
tex shedding (C/D = 0.5 – 2), elevated wall skin friction was observed compared to an 
undisturbed boundary layer flow. Intermittent or developing shedding regimes (C/D = 
0.25 – 0.5) show quantitatively lower heat transfer enhancement and lower skin fric-
tion reduction than a flow over a rib. Active manipulation via mass conservative oscil-
latory injection and suction from the rod into the surrounding boundary layer with a 
Strouhal number correlating with the vortex street’s eigenfrequency revealed to have 
only minor effect. Although the life span of the Kármán Vortex increases significantly, 
it does not serve to control the interaction of the vortex street and a nearby wall in a 
way to enhance heat transfer and/or reduce wall skin friction significantly. Heat trans-
fer enhancement beyond the level of the reference configuration without active manip-
ulation cannot be established, whereas a slightly more pronounced plateau-like heat 
transfer enhancement further downstream of the peak value can be observed. Hence, 
active manipulation from a square rod cannot exceed the impact of passive manipula-
tion by variation of the wall to rod clearance. Main driver of the wall heat transfer en-
hancement with simultaneous local skin friction reduction is the washing effect in-
duced by the Kármán Vortex interacting with the adjacent wall (4.2.4). Primary flow 
induced secondary longitudinal vortices could be shown to contribute to the heat trans-
fer enhancement while still playing a minor role compared to the dominant effect of 
the spanwise Kármán Vortex (4.2.4).  

The present work’s findings on the dissimilarity between heat transfer enhancement 
and skin friction reduction in Kármán Vortex Streets interacting with a heated wall 
could be used to define design criteria for a Kármán Vortex type heat exchanger (4.5). 
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A heat transfer optimized Kármán Vortex heat exchanger can make use of the abso-
lutely maximized heat transfer enhancement in a given region of the wake, whereas a 
heat transfer and skin friction (dissimilarity) optimized Kármán Vortex heat exchanger 
features a maximized heat transfer enhancement in a given region in the wake, where 
low skin friction is required to e.g. cool (or heat) drag-sensitive structures. The refer-
ence case with a unity rod diameter to wall clearance (C/D = 1.0) is the best choice for 
the first type, since it shows the highest heat transfer enhancement compared to all 
other investigated configurations. A simple rib beats all configurations with a pro-
nounced Kármán Vortex Street if permanent drag reduction in a larger region is a 
predmoninant target. Although the heat transfer enhancement is lower than in all cases 
with a developed Kármán Vortex regime (C/D > 0.25), the region of continuously re-
duced instantaneous skin friction behind a rib is broad with the most significant reduc-
tion of the mean skin friction and the lowest global drag coefficent of the rod. 

 



A  Numerical procedure 151 

Appendix 

A Numerical procedure  

The following description of numerical procedures and methods implemented in the 
LES/DNS code MGLET mainly focuses on the implementation of an energy/scalar 
transport equation. As a contribution to MGLET, this work has served to extend 
MGLET’s capability to deal with (passive) energy and scalar transport. This extension 
of MGLET became necessary to simulate wall heat transfer and temperature transport 
to further explain the mechanisms leading to heat transfer enhancement and dissimilar-
ity between momentum and heat transfer in turbulent wake flow. Wherever possible, 
existing numerical schemes of MGLET’s turbulent flow treatment have been copied 
for use with the added scalar transport. Hence, discretization and time integration 
schemes, discussed in A.1 and A.2 could be directly derived from the implemented 
corresponding schemes for mass and momentum transport. Due to additional wall 
boundary conditions for the heat transport, namely wall heat flux and wall temperature 
boundary conditions, a specific wall correction treatment has been set up, which is ex-
plained in appendix A.3. 

Appendix A.5 explains that no effort needs to be invested for a dynamic sub-grid 
scale modeling of the turbulent diffusivity. Instead, a constant turbulent Prandtl num-
ber can be assumed. Appendix A.6 introduces a time and memory saving statistical 
data acquirement and post-processing method that has first been proposed by Werner 
[126] and was implemented by the author in its extended form including energy 
transport related statistics. A general focus has been set on copying MGLET’s efficient 
parallelization and optimized memory usage option when implementing the ener-
gy/scalar transport. 

From the variety of MGLET’s different discretization and time integration schemes 
as well as sub-grid scale models, just the ones used for the present work are further 
explained. Details on numerical schemes are given for the scalar transport schemes, 
only. The momentum /velocity schemes are documented in Werner [126] and Manhart 
[70] and are only cited and referenced for the sake of completeness. 
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A.1 Discretization 

MGLET offers a variety of different discretization schemes, including an upwind 
scheme, a fourth-order compact scheme, implemented and documented by A. Meri in 
[74], as well as a second and fourth-order central differencing scheme.  
For the scope of this work, a second-order central differencing scheme has been cho-
sen due to its advantage in energy conservation and its little numerical damping. Its 
disadvantage of producing reflecting oscillations, the so-called “wiggles” in regions 
with insufficient spatial grid resolution and high flow quantity gradients could be 
overcome by a sufficiently high grid resolution in all sensitive flow regions, mainly the 
upstream corner edges of the square rod. 

A.1.1 Mass, Momentum / Velocity 

A detailed description of the second-order central differencing scheme implemented 
in MGLET for the mass/momentum equations (3.39)/(3.40) can be found in Werner 
[126] and is not repeated within this work.  

A.1.2 Energy / Temperature 

In analogy of the discretization scheme for mass and momentum equations a se-
cond-order central differencing scheme on a staggered non-equidistant orthogonal fi-
nite volume mesh is implemented for the energy equation (3.33). A staggered grid no-
tation as shown in Figure A.5.1 is used within MGLET. While temperature, pressure 
and viscosity (including their constant molecular portion as well as their modelled var-
iant turbulent part) are stored in the centre point P of a finite volume 
DDX DDY DDZ⋅ ⋅ , all velocity components are linked to their finite volume faces, 
respectively. This approach corresponds to a storage of the velocity components in the 
centre of a second “staggered” finite volume DX DY DZ⋅ ⋅ . 

The volume balance filtering as explained in section 3.2.3 is used to express veloci-
ty, temperature and viscosity29 in a East(E)-West(W), North(N)-South(S) and Top(T)-
Bottom(B) notation on the finite volume around centre P. For simplification, the di-
mensionless time, surface area and volume are denoted as t ,A,V instead of their origi-
nal definition * * *t ,A ,V  from equation (3.38).  

29  Since a constant Prandtl number is assumed, the diffusivity is a derived quantity and no additional 
variable has to be defined.   
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Figure A.5.1: Non-equidistant Cartesian staggered grid notation used in MGLET. 

In such notation, the velocity components, temperature and total viscosity (molecular 
plus turbulent component) at their respective cell faces and cell centres are defined as: 
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In an analogous manner, all other velocity, temperature and viscosity components are 
derived respective to their centre or face locations:  
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Rewriting the volume balance filtered energy equation (3.33) in its dimensionless for-
mulation, while neglecting the source term and including the eddy diffusivity hypothe-
sis (3.36), leads to the following integral scalar convection-diffusion transport equation 
for the dimensionless temperature T30: 
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 (A.3) 

On a staggered non-equidistant Cartesian grid as used in MGLET, with the notation 
from Figure A.5.1 and equation (A.1) the time advancement term on the left hand side 
of equation (A.3) can be written in a discretized form for a finite volume around centre 
P: 
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The convective transport term on the right hand side of equation (A.3) can be discre-
tized on the finite volume around centre P according to: 
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The diffusive transport term on the right hand side of equation (A.3) can be written as 
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, (A.6) 

30  For simplification, the dimensionless time, surface area and volume are denoted as t ,A,V  instead 
of their original definition * * *t ,A ,V  in equation (3.38). 

                                              



A  Numerical procedure 155 

with the diffusivities related to their respective viscosities according to: 
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When applying a central differencing scheme of second order, the temperatures and 
heat fluxes at the finite volume faces can be determined from: 
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In a flux notation the convection and diffusion terms from equations (A.5) and (A.6) 
expresses as: 
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The convective and diffusive fluxes, resulting from (A.5) to (A.8), written in (I,J,K)-
notation as introduced in (A.1) and (A.2) denote  
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and 
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Within (A.12) the MGLET-internal notation the molecular dynamic viscosity  molµ  is 

mol ref refG U L⋅ . The diffusive wall correction term D
WCQ  in (A.10) is a result of the wall 

boundary treatment defined and explained in A.3.2. It is applied at any cell face adja-
cent to a wall boundary and replaces the corresponding standard diffusive flux in 
(A.12), which is realized by a mask out factor applied to the standard flux at a wall cell 
face. Using the discretized flux notation in (A.3) the energy transport equation can be 
written in its discretized form 

 ( ) ( ) ( )C DT q T q T q T
t

∆
= + ≡

∆
, (A.13) 

with ( )C q T  and  ( )Dq T  denoting the convective and diffusive flux densities, respec-
tively: 
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A.2 Time integration 

At the time of the author’s occupation, an explicit Euler single-step scheme, a se-
cond-order Leapfrog, an Adams-Bashforth and a third-order Runge-Kutta time ad-
vancement scheme could be chosen as numerical time integration method within 
MGLET. Mainly due to its advantage in computation speed the explicit third-order 
low memory Runge-Kutta scheme has been chosen for time advancement as well for 
the mass/momentum as in an analogous manner for the energy/temperature transport 
equations. 

A.2.1 Momentum / Velocity 

A description of the explicit third-order low memory Runge-Kutta scheme imple-
mented in MGLET for the time integration of the momentum equations (3.40) can be 
found in Williamson [130]. 

A.2.2 Energy / Temperature 

In analogy to the time integration of mass/momentum equations an explicit third-
order low memory Runge-Kutta scheme is used for the energy/temperature transport. 
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Main reason for the choice of the Runge-Kutta time advancement is that according to 
Williamson [130] and to the author’s experience, a three to four times larger time step 
than in the other cited schemes can be used in a third-order Runge-Kutta scheme. The 
third-order Runge-Kutta scheme as proposed by Williamson in [130] is used for tem-
perature time integration in MGLET and is implemented in the following three-step 
time stepping algorithm 

 1
n C n D nq q(T ) q(T ) q(T )= = + , (A.15) 
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nT T t q∆+ = + ⋅ , (A.20) 

where nT  denotes the temperature at time nt and 1nT +  the temperature at time 

1n nt t t∆+ = + . 

A.3 Diffusive wall correction – Wall functions  

The discretized momentum and energy balances in grid cells adjacent to a wall are 
subject to a diffusive wall correction that replaces the original diffusive flux31 at the 
wall cell face. The diffusive wall correction terms for momentum and energy depend 
on the wall shear stress and the wall heat flux and thus, from the wall velocity and 
temperature gradient, respectively. The prediction of wall gradients for velocity and 
temperature is based on the assumption that time-mean velocity and temperature pro-
files close to the wall obey to quasi-universal wall functions.  
Within the viscous sublayer close to a heated no-slip wall, where molecular viscosity 
and thermal diffusivity dominate the momentum and energy transport, a linear time-
mean velocity and temperature distribution can be assumed 

31  realized by a mask out factor applied to the standard flux at a wall cell face  
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 u s+ +=  ,  T Pr s+ += ⋅  , (A.21) 

with the dimensionless wall velocity, temperature and wall distance 

 uu
uτ

+ =  ,  W
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u PrT (T T )
q /

τ ρ
µ λ

+ = − ⋅ ⋅ −


 ,  us sτ ρ
µ

+ = . (A.22) 

Therein u  denotes the wall tangential velocity and uτ  the wall shear velocity resulting 
from the wall shear stress wτ  according to 

 Wuτ
τ
ρ

= . (A.23) 

The viscous sublayer covers a wall distance range of 0 5s+≤ ≤ . The subsequent buff-
er layer, where molecular and turbulent transports are significant, extends up to the 
log-layer/log-law region, where turbulent transport processes tend to dominate.  

In MGLET a one-seventh power law dating from Werner [126] is chosen to repre-
sent the universal dimensionless wall velocity and temperature  

 ( )B
u A s+ +=  ,  ( )B

T A s+ +=  , with 18 3  
7

A . , B= = , (A.24) 

valid in the log-layer down to the intersection point ms+  between the linear sublayer and 
the power law 

 3 10ms s     ,  ( )
1

1   11 81B
ms A .+ −= = , (A.25) 

while the linear wall functions from sublayer are extended up to ms+ . In all LES simula-
tions carried out in this work the viscous sublayer is resolved with at least one grid 
cell. Hence, a linear diffusive wall correction for momentum as well as for energy is 
applied in all computed cases.  

A.3.1 Momentum / Velocity 

The diffusive wall correction term for the momentum balance implemented in 
MGLET depends on whether the first grid cell is fully or just partly covered by the 
viscous sublayer. The related wall function procedure is documented in Werner [126] 
and thus, not repeated in this work.  

 



160  Appendix 

A.3.2 Energy / Temperature 

The discretized diffusive energy wall correction implemented by the author is de-
rived in a analogous manner as in (A.6) to (A.12) and can be written in dimensionless 
notation32 with WA∆  denoting the wall-cell interface surface as 

 1 1 1D
WC W W

Wref ref

TQ A
U L Sρ

∂
= Γ ⋅ ∆

∂
 (A.26) 

The dimensionless temperature gradient in (A.26) can be derived from the temperature 
wall function (A.21) and (A.24) depending on whether the wall adjacent grid cell is 
fully covered by the viscous sublayer or is partly or fully immersed in the buffer/log-
layer. The two corresponding cases are schematically illustrated in Figure 2.1 for a 
grid cell adjacent to a heated wall. 

 

Figure A.5.2: Wall resolution: a) viscous sublayer resolved, b) viscous sublayer not resolved. 

Depending on whether a wall heat flux or a wall temperature distribution is prescribed 
at the non-adiabatic wall boundary, the wall temperature gradient in (A.26) can be di-
rectly derived from a given wall heat flux density Wq  or has to be calculated from the 
wall temperature WT  and the wall adjacent fluid temperature PT . With the wall tem-
perature given, PT  results from the filtered temperature in the wall adjacent grid cell 
and thus, is an integral average of the assumed temperature wall function within the 
cell. The wall temperature WT  in return is either directly given or can be calculated 
from the wall adjacent fluid temperature PT  and a given wall heat flux density Wq  by 
utilising the assumed temperature wall function between the wall adjacent grid node 
and the wall. 

32  Temperature T, wall distance S and wall surface WA∆  are noted dimensionless (with the wall nor-
mal coordinate / refS s L= ). The diffusivity WΓ in (A.26) has the unit of µ , which is eliminated by 
division through ,,   ref refU Tρ . Hence, the term / / /W ref refU LρΓ  corresponds to 1(Re Pr)−⋅  in 
equation (3.41). 
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Both cases, a wall heat flux boundary as well as a wall temperature boundary condi-
tion, have been implemented in MGLET as a contribution of the present work and are 
documented subsequently. 

A.3.2.1 Wall heat flux boundary condition 

With a given ratio of wall heat flux density Wq  to fluid conductivity λ , the dimen-
sionless wall temperature gradient in (A.26) can be expressed as 

 refW

W ref

LqT
S Tλ

∂
= −

∂


. (A.27) 

The diffusive energy wall correction results into: 
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 (A.28) 

For calculating the resulting wall temperature, the temperature PT  has to be derived by 
integrating the wall functions (A.21) and (A.22). As function of the dimensionless wall 
normal coordinate S ,  the (dimensionless) temperature PT  can be written as33 
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with mS as the dimensionless wall distance marking the intersection point between lin-
ear and power law wall function: 
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33  Since no significant changes in the wall heat flux density along heated walls are applied in any of 
the investigated flow cases, the volume integral PV

T
∆

 simplifies to an integral along the wall normal 
direction S. In case of large variations of Wq , an averaging for Wq  has to be considered. The same 
applies for the shear stress Wτ  if the sublayer is not resolved and thus, Wτ  tends to influence PT . 
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By evaluating (A.29) one gets the following expression for the wall temperature de-
pending on whether the first grid cell is fully immersed into the viscous sublayer or 
partly covers the buffer/log-layer: 
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The designated wall function correction yields 
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A.3.2.2 Wall temperature boundary condition 

With a wall temperature WT  given instead of a wall heat flux density, the diffusive 
wall correction D

WCQ  can be calculated in the same way as in A.3.2.1 by evaluating 
(A.28), with the ratio of wall heat flux density to conductivity Wq λ  to be derived 
from (A.31). Depending on whether the viscous sublayer is fully resolved or the first 
grid cell immerses into the buffer/log-layer, the ratio of wall heat flux density to con-
ductivity results from (A.31): 
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 (A.33) 

with the designated wall function correction TWf  as given by (A.32). The wall temper-
ature itself is given and thus, is well defined. 

A.4 Velocity-pressure coupling / Iterative pressure correction method 

In opposite to the convection-diffusion energy transport equation, a pressure source 
term appears in the momentum equations (3.40) and leads to a velocity-pressure cou-
pling. As derived by e.g. Werner in [126], the time integration of the discretized mo-
mentum equations results in a discrete Poisson equation for the pressure to be solved 
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iteratively if less than two periodic boundaries constrain the flow domain. The implicit 
single point algorithm of Hirt et al. [40] with a relaxation factor to be chosen between 
1.5 and 1.8 at the start of iteration is used for pressure correction in MGLET.  
Vectorization is guaranteed by using a Gauss-Seidel red-black-relaxation as proposed 
by Baetke et al. [5]. To accelerate the convergence of the applied iterative pressure 
correction, a “full approximation scheme” multigrid method (MG), as discussed by 
Manhart [70] is applied to project the underlying pressure equation from the original 
coarse to a contained finer grid, where the small-scale error levels are smoothened. 

A.5 Subgrid-scale modeling  

A.5.1 Momentum / Viscosity 

MGLET uses an eddy viscosity approach proposed by Smagorinsky [106] and Lilly 
[63] for modeling the Reynolds stress term. According to the Smagorinsky subgrid-
scale model the filtered turbulent (eddy) viscosity resulting from equation (3.34) can 
be modeled as 

 2( ) 2 j jV A A

t S ij ijC S Sµ
∆ ∆ ∆

= ∆  (A.34) 

with the filtered large-scale strain-rate tensor 

 ( ), ,
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2
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∆ ∆ ∆
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and the filter width ∆  representing the characteristic grid scale 

 
1

3( )x y z∆ = ∆ ⋅ ∆ ⋅ ∆ . (A.36) 

Smagorinsky proposes a value of 0.1 for the Smagorinsky constant SC , which well 
reproduces turbulent structures in flows featuring a “universal” kind of turbulence, 
namely dissipation at the smallest scales with no or little backscattering of energy from 
the subgrid-scale to the grid-scale. In the near-wall region of turbulent boundary flows 
as investigated in this work, such universal turbulence cannot be assumed and thus, the 
static Smagorinsky model tend to overproduce turbulence close to the wall. Therefore, 
the application of additional damping measures like e.g. a Van-Driest damping func-
tion is required.  
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The dynamic SGS model proposed by Germano [38] faces the problem occurring  
with the static Smagorinsky model by introducing a dynamic grid-dependant calcula-
tion of SC  in space and time, which enables a partial backscattering of subgrid-scale 
energy to the resolved grid scale-structure and thus, prevents the need for additional 
damping in the near-wall region. Indeed, Germano proposed to calculate the 
Smagorinsky constant SC  from (A.34) by applying a larger test filter ∆̂  to evaluate a 
new test strain-rate tensor, which, by using the similarity between the derived test and 
original subgrid-scale stresses, finally leads to a set of equations for an explicit deter-
mination of SC . Since the described dynamic determination of SC  can lead to stability 
problems due to its mathematically weak formulation [2], an averaging of the dynamic 
Smagorinsky constant SC  is usually applied either in space or in time. 

Due to its described generic advantage over the static Smagorinsky model for wall-
bounded turbulent flow the dynamic Germano subgrid-scale model was applied for all 
LES simulations of this work. The homogeneous spanwise direction Y  can be used for 
a spanwise averaging of the dynamic Smagorinsky constant SC .  

A.5.2 Energy / Diffusivity 

Due to the molecular Prandtl number of air at 0.715 a constant turbulent Prandtl 
number can be assumed with sufficient accuracy for the log region as shown by e.g. 
Kays [55]. According to Kays for a ZPG boundary layer flow with a fluid like air with 
moderate molecular Prandtl number, the turbulent Prandtl number can take higher val-
ues between one and two in the sublayer region close to an isothermal wall. However, 
the maximum error between using a constant turbulent Prandtl number of 0.85 across 
the whole boundary layer including the sublayer region (Y+ < 5) is shown to be lower 
than ten percent compared to results of simulations using a Kays and Crawford formu-
lation [56] for the turbulent Prandtl number within the sublayer, including increasing 
values towards the wall for an isothermal wall.  

For an isoflux wall boundary condition as used in the current work the turbulent 
Prandtl number is zero at the wall, but tends to a quasi constant value of 0.85 in the 
fluid region. This is in good agreement to the author’s own test simulations -not illus-
trated in this work- with constant and varying turbulent Prandtl number in the viscous 
sublayer towards the wall, which show a discrepancy of less than ten percent in the 
resulting temperature distributions between a constant and a varying turbulent Prandtl 
number simulation as e.g. in Antonia [3] and Kong et al. [59]. 

Due to the only minor effect of a varying turbulent Prandtl number within the vis-
cous sublayer and its close to constant value in all other regions, no sub-grid scale 
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model for the turbulent Prandtl number as proposed in e.g. [59] has been applied in 
this work. In fact, a constant turbulent Prandtl number of 0.85 across the entire bound-
ary layer is adopted in all simulations and results in acceptable agreement with exper-
imental data, as shown in chapter 4. 

A.6 Statistical data acquirement and post-processing 

In LES, which by default is a fully transient simulation technique, time-mean values 
for velocity, pressure and temperature, as well as for fluctuations, for the Reynolds 
stress tensor components, and the turbulent heat fluxes have to be evaluated by means 
of statistical data acquirement and post-processing. To obtain average distributions of 
the flow characteristics, a larger number of statistically independent samples have to 
be acquired. Care has to be taken that sampling does not interfere with periodicities in 
the flow pattern, which could lead to statistical sample dependence and thus, distort 
the overall result. Along with increasing order of the statistics to be acquired, the num-
ber of required samples for obtaining a smooth average distribution increases.  

According to the ergodic theorem [12], time averages can be combined with spatial 
averages of a homogeneous flow direction. Since all computed cases in this work fea-
ture a homogeneous spanwise direction, combined time and spatial sampling leads to a 
considerably reduced overall number of required time samples and thus, to a shorter 
computation time. By making use of combined time and spatial sampling, the time-
mean temperature results from 
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where YN denotes the number of spatial samples, namely the number of cells in 
spanwise direction Y and with tN denoting the number of samples in time. 

For any higher order statistics the parallel sample evaluation technique as proposed 
by Werner [126] is applied for a faster simultaneous smoothening of lower and higher 
order statistics. With the parallel sample evaluation technique higher-order statistics 
are gradually derived from lower order statistics. The root mean square temperature 
fluctuations, for example, can be expressed by the first-order averages T  and TT : 
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According to the same rules of parallel sample evaluation, the turbulent heat fluxes can 
be derived from first-order averages of velocity and temperature as follows: 

 " "
j j jU T U T U T= −  (A.39) 

Any other higher-order statistics such as the skewness or flatness can be derived in a 
similar manner from first-order averages resulting from a parallel sampling process. 
Since the parallel sample evaluation technique leads to smooth distributions of higher 
order statistics in a much shorter computation time than a sequential sampling, it is 
adopted in all computed cases of this work. 
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B LES mean inflow profiles 

 

 

 

Figure A.5.3: Mean inflow profiles for a) streamwise velocity, b) wall-normal velocity and c) tem-
perature, at the inlet section of the computational domain, X=-40. 

For the use of the Manhart’s adapted rescaling recycling method as explained in 
chapter 3.3.1, mean inflow profiles for streamwise, spanwise and wall-normal velocity 
as well as for the temperature have to be known at the inlet section of the computa-
tional domain, 40D upstream of the square rod center (Xinlt = Xmin = -40, see Figure 3.2 
and Figure 3.3). A settling length of 40 rod diameters upstream of the obstacle repre-
sents the minimum entrance length required when using a recycling length of about 8 
δinlt and an inlet boundary layer thickness δinlt ~ 3D for velocity.  

Time-mean velocity profiles at Xinlt = Xmin = -40 have been acquired experimentally 
by the use of the Preston/Patel method and by hot-wire anemometry for streamwise 
and wall-normal velocity as explained in chapter 2.2. Since the spanwise direction is 
homogeneous, the spanwise mean velocity can be assumed zero. The boundary layer 
thickness of about 3 for U and W velocity is derived from the measured velocity pro-
files according to the 99% rule.  

The temperature distribution at Xinlt = Xmin = -40 results from a preliminary LES 
study over the whole flat plate length, starting with a uniform temperature profile at 
the flat plate’s leading edge. The temperature boundary layer thickness at Xinlt = Xmin = 
-40 with a value of about 2.75 turns out to be slightly lower than for velocity. The 
computed temperature profile extracted at position Xinlt = Xmin = -40 is validated by 
comparing to temperature measurements from Inaoka [44] for an undisturbed turbulent 
ZPG boundary layer flow with an identical setup as the one chosen in this work. The 
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results are in good agreement and show a temperature and velocity boundary layer of 
almost identical thickness at the rod location X = 0. 

The numerical inflow profiles for streamwise velocity, wall-normal velocity and tem-
perature used for inflow data generation and flow field initialization are given in Table 
A.5.1. 

  ZU <U> ZW <W> ZT <T>
0.0038 0.0458 0.0032 0.0000 0.0038 1.0716
0.0113 0.1316 0.0096 0.0000 0.0113 1.0651
0.0188 0.2133 0.0161 0.0001 0.0188 1.0591
0.0263 0.2880 0.0225 0.0010 0.0263 1.0540
0.0339 0.3581 0.0290 0.0022 0.0339 1.0495
0.0417 0.4224 0.0358 0.0038 0.0417 1.0456
0.0498 0.4800 0.0427 0.0058 0.0498 1.0424
0.0582 0.5233 0.0499 0.0078 0.0582 1.0397
0.0668 0.5506 0.0572 0.0097 0.0668 1.0374
0.0756 0.5691 0.0648 0.0112 0.0756 1.0355
0.0848 0.5834 0.0727 0.0133 0.0848 1.0338
0.0942 0.5943 0.0807 0.0153 0.0942 1.0323
0.1039 0.6021 0.0891 0.0176 0.1039 1.0310
0.1140 0.6088 0.0977 0.0198 0.1140 1.0298
0.1243 0.6161 0.1065 0.0227 0.1243 1.0287
0.1349 0.6221 0.1157 0.0261 0.1350 1.0277
0.1459 0.6272 0.1251 0.0284 0.1436 1.0270
0.1572 0.6322 0.1348 0.0313 0.1573 1.0261
0.1689 0.6375 0.1448 0.0332 0.1689 1.0253
0.1810 0.6420 0.1551 0.0358 0.1810 1.0247
0.1934 0.6474 0.1657 0.0387 0.1934 1.0240
0.2062 0.6523 0.1767 0.0412 0.2062 1.0234
0.2193 0.6573 0.1880 0.0433 0.2194 1.0228
0.2329 0.6632 0.1997 0.0455 0.2330 1.0223
0.2470 0.6682 0.2117 0.0481 0.2470 1.0218
0.2614 0.6731 0.2241 0.0512 0.2614 1.0213
0.2763 0.6777 0.2368 0.0549 0.2763 1.0208
0.2917 0.6826 0.2500 0.0591 0.2917 1.0203
0.3075 0.6878 0.2636 0.0613 0.3075 1.0199
0.3238 0.6931 0.2776 0.0644 0.3239 1.0194
0.3407 0.6981 0.2920 0.0676 0.3407 1.0190
0.3580 0.7022 0.3069 0.0702 0.3581 1.0185
0.3759 0.7072 0.3222 0.0769 0.3760 1.0181
0.3943 0.7113 0.3380 0.0787 0.3944 1.0176
0.4134 0.7162 0.3543 0.0817 0.4134 1.0172
0.4330 0.7207 0.3711 0.0834 0.4330 1.0168
0.4532 0.7246 0.3884 0.0860 0.4533 1.0164
0.4740 0.7286 0.4063 0.0895 0.4741 1.0159
0.4955 0.7327 0.4247 0.0926 0.4956 1.0155
0.5177 0.7376 0.4437 0.0944 0.5177 1.0151
0.5405 0.7412 0.4633 0.0978 0.5406 1.0148
0.5640 0.7447 0.4834 0.1009 0.5641 1.0144
0.5883 0.7491 0.5042 0.1052 0.5884 1.0140
0.6133 0.7546 0.5257 0.1100 0.6134 1.0137
0.6391 0.7596 0.5478 0.1138 0.6392 1.0133
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Table A.5.1: Mean inflow profiles for spanwise velocity, wall-normal velocity and temperature. 

ZU <U> ZW <W> ZT <T>
0.6657 0.7636 0.5706 0.1213 0.6658 1.0129
0.6931 0.7681 0.5941 0.1276 0.6933 1.0126
0.7214 0.7726 0.6183 0.1371 0.7215 1.0122
0.7506 0.7765 0.6433 0.1431 0.7507 1.0118
0.7806 0.7815 0.6691 0.1508 0.7807 1.0115
0.8116 0.7875 0.6956 0.1602 0.8117 1.0111
0.8435 0.7910 0.7230 0.1716 0.8437 1.0107
0.8764 0.7965 0.7512 0.1848 0.8766 1.0104
0.9104 0.8014 0.7803 0.1990 0.9105 1.0100
0.9454 0.8064 0.8103 0.2146 0.9456 1.0096
0.9815 0.8119 0.8412 0.2308 0.9816 1.0092
1.0187 0.8179 0.8731 0.2465 1.0188 1.0089
1.0570 0.8229 0.9060 0.2623 1.0572 1.0085
1.0966 0.8278 0.9399 0.2795 1.0968 1.0082
1.1373 0.8336 0.9748 0.2956 1.1375 1.0078
1.1794 0.8400 1.0108 0.3102 1.1796 1.0075
1.2227 0.8451 1.0480 0.3262 1.2229 1.0071
1.2674 0.8515 1.0863 0.3436 1.2676 1.0068
1.3134 0.8570 1.1257 0.3612 1.3136 1.0065
1.3609 0.8629 1.1664 0.3787 1.3611 1.0062
1.4098 0.8684 1.2084 0.3958 1.4101 1.0059
1.4603 0.8743 1.2516 0.4121 1.4605 1.0056
1.5123 0.8803 1.2962 0.4263 1.5126 1.0053
1.5660 0.8862 1.3422 0.4400 1.5662 1.0050
1.6213 0.8917 1.3896 0.4565 1.6215 1.0047
1.6783 0.8977 1.4385 0.4751 1.6786 1.0044
1.7371 0.9051 1.4889 0.4936 1.7374 1.0041
1.7977 0.9106 1.5408 0.5119 1.7980 1.0038
1.8601 0.9171 1.5944 0.5308 1.8605 1.0036
1.9246 0.9235 1.6496 0.5519 1.9249 1.0033
1.9910 0.9295 1.7065 0.5763 1.9913 1.0031
2.0594 0.9354 1.7652 0.6021 2.0598 1.0028
2.1300 0.9409 1.8257 0.6269 2.1304 1.0025
2.2028 0.9468 1.8880 0.6520 2.2032 1.0023
2.2778 0.9533 1.9523 0.6773 2.2782 1.0021
2.3552 0.9582 2.0186 0.7017 2.3556 1.0019
2.4349 0.9642 2.0870 0.7274 2.4353 1.0016
2.5171 0.9692 2.1575 0.7560 2.5175 1.0015
2.6019 0.9736 2.2301 0.7864 2.6023 1.0013
2.6892 0.9771 2.3050 0.8151 2.6897 1.0011
2.7793 0.9806 2.3822 0.8403 2.7798 1.0009
2.8722 0.9843 2.4618 0.8641 2.8727 1.0007
2.9680 0.9872 2.5439 0.8880 2.9685 1.0006
3.0667 0.9900 2.6285 0.9120 3.0672 1.0004
3.1685 0.9927 2.7158 0.9344 3.1690 1.0003
3.2734 0.9954 2.8057 0.9543 3.2740 1.0002
3.3816 0.9969 2.8984 0.9716 3.3822 1.0002
3.4931 0.9979 2.9940 0.9843 3.4937 1.0001
3.6081 0.9994 3.0926 0.9920 3.6087 1.0001
3.7267 0.9994 3.1942 0.9970 3.7273 1.0001
3.8489 1.0000 3.2989 1.0000 3.8495 1.0000
3.9749 1.0000 3.4069 1.0000 3.9756 1.0000
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C List of Web links 

http://www.cfd-online.com/ 

http://earthshots.usgs.gov/

http://www.ercoftac.org/ 

http://www.kuaero.kyoto-u.ac.jp/ 

http://www.navier-stokes.net/ 

http://www.space.com/scienceastronomy/ 

http://www.wikipedia.org/ 

http://www.cfd-online.com/
http://earthshots.usgs.gov/
http://www.ercoftac.org/
http://www.kuaero.kyoto-u.ac.jp/
http://www.navier-stokes.net/
http://www.space.com/scienceastronomy/
http://www.wikipedia.org/
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