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Abstract

Dimples are known to increase heat transfer with a low induced hydraulic loss in

narrow channels. Main attention of papers published in the literature has been paid

to the heat and mass transfer effects averaged in time whereas the unsteady pro-

cesses and their role in the heat transfer enhancement have not been thoroughly

investigated. Following the investigations of unsteady effects and its direct impact

on heat transfer enhancement is the main subject of this thesis.

Vortex structures and heat transfer mechanism in a turbulent flow over a single dim-

ple and a staggered dimple array in a narrow channel have been investigated using

Large Eddy Simulation (LES), Reynolds-averaged Navier-Stokes (RANS) simula-

tion, Laser Doppler Velocimetry (LDV), time resolved pressure measurements and

dye visualizations. Considered are dimples with a depth to diameter ratio h/d = 0.26

for Reynolds numbers in the range of Red = 10000 to Red = 40000. The numerical

methods have been validated with experiments, DNS data and empiric correlations

published in literature. The flow and temperature fields are captured by LES using

dynamic mixed model applied both for the velocity and temperature.

A test bench has been installed at the University of Rostock to validate the numer-

ical methods and to investigate flow structures over dimpled surfaces using modern

measurement techniques. The conducted time resolved pressure measurements and

analysis of the time signals recorded from LDA measurements give a deep insight

into flow physics.

In addition to the direct analysis of the flow field, the three-dimensional Proper

Orthogonal Decomposition (POD) method has been carried out on LES pressure

and velocity fields to identify spatio-temporal structures hidden in the random fluc-

tuations.

A multi-objective design optimization based on mesh motion algorithm has been

performed within the framework OpenFOAM for further improvement of the heat

exchanger performance. Based on mesh motion technique and selected parameters

for optimization, the surface can adopt an arbitrary shape and is not limited by

any kind of interpolation. The aim of the procedure is to find the geometry most

favorable to maximize heat exchange while obtaining a minimum hydraulic loss.
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U m/s Velocity

V m3 Volume

Greek symbols

α W/(m2 ·K) Heat transfer coefficient

δT m Thermal boundary layer thickness

δ m Velocity boundary layer thickness

∆ m Filter length scale

ε J/(kg · s) Dissipation rate

η m Kolmogorov dissipation lengthscale

Θ+ − non-dimensional wall temperature

κ m−1 Wavenumber

λ W/(m ·K) Heat conduction coefficient

ν m2/s Kinematic viscosity

νt m2/s Turbulent kinematic viscosity

ρ kg/m3 Density

τij kg/(m · s2) Stress tensor

τw kg/(m · s2) Wall stress tensor

φ − Conserved quantity

Φ
(n)
i m Orthogonal base functions of POD

ψ − Fanning friction factor
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ω s−1 Vorticity

Ωij kg/ms2 Vorticity tensor

Dimensionless Groups

Kn Knudsen number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

St Strouhal number

Subscripts

(. . . )0 − Equivalent for a flat plate

(. . . )d − Equivalent for the standard dimple

(. . . )+ − Normalized value

(. . . )
′ − Fluctuating part

(. . . )a − Anisotropic, deviatoric part of a tensor

(. . . )τ − Friction, shear based value

(· · · )b − Bulk, freestream value

〈· · · 〉 − Time averaged value

. . . − Spatial filtered value

·̂ · · − Test filtered value

Abbreviations

CDS Central Difference Scheme

CFD Computational Fluid Dynamics

CFL Courant Friedrich Levy

DLR Deutsches Zentrum fr Luft- und Raumfahrt

DNS Direct Numerical Simulation

DMM Dynamic Mixed Model

DSM Dynamic Smagorinsky Model

FEM Finite Element Method

FFT Fast-Fourier-Transformation
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LDA Laser Doppler Anemometry
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rms root mean square

RANS Reynolds-Averaged-Navier-Stokes

URANS Unsteady Reynolds-Averaged-Navier-Stokes

SGS Subgrid Scale

SST Shear-Stress-Transport

STL Surface Tesselate Language
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1 Introduction

1.1 Motivation

The importance of understanding heat transfer mechanism in technical devices is

increasing due to the limited energy resources and its growing demand of optimal

usage. Especially the convective heat transfer mechanism plays a decisive role for

the overall system and economy performance in technical devices which is therefore

in the main focus of many research groups.

Methods like surface roughness, mechanical impact (e.g. vibration) and vortex

generating elements are known to enhance heat transfer. In the last decade special

research interest has been paid to turbulators (Fiebig et al. [22] [21]] to analyze

hydrodynamic mechanism and intensification of heat exchange using numerical sim-

ulations and experiments. The main idea is to place so-called turbulators at the

cooling side to induce longitudinal and vertical vortices, what results in a disruption

of the thermal boundary layer and thus augments heat transfer. The turbulators

can be designed in different ways like wings or ribs to manipulate the internal flow

field. Beside its high efficiency to increase heat transfer some disadvantages can be

pointed out like blocking of the cooling channels, drastic raise of flow resistance,

complicated installation, etc. To overcome these negative side effects, especially in

narrow channels, convex surface depressions called dimples attracted interest in the

last decades. Dimples show the following advantages compared to other devices like

riblets or fins.

• intensification of heat transfer compared to flat surfaces

• no blocking of the channels

• reduction of the weight

• self cleaning due to vortex structures

• simpleness of design

• small increase of flow resistance.

1
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The practical and effective way of heat transfer enhancement by dimples is well-

known and is already used in commercial heat exchangers. The heat transfer can

be significantly enhanced compared to a smooth wall and is about the same as that

obtained by conventional ribs, whereas the hydraulic resistance inside the cooling

channel was found to be small. Detailed experimental investigations have been

performed by Ligrani et al. [60]. A comparison of overall heat transfer in terms

of Nusselt number Nu and overall resistance Cp normalized by the values of an

equivalent smooth channel Nu0 and Cp0 for many configurations is presented in Fig.

1.1.

C p/C p0
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u
/N
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/
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Fig. 1.1: Measurement data of integral heat transfer Nu and flow resistance Cp for

different turbulator designs in comparison to an equivalent flat wall Nu0 and Cp0 in

narrow channels (Ligrani et al. [60]).

The experimental results reveal that the best performance (Nu/Nu0)/(Cp/Cp0) >

1 can be obtained by using dimples for internal cooling. In other words, the increase

of heat transfer is much higher than the additional induced hydraulic losses inside

the cooling passage. Two reasons for this behavior can be found. First the heat

transfer surface is increased due to dimple geometry and second due to the formation

of special vortex structures which amplify convection processes inside and outside

the dimples. It was found that the overall heat transfer augmentation can reach

approximately a factor of Nu/Nu0 = 2.5 referred to an equivalent flat wall (see

Chyu [15]). Since the increase of the heated surfaces in case of dimples is only 20%,

the impact of the vortex formations on heat transfer is much higher than the surface

enlargement. Hence, one may conclude, that the complete understanding of vortex
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formations and its impact on the local heat transfer is indispensable to design an

efficient dimple geometry.

1.2 Heat transfer enhancement using dimples

In general, dimples are known already from golf ball aerodynamics. In this classical

case applications of dimples are understood as a special form of surface roughness

which shift the typical drop down of the pressure resistance for blunt bodies into the

low Reynolds number range (Davis [16], Williams [98]). Initially, the idea was to

use dimples simply for drag reduction. Wieghardt et al. [96] documented the influ-

ence of dimples in terms of friction factor. Remarkably results have been published

from the DLR in Colone by Wuest [100]. In this study the application of dimples

on ICE reduces the forces from sidewinds up to 17%. Breuer et al. [59] performed

Fig. 1.2: Application of dimples on ICE trains to reduce side drag [100].

experimental and numerical studies using dimples for drag reduction in a channel.

No drastic reduction of drag has been documented for the investigated geometrical

configurations of dimples. However, a high increase of drag resistance was also not

observed which implies that dimples can be used to enhance heat transfer without

significant hydraulic losses. First publications using dimples for intensification of

heat transfer have been published by Kuethe [56] and Presser [81]. Presser deter-

mined a strong heat transfer enhancement of Nu/Nu0 = 2.2 in turbulent flow over

three-dimensional cavities for a wide range of Reynolds numbers. Afanasyev et al.

[1] investigated the pressure drop and heat transfer on a plate with a staggered ar-

ray of dimples in the turbulent flow regime. It was reported that the heat transfer

augmentation is about 30-40% with a negligible induced pressure drop. Most mo-

tivating results using dimples have been performed by Chyu [15], who investigated

the pressure drop and heat transfer improvement for the surface roughened by an

array of hemisphere and tear-drop shaped cavities in the range of Reynolds number
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ReDh = 10′000 − 50′000 based on the hydraulic diameter. The increase of heat

transfer coefficients of both configurations was determined to be 2.5 times higher

than compared to the opposite smooth wall whereas the induced pressure resistance

was as twice as small compared to rib turbulators. The effect of the channel height

and dimple depth on heat transfer in turbulent flow regimes was studied by Moon et

al. [77] and Burgess et al. [11]. It was evaluated that the heat transfer and friction

factor augmentation increases for a decreasing channel height and a rising dimple

depth. Today a large number of experimental investigations have been performed

for different dimple geometries yielding to an overall heat transfer enhancement of

about 200 - 300% in combination with a low flow resistance compared to other struc-

tured surfaces like ribs (see Ligrani et al. [60] and Ekkad et al. [17]).

Nevertheless, main attention of papers published in the literature has been paid to

the heat and mass transfer effects averaged in time whereas the important unsteady

processes including the vortex formations and their role in the heat transfer en-

hancement have not been thoroughly investigated. Snedeker et al. [86] documented

an unusual asymmetric distribution of the flow in a three-dimensional surface de-

pression. Two stable vortex positions for special dimple configurations have been

estimated whereas the axis of the vortex has a certain angle towards the main flow.

The authors have demonstrated that only asymmetric vortex structures can exist in

a stable state for dimples with a high ratio of dimple depth to dimple print diameter.

The visualizations and velocity measurements from Gromov et al. [29] confirmed

and extended the results of Snedeker et al. [86].

U U

D

t

Fig. 1.3: Asymmetric vortex structures of turbulent flow over a single dimple with

a high ratio of dimple depth to dimple print diameter proposed by Snedeker [86].

It was found that the position of the vortex changes between two positions for

high Reynolds numbers in time. For lower Reynolds numbers in the laminar and

transitional range the vortex inside the dimple occurs as symmetric with respect to

the main flow direction. It becomes unstable by increasing flow rates and changes

finally to an asymmetric formation. Hiwada et al. [33] discovered three different

flow regimes for various depths of the cylindrical cavity where two of these were
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auto oscillations. The heat transfer measurements showed that an auto oscillating

regime at a ratio h/d = 0.5 is an ideal regime for heat transfer enhancement. It is

characterized by an explicit asymmetry of the pressure distribution which is in line

with the observations of Snedeker et al. [86] and Gromov et al. [29]. Analysis of flow

regimes and local heat transfer on dimples have been studied by Kiknadze et al. [48]

[49]. It has been documented that the set of three-dimensional cavities can increase

in the heat transfer coefficient up to Nu/Nu0 = 2.4 while keeping the aerodynamic

resistance at a minimum. From flow visualization studies it can be seen that the

flow is both complex and can take different forms by its nature and depends upon

the geometric parameters of the cavity. Fig. 1.4 presents tornado-like spatial flow

structures inside dimples arising into the main channel flow which are identified

and used to explain the high thermo-hydraulic performance of dimples. Further

Main flow direction

1. The boundary 
layer enters the 
dimple

2. The rotating 
flow inside the 
dimple induces a 
vortex.

3. This vortex 
exhausts the 
boundary layer around 
the dimple into it, like 
a tornado

4. The vortex 
joins into the 
main flow

Fig. 1.4: Tornado-like jets running out of dimples and penetrating into the main

flow (Kidnaze [48]).

it was found that a dynamic vortex with transverse oscillations towards the main

flow evolves enforcing the heat flux inside and outside the dimple. Nevertheless,

the tornado-like structures have not been confirmed in other publications, whereas

the transverse oscillations are in line with Hiwada et al. [33]. One of the most

detailed investigations of flow over a single dimple was done by Terekhov et al. [89],

[88]. The visualization using hydrogen bubbles, LDA and pressure measurements

revealed a complex and oscillating vortex structure with periodical outburst at the

downstream rim of the dimple with a ratio of h/d = 0.26. Transverse oscillations of

the outbursts with low (f < 1Hz) and high frequency (f > 1Hz) were observed at

the Reynolds numbers up to Red = 40000. Analysis of instantaneous pictures reveal

a consequent process of generation of regular vortices in the recirculation zone inside

the dimple. Their shedding downstream result in the formation of staggered rows of

vortices. The most detailed experimental study of unsteady flow characteristics on

dimpled packages has been performed by Ligrani et al. [60], [61], [62] and Mahmood

et al. [70], [71]. A primary vortex pair formed periodically in the center of the
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dimple has been visualized using smoke patterns. In addition, two secondary vortex

pairs appearing near the spanwise edges of a spherical dimple at ReH = 1250 are

determined (see Fig. 1.5). For dimples with a depth to diameter ratio of h/d ≥ 0.22

Fig. 1.5: Sketch of three-dimensional flow structure and visualization images in

different planes for of the flow ReH = 1250 and h/d = 0.5 from Ligrani [60].

a significant augmentation of heat transfer is documented due to dynamic vortex

structures with transversal oscillations around the dimple area. Ligrani et al. [60],

[61], [62] conducted many studies to establish a data basis including the pressure

drop and heat transfer values according to various dimple and channel geometries.

Numerical studies of dimpled heat exchangers have been performed by a number of

researchers. Park et al. [79] examined turbulent flow over dimples with a ratio h/d =

0.3 using RANS method for Reynolds numbers ReH = 2700 up to ReH = 41000.

This study provides an insight into the development of flow structures produced

by the dimples and the increase of heat transfer rates, whereas the integral values

were not in good agreement to experimental data. The results showed the existence

of a rotating vortex pair generated inside and upstream each dimple and a second

pair at the spanwise edges of the dimple. Burgess et al. [11] investigated the

impact of dimple depth on the integral heat transfer rates. It was reported that

the heat transfer increases by enlargement of the dimple depth, whereas the flow

resistance is also increased. Wang et al. [94] carried out research of low Reynolds

number flow in dimpled channels of Reτ = 180 based on the friction velocity. The

existence of a symmetric horseshoe vortex was documented inside a single dimple.

The most detailed numerical investigations have been performed by Isaev [39], [40].

Usage of overlapping grids and equations, written in a conservative form, established

the possibility to perform calculations with high resolved zones inside and outside

the dimple. This method in combination with the k-ω-SST model proposed by

Menter [74] showed best results in comparison to experiments. On the basis of

URANS a series of vortex formations inside have been performed which change

quantitative as well as qualitative depending on the ratio dimple depth to dimple
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print diameter. Two symmetric vortex structures in Fig. 1.6 (left) change into a

single vortex structure by increasing the ratio h/d starting from h/d = 0.22 (see

Fig. 1.6 (right)). This result is in accordance with measurements performed by

Fig. 1.6: Bifurcation of vortex structures in a spherical dimple with a ratio h/d =

0.22 for symmetric (left) and asymmetric (right) patterns.

Terekhov [89] for a dimple with a ratio h/d = 0.26. Numerical results showed that

asymmetric vortex structures provide a higher efficiency than symmetric ones. For

the turbulent flow regimes it was suggested to define the dimple geometry for each

purpose to generate mono core vortex structures using an asymmetric dimple shape

[41]. A numerical study of dimples at the lower and protrusions at the upper wall of

the channel to enhance heat transfer was done by Elyyan et al. [18]. Calculations

have been performed over a wide range of Reynolds numbers from ReH = 200 up to

ReH = 15000 including laminar, transient and fully turbulent flow. A large database

has been established for pressure drop, friction factor and Nusselt number values

according to variations of the Reynolds number.

1.3 Scope of this work

Investigations of heat transfer and flow structures on dimple shaped surfaces us-

ing numerical and experimental methods with focus on the unsteady effects and

their direct impact on heat transfer have been performed. The different methods

are established through this work to analyze the heat transfer and flow structures

of turbulent flow up to Red = 40000 over a single spherical dimple in detail. The

methods are extended together with the latest findings for dimples arranged in a

staggered package. Following an optimization technique has been developed to de-

termine preferable surface structures in terms of high heat transfer rates and low

hydraulic losses.

The thesis is divided into two parts. In the first part the theoretical background and
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numerical methodologies are presented. The basic theory of heat transfer mecha-

nism, the characteristics of turbulence characteristics and boundary layer behaviour

is discussed in chapter 2. Since the focus in this work is placed on unsteady effects,

the derivation of the filtered partial differential equations and and closure models

written in terms of LES for fluid motion and heat transfer are presented in chapter

3. The equations and closure models for RANS modeling and the discretization

practices of the Finite Volume Method (FVM) are briefly introduced. Chapter 4

presents the implemented Proper Orthogonal Decomposition (POD) method to de-

termine high energy containing spatial structures and its physical interpretation.

The established test bench and its methods for experimental investigations are de-

scribed in chapter five which closes the first part of the thesis.

The experimental and numerical results are presented in the second part of this

thesis. The heat transfer mechanism and flow structures of a single spherical dim-

ple in a narrow channel are described in chapter 6 including the validation of the

numerical and experimental methods with the help of DNS calculations and em-

piric correlations published in the literature. In addition, the results through the

POD method are discussed in detail. The applied methods are extended on dimples

arranged in a staggered package whereas the results concerning heat transfer, flow

structures and POD modes are presented in chapter 7. The optimization process

and its application on the basis of the framework OpenFOAM to find an optimal

shape of the heat transfer surface is introduced in chapter 8. Finally, the thesis is

closed with a conclusion given in chapter 9.



2 Governing Equations

The fundamental partial differential equations (PDE’s) for heat transfer and fluid

dynamics are presented in the following sections. The equations describe the flow

dynamics and heat transfer of fluids in terms of pressure p, velocity U = (u v w)T

and temperature T which are functions of space −→x and time t.

2.1 Heat transfer mechanism

The heat exchange is defined as a transfer of energy in the form of heat from a fluid

with a high temperature to a fluid with a low temperature and can be characterized

into three parts: heat conduction, heat radiation and convective heat transfer.

• Heat conduction is the transport of thermal energy between molecules due

to the temperature gradient in a fluid or solid. The heat is always transferred

from the high temperature towards low temperature level and is proportional

to the temperature gradient (second law of thermodynamics).

• Heat radiation is the transfer of energy in the form of electro magnetic waves.

It can also occur inside a vacuum and is therefore not dedicated to a special

matter.

• By convective heat transfer the energy is transported by the macroscopic

movement of fluids. It will occur between a surface and a moving fluid when

both media have different temperature levels.

The focus of this work is based on heat conduction and convective heat transfer,

whereas heat radiation will be neglected. The heat flux due to conduction can be

understand as transfer of energy from the more energetic molecule to the less ener-

getic molecule which can be calculated using the Fourier law in the one-dimensional

form

qx = −λ ·
(
∂T

∂x

)
. (2.1)

9
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The variable λ is called heat transfer conduction coefficient and is specific to the

present material and depends on the temperature. The heat flux
−→̇
Q normal through

a differential surface element dA can be written as

dQ̇ = −λ · ∇T · −→n · dA = −λ∂T
∂n
· dA . (2.2)

Convective heat transfer can be classified into free and enforced convection. Free

convection is only driven by buoyancy forces due to density differences whereas

enforced convection is driven from external means e.g. by a fan or a pump. Since

the overall temperature differences are assumed to be small, the density ρ of the fluid

will not change and thus buoyancy forces can be neglected. To quantify the heat

transfer between a fixed wall with a temperature TW and a fluid with a temperature

TF , the heat transfer coefficient α is introduced to obtain the resulting heat flux as

q̇W = α (TW − TF ) . (2.3)

The heat transfer coefficient α summarizes all unknown parameters like velocity, sur-

face roughness and boundary layer thickness. Hence, the main goal of experiments

and numerical simulations is the determination of the local and global heat transfer

coefficient α. In common heat exchangers like parallel or cross flow exchangers, the

heat is transferred from the hot wall towards the cold flow. Infinite to the wall the

energy can only be transferred by heat conduction, due to the wall bounding of the

fluid. Thus the definition of Fourier’s law (see Eq. 2.1 can be applied direct at the

wall for evaluation of the heat flux (see Incropera [37]) in the form of

q̇W = −λ ∂T
∂n

∣∣∣∣
W

. (2.4)

Hence, the heat transfer coefficient α can be derived using Eq. 2.3 and 2.4

α = −λ 1

TW − TF
∂T

∂n

∣∣∣∣
W

. (2.5)

The Nusselt number is introduced as dimensionless variable calculated by a charac-

teristic length of the heat exchanger L and heat conduction coefficient λ

Nu =
αL

λ
(2.6)

for quantitative comparison of heat transfer rates of different heat exchangers. For

comparison of the different temperature levels it is often useful to rewrite the tem-

perature T in a non-dimensional way as

T+ =
T − T0

∆T
. (2.7)
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The temperature T0 is the reference temperature and ∆T is the characteristic tem-

perature difference. In terms of non-dimensional quantities the heat transfer coeffi-

cient α in Eq. 2.5 can be formally written as

α = −λ 1

T+
W − T+

F

∂T+

∂n

∣∣∣∣
W

. (2.8)

With definition of non-dimensional values the calculation of Nusselt number results

in

Nu = − 1

T+
W − T+

F

∂T+

∂n

∣∣∣∣
W

L . (2.9)

As it can be seen from the Eq. above, the Nusselt number depends on the temper-

ature gradient at the wall, the dimensionless temperature T+
w at the wall and the

fluid temperature T+
F . To estimate the integral Nusselt number Num of the whole

heat transfer surface A, the local Nusselt number Nu can be integrated

Num =
1

A
(
T+
W − T+

F

) ∫
A

Nu
(
T+
W − T+

F

)
dA . (2.10)

If the temperature difference T+
W − T+

F is constant, Eq. 2.10 can be written as

Num =
1

A

∫
A

Nu dA . (2.11)

Finally, the overall heat flux using the integral Nusselt number Num can be calcu-

lated as

Q̇ = λ
Num
L

(TW − TF )A . (2.12)

2.2 Fluid dynamics

Within the continuum mechanics, where the scale of representing of motion is larger

than the mean free path of molecules (Knudsen number Kn� 1), the fluid motion is

described by the principle of conservation of mass, momentum and energy expressed

in a continuous way in space and time.

Conservation of mass The equation expresses the conservation of mass in an in-

finite control volume dV . The difference of the entering and outgoing mass

flow of the control volume dV at each time interval under consideration of the

variable density ρ can be written in integral form as∫
(V )

∂ρ

∂t
dV +

∫
(A)

ρuidA = 0. (2.13)
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Eq. 2.13 can be transformed using Gauss theorem into the differential form

∂ρ

∂t
+
∂(ρui)

∂xi
= 0. (2.14)

For incompressible flows (ρ = const) the equation results in

∂ui
∂xi

= 0, (2.15)

which implies a divergence free field of the velocity.

Conservation of momentum The time variation of momentum is equal to the sum

of the forces acting on the control volume dV . In this case, the sum of the time

variation of the momentum inside dV and its flux through the boundaries dA

is equal to the sum of the surface and volume forces acting on dV , which can

be written in integral form as∫
(V )

∂(ρui)

∂t
dV +

∫
(A)

ρuiujdA = −
∫

(A)

pdA+

∫
(A)

τijdA+

∫
(V )

ρfidV. (2.16)

The value p denotes the pressure, τij the tensor of viscous stresses and fi the

volume (body) forces. The balance equation of momentum can be rewritten

using Gauss theorem as

∂ρui
∂t

+
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+
∂τij
∂xj

+ ρfi. (2.17)

The stress tensor can be derived from Newton’s hypothesis:

τij = 2µSij − 2

3
µ
∂uk
∂xk

δij (2.18)

in terms of the strain rate tensor Sij

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
. (2.19)

Newtonian isothermal flow with constant fluid properties (ρ, ν = const) with-

out any body forces is assumed in the conducted investigations which results

in the simplified momentum equation

∂ui
∂t

+
∂(uiuj)

∂xj
= −∂P

∂xi
+

∂

∂xj
(ν2Sij) , (2.20)

where P = p/ρ is the pseudo pressure and ν = µ/ρ the kinematic viscosity.

The derived balance equation in combination with the conservation of mass

are commonly known as the incompressible Navier-Stokes equations.
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Conservation of energy The equation of energy transport can be derived from the

first law of thermodynamics using the equation of state dh = cpdT and the

definition of the Prandtl number Pr

Pr =
ν

a
(2.21)

where a is the heat conduction coefficient of the fluid (a = λ/(ρcp)). The

energy equation can be formulated with the assumption of constant material

properties as

∂ (ρcpT )

∂t
+
∂ (ρcpuiT )

∂xi
=

∂

∂xi

(
ρcp

ν

Pr

∂T

∂xi

)
+ SQ . (2.22)

The form of the thermal energy balance equation is similar to a general scalar

transport equation. The second term of the left side of Eq. 2.22 represents

the heat transfer through convection whereas the first part takes care of the

instationary part. The terms on the right hand side represent an arbitrary

source term SQ and the heat transfer diffusion through heat conduction. No

outer heat sources are considered in this work which leads to SQ = 0. As

mentioned above, the impact of temperature T on the physical properties of

the fluid is assumed to be small and can therefore be neglected (ρ, ν, cp, P r =

const). Thus the thermal energy equation is fully decoupled of the Navier-

Stokes equations what results into a passive scalar transport equation:

∂T

∂t
+
∂ (ui · T )

∂xi
=

ν

Pr

∂2T

∂x2
i

. (2.23)

Using the non-dimensional temperature T+ (see Eq. 2.7), the thermal energy

equation results in

∂T+

∂t
+
∂ (ui · T+)

∂xi
=

ν

Pr

∂2T+

∂x2
i

. (2.24)

2.3 Properties of turbulent flows

To analyze the impact of turbulence on heat and mass transfer, the characteristics

of turbulent flows are introduced. The problem of turbulence was formulated by

Leonardo da Vinci’s (1452-1519), who draw the famous picture illustrating multi-

scale vortical character of turbulent flows (Fig. 2.1).

Even six centuries later it is rather difficult to define turbulence in an exact way.

Osborne Reynolds was the first, who studied the transition and turbulence in a pipe
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Fig. 2.1: Leonardo da Vinci’s studies of turbulent motion.

flow. He found that the onset of transition depends upon a dimensionless parameter,

the Reynolds number Re, which O. Reynolds defined as

Re =
U · d
ν

. (2.25)

It represents the ratio of diffusion to convection time or inertial force to viscous force.

In the experiments, Reynolds found, that the flow is turbulent when the Reynolds

number is greater than a critical value, which is around 2300 for flow inside a circular

pipe. It is explained that at high Reynolds numbers flow, the viscous forces are

much smaller than the inertial forces. So the flow cannot be longer stabilized and

becomes unstable. If the Reynolds number is large enough, the flow finally becomes

turbulent. Although turbulence is not completely understood, its important features

can be described qualitatively:

• Turbulent flows are irregular and disorganized. This important feature appears

in almost any definition of turbulence. Because of irregularity, the determin-

istic approach to turbulence becomes impractical to describe the turbulent

motion in all details as a function of time and space coordinates.

• Turbulent flows are diffusive. It causes rapid mixing and increased rates of mo-

mentum, heat and mass transfer. Turbulent flows are able to mix transported

quantities much more rapidly than if only molecular diffusion processes were

involved. For example, if a passive scalar (like the temperature T ) is trans-

ported by the flow, a certain amount of mixing will occur due to molecular

diffusion. In a turbulent flow, the same sort of mixing is observed, but in a

much greater amount than predicted by molecular diffusion.

• Turbulent flows are dissipative. Viscosity effects will result in the transforma-

tion of kinetic energy into heat. If there is no external source of energy to

overcome the kinetic energy loss, the turbulent motion will decay.
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• Turbulent flows are three dimensional and rotational. The flow evolves in every

direction due to the vortex stretching and is therefore a function of space and

time.

• Turbulent flows are characterized as a continuum problem. Even the smallest

scales that occur in a turbulent flow are far larger than any molecular length

scale.

• Turbulent flows are defined on multi-scales. Turbulent motion exist on differ-

ent time and length scales due to the interaction and superposition.

The balance equations of mass and momentum contain all turbulence properties

and describe the motion of incompressible newtonian fluids, since the equations are

derived directly from conservation laws. However, excepting for very simple flows,

there is no analytical solution for these equations. To get an insight into the tur-

bulent motion and its effect on heat and mass transfer, statistical description of

turbulent flows needs to be introduced. Thus, the velocity field ui(x, t) is decom-

posed into its mean value 〈ui(x, t)〉 and a time varying fluctuating part u
′
i(x, t),

which can be formally written as

u
′

i(x, t) = ui(x, t)− 〈ui(x, t)〉 (2.26)

whereas

〈u′

i(x, t)〉 = 0. (2.27)

The statistical average is often called Reynolds average, which can be evaluated by

different operations. The ensemble average is the statistical average over N different

realizations and is formulated as

〈ui(x, t)〉E = lim
N→∞

1

N

N∑
k=1

u
(k)
i (x, t) . (2.28)

The phase averaging is useful for periodic processes to average the value over a

time period tn in terms of

〈ui(x, t)〉P = lim
N→∞

1

N

N∑
k=1

ui(x, t+ Tk) . (2.29)

Moreover, according to the Ergodic theorem for stationary and homogeneous pro-

cesses, the ensemble averaging can be written as time averaging in the form of

〈ui(x, t)〉 = lim
T→∞

1

T

T∫
0

ui(x, t) dt . (2.30)
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A general statistical description of the turbulence is based on correlations between

two velocity fluctuations at two different points and and different times

Rij(r, τ) = 〈u′

i(x, t)u
′

j(x + r, t+ τ)〉, (2.31)

which is called cross-correlation function. Mostly all correlation functions are nor-

malized by 〈uiuj〉 limiting the function in the range of −1 to +1. The correlation at

two different points is called auto-correlation in space in the case of τ = 0 at same

time instant

Rij(r, t) =
〈u′

i(x, t)u
′
j(x + r, t)〉

〈u′
i(x, t)u

′
j(x, t)〉

(2.32)

whereas r = 0 gives auto-correlation of time

Rij(x, τ) =
〈u′

i(x, t)u
′
j(x, t+ τ)〉

〈u′
i(x, t)u

′
j(x, t)〉

. (2.33)

The integral lengthscales can be calculated to determine the extension of fluid

structures inside the flow by integration of the autocorrelation function. It is often

used to ensure whether the computational domain is large enough to capture all

flow structures. The integral lengthscale is derived from

Lij(x, t) =
1

Rij(0, t)

∞∫
0

Rij(r, t) dr. (2.34)

An additional generalized turbulence lengthscale can be derived from similarity anal-

ysis in terms of kinetic energy k and its rate of dissipation ε

L ≡ k3/4

ε
. (2.35)

Kolmogorov postulated the definition of the smallest scales of a turbulent structure

η ≡
(
ν3

ε

)1/4

. (2.36)

The ratio between the largest to the smallest scales can be expressed

L

η
= Re

3/4
L (2.37)

in dependence on the turbulent Reynolds number and can be used to determine the

grid resolution for a Direct Numerical Simulation (DNS). It is useful to transform

the velocity autocorrelation into Fourier space to get a deep insight into energetic
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processes

Φij(κκκ) =
1

(2π)3

∞∫
−∞

Rij(r)e−iκκκ·r dr (2.38)

Rij(r) =

∞∫
−∞

Φij(κκκ)eiκκκ·r dκκκ (2.39)

whereas κκκ is the wavenumber. Hence, the energy spectrum of the flow can be

estimated by integrating 0.5Φij (Pope [80]) from

E(κ) =

∮
1

2
Φii(κκκ)dS(κ) . (2.40)

The term S(κ) denotes the sphere in wavenumber space and κ is the magnitude |κκκ|.
The energy spectrum E(κ) obtained from experiments and simulations for fully

developed turbulent flows far away from the wall shows an universal behavior for

high Reynolds number presented in Fig. 2.2.

energy containing 
range

inertial range

log (E)

~ 2
~ -5/3

~ -7

0 EI DI  

dissipation range

Fig. 2.2: Sketch of the one-dimensional energy spectrum for turbulent flows.

The schematic energy spectrum in logarithmic scale shows three different ranges

(Fox [24])

• the energy containing range (0 ≤ κ ≤ κEI),

• the inertial range (κEI < κ < κDI),

• the dissipation range (κDI ≤ κ).

The mechanism is called energy cascade, which can be interpreted as energy trans-

fer from the large κEI = 2π/L to the small scales κη = 2π/η. The energy containing



2. Governing Equations 18

range corresponds to large scale fluid motions producing the most kinetic energy

due to outer forces. The range between energetic eddies and small scale dissipative

eddies is called inertial range. The energy decay can be identified by Kolmogorovs

law E(κ) ∼ κ−5/3. Moreover, the scales of the inertia range are independent of outer

forces and are dominated by inertial rather than viscosity forces. Within the inertial

range the energy is transferred from the large scales to the very small ones whereas

the energy dissipates under the effect of the viscosity at high wavenumbers. Hence,

the viscous effects damp the turbulent motion what results in a strong decrease in

the energy spectrum. At these small scales the turbulent motion is independent of

the outer forces and boundary conditions and can be assumed as locally isotropic.

Kolmogorov postulated that for large Reynolds numbers ReL the energy spectrum

E(κ) will be universal for all flows and depends only on the kinematic viscosity ν

and the turbulent energy dissipation rate ε. From similarity analysis it was shown,

that the energy spectra reads

E(κ) = CKε
2/3k−5/3 (2.41)

whereas CK is the Kolmogorov constant which is estimated from experiments and

simulations as CK = 1.5. Kolmogorov postulated that the generation of turbulence

energy happens on length scales which are much larger than the dissipative length

scales. This assumption is valid for high Reynolds number flows and was confirmed

for a wide range of turbulent flows. Low Reynolds number flows show another

behavior. The wall acts as limiter to the physical growth of the vortices, which are

therefore spatially restricted and cannot become large length scales close to the wall.

From the corresponding energy spectra it can be shown, that an inertial range do

not exist close to the wall (Kim [50]).

2.4 Velocity and temperature boundary layers

The knowledge of the impact of surrounding walls is essential to understand the

complex flow mechanism. From the physical point of view, the flow near a solid wall

exhibits substantially different anisotropic structures than in the main flow. In this

region, called boundary layer, the evolving scales determine the overall properties of

flow behavior and heat transfer, especially when the surface is structured by macro-

scopic devices like dimples. Hence, a brief introduction is given to the boundary

layer theory in terms of velocity and temperature.

Fig. 2.3 presents the development of a thermal and velocity boundary layer of the

flow over a flat plate schematically. The fluid particles at the flat plate surface have
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a zero velocity due to the no slip condition and act as a retardant to reduce velocity

of adjacent fluid particles in the vertical direction to the wall. The thickness of the

velocity boundary layer δ is normally defined as the distance from the solid body

to the point where the flow velocity U is 99% of the freestream velocity U∞. The

boundary layer thickness is a function of the length x and is growing rapidly down-

stream in x direction. Moreover, the velocity U varies normal to the plate through

the boundary layer. Hence, the velocity gradients within the boundary layer are

large which needs special treatment in numerical simulations and experiments.

If the flow in front of the plate has a temperature T∞ different than the wall

temperature TW , a thermal boundary layer is evolving in addition to the velocity

boundary layer. The fluid temperature varies from TW at y = 0 to T∞ far away

from the wall.

Fig. 2.3 presents the evolvement of a temperature boundary layer of the flow over

a flat plate with a constant wall temperature TW .

Fig. 2.3: Schematic profiles of the velocity and thermal boundary layer of a heated

flat wall (TW = const) with turbulent parallel flow.

The thermal boundary layer thickness δT is growing downstream in flow direction

as it is the case of the velocity. The thickness of the thermal boundary layer δT is

typically defined when the ratio

TW − T
TW − T∞ = 0.9 (2.42)

is reached. The high temperature gradient close to the leading edge at the wall

implies, that the resulting heat flux (see Eq. 2.5) is large in comparison to that of

a expanded thermal boundary layer thickness δT further downstream. Hence, the

heat flux decreases with the distance x from the leading edge.

A turbulent boundary layer of the velocity can be typically divided into three regions,

the viscous sub-layer, the buffer-layer and the log-law or fully turbulent region, which

are plotted on the semi-logarithmic axes presented in Fig. 2.4.

The turbulent boundary layer profiles for the velocity have been made dimension-

less using the friction velocity uτ calculated by the wall shear stress τw and viscosity
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Fig. 2.4: Boundary layer profile for the velocity with schematic measurements.

ν as denoted by the superscript “+”. The wall shear stress can be defined as

τW = ρν
dU

dy

∣∣∣∣
W

(2.43)

to calculate the friction velocity from

uτ =

√
|τW |
ρ
. (2.44)

The dimensionless coordinate y+ normal to the wall and the dimensionless velocity

u+ can be estimated as

y+ =
uτy

ν
(2.45)

and

u+ =
U

uτ
(2.46)

respectively.

The boundary layer is called viscous sub-layer immediately adjacent to the surface

0 < y+ < 5 whereas the viscous effects are dominating and the turbulent fluctu-

ations are negligible. A linear relation between the dimensionless velocity u+ and

dimensionless coordinate y+ is valid in the viscous sub-layer.

u+ = y+ (2.47)

The asymptotic behavior is universal for all turbulent flows near the wall. From y+ =

5 up to y+ = 30 the dependence of u+ on y+ transitions from linear to logarithmic
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variation. In this range, which is called buffer layer, the viscous and turbulent

stresses are both in equilibrium. The log-law region extends from y+ > 30 (Pope

[80]) and is dominated by the effects of inertia forces. The principle distribution of

the velocity is called log-law of the wall

u+
(
y+
)

=
1

κ
ln
(
y+
)

+ C+, (2.48)

where κ = 0.41 is the Kármán constant and C+ is an integration constant which

can be estimated from measurements for a smooth wall as C+ = 5 (see Herwig [31]).

An universal boundary layer profile for the temperature can be derived as it is

in the case of the velocity. The temperature profile depends on heat conduction

direct at the wall whereas convection processes are dominating in the outer region.

Analogously to the friction velocity uτ , a friction temperature can be defined as

Tτ = − q̇W
ρcpuτ

(2.49)

for normalization. Using Eq. 2.4 it can be shown, that the friction temperature

depends on the temperature gradient at the wall

Tτ = − ν

Pr

1

uτ

∂T

∂n

∣∣∣∣
W

. (2.50)

Hence, the non-dimensional wall temperature Θ+ can be written as

Θ+ =
T − TW
Tτ

. (2.51)

The temperature Θ+ is zero direct at the wall whereas its profile in the viscous

sub-layer (y+ < 5) can be derived from the following equation (see Gersten [28])

Θ+
(
y+,Pr

)
= Prr y+. (2.52)

Thus, an universal logarithmic function for the temperature can be written as

Θ+
(
y+,Pr

)
=

1

κΘ

ln
(
y+
)

+ C+
Θ (Pr) . (2.53)

The constant κΘ is defined as κΘ = 0.41 (Schlichting [83]). In contrast to the

velocity, the temperature profile depends additionally on the Prandtl number Pr

C+
Θ (Pr) = 13.7Pr2/3 − 7.5 (Pr > 0.5) (2.54)

which has a major impact on the heat transfer.
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2.5 Evaluation of heat exchangers

The basic equations the determine heat transfer in turbulent flows and especially its

behavior at solid walls have been presented in the foregoing sections. When dimples

are placed at the lower wall, the boundary layer profile will be disturbed since the

surface depressions act as vortex generators. Hence, the heat transfer rates are in-

creased. However, the disruption of boundary layer normally results in an increase

of the overall flow resistance. Thus, it is evident that the designer of a new heat

exchanger is focused to apply heat transfer augmentation devices with a low increase

of the flow resistance to enhance the overall performance. This leads to the problem

how to evaluate a heat exchanger in a physical correct sense. Therefore, a criterion

has to be used which includes all relevant parameters which have impact on the

overall performance. A detailed investigation of the different criteria is done by H.

Herwig and his research group at the TU Hamburg-Harburg. Hence, only a short

summary is given to make the reader familiar with the criteria used for calculation

of the heat exchanger performance.

All criteria define the performance improvement of a modified heat exchanger rel-

ative to a standard heat exchanger. The commonly used criteria are based on the

heat transfer rates, summarized by the Nusselt number Nu and overall flow resis-

tance.

The flow resistance can be calculated in terms of pressure 〈Dp〉 and friction 〈Df〉
force as

Dp = −
∫
A

p−→n dA (2.55)

Df =

∫
A

−→τ dA, (2.56)

where A, Π, −→n represent the surface area, mean pressure gradient and surface nor-

mal vector respectively. The non-dimensional resistance coefficient Cp and friction

coefficient Cf are often used which can be formulated as

Cp =
(∆p/∆x)

0.5ρu2
b

(2.57)

Cf =
τw

0.5ρu2
b

. (2.58)

In general, the design modifications to improve heat transfer rates involve an increase

of the flow resistance inside the heat exchanger. Therefore, it seems to be reasonable

to use the Nusselt number Nu and the flow resistance in terms of the fanning friction

number ψ for evaluation of heat exchanger performance in a right way. The fanning
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friction factor is defined as

ψ =
(∆p/∆x) ·Dh

0.5ρu2
bL

. (2.59)

Moreover, it is useful to evaluate the actual results in comparison to the results

of the original heat exchanger (Nu0,ψ0). Hence, one of the most used criterion to

establish heat exchanger performance is found through

f =
Nu/Nu0

ψ/ψ0

. (2.60)

A criterion is given by Gee and Webb [95],[26], who proposed the efficiency of a heat

exchanger as

ζ =
Nu/Nu0

(ψ/ψ0)1/3
(2.61)

including the engine power within the term (ψ/ψ0)1/3 which is commonly known as

thermo-hydraulic efficiency or thermo-aerodynamic performance. Further criterion

like NTU (number of transfer units) can be found in the VDI Heat Atlas [92].

Nevertheless, the thermo-hydraulic criterion proposed by Gee and Webb [95],[26] is

based on the first law of thermodynamics. In a thermodynamic sense this criterion

is not useful and moreover it is not based on a clear physical background as it

was shown by Kock [53]. Moreover, it was proposed that the thermodynamic and

physical correct evaluation of the heat exchanger performance can be done by using

the second law of thermodynamics in terms of entropy production rates. If the

second law of thermodynamics is applied for a steady state flow with one inlet and

one outlet, the entropy balance equation can be written as

ṁ(s2 − s1) =
Q̇

T
+ ṠPro . (2.62)

The changing of the entropy rate is based on the heat transfer through the bound-

aries Q̇
T

and by entropy production inside the flow. It is well established, that the

minimization of the entropy generation in any process leads to the conservation of

useful energy. In reference to this work, entropy production ṠPro is generated due to

irreversible dissipation of kinetic energy and heat transfer. Since entropy production

is determined as irreversible, one part of usable energy called exergy is transferred

to unusable energy, called anergy. It is called exergy loss in an energetic process and

can be calculated as

ĖV = TU ṠPro. (2.63)

The value TU represents the environmental temperature. Hence, from an exergetic

point of view, a heat exchanger is more efficient when the exergy loss is minimized.
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A fundamental thermodynamic criterion to evaluate different heat transfer augmen-

tation technique’s using second law analysis has been proposed by Bejan [7], [8].

The aim is to minimize the entropy production and thus exergy loss in comparison

to a defined reference case which is known as “thermodynamic optimization”. Fur-

ther Herwig et al. [32], [53] formulated the thermodynamic optimization method in

combination with the RANS method and derived universal wall functions for the

entropy production rates from asymptotic correlations. The method was proved to

be correct and has been successfully applied to find the optimal designs of twisted

tapes inside heat transfer pipes.

Despite the disadvantages of the criteria based on the first law analysis, the

thermo-hydraulic performance is the most popular criteria to evaluate heat ex-

changer performance by engineers. Its main advantage is the direct connection

to the points of interest: Nusselt number Nu and fanning friction factor ψ. There-

fore, the application of the thermo-hydraulic performance will be used in this work

to investigate the influence of dimples inside heat exchangers whereas the evalua-

tion of dimples in terms of entropy production is done by Herwig et al. at the TU

Hamburg-Harburg.



3 Modeling of turbulent motion and

heat transfer

Computational Fluid Dynamics (CFD) is used in research and industry at every

working process. The main part in this work is based on an instationary numerical

method, known as Large Eddy Simulation (LES), to resolve all necessary vortex

structures to determine the impact of dimpled surfaces on the flow field and heat

transfer. In addition, steady state calculations (Reynolds-Averaged Navier Stokes

(RANS) equations) for optimization process and basic analysis have been performed.

The derivation of LES and RANS equations and their closure models are well de-

scribed in the literature. Therefore, only a brief summary of the basic equations

and discretization methods is given in this chapter. Further a short introduction to

the framework OpenFOAM is appended.

3.1 Levels of flow simulation

Nowadays CFD is a very powerful method for simulation of complex flows. The field

of CFD is widely spread on laminar / turbulent, compressible / incompressible, re-

acting, multiphase, visco-elastic and many other flows. It reduces the costs and time

necessary for design and optimization of new machinery, allows to get a deep insight

into flow behavior and diminishes the amount of experimental parameter studies.

The most important questions is how to simulate the flow in complex geometries

with a small numerical effort and a high accuracy. Fig. 3.1 presents the methods

of flow simulation towards its precision and computational effort. The method with

the highest precision and a huge computational effort is called Direct Numerical

Simulation (DNS). The momentum Eq. 2.20 can be solved directly where all time

and length scales of the turbulent flow (see Fig. 2.2) are fully determined. However,

in the near future the DNS will be only applied to simple flow configurations of low

Reynolds numbers and will be not useful for complex industrial applications (Pope

[80]) due to its high computational effort. To overcome this disadvantage, the idea

is to simplify the transport equations to a certain level where the numerical solu-

25
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Fig. 3.1: Degree of turbulence modeling and computational effort.

tion time becomes realistic. Therefore, the LES is introduced. The basic idea is to

resolve a large part of the three-dimensional turbulent motions and model so called

small isotropic structures using Subgrid-Scale (SGS) models. The determination

of the limit between large and small scale eddies is done by a filtering procedure.

With the growing computational power the LES becomes more and more a mature

technique to investigate unsteady flow phenomena in complex geometries. RANS

method is a statistical approach in difference to the deterministic methods DNS

and LES. The corresponding equations are derived by the application of Reynolds

averging on the transport equations which includes that all turbulent lengthscales

(shown in Fig. 2.2) have to be modeled. This approach leads to a fast numerical

solution whereas the high impact of turbulence modeling could result in a low preci-

sion of the predicted fields when the grid resolution and used turbulence model are

not well chosen. To combine the advantages from LES for the freestream flow and

the advantages from RANS in the near wall area, the Detached Eddy Simulation

(DES) can be used when the computational resources are not sufficient enough to

apply the LES method to the whole domain.

3.2 Reynolds Averaged Navier Stokes equations

3.2.1 Reynolds averaging

The RANS equations are derived by application of Reynolds averaging to the gov-

erning equations described in section 2.2. The Reynolds averaging was introduced

in section 2.3 (see Eq. 2.30) for turbulent flows. Due to the averaging process

〈u′

i(x, t)〉 = 0, (3.1)
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the information on fluctuations is lost and a time averaged solution of the flow fields

is obtained. The continuity equation is written as

∂〈ui〉
∂xi

= 0 (3.2)

and momentum equation as

∂〈ui〉
∂t

+
∂ (〈ui〉〈uj〉)

∂xj
= −1

ρ

∂〈p〉
∂xi

+
∂

∂xj

(
ν
∂〈ui〉
∂xj

− 〈u′iu′j〉
)

+ 〈fi〉 . (3.3)

The energy transport equation (Eq. 2.24) yields to

∂〈T+〉
∂t

+
∂ (〈ui〉〈T+〉)

∂xi
=

∂

∂xi

(
ν

Pr

∂〈T+〉
∂xi

− 〈u′iT+′〉
)
. (3.4)

Special attention has to be paid to the convective term of the momentum and energy

equation. Due to the Reynolds averaging a new term appeared in Eq. 3.3 which

is the unknown product of the fluctuating velocities 〈u′iu′j〉. It describes the effect

of turbulent motion that have been filtered out by the averaging process and is

called the Reynolds stress tensor. Analogously an unknown term appears 〈u′iT+′〉
in the energy transport equation which is called turbulent heat flux. Hence, with

application of the Reynolds averaging new unknown values arise but no additional

information or equations are derived. Thus, the system of transport equations is not

closed. The presented turbulence models in the next section act therefore as closure

models and are used to evaluate the turbulent stresses and turbulent heat flux in a

time averaged form.

3.2.2 Closure models for RANS equations

A large number of turbulence models have been introduced over the last decades to

close the system of the transport equations. The k−ε−Model (proposed by Launder

and Spalding, Launder and Sharma [97]) and the k − ω-SST-Model (proposed by

Menter [74]) have been applied to simulate turbulent flows over dimpled surfaces.

Both models are two-equation models which solve two additional transport equations

and belong to the group of eddy viscosity models. Both models are based on the

Boussinesq approximation to calculate the needed Reynolds stresses by a product

of a single unknown value, the turbulent viscosity νt and the time averaged strain

rate tensor 〈Sij〉
〈Sij〉 =

(
∂〈ui〉
∂xj

+
∂〈uj〉
∂xi

)
. (3.5)

The Reynolds stresses are given as

− 〈u′iu′j〉 = νt〈Sij〉 − 2

3
kδij . (3.6)
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It is obviously, that the modeling of the unknown stresses is replaced by the modeling

of the turbulent viscosity νt. The determination of the turbulent viscosity νt for both

models in case of incompressible flows is presented below.

k− ε−Model The standard k − ε−Model includes two transport equations for the

turbulent kinetic energy k and the turbulent dissipation rate ε to calculate the

turbulent viscosity νt from dimensional analysis:

νt = Cµ
k2

ε
, (3.7)

using Cµ = 0.09 as one of five model constants. The transport equation for k

can be derived as

∂k

∂t
+ 〈uj〉 ∂k

∂xj
=

∂

∂xj

[(
ν +

νt
σk

)
∂k

∂xj

]
+ Pk − ε. (3.8)

From left to right the terms represent the temporal deviation, the convection

term, the diffusion term, the production rate

Pk = −〈u′iu′j〉
∂〈ui〉
∂xj

. (3.9)

of the turbulent kinetic energy k (Wilcox [97]).

The transport equation of the dissipation rate ε can be derived as

∂ε

∂t
+ 〈Ui〉 ∂ε

∂xi
=

∂

∂xj

[(
ν +

νt
σε

)
∂ε

∂xj

]
+ Cε1

ε

k
Pk − Cε2 ε

2

k
(3.10)

whereas the constants are defined as σk = 1.0, σε = 1.3, Cε1 = 1.44, Cε2 =

1.92. The k − ε− model shows good results for turbulent flow with no wall

interaction since it is derived from the assumption of isotropic turbulence

(Pope [80]). However, when the flow includes wall bounding, it can be shown

that the k − ε−Model will fail to predict the correct stresses.

k− ω-SST-Model The k − ω-SST-Model (SST-Shear Stress Model) was proposed

by Menter [74] and can be interpreted as hybrid model which combines the

k− ε−Model and k−ω-Model to take advantage of both closure models. The

k−ω-SST-Model is applied inside the boundary layer whereas the k−ε−Model

is used in the freestream flow. The transport equations of the turbulent kinetic

energy k and specific dissipation rate ω can be written as (see Wilcox [97])

∂k

∂t
+ 〈uj〉 ∂k

∂xj
=

∂

∂xj

[
(ν + σkνt)

∂k

∂xj

]
+ Pk − β∗ωk (3.11)
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∂ω

∂t
+〈ui〉 ∂ω

∂xi
=

∂

∂xj

[
(ν + σωνt)

∂ω

∂xj

]
+
γ

νt
Pk−βω2 +2 (1− F1)σω2

1

ω

∂k

∂xj

∂ω

∂xj
.

(3.12)

The switching between both turbulence models is realized using a blending

function. The consideration of the transport of the turbulent shear stress

yields to a modified calculation of the turbulent viscosity νt

νt =
a1k

max (a1k; ΩF2)
. (3.13)

For a detailed explanation of the constants and functions the reader is referred

to Menter [75].

The k−ω-SST-Model shows best results in comparison with other eddy viscosity

turbulence models especially when wall bounding plays an important role. Nev-

ertheless, the previous described closure models for RANS equations are proposed

for high Reynolds number flows. The application of these models for low Reynolds

number flows including wall bounding and heat transfer needs special treatment.

The common approach of turbulence modeling near walls is usually done using wall

functions (see sec. 2.4). Therefore, the first grid points have to be placed at a

relatively large distance to wall in range of y+ = 30 to y+ = 100. The number of

grid points will reduce significantly and nearly every turbulence model can be used

in combination with wall functions. In contrast, it has been shown by Lai et al.

[57] that wall functions show bad accuracy in flows with strong separation. Since

in this work the turbulent flow over dimple curved surfaces including heat transfer

has to be investigated, the application of wall functions is not trustful and will lead

to wrong results (see Schnueckel [84]). Therefore, a low Reynolds number approach

has been used to determine flow and temperature fields. The approach avoids the

application of wall functions while solving the transport equations down to the wall.

Hence, the first grid points have to be placed inside the viscous sublayer y+ ≤ 5

to capture the important flow features and to resolve the needed gradients for an

accurate heat transfer prediction. It has to be ensured that the closure models are

valid inside the viscous sublayer. This is usually done with the help of damping

functions changing the responsible coefficients to obtain a satisfying solution near

the wall. Otherwise the turbulent viscosity will be to high in the viscous sublayer

due to its direct calculation from the shear stresses. However, the direct resolution

of the near wall region has the disadvantage that the computational effort is much

higher rather than using wall functions. Nevertheless, the investigated Reynolds
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numbers are moderate which allows the application of the low Reynolds number

approach with a reasonable computational effort.

3.2.3 Modeling of turbulent heat transfer in RANS

The closure models for the momentum transport equation have been derived in the

previous section. The modeling of turbulent heat flux for closure of the energy

transport Eq. 3.4 is done analogously using the gradient transport hypothesis based

on the Boussinesq approximation. Hence, the turbulent heat flux 〈u′iT+′〉 can be

written as

− 〈u′iT+′〉 = at
∂〈T+〉
∂xi

(3.14)

in analogy to the Fourier law (see Eq. 2.1). The coefficient at is referred as turbulent

heat conduction coefficient and can be calculated as

at =
λt
ρcp

=
νt

Prt
, (3.15)

where νt is evaluated by the closure model from momentum transport and Prt is the

turbulent Prandtl number. With assumption of constant material properties, the

energy transport in terms of RANS can be formulated as

∂〈T+〉
∂t

+
∂ (〈ui〉〈T+〉)

∂xi
=

∂

∂xi

[(
ν

Pr
+

νt
Prt

)
∂〈T+〉
∂xi

]
. (3.16)

The gradient diffusion approach in order to model the turbulent temperature flux is

widely used due to its good performance, simplicity and numerical stability. How-

ever, it has to be noted that the assumption of a constant turbulent Prandtl number

Prt is not correct since it varies with the flow properties and wall distance (Lyon

[69]). Nevertheless, it has been shown that the approach works well for moderate

Reynolds number flows and shows good results compared with empiric correlations.

3.3 Large Eddy Simulation

The LES is an intermediate technique in between the RANS and DNS method. The

large scale structures are directly resolved whereas the effect of small scales is mod-

eled. Since the small scales tend to be universal and homogeneous, the established

models can be more unique and will require less adjustments for different flows as in

comparison with RANS. A brief overview of the formulation of the LES equations

and SGS models will be presented in the following sections.
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3.3.1 Spatial Filtering

The separation of large and small scales is based on a filtering operation which is

defined for an arbitrary variable φ in one dimension as

φ(x, t) = G ∗ u =

+∞∫
−∞

G(x− x′)φ(x′, t)dx′. (3.17)

The term G represents the filter function of the filter width ∆ and ∗ represents

the convolution operator. The filtered variable φ(x, t) can be formulated as spatial

mean value and is denoted by an overbar

φ(x, t) = φ(x, t) + φ′(x, t). (3.18)

The term φ′ represents the fluctuation about the spatial mean value and includes all

scales that are smaller than the filter width ∆. The value φ(x, t) is commonly known

as resolved part whereas φ′(x, t) as the unresolved part. The filter function can have

different forms, like box or gaussian shape [80] whereas the box filter function in

real space

GB(x) =

{
1
∆

if |x′| < 1
2
∆

0 otherwise
(3.19)

is usually used in the Finite Volume Method (FVM). Box filtering is applied by

using the underlaying grid with the grid space ∆xi as filter width ∆ for implicit

low pass filtering of the variables. In most cases, e.g. for complex geometries,

the used grid spacing is not homogeneous in all directions and thus the resulting

nonuniform filter width will lead to commutation errors. It can be shown for uniform

grids that the filter function G is only a function of x − x′ and differentiation and

filtering commute. When non-uniform grids are used, commutation errors of second

order O(∆
2
) (Chosal [14]) are introduced. In consequence, it is difficult to separate

numerical and filtering issues, e.g. numerical errors from the model performance.

Nevertheless, it has to be noted that a filtered value will converge towards the

unfiltered one as the filter width tends to be zero ∆→ 0. Thus, the LES converges

to the DNS u→ u results when the filter width is getting smaller than the smallest

scales (Kolmogorov scales in case of the velocity) of the flow.

3.3.2 Filtering of transport equations

The transport equations can be derived with application of the filtering operation on

the governing equations in section 2.2. The LES equations of mass and momentum
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are written as

∂uj
∂xj

= 0 (3.20)

∂ui
∂ t

+
∂(uiuj)

∂xj
= −1

ρ

∂p

∂xi
+

∂

∂xj

[
ν

(
∂uj
∂xi

+
∂ui
∂xj

)]
− ∂τij
∂xj

. (3.21)

The derived filtered equations are identical with the unfiltered ones with exception

of the term τij. The tensor τij is called SGS tensor and describes the influence of the

unresolved small scales on the resolved large scales and is the result of the filtering

operation applied on the convective term of the Navier-Stokes equation

ui uj = ui uj + τij. (3.22)

The filtered temperature transport equation can be analogously written as

∂T+

∂t
+
∂ujT+

∂xj
=

∂

∂xj

[
ν

Pr

∂T+

∂xj
− qj

]
. (3.23)

Due to the filtering of the nonlinear convection term the unclosed term

ujT+ = ūj T+ + qj (3.24)

arises. For closure of the filtered transport equations, SGS models have to be applied,

which will approximate the influence of the small on the large scales in terms of ujT+

and τij using the filtered variables ui and T+ respectively.

3.3.3 Closure models for LES

The functionality of the SGS models is analogously as it is in the case of RANS

modeling. As main difference can be pointed out, that in case of LES the unclosed

stresses represent a much smaller part of the turbulent energy spectrum. About

80% of the turbulent energy spectrum should be directly resolved within the LES.

By Kolmogorovs first hypothesis, the behavior of the smallest scales is universal

and as a result, it should be possible to construct a model applicable to all types of

turbulent flows. Therefore, the introduced errors of the stresses from approximation

using filtered values are less than in comparison to the modeled Reynolds stresses

in RANS due to the uniqueness of the small scales, so that even simple SGS models

could predict fairly good results for complex flows.

The Smagorinsky model proposed by Smagorinsky (1962) is one of the most

used SGS models. It is based on the eddy viscosity assumption adopted from

RANS modeling. The anisotropic residual stress tensor is modeled using the
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Boussinesq approach which relates the residual and anisotropic stress to the

resolved rate of strain

τaij = τSgsij −
1

3
τSgskk δij = −2 νt Sij = −νt

(
∂uj
∂xi

+
∂ui
∂xj

)
. (3.25)

The turbulent viscosity νt is determined using mixing length hypothesis from

the filter length scale ∆ and a velocity scale ∆|Sij| according to

νt = (Cs∆)2|Sij| . (3.26)

The Smagorinsky constant Cs can be derived as Cs = 0.17 for turbulent ho-

mogeneous flows (see Pope [80]). However, the Smagorinsky constant Cs is a

function of space and time for wall bounded flows and needs to be damped

near the wall. Usually the van Driest damping function depending on the non

dimensional normal wall coordinate y+ is used

Cs(y
+) = C0

(
1− e−y+/A+

)
. (3.27)

Another disadvantage besides the model constant Cs is that the dissipation is

strictly positive (Cs > 0) which includes that no backscatter of the SGS kinetic

energy can be considered. Nevertheless, the model is robust, effective and

simple to apply since the turbulent viscosity νt can be added to the molecular

viscosity ν which gives the effective viscosity νeff = ν + νt.

The dynamic Smagorinsky model is an extension of the standard Smagorinsky

model to estimate the constant Cs using a dynamic procedure introduced by

Germano et al. [27]. Thus, the Smagorinsky constant Cs can be determined

as a function of space and time Cs(x, t). The basic idea is to employ a second

filter with a filter width ∆̂ which is set to the double length of grid scale

∆̂ = 2∆ denoted by .̂

According to the Germano identity, the difference of both subgrid stresses can

be calculated by taking the difference of Tij and the test filtered tensor τ̂ij

Lij = Tij − τ̂ij = ûi uj − ˆ̄ui ˆ̄uj − (ûi uj − ̂̄ui ūj) = ̂̄ui ūj − ˆ̄ui ˆ̄uj . (3.28)

The Germano identity can be applied to the original Smagorinsky model (Eq.

3.25).

Lij = −2C2
s ∆̂2 | ˆ̄S| ˆ̄Sij +

((( hhh

2C2
s ,∆

2 |S̄| S̄ij (3.29)

which can be formally written as

Lij = −2C2
s Mij (3.30)
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using the assumption that CS is the same for the two different filter levels. To

evaluate the model constant C2
s , Lilly proposed a widely used procedure

Cs = −1

2

LijMij

MklMkl

, (3.31)

which is a least square solution minimizing the error Lij − 2C2
sMij.

Several authors suggested to apply a spatial averaging of C2
s in homogeneous

directions to avoid large oscillations. Nevertheless, spatial averaging in homo-

geneous directions is not possible for complex geometries. The time averaging

of the constant Cs is another option, but it is not consistent in respect to the

Galilean invariance unless it is defined in a Lagrangian frame of reference (see

Meneveau et al. [73]).

The dynamic mixed models have been developed to overcome the drawbacks

of the eddy viscosity models (e.g. Smagorinsky model), which are not able to

capture energy backscatter and normally overestimate the energy dissipation.

The dynamic mixed models belong to the group of scale-similarity models and

have been introduced first by Bardina et al. [6]. The SGS tensor is based on

double filtering and can be formulated as

τij ≈ uiuj − uiuj . (3.32)

The scale-similarity model underestimates the energy dissipation. Therefore,

Zang et al. [101] proposed a mixed model which adds a dissipative part from

the eddy viscosity model to enhance the dissipation. The increase of dissipa-

tion is captured by the Smagorinsky model within in the mixed model. Hence,

the SGS tensor can be derived as

τ a

ij = (uiuj − uiuj)a − 2(C2
s∆)2|S|Sij (3.33)

where (. . .)a indicating the anisotropic part of the tensor. The similarity model

represents the first part of the right hand side where the eddy viscosity model

represents the last term of Eq. 3.33. Using the dynamic procedure proposed

by Germano et al. [27] for the determination of the model constant C2
s in

combination with the mixed models yields to

T a

ij = (ûiuj − ̂̄̄uî̄̄uj)a − 2(Cs∆̂)2|Ŝ|Ŝij. (3.34)

Following the Germano identity is calculated by the difference of Eq. 3.34 and

Eq. 3.33 as

La
ij = T a

ij − τ a

ij (3.35)
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which leads to

La
ij = Ha

ij + C2
sMij (3.36)

whereas the tensor Hij can be written as

Hij = ûiuj − ̂̄̄uî̄̄uj (3.37)

and the tensor Mij as

Mij = −2∆̂
2

|Ŝ|Ŝij + 2∆̂
2|S|Sij, (3.38)

respectively. To determine the model constant C2
s , the least square method

proposed by Lilly [63] is used which yields to

C2
s =

Mij(L
a
ij −Ha

ij)

MklMkl

. (3.39)

Nevertheless, the dynamic mixed model proposed by Zang et al. [101] is math-

ematically inconsistent using the grid filtered velocity to calculate the tensor

T a
ij. Vreman et al. [93] suggested an alternative method, henceforth called

DMM, in a mathematical consistent way to express the scale-similarity and

eddy viscosity part of the same filtering level in combination with the filtered

velocity û. Hence, the test filtered stress tensor might be written as

T a

ij = (
̂̂
uiûj − ̂̂uî̂uj)a − 2(Cs∆̂)2|Ŝ|Ŝij (3.40)

and the tensor Hij changes to

Hij =
̂̂
uiûj − ̂̂uî̂uj − (ûiuj − ûiuj) . (3.41)

The dynamic calculation of the model constant is similar to Eq. 3.39. The

values of C2
s vary strongly in space and can take on large magnitudes. In

general, an averaging in homogeneous directions could be applied to stabilize

numerical simulation. However, the application of spatial averaging is not

possible in this work due to the complexity of the investigated dimple geometry.

Kornev et al. [55] proposed a rigorous clipping procedure to prevent numerical

instabilities.

However, it was found that using the DMM as localized DMM remains stable

without a clipping procedure in the framework OpenFOAM. The constant C2
s

was only bounded to be larger than zero and less than one (0 ≤ C2
s ≤ 1) to

obtain no negative turbulent viscosity νt and to prevent numerical oscillations.

But in contrast to the dynamic Smagorinsky model, the backscattering can
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be captured by the term (uiuj − uiuj) which leads to a fairly good agreement

to DNS and experimental data especially when recirculation zones are present

(Jahnke et al. [43]).

One-equation models are different compared to the eddy viscosity or scale simi-

larity models. Within these models an additional transport equation is solved

beside the filtered momentum equation, which takes the history and non local

effects of the small scales into account. Solving the filtered transport equation

for the residual kinetic energy in combination with an eddy viscosity approach

leads to calculation of the turbulent viscosity νt (Chosal et al. [14]). The

transport equation for residual kinetic energy is adopted from RANS closure

models which can be formally written as

∂kr

∂t
+

∂

∂x j
(ujkr) =

∂

∂x j

[
(ν + νr)

∂kr

∂xj

]
+ Pkr − εkr . (3.42)

The term Pkr represents the production and εkr is the rate of viscous dissipa-

tion of the residual kinetic energy kr. Hence, the turbulent viscosity can be

calculated using the eddy viscosity approach as

νr = Ckk
1/2
r ∆ . (3.43)

3.3.4 Modeling of turbulent heat transfer in LES

The spatial filtering of the energy transport equation leads to the term qj which

needs to be modeled. The turbulent heat flux is modeled by a gradient diffusion

approach similar to the closure models in case of RANS (see section 3.2.3). It should

be noted, that the model is mathematically in analogy to the Fouriers law of heat

conduction. The turbulent heat flux qj can be written as

qj = −Dt
∂T+

∂xj
, (3.44)

where Dt is the turbulent diffusion coefficient which can be calculated using the

turbulent viscosity νt and turbulent Prandtl number Prt from

Dt =
νt

Prt
=

(C∆)2|Sij|
Prt

. (3.45)

The constant C is equal to the Smagorinsky constant Cs and is determined using

the dynamic procedure of Germano et al. [27] as described in the previous section.

Numerical calculations using LES in this work have shown, that the calculated

heat flux in LES can be predicted more accurately when using a dynamically deter-

mination of the turbulent Prandtl number Prt in space and time (Lilly [63]).
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The Germano identity for the heat fluxes reads

LT+j = ûiT+ − ûjT̂+ (3.46)

and the tensor MT+j

MT+j = −∆̂
2

|Sij|∂T̂
+

∂xj
+ ∆

2
̂
|Sij|∂T

+

∂xj
. (3.47)

The model constant C can be determined within the dynamic procedure of Germano

in combination with the dynamic Smagorinsky model and can be further used to

calculate the turbulent Prandtl number in space and time as

1

Prt
=

1

C

MT+jLT+j

MT+jMT+j

. (3.48)

In addition, the methodology of the dynamic mixed model proposed by Vreman

et al. [93] is adopted to evaluate the turbulent heat flux qj which can be derived

from

qj = ujT+ − ujT+ − νt
Prt

∂T+

∂xj
. (3.49)

In case of the dynamic mixed model, the Prandtl number Prt is defined in the same

manner as shown above

1

Prt
=

1

C

MT+j(LT+j −HT+j)

MT+jMT+j

, (3.50)

where the tensor HT+j can be calculated as

Hφj =
̂
ûjT̂+ − ̂̂uj ̂̂T+ − ûiT+ +

̂̄̄
uj

¯̄+
T (3.51)

and MT+j from Eq. 3.47 and LT+j from Eq. 3.46. Normally the constant C and

the turbulent Prandtl number will be averaged in homogeneous directions to avoid

large oscillations. Since in this work no spatial averaging was possible due to the

complexity of the dimple, the turbulent thermal diffusivity was bounded to Dt ≥ 0

to keep the numerical process stable. Moreover, it has been shown in this work

that the application of the DMM for the unresolved stresses and turbulent heat flux

shows very good agreement with empiric correlations and DNS results published in

literature.
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3.4 Numerical methodology

There are existing various methods like Spectral methods, Finite-Element-Method

(FE) or Finite-Volume-Method (FVM) to solve the governing equations numerically.

Spectral methods and FE methods are based on the idea to approximate the solution

by predefined functions. The approximation in done by a linear combination of

continuous functions (like Chebyshev polynomials) for the Spectral method whereas

continuous functions for sub-domains are piecewise used for the FE method. Spectral

methods can reach a high accuracy when the investigated domain is fairly simple

and the solution is smooth. FE methods can be applied for complex geometries, but

reveal a low accuracy and do not guarantee the conservation of mass in the domain

which is important in case of fluid dynamics. Thus, the FVM, which is based

on the integral formulation over sub-domains, is mostly used for CFD to ensure

conservation laws on complex geometries with a satisfied accuracy. The spatial

and temporal discretization has been studied thoroughly during the last decades.

Therefore, only a brief summary of the spatial and temporal discretization technique

will be schematically presented using a generic transport equation of the transported

variable φ (e.g. mass, velocity) which reads

∂ρφ

∂t
+
∂ρuiφ

∂xi
− ∂

∂xi

(
ρΓφ

∂φ

∂xi

)
= Sφ(φ) . (3.52)

The Eq. 3.52 can also be written in symbolic form using Nabla operator ∇ and

velocity vector U as

∂ρφ

∂t︸︷︷︸
Temporal

+∇ · (ρUφ)︸ ︷︷ ︸
Convection

−∇ · (ρΓφ∇φ)︸ ︷︷ ︸
Diffusion

= Sφ(φ)︸ ︷︷ ︸
Source

. (3.53)

Due to the second derivative of the diffusion term, the nonlinear PDE requires

discretization of at least second order to represent the terms with a satisfied accuracy.

The discretization of each term is roughly presented.

The convective term of the transport equation is discretized using its integral for-

mulation. The approximation of the convective volume flux through the faces

is defined as ∫
V

∇ · (ρUφ)dV =

∫
A

dA · (ρUφ) (3.54)

=
∑
f

(ρU)fφf (3.55)

=
∑
f

Fφf , (3.56)
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whereas F is the flux over the surface A of the control volume. The values

φf at the surface A have to be determined using the cell values φP and φN of

the neighbour cells. Thus, the value φf is determined by a linear interpolation

(CDS) of the values of the neighbour grid points as

φf = φNγf + φP (1− γf ) , (3.57)

where the interpolation factor is defined by the distance of the neighboring

cells as

γf =
xf − xP
xN − xP (3.58)

for a one dimensional case. The convective part dominates the flow and heat

transfer at high Reynolds numbers. Therefore, it is very important to reduce

numerical errors due to interpolation. It can be shown by Taylor series ex-

pansion of φ around the point P , that the CDS is of second order accuracy

and can be applied for structured and unstructured meshes. Nevertheless, the

CDS can reproduce large numerical oscillations when the gradients are not

sufficiently resolved. One way to avoid large oscillations is to use first order

schemes like the Upwind Differencing Scheme (UDS). The UDS can be used

in terms of RANS but for LES it is problematic, since the flow fields will be

drastically smoothed due to an increasing diffusion which can be fairly higher

than the modeled turbulent diffusion. An elegant way to avoid numerical os-

cillations is the usage of TVD (Total Variation Diminishing) schemes which

are a blend of UDS and CDS. Nevertheless, the CDS is used in combination

with a sufficient fine mesh in this work which is the simplest way to prevent

numerical oscillations.

The diffusive term of the transport equation can be derived from the integral for-

mulation wit a linear variation of φ as∫
V

∇ · (ρΓφ∇φ)dV =

∫
A

dA · (ρΓφ∇φ) (3.59)

=
∑
f

(ρΓφ)fAf · (∇φ)f . (3.60)

As it can be seen, the approximation of the diffusion term requires the value of

normal derivatives of φ at the surfaces of the control volume. The gradient of φ

can be calculated by the values at the grid points P and N of the neighboring

cells for an orthogonal grid as

Af · (∇φ)f = A
φN − φP

∆c
, (3.61)
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whereas ∆c is the length vector between the two grid points. For non-orthogonal

meshes an explicit correction term has to be introduced which is described in

detail by Ferziger [20].

The source term of the transport equations cannot be classified as convective, dif-

fusive or temporal term. It is discretized and linearized as

Sφ(φ) = Su + Spφ, (3.62)

whereas Su and Sp can be a function of φ. Hence, the source term can be

written in the following way∫
V

Sφ(φ)dV = SuV + SpV φf . (3.63)

The temporal discretization has to be at least at the same order as for the spatial

derivatives in case of LES. The transport equations are filtered implicit in

time. At a glance no restrictions are given to the applied time step as it is in

the case of an explicit time discretization which is restricted to the Courant

Friedrich Levy (CFL) criteria to ensure numerical stability

Co =
∆t |u|
∆x

. (3.64)

The Backward Differencing (BD) method is applied in this work which can be

derived using Taylor expansion at different time levels at the new time instant

∂φ

∂t
=

3φn − 4φn−1 + φn−2

2∆t
(3.65)

whereas the CFL number is kept below one (CFL≤ 1) to prevent numerical

oscillations caused by CDS.

The pressure is normally derived from the equation of state and is a function of

the density ρ and temperature T . Since for the incompressible case no equation

for the pressure exists and no time derivative for the pressure can be calculated,

the pressure becomes uncoupled and act as source term in the momentum equation.

Therefore, the PISO (Pressure Implicit with Splitting of Operators) algorithm is

used in the this work to couple the pressure to the velocity. In the first step, the

momentum equations are solved with a predefined pressure. The calculated velocity

field from the predefined pressure will not satisfy the equation of mass. Thus, an

iteration process is introduced to drive the local velocity and pressure field towards

one, that satisfies the continuity equations.
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3.5 OpenFOAM

The framework OpenFOAM (Field Operation And Manipulation), released by Open-

CFD Ltd under GNU Public License, has a aroused great interest especially for

research groups in the last years and is used at the University of Rostock from the

beginning of its public release. The simulation toolkit for continuum mechanics is

based on object oriented language C++ and can be applied to a great variety of

physical challenging tasks in engineering. In the author’s opinion, the main advan-

tage of OpenFOAM is the free access to the source code. Due to the clear syntax

and structure of OpenFOAM one can easily add or delete terms to understand their

impact on the numerical solution. Turbulence models, boundary conditions etc. can

be easily implemented using the present source and existing base classes in Open-

FOAM.

To show one example, the temperature transport equation in terms of RANS (see

eq. 3.16) can be written in OpenFOAM syntax as

fvScalarMatrix TEqn

(

fvm::div(phi,T)

- fvm::laplacian((nu/Pr+turbulence->nut()/Pr_t), T)

);

TEqn.solve();

which shows the simpleness of implementation in OpenFOAM. The definition of

field values shows major advantage in data handling in comparison to the cell based

structure in Fortran code’s like FLOWSI. OpenFOAM is fully parallelized using MPI

environment to run the solution processes on an arbitrary number of processors.

Another important feature is the handling of different types of meshes which can

either be generated in OpenFOAM itself or can be imported from 3rd party software

e.g. IcemCFD. At time the code OpenFOAM is well established in research and

industry and is used for numerical simulations in this work.



4 Proper Orthogonal Decomposition

The results of the processed data are commonly analyzed by visualizing snapshots

and time averaged fields of the current flow field to determine main flow character-

istics. However, there are existing methods which allow a more detailed analysis

of the instantaneous fields recorded from experiments or numerical simulations to

extract important mechanism which cannot be seen in a time averaged field. One of

the most efficient tools for extraction of coherent structures is the Proper Orthog-

onal Decomposition method (POD). The POD method has been implemented into

the framework OpenFOAM for flow fields calculated by LES to investigate the role

of coherent structures over dimpled surfaces and their influence on the heat transfer

mechanism.

4.1 Coherent structures

Since coherent structures play a significant role in the scalar and momentum trans-

port, mixing processes and acoustics, the importance to detect and understand

coherent structures has not to be further explained. In general, the anisotropic

vortices arising from the wall in turbulent flows have small time and length scales,

however, under special conditions (e.g. other surface structure) large scale coher-

ent structures may occur inside the flow domain. Coherent structures are detected

in a large variety of turbulent flows like hairpin vortices inside the boundary layer

or vortex rollups inside turbulent shear flows (Balares [5], Roshko[82]). They can

be defined as patterns of vortical motion which are clearly distinguished from the

turbulent background (see Hussain [36]). The role of coherent structures have been

thoroughly investigated and summarized by several authors (see Fiedler [23], Hus-

sain [36], Roshko [82]). To study its interaction with the small scale (background)

turbulence and interactions with each other, mathematical methods like the POD

method have to be developed.
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Detection of vortices

Since coherent structures contain of at least one vortex, the question how to identify

coherent structures can be forwarded to the question what is a vortex (see Hussain

[36]). The question is neither single or unique. Lugt [65] defined a vortex as a

rotating motion of many particles around a common center. The definition implies

that a vortex consists of closed streamlines. However, the vortex definition by Lugt

[65] has been clearly analyzed and discussed by Jeong and Hussain [44], who further

give a clear overview of the main methods to indicate a vortex. Since there exists a

velocity gradient along the vortex radius it seems to be reasonable to use pressure

isosurfaces to indicate the core of the vortex. Jeong and Hussain [44] showed several

conditions where the pressure minimum will not identify the vortex core or will indi-

cate other flow phenomena which cannot be characterized as a vortex. Nevertheless,

the pressure isosurfaces give a first impression about the local flow characteristics.

The most popular method for vortex identification is to calculate the vorticity field

which can be defined as

ω = ∇× U = εijk
∂uk
∂uj

. (4.1)

Mainly the vorticity method can be applied to free flows. If wall bounding is applied

(as in the presented work), the maximum vorticity will occur close to the wall since

the strongest velocity gradients are found at the wall. Due to the fact that the

vortex core can not be present direct at the wall, the method is not suitable for

wall bounded flows. Jeong and Hussain [44] introduced two requirements for other

vortex identification methods:

1. Vortex cores must have a net vorticity and a net circulation, so that potential

vortices are excluded.

2. The extracted geometry of the vortex core has to be Galilean invariant.

It should be mentioned, that the above mentioned criteria (pressure isosurfaces

and vorticity) do not satisfy the proposed requirements. An improved method to

identify vortices which fulfill the proposed requirements was given by Hunt et al.

[35] called Q − criterion. It is based on the application of the velocity gradient

decomposition

∂ui
∂xj

= Sij + Ωij (4.2)
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where Sij is the strain rate tensor and Ωij the vorticity tensor. The Q− criterion
defines a vortex as a three dimensional region

Q =
1

2
[|Ωij|2 − |Sij|2] ≥ 0 (4.3)

where the norm of the vorticity tensor Ωij is larger than the norm of the strain rate

tensor Sij.

The most popular criteria for vortex identification is the λ2 − criterion proposed

by Jeong and Hussain [44]. It is based on the search of the local pressure extrema

across the vortex. The derivatives of the pressure (hessian matrix pij) are calcu-

lated by taking the gradient of the momentum equations and decomposing it into a

symmetric and asymmetric part which yields to the vorticity transport equation

DSij
Dt
− νSij,kk + ΩikΩkj + SikSkj = −1

ρ
pij . (4.4)

If a local pressure minimum is present in a plane across the vortex, two negative

eigenvalues of the pressure hessian matrix exist. By removing the unsteady irrota-

tional straining term DSij/Dt and the viscous effects (since they have no impact

to indicate vortices) from the equation above, a vortex is defined as a connected

fluid region with two negative eigenvalues of (Sij +Ωij). There are only existing real

eigenvalues because the sum of both tensors is symmetric. When the eigenvalues are

ordered in terms of λ1 ≥ λ2 ≥ λ3 one can define a vortex if the second eigenvalue

λ2 is less than zero.

Using the above named criteria for vortex identification, the characteristic vortices

can be extracted for turbulent flows. Jeong and Hussain [44] showed that the

λ2 − criterion and Q − criterion work fairly well for wall bounded flows since

they fulfill the Galilean invariance and have a net circulation. The best and well-

known example for their performance is the extraction of so called streaks arising

in the laminar sublayer for the turbulent flow in a plane channel. A detailed anal-

ysis of the streaks inside turbulent boundary layers was done by Jeong et al. [45],

who showed that the streaks are unstable and thus have a particular influence in

the formation the turbulent flow over wall bounded flows. Especially the impact of

the streaks can be seen in the resulting heat flux distribution on the heated/cooled

channel walls respectively.

One of the newest method to identify vortex structures is proposed by Haller et al.

[30] using Lagrangian particle transport. Haller et al. [30] proposed to calculate the

Finite Time Lyapunov Exponent from the particle trajectories to indicate the sepa-

ration rate of the nearest particle paths. It characterizes the separation of particles

over time providing a Galilean invariant Lagrangian view.
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Today there exist a huge variety of criteria besides the above mentioned vortex

criteria. The evaluation of vortex identification criteria within numerical simulations

by comparing the resulting vortex patterns does not show an universal correct choice

of one of the criteria. Wu et al. [99] mentioned that the extraction of vortex

formations in turbulent flows depends on the intuitive and subjective view of the

investigator.

4.2 Introduction to POD

POD is an elegant method to extract and order characteristic structures in terms of

energy content of a three dimensional flow field. The method is commonly known as

Principle Component Analysis (PCA) or Single Value Decomposition (SVD) and was

firstly introduced by Karhunen [46] and Loève [64]. Lumley [66], [67], [68] proposed

the POD as an objective tool to extracted structures ordered in terms of energy in

extension to fluid dynamics. A detailed review and proof of the POD method have

been done by Berkooz et al. [10], Holmes [34] and Aurby et al. [3], [2]. To study the

dynamics of turbulent motion, the POD technique was firstly applied by Berkooz et

al. [10], [9] and Sirovich et al. [85]. It has been thoroughly used to extract structure

dynamics for turbulent shear flows by Kirby et al. [51] and Manhart et al. [72],

for turbulent mixing layers by Lewalle et al. [58] and for turbulent channel flow by

Moin et al. [76]. Due to its high computational requirements, the POD technique

become popular in last ten years and is now a commonly used post-processing tool

for detailed analysis of the flow phenomena. At time, the POD has been applied

to many different flow fields obtained from experiments and numerical simulation

to get a deep insight into flow physics and is present in a wide range of engineering

problems.

4.3 Mathematical backround

The implementation of the POD method using flow fields from LES into the frame-

work OpenFOAM has been done according to Manhart et al. [72] and Chatterjee

[13]. The flow fields, e.g. velocity field ui(x, t), are determined from numerical simu-

lation by LES. The flow fields from LES at a limited number of time steps are stored

at the hard disk which leads to the discrete POD method. For post processing e.g.

the velocity field is decomposed into orthogonal base functions Φ
(n)
i (x) in space and

uncorrelated temporal coefficients a(n)(t). Thus, the velocity field ui(x, t) at each

time step can be reconstructed by a linear combination of the eigenmodes and time
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coefficients as

ui(x, t) =
N∑
n=1

a(n)(t)Φ
(n)
i (x) . (4.5)

The number (n) is equal to the number of modes extracted by the POD method

which is the number of time instants used for decomposition in the discrete case.

Lumley [68] proposed that the base functions Φ
(n)
i (x) can be calculated from the

eigenvalue problem∫ ∫ ∫
V

Rij(x,x
′
)Φ

(n)
j (x

′
)dx

′
= λ(n)Φ

(n)
i (x

′
). (4.6)

The term Rij(x,x
′
) denotes the spatial correlation tensor which can be evaluated as

Rij(x,x
′
) =

1

T

∫
T

ui(x, t)uj(x
′, t)dt . (4.7)

In case of decomposing fields with a large number of discrete information (stored

values at grid points) with a limited number of time instants it is efficient to compute

the correlation tensor at a first step. Therefore, Sirovich [85] proposed the method

is called ’method of turbulent snapshots’ which yields the eigenvalue problem with

the temporal correlation tensor C(t, t
′
) in the form of∫

T

C(t, t
′
)a(n)(t

′
) dt

′
= λ(n)a(n)(t) . (4.8)

The flow fields are collected and stored in matrix form for evaluation of the temporal

correlation tensor C(t, t
′
)

C(t, t
′
) =

∫ ∫ ∫
V

ui(x, t)ui(x, t
′
)dx

′
. (4.9)

Since the form of the temporal correlation tensor is positive definite, the estimated

eigenvalues are positive and the eigenvectors are orthogonal to each other. Hence,

the obtained eigenvectors represent the orthogonal base functions (eigenmodes)

Φ
(n)
i (x) =

1

T
(λ(n))−1

∫
T

a(n)ui(x, t)dt . (4.10)

The factor 1/T can be ignored in the discrete case, since it changes only the absolute

values whereas the relative magnitudes remain equal. From a physical point of view,

the mathematical property of orthogonality of the spatial and temporal modes∫ ∫ ∫
V

Φ
(n)
i (x)Φ

(m)
i (x) = 0 if n 6= m, (4.11)

means, that the modes are uncorrelated which gives the possibility to investigate

the spatial and temporal behaviour of the modes independent from each other.
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Two advantages of the POD method can be pointed out. First the shape of each

mode is evaluated by the POD method and is not predefined as for the wavelet

analysis. Second the modes can be ordered in terms of energy content, which shows

the impact of each mode for the reconstruction process of the original flow field.

The time averaged energy content of each POD mode n can be calculated by its

eigenvalue λ(n) which is derived from

〈(a(n))2〉 = λ(n). (4.12)

The sum of all eigenvalues represents the total turbulent kinetic energy in case of the

velocity (under condition that the mean value is subtracted from the corresponding

field). The collective contribution of the first N modes to the overall energy can be

estimated as

qN =

∑N
n=1 λ

(n)∑M
n=1 λ

(n)
(4.13)

where qN is the sum of N eigenvalues referred to the total sum of all M positive

eigenvalues. The error level of the reconstructed flow using the first N modes is

estimated as 1 − qN . To solve the eigenvalue problem of Eq. 4.8, Octave libraries

are linked directly to the OpenFOAM code for fast computation.

4.4 Application of POD at discrete fields

Before the POD method can be applied, the importance of the total time period

T in Eq. 4.8 has to be pointed out. If POD is used to obtain a clear physically

description of long term fluid motions, then the data should be collected over a

sufficient time period which is longer than the time scale of the inherent dynamics

of the flow. Therefore, one has to be careful to determine the total time interval of

the averaging time when the flow dynamics are not quit clear.

In terms of LES the calculated fields are not stored at every time step. They are

written to hard disk only at predefined equidistant time steps ∆T to reduce com-

putational time and to keep disk resources at a low level. The choice of the time

step ∆T should also be done carefully. It has to be ensured that the stored fields

capture all relevant flow physics including all important time scales in order to keep

errors of the POD analysis small.

In general, the fields used for POD are subtracted by their mean values to estimate

the autocorrelation matrix. When the mean fields are not subtracted, the first POD

mode Φ
(1)
i (x) represents the time averaged flow field (if the averaging time instants

were long enough to capture the steady state solution). Then the second mode
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contains the most energy in comparison to all higher modes but is orthogonal to

the first mode. Thus, one can imagine that the starting coordinate system will be

totally different compared to the case when the mean field are not subtracted due to

the orthogonality of the modes. However, from rigorous mathematical description

it can be shown that mean value have to be substracted from the current field, since

the aim of the POD method is to search for the efficient mode to capture the most

kinetic energy in terms of least mean squares. Since the analysis of the fluctuating

pressure and velocity values is in the foreground in this work, the mean value is

subtracted from each snapshot.

The following example is given to underline the necessary computational resources

for POD. The number of grid points m is assumed at 3 · 106 and the saved time in-

stants N at 103. Hence, the calculation of the eigenvalues of the matrix m × N with

over 3 · 109 components is found to be very time and memory consuming. However,

the autocorrelation matrix is directly evaluated from fields using the OpenFOAM

syntax which reduces the computational time enormously. In order to reduce com-

putation time additionally, only a part of the domain (like a box around the dimple)

can be used to focus the POD on the space of interest.

4.5 Interpretation of POD modes

Since the POD analysis is based on a full mathematical procedure for decomposition

of collected data, the interpretation of the physical meaning of the different POD

modes and time coefficients for turbulent flow fields have to be reviewed. Several

advantages and disadvantages can be pointed out if the discrete flow fields from LES

are used for decomposition. Time resolved flow fields with a high spatial resolution

are obtained from LES which give a deep insight into the presence of large and

small scale eddies. Nevertheless, the visualization of large scale coherent structures

using the methods described in section 4.1 are not straight forward. In most cases,

the evolving structures include large time scales which cannot be clearly visualized

using vortex extraction methods like the λ2 − criterion at single timesteps. The

POD analysis combines the extension of coherent structures in space and time and

focus on the energy content of the structures inside the flow field. It projects the

snapshots of the flow field onto an orthogonal dynamical system of time independent

of not predefined base functions which are sorted in terms of energy content. But

it has to mentioned, that one eigenmode does not represent the physical flow field

like e.g. streamlines. The original flow field can only be reconstructed by a linear

combination with the temporal time coefficients. However, if the energy distribution
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decays rapidly over the number of modes, it can be assumed, that the first modes

can be used to represent to flow field (commonly known as low order reconstruction).

A rapid decay of the energy content is found in flows with a high regularization and

dominant structures like turbulent mixing layers whereas highly chaotic flows show a

slow decay in the energy content. Therefore, the POD is preferable for interpretation

when the first POD modes include a high amount of the total energy. In addition

it has to be noted, that no adjustable constants or mode structures are predefined

like it is done for the wavelet analysis. One disadvantage of the method is the high

amount of computational resources. Especially the hard disk storage is very large

if one imagines that for POD of the velocity field 5000 snapshots are used and each

snapshot requires about 100 MB hard disk space.



5 Experimental setup

5.1 Test facility

A test bench has been installed at the University of Rostock to investigate flow

structures over dimpled surfaces using modern measurement techniques. The start-

ing point was to plan and build up a test cabin providing electricity and water

supply. Nevertheless, starting from the bottom has one advantage. The experi-

mental setup has been constructed in a flexible way, where components, especially

the test section, could be replaced easily by other configurations (like variation of

dimple structures). A schematic flow chart of the closed-circuit water test bench is

presented in the following Fig. 5.1. The head tank with an overflow inside, a settling

Head tank

Reservoir

Flow channel
Contraction

Settling chamber

Over-flow pipe

Valve 1

Valve 2

Valve 3

Valve 4

Camera

Dimple

Back tank

Lighting

Fig. 5.1: Flow chart of the closed loop water channel.

chamber, the contraction valve followed by the entry section, a test section and a

back tank with a metering system are the main parts of the test facility. A water

reservoir, main pump, pipelines and four controlling valves are placed between each

device to prevent outflow of water. Water is pumped from the reservoir into the head
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tank by the main pump where a weir is installed to reduce turbulence and vibra-

tions caused by the pump. In addition, a pipe is installed as a second overflow at a

predefined height into the head tank for a special reason. One part of the water goes

over the overflow back into the water reservoir whereas the other part flows over the

weir into the settling chamber. The advantage of the construction is that a constant

water level is permanently present to ensure constant massflow-rates inside the test

section. The rectangular settling chamber has a dimension of 200x225mm connected

Fig. 5.2: Schematic sketch of the test bench.

to the rectangular test section with the dimension of 200x15mm. The geometrical

dimensions are similar to that of Terekhov et al. [89]. The width B = 200mm of

the channel is chosen on the basis of numerical simulations to avoid influences of

the sidewalls in the center of the test section. The construction of the valve was a

challenging task. Insight the valve the turbulence level should be damped whereas

at the outlet a block profile of the velocity is preferable for investigation of dimples

with a defined boundary layer thickness. Therefore, a contraction contour using

formula from Börger (1975) was used to design the inner contour of the valve. The

profile was milled into laminated wood where afterwards a carbon fiber laminat of

four layers was coated to ensure accuracy and stiffness of the valve. The test section

consists of acrylic glass for visual access with an overall dimension of 1200x200x15

mm. The thickness of the acrylic glasses is about 15 mm to ensure the stability of

the whole test bench.

The dimples, which are placed at the bottom of the test section, can be exchanged
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L

B

H

L 1200 [mm]

B 200 [mm]

H 15 [mm]

Fig. 5.3: Geometrical dimensions of the test section.

without having to dismantle the whole channel to ensure reproducibility and flexi-

bility. The water of the test section enters the back tank where a second overflow is

placed. The opening of the overflow was constructed to be large enough to ensure

a constant water level at the back tank achieving a constant mass flow rate. The

pressure resistance can be changed using valve no. 4 (see Fig. 5.1 in order to adjust

the massflow rate which has to be achieved for the actual measurements. The range

of the velocities inside the measurement section can be changed from 0 m/s to 1.5

m/s. Experimental results show a maximum turbulence level of about 5% at the

inlet of the test section which is quite low and equal to that usual for wind tunnels.

5.2 Pressure and LDA measurements

Several pressure sensors have been placed at the lower surface of the channel to

determine the pressure loss inside the test section. Bore holes with an inner diam-

eter of 1.5mm are drilled into the test section and are connected via stable plastic

tubes with an inner diameter of 4 mm to a measurement chart to determine the

static pressure loss. The pressure bore holes are installed along the x-coordinate to

calculate the pressure resistance coefficient Cp from a regression line (see Eq. 2.57).

Piezo-resistive pressure sensors have been placed inside and outside of the dimples

and are linked to a National Instruments A/D converter card to determine the pres-

sure fluctuations. It allows the recording of pressure signals with a high frequency

up to 200Hz. Signal processing and system control was controlled by LABVIEW

programs.

Laser Doppler Anemometry (LDA) technique as non-intrusive method is applied the

measure the velocity profiles inside the test section. The 1D Neodym-YAG Laser

with a wavelength of 532 nm, 12 mW power and a focal length of 400mm was

mounted on a steering unit for exact positioning with a position accuracy of 0.1mm.
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The LDA system is a beam forward scattering system with a combined counter

and tracker signal processor. It has to be noted that the focal point of the two

laser beams is about five mm3 which is found to be fairly high especially when the

measuring point is located at the wall. The finite size of the control volume effects

the measurements and is particularly important close to the wall since the velocity

gradients reach its maximum in this part of the flow field. Moreover, the area’s

of interest have been painted with a diffusive black color to keep the effect of the

reflections from the channel walls small. Nevertheless, exact measurements could

not be obtained close to the walls to determine the wall shear stresses due to the

large size of the control volume of the focal point and the impact of reflections. The

signal at each measurement point was sampled over 10000 times (Bursts) in order

to ensure a sufficient statistic. Further the Fast-Fourier-Transformation (FFT) is

applied to extract dominant frequencies inside the dimples.



6 Heat transfer and flow structures

of a single spherical dimple

The first part of the results is focused on the flow structures and heat transfer of a

single spherical dimple placed in a narrow channel. To clarify the role of the vortex

formations and its impact on heat transfer, experimental and numerical results are

presented in the following sections.

6.1 Definition of the dimple standard case

The geometric dimensions of the dimples are chosen to match previously investi-

gated dimples for verification and further investigations. A detailed experimental

investigation has been performed by Terekhov et al. [89]. Therefore, the dimple

standard case was chosen to match the geometrical configuration from Terekhov

et al. [89]. The Fig. 6.1 represents the base geometry of the dimple referred to

channel height H, dimple print diameter d and dimple depth h. The origin of the

H

h

D

x

y

U

x

y

zU

Fig. 6.1: Geometric dimensions of the single spherical dimple in a narrow channel.

coordinate system is placed in the center at the bottom surface of the dimple . The

x-coordinate is aligned in main flow direction whereas the y-coordinate is set normal

to the surface and the z-coordinate in spanwise direction. Tab. 6.1 gives a summary

of the geometrical dimple dimensions.
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Dimension [mm]

H 15

h 12

d 46

Tab. 6.1: Geometrical dimensions of the dimple standard case.

The dimple depth to dimple print diameter ratio is defined as h/d = 0.26 and

the dimple height to dimple diameter ratio as H/d = 0.326 which are commonly

used dimple configurations cited in literature (e.g. Ligrani et al. [61]). The incident

flow is adjusted to match a bulk velocity of ub = 0.88 which corresponds to a

velocity maximum of u = 1.01m/s assuming 1/7th power law for the velocity profile

(u(y)/umax = (y/H)1/7) in the center of the channel. The Reynolds number Red

calculated by the bulk velocity ub, dimple print diameter d and kinematic viscosity

ν is Red = 40000 and the Reynolds number based on the channel height H is

ReH = 13043 for the standard case. The Reynolds number Reτ calculated from the

friction velocity uτ is determined as Reτ = 375 using formula Reτ = 0.09 Re0.88
H (see

Pope [80]) for a plane channel. It is very preferable since the turbulent channel flow

at Reτ = 395 is a well studied case in literature (see Kawamura et al. [47], Moser et

al. [78]) and is often used as reference case for validation of numerical models. Tab.

6.2 summarizes the flow properties of the dimple standard case.

Tab. 6.2: Overview of the different Reynolds numbers for the dimple standard case.

Red ReH Reτ ub

40000 13043 375 0.88 m/s

6.2 Reference case: turbulent flow in a smooth

channel

The simulations of the fully developed turbulent flow in a smooth channel at ReH =

13043 (Reτ = 375) are carried out in accordance with the flow parameters which can

be achieved in the present experiments to determine the reliability of the numerical

methods. The mean values and higher order statistics are discussed and compared

with empiric correlations and computations by Moser et al. [78] for Reτ = 395.

Since the Reynolds number Reτ differs slightly, the reference data from Moser et al.
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[78] is not exactly comparable to the present case but can be used for qualitative

evaluation of the results.

Geometry

The domain of the chosen test case consists of two parallel walls with infinite di-

mensions. A sub-domain is extracted for the numerical simulations where periodic

boundary conditions are applied in streamwise and spanwise direction. In contrast

to Moser et al. [78], where the dimensions are set in reference to the non-dimensional

channel height to H = 2, Lx = 2π and Lz = π, the computational domain is down

scaled and expanded in the present case since in the next step a dimple has to be

placed at the lower wall. The channel height H is equal to that given test facility of

H = 0.015m. The length in axial direction is set to Lx = 0.16m and in spanwise di-

rection to Lz = 0.08m. Thus, the ratio of channel length to channel height is about

Lx/H = 10.66 which is fairly larger than Lx/H = π as in the DNS computations

performed by Moser et al. [78]. A disadvantage is that the expansion of the channel

dimensions will require much more grid cells using LES method but ensures defi-

nitely the decrease of the autocorrelation functions to almost zero in streamwise and

spanwise direction. A schematic sketch of the computational domain is presented in

Fig. 6.2.

Lx

L z

H

U

mapping plane

Fig. 6.2: Schematic sketch of the computational domain of the turbulent channel

flow including the mapping plane for the precursor method.

Boundary conditions

The velocity can be treated periodically for the fully developed turbulent isothermal

flow. However, periodic boundary conditions cannot be applied, when the incoming

fluid is assumed to have a unity temperature and is heated up in the main flow

direction (as it is the case of the numerical investigations of Isaev [42]). Hence,
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time resolved inflow conditions have to be set at the inlet boundary which is quite

complicated in terms of LES for anisotropic flows. Moreover, to predict the exact

growing of the thermal boundary layer thickness δT , it is obviously, that correlated

inflow signals in space and in time are needed at the inlet. At time there are sev-

eral methods to generate time resolved inflow conditions for LES whereas a detailed

summary of the present inflow generation techniques was published by Tabor et al.

[87]. The random generator is the simplest one and generates a turbulent uncorre-

lated noise of the velocity signal. Within this work it was shown, that the random

generator reveals non-physical results since the turbulent signals are noncorrelated,

have small scales proportional to cell sizes and are damped quickly behind the inlet

due to the pressure correction method. Using a new inflow generation technique,

called method-of-turbulent-spots proposed by Kornev et al. [54], physical results for

the mean and rms values of the velocity could be obtained, but the growing of the

temperature boundary layer thickness is found to be too sensitive in respect to the

inlet conditions. To overcome the problem of setting time resolved inflow conditions,

a method commonly known as precursor method was used. For this case a mapping

plane is defined in line at a certain distance to the inlet inside the domain in order

to copy the velocity field back to the inlet (see Fig. 6.2). It ensures a divergence free

field and a fully developed state of the velocity profile. However, the bulk velocity

ub will decrease in time due to viscosity effects. To overcome this problem, an ad-

ditional varying force, calculated from friction loss inside the precursor channel in

every time step, is added in the momentum equation to keep flow rates at a constant

level.

The non-dimensional temperature T+ is set to T+ = 0 at inlet whereas a constant

temperature of T+ = 1 is defined at the lower channel wall. The real temperature

difference between the inlet and the lower wall is assumed to be small to keep the

transport properties of the fluid constant. In most experiments a constant heat flux

is realized as thermal boundary condition, but it has to be noted, that there will be

only a maximum difference of 4% for the Nusselt number in turbulent flows whether

a constant temperature or a constant heat flux is used as temperature boundary

condition (see VDI Heat Atlas [92]). Tab. 6.3 summarizes the applied boundary

conditions.

Grid resolution

Five different mesh resolutions of block-structured grids have been investigated to

determine effects of resolution on mean values and high order statistics and to eval-

uate the necessary grid resolution. The mesh properties are given in terms of ∆x+
i
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Tab. 6.3: Boundary conditions of fully developed turbulent flow in a plane channel

for LES.

upperwall lowerwall inlet outlet

pressure ∂p/∂n = 0 ∂p/∂n = 0 ∂p/∂n = 0 ∂p/∂n = 0

velocity ui = 0 ui = 0 precursor ∂ui/∂n = 0

temperature ∂T+/∂n = 0 T+ = 1 T+ = 0 ∂T+/∂n = 0

values based on the channel height H and the friction Reynolds number Reτ in Tab.

6.4.

Tab. 6.4: Different mesh resolutions of fully developed turbulent flow in a plane

channel for LES.

Mesh ∆x+ ∆y+
min ∆z+ N

C1 31.25 0.74 31.25 524288

C2 15.625 0.74 20.83 1572864

C3 15.625 0.372 20.83 3145728

C4 11.718 0.372 20.83 4718592

C5 7.812 0.372 15.625 8388608

A stretching normal to the wall is applied with a ratio of largest to smallest grid

cell in wall normal direction of 7.5. The mesh resolution is homogeneous in stream-

wise and spanwise directions. For identification of the statistically steady state,

the Reynolds stresses are averaged and evaluated on the fly during the simulation.

Moreover, the statistical values related to velocity are averaged in homogeneous di-

rections, in this case in streamwise and spanwise direction whereas only an averaging

in spanwise direction could be applied for the temperature values. The simulations

have been performed over a minimum time interval of at least t+ = 25 (for the finest

mesh C5). The non-dimensional time is defined in terms of the bulk velocity ub and

channel length Lx as

t+ =
t · ub
Lx

. (6.1)
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Results

LES of turbulent flow between two parallel plates including heat transfer have been

performed using three different SGS models, the dynamic Smagorinsky (DSM), the

dynamic one equation eddy (oneEqEddy) and the dynamic mixed model (DMM).

The obtained friction coefficient Cf has been compared to empiric correlation pro-

posed by Dean

Cf = 0.0638 × Re−0.25
H (6.2)

and has been calculated through the wall shear stress τw which is in turn related

the pressure drop ∆p/∆x

∆p

∆x
=

τw
H/2

(6.3)

through the momentum balance (see Pope [80]) for the fully developed state. It is

obviously that the pressure should decrease linearly in streamwise direction when

the flow is fully developed.

The different SGS models have been applied for the meshes C1, C2 and C3, while

for the meshes C4 and C5 only the DMM is used for closure of the momentum and

energy transport equations due to the high computational resources. The obtained

friction coefficients Cf for the investigated meshes are presented in Fig. 6.3.
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Fig. 6.3: Friction coefficient Cf for different mesh resolutions and different SGS

models for a turbulent plane channel flow in comparison to empiric correlation pro-

posed by Dean.

The friction coefficient Cf converges by increasing the mesh resolution for all SGS

models towards the correlation of Dean whereas the oneEqEddy model show best

performance compared to the DSM and DMM for the coarse meshes up to C3. Nev-

ertheless, the obtained deviation of more than 20% to the empiric correlation on the

coarse grids C1, C2 and C3 is too large and unacceptable for reliable investigations.

The finest meshes C4 and C5 compare relatively well by a difference of 6.3% and

2.3% to the correlation of Dean due to the high wall resolution. Further it has to be
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noted, that the friction coefficient Cf determined from DNS data (Moser et al.[78])

is found 5.1% smaller than the calculated one from correlation of Dean. To conclude,

the mesh resolutions of C4 and C5 seem to be sufficient to predict correct friction

coefficients and thus correct pressure loss of the turbulent channel flow. The mean

and rms values of the velocity for the resolved scales across the channel height are

presented in Fig. 6.4.
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Fig. 6.4: Mean and rms values of the velocity normalized by the bulk velocity

ub from LES results using different SGS models and various grid resolutions for

turbulent channel flow.

It is interesting to note, that the resolved mean and rms values show fairly good

agreement to DNS data from Moser et al. [78], although the friction coefficient Cf

reveals a strong grid dependence. Nearly no differences of the mean velocity could be

observed for the DMM with varying grid resolutions. The results are normalized by

the bulk velocity ub since the usual normalization using friction velocity uτ reveals a



6. Heat transfer and flow structures of a single spherical dimple 61

strong grid dependence and shows large deviations for the coarse grids. The reason

for the small discrepancies to DNS data can be traced back to the small Reynolds

number difference of Reτ = 375 and Reτ = 395. In addition, the second order

statistics reveal no high differences in all simulations. The peaks of the turbulence

intensity are close to DNS results due to the high wall resolution. Nevertheless, LES

calculations underpredict the rms values in the buffer layer up to y/H ≥ 0.1 due

to the coarse resolution in the core region of the flow. But the results show, that

the chosen wall resolution is capable of resolving near wall behavior of the turbulent

flow with small discrepancies far away from the solid walls.

To evaluate the accuracy of the heat transfer rates, no adequate published data have

been found to compare an evolving temperature boundary layer thickness for the

present configuration. Therefore, empiric correlations for the flat plate are used to

prove the Nusselt number Nu distribution in main flow direction at the heated wall.

The question of comparability of turbulent channel flow and turbulent flow over a

flat plate can be answered by the thermal boundary layer thickness δT . Since the

channel height is fairly larger than the expected thermal boundary layer thickness,

one can assume that the Nusselt number distribution is equivalent to that of the

heated wall. The Nusselt number distribution Nux can be directly derived from

laminar boundary layer theory for the laminar case using local Reynolds number in

streamwise direction Rex and the Prandtl number Pr (Baehr et al. [4]).

Nux = 0.332 · Re1/2
x · Pr1/3 , (6.4)

The formula Eq. 6.4 is valid for Rex < 6 · 104 and 0.6 < Pr < 10. Correlations for

the turbulent case are found for a Reynolds number range of 5 · 105 < Rex < 107

and 0.6 < Pr < 100 by Chilton and Colburn (Baehr et al. [4])

Nux = 0.0296 · Re4/5
x · Pr1/3 . (6.5)

The Nusselt number Nu is calculated within the LES using Eq. 2.9 and is presented

in Fig. 6.5 in comparison to empiric correlations for the turbulent flow.

It is obviously that the DMM shows best performance to predict correct heat

transfer rates in comparison to the other SGS models. It shows strong tendency

towards correlation of Chilton and Colburn for the mesh C3, where the DSM and

oneEqEddy model underpredict the expected Nusselt number distribution in flow

direction. Moreover, convergence towards analytic correlation can be well repro-

duced when the mesh resolution is increased. The good performance of the DMM

in respect to heat transfer can be explained by the dynamic adaption of the turbu-

lent Prandtl number Prt which calculated dynamically in space and time within the
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Fig. 6.5: LES results of Nusselt number Nux distribution at the heated wall in flow

direction for turbulent channel flow using different SGS models and various grid

resolutions in comparison to empiric correlations for the turbulent flow over a flat

plate.

DMM (see sec. 3.3.3). This leads to a local determination of the turbulent Prandtl

number Prt which is found very preferable in contrast to set the variable constant

to Prt = 0.9 as it is the case for the oneEqEddy model. But unfortunately it has

to be mentioned that even the finest mesh resolution C5 is not sufficient enough to

determine correct thermal boundary layer evolvement in main flow direction. The

thin thermal boundary layer (which can be seen in Fig. 2.3) requires an even finer

mesh resolution close to wall for the turbulent flow in a plane channel which leads

to the conclusion, that in case when dimples are placed at the lower wall, the LES

method can only be applied to determine qualitative heat transfer rates and not

quantitative ones. Thus, the RANS method will be applied to determine overall

heat transfer rates at the dimpled and flat channel wall. The validation of RANS

method, especially for the heat transfer, is briefly summarized in appendix A.

6.3 Results

The numerical results of turbulent flow over a single dimple in a smooth channel

including heat transfer using RANS and LES method are presented in this section.

The focus is placed on the flow behavior and the formation of vortex structures

inside and outside of the dimple and its impact on heat transfer. The POD analysis
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will give a deep insight into flow physics to clarify the role of asymmetric vortex

structures with respect to heat transfer enhancement. Since the dynamic of the flow

is in the foreground, the presentation of the results will be focused on LES results

whereas RANS method is used to determine general influence of e.g. geometric

parameters on integral values.

6.3.1 Validation of the numerical model

Domain size and grid resolution

As previously described, the geometry of the dimple was chosen to match experi-

mental investigations performed by Terekhov et al. [89] and URANS computations

performed by Isaev [40], [42]. The geometrical dimensions of the spherical dimple

and channel are described in sec. 6.1.

The dimension in spanwise direction of Lz/d = 1.74 is equal to the turbulent channel

flow where the length in axial direction is enlarged in front of the channel due to

the inlet condition (precursor method) to Lx/d = 4.34. A schematic sketch of the

computational domain is presented in Fig. 6.6.

Lx

Lz

H

U

Fig. 6.6: Computational domain for LES calculations of turbulent flow over a single

dimple.

A block-structured grid was chosen to keep the mesh size small where the dim-

ple is discretized using an O-grid of eight blocks. A parametric mesh program

was developed which allows the generation of meshes within the framework Open-

FOAM in a very short time for a wide range of dimple geometries (Turnow et al.

[91]). For further improvement of the mesh quality, the mesh motion technique in

OpenFOAM was adopted to stretch predefined meshes onto a STL-surface solving

a simple diffusion equation for the mesh movement. Hence, high quality meshes

could be constructed with a special treatment of the dimple edges to capture flow
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separation including vortex shedding. The final mesh using mesh motion technique

is presented in Fig. 6.7. It is obviously, that the changeover from the dimple edge

towards the core flow is fairly smooth where grid lines follow the streamlines to keep

nonlinear corrector loops for pressure correction low.

Fig. 6.7: High quality mesh of a single spherical dimple.

As it was shown in the previously presented results of the turbulent channel flow, a

grid size of at least 4.7 mio cells is required for realistic determination of pressure loss

inside the channel. It is a difficult situation, due to the fact, that the expected vortex

dynamics has time scales up to 10s of realtime. The large time ranges could not be

simulated using LES with timesteps smaller than ∆t = 1 ·10−5s due to the restricted

computational resources. In this case, the simulations for a large time interval are

carried out on coarse meshes which are found to be adequate to determine large

scale motions inside the domain. The fine grids are used to determine local heat

transfer rates and local physical phenomena inside the dimple. During this work

a large number of meshes have been investigated. Finally three meshes have been

determined to be adequate summarized in Tab. 6.5.

Tab. 6.5: Different mesh resolutions of a single spherical dimple for LES.

Mesh N

A1 724288

A2 1572864

A3 4735648

Boundary conditions

The boundary conditions are similar to the turbulent channel flow described in sec.

6.2 and listed in Tab. 6.3. Periodic conditions are applied in spanwise direction

neglecting the influence of the sidewalls. The position of the mapping plane for the

precursor method was found to be sensitive since the spherical dimple influences the

pressure field upstream. When the mapping plane is set too close in front of the
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dimple, the pressure disturbances will be copied to the inlet and thus will effect the

whole flow dynamics. To ensure a homogeneous turbulent channel flow in front of

the dimple, the mapping plane was put at x/d = 1.02 upstream from the front edge

of the dimple (Fig. 6.6).

Results

Comparisons of the numerical results obtained from LES and RANS with experi-

mental data and empiric correlations from literature are presented for further veri-

fication.

To get an overview of the grid dependency, the mean velocity profiles and its cor-

responding rms values across the channel height H at the center of the dimple at

Red = 40000 for the different meshes are presented in Fig. 6.8.
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Fig. 6.8: Mean velocity profiles and its rms values across the channel height at the

center of the dimple at Red = 40000.

The dividing surface between the dimple and the channel is located at y/H = 0.0.

The results obtained from three different meshes using LES show no large differences

for the mean and rms values. In addition, the enlargement of the recirculation zone is

found nearly equal for all three cases. Hence, one can assume that all grid resolutions

seem to be adequate to capture all relevant flow physics inside the dimple. The

same conclusion can be derived from mean and rms profiles of other positions inside

and outside the dimple. In case of RANS, the grid dependency studies showed a

sufficient mesh resolution of 1’272’864 cells using a k−ω-SST-Model formulated for

low Reynolds numbers presented in appendix A.

In Fig. 6.9 and Fig. 6.10 the profiles of the mean velocity and the turbulent

kinetic energy at different streamwise positions x/d = 0.0 and x/d = ±0.217 within

the midplane z/d = 0.0 of the dimple across the channel height obtained from
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RANS and LES are compared to the LDA measurements by the Rostock group, to

experimental data provided by Terekhov et al. [89] and to URANS calculations by

Isaev [40].
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(b) x/d = 0.0
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Fig. 6.9: Mean velocity profiles obtained from LES, RANS and LDA measurements

for different positions in streamwise direction at the midplane z/d = 0.0 inside the

dimple across the channel height in comparison to Terekhov et al. [89] and Isaev

[40].

Numerical results obtained from LES and RANS show good agreement to the

experimental data. Discrepancy with measurements can be observed in the near

wall region inside the cavity. Whereas all simulations show nearly the same behavior

for the mean velocity profiles, the experimental ones differ slightly to each other.

The most probable reason for the discrepancy between theory and experiment are

the typical LDA measurements problems in close proximity to the wall in narrow

channels (explained in sec. 6.3.3). Personal communications to Terekhov confirmed

the same discrepancies in the published data. Further the results reveal the presence

of a recirculation zone inside the dimple with maximal negative velocities up to

ux = −0.4 m/s. It is obviously that the extension of the recirculation zone shrinks

normal to the wall in streamwise direction.
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In contrast to the mean profiles, differences can be observed in the position of the

magnitude of the turbulent kinetic energy k inside the dimple presented in Fig. 6.10.
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Fig. 6.10: Profiles of the turbulent kinetic energy k obtained from LES, RANS

and LDA measurements for different positions in streamwise direction at z/d = 0.0

across the channel height in comparison to Terekhov et al. [89] and Isaev [40].

The presence of a shear layer between the recirculating flow and main channel

flow leads to an increase of the fluctuations. The highest magnitude of pulsations

can be found near the dividing surface between the channel and dimple where the

magnitudes of the peaks are nearly equal. It is interesting to note, that the position

of the peak is about y/H = −0.2 down from the dividing surface in measurements

from Terekhov et al. [89] which is contradictory to the obtained numerical results.

LES and RANS predict the largest fluctuations exactly on the dividing surface. In-

deed, the maximum pulsations occur in the area of the strongest velocity gradients

which is in accordance with well tried turbulence closure models. As it can be seen

in Fig. 6.9, the strongest velocity gradients of the mean velocity are detected at the

dividing surface y/H = 0.0 in numerical calculations and as well as in the performed

experiments.

The results presented in Fig. 6.9 and Fig. 6.10 show, that LES and RANS meth-
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ods are capable of predicting the correct flow field in a dimpled channel with a

satisfactory accuracy and can be applied for further heat transfer investigations.

Pressure loss and heat transfer

The pressure and friction coefficients Cp, Cf and the Nusselt number Nu in flow

direction at the mid-plane z/H = 0 are compared to measurements and empiric

correlations.

The pressure coefficients Cp obtained from numerical simulations and experiments,

from the measurements from Terekhov et al. [89] and from correlation proposed by

Dean are presented in Fig. 6.11. The origin of the coordinate system is placed at

center of the dimple.
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Fig. 6.11: Pressure coefficient Cp along the centerline in streamwise direction at the

lower channel for a spherical dimple obtained from LES (A3), RANS and Experiment

in comparison to correlation from Dean and experimental data by Terekhov et al.

[89].

The pressure loss obtained from simulations and experiments upstream the dim-

ple is equal to the pressure loss of a smooth channel as proposed by the empiric

correlation of Dean. A small pressure decrease is observed at the leading edge

at x/d = −0.5 since the flow becomes separated. The pressure coefficient Cp ex-

periences an exponential increase further downstream equal to measurements of

Terekhov et al. [89]. This effect is caused by the stagnation of the main channel

flow which collides with the dimple surface. A dramatic pressure loss happens fur-

ther downstream at x/d = 0.5 due to the flow separation where the flow passes over

the trailing edge of the dimple. Afterwards the pressure gradient tends to be same

as predicted by the correlation of Dean for a smooth channel. Moreover, the peak
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of the pressure obtained from numerical simulations matches nearly that of mea-

surements from Terekhov et al. [89]. In contrast, the peak could not be found in

the present pressure measurements since the distance between the sensors were too

large. It is obviously that the overall pressure coefficient Cp obtained from RANS

reveals higher than for LES and measurements. The reason of the discrepancy is

found within the prediction of the flow structures in RANS which will be extensively

discussed in the next section.

Snapshots of the pressure field in case of LES and time averaged pressure field from

RANS at the lower channel wall are presented in Fig. 6.12. The zones of high

pressure are located at the downstream side. Whereas only a small asymmetry is

obvious in LES, a clear asymmetric formation of the pressure is depicted in terms of

RANS. The reason for this phenomena can be found in the formation of the vortex

structures which will be clarified in the next sections.
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Fig. 6.12: Pressure distribution at the dimpled channel wall flow from LES (left)

and RANS (right) at Red = 40000.

In the Fig. 6.13 the Nusselt number Nu and friction coefficient Cf obtained

from LES using different mesh resolutions and RANS in comparison to empiric

correlations along the centerline in main flow direction at the dimpled wall are

presented.

The influence of the mesh resolution can be seen in the distribution of the friction

coefficient Cf and the Nusselt number Nu distribution in case of LES. The friction

coefficient for the mesh A3 upstream the dimple in the range of x/d = −1.0 to

x/d = −0.5 is slightly lower than that obtained from Dean correlation for the

smooth surface. The discrepancies are enlarged for the coarse meshes A1 and A2

in case of LES. In contrast to LES, the RANS calculations overpredict the empiric

correlation. When the fluid enters the recirculating zone of the dimple, the friction

coefficients are lower compared to a smooth wall since the velocities are reduced

inside the recirculation zone. A strong peak can be detected at the trailing edge due

to the fact, that the fluid is accelerated near the wall when it is ejected out of the

dimple.
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Fig. 6.13: Nusselt number Nu distribution along the centerline in flow direction

at the lower channel with an inserted spherical dimple obtained from LES using

different mesh resolutions and RANS in comparison to Chilton correlation for a flat

plate (eq. 6.5).

The meshes A1 and A2 underpredict the heat transfer rates in case of LES whereas

the mesh A3 shows only small differences with empiric correlation proposed by

Chilton and Colburn for the flat plate upstream the dimple. A small increase of the

heat transfer can be detected at the leading edge of the cavity due to the pulsations

induced by the flow separation. Afterwards a strong decrease of heat transfer is

present since the fluid is heated up in the recirculating zone and thus temperature

differences decrease resulting in a lower heat flux. Since the recirculation zone takes

over 80% of the whole dimple, a strong increase of heat transfer rates can only be

found around the downstream edge. The cold channel flow attaches the back side of

dimple with a high velocity causing vortex shedding at dimple trailing edge which

causes a local increase of the heat transfer up to Nu/Nu0 = 2.81. It is interesting to

note, that in case of LES a small recirculation zone occurs at the trailing edge which

causes a small decrease in the heat transfer rates. Since the dimple acts as vortex

generator, the main increase of heat transfer can be found shortly downstream the

dimple. Results from LES and RANS show that the increase of heat transfer is fairly

high and can be up to Nu/Nu0 = 1.5 even downstream the dimple at x/d = 1.5.

In Fig. 6.14 a snapshot of the local Nusselt number Nu distribution using LES

(left) and the time averaged Nusselt number Nu obtained using RANS (right) are

presented. Whereas in RANS an asymmetric distribution of the Nusselt number Nu

can be observed, LES results show only a small asymmetric distribution of the heat

transfer. The same effects have been found in the pressure distribution as previously

described and relies on the vortex formations inside the dimple.
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Fig. 6.14: Snapshots of Nusselt number Nu distribution at the dimpled channel wall

flow from LES (left) and RANS (right) for turbulent flow at Red = 40000 over a

single spherical dimple.

6.3.2 Vortex structures

Basically the physics of the flow inside the dimple is complicated and is still not

completely understood. Main attention of papers published in the literature has been

paid to the heat and mass transfer effects averaged in time whereas the unsteady

processes and their role in the heat transfer enhancement have not been thoroughly

investigated. Since the form of the vortex has a strong impact on the heat transfer,

as already shown in the Nusselt number distribution, the deep understanding of the

flow physics inside of the dimple is important for the further improvements of the

heat exchanger efficiency. The LES method gives the opportunity to investigate time

resolved evolution of vortex formations. A detailed insight will be given for spatially

resolved pressure distributions and instantaneous flow structures inside and around

the dimple.

The profiles of the mean velocities presented in Fig. 6.9 show clearly the creation

of a large recirculation zone where the time averaged zone occupies about 80% of

the cavity. It can be seen from the presented velocity profiles, that the flow is

fully symmetric in spanwise direction. However, concerning the vortex structures

form appearing within the dimple there is a clear discrepancy between RANS and

LES results. Depending on the depth to diameter ratio h/d the flow experiences a

bifurcation in RANS. Whereas at a small ratio h/d < 0.2 the flow is found to be fully

symmetric, at a ratio of h/d = 0.2 the flow experiences a topological change and

becomes asymmetric with the creation of a vortex mono structure inclined to the

mean flow direction at an angle of approximately α = ±45◦. The choice between

α = +45◦ and α = −45◦ is arbitrary and depends on the numerical simulation.

Streamlines for two different dimple depth’s h/d = 0.13 and h/d = 0.26 using

RANS method are presented in Fig. 6.15 respectively.

But in contrast to RANS, the clear asymmetric structure is not predicted in the
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Fig. 6.15: Streamline patterns for turbulent flow over a single dimple for different

dimple depths using RANS method at a Reynolds number Red = 40000.

snapshots and time averaged velocity and pressure fields using LES method. The

flow shows chaotic behavior and is dominated by small scale eddies. Instantaneous

streamlines and λ2-structures underline the highly turbulent state. Since instan-

taneous snapshots of the flow field look very chaotically, the analysis is performed

using time averaging over varying time intervals to estimate a certain regularity of

the flow. The Fig. 6.16 shows streamlines inside a cavity at a ratio of h/d = 0.26

at a Reynolds number of Red = 40000 averaged within three seconds of real time at

different time instants.

U/Ub

0.5

0

(a)

U/Ub

0.5

0

(b)

Fig. 6.16: Streamlines obtained from LES velocity field averaged over three seconds

of realtime for different flow periods inside a dimple at h/d = 0.26 for a Reynolds

number of Red = 40000.



6. Heat transfer and flow structures of a single spherical dimple 73

It is obviously that LES also reveal the formation of asymmetric structures in

phase averaged streamline patterns, but in contrast to RANS they are sufficiently

unsteady. Streamlines indicate the asymmetrical vortex structures inclined to the

mean flow switching its position from α = +45◦ to α = −45◦. As seen from instanta-

neous streamlines patterns, the fluid enters directly from the channel into the dimple

and rotates within the recirculation zone and finally leaves the dimple at one side.

Hence, for a dimple with a depth to diameter ratio of h/d = 0.26, numerical results

from LES confirm the generation of unsteady asymmetric monocore vortex struc-

tures with a predominant transversal direction. However, the time averaged flow

field over a sufficiently long time period is nearly symmetric which is in accordance

with the performed measurements. In this context the results obtained from LES

and measurement observations contradict to RANS ones which predict the asym-

metry even in the time averaged flow pictures. Thus, LES reveals the generation

of unsteady asymmetric monocore vortex structures with a predominant transversal

direction which are responsible for the appearance of organized self-sustained oscil-

lations. The vortex switching is also reflected in the time history of the longitudinal

velocity Ux recorded from LES simulations at two symmetric points in spanwise

direction x/H = 0, y/H = 0, z/H = ±0.217 at the dividing surface between the

channel and dimple presented in Fig. 6.17.
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Fig. 6.17: Time history of longitudinal velocity Ux recorded at two symmetric points

x/d = 0, y/d = 0, z/d = ±0.217 at Red = 40000 (left) and correlation function Ruu

at both points in spanwise direction (right).

Two following conclusions can be drawn from the velocity history and autocor-

relation functions Ruu. First, the presence of long period self-sustained oscillations

is obvious from the velocity history. Second, there is a sort of opposition-of-phase

of the flow inside the dimple. The autocorrelation functions Ruu reveal a strong

decrease in spanwise direction for both points where the correlated values become
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negative. The physical interpretation can be derived as follows and is sketched in

Fig. 6.18. Once the flow is accelerated at the point z/d = −0.217, it is decelerated

y

z

y

z

Fig. 6.18: Physical mechanism of the opposite-of-phase motion inside the dimple

for the dominant modes.

or even changes the direction against the main flow at the point z/d = 0.217. This

effect can be explained by consideration of the mutual position of the vortex struc-

ture. The vortex is inclined both in horizontal and vertical directions. The inlet

of the vortex is located deeply inside of the dimple whereas the outlet is above the

dimple edge at the downstream side (shown in Fig. 6.16). Such a vortex induces

both, positive and negative longitudinal velocities depending on the point of its lo-

cation. The point z/d = +0.217 at the position α = +45o (Fig. 6.16 left) lies above

the vortex axis (green line in Fig. 6.18) which induces a positive velocity. The other

point at z/d = −0.217 can be located either under the vortex or close to the vortex

axis. In the first case there is a negative induced velocity, in the second case the

induced velocity is lowered but still positive. The whole situation is changed when

the vortex position is switched in spanwise direction. But for both cases the product

of pulsations is negative. As a result the autocorrelation functions show negative

values in spanwise direction with symmetry towards the midplane of the dimple.

Thus, the asymmetric structure has not only an angle of α = ±45o in axial direc-

tion, but also an angle of approximately α = 15o in spanwise direction towards the

lower channel wall. Moreover, the analysis shows that the vortex reveals a steady

outflow of the dimple. The flow enters the dimple at one side, rotates inside the

cavity while moving steadily towards the outflow and finally leaves the dimple with

an orientation in streamwise direction. Interesting to see that the axis of the out-

coming vortices are aligned with the main flow direction which is advantageously in

respect to the induced pressure loss.

Statistical data has been collected for determination of the shifting frequencies from

LES calculations at two spatial points x/H = 0.217, y/H = 0, z/H = ±0.326.

The data base consists of 60’000 equidistant time steps for a dimensionless time of

t+ = 1760 (see Eq. 6.1) which reflects a total real time of about 30s. Fig. 6.19

presents the frequency spectrum for a Reynolds number Red = 40000.
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Fig. 6.19: Frequency (left) and energy (right) spectra of the longitudinal velocity

Ux recorded at two symmetric points at x/d = 0.217, y/d = 0, z/d = ±0.326 at

Red = 40000.

Strong peaks can be observed at f = 0.223Hz (corresponding Strouhal number

St = f ·H/ub = 0.0038) in the frequency spectrum. These auto oscillation frequency

is also found in experiments by Terekhov et al. [89] and is described as long period

oscillations. Investigations documented periodical outbursts of vortices coming from

the trailing edge using hydrogen bubbles for visualizations. LES clearly represents

the low frequency component. The corresponding phase averaged streamlines are

presented in Fig. 6.16 showing the asymmetry of the flow field and underline the

oscillations of the monocore vortex structure in time towards the main flow. These

valuable observations have now been quantified properly using LES method for the

first time. In addition, the power spectra presented in Fig. 6.19 reproduces the

inertial subrange with an ω−5/3 slope which underlines the accuracy of the present

calculations.

From frequency analysis one may conclude, that the flow reveals the presence of

a dominant mode with a low frequency at f = 0.223Hz. However, the switching

process occurs not with a dominant frequency like for the Karman vortex street

but reveals an intermittent character. Nevertheless, the simulations could not been

carried out more than 30s of real time due to the limited computational resources.

Thus, the shifting frequency will be further quantified using dye injection method

discussed in the next section.

Another interesting flow feature is the appearance of the shear layer and its co-

herent vortex structures between the main channel and recirculating flow. Vortex

rollups are generated within this shear layer enhancing fluctuations inside the dim-

ple. The evolving structures are typical for flows with mutual velocities. Balares et
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al. [5] analyzed the coherent structures for free shear flows in detail where no solid

walls bound the computational domain. The characteristic stages inside a shear

layer can be determined either by Q-criterion or by iso-surfaces of the pressure as

presented in Fig. 6.20.

x

z

Fig. 6.20: Isosurfaces of the pressure field from LES at a time instant inside a single

dimple at Red = 40000.

The evolving vortex rollups are clearly represented in the pressure fields inside

the spherical dimple. The structures are bound in spanwise direction due to the

solid walls of the dimple whereas the growth of the shear layer thickness is limited

by the downstream side of the dimple. When the flow attaches the dimple surface,

the enrolling vortex structures break down and the fluid is forced either to move

out of the dimple or to enter the recirculation zone. It is very interesting to note,

that the characteristic vortex structures inside the shear layer cannot be observed

in time averaged flow fields obtained from RANS. It has been found out using LES,

that the behavior of the shear layer plays an important role for the orientation of

the asymmetric vortex structure and its oscillation towards the main channel flow.

The reason for this untypical phenomenon can be found in the inhomogeneity of

the vortex structures generated inside the shear layer. The inhomogeneity of vortex

rollups is a result of the vortex structures coming from the turbulent channel flow

upstream the dimple. The evolution of coherent structures (commonly known as

streaks) inside a plane turbulent channel flow in front of the dimple can be visu-

alized using λ2-criterion presented in Fig. 6.21 (b). As it can be seen, large scale

structures evolve at the channel surface which strike into the shear layer breaking

up the vortex rollups and leading to a strong inhomogeneity.

The asymmetric formation of the vortex inside the dimple can be explained as fol-

lows. First the attached fluid becomes an additional velocity component in spanwise

direction towards the midplane of the channel for both sides due to the curvature

of the dimple sphere sketched in Fig. 6.21 (a).
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Fig. 6.21: (a) Sketch of rebound velocities from the attached fluid at the dimple

downstream side. (b) λ2-structures inside a turbulent channel flow at Reynolds

number ReH = 13042.

Second the formation of the asymmetric vortex structure is a result of the differ-

ent magnitudes of the spanwise velocities acting on the recirculation flow inside the

dimple. When the fluid enters the dimple, the existing vortex structures inside the

shear layer decelerate the incoming flow differently due to their inhomogeneity (see

Fig. 6.19) in spanwise direction which finally results in different attachment points

of fluid at the downstream side of the cavity. Hence, different spanwise velocities

are present due the different impact angles of the dimple curvature. When different

velocities effect the reverse flow, the flow turns into a following asymmetric stable

position.

The investigations of turbulent flow using LES over a single spherical dimple show

the following main features:

• Formation of asymmetric structures inside the dimple with only one outflow

• Vortex shedding at the dimple trailing and leading edge

• Evolution of a bounded shear layer with inhomogeneities in spanwise direction

• Switching of the asymmetric vortex structure in time with respect to the main

channel flow

6.3.3 Experimental confirmation of numerical results

Flow visualization

From several authors (e.g. Terekhov [89], Isaev [42]) it was found that asymmetric

vortex structures occur inside a spherical dimple up to a certain Reynolds number.
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To clarify the structures in a first view in the experiments, flow visualizations based

on dye injection have been performed for a single dimple in dependence of the

Reynolds number. Therefore, several bore holes were drilled into the acrylic glass

inside and outside of the dimple with a diameter of 0.5mm to keep the influence of

the bore holes small. All bore holes are connected via flexible tubes to a distribution

device to have the opportunity of dye injection at one or more position at the same

time. A small lift pump was installed to drive the dye through the pipes with

a limited speed. The dissolution of high concentrated potassium permanganate

(KMn04) was used to provide good visibility. A common Sony Camcorder with

12x optical zoom and a resolution of 1.07 megapixel has been placed 600 mm above

the test section to record the dye filaments. Several lamps have been installed to

avoid reflections from the dimpled surface. Flow visualizations have been performed

for different Reynolds numbers up to Red = 60000 to investigate the dynamics of

the asymmetric flow structures in a spherical dimple. The different positions of the

boreholes are sketched in Fig. 6.22.

Fig. 6.22: Positions of the boreholes for dye visualization inside and outside the

dimple.

For low Reynolds numbers flow (Red ≤ 200) over the single dimple the streamlines

are symmetric and parallel containing only small fluctuations near the downstream

edge of the dimple. As the velocity is increased for Reynolds numbers between

(200 ≤ Red ≤ 1000), the flow over the dimple becomes separated at the leading

edge of the dimple and a recirculation zone arises inside the cavity. The size of the

separated region is growing up to the highest Reynolds number Red = 60000. At

first, two symmetrical vortices can be seen with its axis in transverse direction link-

ing both vortices together. The flow structures are stable and symmetric towards

the spanwise direction. With an increasing Reynolds number more than Red ≥ 1000,
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the flow inside the dimple losses its symmetrical character and becomes unsymmet-

rical, but remains in a stable position. The observation of asymmetry and stability

is in accordance with RANS calculations. It has to be noted, that the incoming

flow is fully symmetric, the channel and dimple geometry is fully symmetric, but

in contrast the evolving vortex structure insight the dimple is asymmetric. Up to

a Reynolds number Red = 10000, which is still in the transitional range, the asym-

metric vortex formations become unstable and change their directions towards the

mean flow without any external impact. In case of Red = 20000, the shifting of the

vortex occurs non-periodic at large time periods in the range 20s to 30s. For the de-

fined standard case with a Reynolds number of Red = 40000, the time periods of the

shifting of the vortex axis towards the main flow becomes smaller within the range

of 5s to 20s and is further referred as low frequency or as self-sustained oscillation.

These low frequency components found from dye experiments confirm the results

obtained with LES in the previous section. The two asymmetric vortex positions

are presented in Fig. 6.23 in original color and in black/white color to highlight the

structures using three different positions for dye injection.
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Fig. 6.23: Flow structure inside a single dimple for Red = 40000 using dye injection

method at different points.

It is obviously, that the position of the vortex changes in time. From position 5

and 8 the dye moves to the left or right side of dimple in direction of the main flow

whereas the injected dye from position 2 goes into the opposite direction. Since the

position 2 is located near the trailing edge of the dimple it can be concluded, that

the recirculation zone nearly covers the whole dimple. Thus, the stagnation point of

the attaching fluid is fairly close to the dimple downstream edge. Using slow motion
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feature from video records one can explicitly determine the path lines of the dye. It

can be seen that the injected dye is steadily leaving the dimple depression since the

colour of the fluid inside the dimple is not concentrated which is preferable in terms

of heat transfer. From the dye injections it is interesting to note, that the flow can

only exit at one corner of the dimple as it was shown by the numerical simulations

in the previous section.

Fig. 6.24 presents snapshots from the asymmetric structure inside a single dimple

using different dye injection positions including the axis of the asymmetric structure

towards the main channel flow.

Fig. 6.24: Flow structure inside a single dimple for Red = 40000 together with the

inclination angle towards the main flow.

The angle αv of the structure is about α = ±45◦ towards the mean flow direction

(x-axis) for each position. It should be noted again that the changing of the angle αv

of the structure changes in time in the range of 5s to 20s with no preferable direction

which is in accordance with experimental observation by Terekhov et al. [89] and

numeric simulations using LES. The flow visualizations give a clear impression of the

flow behavior for laminar and turbulent flow over a single dimple and outlines the

important features for correct interpretation of the LDA and pressure measurements

and numerical simulations.

LDA Measurements

LDA measurements have been performed at the described test facility (see section

5.1) for the dimple standard case at a Reynolds number Red = 40000 for isothermal

conditions. The measurements provide an independent data base for validation of

the numerical methods and confirmation of the numerical simulations.
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To analyze the asymmetry of the vortex structure inside the dimple, measurements

of the velocity profiles at the center of the dimple with an offset of z/H = ±0.217 in

spanwise direction have been performed. The mean profiles and its rms values are

presented in Fig. 6.25 (a) where the center of origin is placed in the dividing surface

of the channel and dimple. It is interesting to note that no significant differences

between both profiles could be observed. Hence, the mean averaged profile of the

velocity is symmetric in spanwise direction. Although the dye visualization clearly

indicates the presence of instantaneous asymmetric vortex structures, the averaged

flow is, due to persisting switching of vortex structures, symmetric. The observations

confirm the numerical results obtained from LES.
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Fig. 6.25: Velocity and rms profiles at two different points at z/d = ±0.217 across

the channel height from LDA measurements (a). Distribution of axial velocity Ux

and rms values from LDA measurements in spanwise direction for two different

channel heights at y/H = −0.08 (b) and y/H = −0.23 (c).

To recheck the symmetry of mean profiles inside the cavity, measurements of

the axial velocity Ux in spanwise direction (z-axis) at two different channel height

y/H = −0.08 and y/H = −0.23 inside the dimple at have been performed and
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are presented in Fig. 6.25 (b) and Fig. 6.25 (c) respectively. The profiles confirm,

that time averaged profiles are symmetric towards the spanwise direction. Deep

inside the dimple at y/H = −0.23 a significant decrease of the velocity at the

center z/H = 0.0 can be detected whereas two peaks depart from the center at

z/d = ±0.1 exist. Using experience from dye visualization one can see, that two

peaks of the velocity profiles cannot be present at the same time instant. Hence, one

can conclude, that the vortex structure insight the dimple has a certain angle towards

the main flow which causes one of the two peaks depending on its angle αv = +45◦ or

αv = −45◦. The mean profiles in comparison to experimental data from Terekhov

et al. [89] are presented in appendix B. Since time resolved data is recorded via

LDA measurements, investigations of the time signal using FFT analysis have been

performed at two different points at the center for different heights. More than 30000

bursts have been detected within a total measurement time of at least 20s of real

time. The time signals are recorded at non-equidistant time steps. To keep errors

of the FFT at a low level, the time signals have been approximated using splines

to obtain equidistant time steps. A detailed error analysis has been performed by

Frenz [25]. The corresponding energy spectra are presented in Fig. 6.26.
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Fig. 6.26: Energy spectra of velocity signal recorded from LDA measurements at

two different positions inside the dimple at Red = 40000.

Two dominating frequencies f = 0.4Hz and f = 2.9Hz at both points for both

spectra can be observed. The frequency f = 0.4 clearly represents the shifting of the

asymmetric structure inside the dimple. It has to be noted, that from LES calcula-

tions a frequency f = 0.223Hz is obtained for points located at z/d = ±0.217 shifted

in spanwise direction. Hence, the vortex switching occurs at the points z/d = 0.0
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with a double frequency of f = 0.4Hz. Moreover, the second frequency of about

f = 2.9Hz represents the shedding of the vortex structures inside the shear layer be-

tween the main channel and recirculating flow. The corresponding Strouhal number

Std = 0.152, calculated by the dimple print diameter d, could not be clearly identified

in the numerical simulations and is therefore questionable. Chang et al. [12] investi-

gated the turbulent incompressible flow over a rectangular two-dimensional shallow

cavity with a ratio of L/d = 2 inside a channel at a Reynolds number ReH = 3360.

The Strouhal number is determined as Std = 0.51 which is in accordance with other

data published in the literature. Therefore, in our opinion the predicted frequency

of f = 2.9Hz reveals not correct in the experiments. But in contrast the frequency

spectra obtained from LES (see Fig. 6.19) shows magnitudes around f = 10Hz

which corresponds to a Strouhal number of Std = 0.52 and compares well to data

from Chang et al. [12].

To summarize the results from LDA measurements, the dye visualizations of struc-

tures inside the dimple proved to very important for correct interpretation of the

different velocity profiles. Imagine one would not know about the presence of asym-

metric structures, one would conclude on the basis of mean profiles, that the flow is

fully symmetric which leads to a wrong interpretation of flow characteristics. There-

fore, the combination of dye investigations and LDA measurements is desirable and

confirms the numerical results obtained using LES method.

Pressure distribution

The pressure distribution at the bottom surface for a single dimple at Red = 40000

have been investigated experimentally in addition to dye visualizations and LDA

measurements. This work was done mainly by Dr. Voskoboinick. Static pressure

sensors have been installed at the midplane at the bottom surface of the channel

in main flow direction. The pressure should be decreasing linearly in flow direction

when the flow is fully developed for a turbulent channel flow as derived from the

momentum balance. The gradient of the regression line of the pressure decrease for

a smooth channel can be compared to empiric correlation proposed by Dean [1978]

(see Eq. 6.2). In Fig. 6.27 the obtained pressure coefficients Cp for a smooth channel

and for a single dimple are compared.

First it can be observed that the pressure gradient obtained from measurements

for a smooth channel captures the correlation of Dean with a small deviation of 3.2%

for a total length of x/d = 12. The measurements have been done carefully, but

nevertheless the results are found to be very sensitive since the measured pressure
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Fig. 6.27: Distribution of the pressure coefficient Cp at the lower wall along the

centerline in flow direction obtained from experiments for a smooth channel and a

spherical dimple in comparison to empiric correlation of Dean and measurements

from Terekhov et al.[89]

differences are relatively small. Second, when a single dimple is placed onto the

surface, the pressure drop increases of about 13.7% in a distance of x/d = 5.0 in

comparison to a smooth channel. A visible decrease of pressure can be found inside

the dimple which is nearly about 75% of the whole dimple length in axial direction

from x/d = −0.5 to x/d = 0.5. A high peak can be observed further downstream at

the downstream edge of the dimple. The peak reveals the point where the main flow

attaches the dimple surface. Due to the flow separation at the downstream edge, a

large decrease of pressure is present which is lower than the overall pressure drop

for the smooth channel. The pressure gradient decreases further downstream of the

dimple equally to that of the smooth channel wall.

To study the role of asymmetric vortex structures and its alternation, piezo-resistive

pressure sensors have been installed inside and outside the dimple. In Fig. 6.28 (a)

the different positions of the pressure sensors are presented. Fig. 6.28 (b) the

demonstrates the rms values for a wide range of Reynolds numbers Red.

The positions 1 and 2 are located upstream the dimple representing measurements

in a smooth channel which can be compared to data from literature presented in

Fig. 6.28 (c). From the authors point of view, the measurements performed by

Farabee [19] and DNS by Kim [50] are most trustful. Fig. 6.28 (c) presents the

rms values of pressure fluctuations for the equivalent Reynolds numbers Reτ based

on the friction velocity. The measurements compare well with experimental data

of Farabee [19]. In addition, the DNS results (Kim [50]) reveal a magnitude of the
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Fig. 6.28: Different locations of dynamic pressure sensors (a). Distribution of rms

values of the pressure signal inside and outside a single dimple for various Reynolds

numbers starting from Red = 20000 up to Red = 60000 at different positions inside

the dimple (b) and in comparison to published data for a smooth channel for position

1 and 2 (c).

pressure direct at the wall of about prms/τw = 1.5 for a Reynolds number Reτ =

185 (nearly equal to Red = 20000) which matches fairly well with the performed

experiments of prms/τw = 1.4. It is interesting to note that the magnitude of the

fraction prms/(0.5ρ/u
2
b) value does not change significantly in each location for the

investigated range of Reynolds numbers. Thus, the wall pressure fluctuations prms

are found to be linear proportional to (0.5ρ/u2
b). Further it is obviously that the

pressure fluctuations inside the dimple are significantly higher than those for the

smooth channel. Especially at the downstream edge high magnitudes occur due to
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the impingement of the main flow, which are one order of magnitude higher than

for the smooth channel. It is evident that at the bore hole in position 9 and 11 the

highest fluctuations are present.

In addition, the time signals, cross-correlations and energy spectra from pressure

signals have been analyzed to determine time flow physics and dependencies between

the pressure signals at different positions. In Fig. 6.29 the pressure time signals at

different positions inside the dimple for Red = 40000 are presented.
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Fig. 6.29: Time signals of the pressure at different positions at x/d = 0.32 (a) and

x/d = 0.32 (b) at z/d = ±0.32 inside the dimple for a Reynolds number Red = 40000.

The presence of an asymmetric vortex structure inside the dimple can be directly

seen by the opposite signs of the pressure signal. The main flow attaches the dimple

surface at one side whereas the flow is entering the recirculation zone at the oppo-

site side and forces a decrease of the pressure. The time signals clearly show, that

the shifting of the vortex is not periodical which is in accordance with visual ob-

servations using dye injection and numerical simulations using LES. The preferred

direction of the vortex structure is about αv = −45◦ for position 8 and 9 in the

experiments probably due to some inhomogeneities of the main flow. However, this

concludes that in an averaged sense one will determine a frequency of the vortex

shifting, but in reality the alternation process is intermittent.

To investigate the correlation between the different positions, the cross-correlations

are calculated. Fig. 6.30 (a) represents the cross correlation coefficient Rij between

position 9−11, 4−9 and 4−11 in spanwise direction at x/d = 0.32 whereas Fig. 6.30

(b) shows the function between position 8−10, 8−3 and 10−3 in spanwise direction

at x/d = 0.0 and Fig. 6.30 (c) the positions 2−3, 2−4 and 3−4 in axial direction at

the centerline. A clear dependence between the pressure signals is obvious in span-

wise direction due to the alternation of the vortex structure from αv = ±45◦ towards
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Fig. 6.30: Cross-correlation of pressure fluctuations for different positions inside a

single dimple at Red = 40000.

the main flow. The drastic alternation reveals a time range of the vortex shifting

up to 16s from cross-correlation of location 9− 11 which confirms the previous ob-

servations. The cross-correlation coefficients R9,11 and R8,10 show a high magnitude

and are negative when the time switching period ∆t tends to be zero. This implies,

that both pressure signals are of opposite signs which significantly represents the

appearance of opposite-of-phase motion inside the dimple. When the time shifting

period ∆t is increased to more than 15s both cross-correlation coefficients become

positive which additionally underlines the changing of the vortex axis.

The cross-correlation coefficients in flow direction show a different distribution.

First, the coefficients are positive for small time differences ∆t and decay rapidly.

Second, for positive time differences the correlations coefficients are found to be
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very small whereas when time shifting ∆t becomes negative, a clear dependence of

the pressure signals can be identified. The physical reason for such behavior can be

found in the flow direction inside the dimple. Within the recirculation zone the fluid

moves against the main flow direction, thus only a correlation of pressure signals

R2,4 can be found for previous times in position 4 to position 2.

The energy spectra of the pressure signals from different locations inside the dimple

are presented in Fig. 6.31.
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Fig. 6.31: Energy spectra of the pressure for different positions inside the dimple

for at Red = 40000.

The typical slope of ω−1 and ω−7/3 can be reproduced within the energy spectra of

the pressure fluctuations at the wall which can also be found in DNS data published

by Kim [50] for a turbulent channel flow at Reτ = 185. The energy spectra for po-

sitions 9, 10 and 11 do not change qualitatively, but the magnitude of fluctuations

in position 11 is slightly be higher than for the others compared in Fig. 6.31 a. It is

interesting to note, that the pressure fluctuations have a peak at a Strouhal number

St = 0.0025 for position 11 and at a Strouhal number St = 0.0015 for position 9

what is in accordance with the switching frequency of the asymmetric vortex struc-

ture inside the dimple found from numerical simulations. The energy spectra of the

pressure fluctuations at positions in axial direction (see Fig. 6.31 b) shows that the
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magnitudes at the positions 3 and 4 are higher than for the positions 1 and 2 since

the main flow attaches the dimple surface at the downstream side. It is interesting

to note that the peak for the positions 3 and 4 are at the same range as for position

1 and 2 and reveal a corresponding Strouhal number of around St = 0.001 which is

found to be smaller than for positions 9 and 11 respectively since at the midplane

positions the switching of the vortex occurs twice.

All performed measurements including dye visualizations, LDA and pressure mea-

surements represent the strong asymmetry of the vortex structure inside the dim-

ple. The alternation of the inclination angle of the vortex axis could be observed

using time resolved measurement techniques. Hence, the experimental observations

confirm the numerical results obtained from LES for clarification of the instanta-

neous flow structures inside the spherical dimple. Moreover, the predicted steady

flow structure within RANS calculations could be disproved. Frequency analysis of

time signals from measurements and LES reveal the same frequencies concerning the

shifting of the asymmetric vortex structure whereas for both methods its alternation

occurs not with a constant period but rather was found to be intermittent.

6.4 POD analysis

Three dimensional discrete POD analysis is carried out on LES pressure and velocity

fields to identify spatio-temporal structures hidden in the random fluctuations. The

POD method has been briefly introduced in chapter 4. Since the method requires

high computational resources to calculate the spatial correlation tensor Rij(x,x
′
),

the computational domain is downsized to the area of z/d = 1.5 and x/d = 2.5

around the spherical dimple because the focus in this work is placed on the behaviors

of the separated shear layer and asymmetric vortex formations inside the dimple and

not on the plane channel flow. The downsizing will reduce the computational time

significantly.

Eigenvalues

A priori the number of snapshots over the selected time range, which are necessary

to capture all relevant flow processes, are not known. From the previous calculations

it has be shown, that the switching of the asymmetric structure appears within a

time range of 5s to 20s. But due to the limited computational resources, only 2600

samples with a time interval of ∆t = 0.005s (equal to 13s of realtime) have been

selected for the POD analysis. The mean values are substracted from the current
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field as described in section 4.4. Hence, the sum of the eigenvalues λ(n) in terms of

the velocity represents the kinetic energy. Fig. 6.32 shows the distribution of the

eigenvalues for the first 1000 modes for the decomposed pressure and velocity field.
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Fig. 6.32: Energy distribution of the eigenvalues for the velocity and pressure eigen-

modes.

The decay of the velocity and pressure eigenvalues remains very rapid. The col-

lective contribution of the energy shows that 173 modes for the velocity and 112

modes for the pressure are needed to capture at least 50% of the total energy. It

is preferable for POD decomposition to capture most of the energy within the first

modes. As it can be seen from the energy decay, the first three modes are dominant

for the velocity and pressure containing significant larger energy than the follow-

ing modes. Therefore, one can conclude that the first three eigenmodes represent

significant flow features inside the single dimple.

Eigenmodes

The streamline patterns of the first four eigenmodes of the velocity are presented in

Fig. 6.33.

The structure corresponding to the first eigenmode Φ
(1)
u looks like a “tornado”

taking its origin inside the dimple and penetrating into the channel. This kind of

structure can be interpreted as a tornado-like structure or a so called mono cell

structure analogously to the structure described by Isaev [42]. The structure is

centered at the midpoint of the cavity and rotates around the y-axis normal to the

channel surface. It transports the fluid from the dimple into the channel flow at an

angle of approximately α = 30◦ towards the channel wall. The streamlines coming

into the dimple from the adjacent plate surface indicate clearly, that the structure
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Fig. 6.33: Streamlines of the spatial eigenmodes n for the decomposed velocity.

has a significant impact on the flow inside and outside the dimple. Moreover, it

obviously causes an increase of the heat transfer efficiency since the fluid is steadily

moving out keeping temperatures difference high inside the dimple. The structures

corresponding to the modes Φ
(2)
u , Φ

(3)
u and Φ

(4)
u can be seen also as tornado like spatial

structures. In contrast to the first mode structure they are symmetric towards the

midplane. Hence, all high energy containing structures reveal a permanent outflow

of the dimple which is preferable in terms of heat transfer by transporting the hot

fluid out of the dimple.

The Fig. 6.34 represents the iso-surfaces of the first four pressure eigenmodes.

The roll-up processes inside the shear layer arising from the recirculating flow and

the main channel at the dividing surface are clearly represented by the pressure

eigenmodes Φ
(2)
p , Φ

(3)
p and Φ

(4)
p . The different stages of the shear layer structures are

covered by the shifted structures in flow direction of mode Φ
(2)
p and Φ

(3)
p . However,

the mode Φ
(1)
p shows an interesting structure. Four strong cores arise inside the

dimple where pressure values are of opposite signs at downstream and upstream

side respectively. Appearance of these cores can be explained by the analysis of the

temporal correlation coefficients a(n) of the first velocity and the first pressure mode.
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Fig. 6.34: Isosurfaces of the first four pressure eigenmodes.

The temporal correlation coefficients for the first four eigenmodes of the pressure

and velocity are presented in Fig. 6.35 (a) and (b).

A drastic alternation from negative to positive values can be observed for the

temporal coefficient a(1)(t) for the velocity. Physically, the change of the sign of

a(1)(t) shows that the first eigenmode Φ
(1)
u steadily changes its rotation (see Fig.

6.33 (a)). To a certain extent, the results are consistent with the results obtained

from the direct analysis of structures from LES and experiments. The switching

of rotation direction can be detected after six seconds of realtime in Fig. 6.35 (a).

The change of the rotation direction of the first eigenmode Φ
(1)
u is an additional

explanation of long period oscillations with the opposition-of-phase motion. It leads

to periodic transversal fluctuations and outbursts at the downstream side of the

cavity which have been observed in measurements and LES. However, it should be

noted that such structure cannot be seen in the streamline patterns. The so called

tornado-like structures widely mentioned in the literature seem to be a fiction rather

than real existing coherent structures. The first mode structures reflect therefore

a collective combination of vortices of different size and orientations producing the

self-sustained oscillations conducted with the opposition-of-phase motion. Coming

back to the explanation of the four pressure cores presented in Fig. 6.34 (a). The

normalized correlation coefficients of the first eigenmode Φ
(1)
u and Φ

(1)
p are presented
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Fig. 6.35: Temporal correlation coefficients a(n)(t) for the first modes of the velocity

and pressure field (a), (b). Normalized correlation coefficients of the first modes of

pressure and velocity (c).

in Fig. 6.35 (c). A strong correlation between temporal coefficients of both modes

reflects the direct relation between the two eigenmodes of the pressure and velocity.

The velocity eigenmode Φ
(1)
u shown in Fig. 6.33 (a) causes the pressure field structure

Φ
(1)
p shown in Fig. 6.34 (a) since the rotation of Φ

(1)
u changes in time.

Conclusion

The POD analysis confirms, that the flow is characterized by the instability of the

asymmetric vortex structure inside the dimple and the instability of the shear layer

structures. The first eigenmodes of the velocity and pressure contain significantly

larger energy in comparison with the following modes and thus represent the main
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flow features. The changing of the asymmetric vortex structure towards the main

flow can be observed in the streamline patterns and iso-surfaces as well as in the tem-

poral coefficient a(1)(t) for the velocity and pressure. The shifting of the asymmetric

vortex structure is found as the overall dominant process appearing as tornado-like

structure inside the dimple changing its rotation in time. The corresponding pres-

sure mode shows four concentrated cores inside the dimple with opposite signs in

respect to the current direction of the asymmetric vortex structure. The eigenmodes

Φ
(2)
p , Φ

(3)
p and Φ

(4)
p of the pressure represent the shear layer instabilities with a spa-

tial shifting of the characteristic roll-up structures in axial direction. The evolving

structures inside the shear layer are convected downstream and impinge the down-

stream side of the dimple causing high heat transfer rates.

Hence, the eigenmodes underline and confirm the results of the direct analysis for

the turbulent flow over a spherical dimple.

6.5 Heat transfer and pressure loss

The forgoing analysis was focused on the flow structures. To evaluate the overall

performance of the heat exchanger configuration, integral values of pressure and

friction loss and heat transfer rates have to be determined. Therefore, the values

of the pressure and friction forces Dp and Df from Eq. 2.55 and Eq. 2.56 and the

integral heat transfer enhancement Num (see Eq. 2.12) are determined using LES

and RANS at a Reynolds number Red = 40000. Surface integrated values have

been use for the comparison of the heat transfer rates between dimples and the

smooth channel. It concludes, that the increase of the surface due to the dimple

geometry is not taken into account for the integral values in terms of heat transfer.

Therefore, the presented results of the heat transfer enhancement include only its

increase from vortex formations. An area of about (x/d = 2.5) × (z/d = 1.5) is

chosen for integration presented on the left side of Tab. 6.6. The selected area

includes the heat transfer rates inside and behind the dimple and neglect the area

upstream the dimple.

The integral values obtained from LES show a strong grid dependency in respect to

flow resistance and heat transfer. The pressure distribution on the solid walls attains

a maximum pressure resistance of Dp/Dc = 1.721 in case of LES(A3) and Dp/Dc =

1.898 in case of RANS where the value Dc covers the friction forces of smooth channel

wall. The increase of the pressure resistance of about 72% determined in case of

LES is fairly high for the investigated dimple configuration and totally contradicts to

the often proposed thesis using dimples for drag reduction. Further it is noticeable
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Tab. 6.6: Comparison of pressure and shear forces (Dp and Df ) for the dimpled

wall and enhancement of heat transfer in terms of area-averaged Nusselt number

Num in comparison to a flat plate for the selected area of average (left) for a single

spherical dimple at Red = 40000.

z /d=1.5

x /d=2.5

x
z

LES (A1) LES (A2) LES (A3) RANS

Dp/Dc 1.636 1.679 1.721 1.898

Df/Dc 0.772 0.881 0.914 0.921

Num/Num0 0.959 1.048 1.141 1.259

that the determination of the pressure resistance could not be estimated in the

experiments using measurements only at the baseline in streamwise direction since

the flow is not fully developed. In contrast to the significant increase of the pressure

resistance, a decrease for the friction resistance could be observed. The friction force

Df ranges from Df/Dc = 0.772 to Df/Dc = 0.954 with mesh refinement in case of

LES where RANS predict a ratio of Df/Dc = 0.921. The friction values are fairly

lower than for a smooth wall due to the existing recirculation zone inside the dimple.

The results of integral heat transfer rates have to be taken into account for eval-

uation of the heat exchanger performance. The integral Nusselt number Num com-

pared to a smooth wall for the selected area presented in Tab. 6.6 ranges between

Num/Num0 = 0.959 for the mesh A1 to Num/Num0 = 1.142 for the A3 in case of LES

whereas RANS results yield to an increase of Num/Num0 = 1.259. As explained in

the previous section, the results obtained from RANS are more trustful than in case

of LES since the needed grid resolution for LES in terms of heat transfer exceeds

the available computational resources.

The reason for weak performance of the heat transfer enhancement arises in the

definition of the established test case. Due to the fact that the fluid is heated up

only at a small distance upstream the dimple, the temperature boundary layer is

still small including already high heat transfer rates even for the smooth wall. Thus,

the influence of the dimple to increase heat transfer rates becomes fairly small as it

is presented in Tab. 6.6. Further the numerical simulation of an evolving tempera-

ture boundary layer is still complicated in terms of time resolved inflow conditions

and requires high grid resolution in case of LES to resolve the gradients inside the

temperature boundary layer.
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In summary, the integral results show that the thermo-hydraulic performance of the

current setup is very poor. The increase of the heat transfer of about 25.9% (in

case of RANS) compared to a smooth wall does not reflect the real potential of dim-

ples to enhance heat exchanger performance. To analyze the performance of a single

spherical dimple in fully developed temperature boundary layers further simulations

have been carried out. Hence, the precursor method to generate inflow conditions

is not only used for the velocity but also for the temperature. The calculation of

the heat transfer becomes much more simpler in respect to grid resolutions for LES

since the temperature gradients are not that sharp as for an evolving temperature

boundary layer. LES calculations have been performed using the grid (A3). Since

the temperature acts as passive scalar, the pressure and friction resistance remain

constant for a fully developed temperature boundary layer whereas only the results

for the heat transfer rates are changed. Simulations for a fully developed boundary

layer show an increase of heat transfer of about Num/Num0 = 1.67 compared to an

equivalent smooth wall which is significantly larger than Num/Num0 = 1.142 as it is

the case for an evolving temperature boundary layer.

Another interesting point is the role of the asymmetric structures inside the dimple.

It was found from time resolved heat flux analysis at the heated channel wall, that

the heat transfer is mainly dominated by the direct attachment of the flow and its

vortex shedding at the downstream side of the dimple. However, the shifting of the

asymmetric structure towards the streamwise direction could not be detected in the

time history of the heat transfer rates during the LES simulations. Thus, a signifi-

cant enhancement due to the shifting of the asymmetric vortex structure could not

be observed. Nevertheless, the vortex shifting drives the hot fluid out of the dimple

which is found to be preferable in terms of heat transfer enhancement and also to

prevent fouling effects.

6.6 Summary

Comparison of numerical results obtained from LES and RANS with the performed

experiments and data published in literature confirmed, that the established meth-

ods are capable of predicting flow physics and heat transfer rates in a channel with

a single spherical dimple with a satisfactory accuracy. LES reveals the presence

of self-sustained oscillations with opposite-of-phase motion inside a single dimple.

The same conclusion has been drawn in measurements using LDA technique, visual

observations using dye injections and pressure measurements. Analysis of flow struc-

tures using instantaneous streamline patterns and pressure isosurfaces shows clearly
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the presence of an asymmetric vortex structure which is inclined in respect to the

incoming flow. Although the instantaneous flow is asymmetric, however, the flow

averaged over a sufficiently long time period is nearly symmetric. In this context

LES and measurement results contradict to RANS simulations which predict the

asymmetry even in the averaged flow pictures. Moreover, the reason for the shifting

of the asymmetric vortex structure is determined within the shear layer structures

and its direct impact on the attachment point of the incoming fluid at downstream

side of the dimple. The POD analysis revealed the formation of tornado-like spatial

structures inside the dimple. The first eigenmode of the velocity corresponds to a

mono structure steadily changing its rotation in time. The structure clearly reflects

the mono cell structure inside the dimple and its switching in time. The second

mode corresponds to a twin structure located symmetrically inside the dimple. Iso-

surfaces of the pressure eigenmodes represent the formation of a shear layer arising

between the main channel and recirculating flow inside the cavity.

In respect to heat transfer enhancement, the asymmetric vortex structures are prefer-

able in terms of steadily driving the hot fluid out of the dimple. A significant increase

of the heat transfer rates due to the long period oscillations could not be found since

the time scale of the heat transfer mechanism is much smaller than shifting time

of the asymmetric vortex structure. The augmentation of heat transfer is relatively

small (Num/Num0 = 1.142) compared to smooth surface for temperature bound-

ary layer evolving shortly upstream the dimple. In contrast, when the temperature

profile is fully developed, the heat transfer can be increased up to Num/Num0 = 1.67.



7 Heat transfer and flow structures

of dimple packages

Vortex structures and heat transfer mechanism of turbulent flow over a staggered

dimple array in a narrow channel have been investigated using numerical and experi-

mental methods. LES calculations are performed for Reynolds numbers Red = 10000

and Red = 20000 and are analyzed in details to get a deep insight into flow physics

and heat transfer mechanismn. Simulations are verified by equivalent experiments

using LDA and pressure measurements in combination with DNS data published by

Moser et al. [78] and Kawamura [47] for a smooth channel. In addition, the POD

method is applied on resolved LES fields to identify spatial-temporal structures

hidden in the random fluctuations of the pressure and velocity fields.

7.1 Definition of the package standard case

A new test section was designed where about 700mm of the lower channel wall

are exchangeable to vary the dimple configurations. The geometric parameters and

the standard dimple arrangement are sketched in Fig. 7.1. The arrangement of

L

L

S

S

D

Fig. 7.1: Geometry specifications of the staggered dimple arrangement.

spherical dimples and their geometric properties are chosen similar to these used in

98
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experiments performed by Ligrani [61] and Mahmood [70]. Tab. 7.1 summarizes the

geometrical dimensions. About 30 rows of dimples in flow direction and five rows

Tab. 7.1: Geometric parameters of the standard dimple package.

d h/d H/d L/d

23 mm 0.26 0.652 4.66

of dimples in spanwise direction were drilled into the lower wall to ensure the fully

developed state of the flow within the measurement section. LDA measurements are

performed at different positions to analyze the flow structures inside and outside the

dimples and for further validation of the numerical methods.

7.2 Reference case: periodic channel flow

To ensure reliability of the applied numerical methods, the turbulent flow between

two parallel smooth plates, commonly known as turbulent channel flow, have been

investigated. The case is well-known in literature and is mainly used for validation

of numerical methods. The geometric dimensions 4.66L/H × H × 4.66L/H of the

plane channel have been chosen similar to geometric parameters of the selected

area of the dimple packages. The simulations are carried out at Reynolds number

ReH = 13043 (Reτ = 375). The mean and rms values are discussed and compared

to analytic correlations and to DNS computations from Moser et al. [78] for the

Reynolds number Reτ = 395. Since the reference data from Moser et al. [78] is not

exactly comparable to the present case due to the small Reynolds number difference,

it can only be used for qualitative evaluation of the results.

Geometry and boundary conditions

The domain of the test case consists of two parallel walls with infinite dimensions.

Only a sub-domain is included for numerical simulation where periodic boundary

conditions are applied in streamwise and spanwise direction. Fig. 7.2 presents the

computational domain.

In contrast to the previous investigations for a single dimple, the temperature pro-

file is fully developed. It gives the possibility to apply periodic boundary conditions

for the temperature as well. Hence, the precursor method becomes unneeded what

reduces the computational resources enormously by keeping the computational do-

main small. The temperature is set constant to T+ = 1 at the lower and constant
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Fig. 7.2: Computational domain of the turbulent flow between two parallel plates.

to T+ = 0 at the upper channel wall. A precise definition of the turbulent channel

flow has been described by Jahnke [43] and Moser et al. [78]. Tab. 7.2 summarizes

the applied boundary conditions.

Tab. 7.2: Boundary conditions for LES of fully developed turbulent flow in a plane

channel.

upper wall lower wall inlet outlet

pressure ∂p/∂n = 0 ∂p/∂n = 0 periodic periodic

velocity ui = 0 ui = 0 periodic periodic

temperature T+ = 0 T+ = 1 periodic periodic

Grid resolution

Two different mesh resolutions have been investigated to evaluate the needed grid

size. The mesh properties are given in ∆x+
i values based on the channel height H

and the Reynolds number Reτ calculated from DNS results presented in Tab. 7.3.

The mesh resolution is homogeneous in streamwise and spanwise direction. A

stretching of the grid points normal to the wall is applied whereas the ratio of

largest to smallest grid cell in wall normal direction is set to a factor of 7.5. Since

wall resolved LES computations were conducted, it was important to place at least

three grid points into the viscous sub-layer. For identification of the statistically

steady state, the Reynolds stresses are averaged and evaluated on the fly during the

simulation. Moreover, the statistic values are averaged in homogeneous directions
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Tab. 7.3: Different grid resolutions for LES of fully developed turbulent flow in a

plane channel.

Mesh Nx ×Ny ×Nz ∆x+ ∆y+
min ∆z+

D1 128× 64× 128 14.4 0.42 14.4

D2 256× 80× 256 7.2 0.14 7.2

(streamwise and spanwise).

Results

The profiles obtained from LES have been compared to DNS data provided by Moser

et al. [78] for the velocity and to DNS data published by Kawamura [47] for the

temperature. The DMM is used as closure model. It was shown from previous

calculations (see section 6.2), that the best results have been achieved using the

DMM for closure of the filtered momentum and temperature transport equations in

comparison to other models.

The mean values of the velocity and temperature are presented in Fig. 7.3 and Fig.

7.4 respectively.
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Fig. 7.3: Averaged velocity profiles normalized by the bulk velocity ub using different

mesh resolutions for the turbulent channel flow at ReH = 13043.

The mean profiles of velocity and temperature show no discrepancies to DNS re-

sults published by Moser et al.[78] and Kawamura [47] for both investigated grid

resolutions. To analyze the near wall behavior, the mean values of temperature and

velocity are plotted over y+ values in semi-logarithmic axis. It is obviously that
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Fig. 7.4: Averaged temperature profiles using different mesh resolutions for the

turbulent channel flow at ReH = 13043.

the mean profiles of the velocity match the DNS results in the near wall region.

The viscous sublayer and the log-law region are well predicted using the DMM.

Slight discrepancies can be found in the near wall region for the temperature profile.

Whereas in the viscous sublayer the mean profile is in an excellent agreement to

DNS results, some discrepancies can be observed in the turbulent region. However,

a tendency towards the DNS results can be reached by increasing the mesh resolu-

tion. Nevertheless it has to be mentioned, that the LES results compare well with

DNS profiles in the viscous sublayer which leads to an accurate prediction of the

temperature gradients near the wall. The rms values of the velocity are presented

in Fig. 7.5.

The rms values show qualitatively the same distribution as the DNS results. Again

it should be noted, that the present calculations refer to the Reynolds number

Reτ = 375 which differs slightly to the DNS data at a Reynolds number Reτ = 395.

Thus, the profiles obtained from LES had to be slightly smaller than the predicted

ones from DNS. The results show the expected tendency with only small differences

between both mesh resolutions.

For analysis of the flow resistance and heat transfer, the integral values are com-

pared to empiric correlations taken from the literature. Tab. 7.4 compares the

results of the friction coefficient Cf obtained from numerical simulation and pres-

sure measurements to empiric correlation proposed by Dean Cf = 0.06138 Re−1/4.

The friction coefficients obtained by experiments and simulations over-predict the

values calculated by Dean’s formula with a maximal deviation of about 6.9%. It



7. Heat transfer and flow structures of dimple packages 103

0.0 0.1 0.2 0.3 0.4 0.5
y/H

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16
〈u

x
u
x
〉/
u
b

LES D1
LES D2
DNS Moser et al.

0.0 0.1 0.2 0.3 0.4 0.5
y/H

0.00

0.01

0.02

0.03

0.04

0.05

0.06

〈u
y
u
y
〉/
u
b

LES (D1)
LES (D2)
DNS Moser et al.

0.0 0.1 0.2 0.3 0.4 0.5
y/H

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

〈u
z
u
z
〉/
u
b

LES (D1)
LES (D2)
DNS Moser et al.

0.0 0.1 0.2 0.3 0.4 0.5
y/H

0.00

0.01

0.02

0.03

0.04

0.05

0.06

〈u
x
u
y
〉/
u
b

LES (D1)
LES (D2)
DNS Moser et al.

Fig. 7.5: Rms profiles using different resolutions for the turbulent channel flow at

ReH = 13043.

Tab. 7.4: Comparison of the friction coefficient Cf obtained from LES and exper-

iment to empiric correlations proposed by Dean for the turbulent channel flow at

ReH = 6521 and ReH = 13042.

Cf Dean

ReH = 6521

LES (D1) 0.0724

0.06835LES (D2) 0.0681

Exp 0.0692

ReH = 13042
LES (D1) 0.0614

0.05748LES (D2) 0.0591

Exp 0.0602
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shows that applied methods are capable of capturing the pressure loss inside a

smooth channel.

Further the empiric correlations of Gnielinsky

Nu =
(ξ/8) RePr

1 + 12.7
√
ξ/8 (Pr2/3 − 1)

(1 + (dh/l)
2/3) (7.1)

and Dittuis-Boelter

Nu = 0.023 Re0.8 Pr0.4 (7.2)

have been used for comparison of the heat transfer rates and are summarized in

Tab. 7.5.

Tab. 7.5: Comparison of Nusselt number Num obtained from LES with empiric

correlations from Gnielinsky and Dittuis-Boelter for a turbulent channel flow at

ReH = 6521 and ReH = 13042.

Num Boelter Gnielinsky

ReH = 6521
LES (D1) 24.47

22.39 24.04
LES (D2) 23.78

ReH = 13042
LES (D1) 39.58

38.97 38.87
LES (D2) 39.12

Discrepancies between the integral heat flux obtained from the numerical simu-

lation compared to the empiric correlations are within 1% range which underlines

the quality of the present calculations. To summarize the results, the channel flow

calculations reveal a fairly good agreement to DNS data and empiric correlations.

7.3 Results

7.3.1 Validation of the numerical model

The computational domain could not cover the whole experimental test setup con-

sists with 30 rows of dimples in case of LES. Therefore, only a part of the domain

within the fully developed range is extracted. Fig. 7.6 presents the computational

domain.

The length and width of the domain is set to L/H = 4.66. The diameter d of the

dimple was kept constant at d = 23mm whereas in this work three different dimple

depths h/d = 0.196, h/d = 0.26 and h/d = 0.326 have been investigated. However,

the geometrical parameters of the spherical dimple analyzed in the previous section
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Fig. 7.6: Computational domain of a dimple package at the lower channel wall for

LES.

could not be adopted for dimple packages due to the geometric limitations of exper-

imental test section. The application of dimples with a print diameter of d = 46mm

inside a channel with a spanwise dimension of 200mm will allow a maximum of three

dimples in a row. Numerical simulations based on URANS calculations from Isaev

revealed, that the influence of the sidewalls on the flow field for this configuration

cannot be neglected.

Since the analysis of the flow structures and heat transfer is in the foreground, the

size of the computational domain should be chosen carefully. In most previous works

(see Elyyan [18]), time resolved computations of heat exchangers using dimples or

protrusions have been performed where either one half or only one whole dimple was

included in the computational domain. The reduction of the domain undertaken in

these works is not acceptable for the present work since the integral values differ

significantly with variation of the domain size. It was shown, that the generated

vortex structures inside the dimpled channel can have large length scales which can-

not be captured in small domains. Therefore, an enlarged domain including several

dimples was chosen to ensure a free evolution of the vortices.

No slip boundary condition were applied at the lower and the upper walls for

the velocity whereas the temperature is fixed to T+ = 1 at the lower (hot surface)

and to T+ = 0 at the upper channel wall (cold surface). To drive the flow with

a constant massflow rate, the overall losses are calculated within the domain and

simply added as driving force into the momentum equation. The standard Reynolds

number Red = 20000 calculated by the dimple diameter corresponds to a Reynolds

number ReH = 13043 based on the channel height H.
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On the basis of the turbulent channel flow calculations, a block structured curvi-

linear grid consisting of 13’196’000 cells was chosen for further investigations of the

dimpled channel. Grid dependency studies showed, that a high mesh resolution is

required to capture all relevant flow physics like vortex shedding at the trailing edge

for a correct estimation of the local heat transfer rates. To escape numerical errors

caused by large aspect ratios of the grid cells, mesh motion functionality based on

a grid diffusion equation was applied. At first, a block-structured grid is generated

for flat channel and than at the second step, the mesh is stretched onto the dimpled

surface. As result, the grid lines nearly follow the streamlines inside the dimples

and large aspect ratios of the grid cells are avoided. Special attention is paid to the

resolution of the dimple edge to resolve the flow separation and shear layer gradients

with a proper accuracy. Since a wall resolved LES is applied, the y+ ≤ 1 condition

for the first grid point was satisfied to ensure a correct estimation of the local heat

flux.

The velocity profiles obtained from LES are compared to LDA measurements.

Experimental velocity profiles at different positions in flow direction showed, that

the differences of the velocity profiles inside and outside the dimple between these

positions become very small after the tenth row of dimples. This observation is in

accordance with Ligrani [60], who found the fully developed state of the flow after

the 13th row of dimples. Therefore, the experimental profiles are taken from the 18th

row of dimples which is definitely within the fully developed range. The comparison

of the velocity profiles obtained from LES and LDA measurements inside the dimple

for two Reynolds numbers is presented in Fig. 7.7.

Mean and rms profiles of the velocity at ReH = 6521 show a good agreement

between experiment and simulation. However, the rms values obtained from LES

are twice as high as the experimental ones at Reynolds number ReH = 13042. Most

probably reason for this discrepancy is the non-sufficient accuracy of measurements.

Indeed, the rms values obtained from LES for a smooth channel flow at ReH = 13042

reveal a high peak near the upper channel wall with a strong decrease towards the

center of the channel. The strong decrease of fluctuations could not be observed

when dimples are placed at the lower wall. Hence, it can be assumed that the

perturbations are increased in the whole channel when dimples are placed at the

lower wall which leads to a significant enhancement of the mixing processes. Since

the measurements could only be performed for isothermal flow, the verification of

the heat transfer rates has been carried out using experimental data published by
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Fig. 7.7: Velocity and rms profiles across the channel height for dimples with a

ratio of h/d = 0.26 at two different Reynolds numbers in the fully developed range.

y/H = 0.0 is located at the dimple bottom.

Ligrani [60] presented later in section 7.5.

7.3.2 Vortex structures

The most detailed experimental studies of unsteady flow phenomena on dimpled

packages have been performed by Ligrani [60]. Flow visualizations using smoke

patterns revealed a primary vortex pair and two additional secondary vortices arising

at the spanwise edges of each dimple. The visual results showed, that the typical

vortex structures are symmetric and show a periodic behavior for dimples with a

ratio h/d = 0.2 at ReH = 1250. For high Reynolds number flow the visualization

using smoke injection becomes impossible due to the high mixing inside the channel.

Unfortunately, these first valuable observations of an array of dimples have never

been quantified properly and analyzed using modern non-intrusive measurement

techniques and advanced numerical technologies like LES and DNS. To clarify the

role of the vortex formations in respect to the heat transfer on staggered dimple

packages, numerical simulations and velocity measurements have been performed in

this work.

At first, the time averaged values are analyzed with variation of the dimple depth to

investigate main flow features at a Reynolds number Red = 20000. Fig. 7.8 presents

the mean pressure distribution with slices of the mean velocity for different dimple

depths.

The direct impact of the dimple geometry on the pressure field can clearly be seen

at the lower channel wall where a symmetrical distribution towards the dimple center

plane for all investigated dimple depths is present. The highest pressure values are
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Fig. 7.8: Time averaged pressure distribution with slices of the mean velocity of

dimple packages for various dimple depths at Red = 20000.

found at the downstream side of the dimple due to the attachment of the incoming

flow.

The commonly used vortex identification methods like λ2 or Q criterion applied

for the dimple package reveal that the flow inside the cavities is mainly dominated

by small scale eddies. Fig. 7.9 showed the λ2 and Q structures for the dimple

h/d = 0.26 at a Reynolds number Red = 20000.
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y

(a) λ2 - structures

x

z

y

(b) Q - structures

Fig. 7.9: Visualization of vortex structures using λ2 and Q criterion for turbulent

flow over a dimple package at Red = 20000.

The instantaneous flow fields do not show the presence of large scale structures

inside the cavities like for the single spherical dimple as shown in the previous

chapter. Any kind of order is prevented due to irregular perturbations coming from

dimples located upstream. However, some instantaneous cell patterns caused by
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dimples with different depths can be recognized in the streamline pictures averaged

over 0.39s realtime presented in Fig. 7.10.
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Fig. 7.10: Time averaged streamlines for 0.39s realtime inside a dimple package for

various dimple depths at Red = 20000.

The flow separates at the leading edge and forms a recirculation zone inside each

dimple. The extension of reverse flow remains the largest for the deepest dimple

at h/d = 0.326 which occupies nearly 80% of the whole dimple. From streamlines

patterns it is obviously, that one part of the incoming fluid attaches the downstream

side and leaves the dimple directly at the trailing edge generating vortex shedding.

The other part enters the dimple, rotates and is finally ejected at the spanwise edges

of the dimple into the main channel flow. Although the flow is dominated by small

scale vortices it has to be mentioned that the fluid ejected from the dimple does

not enter the dimple downstream. The streamlines indicate that the heated fluid is

moving above the next dimple and becomes well mixed with the main channel flow.
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Hence, when the domain size is assumed to be too small including only one half of

the dimple, this phenomena will not be pictured in the streamlines and will lead

to a significant difference of integral values (e.g. heat transfer) for different domain

sizes. Further analysis shows the mix of instantaneous symmetric and asymmetric

structures. For instance, the streamline patterns for deep dimples (see Fig. 7.10 c)

indicate the presence of an asymmetric vortex structure in the lower row whereas

at the top row a symmetric vortex structure is present. Thus, one can conclude

that the flow topology is steadily changed in time with no stable vortex structure.

The result is contradictory to the single dimple where two stable asymmetric vortex

positions could be observed.

Further the results obtained from LES contradict to URANS ones proposed by Isaev

[38]. The streamline patterns determined from performed URANS calculations for

dimples with a depth of h/d = 0.326 showed a steady asymmetrical distribution. In

contrast, the time averaged streamlines remain still symmetric in case of LES. The

same conclusions have been found in case of a single spherical dimple. Streamlines

patterns from LES and self conducted RANS simulations are presented in Fig. 7.11.

x

z
(a) RANS

x

z
(b) LES

Fig. 7.11: Comparison of time average streamlines from RANS and LES calculations

for turbulent flow over a dimple package at Red = 20000.

Hence, in case of using RANS for numerical simulation of turbulent flow over a

dimple package, the results will be questionable since the predicted asymmetric flow

structures cannot be found within LES computations and experiments. To underline

this observation, the velocity profiles in spanwise direction obtained from LES and

experiments located at y/H = 0.9 close above the dividing surface are presented

in Fig. 7.12. If any steady asymmetric structures exists as predicted from RANS

calculations, the velocity profiles obtained from LES and experiments should be also

asymmetric.

However, the averaged velocity profiles from LDA measurements are symmetric
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Fig. 7.12: Comparison of time averaged velocity profiles from LES and LDA mea-

surements in spanwise direction at h/d = 0.26 for Reynolds numbers Red = 10000

and Red = 20000.

which is an additional weighty argument that no stable asymmetric structures exist

inside the dimples arranged in a staggered array.

LES computations show that vortices arise primarily due to the shear layer shedding

from the leading edge of the dimple. In contrast to a single spherical dimple, the

evolution of the shear layer structures is strongly influenced by the vortices coming

from the dimples located upstream. Hence, a clear visualization of the shear layer

structures becomes difficult due to the high magnitude of perturbations inside the

dimple. Pressure isosurfaces are used for visualization of the shear layer structures

for a single dimple and a dimple package presented in Fig. 7.13.

The high level of perturbations caused by the dimples upstream can be seen on the

right side of Fig. 7.13. Only small pressure cores of the shear layer can be observed

whereas the shear layer structures can be clearly identified for the single spherical

dimple presented in the left side in Fig. 7.13.

To conclude, no stable stationary symmetric or asymmetric vortex structure could

be found for turbulent flow over dimple packages. The symmetric primary vortex

pair in the center of the dimple and two secondary vortex pairs at each side proposed

by Ligrani [60] at ReH = 1250 for dimples with a ration h/d = 0.2 cannot be seen

for the turbulent flow regime. The flow remains highly turbulent where the dimples

induce fluctuations with a high magnitude causing a high level of mixing inside the

channel.
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Fig. 7.13: Comparison of shear layer structures for turbulent flow over a single

dimple (left) and a dimple package (right) for a ratio h/d = 0.26 at Red = 20000.

7.4 POD analysis

Since the flow over a dimple package is highly turbulent without any stable symmet-

ric or asymmetric vortex structures, the POD method is applied to find a certain

order inside the velocity and pressure field. The POD analysis has been carried out

for all investigated dimple configurations in the whole computational domain for the

decomposition of the velocity and pressure field. Due to the high number of snap-

shots and large grid sizes, the performed eigenvalue calculations the computational

resources and especially the hard disk storage systems are taken to their limits. But

unfortunately, no characteristic structures could be found in the POD modes with

variation of dimple depth, Reynolds number and number of snapshots. Therefore,

only the results for the dimple standard case with a ratio h/d = 0.26 at a Reynolds

number Red = 20000 will be presented.

Eigenvalues

Since the number of snapshots necessary to capture all relevant flow physics is not

known a priori, it has been varied in this work. Finally over 3500 snapshots with a

interval of ∆t = 0.001s are used For dimple packages. The energy decay of the first

250 eigenmodes for the pressure and velocity field are presented in Fig. 7.14.

A rapid decay of the eigenvalues could not be observed for the pressure and velocity

as it is in the case for a single spherical dimple (see Fig. 6.32). However, it is
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Fig. 7.14: Energy distribution for the eigenmodes of pressure and velocity.

important for the application of the POD method that the first modes contain the

most energy to represent significant flow features. The first modes capture nearly the

same amount of energy for the present case which leads already to the conclusion,

that the flow is highly turbulent and unordered. It underlines furthermore the

previous results in the forgoing section.

Eigenmodes

The streamline patterns and iso-surfaces of the first two eigenmodes for the velocity

and pressure field are presented in Fig. 7.15.

The first two eigenmodes of the velocity Φ
(1)
u and Φ

(2)
u reveal a large rotating struc-

tures taking its origin inside the cavities and penetrating into the main channel flow.

Topologically this structure is very similar to the tornado-like structure proposed by

Kiknadze [48] from intuitive considerations. The first eigenmodes involve the fluid

motion out of the dimple which is preferable in terms of heat transfer. Furthermore,

the mode axis is aligned with the main flow direction which can be seen as an ad-

ditional explanation of the low pressure losses inside the channel. Nevertheless, it

has to mentioned that the physical interpretation of the structures remains unclear

since the energy decay of the first modes is fairly low. Especially for the pressure

eigenmodes, the distribution of the structures is chaotic with no preferential order.

Moreover, the time coefficients of the first modes show no dominant frequencies or

any periodic behaviour. Hence one can conclude, that the POD analysis for turbu-

lent flow above a dimple package underlines its chaotic behaviour with no coherent

symmetric or asymmetric vortex structures.
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Fig. 7.15: Streamlines of the spatial eigenmodes for the velocity of turbulent flow

over a dimpled package at Red = 40000.

7.5 Heat transfer and pressure loss

Heat transfer and pressure loss coefficients are determined using LES and experi-

mental methods. In the experimental setup about twelfth pressure sensors have been

placed at the channel surface aligned in flow direction. Since the flow is periodic,

the overall pressure resistance can be calculated by a regression line including all

pressure sensors located in the fully developed range of the flow. Within the LES

the overall losses (henceforth named as Cp are calculated on the fly necessary to

determine the driving force to provide a constant mass flow rate inside the compu-

tational domain.

Table 7.6 illustrates the influence of the relative dimple depth and Reynolds num-

ber on the resistance coefficient Cp and the overall heat transfer enhancement Num

obtained from LES. The coefficient Cp and as well the integral Nusselt number Num

are normalized by the corresponding values of a smooth channel denoted with the
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subscript 0.

Tab. 7.6: Pressure coefficient Cp and integral Nusselt number Num for different

dimple depths at ReH = 6521 and ReH = 13042.

h/d 0.196 0.26 0.326

Red = 10000

Num/Num0 1.62 1.93 1.46

Cp/Cp0 2.4 2.89 3.41

Red = 20000

Num/Num0 1.75 2.01 1.52

Cp/Cp0 2.83 3.03 3.81

The heat transfer rates are compared to measurements of Ligrani et al. [60]

to determine the reliability of the obtained results. The integral Nusselt number

Nu/Nu0 = 1.93 at ReH = 13042 for dimples with a ratio h/d = 0.26 from LES

agrees well with the value of Nu/Nu0 = 1.83 proposed by Ligrani et al. [60] for a

Reynolds number ReH = 10200 and a ratio h/d = 0.22. Measurements of the flow

resistance have only been performed for dimples with a ratio h/d = 0.26 due to high

mechanical effort to build up the test section for the dimple package including 165

dimples. Measurements showed discrepancies to LES for the resistance coefficient

Cp. In reference to the flat channel it is experimentally determined as Cp/Cp0 = 3.49

for a Reynolds number ReH = 6521 and Cp/Cp0 = 3.69 at ReH = 13042 which are

higher than Cp/Cp0 = 2.89 at ReH = 6521 and Cp/Cp0 = 3.03 at ReH = 13042

obtained from LES. While the results obtained from actual measurements and nu-

merical simulation are in the same range, the results are more than twice as high

as the results of Cp/Cp0 ≈ 1.5 at a Reynolds number ReH = 10200 and a ratio

h/d = 0.22 reported by Ligrani [60]. The good agreement of the heat transfer rates

and the large discrepancies for the pressure loss are contradictory. It has to be

mentioned, that the performed simulations for the turbulent channel flow showed

excellent agreement with empiric correlations for the pressure resistance and as well

for the heat transfer rates. In addition, the results of the performed measurements

and numerical simulations are in the same range. Moreover, it is interesting note

that the same discrepancies with the measurements from Ligrani [60] have been

found by Elyyan et al. [18].

The obtained results show that the pressure resistance is approximately three

times higher for dimples with a ratio h/d = 0.26 than that for a smooth channel at

Reynolds number Red = 20000. The smallest resistance coefficient Cp/Cp0 = 2.83 is

documented for the most shallow dimple at h/d = 0.196. When h/d increases, the
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resistance grows attaining the maximum value of Cp/Cp0 = 3.81 at h/d = 0.326.

The same tendency is determined for the lower Reynolds number Red = 10000.

Fig. 7.16 presents the time averaged Nusselt number Nu at the dimple surface for

all investigated dimple depths.
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Fig. 7.16: Time averaged Nusselt number distribution on dimple packages for vari-

ous dimple depths at Red = 20000.

The highest heat transfer rates can be found at the downstream side of the dimple

where the cold flow attaches the dimple surface. It can be up to eight times higher

than compared to a smooth channel for the deep dimples. Nevertheless, the velocity

is substantially decreased by increasing the dimple depth inside the recirculation

zone which reduces the heat flux inside the dimples. The enlargement of the recir-

culation zone in respect to the dimple depth can be found in the Nusselt number

distribution at the dimple wall. While for the flat dimple only a small area shows

lower heat transfer rates at the upstream side, the area is significantly enlarged by

an increasing dimple depth. Hence, the lowest Nusselt number drops down from

Nu/Nu0 = 0.53 to Nu/Nu0 = 0.37 compared to a smooth channel.
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The surface integrated Nusselt number Num obtained from LES presents an overall

increase of the heat flux at its maximum of Num/Num0 = 2.01 for the standard

dimple case (h/d = 0.26). Thus, the overall heat transfer enhancement can reach

about 201% using an appropriate dimple packages. Two reasons for the high heat

transfer rates can be found from numerical analysis. First, the hot fluid is driven out

of the dimple in transversal direction leaving the dimple on one or both dimple sides

depending on the instantaneous flow topology (symmetric or asymmetric) presented

in Fig. 7.10. Surprisingly, the outcoming hot fluid of the dimple is not entering the

following dimple as it might be expected, but due to its angle of outflow it moves

directly into the main channel flow enhancing the mixing process. Therefore, the

incoming fluid in each dimple is well mixed which is preferable in terms for heat

transfer enhancement. Second, an additional enhancement of heat transfer is found

due to the high magnitude of shear layer fluctuations and large perturbations com-

ing from the upstream dimples.

The criterion proposed by Gee and Webb [26] has been used to determine the overall

heat exchanger efficiency. The thermo-hydraulic performance Nu/Nu0/(Cp/Cp0)1/3

shows the best results for dimples with a depth to diameter ratio of h/d = 0.26

which is in accordance with the expected one from literature survey (see Ligrani et

al. [60]). The reason for the high efficiency can be found within in the numerical

simulations. LES calculations showed that the vortices generated the shear layer

between the recirculating flow and main channel flow play an important role on

the heat transfer enhancement. It was observed that the vortices arising within the

shear layer in a dimple with a ratio of h/d = 0.26 are stronger than compared to the

flat dimple at h/d = 0.196. Therefore, both the pressure loss and the heat flux is

increased (see Table 7.6). However, a further increase of the depth from h/d = 0.26

to h/d = 0.326 is followed by a heat transfer reduction. The reason for this phe-

nomena can be explained by the spatial expansion of the vortices in the shear layer

when the dimple depth exceeds a certain threshold. The induced fluctuations near

the wall, which are responsible for the heat transfer, depend both on the vortex in-

tensity and on the ratio of the vortex scale to the dimple depth, i.e. on the distance

between the dimple bottom and the vortex center within the shear layer. In the case

of h/d = 0.26 this ratio is sufficiently larger than in the case of h/d = 0.195 whereas

the vortex intensities are nearly comparable. In deep dimples the recirculation zone

is more stable. The vortices inside the shear layer are not strong enough to per-

turbate and interrupt the recirculation zone. Therefore, the hot fluid stays longer

within the recirculation zone weakening the heat transfer down to Nu/Num0 = 1.51.

As a result, both the ratio Nu/Nu0 and the thermo-hydraulic performance have a
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maximum for dimples with a depth to diameter ratio of h/d = 0.26.

To conclude, the optimal dimple should have a restricted depth to diameter ratio

h/d. From one side, it can not be too small, because the creating vortices in the

shear layer are not strong enough to enhance the mixing processes. From the other

side, it can not be too large. The heat exchange is getting worse when h/d exceeds

a certain threshold, since the shear layer vortices are not able to provide efficient

mixing in a large relatively stable recirculation zone.

7.6 Summary

Experimental and numerical investigations have been performed for turbulent flow

over spherical dimples in a staggered arrangement inside a narrow channel. It was

shown that large coherent vortex structures are hard to detect. The flow is chaotic

and consists of eddies with a broad range of scales. Snapshots of streamlines show

some kind of cell pattern corresponding to dimple arrangement. The instantaneous

flow within each dimple can have both, symmetric and asymmetric forms for an

increasing dimple depth starting from a ratio of h/d = 0.26 where the formation

is changed in time revealing no stable configuration. Ejection of the heated fluid

into the main channel flow occurs at the spanwise edges which is in accordance with

visual observations of Ligrani [60]. The reason of the discrepancy between the flow

topologies for a single dimple and dimpled package remains due to the high level of

perturbations coming into each dimple from dimples located upstream preventing

the creation and evolution of large scale coherent structures. For both Reynolds

numbers it was found, that the dimple package with the depth h to diameter d ratio

of h/d = 0.26 provides the highest thermo-hydraulic performance. At h/d smaller

than 0.26 the vortices arising in the cavity are not strong enough to mix the hot

and cold fluid effectively which results in a weak heat transfer enhancement. When

h/d is larger than 0.26 a relatively stable recirculation zone arises in the dimple.

The vortices of the shear layer are not able to destroy the recirculation zone and

the hot fluid is kept longer in this zone weakening the heat flux. The POD method

is applied to resolved LES fields to identify spatial-temporal structures hidden in

the random fluctuations of pressure and velocity fields. The first eigenmodes look

similar to tornado-like structures proposed by Kiknadze [48] from intuitive con-

siderations. This structure with a strong inner rotation is aligned with main flow

direction keeping the pressure increase at a low level. Nevertheless, the energy decay

within the first eigenmodes is fairly small. Hence, a clear physical interpretation and

identification of large scale coherent structures becomes difficult.



8 Optimization of heat transfer

surfaces

8.1 Introduction

The experimental and numerical results of vortex structures and heat transfer rates

for a single spherical dimple and a staggered arrangement of dimples have been

presented in the foregoing chapters. The highest thermo-hydraulic efficiency was

determined by variation of the dimple depth for dimples with a constant depth to

diameter ratio of h/d = 0.26 arranged in a dimple package for both Reynolds number

Red = 10000 and Red = 20000. Nevertheless, it is believed that the efficiency of the

heat exchanger is not at its optimum.

The designers normally refer to well tested geometries like dimples, ribs or fins to

improve the heat exchanger performance. The choice of geometric parameters like

dimple diameter, dimple depth, smoothing radius, channel height, etc. is fairly diffi-

cult due to its large variety of combination. The parameters are commonly changed

by a trial and error procedure using experiments and numerical methods to deter-

mine the heat flux and hydraulic losses for the constructed prototypes. However,

the designer doesn’t even know at the end whether the chosen dimple parameters

are at its optimum.

A multi-objective optimization method based on genetic algorithms was imple-

mented into the framework OpenFOAM to overcome the disadvantages of the trial

and error method to find an optimal shape of the heat transfer surfaces. The choice

of evolutionary algorithms was preferably done, because gradient-based methods

are known for its tendency to fall into a local optimum and its numerical instabil-

ities. Moreover, the genetic algorithms are able to optimize multi-objective prob-

lems in analogy to evolution theory and are meanwhile well-known and well tested.

Thevenin et al. [90] give a detailed overview of the actual optimization methods

starting from gradient-based methods up to genetic algorithms and adjoint methods

and its application to various technical problems.

Therefore, the main goal in this work is not focused on the development of a new
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optimization method, but its application and further improvement to determine the

optimal heat exchanger surface automatically. Since the mesh generation and com-

putation time is still the main problem for optimization processes using CFD, the

focus is placed on these topics within this work.

8.2 Problem formulation and genetic algorithm

The basic idea of genetic algorithms is based on Darwin’s law of evolution. The

strongest individuals will survive and reproduce enhanced individuals whereas the

weak ones are selected out of the reproduction process.

In terms of optimizing heat transfer surfaces, a generation is defined as a set

of individuals whereas each individual represents a different shape of the heated

surface. The individual is defined by its genes called optimization parameters bi. The

evolution along one generation to the next generation is performed by the evaluation

of the strength of each individual (in nature: the best genes) which is defined as

fitness parameter or commonly called cost function F . The formulation of the cost

function F in case of a heat exchanger leads to the thermo-hydraulic efficiency

where the Nusselt number Nu and pressure resistance Cp are object functions in

dependence of the optimization parameters bi.

Hence, the fitness of each individual is characterized in terms of heat transfer and

pressure resistance which can be formally written as

Fi = F (Nu,Cp)i =

(
Cp/Cp0
Nu/Nu0

)
i

. (8.1)

The subscript 0 denotes the values of a smooth channel and remains constant as

reference value. The goal of the genetic algorithm is to find an optimal set of the

design parameters bi to minimize the cost function F .

In general, the genetic algorithms show a high potential to explore the whole space

of possibilities and avoid the stagnation in a local optimum. Its good robustness

is based on the fact, that no derivatives of the object functions are necessary to

evaluate the actual cost function (Thevenin et al. [90]). Ten years ago, the genetic

algorithms were not preferred in combination with CFD since its high requirements

of computational resources. However, at time the computational power has grown

massively which allows the application of large optimization processes using numer-

ical simulations performed in parallel on multiple processors.
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8.3 Numerical methods

The object functions in terms of Nusselt number Nu and pressure loss Cp have to be

calculated in dependence on the optimization parameters bi. In the present work,

the optimization parameters bi are defined as the normal displacement of selected

nodes from the boundary mesh of the heat exchanger surface. The computational

domain including the area of optimization is presented in Fig. 8.1.

y

Fig. 8.1: Computational domain and selected nodes within the white box for the

optimization

As mentioned above, there are existing several geometric parameters like channel

height etc. which can be included in the optimization process. For this study the

channel height and overall domain size is kept constant while only the nodes of the

boundary mesh within the white box can be mutated according to the actual con-

figuration. Therefore, it has to be highlighted that only the selected area can be

transformed whereas the rest of the domain is bounded. The edges of the white box

and the channel are assumed to be constant to satisfy the initial conditions and to

avoid large scale deformations.

The optimization process requires the following steps according to Thevenin et al.

[90].

• generation of the mutated surface of the heat exchanger for each individual

• adequate and fast mesh generation of each individual

• numerical simulation of the flow and temperature field

• determination of object functions and evaluation of the performance of each

individuals
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The grid generation, solution of transport equations and post-processing is done

within the framework OpenFOAM. As mentioned previously, the node normal dis-

placement of each node is chosen as design parameters for the optimization process.

The randomly distribution of the node displacements for each individual was done

using a gaussian PDF with a restricted magnitude of displacement. Hence, the sur-

face can adopt an arbitrary shape and is not limited by any kind of interpolation

functions like B-splines as it is the case of most optimization codes. Spline approx-

imation will lead to smooth surfaces whereas the randomly chosen displacement of

each node will result into a surface roughness. To avoid an artificial roughness, a

smoothing function is implemented which determines the displacement of each node

by an average of the surrounding nodes presented in Fig. 8.2

Fig. 8.2: Distorted surface (left) with application of the smoothing function (right).

One may notice that the design parameters of the optimizing surface depend di-

rectly on the mesh resolution. The more nodes are included for the optimization

the more details of surface can be pictured. Detailed investigations of the different

mesh resolutions and the differences between spline approximation and direct nodes

displacement have been performed by Klunker [52].

The mesh generation of each individual is one of the time-consuming parts and is

often the bottleneck. Commonly automatic meshing tools like IcemCFD are applied

to overcome this problem. Nevertheless, the auto meshing tools often require addi-

tional work for the different designs to generate high quality meshes including prism

layers at the wall which is especially important for heat transfer problems. Hence,

the very comfortable method of mesh motion technique in combination with a mesh

diffusion equation for grid generation of each individual is established. Therefore,

the starting mesh is taken from a smooth channel and is stretched onto the mutated

surface whereas the internal mesh is deformed by a generic diffusion equation. As re-

sult, the meshing can be performed fully automatically where the computation time

reduces significantly and the mesh quality is excellent. Moreover, block-structured

grids can be used to reduce the number of grid points in comparison to automatic

meshing tools which mainly use tetrahedral grids to represent the whole geometry.
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Since more than 1000 computations have to be performed, the LES method is not

suitable due to its high computational effort and computation time. Therefore, the

RANS method is used within the optimization process. To keep the computation

time at a low level, the simulations are not started with an uniform velocity and

temperature field, but with fields from the previous or similar generation. There-

fore, the converged fields of the velocity, pressure and temperature are interpolated

onto the grid of the actual individual. Thus, only a few iteration steps are necessary

to obtain a converged numerical solution for the new individual. In addition, the

optimization method is fully parallelized where each simulation is carried out on up

to 64 processors.

The integral heat flux in terms of Nusselt number Num and flow resistance Cp

are determined for each individual to calculate the cost function F . The Nusselt

number Num and resistance coefficient Cp are equally weighted in this work. For

example if the heat transfer is more important than the pressure loss, the weighting

can be changed to drive the optimization method into certain directions. The flow

chart in Fig. 8.3 presents the main steps of the optimization method.

Dimple standard case

Mutation of the selected surface

Regularisation

RANS Calculation

Performance analysis and selection of 
survival individual

Optimized structure of the heat exchanger surface

MeshMotion

Fig. 8.3: Flow chart of the optimization process.

Since OpenFOAM is operating on bash commands, the combination of the dif-

ferent optimization steps becomes fairly easy. Moreover, the program has been

translated into python language for comfortable usage (Klunker [52]).
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8.4 Results

The single spherical dimple with a print diameter of d = 46mm, a depth of h =

12mm and a channel height of H = 15mm (see sec. 6.1 for detailed description) has

been chosen as starting point for optimization. The presented results are obtained

using a mesh with a number of 750’000 grid cells at a Reynolds number Red = 40000.

The selected area of optimization was quadratic of about 1.5d × 1.5d around the

spherical dimple including more than 1000 grid points as optimization parameters

bi. Ten individuals are created within each generation where the strongest survives

and builds the starting point for the next generation.

Fig. 8.4 presents the evolution of the cost function F of about 70 generations.

F Nu ,C p

F
N

u
,C

p


Fig. 8.4: Evolution of the cost function F of the heat exchanger.

With application of the optimization method, the heat exchanger performance

could be increased up to 16% compared to the standard spherical dimple. Conver-

gence is approximately reached at the 45th generation. The different shapes during

the evolution process of the optimized heat exchanger surface are presented in Fig.

8.5.

(a) 5thgeneration (b) 25thgeneration (c) 50thgeneration

Fig. 8.5: Shape of the optimized heat exchanger surface for different generations.
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The depth of the dimple is strongly decreased and the edges of the dimple become

smooth within the first iterations. This might be expected because the sharp edges at

the downstream side induce a high pressure loss due to flow separation. However, the

decrease of the pressure loss leads also to a reduction of the heat transfer rates at the

lower surface, but the heat transfer decreases obviously not as much as the pressure

drop what results in an increase of the overall performance of the heat exchanger.

The appearance of a small hill inside the dimple within the latest generations (see

Fig. 8.5 c) is interesting since the formation of a large recirculation zone is prevented

which is preferable in respect to pressure loss reduction.

Hence, the dimple-hill structure has been adopted for dimples arranged in a package

for further investigations. Therefore, the hill height is varied. The geometrical

parameters are presented in Fig. 8.6 and are summarized in Tab. 8.1.

H
D

s

h
b

Fig. 8.6: Schematic sketch of the hill shaped dimple form and its geometrical pa-

rameters.

Tab. 8.1: Different geometrical parameters of dimple hill shape forms sketched in

Fig. 8.6.

0 1 2 3 4 5 6

s [mm] 0 3.8 5.3 5.6 6.25 6.7 6.98

b [mm] 0 0.7 1.15 1.6 2.0 2.4 2.85

h [mm] 6 6.9 6.4 5.9 5.4 4.9 4.4

d [mm] 23

H [mm] 15

The bounding box of the computational domain, dimple arrangement and bound-

ary conditions are constant for each dimple form which are described in detail in

section 7.3.1. Six different hill forms have been considered in this study. The stan-

dard dimple shape, denoted with a subscript d, is used as reference of evaluation of

the different heat exchangers.
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The resistance coefficient Cp and heat transfer rates Num at the heated channel

wall are determined to evaluate quantitatively the efficiency of the heat exchanger

presented in Fig. 8.7.

0 1 2 3 4 5 6 7
dimple− hill shape

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

pe
rf
or
m
a
n
ce
ra
ti
o

Nu/Nud

Cp/Cpd

(Nu/Nud)/(Cp/Cpd)
(1/3)

Fig. 8.7: Pressure resistance, heat transfer rates and thermo-hydraulic efficiency for

different hill forms inside the dimples.

The resistance decreases nearly linearly up to ratio of Cp/Cpd = 0.615 by increasing

the hill height since the recirculation zone inside the dimple is significantly reduced.

In contrast, no drastic enhancement or reduction of heat transfer rates could be

observed for the different forms. Moreover, the heat transfer rates remain nearly

constant varying from Nu/Nud = 1.02 down to Nu/Nud = 0.89. While for the

hill shapes no. one and two a slight decay is visible, the heat transfer rates gets

recovered compared to the standard dimple for the hill shapes no. three and four

followed again by a decrease for the forms no. five and six. The thermo-hydraulic

efficiency shows a maximum value of (Nu/Nud)/(Cp/Cpd)
1/3 = 1.107 for the hill

shape no. four. In other words, the heat transfer could be increased up to 2.1% and

the pressure resistance decreased down to 21.4% by using an optimal dimple-hill

shape. Fig. 8.8 presents the structure of the modified heat transfer surface, the

time averaged streamlines and the mean velocity obtained from LES calculations of

the optimal dimple-hill shape.

The simulations of turbulent flow over the standard dimple package showed a

widely extended recirculation zone inside each dimple as it is presented in the pre-

vious chapter. However, the recirculation zone shrinks significantly with forming a

hill inside the dimple which leads to a strong reduction of the pressure resistance.

The influence of the hill on the flow field is clearly visible in the axial velocity field

presented in Fig. 8.8 c. The recirculating flow is split up into two zones in spanwise

direction leading to a symmetric distribution of the flow field whereas the fluid is
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Fig. 8.8: Investigations of the dimple-hill shape design

ejected out of the dimple at both sides. In terms of heat transfer it can be seen

that the attaching flow at the downstream side of the dimple makes the most con-

tribution to increase the heat flux. But using the dimple-hill shape the heat transfer

could be slightly increased since the area of low heat flux inside the dimple can

be reduced due to the perturbation of the recirculation zone in comparison to the

standard dimple configuration.

8.5 Summary

An optimization method was implemented into the framework OpenFOAM to in-

crease the thermo-hydraulic efficiency of a heat exchanger. The general optimization

techniques using CFD are already known and published in literature. However, two

major improvements have been established and tested within this work. First of

all, a predefined mesh is generated which is stretched onto the actual geometry of
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each individual using mesh motion technique coupled with a generic diffusion equa-

tion in OpenFOAM to overcome the problem of extensive mesh generation. The

technique reduces the computation time for the mesh generation significantly and

further ensures a high quality of the different grids. As result, the mesh needs not to

be build for each individual separately but rather is generated fully automatically.

The second main improvement is the choice of the optimization parameters (genes)

which are defined as node normal displacements of the selected heat transfer surface.

Hence, the geometry of the resulting optimized surface is not restricted to e.g. spline

approximations which ensures a free evolution of the surface without any geometric

pre-definitions.

Application of the optimization method for a single spherical dimple revealed, that

the dimple is flattened compared to the standard dimple. Moreover, a small hill

appears inside the dimple enhancing the thermo-hydraulic performance up to 16%.

For further investigations, the dimple-hill shape has been adopted for dimples in a

staggered arrangement where six different hill shapes have been analyzed in respect

to pressure loss and heat transfer rates. The thermo-hydraulic performance shows

its maximum with variation of the hill height. The pressure loss is substantially

reduced down to 21.4% due to the shrinking of the recirculating zone inside the cav-

ity. Moreover, the heat transfer rates could be slightly improved up to 2.1% which

results in an improvement of the thermo-hydraulic efficiency up to 11%. Neverthe-

less, it has to be mentioned that the dimple-hill shape is not unique. The form of

the heated surfaces depends mainly on the flow properties and overall dimensions

of the heat exchanger. For example if the Reynolds number is changed, the form of

the heated surfaces will be different compared to the investigated case.



9 Conclusion

Numerical and experimental investigations of heat transfer and vortex formations

of turbulent flow over a single spherical dimple and dimples arranged in a staggered

package have been performed. The different methods of investigation have been

verified for a smooth channel using empiric correlations and DNS data published in

literature. The comparison of numerical results with experimental data shows that

especially the LES method is capable of predicting characteristic flow features of

turbulent flow over dimpled surfaces with a satisfactory accuracy.

Time resolved simulations reveal the presence of oscillations with dominating fre-

quencies inside the flow over a single spherical dimple with a depth to diameter ratio

h/d = 0.26. One can distinguish low-frequency (f = 0.223 Hz) and high-frequency

(f = 2.5 Hz and f = 10 Hz) components at selected points within dividing surface

between the dimple and channel. Analysis of flow structures using phase averaged

streamline patterns, pressure iso-surfaces, LDA and time resolved pressure measure-

ments show clearly the presence of an asymmetric flow structure which is inclined

in respect to the upstream flow direction at an angle of approximately ±45◦. Al-

though the instantaneous flow picture is asymmetric, however, the flow averaged

over a sufficiently long time period is nearly symmetric. In this context LES results

contradict to RANS simulations which predict the asymmetry even in the averaged

flow pictures. Since the time averaged fields determined from experimental methods

are also symmetric, LES reproduces the flow physics more adequately than RANS.

The implementation and application of the POD method shows the formation of

tornado-like spatial structures inside the dimple. The first eigenmode of the veloc-

ity field corresponds to a mono structure steadily changing its rotation in time. This

structure is responsible for fluctuations and outbursts at the back side of the cavity.

The second POD mode corresponds to a twin structure located symmetrically inside

the dimple. In addition, the eigenmodes of the pressure field reveal the presence of a

strong shear layer arising between the recirculating flow and the main channel flow.

It was found that the shear layer fluctuations have major impact on heat transfer

enhancement since the fluctuating fluid attaches the downstream side of the dim-

ple inducing high heat transfer rates. Starting from POD analysis the reason of

129
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the vortex switching between ±45◦ is found within the spatial inhomogeneities of

the evolving shear layer structures. The fluid is accelerated and decelerated in the

shear layer which leads to different spanwise velocities at each side when the fluid

attaches the curved dimple surface. Hence, the different spanwise velocities form an

asymmetric flow field inside the dimple.

The flow physics inside a single dimple are also studied using dye visualization, LDA

and pressure measurements. The dye visualizations show clearly the formation of

an asymmetric structure inside the dimple and its switching towards the main chan-

nel flow. In addition, LDA measurements are performed to validate the numerical

models and to determine characteristic frequencies of the turbulent flow. Frequency

analysis of the velocity signal obtained from LDA measurements confirmed the find-

ings from LES. Moreover, only small discrepancies between measurements and nu-

merical data for different cross sections of the velocity profiles could be achieved.

Time resolved measurements of the pressure at the dimpled wall are carried out

using piezo-resistance electronic sensors with a high temporal resolution. The cor-

relations of the pressure signals confirm additionally the presence of an asymmetric

flow structure and its switching inside the dimple found from LES simulations.

The formation of asymmetric flow structures show major advantages in respect to

heat transfer since the heated fluid is steadily moving out of the dimple. Hence, it is

preferable in comparison to a fully symmetric structure which keeps the fluid inside

the dimple reducing the temperature differences between the hot wall and the cold

fluid. The integral heat transfer enhancement of Num/Num0 = 1.142 compared to a

smooth wall was found relatively small if the dimple is placed in an evolving tem-

perature boundary layer. In contrast, if the temperature profile is fully developed,

the heat transfer can be increased up to Num/Num0 = 1.67. A significant increase of

the heat transfer rates due to the long period oscillations could not be found since

the time scale of the heat transfer mechanism is much smaller than the switching

time of the asymmetric flow structure. Therefore, the switching process shows only

advantages to prevent fouling inside the heat exchanger.

Since the single dimple is only an academic case, further study has been carried

for spherical dimples in a staggered arrangement inside a narrow channel. LDA

and pressure measurements are additionally performed to validate the numerical

methods. Vortex structures responsible for the high thermo-hydraulic efficiency for

dimples with a ratio h/d = 0.26 have been determined using LES method by vari-

ation of the dimple depth. Ejection of the hot fluid into the main channel flow at
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the spanwise edges is in accordance with visual observations published in literature

enhancing the mixing process inside the channel with a low induced pressure loss.

Deep cavities with a ratio h/d = 0.326 reveal the formation of a large recirculation

zone inside the dimple keeping the heated fluid inside which results in a strong de-

crease of the overall performance of the heat exchanger. The optimal dimple ratio

h/d = 0.26 in respect to the thermo-hydraulic performance has been found with

variation of the dimple depth including an integral heat transfer enhancement up

to Num/Num0 = 2.01 and an overall resistance of Cp/Cp0 = 3.03 for the Reynolds

number Red = 20000. Obtained spatial structures from POD analysis show a strong

rotation in flow direction. However, due to the low energy decrease within the first

eigenmodes the physical identification and interpretation of the structures becomes

difficult. The results underline the high turbulent state of the current flow field.

To search for the optimal shape of heat transfer surfaces, an optimization method

based on genetic algorithms has been implemented into the framework OpenFOAM.

The combination of mesh motion methodology allows a fast grid generation for each

individual. Further using a mapping procedure to interpolate the converged fields

onto the actual mesh of the present individual shows major advantage in respect

to convergence performance and computation time. Moreover, the geometry is not

restricted to a spline geometry what ensures a free evolution of the selected surface.

As a result, a small hill appears inside the dimple enhancing the thermo-hydraulic

performance up to 16% during the optimization process. The form has been adopted

for dimples arranged in a staggered package which revealed a reduction of the pres-

sure loss of 21.4% due to the shrinking of the recirculating zone inside the cavity.

Moreover, the heat transfer rates could be slightly improved up to 2.1% which shows

an improvement of the thermo-hydraulic efficiency of about 11%. Nevertheless, it

is believed that there are existing other optimal structures allowing to increase heat

transfer rates with a low flow resistance. Due to the high number of simulations

(> 1000) and the restricted computational resources only a small area within the

heat exchanger could be optimized. If the area of optimization will be enlarged,

other structures like wavy surfaces might be expected.

The thesis presents only a part of the results which have been obtained within

this work. In addition, asymmetric dimple structures have been investigated us-

ing experimental methods. Further detailed flow visualizations using dye injection

method are conducted for a single dimple for different Reynolds numbers starting

from the laminar towards the turbulent flow. A particle tracking hardware has been
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build up using blue light LED’s in connection with fluorescent particles to determine

the path lines inside the cavities. Further many RANS and URANS calculations

with variation of grid resolution, turbulence models and boundary conditions have

been carried out to analyze the effects of dimple depth, dimple diameter and channel

height on heat transfer and pressure loss. Moreover, to improve and generalize the

optimization method, an adjoint solver algorithm was implemented into the frame-

work work OpenFOAM. The direct orientation towards the optimal structure of the

heat exchangers surface shows major advantage compared to the established opti-

mization method in respect to computation time.

This thesis lights up the complexity of a heat exchanger and gives a deep insight

into flow physics and heat transfer in turbulent flows over dimpled surfaces in a

narrow channel. With application of the LES method, a detailed analysis could

be performed to determine instationary effects inside the dimples and to extract

the different vortex structures responsible for the high heat transfer enhancement.

The application of an optimization method showed, that the investigated dimple

geometry is not its optimum and that there are existing modified structures to

improve the heat exchanger performance.
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[90] Thévenin D., Jániga G.: Optimization and Computational Fluid Dynam-

ics. Springer, 2008.

[91] Turnow J., Kornev N.; Isaev S.; Hassel E.: Large Eddy Simulation of

Vortex Formation in a Channel with a Spherical Dimple. Third OpenFOAM

Workshop, Milan, Italy, July 2008.

[92] VDI-Gesellschaft: VDI Heat Atlas. Springer, 2003.

[93] Vreman B., Guerts B., Kuerten H.: On the formulation of the dynamic

mixed subgrid-scale model. Physics Fluids, 6(12):4057–4059, 1994.

[94] Wang Z., Yeo K., Khoo B.C.: Numerical simulation of laminar chan-

nel Flow over dimpled Surface. 16th AIAA Computational Fluid Dynamics

Conference 23-26, AIAA 2003-3964, 2003.

[95] Webb, R.L: Performance evaluation criteria for use of enhanced heat transfer

surfaces in heat exchanger design. Int. J. of Heat and Mass Transfer, 24(4):715–

726, 1981.
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A Validation of RANS method

The validation, mesh studies and further determination of sensitivities of the results

for RANS method in OpenFOAM using k−ω-SST-Model written for low Reynolds

number flow have been performed. Only a brief summary of this work is presented.

Geometric dimensions are equally as described in sec. 6.2 for the turbulent plane

channel wall. A sufficient mesh resolution was found for the mesh C2 (see Tab.

6.4) with about 1’272’864 grid cells. The velocity at the inlet was set to the 1/7th

power law profile with a varying turbulence intensity of Tu = 1% and Tu = 5%

respectively. In addition, computations have been performed with periodic boundary

conditions to evaluate heat transfer rates for fully developed flow. In Fig. A.1 the

temperature distribution inside the channel in streamwise direction for the non-

periodic and periodic case are presented respectively.

For evaluation of the results the profiles are compared to DNS data from Moser et

al. [78] and to correlations of Dean (see eq. 6.2) for the friction coefficient Cf and the

Chilton and Colburn correlation for the Nusselt number distribution in streamwise

direction.
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(a)

(b)

Fig. A.1: Temperature distribution inside the plane channel for an evolving tem-

perature boundary layer (a) and for a fully developed thermal boundary layer using

periodic boundary conditions for a Reynolds number ReH = 13043 obtained from

RANS computations (b).
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Fig. A.2: Numerical results obtained with RANS method at Reynolds number

ReH = 13043 for fixed inlet profiles with an turbulence intensity of Tu = 1%

and Tu = 5% and periodic boundary conditions for (a) friction coefficient Cf in

comparison to empiric correlation of Dean, for (b) mean velocity profile normal across

the channel height in comparison to DNS data taken from Moser et al. [78], for (c)

normalized kinetic energy k in comparison to calculated kinetic energy by Moser et

al. and for (d) the Nusselt Number Nu distribution along the flow direction at the

lower channel wall in comparison to empiric correlation of Chilton and Colburn [4].
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Fig. A.3: Numerical results obtained with RANS method for different mesh reso-

lutions at Reynolds number ReH = 13043 for turbulent flow over a single spherical

dimple.



B LDA Measurements of turbulent

flow over a spherical dimple

In this section the measurements are compared to experimental results performed

by Terekhov et al. [89] to estimate reliability of the experiments.
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Fig. B.1: Mean profiles of axial velocity Ux inside a single dimple for Red = 40000

normal to the channel wall in comparison with experimental results from Terekhov

et al. [89] at three different positions normalized by the time averaged axial velocity

U0.

Fig. B.1 shows the time averaged axial velocity 〈Ux〉 normal to channel surface

at different axial positions (x/H = 0, x/H = ±0.66) at the mid plane of the dimple
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(z/H = 0.0) normalized by the maximum velocity inside the channel in comparison

to results from Terekhov et al. [89]. At each measurement point data was collected

over a long time period of at least 20s realtime to ensure statistical independence. In

this case the point of origin was placed at the dividing surface of dimple and channel

at x/H = 0.0 respectively. The measured profiles that have data points extending

from wall and show good agreement in comparison to Terekhov et al. [89]. Moreover

the profiles at the positions x/H = 0 and x/H = −0.66 reveal clearly the presence of

a recirculation zone inside the dimple with negative velocities up to Ux = −0.3 m/s

where at position x/H = 0.66 only velocities against main flow direct could be

observed. At all measured positions a large generated shear layer between the main

flow and the reverse flow is present where the point of Ux = 0.0 moves inside the

dimple. Nevertheless it can be seen, that there existing several discrepancies to the

reference data. First the measured points located near the wall reveal unrealistic

velocities and a clear recirculation zone cannot be observed inside the dimple from

measurements in this work. Main reasons for the deviation are reflections from the

laser beam of the walls and the large size of the control volume of the two laser

beams of the LDA device. The magnitude of deviation becomes more significant

while comparing the pulsations of the longitudinal velocity at the equal positions as

for the mean velocity inside the dimple.

In Fig. B.2 the rms values of the axial velocity are presented in comparison with

Terekhov et al. [89]. As mentioned before the presence of a shear layer between

the recirculating flow and main channel flow lead to an increase of fluctuations due

to the high velocity gradients. The highest magnitude of pulsations can be found

near the upper channel wall and at the dividing surface between channel and dimple

where the magnitude of both peaks of the fluctuations are nearly the equal. It is

interesting to note, that in measurements of Terekhov et al. [89] the location of

the peak lies about y/H = −0.2 down from the channel wall which is contradictory

to actual measurements. The strongest gradients in performed measurements were

found at the mid-plane at x/H = 0.0 which leads to the conclusion, that at this

point the highest fluctuations should be observed.
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Fig. B.2: Distribution of rms values of axial velocity Ux inside a single dimple for

Red = 40000 normal to the channel wall in comparison with experimental results

from Terekhov et al. [89] at three different positions normalized by the time averaged

axial velocity U0.
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