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Zusammenfassung

Eine grofle Herausforderung fiir die numerische Simulation von turbulenten Stromungen
stellen die mitunter stark unterschiedlichen Dicken der laminaren Unterschicht der Ge-
schwindigkeit und Enthalpie dar. Die Annahme der Reynolds-Analogie zwischen Ge-
schwindigkeit und Enthalpie, welche fiir die meisten thermischen Randbedingungen in
Reynolds Averaged Navier-Stokes (RANS) Simulationen getroffen wird, muss daher mit
zunehmender molekularer Prandtl Zahl immer mehr in Frage gestellt werden.

Diese Problematik wird in der vorliegenden Arbeit mittels Direct Numerical Simulation
(DNS) von Stromungen mit relativ hohen Prandtl Zahlen, bis zu Pr = 50 und unter Be-
riicksichtigung von temperaturabhingigen Stoffwerten untersucht. Um auch die kleinsten
thermalen Strukturen, welche nahe der Wand auftreten, numerisch auflésen zu konnen,
muss das numerische Rechengitter nahe der Wand stark verfeinert werden. Der Einfluss
der Variation der Stoffwerte auf die StromungsgroBen wird durch Vergleiche mit Simu-
lationen basierend auf konstanten Stoffwerten verdeutlicht. Weiters ermdglicht die DNS
einen sehr detailreichen Einblick in den turbulenten Wirme- und Impulstransport nahe
der Wand. Es konnte gezeigt werden, dass trotz des Anstieges der mittleren molekularen
Prandtl Zahl im Fall veridnderlichen Stoffwerte, die effektive Dicke der diffusiven thermi-
schen Unterschicht betrdchtlich zunimmt. Eine Analyse der turbulenten Budgets bewies,
dass dieses Aufdicken der Untersicht der Reduktion des turbulenten radialen Impulsaus-
tausches zugeschrieben werden kann.

Alle Ergebnisse werden mit Messungen verglichen, welche auf einem speziell fiir diese
Problemstellung entwickelten und gebauten Priifstand durchgefiihrt wurden. Die ausge-
zeichnete Ubereinstimmung der Simulationswerte fiir den Stromungs-Widerstandsbeiwert
und die Nusselt Zahl mit den Messungen, unterstreicht die hohe Zuverlissigkeit der DNS
Ergebnisse.

Weiters wurden, aufbauend auf den generierten Daten, zwei weithin etablierten thermi-
schen Randbedingungen, basierend auf der P-Funktion bzw. einem einfachen Zwei- Schich-
tes Modell, validiert und weiterentwickelt. AuBerdem werden, basierend auf den DNS-
Erkenntnissen, Modifikationen vorgeschlagen, welche geeignete Untermodelle fiir die tur-
bulente Prandtl Zahl, die turbulente Viskositit, sowie eine verbesserte Beschreibung des
Verhiltnisses zwischen totaler Schubspannung und Wirmestromdichte liefern. Die resul-
tierende adaptierte Modellformulierung stellt einen Ansatz dar, welcher den Enthalpiever-
lauf tiber den gesamten radialen Bereich beschreiben kann. Dieser spannt sich von der
diffusiven Unterschicht, bis zur "inertial subrange". Dariiber hinaus, wird der Einfluss der
temperatur abhingigen Stoffwerte mit guter Genauigkeit beriicksichtigt. Der Vergleich
der Modellvorhersagen fiir den Reibungskoeffizient und die Nusselt Zahl zeigt eine gute
Ubereinstimmung mit den DNS-Ergebnissen, sowie auch mit Messungen weit auferhalb
des mittels DNS simulierbaren Betriebsbereich, wodurch die sehr umfassende Anwend-
barkeit dieses Modells bestitigt wird.



Abstract

The numerical simulation of turbulent heat transfer at high molecular Prandtl numbers is
still strongly challenged by disparate thicknesses of the viscous sublayer for velocity and
enthalpy. The widely used standard model assumptions for the prescription of the ther-
mal boundary conditions in Reynolds Averaged Navier-Stokes (RANS) type simulations
become increasingly questionable for high molecular Prandtl numbers, as the Reynolds
analogy between the momentum and the heat transfer breaks down.

The present work addresses this issue by performing Direct Numerical Simulation (DNS)
for relatively high molecular Prandtl number, up to Pr = 50, including temperature- depen-
dent fluid properties. In order to capture numerically the small thermal structures occurring
in the near wall layer, the numerical resolution requires a strongly refined computational
mesh. The alteration of all flow quantities, due to varying fluid properties is extensively
examined by a comparison against results from DNS with constant fluid properties. The
DNS further gives an very detailed insight into turbulent heat and momentum transfer near
the wall. It turned out that, although the variable fluid property cases are associated with
a higher bulk molecular Prandtl number due to the increasing viscosity towards the colder
center, the effective thickness of diffusive sublayer still thickens. The turbulent budgets,
demonstrated that the observed thickening of the diffusive sublayer could be mainly at-
tributed to a reduced radial turbulent transport of momentum.

All DNS results are further validated against measurements, obtained on a test facility,
specially designed and constructed for the considered problem. The agreement of the
simulated skin-friction coefficients and Nusselt numbers with the experiments is excellent,
indicating the high reliability of the present DNS results.

This DNS database was utilized for the evaluation and further development of two popular
modeling approaches for RANS-type thermal boundary condition, the so-called P-function
and a simple two-layer model. Based on the DNS results, various modifications for either
approach are proposed, providing in particular appropriate submodels for the turbulent
Prandt]l number, the eddy viscosity, and incorporating an analytical solution for the flux ra-
tio of the total shear stress and the total heat flux. The resulting modified formulations were
shown to be, capable of describing the enthalpy variation over the whole radial domain,
spanning from the diffusive sublayer to the inertial subrange. Additionally, the model also
accounts reasonably well for the effect of temperature-dependent material properties. The
comparison of the model predictions for the skin-friction coefficient and the Nusselt num-
ber shows good agreement with the DNS results as well as the experimental data, which
covers also Reynolds numbers not amenable to DNS, indicating the wide applicability of
the proposed model.
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Nomenclature

Latin symbols

Symbol Description Dimension

a thermal diffusivity m?s~!

ar eddy diffusivity m2s~!

Ap.B, constant for density-temperature equation kgm~3 kgm 3 K~!

A, B constant for specific heat-temperature Jkg~!K~! Jkg=!'K~2
equation

Ay,B;, constant for thermal conductivity- Wm™!K~! Wm~!K~2
temperature equation

Ay, By, Cy constant for dynamic viscosity- Pas, K, K
temperature equation

A,b,B,C,k;,,k;, constant -

Cp specific heat capacity Jkg~1K™!

cy skin-friction coefficient —

D diameter m

h enthalpy Jkg!

H discretized term in non-dimensional en- —
ergy equation

k turbulent kinetic energy Jkg™!

L length m

I mixing length m

m mass flow rate kgs™!

M discretized term in non-dimensional mo- —

mentum equation exluding pressure



Symbol  Description Dimension

p pressure Pa

P P-function —

0 heat flux w

pj heat flux vector Wm 2

Po heat source Wm—3

Tu radius at cell face m

p radius at cell center m

t time S

T temperature K

T; friction temperature K

uij,u,v,w velocity component ms~!

we friction velocity ms™~!

14 volume m3

y:fm momenum boundary distance between viscous and turbulent —
layer

y::t " thermal boundary distance between viscous and turbulent layer —

Xi, 1, @,z radial, azimuthal and axial direction m

Vi



Greek symbols

Symbol Description Dimension

o heat transfer coefficient Wm2K~!

O, Bey Ve, Oc €. model coefficient -

B, Be, By constant —

V4 model parameter -

r blending function for velocity -

Iy blending function for enthalpy -

;) Kronecker delta -

Om momentum boundary layer thickness m

& thermal boundary layer thickness m

i momentum thickness m

A grid spacing -

X relative enthalpy Jkg™!

€ dissipation of turbulent kinetic energy m?s~3

n Kolmogorov micro length scale m

Nth Batchelor micro length scale m

K von Kdrmén constant -

A thermal conductivity Wm~'K™!

u dynamic viscosity Pas

ur eddy viscosity Pas

\% kinematic viscosity m?s~!

0 relative temperature K

P density kgm™3

T relative pressure Pa

CIDZ*1 discretized source term in non-dimensional energy equa- —
tion

o discretized source term in non-dimensional momentum —
equation

¥y, viscous dissipation Wm3

Tij stress tensor Nm—2

vii



Subscripts

Symbol Description
i vector
0ij tensor

b bulk mean value
BW bandwidth
D based on bulk values
S based on momentum thickness
crit critical
lam laminar
in quantity at inflow position
m momentum
u based on local viscosity
0 reference
th thermal
tot total
turb turbulent
w wall
oo aty — oo
Superscripts
Symbol Description
0O* non-dimensionalized
Of representation in wall-coordinates
n,n+1 iteration in time

Reynolds average
Favre average
fluctuation component of Reynolds average

fluctuation component of Favre average

viii



Non-dimensional parameters

Symbol Description Definition
D
Nu Nusselt number ocT
Pr molecular Prandtl number %
Prr turbulent Prandtl number urp
ar
vr
Per tubulent Peclet number TPr
Dow
Re bulk Reynolds number %
. ) Weo
Res, momentum thickness Reynolds number v
N b
D
Re; friction Reynolds number %
Abbreviations

DNS  Direct numerical simulation

FFT Fast Fourier Transformation

iFFT  inverse Fast Fourier Transformation

LES Large eddy simulation

CFD  Computational fluid dynamics

RANS Reynolds Averaged Navier-Stokes equations
MPI Message Passing Interface

CFL Courant-Friedrichs—Lewy condition

rms Root mean square
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1 INTRODUCTION

Turbulent heat transport in pipe flows is a major topic in many industrial engineering ap-
plications. The majority of the employed fluids are of high molecular Prandtl number like
organic cooling liquids, or oils. Although much computational and experimental research
work has been devoted to this highly relevant subject, it is still a very challenging task
to model the turbulent convective heat transport of such liquids. An additional problem
arises, as the operation point is often located in the intermediate range between the lami-
nar and the fully turbulent flow regime, where it is generally very hard to develop universal
model descriptions. The principle aim of this thesis is to provide a comprehensive and de-
tailed insight into the forced convective heat transfer and the underlying mechanisms for
particularly these fluids and flow conditions.

In wall bounded flow, the near wall region essentially determines the exchange of mo-
mentum and heat between the fluid and the wall. Inside this region the flow is highly
affected by the viscous forces, so that the flow structures differ significantly from those in
the turbulent core region. Figure 1.1 shows typical hydraulically and thermally fully de-
veloped velocity and temperature profiles of a pipe flow, heated with a constant wall heat
flux for several molecular Prandtl numbers. With increasing molecular Prandtl number,
the thermal resistance near the wall increases, implying a decreasing boundary layer thick-
ness &, << O, and therefore a shift of the essential convective and conductive transport
mechanisms closer to the wall.

- ey | — ()m

e i T — Pr=1
. , Pr=10
Wy / — Pr=20
T
e
e

R R R LT

Figure 1.1: Velocity and temperature profiles

In order to capture numerically the small thermal structures occurring in the near wall
layer, the numerical resolution requires a strongly refined computational mesh. This makes
the computational costs unacceptably high, especially for the complex geometries often
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considered in industrial applications. For such applications the typically followed Com-
putational Fluid Dynamics (CFD) approach is to apply Reynolds-averaged Navier-Stokes
(RANS) simulations using wall function models. According to this concept only the fully
turbulent core region of the flow is simulated, while the near wall region is described using
analytic wall functions. Various state-of-the-art wall functions are reviewed in this thesis,
pointing out their capabilities and deficits. These standard approaches mostly introduce the
turbulent Prandtl number to relate the thermal eddy diffusivity to the eddy viscosity. The
setting of this parameter significantly determines the thermal boundary conditions. There-
fore, the turbulent Prandtl number plays a prominent role in the literature review given
below. Any further advancement of the modelling towards a better prediction of the real
fluid behavior requires good insight into the relevant physical effects down to the smallest
dynamic and thermal length scales. The hereby required high level of description suggests
the method of Direct Numerical Simulation (DNS) as most powerful approach.

1.1 Literature survey

The majority of previous DNS studies considered heated channel flows at fairly low Prandtl
numbers near unity and constant thermophysical properties. One of the first attempts was
made by Kim and Moin (1987), who considered a flow with a friction Reynolds number
Re; = 180 (based on the wall shear stress velocity and the channel half-width) and molec-
ular Prandtl numbers less than two. Although the near wall resolution provided by their
numerical mesh was fairly coarse (the distance of the first grid point near the wall in wall-
units was y* > 1), a moderate increase of the turbulent Prandtl number towards the wall
could be still observed for the case Pr = 2. Based on the near-wall variation of turbulence
quantities obtained from these DNS results, Antonia and Kim (1991) approximated the
near-wall variation of the turbulent Prandtl number using Taylor series expansions. Their
actually derived expansions, however, implied no dependence of the eddy diffusivity on
the molecular Prandtl number near the wall. The inferred independence of the turbulent
Prandt]l number of the molecular Prandtl near the wall was clearly contradicted by various
later DNS studies. Kawamura et al. (1998) did similar DNS simulations of a turbulent
heated channel flow on refined meshes and for slightly higher molecular Prandtl number,
up to Pr = 5. The near wall resolution of these DNS was similar to that of Kim and Moin
(1987), first grid point near the wall at y* > 1, and the obtained results also indicated an
increase of the turbulent Prandtl number towards the wall for molecular Prandtl numbers
above unity. A further investigation on the passive scalar transport in the vicinity of the
wall, for high Prandtl number between Pr = 1 up to Pr = 10, was published by Na and Han-
ratty (2000) considering fully developed turbulent flow in a channel at Re; = 150 (based
on the channel half-width). These simulations were carried out on different numerical
meshes to verify the independence of the results of the resolution. As an important output,
this study showed the limits of the frequently assumed analogy between momentum and
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scalar transport close to the wall. The effect of the thermal wall boundary condition was
studied by Tiselj et al. (2001b). This study compared the isoflux and isothermal boundary
condition for a turbulent channel flow with Re; = 170 (based on the channel half-width)
assuming alternatively Prandtl numbers Pr = 1 and Pr = 5.4. For the case with isoflux
boundary condition, associated with invariant wall heat flux g,, = const., the temperature
fluctuations at the wall do not vanish as it is in the case for the isothermal boundary condi-
tion, associated with invariant wall temperature T,, = const. In the isoflux case the persis-
tent temperature fluctuations throughout to the wall cause the turbulent Prandtl number to
vanish for y™ — 0. In a further publication, Tiselj et al. (2001a) presented DNS results for
the same geometry, yet for a Prandtl number variation from Pr = 0.71 up to Pr =7, and
a friction Reynolds number Re; = 150. Following the mesh resolution requirements pro-
posed by Na and Hanratty (2000), these simulations were done on a coarser mesh than in
the precursor study. Additionally, for further investigating the heat transfer in close prox-
imity to the wall, the flow field simulation was coupled with an unsteady simulation of the
conduction inside the heated solid wall structure. It was demonstrated, how the magnitude
of the temperature fluctuations in the wall structure depend on two particular parameters,
the thermal effusivity and the wall thickness. One of the first attempts of DNS of turbulent
heated pipe flow was made by Piller (2005). The flow conditions assumed a Reynolds num-
ber Re; = 360 (based on the pipe diameter) and Prandtl number of 0.71. Three different
thermal wall boundary conditions were considered, isoflux, isothermal, and a mixed type
boundary condition. The results confirmed the vanishing turbulent Prandtl number at the
wall for the isoflux case and an considerable increase of Pry towards unity at the wall for
the isothermal case. Furthermore, comparing the against corresponding data for channel
flow revealed that the thermal fluctuations are slightly more intense for the pipe geome-
try. For little higher Prandtl numbers, up to Pr = 1, Redjem-Saad et al. (2007) published
DNS results on the same geometry and Reynolds number. The case with unity molecular
Prandt]l number did not reveal any increase of the turbulent Prandtl number towards the
wall similar to previous DNS of channel flow at this Prandtl number. Aside from the heat
transfer simulations for high Prandtl number, Schwertfirm and Manhart (2007) presented
DNS simulations of a passive scalar transport in a turbulent channel for very high Schmidt
numbers up to Sc =49. A very fine computational mesh had to be employed in order
to resolve all scales of the scalar field. In order to reduce the computational effort, a hi-
erarchical mesh algorithm was employed which solves the Navier-Stokes equations on a
twice as coarse mesh as that used for the passive scalar transport. Regarding the turbulent
Schmidt number, the increase towards the wall is clearly visible. Wu and Moin (2008) did
extensive DNS on a turbulent pipe flow on a very fine mesh. This study, however, does
not take the transport of thermal energy into account. The results of this well resolved
simulations are still applied in this thesis for the validation of the velocity field predicted
by the DNS of the present work. DNS simulations with higher molecular Prandtl number
where presented by Kozuka et al. (2009) for a turbulent channel flow with high spatial res-
olution. The highest considered Prandtl number was Pr = 10 and two Reynolds numbers
were assumed Re; = 180 and Re; = 395 (based on the channel half-width). The DNS re-
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sults for the radial variations of the mean temperature obtained for the different Reynolds
and Prandtl were analyzed, showing decreasing non-dimensional bulk temperatures for in-
creasing Reynolds numbers. By comparing the temperature variation against the empirical
correlation of Kader (1981) a rather good agreement was shown for the cases with the
higher Reynolds number, yet the differences increased with increasing Pr. The analysis of
the higher-order showed once more the near wall increase of the turbulent Prandtl number
for a molecular Prandtl number above unity. Due to the very fine mesh resolution near the
wall, it is even possible to predict fairly accurately the asymptotic wall value of Prr. It was
shown, that, except for the asymptotically approached near-wall value, the profiles for the
different considered Prandtl number cases can be merged by scaling the wall distance with
the conductive sublayer thickness as obtained from a formulation proposed by Shaw and
Hanratty (1977) dependent on the viscous sublayer thickness and the molecular Prandtl
number. Moreover, the comparison of the near wall asymptotic of Prz for the the different
Reynolds number cases indicated only a minor Reynolds number dependency.

An important focus of this thesis is on the impact of temperature depending material prop-
erties on the flow conditions and heat transfer. Due to its relevance in various technical
applications the effect of the variation of the material properties has also been investigated
in various previous studies in literature.

Lee et al. (2013) performed DNS of turbulent boundary layers with temperature-depending
viscosity in order to investigate the influence of wall heating on the skin-friction coeffi-
cient. The considered fluid was water with a reference Prandtl number Pr = 5.4 and a
momentum thickness Reynolds number Res, = 1240. It was shown that the skin-friction
coefficient can be considerably decreased by the heating. In addition, the decreasing vis-
cosity towards the wall caused the production term in the turbulent kinetic energy budget
to decrease due to a reduction of the Reynolds shear stress while the near wall dissipa-
tion was increased. Zonta et al. (2012) investigated the effect of a temperature-dependent
viscosity on forced convection in a channel flow with a heated and a cooled wall. The ref-
erence Prandtl number for this study was set to Pr = 3 and based on the mean temperature
between the heated and the cooled wall. It is clearly shown, that on the hot side of the
channel, corresponding to low viscosity, the turbulence is damped while the velocity gra-
dient is increased. The damped turbulence is also reflected by reduction in the production
and dissipation terms in the turbulent energy budgets.

The more recent study of Patel et al. (2015) conducted a DNS based investigation of the
effect of temperature-dependent density and viscosity on turbulence in channels in low
Mach number approximation. It was shown that the Van-Driest transformed velocity and
the second order statistics are strong functions of the semi-local wall coordinate, defined
with the local values of the density and viscosity. A similar scaling approach was intro-
duced for the temperature in Patel et al. (2017), who showed that the results with different
Reynolds number can be collapsed, for unity Prandtl number. For non-unity Prandtl num-
ber the scaling had to be extended dependent on the Prandtl number.

Nemati et al. (2016) carried out DNS of heat transfer in forced convection in a turbulent
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pipe flow at super-critical pressure, accounting for the very strong variation of all relevant
thermophysical fluid properties. They considered a thermally developing pipe flow, heated
with constant wall heat flux. The reference conditions were set at the inlet with Re; = 360
and Pr = 3. As a major effect of the strong variation of the temperature-dependent ma-
terial properties the author observed a reduction in kinetic energy, which further caused a
deterioration in heat transfer.

Due to the excessively high computational costs of DNS simulations, they are generally not
applicable to technically relevant flows involving mostly too high Reynolds numbers. For
such flows, it is common to carry out RANS-type simulations instead, using the well estab-
lished standard wall-function models for prescribing dynamic and thermal wall boundary
conditions. In this thesis two different popular thermal wall modelling approaches will
be investigated and further advanced using DNS data. On the one hand, it investigates
the rather simple two-layer approach, which essentially splits the boundary layer into two
separate sublayers, a diffusive near wall layer and the fully turbulent inertial sublayer.
Kader (1981) further proposed a blending between these two sub-layers yielding a smooth
transition from one to the other. Most commercial CFD codes prescribe the dynamic and
thermal wall boundary conditions, which are essentially based on this idea. The other
approach is the so-called P-function approach for describing the logarithmic temperature
profile inside the inertial subrange. This concept essentially relates the total shear stress to
the total heat flux and integrates the temperature over the axial velocity. This yields a tem-
perature formulation depending on the axial velocity, the bulk turbulent Prandtl number
and the P-function. The P-function basically represents the thermal resistance of the diffu-
sive sublayer dependent on the molecular Prandtl number. In literature many formulations
for the P-function or equivalent expressions can be found, e.g., in the work of Kdrman
(1939), Hofmann (1940), Spalding (1967), Jayatilleke (1969), Kader and Yaglom (1972),
Malin (1987). The most popular representation among these are the analytically based for-
mulation of Spalding (1967), and its empirical extension of Jayatilleke (1969). Spalding
(1967) applied several simplifying assumptions to finally obtain an analytical solution for
the P-function. These simplifications essentially consist in approximating the near wall
variation of the eddy viscosity with a Taylor series expansion, and in using an invariant
turbulent Prandtl number set to its bulk value Prr = Prre. Their actual setting signifi-
cantly determines the resulting description of the thermal wall boundary conditions. Much
research work has been therefore devoted to the modelling of these two key parameters.
Regarding the eddy viscosity, it is commonly known that the most popular approach, the
mixing-length ansatz of Van Driest (1956), yields incorrect near wall asymptotics, predict-
ing a dependence v ~ y+4. Therefore, Grifoll and Giralt (2000) proposed a modification
to the damping coefficient as used in the original mixing length formulation, essentially
enforcing the analytically as well as DNS proven y+3—dependency of vr in close proximity
to the wall.

It has become rather common, to assume the turbulent Prandtl number as constant, setting
it to the value of the bulk turbulent Prandtl number Prr ., approached in the limit of high
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y* > 1. This simplifying assumption is certainly contradicted by many of the DNS stud-
ies cited above. Especially for molecular Prandtl numbers well above unity, the near-wall
variation of the turbulent Prandtl number needs to be suitably modelled to obtain an accu-
rate description of the thermal boundary conditions. In literature, basically three different
modeling approaches for the turbulent Prandtl number can be found, a purely empirical,
a purely analytical and experimentally adapted analytical (semi-empirical) models. For
the purely empirical turbulent Prandtl number models, the approach of Graeber (1970)
can be considered as a typical representative. This model is exclusively dependent on the
molecular Prandtl number and is based on various heat transfer measurements on different
geometries for a variety or Re; and Pr. Due to the full independence of the wall distance,
this approach is not capable of prescribing an increase of the turbulent Prandtl number
towards the wall, as indicated by the DNS studies cited above. Among the semi-empirical
models, the formulation of Cebeci (1973) produces a similar near wall variation of the tur-
bulent Prandtl number as the DNS results indicate. The underlying idea of this model is to
model the eddy diffusivity in a similar manner as the eddy viscosity based on Van Driest
(1956) mixing length formulation. In a following study, Na and Habib (1973) extended
this approach with an additional molecular Prandtl number dependency of the model co-
efficients. Although the model prescribes qualitatively correct an increase of the turbulent
Prandtl number towards the wall, this increase is quantitatively underpredicted. A very
promising turbulent Prandtl number model was proposed by Kays and Crawford (1980).
This experimentally adapted analytical model is based on the analytical consideration of
conductive heat transfer in thermal eddies, relying on an idea proposed by Jenkins (1951).
The model is further tuned using experimental data of Hollingsworth et al. (1989), who
performed measurements for a fully turbulent boundary layer in a free-surface channel
flow with zero pressure gradient and Pr = 5.9. The resulting model imposes, on the one
hand, a constant bulk turbulent Prandtl number Prr .., approached remote from the wall
and, on the other hand, prescribes the increase of Prr near the wall as indicated by the
DNS.

Basically, none of the above mentioned wall-function model include a variation of temperature-
dependent material properties. Petukhov (1970) derived correlations for the skin-friction
coefficient and the Nusselt number based on analytical considerations, including thermo-
physical fluid properties. It was concluded, that in order to improve the prescription of
either coefficients, the ratio of the wall and the bulk Prandtl number raised to some power
needs to be included to account for the material property variation.

The considerable restrictions, which arise from the high computational costs of DNS on
the one hand, and, from the simplifying assumptions typically required by analytical ap-
proaches on the other hand, suggest heated channel flow experiments as a feasible alter-
native. This is especially the case, when considering very high Prandtl number fluids with
temperature-dependent material properties. Certain typical restrictions apply to the ex-
perimental approach as well, in that it hardly ever delivers a detailed spatially resolved
description of the heated near wall region. The available experimental techniques rather
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measure only global mean quantities like the bulk temperature, the heat transfer coeffi-
cients and Nusselt numbers delivered therefrom. Providing these characteristic parameters
of the heat transfer over a wide range of Reynolds and Prandtl numbers, experiments still
represent a very useful tool, not only for verifying computational predictions but also for
validating and calibrating empirical model correlations. Well established representations
of the latter, such as the Nusselt number correlations of Sleicher and Rouse (1975) or
Gnielinski (1995), are often used themselves for evaluating CFD data. This may also in-
clude DNS results obtained at Reynolds numbers close to or inside the transition regime
between laminar and fully turbulent flow, even though both of the popular Nusselt num-
ber correlations mentioned above are exclusively valid for the fully turbulent regime. In
order to reduce the well-known deficits of the original Gnielinski correlation in the tran-
sition regime, Gnielinski (2002) himself proposed a linear superposition of a laminar and
a fully turbulent Nusselt number contribution for predicting better the corresponding low
Reynolds number range. However, when comparing against measurements especially at
high Prandtl numbers, see e.g., Morris and Whitman (1928), Sherwood (1932), the ex-
tended correlation still tends to under-predict the experimental values. This may be also
due to the fact, that the data employed by Gnielinski (1995) for deriving and calibrating
his Nusselt number correlation is rather old, especially the experimental data considering
high molecular Prandtl numbers and Reynolds number in the intermediate regime between
laminar and fully turbulent flow. One of the more recent attempts to measure the Nusselt
number for these conditions was made by Ghajar and Tam (1994), whose concept for heat-
ing the test section was also used in the experimental facility designed in the present work.
The temperature-dependent variation of the thermophysical fluid properties is mostly in-
cluded into the empirical correlation in terms of a correction factor. Gnielinski (2002), fol-
lows here a well established approach including the ratio of the wall and the bulk Prandtl
number raised to some power.

1.2 Objectives and thesis outline

The present thesis essentially targets four major goals.

The first goal is a detailed DNS based analysis of the near wall heat and momentum transfer
of a turbulent heated pipe flow with a special focus on high molecular Prandtl number
effects, considering molecular Prandtl number well above unity.

The second goal is to investigate the effect of temperature-depending real fluid properties
on the transport of momentum and heat. For this purpose temperature-dependent material
properties, typically met with heat transfer oils were considered in the DNS.

The detailed insight into the near wall momentum and heat transfer provided by the DNS
is the basis for the third goal, which attempts to assess the scope of state-of-the-art bound-
ary conditions. Two of the most popular approaches are considered, a simple two-layer
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model and the P-function approach originally proposed by Spalding (1967). All assump-
tions and simplifications are reviewed and assessed against the available DNS data-base.
Possible improvements for both, alternative thermal boundary conditions shall be derived
and validated against the DNS data.

The fourth goal of this thesis is the validation of all computational results, predicted by the
DNS and the RANS boundary condition models, with experimental data. Due to the lack
of adequate literature data for the here considered high molecular Prandtl number flow,
appropriate validation data shall be acquired in own dedicated experiments. For this pur-
pose, a test bench capable of producing equivalent boundary conditions as considered in
the DNS was designed. Various measurements series with varying Reynolds and Prandtl
number were carried out. Since these measurements cover a very wide range of Reynolds
and Prandtl numbers, the scope of the further developed models for the thermal bound-
ary conditions can be also assessed for operating conditions, which are not accessible to
DNS.

This thesis is divided into seven main chapters:

Chapter 1: Introduction
Motivation for the present study and comprehensive literature survey.

Chapter 2: Mathematical description
The governing differential conservation equations are shown, and a short overview
of the derivation of the standard wall-models is presented as well.

Chapter 3: Direct numerical simulation

Gives an overview of the numerical approach used for the DNS, consisting of the
meshing strategy, the temporal- and spatial-integration as well as the prescribed
boundary conditions for the constant and the real fluid property cases.

Chapter 4: Experiments

This chapter starts with the description of the utilized fluid. It follows a description
of the experimental setup and measuring procedure. Finally, in the end the measure-
ment results are discussed and compared to the Gnielinski (2002) correlation.

Chapter 5: DNS analysis
The obtained DNS results for all considered cases are presented and analyzed as
well as validated against the experimental data.

Chapter 6: Near wall model

The classical two-layer approach and the P-function approach Spalding (1967) are
reviewed and compared against the DNS results. Possible weaknesses are iden-
tified and DNS based improvements and extensions are proposed. The modified
approaches are validated against the DNS results in order to evaluate the improve-
ments.
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* Chapter 7: Summary and Conclusions
Summary of all experimental and computational findings as well as an overview of
the possible model improvements.






2 MATHEMATICAL DESCRIPTION

For investigating computationally the problem of heated or cooled flows the conservation
equations of mass, momentum and energy have to be solved. The conservation equations
of mass and momentum are the so-called Navier-Stokes equations, which can be written
in a conservative formulation as

dp dpu;

ot 8x,-

=0 2.1)

8pu,~ apuiuj . ap 81:;j

o ax,  om @ ox

2.2)

The conservation equation of thermal energy, written in terms of enthalpy h = e+ p/p,
reads

dph  dpujh  dgq; dp  dp .
ot axj —ai)Ci‘FE-FMJij—F\P”-f—QQ. (23)

The viscous stress tensor (7;;) is written as

- au,- Buj 2 auk
Tt]*.u(axj‘F axi> _'ugal'/Txk7 (2-4’)
and the viscous dissipation (¥},) reads,
_ 8u,~ 614_/ 3u,~ 2 auk 2
‘Pﬂ—“(a*x,*ax,-)fxfg“ o) (2:3)

Assuming a Newtonian fluid, the dynamic viscosity f is a pure material property indepen-
dent of the flow-induced deformation. Furthermore, applying Fourier’s law, the heat flux

vector (g;) can be rewritten as
oT

qi = ﬂ,chi. (2.6)
The flow is assumed as incompressible in the limit of low Mach numbers. This implies
that the density can only vary with the temperature due to thermal expansion, but not with
pressure. In the cases with variable material properties the thermo-physical properties of
the fluid are assumed as dependent on the temperature according to the experimentally
measured data of the considered liquid. Therefore, the material derivative of the pressure
and viscous dissipation are neglected in the energy equation.

11
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2.1 Turbulent flow

A turbulent flow is characterized by irregular and chaotic fluctuations of all flow quantities.
Turbulent flow occurs at Reynolds numbers which exceed a certain critical limit, the so-
called critical Reynolds number Re..;. Beyond this critical limit, which depends on the
considered flow configuration, the inertial forces dominate over the viscous forces resulting
in highly unstable flow conditions. The inertial forces are represented in the momentum
equation (2.2) by the nonlinear advective terms on the left-hand side. In the turbulent
flow regime the viscous forces represented in equations (2.2) by the diffusive terms on the
right-hand side are too weak to dampen the fluctuating turbulent motion.

2.1.1 Laminar-turbulent transition

As mentioned above the laminar-turbulent transition depends on the Reynolds number
written in case of a pipe flow as

Rep = -2, 2.7)

where W), denotes the volumetric flow rate equivalent mean bulk velocity.
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Figure 2.1: Laminar and turbulent pipe flow.
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If the Reynolds number exceeds the critical Reynolds number, the flow becomes unsta-
ble. This means that any arbitrarily small perturbation is increased so that the flow finally
changes from a laminar into a turbulent state. For example, the critical Reynolds number
is around 2300 in the case of cylindrical pipe flow.

In the upper part of figure 2.1, a laminar pipe flow can be seen, where the particle tra-
jectories are parallel to the wall. The lower sub-figure shows a typical turbulent state,
where the instantaneous velocity components are strongly fluctuating, so that the particles
move in a chaotic way. Due to this irregular motion, the pressure drop increases and is
roughly proportional to the second power of the bulk velocity in comparison to the laminar
flow, where the pressure drop varies linearly with the bulk velocity.

2.2 Computation of turbulent flow

The majority of technical flow applications are in the turbulent regime. Since turbulent
flow is characterized by a random, unsteady, three-dimensional motion, all variables vary
in all three spatial dimensions and in time. Such a flow can be described using statistical
methods, which is generally based on ensemble averages.

Ensemble averages

An ensemble represents the number of realizations of a flow variable in a turbulent flow.
In the theoretical limit of an infinite number of realizations, the ensemble average becomes
the real statistical average, generally termed Reynolds averaged mean value. Assuming N
as number of realizations, the Reynolds averaged mean value of an arbitrary flow quantity
y is defined as

1 N
— lim — (n)
(w) = lim n;l v

Based on this statistical average, Reynolds (1895) proposed to decompose each flow vari-
able into a mean () and a fluctuation ¥’ written as

v=(y)+v. 2.8)

Assuming statistically stationary flow the ensemble average obtained in the limit of an
infinite number of ensembles does not depend on the time, so that

(v) # (). 29
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It follows that the statistical mean value can be also obtained as temporal average defined
as

2.2.1 Length scales and energy cascade

By visualizing a statistically stationary turbulent flow, coherent structures, so-called tur-
bulent eddies of different sizes can be identified. These eddies can be characterized by
determining the auto- and cross-correlation as

R,’j(f, C,l‘) = (ui()_c',t)uj(55+ C,l‘)) = u,~(557t)uj()_c'+ CJ), (2.10)
Rjj can be non-dimensionalised with corresponding standard deviation std(u;), reading

ui(fc',t)u_i(f+ C,l‘)
std(ui(2,1))std (uj(X+ & 1))’

pij(%,8,1) = 2.11)
which basically quantifies the statistical relationship between the fluctuations at different
locations. Furthermore, the correlation coefficient p;; can be used to measure the average
size of turbulent coherent structures in terms of an integral length scale, defined as

L= /Pij(iCJ)dC- (2.12)
0

In case of isotropic turbulence, the integral length scale of equation (2.12) becomes Efj =L
and the diagonal elements of R;;, representing the velocity fluctuations magnitudes are
essentially the same for all directions. Therefore, these fluctuations can be characterized
by a single scalar, namely the turbulent kinetic energy

1——
k= Eufuf (2.13)

The largest turbulent eddies are typically characterized by the characteristic geometrical
length scale of the flow configuration. Their size is comparable to the integral length £,
and they contain the major part of the turbulent kinetic energy k of the flow, yet tend to
break up, where their kinetic energy is transferred to smaller eddies. This energy cascade
successively transfers kinetic energy to smaller eddies, until the eddy size reaches the dissi-
pative range, where they are dissipated by viscous forces. Figure 2.2 shows this cascading
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Figure 2.2: Turbulent energy spectrum E(K,t)

process in terms of the turbulent energy spectrum dependent on to the wave-number C,
where

k:/EMJMK. 2.14)
0

This spectrum basically distinguishes the "Energy-containing range" with the upper limit
of KC, where the turbulent kinetic energy is produced by the large scale motion dependent
on the actually considered flow configuration, the independent "Inertial range", where the
energy is transferred to smaller ans smaller eddies with negligible viscous losses, and
the "Dissipative range", where the viscous effects become dominant. According to Kol-
mogorov, the energy transfer rate remains constant in the inertial range. Consequently, the
transport change of kinetic energy at large scale, which is estimated as

2

_ U
C= T (2.15)

has to be equal to the energy finally dissipated at the Kolmogorov length scale

tp
o= (2.16)
n
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Thus, the dissipation rate ¢ determines the energy transfer in the inertial range. Based on
dimensional arguments the turbulent energy spectrum can be shown to depend on the wave
number in the inertial range as E (K, 1) o< K =373, as indicated in figure 2.2. The lower limit
of the dissipative range is Iy is associated with the Kolmogorov length-scale 1, defined

a 1/4
3
n= (v—) , @.17)

€

which represents the size of the smallest eddies. Eddies smaller than the Kolmogorov
length scale dissipate to thermal energy. Batchelor (1959) correlated the Kolmogorov mi-
cro length to smallest thermal coherent structures, dependent on the molecular Prandtl

number as
azv 1/4 n
Nin = <T) ==, (2.18)

with a being the thermal diffusivity.

2.2.2 Direct numerical simulation

DNS represents the most accurate approach for solving numerically the conservation equa-
tions (2.1) - (2.3). It solves the discretized equations directly without any modelling.
Therefore, no averaging, or modelling assumptions (aside from the spacial and temporal
discretization) are applied, this method basically attempts to capture numerically all phys-
ically relevant length scales, down to the Kolmogorov length scale (17). As a consequence,
the computational mesh has to satisfy stringent resolution requirements to describe appro-
priately the smallest turbulent structures. For isotropic turbulence, this requires a grid with
a minimum number of mesh cells based on the bulk Reynolds number, estimated as

Niin > Relg)/4-

This inherently limits the applicability of DNS to rather low Reynolds numbers and mainly
simple geometries. Therefore, DNS is unfeasible particularly for most technically relevant
problems which are often associated with high Reynolds numbers and complex geome-
try. These flows are in general rather computed with Reynolds-averaged Navier-Stokes
equations (RANS) approach. Nevertheless, the major benefits of DNS are the unsurpassed
accuracy of the obtained results and the delivered detailed insight into the underlying prin-
ciples of all flow relevant mechanism, making it a powerful tool for model development
and validation.

2.2.3 Reynolds-averaged Navier-Stokes equations

In RANS, a statistical ensemble averaging procedure is applied to the conservation equa-
tions (2.1) - (2.3). The flow quantities are considered statistical random variables is time
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and space, whose statistics is characterized by ensemble averages accordingly to Reynolds
and Favre decomposition. In the case of varying density, the velocity components, the
enthalpy, and the temperature are Favre-averaged, whereas the fluid-properties, pressure,
viscous stresses, and heat fluxes are Reynolds averaged. When applying Reynolds averag-
ing to an arbitrary quantity, its instantaneous value can be decomposed into a mean ¥ and
a fluctuating W’ part, as

v(t:r9,2) =W(re.2)+ v (1:r0,2),

with y/ = 0. Applying the density-weighted Favre averaging instead, the decomposition
reads

v(t:r,2) = W(re.2)+ v (1:r,9,2),

where the mean part ¥ is defined as Y = py/p, resulting in py” = 0.

Introducing this decomposition into the conservation equation for mass, momentum and
energy, the so-called RANS-type transport equations are obtained. Assuming low Mach
number flow, they read

9 , I

ot 8x,~

=0 (2.19)

7

opii;  Opiii; __Op 0% _IPui
ot axj - ax,- ax_,- axj

(2.20)

oph | bk _ o7 _ 90" @21)
ot 8xj o axj axj '

with the averaged viscous shear stress and averaged heat flux defined as

om o\ [ou o\ 2. om 2. od
T (G u’)ﬂt’( ot J) e L)

8xj ax,‘ ij ax,- - § ij&Tck h 3 i axk
and
— aT’
gi=-A——-A'—. 2.23
qJ z9xj ij ( )
respectively.

The two additional term on the right-hand-side of equation (2.20) and (2.21) are a turbulent
stress tensor and a turbulent heat flux vector, respectively. It is further possible to derive
a conservation equation for these turbulent stresses and fluxes. The resulting stress tensor
equation, or "Reynolds stress" equation then reads
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3pu” 7
ot =Cij+Pj+Tij+11;; + ¥+ Dij + ¢ + Ejj (2.24)
with
(9ukpu” 7
Cij= —T (2.25) ap’ 77 8W
o 2 (N T S
AT ! W uj ! /
—— 2.26 -
Rl *ox; Pl ka (2:20 'l oul
o—pl | L —_t
apuu 7 N Yij=p ox; + axj (2.30)
Tij= 37 2.27)
Xk " o
3,[/ AT €j=— ‘E,’k—'/JrT’.k ! :| (2.31)
Dij=|— L } (2.28) tox o
Xk axk
—JTy —317 — 0D ap
E— |72t nZ Y w2 2.32
Y |:u] oxy “i oxy 7 Ix; Mgy | (2.32)

where, Cj; is the mean convection, P; the production, T;; the turbulent diffusion, IT;; the
pressure diffusion, '¥;; the pressure dilatation, D;; the viscous diffusion, ¢;; the dissipation
and E;; is an additional term due to the varying fluid properties. The stress fluctuation
appearing in equations (2.28), (2.31) and (2.32) is computed as

Tl-lj = Tjj 7?1‘7 (2.33)
following from the Reynolds decomposition, where 7;; is the instantaneous shear stress.

Substituting the individual components of the mean averaged shear stress 7;; shown in
equation (2.22) into equation (2.33) yields

du;  du _som am\ [ou o\
Ti/j =H (ax axj) H (ax, + ax{) + 1 (a)cl‘f‘a;) (2.34)
J i J i j i

2 [ ow (om a4
35:/[#3)%<#axk+ﬂaxk .

The conservation equation for enthalpy variance reads

laph”z
2 ot

=—-Cy+P+T,+Dyp+e,+Ep (2.35)
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diph'™ 8q;h”
— , D, = 2.39
=3¢ (2.36) Ol s (239)
—_0h g
- 7pu<,"/h”aixj (2.37) . {% gh ] (2.40)
8pu/.’h”2 p)
T=—1— 2.38 7794
= (2.38) [h 3;;,} (2.41)

where, C;, is the mean convection, P, the production, 7}, the turbulent diffusion, Dy, the
molecular diffusion, ¢ the dissipation and Ej, additional contribution due to the fluid prop-
erty fluctuations. The heat flux fluctuation appearing in equations (2.39) and (2.40) reads

q;- =q;—4qj- (2.42)

For the turbulent contribution of the heat flux pu&’ K", present in the production term of
equation (2.35), the conservation equation reads

apuyh” iy
PP =Cyit+ Pq,‘ + Tq,‘ + Hq,‘ + Dq,‘ + €qi + Eq,' (2.43)
with
&ziru;’h” aT[{jh// (9(]' 7
- D, = 2.47
Cu= =5 (2.44) Tl i e 2.47)
S |7 — | oy
= —pu W ==L — puly! 2.45 _nopP
pu; BXj pu;u; 8 ( ) I, h I o (2.48)
dpuuji” o o
_ J L /
Ty=— o) (2.46) i =— |1 Ere -4 ax; (2.49)
T aq;| —0p
W A 2E 2.50
[ ox;j i ok J ox; (2.50)

where, Cy; is the mean convection, Py; the production, Ty; the turbulent diffusion, I,; the
enthalpy pressure diffusion, D,; the molecular diffusion, €4 the dissipation and Ej; is an
additional term due to the varying fluid properties.

Closure problem

If a three-dimensional problem is considered, there are 14 unknown variables (three mean
velocity components, the mean pressure, the mean temperature, and nine turbulent stresses



20 2 Mathematical description
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Figure 2.3: The structure of the turbulent velocity boundary layer.

and heat fluxes represented by the non-linear fluctuation terms), but only five equations
(continuity (eq. (2.19)), three momentum (eq. (2.20)) and the thermal energy equation
(eq. (2.21))) available to solve the problem. This lack of equations is called "closure
problem". It is noted that including the transport equations for the turbulent stresses and
fluxes, as given above by equations (2.24) and (2.43), respectively, would not solve this
problem, because these equations introduce further unclosed higher-order terms on their
rhs. Therefore, turbulence models are needed to provide closure for the equations by
relating the non-linear turbulent momentum and heat flux terms to the mean values. In
channel flows a reliable modelling of these fluxes requires some insight into their behavior
near the wall. The main focus of this thesis is on the near wall behavior of the most
relevant turbulent stresses and heat fluxes. The influence of these turbulent fluxes on the
momentum and heat transfer inside a turbulent boundary layer will be discussed in the
following subsections.

2.3 Turbulent boundary layer

A turbulent flow is generally characterized by very intense advective transport of momen-
tum and energy. However, in the proximity of non-moving walls, the flow decelerates
due to the non-slip condition and a velocity boundary layer is formed. Consequently, in-
side the boundary layer, the local Reynolds number is reduced, implying a decrease in the
turbulent stresses and an increase in the viscous stresses. Several sub-layers can be dis-
tinguished based on the dominating stress. Figure 2.3 shows a typical development of a
velocity boundary layer, starting at the entrance, where the flow is laminar, followed by
the transition and the fully turbulent flow. Beside the boundary layer thickness, Tennekes
and Lumley (1972) introduced a characteristic viscous scale % which characterizes the
boundary layer. Consequently, with this two length scales the before mentioned sub-layers
can be further distinguished, see figure 2.4.
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* Inner layer:
Located closest to the wall and dominated by viscous forces. It consists of the vis-
cous sub-layer and the buffer layer.

* Inertial sub-layer:
This represents an intermediate layer far enough from the solid wall that the viscous
forces can be neglected and the flow is controlled by the turbulent contribution.

¢ Outer layer:
This layer is essentially determined by the outer flow conditions, affecting the bound-
ary layer thickness 6.
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Figure 2.4: Regions of a turbulent boundary layer.

The same applies for the temperature, where the heat fluxes are in analogy to the shear
stresses. The characteristic length scales of the momentum boundary layer are related
to the characteristic length scales of the thermal boundary through the molecular Prandtl
number Pr and the turbulent Prandtl number Prr. In the framework of Prandtl’s mixing
length theory, the turbulent Prandtl number basically represents the ratio of the turbu-
lent mixing length of momentum ¢, to the turbulent mixing length of heat, both mixing
lengths are mostly assumed as roughly equal, which implies a setting for the turbulent
Prandtl number near unity Prr ~ 1. The molecular Prandtl number is basically a material
constant defined as the ratio of diffusivity of momentum to the thermal diffusivity, relating
the molecular diffusive transport of momentum to the molecular conductive transport of
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heat.

cu v diffusivity of momentum
Pr=—=—= 2.51
T T thermal diffusivity 251

Applying an order-of-magnitude analysis to the non-dimensionalized boundary layer equa-
tions for a convective laminar flow along a heated (or cooled) wall it can be shown that the
molecular Prandtl number measures the relative thickness of the thermal boundary layer to
the velocity boundary layer according to

857 1
5:=0 (ﬁ> ) (2.52)

The stream-wise development of the boundary layer thickness along a flat plate is exem-
plary shown for different Prandtl numbers in figure 2.5.

The relation (2.52) is, strictly speaking, only valid in laminar flow. It can be, however,
extended to the turbulent flow as well, where it applies to the relative thicknesses of the
viscous and diffusive sub-layers.

Pr<1 Pr=1 Pr>1
or(z) . 0(2) =dr(z) _. d(2)

Figure 2.5: Velocity and thermal boundary layers with different molecular Prandtl num-
bers.

2.4 Fully developed heated turbulent pipe flow

The computational investigation of this thesis considers the particular case of fully de-
veloped turbulent circular pipe flow. Such an axisymmetric wall-bounded flow is most
conveniently described by the Navier-Stokes and the energy equations, generally given in
equations (2.1) - (2.3), rewritten in cylindrical coordinates, as:

* continuity equation

dp  19(rpu)  19(pv)  I(pw)

ot r or r 2o 2z =0 (2.53)
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* momentum equation into the radial direction

2

apu +la(rpuu) n 1d(puv) pv=  d(puw) _

Jdt r or r de r dz

2.54
le 1a(m,.,) 181:,(,, 71'ﬂ+ 27y, (2.54)
ar |r or r oQ r dz
* momentum equation into the azimuthal direction
apv n 19(rpvu) +1(9(pvv) n pvu n d(pvw) _
dt r odr r d¢ r dz 255)
_lal 18(;’%,) Tor larw 9Tp: 2
rdo |r dr ror do Jz
* momentum equation into the axial direction
dpw 19d(rpwu) 1d(pwv) Jd(pww)
Z 4 + =
dr r dr r d¢ dz 2.56)
_dp [ [19(rty) 10T 1 '
dz |r or r dQ dz
The energy equation:
aph n 19(rphu) 19(phv) n d(phw)
dt r OJr r d¢ dz
2.57
[1o0a) , 19(ay) , 2(a) 20
r or r 09 dz
The viscous stresses are written as
Ty = {2— -={v. v}} (2.58)
1dv u
Top = H {2 <;%+r) **{Y'E}} (2.59)
T,=U {ZB—W —={Vv- v}} (2.60)
d 10
frp = Tor = I {rg () + ;ﬁ] @61)
dv 10
Tpe=Top = L. {&—; +- a:ﬂ (2.62)
d d
Ty =Ty = {air” + aiﬂ _ (2.63)
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and the heat fluxes read

a=-22T (2.64)
ar
AdT
aT

In the DNS the discretized representations of these equations need to be solved directly.
Assuming hydraulically and thermally fully developed flow allows for comparatively short
axial extensions of the computational domain. This computationally less expensive shorter
domain is applicable due to the axial periodicity, which can be assumed in a fully devel-
oped case for the velocity components as well as the fluctuations of the dynamic pressure
and the thermodynamic state variables around suitably defined reference values. The in-
troduction of these relative fluctuations produces two source terms of axial momentum and
energy in the respective conservation equations, as will be shown below.

2.4.1 Dynamically fully developed flow

Assuming dynamically fully developed flow conditions the ensemble averaged conserva-
tion equation of the axial momentum equation (2.56) is reduced to

Jdp 10
0__374“?5(’ Tiot) - (2.67)
with
Tor = ?rz +PW~ (2.68)

Since the mean pressure gradient does not depend on the radial coordinate, the integration
of equation (2.67) yields
riop  _
0= —Ea—lz’ + T, (2.69)

Equation (2.69) can be evaluated at the wall with 7,|p /2= —Tw (see figure 2.6), resulting
in

ap 41,
—-— =- . 2.70
Jdz D (2.70)
Integrating this equation results in
_ _ 47,
P2) =Pin— " % @71
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Figure 2.6: Shear stress and axial pressure gradient in a cylindrical pipe flow

which basically represents the axial variation of the mean pressure, reflecting the constant
axial drop of mean pressure due to the drag, as schematically shown in figure 2.6.

A suitable decomposition for the pressure is introduced as
p(t:ir,,2) =p() + 711, 9,2). 2.72)

where the component 7 is periodic in the axial direction. Incorporating this decomposition
into the conservation equation of momentum (2.54)-(2.56) finally yields

* momentum equation into the radial direction

dpu  19(rpuu) +18(puv) B pfv2 d(puw)
at r or r de r dz

_om [19(rty) 19T Top 9T 7
ar |r or r o r dz
* momentum equation into the azimuthal direction
@_'_ 19(rpvu) +13(pvv) +@ n d(pvw) _
adt r or r 09 r dz 2.74)
1dm  [19(rter) | Tor | 10Tge  9Ty: '
rde |r dr ror do dz
* momentum equation into the axial direction
dpw 19d(rpwu) 1d(pwv) Jd(pww)
o T o i ae T ar T
(2.75)

dm 4, [19(r,) 10T N T,
dz D r o adr r dQ dz
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These equations describe a dynamically fully developed turbulent flow, allowing for the
prescription of periodic boundary conditions for the velocities «, v and w, and the pressure
fluctuation 7.

2.4.2 Thermally fully developed flow

The thermal boundary condition considered in this thesis prescribes an uniform wall heat
flux, causing the fluid temperature to increase along the axial direction. This continuous
heat-up would, on the first sight, exclude the assumption of axial periodicity for the thermal
state variables. However, axial periodicity can be still provided by relating the thermal
variables to appropriate reference values. Figure (2.7) shows the variation of the bulk and
wall enthalpy in the thermal entrance length and in the fully developed region. The axial
distance, until a flow reaches a fully developed state, is generally termed "entrance length",
and basically depends on the Reynolds and the molecular Prandtl number.

The bulk enthalpy represents a cross-sectional average, defined as

hy = % / p(Nw(r)h(r)dA, (2.76)
A
with the mass flow rate 71 defined as
i = /p(r)w(r)dAA 2.77)
A

G = const

thermal entrance region fully developed

Figure 2.7: Enthalpy variation in the thermal entrance region and in the fully turbulent
region
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The fully developed region is evidently characterized by a constant difference between the
enthalpy at the wall and the bulk enthalpy,

h,, — hp, = const.. (2.78)

This implies that the enthalpy fluctuations relative to h,,(z), or h(z), are statistically ho-
mogeneous in the axial direction. Thus, introducing the decomposition

h(t;r,9,2) = hy(2) = x(1:1,0,2), (2.79)

and
T(t;1,9,2) =Ty(z) — 0(1;7,9,2) (2.80)

into the conservation equation of energy, equation (2.57), yields a transport equation for
the relative enthalpy y, which is written as

ax 1d(ryu) 1d(xv) a(xw)

P TP ar TP o TP T

10.(,00) 10 (200) 2 (,00\)  ai,
ror\""or roe \ rade +8z dz +pwdz'

In consistence with the statistical homogeneity of y in the axial direction, axial periodicity
is imposed as respective boundary condition,

(2.81)

2(r,0,2) = x(r,9,2+L),

2.82
0(r,0,2) =0(r,0,z+L), 282

and Dirichlet boundary conditions are imposed at the wall r = D/2: x =0 and 6 =0,
essentially assuming zero fluctuations 7, = 0 and 4, = 0 at the wall.

The assumption of fully developed flow is associated with a constant relative bulk enthalpy
Xb» as already stated above in equation (2.78). This implies for the axial derivatives

dhy, _ dhy,
dz ~ dz’

(2.83)

The axial derivative of the bulk enthalpy can be obtained based on a global energy balance
for a differential cylindrical element of the length dz, written as

dh
i (d—"dz) = g,Dndz, (2.84)
Z
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yielding
wD
dhy _ awDT (2.85)
dz 0
Introducing (2.83) and (2.85) into the balance equation of energy (2.81) yields
d 10 10 d
%12, 19 20 g
¢ ; (2.86)

l li rlaj +li &870 +i Aaj + qwDT
plrar\""9r ) Trae\rae) T\ oz )| T

Solving equation (2.86) for x further provides the local temperature 7 (¢;7,¢,z), and the
corresponding relative value 6 = T,, — T, using the integral

=

x= /cp(T)dT. (2.87)
T

The computation of the wall temperature 7,,(z), which is used here as upper boundary,
invokes again the assumption of fully developed flow and the consistently assumed axially
invariance of the material properties. Fully developed flow implies a constant mean heat
transfer coefficient, such that the axial derivative of Newton’s ansatz for the mean wall heat
flux

G, =0 (T, —Tp) (2.88)
yields
d7,, d7T;

for the presently considered constant wall heat flux g,, = const.. The axial derivative of the
bulk temperature can be related to the bulk enthalpy through
dr, 1 diy

& (o) 290

introducing a global average for the specific heat capacity. According to its definition

(T)
1 x
=T =T / cp(T)dT = m

()

(2.91)
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this quantity represents a global average over the whole computational domain, and is
computed from the bulk enthalpy difference y), and the axial averages (7}) and (T,,). The
latter is determined from

1
<Tw> = (Tw,uut + Tw,in) 5 (2.92)
The integration of (2.89) with (2.90) yields
gD T
m {cp)

to be substituted into (2.91). The wall temperature at the exit, T,|._;, represents the refer-
ence temperature, 7o, and is therefore a known input into (2.93).

T,(z) = TW|::L -

(L—2) (2.93)

In consistence with the assumption of axially invariant material properties the tempera-
ture, which is used for computing their radial and azimuthal variations according to the
material laws of the fluid, must not depend on the axial direction either. This is assured by
evaluating the integral in (2.87) using an axially averaged wall temperature (T;,) as upper
boundary instead of the local value T,,(z).

2.4.3 Total shear stress

Based on the previously shown considerations, it is furthermore possible to find an analyt-
ical expression for the total shear stress. This is done by rearranging equation (2.67) and
replacing the mean pressure gradient with equation (2.70), so that the spatial variation of

the total shear stress reads 5
’
Ttot - _TWB (2.94)

2.4.4 Total heat flux

The same consideration can be made for the total heat flux. For a dynamically and ther-
mally fully developed pipe flow the, ensemble averaged equation of axial momentum is
written as

10 __qwDbm

0= *;E(r‘batH‘PW i (2.95)

Integrating equation (2.95) and rearranging yields the radial variation of the total heat
flux ,
1 gwD7 N
Gror =~ 28 / Fpw dF, (2.96)
r m
=0
with the density and the axial velocity varying depending on the radial position.
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2.4.5 Non-dimensional representation

For the sake of a most universal description of the fluid dynamics, the DNS solves the
conservation equations for mass (eq. (2.53)), momentum (eqgs. (2.73)-(2.75)) and enthalpy
(eq. (2.86)) in non-dimensionalized representation. The governing equations are non-
dimensionalized introducing the quantities

LT +__ p*_ﬂ
r=—= U sz Po
D = :
«_ twe ! We +_E *_Cip
rr=— Tij = p
D 9+ 0 Tw Cp,0
z - 7 .
d=5 T g =2 =
=X o Ao
*:l hT * 1 “*7£
- D pwweDm Ho

with the friction velocity, friction temperature and friction enthalpy being defined as

T qw
We=,/— Tr=—""r hy = T
T Po PoCpowr T =Cpo il

and "0" denoting values based on the reference temperature 7p. This leads to the following
non-dimensional conservation equations in cylindrical coordinates

* continuity equation

dp* 1orp*ut 1dp*vT dp*wt
o Tr ar roap T ar 0 @97

* momentum equation into the radial direction

dp*ut 1 d(rprutu’) +i@(p*u*v*) B prvt? n d(p*utw™)
ar* r* ar* r* e r* daz*

omt 1 |19(rg))  19%p Tpe IT}

dr*  Rero |r* or r*dQ r+  dz*

} (2.98)

* momentum equation into the azimuthal direction
ap*vt 1 a(rp™vTut) 1d(p™vTvT) p*vitut  d(pvTwT)
- +—= + +
ar* r* ar r* e r* dz*
2.9
Lox 1 [1907%) T 197 Bﬂ 29

"5399 "Rewo | ¢ e | ar
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* momentum equation into the axial direction
dp*wt 1 d(rprwiut) N 1d(p*whvF) N d(p*wtw®)
ar* r* ar* r* X dz* -
om0 [1aete) 1aTy o (2.100)
a7 Rero |r* or r* do  dz*
* energy equation:
+ oyt +,+ ot
Ix ia(rxu) ia(XV) 3(%W)7x+(y*.y+):
ars  r* ar* re 09 az*
2.101
1 ga(r*qruﬁ(%)ﬁ(qz*) v @100
p*ReroPry [r* dr* o d¢ oz rit*
* viscous stresses
W[ dut 2,
Th=u {2 5 fg{i -f}} (2.102)
1ovt ut 2
fo=u 2 ==—4+— ) —Z{V?" 2.1
T‘P‘P K |: <r* a(P + r*) 3 {7 v }:| (2.103)
Wowt 2
Th=u {2 5 fg{y -g}} (2.104)
ad (vt 1 du™
S
Tr(p = T(pr =u |:r o (rj) + ;W} (2105)
vt 1 dwT
— ot gt
T(;Z =T = {az* + VT‘W} (2.106)
owt  dut
e
Ty =T, =HU { o + az*} . (2.107)
* heat fluxes
+
g =- *%9* (2.108)
r
A* 067
+
+
j:%*ae, (2.110)
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The non-dimensional parameters appearing in equation (2.97) - (2.101) are the wall friction
Reynolds number and molecular Prandtl number, defined as

D we Vo Po Cp.0
Rero= ,and Pro = ————

Vo Ao

, respectively.
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2.5 Material properties

Some restrictions had to be observed in the choice of a suitable working fluid. On the
one hand, the fluid had to provide sufficiently high molecular Prandtl numbers well above
unity, representing the Prandtl number range of oils. On the other hand, the molecular
Prandtl must not exceed the limits imposed by the numerical resolution requirements to
be accessible to DNS. Figure 2.8 gives an overview of the typical Prandtl number range
of various fluids. The molecular Prandtl number range of oils is rather wide due to the
different areas of application. The presently considered oil (Shell Heat Transfer Oil S2)
is a "heat transfer oil" typically employed in heat exchanges, where the lubrication is of
secondary importance, so that the Prandtl number varies within a moderate range, which
is still quite far from unity.

1072 10—t 100 10! 10? 10?
| | | | | |
H g(J %/_J

Liquid metals Gases Light organic liquids
Water Qils

Figure 2.8: Range of Prandtl numbers.

The material properties of the considered oil show a strong temperature dependency. The
oil manufacturer provided information about the temperature dependency of the density
(p), thermal conductivity (1), specific heat capacity (c,,) and dynamic viscosity (1). Com-
parative measurements were performed as well, and simplified temperature-dependent
functions were fitted to these data. In the following, a short overview of these measure-
ments and the derived functional temperature dependencies are shown.

2.5.1 Density

The density was measured with the so-called "Oscillating U-tube" method, where the fluid
is pumped into a tube which is excited and the resulting oscillation frequency is used to
determine the density. The temperature dependence based on the measurements reads

pP=Ap+B,T =1045—0.616 T [kgm™3] (2.111)

The line is shown together with the underlying data in figure 2.9.
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880
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Figure 2.9: Density vs. temperature

2.5.2 Specific heat capacity

The specific heat capacity was measured with the "Dynamical scanning calorimety", which
basically relates the transient heat-up of the sample to that of a known reference material
to compute the specific heat capacity. Due to some inconsistencies in the repeatability of
the measurements for the present oil (indicated by the large error bars in figure 2.10), the
temperature dependence was rather based on the manufacturer data and reads

cp=Ac+BT=0818+3.664E—3T [Jkg 'Kl (2.112)

2.5.3 Thermal conductivity

The thermal conductivity was obtained based on the measured density, specific heat ca-
pacity and thermal diffusivity. Therefore, due to the already mentioned uncertainties in
the measurements of the specific heat capacity, the temperature dependence of the thermal
conductivity was purely based on the manufacturer data as well. It reads

A=A +B;T=0.157—-7328E—5T [Wm'K~'] (2.113)

and is shown in Figure 2.11.



2.5 Material properties 35

2700
2600 - Manufacturer -+
2500 | Measu(r;rilizg)t + #g
— 2400 o= o 2
X 2300 > /\[\
s 2200 <
= -
Z 2100
< 2000 N
%1
1900 A
1800 |-~
1700
250 300 350 400 450 500
T/K
Figure 2.10: Specific heat capacity vs. temperature
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Figure 2.11: Thermal conductivity vs. temperature

2.5.4 Dynamic viscosity

The dynamic viscosity was measured with a "Stabinger viscometer”, which basically de-
termines the dynamic viscosity from speed and torque measurements. The obtained tem-
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perature dependence reads

857.4

B
=A B ) =5894E—5 = )P 2.114
" ”eXp(T—‘rC”) 3-89 eXP(T—m.z) (Pas](2.114)

It reproduces the data points very well, as seen from Figure 2.12.
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Figure 2.12: Dynamic viscosity vs. temperature

2.5.5 Molecular Prandtl number

The molecular Prandtl number is straight-forwardly computed based on the measured ma-
terial properties as

pr=" =K -] (2115

a A

Figure (2.13) plots the molecular Prandtl number over the temperature. Regarding sim-
ulation costs of DNS, the highest computationally affordable Prandtl number is roughly
assumed around Pr ~ 50. This corresponds to an oil temperature around 7" = 400K as seen
from Figure 2.13. The presently performed DNS with therefore always consider operat-
ing conditions, which cover a temperature range beyond this level, ensuring a maximum
Prandtl number around Pr ~ 50 or less.
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Figure 2.13: Molecular Prandt number vs. temperature






3 DIRECT NUMERICAL SIMULATION

In this chapter the numerical procedure, which is used to solve directly the conservation
equations (2.97) - (2.101) will be discussed in detail. Two versions of an incompress-
ible, flow solver, written in cylindrical coordinates, were used for the simulations. On
the one hand a solver capable of including temperature-dependent fluid properties, and on
the other hand, a solver prescribing constant fluid properties. Both versions are written in
FORTRAN and parallelized with MPI.

3.1 Computational mesh

This thesis investigates a cylindrical pipe flow configuration with an axial length of five
diameters, which is assumed to be sufficient to capture the largest coherent structures in the

Figure 3.1: Computational grid

39
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streamwise direction. The considered computational domain is shown in figure 3.1, where
r is the radial, ¢ the azimuthal, and z the streamwise direction, with the corresponding
velocity components u, v, and w, respectively. The velocity components are located on the
cell faces, whereas all scalar quantities are stored in the center of the cell, consistent with
a staggered grid setting.

For a DNS the computational mesh has to be sufficiently fine to capture all relevant pro-
cesses and phenomena. Near the solid wall the flow structures are generally the smallest,
especially, when considering the thermal structures whose size decreases with increasing
molecular Prandtl number, according to equation (2.18). Therefore, the mesh has to be
the finest near the wall, which was achieved by radially clustering the mesh towards the
wall.

Preliminary DNS studies further showed that decreasing the cell size near the center no-
tably improves the predictions at the centerline singularity. For this reason, an additional
radial mesh clustering is applied towards the center. The employed meshing strategy is
based on Vinokur (1983) and will be briefly shown in the following. The first step is to
prescribe the desired radial size of the first cell next to the wall, and the next to center, Ar,,
and Ar, respectively. The so-called stretching function, based on the radial index i, where
i = O represents the center and i = i, the wall is defined as

AL tanh (8 (ifime—0.5)
SO =3 " amn(s/2)

3.1)

The stretching factor 8, which is introduced to provide certain prescribed cell sizes at the
radial boundaries, is defined by the following equation

sinh(§) 1 (32)
6 imax Vv Ar‘VArC ' '
Using the stretching function (3.1) the radius of each cell face can be obtained as
, (i)
= 33
O =2 (- A G
with the parameter A defind as
Ary,
A= . 3.4
Ar 4

Applying such a mesh clustering approach essentially adapts the cell sizes to resolve the
locally varying Kolmogorov micro length scale 7 (equation (2.17)), and the Batchelor
micro length scale 1, (equation (2.18)) circumventing a costly global reduction of all
cells.



3.2 Numerical solution procedure 41
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Figure 3.2: Critical cells sizes

Since the presently considered high molecular Prandtl numbers lead to low values of the
Batchelor micro length scale, the high resolution requirements can only be met with lo-
cal mesh refinement. The very small cell size restricts the maximum allowable time-step
to guarantee a stable computation which can be determined from the so-called Courant-
Friedrichs-Lewy (CFL) condition introduced by Courant et al. (1928). Figure 3.2 schemat-
ically shows a double-sided radially clustered mesh with smallest cells highlighted in red.
The shortest edges of the computational cells are denoted here as "critical" because their
length essentially limits the time-step. At the wall due to the extensive radial clustering,
the radial extension of the cell is the critical restricting length, whereas near the center, the
azimuthal extension is critical. These two particular constraints were the reason for apply-
ing an implicit integration to certain terms of the governing equations in order to ensure a
feasible time-step size.

3.2 Numerical solution procedure

The presently considered flow is incompressible with temperature-dependent fluid prop-
erties according to the variations shown in section 2.5. The corresponding conservative
partial differential equations in non-dimensional form, seen in equation (2.97)-(2.101) are
written in cylindrical coordinates and discretized in space applying a 4" order accurate
finite volume method. In the following, all involved steps in the numerical scheme are pre-
sented and discussed in detail. For convenience, the superscripts introduced in the previous
chapters, indicating non-dimensional quantities, will be skipped.
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3.2.1 Time integration

There exist various techniques which can be employed to numerically integrate the govern-
ing equations in time. For incompressible low Mach number flow with significant isobaric
density fluctuations, the predictor-corrector projection scheme, as applied in Najm et al.
(1998) and Boersma (1998) has become fairly popular. However, as seen from the vari-
ation of the density with the temperature in figure 2.9, the density of the working liquid
only weakly varies in the considered temperature range. For this reason, a one-step projec-
tion method was chosen, more precisely, a semi-implicit Adams-Bashforth fractional-step
method. Such a scheme is widely used to solve the incompressible Navier-Stokes equa-
tions with constant density, e.g. Kim and Moin (1985). It was originally proposed by
Chorin (1967) and basically splits the time integration of the momentum equation into two
sub-steps. In the first sub-step, the momentum fluxes are predicted neglecting the pressure
force term. In the successive correction step, the pressure gradient is used to correct the
predicted momentum fluxes, such that they satisfy the continuity equation. The required
pressure field is computed from a Poisson equation derived from enforcing the conserva-
tion of mass in the momentum equation.

At the beginning of each integration step, the enthalpy conservation equation (2.101) is
solved. The resulting enthalpy yields the temperature on the new time level, which is fur-
ther used to update the fluid properties when considering their temperature dependency.
The enthalpy is integrated in time combining explicit and implicit schemes. While the
fluxes into the axial direction are always treated explicitly, applying a second order ac-
curate Adams-Bashforth scheme, the radial fluxes and the azimuthal fluxes are mutually
integrated implicitly in the intervals r, < r < D/2, and 0 < r < r,,, respectively. The radius
rw, which basically determines the relative length of these intervals, denotes the radial po-
sition with the largest radial grid size Arqy, following from the applied radial clustering,
as schematically shown in figure 3.2. Switching the implicitly treated directions depen-
dent on the radial interval allows for a significantly larger time-step than a fully explicit
scheme, while the additional computational costs to be spent in the implicit solution pro-
cedure are still acceptable. The formulation used to obtain the new enthalpy at time-level
n+ 1 reads
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e 0<r<ry
Py A
v _ (3.5)
3[ 1o ogw 1 [13(4) , 9(q) "
§|: ; or 8z Re¢,,Pry, {I’ ar Jz +X(Y V)
1[ 1dryu dxw 1 13(I’qr) 9 (qz) !
_§|: ; or B 0z Re‘:wPrw{r ar dz +X(Y V)
L) [ran f1oxv]”
2 roe r 3(P
n+1
1 19 (qe)
Re,wPrWr ap
+¢/17
*ry<r<D/2
n+1 n
X X 7( _ (3.6)

r o dz  Reg,Pr, a0
L 1oxv dxw 1 19(q9)  9(q2)
rade dz  Reg,Pr, e
+l 18rxu _[1dryu ntl
2 r r or

[ 1 1 b} ( ):| n+1
+

Ref wPr, v or

+®7

3 187( ayx 1 19(q9)  9(q.) !
v w ¢ 9z v
2[ {r dz } X(V):|

The last term @Z‘l in equation (3.5) and (3.6) corresponds to the source-term, enforcing
axial periodicity for the variable ¥, assuming thermally fully developed flow conditions,
corresponding to the last term in equation (2.101). The fluid properties are updated with
the enthalpy-equivalent temperature 7" and yield the fluid properties on the new time
level (e.g. p" 1.

After the integration of the enthalpy difference y, the momentum equations are integrated
using the fractional-step method. In the first sub-step, the prediction step, the intermediate
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flux field (pu;)* is predicted using the same combined explicit/implicit scheme used to
obtain the enthalpy. It is written as
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e 0<r<ry
(pu)” — (pu)" _
= - (.7)
3[ 1drpuu piv2 ~ dpuw 1 1drt, M+% ol
2| r odr r 0z Re;, | ¥ Or r 0z
1 larpuu +p7vz 3 dpuw 1 13”,, B M+ 21.)1"
2| r or r 0z Rery | r dr r dz
+l ~ [1dpuy "7 1dpuv L
2 r d¢ r d¢
1 19 ’ n+1
“lreran )
Rerywr 0@
(pv)" = (pv)" _
- - (3.8)
3[ 1drpvu  pvu  dpww N 1 19r7yr n &+ dTy; -l
2| r or r 0z Rer,, | r Oor r 0z
1[ 1drpvu pvu Jdpww 1 19rtgr  Tor 9Tpz 1"
2 {*; o 1 9z "Rem\r ar oz
+l _[1adpw]™ [1dpwy ntl
2 r de r o
1 laT(P(P n+1
Rerywr ¢
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= - (3.9)
3[ 1drpwu  dpww N 1 10rg, N 9t 11" !
20 r Oor dz Recy | r dr dz
L[ 1drpwu dpww N 1 10rg, N at. 1"
21 r Odr dz Recy |7 9r 0z
+l _[1dpwy "_ 1dpwy nil
2 r d¢ r d¢
1 laTz(p n+1
Recy r 0@
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s ry<r<D/2

(pu)* — (pu)" _ (3.10)
At
3[ 1dpuv pv? _ dpuw 1 1059  Top N at 1"
20 r do r 0z Rery | r ¢ r dz
(L[ 1apuy pv? dpuw 1 [10Tp Tep  9Te)]"
21 r do r dz Rery |7 do r dz
1 1 8rpuu {1 3rpuu} "H}
+ —
r roar
n 1 ort, " +1
RefW r or
(pv)"—(pv)" _
A = 3.11)
3[ 1dpw pvu d(pvw) 1 [197p Lo, 79 11"
2| r do r dz Rery |7 do r 0z
L[ 1dpw pvu_ dpvw 1 13T¢¢+k+8’r¢z "
21 r do r dz  Regy |r do r dz
+1 _[1drpvu ”_ 1drpvu ol
2 r o or r or
1 19r5e "
Regy r dr
(pw)* = (pw)" _ (3.12)
At
3[ 1dpwv  dpww 1 191 +& n-l
21 r do dz Rery | r ¢ dz
L[ 1dpwv  dpww 1 18T2¢+8TZZ "
2| r do dz Rery | r ¢ dz
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+ —
Re;, r or



3.2 Numerical solution procedure 47

The last term in equations (3.9) and (3.12) represents the momentum source-term, which
enforces axial periodicity of the momentum fluxes, assuming dynamically developed flow.
The momentum flux field predicted from the projection step does not satisfy the continuity
equation. The conservation of mass is enforced by applying a pressure-correction, defined
as

o —(pu ] [12G)
At rdr
n+l _ * 19x !
(pv) v (pv) - _ - 5o , (3.13)
(pW)"H _ (pw)* o+l
L At J L dz A

The pressure required for the gradient on rhs of equation (3.13) is computed from the
poisson equation

1 (f1arpu  19pv dpw\" _ [19rpu  19pv  dpw®
At |\ r dr r oo 0z r or r o dz
19 ( 87‘5"“) IBZH"H azn.nﬂ
= r

=——= - — 3.14

ror ar r2 d¢? 02’ @19
which is obtained by applying the divergence to the complementary part of the truncated
momentum equations (3.7) - (3.12) given above.

The first term on the left side of the poisson equation (3.13) represents the divergence of
the mass fluxes at the new time level n+ 1. Incorporating the mass conservation equation
(2.97), written at time level n+ 1

aanrl larpu 1@ 3pw n+l1 o 3.15)
dt r dr rade dz - '
yields
1 [dp™! [1drpu 1@+apw *
At | ot r dr rade dz
190 ont! la2n.n+l 92t
_TE<’ or )_72 PP (3.16)

The temporal derivative of the density in equation (3.16) can be determined from the tem-
poral gradient of the temperature, accounting for the thermophysical fluid behavior, as will
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be shown in a following section in detail. The second term is the divergence of the momen-
tum flux field obtained from the projection-step equations (3.7) and (3.12). The poisson
equation is solved using a direct solver. The substitution of the resulting pressure into
equation (3.13), finally yields the new momentum fluxes (pu)"*!, (pv)"*! and (pw)"*!,
which satisfies the conservation of mass given by (3.15).

The final step computes the new velocity field by dividing the new momentum flux ob-
tained from (3.13) by the new density

u n+1

W= (’;”)H (3.17)
n+1 __ (pv)n+1

Vil = rae (3.18)
n+1

Wit — %. (3.19)

3.2.2 Discretisation in space

The governing partial differential equations are discretized in space using the finite volume
method. This method essentially solves the conservation equations integrated over the
finite volumes of the computational cells, where the volume integral over the divergence
terms are transformed into surface integrals, which generally reads

AL

——dV = j{l[/knde (3.20)
oxy,

Figure 3.3 exemplarily shows three adjacent volumes. For the discretized balance of sur-
face fluxes according to rhs of equation (3.20), the face values y; 1/ and y; 1/, have to
be determined from the known volumetric averages ¥/;_|,V¥/;,¥/,, |, etc.. In order to achieve
high spatial overall accuracy, a 4" order accurate approach, based on Lemos et al. (2012),
was chosen for this purpose. This approach basically approximates the required values at
the cell faces using Taylor-series expansions, which consistently reproduce the volumetric
averages ¥;_ and ¥, given in the neighboring volumes. In the following, this 4" order
accurate concept will be exemplary shown for a 1-dimensional disretization, as sketched
in figure 3.3, where the bars indicate cell averaged values ;.

The ansatz proposed by Lemos et al. (2012) determines the face volumes as a linear com-
bination of the very next four cell averaged values, written as

Vil =ay +by+ eV +dVi,. (321
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Figure 3.3: 1-dimensional discretisation

The coefficients a,b,c and d are determined by approximating the spatial variation of y
with a Taylor series expansion of 4/ order accuracy around the position of the cell face,
written as

N oy 1y (x—xip10)” Py (x—xi11/2)°
V() = Wiy 0+ F o (x=xXip12) + e i+1/2f FP iﬂ/zf—kom).
(3.22)

Using this expansion for the computation of the cell averaged quantities on rhs of equation
(3.21),ie.,

2k+1

i+
1
Yigyp=—— / y(x)dx, k=—-1,0,1,2 (3.23)
xl«+2k+l _xi+2k—l
2 2 i+2k£1

yields, upon equating the terms with the same derivatives, a linear system of equations to
be solved for the coefficients a, b, c and d.

Figure 3.4 exemplarily shows the case for a variation assumed as

w(x) = 10— 15x — 15x% 4+ 5x° (3.24)
represented by the green line. The step-shaped function denotes the corresponding volume
averages. It is clearly visible that the approach of Lemos et al. (2012) approximates the

face values of x; | , very well. This high level of accuracy is not achievable using a second
or fourth-order Lagrangian polynomial interpolation of the cell averages, generally written
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for the order a + 3 + 1 as
ii’j ﬁ Xipl —Xj
Vi1 = Vi — (3.25)
b j=ima Xk Xj

k#j

whose approximations are shown in figure 3.4 as well.

In the two directions with equidistant grid spacing, the azimuthal and axial, the coefficients
used for spatial discretisation, is the same for all cells, while they vary with the radius for

the radial discretization, due to the clustering.

3.2.3 Temporal density gradient

The temporal gradient of the density appearing in equation (3.15) is often approximated

using a backwards second-order accurate Taylor series expansion, written as

apn+l - 3pn+1 74pn+pn71
dr 2A1

(3.26)
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The numerical errors of this approach may become considerably high, especially for small
time steps, resulting in an overall low accuracy. For this reason an alternative was used in
the present simulations. Using the functional dependence of the density on the tempera-
ture, shown in equation (2.111), the temporal density gradient can expressed in terms of
the time derivative of the temperature as

aanrl _ ap 9T !
ot 9T It
—~—
Bp

(3.27)

This temporal temperature gradient at time (n+ 1) is obtained as the rhs of equations (3.5)
and (3.6) at time leves (n+ 1), divided by ¢, respectively.

3.2.4 Boundary conditions

The boundary conditions are implemented with the ghost node method, which basically ex-
tends the inner flow field at the boundaries by additional cells. Due to the 4 order accurate
spacial discretisation, two additional ghost cells are needed in order to prescribe the bound-
ary conditions with the same accuracy, when using a central-discretisation scheme. For
the radial direction, only one additional ghost cell was assumeds requiring a backwards-
discretisation scheme.

The actually prescribed boundary conditions (BC) for the different boundaries will be
described and discussed in the following.

Wall BC

At the wall, the no-slip condition is assumed for all velocity components. For the ther-
mal boundary condition, a uniform time averaged wall heat flux {(g,,) = const. and zero
enthalpy fluctuations x” = 0 are prescribed. The prescription of no-slip condition for the
velocities for all time levels, can be incorporated into equation (3.13), resulting in

an.n+1

ar r=D/2,9.2

=0, (3.28)

employed as boundary condition of 7 at the wall.
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Centerline BC

At the centerline, the "center singularity”, due to the vanishing radial coordinate » — 0
poses a mathematical problem. The ¢ and z - momentum transfer are essentially not
affected by the center singularity due to the presently used staggered grid configuration,
so that the area of the radially inner face of the first near-center cell is zero, as seen from
figure 3.5, while the center singularity is an issue for the radial momentum transfer. For all
independent flow-quantities Neumann boundary conditions are prescribed at r = 0, which
is realized by a consistent setting at the ghost nodes. For the radial velocity component,
the value on the opposite side of the center is used for the interpolation of the ghost node
value (denoted by gn), reading

gy = —ndk — Hhjmk *2”’31*”7", (329)

as highlighted in figure 3.5. All other quantities, which are allocated at the center of the
first cell, v, w, w and %, use a von Neumann zero-gradient formulation for the ghost node,
generally written as

Yen = VWi jk- (3.30)

WU j k

Ui jym ke

Figure 3.5: Boundary conditions at the centerline
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Axial BC

As shown in section 2.4, where the relative pressure and the relative enthalpy have been in-
troduced, being defined as difference to the cross-sectional mean and the value at the wall,
respectively, the flow can be considered axially periodic. This implies for all dependent
variables u, v, w, T and

y(r,e,z=0)=vy(r,e,z=1L). (3.31)

Azimuthal BC

The considered cylindrical geometry allows to prescribe a periodic boundary condition in
this direction, generally written as

v(rne,z2) = y(no+2m,2), (3.32)

for all dependent variables.

3.2.5 Axial decomposition of computational domain for parallel processing

In order to reduce the total simulation time, the flow field is split into axial pipe parts.
For each subdomain, the conservation equations are solved in parallel according to the
procedure shown in section 3.2.1, always followed by a shifting operation, where the ghost
nodes are updated with the new values of the neighboring subdomains. This procedure is
graphically shown in figure 3.6. The gray arrows indicate the shifting of the data for
updating the ghost nodes. Using MPI each axial subdomain is assigned to a CPU (node).

3.2.6 Fluid properties

The fluid properties have to be updated at each time level after solving the transport equa-
tion of enthalpy, as defined in (3.5) and (3.6). This requires to relate at first the enthalpy
to the temperature, which is then further used as input into the temperature-dependent ma-
terial properties, as described by equations (2.111) to (2.115). The local temperature can
be determined from the local enthalpy differences, as obtained from (3.5) and (3.6), incor-
porating the temperature-dependent specific heat capacity (equation (2.112)) into equation

(2.87), yielding
T, T,

—hy—h= /cp / (3.33)

T T
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Figure 3.6: Axial decomposition into 4 axial parts

The integral in equation (3.33) can be analytically solved for the lower boundary 7', written
as

A, A2 2
T=-2¢ T,+25) — Zq. 3.34
7t ( W+BC) R (3.34)

Assuming dynamically and thermally fully developed flow basically requires the neglect
of the axial variation of the averaged material properties due to the continuous heating
of the fluid. Using an axially varying wall temperature would conflict with this require-
ment. Therefore, the axially averaged wall temperature (7,,) is used as upper boundary
of equation (3.33), and further in (3.34), instead of the local value 7;,. This ensures that
the fluid property variation is restricted to the radial and azimuthal direction, so that the
assumed axial periodicity of the flow variables u, v, w, 7 and Y, can consistently be ap-
plied. For the considered operating conditions, this simplification is only of minor quan-
titative importance. As will be shown in the discussion of the experiments carried out for
validation of the DNS results, the axial increase of the wall temperature over the compu-
tationally considered pipe length is about T}, |,—sp — T;,|,—o = 0.26K>. This is negligibly
small as compared to the temperature difference between wall and bulk temperature of
T, — T,y = 25.6K2.

2Corresponding to measurement results of case M20/8, for detail see table 4.4 on page 66
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3.2.7 Reference values

The present DNS solves the governing conservation equations in non-dimensional form as
given in equation (2.97) - (2.101). All the reference values for the material properties are
based on the wall conditions at the exit of the heated pipe, using

Thy= Tw|z:L (3.35)

as reference temperature. This axial position corresponds to the end of the heated test
section in the validation experiments. Figure 4.1 in the following chapter will show the
exact position of this reference point.

3.2.8 Poisson equation

The solution of the Poisson equations (3.16) is responsible for the largest part of the com-
putational expense in this DNS. For the here considered flow, the Poisson equation is
written in cylindrical coordinates, as

li 87‘[”“ iaznnﬁ N azﬂ:nﬂ
ror d or r2 dg? 072

1 [dp™H! 1drpu 1dpv  dpw)™
5[ 7 ‘{; o Troe oz H (3-36)

with the right hand being evaluated after the prediction step. This equation represents an
three-dimensional elliptic problem, constituting a massive linear equation system. For the
considered physical problem and the employed numerical discretisation, the azimutal and
axial direction are homogeneous directions. This allows a "Fast Fourier Transformation"
(FFT) in these directions. Using this method, only a 1-dimensional system, written as

aﬁnﬂ o
19 <r UL )+(/1m,,,)n"“ = RHS, (3.37)

ror ar mn

has to be solved for each mode m and n of the Fourier transformed pressure 7, ,(r). The
parameter A, , stands for the "eigenvalue" and the maximum number of modes m and n
corresponds to the number of cells in the homogeneous directions, jiygx and K4y, respec-
tively. Due to the 4" order accurate spacial discretisation, jya X kmax decoupled penta-
diagonal linear systems have to be solved, using Gaussian elimination. In the last step, the
solution has to be transformed back into physical space by an inverse FFT (iFFT).

One major issue regarding computational time arises from the axial domain decompo-
sition used for parallel processing. While the FFT/iFFT in the azimuthal direction can
be performed without any additional communication between computational nodes, some
additional communication procedures are needed for applying the FFT/iFFT in axial di-
rection.






4 EXPERIMENTS

The computational data produced by the DNS are validated against experimental data ac-
quired on a specially designed pipe flow test facility. The obtained experimental data also
represent a valuable database for further model validation. In this chapter, the experimental
setup and the measurement procedure will be explained in detail.

4.1 Experimental setup

The aim of the experiments was, on the one hand, to generate a reliable database for the
validation of the DNS results and, on the other hand, the evaluation of predictions from
heat transfer models in flow regimes beyond the range amenable to DNS. Dynamically and
thermally fully developed flow conditions needed to be realized in the experiments as well
to deliver representative data for the conditions considered by the DNS. Special interest
was devoted to Reynolds numbers covering the transition regime from laminar to turbulent
flow. The constant wall heat flux boundary condition assumed in the computations was
accomplished adopting a heating concept similar to the concept of Ghajar and Tam (1994).
Figure 4.1 gives a schematic overview of the experimental loop with a detailed represen-
tation of the testsection. The loop essentially consists of a Coriolis mass flow meter, a
heat exchanger in order to achieve thermally stationary flow conditions, an oil reservoir,
a speed-controlled pump and the test-section. The test-section is made of stainless steel
(1.4301) with an inner and outer diameter of d; = 12 mm and d, = 15 mm, respectively.
The first part of the test-section is the "entrance section" with the length L = 1.2 m, rep-
resenting 100 diameters, which is sufficiently long to ensure dynamically developed flow
conditions at the begin of the "heated test-section". The uniform heat flux condition at
the inner wall of the pipe was realized by electrically heating the pipe wall. The heat is
generated by short circuiting the heated part of the test-section with an electrical trans-
former which provides high electrical current at low voltage. The length of the heated
part of the test-section, being L = 2 m, was designed long enough to ensure thermally
fully developed flow inside a large part near the exit of the section. Further downstream
the fluid passes a well insulated "thermal equalization section", including a static mixer,
where the temperature is supposed to reach a uniform value over the whole cross-section,
representing the enthalpy flow equivalent outlet bulk temperature 7}, ;. The inlet and outlet
bulk temperatures (7}, o and T}, 1) as well as the wall temperature at the end of the heated
test-section are measured using highly accurate resistance thermal probes (PT-100). Ad-
ditionally, "Type T" thermocouples are mounted along selected axial position of the entire

57
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Figure 4.1: Experimental setup

"heated test-section" to measure the wall temperature gradient in flow direction. The whole
test-section is thermally well isolated in order to avoid thermal losses.

To exclude any interference with the fully developed flow inside the pipe, exclusively
the outer wall temperature is measured with the probes, which is further used to com-
pute the inner wall temperature by solving a radial solid conduction equation. To avoid
any influence of the electrical current used for heating on the temperature measurements,
the temperature sensor is electrically isolated against the pipe surface by an additional
layer of a Kapton tape. The actually applied setup can be seen in figure 4.2, including
the thick outer thermal isolation against the ambience, made of glass wool with A;, =
0.055Wm~ 'K~

The computation of the inner wall temperature distinguishes two different radial layers,
the heated pipe wall and the layer of the unheated Kapton tape. The radial heat transfer
inside the heated pipe wall (r; < r < r,), which is made of stainless steel with a thermal
conductivity A, = 15Wm~! K~ is described by the following conduction equation

10 ([ oT

i Sl 5 =0 4.1
prar(rar)+qel @

where ¢,; is the volumetric heat source computed from the measured electrical current and
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Figure 4.2: Temperature measurement setup

voltage output of the electrical transformer,

P, Ul
Y R 42
T = Vur (d2—d*)m /4L @2

Inside the unheated Kapton tape (r, < r < ry + 8¢) the conduction equation reads

19 (dT
- (r§> —o, (43)

with the thickness being 8¢ = 0.065 mm and a thermal conductivity Ac = 0.16Wm~K~!.
At the outer radial boundary, at r = r, + 8¢, an assumed heat loss is prescribed as g, =
dT /dr, and the temperature is set to the value measured by a sensor T = T,,. Using
these thermal boundary conditions, the solutions of equations (4.1) and (4.3) for the radial
variations of the temperature read

cri<r<rg

.
qel T
Tpipe(r) = Tya+ 5=

A 2 4.4)

Lol o
2 2\r, gra

_av A ra r
a0 [ve (25 ) w1 (7))

° ragréra'i'éc

Tc(r) = f%(ra + 6c)log (ﬁ) + T 4.5)
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The heat loss g, is estimated from the thermal conductive heat transfer inside the thermal
isolation layer, written as

1
s
rq5—log (rﬂ)
Aiso Ta

The temperature difference occurring in (4.6) uses measured values for the outer pipe wall
temperature T,,,, as well as for Ty, which is measured with a probe at the outer surface
of the isolation, r = ris,. The pressure drop is measured using pressure probes located
at two axially far distant positions within the heated testsection, in order to account for
the variability of the fluid properties due to temperature increase. Based on the measured
pressure drop, the corresponding wall shear stress can be computed as

Tiso — Tva) - (4.6)

_Apd;

= —— 4.7
g 4.7
and furthermore the skin-friction coefficient
Tw
cp=—>. (4.8)
Yo
Po )
The Nusselt number is computed as
ad; di
Nu= oot = dwdi (4.9)

)vb lw(waTh,ly

where the wall heat flux ¢,, is computed based on the inlet and outlet bulk temperature
as
_ 1h1epp(Tha = Tho)

(4.10)
di ﬂLheatcd

qw

This wall heat flux basically represents the amount of heat, which is produced by the elec-
tric volumetric heat source ¢,; and transferred per unit area into the fluid.

For the mean specific heat capacity ¢, the relation (2.112) is employed. An important
distinction must be made regarding the reference quantities for the non-dimensional quan-
tities. The subscript "b" denotes quantities computed with thermophysical fluid propertied
based on the outlet bulk temperature, whereas subscript "w" denotes quantities computed
based on the wall temperature.

4.1.1 Measurement error

For the measurement error of the skin-friction coefficient, the bulk velocity w; can be
estimated by expressing it in terms of the measured mass-flow rate 7z and the wall shear
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stress in terms of the measured pressure drop according to (4.7), so that equation (4.8) can
be rewritten as
Ap &3 72py
Cf=—— -
Az 32m

@11

The total error can be obtained from the error propagation
ACf 1 aCf 2 HCf 2 aCf 2
— = ——A(A A ——-Ari 4.12
- CJ((.)AHp) (5 2ap,) + (Gl @12
AP\ (App\® [ Am)?
()7 ()7 (s wr
Ap Po m

The relative error of the Nusselt number measurement is based on the error propagation
determined from equation (4.9) in combination with equation (4.10), which yields

1cp b(Tp,1 — Tp0)

Nu= , (4.14)
Afb(nv - Tb,l)ﬂLheated
and the resulting total measurement error reads
JdNu 2 dNu 2 dNu 2
Ari —Ac ——AAX
ANu 1 < It m) * (ac,,,b ‘P"’) + ( EYR ”) +
Nu Nu JdNu 2 JdNu 2 JdNu 2
——AT; AT, AT,
(9Tb,1 b"l) * (aTb,o b’o) i (9Tw W)
A\ A\ (A2
) () ()
i Cpb Ay
= (4.15)

( AT >2+( AT (Tyo—Ty) )2+< AT )2
Tp0—Tp,1 (Tr0 — Tp,1)(Tp,1 — Tov) T — Ty

For the mass-flow rate and the pressure measurement sensors, the manufacturers specify a
relative error, relative to the measured value, whereas for all other sensors an absolute error
is specified, independent of the measured value. Table 4.1 shows the relative and absolute
errors of all contributions to either error propagation equations (4.12) and (4.15).

Table 4.2 exemplarily shows the skin friction coefficient and the Nusselt number with their
corresponding relative errors for a certain measurement case” presented at a later point.

2Corresponding to measurement results of case M20/8, for detail see table 4.4 on page 66
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Table 4.1: Relative and absolute error for the error propagation of the skin-friction and
Nusselt number measurement

Contribution absolute error Unit
Arir 0.20E — 3 x 1it kgs™!
AT 0.20 K
A(Ap) 0.35E—3 X Ap Pa
Apyp 0.13 kgm™3
Acyp 0.73 Jkg 'K™!
ANy 1.56E—5 Wm ! K™!

4.2 Experimental results and validation

The validation of the experimental setup was carried out considering heated as well as un-
heated conditions. The latter was imposed to check the pressure measurements, performing
measurements at various Reynolds numbers at constant temperatures in order to exclude
any temperature effect of the fluid properties. The resulting skin-friction coefficients were
then evaluated against the theoretical solution of ¢y for the laminar flow regime, which
reads

16
cfm = —, (4.16)
Reh
and against the well validated empirical correlation of Konakov (1954)
c?"’b =0.25(1.8log;o(Rep) — 1.5)72, 4.17)

for the turbulent flow regime.

Figure 4.3 compares the measurements against (4.16) and (4.17). Except for the laminar-
turbulent transition region, where both above shown formulations are expectedly not ap-
plicable, the measurements agree very well.

The shown validation of the skin friction coefficient certainly just makes sense without
heating because both of the equations (4.16) and (4.17) assume constant fluid properties.

Table 4.2: Skin friction coefficient and the Nusselt number with their corresponding rela-
tive errors

cy Acy Nu ANu
x1073 x1073 - —
9.18 0.05 59 2
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On the other hand, the radial temperature variation due to heating in combination with
the fairly strong temperature dependence of the fluid properties may have a considerable
effect on cy. Therefore, the measurements for the Nusselt number, which are inherently
associated with heated (or cooled) flow conditions, should only be validated against cor-
relations that account for this dependency. Accordingly, measured Nusselt numbers were
presently compared against the well established empirical Gnielinski (1995) correlation
for the Nusselt number written as

Nu— ¢s/2ReyPr (P”’ym . (4.18)
14127 /e 72 (P = 1) \Pr
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Figure 4.3: Skin-friction coefficients vs. bulk Reynolds number, isothermal flow
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In principle this correlation was proposed for the range

0.1 <Pr, < 1000
10* <Re, < 10°

which falls essentially into the fully turbulent regime. It is therefore consistently recom-
mended to use the correlation of Konakov (1954), (4.17), for computing the skin friction
coefficient ¢y in (4.18). The last factor in equation (4.18) accounts for the temperature vari-
ation and the corresponding fluid property variation. There are only few Nusselt number
measurements available for high Prandtl number fluids in the laminar-turbulent transition
regime in literature and most of them are fairly old. Still, most of these measurements,
e.g. by Morris and Whitman (1928), Sherwood (1932), which were also used by Gnielin-
ski (1995) for validation, indicate an over-prediction of the Nusselt number from equation
(4.18). Therefore, Gnielinski (1995) proposed an extended correlation for the transitional
regime, 2300 < Re;, < 10*, introducing a linear interpolation between a laminar and a fully
turbulent contribution, written as

Nu,, = (1 - Y)Num,lam + YNum,turb~ (4.19)

The weighting parameter 7 is defined as

_ Re, —2300

_ Rep—2300 42
Y= 10" =2300° (4.20)

such that it varies within 0 < y < 1.

Nu,, 1. 1am Tepresents a laminar Nusselt number at Re, = 2300, which is determined by
Gnielinski (2002) from

375
ai\'"
Num,lam = 3663 +073 + <1615 (Reb Prb z) ) (421)

Nu,,, 1, denotes the fully turbulent contribution computed from equation (4.18) at Re;, =
10*. Despite this extension proposed for the not fully turbulent low Reynolds number
regime, the superposition (4.19) still under-predicts the Nusselt number when compared to
the aforementioned measurements presented in literature for the transitional regime.

In the following all measurement results will be compared against the predictions of the
Gnielinski correlation, and additionally, against data points from literature measured by
Morris and Whitman (1928) and Sherwood (1932).
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4.3 Measurement series

Table 4.3 gives an overview over the measurement cases, which were considered in this
thesis and partly further used for the validation of the simulation results. As it can be seen
from table 4.3, the individual series are distinguished by a certain roughly constant setting
for the molecular Prandtl, while varying the Reynolds number. The molecular Prandtl
number is based here on the wall conditions

Vw Pw Cpw
Prw = Tv
w

(4.22)
where the material properties are evaluated with the wall temperature 7;, measured at the
end of the heated test section (see figure 4.1). On the other hand, the bulk Reynolds
number, which is defined as
Dw
Re, = -2 (4.23)
Vi
depends via the viscosity on the bulk temperature 7}, ;, measured at the end of the thermal
equalization section. The bulk velocity is determined from the massflow-rate, controlled
by the pump.

As the higher molecular Prandtl numbers imply a higher molecular viscosity, the upper
limit of the accessible range of Reynolds numbers is reduced for increasing Prandtl num-
ber. The increase in viscosity cannot be fully compensated by an increased mass flow rate
due to the limited capacity of the pump.

In the following, the results of all five measurement series listed in table 4.3 are shown. At
first, a table lists all important experimental parameters together with the measured skin-
fiction coefficients and Nusselt numbers. Both transfer coefficients for momentum and
heat, respectively are also shown as graphs dependent on the bulk Reynolds number.

Table 4.3: Measurement series

Pr,, Re;, range
M20 21-25 4200 — 27000
M30 29-32 3700 — 20000
M40 33-39 7000 — 17000
M50 49 -51 5200 — 13000

M60 56 —61 5500 — 10000
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4.3.1 M20

Table 4.4: Parameters of measurement series M20

Ty Ty T

K K K kgs™' Wm™2

qw

Re, Re,

Re:,,

Pry, Pr,, Nu cr
- - - 1073

1 44585 447.75 45425 0.332 22475 26592 28420 1544 26 25 334 590
2 44525447.75456.150280 25194 22461 24463 1366 26 24 290 623
3 445.05448.15458.150.233 25414 18789 20782 1170 26 24 245 634
4 444.15448.15 460.75 0.176 25252 14195 16098 957 26 23 193 7.07
5 443.35448.95 465.95 0.125 24559 10175 12002 748 26 22 140 7.77
6 443.05450.35472.05 0.094 24026 7772 9544 622 26 21 107 850
7 44358 452.87 478.97 0.073 23548 6172 7835 536 25 21 89 878
8 43825 446.85472.450.054 15705 4275 5467 370 26 21 59 9.8
0.01
Measurement %
0.009 X
XX eq. (4.17) ——
| 0.008 Ty
> 0.007 e
0.006 X— ¢
0.005
0 5000 10000 15000 20000 25000 30000
Reb / —

Figure 4.4: Skin-friction coefficient vs. bulk Reynolds number of measurement series M20
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Figure 4.5: Nusselt number vs. bulk Reynolds number of measurement series M20
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4.3.2 M30
Table 4.5: Parameters of measurement series M30
Ty, Ty, T m Gw Re, Re, Reg, Pr, Pr,, Nu cr
K K K kgs™' Wm?2 — - - - - - 1073
1 419.95 421.75 429.05 0.337 21384 19511 21390 1217 34 32 279 647
2 419.85 421.95 430.35 0.288 21482 16721 18583 1068 34 31 242 6.61
3 419.75 422.35 432.35 0.234 21172 13650 15457 920 34 30 201 7.08
4 419.55 422.85 434.85 0.180 20192 10615 12303 756 34 30 159 7.56
5 416.65 420.45 434.75 0.149 19322 8459 10092 630 35 30 129  7.79
6 414.05 419.05 437.45 0.113 19151 6337 7947 508 35 29 199 8.18
0.011
0.01 Measurement —>&—
’ eq. 4.17) ———
I 0.009 |
s 0.008 X
0.007 e g >
0.006
6000 8000 10000 12000 14000 16000 18000 20000
Reb /—

Figure 4.6: Skin-friction coefficient vs. bulk Reynolds number of measurement series M30
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Figure 4.7: Nusselt number vs. bulk Reynolds number of measurement series M30
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4.3.3 M40
Table 4.6: Parameters of measurement series M40
Ty, Ty, T m Gw Re, Re, Rer, Pr, Pr,, Nu cr
K K K kgs™' Wm™?2 — - - - - - 1073
1 404.45 405.75 411.85 0.340 15194 15559 16997 1001 42 39 236 6.93
2 404.25 405.85 413.35 0.289 16059 13259 14756 886 42 38 204 7.21
3 404.15 406.15 415.05 0.240 16079 11053 12557 759 42 37 170 7.30
4 404.05 406.75 417.85 0.189 16465 8802 10306 629 41 36 139 744
5 404.15 407.45 421.15 0.146 15886 6885 8321 547 41 35 110  8.63
6 403.35 407.45 424.05 0.121 16164 5689 7143 466 41 33 92 8.51
0.009 o
X ~x Measurement —>&—
0.008 eq. (4.17) ——
| X
Q A
0.007 = ¥
0.006

5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000

Re;,/f

Figure 4.8: Skin-friction coefficient vs. bulk Reynolds number of measurement series M40
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Figure 4.9: Nusselt number vs. bulk Reynolds number of measurement series M40
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4.3.4 M50
Table 4.7: Parameters of measurement series M50
Ty, Ty, T m Gw Re, Re, Reg, Pr, Pr,, Nu cr
K K K kgs™!' Wm?2 — - - - - - 1073
1 385.05 386.34 393.68 0.340 15018 11159 12670 776 56 50 191  7.50
2 383.05 384.60 393.39 0.287 15459 9113 10626 667 58 50 164  7.88
3 381.85 383.79 394.25 0.235 14839 7353 8829 566 59 49 132 823
4 376.55378.93 392.12 0.200 15610 5686 7218 476 64 51 110  8.69
5 371.45374.81 394.34 0.144 15327 3773 5392 370 69 49 73 943
6 369.95 373.34 393.88 0.141 15083 3571 5218 360 71 50 68  9.50
0.011
. Measurement —>&—
0.01 eq. 4.17) ——
-~ 0.009
0.008 S
—Xx
0.007
3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
Reb / —
Figure 4.10: Skin-friction coefficient vs. bulk Reynolds number of measurement series
M50
240
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Figure 4.11: Nusselt number vs. bulk Reynolds number of measurement series M50
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4.3.5 M60
Table 4.8: Parameters of measurement series M60
Ty, Ty, T m Gw Re, Re, Rer, Pr, Pr,, Nu cr
K K K kgs™' Wm™?2 — - - - - - 1073
1 370.05 386.35 393.65 0.335 18035 8189 9980 633 73 61 167 8.04
2 369.05 370.95 382.75 0.281 18106 6777 8547 554 74 60 142 8.40
3 366.95 369.25 383.05 0.248 18383 5769 7584 498 76 59 123 8.61
4 366.05 368.55 383.65 0.213 16930 4863 6576 437 77 59 103 8.84
5 365.45 368.30 386.02 0.176 15589 3995 5664 381 78 56 81 9.03
0.011
Measurement —>¢—
0.01 7 eq. (4.17) ——
~ 0.009
0.008 =X
0.007
3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
Re;, /—
Figure 4.12: Skin-friction coefficient vs. bulk Reynolds number of measurement series
M60
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%gg 1 eq. (4.18) — I
| 160 | eq. 4.19) —
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80
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40
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Figure 4.13: Nusselt number vs. bulk Reynolds number of measurement series M60
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4.4 Discussion

Comparing the measured skin-friction coefficients to the Konakov (1954) correlation, as
defined by equation (4.17), one can see that for low molecular Prandtl numbers the accor-
dance is very good. With increasing Prandtl number the agreement gets worse, especially
close to the laminar flow regime. Keeping in mind that the Konakov (1954) correlation
was originally proposed for isothermal flow with constant fluid properties, the observed
deviation in case of heating is still acceptable. Petukhov (1970) argued that due to the tem-
perature difference between wall temperature and mean temperature, the reference tem-
perature for the skin-friction as well as for the Nusselt number correlation needs to be
adjusted. This adjustment should reflect the radial variation of the fluid properties, where
the viscosity, due to its strong temperature dependency varies the most. Consequently, the
bulk to wall viscosity ratio

Ho
;u'W
is introduced to capture the effect of the variable properties. Figure 4.14 shows the varia-
tion of K dependent on the bulk Reynolds number for all measurement series. Due to the
non-linear decrease of the viscosity with the temperature (see equation (2.114)), the ratio
K is not only determined by the wall overtemperature, 7,, — 7}, but also by the bulk tem-
perature level 7y itself. This is exemplarily shown in figure 4.15 for the measurement cases
M20/8 and M50/6, displaying the respective range of the radial viscosity variation.

K= (4.24)

The generally observed decrease of K with the bulk Reynolds number Re;, can be attributed
to the increase of the Nusselt number for increasing Re,. This increase in the Nusselt
number is generally not compensated by a higher wall heat flux, so that the wall overtem-
perature, and hence, the span Au generally decreases, leading to a lower K. Accordingly,

1.6
M20
1.5 \ M30
T\
| 1.4 NS M40
< 13 M50
v Ny M60
1.1
1
0 5000 10000 15000 20000 25000 30000

Reb /-
Figure 4.14: K over Rey,
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1
eq. (2.114)
M20/8
0.1 M50/6
4
~ 0.01
= Au =1.363E—-3
0.001 Au =0.312E—-3
\\
0.0001

300 350 400 450 500 550
T/K

Figure 4.15: Temperature and viscosity ranges for the measurement cases M20/8 and
M50/6

the highest K is observed for the measurement 6 of the M50 series, where in particular
the overall fairly low temperature level results in a steep decrease in viscosity dependence
on the temperature. The Nusselt number correlation of Gnielinski (1995) already uses the
parameter K raised to some power in equation (4.18).

The validation of the present measurements against available data from previous measure-
ments in literature of Morris and Whitman (1928) and Sherwood (1932) generally show
good agreement. Comparing the present measurements with the Gnielinski (1995) Nusselt
number correlation, it becomes evident that the linear superposition based Nusselt num-
ber correlation (4.19) tends to under-predict the heat transfer coefficient in the transition
regime between laminar and turbulent flow. This under-prediction is also confirmed by a
comparison against the measurements of Sherwood (1932). In the fully turbulent regime
the measurements show a very good agreement with the correlation of Gnielinski (1995)
(4.18), proposed for this regime. As already noted above, the fairly wide error margins in
the measurements for the high Reynolds number are due the very low temperature differ-
ence between the wall and bulk temperature in these cases.



5 DNS ANALYSIS

This chapter is devoted to an in-depth analysis of the DNS data. At the beginning all
simulation cases are listed together with the corresponding simulation meshes, which is
followed by a discussion of the quality of the resolution. A major part of the chapter shall
analyze the effect of real fluid behavior by comparing the DNS data of the constant fluid
property simulations (DC) with the variable fluid property simulations (DV). Furthermore,
the DNS data are compared with corresponding measurements, shown in section 4.3, in
order to evaluate the simulation results.

For convenience, the discussion of the results does not always include a graphical presen-
tation of all available data sets. These not included diagrams can be found in the appendix
A.

5.1 DNS cases

The following tables show all computationally investigated cases, with their corresponding
Reynolds number, Prandtl number, and the employed computational grid. Wall conditions
are chosen as reference conditions for the friction velocity w; and friction temperature
T:. Table 5.1 lists all cases with constant fluid properties and table 5.2 all cases with real
temperature-dependent fluid properties.

Table 5.1: DNS simulations with constant fluid properties

Re: . (Rep) Pr,, Number of grid cells

(max X jmax X kmax)
DC360/10 360(5275) 10 256 x 512 x 1024
DC360/20 360(5275) 20 256 x 512 x 1024
DC360/50 360(5275) 50 256 x 512 x 1024
DC500/10 500(7680) 10 256 x 512 x 1024
DC500/20 500(7680) 20 256 x 512 x 1024

For the constant fluid property cases, two Reynolds number Re; ,, = 360/500 were consid-
ered in order to highlight the effect of the Reynolds number. The variation of the molecular
Prandt]l number from Pr,, = 10 up to Pr,, = 50 is intended to study the influence of an in-
creasing thermal resistance near the wall.
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Table 5.2: DNS simulation cases with real fluid properties

Rec,,(Rep) Pr,, Number of grid cells

(imax X Jmax X kmax)
DV370/21 370(4152) 21 256 x 512 x 1024
DV360/50 360(3557) 50 256 x 512 x 1024
DV520/20 519(6311) 20 256 x 512 x 1024

The input data for the real fluid cases are chosen so as to represent real measurement cases,
as shown in section 4.3. In consistence with the cases for constant fluid properties, two
different friction Reynolds numbers are considered associated with Rer,, ~ 360/500, to
examine the influence of varying flow velocities. The measurement cases which actually
correspond to the present DNS cases for variable fluid properties, are shown in table 5.3,
including the reference quantities based on the experimental conditions.

Table 5.3: DNS simulation cases with real fluid properties and corresponding experimental

cases
Measurement Trer =T, Wr T:
case
K ms~! K
DV370/21 M20(8) 472.5 0.0419 0.1948
DV360/50 M50(6) 393.9 0.1053 0.0789
DV520/20 M20(7) 477.3 0.0564 0.2257

5.2 Resolution

All presently discussed simulations are done on a mesh with the same number of cells.
Regardless of the input parameters shown in table 5.3, the radial cell size measured in wall

units y*, defined as
+_ YWt

y VM/V )
was set to Ay*|,,,; = 0.05 and Ay™*|,,,,., = 0.4, at the wall and the center, respectively,
for all considered cases. Table 5.4 gives an overview over the minimum and maximum cell
sizes for the individual directions, for the two most critical cases regarding Kolmogorov
and Batchelor scale. These are the case with the highest Reynolds number and the case
with the highest Prandtl number, DV520/20 and DV360/50, respectively.

(5.1)

The grid resolution was chosen in order to fulfill the DNS requirements for capturing
suitably the smallest structures, measured by the Kolmogorov- and Batchelor- length scale,
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Table 5.4: Mesh resolution for the two most critical cases

Arjr;in Ar;;ax (Y+A§D)max Azrtax
DV360/50 0.05 1.375 2.207 1.756
DV520/20 0.05 2.180 3.187 2.536

defined in equations (2.17) and (2.18), respectively. Aside of the kinematic viscosity and
the molecular Prandtl number, both length scales depend on the turbulent dissipation rate
€;i of the turbulent kinetic energy k = u'u /2, which can be obtained according to equation
(2.31) based on the statistically averaged DNS velocity fluctuation, as

=
e — 11 9
i = ik x
Ix;

(5.2)

Figure 5.1 shows the radial profiles of the spatial resolution rescaled by these two length
scales, for the most critical cases. Table 5.5 lists the occurring numerical minimum and
maximum values.

Table 5.5: Minima and maxima of spatial resolution normalized with i and 1y

DV360/50 DV520/20
Ar
2 min 0.029 0.031
n
i
Al 0.443 0.608
n
.
(7 AQ)max 1.267 1.913
n
L
Adnar 1.008 1.522
n
-
Ay 0.205 0.141
Ne
N
Ainay 3.126 2759
Mo
.
(7 AQ)max 8.933 8.681
Mo
.
Adia 7.110 6.907
Ne

The chosen grid spacing appears as adequate to resolve the smallest near-wall turbulent
structures. The radial variations shown in figure 5.1, make further evident that the spatial
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Figure 5.1: Spatial resolution normalized by the Kolmogorov scale 1 and the smallest tur-
bulent thermal length scale ng

resolution for the dynamic and thermal structures remains sufficiently high over the whole
cross-section. As such, the present resolution closely matches that of other recent DNS
studies, such as of Zonta et al. (2012), Nemati et al. (2016) and Lee et al. (2013). The
latter of these three applied a resolution, associated with 0.599 < Ay/ng < 2.98 in wall
normal, Az/Ng = 7.91 in span-wise and Ax/1ng = 12.4 in stream-wise direction, which is
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well comparable to the present resolution.

5.3 First-order turbulence statistics

The here presented data is statistically averaged in space, along the two homogeneous
directions, ¢ and z, as well as in time. For the latter, 30 flow-through times, defined as

Loy = —— 5.3
frt Wy ( )

were employed as sampling period, once the solution was statistically converged. The
statistical averages represent ensemble averages, as appearing in the Reynolds and Favre
decompositions, shown in section 2.2.3. The Favre averages for the axial velocity and the
enthalpy difference, discussed below, are in particular defined as

ey
ot = p% (5.4)
and
+
1= px” (5.5)

p

For the constant fluid property cases they are identical with the Reynolds averages w and
%, respectively.

In the presently considered flow associated with only minor density variations, the dif-
ference between the Reynolds and Favre averages are basically negligible. More impor-
tantly, turbulence models based on the Boussinesq eddy viscosity concept generally use
Reynolds-averaged values. The reason for this is that this concept incorporates the turbu-
lent stress tensor and a turbulent heat flux vector, as introduced in formulation (2.20) and
(2.21) into the corresponding diffusive contribution, which involves only the gradients of
Reynolds averaged quantities. Accordingly, all DNS data shown in the following are rep-
resented as Reynolds averages and the density fluctuation p’ is assumed to be zero, which
implies constant density independent of temperature fluctuation

p'(T") =0 = p =p = const. (5.6)

5.3.1 Velocity

In a first step, all obtained results need to be validated. Typically, this is done by com-
paring the DNS results to literature data. Especially, for the pipe flow at Re;,, = 360
there are various DNS data from previous isothermal studies available. On the other hand,
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Figure 5.2: Comparison of the axial velocity to literature data

there exist only scarce validation data for high Prandtl number flows, especially including
temperature-dependent fluid properties. For this reason, only the constant fluid proper-
ties cases are evaluated against literature data, while the DNS results for the variable fluid
properties are validated against the in-house measurements presented in section 4. Con-
cerning DNS data from literature, Wu and Moin (2008) published a highly resolved DNS
of an isothermal pipe flow, providing accurate validation data for the case Re,, = 360.
The flow conditions of the second considered Reynolds number, Re¢ ,, = 500, are covered
by the experimental work done by Durst et al. (1995). Their LDA measurements con-
sider an isothermal pipe flow case, at a moderate Reynolds number (Re;, = 7442), with an
exceptional near-wall resolution.

The predicted axial variations for the average axial velocity are compared against the men-
tioned data from literature in figure 5.2. The agreement with the DNS data of Wu and
Moin (2008) is excellent and only minor deviations are observed in the comparison of the
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Figure 5.3: Axial velocity for the different Reynolds number of the DC cases

simulation data against the measurements. This confirms the accuracy of the simulation in
predicting the first-order statistics of the velocity field.

It is noted that for the constant fluid property cases the conservation equations of mo-
mentum and heat are decoupled. The flow field therefore only depends on the Reynolds
number, regardless of the considered Prandtl number. In contrast, in the variable fluid prop-
erty simulations, the energy equation is coupled with the momentum transfer, through the
temperature-dependent fluid properties, so that the velocity field depends both on Reynolds
and Prandtl number.

As known from various previous studies, the presently considered turbulent pipe flow
should be described very well by the universal wall laws. For this reason the axial ve-
locity of cases DC360 and DC500 are compared to the universal wall laws in figure 5.3.
The shown universal profiles read

wt=yt, 5.7

for the viscous sub-layer, and
1
wh = P Iny™ + B. (5.8)
for the fully turbulent inertial sublayer, with the standard setting of x = 0.4 and B = 5.5

suggested by Kays and Crawford (1980). Close to the wall, in the viscous sub-layer equa-
tion (5.7) reproduces the DNS results perfectly. Further remote from the wall, inside the



80 5 DNS analysis

2
DC360 —
DC500 ——
15 k=04 ------
K=0.34 e
P
+ %
ks
~——
— Ha
0.5
0
0 50 100 150 200 250
y+

Figure 5.4: Variation of k over the wall distance obtained by the the DNS results

inertial sub-layer, increasing deviations from the log-law can be perceived. However, with
increasing Reynolds number, the deviations decrease. This tendency, which basically indi-
cates a broadening of the inertial sub-layer with increasing Reynolds number and therefore
widening the region, where the log-law is applicable, was already noted by Tennekes and
Lumley (1972). DNS studies by Eggels et al. (1994) and Redjem-Saad et al. (2007) con-
firm this behavior. Additional confirmation gives the experimental study of Durst et al.
(1998), which compares the axial velocity profiles of a fully developed turbulent plane
channel flow for increasing Reynolds numbers.

The scope and the limits of the universal log-law (5.8) can be also measured by extracting
the von Karman constant from the DNS data. For this evaluation, equation (5.8) has to be
derived with respect to y™ and rearranged to isolate k in terms of the expression

1 (owt\!

Substituting the DNS data for the local axial velocity gradients into equation (5.9) results
in the variations dependent on y shown in figure 5.4.

It can be clearly seen that the standard setting k¥ = 0.4 suggested by Kays and Crawford
(1980) differs from the DNS obtained plateau at k = 0.34. This is due to the fairly low
Reynolds numbers considered. This explanation is supported by the observed increase in
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Figure 5.5: Variation of the axial velocities for the DC and the DV cases

the extracted value for the von Kdrmén constant inside the inertial sub-range for the case
with the higher Reynolds number DC500 in figure 5.4.

In figure 5.5 the cases with temperature-dependent fluid properties are compared against
the corresponding constant fluid property cases. The effect on the flow field due to fluid
property variation is clearly seen here. At the wall, which represents the position of the
reference state determining the reference quantities, the solution is expectedly the same for
all cases. Inside the buffer layer, a substantial velocity decrease can be observed. For the
case with the strongest variation of the fluid properties, seen from the highest value of 7;
in table 5.3, i.e., case DV360/50, a notable increase in velocity can be seen in the inertial
sub-range.

5.3.2 Enthalpy and temperature

For the here considered high Prandtl number flows, no suitable literature data could be
found for an evaluation of the thermal quantities predicted by the DNS. For this reason,
table 5.6 compares the DNS results for the temperature difference of T, — T, against the
corresponding data from the measurements described in section 4.
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Table 5.6: Temperature difference comparison of the DNS results and the measurements

T, T, Discrepancy
K K %
DV370/21 26.02 042 164
M20(8) 25.60
DV360/50 20.14 036 176
M50(6) 20.50
DV520/20 26.97
0.89 3.38
M20(7) 26.09
300
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Figure 5.6: Variation of the enthalpy for the DC and the DV cases

The fairly small discrepancies shown in table 5.6 attests a high accuracy in the present DNS
data. The fact, that the highest considered Reynolds number (case DV520/20) exhibits a by
more than two times higher deviation than the other two cases, is also not very concerning.
At a later point in this thesis, where comparing the Nusselt numbers, it will be seen that
this deviation is still within the measurement error, which tends to be larger for increasing
Reynolds numbers, as seen in section 4.3.
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Figure 5.6 shows the DNS results (DV and DC cases) of the non-dimensional enthalpy 7+
plotted over the wall distance y*.

Owing to the constant specific heat capacity in the DC cases, the non-dimensional en-
thalpy x* is identical with the non-dimensional temperature 8. The transition into almost
straight lines heading towards the center indicates the formation of an inertial log-law sub-
layer. Due to the effect of varying fluid properties, in particular the increase of the local
viscosity towards the center, an considerable increase in the predicted level of the enthalpy
in the inertial sub-layer is seen for all DV cases.

In order to highlight the increase in thermal resistance near the wall with increasing molec-
ular Prandtl number, the data shown in figure 5.6 is plotted again in a double logarithmic
axis scaling in figure 5.7

In general, with increasing Prandtl number the thermal resistance increases, which goes
hand in hand with an increasing enthalpy gradient at the wall. This general trend is clearly
visible for both the DC and the DV cases in figure 5.7. Regarding the DV cases, the
wall value of the Prandtl number is imposed from the reference conditions, yet, due to the
decreasing temperature towards the center, the local molecular Prandtl number increases.
Therefore, the thermal resistance for the DV cases becomes higher than that for the DC
cases in the core region.

1000
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DV370/21 ——
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DV520/20 /

10 -
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Figure 5.7: Variation of the enthalpy for the DC360 cases and all DV cases
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The effect of the Reynolds number on the wall temperature gradient is evidently of minor
importance, as seen from the red dotted line, representing a case with Prandtl number
Pr,, =~ 20 at a higher Reynolds number.

5.3.3 Averaged fluid properties

Using the temperature variation, which corresponds to the enthalpy variations shown in
figure 5.6, the fluid properties can be evaluated and plotted over the wall distance. Figure
5.8 displays p*, c},, A* and p* for all considered DV cases.

As already indicated in the discussion for the dependence of material properties on the
temperature in section 2.5, the radial variation of p*, ¢}, and A* remains less than 5% for
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Figure 5.8: Variation of fluid properties vs. y*
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all cases, justifying the neglection of density fluctuations. In contrast, the viscosity varies
up the almost 50%. Although the wall overtemperatures listed in table 5.6 show higher
values of T,, — T, for Pr,, = 20, the corresponding DNS solution still exhibit less variation
of viscosity than the case with Pr,, = 50. This behavior is due to the slower decrease of the
viscosity at higher temperature levels, which applies to the cases with Pr,, = 20. This was
already illustrated in figure 4.15, plotting the relevant viscosity ranges over the underlying
temperature ranges. The influence of the Reynolds number variation is relatively low,
which can be seen from the red-dotted line compared against the green line in figure 5.8.

The observed variations of the material properties, predominantly that of the viscosity,
cause considerable variations in the radial distribution of the dimensionless parameters
Rez,, and Pr,,. Figure 5.9 shows their radial variation over the wall distance. For the
constant fluid property cases, the prescribed wall values remain constant over the whole
cross-section, whereas, for the DV cases, the Reynolds number decreases, and the Prandtl

360
340

320

300

DC360/20 = =
280 {-DV370/21
260 | DC360/50 = =

DV360/50 —— ~
240 : —
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Figure 5.9: Variation of Re; ,, and Pr,, over y*
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number increases towards the center, which essentially reflects the variation of the viscos-
ity shown in figure 5.8.

The shown radial variation of Rer ,, and Pr,, for the DV cases are useful to interpret the
observed deviations in the velocity and enthalpy profiles from the corresponding DC cases.
Especially the increasing Prandtl number with the associated increasing thermal resistance
explains the higher level of the enthalpy, which is reached in the core region for the DV
cases, as seen in figure 5.6. For a more detailed insight into the effect of the temperature-
dependent real fluid properties on the momentum and heat transport, further analysis of
the higher-order turbulence statistics is needed. This will be discussed in the following.

5.4 Higher-order turbulence statistics

This chapter will discuss the turbulent second-order moments obtained from the DNS data,
examining in particular the differences observed for the variable fluid property cases in
comparison to the constant property cases. The second-order moments and turbulence
intensities are dependent on the radial position, r = r;, and are computed as the statistical
averages over the homogeneous directions (azimuthal j, axial k), and time ¢, generally
written as

OV = ((Pijks — i) (Wijr = W0)) jika (5.10)

and 2,1/2 2,1/2
Yirms = <l//iljk,t >j,/k4 = ((Wijk.t _Vi) >j7/k,r (5.11)

respectively.

5.4.1 Velocity fluctuations

Since no suitable data from literature is available to validate the DV cases, only the predic-
tions from the DC cases shall be validated against previous DNS and experiments. Figure
5.10 compares the DNS results of the DC360 and DC500 against the corresponding data
of Wu and Moin (2008) and Durst et al. (1995), respectively.

The agreement with both the simulation data and the experimental data is very good. Some
deviations are seen for the case DC500. This is most probably due to the slightly higher
Reynolds number (Re;, = 7680) of the presently performed DNS compared to Re;, = 7442,
as considered in the experiments by Durst et al. (1995). Apart form that, the general shape
of the profiles is predicted very well. Comparing the velocity fluctuations for the two differ-
ent Reynolds numbers, it is remarkable that the axial turbulence intensity hardly depends
on the Reynolds number. The peak of w;! - remains at same magnitude and position. For

rms

the intensities in the two other directions, the magnitude of the peak increases and shifts
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Figure 5.10: Comparison of U5, Vs and wy,s of the DC360 and DC500 cases

towards the center of the pipe, for increasing Reynolds number. Durst et al. (1995) showed
exactly this behavior in their LDA measurements.

In figure 5.11 the turbulence intensities of the DV cases are compared against the corre-
sponding DC case. Since the tendencies for the different Reynolds numbers are practically
identical, only the cases with Re¢ ,, = 360 are shown and discussed in the following. The
case with the higher Reynolds number can be found in the appendix A. The radial and
azimuthal components of the rms-fluctuation for the DV cases generally decrease in mag-
nitude, which is expected considering the decreasing Reynolds number, seen in figure 5.9.
Following from the remarks in the validation against experiments above, it would have also
been expected that the peak of the radial and azimuthal turbulence intensities would move
towards the wall, as the Reynolds number decreases. However, the shift for all fluctuations
goes into the opposite direction.

One way to address this issue is to consider that a reduction of the local Reynolds num-
ber basically implies an reduced normalized wall-distance relative to the definition y* =
ywz/Vy, based on the wall conditions where v = v,,. Representing the local flow condi-
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tions dependent on the localized wall distance y* = yw/v = yTv,,/Vv, based on the local
viscosity v, would effectively shift all flow components towards the wall. However, it can
be clearly seen that the variation of the fluid property not just causes a shift of the quantities
towards the center of the pipe. It also causes a change in their magnitude, which cannot
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be compensated by just rescaling the wall distance y*. For this reason Patel et al. (2015)
proposed a semi-local scaling for the velocity, which will be discussed in full detail later
in this chapter.

5.4.2 Shear stress

In a fully turbulent, statistically stationary, axially symmetric pipe flow, the total shear
stress, obtained as the component 713 = 7;,; based on equation (2.22), consists of a laminar
and a turbulent component, given as

_ow ow ow
r,m=u3—v:+u’7v: —pu'w = (uﬂtr)ai: (5.12)
Tturb
Tlam Tu

where the turbulent contribution is computed analogously to its viscous counterpart, ap-
plying the Boussinesq eddy viscosity concept

— ow
—pu'w = ur—. 5.13
puw’ = pur == (5.13)
Recast into wall coordinates, the total shear stress finally reads
+_ ot —x Hr owt
tot - u ( + i > ay+ ( )

The term 7, appears in (5.12) due to the fluctuation of the fluid properties, yet is of minor
importance, and can therefore be neglected.

Figure 5.12 displays the total shear stress, as given by equation (5.12), together with the
laminar and turbulent contributions, as well as the underlying shear rate. The insignificant
contribution due to the variation of the fluid properties represented by 7, is not included.

As shown in section 2.4.3, in a statistically stationary fully developed turbulent pipe flow,
the total shear stress varies always linearly with the wall distance, regardless of any varia-
tion of the fluid properties.

The laminar contribution lem, shown in sub-figure (A) is increased in the buffer layer for
the DV cases due to the increasing viscosity towards the center. Since the laminar shear
stress depends on the viscosity as well as the shear rate, reading

_owt
o =0 P (5.15)

the variation of the latter, shown in sub-figure (B) has to be also considered in the interpre-
tation of the magnitude of ‘L';(: - At the wall, which represents the reference point, all cases
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have to show the same value as expected. Towards the center, the shear rate is significantly
reduced for the DV cases. This decrease is evidently overcompensated by the substantial
increase in viscosity, as shown in figure 5.8, resulting in a higher value of Tltm for the DV
cases. Close to the center, the shear rate of the DV cases exceeds that of the DC cases, so
that both components in (5.15) show the same increasing tendency for the DV cases.

Sub-figure (C) shows the turbulent contribution to the total shear stress. Its behavior is
complementary to that of Tf; - Near the wall, the decreased shear rate, producing less
intense turbulent mixing, combined with the increased viscosity, results in a reduction of
turbulent shear stress, leading to a lower peak of ’L';; .- 10 the following, the phenomena,
which govern the budget of the turbulent and laminar stresses will be analyzed in detail.

Instantaneous turbulence coherent structures

The dynamics of turbulent coherent structures and their modification due to the influence
of real fluid behavior are important for possible modeling purposes. Of special interest are
bursting events, like sweep and ejection events, because alterations of these events have

a major impact on the turbulent shear stress, and hence, the modeling of these. Wallace
1+

et al. (1972) proposed a quadrant analysis to identify fractional contributions to p*u/*w
For this purpose, the fluxes were conditionally averaged, classifying them into four cate-
gories:

* QI: (—u/",+w'™) are outward interactions, where streamwise motion moves from
the wall to the center

e Q2: (—u't,—w'T) are ejection events, where counter-streamwise motion moves
from the wall to the center

e Q3: (+u'",—w'") are inward interactions, where counter-streamwise motion and
hot fluid moves toward the wall

o Q4:(+u't,+w'T) are sweep events, where streamwise motion moves toward the
wall

Ejection (Q2) and sweep (Q4) are gradient-type events, which means their motion is in
favor of the mean streamwise velocity gradient, whereas Q1 and Q3 are counter gradient-
type events.

Figure 5.13 shows the absolute fractional contributions to the turbulent shear stress. Ejec-
tion and sweep contribution make up for most part of the shear stress. Near the wall for
all contributions, the variable fluid property case produces smaller values than the constant
fluid property case, yet the reduction is larger for the sweep and ejection events, which
have a positive contribution to the total value. The reason of this lower levels of turbu-
lent velocity fluctuations, is the increased damping due to the increased viscosity for the
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DV cases. Aside from the reduction in amplitude, a general shift towards the center in all
quadrants is noticeable.

5.4.3 Turbulent Kinetic energy

The turbulent kinetic energy per unit mass contained in the fluctuating velocity components
represents a very important measure for total intensity of the turbulent motion. Based on
the general definition shown in equation (2.13) the turbulent kinetic energy is computed
from the previously shown turbulence intensities, as

1=
+ 1+t
kT = Eui Mi =

——
Eu/+2 Tt (5.16)
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Figure 5.14 displays the variation of k for the Re¢ ,, = 360 cases. As expected, the turbulent
kinetic energy for the variable fluid properties varies in consistence with the observations
on the previously discussed components.

Turbulent kinetic energy budgets

The budget of the turbulent kinetic energy is determined by the individual sources, sinks,
and transfer terms appearing in the Reynolds stress transport equations (2.24), contracted
for the normal component, written as

19puju; _

2 ot

7 Ol

—pujuy

Py

8xk

dpk _ 1du; pk

2 8x_i
N —
Cy
1o 7 I T T
19p j”iu,'_ap/ui a'L',‘j"‘,‘_ ,8u§
an 8x,» 8xj Uax]'
——
T; jars Dy e

(5.17)
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As stated above in section 5.3, the density fluctuations are assumed to be zero, hence the
contributions of ¥ and Ej, vanish.

The following discussion examines in particular the case DV370/21 as representative for
all DV cases, compared against its counterpart with constant material properties DC360/20.
Figure 5.15 shows all contributions to the k budget, appearing on the rhs of equation (5.17).
Near the wall all contributions are reduced for the DV case. Additionally, the viscous dif-
fusion Dy and the turbulent diffusion 7}, are shifted towards the center due to the increasing
viscosity. By far the greatest difference can be seen in the dissipation ¢; and production
Py.. The dissipation is notably reduced up to a wall distance of y* ~ 30 and then remains
approximately at the same value as for the DC cases. The production decreases inside the
buffer layer around y & 10, so that its peak is considerably shifted towards the center. By
comparing the total alteration between the DC and the DV cases, it becomes evident that
near the wall, the turbulent kinetic energy is reduced. However, due to the shift towards
the wall, the contributions of Dy, T and P, show higher values starting beyond y* ~ 20,
resulting in a higher k, as seen in figure 5.14.

In order to further investigate the effect of the variable fluid properties on the budgets of
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Figure 5.15: Variation of the turbulent kinetic energy budgets over the wall distance for the
Rez,, = 360, Pr,, = 20 cases
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Figure 5.16: Loop of real fluid behavior impact on turbulent flow

the individual normal and turbulent stresses a concept proposed by Leschziner (2000) as
"cycle of turbulence" will be employed. This schematic of the "cycle of turbulence" is
shown in figure 5.16.  Considering equation (2.24) for normal stresses i = j = 1/2/3

.. 2 2 2 . .
giving p*u’'™ /p*v'*" /p*w'*" and assuming a fully turbulent, developed flow, it becomes
evident that only the streamwise component contains a production term, while for the other
directions the production term vanishes. The exact streamwise production rate reads

oWt

Pszr =-—p wut PR
which contains the turbulent shear stress and the average shear rate, both already shown
in figure 5.12. The fluctuation energy produced from P} is then redistributed primarily
through the fluctuating pressure in the term Wi‘; (see Pope (2001)), which reads for the
streamwise direction

(5.18)

+ = /*M
Yoo =T 27¢
Figure 5.17 plots the radial variation of all budget contributions to the axial velocity fluc-
tuation. Starting from the wall, the increasing viscosity for the DV case causes a reduction
of all contributions, which is consistent with the reduced rms-fluctuations observed in this
region in figure 5.11. However, while the dissipation and the pressure diffusion/dilata-
tion mainly undergo a reduction, the other contributions exhibit a shift towards the center
as well. Due to this shift, it becomes evident that starting from yT & 20, the turbulent
and viscous transport are intensified. The production term obviously shows the same ten-
dencies as observed for the turbulent kinetic energy, exhibiting a slight increase beyond
yT = 30. These two effects lead to an increase of the axial fluctuation in this region, as
shown in figure 5.11. Furthermore, the pressure term is reduced over the whole radial

(5.19)
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Figure 5.17: Variation of the turbulent statistics w'™w/™" budgets over the wall distance for
the Rer,, = 360, Pr,, = 20 cases

domain, which essentially indicates an overall less intense redistribution of fluctuation en-
ergy. The reduced energy redistribution via pressure fluctuations together with the viscos-
ity gradient counteract the homogenization of turbulence, steering the turbulence towards
an anisotropic state, for the DV cases.
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In the budget for the radial velocity fluctuations, energy is not produced. Therefore, the
budget of «/tu/* is mainly determined by the pressure fluctuation terms P}, written as

1+
+ ¥ Ju
lIlrr =7 ar* ’

(5.20)

which is counteracted by the dissipation term ¢, as seen in figure 5.18. The reduction

in pressure redistribution term seen before in the budget of the axial fluctuations accord-
ingly carries over to a reduced corresponding source term in the budgets of u/*u/*. The

dissipation, representing the major sink term in the «'" '™ budget, follows the pressure
term reduction. Regarding the viscous transport term D}, its magnitude reduces and shifts
towards the center, similar to the other contributions.

Figure 5.18 further indicates that the most pronounced reduction in the pressure redistri-
bution term takes place at a wall distance of y* ~ 20. Yet, the reduction of the major
sink term at this radial position e}, is less pronounced, resulting in a overall reduction of

the u},.. Figure 5.11 clearly confirms this by showing the higher differences between the
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DC and DV cases at the wall distance of y™ = 20. Further toward the center, both budget

contributions, \P;}. and €}, exhibit a slight increase resulting in an unchanged i}, value.

Following from the turbulence cycle displayed in figure 5.16, a reduction of the normal
radial stress p*u/ "' component causes a reduction of the production term for the shear
stress p*w/ T u/™

, which reads

wzowt

This also explains the reduced turbulent shear stress observed in figure 5.12.

As for the azimuthal normal stress components, described by equation (2.24), essentially
the same statements as for its radial counterpart are applicable, which results in the similar
shift and reduction in magnitude of the azimuthal component observed in figure 5.11.
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5.4.4 Enthalpy fluctuations

Due to the lack of suitable validation data, the rms-enthalpy fluctuation of all presently
considered high molecular Prandtl number cases could not be validated against literature
data. Figure 5.19 compares therefore only internally the enthalpy rms-fluctuation of the
variable fluid property cases against the constant fluid property cases.

In the upper sub-figure of figure 5.19, it can be seen by looking first only at the DC cases,
that an increase in Prandtl number causes an increase in rms-fluctuation amplitude and a
shift of the peak towards the wall. This typical behavior can be attributed to the increase in
thermal resistance at higher Prandtl numbers. However, comparing the DV cases against
the corresponding DC cases a partly different behavior is shown. Again, the magnitude
of the peak increases for the higher Prandtl number, reaching higher levels than the DC
cases, though. However, in contrast to the DC cases, the peaks are always shifted towards
the center of the pipe. The observed increase of the peak rms value can be explained by the
increase of the local Prandtl number with the wall distance leading to higher T, as seen
in figure 5.6, and the enthalpy fluctuations increase accordingly. A reasonable explanation
for the shift into the opposite direction requires a closer examination of all underlying
phenomena.
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Figure 5.19: Variation of x,},; over the wall distance
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Budget of turbulent enthalpy fluctuation

Examining the reason for the differences in the turbulent thermal fluctuations exhibited by
the DV cases compared to the DC cases, the turbulent budgets for the enthalpy fluctuation,
presented in the conservation equation (2.35), are revisited at first. Concerning the effect
of the material properties, it becomes evident that this equation is directly affected only by
the variation of p*, A* and c,. Due to the fact that the variation of these properties is by
far less than the variation of the viscosity, it can be assumed that the effect of the material
properties enters the budgets rather indirectly through viscosity-dependent contributions.
In the budgets given by equation (2.35) theses contributions are in particular the turbulent
diffusion and production terms, written as

8p*u’+x’+2
- oty
1= (5.22)
and -
P = 7p*u’+x’+—a)i* (5.23)

respectively, both involving the viscosity-dependent fluctuation of the radial velocity u'".
Considering the production term in figure 5.20, it seems, that the increase of the enthalpy
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Figure 5.20: Radial variation of the turbulent statistics y'* ¥’* budgets for the Re,,, = 360,
Pr,, = 20 cases
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rms-fluctuation, see figure 5.19, compensates the viscosity induced notable decrease of the
radial velocity rms-fluctuations. Both the turbulent and the molecular diffusion terms, 7, X+
and D;, respectively, are shifted towards the center, as well, similar to P; . This finally
leads to the shift of the peak of the y"-rms towards the center, as observed for the DV
cases in figure 5.19.

5.4.5 Heat flux

Analogously to the shear stress, the total heat flux in a fully turbulent, statistically station-
ary, axially symmetric pipe flow consists of a laminar and a turbulent contribution given
as

=0T , T —— oh
Qtot:*lﬁfl,Wer”,h/zf(pﬁ+ﬁaT)E' (5.24)
W_/Hf—’
Glam q turb

The contribution g, due to the fluctuations entering Fourier’s law used for the conduc-
tive heat transfer is assumed as negligibly small. The turbulent convective contribution is
computed analogously to its laminar counterpart, applying the Boussinesq eddy diffusivity
concept

—— oh
—pu'h' = par-. 5.25
pu par or ( )
Rewritten in wall coordinates, the total heat flux finally reads
+ qrot 1 I* . par Ur 87+
= =- — —— | == 5.26
et qw <Prw [ TH ur ) ay* (5.26)

Figure 5.21 shows the laminar and turbulent contributions of the heat flux together with
the radial enthalpy gradient for the DC cases. With increasing Prandtl number the thermal
resistance near the wall increases, which leads to an decreasing thickness of the diffusive
sublayer. The increased thermal resistance as well as the thinning of the diffusive sub-
layer can be seen in sub-figure (A) from the shift of the laminar heat flux profile towards
the wall and the strongly increased enthalpy gradient at the wall in sub-figure (B) as the
Prandtl number becomes higher. Furthermore, this increased enthalpy gradient causes an
intensified convective exchange of heat between the hot near-wall layer and the cooler
bulk region. This essentially translates into an increased turbulent heat transfer, as seen in
sub-figure (C) of figure 5.21 for the higher Prandtl numbers.

In consistence with the trend observed for the laminar component in sub-figure (A), the lo-
cal increase of the complementary turbulent contribution, becoming dominant at the upper
limit of the diffusive sublayer, is shifted towards the wall as well. This tendency effectively
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raises the turbulent heat flux to a significant level very close to the wall, already at y™ not
far above unity, as seen in sub-figure (C).

Figure 5.22 compares the results for the DV cases with Rez,, = 360 and Pr,, = 20 against
The total heat flux shown in subfigure (A) refers to the

the corresponding DC results.
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results of the constant fluid property case (DC). As follows from equation (2.96), in a
statistically stationary fully developed turbulent pipe flow the non-dimensional total heat
flux reads

*

qh, = ri / Fp*wt dr. (5.27)
=0
As seen from figure 5.5, the variation of the axial velocity W' does not significantly differ
for the DC and the DV case, except inside the buffer layer. Therefore, the variation of ¢;/,,
is hardly affected by the real fluid properties, so that the DC solution is well representative
for the DV cases as well.

Sub-figure (A) of figure 5.22 compares the laminar contributions of the heat flux for the
DC and DV case for Re;,, = 360. The increase in thermal resistance inside the diffusive
sublayer due to the locally increasing Prandtl number is clearly indicated by the higher
values of the laminar hear flux.

In accordance with the increasing local thermal resistance due to the increase in the Prandtl
number with the distance from the wall, the near wall region associated with a high en-
thalpy gradient is extended for the DV cases, as seen from sub-figure (B).

Sub-figure (C) compares the turbulent contribution of the heat flux for the DC and the DV
case. The shift of the DV profile to higher y* reflects the thickened diffusive sublayer
discussed above.

For a more detailed examination of the underlying transport phenomena, a quadrant anal-
ysis for the turbulent heat flux as well as an analysis of the turbulent budgets will be
presented in the following.

Quadrant analysis

Similarly to the dynamic turbulent coherent structures the turbulent heat flux can be con-
ditionally averaged and classified into four categories:

e QL: (—u'",+x'") are outward interactions, where cold fluid moves from the wall to
the center

e Q2: (—u't,—x'") are ejection events, where hot fluid moves from the wall to the
center

e Q3: (+u't,—x'") are inward interactions, where hot fluid moves toward the wall

o Q4:(+u't,+x'") are sweep events, where cold fluid moves toward the wall
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Figure 5.23: Fractional contribution p*u'* x'* for cases with Rez,, = 360
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Similar tendencies are noticeable, when comparing the fractional contributions p*u'* '™
shown in figure 5.23 to the dynamic counterparts shown in figure 5.13. Again, the two
major contributors to the turbulent heat flux are the ejection and sweep events. Both effects
are associated with an enhanced heat transfer, because hot fluid moves away from the wall
and cold fluid moves towards the wall. Yet, the difference in amplitude between these
events and the outward/inward interaction is not as large as that observed for the turbulent
shear stress. Considering the effect of the Prandtl number, the results keep a similar shape,
yet up-scaled for increasing Prandtl number.

As a general feature of all presently shown DV cases, all fractional contributions are shifted
closer to the center. This finally results in the already noted smaller turbulent heat flux as
compared to the DC case. The tendency to a lower radial turbulent heat flux for the DV
cases can be attributed to the fact that the radial velocity fluctuation is significantly reduced
by the enhanced viscous damping due to the locally increasing viscosity. Nevertheless, the
reduction observed for the turbulent heat flux in the DV cases is less pronounced than that
observed for the turbulent shear stress, as shown in figure 5.12 and 5.22. The reduced
convective turbulent mixing carried by the fluctuation u’ tis apparently compensated to
some extent by the increased intensity of the enthalpy fluctuations seen in figure 5.19 for
the DV cases. Due to this compensating effect the turbulent heat even exceeds the value of
the DC cases beyond y™ = 20, as seen from figure 5.22 (C).

Turbulence budgets of the turbulent heat flux

A further insight into the interaction of the individual mechanism determining the turbulent
heat flux is provided by the budgets, computed from equation (2.43) using the DNS data.
The individual contributions are shown in figure 5.24 and 5.25 for the two considered
Prandtl numbers with Re; ,, = 360, respectively.

It can be observed, that all contributions for the DV cases exhibit a shift towards the center
and a reduction in magnitude compared the corresponding DC components. This general
tendency seems to be even enhanced with increasing molecular Prandtl number, seen in
figure 5.25, which can be attributed to the increasing fluid property variation for the higher
Prandtl number case. In order to further investigate the origin of the observed trends,
the most relevant contributions of the turbulent heat flux will be examined in detail. The
production term P, generally defined in equation (2.45), actually reads

T TIx
Py=—p wwﬁ. (5.28)
As such, it is strongly determined from the variation of the turbulent radial normal stress

w'Tuw'*, which is considerably reduced in the region around y* ~ 10, as seen in figure
5.11.
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Figure 5.24: Variation of the turbulent heat flux budgets over the wall distance for the case
Rez,, = 360, Pr,, =20

The present analysis of the budgets can also be incorporated into the schematic of the
"cycle of turbulence", which was already shown in figure 5.16, by extending it with an
additional enthalpy path, as sketched in figure 5.26. The starting point is the alteration of
the radial turbulent stress «/Tu/" due to the real temperature-dependent fluid properties,
which directly affects the production term P, of the turbulent heat flux. This resulting

modified turbulent heat flux enters the production term Py for the turbulent ' Tx'" budgets
which, in addition to the significant local Prandtl number variation, produces the observed
significant differences in the variations of 2'% between the DC and the DV cases. The
heat flux alterations further causes a variation of the temperature, which alters the fluid
properties and thus the momentum transfer, closing the loop.
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Figure 5.25: Variation of the turbulent heat flux budgets over the wall distance for the case
Rez,, = 360, Pr,, = 50

5.5 Turbulent transport coefficients

As shown in equations (5.12) and (5.24), the turbulent contributions of the shear stress
and the heat flux are generally modeled based on the eddy viscosity vy and the eddy
diffusivity ar, respectively. Using the DNS results it is possible to determine these two
transport coefficients, as dependent on the fully resolved fluctuating flow variables.
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5.5.1 Eddy viscosity

Following from equation (5.13), the eddy viscosity can be determined as

* +/ +/
br__g¥ W (5.29)
u LOw

based on DNS data. In addition, the near wall variation of the eddy viscosity can be
obtained by analytical considerations. Very next to the wall the fluctuation velocity com-
ponents can be assumed as Taylor series expansions of y*. Enforced by continuity and
no-slip wall conditions these expansions read

ut =yt (5.30)
wt' = byt + ... (5.31)

Along with the velocity gradient, being dw+ /dy™ = 1 for y* — 0, this produces a y*-
7+

dependence for the turbulent shear stress p*u/*w
tio.

as well as for the eddy viscosity ra-

Figure 5.27 plots the variation of the eddy viscosity ratio over the wall distance y*, as ex-
tracted from the DNS data. It becomes evident that the near wall variation strictly follows
the y+3-dependence for all cases. As already shown in figure 5.12, comparing the turbulent
shear stress contribution for the DC to those for the DV cases, the increase in molecular
viscosity with wall distance effectively dampens the turbulent fluctuations. Since the gra-
dient of the average axial velocity dw™ /dy* does not change in the near-wall region, the
magnitude of the eddy-viscosity ratio is notably reduced, as seen from figure 5.27.
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Figure 5.27: Eddy viscosity ratio vs. y©

5.5.2 Eddy diffusivity

Analogously to the eddy viscosity, the eddy diffusivity can be determined incorporating
the DNS results into equation (5.25), which yields

% 1+t
“7T __pux ”a 7’3 . (5.32)

The same analytical consideration as for the eddy viscosity can be applied here, assuming
a Taylor series expansions of y* the near wall variation of the enthalpy fluctuation, as

xt =byt+ (5.33)

Together with the mean enthalpy gradient close to the wall being d*/dy* = Pr,, this
produces again a y+3—dependence for the turbulent heat flux p*u/™x'", as well as for




5.5 Turbulent transport coefficients 111

0 -
1 DC360/20 - - _é P
_, | DC360/50 - - . (, <

133 ,/¢/'

-3 ~Y oy
<~ . v -
5 —4 s .2 134
S /',4 2o Y
o0 .
e -5 _ ¢ //

-6 77"

3 e~
_7 ~Y 2
=7
-8 -
0.1 1 10
y+

Figure 5.28: Eddy diffusivity ratio vs. y* for the DC cases with Re¢,, = 360

the eddy diffusivity, which is strongly supported by various authors (see, e.g., Harriott and
Hamilton (1965), Hubbard and Lightfoot (1966) and Sirkar and Hanratty (1969)). The near
wall asymptotic variations obtained from the DNS results shown in figure 5.28 confirm
this dependence for y™ — 0. Further away from the wall the exponential growth with y™*
becomes somewhat different, dependent on the molecular Prandtl number. This feature
was also discussed by Irrenfried and Steiner (2017), where the variations of ar/v were
compared against each other for different Prandtl numbers. For unity Prandtl number,
the same y*™" with n = 3 dependency as for the eddy viscosity was observed while for
increasing Prandtl number, the power n increased as well. This is also indicated here by
the DC cases in figure 5.28. For the DC360/20 case, n needs to be increased to n = 3.3 and
for the DC360/50 cases to n = 3.4.

The radial variation of the eddy diffusivity for the DV cases show the same asymptotic y+3-
dependence at the wall as the corresponding DC cases, as seen from figure 5.29. However,
resulting from the differences in the turbulent heat flux, the y™-dependence differs from
the DC cases further away from the wall. It seems that the eddy diffusivity of the DV cases
maintains the y+3—dependence also beyond the diffusive sublayer.
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5.5.3 Turbulent Prandtl number

The turbulent Prandtl number Pry can be interpreted as the turbulent equivalent of the
molecular Prandtl number. It relates the eddy viscosity to the eddy diffusivity, as follows
from its definition vr
Prr = —. (5.34)
ar

Using DNS results it can be evaluated as

wiwt dx’t/dy*

Prr = ———"""+—.
T Wyt dw™ /dy*

(5.35)

Its radial variation for the DC data can be seen in figure 5.30. A commonly assumed value
for the turbulent Prandtl number is Prr .. = 0.85, which basically represents Prr in the limit
yT — oo, and the DNS supports this assumption. Closer to the wall, inside the inertial sub-
range, it remains around unity, independent of the molecular Prandtl number. Inside the
viscous sub-range, y* < 5, a significant increase towards the wall can be observed for all
cases. The wall asymptotic agrees with the previously shown analytical considerations,
essentially resulting in

lim Pry = QPrW — const. (5.36)

yt—0 bl

These findings are consistent with the simulation results of Schwertfirm and Manhart
(2007) as well as with the measurements of Hollingsworth et al. (1989). The magnitude of
the asymptotically approached wall value is increased with increasing molecular Prandtl
number. The steepening of the near wall gradient with increasing molecular Prandtl num-
ber is in accordance with the increase of the exponent 7 in the y"-dependence of the eddy
diffusivity seen in figure 5.28. The Reynolds number has evidently no notable effect on the
variation of the turbulent Prandtl number. For the presently considered Reynolds numbers,
the near wall behavior of Pry appears as decoupled from the momentum transfer.

Figure 5.31 compares the turbulent Prandtl number obtained for the DV cases to those
obtained for the corresponding DC cases. It is evident that for all DV cases the asymp-
totically approached wall value is lower than for the DC cases. This reduction reflects the
already discussed observation that the increase in the local viscosity with the wall distance
leads to a stronger decrease in the turbulent shear stress than in the turbulent heat flux. The
quantitatively different decrease in the turbulent fluxes translates into stronger reduction in
the eddy viscosity than in the eddy diffusivity in the DV cases, as seen in figures 5.27 and
5.29, which explains the lower level of Prr near the wall observed for the DV cases. The
radial variation of the fluid properties, furthermore also alter the turbulent Prandtl number
remote from the wall. Inside the inertial sublayer, beyond y* = 20, the turbulent Prandtl
number of the DV cases drops below the value of the DC cases. This deviation may be
attributed by the increased turbulent heat flux due to the increases enthalpy fluctuations
observed in this region for the DV cases (see figures 5.19, 5.22, and 5.23).
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5.6 Skin-friction coefficient

For the validation of the predicted flow against experiments a comparison of the skin-
friction coefficient is carried out. According to its definition already given in (4.8)

Tw
Cf = 7%,
Pb7

the skin-friction coefficient involves the wall shear stress and the bulk velocity. For the
experimental reference value the latter is determined from the measured mass flow rate
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Figure 5.30: Turbulent Prandtl number vs. y*
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as .
T
Wp = —, (5.37)
PrA
with A being the cross-sectional area of the pipe. The wall shear stress is experimentally

determined from the measured axial pressure drop Ap substituted into (4.7).

The evaluation of ¢y from the DNS results recalls the definition of the non-dimensional
bulk velocity written as

g 1/2
W;:—* / prwrrtdrt, (5.38)
Py
r =0
which directly yields the skin-friction coefficient as
W 2
cp=ae Po___Z (5.39)
Pw PoWs™  prwf
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Figure 5.31: Turbulent Prandtl number vs. y* for the DV cases
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Table 5.7: Skin-friction coefficient validation for the DV cases

Rey, cr error
- - %
DC360 5275 0.00936 —02
‘Wu and Moin (2008) 5300 0.00938
DC500 7680 0.00848 61
Durst et al. (1995) 7442 0.00903

Table 5.8: Skin-friction coefficient

# cl;f CchC (error in %) C?V (error in %)
DV370/21 00927 x 1073 .00912 (0.
370/ 0.0092+7 x 10 . 0.009362 (1.7%) 0.00912 (0.9%)
DV360/50 0.0095+7 x 10~ 0.00943 (0.7%)
DV520/20 0.0089+7 x 1075 0.008480 (—4.8%) 0.00854 (4.0%)

For the constant fluid property cases the ¢y values predicted from the DNS are also vali-
dated against DNS results of Wu and Moin (2008) and experiments of Durst et al. (1995),
as is shown in table 5.8. Table 5.8 compares the DNS predictions for both the DV and DC
cases to the present own measurements discussed in section 4.

Comparing the different Prandtl number cases associated with the different DV cases, it
can be generally stated that the higher the variation of the fluid properties, the higher is the
discrepancy from the corresponding DC cases. Quantitatively the skin-friction coefficient
still does not differ much from that of the DC case.

Comparing the DNS results to the measurements, a very good agreement with a maximum
discrepancy of 4% can be seen. Due to the neglect of any material property variation, the
DC cases expectedly show higher discrepancies. The observed good agreement proves a
high reliability of the present DNS in predicting the radial velocity variation.
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5.7 Nusselt number

The validation of the heat transfer is frequently done by comparing the predicted non-
dimensional Nusselt number defined as

aD gD
)'w N )vw(Tw _Tb)

against experimental values, as presently obtained from equation (4.9) with equation (4.10).
It basically relates the convective heat transfer to the conductive heat transfer.

Nu,, = (5.40)

Recalling the definition of 0, introduced in (2.80), its non-dimensionalized bulk value
reads

_ T,—T,
0, = ——"pcpuwr (5.41)
w
so that
Nu, — e PuepnD _ ReenPry )
0, Ay 0y

The evaluation of Nu,, from the DNS results determines the enthalpy-equivalent bulk tem-
perature as

1/2
at 1 ' *—+pt x *
0, = — / WO rrdrt, (5.43)
=0
with the non-dimensionalized mass flow rate defined as
) 1/2
= =2 / pw A, (5.44)
PwwiD? T .
r*=0

Table 5.9 compares the DNS results for the DC and the DV cases to the own measurements
for the corresponding experimental conditions. Unlike for the skin-friction coefficient, the
discrepancy between the DC and the DV results is considerable. The DV results based
on the real temperature-dependent fluid properties generally exhibit notably lower values,
which is supported by the measurements.

The presently observed decrease of the Nusselt number due to real fluid behavior, was also
addressed by Petukhov (1970) and is accounted for in the Nusselt number correlation of
Gnielinski (2002) by the last Pr-dependent factor in equation (4.18).

The experimental data are in excellent agreement with the predictions of the DV cases,
with a maximum error of around 3%. This further highlights the high reliability of the
present DNS results, which proves this DNS data as an outstanding basis for further model
evaluation and development.
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Table 5.9: Nusselt number

# NuM! NuPC (error in %) NubV (error in %)
DV370/21 60.1+2.9 65.29 (8.6%) 58.11 (3.3%)
DV360/50 68.7+8.3 88.22 (28%) 68.66 (0.1%)
DV520/20 89.24+44 94.24 (5.6%) 89.77 (0.7%)

5.8 Semi-local scaling

The radial variation of the material properties changes the results for the mean flow in a
way, which at first glance, appears to exclude an universal description. Different scaling
approaches have been still proposed to account for real fluid behavior and achieve a col-
lapse of the rescaled flow quantities, independent of the material property variation. For
non-hypersonic flows, van Driest (1951) proposed a scaling, written as

aw? = [P gt (5.45)

Pw

accounting for a variation of the density p with respect to the reference state, which is
presently specified by the wall conditions. The transform (5.45), is supposed to describe
compressible flow with universal laws, basically derived for constant density flow. Re-
cently, it was shown by Sciacovelli et al. (2017) that the van Driest scaling collapses also
results for high Mach numbers very well. Patel et al. (2016) extended this scaling approach
introducing semi-local reference quantities, defined as wy = \/7,,/p and &y, = It/ (pw3),
which depend on the local density p as well as the local molecular viscosity . Based on
this scaling the semi-local Reynolds number is defined as

Ret, = 2P "t _Re., VP (5.46)
u u
and the semi-local molecular Prandtl number is defined as

T
pr=M _p K (5.47)

A A
The reasoning behind this scaling approach is based on the observation of Patel et al.

(2016), who showed that the rescaled viscous shear stress contributions, written as

D dwP
e 5.48
Tam Re;‘w dy ( )
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Figure 5.32: Variation of viscous shear stress contributions over the wall distance for the
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collapse perfectly, when plotted over the semi-local wall distance

¥ =L Rel,. (5.49)

This collapse is also featured by present results displayed in figure 5.32, showing that the
rescaled viscous shear stress contributions for the DV cases perfectly collapse with the
corresponding DC contributions, if the wall distance is rescaled with the semi-local wall
distance, as defined in formulation (5.49). Based on the observation

D dwP
— =00 5.50
Ret, d P0°) (5.50)
Patel et al. (2016) derived the following relation for the rescaled velocity w* to w"P
Wv[)
W + dRe}
o / (1+ - ’) di'™. (5.51)
wr® 0 Relﬂw dy +

Figure 5.33 compares the axial velocity of the DC case to the DV cases, rescaled according
to the formulation (5.51). It can be seen that by applying this scaling, all velocity profiles
collapse perfectly with that of the constant material property case for both shown molecular
Prandt]l numbers.

Regarding the scaling for the enthalpy, Patel et al. (2017) extended the scaling used of
the shear stress to the diffusive heat flux, which implies for the gradient of the van Driest

transformed temperature, defined by de"’ = VpF d§+,
—vD
D do"
Qam =~ e g = 90°): (5.52)
an Re , Pr* dy
Figure 5.34 shows that, analogous to the viscouse shear stress, also the rescaled diffusive

heat flux of the DV cases perfectly collapse with the corresponding DC cases, when plotted
over the semi-local wall distance y®.

As proposed by Patel et al. (2017) for the temperature, based on equation (5.52), a relation
analogous to (5.51) can be written for a rescaled enthalpy

—vD .

[ y
7 + dRef,\ 1-2y/D
7= X_:f/<1+ - i‘)d@sz/fiy/,dy', (5.53)
X J Re?, dy J par/H+1/Pr

involving the semi-local reference quantity y3 = g,,/(p w}). For the solution of ¥* depen-
dent on y* Patel et al. (2017) further suggested to separate the integrand on rhs of equation
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(5.53) into a contribution varying with the Reynolds number and a contribution accounting
for the varying molecular Prandtl number. In consistence with the rescaled formulation for
the total heat flux given by (5.26) we may accordingly write

dx* ~ Grot _

dy* par/mL+1/Pr*

1
. 1/P*—1
%er;t qtot{l {]_Fpa /IvH-l] }

=T 5.54
par/m+1 par/m+1 o9
with
=2 =gt (5.55)
qw wr

Evidently, the latter contribution vanishes, if the Prandtl number is unity, hence it can
be considered similar to a P-function, representing the thermal resistance of the diffusive
sublayer. Instead of doing a series expansion for the Prandtl number dependent contribu-
tion, as shown in Patel et al. (2017), the term is computed directly here, by integrating the
formulation (5.54) as

o ¥ 1/Pee—1 ]!
¥ o~ y ben{l [1+,M/T/r“+1]
7= | i gye &y (5.56)
x par/g+1 Y par/m+1 Y
0 0
xXT xr

The results of this integration are shown in figure 5.35. Using this decomposition, the 7%
contribution of all considered cases evidently collapse very well, while the X% component
accounts for the changes due to the actual different deviations of the molecular Prandtl
number from unity.

The good collapse for the axial velocity as well as for the enthalpy contribution % indicate
a suitable scaling for the first-order statistics, which is not necessarily restricted to low
molecular Prandtl numbers near unity.
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6 NEAR WALL MODEL

In this chapter, some popular state-of-the-art models for the thermal boundary conditions
in RANS type simulations are reviewed and compared against the previously shown DNS
results. At the beginning the mathematically more elaborate P-function approach origi-
nally proposed by Spalding (1967) will be discussed and further developed. The second
presently considered approach is the computationally simpler two-layer model.

6.1 P-function approach

The P-function approach was proposed for modeling the thermal boundary conditions in
RANS-type simulations at high molecular Prandtl numbers. It represents a well estab-
lished concept, which is basically derived by relating the total flux of momentum (equation
(5.12)) to the total flux of heat (equation (5.24)). Using the non-dimensional representation
shown in section 2.4.5, rewritten in wall units, these total fluxes read

+ _ Ttrot T HT aWJr
Tiot = = Tw =—H (1 + [I> Ter ) (6.1
+ _ Gror _.( 1 a 1 ur\ ox*t
=2 L) A 6.2
dror N H (Prw v + Prr 1 ) o+ (6.2)

Dividing (6.2) by (6.1) yields

1+ Hr +
. q, -
7 = |t ©
Pr, v* + Prr p Tror

where the bracketed pre-factor can be interpreted as a total Prandtl number Pr,,;. The
integration of this differential equation from w* = 0 at the wall, up to some value obtained
in the log-law region (y™ > 30) associated with the velocity profile

1
wh= Elog (") +B.
finally gives

+

w
¥ = / Pryo dw' =Prre (W +P), (6.4)
0

125



126 6 Near wall model

involving on rhs the bulk turbulent Prandtl number Prr o = (V7 /ar)e in the limit of high
yT > 1, and the P-function P

ot Hr +
p— Prtot - dwt = 1+7qmt 1| awt (6.5)
rT - Prre g* + Prr e [.11 T ’ ’
0 Pr, v= T Prr tot

Considering the fact that the ratio Pr, /Pr7.. deviates from unity only beneath the inertial
sub-range, the upper limit of the integral in the definition (6.5) has been extended from

T to infinity, without changing the output value of the definite integral. Due to this inde-
pendence of any upper limit, the P-function represents an universal integration constant in
(6.4).

As seen from the definition (6.5), a reliable estimation of the P-function essentially de-
pends on appropriate sub-models for the viscosity ratio pr/u and the turbulent Prandtl
number Pr7 in the proximity of the wall. The parameter Pr7 .. can be generally assumed
to be close to unity, mostly set to Prr ., ~ 0.85.

Various approaches for the computational modeling of turbulent near-wall transfer of mo-
mentum and heat can be found in literature, which model the P-function directly, or would
deliver equivalent expressions extracted from their model formulations (see, e.g., von Kar-
mén (1939), Hofmann (1940), Spalding (1967), Jayatilleke (1969), Kader and Yaglom
(1972), Malin (1987)). Among these, the P-function models of Spalding (1967) and Jay-
atilleke (1969) have become most popular representatives, especially, when considering
molecular Prandtl numbers considerably larger than unity.

Since the integrand of the P-function in (6.5) has essentially support only inside the thermal
diffusive sub-layer d;,, which is thinner than the viscous sub-layer §,, for molecular Prandtl
numbers Pr,, > 1, Spalding (1967) argued that the viscosity ratio, defined as

owh

Br _ P )2
oyt |’

_P 6.6
L (6.6)

can be approximated using a series expansion of the mixing-length ansatz of Van Driest
(1956), which is defined as

£t = ky* (1—exp(—y* /A")), 67)

in the limit of vanishingly small y™. Assuming accordingly the near-wall asymptotic be-
havior inside the viscous sub-layer for the velocity being w* = y™, this approximation
reads

2
L IPORL S (6.8)
B AY?
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As for the turbulent Prandtl number, Spalding (1967) simply assumed the constant bulk
value, Prr = vr/ar = Prr . = const., throughout the whole range of y*. Applying this
uniform value for Prr, the approximation (6.8), and further assuming the total flux ratio to
be constant and unity over the whole cross-section,
Gror
Tioe

=1, (6.9)

equation (6.5) can be solved analytically to yield

_ Pr,, Prr % 7[/4 At %
= (Prr _1> <E) sin(7/4) <?> : (6.10)

Based on a best fit to a very comprehensive set of experimental data Jayatilleke (1969)

later proposed
P\ i
P=924 {(r”> ~1
PrT

which essentially modifies Spalding’s analytically derived expression (6.10) in the lower
Prandtl number range near unity, while it still approaches the same asymptotic limit for
Pr,, — oo,

Pry,
{1 +0.28exp (—0.007L>] 7 6.11)
Prr

Both shown P-function approaches assume constant fluid properties. Therefore, the en-
thalpy profiles predicted by (6.4) using there P-functions are consistently compared against
the results of the constant fluid property DNS (DC) cases in figure 6.1. For the model pa-
rameters in the P-functions of equations (6.10) and (6.11), a standard setting proposed
by Kays and Crawford (1980) was prescribed, using ¥ = 0.4, § = 5.5, AT = 26 and
Prr = 0.85. The empirically based correlation of Jayatilleke (1969) shows very good
agreement with the DNS data, while the prediction of the analytically based correlation
of Spalding (1967) shows worse agreement with increasing molecular Prandtl number.
These discrepancies are mainly due to the simplifying assumptions made in the derivation
of equation (6.10), which are

* near-wall approximation of the eddy viscosity ur /1
« assumption of unity turbulent flux ratio g;5, /7,3,
 assumption of a constant turbulent Prandtl number Prr

In general, an analytically based P-function would be preferred over an empirical one due
to the more universal character. For this reason, the presently proposed P-function model
basically relies on the same analytical concept as applied by Spalding, while eliminating
the shortcomings mentioned above and extending it further to varying fluid properties as
well.
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6.1.1 Modeling of the eddy viscosity

The present approach prescribes the full van Driest equation for the mixing length rather
than the near-wall approximation (6.7) applied by Spalding (1967). This extension notably
improves the description of the eddy viscosity, especially in the buffer layer. However, it
still predicts a wrong near-wall asymptotics. The eddy viscosity of either approaches,
using the full van Driest formulation or its near wall approximation of Spalding (1967)
asymptotically varies as y+4 next to the wall, whereas analytical considerations as well
as the DNS results shown in figure 5.27 require a y+3-dependency. The present approach
enforces the correct near wall asymptotic, by adopting a modification of the van Driest
mixing length ansatz proposed by Grifoll and Giralt (2000). This modification assumes
the damping coefficient (4,}) in the van Driest formulation as dependent on y™ , written
as

Al = Ao [1—exp (—y/C)]"7, (6.12)

with the model parameter C defined as

2
_ Ay

C= (6.13)

K2
Substituting the modified damping parameter A;; into the mixing length formulation (6.7)
yields for the eddy viscosity ratio

dw™"
dy*

dw™

IJT_P* 482
— Ln(Ay) pr

m

_ Z;; {K)ﬁ (1 —exp (‘A;(;Jr)))} 2

The resulting near wall asymptotic behavior of this eddy viscosity formulation for y* — 0
can be shown by expanding formulation (6.14) in terms of a series expansion around y* =
0, which yields

. (6.14)

uooopr

bp3/2
% :by+3—7y+7/2+(’)(4), (6.15)

predicting the analytically proven correct y+3-dependence near the wall.

The present model for the viscosity ratio evidently involves three parameters, k, Ag and b.
Van Driest (1956) originally proposed Ag = 26, while Grifoll and Giralt (2000) obtained
a better agreement with measurements by increasing this parameter. The best agreement
with the present DNS results is observed prescribing a value of Ay = 33. Regarding b,
Kays (1994) proposed the setting b = 0.001, based on DNS results for a fully turbulent
flat plate boundary layer flow, and they considered b as a universal constant for turbulent
flows. On the other hand, the present DNS data in the transition regime suggest lower
values dependent on the Reynolds number. In the present setting, Ag is always assumed as
constant being Ag = 33, while the other two model parameters, the von Karman constant k.,
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Table 6.1: Setting of k and b

K b
DC360 0.34 0.0006
DC500 0.36 0.0008

and b were adjusted dependent on the flow Reynolds number. Table (6.1) lists the chosen
values of k and b for the DC cases based on the DNS results.

Figures 6.2 and 6.3 show the DNS based eddy viscosity ratios extracted from DNS com-
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Figure 6.2: Eddy viscosity ratio vs. y* for the case with Rez,, = 360
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Figure 6.3: Eddy viscosity ratio vs. y* for the case with Rez,, = 500

pared against the model predictions. In this first step of model development and validation,
the fluid properties are still assumed to be constant, implying p* =1 and " = 1. The
near-wall approximation of the eddy viscosity computed with the van Driest mixing length
proposed by Spalding (1967) using the standard setting of k¥ = 0.4 and A" = 26 generally
shows the worst agreement. The best agreement with the DNS data over the whole compu-
tational domain is shown by the eddy viscosity predicted by equation (6.14). The observed
very good agreement of the viscosity ratio predicted by the present approach translates
into a reliable prediction of the axial velocity W dependent on the wall coordinate y™.
The velocity profile is obtained by incorporating the formulation (6.6) into expression for
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the total shear stress (6.1), yielding

dW+ 2@
__ 1 6.16)

dyt 2 - (©.
1+ [1—46;770 L5

=

The total shear stress 7,5, varies linearly with the wall coordinate, as shown in equation
(2.94) and the mixing length is evaluated based on (6.14). The formulation for the axial
velocity gradient (6.16) is important for two reasons. On the one hand, it is used to express
the integrand in the P-function (6.5) in terms of wall distance y™ instead of velocity w™ .
On the other hand, as follows from the formulation for the temperature (6.4), the predicted
axial velocity determines directly the prediction of the temperature. The good agreement
of the predicted axial velocity with the DNS data is shown in figure 6.4.
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6.1.2 Analytical determination of the total flux ratio

Assuming hydraulically and thermally fully developed flow with constant wall heat flux,
equations (2.94) and (2.96) can be used to compute the radial variation of the total shear
stress for the total heat flux, respectively. Rewritten in non-dimensional representation,
these fluxes read

y+
Tho=—1 +2ReT (6.17)
W
and .
1 L1 y**+12y+ dyt
_ T _a Y
m* Reg p Rez,, Y
Qi = — : i , (6.18)
1-2
Rez,,

where the radial coordinate has been consistently replaced by the wall coordinate y* de-
fined as

2

The axial velocity occurring in equation (6.18) is computed from the integration of equa-

yt= <1 - r*) Rer,,. (6.19)

1.4

1.2

0.8 \
0.6
0.4

— \
0.2 4 -

‘Irt;t
it/ Ty ——— \
0.01 0.1 1 10 100 1000
er

Figure 6.5: Total shear stress and heat flux vs. y™ for case DC360/20
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tion (6.16). Figure 6.5 plots the analytically obtained solution for the total shear stress and
the total heat flux. It can be seen that the total heat flux considerably exceeds the total
shear shear stress over the whole radial domain. Therefore, the flux ratio g;5, /75, deviates
markedly from unity. Including this variation into the P-function, as specified in (6.5), the
under-prediction of the original approach of Spalding (1967), who applies the commonly
used assumption of unity flux ratio, can be reduced.

6.1.3 Modeling of the turbulent Prandtl number

In literature several models for predicting the turbulent Prandtl number have been pro-
posed. However, none of these approaches can be regarded as superior over the others,
which is particularly due to the lack of reliable experimental data for validation.

Some of the existing models, capable of representing the previously shown DNS data will
be discussed and validated against the DNS results in the following. In general, these
models can be classified into two categories:

* Purely empirical

* Experimentally adapted analytical models (semi-empirical)

Purely empirical

Graeber (1970) performed heat transfer measurements on different geometries for a variety
of Rez,, and Pr,,. Based on the measured Nusselt numbers he derived a rather simple
correlation for the turbulent Prandtl number. In this correlation the radial variation of
the turbulent Prandtl number was completely neglected, and only the molecular Prandtl
number is used as model parameter. The empirical correlation reads

Pry = 0.91+0.13 P>, (6.20)

and a comparison against DNS data is shown in figure 6.6.

This simple model is evidently capable to account for the increasing asymptotic wall
level for increasing molecular Prandtl number as seen in the DNS data, still with under-
predictions though. In turn, the insensitivity to the radial position leads to strong over-
predictions in the core region.
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Experimentally adapted analytical models

Cebeci (1973) proposed a semi-empirical model, where the Van Driest (1956) mixing
length ansatz for the momentum is extended to the thermal mixing length. The formu-
lation for the turbulent Prandtl number accordingly reads,

_ ki [1—exp(—y"/AT)]
kp[1—exp(—y*/B*)]"

The four model parameters appearing in (6.21) are determined dependent on the Reynolds
number, which is defined as
Wed

Res, = <2, (6.22)

Pry (6.21)

based on the momentum-thickness &. The empirically obtained functional dependencies
read

kin =040+ - +0.498§22 /1000)2
oy =044+ 5 +0.428£§2 /1000)2
14
25
Bt =35+ 1+0.55(Reg, /1000)2°

For the considered pipe flow the momentum thickness required for Res, is computed

from
&= / 2 (1 - ,K) dr, (6.23)
2 We We

where W, denotes the Reynolds-averaged axial velocity at the center of the pipe. The
here evidently unconsidered dependence on the molecular Prandtl was later introduced
into the model by Na and Habib (1973). They proposed an empirically based logarithmic
relationship between the parameters B™ and Pr,, written as

5 .
B =Y Ci(logyPr,)"" (6.24)
i=1

with the model constants

C1 =34.96, C;, =28.79, C3 =33.95, C4 =6.33, Cs = —1.19
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while they prescribed a standard constant setting for the remaining parameters:

K = 0.40, k;, = 0.44, AT = 26.

Figure 6.7 compares the DNS results of the different molecular Prandtl number cases for
Rez,, = 360 with the model predictions based on equation (6.21). The model of Cebeci
(1973) as well as the extension proposed by Na and Habib (1973) evidently account for
the increase towards the wall. However, the magnitude of the asymptotically approached
wall level observed in the DNS results is strongly under-predicted for increasing molecular
Prandt]l number.
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Figure 6.7: Turbulent Prandtl number predictions compared against the DNS results for
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Based on a simplified description of the relevant transfer mechanisms of momentum and
heat from a turbulent eddy, Jenkins (1951) proposed an analytical formulation for the tur-
bulent Prandtl number. The principle idea of this approach is that a turbulent eddy loses
heat at a different rate than it loses momentum, assuming simple conduction for the ther-
mal heat loss and viscous shear for the momentum loss. The downside of the formulation
derived therefrom is that it inherently predicts a uniformly constant Pry = 1 for unity
molecular Prandtl number, and it offers hardly any possibilities for model adjustment. For
this reason, Kays and Crawford (1980) extended this approach by the idea that the trans-
fer of momentum is also strongly driven by the action of the turbulent pressure forces
rather than by viscous forces. This implies, that the eddies transfer momentum mainly in a
non-diffusive way, differently from their diffusive transfer of heat. Their further advanced
approach allows for model adjustment introducing a model parameter Cr. Its value was
chosen based on experimental data, taken from measurements by Blackwell et al. (1972)
for air in a turbulent boundary layer with adverse pressure gradient. The formulation for
the turbulent Prandtl number proposed by Kays and Crawford (1980) reads

0.5 1 P2\ [\
Pry = — +CrP — (CrPer)? | 1— —
r (me T Prre (CrPer) N e . ) :

with the model coefficient C7 = 0.2, and Per being the turbulent Peclet number defined
as
Pey — %Prw. (6.25)

Figure 6.8 compares the predictions of this model against DNS data. The model, by defi-
nition approaches the prescribed bulk turbulent Prandtl number Prr . in the limit y* — oo,
Furthermore, the near wall increase observed in measurements, e.g. Blackwell et al. (1972)
and Hollingsworth et al. (1989), as well as in the present DNS results for increasing Prandtl
number, is featured by the model. However, it predicts always the same value Pry =2 Prr o
at the wall, regardless of the Prandtl number, which is in much contrast to the DNS results.
Aside from this deficit, the model is still capable of prescribing qualitatively the increase
of Pry towards the wall starting from a wall distance around y* = 5. For this reason, this
model was chosen as a well suited candidate for further improvement to finally produce a
better agreement with the DNS results.
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Modification of turbulent Prandtl number model

As discussed in section 5.5.3, the magnitude of the asymptotic wall value of the turbulent
Prandt]l number for the DC cases depends predominately on the molecular Prandtl number
and not on the Reynolds number. For this reason, an additional model parameter Y is
introduced into equation (6.25), which determines the near wall asymptotics. The inverse
of this parameter represents the asymptotically approached wall value of Prr dependent on
the molecular Prandtl number. Based on a best-fit to DNS data, as shown in figure 6.9, it

is defined as {

r= Prr..+Pi07/6°
The formulation of the turbulent Prandtl number originally proposed by Kays and Craw-
ford (1980) is accordingly modified to

(6.26)

Prr = <Y+ CrPer /2 (71 - 7) (6.27)

Prr o
-1
1—e ! 2 !
—ex — —
P CT PCT PI‘T,OO v ’

The coefficient Cr is set to Cr = 1.5. A comparison between the DNS results and the
present model can be seen in figure 6.10. The modified formulation evidently reproduces
the near-wall asymptotics observed the DNS-results very well, while it predicts the same
asymptotic behavior for yt — oo as the original approach of Kays and Crawford (1980).
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Figure 6.9: Best-fit of the model parameter ¥ to DNS data for the case DC360
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6.1.4 Model validation against DNS for constant fluid properties

Including the presently proposed sub-models for describing the viscosity ratio, the total
flux ratio and the turbulent Prandtl number into the formulation for the P-function, defined
in (6.5), brings the results of this definite integral very close to the corresponding DNS data.
This is exemplary shown in figure 6.11 for the case DC360/20. The model parameters used
for all DC cases are listed in table 6.2. The here observed good agreement of the P-function

with the corresponding DNS-results further translates into very accurate predictions for the
temperature as seen in figure 6.12.

Table 6.2: Model parameters for DC cases

Case K Ap b Prr e
DC360/10-50 0.34 33 0.0006 0.85
DC500/10-20 0.36 33 0.0008 0.85

In comparison to the analytical model of Spalding (1967) and its semi-empirical exten-
sion of Jayatilleke (1969) the present model offers major improvements with regards to
accuracy and applicability.
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Figure 6.11: Variation of the integral of the P-function with the upper limit w* for case
DC360/20
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Due to the reliable description of the P-function, the integral of (6.4) can be solved up to
an arbitrary y* value. Therefore, the whole y* domain can be covered, from the diffusive
sub-layer up to the inertial sub-range, whereas the classical P-function approach is lim-
ited to the inertial sub-range. As such, being not restricted to a certain range of y*, the
present approach provides highly convenient and accurate thermal boundary conditions for
RANS with molecular Prandtl numbers well beyond unity. The observed accuracy over the
whole y*-range is also reflected by the global characteristic parameters for the momentum
transfer, the skin friction coefficient, computed as

2
==, (6.28)
Wp

dependent on the bulk velocity defined in equation (5.6). The Nusselt number, which

represents an analogous global characteristic parameter for the heat transfer, is computed

as

_ RegPry,
0,

As shown in table 6.3 the predicted skin friction coefficient and Nusselt numbers agree

very well with the corresponding DNS results. This indicates, that the bulk velocity W;r

Nu,, (6.29)

and temperature 5; are predicted very accurately.

Table 6.3: Skin-friction and Nusselt number for the DC cases

Case C?N S C?mdel NuDN S Numodel
1073 1073 % - — %
DC360/10 9.68 8.88 —4.76 51.40 53.65 4.19
DC360/20 9.68 8.88 —4.76 65.95 67.80 2.73
DC360/50 9.68 8.88 —4.76 89.69 90.86 1.28
DC500/10 8.70 7.97 —7.00 74.89 76.49 2.10

DC500/20 8.70 7.97 —7.00 96.03 97.57 1.57
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6.1.5 Extension to temperature-dependent fluid properties

The approach for the real fluid property cases is essentially the same as for the constant
fluid properties, however extended by additional iterative loops in order to account for the
variation of the fluid properties. The iteratively recomputed radial temperature variation is
used to update the variation of the material properties (section 2.5) which are used in the
successive loop for computing the new velocity and temperature field based on equations
(6.16) and (6.4), respectively. Additionally, the formulations for the mixing length (6.14)
and the turbulent Prandtl number (6.27), were somewhat modified to capture in particular
the most significant effect of the temperature-dependent viscosity.

The actually applied modifications will be discussed below.

Modified mixing length formulation

The presently introduced modification starts from revisiting the original concept of the van
Driest mixing length, which is based on the second problem of Stokes (1851). This generic
flow problem considers the motion of a fluid above an infinite horizontal plate. The plate
performs a harmonic horizontal oscillation prescribed by the plate velocity u being

u(y =0,t) = ugcos (ot). (6.30)

For this problem the conservation equations of momentum (2.2) reduce to
du 0 { Bu}

e aiy V&fy (6.31)

Using (6.30) as no-slip moving wall boundary condition the solution of (6.31) reads

_y yo
u=uge vV cos (a)t — (6.32)
\/ius )
with the length and velocity scales
Hw
= 6.33
Vs Usp ( )
and 12
g = (Q) : (6.34)
p
respectively.

Assuming the frame of reference as moving with the oscillating plate, which means a
switching to a configuration with a fixed horizontal wall covered by an oscillating fluid,
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basically the same solution like (6.32) can be applied, which basically represents a velocity
bandwidth upy determined by the envelope of (6.32) as

ugw = 1 — g exp (*\f%y) . (6.35)

The corresponding local amplitude of the velocity can be accordingly written as

ugw ~ u' = uj, (1 - ef’"y) (6.36)
with
usp
m= . (6.37)
V2

Figure 6.13 exemplarily shows instantaneous non-dimensional velocity profiles u/uq plot-
ted versus y/y;, based on a numerical solution of equation (6.31). In order to highlights the
impact of the viscosity, a viscosity variation similar to the variation for the case DV360/50
(figure 5.8), shown in figure 6.13 is substituted into equation (6.31) which is then numer-
ically solved for u(z,y). It can be seen, that the envelope of equation (6.38) underpredicts
the numerical solution, yet by including the bulk viscosity into the formulation of m, as

"= Usp
V2w,

the agreement with the numerical results can be improved.

(6.38)

Considering the velocity amplitude as turbulent fluctuation (indicated in figure 6.13 with
u'), the local turbulent shear stress can be written as
—piw = —pufwh (1—e ™) (6.39)

with —pufwy, being the turbulent shear stress in the initial sub-range, which is independent
of the viscosity, and is modeled according to Prandtl’s mixing length theory as

uywh =03 LAY 6.4
MOWO =4y aiy ( . 0)
with
ly = K. (6.41)
The damping coefficient defined in (6.38) is rewritten as
wep
= . 42
VT (042

The definition (6.42) involves the wall friction velocity w; as relevant velocity scale and
the model parameter A™, similar to the original Van Driest formulation. On the other
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Figure 6.13: Stokes second problem

hand, accounting for the effect of the temperature dependent material properties, the cross-
sectional averaged viscosity U, is used as relevant value for the viscous damping. Thus,
rewriting the mixing length as

+ + y*
Ly =Ky {1 —exp (_A*'ﬁZ)} (6.43)

allows for capturing the increased viscous damping due to the increase of the temperature-
dependent viscosity with distance to the wall. Incorporating this modified mixing length
formulation (6.43) into the eddy viscosity formulation (6.14) and expanding it in terms of
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the wall distance around y* = 0, yields

b b3/2
% — ﬁyﬁ _ ﬁy+7/ 2L 0). (6.44)
b b

Consequently, the prefactor of the leading order term on the right-hand side of (6.44) is
reduced to

- b
Hp
so that the near wall asymptotic viscosity ratio becomes
% — Byt (6.46)

Figure 6.14 plots the DNS based eddy viscosity of the cases DV370/21 and DV520/20
together with the eddy viscosity predicted from the modified mixing length formulation. It
can be seen that the presently applied modification to the mixing length yields a very good
agreement with the DNS data over the whole near wall region.



6.1 P-function approach

151

2 |
DV370/21 —— tl
present model 4 j/rw““/“
0 f/‘*"
=
B~
2
z Z/(
-6 j ¥
-8
2 DV520/20 +
present model  + ﬁﬁ\@
0
/K
22 /
~
~
2
g4 yd
-8
0.01 0.1 1 10 100
yt

1000
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Modified turbulent Prandtl number formulation

As shown in figure 5.31, the variable fluid properties also alter the radial variation of the
turbulent Prandtl number. Especially, the magnitude of the asymptotic wall value decreases
notably. The temperature-dependent variation of the material properties already enters the
model formulation (6.27) through the local viscosity ratio as part of the turbulent Peclet
number, Per = %Prw. For reflecting correctly the observed trend in the near wall asymp-
totics, as noted above, the model parameter y defined in equation (6.26) is further modified

with the relative bulk viscosity u; to

K,

r= Pr7.+P107/6°
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Figure 6.15: DNS and model based turbulent Prandtl number vs. y* for the DV cases
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Table 6.4: Skin-friction and Nusselt number for the DV cases

Case C?NS cr;ndel NMDNS Numodel
103 1073 % - - %
DV370/21 9.12 9.04 —0.9 58.11 59.72 2.8
DV360/50 9.43 9.69 2.8 68.66 67.63 —1.5
DV520/20 8.54 8.10 -5.5 90.68 84.50 —6.8

Predicted velocity and enthalpy for the DV cases

Figures 6.16 and 6.17 compare the predictions of the present model for the velocity and
enthalpy variation to the corresponding DNS results, including all previously shown mod-
ifications and adaptions into the submodels for pr /i and Prr.

It can be seen, that the deviations of the predicted velocity and enthalpy variations from
the DNS results are very small for all considered cases. The present model evidently
predicts very well the whole range from the diffusive near wall sublayer up the inertial
sub-range also for the DV cases. Consistently, the predicted skin-friction coefficients and
Nusselt numbers, shown in table 6.4, are very close to the DNS data for all here considered
cases.
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6.1.6 Model validation against experiments

For further assessing the scope and the limits of the present model also for flow conditions
not amenable to DNS, the model predictions are compared against experimental data, ob-
tained from the own measurements described in chapter 4 and from literature.

Comparison against own measurements

The measurements described in chapter 4 do not provide any information about the radial
variation of the axial velocity or the enthalpy. Therefore, the validation of the model is
based here on a comparison against the available data, being the measured skin-friction
coefficient and Nusselt number. Most high Reynolds number data with Re;, > 10* could
be acquired in the measurement series M20, associated with Pr,, = 20 to 25. The measured
and predicted data for these particular conditions are quantitatively shown in table 6.5. A
comprehensive visual validation is further given in figures 6.18 to 6.27, comparing the
model predictions against the data of all measurement series M20 to M60 associated with
increasing levels of molecular Prandtl numbers, as specified in chapter 4. The two model
parameters, k and b, which markedly determine the viscosity ratio 7 /u have been set to
k = 0.4 and b = 0.001, respectively, as suggested by Kays (1994) for the fully turbulent
cases. For cases corresponding to the laminar-turbulent transition regime, associated with
Re;, > 10*, the parameters are reduced according to table 6.2.

Table 6.5: Validation cases from the measurement-series M20 and predictions of the
present model

Re, Rez,, Pr,, Nu®?  Nu™de  error cjf‘" C?"d“’ error
- - - - - % 1073 1073 %
M20/1 26592 1544 25 334 329 -1.6 5.90 5.85 -0.9
M20/2 22461 1366 24 290 286 -1.4 6.23 6.07 -2.6
M20/3 18789 1170 24 245 241 -1.6 6.34 6.38 0.6
M20/4 14195 957 23 193 193 -0.2 7.07 6.84 -33
M20/5 10175 748 22 140 146 4.0 7.77 7.51 -3.3

The discrepancy between model predictions and experimental data is evidently very small
over the whole Reynolds number range. The agreements is generally better with increasing
Reynolds number.
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Comparison against experimental data from literature

Due to the difficulties in measuring accurately the near wall variation of the enthalpy, re-
liable experimental data for the enthalpy or temperature variation are very rare, especially
for turbulent heated pipe flow with high molecular Prandtl numbers. Hollingsworth et al.
(1989) published near wall temperature measurements, yet in a fully turbulent boundary
layer of a open channel flow. The momentum thickness based Reynolds number, charac-
terizing this particular flow situation, is defined as

Res, = 7 (6.48)

Hollingsworth et al. (1989) considered a rather high flow rate corresponding to Reg, ~
1400. The considered fluid was water with a boundary layer averaged Prandtl number of
Pr, = 5.9 and an associated temperature variation inside the boundary layer of 7, — T.. =
4K. In order to ensure comparable flow conditions with the present pipe configuration, all
free-stream quantities, denoted with “eo” were set to the centerline quantities. The friction
Reynolds number Re;,, was equivalently assumed as Rez,, = 2100, which provides the
same momentum thickness based Reynolds number as in the experiments of Hollingsworth
et al. (1989), essentially resulting in a comparable skin-friction coefficient. Since the here
considered flow conditions are fully turbulent, the same setting for the parameters k and b
was used as in the comparison against own high Reynolds number data, being k = 0.4 and
b =0.001. The resulting model predictions for the velocity and temperature are plotted in
figures 6.28 and 6.29, respectively.

It can be clearly seen that, the velocity is somewhat over-predicted, especially in the in-
ertial sub-range. The discrepancy is minor, though. As for the temperature variation, the
agreement between model and measurement data is very good. The model under-predicts
the temperature in the inertial sub-range. However, considering the fact that the reference
measurements are fairly old and were obtained with thermocouples, the shown discrepancy
may partly also be attributed to considerable measurement errors.

Summing up, it can be stated, that both the comparison against own measurements and
available literature data further proves the present model as a reliable approach for pre-
dicting the dynamic and thermal near wall conditions at Reynolds numbers and Prandtl
numbers beyond the limits of DNS.
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6.2 Two-layer approach

The idea of dividing the near wall velocity variation sharply into a laminar layer near the
wall and a turbulent core region was originally proposed by Prandtl (1910) and Taylor
(1916). This idea was later further extended by von Kdarmén et al. (1930), leading to the
wall laws, as given by equations (5.7) and (5.8). The two-layer approach is still very pop-
ular for prescribing near wall boundary conditions in RANS. Hereby, the sharp transition
between the two layers is often smoothened using a blending function (see Kader (1981)).
In the following, the assumptions and simplifications commonly made for the two-layer
approach are reviewed and verified against the DNS results. Based on this validation, a
suitable two-layer model formulation shall be developed, which can also predict real flow
conditions with temperature-dependent fluid properties with acceptable accuracy. For the
computation of the velocity we recall the equations for the total shear stress, already pre-
sented in equation (6.1)
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Figure 6.28: Predicted velocity variation W' compared against measurements of
Hollingsworth et al. (1989)
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and rearrange it to

y
ot = — / A (6.49)
0

Introducing a wall distance y:fm representing the boundary between the viscous sublayer

and inertial sub-range, the integral (6.49) can be split into two parts. In the first part
close to the wall, 0 < y™ <y, , the viscous shear stress is the dominant contribution and
the turbulent contribution can be neglected. In the second part, y* > Y& the turbulent
shear stress is dominant, hence the laminar diffusive contribution can be neglected. The
integration of (6.49) is accordingly decomposed into

7.,
- [yt for y* <7,
0
wh=q : (6.50)

Tror n Tior n + +
_ —dy" — mdy fory™ >y,
0
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providing the solution for the respective layers. The applied distinction between the two
layers allows for a couple of simplifications. The presently applied simplifications are
discussed in the following.

¢ Near wall variation of the total shear stress:

Revisiting the analytic solution for the total shear stress, as given by equation (2.94),
it can be seen, that 7,/ is very close to minus unity in the near wall region, which
is represented here by the interval 0 < y* < yf, . This motivates the assumption
of a constant total shear stress. Although, being applicable only very close to the
wall, this assumption is extended to the fully turbulent region represented by the
second integral in (6.50) for y* > yF, . as it is commonly done in most two-layer
approaches. '

* Eddy viscosity formulation

Instead of employing the full eddy viscosity formulation, based on equation (6.14),
including the velocity gradient evaluated according to formulation (6.16), which

would yield
,L.+
. 20
Hr _ P:*glf K - , (6.51)
BooH 1+, 144657725
ot

Spalding (1961) suggests rather the prescription of the asymptotic limit (6.51) for
y* — oo, It is argued, that the eddy viscosity appears in the second integral, covering
rather high wall distances, where £} = £ | >> 1, so that equation (6.51) can
be simplified to

yt—oo

ur
U

~ VP© | ‘ﬁ + (6.52)

m )‘+—>°°_ — Ky

)Hr—)oo .u'

* Near wall variation of the fluid properties

As already extensively discussed above, the radial variation of the fluid properties
mainly takes place very close to the wall (see figure 5.8). For this reason, the fluid
property variation is accounted for in the near wall region, associated with y* <y7, .
Using the simplification (6.52) the second integral for y* >y, only involves the
density, as the viscosity II* cancels out. Since the variation of the density is generally
very small in the considered temperature range, it can be neglected , assuming p* =
1.
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Applying the simplifications described above to equation (6.50) the two-layer velocity wall
variation can be computed as

y+

1
/ fder for y© <yi,
0

wh = Yim ! (6.53)
1
T(log (y+) + / fdy*' — Elog (y:'_m) for y*t > y:fm

B

Von Karman (1939) proposed an extension of this two-layer approach for computing the
temperature variation. Accordingly, the two-layer approach will be applied here for deter-
mining the enthalpy variation near the wall. Analogous to the previous derivation of the
equation for the velocity, the total heat flux shown in equation (6.2) is split into a laminar
and a turbulent contribution, which reads
+ 7_LL@_**LHE (6.54)
qtot N ﬁ* Prw ay+ 'u PrT .u ay+ . '

Giam™ Grurb™

This equation can be further rearranged and integrated in terms of the wall distance, yield-
ing

y+
. q+
7= [ gy, (6.55)
JE L m
q* Pr,, Prr u
Introducing a wall distance yzth representing the boundary between the diffusive sublayer
and the fully turbulent region, the integral can be split in the same manner as equation
(6.50) into two parts, resulting in

v + cF
fPrW/qm%*pdy+ for y™ < yzm (6.56)
o A
7+ = yj.th vt
P ' %mq* + N %ttPrT + + +
_ rw/ ?dy — / jdy fory > Ve (6.57)
0 Yo H I

The evaluation of these integrals is based on similar assumptions as applied for the com-
putation of the velocity variation:
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¢ Near wall variation of the total heat flux

Based on the analytic solution for the total heat flux, as given by equation (2.96),
the integrand in the integrals covering the region y™ < y., in equation (6.56) can
be reduced to solely a variation of the fluid properties. Similar to the total shear
stress, also the total heat flux is assumed as constant minus unity inside the entire
considered y*-region covered by both layers.

 Eddy diffusivity formulation

The eddy diffusivity, appearing in the second integral of the layer associated with
yr > yj,fth in integral (6.57) is determined from the eddy viscosity and the turbulent
Prandtl number, as

1
G _Hr (6.58)
o p Prr

The eddy viscosity is consistently obtained from the simplified (6.52), whereas the
turbulent Prandtl number is prescribed as

1 par 1 yt
_ _ 1— _r 6.59
Prr ur PI'T_VW |: xp ( At ’ ( )

involving a van Driest-type damping term to reflected the more pronounced decrease
in par in comparison to Uy inside the diffusive sublayer, as indicated by the increase
of Prr near the wall (see figures 5.30 and 5.31).

The resulting two-layer based solution is then obtained upon introduction of the mentioned
simplifications into equation (6.56) and (6.57), as

¥t

Pr,, / C,p* dy* fory* <y7,
o A
7+ —
= Yo yt
& 1
Pr,, / ZL_dyt +Prye / dyt  foryt >y"
7 + 11 _ vyt /A+ cth
/% ot li=exp(— /A7)

(6.60)

One major challenge of the two-layer approach lies with the definition of a suitable for-
mulation for determining the effective thickness of the viscous and diffusive sublayers in
terms of the distances yjm and y:fth, respectively.
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Table 6.6: Model-coefficients y/,

Table 6.7: Model-coefficients y '

c,th

o 27.625 7
s ~0.137 e —0.304
y : 8 ~0.294
5" 1.047
We assume following functional dependencies
Yém = f (Rec,w, 1(T)) 6.61)
Ve
—% = f (Pry, u(T)) (6.62)
Yem
which shall be rewritten as the power laws
+ _mReX () O"
Yem =0 Regy, (1) (6.63)
th 1h
Yeun =Vem Prlt ()% (6.64)

dependent on the model parameters ¢/, B/, ¥, 8™ and §!". These parameters are ob-
tained from a best fit of the skin-friction coefficients and the Nusselt numbers predicted
by the model equations (6.53) and (6.60) against the corresponding DNS results. The re-
sulting coefficients are listed in tables 6.6 and 6.7. The quality of the best-fitted power

laws is demonstrated in figures 6.30 and 6.31, comparing the DNS based values y:,nDNS

and yjthDNS against the predictions from (6.63) and (6.64), including the correlation coef-

. DN. . . -
ficient R2. The values for y:mDNS and yi,h $ are determined by equating the predictions

for ¢y and Nu,,, obtained from the model formulations (6.53) and (6.60) with the corre-
sponding predictions of the DNS.

The effective thickness of viscous sublayer y;, weakly decreases with the increase of
wall friction Reynolds number Rez ,,, as it was expected. The possible influence of the
temperature-dependent viscosity is reflected by the positive correlation with ;. This pos-
itive correlation effectively reproduces the thickening of the viscous sublayer observed in
figure 5.12 for the DV cases.

The effective thickness of the diffusive sublayer obtained from (6.64) decreases relative to
yjrm with increasing molecular Prandtl numbers, as it is supposed to be. For the cases with
temperature-dependent viscosity this trend is also supported by the negative correlation
with g1, as 8" < 0. However, this decreasing tendency for increasing U, is overcompen-
sated by the increase of the thickness of the viscous sublayer, as (6;" + 66”1) > 0. This on
the first glance counter-intuitive behavior, because the increase of the local Prandtl num-
ber should suggest the opposite trend, effectively reproduces the thickening of the diffusive
sublayer observed for the DV cases as compared to the DC cases, as seen in figure 5.22.
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Assuming constant material properties and uniform turbulent Prandtl number Pry ~ Prr .,
it can be further shown that the dependence on the molecular Prandtl number implied by
(6.64) is in good match with previously proposed alternative descriptions of the fully turbu-
lent region, as found in literature. Setting Pry = Prr .., equation (6.60) can be analytically
integrated for y* > yith yielding

— PI‘T o
x+

Pr7
—log (v") +Pry vl — — S log (v)) (6.65)

By

Equation (6.65) resembles the thermal log-law, as commonly applied in the fully turbulent
region, with the parameter 3, being dependent on the molecular Prandtl number only.
Substituting y* i A8 defined by the correlation (6.64), into (6.65), the parameter 3, can be
computed exh1b1t1ng the following dependence on the molecular Prandtl number

By o< Pr0:6%. (6.66)

This dependence is very close to the analytical consideration of Levich (1962), indicating

a Prgv/ 3 dependence of ﬁx, and results of Kader and Yaglom (1972), who obtained the same
dependence by fitting experimental data.

Applying the present correlations for the effective sublayer thickness y:fm and y:th, the
velocity and the enthalpy variation can be determined by numerically solving the equations
(6.53) and (6.60). A standard setting is used for the other parameters, in particular, K = 0.4,
AT =26 and Prr. = 0.85.

Table 6.8: Predicted skin-friction coefficients compared against DNS data for the DC

cases.
DNS model
Case cy cy
- - Y%
DC360 9.30e — 03 9.22¢—-03 —0.95
DC500 8.53¢ — 03 8.61e—03 0.92

Figures 6.32 and 6.33 show a comparison of the predicted velocity and enthalpy profiles
against the DNS data for the DC cases. A comparison of the corresponding skin-friction
coefficients and Nusselt numbers is given in table 6.8 and table 6.9, respectively. The most
obvious difference to the previously shown predictions of the P-function based model is
that the two-layer model does not produce a smooth profile. The kink at the boundary
between the two layers, located at yc n and y h is clearly visible. Despite this conceptual
shortcoming, the discrepancy between the DNS based skin friction coefficient and Nusselt
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Table 6.9: Predicted Nusselt numbers computed against DNS data for the DC cases.

Case NuPNS Nuyodel
— — %
DC360/10 51.40 52.37 1.86
DC360/20 65.95 66.46 0.77
DC360/50 89.69 88.96 —0.82
DC500/10 74.88 73.63 —1.69
DC500/20 96.03 94.41 —1.72

number and the model predictions is still within an acceptable range, particularly in view
of the very simple model formulations.

Furthermore, as seen from the radial variations in figures 6.32 and 6.33, the two-layer
model predicts the conditions inside the fully turbulent layer pretty well. Since RANS typ-
ically impose the wall boundary conditions inside this range, the two-layer model appears
as a good candidate for providing suitable dynamic and thermal boundary conditions in
RANS-type simulations.

In the cases with variable fluid properties, basically the same iterative procedure as used in
the P-function approach for computing the temperature-dependent thermo-physical prop-
erties is employed. The resulting radial variations of the velocity and enthalpy can be seen
in figures 6.34 and 6.35, respectively. Table 6.10 and table 6.11 compare the predicted
skin-friction coefficients and Nusselt numbers against the DNS results, respectively.

Table 6.10: Predicted skin-friction coefficients compared against DNS data for the DV

cases.
Case CI;NS C;r_lodel
— — %o
DV370/21 9.12¢ - 03 9.13¢—-03 0.1
DV360/50 9.43¢ - 03 9.56e — 03 1.3
DV520/20 8.54e —03 8.42¢ — 03 —-14

Again the most pronounced discrepancies are observed near the kinks of the two-layer
profiles. On the other hand, the conditions inside the fully turbulent layer are still pre-
dicted reasonably well. This translates again into the fairly well predicted wall friction
coefficients and Nusselt numbers shown in tables 6.10 and 6.11, respectively.

In summary, it can be stated that despite the strong simplifications leading to a rather
simple model formulation, the obtained predictions are generally in good agreement with



174

6 Near wall model

20

18 4
16 -

14

~ O

OOI\J-PO\OO

Figure 6.34: Variation of the axial velocity for the DV cases predicted from the two-layer

model

y

+

DV370/21 ——
DV360/50 —— /
present model — - — A
DV52020 —— s
present model — - — //"/
»//
Ve
p
! /
f
/
.01 0.1 10 100

1000



6.2 Two-layer approach

175

300

250

200

DV370/21 ——
DV360/50 ——

present model — - —

- 7"

150

100

50

140

120

DV520/20 ——
present model — - —

100

80

60

40

20

y

1

+

0

100

1000

Figure 6.35: Variation of the enthalpy for the DV cases predicted from the the two-layer

model



176 6 Near wall model

Table 6.11: Predicted Nusselt numbers compared against DNS data for the DV cases.

Case NuDNS Numodel
— — %
DV370/21 58.11 60.71 4.5
DV360/50 68.66 71.43 4.0
DV520/20 90.68 85.07 —6.2

the DNS data for the constant as well as the variable fluid property cases. Such a good
agreement is also seen in the figures (6.36) - (6.45), where the predictions of the present
two-layer model for the skin friction coefficient and the Nusselt number are compared
against all own experimental data acquired in the measurement series M20 to M60, shown
in chapter 4. This comparison extends the validation of the model to a high Reynolds and
Prandtl number range not amenable to DNS.
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Figure 6.36: Skin friction coefficient vs. bulk Reynolds number of measurement series
M20 compared to the present two-layer model
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Figure 6.37: Nusselt number vs. bulk Reynolds number of measurement series M20 com-
pared to the present two-layer model
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Figure 6.38: Skin friction coefficient vs. bulk Reynolds number of measurement series
M30 compared to the present two-layer model
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Figure 6.39: Nusselt number vs. bulk Reynolds number of measurement series M30 com-
pared to the present two-layer model
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Figure 6.40: Skin friction coefficient vs. bulk Reynolds number of measurement series
M40 compared to the present two-layer model
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Figure 6.41: Nusselt number vs. bulk Reynolds number of measurement series M30 com-
pared to the present two-layer model
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Figure 6.42: Skin friction coefficient vs. bulk Reynolds number of measurement series
M50 compared to the present two-layer model
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Figure 6.43: Nusselt number vs. bulk Reynolds number of measurement series M50 com-
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Figure 6.44: Skin friction coefficient vs. bulk Reynolds number of measurement series
M60 compared to the present two-layer model
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pared to the present two-layer model
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6.2.1 Blending between the laminar and the turbulent layer

Including the van Driest-type damping into the modeled variation of the turbulent Prandtl
number (6.56) effectively reduces the over-prediction of the enthalpy around the sharp
transition from the diffusive sublayer to the fully turbulent layer. Nonetheless, a notable
deviation from the DNS data still remains in the transition region. Considering the field
of application in RANS, an accurately predicted enthalpy in the thermal boundary condi-
tion is essential for reliable results. The observed over-prediction of the two-layer model
in the buffer region due to the sharp transition between the two layers would certainly
cause inaccuracies when applied as thermal boundary condition in RANS. For this reason,
Kader (1981) proposed a blending between the two thermal layers. Later on, this idea was
adopted for computing the velocity by Popovac and Hanjalic (2007), which improved the
velocity prediction in the buffer region of momentum flux. The blending based approach
essentially starts from the two-layer solution for the velocity and enthalpy, as already pre-
sented in formulations (6.53) and (6.60), with the additional simplification Pry ~ Prr .,

which read

y+

1
/ —dy* for y* <yi,
wr={y M (6.67)

1
log () +Bn foryt >y,

and
N

Y ——x
Pr,, / cf* dy™* for yt < yzth
7=y o * , (6.68)
P

7,00
log) By foryt >a,

respectively. A popular standard setting is used here for the von Kdrman constant k = 0.40.
For determining the parameter B, a variety of different formulations can be found in
literature, which are exclusively proposed for constant fluid properties. Table 6.12 gives
an overview of the most popular formulations.

Table 6.12: Overview over the most popular formulations for the parameter B,
Jayatilleke (1969) Pr7 o (B +P)
P based on formulation (6.11)

Kader and Yaglom (1972)

12.5Pry/” +2.12 log (Pr,,) — 1.5

Kader (1981)

(3.85Pry/” — 1.3)24+2.12 log (Pr,,)

Petukhov et al. (1988)

127p22 —6.7




6.2 Two-layer approach 183

120
DC360/20 = = e -
Jayatilleke (1969) —— a2
- ..
100 - Kader and Yaglom (1972) —— —
Kader (1981) ——— 7
80 Petukhov et al. (1988) I'
]
. 60 !
[ ’
7
40 .
’
¢
20
4
’/
0 -
0.01 0.1 1 10 100
yt

Figure 6.46: Comparison of the two-layer thermal wall law based on different B, formula-
tions

Figure 6.46 compares the DNS data for the case DC360/20 to the enthalpy predicted from
(6.68) applying the B, formulations presented in table 6.12. The effective thicknesses of
the viscous and diffusive sublayers are again determined from the correlations (6.63) and
(6.64), respectively. It is clearly visible that the B, formulation based on the P-function
of Jayatilleke (1969) produces by far the best agreement with the DNS data. However, as
already noted, the sharp transition from the diffusive to the fully turbulent layer, located at
the wall distance of y;fth, inherently produces a non-physical kink in the predicted radial
variation. In an attempt to enforce a physically more plausible smooth transition, Kader
(1981) proposed a blending between the two layers, represented by a single equation,
covering the whole near wall domain. This formulation reads

Pr7 o 1
2t =Pr,y" exp(-Iy)+ ( r’:’ log (y*) ""ﬁx) exp (—r—), (6.69)
X

with a blending function defined as

001 (Pr,y*)*

= 6.70
x 1+5Pr), yt (670)



184 6 Near wall model

120 Z
...... (Prrw/iclog(y+)+ﬁ;€aw) exp (—1/T) - -
- - - Pryy"exp (_FX)
100 - equation (6.68)
equation (6.69)
80 | = = DC360/20
e 60
40 :
i
20 A
Y
\
0 T S
0.01 0.1 1 10 100
yt

Figure 6.47: Comparison between the DNS data and the thermal wall model based on
equation (6.68) and (6.69)

Introducing the S-shaped blending function defined by equation (6.70) results in a smooth
transition between the two layers. This is shown in figure 6.47, comparing the DNS data
to the predictions of equation (6.69) including the blended laminar and turbulent contribu-
tions.

In comparison to the edged profile obtained from the model with a sharp transition the
blending evidently produces significantly better results in the buffer region. At the lower
end of the buffer region, the blended radial variation still exhibits some notable deviation,
which is caused by the presently used formulation for the blending function as defined in
equation (6.70).

Instead of using one of the expressions listed in table 6.12, the parameter 3, can be alter-
natively determined based on equation (6.65), where it appears as

,+
Yerh

Ty PI7 o
By =Pr,, / %dﬁf%log (y:th)7 (6.71)
0
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Table 6.13: Model-coefficients y,!, Table 6.14: Model-coefficients y;",,
ar 24.076 7 =

I B —0.306
7 —0.109 0
& 0.100 5. 0496

dependent on the effective sublayer thickness y+ The effective thickness of the diffusive
sublayer is modeled again using the power- law correlatlons (6.63) and (6.64), however,
with adjusted coefficients, to conform better with the blending function based formulation
(6.69). The adjusted values were obtained by a best fit of the skin friction coefficient and
the Nusselt number, predicted from the blending function based model to the DNS data,
and are listed in tables 6.13 and 6.14. Substituting directly the so modified correlations
(6.63) and (6.64) for determining y:th into equation (6.71) yields the expression

Yo

G

Bx =Pr, /f*dy
o A

Prr .

K

(log (@) + 7" log (Rec,y) + (8" + &) tog (15) +B." log (Pry) ).
(6.72)

where the similarities and differences to the alternative formulations, presented in table
6.12, become very obvious. It can be seen that a similar dependence on the molecular
Prandtl number arises. Additionally, the formulation (6.72) shows a dependence on the
Reynolds number Rez,,, and on account of the spacial variation of the fluid properties a
contribution based on ;; appears as well.

Popovac and Hanjalic (2007) applied the blending function based approach to the compu-
tation of the velocity profile. This yields for the velocity variation the following expres-
sion

1 1
t=ytexp(-T)+ (E log (y*) +ﬁm> exp (—I:>. (6.73)
The blending function is defined here as
0.01 (y")*
=70 6.74
1+5y*t "’ (6.74)

which corresponds to the expression for I’y given by (6.70) with Pr,, = 1.
The parameter f3,,, based on equation (6.53) reads

+
Yem

1 1
Bu= [ ey~ log(31). 6.75)
o M K
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which can be supplied with the correlations for the effective momentum thickness (6.63),
yielding

T
Yem

1
= | —dyt+
B /u y
1 = m ~m Sm *
_E<log((xc) +7" log (Rez,,) + 8 log(ub)>. (6.76)

To assess the scope of the present blending function based model for velocity and enthalpy,
the model predictions of the formulations (6.73) and (6.69) are validated against the DNS
data. Two different submodels for B, are considered, the first is the presently proposed
model formulation (6.72), the second is based on the P-function approach of Jayatilleke
(1969) as shown in table 6.12, which represents a very popular approach in commercial
CFD. A standard setting k¥ = 0.4 and f3,, = 5.5 suggested by Kays and Crawford (1980) is
prescribed in the Jayatilleke (1969) P-function approach. Figures 6.48 and 6.49 compare
the radial axial velocity variation against the DNS data of the DC and DV cases, respec-
tively. Figures 6.50 and 6.51 compare the radial variation of the enthalpy against the DNS
data of the DC and the DV cases, respectively.

Due to the alternative setting for the parameter 3,, based on equation (6.76) and the in-
corporation of the fluid property variation, the model predictions for the velocity are very
good.

Regarding the enthalpy, the model based on the parameter 8, using the P-function of Jay-
atilleke (1969) produces an excellent agreement with the DNS results, yet with somewhat
stronger deviations with increasing Reynolds numbers. It is important to state that the
P-function is determined here with the bulk Prandtl number. Using the wall values in-
stead would lead to significantly lower predictions for ¥ in the inner region. The present
blending function based model using (6.72) shows some discrepancies for the highest con-
sidered Prandtl number, yet besides this, the agreement with the DNS is still quite good.
Furthermore, a slight edge near the lower limit of the buffer region is clearly visible for all
cases, which in turn reduces the discrepancy in the upper part of the buffer layer.

For validating the model accuracy in the regime of higher Reynolds and Prandtl numbers,
representing fully turbulent flow conditions, the predicted wall friction coefficients and
Nusselt numbers are compared against all the experimental data obtained in the measure-
ment series M20 through M60, as discussed in chapter 4. This comparison is shown in the
figures 6.52-6.61.
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Figure 6.50: Variation of the enthalpy vs. y™ predicted by the blended two-layer model

compared against DNS data for the DC cases



190 6 Near wall model

300
------ present model with 8, from Jayatilleke (1969)
— - — present model with 8, from (6.72)
250
—— DV360/50 P
—— DV370/21 /
200
150 :i
’ "»7
100 -
/
iy
50 4
—‘/'I
0 /
140 .
——— DV520/20 JUETLL LA o
120 B
4
100 .
80 7
.'-
60 /
40 //'
0
0.01 0.1 1 10 100 1000

y+

Figure 6.51: Variation of the enthalpy vs. y* predicted by the blended two-layer model
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Figure 6.52: Friction coefficient vs. bulk Reynolds number of measurement series M20
compared to the present blended two-layer model
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Figure 6.53: Nusselt number vs. bulk Reynolds number of measurement series M20 com-
pared to the present blended two-layer model
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Figure 6.54: Friction coefficient vs. bulk Reynolds number of measurement series M30
compared to the present blended two-layer model
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Figure 6.55: Nusselt number vs. bulk Reynolds number of measurement series M30 com-
pared to the present blended two-layer model
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Figure 6.56: Friction coefficient vs. bulk Reynolds number of measurement series M40
compared to the present blended two-layer model
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Figure 6.57: Nusselt number vs. bulk Reynolds number of measurement series M40 com-
pared to the present blended two-layer model
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Figure 6.58: Friction coefficient vs. bulk Reynolds number of measurement series M50
compared to the present blended two-layer model
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Figure 6.59: Nusselt number vs. bulk Reynolds number of measurement series M50 com-
pared to the present blended two-layer model
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Figure 6.60: Friction coefficient vs. bulk Reynolds number of measurement series M60
compared to the present blended two-layer model
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Figure 6.61: Nusselt number vs. bulk Reynolds number of measurement series M60 com-
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The comprehensive comparison against all measured data unveils that the present blended
two-layer model supplied with B, from Jayatilleke (1969) tends to increasingly under-
predict the Nusselt number for increasing Reynolds number. In contrast, the present model
supplied with B, from (6.72) is capable of producing a good agreement with the measured
Nusselt numbers over the whole Reynolds number range.
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6.2.2 Fully analytical computation of the Nusselt number

Assuming constant material properties and Pry = Pry . for y* > yith, reduces the two-
layer formulations given by (6.67) and (6.68), yielding to the following most simplified
representations

y' for y* <yi,
wh= 1 (6.77)
< log (V") +Bn  foryt >yl
and
Pr,, y* fory™ <yt,
A
5= pry , (6.78)

gy +By foryt >y,

respectively. The obtained simplified formulation offers the attractive possibility of deriv-
ing an analytical expression for the Nusselt number. The effective thickness of the diffu-
sive sublayer is again modeled using the power-law correlations (6.63) and (6.64) with the
coefficients shown in table 6.13 and 6.14.

In consistence with equation (5.42), the Nusselt number can be generally computed as

_ Re,, Pry, c;’h

Nu= — (6.79)
Xy
dependent of the bulk enthalpy computed as,
Rer/2 N
_ 2 _ 1 y
== whyt (- dy* 6.80
Ti=ae [ P (2 Rew)m (6:80)
yr=0
with the mass flow rate obtained from
Renw/z
Wt =12 / ot (Lo v dy* (6.81)
. 2 Rery, ' '
yr=0

An analytical computation of the bulk enthalpy for predicting the Nusselt number was
similarly proposed by Kader and Yaglom (1972). Yet, they assumed that the Reynolds and
Prandt]l number are high enough to provide a sufficiently thin diffusive sublayer thickness
for neglecting its contribution to the bulk enthalpy completely. Accordingly, they used the
enthalpy formulation for the turbulent sublayer (y* > yj_th) for the whole radial domain
down to the wall. In contrast, the present approach does not adopt this simplification,
while considering rigorously the contribution from the diffusive sublayer as well. This
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means that the mass flux is computed as the sum of the two definite integrals, Im;,,, and
Imy,p, connected at the boundary of the two sub-layers y™ = yzfm. For the bulk enthalpy,
three definite sub-integrals, ImX;qm, Im)in: and Imy;,,, have to be distinguished in order to
combine correctly the locally applying functions for the velocity and enthalpy. The three
sub-integrals are connected at y*+ = yith and yt = yith, as highlighted in figure 6.62.

Splitting the radial domain into these sub-integrals, the Nusselt number can be computed

as
Imygp + Imyyyp

| )
ImYam + ImYine + Im Y
with the analytical expressions of the sub-integrals given in equations (6.83) - (6.87).

Nu =Rer,,

(6.82)



6.2 Two-layer approach

199

20

15

80

70

present model
w /
x\ X @m
\/\o%@
S
y;‘jm I Myyrb
X
Y
I Miam
present model
— —
Priseyog (V') P
1 MY turb
Liog (v) + P
100
yt

Figure 6.62: Different regimes for the analytical integration for the the mass flux and the

bulk enthalpy



(L89)

\s,poﬁmv:u — NTEN::
Amvmwo_awomo&i + ("20y) Sor " Loy =lig + A WO+ AN oY — ou hv =L1g
(200 = ) 2+ (1= 20020 g (§ = (M0 — 1)g+ 7)o ) () For = 1ag
+ ANEH%ﬂLﬁ EH%;&@M# . EFMOMV Yy Jﬂs V%\s.imk + QS 26 vm0~8kun~+ AE o3 — mvoo&umxT Yro ¢ £("1g—)3) (2)30] m wum
+(((z)8o17 — ("] €)o1 — (“7O)Bor —) = Lad + (1 + (T — “7) g + (“7C— )3t )= Lag + " C"1gn) (W 2oy) Sor 2oy
Azsms + (170)Fo1) " oy=tad + Q‘ — 1) M (20— 1) P g + imv T @?w&?%i (“26)301
x_vA:\,Jm\moop&Hnﬂx_v&Nﬂka»umv A RN\EQ\A\; 99y + :pow_m v b
.ﬁ#vM&
(989) s N W " 7 — = MYy
(2001 (55— a8 ) + (70501 (5 :zvv g
6 6 _ 8 _ 8 o' __€ v « Y12 cm
M2y
(689 2 = "Xy
T _¢ yra
A Eﬂk i,hvmv %Hm
(¥8'9) ‘
gy — amiy;
Am - s.ﬂ@v G 4 (MO — 1) oy + AA «)801 — Aiomv mo_v “od+ Aw +(1 ="+ ASHalvkv "y
“¥e T
(€8'9) A i _ \v Wi wnly
EAMRN I 7 t+

200



6.2 Two-layer approach 201

For the von Kdrman constant and the turbulent Prandtl number a standard setting is applied,
reading ¥ = 0.4 and Pry . = 0.85. For the parameters 3, and f8,, the presently proposed
model formulations (6.72) and (6.76) are used, respectively, incorporating the effective
boundary thicknesses, y:fm and yj, , from equations (6.63) and (6.64), respectively, together
with the coefficients listed in tables 6.13 and 6.14.

Figures 6.63-6.67 compare the experimentally obtained Nusselt numbers for the measure-
ment series M20-M60 to the present model. It can be clearly seen that the whole Reynolds
number range, from the intermediate range between laminar and turbulent flow, up to the
fully turbulent regime is well predicted. Furthermore, also the effect of the Prandtl num-
ber variation is well captured, although the discrepancy increases slightly with increasing
molecular Prandtl numbers. In order to assess the full scope of the present fully analytic
two-layer model, further experimental data, exceeding the shown Prandtl number range,
would be certainly needed.
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Figure 6.63: Nusselt number vs. bulk Reynolds number of measurement series M20 com-
pared to the fully analytical two-layer model
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6 Near wall model
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Figure 6.64: Nusselt number vs. bulk Reynolds number of measurement series M30 com-
pared to the fully analytical two-layer model
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Figure 6.65: Nusselt number vs. bulk Reynolds number of measurement series M40 com-
pared to the fully analytical two-layer model
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7 CONCLUSIONS

The present work performed Direct Numerical Simulations (DNS) of turbulent heated pipe
flows at high molecular Prandtl numbers examining the effect of real fluid properties. Due
to the scarcity of adequate reference data, heat transfer measurements on the same configu-
ration were performed as well providing data for validation of the computational results.

An especially for this purpose designed test-bench was build, capable of performing heat
transfer measurements on a set-up well comparable to the DNS cases assuming real fluid
properties. Special interest was on the intermediate regime between laminar and turbulent
flow. Besides this fairly low Reynolds number regime considered for validation of the
DNS results, the experiments also covered fully turbulent conditions with high Reynolds
numbers. All measurements were validated against the popular Nusselt number correlation
of Gnielinski (2002) and some available but rather old measurements from literature. The
measurements agree very well with the correlation of Gnielinski (2002) in the fully turbu-
lent regime, whereas for low Reynolds numbers the correlation tends to under-predict the
heat transfer coefficient. This finding is also supported by the comparison against the men-
tioned fairly old measurements of Morris and Whitman (1928) and Sherwood (1932).

Two types of DNS have been basically carried out in this work, considering constant fluid
properties and real temperature-dependent fluid properties, assuming the same operating
fluid as used in the experiments. All simulations were carried out on a very fine simulation
mesh, comparable to recent DNS studies from literature. The comparison between the
DNS results for the skin-friction coefficient and Nusselt number against the correspond-
ing measurements showed a very good agreement, which proves the high accuracy of the
simulations.

All alterations in the flow and thermal field due to the real fluid behavior were analyzed
in much detail by a comparison of the DNS results against those for the corresponding
constant fluid property cases. As one of the major findings this analysis showed that, al-
though the DV cases are associated with a higher bulk molecular Prandtl number due to
the increasing viscosity towards the colder center, the effective thickness of diffusive sub-
layer still thickens. This effectively decreases the heat transfer rate. The turbulent budgets,
demonstrated that the observed thickening of the diffusive sublayer could be mainly at-
tributed to a reduced radial turbulent transport of momentum. Furthermore, the DNS data
provided very insightful findings regarding the turbulent transport coefficients, as com-
monly employed in RANS modeling. Special interest was here on the turbulent Prandtl
number. The typical asymptotic increase of Pry towards the wall, which has been fre-
quently reported in literature, when considering molecular Prandtl numbers higher than
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unity and imposing zero temperature fluctuations at the wall, was clearly confirmed by the
present DNS results. On the other hand, this already existing knowledge could be extended
by a further insight into the influence of the real fluid properties on the magnitude of the
asymptotically approached near wall value of Pry, which was considerably decreased for
the considered conditions in the DV cases. Finally, it was shown that the semi-local scaling
proposed by Patel et al. (2016) for the shear stress and a modified version of the semi-local
scaling later presented by Patel et al. (2017) for the diffusive heat flux produces a very
good collapse of the velocity and enthalpy variations for the considered real fluid property
cases with those obtained for the constant fluid properties.

The knowledge obtained from the rich DNS data base was further applied in the validation
and further development of two commonly used RANS boundary condition approaches.
The first revisited approach is the mathematically rather elaborate P-function approach
based on analytical considerations of Spalding (1967). The underlying assumption origi-
nally made in this approach were reviewed and modified based on the DNS findings. The
predictions of this thermal wall model could be most significantly improved by modifying
the eddy viscosity, the ratio of the total shear stress and heat flux, and the turbulent Prandtl
number. For the eddy viscosity, the typically used Van Driest (1956) mixing length ansatz,
prescribing an incorrect near wall asymptotic, was replaced by the modified mixing length
ansatz of Grifoll and Giralt (2000), providing the analytically proven correct near wall
variation of the eddy viscosity. Accounting for the effect of the fluid property variation,
the mixing length formulation was additionally adjusted by including a viscosity depen-
dence. The influence of the temperature-dependent fluid properties was also included into
the sub-model for the turbulent Prandtl number. Instead of neglecting the near wall varia-
tion assuming this parameter simply as constant, various different model proposals found
in literature were reviewed and compared against the DNS data. Among these, the ex-
perimentally adapted analytical model by Kays and Crawford (1980) was selected as a
well-suited candidate for further development. The original model was already capable of
prescribing the near wall increase of Prr, so that model extensions essentially incorporated
the missing molecular Prandtl number dependence as well as the influence of the real fluid
properties. The predictions of the presently proposed extended analytical P-function model
generally showed a very good agreement with the DNS results for both the constant and
the real fluid property cases. As a further attractive feature, the present approach is capable
of describing the enthalpy variation over the whole radial domain, spanning from the dif-
fusive sublayer to the inertial subrange, while the popular alternative P-function model of
Jayatilleke (1969) covers only the latter subrange. The improvements are also highlighted
by comparing the DNS based skin-friction coefficients and Nusselt numbers against the
model predictions. Both the agreement with the constant and the real fluid cases are ex-
cellent. The second considered candidate for specifying dynamic and thermal boundary
conditions is a classical two-layer approach. The original idea was proposed by Spalding
(1961) for the near wall velocity variation and basically divides the flow field into two sub-
layers, the diffusion dominated near wall layer and the fully turbulent inertial inner layer.
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The same approach was applied here for the enthalpy variation. The advantage of this
splitting into two layers lies in its computational simplicity resulting from certain model
assumptions. A suitable submodel for the boundary between the diffusive and the inertial
sublayer (y[) is still needed, while the turbulent Prandtl number model can be dispensed
setting it simply constant to Prr.. An additional advantage of the presented two-layer
approach is that it allows for a fully analytical formulation for the Nusselt number, which
produced a very good agreement with the own measurements over the whole considered
range of Reynolds and Prandtl numbers.

Besides the DNS based modifications, which have been introduced for model parametriza-
tion and calibration, both of the presently proposed concepts for providing reliable thermal
boundary conditions have a strong analytical foundation. This analytical description of the
underlying transport mechanisms makes them clearly preferable over empirically based
models, due to their universal character and good scalability over wide ranges of Reynolds
and Prandt]l numbers.
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Here are all figures, which were not shown in the previous.
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Figure A.1: Spatial resolution normalized by the Kolmogorov scale 17 and the smallest
turbulent thermal scale 1y for the case DC360/50
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