DEVELOPMENT AND APPLICATION OF EXPERIMENTAL
AND NUMERICAL METHODS OF HYDRODYNAMICS
IN THE 20" CENTURY

by
Simeon OKA, and Dubravka MELLING

Review paper
UDC: 532.5.01/.8
BIBILD: 0354-9836, 5 (2001). 1, 5-31

The development of fluid mechanics is briefly reviewed and the
importance of fluid flows to heat and mass transport in nature as well
as in science and engineering is outlined. The early theoretical
developments are explained and it is indicated that the basic
equations were available at the end of the | 8" century. Methods to
solve these equations for engineering flows were not, however,
developed until the second half of the 20" century. This was an
important period for fluid flow research during which all the
experimental  fluid mechanics methods, particularly  the optical
methods, available today were also developed. The same is true for all
the numerical methods that are used very successfully nowadays o
solve scientific and engineering fluid flow problems. Prof. Durst and
his research groups, first at the University of Karslruhe and later at
the University of Erlangen-Niirnberg, have contributed extensively to
these developments. The present issue of the Journal of Thermal
Science embraces publications of the heads of the research sections of
his institute in  Erlangen, Germany which document these
contributions and is dedicated to the 60" birthday of Prof. Durst.

INTRODUCTION

Fluid flows are present everywhere in nature and are widely experienced by those
people who observe nature with open eyes. They see that many processes in our natural
environment are vitally dependent on the convective transport of heat and mass. Hence,
without fluid motion, life in the form we know it on earth could not exist.

Figure 1 provides a chronological summary of important scientists in fluid
mechanics. It gives an impression when certain contributions to the development of the
theory of fluid mechanics were made, but experimental or numerical techniques are not

5




THERMAL SCIENCE: Vol. 5 (2001). No.1, pp. 5-31

introduced in this chart. Measuring techniques will be reviewed in the paper emphasising
those techniques to which Prof. Durst and his co-workers were able to make world wide
recognised contributions. The contributions of Prof. Durst’s research groups also cover
numerical techniques and their application to fluid flow.
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Figure 1. Historical record of scientists contributing to the development of
fluid mechanics

The technical importance of fluid flows is also easily observable in many
engineering fields where heat and mass transfer processes are strongly controlled by fluid
motions. The rate of conversion of chemically bonded energy into heat by non-premixed
combustion is mainly controlled by the flow transport of the chemically reacting species and
heat engines, for example, could not fulfil their function without the corresponding flow.
Hence, fluid flows are essential in many fields where engineering equipment is used.

This publication summarises the development of fluid flow investigations that can
be carried out using modern experimental and numerical techniques as they were developed
in the last fifty years. It is pointed out that these techniques can be used successfully for the
solution of flow problems in science and engineering. An outlook is given on the golden age
of fluid mechanics that lies ahead of us, as Prof. Durst has pointed out in recent summaries
of fluid mechanics developments covering the last fifty years. The present paper is based on
the material he has used for several invited lectures in the years 1999 to 2001.
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Prof. Durst's contributions to fluid flows have always started out with fundamental
investigations yielding knowledge which was used for developments of practical relevance.
These developments brought new ideas into engineering fluid mechanics and have
frequently resulted in commercial products and the foundation of new companies.

The above introductory remarks that stress the importance of fluid tlows might
explain why fluid mechanics has a history that goes back as long as records of human
culture exist. Although there were contributions by Archimedes and Sixtus Julius Francius
as well as first flow visualisations by Leonardo da Vinci, fluid mechanics as a science only
began under G. Galilei in the 17" Century. This is indicated in figure 1 which shows the
long list of researchers who have made contributions to the subject over the last four
centuries. Among the fluid mechanics scientists of the 17" to the 19" century one finds the
names of famous mathematicians and physicists indicating that fluid mechanics as a basic
engineering subject is fairly new in a historical context. Nowadays, any serious engineering
education in fields such as aeronautical engineering, mechanical engineering and chemical
engineering is heavily based on a sound fluid mechanics education. This will also continue
in the future.

Major contributions were made by Newton. Euler. Lagrange, Navier and Stokes to
the derivation of the basic equations of fluid mechanics. From the dates in Fig. | one can
see that by the end of the 18" century the equations of tluid mechanics were basically
known in the general form given below for p = constant:

Continuity equation: a_p+2(!£.l):() (1)
ot ox,

L. el E¥ gp. 97,

P s ol e + P8,
Momentum equation (j =1, 2, 3): Jt o, dx, ax, (2)
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T, =—H +—t [+=6 u—=+
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For p = constant, the three velocity components and the pressure can be named as
the unknowns of the above set of four differential equations. Hence four unknowns and four
partial differential equations exist and, so all fluid flow problems seem to be soluble if the
appropriate initial and boundary conditions exist.

Although these equations were known by the end of the 18" century, methods for
their solution did not exist. The present paper stresses that all methods to solve the above
set of equations for engineering flow problems were developed in the second half of the 20"
century following tremendous advances in numerical methods and computer power. As Fig.
2 shows, high-performance computer developments have provided an increase in
computational speed by a factor 10 every 5 years. In the last three decades, a factor of 10
every 8 years was also achieved by advanced numerical techniques. All these developments
together now permit numerical solutions of the above set of equations for engineering
problems.
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Figure 2. Speed-up of numerical computations due to numerical
methods (a) and increase in computer power (b)

The developments in numerical solutions to the above set of equations of fluid
mechanics in the second half of the 20" century were accompanied by tremendous
developments in the field of experimental fluid mechanics. The development of fast
electronic components, lasers, integrated optics, sensors, micro-techniques, erc., has
resulted in a wide range of measuring techniques for studying fluid flows. The present paper
concentrates on the development of optical techniques such as photography and
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cinematography, laser-Doppler anemometry, phase-Doppler anemometry. particle image
velocimetry and other field methods. The developments are summarised and emphasis is
given to those developments carried out in Professor Durst’s research group initially at the
University of Karlsruhe and later at the University of Erlangen-Niirnberg.

FLOW VISUALIZATION: PHOTOGRAPHY AND
CINEMATOGRAPHY

It is difficult to define clearly where and when fluid mechanics as a science started.
However. the first contribution that had an impact on the subject as it is treated today is the
flow visualisation carried out by Leonardo da Vinci (1452-1519). Since this early work,
flow visualisation has advanced with major developments being based on modern
illumination techniques, as well as developments in photography and cinematography. This
is indicated in Fig. 3, which compares photographic records ot flows with the early sketches
of observed vortex motions by Leonardo da Vinci.

Figure 3. Flow visualisation is the start of good fluid mechanics research
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A summary of flow visualisation results is given in the Album of Fluid Motion
assembled by van Dyke [1]. This assembly of pictures makes cledr that photographic
records of fluid motion can result in path lines. streak lines or streamlines of the flow. All of
them are difficult to analyse in terms of local velocity information or to obtain results in the
terminology of the basic equations of fluid mechanics. Nevertheless, they provide a good
physical insight into the flow so that it has become common practice also to visualize the
results of flow predictions, e. g. see Fig. 4.
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Figure 4. Flow visualisation based on results of numerical flow predictions
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streak and stream lines
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The impressive pictures that flow visualisation provide often lead the tlow
researcher to forget that it is very difficult to interpret correctly the resultant flow motions.
This was outlined by Hama [2] and demonstrated by Eckelmann [3]. from which the
example in Fig. 5 is taken.

Although Leonardo da Vinci showed the power of flow visualisation as a basis for
physical insight into flows, and modern methods of flow illumination and recording of fluid
motion have become available, flow visualisation is not applied to its best in modern fluid
mechanics. The turbulent flows that are being studied these days yield complex flow
visualisation pictures and quantitative information is difficult to obtain by tlow
visualisation.

LASER-DOPPLER ANEMOMETRY

During the second half of the 20" century, rapid developments in electronics and
optics components provided the basis for the advancement of methods to measure local and
time resolved flow velocities. Fast operating electronic feedback amplifiers permitted the
development of constant temperature hot wire anemometry, e. g see Bruun [4]. With the
help of this technique, first detailed velocity information became available about turbulent
flows, providing an insight into the complexity of turbulence. Detailed turbulent flow
studies provided the basis for advanced analytical treatments of flows, e. g. see Lumley [5].
However, the application of hot wire anemometry was, and still is, limited to flows with low
levels of turbulence. The method also is intrusive, yielding flow disturbances that are
unacceptable in recirculating flows. These shortcomings of hot-wire anemometry triggered
new developments. Laser-Doppler anemometry emerged from these development efforts,
providing new means to study fluid flows.

Light scattered by tracing particles

Large particles scatter light well but do not follow fast variations of velocity
fluctuations of the fluid.
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Particles employed in laser-Doppler anemometry must not only be good scatters but
also follow the flow very well. They must also be chemically and physically stable,
non-poisonous, cheap, easy to get, etc.

Figure 6. Scattering particles with high scattering efficiency and
good flow velocity response
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Laser-Doppler anemometry is a well documented measuring technique, ¢. g. see
Durst, Melling and Whitelaw [6]. Light scattering particles are needed that follow the
flowing fluid so that the particle velocity is close to that of fluid. e. g see van de Hulst [7].
Kerker [8] and Hjelmfelt and Mockros [9]. These basic requirements for LDA scattering
particles are summarised in Fig. 6

From the many scattering mechanisms that can be used to deduce the local particle
velocity from laser frequency shift information. e. g see Durst [10]. the dual scattering
beam laser-Doppler effect was shown to be the most efficient and most robust for use in
LDA velocity measurements. Hence optical systems of the type shown in Fig. 7 are these
days employed to measure local tlow velocities by laser-Doppler anemometry. Multi-
component anemometers, as indicated in Fig. 8, are available.
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Optical systems with Bragg cells are essential for measurements
in highly turbulent flows.

Figure 7. Dual beam laser-Doppler optical system

Prism module I =1 , Photodetector |
\folqrizcﬁon rotator _‘
r _Y)\T_____ T [fens Mask ‘ Photodetector 2
| ]
I \
| Im! Ll
T "—'E'L' = ==
It !
| 1 | -] 1
[T T Polarizing beam
splitter
Laser Side-view of optical arrangement

Light coilecting
lens

@I
Lo Nl _Prism mogule T ] _l

Top-view of optical arrangement

Figure 8. Two-component laser-Doppler optical system
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Laser-Doppler anemometers can be applied to carry out tlow measurements that
are not feasible with any other fluid flow measuring technique. Figure 9 shows a test tacility
providing a fully developed channel flow. With the help of a laser-Doppler anemometer,
detailed flow measurements were carried out, yielding the velocity information sketched in
Fig. 9. Analysing these data revealed a Reynolds number dependence of the wall value of
the turbulence intensity. as shown in Fig. 10.
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[t is interesting to note that at present the Reynolds number dependence of the wall
value of the turbulence intensity is not understood. Both experimental and numerical studies
show this dependence, but there are ditferences between the experimental and numerical
results which cannot readily be explained. They may be due to the finite sizes of the
computational grids and the measuring control volume of the LDA systems. The evaluation
of the final data requires finite size volume corrections: the experimental data in Fig. 10
were obtained with optical systems with measuring control volumes of different sizes.

PHASE-DOPPLER ANEMOMETRY

When light from two inclined laser beams is refracted or reflected from a particle,
interference fringes result in space. e. g see Durst and Zaré [11]. For a given particle
location, the fringes exist only in the direction in which the beams are reflected or
diffracted. As the particle moves. the fringe system changes its location and. for this reason,
a mask in front of the photomultiplier is crossed by fringes that cause varying light intensity
at the pinhole. The fringes change their shape as they move through space. and are linear in
the backward direction and highly non-linear in the forward direction.

Incident beam
P

Location of fringes
23  of reflected beams
\

e

\ _PM
Reflected beams //N
Pinhole

Figure 11. Phase-Doppler measurements in two-phase flows

Irrespective of the shape of the fringes, the derivation by Durst and Zaré [11]
revealed that the resultant frequency due to the fringes crossing a mask in front of the
photodetector is given by an equation that is independent of the photomultiplier location:

)
e i[Ul cosﬂiU” sin ﬁ]sin(p

This equation indicates that the frequency of the resultant signal is sensitive to the velocity
components perpendicular and parallel to the axis of the two incident beams respectively.
For most practical cases, however, the angle fis fairly small and, hence, the term U] sin Sis
small in comparison to the term U_cos fso that the evaluation equation reads
2U  sing

A

Vv, =
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The angle S is a function of the angle between the two incident beams and the ratio of
detector distance to particle diameter. For large values of L/R. where L is the detector
distance and R is the particle radius, the angle f tends to zero: B also decreases with
decreasing angle @ The same arguments apply to light beams refracted by transparent
particles. In this case. linear interference fringes result in the forward direction and the
Doppler frequency is not dependent on the velocity component parallel to the axis of the
two incident light beams. The equation for the Doppler frequency reads in this case

(

B i b
vl 2, (sing—sin B) i
A

In addition to measuring the particle velocity. phase Doppler systems also permit
the measurement of particle size by measuring the phase difference between signals trom
iwo detectors. as indicated in Fig. 12. The resultant equation used to deduce the particle
diameter from the measured phase difference depends on the location of the photodetector
with respect to the transmission optics, i. ¢. W hether reflected or refracted light is used for
signal detection. Hence information of the kind shown in Fig. 13 is obtainable with phase-
Doppler systems at every location in a flow field. Therefore, particulate two-phase flows
can be studied by phase-Doppler anemometry.
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Figure 12. Principle of operation and sketch of optics of a
phase-Doppler anemometer
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Figure 15. Refractive index measurements using extended phase-Doppler anemometer

The phase-Doppler method has also been extended to yield information on the
refractive index of the light refracting particles in a flow. Extended phase-Doppler
anemometers have been suggested for this purpose using four detectors located in different
directions. This is indicated in Fig. 14, which also provides the equation used for particle
refractive index measurements utilising the ratio of two phase difference measurements.
Results of application of an extended phase-Doppler system are shown in Fig. 15.

Without any doubt, phase-Doppler anemometers work best with spherical particles.
The application of PDA systems could Jead to interesting results on laminar and turbulent
particulate two-phase flows. Fluid mechanics research should concentrate on using the
phase-Doppler anemometers that are available rather than placing emphasis on the
extension of existing phase-Doppler anemometers to yield information on particle material,
measurements of non-spherical particles, etc. '

There have been numerous contributions to the development of phase-Doppler
anemometry and a good summary of the earlier work was given by Hirleman [12], with
useful later contributions by Naqwi et al. [13] and Gouesbet et al. [ 14].

PARTICLE IMAGE VELOCIMETRY AND
OTHER FIELDS

When flows are described in terms of the local time varying velocity field, i. e. as
U(x, 1), there are basically two ways to analyse experimental and/or numerical data.

e Local analysis: This approach fixes the measuring location x, = constant and analyses
the velocity data as a time series. This is the usual way in which hot wire and laser
Doppler anemometers are operated.
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e Spatial analysis: This approach fixes the measuring time 7 = constant and analyses the
velocity data as a distribution of velocities in space. This is the usual way in which
particle image velocimetry works. )

X, (1)

/ Image Plane

()

Figure 16. Pulsed illuminating beam and photographic image plane

Particle image velocity (PIV) uses an optical set-up of the kind shown in Fig. 16,
as described by Adrian [16]. Field information results are sketched in Fig. 17. In the
illuminated plane of thickness 4s, all those pairs of components of the velocity fields are
recorded that were represented by a scattering particle and fulfilled the following
requirements:

e the particle was large enough to scatter sufficient light to yield a good record of the
particle,

e the particle was small enough, considering its size, density and shape, to follow the
flow,

e the velocity component of the particle perpendicular to the light sheet was small so that
the following relationship holds:

As
D e—
Al
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where U = velocity component perpendicular to light sheet. As = thickness of illuminated
sheet and A = time between particle images. Hence conditional information on the velocity
field is obtained.
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Figure 17. Flow against a vertical plate visualised by smoke
and velocity distribution measured by PIV, results by Uemura et al. |15]

Another method that should be mentioned as a field method is Doppler global
velocimetry (DGV), e. g see Meyers and Lee [17]. With this technique the absorption
properties of iodine are used to obtain direct Doppler shift information for the scattered
light optical systems of the kind shown in Fig. 18.
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Figure 18. Sketch of optical arrangement of Doppler global velocimeter,
Meyers and Lee [17]

" DEVELOPMENT OF FINITE VOLUME SOLVERS

Computational methodelogy

The governing equations of fluid mechanics given in the introduction are a set of
partial differential equations. For solving turbulent flows in industrial applications these
equations are often combined with a statistical turbulence model, e. g the standard k-&
model. The complete set of equations can be brought into a common transport equation:

00  J 0P
LA R
g or  ox, A ® ox,

1

:an)v (4)

where @ denotes the transport variable, x; the i-th Cartesian coordinate, u, the i-th Cartesian
velocity component in the rotating reference frame, p the density of the fluid, 7, the
diffusivity of @, and S, the source term of @. Table 1 gives the values of @, I', and S,, for
all transport equations applied in the model. This equation is applicable to both a stationary
and a rotating frame of reference. The velocity vector in a stationary reference frame U and
the velocity vector in a rotating reference frame u are related by U=u + @ X x where @ =
(@), w,, ws) represents the angular velocity vector and x= (@, @, @;) the position relative
to the rotation axis.

The numerical solution method is based on a fully conservative finite volume
discretization on non-orthogonal boundary fitted grids with a non-staggered arrangement of
the variables. Second order discretization is used for all terms (central differences, linear
interpolation) together with flux blending and a deferred correction approach for the
convective fluxes.

20



Oka. S., Melling. D.: Development of Experimental and Numerical Methods of Hydrodynamics ...

Table 1. Transport variable @, diffusivity I and source term S, for all transport
equations applied in the model. Additional relations and constants not mentioned
in the text: 1, — ¢ p(k> €. ¢, = 0.09. ¢ = 1.0. 0, 13.¢,=144. ¢, 1.92
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Based on the continuity equation, a pressure correction equation is derived
according to the SIMPLE algorithm. The linearized equations for the velocity components,
the pressure correction and other scalar variables are assembled and solved sequentially.
where the ILU approach of Stone is employed as a linear system solver. Outer iterations are
performed to take into account the non-linearities, the coupling of the variables, and the
effects of grid non-orthogonality, which are treated explicitly in all equations. In the case of
unsteady computations. the discretization of the time derivatives is done by a three time
level, second order fully implicit scheme.

Block structured grids, where the blocks are globally unstructured but the grids are
locally structured. are used as they can be viewed as a compromise between the high
geometric flexibility of fully unstructured grids and the high numerical etficiency achieved
on globally structured grids. The coupling of the blocks along the block interfaces, i. e. the
transfer of information among neighboring blocks, is realized by adding auxiliary control
volumes along the block interfaces containing the corresponding boundary values of the
neighboring block. To ensure the coupling of the subdomains, the boundary data in the
auxiliary control volumes of neighboring blocks is updated after each inner iteration of the
iterative linear system solver. More details can be found in [18, 19].

The numerical simulation of practically relevant flows often involves the handling
of complex geometries and complex physical and chemical phenomena, requiring the use of
very fine grids and small time steps in order to achieve the necessary numerical accuracy. In
recent years, intensive research has been undertaken to improve the performance of flow
computations in order to extend their applicability to a cost effective solution of practically
relevant flow problems. These improvements concerned both acceleration by the use of
more efficient solution algorithms such as multi-grid methods and acceleration by the use of
more efficient computer hardware such as high performance parallel and vector parallel
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computers (see paper by Breuer er /. in this issue). Care has to be taken in order to benefit
from both the efticient numerical techniques and parallel computing. In the present method,
high numerical efficiency is obtained by a global nonlinear multi-grid method with a
pressure correction smoother also ensuring only slight deterioration of the convergence rate
with increasing processor numbers. The results presented here illustrate that the high
performance of the underlying sequential multi-grid algorithm can be largely retained in the
parallel implementation.

The three dimensional tlow around a circular cylinder in a square channel at
Re = 20 was considered; this represents one of the test cases for benchmark computations
gathered at LSTM-Erlangen. The problem was computed with the multi-grid method with
nested iteration for different grid sizes, where the coarsest grid with 768 CVs and up to five
arid levels were used. With increasing number of fine grid CVs, the number of processors
was also increased (not linearly). In Table 2, the computing times and numbers of fine grid
iterations are given for the computations, and for comparison the corresponding values for
the single grid computation are also indicated.

Table 2. Computing times and numbers of fine grid iterations (in

parentheses) for single grid (SG) and full multi-grid (MG + NI) methods

with corresponding acceleration factors (with respect to computing time)

for different numbers of processors and control volumes for the flow
around a circular cylinder

6144 CV 49152 CV 393216 CV 3145728 CV
Method RI=f| RIS Ri=i32 Ri=1128
SG 1679 (58) 6041 (207) 40604 (675) -
MG + NI 624 (25) 783 (27) 1738 (26) 2630 (25)
Acceleration factor " 257 70 23.4 l > 70

Several conclusions can be drawn from the results. The multi-grid method is
significantly superior to the corresponding single grid computation. Whereas the single grid
method shows a typical linear increase in iteration numbers with grid refinement, the
iteration numbers for the multi-grid method change only slightly. When the number of
processors is increased with an increasing number of control volumes, the multi-grid
method gives a very good scale-up in the computing time. Because of the increase in
iteration numbers caused by the decoupling due to the grid partitioning this is not the case
for the single grid computations. If one compares, for instance, the results for P = 8 and
P = 32, which correspond to grid sizes per processor differing by a factor of two, one can
see that a good parallel efficiency is obtained. We have scale-ups of 97% for SG and 90%
for MG + NI. The lower value when using MG is due to the increase in work on coarser
grids, where the portion of communication relative to the arithmetic operations is larger.
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Examples for the solution of engineering problems

The CFD techniques developed at LSTM Erlangen have been used for the solution
of a large variety of practical applications. e. g.:
e side wind effects on high speed trains, [20, 21]
e turbulent flow in stirred vessels, [22 - 24]
e fluid-structure interaction for civil engineering applications, [25, 26]
e flow and heat transfer in the melt of a Czochralski crucible, [27 - 30]
e turbulent flow around bluff bodies. [31 - 36]
e heat transfer of hot wires in near wall configuration, [37, 38]

These examples include internal and external laminar as well as turbulent tlows.
For the turbulent case all three relevant techniques are applied, namely Reynolds averaged
Navier-Stokes equations (RANS), direct numerical simulation (DNS), and last but not least
large eddy simulation (LES). In the present paper one example for a laminar flow and one
example for turbulent case including heat transfer are considered in detail.

Flow and heat transfer of hot wire in near wall configuration

Hot wire near wall correction plays an important role in flow measurement. Since
several decades. it is not clear in the literature whether no correction, a small positive
correction or a negative correction is needed in the case of walls consisting of poorly
conducting materials. The physical mechanism concerned also remains not fully understood.

At LSTM Erlangen, a detailed numerical investigation of the two dimensional
laminar flow and heat transfer around a single circular cylinder located close to walls of
different materials was performed to study the hot wire near wall correction. The conjugated
heat conduction in the solid wall was taken into account to bridge the discrepancy between
the previous theoretical models and the practical situation. Simulations were carried out for
several realistic wall materials (aluminium, with thermal conductivity ratio to air
k =k, k., ~9186; glass, k'=29.6: plexiglas, k'~7.2) and some theoretical materials with
k=1. 0.1, and 0.01, respectively. The computed results show good agreement with
experimental data in the literature. Accurate correction curves for hot wire anemometers
were obtained with respect to different wall materials. Based on the present study, the
physical mechanism of the wall effect has been revealed and the existing confusions can be
clarified.

The predicted velocity corrections expressed by the correction factor Cy=Uy/Uappa
are presented in Fig. 19 for walls consisting of mirror glass and plexiglas (poorly
conducting materials). Here U, is the actual and U,,, the apparent velocity value,
respectively. As demonstrated, the velocity correction curves can be divided into three
regions: (a), no correction (Cy = 1) (b), negative (C;; > 1) and (c), positive (Cy < 1)
corrections with respect to different wire to wall distances. This phenomenon could also be
clearly recognized in some experimental data (see Fig. 19) in the literature but was ignored
up to now.

o
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Figure 19. Comparison of numerical and experimental values of the
velocity correction factor Cy in cases of walls with low conductivities
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Figure 20. Schematic temperature influence region of a hot-
wire and the heat exchange process between the fluid and
the solid wall at various wire to wall distances Y*

By means of dimensional analysis and according to the temperature isolines both in
the flow region and in the solid wall, the physical mechanism (sketched in Fig. 20) for the
distinct correction behaviour can be understood. Neglecting the shear effect, a parabolic
expression for the temperature influence region of a wire in the near wall measurement is
obtained:
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When a hot wire comes close to a wall below a certain value of }" . heat transter
from the fluid into the wall material occurs at the interface between the temperature
influencing region of a hot wire and the solid wall. The heat flux from the fluid is then
conducted both in the upstream and downstream directions in the solid wall and fed back
into the flow when the fluid temperature is lower than that in the solid wall. In case (a), this
,temperature influencing region-wall” interaction occurs far away downstream from the
wire location and the heat .feed-up* through the wall conduction has no evident effect on
the hot wire heat loss due to large values of } . As a result, no correction is required (Cy =
1.0). In case (b), the interaction between the temperature influencing region and the wall
oceurs at a smaller distance downstream of the wire. the feed-back heat flux from the
upstream conduction in the wall warms up the oncoming fluid which will flow over the
wire. As a result, heat loss from the wire is reduced, i. e. C;;> 1. In case (c), the parabolic
influencing region collides with the wall in the proximity of the wire location. The heat loss
from the wire is significantly enhanced due to the much higher conductivity of the wall
material compared with the fluid. The enhancing effect becomes dominant over the
restraining effect arising from the heat ..feed-up™. Thus, positive corrections are observed
(Cy < 1). In conclusion, based on this detailed numerical study, a long existing confusion on
hot wire near wall corrections was finally resolved (see also [37] and [38]).

Buoyancy driven flow in a Czochralski crucible

Czochralski (CZ) crystal growth is one of the most popular methods of producing
large single crystals for electronic and photonic devices. Most industries producing silicon
crystals, 11I-V crystals and crystals of oxide materials use the CZ process. Due to the
importance for the single crystal production and its technological impact on the semi-
conductor industry, there have been extensive research studies in the past couple of decades
for thorough fundamental understanding of mechanisms governing the Czochralski process.
The objective has been to improve as well as further optimize the process for larger crystals
(e. g, 0.3 - 0.4 m diameter) of high quality.

It has been pointed out by several researchers that the fluid flow in the Czochralski
melt plays a major role on the crystal quality; the fluid flow in the CZ melt is the single
most important phenomenon controlling transport of species such as oxygen and, in turn,
purity of the crystal. The flow in the silicon melt is governed by several interacting forces
such as buoyancy, Coriolis and centrifugal forces. The melt is maintained above the
solidification point through controlled heating of the crucible which results in thermal
buoyancy in the melt. In order to homogenize the thermal asymmetries resulting from
external heating, the crucible is rotated. The uniformity at the crystal/melt interface is also
improved by rotating the crystal while pulling to generate von Karman-Cochran centrifugal
flow with its constant boundary layer thickness. The most important and interesting aspect
of the flow in a CZ melt is the breakdown of the axisymmetric nature of the field leading to
a host of interesting alternative flow patterns including non-periodic time dependent flows.

[\e]
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The fluid flow and heat transfer in an industrial Czochralski melt was analyzed by
solving the time dependent three dimensional Navier-Stokes equations on curvilinear
boundary fitted grids in a rotating frame of reference. The numerical methodology
implemented in FASTEST-3D was extensively validated based on two different test cases
[27. 29]. In order to represent the ellipsoidal crucible. a grid with about 1.73 million control
volumes was generated in six blocks. Using the natural advantage of block structuring,
computations were carried out on a parallel vector machine (NEC SX-4) with an optimal
load balancing efficiency of 100% using four processors with a total performance of about
3.0 GFlops. The simulation shown here was pertormed for a laboratory scale crucible with a
diameter ,=0.339 m and height /. =0.1 m. while the crystal has a diameter H.=0.1 m. The
crucible rotates with an angular velocity of €2 = 5 rpm. whereas the crystal rotates in the
opposite direction with £2 = -20 rpm. A measured temperature distribution was prescribed
at the crucible walls, while at the crystal/melt interface the solidification temperature was
assumed. At the free surface of the melt. surface tension was not taken into account and heat
loss took place by radiation. The most important non-dimensional parameters for this flow
are the Rayleigh number Ra = 5.3-10°, the Reynolds number Re = 7.9 10" and the Prandtl
number Pr = 0.0106. which is very low for liquid silicon.

Simulations of the tlow field were performed with and without a buoyancy
extended k-¢ turbulence model. It was found that this turbulence model suppresses the fluid
mechanical instabilities caused by the interaction of buoyancy. centrifugal and Coriolis
forces leading to an axisymmetric flow and thermal tield. while the simulations without any
turbulence model (semi-DNS: The synonym .semi-DNS™ implies a fine computational grid.
which, however. is insufficient for the resolution of all scales down to the Kolmogorov
length) were found to predict the three dimensional and time dependent features of the melt
flow well. As an example. Figs. 21 and 22 show the instantaneous flow structure and
thermal field in a horizontal and a vertical cut through the centre of the crucible.

Figure 21. Three dimensional, time dependent turbulent flow visualized
by LIC (left) and temperature distribution (right) in an industrial
Czochralski crucible, horizontal plane directly below the free surface
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Figure 22. Three dimensional, time dependent turbulent flow visualized by
LIC (left) and temperature distribution (right) in an industrial Czochralski
crucible, vertical plane through the centre of the crucible

As expected from experimental observations. the predicted flow and temperature
field is highly non-axisymmetric consisting of multiple vortices and buoyant plumes which
rise from the bottom of the crucible up to the free surface visible in Fig. 21. Looking at
animations of the simulations leads to the conclusion that these plumes rotate with an
angular velocity similar to the crucible rotation rate €2, Strong temperature fluctuations are
also observed in the vicinity of the crystal which may influence the growth rate and finaily
the quality of the single crystal. Unfortunately, it is very difficult to measure the temperature
distribution in the entire liquid melt. Therefore. comparisons between predictions and
measurements are restricted to selected locations in the crucible. For that reason. the time
history of the temperature at several positions in the melt was actually recorded in order to
compare with measurements carried out by the Institute of Materials Science. University of
Erlangen-Niirnberg. Based on mean values. standard deviations and spectra of the measured
and predicted signals, a detailed validation of the computational approach can be
performed. Preliminary results point out a reasonable agreement between measurements and
predictions. Since the computations provide three dimensional. time resolved data of the
entire melt flow, they are a very powerful tool for the analysis of the Czochralski system. In
the future, the oxygen transport in the melt will be additionally taken into account in order
to investigate this important phenomenon for the quality of the growing crystal (see also
[27-30]. Additional applications and interesting results are presented in the paper by Breuer
et al. in the present issue.

CONCLUSION

In this review we have shown that fluid mechanics research has a long history and
was initially embedded in fields such as mathematics and physics. Hence, basic equations of

27



THERMAL SCIENCE: Vol. 5 (2001). No.I. pp. 5-31

fluid mechanics were available at the end of the 17" and the beginning of the 18" century.

but the equations could not be solved for engineering types of flows. The necessary methods
were developed out in the second half of the 20" century to yield experimental and
numerical techniques which can now be used to investigate laminar and turbulent flows.
. There is basically no flow these days below a Reynolds number of 50 000 which cannot be
studied in detail by either experimental or numerical techniques. Higher Reynolds number
flows, however, cannot be investigated in detail because the available experimental
techniques cannot resolve the velocity gradients and numerical methods require computer
powers that are not yet available to solve directly the Navier-Stokes equations. Turbulence
at high Reynolds number is the only remaining basic problem to be solved in fluid
mechanics. Low Reynolds number flows can be investigated with the methods that have
been developed in the second half of the 20" century.

Without any doubt, developments of experimental and numerical methods will
continue in the years ahead. There will be a change in fluid mechanics research, however, as
can already be observed today, towards the application of methods to study tluid flows. The
golden age of fluid mechanics has started. Fluid flows can be studied using well developed,
currently available experimental and numerical techniques.
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