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ABSTRACT

The development of fluid mechanicsis briefly reviewed and the importance of fluid flows to heat and mass transport
in nature as well as to 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 18" 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 that are available today were also developed.

Fig. 1 provides a chronological summary of important scientists in fluid mechanics. It gives an impression when
certain contributions to the subject were made, but measuring techniques are not covered in this figure. Various
measuring techniques will be reviewed in the paper emphasising those techniques to which the author and his co-
workers were able to make recognised contributions.

The presentation summarises the development of flow visualisation, laser Doppler anemometry, phase Doppler
anemometry, particle image velocimetry, etc. and demonstrates their applicability to carry out detailed studies of
laminar and turbulent flows.

Archimedes Sextus Julius Frontius Leonardo da Vinci
(287-212 v. Chr.) (40-103 n. Chr.) (1452-1519 n. Chr.)
ileo Galilei
vangelistla Torricelli Wiliam Froude Pei-Yuan Chou
L e p— 1 A L . ) 1
Blaise Pascal Robert Manning Andrei leolaewch Kolmogorov
—_— S
Isaac Newton Georg Gabrlel Stokes Herrmann SCh|ICht|ng
_—
Henri de Pitot Ernst Mach Klaus Oswatltsch
Daniel Bernoulli Ludwig Boltzmann Development of Experimental
Leonhard Euler Osborne Reynolds and Numerical Methods>
| 1 1
Jean le Rond d'Alembert Jc|>hn William Strutt Lord Rayleigh
1 1
Antoine Chezy Vincenz Strouhal

I
Joselph de Lagrangle Nikolay Egorovich Zhukovsky
Giovanni Battista Venturi  Wilhelm Martin Kutta

Pierre-Simon Laplace  Edgar Buckingham

Louis Marie Henri Navier Moritz Weber Application of Experimental
_ Ce

Augustin Louis de Chauchy Ludwig Prandtl and Numerical Methods

Adhemar J.C. Barre de Saint- Venant LOUIS Ferry Moody
Gotthilf Helnrlch Ludwig Hagen Theodor von Karman
> Jean LCIiUIS P0|seu1II|e IPaul Richard He}nrlch Blasius
Henri Philibert Gaspard Darcy Geoffrey Ingram Taylor
Julius WeiRbach Richard Becker
Georg Friedrich Bernhard Riemann I: Sydney Chapm:an

600 1700 1800 1900 2000 2100

Fig. 1. Historical developments of fluid mechanics

Development of

Basic Equations




1. 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 nature 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. Fluid flows are vital to plants,
animals and people living on the Earth, asindicated in Fig. 2.

The technical importance of fluid flows is also observable in many engineering fields where heat and mass transfer
processes are strongly controlled by fluid motions. The conversion of chemically bounded energy into heat by
premixed combustion is mainly controlled by the flow transport of the chemically reacting species and, as Fig. 3
shows, there is other technically relevant equipment that would not function without fluid flows within it. Hence fluid
flows are also essential to all fields where engineering equipment is employed.
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Fig. 2. Importance of fluid flowsin nature Fig. 3. Importance of fluid flows in fields of technol ogy

The above introductory remarks that underline the importance of fluid flows might explain why fluid mechanics has a
long history and goes back as long as historical records of human culture exist. However, as far as the subject as a
science is concerned, it only dates back to the 17" century. Although there were contributions by Archimedes and
Sextus Julius Frontius to the subject, aswell asthe first flow visualizations by Leonardo da Vinci, fluid mechanics as
a science really began with Galilel. This is indicated in Fig. 1, which shows the long list of researchers who have
contributed to the subject over the last four centuries.

Among the fluid mechanics scientists of the 17", 18" and 19" centuries one finds the names of famous
mathematicians and physicists, indicating that fluid mechanics as a basic engineering subject is fairly new if one
looks at it in a historical time 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. Thiswill also remain so in the future.

Major contributions to the scientific development were made by Newton, Euler, Lagrange, Navier and Stokes, by
contributing to the derivation of the basic equations of fluid mechanics. If one looks at the dates in Fig. 1, one can
see that by the end of the 18" century, the equations of fluid mechanics were basically known in the general form
given below for ? = constant:

Continuity equation: ﬂ_r+M: 0
1t x;
Momentum equation (j =1, 2, 3): r%ﬂ_}_&?:r ,_E-ﬂt_ii t. =- %+&9
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For ? = 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 to obtain them exist and,



because of this, all fluid flow problems seem to be solvable if the appropriate set of initial and boundary conditions
exist.

In spite of the fact that these equations were known by the end of the 18" century, solutions to them could not be
obtained because of the lack of solution methods. 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 owing to
tremendous advancements in developments of numerical methods and also to huge developments in computer
power. As Fig. 4 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 to be obtained for a number of engineering problems.
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Fig. 4. Speed-up of numerical computations due to numerical methods (a) and increase in computer power (b)

The above-mentioned devel opments and the second half of the 20" century brought about numerical solutions to the
above set of equations of fluid mechanics. In the same way, the second half of the 20" century also brought about
tremendous developments in the field of experimental fluid mechanics. The development of fast electronic
components, lasers, integrated optics, various sensors, micro-techniques, etc., has resulted in a wide range of
developments of measuring techniques that are now available for studying fluid flows. The present paper
concentrates on the development of optical techniques such as photography and 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 the author’s research group initially at the
University of Karlsruhe and later at the University of Erlangen-Nurnberg.

2.FLOW VISUALIZATION: PHOTOGRAPHY AND CINEMATOGRAPHY

It is a matter of opinion of the observer to define clearly where and when fluid mechanics as a science started.
However, if one looks at the first contribution that had an impact on the subject asiit is treated today, it is the flow
visualisation carried out by Leonardo da Vinci (1452-1519) that can be considered as the start of experimental work
based on the visualisation of flows. 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. 5, which compares photographic records of flows with the early sketches of observed vortex
motions by Leonardo da Vinci.

The presentation of numerical results in terms of path, streaks or streamlines makes clear that the visualisation of
these features of a flow is still considered to be very useful for understanding flow structures and their effects on
flow obstructions. Hence flow visualisation is still a very important means of obtaining an insight into the physics of
fluid flows.



Fig. 5. Flow visualisation is the start of good fluid mechanicsresearch

A summary of flow visualisation results is given in the Album of Fluid Motion assembled by van Dyke [1]. This
assembly of pictures makes clear 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. Hence, to obtain
results in the terminology of the basic equation of fluid mechanics, flow visualisation techniques are difficult to use.
Nevertheless, they provide a good physical insight into the flow so that it has become common practice also to
extract flow visualisation-like information from results of flow predictions, e.g. see Fig. 6.

Fig. 6. Flow visualisation based on results of numerical flow predictions

The impressive pictures that flow visualisation provides often makes the flow researcher forget that it is very difficult

to interpret correctly the resultant flow motions. Thiswas outlined by Hama [2] and demonstrated by Eckelmann [3],
from which the example below 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. Thisis partially due to the fact that these days complex flows are being



studied that yield complex flow visualisation pictures. In addition, modern fluid mechanics is interested in turbulent
flows and mainly aims at quantitative information. Thisis difficult to obtain by flow visualisation.
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Fig. 7. Demonstration of complex flow information in path, streak and stream lines

3. 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 was intrusive, yielding flow disturbances that are
unacceptable in recircul ating flows. These shortcomings of hot-wire anemometry triggered new developments. Laser-
Doppler anemometry emerged from these development efforts, providing new meansto study fluid flows.

Laser-Doppler anemometry is a well documented measuring technique, e.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. seevan de Hulst [7] and Kerker [8] and Hjelmfelt and Mockros [9]. These basic requirements for LDA scattering

particles are summarised in Fig. 8.

From the many scattering mechanisms that can be employed to deduce the local particle velocity from laser frequency
shift information, e.g. see Durst [10], the dual scattering beam laser-Doppler effect has shown to be the most efficient
and most robust for usein LDA velocity measurements. Hence optical systems of the fluid shown in Fig. 9 are these
days employed to measure local flow velocities by laser-Doppler anemometry. Multi-component measurements, as

indicated in Figure 10, are available.



Light scattered by tracing particles
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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 weli. They must also be chemically and physically stable,
non-poisonous, cheap, easy to get, etc.

Fig. 8. Scattering particles with high scattering efficiency and good flow vel ocity response
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Fig. 9. Dual-beam laser-Doppler optical system

Fully developed systems to carry out laser Doppler measurements are now available and can be applied to carry out
flow measurements that are not feasible with any other fluid flow measuring technique. Fig. 11 shows a channel flow
test facility providing a fully developed channel flow. With the help of a laser-Doppler anemometer, detailed flow
measurements were carried out, yielding the vel ocity information sketched in Fig. 11. Analysing these datareveaed a
Re dependence of the wall value of the turbulence intensity, asshownin Fig. 12.
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Fig. 10. Two-component laser-Doppler optical system
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Fig. 11. LDA investigations of turbulent channel flows
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Fig. 12. Wall values of tubulence levelsin fully devel oped channel flows

It isinteresting to note that at present the Reynolds-number dependence of the wall value of the turbulence intensity
is not understood. However, experimental and numerical studies show this dependence. The difference between the
experimental and numerical results cannot readily be explained. It is possibly due to the finite size of the
computational grids and the finite size measuring control volume of the LDA systems employed. The evaluation of
the final data requires finite size volume corrections to be applied. It is worth noting that the experimental datain Fig.
12 were obtained with optional systems showing size differences of their measuring control volumes.

4. 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 agiven 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.
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Fig. 13. 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:

Ny :IE[UA cosb +U  sin bsinj

This equation indicates that the frequency of the resultant signal is sensitive to the velocity component
perpendicular to the axis of the two incident beams and also to the component parallel to it. For most practical cases,
however, the angle b isfairly small and, hence, theterm U, sinb is small in comparison to the term U~ sinb so that the
evaluation equation reads
2U, 9nj
ng (@—I J
Theangleb is afunction 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 b tends to
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zero; b also decreases with decreasing angle j . 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 readsin this case

U, (sinj - snb)
|

In addition to measuring the particle velocity, phase-Doppler systems also permit the measurement of particle size by
measuring the phase difference between signals from two detectors, as indicated in Fig. 14. The resultant equation
employed to deduce the particle diameter from the measured phase difference depends on the location of the
photodetector with respect to the transmission optics, i.e. whether reflected or refracted light is used for signal
detection. Hence information of the kind shown in Fig. 15 is obtainable with phase-Doppler systems at every location
inaflow field. Therefore, particulate two-phase flows can be studied by phase-Doppler anemometry.
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Fig. 15. Typical result of local time and velocity measurementsin sprays

The phase-Doppler method has also been extended to yield information on the refractive index of the ligh- refracting
particlesin aflow. Extended phase-Doppler anemometers have been suggested for this purpose using four detectors
located in different directions. This is indicated in Fig. 16, which also provides the equation employed for particle
refractive index measurements utilising the ratio of two phase difference measurements. Results of application of an
extended phase-Doppler system are shownin Fig. 17.
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Without any doubt, phase-Doppler anemometers work best with spherical particles and that is also where they
should be applied. The application of PDA systems to study two-phase flows could lead to interesting results on
laminar and turbulent particul ate two-phase flows if the available phase-Doppler anemometers were to be employed
to their optimum extend. The time has come when fluid mechanics research should concentrate on the employment of
the phase-Doppler anemometers that are available rather than placing emphasis on the continuous 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 devel opment of phase-Doppler anemometry and a good summary of
the earlier work was given by Hirleman [12], with useful later contributions by Nagwi et al. [13] and Gouesbet et al.

[14].

5. PARTICLE IMAGE VELOCIMETRY AND OTHER FIELDS

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

Local analysis: This approach fixes the measuring locationx = constant and analyses the velocity data as atime
series. Thisisthe usual way in which hot-wire and laser-Doppler anemometers are operated.
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Spatial analysis: This approach fixes the measuring time t = constant and analyses the velocity data as a
distribution of velocitiesin space. Thisisthe usual way in which particle image velocimetry works.
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Fig. 19. Flow against a vertical plate visualised by smoke and velocity distribution measured by PV,
resultsby Uemura et al. [ 15]

Particle image velocity (PIV) employs an optical set-up of the kind shown in Fig. 18, as described by Adrian [16].
Field information results are sketched in Fig. 19. In the illuminated plane of thickness Ds, all those pairs of
components of the velocity fields are recorded that were represented by a scattering particle and fulfilled the
following requirements:

enough light is scattered by the corresponding particle to yield a good record of the particle, hence the particle,
was large enough to be seen;
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the particle had good properties, size, density and shape to follow the flow, hence the particle was small enough
to follow the flow;

the velocity component of the particle perpendicular to the light sheet was small so that the following
relationship holds:
where U = velocity component perpendicular to light sheet,

Ds ) ) )
U. EE Ds = thickness of illuminated sheet and

Dt = time between particle images
Hence conditional information on the velocity field is obtained.

Another method that should be mentioned as a field method is Doppler global velocimetry (DGV), eg. 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 shownin Fig. 20.
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Fig. 20. Sketch of optical arrangement of Doppler global velocimeter,
Meyersand Lee[17]

Rayleigh scattering, laser-induced fluorescence, etc., are other techniques that have been suggested, developed and
built to yield field information on flows. However, al these field methods have not yet reached the stage of
development where they can readily applied in fluid flow studies to yield detailed information on laminar and
especially on turbulent flows.

6. CONCLUSION

In this review we have tried to show that fluid mechanics research has along history and was initially embedded in
fields such as mathematics and physics. Hence, basic equations of 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 developments of methods were carried out in the second half of the 20" century to yield those
experimental and numerical techniques which can now be employed 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. It is worth noting, however, that higher Reynolds number flows cannot be
investigated in detail because the available experimental techniques cannot resolve in a sufficient way the velocity
gradients that occur in such flows and numerical methods require computer powers that are not yet available to solve
directly the Navier-Stokes equations. Hence 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 methods will continue in the years ahead. Development of
numerical methods will also continue but one should be aware that there will be a change in fluid mechanics research,
as can already be observed today, which will be directed towards the application of methods to study fluid flows
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rather than to emphasise their development. The golden age of fluid mechanics has started. Fluid flows can be
studied using fully developed experimental and numerical techniques that are currently available.
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