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ABSTRACT Since Leoaardo da Vinci advocated the experimental method during the
Renaissance era, 8 gradual change toak place from the purely philosophical science
wward the observational (namely experimental) sclence of the present day. Various

flow ques are with their approp P
Examples are presented 1o demonstrase how results obeained by flow visualization has
been i in di: ing new flow p ‘which served as the basis in the
development of natural laws, di i p or for the of
concepts and theories,

1. Inreduction
A nanaral bei | methods, thearetical methods, or

a combination of the two, The farmer can be classified ino two kinds: flow measuremnent and
visualization each with its own merit as well as shomcomings [1]. Results obsained by means
of flow measurements are local at the point of a probe, but are quantiacve. In contrast, the
merit of flow visualization is global in nansre but suffers from being qualiative. With the
advent of digital computers and image processing techniques, the results of flow visuali
today have higher quality and can be made in larger quantities [2). Digital computers have
made it possible so solve rather complex flow phenomena with results present in graphical form
with the aid of computer graphics. This approach is named numerical flow visaalization to
listinguish it from flow visualization that follows th ional approach. A
combination or hybrid of the rwo meshods is obtained experimentally by solving the flow
equations and appropriating initial and boundary conditions with some boundary conditions,
which are difficalt to define.

Recently, the divergence of this field, flow visualization, began based on the professional
arcas of applications: Medical vision refers 1 the application in medicine and surgery 10 2id i
diagrosis and treatment [2], for example, computed womography (CT), positron emission
tomography (PET), nuclear magnetic resonance (NMR), or magretic Tesonance imaging
{MRI), just to name a few. Heat transfer visualization, which on applications in
heat transfer field is just at its early ssages. A brief histary of flow visualization is available in
Cheng [3).

“This paper presants the role of flow visualization in ransport phenomena. In general,
transport phemomens refers 1o the tansfer of physical properties such as materials, energy,

momentam, neutrons, clectrons, and others. Here, only fluid flow phenomena are treated.
Various flow visualizstion techniques are introduced. Historical eveats on the use of flow
visualization are cited, which led 1 important flow C jeations
including boeh the experimental and numerical flow visuslization techniques. Future

erends are also predicted.
2. Methods Of Flow Visualization

The classification of flow visualizati iques may be somewhat different depending
wpon researchers. That listed in Table 1 is most common [1). It classifies the technigues i
four categories: wall tracing, tuft, wacer, and optical methods. Each group consises of a
number of different sub-methods, depending on the manner of insallation, substances,

eic. The wall tracing method enables the of certain flow st

chose 10 o solid wall be it laminar, turbulent or scparated flow pattern. This can be achieved by
ereating or coating the wall with a centain material : liquid film, sublimation, ihermosensible
pains, electrolytic etching. and soluble chemical film. This method reveals flow patiem inside
the wall boundary layer to be laminar, narbalent or separated flow. The usft method is 1o attach
e ead of nylon o cotton yamn onto the wall. It includes the surface wuft for a shallow flaw
boundary layer and the depth wlt for & deeper one. The behavior of the wft indicates flow
characterigtics 1o be laminar, urbulent, or separated flow. The characteristics of an external
flow can be revealed by means of nft grid consisting of & grid of wires attached with tafis,
The grid is placed nommal o the flow whose pattern is observed from downstream,

Table 1: i flow visualization methods
Type
Liquid film
Seblimation
Thermosensible paint
Electrulytic ciching
Soluble chemical fiim
Tt Surface wft

Tedigrid

Depth st

Traces
Darect injection Solid particles

“The tracer method is most suitable for the observation of whele flow field. It can be
classified into direct injection, chemical reaction, and electrical methods. The direct injection
mecthod is historically the first means used in flow visualization, by additon of foreign
materials ineo liquid or gas flow. It inclades the release of dye, smoke , or solid pamicles inwo
the fluid and the addition of bubbles into a gas stream. One can observe sreamlines, streak
lines, and path lines. The chemical method is to produce a tracer, typically a dye, by chemical,
electrolytic, and photochemical methods. The electrical method is 1o prodisce gas bubbles as &
tracer in & liquid flow, or 1o penerate smoloe and sparks in a gassous flow.

Cermain foreign agents ane introduced into flow fields a5 a contrast medium in the above-
mentioned flow visualization methods, assuming they do not affect the original flow. In the
case of added particles, their motion is identical with that of the original flow. Anather feature
is that these flows are considered incompressible, Le., the fuid has a uniform demsity
throughout the flow field However, in a compressible flow, the fluid density in the fow field
'may change sparially, or temporarily, or both.

The optical method is pon-invasive (i.c., no foreign additive) and utilizes density variation in
the flow ficld for the obscevation of flow characteristics [4]. Figare 1 depicts the deflection
and retardation of a light beam in a non-homogensous refractive field. It is seen that the
original beam BQ) shifts 10 & new course (the disturbed beam) 8°Q7in the presence of a
dismurbance. Tt results in 3 change in the optical length, which can be determined by the integral
E;ds . Here, n denctes the index of refraction, which is equal 1o the square root of the

dielectric constant for a gas. s is the arc lengih aloag the light path. There are three physical
quantities of importance in Fig. 1:
@) lincar displacement QQ°
(i) angular displacement. 8-8"
(i} phase shift between the disharbed and original beams, @ = w”, due 1o their
different optical path lengths.
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Fig. | Deflection and retardation of a light ray in an optical disturbance.

All optical visualization methods are based on the recording of one of these three quantities or
of a combination of them. There ase three basic methods cormesponding to eases (i), (1), and
(iii): Case (i) is the shadowgraph, (i) the schlieren method, and (i) the Mach-Zehnder
interferometry. Ancther distinction among the theee methods is that (i) is sensitive o change in

the second derivative of density or s, (i) to change in the density gradient, and (iii) measures
absolute density changes.

Holography is the only method for accurately reconding a three-dimensional image of a
dynamic event. This is particularly useful in the observation of, for example, the droplet

beeakup and formation ic aspects of ion and explosive events,
and flow field amound a supersonic projectile. Holography was invented in 1947 by D. Gabor.
It is & mecan for freezing all information contained in a light wave which can be reconstruceed at
 laser time. The ional p hy records the i ion on caly the amplitde
pattern of a wave, i.e, two-dimensional projection of a three-dimensional flow scenc. In
contrast, holography records the information on both the amplirude and phase shift of a light
wave and later reconstructs this wave with the aid of an appropriase visualization sysem w0

pessoee the original three-di scenery. So. fow ion is & two-step
- first to freeze the flow scene holographically and later 1o reconseruct it with any of
the coaventional methods such as graph, schlieren, mairé, o

interferomerry. The choice of methods can be postponed. Many shadowgraphic systems
buain n schlieren phowgraph to produce a shadowgraph of the flow field with a schlicren
systean, or with a Wellaston prism to get schlicren interferometry. Holography has made scene
types of flow visualization possible that have mot been achieved by other methods.
Specifically, interferometry kas been applicd 10 compare two flow fields.

Liquid crysials can be pained or coated on a solid surface for measuring surface iemperature
o its changes, o bourdary-layer flow visualization,

The advent of high-speed digital computers has bed flow visualization methods into the
second geacration to observe flow istics both qualitatively s well as quansitati
That is, the first generation implics the ional, p peri flow
methods since the inception by da Vinel. Recently, a new approach has prevailed, which is
refermed 1o a5 numerical flow visualization. The katter is obtained by numesically solving the
MNow equations, utilizing computer graphics to present the results in graphical fonm in color or
Ibksck-and-white for easy viewing of the flow behavior. Results form the traditional flaw
visuslization techniques can be enhanced in quality and digitized with the aid of image
processing, Table 2 compuares the first and second geaeration flow visualization method. The
second generation method has foand its extensive applications in medical visions, space
exploration, and others.

Quantitative adomation
Receeding, display, and sorage for
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3. The Rale Of Flow Visualization
3.1. Firat Generation Techniques

The Renaissance marked a gradual change from the purely philosophical science toward the
observational seience of the present day. Leonardo da Viech (1452-1519) was credited with



advocating the experimental approach as was noted by his satement “... 35 | have said, we
must begin with experiment and ery through it to discover the reasoa™ [5]. He was the first wo
skesch the velocity distribution in a vortex, the formation of eddics at abrupt expansions and in
wakes, and the profiles of free jets, as shown in Fig. 2. Thus, he is considered the first person
w examine flow visualization. Uging Fig. 3 for water flow in a river, da Vinci observed that
“A river in ench part of its length in an equal time gives passage to an equal quantity of water,
whatever the width, the depth, the slope, the rougheess, the tortuosity, .7 This is a
statement oa the principle of continuity, one of the fundamental laws in ransport phenomena.

Fig 3 Water flow in a river.

The Bernoulli's theorem marked the advent of hydredynamics. Figure 4 shows typical
Bemnoullian efflux diagrams. [ Bemoulli {1700-1782) used the skeiches w state the thoorem:
For any form of vessel and any velocity, the water pressure is always equal to hyhy. Here, by
designates the height comesponding to the velocity v, with which the water should emerge
from a vertical opening after an infinite time with the vessel remaining full, and by is the height
corresponding 1o the velocity of the water v, ata place and time for which one wishes 1o know
the action. Note that the “live force™ was already known 1o he proportional to the mass and the
square of the velocity. It would yield the term presently known as kinetic energy with the
inroduction of the factor 1/2. The Bemoulli’s thearem represents the principle of conservation
of energy, namely ihe first law of thermodynamics, under isothermal conditions.

Another example of diagrams describing the observation of flow is by B. Venturi (1746-
1822). He demonstrated in Fig. 3 separation effects by means of various forms of mouth
pieces fitted 1o the office: the effect of eddies formed at abrapa changes in section and the
chanpe in discharge which would resalt from their elimination.

The famous experiment of Reynolds (1842-1912) on flow pasierns in a twhe marked the
dawn of contemporary flow visualization. A dye was injected into the flow as a tacer for the

Reynold's sketches of the ransithons from laminar 1o turbulent flow is depicted in Fig. 6.

T o nm

(a) Laminar flow

b} Turbulent flow

Fig. 6 Laminar and rurbulent flows in pipe: (a) Laminar; (b) turbulent.

Fig. 7 Flow patierns (a) a local non-uniformity in plan due to a bridge pier and abutmenss,
and {b) a bocal non-uniformity in profile at an overfall dsm

The success of coastructing hydraulic structares was originated in model studies based
Largely on flow visualization in the carly 2th century. 1t should be credited to both H. Engels
(1854-1945) and T. Rehbok {1864-1950). Figure 7 shows flow patiems constnacted from
laboratory (model) ions of (2) a local iformity in plan due 1o a bridge pier and
abumments, and (k) a local non-uniformity in profile at an overfall dam.
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Fig. § Separation effects in mouthpieces.

observation of flow paitemms. He demonstrated that the velocity, U, at which eddy motion
began varies with the tube diameter, I, and the Mleid properies (density, p, and dynamiic
viscosity,u). It yielded a fairly constant value of this parameter, called Reynolds number

defined as

Re=T— (4]

g .

It is generally agreed that the founder of present-day fluid mechanics is L Pranddl (1875-
1953). He introduced the concept, called the theory of the boundary layer, which have
essentially every aspect of boundary layer analysis and control. The concept stares
1t the study of a particulas flow phenomenon can be divided into two interdependent parts :
One is the free fluid, which can be treated as inviscid according 1o the vorticity principles of
Helmboltz, and the other is the Fansition layers at the fixed boundarics whose movement is
controlled by the free fluid, yet which in tum, give the free movement its characteristic stamp
by the emission of voriex swreets. Figure § depicts a schematic of flow visualization appararus,
which used aluminum powders as the wracer 1o demonstrase boundary-layer phenomena, ic.,
mwm of vortex smeets in the r:gluﬂ n(upunnon behind a cylinder, Figure 9 presents
hs made in a flame ing (a) the normal wake behind a
,ﬂ,w and (b) the effect of remaving the boundary through st on the upper side
{boundary-layer controd). Prandt]” sde\wlopﬂ:m of the lmxmz bength theory in tarbulent flow
in 1925 was ingpired by his flow i . Later, he the
development of turbubent spots for flow along a flat plate. Afser the observation of Hiemenz's
repeated experiments on cross flow around a cylinder in o water tusnel, T. von Karman (1881-
1963) derived an analytical solution for the eddy formation behind cylindrical bodies in 1911,
Jmown as the Karman vories streets. By the tum of the 20th century, the consinued divergence
of the fields of endeavor in fluid mechanics had brought them very far apart. Tt s i this period
that the increasingly smnymldcmmldummm [gave rise to an effectively new branch of
science. The optical methad of vi had il grealy
in the field of compressible flows III 1l|: simplest arrangement is the shadowgraph,
aneributed 1o Dvorak (1880). It uses no optical equipment except a spherical mirror or & lers 1o
make the light parallel. Because of its simplicity, the shadowgraph is useful for » quick survey
of the flow patern, especially shock-wave geometry, in addition to turbulence asd boundary-
layer Figure 10 is a shad h of a sphere in free flight through air ara
Mach number of 1.7, The shock wave is seen o indusoe turbualent separation downstream from
the equator. The schlieren method developed by Foucautlt (1859) and Toepler (1864), has o
knife-cdge a;:;:g principal component. Because of relative simplicity in the optical
with a high degree of resolution, it has been mast frequently applied
optical visualization system in aeredynamics, ik

Fig. 8 Flume with hand-operared paddle wheel used by Prandtl 10 demonstrare boundary-
Phesomena.
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Fig. 9 Photographs made in demonstration flume : (a) normal wake behind a cylinder; (6)
effect of remaving boandary layer through slot on upper side.

Fig. 10 Shadowgraph of a sphere flying at a Mach number of M=1.7.

The first person 10 use the schlieren method for supersonic flow visualization was E. Mach
16} ze 11 depicts a schlieren photograph of a beass bullet in a supersonic flight through
air, exhibiting the bow {or bend) shock wave. Later (in 1893), he obtained quantinative
measurements of the swrength of the shock wave using the Mach-Zehnder interferomescr
developed by L. Mach (his son)

The hydrogen bubble method was employed to investigate the turbulest boundary layer on a
flat plase, revealing the coherent structure in the viscous sublayer.

The dimensions of the boundary layer and the emperature field can be readily
schlieren or interferenc Figure 12 is a schlicren photograph o
Schemidt in 1932 for natural convection on & horizontal cylinder. The light rays in passi
through the heated boundary layer (with a density gradient) were deflected away from
cylinder, and the dask zone surrounding the contour indicates the boundary layer. The di
of the heart-shaped bright line from the cylinder contour is propomional to the heat trans
coefficient. A similar nataral P wis using a M hind
interferometer, as shown in Fig. 13. One observes a field of dark and bright bands (called
interference fringes) around the shadow of the cylinder. The dark interference bands are
of constant air density or equivalens isotherms, under the assumption of constant pressu
The temperature gradient in the air along the surface and consequently the boundary lay
thickness and heat transfer cocfficient ean be determined from the schlicren photograph

ined by

ation, removing
of & steady part of a flow field can be subracted. leavi
bt otherwise be overshadowed by the sseady pan. Figure
depicts a flow field with a weak unsteady companent being overshadowed by 2 sirong ste:
par. The unsteady flow is clearly seen in Fig. 14-b only after subtracting off the
effects. It reveals the vorex street in the model wake, the unsieady shock wave, and the f

unsteady compe

!
|

Fig. 11 Brass bullet in supersonic fMlight through air [6]

Fig. 12 Vismalization of the boundary layer and film heat

nsfer coefficient around @
borizontal tube in free-convection flaw by 4 sch

araph (7],

kx]

stream nurbullence. In addition, oac can zoom in on specific portions of the Mlow field with

high spasial resolution (not showm], leaving ciher pans of the fow
(a)
(b)

Fig. 14 Posen;
Gal flow field () overshadowed by a strong seady flow; (b) holographically
acted beaving snsicady fiekd
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Hedographic Nlow visualization played &n imponast role in providing quantitative results for
the development and evaluation of theoretical models and comparer codes for shock wave |
boundary layer inlesaction. A progress was made to extend a real time holographic flow
visualization. For example, a real time holographic interferogram of a wansonic channel flow
was obiained showi densi [ i

“Three-dimensional flows can be obtained from tomographic solutions provided that enough
interferograms are made at the correct viewing angles through the flow. The flow in cascades,
inside combustion engines, inside fans, and in ocher confined regions presents the
problems of Gming and optical access.

The reader may refer 1w the proceedings of a series of inemational symposia on flow
visualization (for example, [11, 12, 13, 14, 15, 16]).

3.2, Second Generation Technigues [2]

Recent scientific development have made radical improvements in the versatiliny and quality
of flow visualization. These include : (1) power lasers, capable of dynamically illumirating
complex unsteady flows, especially in o pulsed move with compater-controlled scannlng, (2)
high-sransmissivity fiber opeics that provide optical sccess 1o realiste configuration beyond the
reach of mirror systems; and (3) digital image processing that extracts information not visible 1o
the eye and presents results in the form mast suitable for productive use by the scientists and
engineers. The second half of the 20th century marked the dawn of & new era for compates-
assisted flow visualization mativated by the needs in space exploration followed by the
domestic applications in medicine. Computer graphics is employed 1o display, either in colors
o contours, a large amount of data generated by computer simulations (called numerical flow
visualization), medical imaging systems, i ional flow visualizati
satellites. and other high-volume data sources.

One of the main objectives in flow visualization has been to quantize the observed flow
phenomena through digital image processing. In contrast, a new technique is emerging 1o
achieve the reverse, That is, to produce the image of flow phenomena from computer
generated data using color graphic techniques. This method can be wsed 10 reconsmuct the
experimental flow field from limited data flow to give a more physical meaning 1o the
informasion. The techaique allows a numerical (computer) experiment o be visualized much
like a physical one, thus hastening interpretation.

The adven: of computer-generated graphics opens a new era in the ficld of flow
visualization. The traditional means of flow visualization is through the use of “hardware™ 1o
make the flow field visible, whereas the new method is by means of “software™. Flow

isualization by compuber g d color graphi be classified into foar i

i) Compuser-generated graphic display of flow solutions

@) Compuser-aided display of Aow field survey data

i) Coenputer-assised flow visuslization (CAFV) technigques

(iv)  Combined compueation and measurement
With the cost of PCs falling and the compusational capacity of PCs rising, more and mose flow
visualization studies will be computer assisted. The mast important applications of CAFV are
found in ics and i h i i flow, turbulent boundary layers.
medical imaging rechnology, and environments.

4, Summuary

All nanaral buws are desived empirically. Experimental techniques in ransport processes ase
classified into flow visualization and measurement. This paper has presented the role of flow
visualization in the derivarion of nanaral laws and imponant phenomena in heat and fluid flow
since the Reaaissance era. In the second half of the 20th century, the advent of high-speed
computing machines brought a revoluticaary change in the role of flow visualization o include
the quantization of information in flow fields being observed through experimental means or
numerical computations. Both computer graphics and image processing aid in display and in

quality enhancement.

Flow visualization has been i in the of medical vision for
diagnostics and trestments, space exploration, and high-tech industries. It will comtinoe
serve as the vanguard for the expl of new fow and as a vital i in
the study of complex such as thy i i Aow, ion,

medical imaging, and more.
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jic applicari fluid dynamics (CFD) is changing the relative

roles of experiment and computation in the engineering of aircraft and acrospace vehicles.
Numerical flow visualization resulting from CFD incorporated with computer graphics has
ity achieved its prominence, spearheaded by the efforts of NASA's research centers. This

is especially true in hypersonic flows. Turbulent boundary layer is a primary object of flow
visualization and image processing. Due 10 three-dimensi, and time-dep of such
flows, & real-time, multi-view visualization technique is needed 10 facilitate the viewing of
«change of three-dimensional structures. Likewise, combustion phenomena need a similar

teatment.

Fluid flow phenomena octur typically in the vascular, pulmonary and lymphatic system in
the human body where transfer of heat, mass, and electricity ke place, The difference in
body-scanning systems has bed 10 six distinct medical vision methods: computed omography
(CTX digital subtmaction angiography (DSAK nuclear magnetic resonance (NMR), also called
magnctic resonance imaging (MRI); radioisotope imaging (RII); sonography (SONO), and

(TT). The ion obeaired by each of these image acquisition devices
is compuser-processed (called image processing) and the results ase displayed. Figure 15
preseats machine vision in medicine, which is the mamiage of imaging devices 10 COmpUBETS.
‘The medical vision kas found a great use, like n miracle, in mophography and disgrostics. The
basic discovery of nuckear magnetic resonance in 1946 and the development of CT scanners in
1972 marked two great sirides in medicine since the discovery of the x ray by W.C. Roentgen
in 1895 which has been developed as a seeing machine, Both were honored by the Nobel
Prize.
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Fig. 15 Machine vision in medicine: the masriage of imaging devices and a compuser.
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The physical and geophysical processes taking place in coastal waters involving
Huid mechanics of transport of mass, momentum and encrgy in various forms are
wery complex in manifest. Of these phenomena spanning over a wide scope, this paper
selects three specific classes of problems to illustrate the roles that fluid mechanics can
play in helping improve our knowledge and technology for maintaining and enhancing
our constal environmental qualities. These problemns are:

{1} interaction between long gravity waves on coastal waters and beach;
(2) terminal effects of internal waves in coastal waters; and
(3) i ion between bidirectional nonlinear dispersive waves.

For these problems, an iate theoretical model is the lized Boussi-
e3q (gB-) model (Wis, Ref [1]) which is known to be reliable in predicting generatio
prop ion and evolution of long gravity waves in coastal water of depth slowly vary-
ing in both longshore and seaward directions. It is based on the premise that both
the nonlinear and dispersive effects are weak bui nevertheless on a pac with th
limear effects. For the above three problems, solutions will be presented using v
degrees of modification of the gB model.

1. Long waves on straight beach of variable slope; longshore currents
. To gain insight into coastal dynamics in nature, we first consider the three.
dmmm fun-up of long waves on a straight beach of variable downward slope
i _h:::ecmg 10 an open ooean of uniform depth. A linear long-wave theory,
d"'hdi.“o: s Ilmllnud versian o(lllle g8 madel, is applied to obtain the fundamental
. & uniform train of sinusoidal waves obliquely incident upon the beach,
Mikhout wave breaking. The solution, obtained in terms of a sevics of rapid con
seence (Zhang & Wu, Ref [2]), is characterined by two parameters, one being the
M““‘ﬁ:h}"uh (5, the anghe subtended by the incoming wave vecter and the land-
and the wave pumber («) scaled by the beach width. For waves a1 porral
A h(fh:;:! 00  sloping plane beach, the runup given by the linear theory
i e iy l{nnl:f:n_x theary. At oblique incidences, the run-up is found to
Ng incid Increasing incidence angle up to about # = 45°. For waves at nearly
Micisences, §5° < # < 9P, run-up is significant only for the waves in a set

of & i i
"l?:d- being trapped within the beach at resonance with the exterior oo

Tenmenta)

m': 1). The impact of this trapped grazing waves upon coastal envi-
1Y 15 not yet in focus, but its efects should be of interest on coastal
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