Chapter 3

How to visualize your flow?
(Flow Visualization Techniques- the first step to
approach the Physics of the Nature)
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Flow Visualization (J)

« “Seeing is believing” t=00ms \

« Flow Visualization is often the 1st step +
investigation ,

- Flow Visualization can get a overall vi¢ m.

 Flow Visualization may be used for ste . \dy
or unsteady flow. . AN——

« Flow Visualization could be qualitative ™™ 2,

t=7.66ms

National Taiwan University”

Institute of Applied Mechanics


http://www.gettyimages.com/detail/video/clear-glass-sphere-falling-into-water-auckland-new-stock-video-footage/81882556

Flow Visualization (/)

https://www.youtube.com/watch?v=IA2BiCXqBHM

Electron cryotomographic (ECT) imaging of T6SS structures inside intact cells.

Type Six Secretion System (T65S) 3

nature

M Basler et al. Nature 483, 182-186 (2012) doi:10.1038/nature10846
Scale bars: a, 100 nm (applies to a, e); b, 100 nm (applies to b, f); ¢, 20 nm
(appliesto c, d, g, h).
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Flow Visualization (/7))

Computational Fluid Dynamics (CFD)

http://www.hypercomp.net/Technologies/CFD/cfd_low.html
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https://www.youtube.com/watch?v=IA2BiCXqBHM
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiQipilmenaAhWMlJQKHbQMDesQjRx6BAgBEAU&url=https%3A%2F%2Fwww.pinterest.com%2Fcfieldshr%2Fcfd-simulation-in-everyday-life%2F&psig=AOvVaw20XJ_1cYuWXn4YuvQgZhYg&ust=1525424859586644
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjdsduTmunaAhWKq5QKHSRzDggQjRx6BAgBEAU&url=http%3A%2F%2Fwww.hypercomp.net%2FTechnologies%2FCFD%2Fcfd_low.html&psig=AOvVaw20XJ_1cYuWXn4YuvQgZhYg&ust=1525424859586644

Seeing is believing (1) ?
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Seeing is believing (la) ?
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Seeing is believing (11 ) ?
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Seeing is believing ( 111) ?
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Seeing is believing (I1la) ?
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Seeing is believing (V) ?
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Me & You and Teach & Learn

http:/lastrid-annabelle.blogspot.com/2008_06_01_archive.htmiNational Taiwan University Institute of Applied Mechanics

http://astrid-annabelle.blogspot.com/2008_06_01_archive.html
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Seeing is believing (VI) ?

Cimbala et al. (1988)

National Taiwan University
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Flow Visualization (I7)

Elements of Flow Visualization:

* Light source : Sun-light, spot light, laser sheet

* Objects : seeded particles, Fluid molecules

* Recording device : drawings, Camera,Video Cam.,

1
1

A

H. M. the Queen

National Taiwan University
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Flow Visualization (111)

Traditional Flow Visualization methods can be classified as :

Stationary Probes Tracer Methods
weather vane, tufts weather ballon
Surface oil film, Particle tracers (e.g. hydrogen
Liquid crystal paint bubbles, smoke etc.), Dye
injection
Optical methods Optical methods
(Shadowgraph, Schlieren, (Spark Tracer, LIF,...)
Interferometry )
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Examples of Flow Visualization Methods

Tuft method

Fluorescent method

Oil film method

Dye method

Smoke method

Hydrogen bubbles method
Shadow method

8. Spark Tracer method

NOo O R~owbdRE
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Grid-and-Tuft

(From NASA)
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Tuft method (1)

* One of the earliest & simplest technique of surface flow visualization.

+ Point indicator of the local flow direction (especially for attached /
separated flow ).

« Effective in both gas and liquid flow.

» The spatial resolution determined by the number density of tuft array.

* The greater the observation distance the larger the tuft material must
be.

» The tufts should be as light and flexible as possible to response to
low flow velocity. But they should not too long to prevent tangles, and
the color must contract well with background

* Problems of cling and gravity is the main considerations for the used
(velocity) range.

« Stiffer tufts are needed in higher turbulent flow.
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Tuft method (11)

Parameters affect tuft behavior:

« Stiffness

» Motion rate

« Stability

* Response to turbulence
 Effects of centrifugal acceleration
« Static electric charges
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Tuft methods (111)

Types of Tufts methods:
« Conventional tufts
Crochet yarn, heavy yarn, magnetic tape ....1" ~ 30’ in length
* Fluorescent minitufts
to minimize the intrusiveness and inertia-effect of tufts and
magnify the photographic image. (by Crowder),
resolution? for small-scale flow feature.
* Flow cones
US patent , X-aero company,
mass-production-based,
flight-test studies
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Flow cones visualization
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Fluorescent tufts visualization

(From NASA)
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Minituft Visibility

From Crowder (1989) Exciter filter
Barrier filter
(a) 5970exciter, 2B barrier filters . N
(b) 5970exciter, 2A barrier filters Transm:nanue
(c) 5970exciter, 2E barrier filters (%)

(d) 9863exciter, 2B barrier filters
(e) 5840exciter, 2B barrier filters

Wave length
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Surface Tracing methods (1)

« Visualization is provided by means of a suitable
coating on the surface of bodies in the flow, the fluid
flowing around the body changes the coating,
allowing determination of certain flow characteristics.
These changes are either observed by the naked eye or
photographic, cinematographic or videogenic
recording techniques.

« Classification:

(a) Chemical methods
(b) Physical methods
(c) Mechanical methods

Modern Measuring Techniques of By An-B Wi National Taiwan University
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Surface Tracing methods (11)

Chemical methods:

« Commonly used for liquid flow (especially for water )

 To change color of the visualization layer on the surface .This
changes occur quickly or more intensely at sites of greater
contact of two chemical substances, due either to higher
concentration or to a more intense mixing process.

+ Once the coasting has been used , it normally can not be
reused.

« Examples :
- Ferric chloride (FeCl,)- inorganic gallic acid (C;HgOs)
- Potassium iodide (KI) - sodium thiosulfate (Na,S,05-5H,0)

+ Most of these substances are toxic !

Modern Measur_ing Techniques of By An-Bang Wan National Taiwan University
Thermo-fluids Mechanics Y 9 9 Institute of Applied Mechanics

Surface Tracing methods (111)

Physical methods:

 Used more frequently than chemical methods

 Based on sublimation, evaporation or dissolution of
the surface coating on the body in the flow.

« Visualization for laminar/turbulent boundary layer
(e.g., transition boundary).

* In practice of laboratory investigation ,
hexachloroethane (Cl,CCClI;, dull white color) is the
most suitable coating .
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Surface Tracing methods (111)

Mechanical methods:

« Used both for gas and liquid flows.

« Oil-film and/or oil-dot method are the most
commonly used method.

« This simple method works very well for determining
transition regions as well as separation .

« Fine striae are produced in the paint determining the
direction of local flow on the surface.

flow flow
Modern Measuring Techniques of By An-Bang Wan National Taiwan University
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Oil-Film Method (1)

Delta wing
o = 15°

Cylinder Flow
w/0 control

e

e

P . SR ! T T R :
BERC0 120 90° 60" 30" 0 =30 560888 180" 150° 120° 90 60" 30° O -30° il |
Wang(1997)
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Oil-Film Method (11)

Ma=0.95, Re=600,000, by Dr. Rainer Kurz of Solar Turbines, U.S.A
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Oil-Film methods (111)

« For inclined or vertical surface, more attentions should be care
 The viscosity of the mixture ( oil mined with pigment ) is
adjusted by trial and error for each application.
« Commonly used oil:
- Kerosence,transmission oil, motor oil, paraffin, silicon oils,
diesel fuel.....
« Commonly used pigments :
- soots, titanium dioxide (TiO,), lead chromate
(depends on the color of working surface.)
+ Addition of a small amount (~1 %) of the paint of oleic acid
(C,7H33COOH) reduces the tendency of particles to coagulate.
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Oil-dot Method

Martinuzzi (1992)

Modern Measuring Techniques of
Thermo-fluids Mechanics

National Taiwan University
Institute of Applied Mechanics

By An-Bang Wang

Oil-dot & oil-film Method

Flow over a cube

—

National Taiwan University
Institute of Applied Mechanics

By An-Bang Wang

Modern Measuring Techniques of
Thermo-fluids Mechanics
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Dye Injection methods (1)

For liquid flow:

* Injection material :
Ink, milk, Calcium, Permanganate, Aluminum power,
Uranine-AP

 The injected tracer should have the same specific
gravity as a low sink velocity.This could be slightly
improved by controlling the temperature of the dye or
working medium.

« Injection can be done using hypodermic needles or
fine Pitot tubes.In shear layers ,the injection velocity
must be matched to the flow velocity.
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Dye-injection in liquids

j\@ 6 f\g _ /7ig (Wang et al. 1996)
&
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Dye Injection methods (I1)

For gas flow:
* Injection material :
smoke, oil smoke, aerosols, ... etc.
» Guide line :
- they should not be toxic!
- high contrast necessary.
- minimize disturbances produced by injection
- suitable particle or droplet size
« As in accurate quantitative usage, e.g. LDA velocity
measurement, the injected tracer must follow the flow
to some degree of accuracy.
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Dye-Injection in gas

Aircraft wake vortices
can throw treacherous
air turbulence into the
paths of succeeding
planes. In this
NASA/FAA test,
colored smoke makes
the swirling airflow

~ visible.

: " NASA LANGLEY
RESEARCH CENTER
- (from SCIAM 2002/02)
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Smoke Method (1)

Laser-light sheet

FROM SMOKE
GENERATOR

—~ DELTA WING
- MODEL
SMOKE TUBE

4W ARGON-ION
LASER —,

MOVIE, VIDEO,

OR 35mm
CAMERA ——/

(by R. C. Nelson)
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Smoke Method ( I1)

Smoke tube rakes

[7oomn—
: Smaose Tubes
/T tamm 0o

T

Filter Bag ! (
ol with Weignt it
11| %] ~reat Exchonger Fipes
s 42 mm Dia Flexitte.

Hose

=}

verticai Drive

Head (1982)

Modern Measuring Techniques of By An-B Wi National Taiwan University
Thermo-fluids Mechanics Y An-Bang Wang Institute of Applied Mechanics

19



Smoke-wire Method ( 1)

=T 50D

ke ms

D) |

...’}“.AJ‘/.‘\T‘I,QAQ[ ‘ f“k"

9 > ® © ® O e e e e o °
[ . ‘ @_0.,0 wrlinda
o o o O 0 O 0 e e @ ] eTeVeov cylinder

. x=0

Re= 42 472 48 G(Wang et B (2000)<7 100 158
Modern Measuring Techniques of National Taiwan University
Thermo-fluids Mechanics By An-Bang Wang

Institute of Applied Mechanics

Smoke-wire Method ( 11)
Smoke wire method by different photography

Annular synthetic jet
(nozzle diameters:

D= 40mm, and 38 mm).
Acoustic excitation:
f=106 Hz, SPL = 66 dB.
a) Mean flow pattern, 1
s-exposure,

b) Instantaneous flow
pattern (streaklines),

c) Phase-multi-
exposure of 106 flashes
Travnicek et al. (2002) f<t>r thkTJOCked
streaklines

Modern Measuring Techniques of

National Taiwan University
Thermo-fluids Mechanics By An-Bang Wang

Institute of Applied Mechanics
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Smoke-wire Method (I11)

« Smoke wire: tungsten, platinum wire (50
m~200x m)

« Configuration: twisted by thin wires to

hold more oil (to maintain more time)

or formed in a special construction

« Oil: all kinds of non-toxic oil.

 Constrains: the effective Reynolds number
should be less than 20~30 to avoid the
wake produced by the wire itself.

Modern Measuring Techniques of National Taiwan University
Institute of Applied Mechanics

Thermo-fluids Mechanics By An-Bang Wang
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Hydrogen bubbles methods (I1)

* In water flows, hydrogen bubbles can be used for flow
visualization. A simple electrolysis instrument suffices.
* Anode: Platinum or tungsten (50um~200um)
Electronics: - DC voltage adjustable (0~70V)
- Pulsed operation is useful
- Polarity reversal for removing oxidation.
» The bubble size depends on the voltage, the wire
diameter, and the flow velocity.
too small - not visible
too large - buoyancy too large (e« d3), don’t follow the
flow (oc d?)
+ fingernail polish can insulate sections of the anode .
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Spark Tracer Technique (1)

» Application:high speed air flow Najiyama et al (1982)
* spark duration: ~100 psec Top view
« Measuring velocity: 1m/s ~ supersonic

 Tracer lighter than working fluid (main error
source)

Nakayama et al (1976)
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Spark Tracer Technique (I1)

e lidddd Foods (1988)

Modern Measuring Techniques of By An-Bang Wi National Taiwan University
Thermo-fluids Mechanics y An-Bang \Wang Institute of Applied Mechanics

Thermal sensitive liquid crystal paint

L TEERN

(Sanger, Hypersonic space-shuttle test, source: DLR)

<29° black
30° red
32° yellow
35° green
40° blue
>47° black

Modern Measuring Techniques of By An-B W National Taiwan University
Thermo-fluids Mechanics Y An-Bang Wang Institute of Applied Mechanics
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Evaluation of flow patterns (I)

« Streamlines: line formed by drawing
tangential to instantaneous velocity
vector at all points in the flow.

« Streaklines (filament line) : connection of all
fluid elements which have passed through
a common point (achieved through dye
injection)

« Path lines: Path traversed by a fluid
element in the flow (obtained using long-
time exposures)

* All three lines coincide if flow stationary.

Modern Measuring Techniques of
Thermo-fluids Mechanics By An-Bang Wang

National Taiwan University
Institute of Applied Mechanics

Evaluation of flow patterns (Il)

Reference system of observer is also important.

Streamlines for observer
travelling at wave velocity

Streak lines

Modern Measuring Techniques of

National Taiwan University
Thermo-fluids Mechanics By An-Bang Wang

Institute of Applied Mechanics

— Streamlines for stationary observer
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Recording Devices

* Pencil & Paper

« Camera + Film + Lens
* CCD, V-8, D-8 + Computer

CRYSTALLINE
LENS

CEREBRUM

B = RETINA
OBJECT
e =TT
LIGHT NERVE IMPULSE
(Optic Nerve)
(@)
SOF T COPY
CODING SYSTEM (Display)
(Converter/Coder)
(from Yang(1989)), ..+
C.:\rh\/l/ERA RO
T PH8EESsor  pamo Gorv
(Line Printer,
OBJECT XY Plotter)

(b)

Modern Measuring Techniques of
Thermo-fluids Mechanics

National Taiwan University

By An-Bang Wang Institute of Applied Mechanics

IHHlumination

* Results from flow visualization are most commonly recorded by
mean of photography or cinematography. Normal room
lightening seldom provides sufficient illumination,and typical
artificial light sources include spotlight, mercury arc lamps or
laser.

« A plane of light allows a cross-section of the flow to be examined

VA4
X X
)v(

« Laser provide much higher light intensity. -4
« Mirrors can be used to capture several RN
views of the flow in one exposure. g i

Modern Measuring Techniques of

Thermo-fluids Mechanics By An-Bang Wang

National Taiwan University
Institute of Applied Mechanics
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catte

R

Light

’ ’
P
'
i {
1

S ring phenomena

F J }
|
i

Lighting & camera arrangement

Strobe Lights
o® 95 ——
| D

o

{ Top View)

o w Q5 a0
Back Lighting Fr?‘:'lo'pl_vli‘ﬂ';nq %

E:)

D

Yang (1989)

(¢]) Camera
TepLighting

{Elavation View)
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N

Freezed Image of qup Impact

.
Ethanol ’ 'd
droplet *

\
[ * f f Hole

Glycerin/water s (' l

Marangoni patch

arsity

Puncture anics

Clear ( Frozen ) Image

« Correct Focussing, lllumination and Exposure time
(some ps ~ms)
* Recording for moving body:

* High Speed Camera: high time resolution, low
spatial resolution, high price, complex operation
and maintenance

* CCD (charge-coupled device ) Camera: low time
resolution (standard : 33ms/frame), high space
resolution, low price, user-friendly.

* To avoid image blur
— adjustable shutter speed, using stroboscope or
modified by image processing.
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Optical Methods( 1)

 Optical methods are especially advantageous
because of their non-intrusiveness.

* Principle of optical visualization methods is to
make visible the light ray deviations (or wavefront
deformations) due to the refractive index
heterogeneities (caused by mixture of different
fluids, pressure or temperature etc.) in a medium.

« Commonly used methods are Shadowgraphy,
Schlieren and Interferometry.
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Optical Methods (11)

 Optical techniques are all integral method and
give no information about local condition

» The investigated flow medium must be

transparent.
Method Measuring Remarks
Quantity
Shadowgraphy Second Derivative Simplest
of Density
Schlieren Density Gradient Suitable for large
density gradient

Interferometry Density difference For small density
gradient, complex,

expensive

Modern Measuring Techniques of National Taiwan University

Thermo-fluids Mechanics By An-Bang Wang Institute of Applied Mechanics
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Shadowgraph Method

Configuration:

disturbance Observation plan

i

rd
lens

The Shadowgraph can be understood by considering the three
following situations:

Light source

ni n2 nl n2 nl n2/
—_— T az—l
@: @_ L L0
= o = = const Fy
50 _ Fp

The Shadowgraph is based on the relation: | 5, =~ 52y
It yields sharper images with higher contrastthan Schlieren
method since all incident light is utilized in the image.
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Shadowgraph (1)

i
=5

laminar helium jet into air (0.26

cm nozzle)
85kHz weak shock wave along
60°cone
from Chan & Lee (1972)
Modern Measuring Techniques of National Taiwan University

By An-Bang Wang

Thermo-fluids Mechanics Institute of Applied Mechanics
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Shadowgraph (1)

oy

M = 0.45,
Re = 110,000
M = 0.64,

Re =1,350,000

By Dyment et al.(1980)

Modern Measuring Techniques of By An-Bang Wi National Taiwan University
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Schlieren Method (1)

+ Configuration: L

\DEFLECTED RAY

SOURCE
I T [
LENS, L, TEST LENS,L, EDGE SCREEN

SECTION _I

f P f,

. —-i — + A

q -1
10on

oo o .o 1 1lon

* Based on Fermt.lt sp.rmap-le.( R nay ) yl— ]
The change of light intensity on the screen —
Al/l = a= (Lin)@n/dy) e (L/n)(do/dy) R v

(74

. negative density gradient : dark
. positive density gradient : light

/L X

Modern Measuring Techniques of By An-B W National Taiwan University
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Schlieren Method (I1)

+ change the orientation of knife edge will change the light/dark
image on the observer plane, also charge the measure of space
derivative of p

» The Schlieren method is used primarily for qualitative
measurement.

» The color Schlieren systems are more sensitive for visual
viewing since the eye can discriminate a larger number of
colors than shades of one color. For the color Schlieren system,
the light source must be a slit rather than a point source.

+ Large, good quality lenses are very expensive and therefore it is
commonly using mirrors instead of lenses. Long focal length
spherical mirrors are suitable for this purposes.

Modern Measuring Techniques of By An-Bang Wan National Taiwan University
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Schlieren photo

M=1.96

Modern Measuring Techniques of By An-B W National Taiwan University
Thermo-fluids Mechanics Y An-Bang Wang Institute of Applied Mechanics
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Interferometry Method

» Configuration: o e
cross section of flow  TTTHR
M 85 n2
MaCh-Zehnder , : E to camera
Interferometer T g R

glass window

compensating cell

8BS -—/-{ I/}

M - M

« |If density variation are present, then phase differences
between the object path and reference path result,
which lead to interference patterns after

viecombtnation. National Taiwan University

Thermo-fluids Mechanics By An-Bang Wang Institute of Applied Mechanics

Interferogram

Eckert & Soehngen (1948)

Modern Measuring Techniques of

National Taiwan University
Thermo-fluids Mechanics By An-Bang Wang

Institute of Applied Mechanics
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Interferogram & Shadowgraph

1/2” sphere M =5.7 M=4.01

By A.C. Charters
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Interferometry & Schlieren

Blast waves
By Klein & Takayama
(2001)

Modern Measuring Techniques of By An-B W National Taiwan University
Thermo-fluids Mechanics Y An-Bang Wang Institute of Applied Mechanics
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Applicable range for various

Flow Visualization Methods

* = GAS
* = LIQUID)

. ___MORET
Optical M-Z INTERFEROMETER'
[ SCHLIEREN
ADOWGRAPH'
Electrical _ SMOKE WIRE”
C(Jnt(l:'ol SPARK TRACER® -
HYDROGEN BUBBLE®
Chermi Iiﬁ — . ELECTROLYTIC COLORATION” ___
emica ol
Reaction TNTER-TRACER® = NTER Fstuance
—_ - == SURFACE
TIME LINE®
— T"T FLOATING® _
Direct SUSPENSION* .
z USPENSION
Injection PRI
2 STREAK LINE* ————
TUFT
Teft{ T/ TUFT o
. . ELECTROLYTIC ETCHING* THERMOSENSIBLE FAINT®
__S0i HEMICAL FILM® . .
Wall LUBLE CH Lo . ___SUBLIMATION .
Trace _0IL DOT* ow pot*
o Fum oL P
. L Il Il (R [ 1 1
o0z 05 | 2 5 | £ 5 1620 50 l 2 5 10 20 50 1002001 Z3 5 10 20
| mm/s 11 cm/s m/s —_y —
Flow Velocity
Yang (1989)
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By An-Bang Wang Institute of Applied Mechanics

Von Karman Vortex Street in nature

s A rare meteorologlcal phenomenon
o caught by LANDSAT 7 on
e 9/15/1999. In the southwest of the
scene is Alejandro Selkirk Island, a
" squarish island that rises almost

; vertically 1 mile above the southern

pacific. A boundary layer that
sandwiches a saturated, unstable
layer of clouds between two more
stable layers is broken by the
island, causing a formation of
vortices known as a Karman \ortex
Street.

Modern Measuring Techniques of
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By An-Bang Wang Institute of Applied Mechanics
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Kelvin-Helmholtz roll-ups in a cloud formation

Kelvin-Helmholtz roll-ups as seen in a cloud formation.
The picture is from the National Center for Atmospheric Research.
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Formation of trailing vortices in the
wake of a C-130 Hercules

1993 Aviation Week & Space Technology by James E. Hobbs,
from Lockheed Aircraft service Co., Ontario, California.

The plane is ejecting flares during a test of an infrared missile
warning and self-protection system installed on a C-130 Hercules.
The trailing vortices formed in the wake are clearly visible.
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Wake by MIG-29 fighters
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Scock wave by F-4 fighter

F-4 Phantom II Caught Breaking the Sound Barrier.
Using a 35mm camera, a telephoto lens and ASA 400 film, Pat Maloney, an engineering planner,
photographed an F-4 Phantom I at the moment it broke the sound barmer at the Annual Point
Magu Naval Air Station Air Show. "The photograph of the visible shock wave is rare." stated
Maloney. "It required a humid day, split second timing and no small measure of luck." Maloney
TMAA SCAN  frequently practices photography at the many air shows he attends.
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Surface wave

+ This spectacular picture
of a B1 bomber flying
over a lake (sea?)
appears to show the
wake generated by the
wave field emanating
from the airframe. What
is wrong with this
picture?

(by Jan-Olov Newborg ,
from Stockholm).
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Vortex ring formation

H = 35mm
= 2.6mm
= 50ms

Nevada nuclear test in 1957
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