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1 COMPARISON OF SCHLIEREN VS. SHADOWGRAPH

Schlieren:

Displays a focused image
Shows ray refraction angle, &

Contrast level responds to the 1°

derivative of reflective index changes.

Knife edge used for cutoff

Shadowgraph:

e Displays a mere shadow
e Shows light ray displacement

e Contrast level responds to the 2"
derivative of reflective index changes.

e No knife edge used
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] INTERFEROMETERS

e Unlike the Schlieren and shadowgraph systems, an interferometer does not depend upon the

deflection of a light beam to determine density or index of refraction variation.

e Interferometers are often used for quantitative measurements
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Waves from two sources
start out in phase.

Constructive interference |

occurs if:
d,-dy=nx
n=01.23:

Difference must be an
integer number of
wavelengths

Destructive Interference

=23
=231
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Waves from two sources
start out in phase.

Destructive interference
occurs if:

d,-dy= (2n+ 1) (22)

n=01,23, ...

Difference must be an
odd half-integer number
of wavelengths.
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] INTERFEROMETERS

Inteference of Waves from Two Sources

R s =3 | some places the water |
- wavefronts are in phase
' (bright spots).

. Constructive interference

In other places the fronts
- overlap with peak and
-valley and interfere

- destructively (darker

- Spofts).
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] COHERENT LIGHT SOURCE

e Coherent sources...

« Two sources of light are said to be coherent if the
waves emitted from them have the same frequency
and are 'phase-linked"; that is, they have a zero or
constant phase difference.

Coherent source (laser)

T—

Incoherent source

(@)Y V-0 R )N Y2 s g @ Conyright © by Dr. Hui Hu @ lowa State University. All Rights Reserved! Gﬁ”’""‘e S




] INTERFERENCE OF TWO COHERENCE LIGHT WAVES

Wave A
Amplitude of a plate light wave in a homogeneou s
medium can be expressed as: Wave A + B
.2
A= A;sin —”(ct—z)
ﬁ, Wave B
therefore:
27
wavel: A = Ay, sin( —ct -—1Z,)
%72’ 20 candela 680 nim
wave2: A, = Amsnn(—ct——z —A) waver = == |:|
A Amplitude Wavelength Phase Shrft
if AO AOl Aoz 20 candela G680 nm
then: A, = A + A, wave B i t:dl:l
2 2
= Ab[sm(—ct——ﬁz )+S|n(—ct——7[Z -A)]
A A
A 2
—2A0cosES|n(—ct—7”Z ——) Wave A Wave A
Therefore, the intensity of the comblned wave (which is
. . B Wave A+ B Wave A+B
proportional to the square of the peak amplitude) will be:

|~4A02(3032% Wave B Wave B

20 candela 680 nm 0° 20 candela 680 nm 0"
wave s il mEm| =0 waver == =] [} |

Amplitude Wanvelength Phase Shrﬂ Amplitude Wawelength Phase Shift
20 candela 680 nm 20 candela 680 nm 180°

WmBI:I:l-:EdEI:WMBlll-Idlll

Copyright © by Dr. Hui Hu @ lowa State University. All Rights Reserved! @ospacefngmeenng

IOWA STATE UNIVERSITY




] INTERFERENCE OF LIGHT WAVES

Thomas Young's Double Slit Experiment
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]

Experimental of Thomas Young (1801)
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] INTERFEROMETERS

The ppticle path length along a light beam is defined as: t‘gﬁfﬁcgg‘j@cﬁg IC
PL= _[ndz £\
or <J_Duens

C, 1 ¢dz | PARALLEL LIGHT BEAM ”
PL:J.—dZ =—\|— P e — ———%., MIRROR

C Ao 7 A SPUTTER \ “%M2
Therefore, the difference between path1and path 2: PLATE N B
APL=PL —PL, = [ N0z~ [ . ,N0Z

'

1 dz dz
= ﬂv_o (_[ path—17 - J- path-1 7) 'I ‘

| |
The phase difference between the two wave will be: B
dz dz MIRROR " v _ | P,
A=2z (J path-1 o _I path—l_) i 4 SPLITTER
A A TEST SECTION PLATE
OF s
A APL SCREEN
Z - ﬂ,o Figure 7.16  Mach-Zehnder interferometer
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] INTERFEROMETERS

1 MONOCHROMATIC
&= —I(n —N, )02z A LIGHT SOURCE
A R
- - n _1 o \|
Acording Glasdstone - Dale equation : p = Const <1 > LENS
ons

PAHAL‘_EL LIGHT BEAM

const _[( \dz P - %, MRROR
— &= P~ Pre SPUTTER \ % M2
. . - PLAT T m=——— s
if onIy varle sover a length L, then, the fringe shift will be: : &

n—n
8 — ref L '

Ao |

for gaseous flows = X
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= 2 (P— P )L MIRROR - — ] SP,
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pop = E_ hE Py Lo 41 L
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Figure 7 6 Mach-Zehnder interferometer

for temepature measurements in gaseous flows
T-T, =28 1

L dn/DT
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1 APPLICATIONS OF INTERFEROMETRY FOR FLUID FLOW STUDIES

Fig. 6. Simultaneous color schlieren and holographic interferometry visualization of the explosion of a
10mg AgN; charge ignited 30 mm above a rigid wall; shown instant: 120 ps after ignition (adapted from
[19]): (a) direction-indicating color schlieren image; (b) reconstructed holographic interferogram (infinite
frinoe mode): (¢) sunernosition of (a) and (b)

Re 85  Reono
INFINITE FRINGE SETTING

.

i

Sl u

\

?rag‘? 7.24  Flow over sharp-tipped spike with conical flare; pressure 100 psia; Ma = 2 Re 14 Re 80 Re 348
ph. (b) Infinite-fringe interferogram. (c) Wedge-fringe interferogram. (From [40]) n 5
am. > HORIZONTAL WEDGE FRINGES

' N TV ER Cor Figure 7.2 Wedge-fringe interferograms used for visualizing flow ove  Figure 7.20  Interferograms of a low-Reynolds-number helium jet entering

eld in 5 cascade; oncoming flow direction is parallel to the visible wire
(From [42)




1 APPLICATIONS OF INTERFEROMETRY FOR FLUID FLOW STUDIES

Fig. 2. Shock-generated vortex following the diffraction of a shock wave (Mg = 1.6 &= 0.02 in N5) at a
sharp 907 corner (adapted from [15]): (a) shadowgram:; (b) magnitude-indicating color schlieren image,
horizontal cutoff; (c¢) direction-indicating color schlieren image: (d) reconstructed holographic
interferogram (infinite fringe mode, A4p = 0.054 kg/m3).

Figure 2: Digital interferometric images a) before flow b) during steady flow, and c) Schlieren image of the
flow field around the blunt model at Mach 6 hypersonic flow in HST4 shock tunnel.




2 LaB 03: VisuaLizaTioN OF SHocK WAVES BY USING SCHLIEREN TECHNIQUE

Quasi-1D nozzle flows:

@  Liquid Rocket Engine nm

...................................................

V = Velocity
m = mass flow rate
p - pressure

Throat

Thrust= F =m V, + (P-P) A,

12-20-21 PETP5004 — K. Zhang

W JOHN K GLENN
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O Las 03: VisuaLizaTion oF SHocK WAVES BY USING SCHLIEREN TECHNIQUE

Laval nozzle:

Mass conservation:

dA dp du
+—4—=

A p u

Momentum conservation:

dA du

=(M*-1)—
A i
Energy conservation:
Lo 1,774 \L/
T 2 i
P, . |
Lo _ 22ty '
p MY :

1 :
}O 1 _:v—l I
n p__(l Z—M) . Zhang /\ ring




2 Las 03: VisunLization oF Snock WAVES BY USING SCHLIEREN TECHNIQUE

Nozzle Pressure Tap Numbering Diagram
2 .

Test section

Tank with compressed air

Tap No. |[Distance downstream of throat (inches) |Area (Sq. inches) #
1 -4.00 0.800
2 -1.50 0.529
3 -0.30 0.480
4 -0.18 0.478
5 0.00 0.476
6 0.15 0.497
7 0.30 0.518
8 0.45 0.539
9 0.60 0.560
10 0.75 0.581
11 0.90 0.599
12 1.05 0.616
13 1.20 0.627
14 1.35 0.632
15 1.45 0.634
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1PREDICTION OF THE PRESSURE DISTRIBUTION WITHIN A DE LAVAL

Ae
Throat Shock « Using the area ratio, the Mach number at any
point up to the shock can be determined:
: AY 1] 2 1]
: Y~ 2 | |7
— . —| = 1+ M
row ; (A ) MZLH( 2 H

« After finding Mach number at front of shock,
calculate Mach number after shock using:

1477w
M2=—2

-1
MZ_L
YWV 2

* Then, calculate the A,*

y+1

R ETE

y+1 2

d. To calculate Mach number given the Mach-Area relation, can use Newton

o which allows us calculate the remaining Mach
iteration to find M

number distribution

2 {I1+}’—_1 al 2.8)

y+14 2 y+l

5 (A*jzz 12{ 2 (1+7—1M2Hy-1
] 29) Ay)  MZy+10 2

(2.10)
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CLABO2: PRESSURE MEASUREMENTS IN A DE LAVAL NOZZLE
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] 18T, 2"D gND JRD CRITIC CONDITIONS

o 2 critical -

Under- shock is at
expanded nozzle exit
flow
*  Flow * Over-expanded
close to flow with shock
3 critical between nozzle
exit and throat
* Over » 1 critical -
expanded shock is
flow almost at the

nozzle throat.
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Theoretical Data - Gauge Pressure vs. Position
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] EXAMPLES OF THE PREVIOUS MEASUREMENT RESULTS
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3 Las 02: VisuaLizATION OF SHOCK WAVES BY USING SCHLIEREN TECHNIQUE
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2 ISU’S Z-TYPE SCHLIEREN SYSTEM

Light Source

gl

Knife Edge

Test Section Screen/Instrument Panel
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) LIGHT SOURCE

Condenser Lens /

A-A

Section A-A
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3 SETTING UP THE SCHLIEREN SYSTEM

Step 1: Find the focal length of the field mirror

e divergent light

»
»

e Mirror position is too far away i

e (Convergent light

»
»

e Mirror position is too close

Focal Length

e Parallel light

»

»
»

e Mirror position is propriety i
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3 SETTING UP THE SCHLIEREN SYSTEM

Step 2: Set up the first field mirror

Light Source

o

15t Field Mirror

Test Section
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O Setting Up The Schiieren System

Step 3: Set up the second field mirror

Light Source

Test Section Screen/Instrument Panel
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3 SETTING UP THE SCHLIEREN SYSTEM

Step 4: Set up the knife edge

Focus the Adiust th ff Obtain a uniform
source image Just the cuto . .

: darkening of the image
on the knife
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1 UNirorm DARKENING

C)e

Knife edge too close Knife edge too far from Uniform darkening
to second field mirror second field mirror
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