
TIME RESOL VED IMA GING IN COMPRESSIBLE FLO WS

USING A CRANZ-SCHARDIN CAMERA

By

William Brou w er

SUBMITTED IN P AR TIAL FULFILLMENT OF THE

REQUIREMENTS F OR THE DEGREE OF

BA CHELOR OF SCIENCE, HONOURS

A T

THE UNIVERSITY OF QUEENSLAND

BRISBANE, A USTRALIA

8 NO VEMBER 1999



Except where ac kno wledged in the customary manner, this thesis is, to the

b est of m y kno wledge, original and has not b een submitted, in whole or in part,

as part of a degree at an y Univ ersit y

William Brou w er

ii



F or R eb e c c a

iii



T able of Con ten ts

T able of Con ten ts v

List of Figures vi

Ac kno wledgmen ts viii

Abstract ix

1 In tro duction 1

2 Optical Diagnostics 3

2.1 The Shado w Metho d . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Theoretical Considerations . . . . . . . . . . . . . . . . . . . . 4

3 The Cranz Sc hardin Camera 9

3.1 Illumination and Con trol . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2 Optomec hanical F eatures . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2.1 Design Criterion . . . . . . . . . . . . . . . . . . . . . . . . . 11

4 Ligh t Emitting Dio des (LED's) 15

5 Exp erimen t 20

5.1 Motiv ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5.2 Preliminary In v estigations . . . . . . . . . . . . . . . . . . . . . . . . 20

5.3 Dio de Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5.4 Preparation for Multiple Images . . . . . . . . . . . . . . . . . . . . . 26

5.5 Application to the Drummond T ub e . . . . . . . . . . . . . . . . . . . 27

5.5.1 Single F rames . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5.5.2 Multiple F rames . . . . . . . . . . . . . . . . . . . . . . . . . . 31

iv



6 Conclusions 33

6.1 F urther W ork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Bibliograph y 36

A Circuit Diagrams 38

B Compressible Fluid Flo ws 39

B.1 Go v erning Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

B.2 Mac h Num b er . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

B.3 The Sho c k Relations . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

v



List of Figures

2.1 The densit y �eld and its �rst t w o deriv ativ es, of an optically inhomo-

geneous medium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Deviation of optical b eam through inhomogeneous media. . . . . . . . 5

3.1 Generic Cranz-Sc hardin camera. . . . . . . . . . . . . . . . . . . . . . 10

3.2 Ligh t gathering and collimation system. Initial lenses pro duce the cor-

rect v ergence for the �rst mirror whilst harnessing the LED's disp ersiv e

emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 Geometry for determining magni�cation . . . . . . . . . . . . . . . . 14

4.1 Structure and energetic pro cesses within the p-n semiconductor junction. 16

4.2 Structural features of the t yp e T1-3/4 LED. . . . . . . . . . . . . . . 18

4.3 Em b edding of optical �bre in an LED. . . . . . . . . . . . . . . . . . 19

5.1 T ypical output from LED driv er circuit (pulse width appro x. 5 �s ). . 21

5.2 Exp erimen tal set up for a generic Cranz-Sc hardin sc heme. . . . . . . 22

5.3 Shado wgraphs of densit y �eld surrounding soldering iron. Left: this

image w as pro duced with a pulse of appro x. 1 �s at 1amp; t w o densit y

�eld lines are visible, extending from the iron. Righ t: the LED pulse

w as appro x. 20 �s at 2 amps. F ain tly visible in the top righ t hand

corner is a v ortex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.4 Resp onse of t yp e HLMP-DG08 LED. . . . . . . . . . . . . . . . . . . 25

5.5 Electrical subsystem of the Cranz Sc hardin Camera. . . . . . . . . . . 27

vi



5.6 The small sho c k tunnel facilit y . . . . . . . . . . . . . . . . . . . . . . 29

5.7 Exp erimen tal set up for single frame shots; top view . . . . . . . . . . 30

5.8 (F ollo wing P anel) Sc hlieren image of 
o w o v er a cylinder. LED pulse

size appro x. 8 �s at 5amps. . . . . . . . . . . . . . . . . . . . . . . . . 30

5.9 (F ollo wing P anel) Shado wgraph image of 
o w o v er a cylinder. LED

pulse size appro x. 8 �s at 5amps. . . . . . . . . . . . . . . . . . . . . 31

5.10 Exp erimen tal la y out for obtaining four images; top view. . . . . . . . 32

5.11 CMOS con trol circuit output sho wing resolution b et w een pulses. . . . 32

5.12 (F ollo wing P anel) Multiple shado wgraphs of 
o w o v er a cylinder; time

increases as one pro ceeds an ti-clo c kwise from the lo w er left-hand cor-

ner. LED pulse size appro x. 8 �s at 5amps, pulse separation, 200 �s . . 32

A.1 Analogue driv er circuit. During initial testing, transistor gating ar-

rangemen t w as absen t, pulsed input fed directly in to the non-in v erting

input of the op-amp . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

A.2 CMOS timing con trol circuit. The output amplitude is v aried b y a

p oten tiometer. `INPUT' is tied to ev ery driv er c hannel and `ENABLE'

to eac h individual c hannel; supp orts up to ten. The device resets after

coun ting out a sp eci�c n um b er of pulses dep ending on the c hip set of

`reset select'. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

A.3 Zero correction. Holds the analogue driv er stages at zero v olts when

input terminals are op en. . . . . . . . . . . . . . . . . . . . . . . . . . 38

A.4 Logic switc h. Pro duces clean input TTL trigger signal, free from jitter

whic h otherwise destabilises the circuit. . . . . . . . . . . . . . . . . . 38

B.1 Fluid 
o w in one-dimension . . . . . . . . . . . . . . . . . . . . . . . 39

B.2 P ortion of 
uid b ounded b y t w o surfaces . . . . . . . . . . . . . . . . 40

B.3 Piston system for calculation of energy relation . . . . . . . . . . . . 41

B.4 Pressure forces exerted on elemen tary particle . . . . . . . . . . . . . 42

B.5 Sho c k w a v e separating regions 1 and 2 in states of equilibrium . . . . 47

vii



Ac kno wledgmen ts

I am greatly indebted to Tim McIn t yre, T on y Gardner and Barry Allsop for their col-

lectiv e supp ort and services rendered. Tim I ha v e to thank for b eing m y long-su�ering

sup ervisor. He injected m uc h kno wledge, suggested a v en ues to pursue, whilst k eep-

ing m y (easily distracted) atten tion fo cused up on the task at hand. T on y pro vided

a go o d deal of supp ort and advice, also la ying do wn foundations on whic h I ha v e

built. Barry is resp onsible for the design of all circuitry used within this pro ject. He

also in terv ened (c heerfully) on man y o ccasions to alleviate problems induced b y the

exp erimen ter.

In addition man y individuals v olun teered advice and assistance at v arious stages,

most recen tly Brad Littleton and Alexis Bishop. Alexis w as instrumen tal in assem-

bling the optics for the �nal exp erimen ts p erformed, Brad in solving some tec hnical

di�culties.

I am deeply grateful to m y dear wife for her patience and lo v ely coun tenance whic h

daily greets, encourages and strengthens me.

viii



Abstract

A Cranz Sc hardin camera arrangemen t w as devised and constructed to obtain time

resolv ed shado wgraphs of 
o w o v er a cylinder. Detac hed sho c k w a v es are clearly

visible as w ell as some three dimensional e�ects. The camera system uses a high p o w er

AlInGaP ligh t emitting dio de (LED), the mo del HLMP-DG08 b y Hewlett P ac k ard.

The dio de has a narro w viewing angle (6

0

), high luminous in tensit y (6500mcd @

20mA), with p eak emission at 626nm and a FWHM

1

of 17nm. Within the camera

system, the LED is pulsed rapidly at high curren ts, serving as b oth sh utter and ligh t

source. These pulses are separated temp orally and spatially , bac k-ligh ting the ob ject

whic h is subsequen tly imaged on to the �lm plane. Generation of pulsed input to the

sources is pro vided b y CMOS

2

circuitry coupled with an analogue driv er stage for

eac h c hannel, pro ducing high curren t gain. The maxim um output of the analogue

driv er stages w as in the vicinit y of 5 amps, pro ducing su�cien t ligh t in tensit y in the

LED's to saturate a CCD

3

camera. The ligh t emitting dio de is adv an tageous o v er

lasers in this application for a n um b er of reasons. Besides the ob vious reduction in

cost, LED's are resp onsiv e ( �

r es:

= 20ns) ma y b e switc hed rapidly and ha v e a fairly

go o d signal to noise ratio for suc h a small, inexp ensiv e device. The camera o v erall

promises to b e an in v aluable diagnostic to ol, at least in situations where comp eting

luminosit y can b e reduced.

1

F ull width (at) half maxim um (in tensit y).

2

Complemen tary Metal Oxide Semiconductor.

3

Charge Coupled Device.
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Chapter 1

In tro duction

Ernst Mac h is p erhaps most w ell kno wn for his p osition regarding the inadmissabilit y

of a scien ti�c statemen t unless accompanied b y empiric al veri�c ation . Mac h pur-

p orted that all kno wledge is a conceptual organization of sensory exp erience. This

rigorous criteria led him to reject the notions of absolute time and space, pa ving the

w a y for Einstein's theory of relativit y .

During the t w en t y y ear p erio d 1873 to 1893 Mac h dev elop ed visualization tec h-

niques for the measuremen t of w a v e propagation and related phenomena in 
uids

and established go v erning equations for sup ersonic 
o ws. A sup ersonic 
o w is one

for whic h the ratio b et w een the sp eed of the 
o w and the sp eed of sound in the 
o w

is greater than unit y , a dimensionless parameter referred to as the Mach Numb er.

(The reader unfamiliar with the features of compressible 
o ws ma y wish to consult

App endix B for a brief discussion).

In 1929 C Cranz and H Sc hardin [4] through simple arrangemen t of ligh t sources

and optics devised a camera whic h captures rapidly o ccurring ev en ts. The device has

b een used fairly widely o v er the last sev en t y y ears in a n um b er of applications, though

this w ork dra ws primarily from Tsai and Bak os [16], Lu and Liu [10 , 11] Stasic ki et

al [14, 2 ] and Germer [7].

Tsai and Bak os based at the GASL facilit y used a Cranz Sc hardin camera to

obtain time resolv ed sc hlieren images of 
o w o v er v arious ob jects of in terest, within a

1



2

sho c k tunnel test en vironmen t. Images are recorded using CCD cameras coupled with

LED ligh t sources and band-pass �ltering is emplo y ed when 
o w luminosit y b ecomes

in trusiv e. Lu and Liu explore optical design considerations for the camera and apply

them to the study of sho c k-bubble in teractions. This particular design is p erhaps more

suited to a m ultiple sc hlieren system, since there is no real pro vision for `defo cussing',

as required in a shado wgraph sc heme. In supp ort of this statemen t, they obtain

sev eral frames of the dynamical ev en t, bac k lit b y the sources, ho w ev er the sho c k w a v e

itself is not visible. Stasic ki et al pro duced time resolv ed in terferograms using a Mac h

Zehnder arrangemen t in conjunction with a Cranz Sc hardin sc heme, illuminated again

b y a ligh t emitting dio de. This group also dev elop ed a fully in tegrated high sp eed

camera device con taining CCD's coupled with frame grabbing tec hnology . Previously ,

a similar, less elab orate high sp eed video camera w as outlined b y Germer (1986).

Of in terest to v arious groups around the w orld are the 
o w prop erties existing

within the SCRAMjet, or sup ersonic-com bustion ramjet. F eatures of in terest include

sho c k w a v es and asso ciated thermo dynamic v ariables, whic h are describ ed b y exact

expressions for a small sub class of p ossible situations (App endix B). Generally sp eak-

ing, real gas e�ects (e.g., viscosit y) and non-simple geometries dictate the use of the

Na vier Stok es equations, solv ed via computational means. The exp erimen talist in-

v ok es non-in trusiv e optical tec hniques to test the v alidit y of these predictions, gaining

an appreciation of the 
o w prop erties whic h o ccur in realit y . The ob ject of this exp er-

imen tal thesis lies within the realm of Optical Diagnostics, and ma y b e summarised

as th us;

T o design and implement an LED il luminate d Cr anz Schar din c amer a, for

the non-intrusive study of 
ow pr op erties which evolve with time.

The system is ultimately in tended for the in v estigation of unsteady 
o ws existing in

a mo del SCRAMjet engine, testing conducted in the T4 sho c k tunnel facilit y , within

the Univ ersit y of Queensland's Departmen t of Mec hanical Engineering.



Chapter 2

Optical Diagnostics

Optical metho ds[9 , 15 , 12 ] ma y b e classed as exploiting either molecular prop erties

of the test medium (e.g., Planar Laser Induced Fluorescence (PLIF), Coheren t An ti-

Stok es Raman Sp ectroscop y (CARS) and Degenerate F our-W a v e Mixing (DFWM)),

or the refractiv e index. The three most common optical tec hniques, In terferometry ,

Sc hlieren and Shado wgraph, fall in to the latter category , i.e., they rely on the v ariance

of the sp eed of ligh t with the densit y of the medium through whic h it is passing.

Expressed in terms of the index of refraction, one ma y write;

n = 1 + �� (2.1)

where � is the densit y of the disturb ed media; � is the Gladstone-Dale constan t.

Equation 2.1 demonstrates the v ariance of the refractiv e index with densit y . Hence

the path tak en b y p enetrating ligh t ra ys di�ers dep ending on the lo cal v alue of the

densit y . As a result, incoming ligh t is sub ject to t w o e�ects;

1. A turning of the w a v e fron ts i.e., refraction,

2. A relativ e phase shift b et w een di�eren t ra ys.

E�ect (1) is exploited in the sc hlieren and shado w metho ds, (2) is the basis for

in terferometry . Inciden tally , these metho ds fall in to a hierarc h y in terms of their

relation to the densit y . In terferometry is directly prop ortional and therefore at the

3
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top of the hierarc h y . Sc hlieren is prop ortional to the �rst deriv ativ e of the densit y and

shado wgraph to the second deriv ativ e. These t w o tec hniques are used for qualitativ e

purp oses only; sc hlieren is used where greater sensitivit y is desired and shado wgraph

generally for higher densit y media.

2.1 The Shado w Metho d

Sc hlieren and shado wgraph tec hniques are usually attributed to T o epler (1864) and

Dv orak (1880), resp ectiv ely . Ho w ev er Rob ert Ho ok e (1635-1703), w orking from atmo-

spherical refraction, iden ti�ed the sc hlieren metho d in 1672. Also shado wgraph w as

used indep enden tly b y Jahannes Wiesel (1583-1662) in 1649, Rob ert Ho ok e in 1683

and Jean P aul Marat (1743-93) in 1780[13 ]. The shado wgraph e�ect is readily ob-

serv able in nature under ordinary unp olarized sunligh t; for example the shimmering

image of rippling w ater on a w all to the rear of a �sh tank.

T o pro duce a shado wgraph image, the ob ject of in terest is illuminated with parallel

ligh t. P encils of ligh t after transmission form brigh t regions on a screen where they

cro wd together and dark regions where they div erge. A t places where their spacing

remains ev en, the illumination is normal. The shado w e�ect th us dep ends on the

rate at whic h the p encils of ligh t con v erge. Con v ergence is measured b y the rate of

c hange in the de
ection, whic h in turn is prop ortional to the densit y gradien t. Hence

shado wgraph is prop ortional to the second deriv ativ e of the densit y gradien t, �gure

2.1.

2.1.1 Theoretical Considerations

This outline follo ws the presen tation giv en in Merzkirc h [12 ]. Consider ligh t impinging

on a compressible 
o w �eld, �gure 2.2. The index of refraction is a function of the

three spatial co-ordinates, n = n ( x; y ; z ). Snell's la w dictates that the de
ected b eam

will strik e the screen at Q

�

instead of Q and in the plane of the �lm w e ma y measure

the displacemen t QQ

�

. The optical path length for the de
ected ra y is th us somewhat
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Figure 2.1: The densit y �eld and its �rst t w o deriv ativ es, of an optically inhomoge-

neous medium.

kr

Light ScreenMedia

x

z

y

W l

Q*

Q

n = 1 + 

Figure 2.2: Deviation of optical b eam through inhomogeneous media.

di�eren t. F or con tin uous c hanges in the refractiv e index, F ermat's principle is applied;

�

Z

n ( x; y ; z ) ds = 0

whic h states that the v ariation of optical path length along a ligh t ra y m ust v anish.

In the usual custom w e ma y write the corresp onding Euler Lagrange equations;

d

ds

 

@ F

@ x

0

!

=

 

@ F

@ x

!

;

d

ds

 

@ F

@ y

0

!

=

 

@ F

@ y

!

;

d

ds

 

@ F

@ z

0

!

=

 

@ F

@ z

!

where

F = F ( x; y ; z ; x

0

; y

0

; z

0

; s ) = n ( x; y ; z )

q

( x

0 2

+ y

0 2

+ z

0 2

);

ds

2

= dx

2

+ dy

2

+ dz

2

;

q

( x

0 2

+ y

0 2

+ z

0 2

) = 1 :
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Th us

d

ds

 

n

dx

ds

!

=

 

@ n

@ x

!

;

d

ds

 

n

dy

ds

!

=

 

@ n

@ y

!

;

d

ds

 

n

dz

ds

!

=

 

@ n

@ z

!

:

W e tak e the inciden t ra ys to b e parallel with the z-axis. Eliminating the arc length

parameter s , write x and y as functions of z ;

d

2

x

dz

2

=

2

4

1 +

 

dx

dz

!

2

+

 

dy

dz

!

2

3

5

"

1

n

@ n

@ x

�

dx

dz

1

n

@ n

@ z

#

;

d

2

y

dz

2

=

2

4

1 +

 

dx

dz

!

2

+

 

dy

dz

!

2

3

5

"

1

n

@ n

@ y

�

dy

dz

1

n

@ n

@ z

#

:

Ligh t ra ys pass through the inhomogeneous medium momen tarily and su�er only

small deviations � , but ha v e some degree of curv ature. Therefore to a go o d ap-

pro ximation all terms whic h are �rst order deriv ativ es of the z co-ordinate v anish

and

d

2

x

dz

2

=

1

n

@ n

@ x

=

@

@ x

(ln n );

d

2

y

dz

2

=

1

n

@ n

@ y

=

@

@ y

(ln n ) :

The radius of curv ature for a ligh t ra y is then

1

R

= e r (ln n )

where e is the unit v ector p erp endicular to the ligh t path. The in tegral equations for

the co-ordinates ha v e trivial solutions and the de
ections su�ered b y the ligh t at the

viewing screen, a distance l a w a y from the exit plane of the test medium, are;

( QQ

�

)

x

= l

Z

�

�

d

2

x

dz

2

dz = l

Z

�

�

1

n

@ n

@ x

dz ;

( QQ

�

)

y

= l

Z

�

�

d

2

y

dz

2

dz = l

Z

�

�

1

n

@ n

@ y

dz :

The photographic �lm is sensitiv e to di�erences in relativ e in tensities. The in tensit y

on the screen of the de
ected ra ys is equal to the in tensit y in the undisturb ed case I ,

divided b y the Jacobian whic h maps I

�

! I in

I

�

( x

�

; y

�

) =

X

i

I

i

( x; y )

�

�

�

@ ( x

�

;y

�

)

@ ( x;y )

�

�

�

:
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In terms of the small de
ection � su�ered b y the ligh t ra ys, the co-ordinates at the

screen are

x

�

= x + �

x

( x; y ); y

�

= y + �

y

( x; y ) :

T o �rst order, the T a ylor expansion for the mapping function giv es

�

�

�

�

�

@ ( x

�

; y

�

)

@ ( x; y )

�

�

�

�

�

� 1 +

@ �

x

@ x

+

@ �

y

@ y

:

The small quan tities � are equiv alen t to the displacemen ts QQ

�

determined earlier;

�

x

= l tan �

x

= l

Z

1

n

@ n

@ x

dz ; �

y

= l tan �

y

= l

Z

1

n

@ n

@ y

dz

where �

x

, �

y

are the small angles of de
ection. Com bining equations then, the relativ e

in tensit y c hange recorded b y the �lm is

I � I

�

I

�

=

� I

I

�

= l

Z

�

�

 

@

2

@ x

2

+

@

2

@ y

2

!

(ln n ) dz :

If the test region is enclosed b y glass w alls whic h are plane and of uniform thic kness,

then

n

a

' = n�

x

for small angles, so

' =

n

n

a

�

x

where ' is the angle after passage through the glass and n

a

the refractiv e index of

am bien t air. Bac k substitution giv es for the relativ e in tensit y c hange at the screen;

� I

I

�

=

l

n

a

Z

 

@

2

n

@ x

2

+

@

2

n

@ y

2

!

dz :

No w n = 1 + �� and n

a

� 1 so w e ha v e �nally

� I

I

�

= �l W

 

@

2

�

@ x

2

+

@

2

�

@ y

2

!

(2.2)

where W is the width of the test section. The distance l is often referred to as the

defo cussing and giv es a measure of the strength of the optical inhomogeneit y . F or a
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w eak e�ect suc h as the densit y gradien t pro duced around a hot soldering iron, a large

l is required since the ligh t is only w eakly div ergen t. Ho w ev er for a strong e�ect suc h

as a sho c k w a v e, the ligh t div erges quic kly and only a small defo cussing is required

for go o d con trast.



Chapter 3

The Cranz Sc hardin Camera

In high sp eed framing cameras, rotating optomec hanical comp onen ts are used to im-

age sequen tial ev en ts. F ar more cost e�ectiv e is the Cranz Sc hardin Camera (CSC),

devised b y the German exp erimen talists C Cranz and H Sc hardin in 1929 [4]. Es-

sen tially , an arra y of p oin t sources, �red in sequence, pro vides b oth the ligh t and

sh utter action required to capture images. Ligh t pulses are separated temp orally and

spatially , bac k-ligh ting the ob ject whic h is subsequen tly imaged on to the �lm plane.

Image separation is facilitated b y a geometric arrangemen t of lenses and ligh t sources.

The images are recorded on a single photographic �lm plane, the maxim um n um b er

of images restricted b y the �lm dimensions. The distinct adv an tage of the Cranz

Sc hardin camera o v er con v en tional high sp eed cameras lies in it's simplicit y , �gure

3.1.

Since its inception the Cranz Sc hardin camera has b een used in v arious applica-

tions, most notably 
uid dynamics, ballistics and fracture mec hanics. T o a limited

exten t it has b een emplo y ed in the study of photo elasticit y or the study of the c hange

in the optical prop erties of an ob ject when sub ject to mec hanical stress. Christie [3]

in England describ ed the �rst application of the Cranz Sc hardin camera to photo e-

lasticit y in 1955, and W ells and P ost [17] in tro duced the camera in the United States

in 1957.

9
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Mirror/Lens 2

Light Sources Media   Film Plane

Objectives

Mirror/Lens 1

Figure 3.1: Generic Cranz-Sc hardin camera.

3.1 Illumination and Con trol

T raditionally , spark gaps serv ed as ligh t sources and in some applications con tin ue to

b e used, esp ecially where high ligh t in tensit y is required

1

. Ho w ev er, spark gaps su�er

from temp oral jitter and are unsuitable where a high degree of precision is required. In

later y ears, rub y lasers b ecame the preferred ligh t source. Lo w er in price and smaller

in size is the ligh t emitting dio de. The LED has a resp onse time of sev eral nanoseconds

and if com bined with appropriate con trol circuitry , ma y b e pulsed at framing rates of

the order of 10

6

s

� 1

[14]. Semiconductor man ufacturers suc h as Stanley and Hewlett

P ac k ard pro duce mo dern LED's with v ery high luminous in tensities ( � 10

4

mcd) and

narro w sp ectral bandwidth ( � 10nm). This b eing said, some imp ortan t distinctions

b et w een LED's and lasers are w orth noting;

� LED's are a disp ersiv e, non-p oin t source

� The pulsed p o w er output of an LED is less than that of an semiconductor laser

dio de (SLD) of comparable size.

Nonetheless, LED's ha v e b een used quite successfully in v arious applications, al-

though there is evidence to suggest that SLD's ma y pro v e to b e b ene�cial where

1

P articularly in fracture mec hanics. The camera is op erated in re
ected mo de; that is, ligh t is

re
ected o� a solid ob ject, as opp osed to the ob ject b eing bac klit.
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higher ligh t energy and shorter ligh t pulse duration are required [5]. The LED is t yp-

ically pulsed for durations of 1-100 �s at curren ts of up to 5-10amps. Commercially

a v ailable pulsed p o w er supplies, pro duced b y suc h companies as Avtec h of Canada,

are generally used to con trol and driv e m ultiple LED's for the p erio ds, frame rates

and curren ts required. Suc h supplies consist of digital con trol circuitry coupled with

analogue driv er stages for high curren t gain.

3.2 Optomec hanical F eatures

The op erational principles of the camera are rather straigh tforw ard. Essen tially p oin t

sources are placed within the fo cal plane of a lens or mirror whic h collimates the

b eams. These collimated b eams (tra v ersing sligh tly di�eren t paths) illuminate the

ob ject, and are fo cused do wn b y a second lens or mirror of similar features to the �rst.

An arra y of ob jectiv e lenses is often used for magni�cation, images pro duced on a

single �lm plane. Hence the Cranz Sc hardin camera is referred to as b eing a `m ultiple

ob jectiv e' camera. T raditionally , sheet or p olaroid �lm is used as the imaging media.

Charge coupled device (CCD) cameras are sup erior in terms of image acquisition and

manipulation. Ho w ev er ev en exp ensiv e, high resolution mo dels still lac k the clarit y

of con v en tional sheet �lm, suc h as that pro duced b y the English compan y Ilford.

Related to the imaging pro cess are a n um b er of factors, p ertinen t to go o d design.

Considered collectiv ely , these features presen t somewhat of a con undrum. After the

manner of Lu and Liu [10 ] w e shall treat them individually , in the pro cess dev eloping

a framew ork whic h shall b e follo w ed lo osely in this w ork. The optical elemen ts within

the camera are listed in table 3.1.

3.2.1 Design Criterion

� Due to the disp ersion of the LED b eam, some ligh t will b e discarded if the

ap erture of the collimating optics is to o small.

In other w ords, after the b eam has tra v ersed the distance corresp onding to the fo cal
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Elemen t F o cal Dia.

Initial lens(es) f

i

D

i

Mirror/lens 1 f

1

D

1

Mirror/lens 2 f

2

D

2

Ob jectiv es f

o

D

o

T able 3.1: Optical elemen ts within the Cranz Sc hardin Camera. Mirrors are generally

used o v er lenses for large viewing �elds, o wing to their lo w er cost.

length of the collimating mirror/lens 1 (ML1), the sp ot size ma y w ell b e larger than

the diameter of ML1. One approac h to collecting the LED's emission and pro ducing

p oin t sources is to insert the dio des in the virtual ob ject space of small diameter

lenses. Let the size of the viewing �eld b e W , the distance b et w een the source and

lens b e d and b et w een lens and ML1 b e d

i

; then standard geometrical optics relations

giv e:

d

i

=

�

1 �

D

i

W

�

f

1

; d =

f

i

f

1

D

i

f

i

W + f

1

D

i

This approac h pro duces `virtual' p oin t sources in the fo cal plane of ML1, �gure 3.2.

When c ho osing the v arious parameters for these lenses one needs to k eep in mind the

ML1
f   

d di

1    

Initial lens

Figure 3.2: Ligh t gathering and collimation system. Initial lenses pro duce the correct

v ergence for the �rst mirror whilst harnessing the LED's disp ersiv e emission.

angular disp ersion of the LED b eam. Namely , if the div ergence of the b eam is � then

tan � �

D

i

2 d
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in order that no ligh t b e discarded.

� Since the sources are separated spatially eac h image obtained is a sligh tly dif-

feren t p ersp ectiv e of the ob ject. It is therefore desirous to ha v e a small angle

of incidence b et w een ligh t source and optical axis to minimize this e�ect.

If the angle of ligh t inciden t on ML1 from a particular LED is � , and the ligh t source

is a distance d

0

from the optical axis, then

tan � =

d

0

f

1

pro vides a design criterion. Increasing the fo cal length and or decreasing the distance

b et w een the LED's minimizes the angle of incidence. Ideally the ob ject of in terest

ough t to b e placed in the fo cal plane of ML1 whic h is the common plane for all the

parallel b eams, p ermitting the largest viewing �eld.

� The n um b er of images obtainable for a giv en viewing �eld is constrained b y the

size of the �lm. Therefore the magni�cation ratio is in v ersely prop ortional to

the n um b er of images desired.

Consider �gure 3.3. Supp ose the ob ject under consideration is placed in the fo cal

plane of ML2, with h the heigh t of the ob ject, h

0

the heigh t of the image after an

ob jectiv e lens; then

tan � =

h

2 f

2

and tan � =

h

0

2 f

o

and th us the magni�cation

� =

h

0

h

=

f

o

f

2

If instan t �lm is used then a large magni�cation ratio is desirous, since image

enlargemen t will b e detrimen tal to qualit y . Ho w ev er, o wing to the relativ ely small

size of the �lm, to obtain a large viewing �eld the magni�cation ratio (and n um b er

of images) should b e small.

Let the minim um length of the �lm b e V ; then the maxim um n um b er of images

in this dimension is n

max

of size v . Also let the separation of ob jectiv e lenses b e d

o
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Objective

f f

h

2 0

ML2

f
f

h

Figure 3.3: Geometry for determining magni�cation

and the size of the viewing �eld W . No w W � d

o

n

max

assuming there is no o v erlap

of images; in order for this to hold, w e therefore require

W =

v

�

and W =

d

o

�

In conclusion the follo wing relations pro vide criterion for the design of a Cranz

Sc hardin Camera, where all sym b ols are as previously de�ned;

� =

f

o

f

2

; tan � =

d

0

f

1

;

W =

d

o

�

; n

max

=

V

d

o

;

d

i

=

�

1 �

D

i

W

�

f

1

; d =

f

i

f

1

D

i

f

i

W + f

1

D

i

;

with tan � �

D

i

2 d



Chapter 4

Ligh t Emitting Dio des (LED's)

The op erational mec hanism of the LED is a form of electroluminescence [6]. This

phenomena is utilized, for instance, in the catho de ra y tub e (CR T) of a viewing

screen. Ho w ev er within the crystal of an LED, electrons do not reside in �xed orbitals

as in the Phosphor of a CR T but rather o ccup y a 
o wing sea of c harge whic h mo v es

amongst all the atoms in the material. A t the same time they main tain a sp eci�c

energy lev el as if attac hed to an individual atom. The crystal within an LED is the

familiar semiconductor p-n t yp e junction, whic h consists of t w o di�eren t conductiv e

crystals, married at the junction region. Electrons can only assume sp eci�c energy

lev els and within semiconductors the t w o highest lev els are referred to as the v alence

and conduction bands.

In undop ed materials, the forbidden region b et w een the upp er v alence and lo w er

conduction band is referred to as the energy gap. When impurities are added (doping)

electronic states are pro duced in the forbidden region. Impurities whic h add electrons

to the conduction band are called donors and pro duce n-t yp e conductivit y . Impurities

whic h accept electrons and create electron holes in the v alence band are referred to as

acceptors and pro duce p-t yp e material, �gure 4.1(a). A p-n junction can b e created

in semiconductors b y doping one region with atoms of the donor material and an

adjacen t region with acceptor atoms. Electrons and holes subsequen tly di�use in

opp osite directions across the junction un til equilibrium is reac hed. As a result, a

15
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p oten tial barrier is pro duced, sligh tly less than the energy gap, spanning the junction

region, �gure 4.1(b).

Figure 4.1: Structure and energetic pro cesses within the p-n semiconductor junction.

This p oten tial barrier ma y b e coun teracted b y the application of an external p o-

ten tial di�erence, allo wing additional holes and electrons to 
o w across the junction,

�gure 4.1(c). These carriers, injected in to the junction region, undergo a pro cess

of annihilation (recom bination with a carrier of the opp osite p olarit y) b y one of t w o

means;

1. A non-radiativ e pro cess in whic h the energy released is in the form of phonons

or heat energy

2. A radiativ e pro cess in whic h the energy released is in the form of photons or

visible ligh t.
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The second pro cess is of course the most desirous and ma yb e further sub divided in to

t w o metho ds of recom bination in whic h either;

1. An electron in the lo w er conduction band com bines with a hole near the top

of the of the v alence band. The w a v elength of the ligh t pro duced is then giv en

appro ximately b y the band-gap energy of the crystal. This is the `band-to-band

recom bination' and is the predominan t metho d in dir e ct band-gap materials for

example GaAs

2. A photon is pro duced b y the creation and annihilation of a b ound exiton at an

iso electronic cen tre. These cen tres asso ciated with impurities in the crystal are

normally neutral but in tro duce a lo calized p oten tial whic h subsequen tly attracts

electrons. In p-t yp e material injected electrons congregate at the cen tres, and

the negativ ely c harged cen tre attracts a hole from the v alence band forming a

b ound exiton. The energy of the photon created in this annihilation of the hole-

electron pair is equal to the band gap energy min us an energy appro ximately

equal to the binding energy of the cen tre. This is the predominan t metho d in

indir e ct band-gap materials suc h as GaP .

The photon energy can b e con v erted to w a v elength via:

� =

1240

� E

(nm )

where �E is the energy transition in electron v olts. Lossew �rst iden ti�ed emission

of photons from a p-n junction in 1923.

Referring to �gure 4.2, the semiconductiv e die-c hip is generally 0.3 to 0.5mm

square with a thic kness of 0.3mm. Most LED's emit from all facets of the die, though

not from b elo w whic h is generally metal coated. A die cup-mirror serv es to collect the

radian t energy from all facets and pro ject ligh t in more or less the forw ard direction.

In this particular mo del, the con ten ts are housed in a T1-3/4 t yp e pac k age. The

dome-lik e top of the T1-3/4 t yp e forms an immersion lens whic h couples with the die

cup to form the ligh t b eam.
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Figure 4.2: Structural features of the t yp e T1-3/4 LED.

Not all ligh t emitted from the LED's p-n junction meets the observ ers ey e, due to

loss from three di�eren t mec hanisms;

1. Absorption within the LED material

2. F resnel loss; This factor is substan tially reduced b y b oth coating the LED c hip

in an in termediate material, and encapsulating the LED in a plastic with index

of refraction � 1 : 5

3. Critical angle loss; a small prop ortion of emitted photons whose angle is greater

than the critical angle at the emission surface su�er total in ternal re
ection.

This loss is reduced b y increasing the index of refraction of the encapsulating

material and a domed exit surface.

T o it's adv an tage, an LED requires lo w curren t and v oltage to pro duce useful ligh t

output, the emission area is precisely de�ned in the semiconductor man ufacturing

pro cess and the device ma y b e switc hed at high sp eeds. Ho w ev er, in comparison

with laser dio des the LED has an emitting area whic h is sev eral orders of magnitude
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larger. This can b e impro v ed up on. P articularly within the comm unications industry ,

optical �bre is em b edded directly in to the device, just ab o v e the semiconductiv e die,

�gure 4.3. The c hip itself is imaged directly , eliminating noise in tro duced b y the

dio de casing, em ulating a p oin t source more accurately . As one w ould exp ect though,

a signi�can t amoun t of ligh t is sacri�ced.

Figure 4.3: Em b edding of optical �bre in an LED.



Chapter 5

Exp erimen t

5.1 Motiv ation

It is in tended to use a Cranz Sc hardin camera sc heme in visualising unsteady 
o w

phenomena within the mo del SCRAMjet engine. This device is routinely tested in

the T4 sho c k tunnel facilit y at the Departmen t of Mec hanical Engineering, Univ ersit y

of Queensland. T4 is a short duration test facilit y; sup ersonic 
o ws sim ulating true

op erational conditions are created for p erio ds of sev eral milliseconds or less. There-

fore, to image the ev olution of pro cesses whic h o ccur within this narro w windo w, the

camera m ust issue a stream of ligh t pulses whose width and temp oral resolution

1

are

of the order of microseconds in duration. As discussed, the LED is ideally suited to

suc h a task.

5.2 Preliminary In v estigations

A driv er circuit w as designed and constructed b y Mr B. V. Allsop to pulse an LED

for v arious p erio ds and curren ts. The driv er circuit consisting of a fast op-amp and

series transistors, stepp ed up in p o w er, pro vides curren t gain, input pulse and supply

1

Incremen t of time b et w een eac h successiv e pulse. F rame or rep etition rate ( s

� 1

) refers to the

recipro cal of this time and is the frequency of the pulse train.

20
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v oltages pro vided b y external sources. The output curren t is v ariable, dep enden t on

the input pulse amplitude and V

C C

across the transistors, and monitored b y a sensing

resistor of one ohm. The v oltage pro duced across the resistor and displa y ed on the

TEKTR ONIX oscilloscop e is `equal' to the curren t ( V = I � 1
), allo wing for a small

error in the v alue of the resistor. The circuit also p ermits con tin uous op eration at

20-30 milliamps for purp oses of alignmen t. Lines within the circuit are restricted in

length and t wisted where p ossible to reduce the imp edance, and hence the induced

v oltage spik es pro duced b y the rapidly c hanging curren t, describ ed b y Lenz's la w:

V = L

dI

dt

. A sc hematic for the device is displa y ed in App endix A.1. Figure 5.1 is a

plot of the output curren t pulse whic h driv es the LED.
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A
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de
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V
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I)

Pulsed Output, LED Driver

Figure 5.1: T ypical output from LED driv er circuit (pulse width appro x. 5 �s ).

A Cranz Sc hardin camera arrangemen t w as devised and a simple one source v ersion

constructed on the `dance' 
o or

2

, �gure5.2, v alues for the essen tial elemen ts listed in

table 5.1.

2

Platform of T4 facilit y , lev el with the test section. On the dance 
o or is sho c k tunnel instrumen-

tation and optics for p erforming in v estigations; in the test section is placed the ob ject of in terest.
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Objective lens
Film plane

f

f

1

2

ML2

ML1

d   i

d

W

Lens 
plane

LED plane

Test 
Section

Figure 5.2: Exp erimen tal set up for a generic Cranz-Sc hardin sc heme.

A single LED (initially a t yp e HLMP-DL08, Hewlett P ac k ard) w as placed within

the virtual ob ject space of a con v erging lens, creating a virtual p oin t source in the

fo cal plane a large con v ex mirror. `P arallel' ligh t from the mirror illuminated the test

section of the sho c k tunnel and a real image pro duced in the �lm plane of a camera.

In all tests whic h follo w ed, apart from con tin uous op eration at 20-30 milliamps, the

LED w as pulsed for p erio ds b et w een 1 and 20 �s , for curren ts of up to 5 amps. Sev eral

factors b ecame immediately ob vious;

1. The in tensit y and disp ersiv e nature of the LED w ere not v ery comp etitiv e with

the abundan t sunligh t, the b eam virtually in visible on a piece of white pap er

placed quite near the source.

2. The optical and mec hanical axis of the LED are somewhat di�eren t. This

coupled with (1) made the LED v ery a wkw ard to align. Essen tially alignmen t

w as a pro cess of t w eaking the dio de and then observing it's p osition in the �lm
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Elemen t P arameter(s) V alue(s)

Initial lens f

i

; D

i

; d; d

i

+50mm,25mm;43mm,2130m m

ML1, mirror f

1

; D

1

+2440mm,200mm

ML2, mirror f

2

; D

2

+3000mm,200mm

Ob jectiv e lens f

o

; D

o

+300mm,50mm

Viewing Field W 200mm

Imaging Media 3000ISO �lm, P olaroid

LED HLMP-DL08

T able 5.1: Elemen ts of Cranz Sc hardin camera, for initial testing in the T4 sho c k

tunnel facilit y .

plane, requiring an inordinate amoun t of patience.

3. Space restrictions near the test section necessitated the use of a 45 degree mir-

ror. The optimal p osition for the mirror still con tributed to the sacri�ce of a

signi�can t amoun t of ligh t.

4. The b eam pro�le resem bled a series of concen tric rings. Spatial �ltering b y

means of a simple pinhole w as observ ed to discard to o m uc h of the ligh t and

ultimately this LED w as replaced b y the t yp e HLMP-DG08. F eatures of b oth

dio des are summarized in table 5.2.

Device HLMP-DL08 HLMP-DG08

�

1 = 2

6

0

6

0

� 590nm 626nm

FWHM 17nm 17nm

Lum. In tensit y @20mA 9300mcd 6500mcd

Junction T emp. 130

0

130

0

Resp onse Time ( �

r es:

) 20ns 20ns

T able 5.2: Characteristics of t w o Hewlett P ac k ard AlInGaP LED Lamps. �

1 = 2

is the

half angle of disp ersion.

F urther tests w ere p erformed under lo w ligh t conditions at di�eren t lo cations

with the aim of obtaining a shado wgraph of the densit y �eld surrounding a hot sol-

dering iron; at this p oin t an alignmen t laser w as in tro duced. In all instances P olaroid
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3000ISO �lm w as used. The �lm is con tained in a pac k, moun ted on the bac k of

camera b ello ws and exp osed b y op ening and closing a man ual sh utter.

The LED w as considerably easier to align and yielded a shado wgraph fain tly

observ able to the ey e when placed in the �lm plane. Ho w ev er, all pictures tak en w ere

w ashed out b y sunligh t, ev en though ligh t impinging on the camera w as a v ailable

only via a small ap erture.

An excellen t dark ro om for test w ork w as found in the P arnell building and once

more the generic system depicted ab o v e built. The ligh t sources, collimating lens and

ob ject w ere placed in a crude optics b o x to restrict stra y re
ections etc. Initially an

attempt w as made to obtain a shado wgraph of a candle 
ame ho w ev er as exp ected the

luminosit y w ashed out the �lm. A little more encouraging w ere the results obtained

from a lo w p o w er 7 w att soldering iron; for the �rst time fain t shado wgraph images

w ere obtained. Figure 5.3 displa ys t w o of the images, whic h w ere for v arious curren t

v alues and pulse widths.

200 400 600

100

200

300

400

500

200 400 600

100

200

300

400

500

600

Figure 5.3: Shado wgraphs of densit y �eld surrounding soldering iron. Left: this image

w as pro duced with a pulse of appro x. 1 �s at 1amp; t w o densit y �eld lines are visible,

extending from the iron. Righ t: the LED pulse w as appro x. 20 �s at 2 amps. F ain tly

visible in the top righ t hand corner is a v ortex.

The �eld of view w as 50 millimetres in diameter, created b y an ap erture illu-

minated b y a parallel b eam of 100 millimetres diameter. Ev en with this signi�can t

amoun t of ligh t discarded, there w as enough in tensit y from the LED's to illuminate

the ob ject and exp ose the �lm; this giv es one hop e that the m ultiple source system

will w ork with a large viewing �eld, pro vided ob ject luminosit y can b e dealt with. In
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further supp ort of this statemen t, the pulsed output at 5 amps, 1 �s w as su�cien tly

p o w erful to saturate the �lm completely .

5.3 Dio de Characterisation

Throughout the course of in v estigations, it w as apparen t that the high sp eed �lm

(3000ISO) w as not necessary; the LED pro duced ample in tensit y . Using a �lm of

lo w er sp eed will drastically reduce the e�ects of extraneous ligh t. The literature

suggests that the pulsed output of the dio de is in the vicinit y of 1 w att [2]. Figure

5.4 giv es a measure of the LED output vs input curren t. The plot w as obtained

b y moun ting an LED against a photo dio de and monitoring the output of the dio de

on c hannel 1 of a CR O, as the curren t amplitude of the driv er circuit w as v aried

(displa y ed on c hannel 2).
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LED output

pulse width: 10^-6 sec.

Figure 5.4: Resp onse of t yp e HLMP-DG08 LED.

The output apparen tly reac hes a maxim um in the region 6-7 Amps, at whic h p oin t

saturation e�ects inhibit further gains. Driving with m uc h ab o v e 7 Amps pro v es
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destructiv e ev en for short durations, a result of ohmic heating; ev en in con tin uous

op eration the junction temp erature is in the vicinit y of 130

0

.

The clarit y of images obtained b y suc h metho ds as sc hlieren and shado wgraph

relies on the ligh t source b eing p oin t-lik e, critical for pro ducing a w ell collimated

b eam. The LED only crudely em ulates a p oin t source and this w as manifest in the

results. Ho w ev er as men tioned previously the LED semiconductiv e die is quite small,

so if prop erly harnessed ma y pro v e quite reliable.

5.4 Preparation for Multiple Images

T o con trol a m ultiple source system, a CMOS digital circuit w as built b y the author,

again devised b y Mr Allsop. App endix A.2 displa ys a sc hematic for this device; �gure

5.5 is a 
o w diagram for the en tire electronic subsystem of the Cranz Sc hardin camera.

The con trol circuit is a single unit, comp osed mainly of the t yp e HCT4017 coun ter-

divider. It is capable of supp orting up to ten c hannels (ligh t sources). Referring to the

�gure, an input TTL signal triggers the device. A sub circuit con trols the trigger dela y ,

this p erio d sp eci�ed b y a selected pin on the 4017; dela ys are a v ailable in incremen ts of

50 �s up till 4.95ms. In the usual fashion, a crystal oscillator pro vides the `heartb eat'

for the circuit, in this case set to 1 MHz. Dep ending on the pin-out of this particular

c hip, other time bases are a v ailable. Once the trigger dela y has coun ted out a sp eci�c

n um b er of pulses, this triggers the frame rate sub circuit. Again, the frame rate (time

b et w een pulses) is adjustable via selected pins. This then issues a stream of pulses to

the `input' terminals of all c hannels. In the curren t measuremen ts 4 c hannels are used,

hence four pulses are issued. The pulse width is determined b y the R C com bination

on a monostable. The frame rate circuit triggers `reset select' whose outputs go to

the `enable' p orts of eac h individual c hannel. Note from the diagram the temp oral

resolution of eac h of these pulses. The enable and input terminals are added at the

analogue driv er circuits, and hence eac h LED pulses only when the analogue driv er

receiv es t w o a�rmativ e logic signals. The full driv er circuit is iden tical to that used
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Figure 5.5: Electrical subsystem of the Cranz Sc hardin Camera.

for testing, apart from the transistor gating arrangemen t and additional op-amp,

App endix A.3. Also, a logic trigger w as built to eliminate jitter asso ciated with a

standard push button switc h, App endix A.4.

5.5 Application to the Drummond T ub e

Owing to unfa v ourable conditions presen ted b y the T4 en vironmen t, it w as decided

to test the completed camera system in the small sho c k tunnel facilit y [8, 1].

Although b eing somewhat smaller and more limited in it's op erating range, it

do es p ermit ten or more tests a da y , as opp osed to appro ximately four on T4. It

has the added adv an tage of b eing able to b e isolated from sunligh t and su�ers little

from vibration or recoil. The plan t w as originally acquired from the DSTO and has
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undergone refurbishmen t including v arious c hanges to the plum bing. Pictured in

�gure 5.6 is a sc hematic of the facilit y . The driv er tub e is separated from the test or

sho c k tub e b y an aluminium diaphragm. When the driv er section is �lled with gas

(e.g., helium) at the appropriate pressure the diaphragm is ruptured b y a sharp ro d.

The resultan t sho c k tra v els do wn the tub e �lled with the test gas at sp eeds in the

vicinit y of 2km/s. After bursting a small cellophane diaphragm near the Mac h nozzle,

the sho c k expands through the nozzle, o v er the test ob ject and is �nally sp en t in the

dump tank. The test section is 300mm in length and ab out 460mm in diameter. The

sp eed of the sho c k is go v erned b y a n um b er of factors, largely the pressure and nature

of the driv er and test gases. The en tire pro cess, from the emission of the sho c k to

its arriv al in the dump tank, tak es place within sev eral milliseconds; the actual test

duration lasts for sev eral h undred microseconds.

5.5.1 Single F rames

Using the recen tly �nished pulsed supply , comprised of con trol and driv er circuits, a

single source sc hlieren and shado wgraph system w as assem bled near the test section

of the sho c k tub e, �gure 5.7. Note the insertion of the knife edge. This is the distin-

guishing feature of the sc hlieren tec hnique. Ligh t de
ected b y optical inhomogeneities

(e.g., sho c k w a v es) is fo cused to a di�eren t p oin t and ma y b e selectiv ely blo c k ed b y

the knife edge, it's absence detected in the �lm plane. Shado wgraph ho w ev er pro-

duces con trast through defo cussing, discussed previously . Exp erimen tally then the

pro cess b y whic h sho c ks are imaged in either case ma y b e summarized as follo ws;

1. Sc hlieren The ob ject is fo cused on to the imaging media (in this case a CCD).

Con trast is pro duced b y obstruction of the de
ected ligh t. Sc hlieren is prop or-

tional to the �rst deriv ativ e of the densit y �eld.

2. Shado wgraph A plane in fron t of the ob ject is fo cused on to the imaging me-

dia, the distance b et w een plane and ob ject corresp onding to the defo cussing

distance. Shado wgraph is prop ortional to the second deriv ativ e of densit y .
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Figure 5.6: The small sho c k tunnel facilit y .
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f=+400 mm
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f=+400 mm

Figure 5.7: Exp erimen tal set up for single frame shots; top view

Using a ligh t pulse width of ab out 8 �s single sc hlieren and shado wgraph images

of a cylinder w ere obtained. The pulsed p o w er supply receiv es a trigger signal from

a pressure transducer placed near the Mac h nozzle of the sho c k tub e; the trigger

dela y

3

in this case w as ab out 420 �s . The trigger dela y allo ws for the �nite time

tak en b y the sho c k to tra v erse the Mac h nozzle b efore en tering the test section. In

the sc hlieren image, the sho c k app ears as a thin dark band detac hed some distance

from the cylinder. The sho c k compresses the 
o w (App endix B) and therefore the

densit y pro�le resem bles a step function. Recall �gure 2.1; sc hlieren is prop ortional

to the �rst deriv ativ e of the densit y and hence the ligh t in tensit y pro�le corresp onds

to a single curv e, �gure 5.8. The signal to noise app ears quite go o d, although ridges

visible to the nak ed ey e on the top of the LED are apparen t in the bac kground. This

is due to an ap erture p ositioned in fron t of the LED in the fo cal plane of the �rst lens;

3

Time b et w een receipt of trigger signal and emission of �rst ligh t pulse.

Figure 5.8: (F ollo wing P anel) Sc hlieren image of 
o w o v er a cylinder. LED pulse size

appro x. 8 �s at 5amps.
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the v ery tip of the device acts as the p oin t source. Figure 5.9 displa ys a shado wgraph

image, in whic h the sho c k app ears as a ligh t and dark region, o wing to the dep endence

on the second deriv ativ e of the densit y; the second deriv ativ e of a step function is a

p ositiv e and negativ e curv e either side of the discon tin uit y .

The cylinder is �nite in length, therefore the sho c k `folds' around the edges, to a

degree. These `edge e�ects' ma y b e resp onsible for the extra sho c k visible near the

extremities of the 
o w.

5.5.2 Multiple F rames

Multiple images w ere obtained in due course, the exp erimen tal con�guration as p er

�gure 5.10. The LED's had their dome lenses remo v ed, the semiconductor c hips

serving as p oin t sources. The sources w ere arranged in a square arra y and placed an

inc h apart, go v erned b y the diameters of the �nal lenses. Figure 5.11 is a plot of the

output pulse train from the CMOS con trol circuit, sho wing the temp oral resolution

b et w een pulses. Colour images of the 
o w are displa y ed in �gure 5.12. Note the

ob vious distortion, due to the large angle of incidence b et w een the ligh t b eams and

optical axis, in tro ducing spherical ab erration. Also the images captured b y a Ko dak

CCD camera app ear saturated, despite the mo di�ed LED's b eing quite disp ersiv e.

These results are v ery encouraging; there is certainly adequate in tensit y dev elop ed b y

the LED's for this small system and if certain parameters are optimized then sharp

images will result.

Figure 5.9: (F ollo wing P anel) Shado wgraph image of 
o w o v er a cylinder. LED pulse

size appro x. 8 �s at 5amps.
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Figure 5.10: Exp erimen tal la y out for obtaining four images; top view.
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Figure 5.11: CMOS con trol circuit output sho wing resolution b et w een pulses.

Figure 5.12: (F ollo wing P anel) Multiple shado wgraphs of 
o w o v er a cylinder; time

increases as one pro ceeds an ti-clo c kwise from the lo w er left-hand corner. LED pulse

size appro x. 8 �s at 5amps, pulse separation, 200 �s .



Chapter 6

Conclusions

A Cranz Sc hardin camera sc heme w as used successfully to image sho c k w a v es in sup er-

sonic 
o ws, where the e�ects of external ligh t can b e reduced. Multiple shado wgraphs

as w ell as single sc hlieren and shado wgraph images ha v e b een obtained. The ligh t

emitting dio de has pro v ed adv an tageous o v er lasers in this application o wing to its

lo w er cost, compactness and abilit y to b e pulsed rapidly and rep eatedly; framing rates

of the order of 10

6

s

� 1

are ac hiev able. The dio de w as quite rugged, able to withstand

curren ts in the vicinit y of 5 amps for up to sev eral h undred microseconds, pro ducing

su�cien t in tensit y to saturate the 3000ISO P olaroid �lm. As a result a CCD camera

w as used preferen tially o v er �lm, whic h also su�ered saturation e�ects. The optical

system used departs somewhat from Lu and Liu's sc heme. Initial lenses w eren't nec-

essary for harnessing the ligh t; for this small viewing �eld the disp ersiv e LED c hip

itself pro duced ample in tensit y . In the literature, usually a �nal, single ob jectiv e lens

arra y is used to pro duce magni�cation. This simple sc heme allo ws direct imaging

on to a �lm plane. Ho w ev er the optical b eams are not parallel, a strong requisite for

go o d con trast in a shado wgraph system. On the other hand, using m ultiple lenses

to k eep the b eams collimated and reduce the image size to suit the CCD ap erture

in tro duces signi�can t distortion. When c ho osing the imaging media, one needs to

tak e in to accoun t the follo wing;

33
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1. If using �lm, a lo w er ISO is required in conjunction with a system of stops,

�lters, sh utters etc to restrict excess ligh t, or,

2. If a CCD is used, a fo cusing lens with larger n umerical ap erture is needed.

This w ould p ermit a wider viewing �eld, alleviating distortion in tro duced when

trying to image a large �eld do wn through a relativ ely small ap erture.

It is in teresting to note in the literature that the Cranz Sc hardin camera is gener-

ally used to obtain bac k-lit images of rapidly o ccurring ev en ts, and not shado wgraphs

p er se. The di�cult y in obtaining undistorted, m ultiple shado wgraphs lies in at-

tempting to k eep the optical b eams collimated, b eams whic h are div ergen t o wing to

the di�eren t optical paths tra v ersed. The device is p erhaps b est suited to a sc hlieren

sc heme, where the collimation of the �nal b eam is not so crucial and con trast is

pro duced more easily .

6.1 F urther W ork

The fully in tegrated LED pulsed supply has b een dev elop ed to the p oin t where it

ma y b e assem bled in a prop er instrumen t case. T o that end, PCB art w ork needs to

b e created from the circuit diagrams.

The signal to noise of the LED's w as quite reasonable, further impro v ed b y remo v al

of the dome lenses. The semiconductor c hips themselv es em ulated p oin t sources w ell,

although a signi�can t amoun t of ligh t w as sacri�ced. Bretthaur et al use optical �bre

to couple the ligh t sources to the optics. The b ene�ts are t w o-fold:

1. LED's can b e moun ted at the circuit itself, alleviating pulse distortion created

b y induced v oltages.

2. The �bre could b e p ositioned just ab o v e the die c hip, harnessing most of the

disp ersiv e emission. It has b een observ ed that imaging the c hip directly remo v es

noise in tro duced b y imp erfections on the surface of the dio de.



35

The system could b e applied to the T4 en vironmen t as originally in tended if p erhaps

a k err cell

1

and band pass �lter w ere in tro duced. Tsai et al use sp ectral �ltering

to eliminate the e�ects of 
o w luminosit y , whic h w orks w ell o wing to the narro w

bandwidth of the dio de's emission. The k err cell could b e triggered and held op en for

the duration of the test, eliminating the need to op en and close the p olaroid sh utter

man ually . Ho w ev er, it ma y b e that using lo w er sp eed �lm will eliminate the need for

a sh utter. Tsai's group use a Cranz Sc hardin sc heme to pro duce m ultiple sc hlieren

images; it migh t b e pruden t to examine the use of knife edges for con trast.

1

A high sp eed electro-optic sh utter
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App endix A

Circuit Diagrams

Figure A.1: Analogue driv er circuit. During initial testing, transistor gating arrange-

men t w as absen t, pulsed input fed directly in to the non-in v erting input of the op-amp

Figure A.2: CMOS timing con trol circuit. The output amplitude is v aried b y a p oten-

tiometer. `INPUT' is tied to ev ery driv er c hannel and `ENABLE' to eac h individual

c hannel; supp orts up to ten. The device resets after coun ting out a sp eci�c n um b er

of pulses dep ending on the c hip set of `reset select'.

Figure A.3: Zero correction. Holds the analogue driv er stages at zero v olts when

input terminals are op en.

Figure A.4: Logic switc h. Pro duces clean input TTL trigger signal, free from jitter

whic h otherwise destabilises the circuit.

38



App endix B

Compressible Fluid Flo ws

B.1 Go v erning Equations

The discussion of this c hapter is similar to the treatmen t giv en in Leipmann and

Roshk o's Elements of Gasdynamics .

Vital to the understanding of phenomena whic h o ccur in high sp eed compressible


o ws are the go v erning equations. It is su�cien t for the scop e of this w ork to consider

frictionless, compressible 
uid 
o w in one dimension only , �gure B.1

x

u

A

Figure B.1: Fluid 
o w in one-dimension

The cross-sectional area A and v elo cit y u ha v e some functional dep endence on x

from whic h w e ma y determine 
o w parameters in a region (2) giv en those in (1) using

equations of c ontinuity, ener gy and momentum . These relations are easily extended

to t w o-dimensional sup ersonic 
o ws.
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The most general statemen t of the con tin uit y equation ma y b e deriv ed from �gure

B.2.

1

2

A
A

x

Dx

ur

r uA + d
dx

(r uA)D

Figure B.2: P ortion of 
uid b ounded b y t w o surfaces

The mass b et w een surfaces 1 and 2 is �A � x , increasing at the rate

@

@ t

( �A � x ),

whic h neglecting the presence of a source m ust b e equiv alen t to the net in
o w, viz

�

@

@ x

( �uA )� x =

@

@ t

( �A � x )

No w � x is indep enden t of time, therefore the e quation of c ontinuity for a non-

steady 
o w follo ws;

@

@ x

( �uA ) +

@

@ t

( �A ) = 0 : (B.1)

The �rst la w of thermo dynamics is commonly written in the form

� E = � Q + � W (B.2)

That is,

There exists a v ariable of state, the in ternal energy E whic h under-

go es an incremen tal c hange � E when going from equilibrium state A to

equilibrium state B, giv en b y the sum of the 
o w of heat � Q in to and

w ork � W done on the system.
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Figure B.3: Piston system for calculation of energy relation

Consider the system of �gure B.3 whic h con tains 
uid b ounded b y t w o pistons

with surface(s) 1 and 2.

The pistons su�er a displacemen t and in addition heat ma y 
o w in to the system.

In considering the w ork done on the p ortion of 
uid assume that the v olume displaced

at 1 is a sp eci�c v olume v

1

corresp onding to unit mass. Lik ewise at 2 a v olume v

2

is

displaced. Hence the w ork done on the system b y the pistons is

� W = p

1

v

1

� p

2

v

2

Denote the lo cal energy as ( e +

1

2

u

2

) where e is the in ternal energy and u is the v elo cit y

of the piston. Then the increase in energy is

� E = ( e +

1

2

u

2

)

2

� ( e +

1

2

u

2

)

1

:

Equating then and including the e�ect of heat 
o w in to the system (denote � Q as q )

w e ha v e for steady 
o ws;

q + p

1

v

1

� p

2

v

2

= ( e +

1

2

u

2

)

2

� ( e +

1

2

u

2

)

1

(B.3)

F or a 
o wing 
uid the basic thermo dynamic quan tit y is the en thalp y h rather

than in ternal energy , where h = e + pv ; so w e ma y further simplify Eq. (B.3) b y
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this in tro duction and further if the pro cess is adiab atic , i.e. q = 0, then the adiab atic

ener gy e quation results;

h

2

+

1

2

u

2

2

= h

1

+

1

2

u

2

1

(B.4)

This expression, since deriv ed from the �rst la w of thermo dynamics, relates con-

ditions at t w o e quilibrium states and is v alid ev en if there are viscous stresses, heat

transfer etc b et w een surfaces 1 and 2 so long as the states are in equilibrium.

T an tamoun t to the momen tum relation is Euler's equation. If one b egins from

Newton's la w F = ma , within a 
o w the acceleration is the result of t w o e�ects;

1. Con v ectiv e e�ects, whereb y the time rate of c hange of v elo cit y is prop ortional

to the pro duct of the v elo cit y and v elo cit y gradien t in the 
uid,

u

@ u

@ x

2. Non-steady or non-stationary prop erties of the 
o w,

@ u

@ t

:

The total acceleration is then, in general,

a

x

= u

@ u

@ x

+

@ u

@ t

:

Figure B.4 illustrates the pressures su�ered b y a particle of elemen tary shap e.

pA
pA

x

+
dx
d (pA)Dx

D

Figure B.4: Pressure forces exerted on elemen tary particle
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The resultan t force p er unit mass ma y b e extended to a particle of arbitrary shap e

b y application of Gauss' theorem and is giv en b y

f

x

= �

1

�

@ p

@ x

:

This calculation ignores viscosit y and shear e�ects and is applicable to a 
o w where

these e�ects are negligible. F rom Newton's la w written in terms of the force p er unit

mass, one ma y th us write,

u

@ u

@ x

+

@ u

@ t

= �

1

�

@ p

@ x

(B.5)

whic h is referred to as Euler's e quation in one dimension.

The momen tum equation is obtained b y com bination of the Euler and con tin u-

it y equations. It is con v enien t for the description of 
o ws through a space de�ned

b y certain �xed surfaces, describing the c hange of momen tum within this `con trol

v olume'.

Multiplying Euler's equation b y �A and the con tin uit y equation b y u giv es

�A

@ u

@ t

+ �uA

@ u

@ x

= � A

@ p

@ x

and

u

@

@ t

( �A ) + u

@

@ x

( �uA ) = 0

resp ectiv ely . Equating;

@

@ t

( �uA ) +

@

@ x

( �u

2

A ) = � A

@ p

@ x

= �

@

@ x

( �A ) + p

@ A

@ x

(B.6)

whic h is the momentum e quation in one dimension. In tegrating with resp ect to x ;

@

@ t

Z

2

1

( �uA ) dx + ( �

2

u

2

2

A

2

� �

1

u

2

1

A

1

) = ( p

1

A

1

� p

2

A

2

) + �

m

( A

2

� A

1

)

where the last term is obtained b y de�ning a mean pressure �

m

b et w een surface 1

and 2.

The LHS is the rate of c hange of momen tum in the con trol v olume and has con-

tributions from non-stationary c hanges within and the in w ard 
ux of momen tum.
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Again, this equation is indep enden t of frictional forces within the con trol v olume

gran ted that dissipativ e mec hanisms are absen t from the reference surfaces 1 and 2.

F or a steady 
o w in a duct of constan t area, the momen tum equation reduces to

�

2

u

2

2

� �

1

u

2

1

= p

1

� p

2

(B.7)

A useful result obtainable from the di�eren tial form of the energy and Euler

equation is that an adiabatic, non-viscous, non conducting 
o w is isentr opic . F or a

p erfect gas this leads to the relations

p

p

o

= (

�

�

o

)




= (

T

T

o

)




( 
 � 1)

(B.8)

where the subscript

o

denotes stagnation conditions or conditions within a su�cien tly

large reserv oir where the v elo cit y ma y b e considered to b e negligible.

B.2 Mac h Num b er

The sp e e d of sound , a , within a 
uid is related to the compressibilit y b y

a

2

=

 

@ p

@ �

!

s

;

whic h is the sp eed small disturbances propagate at through the 
uid. The pro duction

of a sound w a v e is essen tially an isen tropic pro cess and from Eq. (B.8) w e ma y

determine

a

2

=


 p

�

= 
 R T : (B.9)

This is a useful 
uid parameter when compared with the 
o w sp eed whic h as previ-

ously men tioned is referred to as the Mac h n um b er;

M =

u

a

(B.10)

The v alue of M determines whic h of three regimes a 
uid 
o w ma y b e classi�ed as;

� If M > 1, the 
o w is sup ersonic
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� If M = 1, the 
o w is tr ansonic

� If M < 1, the 
o w is subsonic .

No w from con tin uit y w e ma y write

d�

�

+

du

u

+

dA

A

= 0 (B.11)

and from the Euler equation (for a steady 
o w);

u du = �

d�

�

= �

dp

d�

:

d�

�

= � a

2

:

d�

�

:

In tro ducing M =

u

a

this last result ma y b e expressed as

u du = �

u

2

M

2

:

d�

�

or

�

du

u

M

2

=

d�

�

(B.12)

Substituting Eq. (B.13) in to (B.12) and p erforming some algebraic manipulation

giv es the ar e a velo city r elation ;

du

u

= �

dA= A

1 � M

2

: (B.13)

This has t w o in teresting consequences;

1. F or subsonic 
o ws ( M < 1) a decrease in area is accompanied b y an increase in


o w v elo cit y

2. F or sup ersonic 
o ws ( M > 1) an increase in area is asso ciated with an increase

in 
o w v elo cit y .

F or sonic sp eeds ( M = 1) the relation can only b e �nite for dA= A = 0 i.e. there

exists a thr o at at this p oin t in the 
o w.

The energy equation for an adiabatic, p erfect gas 
o w,
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u

2

2

+ c

p

T = c

p

T

o

(B.14)

can b e used to express the relation b et w een v elo cit y , the reserv oir and general

sp eed of sound as

u

2

2

+

a

2


 � 1

=

a

2

o


 � 1

: (B.15)

The isen tropic relations (B.8) then giv e for the follo wing thermo dynamic v ariables;

p

o

p

=

�

1 +


 � 1

2

M

2

�





 � 1

�

o

�

=

�

1 +


 � 1

2

M

2

�

1


 � 1

9

>

=

>

;

(B.16)

The v alues of �

o

and p

o

are lo cally constan t and only en tirely constan t throughout

an isen tropic 
o w. A useful p oin t at whic h the energy equation ma y b e ev aluated is

where M = 1 i.e. at a throat. Quan tities in this region are sonic v ariables denoted

with sup erscript *. The energy equation in terms of the sonic v ariables ma y b e written

u

2

2

+

a

2


 � 1

=

1

2


 + 1


 � 1

a

� 2

; (B.17)

using the fact that M = 1 therefore u

�

= a

�

.

Related to the Mac h n um b er is the sp e e d r atio , M

�

= u=a

�

. M

�

is easily expressed

as a function of M b y dividing Eq. (B.17) b y u

2

;

M

� 2

=


 + 1

2

M

2

� ( 
 � 1)

(B.18)

B.3 The Sho c k Relations

It has b een determined that regardless of in termediate non-equilibrium pro cesses, the

relationship b et w een equilibrium regions 1 and 2 for constan t-area adiabatic 
o w are

giv en b y

�

1

u

1

= �

2

u

2

p

1

+ �

1

u

2

1

= p

2

+ �

2

u

2

2

h

1

+

1

2

u

2

1

= h

2

+

1

2

u

2

2

9

>

>

>

>

=

>

>

>

>

;

(B.19)
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In sup ersonic, compressible 
o ws the region of dissipation is a discon tin uit y re-

ferred to as a sho ck wave . It is t ypically sev eral atomic distances thic k allo wing

non-equilibrium collisional pro cesses to tak e place. Regions of equilibrium ma y b e

brough t arbitrarily close to the disturbance and the equations (B.19) giv e the rela-

tionship b et w een regions 1 and 2, �gure B.5

2u u1      

Figure B.5: Sho c k w a v e separating regions 1 and 2 in states of equilibrium

These equations are analytically solv able for a p erfect gas and an expression ma y

b e determined in terms of the v alue of the Mac h n um b er M

1

ahead of the sho c k.

Dividing the momen tum equation b y the con tin uit y condition giv es for the v elo cit y

di�erence

u

1

� u

2

=

p

2

�

2

u

2

�

p

1

�

1

u

1

=

a

2

2


 u

2

�

a

2

1


 u

1

(B.20)

using a

2

= 
 p=� for a p erfect gas. This expression ma y b e further simpli�ed b y

emplo ying Eq (B.17), whic h giv es the Prandtl or Mey er relation;

u

1

u

2

= a

� 2

(B.21)

i.e.

M

�

2

= 1 = M

�

1

(B.22)

So in tuitiv ely , the sho c k w a v e represen ts a b oundary b et w een sup ersonic and subsonic

v elo cit y regimes. It remains to b e seen whic h regime corresp onds to whic h region,

b efore or after the sho c k. F rom the corresp ondence b et w een M

�

and M giv en in Eq.

(B.18) one ma y determine the relationship b et w een Mac h n um b ers;

M

2

2

=

1 +


 � 1

2

M

2

1


 M

2

1

�


 � 1

2

(B.23)
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Using con tin uit y , Eq. (B.18) and the ratio b et w een v elo cities u

1

=u

2

= M

� 2

1

, the

relation b et w een densities is

�

2

�

1

=

u

1

u

2

=

( 
 + 1) M

2

1

( 
 � 1) M

2

1

+ 2

: (B.24)

By substituting this expression in to the momen tum equation in conjunction with

a

2

1

= 
 p

1

=�

1

, the pressure jump or sho ck str ength ma y b e determined to b e;

p

2

� p

1

p

1

=

� p

1

p

1

=

2 



 + 1

( M

2

1

� 1) : (B.25)

Finally , the v elo cit y ratio in conjunction with the energy equation giv es for the tem-

p erature ratio

T

2

T

1

= 1 +

2( 
 � 1)

( 
 + 1)

2


 M

2

1

+ 1

M

2

1

( M

2

1

� 1) : (B.26)

No w (neglecting the details) the en trop y can b e appro ximately written as

s

2

� s

1

R

=

2 


( 
 + 1)

2

( M

2

1

� 1)

3

3

: (B.27)

Since the c hange in en trop y is a p ositiv e quan tit y for an adiabatic 
o w, M

1

m ust

alw a ys b e greater than or equal to 1. In other w ords, the jump in v elo cit y b et w een

regions 1 and 2 is alw a ys from sup ersonic to subsonic. The corresp onding jumps in

temp erature, pressure and densit y are alw a ys to higher v alues, therefore the sho c k is

said to compress the 
o w.

The visualization of sho c k w a v es and other features of compressible 
o ws lies

within the realm of optical diagnostic tec hniques.


