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With’ the advance of supersonic £light the need for hetter and more

poverful wind tumnels is greatly increased. When one considers how
expensive the building, keep:m@ and running of th& simplest wind

tt:mzel is, cne may form an idea of the cost even a 2or3 Hach tunnel.
This view hes stimulated the seientists to look for a levs expensive

method of wvisualising super.:onic flow.

One suck method is the % Shallow %’%’ater m;alo;:;; " method. énalcgies
are oftenneeded in engineering when thoy give an aesier method of
doing sémethin? - scmetimes even impessible things, or as in our
case, ahen 'Ehey are more economical.

In thi.: method we have a water flow of very small depth - zbout 5
to 10 mm. apd the rhencmena occm:ﬁng in this flow are analogous to
those occm*ina in gas Tlow. The tank m which the water is sllowed
to flow need not be very big of course, in fact the tenk used in
preparation of this thesis occupies a space nobigs -er than 40 Cilte
by 190 cme. by 11C cm. The power needed to run it is of course none
but that of the nc:rmal city water supply, if this is not present,
& swple water reservoir will do.

We shall now establish the ah..log:;r and give scme results obtained
from sctual tests.

N
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Iz THEORY OF GAS FL.OY AND SHOCK MAVES

The gonic veloczty is the velocity at which a pressure disturbance
travelsrelative to the gas.

#rom the fundamental theory of zas dynamics we know that the sonic |
velocity of a gas is given ‘by. a = d '

dr

Since for a polytroplic gas ?\I const. vhere:

o C’ I P
K= 7 and V= e T Censhe,
T T
Then: b~ =5 80 <L K e
=R & =Ky
and from P 5 i 3
= T |4 K4g
.. ¢ 4 e ‘ig RT

O =f!€ :W

//j////////////

Because at a given point P we have a
given set of characteristic properties

N —
R ‘g,’"“"’"'“ — Py vV, T wa also have a fixed sonic ve-
fff/(/fl///l//;//{///r locity ( 2 )
Pig. 1
Then for that point, o
Y _ © " is defined as the Mach number.

] 5 = ’

For - M <4  f£low is subsonic

NL: 1 ° flow is sonic
M > 1 flow is supersonic

Assume é. nen-flow medium with a disturbanée at point O and the dis-

| turban_ce_ is an electric spark wit}i a
sperk interval j { of constant fre-
‘quency. Since the propezetion will be
at sonic velocity at all points radi-
2lly away from the disturbance center,

- the disturbances will propagate in the

: v *b form of concentric spheres and the radial
Fig. 2 distance (wave length) will be ;- AAL
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Assuming now that the source of disturbance is in a flowing medium
of velecity V< & or M <4

Now the Spheres of disturbance will no
lonzer be concentric because the spheres

will now propagate such that their geo-
metric centers will move along with the
‘£luid- downstream with a velocity 'V,

Fig. | The upstream wave front will travel with
a velceity (o.-v), the downstream wavefront w111 travel with a velo-
city (afV) . Mnd A,z (a-wv)Ab , Az (asvatb
Now we shall assume that the flow is VS o or M >4
(supersonic). For this ‘type of flow. the spheres will no longer be
within eech other because the upstréém wave front will have an ghso-
——V : -. lute velocity of :(a,-\f) yand since
' ' V> the wave fromt will have an
absolute velocity in the downstream
- direction and so point A may never be

; upstream of O, and so when a new dis-
VAt

Pig. 4 : sphere will have moved away from O.
Again the velocity at A will be (V-a ) ,the velocity at 3 (Veaw)

turbance wave is produced the original

inelyzing this further: 3.',, m._' at - i
. vt: AV gui = sm -ﬁ'

Therefore, the tangent does not depend on time and so will always be
tangent. The cone formed by this tangent is called the Mach €one, the
volune contained is the 3 zone of action®,the volume outside the cone
is 2 place the disturbances shall never attain hence is called "the
zone of silence" . For M=1 (sonic flow) &SWA=4 and o=
the cone will become s plane,there will be an accumulaetion of pressure
and we shall get a shock wave. Thus .a shock wave is formed by an accu-
mulation of disturbance such that there is em sudden change of pres-
sureaccross it.This alsé tells us that a Hach Line is the weakest
kind of shock wave since there-is only one tanrrent sound wave at any
given point. LA
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file may add here that in a flowing medium the disturbance need not be
an electric spark. Abody in the path of the flow would produce stag-
natic pressure atleast at one point, and this rise of pressure would

propagate at sonic velccity.

we shall now prove that shock waves can only occur in a decelerating

flOﬂ-

Assuning & ﬂece}.erating flow as shown below:

o

v tf//l}.‘/

Z A A 4
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R
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g u{mr Sen 1:,
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4
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¥ige. 5

A disturbance is propagating from 4 towards B. vie know that the
savelength A= AL(A-V)Then A= At.a(4-M)

At C we have M=14

then M=o and =e get a shock wave.

Buti ifthe disturbence is at B then the wavelength will be

"7‘.':-' ﬁ(‘.A(V+a-)‘= A&G_(‘l-#M)and so N\ will never b& zero.
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Starnation (total) Properties

Q o | %hz The energy equation:

V, by )

":'*"‘ ' 22 +hae L.,..::- W h + .i[.:. 2o
! o Whragy Ty = Wikagr TS

Y

V7 ////////i// 777777 r797i //f/
Fig. 6

For no shaft work, adiabatic flow and vhen 2 2‘ is small,

i
3‘(3;*30 is almost zero.

&
Then: h + h R q\;{“.‘ - L&M‘S*’ )
u‘j , 434 If we introduce & body in the flow we

/ have a point vhere ¥V = © this is

called stegnatidn ;)oint. Then

- > met : :
ody
o e Y =h +o
N ’ ‘4 Zf"
3‘2’&8 \?Clha{,{‘ 3
Fig.' 17 ﬁis celled the stagnation or total en-

thalpy and will be denoted by !-19

mfferentiating h + _)M_ = cCowl:

N T
% g%i then T+ == = comh.

2
For the stagnation pgint' T+ Mz =T gi T
243¢p ™ ®
Aga.in T, 18 total or atagnation enthalpy.

At the same point we have then b, > 6> go N etc.Total properties.
Since this compression takes place in a very short time, it 1sadia-

batic. So: | Mt&‘: _ __I?_ ‘ {'__JEQ{}

P T

Y
0

NG SO Ollesess
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How let us 1ook fcr T"T{M) ’f’ PCM)
2 - 4 T (__!5.. ) -
C.P-—c\, =, ? 4;- ‘;;\ ':-"-j"z.:‘p Jen = K ~4 ;3-'.
T‘TC‘PG Tgk(n-;) but O;z'r; %KET
Je /* _ -+
Merd = TCK*I) T+ T = 1o
ana To_ K=-ii7% then T~ 2 1=ty 2]
F=1+5M % —§-=U+ M
Derivation of Euler's Eauation: '
dk#‘ \f«é:'j = £ " = -+ E“{ 3 %‘"‘iv vy
a7 o h= ‘{1 T = dh=du+ T + ::"
_ . vd
vt JQR= du+ F—?—_—V =o therefore ~Sh = 3‘?
Vde  vly de WY e, |
+ et SpaNet, 3P LYV —
TrETe Pyt e Tl 1= T°
, - for com preesi‘ble or inccmpressible flow
Flow gzstex;is i »

For most engineering. applications we assume flow beginning from an
infinite reservou', hence flow velocity in reservoir is zero and

conditions are stagnatie con&it:ons. _

lﬁ%‘nthﬁ Rz.»zrwk__ —
o =0 7 . -
P"’f?) fa‘ ,(

- Yieknow that for adiabatic flow :

Fig.B8

Jh= Vé?.. o . B ¥ -
gfs-» r Cpal= 33}3. — 3;?-:: C?g:}'é“
also f F+NdY =0 Euler's equation |
- . ; ) -— iy g -
then €pdTdT+VlN =g also Cp-ty= %_—, - Cp¥ :{;‘,’_“:‘}R
so that § (F)RIT+ VdV =0
tnen: 3( ),izfé_'r +fvg,v =¢
‘ - ™ =
Solving and simphfyﬁg@ as o NT = Lo
] ey 1 ~§
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From the Iircéeding' equétj,on we see that as V incresses a decreases
then L=\ }‘( M =: 1} Q=" eritical sonic velocity
' ’--'\f"b critical floav velcczty
at the same poixzt #e heve i::‘*’ 5 _{’ T -
e x ' -

At cmt:.cal ccmdltions' \; 3 &0 from OF ...\ﬁ

51 &&i*""% vgﬁﬁ? then = V bL

2 - 4&* o ] |

and 1;; = K= since - ;;O Tw
— ;;,.‘ - . ] &"
Pc [ ) V}. 3190 _ “[K"(
' again from L X ..%...
k= =

= : -.Vr
- and M= — :
w‘/{ia ( \7 : ‘ 2 , M V 03;: "(%)\jz '

also: M* - .'V V

fé:‘
combirning and uimplifyng

M \/ FO YT
| 2+(K—3)M2&‘.,%7

Thus f&l‘-v :." - s M’r:, o
e.nd for : M o0 ., M = %”-1:-
Student: . Date : Teacher:
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Shock Vaves

By the Kinetic Theory of Gas the thickness of a shock wave is given
‘as 2 microns.

-

vV, —s ——3N,  Therefore, the changes across & shock
2 B, ~ wave are adisbatic. We have a constant
— area, one dimensional flow but we also
Iy sz.. » assume that the energy principle does

i H 2 not hold across a2 shock wave so that we |
Upotreaua Qg\ @) Sewnsbroaw . ‘

. igfg have & change of states.Another essumps
tion is thet the total temperature does not change. As wild as these
assumptions may seem, the derived equations based on these assumptions

are in perfect conformity with obtsined experiﬁxental data.

‘lﬁ’.f. VdY =«  we cannot integrate this but,

kY , , v
PN, A{‘~= ENLA_ since A =A_
PV = owet, %%, +IN=p

Bsfos (V)2 L

and from f:: oy
¥&

lo - Vi
(?’k’ ‘dz ) + (:gx\:’h :gv ) =

Tm NS RT, y " o
Pv=RT, [ P-R= _‘4.‘_\.{_:_.521 _ KVrps
. o = = » K’ggT. K%ﬁ?a‘
F’Jf' P‘ = th{.z. - KP%_H:' .
and = i* K& o
g 1+ M=

But this tells usg nothing since we do not know sbout the dowvnstream
- Hach number, 7 v : .

Student: - Date : Teacher:
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combining: M; =

@e shall now try to relate the Hach number of the downstresm side to
the Hach number of 'the' upstrean side.

{!-i'(ﬁ“"} H]

| Ta,_-l (D M ]
S0 Tz o 2+l MP
T 2elk-p MZ

b
i‘m'_ %F_i_:. ' 7
, ) P‘-&. ﬁ? ' v : ’ : 'j
Substituting: M. _ _{+ #Ms | 24(k-DNFT*
My P+ KMP | 2+ede-i)MF

t o, =T,

2

*xsﬁ‘}‘

‘\“'/: -'C.oad* v:: M\Jgk 2 =

N

simplifyings | MZo 22Ck-)MZ

' T2 K MA- (K-

We alsc know that: ¥ (Ke) M2 ' and M’“‘, (Ket) Mo
Sl M-z T ME (k- ez

so thet sz___ S MM emd o o MET
(R =G T 2 R = k-1 M
Substituting into the preceding fomula and simplifying

M . M = i Rankine— Bugomot equation

since M¥= % . and va 'V'z |
V, '\] a* Prandtl equetion

Row we may come back and £ind {;}
]

-fit- - KME | C . ;,4 2KME~ (x-1)

Fi + kI ar te-DHF and Vo
! K m} : |+ K‘

by the same token: ‘T v

_Ll-r s’.-t}&{"}r_zm (- t)]
T M- (K1) '

and from e - ———
. I T A o k)
5 p N{ 2+ (Km1) M7

Student :
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We shall now that there is an energy loss across & shock wave, hence
that it 45 u'reversible.

Since the tctal pressure represents total energy, loss of tolal press-
ure represents loss of total energy.

- N
Bopecpn ™ Bl RN

o+ (kDM &

Pa. 2 -k o W =
P 2%(K+¢$ | | W‘F T RN (k1)
Combining the above and simplifyng: <
.
b L oo MRS
Pou (KH){_Z;:ME--(.M}}( 2+ (k=) MY

Since as M=o, F:.._-_.,,,p $he increaue of temperatnre is at the expen-
se of tofal energy. ' ‘ T

Student :
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Oblique Shock Eaves.

¥hen the direction of z supersonic flow is suddenly changed, we gef
shock waves making an oblique angle with both flows. Also, vhen a su-
personic flow crosses a shock wave 'in 2 non-perpendiculer fashion it
is deflected. |

Kow we shall amelyse this phenomenon:

F
M, aq, & =flow deflection angle
1) & =shock angle
f‘ '\f ~ \&?ad . = €= é '
T, N y '\i;{: normel velocity component

sobd weadl

i3

\'g_: tangential velocity component

o/ w
Il T rifi 777 /7! €1
. O

—\/r:i"::\/.' S € M, =V, o5 €

Va,= V. Sin & V. =V, cou /5
¥ie shall now take a very small stream tube and apply the continuity

principle. -
Aif;v; = A_zf’z\[z
But Ay = A sive |
Az = A, 5w (5
Acf‘.\l;é‘m& =Aa§:_v;..6:% f:

So:

Bhock wave f

Teking o streantube within the shock wave: JmiMin! =V, f= |

Erog Euler's equation:
+VdV =0

there is no cliange of pressure
. wi‘!_:hén .and aleng this shock wavs
‘ stream tube: dp=p

hence: VJV =0

- 5o we get that :

' 8in

Student:
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Aleo, epplying the conservation of momentum principle:

4vi Vo 2=V '
Aé‘—,‘ )-—-mdr“'-?m'gl‘:f where t“t.?:clt
o M=gAMLdE o wWap AV, i
e . . : Vi )
Substituting: | Ac(Pl" B)=w ae- - 1{:‘ =L A \"N r.l.}' -;&7- ‘f If\-\.r,,i%'
So% h *ﬂﬁ Na ‘0‘2- *?Nh:_
" Since Vr, -\frn'. -V wnezVaeosh and \\?: f;'?’
- s
from: j V;‘l ' o
; . o \INI - >%—qi“lé—
Combining we get: " v T N, o m .
Then also: v P.‘r\ + 2%:‘ = CPT2’+2T§;
- - )
but V; :V" *Vh .
‘\[,_“ = \/N:_ T-V:‘-: ,
C h""

Thens

e observe that the fundam

%afrelations for oblique stock waves are

-\j;q
zq7 = bl +2.?;T {
a

'bhe same as thcse for normal shock waves with
"V substitutea by Va

and M substituted by M sin <
50 ae ghall changs our ecuations accoraingly.

S_nce‘ V: >V

C.aé,é.

i:herefore /_I, 4 é-

: ur, t’he Ploy is always deflected towards the shock wave.
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Our new formulas aye now: .

: ,..t__.- 2K ”*a. s \ __ Ko
1) B Kn (_M= sw 2K

- —— " 7 v :
2 —j’- = Nz Y-t
) § mé, | '\fm K-H [ M2oine * -1 ]

o = LRKM 2407 & = (i)

Using eq. 3 and the fact thé.t /é:- &-% we get:

hﬁéz Z(H, i) é,-—l)
kM- 2t sivie YW

A :mtewesting point is ‘bhat ‘Im(;‘o for H A;W é*— I but we know
that Lé= q is the equation of the ¥ach cone. So our aesumption that
'Ha.ch waves are the weakest waves is correct, since they are S0 weak
| that o flow may cross them without deflection.

4)

&190 ‘)QM L=g foréaz [_ {ﬁ::_u‘& :90 ' /‘i{kb\é‘ =
This corresponﬁs of course to normal shock waves. Therefore bettaeen £ =§f:
and €= fzm ' M we should have & maximum. Ye shell now look for it.

Taking cl (‘lé‘tu S)

BIEE g = 'K' v K }{"-}.4—{(;«1) (13 % 0s "““‘H‘*)}z

‘we get:

Iz ri is 1arger than é corresponding to éw\ » we get shock dettachment.

Debacked Gheckowave In other words up to 4= L vian Ve

4 ~shell have an attached shock wave
meking an angle €, at £ = 5w,
shoek wave will start to gepparate

 and xhen ébeccmes larger than 2 w.ox
we get g dettached shock wave,

- Date: . : Teacher:
Student: o on waral | © mey 1, 1961 | “Dr. necdet Eresian
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Ii- FLUID KOTION VISUALISATION METHODS DEPEHDING UPON CHARGES OF

'REFRACTIVE INDEX

N

When the refractive index of an opticel medium is close to unity, it

can be related to the density with sufficient accuracy by the expres-

sion; . : o
M=l - . chere Vizrefractive index

| f : j’_—, density

Therefore if the refractive index of the air( refractive inde? at stan~
dart conditions: 1.00029) can be measured as it flows around a.body

it may be' possidble to deduce the density and from a few assumptions
get its ¥ach number etc,. ' | :

The advantags of optical methods may be briefly listed as below:

~ a) Cptical methods do not interfere with the subject being
observed. ‘whereas tlie introduction vof a body obstacle may
be of great interference and will certainly distort the data
at hieh Iﬂach number flows,

| b) By photographing the flow we nmay record all the necessary
date in the minimum running time. This is particularly impor-
tent at high Mach nurbers since running the wind tunnel re-
quires a great deal of powera "

‘I'he disadvantages on the other hand are that all density changes in
the path of the light are integrated and that they are restricted to
two dimensionnl flows.

A ray of light is sent through a ®
Worl;dng working section and hits a screen.
Seckion  If the air in the working section
 is uniform throughout, the light w

,_»\Zg will stri‘ka' the sereen a'l; Py

How if an e perimental model is
(placea in the working section and
the density, hence the refractive
Pig. 14 index will no longer be uniforn,

Jote— 22— J0

Hgkﬁcg

" Student: _ : Date: - | . Teacher: ’
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the light‘ will be refracted st an angle AC so that it strikes the
sereen at Po. The time it takes to travel will now be changed by &k .

A¢is measured by the Shlieren Xethod,At is measured by the Inter-
ferometer Hethod.

The general principle involved is as follows:

Let 0Oz represent the path of £
the undisturbed light ray. A
represents & peint on an ele-
ment of the wave front at O.

But sﬁppose that z disturbance

ig introduced in the path of the '
light with a constant gradiend

of refractive index % in

the direction normal to 0z for

an interval of d¥e

= refractiva index at 0
: Vigrefractive index at A

% , v=velocity of lizght ray at O
¥ Zig. 15 ”\g:velocity of lizht ray at A

So: , i . |
Va=Y 57 Ze - g
Takinz R as the instaterf&hs Padius of curvature: 1
|

29 R-dx 2 R__éx_ |

- = =———— {herefore: = |

v © v v ;

B — ‘

- i - . T X |

ands Re LR-ddn+Fdx) )
v 1

ors .  dn |
R= (R-dx) L1+ & Fhdx) j

w35 P P *
R= Q**‘Z:«;dx-da—g% dx
neglecting second order differential termss:

)Jk. | ’ |

L 2w
(‘Q W ;::-‘-:»“ 1
} s |
erefore: — e e
™ R n ey
Student : Date C Teacher: —
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So: B (e |
¥ 91"'«( b ?%'és
o3 Q i 2
similarly: 5—:- ;; ) Qs
If geflection is small: AD 13w N
w= u 7 =
AB, = L }3’ d=
ATy=1uy

- The Schlieren iethod.

In this method, some gquantity is record_ed from sébich it is poszsible
to deduce the deflection AD .

The basic Schlieren system is shown below:

Waru LY $4
Sechinag
o

DL
————————

7’/7117
S e ‘Lmig.;_

§
i
“““é*-ww Lo ~4
zvey Firor Wi ‘g. 5&.;;;,_{,‘.“

tdgo Wwedd  wdge

i

Fig. 16

Light from a source {preferably a line bource instead of a point
source) is focused by the condenser. At the focus a straight edge is
placed such that by intercepting part of ihe light we get e sharply
defined edge of light bean. 'Tfhisvlight then,passeé throuch the wor;
king sectioni At the new focus of this 1ight we place a second knife
edge such that it intercepis a part of the luminus fluxz and the in-
tepsity is thus diminished. The light is then recorded by & photo-
graphing tiachine. '
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OF

If'ﬁhere ere no gradiends of refractive index within the working sec-
tion, the amount of light reaching the film is fixed by the relative
position of the two mife edges. If a gradiend normsl to the plane of

- the knife edge exisfs’hawever, the beam will be refracted up or down

according to the gradiend- so that it elther adds or sustracts Ifrom
the 1igh£ normally present on the screen. Thus, a working section in-
volving a pattern of gases is reproduced in various tones on the film.

There are various methods in which the verious clements of this method
may'be arpanged.In general, because lenses of goodrquélity ere not sval-
1able in sizes of more than a few inches in diameter, it is found more
convenient to use concave peralsbdlie mirrors.

The mostix widely used method is shown below:

' bechoy |

3

l:((&hl‘ﬁs}uiz'_@ i s A
S W Kabe Bdge :
Wieror | ; Mirper

§

X Wort i

; d t?inji

i

i

i

K;-ntt_ Ed‘gﬁ

Fig. 17 |

‘fhis system has the advantege that parallel rays of light pass through

the working section, thus producing an image of superior resclution.
Purther, because the 1izht source and the cemera are placed on oppo-
site sides of the light path between the mirvors, come is cancelled.
Aﬁéther advantege is that the working seétion is away from the mirrorsp
in fact since the light between the mirrors is parallel, they may be
placed as far appart as desired - & characteristic very useful in wind
tynnel testing or with explosion or high-temperature testing.

The knife edzes are set up such that 50 per cent of the total illumi-
nation is cut off, However, care must be takén not to exceed theworking

Student:
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A .

(2]

VALY
A,._%[\ /\ f\/\/\f\
V

range,otherwise wo shall get a black or white area wherethe changes =z
are not shown and so detail is lost.

" The Interfercmeter Method.

0f all known optical methods this is the one most adaptable to quan-~
titave research. . ' '

The basic principle of this method is as follows:

At any point where two or more trains of waves cross each other they

are said to interfere. This means that the total effect will be deter-
mined by the algebraic addition of the individual effects.

TN,

VA NN /\‘\/ﬂ

N 'Pl‘“"ﬁi O i.,w‘.b

In- t’t“ﬁﬁ- “Dub\"{‘aamg

b“‘ﬂ LMt %r-z." “we
Fige 18 erent” drequeney

Asguze we have two points of 1liszht source on the line Ox whose lights
ave in phese ( coherent sources ).

Wy

Fig. 18
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There will be & point P such that _,' Pﬁ ¥} or some integer
multiple of the wavelengths,. Then at I’ their effects will mdd and we
shall have a fringe of light. There will also be & point P* of the same
characteristic and in the y-z plene we shall have a circle formed by
similar points. In the x-y and x-2 plenes such points will form a
hyperbolé { locus of points whose difference in distance to two given
points ig constant ). As shoun on the figure, we shall have many such
points between H;3 snd 52.

If the distance between S, end Sp ie increased, we shall get many such
lines, and they will become straighter and straighter. Also, a great
numher of brizht end dark frirnges will be formed on a plane parsllel
to the x axis and it is these that are recorded by inteidferometers.

In order to observe interference effects, it is necessary to have two
sources emitting light waves which, from the start, are always in
phase. This can never be accomplished with two sepparate Bources since
it is a fundamental property of atoms or molecules of z source that
they are continually uﬁdergoing which produce frequent haphegard chane
ges of phase infglég 1izht they emit. Hence it is necessary to use two
rays ==t in split’*‘ﬁf:‘ the light of a common source which are subsequent-
1y recombined. Horeover if the resulting fringes are to be sharply de-
fined, it is necessary to use a2 monoc}zrbmatic source. Under these con-
ditions the fringe spacing depends upon the path difference of the

two rays and on the wavelength of the light.

LQhe
UQ P ’y‘ Ca Emae ol By definition:
Spuee] .
L ‘ n= Y—'i
rig. 20 A
where: V= velocity of light in vacuum
V= velocity of light in given medium
given two medii 1 end 2:
’V h{a . ‘i:_
N, = = Iy Al = e also /'\,r’.::- e
t ’% t (i/‘ L‘
V : A .
h.z.. 'r}lz_ ‘-a‘ - /\/;_"“‘ “z_ 2 ::.;..
Student: o man Kursl Date Hay 1, 1981 Tea'i}z'r Hecdet Eraslan
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where £ is the time required to cross the medii. Then:

k £‘.. Vo ’ ’
c' ‘;{; - L‘-"‘ = %ﬁ' .
L v, . Llng-n) = v, (E.-t)
zz.: :;L_ - ' sz.'a V°t:. .
bp = Lo
2 YT Ay, ;
Assuming the light to be travelling invacuum, the equivalent lengths
are: '
l‘ = qf;{g (
L "}.. "::\/c E.‘ﬁ
L=yl =)
so: ba=2s  _ alua-w)
%o %
7 and:
L:‘-“Li = L (Mﬂ_." “’1,)

Ircm the eclementary theory of interference:;
_é}g_ — é,(‘ﬂ;—w}
b T Ao
vhere: ' b=original fringe spacing
Ab =change of fringe spacing
A=wavelength in vacuum

: g
Since: B, M-t | n—1 _‘.{, (_?3:_‘..)
e e ] - >
S T hitg
o=l oy | -1
~—e I e l‘?z_"i “:.f)-( ‘-")
s0: R - wfz £ vi-} f
' 2 = £f1-31)< i
Hence: {\-&

29 _ L ) A=
thich gives 2 qunantitoetive method of determining the density change.

It is important to note however that thic method measures only the
relative densities. Thus it is necessery to kndw t}xe density at one

fringze.

Sfudeni}: i
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It may be easily scen that the quality of fhe optical instrumenté
must be very high. To give an exemple: all optical flats must surfaced

to withinﬁé A % including the %tumnel windows ). This comes to approx-
inately C.00015 mn.

The mézt widely used method is shown below:

v

Q

S
y

Loieg®l
-

-

Pig. 21

FC77 707 Prrt

‘Light from the source S is split up by\the half-silvered plaete P, into
two beams. After reflection at the mirrors Po, and P3 the two rays are

recombined at ithe second half-silveresd plate_P4 and pass on tothe

screen or photographic plate at §.

The principal advantage of this system is that the two optical paths

may be sepparated as far as necessary so thet the working section may

be pleced in one without obstiructing the other.

A nmajor disadvantage of the interfercmeter is that the assemdly cost

is very zreat. Also, muchz care nust be taken in adjusting the instru-

ments.
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THE SEALLOY WATER ANALOGY

Up to now we have seen tne theory of compressible fluid flow and
the means to visulize these flows.

sow we shall estzblish another method of visualisation: the Shallow
vater method. FIn this method we shall use the fact that en open cha-
nel liquid flow of very small depth has properties very similar to
compressible fluid flow. By observing this analogous flov, then, it
will be possible to gef results similar-to those obtained 1n wind
tunnels.

The principle advantege of this method is that the need for very
expensive wind tumnels is bypassed, instead of which very low cost
equipmant requiring practically no power fo run is useda

In order to prove this similarily and to see what these similarities
are we ghall begin by a three dimensional enelysis of a cozpressi-
ble fluid-flow. '

soume & flowing mediuvm and a
differentisl volume in this me-
' 'ie- dz —-*rl dium. Denoting the x component

of V by u, the y component by v,

2’ and the z component by w, we have

Sided
that in general:

. =

/ t'-—-——-—-—(s"dt 2 w= w4 21t)

i | .
7 - } ‘ é}:, AP = G}(‘}L}f‘g)"z\’i)
‘ Z Wz ol f},)(j)g,,l_)

\\\
?. N S

M

Tig. 22
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Applying Hewtords ‘;‘minciple %o

Bud

N

vhere: | e, @Y
e Pe=pr ey

substubing:

80:

Similsrly:

the volune:
<9 s

Z Fe = Wil
Z Fg = ,ﬁlc’l“:}'

= Fa

Fe= (‘P.—Pz)x 33 da

R ered
———

W"‘G.:a_

- 2 .4
3 P‘?—“’ i - x

SF;; = [{F--%pz“%)‘{}:-*%

Also: m = fé?‘télggcﬁz
Su ’%59 .;.?3 2 282X, 2u
du Du zn.{i*‘ "oy au
U= db T U+ Ty v ¥ omer o
. 2 iy Py 2
: a7 X — Sl ZY
Similarly: . C(3 =3I = 2 U +?3 o+ 3: .*.‘3&
1 - N -
awr gw i Iy -,
o = - +35, =~ gl
A, = dr = U 343— B+ 31wt s
. . gD ;_*', Ly B o,
Therefore: i Ld‘«*:ci;gd?&x PP T 5wt }\'-) = - 5% (didyda
3 me o e
PladgdaXSowr By 0+ S50+ =B (hedyan)
Qe oI L —
Pyt SRt B o+ BE 0 BE)s 2 (udyus,
t™ ,3 -
Student : Date . Teacher:
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If Flow is two dimens]

Lozzal, Uy =g

: e w2
Henee: 0{ 2 Bt St -~é)a- f;»h,_
5 N |
E R RE e oS
plorutSyprsaws t)=" 5y
P Y ST B~ )
f(}xu‘*?g’@* wrR) =5
. Also, from the continuity eguation:
' g 2wy picw | lpw)
I TN AN At
é{.ﬁ’ét‘i(f\/)-‘-c - :?_f’ o 2y 2

“Z’b

24

f(
K

DCQL(}
Pk

U 3y 3»?'+ ’5&

2P
.i

4‘3{

Y aw
EX RGN

%)%

e

=32
2y

Giving vs owr equations for two dimensional compressible flow,

Student : Date :
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Now we shall make a ’similar study of an open chammel incompressi-

ble fiuid flowg

 The Shallow dater Anelogy in Ges Dynamies J

plzce an (x, ¥, z ) coordinate system in a space filled by wa~

ter in such a2 way that the bottom swrface is the plane

o and the fop curface is given b:; a function

Fig. 23 .

From the coatinuity equetiond

= 2(’?&,5 ;.')t}

Again:

’ |
3 ’}¢~ +}w _ - : |
-‘ . . ~ !
:3-'( 2\ o ‘
Hevton's Law: F = W |
in x direction: i
2 : |
F= - 5% dxdydn
dy |
= o (dadyda) T
ands b | _g‘u '
— gxétégii = f I 3&13
therefore: —_— ?_-E “‘%“ (2a)
PN'A f 7 o |
Student : Date: . : Teacher :vr ‘ i _
Orhan Kureal flay 1, 1961 Dre Gecdet Eraslan _
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In y dizection: F'__

>
= Ty Axéﬁék

W= y(,amﬂ&l) &;‘f—i%’:
therefore: . - ' 213 P tu_ (2b)

In z direction: F ,__-.%2% éxég iz
: dul'
Wwe= ¢ (dadyds?) a= S +g
- W fdus N
therefore: - §g§=~\§7( J;,-}j) . (2e)
A% surface: (2= X)) . ,
4% -
W= put E=Elxyk)
__2F 9= 3y =
so: W= ox 3k 24 Pt ot
| N 2=, (A&, 2E
and: | wo= SUt TR (3

Boundary conditions:
{s no at 2= z
=0 8t ZF=e

Integrating the continuity équatian (1) f:gom 2=0 %o X
s 3!4 gu- B
( 94. 9‘5 3.:.) 33 =a

s 3-_
i+ G 312
o

vut singe: L, =g and from (3)

2z,

. ] PE
22 2E  2F 3V |
P oy U+ ¢ "':/ (%ﬂl"‘%\} 42 =0
IR L
GO
Student: Date : - . Teacher:
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ireer D ‘ 1z P
skhnee: Eﬁ e /( ~>ﬂ'§'.€l + =~ ’?g—_ %‘%.3 42'

Z
= / >z = 9
P : O
and: 3"‘5' /é?':j};?}* By )l,?.‘
2 L [{LE | nazar Pz RcEFTICTIEY
. §—&:- (gx}a W 5 et -3-}_‘ o9t et ‘{2)33:0
a { \E — _\’:"
dh’ ‘; ) o f-‘}v’, et . “3 ;2“ B‘ﬂ N i;: ‘
St+5% Saut 'ﬁu"fu)&:—z)l 3y J‘((:g:;-;%v;}m.»)g
Then: oV , # @ -
> , :
== 4 = ) 4
G- ’BK{j i 33] +‘%LJ’\;&%}:‘ )
¢ : -]

How we shall' pake our basic assumption: tnat.'press'vre variation 2%
long e vertical column is ihe same as in hydrostatics.

Y- '/%“"“Z,*_ a f',\.!"“’w h=(=-2)

¥

W  ,mm
Fhen: ’52%“3 (g—i—_%éi‘) = -gf - - %zjf.

£
der .
e @ g =pl3E )= o g

. dwr -
therefore I- =o
Since (Uzgat R=p then wur=p for 2ll z.
9:3 BE 23\ . 3E
24 2F 2z A

snd 34=9¢0 L5 '%)zﬂf =y (5b)

; £ "!"2 —E are independenZ of 2
Therciore ) ;} ) ?3: .

hence from (aa) and {2b)

. ‘ 3)*

due 2= — o &= |

"%3" P v and “gf 24 \S _ ]

Student: Daie - - Teacher: ‘
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’ du 4 dex ‘
Therefore dt , d¢ 5 d& - are independent of 2
h _ L _

‘ du L ' :
o f *‘fg’ = ”{{ : u”U ‘( velocities are also
independent of 2
v / c‘.r :’}.i—"' ﬂ}éﬁ‘{; ;{’> _j Lo
Since L. and v sve independent of z, and w=0, flov is 2 dimensional
Coming back to equation' {4) i} bscomes: '

2E ?(2_) ?Lz"“‘)

2e T T 3t = ¢ (6)
‘Also, cozbin 1ing equations (2a) and (5a)
‘,é_i.i — ‘?;..‘L.E' ' '
dr =38 3= but since =u{%Y,t)
Y BX ”;uu\‘%j e Nz
’ + 4 =3 . _an 2=
U 5 5)=-0p 5
. _ U UL D i '
¢ ( S U+ STV 2 (6a)
v PLAMES TS ) =gp 55

by the ssme token - equations §2b) and (Sh):

i"< AR ?g,v"" = Jf?g o

. In order to set up the ansléozy we s'hal}.‘.n_avz_ define equivalent den-

sities and préssux_-es suth tha*;:

'fz{’z )

t B2 @
since Fzgf(z—}) o |

F:égle o (s2)

ngdenf :

" Date: Teacher
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A - |
| z 2z 200 3¢
Then: e " = X _— T
- 7 BEE 1 £ @t |
—~ & ~/z {E¥
&=={T)) P (&/’f‘u)*’ \ D'(S R} ’}L}."V* = 1N RAS J')
2 2w f e and 2y \3” ?3
and so eg. {6) becomes: ) — N ~ T
22} 2y, ) | 1 A 20, L
2t 2w T THa T FoBE L ox g 9
Alsos 5 ot ‘ and T >=
fn‘{?g_ ', 2 = .ng-z- i?«:qg’?-‘%;
7 T 447 dw 2y <
then eq. (6a) becomss: -7 3y M 3 =R >
o : P W+ 5, Ve s . T 2R
v fc&“'f'aﬁ Bt =-3¢% %,
~ie ?1&. Q

o e » » "' / k A | 2‘)‘ 5D
and eg. (6b) becoues : f(é..u.!_—;;u-.+,..),______ Gh

28 EW | BET) N '
o ’B)(_ .{.an, =0 - (9)

& - 2y

f ?z_u‘}‘vsﬁ ‘f}"i‘ﬁé)z'?x .
I’ ’91)‘ ' >~ ’a; ‘

- 2 oyt j’.i.

Ja(/-*é?{»ﬂ“aj@_*% =f:g§ (9b)

These ccuations are exsctly the same as those for two dimensional
ses flow previously developed. The analogy is thus established.

In order %o complete the analogy we shall now show that the gas re-

presa’ntéd by this anclozl is e polyiropic zas of polyitropic zas
constant equal o 2. ' ' )

Combining equations (7) and (8a) :

%:"}iﬁf(:}g)} = ﬁéf? .

$10)

or:

= Cowust
}. -

ol
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$his is exsctly the rolaticn between pressure and density for a po-
lytropic gas of WK = %{2 3 and from now on, we shall treat it
f234] hwh‘ . ' - . . .

Having estebliched the analoyy, we shall now look for gnalogous
componests.

The first thmu that we shall loock for is the equivalent of sonic
vd.ocrby :in o shallew uater flow ¢

ve lmow that for a gas flow the sonic velocity is given by a..‘l?,?

in general orq-\ééh for = polytropmc gas. so (= %—E—- - Por & s"a-
ter flow we shall use " ec;uivalent senic vcloc:.ty " er * gelepity "
vhich will be designatea by ¢ a.ui will of ceurga have to be: 2= S.i_é

-~ : 4
2_df _ dp 4= E gz o

§f"if g= o= 'C-=ng -

Checking the method by anothner:
B - dp L dp b
}-?z“*ww,%-' : J’._,‘z‘; =5 ;c?%—.:.jjg
< 9F_, EgeE e
c=ir =2 --—1§;—~jz oFE c:V%Z

Wi snzll moxt show that the e:mivalent of tach Huvaber in shallow
wator flow is the Froude Humber of ‘the flov. ' ‘

Froof: Y ‘
| - F= v { by definition )

Vi ‘LE"
shere: 1\ is the ralatzve velocity of the flow
l is a typical linear dimnsim of the flow
AY is the density difference of the iwo fluid media
f s the mass d&nsi?y of the »fluié to be considered

s ¥ege, 43egar

l-h
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Then the two fluids in qussiion are air and water Af = f the
denpity of the water and: |

Ee Y _ Y

Vg Vg

taking the typical linear dimensicz of the flow as its piezcmeiric

head { heizht of the water in the channel )z

F"‘ :«—-‘ . but since c:'fyﬁ

\’gh

' \
F:\éj—- which is analogous to f\d_ =3

How we shall ionk for the physicel meaning of"eqziivalen% sonic velo-
cityTor © ca‘lmty “, Sinece our eguations were derived for the sur-
face of the waler, the disturbeance cmeopondivm $0 pressure (oomc)

disturbence will be & surface wave. ne shall now check this.

4ssuming o constant width open channel flow. %e introduce a small

disturbance travelling with 2 velocity ¢ . To analyse it however,
we shall assume that the disturbance is stonding still while the
uater is mov:.nz; with a velocity ‘

A N

CA' . -%
/?..a::»\ —

# Nzo | "N=¢ i H=hhllead
L - | |
TIFTFTIF7F7¢TI7 TV /7477 FP2Il70007 (/77777 7v7t77rs
Fige 25 Fige 26
ie kaow theb : _ ¥
| = +
He b+ X

pifferentioting:  YdV, 1

Student: : : Date : Teacher:

Orhan Xural ‘ lay. 1, 1861 Ir. hecdet masla:n
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Frd:«s the continuity euua.tion:

j \{ A ={aull since j’-w’éﬁﬁ the width are constant,

\l h= *—W‘»“ . Qifferentiating: \{c“/H- hdV =
zo that: GN“ ‘y dig |

substitu-&i;g: Ah \(’(g k&-)
Solving: V2A=3k or er-c:‘%'_? .

which iz our % equivalent sonic velocity®

Ghe colerity is the velocity at which a disturbance travels on the
surface of the ¢ ater. Here aﬁzﬁ.the disturbance is in wave form.
Everything said ;t’or gas flow nay be sald ggain in an equivalent form
for shallow water flow e

For a non flow sitvation an intermittent disturbance will create &
concentric waves nropacating ab velccity ‘

For a flow of V ¢ or E= ¥ 41 we shall sgain have cccentric
rings whose upstream sbsolute velocity ia €~V and doynstre-

" am absolute veloeity is c+Y

For a flow of £ 4, by the same analys:s, we ghell héve rinss all

- tangzent ta two lines drawn from the cz:rce of di’xturbance where the

1}
halfyansic bedween shell de o = % = -r-__-
At V=¢ we shall azain have an éc‘cumglatiop of waves at the distur-

bence - ovr equivalent shock WEVES.

ks for a concrete example , mat aetter oxample than the bow waves

of a ship. Here again the &mturbance is a body in the path of the

flow sueh that ot least at a point there is z stasnetion causing a

. rise of head; snd the hesd cf courge propagates at celeric wvelocidy.

Student:

Date : Teacher:

Orhan Hiral , - Wey 1, 1S6B -Dr. Hecdet Eraslan
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Je have thus proved the similerity 4wo dimensional gas flow ond shal-
low water flow. To recapitulaté briefly:

ihe ana}.ogy lies in tvkinb the equivalent dens ty for =z water flow

as:

B
[

perz

i the equivalent pressure as; -

P/ pda

These two defiﬁitians reducs the flow eguations of shallow water to

exactly the same as thozse for iwo dimensional gas flmv.\

The polytropic gas eenstant of this gas wag found to be K«-

"*he elemenicry ainetic Theory of gas glves tnat

<K‘=:

.-,2

Therefore ti:ez’e is no zas that corresponds exactly to this aﬁ.alow

gas. This is m:« very mpartaut nowever, because the gumlitative

anslysis o

of this iz not dependant on k and 8s for the q«,antztative

anzlysis, the formulas derived in Gas Dynzmich can gstill be celeu-

1zted taking

The * sound wave " of the challow water flow is in the form of a

surface wave which moves at & relative velocz.ty of

:.W

The 2 shock wave * is represente& os,r a stationary or moving wave £
front, and the sharper itbe ridgs, the sironger the shock.

N

Student:

Date :

Mey 1,

1961

Teacher:

Tre. Heecdet Eraglan

-
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e shall now list ow formulee for Koo

1)

| 2 _2+F7
F;.— 4?__-'2___*

from the relation for 1"’1/ bo)

2)

2(}2 - F;o‘z 3
Z., 2+ FE=2 4.5

Ge get a total head drop

For (Obligue

Shock Waves:

3) *ant s 24+ Fiomc e
2. =
457 site 1
4) 4‘,3 &y 2( ?f‘}:(ﬁléﬂ} ,
| %: TR 2. { F,?-‘:.{.ﬂzé, —t)"j Ton é
5) (: - "
- J.... 3 — % - L,—-Z -
St e 2&* g_ 4 R ﬁ(i‘} 2y + h;,:*x )
Student: ‘ Date : . ’ Teacher:
Orhan Xural Hay 1, 1961

s Kecdet IZraslan
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The mostk important formula that we shall need is one that will
give us the Froude number of the flow by measurenent of the flow
depth. This is 2 necessity for experimental purposes. Ve ;—:hall‘have
two such formulae: one for simple flow, and one for the presence of
shock waves. |

From the continuity equation: [ ‘kf,\f, = (’11%5/;

from the energzy equation: \é& +k, ~2¥ + {’2
AF2 - d

gince Vr ' %1, :

"R gh= ia b? ng(i« u)+ 3ﬂ
2‘(@?& - Wb )= {...%z 7—-2h L")

i h;(%‘% r»b"»f)

e e ;_‘/ 2h2b% (k)

7
-
-

5 Sfyines : 3 -
simplifying: ”z_: 2T ;,7_ i)
(b=
o hap bg P i)

In tke ?resencg of shock waves:

from: , v
Py _(k-DM?
w5 T -
fi 24 (k- M2
N :_,_ ) ’
Fe /2K ‘
Student : v ' Date : S . Teacher: —
" Orban Kurzal - ¥ay 1, 1901 Dr. Necdet Eraslan |
. —
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OF

THE SHALIOY VATER ANALOGY TANK

In oxder to make use of the foregoing kmowledge in actual
experinentation m'shall make use of the * shallow vatew
analogy tank®. The tanke as shown in the plans in the back
of this thesis- is made actuslly of two parts: l— the so=
condary tank containing the adjustable overflow pipe. The
function of this tank is to keep a constant hydwraulic head.
2= the primayy tank. This is the tank where the actunl ex-
pe:ciﬁ;en ation is carried on. As mey be seen 'Pretza the plans,

the water comming from the secondary tank pagses through a

‘gauze vhich provents any turbulence from being transmitted

to the experimenting section. The bottom of the tank rises
So that only & very shallow part of the water passes ovexr
the experimez}ting section. This section has a glass secti-
on so that light may be sent from the bottom and piletuvres
may be takéwng. Or, fro*x the slot é:z the side, a striped &
board may be put under the gls.c's aml pictures analogous to
the mte'v’fezsmeter m.ctures n.ag be taken. Gn the glass we
have a I;aval nogzle with a wooden convargmg part and metal
diverging part whese apex angle may be varried by using
the nozzle regulators located at the s:r.de. We may study =

constant avea ﬂow with the same appar*ntus by remavinu

' 'the nozzle and substituting parallel wooden bloeks. We put
. wooden models that axe weighed down by lead in the path of

the flow and observe the Plow Pormations. Dircet p:ictures

Si_udenli‘:

Date : o . Teacher:

orhan Kuzal 1 ¥ay 1, 1961 Dr. Necdet Traslam
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do not .Sh"#” the disturbances as well as interferometer pic—
tures but the shape of the disturbances may be easily seen,
wheéas *i;he_él intezferometer pictures do not --shdw the actual

s}mpe of 'the ‘ais%:ux’aances_but instead show vividly the deg-

veez of disturbances.

In our experiment we tried to veproduce shock patierns at
the entrance of a ramjet whose actual formation is shown

balows. -

Tig. 27
&s mway be seen from tlzé_ plates 1%-12 the veproduetlon is
not very exact:due to the fact that k is 2 instead of 1.4
but the general shape of the two shock waves ave strikingly

|
similar.ﬂ Te must also take into accomat that near the walls
of the divergent nozzle, wheve there is boundary effect, ‘

1

the shock waves ave ditorted, in fact, dissppear sinee there

is ézﬂ)snnic flow.

Stwdent'  yhan Kuval Pl pay 3, 1961 | "B Necdet Fraslan

-
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tie 11l now usc the phobogrophs to tesh owe formmloe,
Prem Plote 1s 5=6.5°  e=32,5°
o)Prem graph on page 42 ¢ F=2.3 - .

bh) Prom éepﬂmeﬁeﬁ readingas ‘%13__:.- Cu11 14;2: 013
z ;
. 0.1
P et 1,10
" E’j"'“}

From curve on puge 47: D sin€=3%.3 ond F =2,42
Chanrming $he flew, Plate 2: =215 e= 46 .7°
o} From groph o page 44  T=3,15

b} Prom deptbmoter resdings: B, = 0.17 5 Rp= 0.28
R=1.65, ¥from curve ont page 47

LIS

Yle cet on the average Gf” difference bebween Froude Tunmbers
the obove dwe netheds. Thia is guife sabiofoctory if wo
tale into cecount that the spparatvs vsed in the test could
be nede rmch move sonsifive than it was for our cases

Sviud.eni : V Date : Teacher:

grhan Xueal . Nay 1, 1961 Tw, lecdet Trnolan
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Plate 4

AT

Plate § Plate 6
Student' owhem Tural Pete: ey 1, 1961 "Pr. Necdet Erasian
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Plote 1- 3

iﬁlai;e 4

he Shallow Voter Annlopy in Gas Lynmmics.

L]

Gblique shock waves at the nose of 139,43°
end 50° double vedges Teapectively.
Undistorted Interferonctor photorreph {node
¢igtortion due to boundery loyor effect ol
walls of nogele)
Interferomcter photographs of 30° dou ble
wedge at varlouws poziticns in $he noszle.
Same as plates 5-8 but showing $renoenie dige
turbanee at the throazt (P21 for plate 9 nad
PLL for plate 10) |
tfiornal and Intcrferomeier photcrraphs of rane
jot model. ' |
dhowing the fact that fleow is soubsconic behind
ghock vavo. ‘
Showing cubsonic flow near the walls of the
nozzie due to eddyae

"

(3]

"

Student :

LroeToy e TFnamney

Date : - Teacher:

Moy 3. 1067 I, lecdot Troglm
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