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y L " INTRODUCTION

o

Ll

} . b . N v . R .
2} d

Studies of fluidic ignitors are mainly experimented by -
resonance Eube arrangement where a continuoﬁs gas supply
through a nozzle ‘is directed/axiallf against an openlend

of cylindrical.tube (one end is open and the qther_énd is -
‘closed) . fhe resﬁltlis that the. gases are excited within’

, the tube andnstrghg longﬁtudicdl ;;ciilatioﬁ'is produced.

These oscillatians-aré found to occur when the open. end of ‘the’

n

tube is placed in the compression regien of an underexpanded

* “Sonic jet.

AN

i) Background

Hartmann!, who did the first reported work in this field,

found that by plagcing a tube in one of the intervals of
instability (the compression regions of an underexpanded sonic

jet) a self-sustaining system of oscillations is created and the

gas in the tybe -"is driven into resonance. 4

The first systematic experimental investigation of heating
effects in resonance tubes was reported by Sprenger in 1954.
His work consisted of extensive measuxemerits of the average

i

pressure, average wall temperature and sound intensities as a

)

function of geometric parameters and jet stagnation preséures.

Following Sprenger's? publjcation in 1954, there was a flurry
of experimental and limite theorgtical research conducted
and‘reported by various investigators: <Cassidyj Thompson(

-
N .

e Tt e




and Slawsky at NBS verified the dependence of maximum
temperature rise”o_n the jet stagnation pressure and the

experimental geometry employed. Recent experimental inves-

tigators have reported resonance tube end-wall temperature-
time histories for a verie-t:y of geometric and nperat'i:ng
conditions. J
lBecause of the co'mplexity of the flow, only receﬁtly ‘has any
detailed theoretical analysie of the flow in a resonance tube
has been published. Thompson3’*, working’ on his docotral
dissertgtion under Professor A. Shapinro at MIT, constructed
wave diagrams for the internal flow in a resonance- tube and
vemfled his results experlmenially w1th a cylindrical

g resonance tlube. In addition, he presented some results on‘
the‘l}ea’cing effects estimated from the computed entrop;f!
production. Kang®, 'working under Thompson, at RPI, prese'fhtéd.
a rather detailed theoretical model of a cyllndrlcal tube
excrced by a fully expanded supersonlc alr,]e:c.
‘McAlevy and Pavlak at Steveons Instltute investigated and

compared the cylindrical rescynce tube and a two dimensional
tapered thbe., Phillips, Pavli and Conrad®’’ at NASA-Lewis

investigate e use of the resonance heating phenomena

40 ignite d stoichiometric mixture of gaéeous, hydrogen and

: oxygen. | : s
The oscillation phenorm na a85001at96/1th Hartma:nn/tube Nl

I

e
‘excited by an undereXpanded sonic jet have been _exa.mmed \
theoretlcally and xperlmen 1y by Neemeh® arid found that 2

the pressure afn itute of the oscillation inside the tube

4 4L .




o \ . ;{.J’ :
is related to the jet static pressure at the noezzle exit
end and that the frequency of oscillation is a functioa
of the jet sonic speed and the tube length.J ‘
Resonance tube studies are also being conducted in other
cquntries. At the FFA, Aeronauticai Research Institute of
Sweden, Knoos has studies two dlmen31onal tw1n.§ube
rééonator using a supersonlckblstable air jet alternately
.Griving the two tubes. In France, Brocher, Maresca and
Bournay have investigated the fluid dynamics of ‘the tube.‘

‘1i) Mechanism of Heatlng

When the flow emerges from é converging noizle, it
accelerates first to ;Ppersonic speed and then readjusts‘fd
subsonic gpeed by~compressioq4through a shock wave. The
process creates a series of diamond;shaped cells of
alternate supersonic and subsonic flow. These cel%s or
cohical shoék waves (mach diamonds) intersect the jet axis‘«
U

Placing a tube in the compression region of an under—(ww

throughout the length of the jet. Fig. (1)
expanded jet a self-sustainiﬁg system'of oscillations is
created in the tube. Although there is continuous flow
into and out of the tube, a portion of the gaé remains

_trapped at the closed end of the tube. Periodic compressidn

Sand expansion of the trapped gas at the closed end of the

“tube produces irreversible tempergture increases, which nay
~

be several tlmes ‘the initial adiabatic temperature head.
Resonance tubes were used as fluidic 1gn1tors because the
gas oscillations may be violent. When properly excited, the

internal flow will include 'shock waves of ﬁoderate strength.

i




resonance tube’ depends on the varlous parameters such as

pressure ratlo across the noszzle, the‘stagnatlon temperature

4 G
‘contlnuous jet supply of ccmbustlble mlxturesf"7 hese mixtures

‘ exp1051on w1th1n tpe test ‘room. Also, the combustlble

R e T

These shock wavesteffect a strong heating of the gas(trapped S .
w1th1n the tube. ThlS heating raises the temperature of gas

at the closed end to a high temperature dependlng on. the ..
condltlogs used’ durlng the test. Temperatures QL excess of . ?C

1, 500 °k within a short time (less than a tenth of a secOnd)

N P N
hate been reached .in resonance tube experlments. T . .o

The temperatures obtained at the closed end of the . 3\
< . ° . . : L

of the jet, the shapes and size of the nozzle and tube; etc. g

Because of these high temperatures reachéd in resonance. ‘ : {

>

tubes, the sought of using a combustlble gas‘instead'of

adr has struck many resonance tube experimenterss’7

t

Using a combustlble gas mlx, for example hydrogen-oxygenv

as gas supply in the nozzle, 1gn1t10n can ‘be produced at the
closed end of the tube. Such apparatus could be used to
produce 1gn1t10n of hydrogen—oxygen mlxtures of rocket

englnes or'other engines that use a combustlble gas. - . ‘

‘a
L 3

1i1) Igpitlon Studies . S . e
‘a L

Presently, 1gn1tlon studles are belng conducted in labor-
atories by the use of Hartmann resonance tube and a  * . ' @
are supplied at high presbure in order.to sustaln the S
osclllatlons. Flg. (1) shows a typlcal apparatus used for

such studies. The use of such an apparatus may cause - *

mlxtures are not best coQtrolled due to surroundlng

atmosphere. C o - X S o
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iv)- Propbsed Model ‘

S

Because of the deficiencies and complexity of the above
' model, we propose a néw quél Fig. (2)-wheré a shock tube .
',f with a convgrgenf nozzle, placéd at the downstrea@ erd of the "

driven section, is used to form the undeféxpanded jet required

<

: ‘ for any resonance tube afrangement. Both tube and nozzle are

’

~.enc}osed in a gas tight chamber. Thelggyanteggs of using such

1 ®
~

a model are as follows: i R B
< ' a) Ignition is established in a confined chamber. )
b). Combustible mixtures need not be stored igshigh - 2

. ’ . ' . )
. pregsures. Shock tube will be first evacuated, then

| | . supplied with combustible mi%turegnwhich may bénat g
f l any pressure depending on ﬁhe’désired shock wave strength. ‘ g
3 ‘ é) The amount of Eombustible.géées used in the proposeé - f
» ' model are muphlémailér thah_that required with the n ‘

“continuous jet modei. . : “ . -

» d} The pressure,.temgeraturé and concentrations of the

e gases can be better Qontrblied in the. proposed model.
’ J ' .

»

The present investigation will be concentrated mainly on deter-

-
e s o o o

k » ' mining the feasibility of suEhlan.arrangempnt for use in iéhition

[] - v - £

studies. ) ‘ . / -

-
[ RS-,
.

This will be judged based on thé previous results obtained

.
P

using,the\contiﬁous jet model. ‘ §;) ‘ A )

. .
. . . b




' " . CHAPTER II

g . i ¢
~

THEOﬁETICAL ANALYSIS AND RESULTS

2.1 SHOCK TUBE'TH'EQRY!‘:IO,H “ v

" '

The shock tube consists of two lengths of straight,

uniform crdss‘section tubing sepafated by a gas tight- '
diaphragn Fig. (3). One half of thé tube, Jmown as “the
compre331on chamber, contalns a gas at a pressure Pb' . "
which is in excegs of the pressure, P1 of the gas in the

_ other half of the tube known as the expansion chamber.
’The gases of either side of the diaphram need not be of
the same chemical type. '

. When the diaphnxnnis cauged to shatter, a shock wave
travels into the low'nreseure ¢chamber and a rarefraction
wave travels back irto the compression chamber. Behind the '
éﬁock front is a'flow of gas and in order to aveid pressure
variatlons bulldlng up ‘the flow veloc1ty 1s uniform in the
region between the-shock front and the tail of the
refraction wave. This is also a rengn of a constant
pressure. The disfributien’of pressure aiong the tube before
and after the diaphmagm is shattered is shown in Pig. (4).

The dotted vertical line between state 2 and 3 denotes the
p081tlon occupled by that gas. Whlch was orlglnally at the
diaphram. The gas to the right has been compressed and «-.‘
heated\by the shock wave but the gas to thé left of this-

line has expanded from the compre531on chamber and has
therefore been cooledl At this position thsfeﬂwill be,
therefore, in general, a change of type, temperature and

-/
S

6

e = A




s ¥

;nmty, velocu;les are- the same on both sides. ‘Such a

point is Known as a contact dlscontmulty or contact

' gsurface. A ‘plot 4n the x-t (dlstance/tlme) of the |

processes occuring in a shock tube with both ends closed

is shown in Fig. (5).

The shock front position,is represented by the line OA with

" 8lope %%=U and thg contecf discontinuity by 0B, %%=u.

This meets the reflected shock AB at B, where the shock, L
wave once agaln undergoes .a reflection. The slope of the

contact surface curve in the x, t plane is.then very steep ;

-because the flow velocity is iow in that region. The head

A

of the rarefraction ‘wave travelling from the diaphragmis Y
represented by the line OC and the tail of rai‘ei‘xjaction by

0D, The interest of this report is to look at the riéht

half of Fig. (5) with respect to the pressure distribution',

the shock velocities obtained, the duration time of flow

and the temperature beh:Lnd shock wave, ,

The performance ana.lysm of a simple shock tube can be made,
assuming the gases in the high pressure and the low pressure °
sectlons are ideal gases having constant spec1f1c heats and ‘

o

agsuming an mstanta.neous rupture of the diarhragn .8eparating

- them., The parameters which determ:.ne the performance of a

simple shoci: tlxbe are the mach nimbers, the temperatures (or
speed of sound), and the pressures in flow regions 2 and 3.
The parameters should be'kne,wn as functions of‘t}{e -initiai
conditi‘ens,.namelq, the initial pressure and speed onz, sound
ratio Py/P,, and a,/a,, and the values of ¥, and ¥, .

' The.expression. which relates the mach number in region 3, "

- *
F o ST T T - : '
. 7 .

0
L]

e i s o o s
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R

Mj, can be derived with' the /initial pressure and spe‘ed of

sound ratlos Pu/P and az/al, and w:.th the ratio of spec:LfJ.c

heats of the gases.
From moving shock wave relationst‘

ol = 2.

(U -.21)
34 ¥yt a, 4
U = Ms ' shock wave mach number
. ai '

The equation can be written in the form - E -

u ' o :

2 = 2 :

- o (Ms - 1 1

.Also P2 - l _ [2%/ % ' (,2)

Eliminating Ms from equatlogls (1) and (2)

U =5 (35
ay 1/1+(\{1+1)(P -1) - ..

\

S? P1 '
‘For the 'céntered expansmn wave in re'gions 3 and 4 )
Us _ 2 [ (P xﬁ—'] | (u)!
- ; N Y )

a, ~ %1 L'

( 3 4 SRRL .

Because w, = o. Since u, = Uy and P, = P3

' Eqﬁation (3) and (4) could be combined to'give

¥t

\/?-f' /s 3%.—‘&'.9 .

“ ' é " | N
8 |

Co (P2 . | . -
. a‘r(l’, ') 2 th@z{‘}i‘](ﬁ)
: ' 4 3

u
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Ror the mach number behlnd an expansion wave’ propagatlng in

a gas at rest is glven by

) "2{4) -~
bao B 2 [1 + a1 M ‘4“ '
P Pa \‘ ) 3] (6) -
From which - ’ .
. -\ ‘ .
2 } - P?. ’ 23‘ ] M3 » . -
v = . (7)
A 7 | ¥a- ! (}?1 ‘1 +C‘4; l)m3 ‘ .
Equation (&) .can be reérranggd'by muitiplyihg the equation
by Py - ‘ ‘ 2%,
P, Rk Y_l ‘ér k“ ) T
2 . R4 ?; +( 2 ] '~ B
A . - : V)
or ’ [ﬂf o o o ~(3§&) o »
"R B (Bact, | vt ' B
Py A [ ( 2 ) 3] - (8) \

- The equation réiating the mach number. behind the shock wave, ‘}

moving in a gas at rest the pressure ratio across it

. . ' N ?z - ‘
e W= 2 P ?5 2
- -2 ) .6 kx ') 7‘;‘\’:!‘ + g‘ (9)

Also the shofk wave mach number is given in terms of the

initial pressure ratio Ps the speed of sound ratio ay,

& ‘ . T’I " ' . al- .
. and the Specy;fic’; heats ¥,andy, by . L
o C‘”' :
ymd -u—n A |
(e =zl [ 22k s SHRSNT
- AAgsuming = 1nit1ally. ‘ S '{,ﬁ
. \ | 9 o '
- , \
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\* For the purpose of this report a range of shock wave mach

numbers is given in order to determine the following:
n . v . .

-

The initial pressure ratios required.

1

fThe mach numbers in regions 2 and 3.

!

The reflected shock mach numbers in regions 5, 6, and 7.

v

Thefaafaiion time of flow for reflected shock in region 5.

The.stagnation pressure in‘region 5. Refer to Fig. (5).
N . .

. ' K q
The -shgck mach num%ers,are as follows:

\

‘Ms ='1.2, 1.25, 1.30, 1:35, 1.40, 1.45, 1.5, 1.55, 1.6,

~ 1.65, 1.70, 1.75. - -
Al# givenr P, = ‘14.71PSI " . . .
T Ta, = aj i
L] \ ) 1 _ »O' _ '
1 / Xl - ‘64 ;.plll'" l

@

2,2 THEORITICAL RESULTS

L3

' 2,2,1 THE FLOW_MACH NUMBERS BEHINDlTHE INCIDENT- SHOCK

b4

- o
Calculations

) L‘ v . ‘ I
Using equatlon~(lg)_jhe initial pressure ratio Pu/P1 can
be obtained r

. - : ¥-
el M- -1y o 128
(he-dg) = b |- A= £

a

-

Given Ms = 1.2, ¥ =%, = 1.4 , B = 2, ¥

‘Using equation (2) one cen obtain I}z/P1 which is the preésurg

ratio across the shock

G- g0

10 -

-
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. ' |
.s\w s ’ . ' B . .
Also the value of P, could be obtained from table ia at
. . . . P1 ‘ . | \ { ' k
Ms = 1.2. See appendix., N . =

i

Using equation (9) the mach number #, in region 2 can be,

obtained
2 \e 513+ T, 5,3 -2
Mg = \. 4+|
\-4 k\ 4-1) \ ) +1513
MI = 084}7 \
OR ) Py = 2.34 using equation (10)
P
1 , ,

i

Using equation ’,.(8) the mach nux;lber in region 3 can be
oibta:med ‘ (18 ) |
‘ - R_f [
4= I+ (?S ) . | L
“ PR ”3] \ S
kzL\ 4) )
2-3=‘§*3[l+('4—l)] -4!

oYy Ms =,0.32
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For dlfferent shock mach number, Ms,’ 31m11ar calculatlon

has been carr;ed out and table (1) has be7n*constructed.

N
" L
*

‘

*
[} =,

Also, a curve has been plefted showing the initial pressure

ratio, PM/Pi' rquired to preduce the given sheck wave mach

numbers, Fig. (6) . ' _ .

~ The pressure ratio across the-sﬁock P, is a measure of the

Py

. shock sttength. Using equation (9) one can obtain the max.
: o

mach number M, that can be obtained in a shock tube N
ut¥lizing an ideal gas in the lowopressure'section having a

specific héat, ¥ =\.4

3 P, P :
. ‘ 2 _ 2 LA ?i =2
) "‘z“x.u.)_g.f!i |
L] P N 3 P‘ ’
E N VR % S A T
' Pl L‘" %\LX\""‘)
ov thf= hsq

Now one can observe that for a given gas combination and 1

1n1t1al cond;tlons, the duration of uniform flows in reglons

2 and 3 and in the reglon ‘behind the reflected shock wave i

depends on the lengths of the high and low pressure sections
of'a shock tube. The maximum,theoriticél duration of uniform

.'flow in region 2 behind the. shock wave, fer.a given length,

of the high pressure'sectipn of the tube, gas- combination,
and initial conditions, can be attained in a shock tube ’

“
havxng the low pressure section of such a length that the

head of the reflected expan91on wave arrlved at the conta?t

12

3
1324

; .

Wi
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-

surface before the reflected shock does. The 1ocation in

the low pressure tube sectlon, at which the duratlon4§f the
unlform flow behlnd the shock wave is lemum, corresponds
to the. p01nt a?/whlch the head of thqffeflected expanslon'

wave catches up with the contact surface. )

N -
-

2.2.2 CALGULATIONS .TO DETERMINE THE REFLECTED SHOCK MACH
- NUMBER IN REGION 5

Using shockhtable 1a, seé'appendix. \

At Ms = 1.2 we can obtain Au and also g
\ a

. a

t , °
i/pu=uy; -u =uy, Uy = o initially
. a .
| . ™ 1,
ii/ ..a'., = az ., N ' - 2

Therefore by dividing i by ii we get the following
S , .
Uy, X a4 = Uy

'é/- 2y, ay a5 ' .

L 4
But EE =Ug - U, Ug =0 at the closedlend.

2y )

Y

Therefore uy = phu, knowing this value one ¢an determine

8.2 .a

the reflected shock mach number from the table 1a.

-»
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f Sample Calculdtion |

e g

At Ms = 1.2 | \,
au = 0,306 approximately -« gy .\
' 124 oo . - ’ . .

L3

_a_’: 10061 \/

A_ = 3 ='0.,288

Using table 1a (refﬁ Au = 0.288, Msr = 1.188 and also

Po= P, = 1.48
o2 ¥
Py

Using this calculatlon table (2) has been constructed.

. 2.2.3 CALCULATIONS TO DETERMINE THE REFLECTED SHOCK MACH

NUMBERS IN REGION 6 AND 7:

Kngodﬁ the following values: ¢ . . e
Ms, Py, Py, Py = 1k.7 Psi, a,
P1 P1 . a,,
Msr5, Eﬁ' f‘j
P2 %2,
= :
( .8y (_112_ X Ei_)q 2 a_#
One can assume Msr 5,6 to be a certain value.
. { - ,
Then [ug - ug| and 16_ can be obtained fr'c;m{ table- 1a.
=3 P, 0

g5

ug and P6 can be calculated knowing that P6 P7

_Iiz can be calculated.

P5

14

S e
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P : :
| v
|
| ;
Msr3'7 and u2 - u3 can be obtained from tat?le 1a, ‘;hen u7 ‘ e
) : / B ;
i can be calculatéd but 8ince u7 = Ugy the obtained Ug from ;"
v ) o . fl
: ) \msr5 6 should be equal to the calculated value of Uy« o
If the u67Eu then Msr5 4 assumed 1is’ wrong and another value ,
. ¢
should be assumed until ug = u7 ) T /l

iy ‘Sample Calculation - : - . o

, Ve s
The calculations were carried out for the range of mach /

s ‘ ,‘numb,ers 1.2 to 11;75., A sample calculation for M = 1.2 is ' - % ‘
FLo L . - - . o & 4
oo _ carried out below, -
S Mg = 1.2 Ziven - Co S
‘/l . . ' . .
3 P> =1.513 (calculated and also from table la at Ms ='1.2)
+ : , , -
/‘:; « P 'x s S J . . . '. . © PEN
4 = S = 2,34 calculated N : . S
i B . , o S
a.:‘_ ) 1 u o - ’
8 Msrg = 1.188 calculated - L
¥ ' P . ,
Z v 25 .= 1.48 from table 1a .
%, s / P2 S .' . ) .
. 32 =1.061 from.taple la at Ms = 1.2 —_— ‘
al . ) . L o . - '
‘ 25 =1.058 from table ia at Msr = 1,188 ! |
& 32 . ©
it ! ’ ‘ T ;
)‘; l ‘- - £ : = ‘ ~ ]
: lrlz ~ u, = 0.306 from ?a..l?le 1la at Ms = 1.2 . | , . :
y ‘ o ‘ o , R F
gl - . !-1 | L s ’ . . . o
mmny =B xr 127 g, "I
: . . . §
- P, *F, . ot .
| | N e o
) -Pl = 14,7 Psi given, a4 = ay Lo B « o -
: . - .
B v <) ) 15 , ‘
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Then,
P, = 1.513 x 14.7 .= 22.4 Psia ’
Py =1.48 x 22. = 33.15 Psia
a, = 1,061 x 1 = 1,061
. a, =1.058 x 1.061 =1}122 = /
b «9;‘1-(;‘ 5 . , . A
P T
wker Uy =a, X 0,306 = 0.306 , _
;wi . . o . .
a, = (1.513) 0.143 = 0,939 T ,
3 2'3 ‘ . - e s
lNow, assume Msr556 = 1,01
‘ ) , » '
, From table 1a at Msr5 g = 1:01
i 5,
" [ug - ug|=o0.017
. 35 .
Since u5 =0 - o » . .- (
Q' u6 = 00Ql7 x10122 = 0-012 S " l CL
. Algso from t#le 1a Pé = 1.025 ' . ’
1 ‘ P—5 |
or . Pg =1.025 x 33.15 = 34. Psia
'But ' P6=P7andP2=P3~ , . N "
. N ‘ ' . "I‘ * y N
Therefore Py =34 . = 1.517 S ' .
¢ 'PB ZZOE ~ g . ( ’ . . K
From table 1a~at -IP;Z = 1517, }Jiisrﬁ? = 1,199 | 4 T SN C
3 L
Als‘o:';A_u = Uy = Uy = 0,306 r‘[ . ;Q | ol
a - a - .
,» 3, . )
Or u, = 0,306 x 0.939 - 0.306 o
| Up R 0.019 =%, 0K N, S . |
_ {Using this iteration procedure, table (3) has been | T 1
constructed. ! ‘ o ) B S
. AN r‘ ‘ . . K - ol . I )
. -—".‘ — I‘- ' o o ' ‘. . k] ) p—
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* 2s2.44 DETERMINATION OF RUNNING TIME

In order to determine the duration time of flow it is useful

+first to now dimensionalize the independe’nt?and dependent y
variables by introducing a reference value of the speed of

. .
~. sound, a;, and a reference length L (shock tube length).
' 3

"~ The following dimensionless variables are formed.
Dimensionless Distance Variable ' X
. ) o - Il

Diinensionless Time Vag'iable ast ‘

=
® H|

Dimensionless Flow Speex
. C 1

[JDimensienless Speed.of Sound a ,
' a

. 1
In order to determine the duration time one mugt construct

(X,%) plot similar to Fig.‘ (5). This will requi».rea scale
such that X/L = f_if = 1 unit, therefore t;y Jnowing the
‘ gradient of each 2hock wave, one can.plot these lines and
then measu;'e duration time from the graph.

The gra.dien'ts are given by the following‘"relationshipz

’Llne 0A produced shock Ms,d(X/L) = Ms + Uy
dfat/L) 3,

Line AB reflected} shock‘Msr , Al X/L = Msr_.(a,) + u

5 52 2

d(at L) . a F

o 1 o1
Line. BQ' reflected shock Msr5'6.<a(.X/L)=-Msr5'6 (f’i) *+ug
@VL) ay . 7,

Line OB co}xtact surface = u,

Line BH reflected shock Msr +

L))— Msr3 7. (33)

3 7d(at
! al

: 8
. .. » Yo A

Y

ot a2

17
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~We also ‘kriow that w; = o initial condition oo " ’
' u, =-ve relative to line AB ‘e

K . | . u3 =-ve relative to line EH e o T

ug = 0 closed end of tube, no flow

A
Knowing these gradiertts- one can determine the angle of each
line ‘and an (X t) plot can be made. . Table (4) has been : )
" pade and (X,1t) plot has been comstructed, as shown in Fig.. (6)
. ’ o \
(plot 1 to 13) ‘ T ' _ D .
. : v
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, ZEE
\ a . - &
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. 4 \ o ’ o
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T
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L s ¢
L l\ . A3 '{’ ) .
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EXPERIMENTAL APARATUS AND RESULTS
; Y .

] . N ¢ vy

oA 3.1 - EXPERIMENTAL APPARATHS - ‘ ~

3.1.1 THE TWD BY TWO SHOCK TUBE

vt

A simple air-air -shock ' tube with a square' cross section ) ()
2. 06 X 2,06 inches was emple&ed for all tests. This . )
apparatus wa constructed from seamless structural ' : /
L Eteel tubin w1th a 1/k 1nch wall thlckness and*bon31sted of
- a driver section flge feet long followed by a drlven section : - {
| -of ‘equal length. 'ﬁhe comparaxlvely long drlver sectlon
2 | was chosen to ensure that nelther the contatt surface nor : o .
the expansion wave originating at the diaphram would enter
the test sectlon until long after the events of interest
- had’ b,een ,(completed. Myil.ar plastic sheets of -O.Q(??, 0.003
.and 0.0015 ifich th;iclm'ess were used as the diaphragm material. ) .
A shematic ofjtﬁe shock tube facilitygis presented “in Fig (8).

]

Compressed air was supplied from a gtorage tank filled by
a reciprocating compressor. The driven section pressure

- : ' . g -
: was atmospheric (14.7 Psi).

¢ . ,'\ ) - w . l/\)
: ~3.1.2 PRESSURE MEASUREMENT  ° C ‘ o

£

-

Ao . » . .
, % , .
. ' Pressure medsurements were accomplished by piezoeluctric
i . * ' - T ) A N ' : A K
*' - . - gauges (PCB Piezotrppics, type 1014, rise time 2 microseconds,
‘ o /:5‘ . ;
o R s - ;o v N
' Y N A ) * o )\ )
/ ' , 19 ;o o
‘ * ‘ A1 - A ' N .
Lo M T T T ’ g ﬁ\ | : ’



'ea51ly computed from the 0301lloscope tracés which were .

‘transducers were 3.500 and 9.4375 1nch from the closed’énd '

sensjtive surface of abdut 0.21 inch in diameter). 'TEF

. N / , .
gauges have an integrated circuit amplifier coupled to the’
crystal, and show a very good side wall response to a shock.

‘! . L}
wave. *
L

)
Sheci velocity measﬁrement were perforded by employing the -
trangdugers in gtoups of two with the‘é;pét transducer used
to trigger an oscilloscope (Tektroni:SiS) beam. The second
gauge was connected to the input terminal of the oscilloscope
vertical deflection platea Knowing the transducer constant, -
%% and the 0801lloscope time scale,: shock veloc1ty was t

‘

recorded on polar01d=fllm. The locatlon and spacing of the

" of the driven section (1ow pressure sectlon) See Fig. (8). E .

.
» ” . - J

'3.1.3 THE SCHLIEREN. SYSTEM - : -

Photographic studies were carried out 'to deterﬁ!ne the jet
structure produced by a different diaphragm thiclmeas using
a time delayed spark schlieren optical system which wag " ..

tryggered by a pressure transducer located just up stream

of the t\st\eectlon. ' - , ~ R

.
— . . . ' - .
As shown in Fig. (8), a high voltage 2KV spark was used as : ..
a light source for a conventional double mirron schlieren . 0
. . . . . ‘ » 0 .

e



o .
optical system usingl48 L/Z inch focal length. All photo-
graphs were fécorded o 3000 ASA polaroid film (typé 474
The square aperture at theTight source had d%mensions\of‘ )
less than 1 MM, and this gave excellent resolution. Tﬁus,
one schlieren photograph was obtained for eath run of the

shock tube., v f

3.2 * EXPERIMENTAL RESULTS
, v -
3.2.1 SHOCK VELOCITIES AND RUNNING TIME

“Typical preésure traceS'as recorded from the preésﬂre

- transducers are shown in Fig. (9). -As seen in the figure
there afe two sudden changed in pressure - one due to the
incident shock,lthe other due to the reflected shock.

+ After the reflected shock, the pressure reméins'cénstant\
for a period of time until the reflected shock from the =
contact surface arrives to the;transducer.ﬁ_Thls is clearly
noted from the photographs. The running time is therefore
the time required for the reflected shock fpoﬁ the contact

- gurface toArrive at th& closeéd end.of the shock tube,

. ¢

CALCULATIONS OF SHOCK VELOCITIES AND RgéNING TIME .

0,007 1nch dlaghragg
Burst pressure ‘204, 7 P31a (190 P31g) \

b

Running Time . _ - > -
ti =-0,001 sec ~ From pitture |

Lot w

21
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“\\‘

)

t, =°0.001L47 sec f'-“ Fom pictﬂx;e
L =10 f{ Shock_tube length

Time ti‘ = a,ty

x 'L

2

/L. Bx32.2x53.34x535

1134.2 ft/sec .

Therefore &, =f51t1 : A\
‘ ) L s . . \

'

= 1134.2x0,001.= 0.1134
F 4 10
%, = 1134.2x0,00147 = 0.1667
h 10 » , o

'

Sho ék Velocit‘x

——

Knowing the distance between the transducers (5. 93?5 1nch) ’
AX also from the picture we can measure the tlme, At.
us:.ng the oscllloscope scale, then we can calculate the

velocity AX
Lo At

. Therefore AV = AX' = 5,9375x1000 - o
At 12x0.270 ‘ ,
AV = 1829 85 ft/sec. )

"But the shock. veloclty Ms = Q_

8 .

= 1823585 |
e 1134.
Ms = 1,61

0,003 inch Diaphre S . _’
' Oscilloscope Sensetivity . 1 Msec/cm, 0.5 volt/cm

~

22
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. by
’ BFst Pressure ‘ _ 114.7 Psi (100 Psig)

®

Measurement from picture ® - i .

a . -
.-« Running Time o ‘ . N
, : - " . a
t4 = 1:6 om x 1 Msec/cm = 0.0016 gec
1000 ‘ . : ‘ ]
t2=2.6x1=0.0026 sec o Yoo o Q
1000 : o .
Therefore, 7, = a;t, = 1134,.2 §00.0016_
. o ) | .
i . G, =0.181 : ‘ »
E T o = 1134,2x0.0026 .
‘ 10 ‘
: T, = 0.204 ‘
Y N

. Shock Velogi_tx' ) o L
AX = 5.9375 inch
At = 6.0 cq; X 0.05 Mgec/cm

hd !

Théréfé‘re

.'"| . Av = AE
' At

= 5, x 1000
] l:LSsz.OxO 05

&v = 1649.3 ft/sec

-~

~ : ~

Shock Velocyity Ms = AV = 1648.3 : ‘ \. .
Mg = 1,454

‘,
.
L‘\
-
»
.
rs

MEO '«'?W&*'Wf"waﬁfé?{»y
S

v

K 05,0015 inch Diaphragm ‘
) Oscilloscope Sensitivity 1 Msec/ cm v 0.5 V/em
a A ' -

© 23




e

I~
Burst Pressure,

Fom

{

ing Time
tl = 2, ‘Xi = 910025 Bec»
1000
té = 4,0x1 = 0.004 sec
1000 .
Thexgfore .
[ =ayty = 1134-.%0.0025 .
: L ' ‘ ‘
‘T, =-0.283" .
T, = 1134.2x0.0004
. .10 ‘
Ty = 0.453

v : ' ' z

Shock Velocity

AX
At

AV

AV

n

5.9375 inch . '
6.78 cm x 0.65 Mgéq/cm

AX = 5, x 1000
At 12£x2.73x0.05

T459.6 ft/sec

Shock velocity Ms = AV

84

" Mg = 10287 '

-

\

At

3.3 CALIBRATION OF TRANSDUCER

The pressure transducers manufacturer specification gives

\ ‘
oo 24
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P ' N '
transducers constant L 30 +6m volts/PSI. For the purpose

‘of accuracy, a check should be made in order to fmd the py :

~transducers constant and use it to determine the sta_.gnat:.on

. pressure P5 in Region 5. See Fig. (5)

}

& 0,007 inch Diaphragm

. Shock velocity Ms (expefimentai) = 1.61 s,
s . From table la at Ms = 1. 61, P, - 2.86

-y

1 S
a? 1 .
\ Since Py = 1h.7 Psi . - N . .t
) . ' e .
: P, = 14,7 x 2,86 = h2.04 PSIA +
E : ’ _ B
’g., Then, AP = P2 - P1 = 42,04 - 14.7 8
é Ap = 27.34 PSTA
: Y
- * From Picture 4
AV = 0.987 Volts' - )
: Th'gréfore transducer constant AV. 0.282 x_1000
4 . ’ ) ’ AP - 27 I3
[ S or AV = 36.1. MV/PSI - o
3 ~ BP . |
3 ¢ . .
i K ,
f 0.003 inch Diaphragm -
§ u
& M, (shock velocity) = 1.454 S e .

From table 1a at Ms = 1.45k, Py _ ' 5
, 1 ot
Py = 4.7 PSIA . |
P, = 2.3 x 147 = 33.81 °

OP = 19,11 PSIA

& 25
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From Picture

ov

-

l ' .
=1.38 cm x 0,5 V/cm

p AV = 0.69 Volts @

Therefore the transducer 'constant

AV
AP

ﬁg.

0.,0015 inch Diaphragm

n

0.69 x 1000
19.11 . -

36,1 MV/PSI

.

» Ms (shock velocity) = 1.287

From table 12 at Ms = 1.287, P, = 1,76

\ ) | P1
-« . . - P2
AP

*\

AP

From Picture
av
av

Transducer constant

o

l

Since the tranéducer constant varied according to theé..

calculations above, a graph has been \glotted showing

- a P1
14,7 PSIA

k3

Z-P

1
25,87 - 14,7
&

11.17 PSI

0.8 cmx 0.5v/em . - °
0.40 volts ‘

AV = 0,40 x-1000
N .17

= 35.8 MV/PSI

e

.y e the diaphmgm thickness against the tz‘ansducer constant.

26
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"BV = 2,468 volts measured since the transducer's constant

'Then an approximate value of the transducer constant was

found 36.0 MV/PSI. Fig. (12)

3.4 _DETERMINATION OF STAGNAT ON PRESSURE Pi IN REG;[;ON ‘52

Using the approxlmate value of the transducer's constant .

P

found, 36.0 MV/PSI, one can calculate the pressure Ps,

usmg the total voltage AV from the pictures.

0.007 'ynch Diaphragm . . )

"i‘s equal to AV, thens
. - AP

=
] {

- AP = AV ! R
L0 H . . ; ) N e,
. AP | ‘
v = 2,468 x 1000 B
~ 36 ’ :
AP = 68.55
. . ) . o S
But . AP = Pg - P o e
or - Py =OP + Py L |
=73.23 + 17 S |
o . P=83.3 PSIA ' “
i .

0 ,003,1ngh D1aghragn_1

'AV=383mx05V/cm
= 139\'V01t8. , .
AP = 1.9 x 1000 = 52.8 PSI (¥ =
3 \‘ . ., (L’, ‘. £
Then . P5= 56,37 + 14,7 . o j , . ‘n I‘”
A ‘
{ . .
A N "
27 \ f




P, = 6745 PSIA

\ r
- 0,0015 inch Diaphragm | [
- AV = 1.6 cm x 0.5 V/em “

va = 0 8 V. . '

AP-—losxlooo 22.2 L ‘
. 36 . '

“Then P = 23,74 + 147 T

B | ‘ . i

| Pg =369 PSIA

AN

3,5 JET STRUCTURE PRODUCED BY SHOCK TUBE

-

' mg‘. (13) and (14) shows jets obtained by 0.003 and 0.0015

inch umagu with measured 1/d = 1,138 and 1.8 respbctlvely.,

Algso the stagnation pressures were detememed by the
transduc{x\' constant and found to be 67.5 and gé. 9 PSIA.

-

3.6 JET_STRUCTURE’PRODUCED BY CONTINUOUS JET °

Steady continuous jet by Powell and Smith has been presented .

in Fig. (15)/for comparison with jet gtructure produced by

' shock - tube' arrangement, e

i

/

N . \
s f °
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B
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CHAPTER IV - r
DISCUSSION

.

Y

41 RUNNING TIME > _
: | *
"As shown in Fig.,(lé)ith‘kqxperimental running time is not
. a single valued curve but feund to be a range.; Thig is
beeause‘diffusion is taking place ‘at the contact surface.
The theoretical results are found to be within' the
eiperimental range for the {;cident shock ﬁhch{numbers
used. ‘
.
.2 IEf"LEﬂQTH
A'g;gt of the total pressure of the jet formed in the shock “
“tube and the ratio of the jet length to the nozzle diameter
measured from the photographs of Fig. (13) and (14) is
‘presented in Pig. (17). :These results are.found to be in
c}ose agreemen® with those obtained previously from steady

jets,

3

" 4,3 REGIONS OF INSTABILITIES

\ 1
Prom the recorded pressure measurement prezeﬂted for the

© 0,003 inch diaphraims in Fig. (18), (19), (20) and (21),
we can see that at 0.3 inch (gap between theé nozzle and

' ,the tube), the oscillation is damped and decays rapidly.

29




As the gap was increased to a value higher than the length
‘of the first cell (0.72"), the oscillations are found to

maintain its amplitude. These results are in agreement

"with those obtained previously with a steady jét.

4

L.4, PROPOSED TEST SE?TIé)N
, The proposed test section is similar to that utilized in
' tﬁis,experiment Fig., (8) gxéept ‘thg resonance tube will
be totally enclosed by a éﬁamber for gvaguat*ion—of air
and the supply of copbustible gases: See Fig. (22) 7
A thermpcoup]\e along' with temperature rgcorder are proposéd
for temperature I;e;:ordir;gs. A mechanism for positioning
the rjesoné.nce tube is installed for external adjustment of
resonance tube position withou\t dismentalling of corﬁbﬁétﬁ.on
-. chamber. Also, glass plate windows are recdmmended fox;
visuglizaficﬁ of‘ flow and ignition.

"4,4.1. OPERATION OF APi’ARATUS
' .

First the shock tube and the ignition(ihaméx)«ill
egrlacuated by means of a vacume pump. Then!'a flow of
combustible mixture of known concentration will be supplied

tq' the driven sectioﬁk of tge shock tube. - Phe driver sectio

will be filled with air at high pressures. .The p;‘essures//
in the driver and driven sections will be chosen/ according

» + i / .
‘to the réquired jet structure. . . J




/////;fi) ' AS the pressure in the driver section of‘the shock tube is
increased to required value, the diaphrsm burst and a shock
wave is pro&ucéd.. The shock wave ‘travels into the driven
’sectioﬁ. The reflections of the shock at the downstream
end of the tube will result in a formation of an under-
expanded jet. 1If the resonance tube is placea in one of
,%' S | the regions of instabili¥ies, violent oscillations of the
gas trapped in the tube will take place. The semperature
at the closed end Will aué}maticali& increase to values ° P
much higher than the stagnation témperatur;e of the jet afd >
will keep on rlslng until 1gn1tlon temperature of the |
mlxture 13 reached. Ignition can be sensed by either a/

thermocouple placed at the end of the tube or by a Klstler g
pressu;e transducer placed at the same posifigh as the ’ 5

‘thermocouple. Ignition can also be verified via Schlieren

pRotography. ! .

1
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CHAPTER 'V .. ‘ ) ) N

. CONCLUDING REMARKS

. ] _ A o

. ' “ ]\ am ' ‘ 8 ° - ° ” '
In the present report the flow in the shock tube has been

successﬁxlly analyzed by the method of characteristics. Good

agreement was obtained be;ween the theory and experiment

for incidént shock velocrt:LeS and running t:Lme. The @et

structure produced by the present apparatus after the . .

passage of diffracted shock is found to be similar to that

: s - ¢
obtained from a continuous Jet. _

Ct ) ‘ - '
Regions of instabilities were noted in the present
: ’ N ,
experiment. Maxi pressure amplitude of the oscillation’

. -

' was noted when the) open and end of the resonance tu'b‘e'was
placed near the énd of the first cell which is in agreement .
with those of a continuous Jet operation. .

Since both jet ‘structure and regions of instabilities

o
noted in the pregent shock tube arrangement do-not differ
from those obtained from a continuous jet operation, the- x

following conclusions are drawn: - - ) .

The dynamics of resoi'gz;nce tube can be successfully studies
by the use of a shock tube. . ) : ‘

o \ .
Ignition studies can be achieved by confining the resonance

tube in a chamber which is more economical, easier to
operate and less explo?-hazard than the prev:musly

proposed conti uous jet model., ,

32
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TABLE 1o SHOCK WAVE RELATIONS FOR v = 1.4

& .
FEN VIR g @ | 2 ae 80 taurf @ ' .
c'a| % |ale| 7| ¥|lae]™|a|@ G| s
—— ——
.00]1.000] .000['1.000] 1.00| .Q00/ «30 é-lbo +2%9[1.050] 1lev0} <003
«01{1.003] .00%]1.901} 1.01] 290 o310, 184] L2%f1.081] 1eay] c003
.02l1.006} .010[1.002] 1.01] .000 52| 1.162] +299f1.052] tea2] .00
«03]1.009} .015]1,003] 1.02] .000 o83l1.170] J764]1.053] 1,83 J00a
+ «0al1.012] .020f1.00af 1.03] 000 esefle178] 4269]1.054| 1.84} <004
" t
«05]1.015) +a2511,005] 1.0a] 000 o59]1e177] L2730160%3] 145\ e000
«06|1.018 %gso 1.006] 1.04] .000 «36|1.101] 278[1.056) 1.86] S04
«07]1.021 «015[1.,007] 1.0%} .000 0571121850 2283110571 1ea7] <0D%
«08!1.024] .080[1.008] 1.06] ,000 o38(1.188] 22el1.nanf 1.4a] L008
«09]1.027] .0a3!1.009] 1.08} 4000 os9lte191| o293f1.0%9) 1.49] J00%
% «10][1.031] .0%0{1.010] 2.07| L000 «60]1.195] .293{1.080] 1.50] .00%
o11]1.034] ,0%5311,012] 1.08) 000 o61f2.198] .301]{1.081] 1.81]. 0005
v12]1.037] .060j1.012} 1.09} 000 s2}1.201), .308] 1,052} 1.52{ .009%
e13}1.000{ .083}1,013] 1.09] <000 «6341.205] o313[1.064] 1.53] .006
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