National Library
of Canada

i

< du Csunada
Canadian Theses Service
AN

Ottawa, Capada ’
K1A\QN4 :

b4

*  NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microfiiming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible. M

If pages are mlssing contact the university which granted the
degree.

Some pages may have indistinct print especlally it the original

\pages were typed with a poor typewriter nbbog or if the univer- -

suty&;ent us an inferior photocopy.

o v Prewousiy copynghted materials (journal arﬁcles pubhshed
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C.,1970, c. C-30.

\

THIS DISSERTATION
HAS BEEN, MICROFILMED
EXACTLY AS RECEIVED

Bibliothdque nationale

Services des thases canadiennes B ' S |

-y -
THQSES CANADIENNES -

: AVIS
La qu’alité de cette microfiche dépend grandement de la qualité
de laithése soumise ay microfiimage. Nous avons tout fait pour

assurer une qualité Supérieure de reproduction

S'll manque‘des pages, veuillez communiquer avec l'univer-
sit‘é qui a conféré le grade. ‘

- . “

La quamé dimpression de certaines pages peut lalssel a
désirer, surtout si les pages onginales ont été dactylographiées
a laide d'un ruban usé ou si 'université nous a fait parvenir
une photocople de qualité inférieure i
Les documents qui font déja I'objet d'un droit d'auteur (articies
de revue, examens publids, etc ) ne sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm est soumise

ala Loi_ canadienne sur le droit d'auteur, SRC 1970, c¢. C-30.

Ja \
\

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

* 'Canad

o -



v

]

o7’

'Shock and Pressure Amplification -
tin a Stepped Hartmann—uprenger ﬂ'be'

o *

.

N
. -
.

ﬁ‘? B N

Barbara Boloz-Skarzynska

(<]

b

~

A Thesis

v ‘\\ - .
t . in

. ) : The Départment

. T e
©oTTTT | L ) ,
Mechan%gal Engineering , -~
. R 0’. c' _ * ) . .

3
Presented’ in° Partial Fulflllment of \he Reqquements
for the Degree of Master of* Engineering at
- LConcordia Univepsity ’
Montréal, Québec; Canids

.

S
. ot
~ ' ’ 2
B & \
P o July'%987 A
.- \ ) v
|
© Barbara -Boloz-Skarzynska, 1987 v

’ w . “

o



—

K i

Permission has been granted

to the’ National Library of
Canada to -microfilm "this
thesis and to lend or “sell
copies of the film.

[ 9

el

0 Thé author (copjright owner) .

v e

has reserved other
publication rights, and
neither the thesis nor:-
extensive extracts from it
may be printed or otherwise
* reproduced without his/her
writteh permission. .

o * h .

L3

——

/

L'autorisation a ‘été accordée

a. la Bibliothéque nationale
du- Canada de microfilmer
cette thése et de.'préter on
de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:

ni- la thésé ni de longs
extralts de 'celle-ci ne
doivent -&tre imprimés ou

autrement reproduits sans son

- autorisation éq;ité.

a * ; /1
«



W el

iii

- o " ABSTRACT

Barbara Boloz-Skarzynska'
» "

A combined theeretica} and exserimental study was ch-

» ducted tq determine both pressure and shock amplification in
a stepped Hartmann-Sprenger‘tube. The meFHod of charec—
teristics was imployed to'determine the flow dynamics and
to construct the appropriate wave diagrams. Detailed
pressure measurements were carrled out up to diameter ratios
of U4 and fo; a Jet ‘Mach number ranglng between 0.4 and 1.
Flow visualization inside the tube was obtained via spark
schlieren photography taken at different time ineervels
during the 2esonant cyble.‘ Experimental results are found
to agree’well with those obtained theoretically. Both
theory and experiments show a decrease in the amplification
of the pressure's amplitude APR with the'increase in Jet

. Mach number. For sonic jets, aﬁé for large diémeter ratios,
the pressure amplitude is found to be 1.89 times higher

that ‘obtained from a constant area tube,

i

Shock and Pressure Amplification in a ,__/////////
’ Stepped Hartmann-Sprenger Tube
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NOMENCLATURE o .
a = speed of sound |, . , -
a, = ambient speed of sounq ' L , 7 ;}?%
'aj = Jet sound speed at the nogzle exit \\ . \ih
qnayx ° maximgm speed ?f sound "
amip f/;igimum speed of sound . . ‘ T
A = cross section area of the tube o
D1 = diameter of :;stream tube
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Ls = length of the constant area tube =
£ = frequency of oscillations i
fo, = acohstical frequency of oécillatiéns of “the total —

‘ tube length (aa/uL) a ! -

fs = frequency of oscillations fof the constantlareaotube
m 'z ﬁass flow rate . /
Mj = jet Mach nuﬁber |
MooLE flow Mach number ' ' y (
MS = shock Mach number | ) v \ ’
P = static pressure L \
Py = ambient pressure ' - - 3
pj = static pressure of nozzle-jet

total pressure of nozzle-jet
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Chapter 1 -

INTRODUCTICHN ';J’W§

The Hartﬁannfsprenger tube [1,2] consists of a tube,

“

, y
closed at one end, with its open end facing an

- .

exciting jet. (Figure 1).

< .
f - .

The discovery of the resdnance. phenomenon was made by

Hartmann in 1919, while measuring the stagnation pressure

12

distribution along the axis of an underexpanded periodic,jetljﬂ.

- .
Harctmenr. invegtigateq this phenomenon further, using a short

-~

tube, cf length tc diameter ratiq1q>fijh. From his inves-
tigetions it wés concluded that, in order to meintain the

. . . " ? . -
cscillations, the-mouth of the tube should bes«located in one

of the regions’ of instability (i.e.: the regions where the -

pitot pressgfe increasés-with the disténcé from the nozzle).

QFigufé’a). ' .

,

) ' 4

Resonant oscillations in tubes ekcited by subsonic or

straight supersonic jets were discovered by Sprenger. To

“mazintain the oscillations it was neﬁes§ary to weaken the

center core-of the jet by placing’ a fine wire across the

s - % . e . .
nozzle plane. The resonant oscillations obtained in such a

~’ a

way were,g;sentially simiiarfto thosg caused by periodic
jets. o \ | ',
In acknowledgement of the fundamental work done by the

above two investigators, the réson$nce tube was named the
» IS v s \

Hartmann}Sprengéé tube (H-Sitube)J ‘
—~ . ,

[
< N ~

~ »
. hd -
. N




N
1 y
'

The Hartmann-Sprenger tube has attracted the attention

A o

of many other experimenters who either investigated the
physical problems .concerning its mechapism of operation or

developed some of its practical, industrial applicaiioge.

The thermal phenomenon of the resonance tube was also
dlscovered by Sprenger. Durlng the osc1llatlons the tem-
,perature of the gas at the closed end of the tube rose
rapjidly to values far exceedlng the stagnatlon temperature
of the jet. This thermal effect was athiboted to the iq-

" ternal travel;ing shock waves, which Were codtinuously
heeting the indigenous fluiq, (i.e.:'the fluid that remains
permanently in the tube); For a tube of length to:diameter
ratio'of’}u and a reserv01r pressure of 5 atm, Sprenger was
able-wo reach temperatures higher than 1000°C US The
device was later cj§$51f1ed by Stabinsky et al [1] as a

~

possible igniter for

A

ih%ﬁs fuel mixtures and explosives.

-

Rakowsky et al [5, employed various geometric ishapes

and a wide'range of gases. Hélium )gas and the stepped tube
were found to be the best combination to produce temperatures
as high as 1500°K in less than 0.1 s. Logarithmic spe¥rals

area contraction was also preferfed over the tapered one ljj.

An axisymmetric deviceyffi}et introduced/in»&??% by Wu
et al Bg, produced repeated implosions. ,Unfortunately,
.Ssymmetrical implosions were impossible to produce, Lhus
limifing temperatures to finite 'values. Later, a subsonic .

b

model was introduced‘by Neemeh et al [}], where a3 much

L 2N .o
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improved symmetry and higher temperatures were obtained.
\ +

L 4

The stepped %ﬁbé was-under investigation in- the past
decade by Brocher 'et al [10,11], due to its simplicity and
ability to produce high teﬁperatureé. Deta%led experimentéi
results weré“FEEB?EZE, but the Uheofy employed‘was limitgd‘

to just accoustic apprbximations where no quantitative
3y

results could be obtained. No conclusive results, concerng

ing the mechanism of oscillations, nor the maximum pressure.

-

amplitude -and its relationship‘to shock streangth, were

" —

reported. ) ‘ -
L

. The objective of the present work is therefore to

-analyée the wave motion inside the stepped tube. This will

pe:acomplished, experimentally, via flow visualization and

bressure measurement, .and theoretically, by the use of the
method of characteristics, taking into account both wave

reflection and pressure variations across the area of
L}

discontinuity.
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‘ - N '\
_ THEORETICAL ANALYSIS  ,° .  °
2.1 The Simple H-S Tube
. \ ¥ v
2.1.1 Desoripﬁion of the Flow Field .
. The’ resonant c cle for the simple H-S tube exc1ted b.
//42§§§§5 Y P s y
. ﬁpsubsonlc jet, can be divided into four phases. (Figure 3).
/ . ~ +
’/ Temporary Steady .Flow C
/
\ g The inflow starts when the subsonic jet from the nozzle
S flows into the tube, Since the stagnation pressure of the

‘jet is”highef'than the'pressure"insioe the tube, an incident
. shock wave forms near the mouth of the tube. The shock

-

travels downstréam, thus increasing the pressure within zpe

-

-t

tube (3a). .After ?eflection from the'closedlend, the shock

trivels towards the open end, brimging the fluid behind the'g
shock to rest at higher pressures (3b). At.tﬁe same“time,v

. inflow stéadikytincreases'uﬁtil'the shock reaches the open
end. - : | . -

_— - - Transition from Inflow to Qutflow .

Transition  from inflow to outflow occurs very, suddenly
as soon as the 1nternal shock leaves the tube. A,centered
expan51on fan forms.and propagates into the tube.

K * Qutflow

[
o,

Outflow is maintained at approximately constant con-
ditions (3c) until the exosnsion_waves reflect from the

.closed end (3d) and reach the open end, bringing the -

L4

-

TR . !

~ -




M ’ .
pressures to lower values.

1 ta -

Transition from Outflow to Inflow
Transition from outflow )O inflow is more gradual, \\

Outflow velocities decreasg with the arrival of the-reflec-

S .
- .

ted expanskon waves until inflow starts, thus driving an

internal shock propagating downstream and the cycié nep?ats //

as before. ‘ R

During the periodic motlon part of the fluld (the~

1ndegenous fluid) remaihs permanently in the tube~—~$he'

other part is called "extraneous fluid'" as it enters the

tube during inflow and comes out during outflow.

For the analy51s of the unsteady, one: dlmen51onal flow
w1th1n the tube, the method of characteristics is used.
W1thout any approprlate assumptions, computatlon by this
mgthod could be tihe consﬁming and laborious. For simplifi-
cation the foliowiﬂ§f74assumptions are made:

(1) Motion in the tube is strictly one dimensional

- o
-

(2)-Viscous effects are negligible

: -~
(3) The flow is' isentropic

"

(4) The tube is completely insulated and the heat
capacity of the tube is négiect;d '
(5) Internal shock (Mg<2) is replaced by a compression
" wave |
(6) dentéred expansion waves are replaced by a single

expansion wave

(7) For the graphical representation all waves are

, ‘ \l. assumed linear and moving at the same speed



»
Fand

\ .
In Figure 4, a detailed wave diagram is presented.

" The corresponding simplified one is shown irp/Figure 5 where

it is seen that one cycle consists of four different regions

(1,2,3,4), bounded by shock waves or expansion wawves. The

"distances AB and Bc'represent the time during which the in-

flow "and outflow take place.

¢

. v
2.1.2 'Simplified Wave Diagram

1

Assuming full inflow and outflow as boundary conditions,

the pressure amplitude for the simple H-S tube can be ob-

e

tained as follows:. ‘ o .

) e
-According to Figure 6.

I
|
i
1
|
!
f
1
|
I
!
I
|
[
o
o

\\\ 2, 1 ' 2 -
. _2. - . -~
-\ Y 1-+I§— MJ (1a)
J o
and ' '
P2 y-1 Y2‘1
' ——.. = (1 +°T MJ.-) , (1b)|
5 .
Regions_2_and_3 ' '

2 .. 2 .
. “Wp tyIT 8p ° U3ty 23 where “/2 o -

» 3325, 50 Uz -u.

and assuming full expansion to_pa’;p. j

J

{

.



"-. ¥+ the tube‘is‘ shown. The experimental results were obtained

LS ( LAl
Regions_3_and_ 4 PR , : Y
P} - Pu’ l.e. ) o . -
AN ' o .
2 - 2 , - .
-uJ. +7:'i' aJ. = Uy +-"Y_-T ay where uy = 0, so thalt
.1 N . ,
a . . - )
R s M, o \ (2a)
J s —\/ , ' . !
and T
' 2 . .
L (1-YFH m)v L. - . (2b)
P; > ' p
b 4
~ ]

The difference between maximum and minimum pressures

in the tube is’

Y
Pnax ~ Pmin _ Py~ P _ ff.
Pj Pi = Pj
2y > 2y /
%Lf. = (1+%52 MY - - MJ:)3"1 (3)

J .
.
4

For the small jet Mach number (i,e.: M;j =1),rafter

‘expansion in the series, one can obtain ,

.

U R -4 yM,-14YM, & 2 YM, ) 4y
B 1 YMJ 1 YMJ yMJ\ | (4)

‘In Figure 7, the pressure history for the closed end of

S

~ by Wu.t al [12].

L 4 =~ ¢

)
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%/2 Flow in the Stepped H-S Tube
/ - -

/

> 2.2.1 Description-of the Flow Field ’ SR

\ X S
In the case of the stepped H-S tube, the description
of the flow field within the tube is mugh more complicéted.
However, the resonant cycle can also be divided into four

phaées¢ (Figure 8). .

Temporary Steady Inflow

During wh%ch an internal shock wave forms and rropa-
+ gates into‘the tube (85). The inteéaétioﬁ of the shock
with the area coptréction results in a trdnsmitted wave and
a~réflected Qai (Bbj. During the passage of the two com-
pression waves in opposite directions, the fluid frém'the'
larger part of the.tube is flowing to\the'narrower one.

Transition from.Inflow to Outflow

After the reflected shozk reaches_the open end, the .

flow behind it is at relatively high pressures and as soon

’ Pl

as it leaves the tube, an expansion wave forms, thus

switching inflow to outflow.'
- Outflow fﬁ
While the expansion Qave is propagating downstream
along the tube, the tr?nsmitted shock yave_ﬁeflects from
éhe closed end~apdnp;opagates upstream (8c). Meanwhile thé
direcpion of the flow in the areaza conéraction remains the
same. ,
o " 8

Collision of the two oncoming waves at the area con-
traction results in two expansion propagating in opposite

- o | -
-~ .



directions, changing the direction 037fh$ flow between the

two paf;s‘of the tube (8d).

l Transition from Outflow to IXflow °

When E?e expansion wave reaches the open end inflow

starts and the cycle repeats (8e).

The pattern described is one of the easiest that can be
obfaingd with the stepped resonant tube. Usually, the
situatién after collision of the incidentwl expaﬁsion7wage
with the reflected shock wave at the ar§a of:contract;op,
could not be foreseen without calculation (8d). Both waves

oing in opposite directions .after collision could be either

compression or expansion ones, depending on the conditions

L 4
A

on both sides of the area of discontinuity. .

4 (4

i
2.2.2 Simplified Wave Diagram

Using all the aSsumptions previously described, the

simplified wave diagram for the flow within the stepped tube

A )
can be constructed with the helpof the method of charac-’

1

teristics., A typ1ca1 wave diagram is shown in Figure 9.

For the graphlcal representation, all wawes are assumed

to move with the same speed; howeseyr, the actual ones were

\

~calculated point by point in the wave diagram. The latter

o
was constructed for various initial conditions and the cal-"

culations continued 'until steady state operation was reached.

, %
At the region of discontinuity, solution wds obtained by

.iteration for every incoming wave. Steady solution to the

flow was used to relate the flow conditions on both sides of

)

-
.

-



‘and 6 were obtained‘as-follows: , o . ) ‘ ) ..
Regionse 3_and_ 3 { : :
. Py = Pg, i.e. - ¢
- F} -{ . o ,
2 - 2 ¢

Y31 83 T Ut IeT 80 OF
*

(M '+—3—)a = (M +:3—)é where M = 2 (5) \

_ 35 =173 5 y-1"75 , a ’

10

v .
- L}
N . . )
.

.the area of contraction.

:Knowing conditions 3 and 4 behind the indoming P.and Q
o
waves, resp@ctively, (Figure 10), the solutions to points 5

N ' '
\

Qy = Q6’ i.e. ’ .
_ - 2 N 2 -
"My TIET % T TMe TYET % OT S c
. . . 1
2 - 2 ...t t .
(=M +==g)ay = (‘Me'*yfi)aé' (&)

Or 6

.Regions_5_and_6 are related by the steady isentropic 5low .

equations. The flow between them is similar‘t; that\in a .i .
‘conyergent nozgle. - ‘- . ' ) , .o
.Assuming MS{ ag can be calculated from Equati;%~(5).
Knowing geometry of the duct, one can obtqin'aé and Mg using
th; following simple relations: .
- between areas ‘ ~< ¥ ’, : ‘ .
Ag As Aé ' K
— = ~= — ' where A, is the reference area at
A Ay A5 : which M =1 )
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where ' / ’ v+1 -
£ ek (e gt T —

- between the speed‘of sound

%7 % T 5
S 4 /\(Ta%\ o ‘ |
'wher# S e o o .
| Ts Ty /(1415 M) - | Ty

T . -~
¢

If the values}caléulated do not satisfy Equation (6), a

new value f‘or‘”M5 ought to be assumed until Equation (6) is
o . S .
satisfied.” Co :

In the {ase of .choking conqitions in the area contrac-

tion, Regichs 5 and 6 are ‘connected by the ‘following rela- .

+
®

tionships:

-

a - Flow downstream 'the tube R Lo
The expansion wave must exist in the narrower parf of
the tube, which expands the gas from the sonic ¢onditions

A ]

until Mg and ag satisfy:

Qu = QG,_ ioEo
(=M :+—2;) a, = (M -;-2—)-3 wh;re'M =0 /
) ’4 Y-l u 6 Y-l 6, u /
| P, = P5, i.e. ’ ) .
2 - 2 '
(1 +-Y—q) a,..-r(Mﬁ-r;—_T) as,( ‘ %)
where a, .is the speed 6f sound in'sonic conditions.
» .

o .
. . .
- . .
. « M ', - 3 -
‘. oL e . ' - .

;;;;;

- 6. ) - ‘ o - )
. / () P
‘ 0 o . (8)

“
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‘ 0 ‘ . -. \\-
® - Flow upstream the tube - - .

Gombiﬁing conbinuity»ﬁ%ﬁatidn between Regions 6 ‘and 5

Al

N
N

m=puA G . ©_(10)
, Y .
l1.€.: . L .
A TN W L
05 u5 Aé f»Pé Ug A6_ where u = Ma 7and M6 =1
_ . N .
and perfe¢t gas law ' S .
. ‘. ‘ v’ e A -
S o L 'y
p = RT' : ’ ) ‘ ¢ ’ (1})
Mz and as must satisfy ,
Yoo : :
i - B5y=T _‘--A6 Mg = . '
. (Y 2 , . - (12)
, a6 5 M5 1 \ : o
and . ' :
P3 = P5 .
_ .2 '_ 2.y . (133
‘ (M}t"'.}??‘i‘/)a's - Q(MS +'Y'_1)a5 ] ) (‘1.3)

v

oo ©
2.3 Boundary Conditions

1

The flow near the open end of the tube cannot be des-

Y,

"éﬁﬁbed by ;%pple relationships*due'to its multidimensional

~ nftupre. Thus the problem is simplified by assuming.quési ¢

one~-dimentional, isentropic steady flow.

- - Y

2.3.1 Inflow

For. the inflow, the basic eneérgy equation ;s proposed

as a boundary condition _ . / \
4 - s 1 __XT et l X -
Cop (el )T = p (1ha) .
- ' ‘ ,
; . B
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or, i A
) » ,
?
’ "'1 2. 1
. a . (1'*1§; My ' - (14b)
- . a. I.:__ 2 . . - ’
L4 1t )

2.3.2 Outflow
For the outflow two different boundary conditions were

. used depending on the area ratio of the tube.

\ . .
(1) For 'a small area contraction, i.ejz DI/D25_2,.tHE cons-

”

tant impulse equation is the boundary condition. Here

it is assumed that during outflow, the stream impulse I

LH e o . . .
is constant and equals the stagnation pressure of the

jet. , .
’I = p+ pu? = pOj - - i '. (153.)
or
, %-1
a po./p. .2y ' N
= = (—dJ) ‘ (15b)
J 1.+ y M2 . .

- ¢
@

(2) For.a large area cbntraction,-i:‘@.:-Dllﬁ2 = 4, the most
1 . .
suitable boundary condition is the assumption of full

s i
outflow, i.e.: expansion to the ambient pressure,:

P=Pp,=p,” (16a)
or ) ' l' .\
= 1 - - ' .- ' ’ (16b)

o }r

2w

By_applyiﬁg Equations (14b) and (15b) in the first case
or Equatiéns (14b) and (1€b) in the second .case, one can -

. ¢onstruct the curve which gives the boundary conditions at

4
. .3

!



L 14 ..

E

the resonant tube inlet. These relations are shown in’

Figure 11, for Mj = 0.6.

From Figure 11, one can see that ﬁu}ing the inflow the
maximum value of Maéh.numbgr cannot exceed 0.6 with p = Ps-
During the outflow, the Mach ﬁumberhincreases according to
Equation (15b), for the small area\contraction, until a

value of 0.843.is reached. For the larger Mach numbers thé

N .

full outflow is assumed; i.e.: p = Py (See Figure 11a).

i

In Figure 11b, it is shown that during the outflc}g2 in
‘the case of the large area contraction, the expansion.takes
place until the ambient pressure is reached.

The difference between boundary conditions for the out-

S
! .
flow can be explained by -the \difference in the influence of

vthekflow in the s@allér’tube on the flow in thellarger one.

The flow in the smalller tube has very little effect on the

operation of the larfg o in the case of large contractions
v . .

but it cannot be neglected in the case of small area changes.

It ogght to be pointed out that the'%afference between
the boundary conditions used for the outflow does not change
the valués for maximum and minimum pressure obtained in the
closed end of the tube, However, stabilization in' the wave

.diégyam is reached much faétgr if the proper boundary con- "’

ditions are used, ' ' -

’ S

tﬁr;
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Chapter 3

\ . o N '
' EXPERIMENTAL - APPARATUS
The expérimental éetup‘consistS'oﬁ a converging nozzle,

!

10 mm in diameter, with'a Wwire, 0.5 mm in diameter, plaed

-

across its exit plane (Figure 12). The diameter of tde wire

~>

was chosen so that maximum pressyre amplitudes could be

reached. The availability of tubes of various, lengths and

‘ .
diameters simplified thdprocgess\.of construction of the
’ . o
3 . . . v ) . -
setup. The tubgs were placed on a traverse mechanism 1in

< ~\ ] . ~

order that they could be adjusted concentrically with, and

at required separation distance ‘from the nozzle. The latter

was mounted on a large ‘plenum chamber with a pressure goge
to record ;he chamber pressure.  ~

At downstream end of the tube, a Peb miniaturg
pressure transduyer (sensitive €lement, 2.5 mm in diameter)
was mounted, to record the preésure va}iations and frequency

of oscillatioes.

Y . .
For internal flow visualization, a shock tu&grwas used

to produce the exciting jet. A schematic of the shock tube o

gnd auxilliary eguipment is breséﬁtéd in Figure 13. The
shock tube éon§ists of two equal length driver and driven
sections about~2 m long each. It 1is' square in ‘cross section
(50 mm x 50 mm) . For flow visualization pufposes, at the
downséream ena of;the shock tube,ua convergent nozzle, 10 mm

%n diameter waé)carefully designed to minimize losses. Mylar

-

s
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diabhragms, 0.0015 mm thick, were used to yield a shock wave

of Mach number 1.29 and an underexpénded\soniC'jeb of sta-

[

gnatign pressure 255 KPa. The tesonarice tube was carefully
ki

placed'at the end of the first cell of the exciting jet in

order to yleld mpx1mum flow osc1llatlons. Various plugé E

’ “

" were placed 1n51de the H- S tube to vary its 1nternal shape

from the Lnltlally square cross sectlons (10. mm x 10 mm) to
Al 7 \\
the de51rable two steppe@ tube (10 mm, 7 mm and 3.3 mm, each

25 mm long). Commercial glass wkndows were placed -on both

'sidés of the tube to allow fiow visuaiﬁxgtfons. .o -

[

" The optical.systemyused is a conventional spark ',
schl;eren'systém which consists of a 4 KV power supply
(w;th a delay ggheragpr to photograph the ;pbck at
different instants 'of time), two parabolic m;rrprs,(1230 mm’
focal lengths) a knife edge and a camera. ;Pressure

measurements were recorded at}the back of the tube, using

i

ﬂ a'pchpiézoelectric pressure ftransducer. Thé'OSCillOSdOpe

trace was triggered by means /e¢f another traﬁsducer placed

—

upstream of the nozzle. B \ ' -

16 . :

-

A"




Chaptér b

. EXPERIMENTAL RESULTS

U€1 Flow Visualization in a Stepped Tube T

_ These tests were carried out to visualize both

internal flow and shock waves -at different pﬁases of .

.

the resonant cycle. In these experiments, a square "

tube with gouble area contraction was used. The °

tube's open end was piach axiglly against the . f
circular nozzle} located at the downstream‘end of . f‘
the shock tube's driven section. . |
) ’ -

A set.of spark schlieren photographs are présgnfed K

~ s

in Figure 14, As soon és'the flow emanates from the

[}

.nozzle, inflow. starts, thus drividg a shock wave into :

“v the stepped tube. ' The interaction of the shock wave -

with thf first and second étep’gis noted in photographg

a to d. Due to the area aiSCOntinuity,‘the incident

shodk will be partialiy transmitted anq partially re-
flected. The.reflection of the tranémitted shock from the

;

closed end,‘éhd the complex reflec®ed shock fiow interaction

f\ - c - V o i | 1)
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is well demohstrated~in photograpﬁ e. Photog%aphs

f;and g show the diffracted shock‘propaga;ing |

fowardg the.open end;“h, iiand 3 demonstrate(qng(}
,,ouﬁflow phase. In j, the flow emangting from the”l

Y

narrow tube expands to supersonic conditions '/‘

»

followed by a standing shock wave. As outflow

¢ -

.weakens, an incident shock wave forms near the open
* end of the pube; The propagation of this shock wave

én the middle section of the'tube is shown in k, 1

v -

ané m. At the arez discontinuity, a transmitted and

Y

reflected shock forms and the cycie repeats ~

as before.

- - . . [T

. —

.From these photograpks; it is clear that shock
wave'prOpagat}pn in-a stepped tube i???p{ a -

"éimple one-dimensional plane propagatioﬁ. The S
procgsssis complex.and it inclpdes shock bgundary
layer intefactiogs, especially for the reflected
shock propagating agains} the incoming flow, !
The presence‘gj transmitted and reflected Shocks, at
the area-discontinuity, as well as fibw'éXpénsion to

supersonic values from the samll tube to the inter-

mediate one are also noted.

&
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4,2 Pressdire Measurement for VEFTéBIe Dligz Ratio

. , For pressure measurement the one stepped tube’with cir~
cular cross.section and lengths L& and Lé‘bf 60 andASO nm
were used. The diameter D, was chosen equal to 10\mm while
tﬁe diameter D, was varied from 2.5 mm to 7.5 mm to give a
diameter ratio of 4 to }.34; Prel}minary'results show that
the pressure amplification inc;eases continuﬁusl& witp CQe
increase i; Dl/DZ until little over ' a diameter ratio of 2. ° .
The cbrregbonding'length/diameéer ratio for the small diame- »
téer tube, at this critical point, was found equal to 10,

t was therefore concluded that such behaviour could be_ ' .
attributed to the boundary layer. Various‘pests conducted
with shgrter tubes for diameter ratio up to 2 were foﬁﬁd to
giGe‘similar reéultg. It was further concluded—-that the
tube length to be used must be less than 10 times the diame-
ter of the,tube, otherwise boundaf@ layer could'affectnthe
wave amplification due to a sudden érea contraction,

Other tests were conducted with tube lengths L, and L,
equal 25 mm. The diameter of the small tube was varied
.betweeniZ.S mm and 7.5 mm.‘ PgESure measurements were
-obtained for different jeiJMach numbers, Mj = 0.6, 0.8:1
and di erént diameter ratio, Dl{DZ, of 4, 2, 1.34 and 1.
The talues zf the §¢essure from tﬁe straight tube were used
as a reference for determining the préssure amplitude Apg-

The values obtaingd experim‘ntaliy are shown in

L)

Table 1.7 )
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. pressure amplification was assumed a cubic function of D

‘ ‘ ,‘ \/
, 20 o <) .

.0 | ’ |
A typical pressure b*@é;ﬁg at the back of the tube is as
shown in'FiguréNf/, for Mj = 1; together with the pressure

b

‘history obtained from a constant area tube. The results for

Mach number .0.6, 0.8 and 1 are also shown in Figure 16.
4

"\Ffom.thé results one can see that as the diameter ratio

Dl/D2 increases, the amplification of the pressure amplitude

-oes not increase monotonically, but‘asymptotically,

approaching a constant value, which in turn depends on the

' jet Mach number used. . The higher the jet Macﬁ nuﬁber, the

3 L] 3 13 3 . re Ld
. lower is the amplification obtained for any given area con-

¢ : .
traction. .

.

A curve fit was obtained for,each’Mach number.” The -
2/Dys

i.e.:

- ’ 2 3
ApR = ﬁ-*B(DZ/D1)+ C(D2/D1) '%E(Dlel)

e

r

and the,constants were calculated based on experimental
results obtained for each jet Mach ﬁumber. The following
equétions were therefore obtained: , o

tpp = 2.1877 - 2.3652(D,/D,) + 3.5307(D,/D,)? - 2.3532(D,/D, )

[}
I

L . - o for My = 0.6
pp = 2.0328 - 2.1205(D,/D,) + 3.1128(1‘32/131)2 - 2.0250(D5/Dy)?
| | :
' - for Mj = 0.8
= 1.8782-1.8738(D,/D,) +2.6893(R,/D,)% - 1.6937(D,/D,)?

Ap R

{ . for My : 1.0
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a

It is noted from the three equations that as,D2/D1-+0,

the pressure amplification reaches the, asymptotic values of

- /
2,1877, 2.0328, 1.8782, for Mj of 0.6, 0.8, 1.0, respec-

tively. It should be nqted that the asymptétic behaviour of
the curves does‘not'meqn thét the shock is.nog amplifyigg
with a further dé;re§§é in the d%ametezﬁratio D,/Dy, because
the. shock strength is determined based on the egessure.ratio
across the shock which in turn is dependen% on the pressure
ahead. The lathf,'as it will be shown in the next section,
is a function decreasing with‘Dle1 and hence this is what

limits the pressure behind to the asymptotic value obtained.

[
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Chapter 5
N
THEORETICAL RESULTS .

5.1 Pressure Ahplification for Large Area Contraction

' For large area tontraction (i.e.: small diameter ratio
D2/D1;+O), the Tluid dynamiec in the small diameter tube'can
be considered to have iiftlé effect on the operation of the-
larger diameter one, and hefice its operation-will be s{mila{
to that of,thé constant area tube case, JThe wave diaéram is
as shown in Figure 17. It can be seen that .regiops 1 and 3

give the conditions which control the-oscillatioﬁs in the” .

small diameter tube.

v

\

From the méthod of characteristics and from the assump-

. [ v
tion that the flow at the contraction behaves like quasi-one

dimensional the pressure amplification can be calculated as

¢

follows: J s

5.1.1 Regions 2 and 3.

'P2 = P,,li.e:x

a L em -
a 3 - 1 + 1 M- . ) 4 (17)
. ay J ,
4 .
5.1.2 Regions 3 and * . : S

Assuming chocking conditions in region *, which is at
4 .

the beginning of the narrow paft of the tubve,

M. 1, and

a .
- . 8, = U, = __3_._ T (18)

L
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. ’ j ] +
) §.175 Regions *, 6 ahd 7 -

- i ] ' ’ €.
The flow in * undergoes further expansion to supersonic

flow.‘"Thereforg, -
| P, = P6’= P7, and

a, . a . )
1. /[y =1 y.y = _max :
o = T'(1+%— MJ.)- T . . (19)

J J

5.1.4 Regions 7 and ;8 v . \'

As soonr as the compressidﬁ wave leaves the narrow tube,
the flow expands tg sonic conditions,'i.e.:.Ms = 1. Knowing
,that |

s T . % 7 Qg end My =0,

the following equation is obtained for the sound spped a1

‘a a a ' .
¥ -1 8 max _
L 2 (X224 1y 2 = (20)
o 0 IS = ‘
U 5.1.5 Regions 8 and 10 R

Regions 8 and 10 are related by constant P-wave.
felationship, i.e.:

.

a a '
v R -y 8 (21)
h Jj 4

: 2

Combining (19), (20) and (21), the following relation

is obtained for the'minimum valué of the speed sound, 250

L4 . . L
: a
- %;1% - 3‘ IY- ( -1‘Mj + 1) = a10 - ~(2.2)
p i g C S :

’

" . . . "
2, 1
Y L
S . . - . .
> B - .
, 5 T e P . s . : . 7
Mol ezt Lddtvebed 0 . " . 1 . B . ~ LY
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So the pressure amplitude is

. .-2Y 2 ‘
a, =L . oa, . =L .
A RAEEEI - URaE . (23)
J J ' J’
and,
I A S 2
Ct e (G ow YT YT (BT o,
;5 J - 2(1+y)
\ Taking the ratio, Yetween Ap for the stepped tube and

that for the 31mple one,?f/e following equation is obtained

f'ov- ApR »
] R 2
) y-1 4 y=1
& = ML -
bpy = . vali+y) (25)
R ‘_2-l - - 'd
1-153 M. vy-1
1 - (—d)
# 1-+Y-1 M. N
l - 2 ]
.For y = 1.4, )
. {.78214 S T
APR . ) ) . (26)

D‘ (o I

Thls relatlonshlp is plotted in Figure 18 as a funection

* of jet Mach number.” Good agreement.'is noted between theory

¢

and -experiments for this limiting case of large area con-

traction. - )

The assumption of choking conditions irr thé area con-

“traction is valid-only for jet Mach number Mj:>0.215, which
L

provides such pressure gradient that the gas is acceferated

o

to supersonic flow. For Mj < 0.215, the flow between

- N

+

-~

K‘E b




5.2 Pressure amplification £or Small Area Contraction

. ) 25

-regions 2 and 6’ remains subsonic and detaileds solution for

this case must be iterated for each Mj'
: «

-

s

Ay \ N . N Vi
The values of Riemman invariants P and Q@ for the waves
propagating through.the area contraction are changed arid, -

for small area contraction, these changes can be described

based on the following equations [13): ‘
+5 . _ ua ,+ . o .
8P=-7%4 1nA ‘ o L
. Vo~ (27)
- - - -l—lé— - * '
8¢ - 3= 27 1A
' . A2 -
where A% In A =t_lnA—- '

1 ' C A

o ' . —
The wave diagrams‘ were constructed as shown in Figure 19.. .

5 -

=P, +A'P ‘o i.e.: .
-1 a > , , N

P2=P3

. LIy

a; " . - p A, a G LT
2o gy en) - GG a0 78 B nere w0 (26)
J v - \ J ; ’J . b a .

\ ~ .
P = Pg =P, + 8T P i.e.:

-

a6 ! ' Mt\ : A' a -' 4 ‘ ..‘
b x-1 -zl g _2y - _min M = ¢ :
Y (== M +1) (I.é_ I in A1) = st where M¢=0  (29) -
The pressure ampiitu&e can be described as, -
.2 2 -
ay 2L a. 2L p :
. Ap . (37l o ()¥-I (30)
. P a. a.’ . . .
& J J Fy J <

with Di/Dé*i, the above equation can be expanded to yield

the following approximate relation: )



. C - | : w
. p, 1-L2w '
8P - 2y M,(1 + 2 1n L —_—s ) (31).
. J . D2 2
J S 1 - M o
t J\‘
, For smalf area contraction, .after expansion in power
series D
‘ (1..._2’ ! ”
D1 D '
- 1
ln =~ & 2
Dy D,
(1 +-ﬁ-— e
1 L]

. D, .
- ,(1"13‘1‘ (1-31 ) L
Ap, = | 1+4 . : d - (329
R Dy (1 -M)
(1+-ﬁ—) J
rd ) 1
for vy = 1.4, Equation. (32) becomes, R {'a.
D‘. { ’ . ) \.
.- D
' 2y - ‘ ‘
. N 7R TR SN .
. fpy = 1+ 4 . d - CA{33n .
R D, (1-M2) o
(1+-D—1')- J ’ !

9
~

‘e . -~ 3

The results are presénted in Figure 20 for jet Mach

numbers 0.6 and 0.8. As noted in Figure 20, the calculated
values agreelwell with the exﬁerimentél oneslfor smail areé
. ' reduction. 'For érea cpahge greater thad'r;QQ, a méfe |
detailed analysis is regqired to.ingclude both- the
transmittéd'and the reflected waves af the grea=di‘continui£y
section.. This case will be pneéented in%the f'llo ing

&
‘' section.

7

e
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» cribed above in Chaptef 2). -
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5.3 Detailed Wave Diagram for,Mj =0.6land Diameter Ratios

Pl

of 1.34, 2 and 4 ; .
. Af -

For diameter ratios of 1.34, 2 and 4, detailed wave

-

diagrams were constructed. Each wave interaction with the area

t

discontinuity results in a transmitted wave and. a reflected

B .
wave, This complicated case was, however, simplified by

constructing the wave diagram with each -family of wave having

consfant7slope; thus, eliminating the ektra work which could

result from drawing wave-diagram with ac¢tual slopes. .
A typical wave-diagram is shown in Figure 21 for Mj = 0.6

~and diamgter*ratio of 1.34., In Figure.21 some of the values -
of flow Mach number and sound speed are shown together

with the flow directions. From these values both

- e

' -the amplitude and the freguency of oscillations were

caléulated., The same procedure was carried out for the

‘other area contraction ratids. However, for the

. . . ) J
diameter ratio 4, which can be.treated as 3 large area

« contraction, the pressure amplitude was calcu;ated'in~two

different ways, depending on assumptions. . -
§ ' ,

5.3.1 Case 1 -. }

4

- The flow in each part of the tube affects the flow in ~
another one, i.e.: there is an isentropic flow between two

parts of the\stépbed tube in-both directions (the case des-

4

7
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0

3

<

“

. \Hiffereﬁt from 1» is slightly higher (but less than 5%).

‘show. that there is not a meaningful difference; however,

5.3.3 Case 2
. \ - -

The flow in the small diameter tube is affected by in-

£

<

flow from the larger tube, but outflow 'is so’ small that it K

can be neglected; i.e.:- there is an isentfopic flow between

—_ ¢

twb,parts of thé stepped, tube only in one direction. There
is no isentropic outflow from the narrower part of the tube.

Table 2 and Figure 22 show the fesults, i.e.: the
» ‘ .

"

b . . : . ‘ .
pressure amplitude as a function of the diameter ratio, .

i . \"

where for D1/D2 = 4, the two cases are ipncluded. .
>, .
Comparirig the theoretical results with experimental
ones, it can be seen that probably the moest adequate QPR

Value'for'the diameter ratio Dl/D2 # 4, would be obtained by

- ’ ’

taking the average between two values firom éases 1 and 2.

However, not to complicate calculations further it was

'

decided to take Casé 1, as édequate to:describe flow for -
the tu?e with diamete? ratio Diﬁbz S U4, and to use. Case 2
for each large but fiﬁite d}ameter'rdtio, D?/D2 >'ﬂ. . f//;
. All above ééléulation§ were obtained asggmigg the
1en§th°ratio of the EWO parts of the }ube ﬂ1/L24; 1..
In addition to tﬁi%,hsome calculations were made i
. \ .

uqing'other length ratios, such as L~1‘"/L2 = 0.75 and

1.25. fhe“results presented in Table 3 and Figure 23

the pressure amplitude.obtaine& for the length ratio

-

-~

' : v ¢



i~

29
/ ' . SR
% . t
'Because the calculations are more time consuming and

more compllcated> further 1nvest1gatlons were llmlted .

'only ,to the length ratio L1/L2 = 1 case,

O

One of the wave dlagram, for Mj = 0.6, D,/Dy = it anc&

Li/Lé = 1,25, together with tﬁe pressure history in'the

closed end and the flow dlrectlon, is shown in Flgure 2M

-

~ In‘Table 4, sSome of the values of flow,Mach-ngFRer
On ' .
and sound speed are presented. : . &

o a ' v .
This dlagram can be compared with the wave dlagram

in Flgure 25, for the tube oﬁ_length ratio L /L =1
|
*and same dlameter ratio D1/D2 =0, Some values of the

flow Mach number a..d sound sbéed are.presented in
- u .
_Table 5. L i o

Il

From both figures ‘it can be seen’ that length ratio

'different from 1. much more complicates the wave diagram,

<
but that it does not change 31gn;flcant1y the value of
the pressure amplltude. N
% L ‘
-~ “, ?
) ‘ .
Y v o

‘a
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’ .~ - Chapter 6 '
¢ ) ’ . ‘-
‘ FREQUENCY OF OSCILLATIONS - -
6.1 Frequency of Oscillation for the Simple H-S Tube
: The frequency of - the simple H-S tube was chosen as a

reference state for that df the étépped tube. The calcula-

tions were obtained as follows (Figure 26): - . o

Knowing tﬁe velocity of the air coming in and out- of
. the tube, and the speed of the sound befofe and aftef the
reflection from the closed end, the average velocity of the

waves-can be calculated as:

I

°©
¢ 4

‘ v :\(1-+Mj) aj'tamin -y ’
. \ 12 5 45 . . '
\» ' ~
R L e
< \~ 23 ) 2 31}
N , o
- + ' ) € -
. y-1 ' : \ , |
where. | am;> (1+55 Mj) a; 'and_
- - -.1 ‘.1
3 in (1 15— Mj) aj S0, . . . )
' ’
> _ - - .
Vit Ws s [feGm] a0 on
. . ) q- i 3* \ - .

The time required for the waves' to go through the tube

until the cycle is repeated is
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i ’
1 1 1. 1
, t =1L ( + + + ), .
P s, Vi Voz o Vi Vys :
|‘ , &
where Ly = L1 + = 2L, )A\
‘ 8 L2
S0 't = E

> _ (3=yy ,2] [1 _ 3=y z]
- and -the frequency of oscillation is ' ’ ' ;
| BT
Eiﬁﬁ ) My |a; B

"'f',:_l.: 4
8

(36)
s t ,‘
. . P L, :
for the vy = 1.4
(1-0.16M.2) a, L .
£y = Jo (37)
8 L

2
'~ Table 6 'and Figure 27 show how ﬁondimenéional frequency
éf‘osciilations, fs/fo, for thé simple H-S tubé depends on
the Mach number of the jepiwn;ch dfives the tube. Its value
. — . .

' monotically decreases with increasing jet Mach number. The

theoretical\;psults agree well with those obtained experimen-"'

tally for the simple tube of L = 0.127 m.



6.2 Frequency af Osc1llatlons for the Stepped Tube and
Different Diameter Ratlos - . .

. For each wave diagram obtained, based on'thebretical
/ analysis, tpe frequency of oscillations was calculated.
The velocity of the waves was taken as an average of absolute
. " velocities of the flow in front and behind the wave. -

L
According to Figure .28, . . .

¢ =u1+'a1+g2+a2=a tay (1+M,) , v
A ’ , 12 2 ) . 2 2° N . \
_ v _-u2+a2+u3+a3:a3+a2( M.)
25 > > P
and - o - - -
‘ 1 SN
’ . t, = L, (77— + &—)
1072 Wy Vay ‘
v - uB}a3 + “uy +ay _ ag +iay (1-Mu)
\ 3 E 2 2
V =uu+au+u5+a5 =‘a5+au ‘(I*EVlu)
45 2 .. 2 2
; \ and }
4 1 .1 -3
) - t = L (V_ + v_") —
4 * e 2 314 J~|»5
_ the, period of the cycle is 7
t / . )
Bp T Bt e
’ " and the frequency of oscillations’
1
ff s =
tp .
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@ . .

ol + . + J + J ‘
af+a2(1+M2) a3+a€(1-M2) a3+au(}+Mu) a5+au(1—Mu)

?

The frequency of thelsimple,tube was used as the stafe

of reference.

5

During the experiments the frequency of oscillations
was recorded for different jet Mach number and area ratio.

The comparison of the experimental-and theoretical results

,is presented in Table 7 ahd Figure 29. -

/
» * .
1] J . ' ’ o
In Figure 29 it is seen that the .frequency of oscilla-
tions is found to vary with the diameter ratio: the higher
d . — . ”
the diameter-ratio, the higher the frequency of oscillations.

The.same results were ‘obtained from the detaliled pressure

measurement at the downstream end of the small tube.

i

6.3 Freduency of Oscillations for the Large Area

Contraction (Dy/Dy +=)

In the case of the large area cohtraction, two parts of .-

the tube can be treated as two independent tubes (Figure 30).

Knowing,
. _ AY+1 ,Y-1 | ’ '
énd; - ' ,
' . 3=y /Y‘H Y=1 ) : .
Bmin T ¥¥1 ) ,(‘?* Mj+'1) 2; . ffO)
e
S - < ,
N \
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$ 2

and assuming sonic conditions in the area contraction, i.e.:
".*ﬂ M. = 1, :

.the speed of sound is,

2 Y~-1

a a .
= .max = /s (GEme)a,
(151 M, .+ 1) T+l J J

min

a, = ~
Tx, -

o
The average.Speed of the Waves'is,

[ 4 ’

v =V - s (M* ¥ 1) * amin - a + amin
12 - 'us -~ ks
. 2 2
Vo=V =a. (M*"l)'+ama£ N qmax
25 "3 2 ' 2

and the period,

" D- H 2 2
t = t,+t, 2 L,y (= + =)
p 1 2 42 V12 V23‘

The frequency of oscillation for Dl/D2-¥m, f‘=%

is egqual te

. (‘ .
- | ! o ‘
f= -Rf—zﬁ — - L ) =
(151 M.+1) |,/ 8 +(3-y),/ 1 ,/1%1 (Y-l/M.+1)
\ J Y+1 2(y+1) 2 .
(41)
what for y = 1.4 gives
' i | (42)
f =.0. ' .2 M. + 2
£ =.0.1917 (0.2 M, +1) f% v . '
and - . P 'f' .
~ . -
- ; . B BN




35

1‘+0_..2 M. ‘ :

. o S\ (83)

1-0.16 Mcz
R Jl _}*

£/ = 1.5336 (
In Table 8 and Figure ‘31 is shown the relation' between fre-
quency of oscillation and driving.jet Mach number for~D1/D2+m,

/ .

The results presehted here 'show that frequency ampli-
fication f/ f‘s increases with increasing jet Mach ‘number -

for large area contraction. .

I
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Chapter 7
’ ]

‘ “SUMMARY AND CONCLUSIONS

A détailed theoretical analysis to the internal,flow in

an H-S tube with a sudden area contraction has been pre-

sented. The above analysis includes solutions to the two

limiting cases of large and small area changes. Solution'po

Y

the intermediate area change has also been presented. The

. ‘ .
experimental results obtained from pressure measurements and

4

spark schlieren photography are found to be in close corre-

C\}ation with those obtained theoreticdlly. The main conclu-

sions to be drawn from this work are that,

1 - The internal flow dynamics in a 'stepped H~S tube
can be successfully analysed by considering the sudden area
change as a discontinuity and by the use of the method of

[

characteristics. The pressures on both sides of discontinu-
ity are not equal and therefore the CCW A-M relationship
cannot be used as in the past Diﬂ, in detailing both shéck

and pressure amplifications.
‘ Q

2 - The pressure amplitude increases with the increase
in diameter ratio, D2/D1. The increase approaches a cons-

tant value which depends on the jet Mach number used.

3 = The percentage increase in the pressure amplitudes,
as cdmpared to constant area values, is found to decrease

with the increase in the jet Mach number.

.

)
Rt
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.
K3

E

4 - The pressure amplitude ApR can be'§§scyibed for two :

limiting cases by formulas .7 ) ' : '
i

a) for large area contraction, D /Dy>

o 1.7821k ] o -
bpg = oo oW or Y @ 1.4 and M; >0.215 X

. R QU §
1+0,2 M.
A

b) for small area contraction, D,/Dys1.3.

: ‘(1 -D,/D,) (1-1.2 8.2 - '
\AWR= E+U .2 1 J for y=1.4 andM, 0.8 *
(1 +Dy/D,) (1-m%) / :

5 - For different length ratios in two sections of a -

v

stepped H-S tube, no significant changes were noted in the

pressure amplitude. The variation is found to be less than

N

5%. o

€ ~ The frequency of oscillation for the simple H-S
tube decreases with increasing jet Mach number Mj‘ Ituban

be described by formula

-—
- . e

(1<0.16 M.%) a. ,
fs = J ] for v = 1.4
, 4 L

__. 1 = The frequency of oscillation for the stepped H-S'

* -

tube increases with the area ratio. For'large area contrac-
tions, the frequency of oscillation apprdaches that

corresponding to the upstream portion of the stepped tube. bl

oy \

L
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8 - The frequency’of oscillations for the large area
Zcontraction,'Dl/Dz*-m, is found to increase with increasing

jet Mach number. - - " .

" (1°+40.2 M,) o
£/f£, = 1.5336 — Jz for vy = 1.4
(1 -0.16 MJ. ) :

[

&
- .

Although the present theoretical -work was:for an H-S
* tube with one area contraction, excited\by subsonic jets,
) SaERS,

the compytational and analytical megﬁods pressented here

o

could be ‘applied to more generalized cases in the future.

v/
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~ Figure 14, Spark schlierert photograph’
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“ Table 1. The Pressure‘Amplitude for Different
Area Ratios -and Different Jet Mach
Numbers
3 § lpR
Dl/D2 1.34 C 2 it
M. '
J
I - .
- 0.6 - 1.4068 1.5932 1.7797.
' 0.8 . 1.3390 1.4976 ‘ 1.6b5§
W10 1.2710 . 1.4019 1.5514
- ‘
J
€ Table 2. The Pressure Amplitude as-a:
Function of piameter.Ratio
for Mj = 0.6 .
/.
Dl/D2 Ap/pj /ApR
o 1.333 " 2.634 1.462
2.000 3.006 1.668
Case 1 4.000 34146 1.746 '
Cake 2 4,000 3,598 _ 1.997
- N

(for the simple tube and Mj==0.6, Ap/pj$ 1.802)
D TR

a

-
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Table 3. The Pressure Amplitude aé,q
§ Function of Length Ratio for
. Different Diameter Ratios and °
Mj =
R
» APR [ ..
D, /P, $ Ly/Ly=1 Ll/L2jy{.75 L,/Ly=1.25
2 1.668 JE 1.740
ba (=) | 1.746 1.819 1.837
' 2,130 L 2.260 2.269
(*)-Case 1 i
Table 4. The Values of Flow Mach Number and
Sound Speed for Mj = 0.6, D /D, = 4,
L,/L,=1.25 (Figure 24y : i
'GLOSED END (M = 0). OPEN END
Point a/a.j p/pj 'P01n§ Mj a/aj
41 0.788 | 0.188 30 -0.352 | 1.000
45 0.783 0.181 34 | -0.354 | 1.000
T . 0.769 .159 28\ -0.428 | 1.000
51 0.682 0.06§ 42 -0.600 1.000
54 0.932 0.612 55 +0.318 | 1.025
56 1.186 3.295 %7 +0,322 1.Q?5
58 1.186, 3,310 6% +0.338 '] 1.024
62 1,190 3,385 65 +0.423 [ 1.015
66 “1.172 3.039 69 | +0.600 | 1.000
70 1.035 1.272 ’

1\
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Table 5. The Values of Flow Mach Number and

Sound Speed for M3= 0.6, D,/D, = 4,
K Ly/Ly=1 (Figure °25)
/
CLOSED END (M= 0) OPEN END ﬁ
Point /a. /p. i : . '
oin ,, a aJ P pJ Point MJ a/aJ
21 | 1.187 3,322 18 +0.329 |1.014
25 0.791 0.194 22 -0.380 1.000
29 1.188 3.340 26 +0.333 |1.024
33 0.792 0.195 30 -0.382 1.000
37 0.188 3,340 34 +0.336 " |1.024
38 -0.387 1,.000 >
~ AREA CONTRACTION
31 -0.085 0.940
32 -1.000 0.990
* 35 +0.0368 |1.085
36 +1,000 ']0.990 ;
Table 6. Frequency of Oscillations for the
T Simple H-S Tube and Different Jet
‘ Mach Numbers o
M, | 0.1 0.2 0.4 ‘0.6 | 0.8 1.0
J - . L
. L2 . ( ,
53 | 0.1248° o.\112 2 | 0.1218 || 0.1178-} 0.1122 | 0.1050
~ )
fs/fo 4 8976 8L
theory 0.9984 0.9936 0.974kL 0.942 0.897 0.8400
T./T '
experi?ent .
where f0==83%— acoustical frequency of oscillation for the ‘ .’}
S 'simple tube - :

/" - 4
/- . . . i

P



75 . ‘

Table 7. Frequency of Oscillations for Mj

= 0.6 and
Different Diameter. Ratios, L,/L, =1
D, /D, 1.333 2 4 - =
THEORETICAL ) 1.795 ** | )
£/1, 1.1431 1.3912 1.762 * 1.9334
EXPERIMENTAL | '
£/8 1.1287 | 1.3948 | 1.8652 . , )
* 1 Case
** 2 Case

N

Table 8. Frequency of Oscillation for Different
Mach Numbers and Large Area Contraction,
Dl/Dz* o

£/ fs 1.649 1.7C0 |- 1.823 1.982 2.190




