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INSTARILITY IN & SLOTTED WALL TUNKEL

by J. L. King, P. Boyle and J, B. Ogle

ABSTRACT

Large pressure fluectuations have been cbserved In the working sectiom of
AR, 1's new 30 In., water tunnel. The present repert deseribes inveatigations
carried out 1n 8 7 1in, wilnd tunnel to examipe such fluctuations in detall and
alap theoretlcal investigatlons which explaln and describe the phenomena,

It 1s shown theorstlcally thot 4 et of flulad elrcular in cross-section
moving tharough Lue same fluld is wnstehle. ihe siotted wall 1s unable to
stapilise all frequencles of alsturbance, The length of the working section
determines pre ferred wavelengths of disturbance wiich fesd energy back to the
upstream end ¢f the Jet by corpressing the fiuld in the reservolr surrounding
the worklng section, In the shsence of a reservolr, the ingtabllitcy dlsappears.

Tre present report 1o not concemed with the performance of the D In,
tunnel or with measures now belng taken to Improve 1L,






INTRODUCT [ON

Tnls work originated In the discovery of large pressure fluctuations in the
working sec¢tion of AR L's new 2 in. water tunnel. It 1s now known that these
fluctuatlona were only excessive due to the presence of a mechanleal resonance of
tne tunnel as % whole, However, 1t had already been declded that, 1n view of
diffleuities In instrumenting the tunnel, tests should be carried out in the 12 in.
water tunnel, and in 2 specially constructed 7 in. wind tunnel. It was found that
similar disturbances existed, slthough not so prominently. The difffculties In
the ® 1n., tunnel are belng overcome but the results for the 7 ln. wind tunnel were
sufficlently interesting to be investigated in their own right. The present report
there fore gives a complete description of the phenomens observed togetner with
theoreticel work explalning them.

2 Te wind tunnel 1s shown In Figure 1.  The slotted wall was made Of PeTspex,

the outer reservolr wall and the di ffuser of acetate sheet and the nozzle Was &

dural extension to the wooden contraction, Tne ring was shaped 1n wax, with metal

and wopd backlng, This is not = scale model of the water tunnel as 1t Incorporates
modi fications Introduced during the original tests, However, the underlyingprinciples
are valla for sny slotted wall tumnel.

% The theoretical work falls naturally into several small and distinct
Investigations. More detalled investigations would requlire considersble effort
without adding anything to the basic prineiples outlined here. For the same reason,
1o attempt has been made to riil in the gaps in the experimeantal results, most of
which were originally obtained for the rather df fferent purposs of curing the 30 In.
tunnel.

OUTLINE OF RESULTS

4, Te first important result was pbtalned Irom the experiments by the use of
smoke. It was discovered that the disturbances were axl-symmetric.  Subsequent
hot wire measurements showed thay the osclllations were nearly slnuscldal, This
SugZested an instabllity in tne flow.  The self-sustalned osclllations were
determined thepretlcally by constderation of a closed leop comprising the Jet of
fluld in the working section, trensfer of energy to the statlionary flevld in the
Teservolr by the large surface disturbance at the downstrean end and the transfer
back of energy to the Upstream end of the jet by the reaction of the pressure
fluctuations In the reservolir on the Jet or jet nozzle.

5. Sel f-sustalned oscillatlons In & closed clrcult demand that the total gain
round the loop be unlty and that the phase change round the loop be an Integral
number of gycles, In practice, the galn exceeds unlty for anall dlsturbances and
the amplitude of the final disturbsnce is determined by non~linearitles in the
system., With this {n mind, the various stages are detalled:i-

(2} Jet Instability., It is well known that, {f one fluild moves over
gnother wlth uniform veloclty, the common gurface may be unatable to
certain disturbances (see, for example, Reference i, P.373). Particular
examples are the generation of waves by wind and the fiapping of a flag
If the flulds are of different densltles, only dlsturbances of small
wavelength {1.e. hlgh freguency! are unstable but, 1f the fiulds hawve
the same density, all dlsturbances are unstable. Surface tenslon
stabllises small wavelengths so that, wilih a suitable cholce of
Darameters, Including ihe densitles of the fiulds, both large and
gmall wavelengths may be stable, leaving only a narrow band of
frequencles unstable, One frequency in thls band will eventually
predominate s0 that the two~dimensional case leads to disturbances
0f the type found In the tunnel.
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It {5 shown below that similar results apply o & clrcular jel. g A
moves thrpush & fluld of the same density, dlsturbances of all wavelengths
are unstable as is shown Dy the breaklng ur of an open Jet ebout one dlameter
Acwnstrean of the nozzle. A slotted wall may De Tegarded as a stabllising
Influence, restraining the radial motion of the jet houndary. The exact
mechanism by which the slotted wall restralns the motion Is not clear but 1¢
13 found thati large and small wavelengths may be stable, The measured
ampll flcation Is considerably less then thabt caleulated for an open jet, thus
Indicating that the slotted wall has a conslderable steblilsing lnfiuence even
although complete stabllity is not achieved.

{b) ‘Energy transfer 1o the reservolr. ‘The experimental dlscovery that removing
the reservolr wall (l.e. making the reservolr of i{nfinite volume} removed the
fluctuations fixed attention on the reservolr as the self~sustalnlng element.
Measurements ¢f the pressure fluctuations showed that their smplitude and
Phase were Independent of position in the reservoir and working sectlion. It
wag then reallsed that this was entirely a compressibility effect due to the
fluctuations In volume of the constant mass of air enclosed between the
osclllating Jet boundary and the reservolr walls. Since the maximum amplitude
of Jet boundary occurs at the downstream énd, the reservnir behaves as a tube
open at one end and closed &t the other and 1t 1s shown that, for the
Irequencles observed, the length of the reservolr 1s less than a gquarter of
the wavelength of a sqund wave so that the pressure should indeed be flxed
in phage with little variation in amplitude throughout the reservelr.

{c} Feed back to the jet. Prectsely how energy 1s fed back into the jet at the
upstream end 1s not clear; It is possible that the pressure fluctuations
Cause the nozzle to vibrate radially. (o this assumptlon the wavelengths of
the preferred disturbances can be calculated. To ensure 4 Dhase shift of an
Integral number of cycles round the loop, 1t is necessary that the Jet
fluctuations should produce the maximum pressure In the reservoir when the
Jet diameter 13 a minimum at the nozzle. This gives the result that the
lemgth of the working sectlon must be an integral mumber of wavelengths less
One quartsr, a resul$ borne out by experiment., It 18 found 1n experiment
that the disturbance of two and three quarters wavelengths 1s preferred for
low wind speeds with o chenge to the disturbance of one ad three quarters
wavelengths at hidher speeds, Frequency increases linearly with speed s
that the effect 1s of frequency Increase to a gertain amount and then & fall
back to lower frsquencies. The reason for this appears to be a rescnance
eflect somewhare In the tunnel.  Since the zein round the loop must be
unity and sinee the energy feed back Trom the downstrean to the upstreanm
end of the Jet canmot be very erfflcient, it follows that oniy disturbaces
which are highly amplifled along the Jet can be self~sustaining The
numerous ways In whlch the #ain round the loop can be reduced indicate how
the phenomenon cen be eliminated In tunnel deslim.

8. In the presentation of results which follows, theory snd experiment have been
Inteminged. The results are presented in three parts, as in the three stages above,

PART .  JET INSTABILITY

DERLVATION OF THE BASIC EQUATIONS

7 The cross-gection of the funnel working section is circular The problem consideved
Is the Instabllity of a clrcular Jet of incompressible fluld, of Tadius G, moving with
veloclty U through an inrinite extent of the same fluld at rest. The disturbances whose
Stabllity 1s considersd are axi~symmetric.

8. In this investigatlion 1t is adequate to assume that the reservolr ig of infinite
dimeter, A recaleulation of the theory for a finlte reservolr demonstrated that the
mmerical results are practically unaltered. The assumption of axlal symmetry is

Justl fied since only axt-symmetric disturbances change the wlume In the reservoir and
30 provide feed back, It 1s assumed that the effect of the sixteen slots and gapa of
the slntted wall can be averaged round the circumference.
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D The two co-ordinates of a pelnt are taken as r, che raalal dlstance Trom the
axls, and % the axial dlstance from the (arbitrary; ocighn. At any ifnstant, the
comnon surface of the jet and surrounding fluld 1s ag

r= a+mn,

where m 18 2 function of Z and %, the tims. It i1s assumed that m 1s of the first
order of smallness.

10. Inside the Jet, the veloclty potentlal takes the ftmm
¢ = ~Tz+
end, outside, ¢ = Y

where i/ and ' are the small disturbance potentlals agsoclated with m.  The Lotentlals
satisfy Laplace's equation which, for axi~symmetric flow, takes the fom
P 12¢ R

+....-....+__.....=0.

3R ra3r 2z°

1. Strictly, boundary conditlions have to be satisffed at I'= 4 + % but, since enly
first order affects will be considered, 1t 1s adequate to s tisfy them at "= L

3
Te normal velaclty of the surface 1s -—-—3 50 that,outslde the Jet,

3t
3 oyt
__.ZJ :—-—n‘f at I = a'

A eor

Inside the jet, the particles also have a translatlional welccliy U sc that the
equivaient condltion becomes

3 3Im Y
N A S
T REY 3 °F o

it 15 assumed that the flotted wall section Imposes a pressure difference atross tue
common surface, The pressure difference, #, 1s taken to be posltive when tite pressure
Is greater Insgide the jet. The relevant boundary conditfon becomes

-RY oy !
el == 3 = = at r = g
3t 3z At p !
where £ 18 the density of the Iluld,

iz, A periodic surface disturbonce takes the form

m = noexpt(c't—kz).

Tne corresponding potentlal and pressure dlfference dlsturbances may de expressed as

Yo=Yy (1) ep i (ot~ Rz,
W= y(rieptfot-Eky,
P = Pyep 1 (ot~ k2,

Then ), and ¥j, satisfy the equation

g2
o Ly ey L,

dre r dr
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This is the modlfied Bessel equation of order Zerp, l.e. the Bessel ecuatlon with I replaced
by ir.  The two fundamental solutions are Io{kr) and Ko(i?r} in the notetlon of Raference &
p.77.  The conditions that \, snould be finite at 7= O end that ) < 0 48 P~ ® lead to
the final torms
sib = 4 IO{kr), 1,16 = 4! Ko(?er}.
The boundary conditions give

tom=-thln = -ARIjky = - Ak I (ka,
tom, = -4 RESRa) = A' R K (Ra),

P,
Lodlyha) -1 ok UAIfka zamxo(ka)+-§.

The first two give

4 l {fo~%1)
Ty R I (ka) ’
A o

T kK fRa)

Elimination of 4 and 4’ from the third then gives

R P
(o - &UJ? Lo(Ra) | o Kolkd - I .
kI, (ko) kK, (ka) £ My
13 A sultable non~dimensional form of this equation Is ~btalned by the substitutlions
o
Ry’

I 1 (ka) K, (Ra) '
I,(ka) K, (k)

Iifka} a _fg_

Ao ka Ik "R o,
when 1t reduces to

(X- 02 +¢a X = 8, ceares (1)
The quantity o 1s a function of R only aend 1s tabulated in Table I and plotted in Flgure 2

TABLE I

& AS A FUNCTION OF ka

g

ko o . ka & ’
) 0
0.1 0.012 1.2 0. 377
0.2 0,078 1.4 0.432
0.3 0,086 1.8 0.494
O 4 0, 100 1,8 0.530
0.5 0 136 2.0 0, 587
0.8 0, 171 2.4 0. 634
0.7 0, 208 2.8 0. 879
0.8 0. 244 3.2 0.717
0.9 0. 279 %, 8 0.749
1.0 0.312 4.0 0.771




L

14. There are two ways of investigatlng stabliity, In the problem considered, o
{5 real and, 1{f equation (1) gzlves complex walues of X, then B is complex and stability
depends on tie sign of the Iwnaginary part. Although tals ls the practlcal case, it
1s the less convenlent to work with as o and 5 are compllcated functions of the complex
yarlable %,

The usual way of investizati»g stablllty s to consider an initlal sinusoldal
surface disturbance and Inveastlgate lts behaviour at subsequent times, Then K 1s
taken %o De Teal and equation {1) is used to determine X as & function of %k as & takes
all values Irom zero to lnflnity. The two cases are related by the assumption that
the smplification per c¢ycle In the latter case equals the ampllfication per wavelength
in the former, Although this ls not exactly true, 1% 18 approzimately true provided
that the amplification is not teo large.

Let a typical root of equatton {1) be X = Xl + 1 X Then
o=oy+ oy« R U (X +1X). ALl the unknowns 7, , ¥/ and P contaln & real
exponential factor exp (~opt) and the motion 1s unstable when o, <O0or X, <O

15. The measurettents taken at a glven speed are the freqency, f, and wavelength,
A, Of the dlsturbance and also €, the amplification in a given length, l. Thege can
be related to tne thegretical gquantities above.

It follows lmmedlatsly that

am
k = “"';:“', 0'1 = Qﬂ'f, TR X X (2}

and, since the ampllification par wavelength equals the ampllllcation per cycle,
€ = eip ("‘ kl 0‘2/0'1)0 tesnes (3)
The ratio of wave veloclty to main Jet velocity is

A 9
U -

Since & 1s 2 function of Ra or 27a/A, & 15 known from the wavelength, By means of
equations (2} and (3), &, o, and o, are kaown and So X, Taus, 1n any practical case,
the entire left hand slde of equation (1) is imown and 3 can be deduced,

THE_OPEN JET

18, For an open jet, there 1s ro stabllislng mechanism and 8= 0.  Equatlon (1)
becomes

(X- 12+ w X% = 0,

Since « > 0, this 1s the sum of two sguares and admits only the complex solutions

1:tio@’r

X =
1+

’

one of which is unstable,

The ratle of wave veloclty to maln Jet veloclity 1s
1
L+a’

X1 = KRN NN {4}
8¢ that this ratlo always lies between 0.5 and 1
The amplitication In length l Is

€ = eip (R l Cé-). setsas (5)



PARTICULAR FORMS OF STABILISATION

17 The ¢ffect 0f the bars 1s presumed to he to provlde a plressure dilference across
the boundary of the Jet. This pressure d1fference 18 a foretlon of 7 and 1ts derivatives
which ls probably non-1lnear, Linearigsing for amall distirbances, the most genersl form
for this pressure difference ls

3p Fqn o, Fq
Frobynelasn-hsz sa
The first term corresponds to a restoring fnrce due to the stiffness of the barg on thelr
supports, the second to a resistance damping as the fluld ls forced through the bars, the
third 1s a term analogous to surface tenslon and tne fourth is a restoring force due to
bending of the bars. The four consiants Kl’ Ka' K R'4 are positive.

Then
I (ka) a
1 . B i
B = Tk 7P Ky + RU R, X+ B Ky ¢ B2 )
= 217X+ S, Say, aha by {6}

where 7y and & are posltive functions of b
18, Equatlon (1) now becomes
R+ ~2X(Lsty)e(1-8 = O

Some manipulatlion gives the roots of this In the fom

(Z« LYzl

X = 7 P ceesna (7}
where YRR = 224,
2 o= vy, ceenas (8}
L = (1+alf2~-8 -1

Y and 7 are always taken as positive so that an wnstable soiution cnly exists if the
solution of equation (8} glves & < I,

18 For an unstable solutlon, the rabio of wave veloc!ty to main Jet velocity is
1-Z 1
X = 80 that O < X < asberrn {9
1 1+d L 1+ /
and the ampiiflcation In length 1 is
€ = ¢e3xp (k 1 .Y)c saves {10}
20, When 7y = 0, l.e. no damping takes place, stabllity depends on the sign of §, If

{<0, Y=0, 2= (-)? and the flow is stable while, 1 { >0, ¥ = é', Z = () and the flow
1s unsatable,

[r 3

The conditlon { o glves & 2 so that Increasing the restorfitz force of the
+ O
bars past a critlcal amount stabllises the system.

21, When ¥ # O, the criterfon for Instablllty fs that Z < [ so tunat, from equation (9},
Y>yand so 22>« £, Thus Instabllity demands { >-1, The disturbance 123 therefore
stable or unstaole accirding as § % L It follows that in the presence of damping a
greater restoring force is necessary to stabllise the flow It also follows from
equations {8) that, 1f { fs constant, ¥ increases with %  Tms damping destabllises

the flow = & paradoxical result.
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22, From the form of 5 given In equation (6), the following conclusions can be
drawn: -

{a) TFor large wavelengths, 1, e, % amall, 1t is found from Ref. 2 that

2 1
Lot} ~ 1, I(ka) ~ 4 ka; Ko(ko) ~1og o K (Ro) ~ = .
Thet:
8~ 7 0‘2 (R, + LEUK, X
80 that

kK Ka
-\.--—-3..... &~
4 dpl’ 2p5§

and

4
o~d B2 @R l0g — .
ko

~-K.n
It follows that {'vm and dlsturbances are stable i

(v} For small wevelengths, 1. 68. ® large, 1t is found from Ref, 2 that

& d gha
Ikl Iytka) ~ s Kot Ky fR0) ~ [2&]
Then

1
ﬁ~m (LUK, X« R K, E, £ 0
1

The results obtainable from thls are equally valld in the twp cases
the case K, # 0 will be assumed. Then

I'¢ ES R
_...a. &5~ y ~ 1.
iy —-Fz*p o~ 1

B K
It follows that { ~ 1 - 2 . Otven K,, { <0 or~ 1 for large
enough ¥ so that dlsturbarbes are stable 11 &2 E,>plR K # Ocr
kUK > 5’ P U K = 0,

(¢} Although large and small wavelengths may be stabls, it 13 possible that
an intermediate band of wavelengths will be unstable, In particular,
increasing U, the apeed of the jet, decreases the ranges of stabllity at
high and low wavelengths, s0 that, even 17 all disturbamces are stable
at low speeds, at higher speeds instabilities will arlse and the range of
unstable wavelengths will Increagse as the speed 1s Increased.



EXPERIMENTAL REQULTS

22, Flaure 3 shows two sets of frequency analyses of the turbulence, They were taken
on the axis of the Jet with a hot wire anewometer and therefore relate to the longitudinal
component of turtulence. The bandwidth of the frequency analyser was about 1% of the
frequency. In neither case was the reservolr on 30 that no preferred frequencles were
presemt. However, they differed in that the diffuser was on in one case and not in tvhe
other., On the asaumptlon that the exponential law of ampliflcation applles, these results
have been extrapolated t» give the amplification slong the entire working section (taken
as 40 in, from nozzle to stagnation polnt on the ring). Flgure 4 glves the extrapolated
results, Results agree at the lower fregiencles but i systematlc difference sppears at
higher frequenciles, Thts effect of the diffuser agrees with thatb noted below in
pearagraph 23, Ignoring this, a mean curve s drawn which Indlcates that, at 75 feet per
second, frequencles between 20 and €0 ¢.p. 8. are unstable with a maximum ampllfication
zlong the length of working sectlon of 6.8 at 40 C.D. S,

Tat the ampllflication does obey the exponentisl law ls shown by Figure 5 In
this Flgure, a stralght 1ine Indlcates an exponential relationshlp and 1t 1s seen how the
aplilfication increases at the end of the bars when the diffuser is missing so that the
Jet becomes an open jet, The effect of the diffuser in damping out disturbances by
creating a closed jet 1s also shown in Figure 5,

24, The emplification to be expected for an open jet 1s glven by equations {4) and (5.
™is 13 a rapldly increasing function of frequency with the values of i3.5 at 20 CD. 3

and 380 at 30 c.p.s. &t 75 feet per second, Thus the slotted wall has a conslderable
stablllelng effact,

25 It was not possible to measure wavelengths on thls occaslon so that the method of
computing S outlined in paragraph 15 cannot be carried out. On the assumption that

Yo 080 that Z =0, ¥ = [Z, equations (9) and {10) were used to compute [ and eqatlon (8)
to compute & as a functlon of frequency in the unstable band, Then

aP;z

p 1R m,
13 computed; this should take the form

K1+szs+k4f4

according to sguation (8). In fact, 1t appears from Figure 8 that, over the small range
of % considered, thls quantity is almost exactly proportional to X,  The experimental
results thus shed no light on the mechanism of stabilisatlon other than confimation of
the general result that stabllisation of high and low frequencles is quite possible. A
furtlier observation very relevant to the mechanism of stabllisation i{s that 1t was at no
tire possitle €o observe any osclliatory motlon of the bars of the slotted wall.

PART |1, _ ENERGY TRANSFER TO THE RESERVO(R

TEERIMENVTAL SEEULTS

oA, The experimensal dlscovery that sinusoldal disturbarices only occurred when the
reservolr was present led to the consideration of the reservolr as an iIntegral part of
ti.: osclllating gystem.  For thls reason, the experimental results are given rirst

Hr Flaure 7 glives comparable spectra for five di fferent cases at 75 ft/sec, which

cre typleal of the results cbialned, Spectra,measured by hot wire anemometer, are
ol en fori-

I, camplete working sectlon,
II. ring and diffuser removed,
III. diffuser only removed,
IV, outer reservelr wall only removed,

V., entire working section, including slotted wall, removed,
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In the flrst four cages, the spectra were measured on the centre line of the jet In
line with the end of the slotted wall: 1n the fifth case, the spectrum 1s measured
at the exit to the nozzle a3 the Jet breaks wp very ridy In this case.

28, The following facts are observed:-

{a} Removing the regervelr removes the large sinusoidsl components
(¢f. case IV with cases I, II and III).

{(b) Removing the ring reduces the amplltude of the iarge disturbances
(cf, case II with cases I and IfI}.

{¢) PRemoving the diffuser affects the frequency of the major preferred
component (cf, case III with case I). At 46 G.D. 8 the analyser
was overloaded In case I1I, The response falls again for higher
frequencles but estimates of resanant frequency and amplitude on
regonance cannot ve made.

(d)y As far as can De seen, removing the ring changes the preferred
frequenicies more than removing the dlffuser does.

The difference between cases IV and V 1s basleally that given in Flgure 4 and
demonstrates the amplification along the bars when no frequency preference mechaniam
iz ¢perating.

29. In order to Investigate the effect of the reserwplr, e smali pressure microphone
was used In addition to the hot wire anemometer, whose use in the reservelr ls precluded
since thers 1s no maln stream veloclty there.  The microphone was not celibrated and so
ne guantlitative results are glve, Figure 8 glves records of pressure measured ab
various positions in the Jet and reservoir compared with the hot wire output at a
reference position on the axls of the jet at the downatream end of the slotted wall
section. It 1s seen that the pressure fluctuatlons at all peints sre In phase and

that the variation in amplitude is not grest. The phase relationship between hot

wire and pressure fluctuation camnot be determined since the phase changes in the

two amplliying and measuring circeulta are not XNown.

30, Tests were carried out with holes cut In the outer reservolr to act as a
pressure release mechanism. Hot wire measuraments were taken on the axls of the jet
near the downstream end of the working sectlon,  An example l1s glven In Flgure 9 with
a row of holes of diameter 4} in. set # In. fran the forward end of the reservolr,

It 18 seen that the major component 1s reduced tenfold although the minor compénent
is about doubled, Rows of holes at the downstream end of the reservolr were less
effective,

THEORETICAL CONSIDERATICN S

31, Bemoulll' s equation ia ususlly expressed In the fom
prap 0% = const.

Tils 18 derived Ifrom the more general form, valld in the present ¢ase,
prdpl® = R,

where F{1) 1s a function of time to be determined.

Usually, the medium extends to infinity in same direction in which U — conste,
p =, the pressure at tntlnlty. Thus f(f) takes a constant value.

However, in the present case, the fluld in the reservolr does not extend to
intinity and no reference point 1s available to determine F(t).
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32 The sinusoldal fluctvations observed in the pressure occur because, while the mass
of fluld trepped in the reservolr remains constant, 1ts volume finctuates over & cyela duse
to the dlsturbance travelling dwnstream along the Jet boundary. Thus compressibility
detemines the magnitude of the fluctuatlons, However, provided that the pressure
fiuctuations are indepandent of position in both emplitucde and phase, as 13 observed to
be the case, these disturbances do not affect the Incompressible flow which depends only
on pressure gradients and so the incompressible tieory of the jet can still be used,

25 in the potential flow solutien, pressure fluctuatlons producing gradients arlise.

The experimental measurements indicate that thase must be small compared with the compressible
effects.  From Part I, the potentlal flow pressure fluctuations cen be determined from the
ampllitude of the Jet surface, Similarly the compressible fluctuations in the reservolr

can be calculated from & knowledge of reservolr volume, These calculatlons conflrm that

the porvential flow fluctatlons are undetectadle.

34, In view 0of the fact that the velocliy of sound is finlte, 1t 1s necessary to determine
theoretically the distribution of phase and amplitude in tle ressrvoir due to compreasibility,

An gxact czdleulation is laboricus but a simple approximate calculation can be made, It

l1s assmed that the major contribution comes from the downstream end where the amplitude of
the jet surface is greatast. Then the reservolr acts as an organ pipe with s vibraving
lzphragn at Z= ! and a fixed end at Z= O, The pressure 1s known to be glven by

TZ ot
[+4 g8 ~——— g
P T ¢08 p

whare C 13 the velocity of sound,

The pressure 18 a maxinmum at Z= (0. Slnce o ! <4 o C In all cases of Interest,
the pressare 18 In phase everywhere and the minirum amplitude occurs at the downstream end
and 18 cos o I/C of the maximum, At 40 D.s, this quantity 1s sbout 0,7. In practice,
wWith & continuously oscillating jet boundary, the diserepancy between minimm snd maximum
will be less than this so that the experimental results may be regarded as confimed,

PART {11, _ FEED BACK T0 THE JET

THEORY

38 The requirement for self-sustained oscillations 13 that the phase change Tound the
loop should be an integral mmber of cycles and the gain greater than unity Iin the linearised
theory. It 1s not possidle to make any useful deductlons about the gain but constderations
of phase lead to an estimate of the preferred frequencies.

36, The displacement ol the surface of the Jet may be expressed as
M= menp i (ot -k,
where 2 iz camplex,
The changs In wolume Of the reserwir is

fort
V = Voe“
!
where Vo = 27?(21}0[ e"mzdz
0

2 a
. -%-?Q (1 - ek

2 2l
e 2220 14 102 (cos kyl - 1 stn ByL)

k1+ik2

a k.1 k.1
28 (R ikt 1 (82 cos kit~ U}
Ry + Uk, 1 1



- iy -

37, wnen V takes 1ts maximum value, the reservoir volume 1s least and so ihe
pressure 1s greatest. Thie pressure acys on elther the Jet or nozzle at the upstream
end and it is assumed that at this polnt the Jet dlameter ls a minimum. Thus V and n
must be an amownt 97 out of phase =0 that VO/'r;O is real and negatlive, Tis condition
1s only satlsfied 1f

kgl kol
e Sm}ﬁi e~ coskil—l

Py Re

< 0O

Experimentally it 1s snown that & < >> ] and kl >» Ry,  Ts sin kll =« = [ and

R = gnﬁ+§§+§, 337

where N 1s an integer.

Since £ 1a small,
k.1
e 2

80 that

~i2, 1
Experimental results Indicate that € 2" and szki are comparable In magnitude so that
§ = Oa

Thus, from eguation (11),

! na+ A {12}
)\ = + . ansr e

Taking 1 as 40 inches, values for A, B2 and f/U are obtained and given in Table II.

TABLE 11
n A ka 1y
{inches) (feet b
0 53 0.41 0.3
i 23 0.8 Q. 40
2 e 1,51 0.68
3 11 2.08 0.71

f/U 1s obtained from equation (9} on the assumption that Z = O,

34. Wnen the diffiser 1s removed, this theory predicts that the gelected wavelengihs
will be unaltered, When the Ting 1s removed, however, the phase relationship between
the jet boundary osclilation and the wolume 0scillatlon 1s changed and 1t 1s to De
expected that the selected wavelengths will change. Also a smaller pressure oscillation
should res.lt In tnis case. These results are in accord with the experimental resulis
noted in paragraph 28,
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EXPERDMENTAL FESILTS

29, A typical set of Not wire records ot the end of the working section 18 given in
Figure 10, It 13 seen that, ab low speeds, the record is more or iess perdodlc although
by no means sinusoidsl. At speeds from 50 to 70 feet per second a marked sinusoldal
component occurs, at 75 feet per second this 1s modulated by 2 beat frequency, Iram 80 to
95 fest per second & marked sinuseidal companent occurs ageln and at 100 and 108 feel per
gecond the record ls ageln more random,

40, Figure 11 glves a plot of turbulence level, frequency and wavelength agalnsi speed.
The first is obtalned directily and the second was obtalned by means of the frequency
analyser, The third was obtalned by using two hot wires, one fixed and the other moving
both on the axis of the jet, the swn of thelr outputs being measured. When the wires are
separated by & wavelength, the signals reinforce and when they are separated by half a
wavelength they tend to cancel, By this meens the wavelength 1s estimateds The results
for Irequency and wavelength given in Table II are also shown in the Flgure and it 1s seen
that remarkably gzood agreement 1s cbtalned,  Since the thegretlical frequency curves assume
that Z = 0, this agreement implies that Z << 1,

41, Figure 12 plots turbulence level against frequency, This indlcates that
frequenclea betwean about 33 and 40 ¢.p.s, are accepted, presumably by some mechanical
resonance in the tunnel system. It al , indlcates = as suggested in Part I - that the
amount of Instability increases with speed, Thus the modes with 7 » 3 and above do not
oceur at low speeds since the galn round the loop 18 not great enough and the mode with
N = O does not occur since it would omiy be accepted by the resonance at higher speeds
than those at which the tunnel could be operated,

CONCLUSION

42, An explenaticn has teen glven above for the phencmena observed in the 7 In, wind
tnnel. It has been shown how the observed frequencies and wavelengths of the osclllatlons
agree with those calculated by theory.

43, Only two polinta are left unerxplalned.

{a} It is not clear aow the slotted wall ssction stabilises the flow. A3 stated

in paragraph 40, it la conciuded from eXperiment that Z << I, It seems nost

robable that the restoring fortes produced Dy toe slotted wall are more
portant than the damylng in steblllsing the flow, daiplng detemmining the

amplification of wistable flows.

(t} 'Te mechalam of Ireguency selection from the several preferred wavelengths
1s not known. It appears that it is frequencles whlch are preferred rather
than wavelengths so that 1t may be assumed that 2 mechanlcal resonance 1s
operating  The resonant frequency appears to depend slightly on speed and
p0s51bly more sericusly on reservolr leakape as well as on whether or not
the diffuser 1s in position so that the resonance presumably occurs at the
downstream end of the reservolr,

44, It 1s considered that a more detalled Investlgation would enable these points to
e cleared up, It 1s concluded that the description given In this report of the modus
operandl of the phenomena is correct and that quantltative results can be predicted iIn
gll save a few datalls,
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