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SUMMARY

The time average and unsteady pressures have been measured on the base
of a blulf afterbedy, containing a single jet, in subscnic and transconic
airsireams, OUchlieren flash phetezraphs have been used te investigate the

mixing; process,

It was found thet over much of the range of investigation, the mixing
of the Jjet with the external stream was dominated by a veortex motion analogous
to the veriex sireet which occurs behind a blull two dimensicnal bedy. This
vortex shedding caused pressurce fluctuaticns c¢n the base of the medel and had

-+

a significant effcet on the time averuge base prescure.

——

*Replaces R.A.L. Tech. Rep. Nc.65187 ~ AR.C.27495.
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1 INTRODUCT ION

Many experimental investigaticns have been made inte the ef'fect of a
central jet on the base pressure of a LIlufl afterbedy. Reid and Hastings1
have studied the case when the external stream is supersonic and bave constructed
a plausible model of the flow over thc base. Turther, they have shown that
extrapclaticn is possible from the simpler case of two-~dimensional base flow
as a Tuncticn of the base to jet diareter ratic. At subsconic and transonic
speeds the plchture is more cenfused and indeed the results of experiments on

similar configurations dc not agree, as is shown in Ref,2.

During the experiments reported in Ref.2, it was found that at transonic
soeeds thic base pressure varied discentinucusly with jet pressure ratic.
Purther, it was ncted that the Jjet changed abruptly from an unsteady te a
steady condition at these discentinuities. This suggested that the time average
vressure on the basc may be determined, in part at lcast, by a time depcndent
flow, in thc same way that the pressurc cn a two-dimensicnal base is determined
by the pericdic shedding of vortices. Such a time dependent flow, which might
well be scensitive to small differcnces in cenfiguration, could give risc te the

discrepancices referred Lo agbove,

In crder te investigate the matter fwrther, the tests of Ref.2 have been
rencated with a pressurc transducer meunted in the basc te measure the unsteady

caaponent of the pressure.

2 TLST DETAILS

2e7 The tunnel

The tests were made in the 2 £t by 1.5 't transonic twmel, This is a
variable density facility which, feor these tests, was fitted with a working
section having lengitudinal sleots on the reol and flcor and sclid glass side

walls, giving an open arca ratio of &y,

The model was mounted at the end of a long tube passing intc the werking
section frem the centraction (Fige1). The air for the jet was taken from the
tumel settling chamber, thrcugh a cmmpresscr and drier and delivered through
a pipe running aleng the centre of the medel suppert tube. Pressure and
elcectrical leads were taken away from the medel threough the annular space between

he air delivery pipe and the model support tube.
2.2 The :ncdel

The medel was the same diameter as the suppert tube and had a single

convergent nezzle in the base (Fig.2). The ratic of nczzle to base area was



O.42. Tressure tanpings were provided in the base and at the nozzle exit for
the measurement of time average pressures and a vressure transducer was mounted

at the positicn shown in 'ig.2 for the measurement of unsteady pressures.

2¢3 Instrumentation

HJ, the total head pressure at the centre of the nczzle exit, was deduced
from measurcments made by a pitot tube pesiticned in the delivery pipe at Os75
of the pipe redius from its centrcline and 6 ft upstream of the wmcdel. This
pitot tubc had bLeen calibrated, before the tests cemmenced, by ceomparisen with

measurencnts made at the nozzle exit.

The transducer meunted in the basc was of the differential capacity type
(R.AE, type IT-—L;—}?)B. It was clamped between rubber pads sc that one crifice
was flush with the base (sce Pig.2) and the cther crifice was ccnnected threugh
a length of small bore tubing te cnc of the oHrcosurc tanpings on the base. The
frequency range was limitcd by an acoustic rescnance at 13 Kc.pe.s. in the short
length of tube between the transducer and thc basc of the medels The resonance
was well damped and so had littlc effect on the measurcd values of the rms of
the pressure. However it sccms prebable that, at the higher jet pressure ratioes,
significant pressurc [luctuaticns occurved ebeve this frequency sc¢ it represents

an unfortunate but, as will be scen, not tco seriocus limitatien of the experiment.

The transducer was calibrated bofeorc cach test peried by applying a lmown
pressure 0 it and obscrving the cutput from the transducer amplificr on a decs
voltmeter. Variaticns in the calibration factor thrcughout the test were less
than *5% During the test, the cubput frow the transducer was fod tc a Bruel
and Kjaer typc 2107/2305 frequency analyscr sct to give an cctave sclectivity of
40 dB which corrcsponds te a baadwidth ratio of 115) based on the arca undcr the
responsc curvc. Wwith its sclective scetion turned of fy, the analyscr was also
used to mcasurc the totel rms of the pressurc fluctustions. The form of presenta~

tion of the unsteady pressure measurenents is deseribed in the Apnendix.

2,4 Range of investigation

Time avcrage base pressurc and amplitude spectra of the unsteady base

&

up tc about 3.5 for tumnel Mach numbers (Moo) of 0.5, 0.7, 0.9, 1.0 and 1.2. The

pressurce were iacasured over a range of jet total head pressurc ratios (HJ/Hoo)

tunnel Reynolds numiber was held ceonstant at 2.). million per feeot except for
HJ/H s> 3,0 et M = 0,5 where it was found neccssary to reduce the Reynelds

o0 co
nunber to 1.7 millicn per feoet. In addition amplitudc spccira werc measured

for the same range of HJ/Hoo with the jet exhausting intc still air at a pressure
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of 1500 1b/ft2 for HJ/HM < 2,7 and at a wressurc of 1000 1b/ft2 for HJ/HOO > 243
Some schlieren photogranhs were taken using a Tlash tube with a time duration

cf & few micro-seceonds,
3 eSULRs

341 Conditicus at rowmzle exit

Because of the small centiraction ratic bebtween the supply pipe diameter
end the nozzle exit diameter, the tobtal head nressure distributicn acress the
jet was nct uniform (see Fige3). fThe variation of static pressure near the
nezzle exit (pT\I 1) and at a point 2,5 nozzle dlameters upstream cf the exit

&
(pNZ) (see Fig.Z) are shown in figdy for M o = 0. For isentrepic me-~dimensicnal
[
flow in a convergent newzle, the Mach number upstream of the exit is indepenw-
dent of Jet oHressure rstic when the exit velccity is scnic i.e, for jet pressure
ratics HJ/Hco > 1,89, However it will be secen from I'ig.h that the pressure
and H_/o.

N2 J/ 11
2.4 resnectively, This difference between the real flow and an isentropic one-

ratios, I’J/ﬁ arc only censtant for Jet pressure ratics > 2,0 and
dimensicnal flow is due tc curvaturc <f the senlc suwrfacce at the nezzle exit
as explained by Herbert and Martlewz*, whe show that, in gencral, the velecity
at the periphery and at the centre of a converpeat nozzle are quite different,
and depend on the curvaturc of the nezzle wall at exits For a nezzle having
parallel walls at the exit, Herberi and I\Ear‘tlcwz" found that the maxinmum Mach
nunber of the flow at the periphery of the exit plane was about 1.2 whereas at

the centre it was cnly dbout 0.85.

Tig.l. alse sheows that for HJ/HW < 2.4, the stavic pressure at the
perivhery of the nezzle exit is less than the pressurce cutside the neozzles This
is shovn mere clearly in Mdg.b where the ratie oy 1/133 is »lotted against HJ/pB ¥
for the jet with and without external flow (¥,B. with no external flow, Pp = ch)'
It will be secen Trem this figure shat the external flew has a sigunificant

effcet upon the flew within the nezzle. It is theought that this is associated
with the pericdic shedding of vertices from the bluff amular base which is

discusscd in para. Lade
Measwrements ¢f the velceity distribution in the boundary layer cn the
cutside of the meodel showed that the boundary layer was turbulent and was

0.1.8 inches thick at M = 0.9 and 0.40 inches thick at M = 1,20,

*In this note the jet nressure ratio is in mest ploces described by the ratio
HJ/Be Hewever when considering the develepment of the jet flew, it is scme-
times rore ccnvenient tc use the ratic HJ/_pB gince this is the quantity which
determines the initial expansicn of the jet.



342 Time avecrage base pressure

The variation of the time average base nressure with Jjet pressure ratio
for various turnel Mach nuwbers is shewn in Fig.6. The general shape of the
curves is similar fer all the subscric Mach numbers. As jet pressure ratio is
increased, the base vressure ceefficient first decreases to reach a winimum
value of appreximately -O.3 when dJ/Hoo is approximately unity. There is then
a small increase in base nressure up to HJ/HO0 = 1.5 followed by a small decrease,
although at M;)o = 0.9 the base pressurc appears tc reach a second minimum for
HJ/Hoo = 2.5, At HJ/}%O = 1o for M= 0.7 and 1,55 for I = 09, there is an

abrupt increase of 0,04 in the value ¢f the basc xressure coe ficient,

At Moo = 1.0, the base pressure coefficient centinues to decrease through
HJ/Hoo = 1,0 and reaches a minimum value of =0,61 at HJ/Hoo = 2,0, It then

increases with a discontinuity of 0,07 at about HJ/Hoo = 2,57,

At M = 1.2, the minimum base pressure is -0.56 and occurs at HJ/HOO = 1.25.

There are discentinuities in the curve at HJ/Hc>o = 1.30 and 2.40.

Fer both Mx = 1.0 and 1.2 there is an initial increase in the base pressure

for very low jet pressure ratios.

5e3 Unsteady base vressure

305¢1 Jet alone

With nc extornal flow, oressure fluctuations were cnly present cn the base
of the afterbody when the Jjet pressure ratic was either abeove or a little below
the critical value <HJ/Hoo = 1489)s The pressurc fluctuations comprised a
nurber of pericdic (cor nearly pericdic) components, The frequencies of these
compenents are shown in Fig.7A and it will be seen that the frequency decrcases
as Jjet pressurc ratic is increased. At any given pressure ratic the frequency
of the variocus components are neot harmcnically related but aoproximately lie in
a sequence of the formm + 0,25 where m = 1, 2, 3, sseees, the curve marked A
correspending te 1.25, that marked B corrcspending teo 2,25 etc. In general cne
compenent has a very auch lar:er auwplitude than the others and this has been
called the dominant, The magnitude of the pressure fluctuaticons at the dominant
frequency are shown in Fig.7B.

These pressurc fluctuaticns are duc to an instability of the jet which
has been investigated by Powe115 , by Hammit‘c6 and by Davies and Oldfield7.
Powell has sugpested that the instability is duc te an aero-accustic rcsonance

in which small disturbances at the jet boundary arc amplified as they pass



downstream. At some distance from the nozzle their amplitude is sufficient to
give rise to sound waves which are propegated upstream te the neczzle to
initiate further disturbances in the Jet., The pericdic time of a cycle is
determined by the time it talies a disturbance te travel dowvmstrcam in the
mixing reglon nlus the time it takes a scund wave to travel upstream from the
acoustic scurce tc¢ the nozzle exit. lowever the relation between the frequency

and the Jjet pressure ratic is net simple for the Tollowing reasensi-—

(a) the position cf the sound source moves dovmstream as Jet pressurc ratio
is increascd and this accounts for the decreasc in frequency as Jjet pressure
ratio is inecreascd,

(b) there may be more than cne wavelength of the stream disturbance and of

the acoustic radiation between the nozzle and the source,

(c) there appears to be a phase differcuce ¢f cne gquarter of a wavelength
between the stream disturbance and the acoustic radiaticen se that, for example,
the maximum emplitude of the acoustic radiatlon from the source dees not occur
until the maximm amplitude of the stresm disbturbance is one~quarter wavelength
downstream cof the scurce., This accounts for the cne-quarter which occurs in

the ratics of the frequencies of tie different componentse

3502 Jet with external stream

Fig.8 compares the ryms of the unsteady pressure cn the base with the time
average pressure, 1t will be seen that the two are intimately related and that
in general a decreas: in the time avoerege base pressure is accempanied by an

rncrease

(2N

in the intensity of the unsteady pressure, Of particular interest are
the abrupt decreases in the intaisity of the unstcady pressure corresponding
te the discontinuities in the time average basce oressure curves and, at

subsconle speeds, the comparatively high value of ACD when H J/ H(>0 is approxi-

mately unity, correspending to che winiimm valuc of"th:a time average bhase
pressure.

'l‘ypica]: amplitinde spectra of the unstcady base prossure when i = Qa5
are shown in Fig.9. Vith ne jet flow the spectrum is smeoth (apart from a
small peak at 1300 c/8%,) showins “het ile oressure fluctuations arc random in
character, As Jjet rressure ratio is increased, the spectrum level first falls
and then rises. For HJ/HOo = 1.06 pealks occur in the spectrum showing that, in

addition to the random pressure fluctuations, pressure fluctuations at discrete

*This pealt occurs in all the omplitude spectra {or which the general level is
low, t i1s theught to be duc to an acoustic interfence with the tunnel walls
since an acoustic wave at this froquency has a wavelength cgqual to about half
the working section height.



frequencies are present, These peaks are first discernible in the spectrum for
I%Pﬁam = 0.9. The peak in the rms value at about Hj/Hmaz 1 in Pig.8 is therefore
due tc both an increase in the random compenent of the pressure fluctuaticns and
the occurrence of periodic pressure fluctuations., At higher Jjet pressure ratios
(HJ/Pt>o % 1,61) the spectrum level Talls and the ncaks decrcase in magnitude.
However when the jet is underexpanded (HJ/}%>o > 2,0) large peaks again cccur in
the speetra and there is a large incrcase in the random component of the

vressure fluctuations.

The frequencies at which the peaks occur in the spectra have been plotted
in Fig.8 so that their variaticn with Jjet pressure ratio can be cempared with
the variation in the base pressurc. [ig.8 suggests that two distinct types of
pressure fluctuation can cccur, TFirstly, when the jet is undercxpanded and
M&}: Oe5 or 0.7, there are pressurc fluctuations whose frequency decrcases as
jet pressure ratio is increascd. Seccndly, there are pressure fluctuations
whose frequency (in gencral) increases as jet pressure ratio is incrcased. As
will be secn later, the pressure fluctuaticns in the range of Jet pressurc
ratios from 1.3 te 2.4 at %x = 1.2 belong tc the second category although their

frequency decreases slightly with increcasing Jjet pressure ratio.

The first type of pressure fluctuation comprises a numbcr of pericdic
components, which are not harmenically related, and is due te the aero-accustic
resonance discussed in scecticn 3.3.%1. The frequencies of the pressure fluctua-
tions are medified by the presence of the external strcam, since the speed of
propogation of the accustic waves is docreased 4o a (1€%m) and the pesition cf
the accustic scurce rclative t¢ the nozzle is probably different. A typical
schlicren photograph of the flow is given in Fig.0@) for Moc = 0.5, HJ/Hoc = 3,03
FPor this particular condition it would appcar that the acoustic scurce is near
the pesiticn of the end of the fifth cell in the jet structurc and that the
sound waves arc of oppesite vhasc abeove and below the jete Since this is an
axi-symmetric jet, it seems prcbable that the scund wave ferms a continuous

spiralling surface, a lengitudinal section cf which is seen in the phcetograph.

The second type of pressurc fluctuaticn in general comprises a single
periodic cemponent although the first overtone is alsec present for HJ/H‘>° near
unity. Excluding fcr the moment valucs of HJ/%°> 1e3 at Mx = 1.2, then at any
particular value of M;; the frequency of the pressure fluctuations incrcases
with jet precssure ratic except for a small range of low pressure ratios where
it is almost constant., The pressurc fluctuatiens ceasc abruptly at some

particular value of pressurc ratic,



These pericdic pressure fluctuaticons are accompanied by the periedic
shedding of vertices from ihe bluff base as showm by the schlieren photographs
of Figs,10 and 11. In mest cases the vortices are toreidal in shape (Fig.10(b)
and 11(a)) but at Bo= 1.2 and 1.3 < HJ/EIOO < 2,4 *the pattern changed erratically
from o toreidal to the helical patiern shovm in Figet1(b). Over the range of
HJ/Hoo from 1.3 to 1.68 the flow was so errvatic that it was not practical to
take readings of thc magnitude of the unsteady pressure. Belween HJ/Hoo = 1.68
$0 2. the value in Fig.8(e) are for the helical mede and it will be seen that
the frequency of the pressure fiuctuations is almost independent of Jet
pressure ratic whereas for the toreidal mode of vortex shedding the frequency
increases with Jjet pressure ratie. When HJ/HOQ > 244 the pericdic pressure
fluctustions on the base were very wealk but werc stiil discernible; the vortex

shedding appeared to be in the torcidal mode.
ep

Fig,12 sunmarises thc conditicns under which the two types of Jet
unsteadiness cccur, The aero-acoustic resonance only occurs when the external
flew is subsonic and, principally, when the Jet flow is supersonic althcugh it
was discernible for jet velocities slightly less than scalc. The vortex
shedding may cccur, apparently, under almost any cendition for which the aero~
acoustic rcsonaace is uct present, cxcept for the higher jet pressure ratios
with a supcrscnic cxbernal strcam. The lowest values of HJ/H00 at which the
vortex shedding was chserved de aot necessarily define a lower bound, since

the phenomenon may have been precent in toe weak a form teo be discerned by the

instrumentation.
L DISCUSSION

Le Cempeorigon with twe-dimensional base flow

The schlicren Hhoteoyrenhs suggest that the vortex shedding in the teroidal
mode i3 similar te that which occurs bchind a bluff, twe-dimensional body. It
is usual to express the frequency of vortex shedding behind a bluff body as

a Strouhal nuder 3, defincd by:

[
j»

3 = (1)

8'{

whore £ is the frequency at which vortices are shed from one side of the base
h is the width of the base

and Voo is the velccity far ancad cof the body.

It has been found from low speed tunncl exPerments8’9’ 10 that {or two-

diwensicnal boedies, S has a value between 0,12 and 0.65 depending on the shape
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of the body and the Reynolds number. However Roshk08’9 has defined a "universal"
Strouhal number 3% as
t
g% = ‘-'—"fh ( 2)
S

(where h' is the width of the wake behind the body and VS is the velocity along

the separation stream surfaces close tc the body)

and has shown that at low speeds S* has a value close to 0,16 for a wide variety
of body shapes and for Reynclds nunbers, R¥*, up tc ten millions where

V ht!
R* = S ( 3)

v

Roshko calculates the width of the wake h' by a notched hodograph theory and Vs
by assuming that the pressure along the separaticn stream surfaces is the same

as the base pressure,

The flow in the present case differs from that around a two-~dimensional
bluff base in that, in general, the velocities along tne two separaticn stream
surfaccs are different. On the separation strcam surface from the outer edge
of the annular base, the Mach number Mﬁ and velecity VE may be defined, using

Roshko's assumption, by:

“5-5
ﬁpi- = (1 + 002 NI;)
wd Ty o= el )
2\"0e2
where aE = ao <1 + Qa2 ME)

and a, is the speed of sound at tunnel stagnation conditions.

The Mach number Mﬁ and velocity VJ along the separation stream surface
from the inner edge of the annular base may be similarly defined as a function of
pB/HJ. Because of the iow base pressurc, ME can differ considerably'frcnlhao as
is shown in FPig.13 in which Mﬁ is pletted against I\/I.J for the range cover which

toreidal vortex shedding occurs.

Now for each test Mach nunber M&g a condition arises for which Mﬁ = MJ
(= MS say) and, since the total head temperatures of the free stream and jet
are the same, VE = VJ. This conditicon represents the clesest analogy te the
flow around a two-dimensicnal bluff base, In FPig.il a Strouhal number Ss defined

by
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s = Hi (5)

s a M
5 8

is plotted against MS. The width of the amnular base has been chosen as the
reprcsentative length h, fer simplicity, and also because in Nash's experi-
ments ¢n o bluff based :~:ua:c'of'c.\i.'.l.q1 {the wake width did net differ auch from the
base width for subsenic frec stream spocds, corrcsponding te valucs of Ms up
to 1.64 The frequency f , has becn taken as the dominant frequency from Fig.S8.
On a two-dimensional basc the frequency of the prescure fluctuations weuld be
equal to twice the shedding frequency from one side, and this is the reascn

why the first overtone occurs in Fig.8 when HJ/Hoo 2= 1 i,e. when V. = VE'

At low Mach numbers, SS has a value very close to Roshke's universal
Strouvhal nwbcer. However this may be fortuitous, since the correct wake width
has not becn useds When Nash'sH results from a bluff based acrofcil are
calculated on the same basis (sec I'ige 1)) they give a Strouhel nunber which
is rather higher, Ilevertheless, the agreeiscnt between Nash's results and
those of the present test is sufrTicicntly close te justif'y the conclusion that
the vortex shedding phenomenon in the mixing of a jet with an cexternal strcam
is essentially the same as the vertex shedding behind twe-dimensional bluff
bases, Apart from the obviecus differences between the configurations, it may
be significant that the ratic of beundary layer thickness to base widtn was
1.1 in the prescnt tests but only 0.12 for Nash's tests. Reynolds numburs

based on the base width were 0.86 x 10 and 1.7 % 105 respectivelye

For the mcre general case when VE * VJ, it has elready been noted in
connection with Fig.8 that the shedding frequency increases with jet pressure
racio ercept for very low pressure ratles when it is olmost constant. TFor
Moo = 0,5 and 0.7, the shedding frecuency starts to increase when HJ/HOO = 1,
This suggests that the freguency depends mainly on whichever is the greater of
the two velocities V., or V_ since V., = V_ when H_/H =1, Whenll = 0,9,

o J B J J’ oo o
1.0 and 1.2 the suedding frequency starts tc increase feor values of H Hoo less
than unity. However this does not necessarily invalidate the hypethesis since,
as can be scen from Fig.13, VE alsc increases with jet pressure ratio (cr MJ)
before HJ/HOO =1 (or ME = MJ). In Fig.15 a Strouhal number,S, has becea plotted

against a Mach number, M

{
where fcr VE > VJ o= DE = fh/VEL (6)

N o= M, J

, - _ ]
and for V, <V, 8 = 8. = fh/VJL -
P / {

Moo= M J{
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The curve from Fig.1l showing the variaticn cf Ss vrith M,S for Vﬁ = VJ has
alsc been plotted in Fig.15 and it will be scen that the experimental points
lie quite closc to this curve., Hewever therce is a systematic variation of S
which is similar for each valuc of I%oand.may well be due te variaticons in the

width of the wake which have not been taken into account.

Le2 Iffect cf vertex shedding en time avcrase base pressure

I{ has already been ncted that the time average and unsteady base pressures .
arc intimately related. This is perhaps tc be expected since ncot only is the
dissipation of momentum in the unsicady wake behind a bluff body associated
with its drag, but also the time variations in the wake mementum are associated
with the pressure fluctuatiens on the blufi base. At the conditions when the
timc average base pressurc varies discentinucusly with jet pressure ratio, the
magnitude of the base pressure with an unsteady wake can be compared with its
value when the wake is comparatively stcady, so that the increment, ACP’ due to
the unsteadiness can be deduced. It has been found that the changes in the time
average base pressure across the discentinuity are about the same magnitude as
the corresponding change in the pecak value of the unsteady pressurc, as shown

in the table below:-

53 X
M Hyﬁﬂm .

AC iAAC | ac
|

0. Olly 1 0,062

1,0 | 2,56 , 0,075
0,040 | 0,056

1.2 | 2,40 @ 0.055

Just beforc the discontinuities, the unstoady base pressure is mainly
pericdic in character sc that the peak valuecs have been deduced from the rms

values by assuming = crcst facter® of V2,

This suggests that the base pressure compriscs two components which are
corbined in the way shom in Pig.16 sc that a "stecady" basc pressure, Cp , may

be postulated such that s

] B

measured

CP—Leak (8)

|

*The crest factor of a periedic funcvion is the ratio of the peak value 1o the

ms value., For a sine wave, the crest facter is cxactly V2; for a random function -+
of time such as occurs in association with turbulent airflow, the crest factor is
usually about 2.5.
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It is interesting to speculate as te whether the same argument could be
applied threcughout the range of jet pressure ratios, Some difficuliies are
encountered in deterndning the peak value of the unsteady pressure from its
rms value, In gencral the pressure {luctwations centain beth periocdic and
random ceupenents and although the mean square values of these components may
be added algebraically, the same is not true of the peak values. However, in
order to cbtain scme idea of how such a postulated steady base pressure varies
with HJ/'I~§>° and.lif Pig.17 has been constructed assuming that the peak values
may be added algebraically and that the crest factor is V2 Tcr the pericedic
compenent and 2,5 f'or the random component. Ignoring the scatter of the results
in Pig.17, which is prcbably mainly due te the assumptions made in deducing
Cp s the mostnoticeable featurc is that the large discentinuities have been
refioved from the curves Tor M;3= 10 and 1.2. In addition it is of interest,
that at subsconic speeds, the minime which ocourred in the base pressure at

HJ/I:I)O + 1 (sec Pige6) have been largely eliminated,

It need hardly be strcesed that the analysis made in the previous
aragravh is purely smeculative, but the result does suggest a fruitful field
EJ - P ey b [

for future research,

5 CONCLUDING RiARES

As mentioned in the Intrcducticn, the principal aim of this investigation
was te find if the time average base vressure was influenced by a tiuwe depen=-

the jot and the external strecame. The results

Q9
=

dent flow in the mixing region
show that the base pressurc is so influcnced, and that the discontinuities
cbserved in the results of Ref.2 are a dircet result of a chonme in the type

of mixing flcow.

Furthier, the results show that even when the jet and cxternal strcams
arc supcrscnic, the mixing may be dominatel by vortex shedding. Although the
modcl was not rcpresentative of a vpractical enginc instaliatieon, the rosults
de suggest a pessible additicnal scurce of crreor which could occur when an
engine exhaust is simdated by a cold Jet in a wind tunncl experiment. The
strengtn and frequency of the vortex sheddiry will dewernd cn the Jet velocity,
and this in furn will depend only cn the jet temperature feor a given value of
kaﬁL}and neozzle pecactry. The contribution te the base pressure from the
vorbex moticn may therefore be seriously in error,
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Appendix A
ANALYSIS OF UNSTELDY PRESSURE MBEASUREMENTS

The rms of the unsteady base pressure has been made nen~dimensicnal by
dividing by the tumnel kinetic pressure, g, to give AC .
ms
The amplitude spectra arc shovm as plots of ps/qu-against frequency, f,
where Pg is the rms pressurc corresponding te the analyser output in the

Trequency band &f and & is the bandwidth ratio of the analyser (: 0.11).

In parts of a spectrun wherc the crdinate varies slowly with frequency,

the ordinate can be rclated to the power spectral density, F(f), defined by

<ACpm5\)2 7F(f)df (9)

o}
P
s0 that —
q

1l

£(1+/2)
F(f)ar

r(1<e/2)

1

13

F(r)er

since € is small, and hence
Pg
2. = VTF(E) 10
s (10)

A pericdic pressurc fluctuaticon at a discrete frecquency appears in the
spectrum as a peak having the shape of the analyser respense curve. The magnitude

of the periodic pressure fluctuation can be extrocted from the spectrum by

o] - () - GE) (41

where P refers to the peaic

R refers to the spectral level near the peak.
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STIBOLS
e (14042 1%)‘“5

a, (1 +0.218)7%2
Speed of sound at stagnation teuperature of jst and external stream

2\=0¢ 5
2 (1 + 0.2 M)
base pressure coefficient = (pB - Qx)/q

freguency c/s

power smectral density

width of base (=R ~ 1)

wicth of wake

maximum total head oressure at nozzle exit

tunnel total head pressure

{5 (1 /)7 - )12

4
(5 (/e - D}E

tumel Mach nwiber

pressure on base

pressure at nozzle exit

pressure in jet sunsply pipe 2.5 nozzle diameters upstream of exit
tunnel static pressure

rms pressure correspending to velbage passed by frequency analyser
tunnel kinetic pressure

radius of nozzle exit

radius of moedel

Strouhal number

fh/ Vs

£/

Tht/V_
g Mg

a. Il
JJd
velocity aleng secparaticn streamline
tunnel velcelity
bandwidth ratio of frequency analyser

ras of unsteady basc pressurc divided by g
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(b) Toroidal vortex shedding. Hy /Hee=1.06

Fig.10. Schlieren photographs. Ms=0.5. K.E. vertical



(b) Helical vortex shedding. Hy /Ha=1.31

Fig.11. Schlieren photographs. M«=1.2. K.E. vertical
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