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David R. Glass, Research Engineer 
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Abstract 

A supersonic a i r  jet i n  a i r  was investigated 
experimentally under conditions which rcsulted in 
wide variations in the rates  of jet spread and de- 
cay. It was establislicd that these variations a r e  
related to the acoustic feedback of certain sound 
wavcs generated in the downstream portions of the 
jet. The interactions of these sound waves with 
the initial portions of thc jet, especially after r e -  
flection from a solid surface near the nozzle, a r c  
capable of altering the effective exchange coeffi- 
cients and hence the progrcss of mixing. P r e s -  
sure and total temperature measurements were 
made in the jet downstream of thc supersonic core 
which show that the axial velocity without acoustic 
feedback can be from 50% to nearly 100% greater 
than the velocity with acoustic feedback, all other 
conditions being the same. The ra te  of jet spread 
was found to increase substantially when acoustic 
feedback occurs. 

- I. Introduction 
'. 

d This work is the outgrowth of research related 
to supersonic oxygen nozzles used by the steel in- 
dustry in the basic oxygen process of steelmaking. 
The nozzles used in that research were generally 
converging-diverging nozzles operating reasonably 
close to their design point. In several tests wide 
variations in thc rate of jet spread and decay were 
uncxpectedly encountered when only slight changes 
in the iiozzle stagnation pressure were made. 

Figure 1 demonstrates the problem under coii- 
sideration here. In this graph the values of impact 
pressure,  a s  measured on the jet axis 72 in. down- 
stream of the nozzle exit, are plotted versus  the 
nozzle inlet stagnation pressure.  
impact pressure generally increases with nozzle 
stagnation pressure,  as expected, but at many 
points the  impact pressure drops precipitously 
without any apparent reason. Separation within 
the nozzle could not he the cause at nozzle stagna- 
tion prcssures  above the design point of 100 psig. 

The possibility of changes in the shock s t ruc-  
ture causing the errat ic  performance demonstrat- 
ed by Fig. 1 was also investigated. Sixteen milli- 
meter motion pictures were taken of the 

The downstream 

30 r 

P O  =NOZZLE STAGNATION PRESSURE-PSIG. 

Fig. 1. Impact Pressure  on Jet Axis vs. 
Nozzle Stagnation Pressure. 

shadowgraphs occurring during a nozzlc test in 
which the stagnation pressure was gradually re-  
duced from 200 psig to 70 psig. Three f rames  of 
that movie have been reproduced and are shown in 
Fig. 2. The three shadowgraphs of Fig. 2 cor-  
respond to points "a", "b", and "e" , rcspectively, 
of Fig. 1. It is clear  that the shock s t ructure  i n  
the "b" frame of Fig. 2 is not significantly differ- 
ent from that in either the "a" o r  the "c" f rame.  
A slow but uniform progression in thc shock 
structure is evident as the nozzle stagnation 
pressure increases from 137 to 154 psig, but 
there is nothing in the "b" frame which provides 
an explanation for the more rapid decay of jet 
velocity. 

In an effort to further investigate this anorna- 
lous behavior, several  small supersonic nozzles 
of 1/4 to 1/2 in.  throat diameter were fabricated 
and tested. The initial tests, however, did not 
reproduce the anomalous behavior, so  attempts 
were made to establish conditions which would 

# i *The support of thc McLouth Steel Corporation for  this work is gratefully acknowledged. The 
assistance of associates within the Gas Dynamics Laboratories is also appreciated. 
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stag'intioi.~. pressu.re was va.ried. At  cerlain pres- 
snrcs the jet appe:ired t o  he p:irticuiarly susccpl-- 
ihle to di.slurbances kj reflected sound !vxvos. 
One sucli p ressure  w8.s 124 psig. The resul ts  of 
tests at this particular no I(? stagnation pressure .. 
are indic:itr.d in Fig. 3. 'l1Iie two schlieren pi.c-. 
tures oi  Fig. 3 were obt;kinetl during tests which 
u w e  made under essentially identi.ca1 coiiditi.ons 
except tirat tho reflector disc w : ~  positioned for 
Ihe teat of tile lower piciure. I>uri.ng both tests 
the impact pressure  011 the jet axis, 12 in. ~ C J W - .  

stream of the nozzle, was mcasured. Without the 
disc reflector the irngacl. pressura wa.s 8. 4 in. of 
mercury gauge, wliiie with t l x  disc ro.tlector 
(positioned to be niost effective) tiiti impa.ct pres - 
sui'e V J ~ S  reduced to 3. 4 in. 01 incrcury.  Tha 
more rapid mising of the jet, wi.th the refleclor in 
pl:r.ct:, is also indicated by tiie lower sc.hlici.cn 
photograph of Fig. 3, tiif shock structiix k i n g  
destroyed i n  a shorter distance. 

(:I.) 

(") 

: but wiien the board was held near the  
it at aimiii 45* lo 1:he c!ownstrca.in jet asi.s, 

t!io clonm:iti.ea.m veloci ty  on 'the j a t  axis was mark-. 
cidly i.odut:er:i at. ecri;lin operating conditions. 
lli-idi?;. these ;:oiidiiions, a high pitched s c i ~ e ~ x h  
coiild be i ic~i. i~i  over tlie jc!t noise. 

Fig. 3. Schl.ieren Photographs of .Je?ts----With and 
Without Specid Sound liellector. 3'!iis coupling ~. 

oi  cliang(?s ill L!x? jct sound ~vitli clian<:es in the mtc  
u i  jai. iiiixii:q; siig$?esied timt reflect.cd sound >,vas 
tile e.:iiprit mhic.h brought :iI~oul tho iricrsasecl rate 
a i  j e t  mixing. A:$ :q. fiirtiier tIemon~t.ratioii, the 
c!iphoard was covered o n  oiie side with a I. in. 

;;as insul.ation. Tlle clipboard wa.8 
the nozzle :is heiore. When the 

insul.ntii~n ;w;vs on tlici jut  side of the clipboard, nci 

ect on t!ie jet couid be obtained a,nd 
was Iimrd. However, when the 

non-insui::.l:ed side laced the jet, a. decrease in  
downstream jct vcil y and the attendml: screech 
could be readily ob ed. It was t h i s  evident t.h:it 
the ciia.ngf?s in the jet mixing rate were not due to 
changes i.n the I.nduced airflow pattern. 

1i.elated tests made with the reflector disc 
showcd that the disc could be moved (in n di.rer:- 
tioii prpe~idiculi~.i.  to tile fiice of tile disc) from a 
gositi.on of inaximuni effect on the jet, through a 
region of little elfect, to another position where 
thc (tffect 011 the jet was quite pconounced. This 
cli.stani:c? was on thc ordev of 1 in. Sitic.;! the 
screech frequency was on the order  of IO, 000 
cycies per sec, and the  sound was t r : t ve l l i i~~  
tlirciugh room air, this suggests a piase relation 
betvrcen 'file reflector position, the source of the 
sound, and the poi.nt: af which the sound wa~ves 
affect the jet. This partikular approach was not 
pirrir1\eti turtlier, since it was very difficult lo  get 
precise correlation between reflector position and 
irecjuency . 
of mixing of supersonic jets,  produced no 

i n  order to iaivcstii:ate this effect further, an 
ad,justab!c: mfietl.tin~; suriarx: wa.s a.liachcd to the 
nozzle and grit iiito vi:ri,ous positioriv as t i i ~  nozzle 

An earli,er study of the literature on the rate '~ . .  
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references which dealt with the present problem of 
the sudden changes in the rate of jet decay. At 
this point a search of the available l i terature re- 
lated Lo the effects of sound waves on jets was 

, made. While none of these references were con- 

pertinent to the problem and are now briefly dis- 
cussed. 

.I cerned directly with jet decay, some were quite 

The fact that  sound waves impinging on a lam- 
inar jet could induce transition to turbulence was 
demonstrated a t  least  as early as 1935 by Brown1. 
Savic2 developed a theoretical analysis which ex- 
plained the results obtained by Brown. Savic ap- 
plied Tollmein's general criterion of instability; he 
assumed an inflection in the velocity boundary of 
the jet near the nozzle exit. 

The work of both Brown and Savic was limited 
to subsonic and initially laminar jets. Also, they 
considered only sound waves which were directed 
toward the jet f rom some external source.  It 
would not seem that the results of the work by 
Brown and Savic would apply directly to the jet 
studies covered by the present report since in the 
present studies, (a) the Reynolds number based on 
nozzle diameter was typically on the order of one. 
million, (b) there were no external sources of 
sound waves, and (c) the jet was initially super- 
sonic. 

~- . ., A study by Powell' of the sound produced by 
the jet from a choked two-dimensional nozzle led 
to the conclusion that a "Screech" was created and 
that the frequency of the screech was related to the 
length of the shock cells within the jet. Powell 
found that the strongest radiation of the screech 
frequency was in an upstream direction from a 
source which was seemingly within the fourth 
shock cell in the jet. Also, the sound waves gen- 
erated on the two sides of a two-dimensional jet 
were antisymmetric. 

/ 

Powell extended his study4 to choked converg- 
ing axially symmetric nozzles with similar results.  
He developed general relations between screech 
frequency and operating conditions, but these rela- 
tions did not account for the fact that while the 
screech frequency varied steadily with pressure 
over several  ranges, discrete jumps in frequency 
occurred at certain pressures .  

Davies and Oldfield5 carr ied out extensive re- 
search into the frequencies and sources of tones 
produced by a choked axisymmetric jet. They con- 
firmed and extended the results of Powell. Some 
of the results and conclusions presented by Davies 
and Oldfield are of interest  here: 

1. Several sources are responsible at one time 

located at the ends of the 4th to 7th shock 
., for  the tones emitted. These sources are 
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2. 

3. 

cells, and the emission from the jet is fixed 
by the coupling of successive shock cells. 

The sound waves generated by those sources  
a r e  propagated upstream (outside the jet) and 
create disturbances in the jet near the nozzle 
exit. 
These disturbances travel downstream and 
appear to develop into vorticies some distance 
downstream of the nozzle exit. Seemingly 
these vorticies are sometimes really one long 
vortex whose axis forms a spiral  around the 
jet; either right or left handed spirals  may be 
formed. At  other t imes the vorticies may be 
in the form of a toroid. 
an axisymmetric jet is usually unstable to 
some extent. 

The research reported on in Refs. 3, 4, and 

The emission from 

5 was concerned with the source and nature of 
those tones (as opposed to overall noise) which 
are emitted by supersonic jets under certain con- 
ditions. In none of these cases was the exact 
mechanism of the source of the sound waves de- 
fined, although the nature of the feedback loop was 
discussed and expressions were developed which 
related frequency to  cell s ize  and operating condi- 
tions. Also, none of these references presented 
any information regarding the effects of these 
emitted sound waves (tones) on the rate of jet de-  
cay, the subject of the present research.  

6 The work by Hammitt comes closer to deal- 
ing with the problem of jet decay than any of the 
other references found. Hammitt worked with 
two-dimensional, overpressure sonic nozzles, us- 
ing a spark schlieren system and microphones. 
He found that the interaction of the sound waves 
with the jet, near the base of the jet, affected the 
h o c k  s t ructure  within the jet, but he did not 
measure the effect on jet spread and decay. 

The preliminary tests discussed here have 
demonstrated that the rate of spread and decay of 
a supersonic jet could be appreciably increased 
by acoustic feedback. Many of the references 
cited discuss the existence and nature of acoustic 
feedback. A series of further tests was required 
to provide an indication of the magnitude of these 
acoustic feedback effects.  

11. Experiments 

During most of the tests with smaller  nozzles 
(1/4 to 1/2 in. throat) the stagnation temperature 
of the air was maintained within about 1°F of the 
room air temperature, which was held near 70°F. 
The plenum chamber pressure and temperature 
were recorded during each Lest. Within the jet 
the local stagnation pressure and'stagnation tem- 
perature were measured simultaneously by means 



of a calibrated combination total pressure-total 
temperature probe. This probe was slowly moved 
ac ross  the jet o r  along the axis  of the jet by means 
of a small  lathc with automatic feed. 
travelled at  a rate of 0. 015 in. /sec and i t s  position 
was correlated with the pressure  and temperature 
recorders .  An 8 in. schlieren/shadowgraph sys-  
tem was used as needed and oscilloscope records 
were made of the sound wavcs picked up by a 
microphone. 

The probe 

Tes ts  o f  converging nozzles a t  stagnation pres-  
su res  above the cri t ical  p ressure  showed that wide 
variations in the rate  of jet spread and decay were 
possible with converging nozzles as well as with 
converging-diverging nozzles. The following r e -  
sults were obtained using a converging nozzle hav- 
ing a throat diameter of 1/2 in. A constant a r e a  
throat section about 1/2 in. long followed the con- 
verging par t  of the nozzle. 
variation in the impact pressure,  measured on the 
jet axis,  with nozzle stagnation pressure at  three 
different downstream positions. 
this figure were obtained without any artificial 
sound reflectors or absorbers. Clearly the effects 
of the sharp  changes in the rate  of jet decay are 
observable over a range of downstream positions 
a t  essentially the same  nozzle stagnation pressures .  
The acoustic feedback between nozzle pressures  of 
45 and 55 psig was very errat ic .  

Figure 4 shows the 

The curves of 

The nozzle and plenum system structure inad- 
vertently presented various surfaces  which acted 
as acoustic reflectors. In an  attempt to reduce 
this reflection the entire plenum chamber and noz- 
zle were wrapped with Fiberglas insulation. Only 
the nozzle exit and the immediately surrounding 
portion of the nozzle were not covered. Curve No. 
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I1 of Fig. 5 was obtained with the jet thus insulated 
from the nozzle-plenum structure,  Curvr  No.  I 
of Fig. 5, which is the same  as thc niiddlc curv? 
of Fig. 4, was obtained at  the same  conditions cx- 
cept that the nozzle-plenum system was not insu- 
lated. 

' 
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Fig. 5. Impact P res su re  on Jet  Axis With and 
Without "Insulation". 

Curves 111, IV, and V of Fig. 5 were obtaincd 
by placing an  insulation (sound absorbing) baffle 
which was perpendicular to the jet axis at diffcr-  
ent axial positions w2h the jet passing through a 
hole in the baffle. The hole diameter was some- 
what g r e a t e r ~ t h a n ~ t h e  local jet diameter. 
effects of the various configurations of insu1:iting 
material  a r e  quitc pronounced over most of thc 
pressure  ranges tested. 

The 

Shadowgraph pictures were taken of the jet a t  
various conditions and in particular a t  conditions 
corresponding to points (a) and (b) of Curvcs I1 
and I, respectively, of Fig. 5. These pictures 
are shown in Fig. 6. The effects of the acoustic 
feedback on the shock structure are indicated by 
the more rapid degeneration of the shock struc- 
ture in Fig. 6(b). 

Fig. 4. Impact P res su re  on Je t  Axis at Various 
Downstream Distances. 
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(a) Insulation Separating Reflecting Surfaces from 
the Jet. 

(b) No Insulation Separating Reflecting Surfaces 
from the Jet .  

Fig. 6. Shadowgraphs of .Jet With and Without 
Insulation. 

Measurements were made to determine the 
frequency and relative intensity of the jet noise at 

tone was present i n  those cases  where the jet de- 
J cayed very rapidly, such a s  the case indicated by 

the point (b) on Curve I of Fig.. 5. In this particu- 
la r  case the frequency of the dominant tone was 
about 10,000 cycles/sec and was clearly audible a s  
a "screech". 
Curve I1 essentially the same  frequency was indi- 
cated by the oscilloscope trace,  but on an inter-  
mittent basis. 

r various conditions. It was found that a dominant 

At the conditions of point (a) of 

It is evident from Fig. 5 that the rate of jet 
decay i s  grossly affected by the insulation when 
suitably placed. It would be impossible to des-  
cribe a jet which varies according to Curve I1 (for 
example) of Fig. 5 as "typical", since a different 
sound absorbing o r  reflecting system would pro- 
duce a different curve for  Fig. 5. 

Since it was not considered practical to estab- 
lish a "typical" intermediate reflector-absorber 
system, it was der.ided that only the two extremes 
would be investigated further.  Two ser ies  of 
further tests were planned. In one series the 
acoustic effects were maximized by appropriate 
positioning of a metal reflecting surface upstream 
of the nozzle; this series is referred to simply as 
the "No Insulation" ser ies .  In the other series the 
acoustic effects were minimized by properly posi- 
tioning a Fiberglas baffle; this s e r i e s  is referred 
to as the "Insulation" ser ies .  

I 

Before choosing a particular reflector con- 
figuration for the "No Insulation" ser ies  of tes ts ,  
several  different ones were tried. A s  one ex- 
t reme a nearly hemispherical reflector about 8 in. 
in  diameter was employ&. In these tcs ts  the r e -  
flector was centered on the nozzle so  that the 
inner surface of the hemisphere faced downstream, 
thus tending to reflect sound waves from the down- 
s t ream portions of the jet back iuto thc jet near 
the nozzle exit. Tests  made with this reflector 
resulted i n  a n  impact pressure curve which was 
somewhat lower at some nozzle pressures  than 
Curve I of Fig. 5. In spite of this it was decided 
to make the "No Insulation" tes ts  with a flat s u r -  
face reflector, since the difference between the 
effects of the hemispherical and the flat reflector 
was not great and the flat reflector represented a 
somewhat more universal shape than did some 
arbi t rary hemisphere. The flat reflector was 
fittcd around the nozzle and positioned upstream 
of the nozzle exit. 

Since particular frequencies a r e  involved i n  
this acoustic feedback problem, it would seem 
that by the suitable positioning of the reflector 
(e. g . ,  the hemisphere o r  the flat disk) the acous- 
tic effects could be minimized as well as maxi- 
mized. In fact, however, no combination of re -  
flector slrape and position was ever found which 
was as effective as the Fiberglas insulation 
(absorber) in minimizing the acoustic feedback. 
This is presumably due, in part ,  to the fact  that 
the acoustic feedback is not limited to only one 
frequency at a time, even though one frequency 
may appear to be dominant f o r  a given se t  of 
operating conditions and configurations. 

It should be noted that, while the "Insulation" 
tes ts  were meant to demonstrate the minimum 
acoustical feedback effects and the "No Insulation" 
tes ts  were meant to demonstrate the maximum 
acoustical effects, the results obtained do not 
necessarily represent the absolute minimum and 
maximum effects possible. 
be other insulation and reflector configurations, 
respectively, which could extend the l imits ob- 
served. It is believed, however, because of the 
many and varied configurations tested, that the 
results presented here represent nearly minimum 
and maximum acoustic effects f o r  the particular 
nozzle and flow conditions tested. 

There certainly must 

Each test  of the "No Insulation" and the "Insu- 
lation" s e r i e s  was made with nozzle stagnation 
pressures  of either 1 ,  2, 3, o r  4 atmospheres 
gauge. Figure 7 shows the results of the impact 
pressure measurements made along the jet axis 
while Fig. 8 presents the corresponding stagna- 
tion temperature results,  plotted in te rms  of 
local stagnation temperature minus the ambient 
temperature. It i s  evident that there is a 
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Sonic Nozzle with IW2 Diameter 

The Nozzle Stagnation Pressure 
in Atmospheres Goug'e Indicated 
by the Encircled Numbers 

8 IO 12 14 16 18 20 22 24 26 
X = DISTANCE FROM NOZZLE EXIT-INCHS 

Fig. I .  Impact Pressure  on Jet  Axis vs. Distance 
from Nozzle Exit. 

Tho Nozma Staw7kn P R O Y ~  In A I m O . P M S  

Ooupa IS Icdmt~d by lk E W h W  NUnMll 

X * PI3TANCE fRCM NOPLE EXIT- INCHES 

Fig. 8. Temperature Difference vs. Distance 
from Nozzle Exit. 

significant difference between the "Insulation" and 
the "No Insulation" case except at the lower nozzle 
stagnation pressure of one atmosphere gauge. At 
this lower pressure the flow is barely supersonic 
and the shock waves are very weak. Since acous- 
t ic feedback is coupled with the shock structure it 
is reasonable to expect that acoustic feedback ef- 
fects  would disappear as the strength of the shocks 
in the jet approach zero.  

< -. 

W 

Jet  decay is frequently demonstrated by plot- 
ting the velocity on the jet axis (V,) against the 
downstream distance (X). Such plots are made 
dimensionless, and hence more universal, by 
plotting the velocity on the jet axis divided by the 
nozzle exit velocity as a function of the  down- 
s t ream distance divided by the nozzle exit diam- 
eter (i. e. Va/Ve vs.  X/De). In the present case 
most of the data was obtained with a convergent 
nozzle and with nozzle stagnation pressures  well 
above the pressure required for choking. At some 
point downstream of an underexpanded nozzle the 
pressure in a submerged jet will be nearly equal 
to the ambient pressure.  At this point the velocity 
of the jet and the diameter of the jet will approach 
the velocity and diameter, respectively, of a jet 
exiting from a properly designed nozzle, with the 
same stagnation and ambient pressures ,  respec- 
tively. The velocity and diameter at this point in 
the jet are referred to here  as Ve' and De', and 
are computed in  the same  manner as one would 
compute the exit velocity and diameter of a cor-  
rectly expanded nozzle. Any plots of experimental 
data presented here  in the form of Va/Ve vs. 
X/De are in fact Va/Ve' vs. X/De'. 

The effects of acoustic feedback on decay a r e  
indicated by Curves I and I1 of Fig. 9 which are 
plots of Va/Ve' vs. X/De'. These two curves 
were computed from the data obtained during tes ts  

Fig. 9. Velocity Ratio vs. Dimensionless Down- \ 

st ream Distance. 
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of the 1/2 in. converging nozzle at a nozzle stagna- 
tion pressure of 3 atmospheres gauge We' = 1457 
ft/sec and De' = 0.556 in.) .  Curve I resulted from 
"Insulation'! tes ts  while Curve I1 resulted from 
"No Insulation" tests. A t  any given value of X/De' 
between 15 and 47 the velocity is much lower when 
strong acoustic feedback occurs than it is when 
acoustic feedback is minimized. In these tests,  
made a t  a nozzle stagnation pressure of 3 atmos- 
pheres gauge, measurements within the jet were 
made only in the subsonic portions of the jet. 

, 

In order  that these results may be compared 
with typical jet decay measurements, Fig. 9 in- 
cludes two reference curves. Curve I11 is com- 
puted by an empirical equation presented by Keagy 
and Weller7, which is:  

Va/Ve = 6.2/(X/De) 

This equation is based on numerous tes ts  of 
submerged subsonic jets in which the density of the 
gas in the jet was the same as that of the surround- 
ing gas. 8 flow conditions are also presented by Abramovich 
in h i s  Fig. 7. 37 in the form of a semi-empirical 
curve. Abramovich also presents test  data which 
confirms, reasonably well, his semi-empirical 
curve. 

Essentially identical results for these 

In the present experiments the nozzle stagna- 
tion temperature was equal to the ambient air 

exit was therefore less than ambient. In the tes ts  
with the nozzle stagnation pressure at 3 atmos- 
pheres gauge, the ideal exit temperature (Te', 
computed for  complete expansion) was 353OR. 
ratio of ideal exit temperature to the ambient air 
temperature was therefore: 

Te'/T, = 353/530 = 0.67 

The ratio of ideal exit density to ambient air den- 
sity was the inverse of 0. G I .  

.l temperature. The static temperature at the nozzle - 
-I 

The 

The density of a jet relative to the density of 
i t s  surroundings has a significant effect on the  rate 
of jet decay. In particular, the greater the ratio 
of jet density to ambient density the less  rapid will 
he the jet decay. Abramovich presents semi- 
empirical curves for a range of density ratios in 
h i s  Fig. 7.37. These curves of Abramovich were 
used to  compute Curve N of Fig. 9 using a tem- 
perature ratio of 0.67. 
density is evident from a comparison of Curve N 
(the greater density) with Curve In. 

The effect of increased jet 

Abramovich also presents semi-empirical re- 
lations which are applicable to jets which are 
initially supersonic; the relations are not limited 
to the supersonic portions of the jet. These rela- 
tions are developed for  the limited case where the 
stagnation temperature of the jet at the nozzle exit -' 

is the same as the temperature of the gas s u r -  
rounding the jet. Since this condition is met in 
the present tests, Abramovich's relations should 
be applicable. However, application of Abramo- 
vich's supersonic relations to the present case 
results in a curve which is essentially the same  
as Curve IV of Fig. 9, so an additional reference 
curve was not drawn on Fig. 9. Abramovich also 
presents test  data for  a jet having an initial Mach 
number of 1 .5 ,  which agrees  reasonably well with 
Curve N of Fig. 9. 

It is clear  from the above discussion that 
there is empirical justification for considering 
Curve IV of Fig. 9 representative of the velocity 
decay curve which might be expected under the 
test  conditions of Curves I and I1 of Fig. 9. Ob- 
viously neither Curve I nor Curve I1 agree with 
Curve IV. 

The rate a t  which a jet decays is indicated by 
the rate of jet spread as well as by the rate of 
velocity decrease along the jet axis. A series of 
tes ts  were therefore made in which the stagnation 
temperature and pressure were measured along 
diameters through the jet. These t raverses  were 
made at axial positions 10, 15, 20, and 25 in. 
downstream of the nozzle exit. Half of these tests 
were made with Fiberglas insulation and half 
without, in order  to compare the "Insulation" and 
the "No Insulation" cases. Figure 10 shows the 
variation of impact pressure with jet radius for  
these two cases. Plots of V2 vs. jet radius would 
be very similar to the curves of Fig. 10 since the 
jet is subsonic and at constant pressure (ambient) 
in all cases.  

Figure 11 is a plot of the difference between 
local stagnation temperature and ambient temper- 
ature vs. radial position within the jet. In the 
"No Insulation" case the maximum temperature 
differences were so slight (less than 1°F) a t  the 
20 and 25 in. positions that the recorded temper- 
ature difference data were not meaningful. Vari- 
ations in room air temperature were of almost 
the same order as the temperature differences 
being measured. 

A comparison of the corresponding curves in 
Figs. 10 and 11 clearly demonstrates the extent 
of the effect of acoustic feedback on the spread 
and decay of the jet. At a downstream distance 
of 10 in . ,  for example, the jet diameter is nearly 
doubled due to acoustic feedback and the center- 
line velocity reduced by over 50%. 

The velocity profiles computed from the re-  
sults of the "Insulation" and "No Insulation" tes ts  
for  both the 10 in. and 1 5  in. locations a r e  plotted 
in Fig. 12  in the form of V/Va vs.  r/ro. Here 
Va is defined as the velocity on the jet axis at the 
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and the typical dimensionless velocity profile 
curve. 

In Fig,  13 the jet radius and the half-velocity 
radius are plotted vs. downstream distance f o r  
the "Insulation" and the "No Insulation" cases  at 
nozzle stagnation pressures  of 3 atmospheres 
gauge. 
the jet with no insulation separating the jet from 
the reflecting surfaces  spreads much more rapid- 
ly than does the jet in the "Insulation" case. At 
X = 10 in. for  example, the jet diameter in the 
"No Insulation" case is almost twicc the jet diam- 
eter of the "Insulation" case. 

This figure clearly illustrates the fact that 

3 ' '  

'0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 20 2.2 
r/rv- RADIUS i RADIUS AT WHICH V I V O  0 . S  

Fig. 12. Dimensionless Velocity Profiles 

particular downstream location in question, while 
ro is defined as the radial position within thc jet at 

., which V = Va/2. 

-., The dimensionless velocity profiles computed 
from the results of the "Insulation" and "No Insu- 
lation" tests, at downstream positions of 10 and 
15 in. ,  are represented by the shaded regions of 
Fig. 12. The single line curve of Fig. 12 was 
computed from the so-called "Schlichting formula" 
(Ref. 8, page 276). Dimensionless velocity pro- 
files within the main region of turbulent jets typ- 
ically f i t  this curve rather well, but usually with 
some scatter. It is evident from Fig. 12 that the 
results of the present tests fit this theoretical 
curve fairly well except near the outer portions of 
the  jet. It is not surprising that some differences 
between the velocity profiles of the "Insulation" 
and the "No Insulation" tests occur, in view of the 
differences in these two cases  as indicated by 
Figs. 10 and 11. It is surprising, however, that 
the dimensionless velocity profile for  the "No 
Insulation" tests appears to depart appreciably 
from the typical profile, since the jet in this case 
has apparently mixed more rapidly, and in effect 
has had longer to become a well established sub- 
sonic turbulent jet. Many of the dimensionless 
velocity profile plots of tes t  data by other investi- 
gators also demonstrate a rather wide scat ter  of 
data points near the jet boundary. In view of this 
it seems unwise to attempt to draw any conclusions 
from the discrepancy between these test  results i 

9 

> 
X .  O I I m N C c  F R O M  *012LE ex,, . I I C * I S  ? 

Fig. 13. Jet Radius and Half-Velocity Radius vs. 
Distance from Nozzle Exit. 

The l i terature on turbulent jets (e .g . ,  Abram- 
ovich8) frequently refers to the fact that the down- 
s t ream o r  "main" par t  of the jet usually spreads 
at a constalk angle (excluding such cases as ex- 
t reme density differences). It is evident f rom 
Fig. 1 3  that this is also the case here, in that 
portion of the jet for which data are presented, 
even though the initial rates of spreading are quite 
different for  the "Insulation" and "No Insulation" 
cases. 
t reme downstream positions the percentage dif- 
ference in jet diameters for  these two cases will 
become smaller.  

Figure 13 also indicates that  at the ex- 

An attempt was made to  determine the turbu- 
lent Prandtl number in the main par t  of the jet 
f rom the data available. The calculations indi- 
cated that it would have been necessary to make 
the t raverses  of the  jet closer together to provide 
sufficient data for the calculation of the Prandtl 
number. 

Further tests will be needed to establish in 
greater  detail the nature and the extent of these 
acoustic feedback effects. 
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111. Conclusions 

Sound waves generated by a supersonic jet 
under certain conditions can significantly increase 
the rate of jet spread and decay. These sound 
waves a r e  of particular frequencies, or  ranges of 
frequency, for a given jet, and are apparently the 
same sound waves which cause "Jet Screech". 

Velocities on the jet axis at downstream posi- 
tions (e. g . ,  15 jet diameters) can be reduced by 
almost 50% and the rate  of jet spread increased by 
nearly 50% by this acoustic feedback. 

Although the general pattern of turbulent jet 
mixing under the effects of acoustic feedback is 
apparently in accordance with classical theories 
regarding turbulent jet mixing, the exchange coef- 
ficients appear to be higher than the l i terature 
usually indicates. In many applications it would 
he necessary to consider the acoustic feedback ef- 
fects before selecting the values of the exchange 
coefficients to he used. 

It appears that the destructive sound waves are 
produced in the supersonic par t  of the jet at some 
distance from the nozzle, travel upstream in the 
ambient air, and then act  upon the initial portions 
of the jet. A sound absorbing material surround- 
ing the jet (placed just downstream of the nozzle in 
such a way as to intercept the sound waves in the 
ambient air) can considerably reduce if not elimi- 
nate the effects of acoustic feedback. Disturbing 
the shock cell structure or making all shocks very 
weak may also reduce the effects of acoustic feed- 
back. 
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