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ABSTRACT 

Experimente have been p e r f o r m ~ d  to study resonance phenomena in 

tubes excited by underexpanded jet  flowo. This investigation comprised the 

following: study of the various resonance tube modes under a wide range of 

nozzle pressure ,  spacing between nozzle and tube mouth, and different tube 

length; the effects of these modes on tho endwall p res su re  and gas tempera-  

ture;  flow visualization of both jet  and tube flows by spark  shadowgraph 

technique; and measurement  of wave speed inside the tube by the 1a.ser- 

Schlieren techniques. An extensive study of the free- jet  flow was undertaken 

to explain important aspects of various modes of operation of resonance tube 

flows. 



An experimental investigation has been conducted to determine the 

bztlic mechanism of heating in constant cross-sect ional  resonance tubes 

excited by underexpanded jet flows. The jet  flow between the nctzzle exit and 

the tube inlet  plays a key role in the performance of a resonance tube. A 

detailed and systematic investigation of the unsteady complex shock s t rucr  

turn in this p a r t  of the flow region has led to a bet ter  understanding of the 

fundamental mechanisms associated with the gas beating in such tubes, A 
atudy of the effects of tube location in relation to f r ee - j e t  shock location 

(without the presence of the resonance tube) has shed fur ther  light on the 

underlying mechanism of sustained oscillations of the flow in  a resonance 

tube. 

To understand the basic features of resonance tube flows, a sys tem 

was canstructed consisting of a nitrogen jet  at: room stagnation temperature,  

discharging f r o m  a convergent nozzle of 2.03 -c,m exit diameter  into the 

reeonance tube. Most of the resonance tubes were square in c r o ~ s  section 

with a width of 2.54 c m  and with lengths of: 7.6, 17.8, and 35.6 cm. The 

squa:e tubes had tranvparent sidewalls made of lucite, Exper i rnent~  were 

also performed using a round stainless s tee l  tube which had a diameter  of 

2. 54 cm and a length of 35.6 cm. The effects of nozzle, p res su re  ratios R. 

(up to 8.2 atmospheres)  and the tube spacings s /d  (1 to 4)  on the endwall 

gas  temperature were studied fo r  various tube lengths. The resonance 

tube flows were studied over a wide range of nozzle p res su res  and tube 

spacing by taking endwall p res su re  t r aces  arid analyzing the s t i l l  and motion 

pictures taken by spark  shadowgraph technique. Measuxements of the wave 

speed i n ~ i d e  the tube were made by using a laser-Schl ieren technique and 

simultaneously studying the output of two p reseure  t ransducers  installed 

flush with the sidewall, a known distance apart. 

The present  study indicated that resonance tube flows can operate in 

th ree  modes, depending upon nozzle p res su re  ratio, tube-nozzle spacing 

and tube geometry. The three modes a r e  defined a s  (1) jet  instability mode, 

(2)  jet regurgitant mode, and (3 )  jet  s c reech  mode. 
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The jet instability mode occurrod ~ n l y  f o ~ +  subsonic jet flowse !$pnt'k 

ebadowgraphs showed the formation of toroidal vortiees in the jet  flovr, 

These toroidi?l vortices grew In eiae as they convected downstream towards 

the tube In'et and resulted in weak compression waves inttido tho tube. The 

oscillation frequency of tho jet flow in this mode was found to occur ilr a 

band of nondimensional frequency fd/U r: 0.3 to 0.4. The weak shoclc 
j 

waves formed in this mode of operation did  not produce any significant 

inc rease  in the gas temperature rne2sured at the endwall, 

In the je t  regurgitant mode of operation, which occurred l o r  both sub- 

sonic and supersonic jets,  periodic swallowing of the nozzle jet  and Lts 
efflux from the resonance tube occurred a t  tlze fundamental resonance f r e -  

quency of the tube. This is  given by f z a/4L, where f i s  the frequent) of 

jet swallowing, the quantity a i s  the average speed of sound inside the tubc, 

and L i s  the tube length. In this modc of operation, most  of the gas beating 

reeulted f r o m  the dissipative heat generated by the formation of shock 

waves inside the, tube. Wave speeds inside the resonance tube in the jet  

regurgitant mode of operation agreed well with simple shock reflection 

theory f r o m  the tube endwall, In this mode, p res su res  below atmospheric 

p res su re  were observed a t  the tube endwall before the beginning of the 

inflow phase. Behind the incident s' ock wave, p res su res  were close to 

atmospheric pressure ,  a s  proposed by Brocher  e t  ale (Ref, 1) .  

The resollance tube flovr sys tem switched to the jet screech  mode when 

the tube! spacing was equal to the f ree- je t  shock location, i. e. , 

This mode occurred when the jet  flow was supe~son ic .  In the jet sc reech  

mode, a normal  shock constantly stood between the nozzle exit  and the 

tube entrance and oncillated at  kigh frequency. 

The present  study s b ~ w e d  that la rge  '+trbulent mixing between the cold 

nozzle-jet flow and the oscillating hot tube flow occurred in the inflow phase 

of the jet regurgitant mode. Most of the heat generated by shock wave dis- 

sipation i.3 the tube was car r ied  away by the tube jet in the outflow phase. 

JPL Technical Memorandum 33-780 



This outflow snnlqs to be the dominant source  of heat renloval f rom 

resonance tubes and consequantly t e  the most  significd~it  factor in limiting 

the  endwall gas  temperature in thr Je t  regurgitalik mode, In ths jet  sc reech  

mods of operation, these lossos were minlmal. If the r6sonanco tubo is  

tuned to the frequency of C!le screeching shoclc wave osci1,lation (formed in 

the jet flow betwoen the nozzle exit and tho tube inlet), intense and rapid 

heating of the trapped tube gas results. The highest sndwall gas tempera-  

tu ro  was about 900 K before tube fai lure  occurred  becaulvcs of overheating 

the lucite walls. 

This investigation also showed that: any leaks which existed in 

resonance t~ rbes  had a devastating effect on the heating of the gas, fgigh gas 

temperatures  simply cottld not be obtained when leaks  ~ c c t t r r e d  in  the vicirrltr 

of the endwall o r  through the interface between the sidewalls. 

11. INTR OD UC TZQ N 

Since Martrnannts discove.fi.y cf the resorrance tube phenomenon in 1919 

(Ref. 2), many researchers  have inveetigatzed certain aspecta of the fluid 

dy~lamics associated with this device, Ic hae long been known that for a 

wide range of rasonance tube configurationa such a s  length of t l ~ a  tube, 

  pacing between the nozzle exit  and the tube inlet, nozzle- toet~~be-diameter  

ratio,  length of the tube, and nozzle flow conditions, intense and very rapid 

heating of the gas near  the endwall cat1 be obtained. This can occur when 

e i ther  subsortic o r  supersonic jet flows impinge on the open end of the tube, 

The characteristics of the rapid intense heating of the endwall tube gas 

have led investigators to consider the application of resonance tubes as a 

possible method of igniting a rocket engine: (Refs, 3 ancl 4) o r  as an escape 

sys t em for  an a i r  c rew f rom an a i rc raf t  (Bef. 5), Resonance tube flows 

a r e  also of in te res t  because the inter~se heating of the tube gas is accom- 

panied by generation of high- intensity ultraeonic waves (Ref. 4 )  which can 

be employed for  ultrasonic dr;ring and f o r  fog dissipation (Ref. 7) .  

According to Hartrnann (Ref, 2), I~igls-intensity sound wavas a r e  gen- 

e ra ted  when an a i r - je t  oxcillator such a s  the xesonalice tube is placed in t he  

region q ~ h e r e  the prossure  in the jet is  rising, i, e . ,  the so-called "zones of 

JPL Technical Memorandum 33-780 3 



instabtllty; %'Ills hkgl~nintensity ultrasonic ~ o u n d  genoratinn by the airaf of; 

generator  when placed in tlzase zones of j a t  inetakilltics sl~owed R. large 

rlmplttuda of a lmost  normal  t~iioclc; wave ~&cCl'lation it1 front of the alirnjel. 

gunerator inlet  (cf. Plate  XX, Ref, 2). Tho frequency of this sl~oclc wave 

osclllatian in the "zone of instal~tlityl' decreases  wit11 increnrsfng distance 

brttwcen the nozzlo exit and the inlet of t11a a i r - je t  gonorator, Thase la rgc-  

amplitude oscillations of the shoclc wave in the jet-flow disappear and 

reappenr with varying spacing between the nozzle exit  and tha tube inlet, 

I~fowever, no detailed and isysternatic: investig;*tion of this mode of a i r - je t  

generator  on heating of ths tubc gas hars been undertalcen. 

Sprenger (Ref. 8) s tudied a t  length the effects that nozzle-tube spaciltg, 

noaqle trtagnation pressure ,  and length of the tube have on the endwall tube 

temperature.  F o r  a given resonance tube and jet flow, many peaks in the 

endwall tube temperature about: as  high as 750 K were observed, Xt was 

also noticed that  for  a given resonance tube, la rge  variations in cndwall gas 

tempessture noticed whsn al igl~t  change8 in nozzle precrsura ratio o r  

spacing between the nozzle exit and the tube inlet were made. However, no 
i 

detailed study was undertalcen to investigate the resonance tuba flows that 

produced the d ras t i c  changes in the endwall Cemperature, 

Previoua work on the fluid dynamics of resonance tubes hag been 

mainly experimental, iUos t of the investigators in the past (Refs. 1, 8-  12) 

concentrated on the particular mode of resonance tubc operation in which the 

jet: flow between the nozzle exit  and tube inlet i s  periodil=ally swallowed by 

the tube. As compared f;o Hartmannts resonance tube operation with tube 

inlet located in  the spatial. zones of instability, in thls periodic jet  swallowing 

mode of operztion, quite unique periodic shock wave s t ruc ture  in the jet  

flow results (Ref. 0) .  Under certain uonditione of flow and tube configura- 

tion, in  this periodic ewallowing mode of resollance tube operation, shoclc 

waves a r e  formed insicle the tube (Refs, 1, 9, 11 and 12 ) .  The frequency of 

shock wave oscillations in the tuba iti at  the tube fundamental frequency 

given by f s a/4L. Most  of the heating in  the tube is cauead by the dissipation 

processes ,  i. e.,  increase in the entropy, tlirough the shock waves (Ref. 1). 

Many attempts have been made to predict  the maximum attainable gas 

temperatures  i n  resorlance tubcs in  the jet regurgitant: rnocle of operation 
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(Refs, 13 and 14), TIze psedictecl tirmperaturae in these investigations arc, 

ve ry  high compared to tha measured ternpsraturos, ICt i s  felt  that the 

deterilod etudy of the tube flow In this mode of operation will slwd more  light: 

on the various heat loss  mechanisms (ottzor than wall conduction which is  
thought to be the main source ~f heat loss  f rom the tube) which limit  the 
attainable temperatures  in the tube, I t  is strongly felt  that a dotailed 

investigation of wave speed and flow inuida the tube during various phases 

of je t  regurgitant mods cycle i s  needcd, These experimental observations 
along with preeaurc and temperature measuromcnta in tlzis mode of opera- 
tion will be of g m a t  assistance in predicting the resonance tube performance 

accurately. 

Although there  i s  a fa i r  amount of knowledge about tho regurgitant; mode 
of the resonance tube, little t s  lcnown about the thermal  effects f o r  the modc 

of operation In which a normal  shock: wlve stands In the resonance tube jet  

flow and oscil lates a t  high frequency (Refs, 2, 7 and 15). Frequency of tlhoclr 

os,*illation in the je t  flow in  this made of operation strongly depends upon 
shock epacing e/d, presatcra ratio R, etc. , and la vir tual .1~ independent of 

the length of the reeonance tube (Refs, 2 and 4). 

In t 4 r b  ;,sesent study, tho effects of n o z ~ l e  flow ancl of tube configura- 

$'',or1 our kube gas heating for  various rssonance tube modes of operation were 

inves tigsted. The je t  flow between the nozzle exit  ar.d tube inlet plays a key 

ro le  in the resonanco tube performance. An invostigation of tlm unsteady 

complex sboclc s t ruc ture  in this par t  of the reaonznce tube flaw has led to a 

be t te r  understanding of the fundamental mccllanism associated with gas 
heating in such ..~es, The s t ruc ture  of the jet  flow located between the 

nozzle exit and tr le i111et was correlated with the f pee-jet structure,  i, e, , 
without: the presence of the tube. Of part icular  in te res t  is the mode of 
operation in which rapid intense heating of the tube gas occurs. 

I 

I 
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XII. EXE'ERIMENTAL APPARATUS, XNSTRUMENTATION, 
AND TEST PROCEDURES 

A, RESONANCE TUBE CONFIGURATIONS AND NOZZLE FLOW 
CONDITIONS 

The various modes of resonance tube operation were investigated 

using tho apparatus shown in Figs. 1 and 2. Most of tke tubes were equare 

in c r o s s  section, having a width of 2.54 cm. M'ith the square tubes, data  

were obtained fo r  three different tube lengths: 7.6, 17.8, and 35.6 cm. 

Experiments were  also conducted using a round sl:ainles s ~ t e e l  tube which 

had a diameter  oi  2.54 c m  and a length of 35.6 cm. 

The, side walls of the square  tubes were lucite so  that wave speeds 

could be determined. and the tube flow could be visualized, The endwall and 

the upper and lower tube walls were made of xnicasta. F o r  any given test, 

the centerline of the nozzle was aligned with that of the tube inlet. In Fig. 1, 

the tube inlet was locate: behind the do.€lector shield and is  not visible. 

Compressed nitrogen a t  ambient stagnation temperature was expanded 

through the convergent nozzle, which had an exit diameter  c1 = 2.63 cm. 

The ratio of the width of the equare c*{oss-sectional tube o r  the diamr!ter 

of the steel resonance tube-to-nozzle exit diameter D/d = 1.25 was kept 

constant throughout these experiments. The nozzle p res su re  ratio R., 

could be varied up to a value of approximately 8.2. The spacing betwf 

the tube entrance and the nozzle exit was adjusted at values of s / d  = 1.0, 

1.5, 1.75, 2.0, 3 . 0 ,  3.5, and 4.0. A deflector shield which had an outer  

diameter  of 33 c m  was placed at  the entrance of the resonance tube ( see  

Fig. 1). It prevented the nitrogen f r o m  flowing oq:er the outside of the tube. 

This allowed flow visuali,zation as  well as  wave speed measurements  inside 
the tube without the disturbances fyom the flow around the tube. The flow 

conditions at  which the resonance tubes were tested a r e  given in Table 1. 

Be MEASUREMENTS 

Both endwall temperature and endwall p res su re  t races  as  a function of 

t ime were obtained at  different nozzle pressure  rat ios  and various spacings 

between the tribe inlet and the nozzle exit and for  different tube lengtha. 

The gas temperature was measured with 40-gage chromel-alumel wire of 
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Table 1. Re6or,ance tukea testad and conditions 

Sonic nozzle contraction a rea  raCio = 4 
Resonance tube to nozzle exit diameter ratio, D/d = 1.25 

Dr iver  gas, nitrogen (total temperature,  299 K) 
1- 

Conditions Square c ross  section Circular  c ross  section 

Nozzle total 
pressure  range 

Sidewall mater ia l  

Sidewall thicknes s 

Endwall mater ia l  

Nozzle to tube 
spacing, s / d  

Tube length, crn 
(L/D) 

Remarks 

10.15 to 83,, 09 N/cm 2 10.13 to 56.74 PI/crn2 
(1.0 to 8.2 atw) (1.0 to 5.6 atm) 

Upper/lower: Micasta 321 stainless steel 
sides: Lucito 

A,11 4 walls, 1. 27 c m  

Micarta 

7.6 (3), 17.8 (7) and 
35.6 (14) 

Wave speed measure-  
ments inside the tube 
by laser-Schlieren 
technique. Spark 
shadowgraph pictures 
taken of jet and tube 
flow 

0.025 em 

321 stainless s teel  

1. 0 to 6. 0 

Nine thermocoup1.es 
installed to outer wall 
at locations from end- 
wall of x/D = 0.25, 
and increments of 
1. 5P thereafter. 
Spark shadowgraph 
pictures taken of jet 
flow 



END 
TEMl 
THER 

1,-ig. 1. R e s ~ n a n c e  tube system 
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TOTAL TEMPERATURE THERMOCOUPLE (22 GAGE CHROMEL-ALUMEL WRE) 

@ PRSSURE TRANSDUCER (K (STLER MODEL 601A) 

@ MICROPHONE TRIGGER FOR OSCILLOSCOPE RECORDING 

LASER BEAM PAIR FOR WAVE VELOCITY MEASUREMENT 
(VARIABLE SPACING AND VARIABLE AXIAL LOCATION) 

@ ENDWALL GAS-IEMPERATURE THERMOCOUPLE (40 GAGE CMIOMEL-ALUML WRE) 

@ ENDWALL PRESSURE TRANSDUCER (K ISTLER MODEL 208) 

@ SIDEWALL PRESSURE TRANSDUCER (KISTLER MODELS 601A AND 208AT x/D = 6.12) 

Fig. 2. Resonance tube apparatus and instrumen'ation 



0.007-cm (0.003-in, diameter).  The response t ime of these thermocouples 

in the present  experitxents was estimated tct. be approximately 50 mil l isec 

o r  less .  Similar  thermocouples were installed on the outside of the stain- 

l e s s  s tee l  tube. The output of these thermocouples waB recorded on an 

oscilloscope. A microphone located close to the jet flow (Fig. 2) was used 

to t r igger  the oscilloecope. 

Kist ler  p res su re  t ransducers  (Models 208 and SOlA) flush-mountod on 

the endwall were used to obtain fluctuating p res su re  inside the tube. These 
2 t ransducers  had a resolution of 3.014 N/cm (0.02 psi)  with a r i s e  t ime of 

2 bsec, The frequency response of the p res su re  t ransducers  was f r o m  2 to 

40,000 Hz, The output of the t ransducers  drifted as the temperature 

increased; therefore, these t ransducers  could only be used for  determining 

the p res su re  jumps in a trace. To determine absolute levels of the p r e s -  

su res  inside the tube in a cycle, p res su re  t ransducers  were installed flush 

with the sidewall. The absolute levels of p res su re  inside the resonance 

tube were indirectly determined by studying the p res su re  jump across  the 

incident and reflected shack waves close to the endwall. En addition, it was 

necessary  to know the wave speed, which was determined both by a l a s e r  - 
Schlieren technique and by observing simultaneously the p res su res  a t  two 

locations a known distance apart  on the sidewall. 

During the course of this study, i t  was found that leaks have a severe  

effect on tube performance. Therefore, before any measurements  were 

obtained, the tubes were preasurieed to 30 psig and checked fo r  leaks. 

C. OPTICAL INSTRUMENTATION 

The laser-Schl ieren technique employed to measure  wave velocity 

inside the square  tubes utilized two paral le l  l aee r  beams, spaced a known 

distance apart ,  which were projected through the lucite walls and sensed 

by two photomultipliers. The beams were paxtially intercepted by a knife 

edge before they reached the photomultipliers. A s  the wave passed across  

one l a s e r  beam, the emerging beam was deflected by an angle proportional 

to the density gradient across  the wave. A Schlieren sys tem was se t  up by 

intercepting this par t  of the deflected light. By c ross  -correlating data 

f rom the two beams, the incident, reflected, and contact surface velocities 

in the tube were determined. The beams were moved along the length of 
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the tube to measure  the velocities a t  different axial locations along the 

tube. 

Instant s p a r k  shadowgraphs as  well as  motion p i ~ i a r e s  of the resonance 

tube flows were  taken using an electronic strobotac. The flash duration of 

this strobotnc was less  than 3 psec, during which t ime the resonance tube 

flow was photographed. This duration was shor t  enough to "freeze" the flow 

field. 

Instant shock s t ruc ture  of a f ree- jet  flow without the tube installed as 

well a s  of the flow with the resonance tube in place was obtaincd at  various 

nozzle p res su re  ratios R and for  different resonance tube configurations. 

By adjusting the flashing rate of the strobotac to an integral multiple of the 

speed of the je t  shock-wave oscillation frequency, a stationary shock s t ruc-  

ture  was observed. The flashing ra te  could be varied between 110 and 

25,000 flashes/min. Also, by flashing nea r  but not syr~chronized with 

the shock-wave oscillation frequency, a slow-motion replica of the actual 

motion was observed. This information was used to a r range  the random 

st i l l  shadowgraphs of the jet flow between the nozzle exit and the tube inlet 

in a sequence appropriate to events within a cycle of tube operation. 

IV. EXPERIMENTAL RESULTS 

A. VARIOUS MODES O F  RESONANCE TUBE OPERATION 

On the bas is  of a detailed and systematic investigation over a wide 

range of nozzle p res su re  ratios R,  spacing ratios s/d, and resonance 

tube lengths L, the resonance tube flows can be divided into three modes 

of operation. These a r e  defined a s  

(1) J e t  instability mode. 

(2 )  J e t  regurgitant mode, 

( 3 )  J e t  screech  mode. 

A description of each of these modes, the conditions under which they occur,  

and the physical processes  involved will be discussed in the following 

sections. 
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1. J e t  Instability Mode 

This mode of resonance tube operation occurred only fo r  a subsonic 

jet, i. e m ,  R. < 1. 9 over  a wide range of spacing s/d.  Spark shadowgraphs 

of the jet flow, as will be discussed la ter ,  indicated the formation of l a rge  

periodic vortices at the nozzle exit.. These toroidal vortices in the jet flow 

grew in size a s  they convected downstream and resulted in weak compres - 
sion waves inside the tube. These waves had a frequency equal to that or 

the vortex shedding frequency. The oscillation frequency of the jet flow in 

thls mode was found to occur in a narrow range of nondimensional f r e -  

quency parameter  fd/U s 0. 3 to 0.4. F o r  cer tain flow cond.itions and tube 
j 

configurations, this oscillation frequency was superimposed on the funda- 

mental  tube resonance frequency f r: a / 4 ~ .  The weak shoclc waves formed 

in the resonance tube in this mode of operation did not resul t  in any signifi- 

cant increase in the gas temperature measured  a t  the endwall. As the noz- 

zle p res su re  rat io  R was increased above 1.9, a periodic shock s tructure 

appeared in the jet f low between nozzle exit  and the tube inlet. Depending 

upon the spacing s /d ,  the tube flow switched e i ther  to the regurgitant mode 

o r  to the screech  mode of operation. These two modes a r e  discussed in the 

next two sections. 

2 . Je t  R.egurgitant Mode 

The jet regurgitant mode, as  has been observed by other investigators 

(Refs. 1, 8 - 12) ,  consists of periodic swallowing and discharging of the jet flow 

by the tube a t  the fundamental tube resonance frequency f = a/4L. F r o m  the 
I 

present  spark shadowgraph pictures and f r o m  endwall p res su re  and tempera-  

I t u r e  measurements ,  it has  been concluded that: 
I 

(1) The f i r s t  p a r t  of the regurgitant mode of tube operation was the 

inflow phase of the tube. Most of the jet flow entered the tube. 

Depending on the nozzle p res su re  ratio R ,  e i ther  a diamond cell 

shock s t ructure o r  a bar re l  shock was present  in front of the inlet 

of the tube. The jet shock wave s t ruc ture  in this phase of the 

cycle depended only on the initial condition: nozzle diameter,  noz- 

z le  p res su re  ratio R ,  etc. That is, the jet flow between the noz- 

zle  exit and tube inlet  behaved a s  i f  the tube was not present: i n  the 

je t  flow. The portion of the jet flow that entered the tube caused 
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the formation of compression waves. These compression waves 

then travailed tipward the endwall. Coalescence of the compres s ion 

wave train to a shock wavc dependei! on tube length, In one case an 

almost normal shock wavc was formed o r  elae there was a shock 

wave which was f~ l lowed  by a t ra in of compression waves, These 

waves were reflected as a shoclc wave o r  la shock wave followed by 

a t ra in of compression waves. The strengthening of tho sbock 

wave by coaleocence of compression waves continued until this 

reflected wave front reached the inlet of the tube. F r o m  tlsere 

the compression wave front resulted in che formation of a strong 

expansion wave front which travelled into the tube. The Row 
then suddenly switched to a transition phase followed by the 

outflow phase of i ts  cycle in the regurgitant mode. 

(2) The presence of the expansion waves and reduced p res su re  

behind the wave front caused the gas in the tube to flow out- 

wards. The transition f r o m  inflow to the outflow phase resulted 

in a collision of the nozzle-jet and the tube-jet flows, thereby 

forming an interface, As the tube-jet flow gained in strength, 

the plane of the interface moved toward the nozzle, 

( 3 )  At the end of the transition period between the inflow and the 

outflow phases, the two opposing jet  flows remained in this 

stage almost the s an .e  length of t ime as the inflow phase of the 

jet regurgitant mode. The outflow phase of the tube was corn- 

pleted as the expansion fan approached the tube inlet after 

reflection f r o m  the end wall. This resulted in a sudden weaken- 

ing of the tube-jet flow. 

(4) As the tube flow weakened, the interface quickly moved toward 

the inlet of the tube. Then the nozzle flow again reverted back 

to the inflow phase of the regurgitant mode of resonance tube 

operation, and thus one cycle of operation was completed a t  the 

tube fundamental frequbncy f = a/4L. As compared to t rans i -  

tion f r o m  tube inflow to outflow, the t ime required in switching 

f r o m  the outflow phase to the inflow phase was ?elatively short. 
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The ~ c t u a l  clu~ation of the various phases of a typical resonance tube 

cycle was not measured. Thompson (Ref. 9)  studied a t  lengt l~  the t h e  

required to complete these phases of a cycle of jet regurgitant: mode. 

Similar  conclusions as drawn above were reached, The ~ t r u c t u ~ e  of the 

flow inside the tube during the regurgitant mode of resonance tube operation 

will be discussed in Section IIIB. 

3. Je t  Screech Mode 

As previously discussed, i n  the inflow phase of the jet regurgitant 

rnocle, the jet flow between the nozzle exit and the tube inlet behaved like a 
f r e e  jet, i, e, , without the presence of the tube in the jet flow. The jet  flow 

went through this part: of the regurgitant mode cycle if the spacing s / d  was 

g rea te r  than the free- jet  shock location (Xs/d) But as  the p res su re  f ree- je t*  
was increased f o r  a given tube spacing, ( ~ ~ / d ) ~ ~ ~ ~ - ~ ~ ~  increased, until a 

nozzle p res su re  ratio R was reached for which s / d  = (Xs/d)free-jet. The 

present  experiments indicated that the je t  flow between the nozzle exit  and 

the tube mouth then switched suddenly f r 0 ~  the jet regurgitant mode and 

resulted in the formation of an almost normal  shoclc in front of the inlet of 

the resonance tube. This shock oscillated at  high frequency, Presence  of 

t h i ~  oscillating, almost normal shock wave (frequency aa high as 20 kI-Iz in 

this study) in front  of the resonance tube inlet has led us to call  this the 

jet sc reech  mode of resonance tube operation. The strength and location 

of this shock a s  well a s  i t s  oscillation frequency depended upon the spacing 

s /d ,  nozzle p res su re  ratio F!., and the resonance tube inlet configuration. 

This mode of resonance tube operation is defined as  the jet screech mode. 

Therefore,  the boundary between the sc reech  and r e g u ~ g i t a n t  modes of 

operation i s  given by s / d  = ( ~ ~ / d ) ~ ~ ~ ~ - ~ ~ ~  ; i. e. , the spacing is  equal to 

the location of the shock in the free-jet .  F o r  ( ~ ~ / d ) ~ ~ ~ ~ - ~ ~ ~  2 s/d,  the 
resonance tube operated in the screech  mode and the jet flow was prevented 

f r o m  going into the filling phase of the tube (in the steady inflow phase as 

discussed previously under the jet regurgitant mode), 

The experimental results that support these conclusions a r e  slrown in 

Fig. 3. This figure indicates the resul ts  of shock location Xs/d, in the jet 

flow between the nozzle exit and the tuhe inlet for  the 35.6-cm resonance 

tube with spacing s / d  = 1. 5 and 3, 0 at different nozzle p res su re  ratios R .  



Fig. 3. Effect of nozzle pressure ratio R on shock wave location 
F during 35.6-cm tube jet-filling phase in regurgitant and 
ur screech modes of operation 



The lacation o f  tho free- jet  shock, (Xs/d)f,Qemjet a s  8 function of R is also 

indicated, Thc exporirne~ltal  points in the r ~ g u ~ g i t a n t  mode in Fig. 3 ahow 

the position of the shock X,/d, in the fLlling o r  inILoa?r phase. F o r  the jet  

screech  mode, Fig, 3 indicates the mean poaition of the oscillating normal 

shoclc in front of the inlet of the resonance tube, 

As expected, up to a spacing s/cl = 1.5, the experimental points fo r  

the shoclt, location ~ , / d ,  in the inflow phase of the rsgurgitant mode lie on 

the f ree- je t  shock locntion (XB/d)f Therefore, the jet flow in the 

filling phase of the jet regurgitant mode of operation behaves a s  if the tube 
were not present  in the flow, This behavior of the jet  continued until a 

pressure  ratio P ~ / P ~  = 3.9 was reached, at  which the flow between the 

nozzle exit and the tube inlet switched to the jet screech  mode, At this 

pres  sure,  the free- jet  shock location (Xs/d)trae-jet was approximately 

equal to the tube spacing s /d. Now, a norma,]. shock appeared in front of the 

tube inlet all the t ime and oscillated about i ts moan position. The locatiorr of 

the shock wave in the jet screech  mode in Fig. 3 represents  i ts mean posi- 

tion. As the p ressu re  was increased further,  the spacing s / d  was always 

l e s s  than the f ree- je t  shook location (Xs /dlf ree-jet. Therefore, the jet flow 

remained in the jet screech  mode. 

Also ik-,  Fig. 3 a r e  shown the experimental points in the filling phase 

for  the 35.6-cm tube with spacing s / d  = 3. rJ. Ovor the range of pressure  

inveatigated, the flow remained in the jet regurgitant mode, The experi- 

mental points of shock wave location in the inflow phase ~ , / d  l ie  very close 

to the free- jet  location (Xs ree-jet, fur ther  confirming the conclusions 

drawn above. 

The experimental resul ts  for different tube lengths indicating the 

demarkation l ine between jet regurgitant and screech  modes a r e  shown in 

Fig. 4. 'The results of the f i r s t  and second f ree  shock location (Xs/d)free-jet 

a r e  compared with those obtained by Westley and Woolley (Ref. 16). As is 

c l e w  f rom Fig.  4, the present  results indicated that the shock waves were 

located far ther  downstream of the nozzle exit when compared to the data of 

Westley and Woolley fo r  a given presa 4Jrei, The experimental results 

reported herein were derived f rom f ree-  je t  shadowgrapho. Therefore, one 

cannot expect exact agreement. Along the f i r s t  f ree- je t  shock  location^ a r e  
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FREE- JET SHOCK 

EX PER IMENT PO lNTS WHEN TUBE 
SWITCHED BETWEEN SCREECH AND 
REGURGFANT MODES: 

35.6-crn TUBE 
A 17.8-cm TUBE 

7.6-crn TUBE 

FREE JET SHOCK LOCATION: 
PRESENT EXPERl MENTS 
WEST LEY AND WOO LLEY 

PRESSURE RATIO R = pO/P, 

Fig. 4. Regione of resonance tube operation 
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indicat:ad the spacings s / d  wt whlcl~ th* j s t  f low batween tha nnzxlo and tho 

resonance tube Inlet switctxad betwaan jet  sc reech  nncl jet: regurgtfnnt rnsdau, 
Tha oxpcsrimcsnkerS paints for  the v,artous tuba lengths 1Ia very clorae to tho 

first; f ree- je t  slzock location, confirrntng the Geset that tha jct-flow switch 

betwean the regurgttant and scraacb l.lode occurred a t  a p rossu re  for which 

tha wpacing s /d was approximately cqual to the corresponcllng f i r s t  f ree -jot 

shock locotion; i. e. , s /d  s (Xs/d)free-jetb 

As the pyessuro ratio I3 was iincreased beyond 6, thc experlrnentnl 

points wlten the switch butwean jct regurgitant and screcrch modes occurred 

did not follow the free- jet  shock location (Xs/d)rree-jet (Fig,  4). In fact, 

tlte switch to the dcroocl~  mode occurred at larger tuba spacing s /d  until 

the tuba came into the influence of the second froemjet shock at a p res su re  

ratio R z 8 .4 ,  Xn Fig* 4, these points have been joined by a dotted line 

which separates  the jet regurgitant and scyesch  modes. I t  should kc noted 

that the various regions of resonance tube operation were independ~nt  of 

the le~igtli of the tubee 

Xt was also observed that in the jet screech mode the a.lrnost normal  

shock wave in front  of the tube inlet oscillated in various bands of frc- 

quer~cics  depending upon the p res su re  rat io  R and t:lle spacing s / d  ( see  

Fig. 21). The effects of va r io t~s  stages of shoclc wave oscillation in the jet 

sc reech  mode a r e  discussed in subsequent sections, Also note that the 

various modes of resonance tube flows discussed above pertain to the 

interaction of the f i r s t  f ree- jet  slzock cel l  s t ruc ture  with the tube inlet. 

Similar  resul ts  were observed when the tube was placed in other shoelc 

cells.  

B. VISUALIZATION OF RESONANCE TUBE FLOWS 

Spark shadowgraph pictures of the pesonance tube flows wero under- 

taken, The c1ensit.y gradient caused by the expansion of nitrogen gas through 

the nozzle and compression across  the shoclc waves was employed to 

acquire the shadow effect, A crit ical  examination of the apark shadow- 

graphs under various flow conditions, as  discussed below, provided f u r t l ~ e r  

insight: into the m e c h a n i ~ m  of gas heating in resonance tubes. 
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1, F r e e -  J e t  Flow VIsunliaation 

The freo-jot flows wera observad over  a range of naaaio preonuroft 

nC which t l ~ a  rosonnrtce tubes were sfudiad, As indicnfcd abavct, l'le baliavior 

of the f r ee  je t  is clusely related to resonance tube oporattom 'ln va%+i.atls 

modes, Tho offcct of tube location !n the resonanca tube .i;ryut.rsnt wif;ii respect 

to that of the free- jet  rslzock i s  shown in Figs. 3 and 4, This lnfornlatton i s  

useful in the dosign of a resonance tube systnm for a particular mods of 
operation. 

In this study, both subsonic and ~ndo~axpnracled supersonic jat  f h w s  

from a convergent nozzle w3rm examined, Typical shadowgraphs o f  the f r a e  

j e t  a t  varioua nozzle pressure  ratios a r e  shown in FLg, 5. For  nozzle 

.ssulVe ratios R $ 1. 9, the jet was subsonic, F o r  I? => 1.9 ,  the $low waa Prc 
uilderexpanded and resulted in the formation, o f  sltockc waves downstream 

f r o m  the nozzle exit', Within the nozzle pressure  ratios 1, 4 < R 4 3, 4, the 

diamond shock structure was ohservod, $or preersures W 3. 3,4 ,  the well- 

known "Mach disct[ appeared across  the jet axis, The strength af this 

normal  Mach disc as  well as  i ts distance f rom nozzle exit  increased as the 

nozzle p ressu re  ratio R was increased. 

Largo la tera l  motion of tlze whole je t  flow was obeervcd in t11e range 

of p ressu re  ratios 1, 9 x* R < 3.4 when the diamond ehoclc a t ruc t t~ re  was 

observad. Tile osclllatioxl freq1.1ency of this la te ra l  rnof:ion of the whole jet 

resulted in la rge  jet spreading whish seemed to have a helical motion, A 

la rge  spreading of the f ree  jet i s  seen in the instantaneous shadowgraplx in 

Fig. 5 a t  a nozzle presaure  ratio R = 2. 87. 

CI 
t, Shadowgraphs of Resonance Tube I'lowe a t  Different Nozzle P r e s s u r e s  

a. Flow Between Nozzle Exit and Tube Inlel: at: s / d  =: 3. Sequenceu 
I 

of instant spark  shadowgraphs for the 35.6-crn resonance tube with spacing 

s / d  = 3, indicating the jet flow between nozzle exit and tube inlet a t  vayious 

nozzle pressures ,  a r e  shown in Fig. 6. The flow in these pictures was from 

lef t  to right. The shadow a t  the top left  in Fig. 6A was that of the triggering 
I 

1 mi,crophone which was placed in such a way as not to disturb the jet flow. 
I 

I These instantaneous shadowgraph pictures in Fig. 6 were talcea a,t random 

and have been put in o rde r  of increasing time duration of a typical resonance 
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I'.ig. 5 .  Free- je t  shadowgraph pictures at  different nozzle 
p re s su re  ratio8 I1 
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I uJ = 3.1'3 ~ , / r ) ~  = 4.04 pO/~; = 4 . d ~  

Tig. 6 .  S c q u e l ~ c e  of je t -f low shadowgraph  p i c t u r e s  of 35. 0-cm r ? s o n a n c e  tube  at ( ? I  f fcrenl  
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tube cycle f rom top downwards. The corresponding endwall p res su re  t races ,  

which a r e  discussed in Section IIIC, a r e  indicated in Fig. 10. 

In this section, the variorns resonance tube modes will be referred to 

a s  f i r s t  o r  second mode of tube operation, depending upon the interaction of 

the resonance tube inlet with the f i r s t  o r  second f ree- je t  shock cells, 

respectively, 

The jet flow in shadowgraph 6A at a p res su re  ratio R = 1.23 with 

spacing s / d  = 3 was subsonic. Toroidal vortices shed f r o m  the nozzle exit 

can be seen  in these pictures. These vortices grew in e i se  as they propa- 

gated toward the resonance tube. The frequency of the vortices scaled as  

fd/Uj 2 0.3 to 0.4. On interaction with the tube inlet, the toroidal vortices 

resulted i n  periodic waves in the tube a t  the i r  shedding frequency. A t  ce r -  

tain subsonic jet flows, the endwall p res su re  t r aces  indicated the shedding 

frequency of these toroidal vortices superimposed on the tube resonance 

frequency f = a/4L. As the nozzle p res su re  was increased beyond R ? 1.9, 

the nozzle flow became underexpanded and resulted in the formation of 

diamond shock cells 'gs. 6B and 6C). F o r  slightly underexpanded nozzle 

flows, these toroidal vortices could also be seen  in the outer par t  of the jet 

shea r  layer. F o r  nozzle p res su re  ratios 1. 9 < R. 5 3, 10, the tube flow 

alternately switched between the jet sc reech  and regurgitant modes. Under 

these conditions of flow and tube geometry, the resonance tube was influ- 

enced by the various shoclc cells. Shadowgraph pictures in Figs. 6B and 6C 

clearly indicated m o r e  than one shock cell  in the jet flow between the nozzle 

and the tube. 

At a nozzle p res su re  ratio R. = 3. 16, the jet flow began to oscillate in 

the second jet regurgitant mode, F igure  6D, f r o m  top downwards, repre-  

sents  the s e r i e s  of jet  flow shadowgraphs with increasing t ime during the jet 

regurgitant mode cycle. In photograph 6D-1, the jet flow was in the filling 

phase of the jet regurgitant mode. Most of the jet flow entered the tube. 

Figure 6D-2 shows the end of the filling phase. The jet  flow then switched 

to  the tube efflux phase, which resulted in the formation of an interface 

between the nozzle jet  flow and the tube jet flow. As the outflow phase 

developed, this interface moved toward the nozzle and resulted in strengthen- 

ing of the second shock in the nozzle jet flow (Figs. 6D-2 through 6D-5). 
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The f i r s t  shock ce l l  in the nozzle jet flow was not much disturbed as the 

resonance tube went through a cycle of the second jet  regurgitant mode. 

With increasing tiune, the tube jet flow weakened and the jet flow between 

the nozzle and the tube switched suddenly back to the filling phase (Fig, 6D-1). 

This sequence of behavior in the jet flow occurred  a t  the resonance tube 

fundamental frequency f = a/4L. 

Similar resonance tube behavior was observed in the sequence of 

shadowgraph pictures in Fig. 6E fo r  the 35.6-crn resonance tube with 

spacing s / d  = 3. The nozzle p res su re  ratio was R. = 3 . 7 3 .  The resonance 

tube flow was in the second jet regurgitant mode. 

A s  the p r e s s u r e  was increased fur ther ,  the resonance tube flow went 

into the f i r s t  jet regurgitant mode. These two regurgitant modes associated 

with the f i r s t  and second f ree- je t  shock cells were separated by a smal l  

range of p res su re  ratio a t  which the resonance tube operated in the second 

jet sc reech  mode. Figures  6F, G, H, and I represent  the sequence of 

shadowgraph pictures  of: the jet flow in the f i r s t  jet regurgitant. -mode at  

nozzle p res su re  ratios of R = 4. 04, 4. 33, 4. 91, and 5. 49, respectively. 

F o r  example, a t  a p res su re  ratio of R, = 4. 91 (Fig. 6H), the jet flow was 

initially in the filling phase of the tube (Fig. 6H-1). After completion of 

the filling phase, the tube jet flow began. This resulted in the formation of 

an interface between the nozzle jet and the tube jet flows. With increasing 

time, this interface moved f rom the tube inlet toward the nczzle (Figs. 6H-2, 

3, and 4). F igures  6H-4, 5, and 6 represent  the jet in the outflow phase. 

Two normal  shock waves on either side of the interface are evident indicat- 

ing the two jet flows to b e  supersonic. These shock.waves were moving in  

the opposite direction with respect to the local gas  flows. The strength of 

this almost normal  shock wave between the nozzle exit and the interface 

changed with t ime, accompanied by the formation of another shock wave 

between the normal  skock wave and the interface. It also appears f r o m  these 

shadowgraphs (in outflow phase of the jet regurgitant mode) that this third 

shock appeared randomly in varying strength and location with respect to the 

interface. As compared to Figs. 6D and 6E, where the tube flow was in the 

second jet regurgitant mode, the interaction of the nozzle jet and the tube 

jet flows was much s tronger  in the f i r s t  jet regurgitant mode (Figs. 6F, G, 

H, and I). As will be discussed in Section IIID, this resulted in s t ronger  
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shock waves inside the tube and consequently in higher endwall gas  

temperatures.  

b. Flow Inside Tube a t  s / d  = 3. Instant shadowgraphs indicating 

the tube flow as well as the jet  flow between the nozzle exit and the tube 

inlet for the 35.6-cm tube with spacing s / d  = 3 a r e  shown in Fig,  7, 

These pictures were studied along with the sequence of jet flow pictures 

shown in Fig. 6. Figures  7A and B represent  the resonance tube in the 

je t  instability mode where toroidal vortices were shed in the jet flow 

f rom the nozzle exit, resulting in the gemeration of a t ra in  of very weak 

shock waves inside the tube a t  the shedding frequency of these vortices. 

F o r  slightly underexpanded jet  flows (Figs.  7C and D),  these toroidal 

vortices could be seen in the jet along with multiple shock cells. Under 

these flow conditions, the tube was operated by these diamond shock 

cells at relatively high frequencies as compared to the fundamental tube 

resonance frequency. Multiple weak wavefronts were generated inside 

the tube, With increasing pressure ,  the jet flow began to oscillate in the 

second jet regurgitant mode. The flows in Figs. 7E and F represent  the 

tube flow in the outflow phase of the jet  regurgitant mode. The f i r s t  and 

second shocks, along with the interface in the jet flow between the nozzle 

exit  and the tube inlet can be seen  (Fig. 7F),  No shock waves of significan.t 

strength occurred inside the tube flow in the outflow phase (Figs. 7D to F), 

Flows in  Figs. 7G, H, I, J, a,nd K represent  the resonance tube flow 

in  various phases of the f i r s t  jet regurgitant mode. Large  turbulent flow 

close to the tube inlet was observed during the inflow phase as seen in 

Fig. 7G. This large turbulent fluid ,,motion i s  believed to have been caused 

by the interaction of the impinging nozzle jet  flow with the tube inlet. This 

je t  inflow resulted in the formation of an incident shock wave followed by a 

contact surface,  This incident shock wave can be seen  travelling toward the 

endwall in Fig. 7G and resulted in heating the tube gas by dissipative 

processes  across  it. The contact surface travelled toward the endwall 

(behind the incident shock) and divided the tube gas and the nozzle jet flow. 

The incident shock wave reflected f rom the endwall and on interaction with 

the contact surface (which was moving towards the endwall) resulted in 

strong turbulent mixing. This phase of the jet regurgitant mode i s  shown 

in  Fig. 7H. The reflected wave i s  not visible in  Fig. 713, though the 

I 
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3 Fig. / .  Seque ice of snadowgraph p i c t u r e s  of 35. 6 - c m  resonance  tu1:e at 
d i f ferent  nozzle p r e s s u r e  r a t ios  I? with spacing s  /d  - 3 
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turbulent mixing can easily be seen, The reflected shock wave is  probably 

hidden behind the shadow of the bolt. Figure 75 represents  s imi lar  flow conm 

dition at  nozzle p res su re  ratio R = 4.91 and clearly indicates the reflected 

shock wave along with the turbulent mixing caused by the interaction of this 

wave with the contact surface. I t  should also be noted that as the reflected 

shock wave moved away f rom this plane of interaction, the flow behind the 

reflocted wave was l e s s  turbulent. These shadowgraphs (Figs. 7G and J), 

showing l a rge  turbulent fluid motion on collision of the contact surface with 

the reflected shock wave, strongly suggest that large periodic mixing and 

exchange of m a s s  between cold nozzle jet flow and the oscillating hot tube 

flow occurs during the inflow phase. The instant shadowgraph i n  Fig. 71 

represents  the tube flow a t  a nozzle p res su re  ratio R = 4 . 3 3 ,  in  the outflow 

phase of the jet regurgitant mode. The interaction of the nozzle and the tube 

je t  flows with the interface i n  between is  evident. The flow inside the tube 

in this pa r t  of the cycle was f r e e  of turbulent mixing and of shock waves since 

only expansion waves existed. These did not result  in any abrupt changes in 

flow and consequently did not have any strong shadow effect. Figure 73 

represents  the tube flow as i n  Fig. 7H discussed above. At nozzle p res su re  

R = 5.82, the flow in Fig. 7K represents  the beginning of the inflow phase. 

Turbulent mixing can be seen near  the inlet of the tube. One can also see  

the formation of an incident shock wave which was travelling towards the 

endwall of the tube. As expected, the tube flow in front of this incident 

shock wave was f r e e  of turbulent mixing. 

The sequences of shadowgraphs in Figs. 6 and 7 were not taken a t  high 

enough nozzle p res su re  ratios R to operate the resonance tube with spacing 

s / d  = 3 discussed above in the jet sc reech  mode. The following resul ts  will 

shed some light on this mode of resonance tube operation. 

c .  E l o w B e t w e e n N o z z l e E x i t a n d T u b e I n l e t a t s / d  = 1.5. A 

sequence of shadowgraph pictures for  the 35.6-cm resonance tube with 

spacing s / d  = 1. 5 is  shown in Fig. 8. Like the shadowgraphs in Fig. 6, 
these pictures were taken randomly and have been arranged in sequence 

of increasing t ime ( f rom the top downward) of a typical resonance tube 

cycle, These shadowgraphs show the jet flow along with the flow clos z 

to the inlet of the resonance tube. At a nozzle p res su re  ratio R < 1. 9 
(Fig. 8A), the resonance tube was in the jet instability made. No la rge  
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prosnure fluctuations ert the endwall of the tubc occurred  in this mode of 

operation. As the jet  flow became sl igl~t ly  underexpanded with R = 2. 04 

(Fig, 8D), the tube wan in tho jet sc reech  mode c l  operation due to the 

influence of the multiple diamond shocks. Both in the je t  instability mode 

and in the slight1.y underexpanclod jet  screeclz mode of operation, weak corn- 

presaion wave fronts were observed along the resonance tube. Shadowgraphs 

in Fig. 8C represent  the flow in second jet  sc reech  mode. T h e ~ e  figures 

clear ly show a norm:,.? shock wave which always etood in front: of the tube 

inlet. The f i r s t  shock location and i t s  strength did not change with t ime in 

this case. 

At a nozzle p res su re  ratio of = 2.60 (Fig. BD), the jet flow went 

into the rcgurgitant mode associated wi th  the f i r s t  shock cell, Figures  8D-3, 

2, and 3 represent  with increasing time the inflow phase of jet  regurgitant 

mode, There  was considerable turtlrlent fluid motion close to the tube inlet 

i n  this phase of the regurgitant mode when most  of the nozzle jet 2 . r ~  entered 

the Cube. The jet  s t ruc ture  iAt  the filling phase was quite independent of the 

presence of the tube. Figure 8D-4 represents the outflow phase, In this 

phase, as one would expect, no mixing close to the tube inlo+ occurred. As 

the tube jet  flow gathered strength, an interface was formed which moved 

f r o m  the tube inlet toward the nozzle exit, This resulted in strengthening 

of the nozzle shock, which became almost a normal  shock as it; moved 

toward the nozzle exit (Fig~br 8D-5 and 6). 

The e ~f;uence of shadowgraphs in Fig. BE, a t  nozzle pressure  R = 3.47, 

shows the jq; agurgitant mode s imi lar  to Fig. 8D. In these pictures, the 

interface CY; seen very clearly in the outflow phase of the regurgitant 

mode (Figs. G-5 and 6). As the p res su re  was increased beyond R 2, 3.9, 

the jc,c flow switched to the jet sc reech  mode for the 35.6-cm resonance 

tube with s /d = 1. 5, 

Typical shadowgraphs of the jet flow in the screech  mode at  a nozzle 

p res su re  R = 3.96 a r e  shown in Fig, 8 F ,  As pointed out ear l ie r ,  a normal  

shock which oscillated a t  high frequency as compared to the fundamental 

resonance tube frequency for this tube (which was approximately 250 Hz) 

always stood in front: of the resonance tube inlet. The screech  frequency 

was approximately 4 kEz and increased slightly with increasing nozzle 
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p r e s s u r e  ratio, By noting the flow clolse to the reeonanco tube inlet, it $a  

apparent that very l i t t le nozzle jet flow enf;cred the tuba compared to the 

inflow phaoa of the jet regurgitarlt mode. As will he cliscusrsad subsequently, 

weak shoelc waves ( a s  compared to the jet  ragurgitant mode) wero obscrved 

at the oscillation frequency of this normal  ehock, which always stood in front; 

of the tube, Tet flow8 in Figs. 8G, XI, and I reproeent  the jet  screech mode 
at higher nozzle p res su re  ratios R, 

d. Flow Inside Tube at s / d  = 1.5. Shadowgraphs of the resonance 

tube and jet  flow^ at  varioue nozzle pressure8  of the 35.6-cm resonance tuba 

witlr spacing e /d = 1, 5 a r e  shown i n  2'ig, 9, In Fig, 9A the subso l i i~  jet flow 

and the train of waves inside the tube were at the frequency of the toroidal 

vortices shed f rom the nozzle exit,, .At a pyessure ratio R = 2.04, the tube was 

under the influence of the second diamond rthock, With increased nozzle pre6- 

sure ,  as  dittcussed previously, the jet flow ~witched,  to the jet regurgitant 

mode, Figure 9C represents  the resonance tube flow in the inflow phase of the 

je t  regurgitant mode, Considerable turbulent flow can be seen close to the 

inlet of the tube. Figure 9D a t  R = 3. 16 represents  the outflow phase of the 

regurgitant mode and does not shovr la rge  i r r egu la r  motion close to the inlet 

of the tube, 

F o r  a nozzle p res su re  ratio r 3,  96, the resonance tube went into the 

jet screech mode, This resulted in the formation of an almost normal  shock 

which in turn resulted in a t ra ln of weak shoclc waves inside the Cube a t  the 

frequency of i ts  oscillations. :?:lo flows in Figs.  9E, F, G, I-T, and I repre-  

sent  the jet sc reech  condition at  nor~zle p res su re  ratios of 3.96, 4, 04, 4, 33,  

4. 9 1, and 5.49, respectively. These pictures clearly show multiple wave- 

f ronts  travelling into and out of the tube, Very l i t t le of the nozzle jet flow 

entered the tube in this mode of operation as  compared to that in the jet  

regurgitant mode in the inflow phase (Fig. 9C). 

C. ENDWALL PRESSURE MEASUREMENTS 

Endwall p res su re  measurements  were made over a large range of 

spacings s /d ,  nozzle p res su re  ratios,  and fo r  different tube lengths with 

piezoelectric p res su re  transducers.  A study of these t races  along with the 

corresponding endwall gas temperature t races  produced fur ther  insight into 

the heating mechanism of the tube gas. 
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Fig.  9. Sequence  o f  ehadowgraph  p i c t u r e s  of 35 .6 -cm r e s o n a n c e  tube  
a t  d i f f e r e n t  n o z z l e  p r e s s u r e  r a t i o s  R with spac ing  s / d  = 1. 5 
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Typical endwall p r e s s u r e  t r aces  fo r  the 35.6-cm lucite resonance 

tube with spacing s / d  E 3 a t  various nozzle p r e s s u r e s  a r e  shown in Fig. 10. 

In comparing the endwall F ra s su re  t r aces  a t  different nozzle p re s su re s ,  i t  

should be noted that the vortical  and horizontal  ~ c a l e s  in Fig. 10 a r e  not 

identical for  all the t races .  Endwall p r e s s u r e  graces for  subsonic jet flows 

( see  t r aces  in Fig. 10 a t  nozzle p r e s s u r e s  R = 1.23 and 1.50) show weak 

periodic signals. As pointed out above, these waves in the tube were caused 

by the interaction of the toroidal vortices with the resonance tube inlet. 

These weak p r e s s u r e  oscil lat ions in the tube did not resu l t  in heating the gas 

nea r  the endwall. F o r  cer ta in  nozzle flow and tube configurations, the non- 

dimer~sional  frequency of the toroidal vor t ices  was observed to be super-  

imposed on the endwall p r e s s u r e  signal at  the fundamental resonance tube 

frequency, i. e. , f 2 a / 4 ~ .  

As the nozzle p r e s s u r e  ratio was increased beyond R > 1.9, the jet 

flow was underexpanded and, a s  discussed above (in Section IIIB), resulted 

in the formation of diamond shock wave cells. At low underexpansion nozzle 

p re s su re  ra t ios ,  the tube with spacing s / d  = 3 was excited in the sc reech  

mode by these multiple shock wave cells .  Typical endwall p r e s s u r e  t r aces  

f o r  the jet  sc reech  mode excited by multiple shock cells  a r e  shown in 

Fig. 10 a t  nozzle p r e s s u r e  ra t ios  R - 2 .04  and 2.60. At a nozzle p r e s s u r e  

ratio R = 3. 16, the tube flow went into the seconci jet regurgitant mode ( s e e  

the correeponding j e t  flow between the nozzle exit  and the tube mouth in 

F ig .  6D). One c lear ly  s ees  the shock wave followed by compression waves 

in  Fig. 10 a t  R = 3,  16. This wave was formed dllring the inflow phase of 

the jet regurgitant n ~ o d e .  As this compression wavefront reached the 

resonance tube inlet  af ter  reflection f r o m  the erldwall (thus completing the 

inflow phase),  i t  resulted in generation of an expans ion wavefront. This 

wavefront began to t ravel  toward the endwall and resulted in the initiation 

of the je t  outflow phase, During the t ime  i t  talces fo r  this expansion wave- 

front to reach the endwall, a s  is  c l ea r  f r o m  the endwall p r e s s u r e  trace,  the 

p re s su re  remained constant. As the expansion wavefront a r r ived  a t  the 

endwall, the endwall p r e s s u r e  decreased and reached the lowest p re s su re  in 

this cycle of regurgitant mode operation. The outflow phase was completed 

as the expansion fan reached the resonance tube inlet af ter  reflection f r o m  
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thc endwall. The tube flow then switched to the jet  inflow phase and 

resulted in a sudden p r e s s u r e  jump ac ros s  the incident shock followed by 

c ~ m p ~ e e s i o n  waves. This cycle took place a t  the fundamental resonance 

frequency of the tube. The endwall p r e s s u r e  t r ace  a t  R = 3.73 in Fig. 10 

also represen ts  the resonance tube flow in the jet  regurgitant mode excited 

by the second shock wave cell. 

At a nozzle p r e s s u r e  ra t io  of R = 4.33, the resonance tube began to 

osci l la te  in the f i r s t  jet  regurgitant mode. The endwall p r e s s u r e  t race  a t  

R = 4.33 indicated a much s t ronger  normal  shoclc wave in the tube compared 

to the t r a c e  a t  R = 3.  16 o r  3. 73 in Fig. 10. This i s  expected because the 

f i r s t  shock wave cel l  i s  much s t ronger  than the second shock wave cell; 

there  i s  a s t ronger  inflow phase when the tube i s  placed under the influence 

of the f i r s t  shock cel l  as  compared to the second one, The gas  tempera ture  

in the vicinity of the endwall was higher when the tube was in the f i r s t  jet 

regurgitant mode a s  compared to the second. As the nozzle p r e s s u r e  was 

increased fur ther  (e, g. , R = 4.91 and 5.49), the endwall p r e s s u r e  t r aces  

showed a reduction in the s t rength of the shock wave in the compression 

phase of the je t  regurgitant mode and resulted in a reduction of the c o r r e -  

sponding endwall gas tempera tures .  

Typical resu l t s  of endwall p r e s s u r e  t races  f o r  the 17.8-cm resonance 

tube a r e  indicated in Fig. 11, where the spacing between the nozzle exit and 

the tube inlet s / d  was 2. 0. F o r  subsonic jet flows (p re s su re  t r aces  a t  

R = 1. 5 and 1. 8 in Fig. 11) la rge  toroidal vortices were formed, result ing 

in relatively weak compression waves as  shown in these t races .  At a p r e s -  

s u r e  ra t io  R = 2.04, the endwall p r e s s u r e  t r a c e  shows the resonance tube 

flow in a jet s c r e e c h  mode by the multiple shock cells. F o r  this resonance 

tube configuration, a t  a nozzle p r e s s u r e  R -- 2. 35, the tube flow went to the 

f i r s t  jet  regurgitant mode. The endwall p r e s s u r e  t r ace  a t  R = 2,35 in 

Fig. 11 shows a complete cycle of the endwall. p r e s su re  t r ace  a t  the funda- 

mental  tube resonance frequency f - a /4L,  I t  should be noted in this t r a c e  

(and also f o r  endwall p r e s s u r e  t races  a t  R = 2. 60, 3, 16, 3. 7 3 ,  4. 35, 4. 91 

and 5.49) that the compression phase of the regurgitant mode cycle: con- 

s i s ted  mostly of a s e r i e s  of sma l l  compression wavefronts as  compared to 

format ion of shock waves in Fig. 10 a t  pressure: r a t i s  R = 3. 16, 3, 73, 
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4 . 3 3 ,  etc. On comparing the corresponding endwall temperature t races ,  

lower endwall gas  temperatures  in the jet regurgitant mode were obtained 

in flows where weak shock waves were present  in the compression par t  of 

the endwall p res su re  trace.  These resul ts  strongly suggest that heating 

in the jet regurgitant mode of resonance tube operation was caused mainly 

by dissipative processes  across  the shot-k waves formed inside the tube. 

As the p res su re  was increased fur ther ,  the resonance tube flow 

switched to the jet  sc reech  mode, The typical endwall t r ace  a t  nozzle 

p res su re  R = 5.82 in Fig. 11 represents  the pressure  history in the jet 

sc reech  mode fo r  the 17.8-cm tube with s / d  = 2. The endwall p res su re  

t races  in the jet  s c reech  mode of tube operation showed small-amplitude 

high-frequency (as  compared to jet regurgitant mode) periodic oscillations. 

As will be discus sed in Section IIID, sudden changes in the endwall gas tem-  

perature occurred when the resonance tube flow switched f rom the jet 

regurgitant to the jet s c reech  mode, This study showed that these high- 

frequency endwall oscillations were caused by tho oscillating normal  s h o ~ l c  

which always existed between the resonance tube inlet and the nozzle exit in 

the screech  mode, Results presented in Section IV showed that very high 

endwall gas temperatures  were obtained when the resonance tubes were 

tuned to these high-frequency shock wave oscillations in the jet screech 

mode. 

It was also observed that in the jet regurgitant mode of resonance tube 

operation, the strength of the endwall p res su re  t races  (after the initial 

transient period) were independent of t ime;  i. e. , the strength of the shock 

waves inside the tube did not change with time. 

D. TEMPERATURE MEASUREMENTS IN RESONANCE TUBES 

Endwall gas  temperatures  for  various resonance tube flow conditions 

for  which the endwall p res su re  t races  as well as the flow visualization d is -  

cussed above were measured with 40-gauge chromel-alumel thermocouples 

(wire diameter 0.0076 cm, 0. 003 in. ). The output of the thermocouple was 

recorded on an  oscilloscopeo A typical endwall gas temperature t race for  

spacing s / d  = 1.75 and p res su re  ratio R = 6.8 with 7.6-cm resonance tube 

is  shown in F ig .  12. The temperatures  re fer red  to in the following section 
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were defined by taking the intersections of tangents drawn a t  the init ial  and 

the final  slopes of the tempera ture  t r ace  as shown in Fig .  12. MOB t of the 

tempera tures  r e f e r r ed  to below, therefore ,  were  recorded in l e s s  than 

100 ms .  But the actual r i s e  t ime of the endwall gas tempera ture  i s  believed 

to be sho r t e r  than the recorded r i s e  time. This was mainly attributed to 

thermal  iner t ia  of the thermocouple junction and conduction l o s s e ~  to the 

endwall of the resonance tube. When the highest heating in the resonance 

tube was attained (approximately 900 K), the tube charred.  Thus the 

highest t empera ture  r e f e r r ed  to is  only up to the t ime  that tube failure 

occurred,  which was approximately 50 m s  o r  l e s s  i n  these experiments,  

1. Endwall Gas Tempera ture  in Various Modes of Tube Operation 

The effect  of ups t ream nozzle p r e s s u r e  ra t io  R on the endwall. gas  

tempera ture  f o r  the 7 .6-cm resonance tube with spacings o/d = 1.5, 1. 75, 

2, and 3 a r e  shown in Fig. 13. As pointed out previously, these tempera-  

t u re s  were determined f r o m  the intersection of tangents drawn a t  the init ial  

and the final  slopes to the tempera ture  t race ,  F o r  subsonic flow (p re s su re  

ra t io  R < 1. 8), the jet f low was in the je t  instability mode, during which 

there  was l i t t le r i s e  in the endwall gas temperature ,  a s  indicated in Fig. 13, 

F o r  low underexpanded nozzle flows, the flow visualization and endwall p re s  - 
s u r e  t races  showed the resonance tube flow in the jet  s c r eech  mode excited 

by the multiple shock cells ,  This resulted in weak compression waves a t  

s c r eech  frequency and did not resul t  in significant heating of the gas nea r  

the endwall. 

The resonance tube flow switched to the jet  regurgitant mode a t  a noz- 

z le  p r e s s u r e  R of about 2.40 and remained in this mode up to H 3 4.35. In 

the jet  regurgitant mode, endwall p r e s s u r e  t r aces  showed oscillations at the 

fundamental resonance frequency f 3 a/4L,  which f o r  this tube was approxi- 

mately  1000 Hz. The compression p a r t  of the endwall p r e s s u r e  t race  when 

the resonance tube flow was in  the jet regurgitant mode showed no shoclc 

waves, Because of the comparatively sho r t  tube length, the compression 

waves generated by the inflow phase of the je t  regurgitant mode had no t ime 

to coalesce to  f o r m  shock waves. Consequently, the r i s e  in tempera ture  

which occur red  through these  t ra ins  of compression waves was near ly  

iselltropic. As these compression waves were reflecteri f r o m  the tube inlet 
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as  expansion waves (at  the end of the inflow phase), the endwall tube gas was 
cooled back to the initial temperature is entropically. No s ignificatlt heating 

resulted, therefore, in the regurgitant mode cycle. Since the responrst? 

time of the the.r.mocouple was 50 m s  o r  less ,  i t  was reading a mean tem- 

perature in this cycle. The time period of 1 m s  fo r  the jet  regurgitant 

mode cycle of the 7.6-crn tube was very small  compared to thermocouple 

response time. F o r  these shor t  tubes, hardly any increase in endwall gas 

temperature was increased in the jet  regurgitant mode a s  indicated in 

Fig. 13. 

At a nozzle p res su re  ratio of about R E 4. 35, the jet tube switched 

to the jet  screech mode. As soon as  the tube flow switched to the screech  

mode, the endwall gas temperature suddenly rose to approximately 870 K 
and resulted in the charring of the lucite walls of the resonance tube. As 

the nozzle p res su re  was increased a little further,  as shown in Fhg, 13, 

the gas temperature decreased suddenly almost to room temperature,  This 

drast ic  heating and abrupt cooling of the endwall gas with a change in nozole 

pressure  ratio was also observed by Sprenger (Ref. 8). These effects will 

be discussed in detail  in Section ZV. 

The general behavior of the endwall gas temperature for other spacings 

s /d  with nozzle p res su re  ratio fo r  the 7, 6 -cm resonance tube was identical 
1 with that explaineci above for  s / d  = 1. 5. The two main features  were that 

with increased spacing the switch f r o m  jet regurgitant to jet sc reech  mode 

occurred at  high nozzle p res su res ,  The range of p res su re  over which this 

intense heating occurred (with tube failure) increased as shown in Fig, 13, 

Fox a spacing s / d  '= 3,  no intense heating zone was observed over the range 

of nozzle p res su res  tested because the tube flow remained in the jet 

regurgitant mode. 

The experimental results of the endwall gas temperature fo r  the 17.8-cm 

resonance tube with spacing s / d  = 1. 5, 2, 3 and 4 a r e  indicated in Fig. 14. 

No significant heating fo r  spacing s / d  = 1. 5 resulted for  subsonic and slightly 

underexpanded jet flows. As the flow went to the jet regurgitant mode a t  

approximately R rz! 2,4, there  was a little more  heating of the endwall gas 
i 

for  this tube flow than f o r  the 7.6-cm tube. The small. heating may be 

attributed to formation of shock< waves in the inflow phase of the jet reguxgi- 

tant mode. This was due to increased tube length, which allowed the 
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Fig. 14. Effect of nozzle pressilre ratio R on endwall gas temperature 
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compression waves to coalesce n1;3 fo rm the shoclt wavefront. These 

resulted in the generation of heat; by dissipative procesRes ac ros s  the s l ~ o c k  

waves formed in the tube ( increased entropy), leading to nn increase  in the 

endwall gas temperature .  

The tube flow switched to the jc t  s c r eech  mode a t  rr nozzle p r e s s u r e  

ratio of approximately R * 4,3 ,  and this resulted in a suddon increase  in 

endwall gas temperature ,  which then decreased with increasing p re s su re  

Ttle r i s e  in  tctnperature fo r  the 17. 8 -cm resonance tube with spac-  

ing s / d  = 1.5 was not a s  la rge  as  f o r  the 7.6-crn resonance tube (with s ame  

spacing] when the resonance tube flow switched f rom jot regurgitant to je t  

s c r eech  mode a t  the s ame  nozzle p r e s s u r e  ratio, Lt should be noted that  the 

demarcation line among various modes of operation was independent of the 

resonance tube length L. F o r  o ther  spacing ( s / d  = 2 and 3 in Fig, 141, 

another smal l  peak in endwall gas tempera ture  was observed f o r  slightly 

underexpanded jet  flows. This was due to tube operation in the jet 

regurgitant mode by the second shock. For spacing s / d  = 2, in the jet: 

regurgitant mode of operation by the f i r s t  shock, considerably higher 

endwall gas temperatures  were obt;~,ined a s  compared to s / d  = 1. 5 in 

F i g  4 Study of enclwall pressui le  t races  showed s t ronger  shock waves for 

the s a m e  nozzle p re s su re  ra t io  with spacing s / d  = 2 as  compared to 

s / d  = 1,5*  As the nozzle p re s su re  was increased for  s / d  = 2, the je t  flow 

switched to the jet  sc reech  mode with an increase  in endwall gas temperature ,  

No significant heatings of er~dwall  gas  tempera ture  were observed fo r  spacings 

s / d  = 3 and 4 in jet  regurgitant mode over  the range of nozzle p r e s s u r e  

ratios investigated, 

The resul ts  in Fig. 15 represen t  the endwall gas tempera ture  in the 

35. 6 - c m  resonance tube with spacings s / d  = 1. 5, 3, and 4 a t  various nozzle 

pressures .  A s  compared to sho r t e r  tubes, coneider ably higher endwall gas 

temperatures  were  obtained in the jet  regurgitant mode. These were mainly 

due to s t ronger  shoclc wave format ion inside the tube in the inflow phase of 

the regurgitant mode, Eoi* spacing s / d  = 1. 5, a s  the tube flow switched to 

sc reech  mode a t  nozzle p r e s s u r e  R - 4. 3, there  was a sma l l  drop in endwall 

gas tempera ture ,  Under identical flow and tube spacing, it should be recalled 

that the 7 ,6 -cm tube showed a tempera ture  of about 870 I< in Fig, 13, F o r  

l a r g e r  spacings s / d  = 3 and 4, higher endwall gas tempera tures  were obtained 

in the jet regurgitant mode as  compared to  spacing s / d  = 1, 5. Thus i t  was 
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concluded that the length of tho tube played n kc9 role in sr.rJwall gars 

temperature both in t l ~  je t  rscrecch and the j o t  rogurgiternt modes. 

2, Sidewall Tube 'Pempora~ure 

Temperatures  on the external surface of the 35,h-cm-long etainlees 

s teel  tube were  rnearsured along with the e n d w d l  gas  temperature ( see  Tahle 1). 

Typical r e s t~ l t s  a r e  shown in Figs. 16 and 17, The measurements  undar iden- 

tical spacing n~zd nozzle p res su re  ratios as for  the square cross-sect ional  

lucite tube showed that tllc endwall gas temperatures  were almost similar. 

The s ictewall tube temperatures for  various nozzle px9es s u r e  ratios with spac- 

ing s /d = 1, 5 a r e  shown in Fig. 16. Xn comparing the endwall gas tempera- 

tuxas in Fig, 16 with those o* the square c ross  -sectional lucite tube shown /n 

Fig. 15, i t  should be pointed out that the data f o r  the s teel  tube represent  the 

temperature attained at  the end of the typical run, which was a s  long as  half a 

minute. Endwall tube temperatures  were also measured, and it should be noted 

that the endwall gas temperatures were considerably higher than these, as one 

would expect. The drop in sidewall, tube temperature c l o ~ p ,  to the end of the 

tube was due to heat condvction losses  from the tube endwall to tbe vertical  

plate holding the resonance tube (Fig. 1). Similar  sidewall tube temperatures 

with spacing s l d  = 3 a t  various nozzle p res su re  ratios a r e  $ta!awn in Fig. 17, 

Over the range of nozzle pressure  ratios a t  whicl~ these tes t s  were performed, 

1.5 R 4 5.49, the resonance tube was operating in the je t  ~ e g u r g i t a n t  mode. 

It should be noted that about 60% of the tube was not heated at  all, Most of the 

heating of the tube occurred near the undwall. 

To determine the importance of sidewall heat conduction losses  on 

endwall gas temperature,  experiments were pe&rmed on the s tee l  tube by 

enclosing the ent i re  resonance tube with ice. Results of endwall gas tem- 

perature with and without the ice showed t h l t  the endwall gas  temperatures 

were affected very little by the enhanced hea t  conduction losses  in the jet 

regurgitant mode. 

It is believed, therefore,  that the mos t  important source  of heat removal 

f rom the resonance tube, which limits the endwall gas temperature,  is the 

periodic turbulent mixing of the cold nozzle jet flow with the oscillating hot 

tube flow, In the jet sc reech  mode of operation, th.is turbulent: mixing was 

minimal. 
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Fig. 16. Effect of nozzle pressure ratio R on wall temyerature for 
35.6-cm steel resonance tube with spacing s/d = 1.5 
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E EXPERIMENTAL A N D  THEORETICAL WAVE SPEEDS IN 
R.ESONANCE TUDES 

1. Theoretical  Procedures  

F r o m  theoretical  considerations of s imple  shoclc wave reflection f rom 

the endwall of the tube, the following relation between the p r e s s u r e  jump 

ac ros s  the incident and reflected waves can be obtained: 

If the p re s su re  jumps across  the incident shock wave (p2 - p l )  and 

across  the reflected shock wave (p3 - p ) a r e  known, the p re s su re  ra t io  2 
(p, / p  ) ac ros s  the iilcidellt wave can be determined f r o m  Eq. (1 1. Then 

2 1 
absolute levels of p re s su re s  p3, p2, and pl  can also be determined. As d is -  

cussed previously, i t  was nr!: possible to measu re  the absolute p r e s s u r e  

levels with the piezoelectric p r e s s u r e  t ransducers  accurately because of gas  

heating nea r  the endwall. The output of the quar tz  t ransducers  drifted with 

tempera ture ,  I-lowever, f r o m  ttle b r s s s u r e  jumps ac ros s  the incident and 

reflected shocks, which a r e  not affected by the t ransducer  output dr i f t  with 

temperature ,  and by use of Eq. ( l ) ,  absolute levels could be determined. 

Also, the Mach number of the incident shock wave can then be determined 

f r o m  the relation 

It  i s  then possible to evaluate a l l  of the fluid proper t ies  behind the inci- 

dent and the reflected shock waves, F o r  example, the ra t io  of the contact 

surface velocity U to the incident wave velocity U is  given by 
C s 

JPL Technical Memorandum 3 3  -780 



The ratio of the reflected wave velocity to the incident shock velocity 

is  given by 

where 

Equations ( 3 ) ,  (4),  and (5 )  can be reduced to give 

Equation (6) i s  the relation among incident, contact, and reflected wave 

velocities, and i t  is  apparent that  the relationship depends only on the specific 

heat ra t io  of the gas. In the following section, the wave speeds measured  by 

the laser -Schl ie ren  technique and by the sidewall p re s su re  t ransducer  will be 

compared with the theoretical  predictions given by Eq. (6) .  

2. Comparison of Experimental  and Theoretical  Results 

Shock wave velocities in the jet regurgitant mode of resonance tube 

operation were measured  using two l a s e r  beanis a Lnown distance apart .  A 
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I typical  c ross -cor re la t ion  of the da t a  i s  s l ~ o w n  in Fig.  18, Ti10 incident, 

reflected,  and the contact  su r f ace  velocit ies f o r  the 35, 6-crn resonance tube 

with spacing s / d  = 3 ancl p r e s s u r e  ra t io  R -- 4, 04 in the j e t  regurgitant; modc 

a r e  indicated in Fig. 18. 111 this case ,  the spacing between the cen t e r s  of 

the two beams  was 1. 55 csn, These  wave velocit ies we re  determined f r o m  

the beam spacing and the delay t ime.  

A comparison of the exper imenta l  and predic ted velocit ies f o r  the j e t  

regurgi tant  operating mode f o r  spacings s / d  = 3 and 4 a r e  shown i n  Fig, 19. 

The solid curve  in Fig. 19 r ep re sen t s  the  theore t i ca l  predict ion a s  given by 

Eq. (6). As shown in this  f igure ,  reasonably  good ag reemen t  with theory was 

obtained, 

A checlc on the wave velocit ies a s  obtained f r o m  the l ase r -Sch l ie ren  

measuremei l t s  was made  by computing the incident, cclntact su r face ,  and 

ref lec ted wave velocit ies f r o m  the m e a s u r e d  p r e s s u r e  jumps a c r o s s  the inci-  

den t  and ref lec ted shock waves using Eqs.  (1)  to (6). F i g u r e  20 shows the 

typical  s idewall  as well a s  the  endwall p r e s s u r e  t r a c e s ,  These  t r a c e s  were  

taken f o r  the 35. 6-cm lucite tube with spacing s / d  = 3 when the tube was 

operat ing in the jet  regurgi tant  mode. The top t r a c e  in th is  f igure was a t  the 

endwall, whereas  the middle and bottom t r a c e s  we re  a t  x /d  = 12 and 6, 

respectively.  The middle t r a ce ,  which was c lose  to  the endwall, c l ea r ly  indi-  

ca tes  the incident  and the ref lec ted shoclc wave s t rengths .  The p r e s s u r e  jumps 

a c r o s s  the incident and the ref lec ted waves we re  read  f r o m  this t r a c e  to d e t e r -  

mine  the abso lu te  levels  of the p r e s s u r e s  as  well a s  the wave velocit ies ins ide  

the tube. 

A typical  value f o r  the ra t io  of p r e s s u r e  jumps a c r o s s  the incident and 

a c r o s s  the ref lec ted shock waves was (p3 - p1) / (p2  - p l )  = 3. 53 f o r  the 

35.6-crn resonance tube with spacing s / d  = 3. This cor responds  to a p r e s -  

s u r e  ra t io  a c r o s s  the incident  and ref lec ted shock p2 /p1  - 3.40. By use of 

Eq. (2) ,  the Mach number  of the incident  shoclc wave M was found to be 1. 75. s 
Also, the ra t io  of the contact  su r face  velocity to the incident  shock velocity 

Uc/Us = 0.56, and the ra t io  of the ref lec ted shock wave velocity to the inci- 

dent  shock wave velocity Ur/US " 0. 55. These  r e su l t s  a r e  indicated on 

Fig .  19 and the agreement  with the predic ted r e s u l t  i s  reasonably  good, 
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VERT ICA L SCALE : 
2 

TOP TRACES (FNDWALL) 22.68 ~ / c m  /div (32.89 ~ s i j d i v )  

h,!T)DLE TRACES (J r i  = 12) 18.44 ~ / c m ~ / d i v  2 (26.74 ~ r i / d i r )  

BOTTOM TRACES (%id = 6) 9.07 N/cm /div ( 13.16 p ~ i / d i ~ )  

1 . i ~ .  20. r r p i c a l  p r e s s u r e  t r n r r s  of 35. 0 -cn l  r c sonancr  tni?e at 
y f r l  - 0 ,  xirl - 1 2 ,  nnrl endurn11 for  d i f ferent  n o s z l r  p r e s s u r e  



In the above case, tllo p res su re  jump across  the insiclent and reflected 

.hock wave was p2 - pl 2 - 7 .  58 N/cm (11, 0 psi)  and the pressure  ratio ac ross  

this wave pZ/pl  was 3.  53 .  The absolute pressures  were: 

P r e s s u r e  in  front: of the incident shoclc wave pl 3 .  03 N/cm 2 

(4.4 ps i )  

P r e s s u r e  behind the incident shock wave P2 - 10.75 PJ/cm2 
(15 .  6 psi) 

P r e s s u r e  behind the reflected shoclc wave p 3  N 29.78 N/cm 2 

(43. 2 psi)  

It should be noted that in the je t  regurgitant mode, pressures  below 

atmospheric were observed before the inflow phase was initiated. Behind the 

incident shock wave, the p res su res  were close to the atmospheric p res su re  
2 of 9.86 N/cm (14. 3 psi), 

V. CRITERIA FOR INTENSE EIEATING OF' 
R ESOiVANCE TUBES 

One of the most  intriguing aspects of resonance tube performance in 

this investigation occurred when the tube flow switched f rom a regurgitant 

mode to a jet s c reech  mode. To emphasize the results,  the key features of 

this change in resonance tube mode of operation a r e  summarized below: 

(1) With increasing nozzle p res su re  the change of jet flow f rom 

regurgitant to screech  mode resulted in dras t ic  changes in endwall 

tempera ture  as  shown in Figs ,  13, 14, and 15, F o r  the 7 , 6 - c m  

resonance tube there was intense heating when this change in 

mode occurred;  however, for the 35.6-cm tube there was a 

drop  in endwall gas temperature,  On the other  hand, when the 

p r e s s u r e  was increased further fo r  the 7.6-cm resonance tube, 

a sudden drop in endwall gas temperature was observed. 

As the tube flow went into the jet sc reech  mode, a normal  shoclc 

appeared in front  of the resonance tube inlet. This normal  

shoclc-wave oscillated about i ts  mean position at  high frequency. 

These high-f requency shock oscillations generated relatively 

weak waves inside the resonance tube as compared to those in  

the jet  regurgitant mode. 

1 JPL Technical Memorandum 33-780 5 5 
I 



(3 )  In comparison to the inflow phase of the jet  regurgttant: mode, 

only a small  amount of nozzle je t  m a s s  flow entered the tube in 

the a creech mode. The normal  shock wave in front: of the tube 

inlet acted like a lealcy pis ton oscillating a t  a high frequency. 

The cause of the intense heating in the je t  sc reech  mode over a range 

of nozzle p res su re  ratios is discussed subsequently in this section, An 

understanding of this mechanism can be helpful in designing a resonance 

tube sys  tern for  a pa r t i c l~ la r  mode of operation. 

The effect of nozzle p res su re  ratio on endwall gas  temperah;ure fo r  

the 7. 6-cm resonance tube with spacing s /d  = 2 is  s l~own in Fig. 21, Also 

shown on the figure arc? the corresponding frequencies of the endwalk p res -  

sure t races .  No significant endwall gas heating occurred in the jet regurgi- 

tant mode. As the nozzle p res su re  was increased, in the jet regurgitant 

mode, the frequency of the endwall p res su re  t race remained almost constant 

at the fundamental resonance frequency of the tube, which for the 7.6-crn 

tube was approximately 1060 Hz. As the resonance tube switched to the jet 

sc reech  mode a t  a nozzle pressure  ratio of 5. 75, the endwall p res su re  sig- 

nal indicated a jet  screech frequency of about 3500 Hz. This was accom- 

panied by a sudden jump in the endwall gas temperature to about: 900 K, 

accompanied by charring of the lucite tube, As the nozzle pressure  ratio R 

was increased above 5. 75, the screech  frequency increased slowly until a 

nozzle pressure  ratio of 7.85 was reached, The resonance tube flow jumpeci 

to a higher stage of jet sc reech  with an endwall p res su re  signal frequency of 

18 kI-Iz. This caused a sudden drop  in the endwall gas temperature,  

The endwall p res su re  t races  of the jet regurgitant, f i r s t  and second 

stages of jet s c reech  mode of operation fo r  the 7.6-cm resonance tube with 

spacing s / d  = 2, a r e  shown in Fig. 22. The endwall p res su re  t r ace  a t  a 

nozzle p res su re  ratio of 4.91 was at  a tube resonance frequency of about 

1000 Hz with the tube flow in the jet regurgitant mode. The p res su re  t races  

at nozzle p res su re  ratios of 5.82, 6 .  74, 7. 28 and 7, 82 were for the f i r s t  

stage of jet s c reech  mode with a tube oscillation frequency of about 3500 Hz. 

As compared to the jet regurgitant mode, the amplitude of the waves in the 

tube was smal le r  for  the f i r s t  stage of jet sc reech  mode. The intense heat- 

ing in the f i r s t  stage of jet sc reech  mode was accompanied by little periodic 
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rnass exchange between the oscillating hot tube flow and the cold noxzlo jot 

flow, When the resonance tube flow switched to highcr stage$ of jet  sc reach  

mode at a p res su re  ratio of 8 . 2 7 ,  the frequency of the waves in the tube 

incrcasecl to approximately 18 kI.1~. A pronouncod rccluction in endwall gas 

temperature was accompanied with tha formation of relatively wealc waves 

inside the tube. In comparing the amplitude of endwall prca wurc t races  in 

the fiitst ana second s tages of the jet s c recch  mode in  Fig.  22, I t  should be 

nocod that the ver t ical  scales  a r e  not identical. 

Figure 23 indicates the je t  flow in the rogurgitant mode, f i r s t  and 

second stages of screech  mocle. T l ~ e s e  pictures have been arranged with 

increasing t ime  f rom top dawn for  a typf.cii1 cycle of tube operation, Set A 
in Fig, 23  represents the jot flow in the regurgitant mode for  a nozzle p res -  

s u r e  ratio of 4. 91, Set B in Fig, 23 rapresents  the flow in the f i r s t  stage of 

je t  sc reech  rnocle during which intense heating of the endwall gas occurred. 

These pictures show a normal  shock prehent constantly in front of the 

reEionaaea tuba. This shock wave oscillated with la rge  amplitude in a cycle 
about its mean position. These large-amplitude shock oscillations subsided 

as  the resonance tube flow switched to a higher stage of screech mode above 

a nozzle p res su re  ratio of 7,85. Typical shadowgraphs of the jet flow in the 

second stage of screech  mode a r e  shown in s e t  C of Fig, 23, This jet flow 

configuration did not: heat  the endwall gas, The shadowgraphs indicated tk s t  

the sudden drop  in endwall gas temperature was accompanied hy very-small-  

amplitude oscillations of the normal shock in the jet flow between the nozzle 

exit and the tube inlet. This resulted in cornparatively wealc waves inside 

the tube; e. g . ,  s ee  the p res su re  t race at  ntjzzle p res su re  ratio of 8. 27 in 

Fig.  22. 

The amplitude of this normal  shoclc between the nozzle exit and tube inlet 

in the f i r s t  and in the second stages of the jet sc reech  mode of the 7,6-cm 
tube with s /d = 2 was determined relative to the free- jet  shock location 

(Xs / s ) f r ee - j e t  and the Mach disc (Xm/d)tree-jet as a function of nozzle p res -  
s u r e  ratio. The experimental results in Fig. 24 for  nozzle p res su res  rat;-os 

l e s s  than 4. 75 pertain to the regurgitant mode. The shock location in the inflow 

phase of the jet  regurgitant: mode was close to the f ree- je t  shoclc location. 4t 
a nozzle p r e s s u r e  ratio of 5 .  8, when (Xs/d)free-jet  z s /d ,  the tube flow 
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I . EXPERIMENTAL SHOCK WAVE LOCATION 

PRESSURE RAT I 0  R = PO/P, 

Fig.  24. Shock wave location in var ious  modes  of 7 .6 -  cm I 

resonance tube operat ion with spacing s /d  = 2 
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switched to the f i r s t  stage of jet sc reech  mode. The large amplitude of the 

oscillating jet shock wave which produced an intense heating condition has been 

shown in Fig. 24  by joining the minimum shock location ( ~ ~ / d ) ~ ~ ~  and the max- 

imum sllock location (Xs /cl)max by a vertical  line. This amplitude remained on 

the o r d e r  of 10-25% of the tube spacing s / d  until a nozzle p res su re  ratlo of 

7,85 was reached. The jet flow shock wave then began to oscil late at a f re -  

quency f - 18 kHz. The high-frequency jet flow shock oscillation had a very 

small  amplitude and did not cause any heating of the endwall gas temperature. 

The intense heating of the endwall gas in the f i r s t  stage of screech mode 

resulted in charr ing of the lucite tube, Two such char red  tubes, 7.6 and 

17.8 cm in length, a re  shown in Fig. 25. On cr i t ical  analysis of these tubes 

i t  was concluded that large-amplitude oscillations of the shock wave in  the 

jet flow were accompanied by standing waves inside the tuhe, As shown 

clearly in Fig. 25,  locally heated node poiilts indicate the presence of standing 

waves inside the tube. 

On the bas is  of the above results,  i t  i s  asser ted  that maximum heating 

of the endwall gas occurred in the jet sc reech  mode. To obtain this intense 

heating, it is  believed that the jet  flow shock oscillation frequency should be 

in tune with one of the resonance frequencies of the tube; i, e. , 

where N can take values 0, 1, 2, 3 depending upon various resonance 

frequencies of the tube. This intense heating is  c h a r a c t e r i ~ e d  as  follows: 

(1) Large-  amplitude os cillations of the normal  stloclc between the 

nozzle exit and the tuhe inlet occur. 

( 2 )  As compared to the inflow phase of the jet regurgitant mode, a 

sma l l  fra,:ion of the n o z ~ l e  jet flow enters  i;he tube. Conse- 

quently, l i t t le mass  exchange resul ts  during each cycle of the 

jet  sc reech  mode. 

( 3 )  Most of the dissipative heat energy generated by i r revers ib le  

processes  across  the compression wave fronts is  trapped 

between $he node points of the tuned intense l~eat ing resonance 

tuhe system in the jet  sc reech  mode. Because of reduced mass  
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(a) 7.6-cm RESONANCE TUBE 

NODE POINT 

(b) 17.8-cm RESONANCE TUBE 

7 

NODE POINT 

NODE POINT 

Fig. 2 5 .  Resonance  t u b e s  showing bt l rned a r e a s  
n e a r  node poin ts  c a u s e d  by s tanding  
waves  i n s i d e  tube  
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exchange between the cold nozzle jet flow and the oscillating hot 

tube flow in each jet s c r eech  mode cycle (which i s  belCeved to be 

the principal source  of heat removal f r o m  resonance tubes),  

in tense heating of the gas  nea r  the endwall results .  This i s  due 

to cumulative heat addition to the trapped endwall gas  by d i s s i -  

pative p roces ses  a c r o s s  these high-frequency compression 

waves. These originate f r o m  the screeching shock wave i n  the 

jet f low acting like a "leaky" driving piston. 

(4) As the resonance tube flows go out of resonance with the oscillating 

shock wave, e. g . ,  with a higher s tages  of jet  s c r eech  mode such 

as  shown in Fig. 2 1, no standing waves appear inside the tube 

and insignificant heating of the endwall gas occurs ,  

VI. DISCUSSION 

A summary  of the resu l t s  and inferences dravm, f r o m  them a r e  discussed 

h e r e  together with a discussion of the need for  additional investigation of the 

phenomenon of resonance tube flows, 

A. FLUID DYNAMICS O F  VAB.IOUS RESONANCE TUBE MODES 

According to Hartmann (Ref. 2), high intensity sound vibrations a r e  

generated when the resonance tube i s  placed in the region where the p r e s s u r e  

in the jet i s  r is ing,  i. e. , the spat ia l  zone of instability. The presen t  m e a -  

surements  show that  the regurgitant and sc reech  modes a r e  separated when 

this zone of spa t ia l  instability f o r  f ree- je t  begins, i. e . ,  f r e e  jet shock loca-  

tion Xs, is  equal to the spacing s ,  for  a given jet flow condition. The resu l t s  

in Fig. 4 can be  used to design a given resonance tube sys t em to operate  

e i ther  in the je t  r e g ~ r g i t a i l t  mode o r  in the jet s c r eech  mode. Results of the 

presen t  exper iments  indicate that  the cr i ter ion for  ope rating a given resonance 

tube sys tem i n  the jet s c r eech  mode (i. e ,  , to have the corresponding f r ee -  

jet shock location Xs/dfreeejet  g r e a t e r  than the spacing s /d)  works well until 

the s h e a r  l aye r  behind the Mach d isc  begins to interact  with the resonance 

tube inlet. I t  is believed that the tube inlet  configuration also plays a role  

when a switch f r o m  regurgitant to s c reech  mode occurs ,  e. g. , the ra t io  of 
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f ree- je t  Mach d isc  d iameter  to tube inlet diameter .  %his interaction of the 

s h e a r  l aye r  between the oscillating shoclc wave and resonance tube inlet a t  

higher nozzle p r e s s u r e  ratios may have resulted in the depar ture  of the 

experiments f rom the above cr i ter ion in separat ing the regions of jet regurgi-  

tant  and s c r e e c h  modes (Fig,  4). F u r t h e r  exper iments  investigating the 

influence of the tube inlet: configuration on various resonance tube modes a r e  

needed, This investigation will a s s i s t  in defiigning a given tube sys tem to 

operate  in a par t icular  mode. 

In the jet  s c r eech  mode, the shoclr wave in the jet  ilow oscillated in 

various bands of frequencies,  a s  has  previously been observed (Refs. 2 and 7). 

In each band of jet flow screech  opeyation, the oscil lat ion frequency of the 

shock wave decreased with an increase  of spacing f o r  a given nozzle p re s -  

s u r e  and increased  with increasing nozzle p r e s s u r e  with a fixed spacing 

s / d  (Refs. 2 and 7). This behavior of the je t  flow shock wave oscillation in 

the jet s c r e e c h  mode indicates that  these oscil lat ions may  be driven by the 

s h e a r  layer  located behind this shoclc and the resonance tube inlet. Such 

s h e a r  flows a r e  inherently unstable ana a r e  known to susta in  periodic oscil-  

lations (Refs. 17 and 18). Additional studies of this s h e a r  flow between the 

oscillating shock and the resonance tube inle t  in the jet s c r eech  mode wtluld 

shed m o r e  light on these self-sustained oscil lat ions of the shoclc wave. 

I 

I B. HEATING O F  THE R.ESONANCE TUBE GAS 

Shadowgraphs in the inflow phase of the jet regurgitant mode showed 

that  most  of the jet flow entered the tube. This resul ted in  formation of an 

a lmost  no rma l  shock, followed by a contact surface.  This contact surface 

separated the oscillating hot tube gas f r o m  the entering nozzle jet flow. 

Shadowgraphs showed a strong mixing and la rge-  s cale  turbulent: motion when 

the contact surface collided with the reflected shock wave. I t  is  believed that  

the contact surface due to rushing nozzle je t  flow (during the inflow phase of 

the jet regurgitant mode) may  not be plane wave. Owing to nonuniforrn con- 

t ac t  surface waves, l a rge  periodic turbulent mixing may r e su l t  between the 

nozzle-jet cold gas and the oscillating hot gas inside the resonance tube 

(Figs.  7H and J). Therefore,  mo.st of the heat  generated in the jet regurgi-  

tant  mode, which occurs  mainly by dissipative processes  ac ros s  the shock 

waves 2nd i s  formed in  the tube in the inflow phase of the regurgitant mode 
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cycle, i s  ca r r i ed  away periodically by the tube jot flow during the outflow 

phase ol che regurgi tant  mode. This source  of heat removal  in the jet r egu r -  

gitant mode has  not been taken into account in the thcosctical procedures  of 

Shapiro (Ref. 14) and of Wilson and Reslel* (Ref. 13). This may be the main 

reason why the predicted tempera tures  of the tube gas  a r e  much higher than 

the measured  ones in the jet regurgitant mode of resonance tube operation. 

VII. CONCLUSIONS 

F r o m  this investigation, the following conclusions have been drawn: 

(1) Of the three modes of resonance tube operation, maximum heating 

of the  tube gas occurs  in the s c reech  mode when the tube i s  in 

resonance with the jet-flow shoclc-wave oscillation frequency. 

The highest endwall gas tempera ture  was about 900 K before 

tube fa i lure  occurred.  

(2 )  Various modes of resonance tube operation a r e  independent' s f  the 

length of the tube. They cr i t ical ly  depend upon the nozzle p r e s -  

s u r e  ratio, spacing between the nozzle exit and tube inlet, the 

shape  of the tube inlet, etc. 

( 3 )  Screech  mode of resonance tube opesadtion occur red  within 

I-Iartmannls "region of instability, I '  in which the jet  flow shoclc 

osci l la tes  in various frequency bands. Dras t i c  changes in endwall 

gas  tempera ture  occur  when the jet  flow shock- wave oscillation 

I f requency changes among various s c reech  modes. 
1. 

(4) Substantial  turbulent mixing of the cold nozzle jet  flow and the 

oscil lat ing hot Cube flow resu l t s  during the inflow phase of the 

je t  regurgitant mode. In the outflow phase of the jet regurgitant 

mode,  the tube jet removes this heat  f r o m  the resonance tube. 

This periodic m a s s  efflux f r o m  the tube i s  the ma in  source wl~ich 

l imi t s  the r i s e  of the tempera ture  of the gas in the vicinity of its 

endwall. In the jet s c r eech  mode, however, not much nozzle jet 

f low entered the tube. Therefore,  tile turbulent mixing of the 

cold nozzle jet  flow and the oscillating tube flow was minimal. 

If the length of the tube i s  such that the tube is  tuned to the 
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je t  flow shoclc o s c i l l a t i o ~ ~  frequency, intense and rapid heating 

of the tube gas between the node points results.  

( 5 )  In the jet regurgitant mode of resonance tube operation, pres-  

su res  below atmospheric were observed before the beginning 

of the inflow phase. Behind the incident slioclc wave, p res su res  

close to ambient p res su re  were observed, as proposed by 

Brocher  e t  al. (Ref. I ) .  

(6)  Very l i t t le heating of the gas inside the tube occurs in the event 

that  there a r e  lealcs in  tile vicinity of the tube endwall o r  through 

the interface between the sidewalls. 
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DEFlNITIONS OP TERMS 

average speed of sound in the resonance tube 

steel resor.nnce tube diameter  o r  width of the square 

cross  -sectional resonance tube 

d exit diameter  of nozzle 

f frequency, I-Iz 

L resonance tube length 

us 
Ms = - incident shock wave Mach number a 

P static gas  p res su re  

Po nozzle stagnation p res su re  

pa ambient p res su re  

nozzle p res su re  ratio 

s spacing between nozzle exit: and tube inlet 

t t ime 

temperature,  I< 

velocity of contact surface 

mean velocity in x direction at  nozzle exit 

velocity of reflected shock wave 

velocity of incident: shoclc wave 

s t reamwise coordinate along the resonance tube 

location of f ree- jet  shocl: wave f rom nozzle exit ( see  Fig. 24) 

location of f ree- je t  Mach disk f rom nazzle exit (see Fig.  24)  

specific heat ratio 
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