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Abstract 

Supersonic air jets impinging upon a cavity (H-S tube) have 

been studied to explain the resulting heating phenomenon. 

Axisymmetric convergent nozzle and convergent divergent nozzle (M 

= 1.3) were used to produce under and over expanded supersonic 

jets. Such jets were used to drive the tube which was placed 

co-axially with the nozzle. One end of the tube was open facing 

the, jet and the other end was closed. The tested models .were a 

tube-with smooth surfaces and in the second type, annular grooves 

of rectangular cross section were made on the inner surface of 

the tube. Measurements of the total pressure and .total 

temperature at the closed end of the tube were made for different 

values: of nozzle to tube spacing. The. results show that flow 

oscillations are achieved within the tube for both overexpanded 

and underexpanded jets. The grooves increase the flow 

oscillation, resulting a higher rise in the total temperature at 

the closed end. ~ ~ 

Notation 

p : ambient pressure p : nozzle exit pressure 
a e 

p : stagnation pressure T : temperature outside the nozzle 
D n 
T : stagnation temperature TL: Total temperature 

8 : The isentropic temperature difference = (T - T ) /(T - T ) 
t n 0 n 
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Introduction 

When a jet from a moderately underexpanded nozzle (0.48 5 

pa/poS 0.26 , 1.1 5 p /p 5 2 )  is made to impinge on a cavity (for 
e a 

example, a tube with its end facing the-jet opened and the other 

end closed, Fig.11, intense sound waves of high frequency 

oscillations are generated at certain axial spacings between the 

nozzle and the open end of the cavity. Such an arrangement is 

called a resonance tube or Hartmann oscillator (Hartmann, 1931) 

and it is of considerable practical. importance (Iwamoto, 1974). It 

is used as an H -0 Rocket engine Igniter, a Resonance tube 
2 2 

Transformer and as a Sonic atomizer that can mix efficiently 

petroleum based fuels and air to improve combustion in industrial 

and residential oil burners, and gas turbines, internal 

combustion, and steam engines. The flow phenomenon can be 

explained as follows : When a jet is 'made to issue from a nozzle, 

it accelerates to supersonic speed directly after emerging from 

the nozzle. It then returns to subsonic speed through a 

compression shock wave. The result is a series of stationary 

conical shock waves -along the jet axis. When a tube or cavity is 

placed near one of shock locations, self sustaining oscillations 

are set up by resonant waves within the tube. These resonant 

shock waves travel up the jet to reflect at the nozzle exit. The 

resultant shifting of the conical shock waves within the jet 

produces a high intensity sound. The use of Schlieren photographs 

by Hartmann (1931) shows that the main flow periodically charges 

and discharges the tube. 

In 1954, Sprenger conducted experiments similar to those of 

Hartmann using long cavities (long tubes) and discovered the 

thermal properties of the flow field. Such an arrangement of the 

nozzle and long tube constitutes what is known' as a 

Hartmann-Sprenger tube (H-S tube). Przirembel and Fletcher (1977) 

found that the end wall temperature increases with the length / 

diameter ratio of the tube. Earlier, Sprenger (1954) found that 

the maximum temperature obtained with the resonance tube can be 

reached at a tube length to diameter ratio of 34. Such ahigh 

temperature is capable of damaging valves of high pressure 

vessels, with the same arrangement. of H-S tube. In fact, Sibulkin 
.. . 

and Vrebalovich, (1958) found that the thermal effectis due to 
. . . . . . 

. . ~. . . 
irreversible heating by.< :shock. wkes;and walI frictiofi. '.A.lso, 

. . ,, 
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Sprenger (1954) and Brocher et al, (1970) proved that it was even 

possible to generate flow oscillations with a subsonic jet 

Numerous studies have been devoted to H-S tubes driven by 

supersonic underexpanded jets and subsonic jets to investigate 

the oscillation mechanism as well as the acoustic and thermal 

properties of the devices. Also, most of these investigations 

were done on jets driven smooth tubes. However, no work seems to 

have been done on the resonance tube driven by supersonic 

overexpanded jets. Hence, in the present study, the main 

objective is to experimentally study the flow field in a tube 

driven by supersonic jets, for a wide range of nozzle to tube 

spacing and to investigate the effect of the inner surface 

conditions on the flow field. Tubes with straight inner surface 

(smooth tube) and others with inside surface grooves were tested, 

with different values of tube length. A comparison between the 

flow field within the tube when driven by over and under expanded 

jets is highlighted. 

Theory of Flow Development 

Using flow 'visualization. Iwamoto (1986) described the flow 

field within a tube driven by supersonic jets (Fig.2) as follows: 

During the inflow process, the pressure downstream of the Mach 

disc (Fig.2a) is almost atmospheric. The oblique shock wave which 

extends towards the axis of the tube appears at the lip of the 

tube since the air speed remains supersonic across the reflected 

oblique shock wave in the jet. Outside the tube, the pressure is 

relatively high near the lip and it becomes atmospheric 

downstream as the air passes through a wave system comprising the 

expansion waves and shock waves along the wall of the tube. 

Immediately after the tube disgorging starts (Fig.2b). the shock 

which comes back from the closed end merges with the stationary 

oblique shock at the open end and moves upstream -in the nozzle 

jet. At the merging point of two shocks, the contact surface aiid 

the expansion wave originate. At the same time, another expansion 

wave occurs at the lip of the tube due to the diffraction of 

shock wave. One part of the expansion wave weakens the shock wave 
., %. 

and moves upstream in 'the jet and the other Part goes into the 

tube. The shock wave which moves upstream in the jet merges with 

the Mach disc, and the contact surface and the expansion wave are 
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generated at the merging point. Thereafter, this shock wave, 

being continuously weakened by the arriving expansion waves from 

the lip of the tube becomes stationary after moving slightly 

upstream. At this time the fluid particle right behind the -shock 

wave moves towards the open end to be choked and a quasi steady 

outflow is established. In Fig.2c, the expansion wave in the tube 

moves towards the closed end where it is then reflected. When 

this reflected expansion wave reaches the open end, the 

compression wave is reflected there and moves towards the closed 

end. A part of this expansion wave lowers the Mach number of the 

outflowing jet from the tube and as a result the shock' in the 

tube jet is strengthned and pulled towards the open end. 

Thereafter, the expansion wave reaches the shock in the nozzle 

jet and weakens it, and is also pulled towards the open end. 

Since expansion waves come out of the tube continuously, the 

pre-described process taken place gradually and finally a quasi 

steady inflow is established. Finally, the flow is relatively 

stable and one can conclude that the flow pattern (of the inflow 

into the tube) is very similar to that of a steady flow through a 

tube opened at both ends. 

Experimental Apparatus and Procedure 

The experimental apparatus is shown schematically in Figure 3. 

Compressed dry air from a storage tank was passed through the 

control valves and restored to a stagnation state in the settling 

chamber, before being accelerated to a prescribed velocity value 

through the nozzle. The air jet from the nozzle was used to drive 

the tube. A circular convergent nozzle and a convergent - 
divergent axisymmetric nozzle were designed. At first, the tube 

was driven by underexpanded jets issuing from the convergent 

nozzle and then it was driven by overexpanded jets issuing from 

the convergent divergent nozzle. The exit diameter of the nozzles 

(dl was 10 mm. The design Mach number of the supersonic nozzle 

(MI was 1.3. Two circular tube models (a smooth one and another 

with amular surface grooves) were tested. The inside diameter 

(D. I of the tested tubes was 10 mm. The outer diameters (D of 

the tubes were 11 mm and 20 mm for the smooth tube and that with 

surface grooves, respectively. The tube length f L )  was varied 

from 120 to 400 mm. Annular grooves of two dimensional cross 
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section (imm x 2 mm) were' made on the imier Surface of the tube. 

The first was made at a distance of 10 mm from the opening 
. .  ~ 

end and the second one was at 10 mm from the first and then at an 

interval of 20 mm, Fig. 1. 

Measurements of total pressure and total temperature at the 

closed end of the tube were made for different values of nozzle 

tube spacing (s/d). The total pressure ( p )  was measured by a 
t 

total pressure probe of 0.6 mm inner diameter, fixed to the 

closed end at the tube axis. The total temperature was measured 

by a copper-constantan thermocouple soldered to the closed end. 

The thermocouple was connected to a millivoltmeter. The wall 

static pressure reading (pw) was taken from taps distributed 

along the tube wall (smooth tube). The stagnation pressure was 

fixed during the experiments to be equal to 2.7 atmospheres. The 

room temperature was uniform at 26 2 1 C' and, the stagnation 

temperature in the settling chamber was uniform at 35 2 1 c0. The 
measured. values bf the total and static pressures were repeatable 

within 2 3%. . . ,  

Results and ~iscussion . . 

The distribution of wall static pressure measured along the 

smooth tube is shown in Fig.4. The wall pressure experiences a 

slight increase when the tube was driven by the underexpanded 

jet. Whereas, the wall pressure decreases on moving towards the 

closed end when the tube was driven by the overexpanded jet. This 

is because, for the case of underexpanded jets, the expansion 

waves at the nozzle exit reflect from the tube lip to enter the 

tube as a compression waves. This' leads to an increase in the 

static pressure. For the case of overexpanded jets, an opposite 

periodic process exists, Brocher et a1 '(1970). 

Figure 5 shows the variation of total pressure measured at the 

closed end of the smooth tube when driven by under and 

overexpanded jets. Since thetube was Ijlaced co-axially with the 

nozzle this variation in the total pressure is equivalent to the 

decay of free jets: I t  is clear from' the figure that the flow 

pattefn within the tube is very similar to that of a steady free 

jet flow (Krothapalli et al, 1990). For instance, in the region 

close to the nozzle exit, the shock wave (Mach disc) exists and 

is so strong (indicated as a cusp in the total pressure 



variation). . This region is equivalent to the potential core 

region in the case of free jets (Krothapalli et al, 19901. The 

cusp (the position of the shock wave) is found at s/d = 0.4 when 

the tube was driven by the underexpanded jet whereas, it results 

at s/d. = l for the case of the overexpanded jet. The decay of the 

underexpanded jet is slower than that of the overexpanded jet. 

This is because the strength (shown by the pressure drop) of the 
. ~ 

shock wave associated with the overexpanded jet (M = 1.3) is 

higher than that associated with .the underexpanded jet (M = 1). 

It is important to note that, in a supersonic flow with a single 

shock wave ahead of the pitot tube, a large pitot pressure 

corresponds to the low Mach number and vice versa. The figure 

shows that ,in the case of the, overexpanded jet, the supersonic 

flow changes to subsonic flow directly near the- nozzle exit and 

is faster than that for the case of the underexpanded jet. This 

makes the decay of the overexpanded jet to be faster than that of 

the underexpanded jet, (Krothapalli et al, 1990). This behavior 

of total pressure is similar and is independent of the tube 

length. It should be noted that the decay of total pressure is 

the same for .the free jet as well as for the jet issuing into a 

tube placed co-axially with it. 

The decay of total pressure for tested tubes driven by 

underexpanded jets is given in Fig.6. The effect of the tube 

length is insignificant, especially for the large, spacing between 

the nozzle and tube. Also, the surface grooves have a little 

effect on the pressure field as the spacing is increased. The 

oscillation pattern in the near field is slightly. higher for the 

tube with surface grooves. This is because the surface grooves 

generate more expansion and compression waves which propagate 

through the tube resulting more flow oscillations. In the far 

region, the pressure field is the same for both tested tubes. The 

result in the far region, is in good agreement with the behavior 

of low incompressible free jets, (Krothapalli et al, 1990). 
, 

Figure 7 shows the decay of total pressure for tested tubes 

driven by overexpanded jets. The oscillation pattern associated 

with the flow field for small values of the nozzle tube spacing 

depicts the shock wave which travels into the tube. The strength 

,and position of these shock waves are changed with the tube 

length, especially for the caseof tube with surface grooves. 
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Also, the decay of total pressure is faster for the long tube 

with surface grooves compared to the short tubes and to that 

driven by the underexpanded jet, Fig.6. This, is because the 

number of surface grooves increases with the tube length. Thus, 

the expansion waves as well as the shock waves become more, 

stronger. Due to this fact the change to subsonic flow becomes 

faster and the decay of the pressure field is considerably 

accelerated. For the large spacing between the nozzle and the 

open end of the tube, the decay of. the total pressure is similar 

for all cases. 

Figure 8, indicates the thermal phenomenon associated with the 

flow field for the jet driven smooth tubes. The ordinate in this 

figure is the ratio of the temperature rise at the closed end of 

the tube to thedifference between the stagnation.temperature and 

the temperature outside the nozzle (the isentropic difference), 

denoted by 0. The results show that the temperature rise at the 

closed end of the tube is affected by the flow regime (either 

over or under expanded flows) and tube length. The rise in the 

total temperature, is higher when the tube was driven by 

overexpanded jets as compared with that when the tube was driven 

by underexpanded jets. This is because the fluid within the tube' 

is excited to a violent oscillation when the tube, was driven by 

the overexpanded jet, as previously shown in Figures 5, 6 and 7. 

The maximum increase in the total temperature is obtained when 

the tube was placed at a distance from the nozzle (s/d) equabs 

0.2, for the tube driven by the overexpanded jet. This location 

is shifted to a distance equals 8.5 ,  for the case of the tube 

driven by the underexpanded jet. After the maximum rise is 

reached the temperature rise decreases as the distance between 

the nozzle and the open end is. increased. 

The variation of total temperature with nozzle tube spacing for 

tubes driven by the underexpanded jet is given in Fig.'?. The 

re~ults~show that the tube length affects the rising in the total 

temperature. Also, the position of maximum temperature is changed 

as the condition of the tube' surface is changed. The maximum 

temperature is at s/d = 8.5  for smooth tube whereas, it is seen 

at s/d = 4.2 for the tube with surface grooves. The results for 

the same. tubes when driven by the overexpanded jet is shown in 

Fig.10. The position ofthe maximum temperature rise for the tube 
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with grooves is shifted to be at s/d = 0.5. This indicates that 

the thermal phenomenon is also a function of the surface 

conditions as well as the flow regime. The maximum temperature is 

about 1.6 times the free stream temperature (temperature outside 

the nozzle), for tubes with surface grooves driven by the 

overexpanded jet (L/d = 1.6, nozzle to tube spacing = 0.5). 

Conclusions 

A series of'experiments on a jet.driven-tube has been performed 

to study the oscillating behavior of the flow field and 

accompanying thermal phenomenon. Supersonic over/ underexpanded 

jets were used to drive the tube. Measurements of total pressure 

and total temperature were made at the closed end of the tube. 

The driven tube was firstly made smooth and then.annular grooves 

of rectangular cross section were made along the inner surface of 

the tube. Results of these experiments show that the oscillation 

and the associated thermal phenomenon are directly related to the 

size (strength) of the shock wave cells. The flow behaviour is 

affected by the tube length as well as the condition of the inner 

surface of the tube. The nozzle tube spacing also affects the 

development of the flow field as well as the thermal phenomenon. 

Finally, the flow regime has a significant effect on the thermal 

process. The behaviour of the flow field within the tube is 

almost similar to that of a steady free jet. 

References 

1. Brocher, E., Maresca, C., and Bournay, M., "Fluid dynamics of 

the resonance tube, "Journal of Fluid Mechanics, vol. 43,1970, 

p. 369-384. 

2. Hartmann, J., "On the production of acoustic waves by means of 

an air jet of a velocity exceeding that of sound," Phil. Mag., 

vol. 11, 1931, p. 926-930. 

3. Iwamoto, J., "Thermal effect of resonance tube - A Literature 

Survey," Bull. of JSME, vol. 34, 1974, p. 113-125. 

4. Iwamoto, J., "Necessary conditions for starting and 

maintaining a stable oscillatory flow in a Hartmann Sprenger 

tube," Flow Visualization , vol. 4, 1986, p. 507-512. 
5. Krothapalli, A , ,  Mc Daniel, J., and Baganoff, D., " Effect of 

slatting on the noise of an axisymmetric supersonic jet," A I M  

- 56 - 



Journal, vol. 28, No. 12, 1990, p. 2136-2138. 

6. Przirembel, C.E., and Fletcher, L.S., "Aerothermodynamics of a 

simple tube," AIAA Journal, Val. 15, 1977, p. 101-107. 

7. Sprenger. H. "Ueber thermishe effekte in resonanzrohren, " 

Mitt. Inst. Aerodynamik. E. T.H., Nr. 21, 1954, p. 18-23. 

8. Sibulkin, K., and Vrebalovich, T., "Some experiments with a 

resonance tube in a supersonic wind tunnel," Journal of 

Aeronautical Science, vol. 2, July 1958 p. 465-466. 

........ 
.... Fig. 1 .J!t Impinging on. a tube 



JET BOUWARI 

(a) 

NOZZLE SLP SURFACE F ~ D W  pattern 
during inflow 

P low pattern at 
instmt when the 

NOZZLE o ~ t f l o w  StarCS 

Flow pattern durio I// outflow 

' NO~ZLE '\ 
EXIT WEN 
PLANE EN0 

OPEN I 
NOZZLE EN0 REFLECTED SHOCK 

PLANE 

REFLECTED 
EXPANSION WAVE ?:::;& 

during i.fl, - OUTROW and ~"tfl.i - w w w  

Fig.2 Flow development 

I AIR COMPRESSOR 
2 AIR I A N K  
I PIPE LINE . 
L GATE VALVE 
5 REGULATING VALVE 
6 SETTLING CHAMBER 
7 SCREEN MESH WIRE 
1 THERMOMETER 
9 PRESSURE GAUGE 

10 NOZZLE 
II D R I V E N  T U B E  
I1 P R E S S U R E . T A P P I N G 5  
I1 U-TUBE MANOMETERS 

I---- 

.... ).. I1 .... I... . . .  f 

Fig. 3 Schernstic o f  rxpcrirnenl.l mppnnlus and lest section. 














