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ABSTRACT
/347

Several configurations of resonance tubes were
tested in a supersonic wind tunnel to determine the cause
of the oscillations and the higher-than-tunnel stagnation
temperatures present in the tubes. These tubes were
instrumented with pressure transducers, thermocouples,
hot wires, and a foreign gas injector. Flow processes in
and near the tubes were determined from spark schlieren
photographs of a glass-sided model. Heat rates were
determined from transient temperature measurements. A
cyelic process is proposed, and comparisons between the
measured and theoretical predictions are made.

vi
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. INTRODUCTION

Unsteady processes in high-velocity air streams have been arousing increasing interest. The
following experimental configurations have been investigated: cutouts in the surface of bodies away from ,
the stagnation region (Ref. 1, 2), cavities in the stagnation region (Ref. 3 =5), spikes on blunt-nosed bodies
(Ref. 6), and spiked engine diffuser inlets (Ref. 7). A variety of periodic and nonperiodic pressure and /

shock-wave fluctuations, high heat-transfer rates, and local temperatures higher than the steady-flow

_ recovery temperature have been observed.

In this report, experiments with a resonance tube are described. This tube is a hollow cylinder
with one end sealed and the open end placed in a high-velocity jet or in a high-speed wind tunnel parallel
to the air flow. Sprenger (Ref. 3) found that such a resonance tube placed in a sonic jet can radiate large-
amplitude periodic sound waves and that the base of the tube gets hotter than the stationary free-stream
stagnation temperature. He believed that this process might be related to that in the Ranque-Hilsch
(Ref. 8, 9) vortex tube in which an air stream is separated into hot and cold parts. Sprenger postulated
that a portion of the gas remains in the resonance tube for more than one cycle and is acted on by the
intense pressure oscillations in the tube, causing the tube to get hot. He suspected from measurements

made with a vibration probe at the base of the tube that shock waves were present in the tube.

Hartmann (Ref. 10) and Dailey (Ref. 11) found large-pressure-amplitude oscillations in certain
configurations of resonance tubes, but they did not observe any heating effects. The large mass of these
and other experimental configurations precluded the possibility of any temperature increase which could
have given a clue to the heat-producing capabilities of resonance tubes. Dailey’s experiments were done
in conjunction with his investigztion of the phenomenon called ‘“diffuser buzz.”” He used a 1-in. - diameter
sharp-lipped total-head tube which could be increased in length up to 60 diameters by moving a plug at the

base. He observed large periodic pressure fluctuations at the base with a synchronized motion of the shock

wave in front of the tube when the tube was placed in a supersonic air stream. Pressure and flow fluctuations

were also observed by Dailey during the buzz cycle of a supersonic spiked inlet diffuser, which subsequently

will be compared with the resonance tube.

Recently, Betchov (Ref. 12) analyzed a nonsteady flow similar to that occurring in a resonance tube.
This flow was studied experimentally by Lettau (Ref. 13). The tube had one end sealed and an oscillating

piston at the other end which could drive the air column in the tube at its characteristic natural frequency.
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The column of air developed large-amplitude oscillations in which shock waves were present, and the tube
became hot. The pressure wave shape at the stationary base and the flow in the half of the tube nearest

the base were similar to the conditions observed in the resonance tube to be described.

The main purpose of the experiments with the resonance tube in supersonic flow was to determine

the following:

1. The mechanism and dissipative process for obtaining tube temperatures higher than

the tunnel stagnation temperature.
2. The amount of heat that such a process can produce.

3. The reason that the air column in the tube oscillates when the tube is placed in a jet

or wind tunnel.

Some of the initial experiments, performed jointly with M. Sibulkin, are discussed in Ref. 4; more
recent results are presented in Ref. 14. Results similar to those in Ref. 14 have also been described by

Hall and Berry in Ref. 15.
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Il.  EQUIPMENT

A. Wind Tunnel

The experiments were conducted in the Jet Propulsion Laboratory 12-in. supersonic wind tunnel at
a Mach number of 2.81. The tunnel could also be evacuated to a pressure of 16 cm Hg in order to calibrate

pressure transducers immediately before supersonic flow was established.

B. Models
1. Round, Blunt-Nosed Resonance Tube

The first model consisted of a stainless-steel cylinder with a diameter of 0.722 in. and a wall
thickness of 0.016 in., housed in a heavy outer shell to shield the cylinder from the supersonic flow and
to protect the attached instrumentation. The positions of the attached thermocouples and the pressure
orifices are shown in Fig. 1. The movable plug at the base as well as the pressure transducers on the
side of the model are also shown. Bosses were attached at the 2)- and 5-in. positions, and 1/8-in. holes
were drilled through the bosses to allow the pressure transducers to be mounted and pressures to be
recorded at these stations. The plug, which could be moved as far as 11 in. from the mouth of the tube by
an external drive system, could be exchanged easily. This plug was either a microphone, a pressure
transducer, a water-cooled diaphragm, a porous plug for injecting or removing gas, or a hot-wire holder.

A pair of trombone pipe sections at the rear of the model allowed the plug to be moved while water or gas
flowed through the piping connected to the plug. Electrical lead wires were attached on the rear of the

model to an extendable helix and were then connected to the instrumentation on the movable plug.

Figure 2 shows the model installed in the tunnel with one of the trips mounted in front of the model.
The effect of a trip on resonance will be discussed later. Another trip configuration is shown in Fig. 3.
Also shown is a disc gate which could be moved in front of the model to cause the air-column oscillations
in the tube to cease. Operated by an air piston with a 2)4-in. stroke, the gate could be moved to its
extreme positions in a few hundredths of a second. This gate was used in the final phases of the experiment
to facilitate accurate pressure measurements before the transducers became hot, and also to make heat-transfer

measurements by the transient heat-transfer technique.
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2. Square, Glass-Sided Resonance Tube

This resonance tube (Fig. 4) had an inlet 1 in. square and an internal fixed depth of 10.75 in. In
contrast to the first configuration, this tube had sharp leading edges and glass sides so that the internal
flow could be viewed by both spark schlieren and spark shadowgraph techniques. A pressure transducer,
a pressure orifice, and a thermocouple were installed at its base on a piece of 1/8-in. - thick plastic

with a 1/8-in.-diameter hole leading to the transducer. The wing trip shown in Fig. 4 could be removed.
€ Instrumentation of Resonance Tubes

Two types of pressure transducers were used to measure static and dynamic pressures in the tubes.
One type was a strain-gauge CEC Type 4-312 pressure transducer! with a pressure range of 0 —60 psia,
an over-all diameter of 1/2 in., a diaphragm diameter of 0.45 in., and a frequency response to 8 kc. A
standard strain-gauge readout plus a dc amplifier was all that was needed to provide an output for the
external instrumentation. This transducer was used at the 2/%-in. station of the round resonance tube

and at the base of the square tube.

At the 5-in. station and at the plug position in the round tube, the temperatures attained required

2

that water-cooled transducers be used. Water-cooled Photocon Type 363 pressure transducers® with a range

of 0—40 psia, a frequency response to 10 kc, an over-all diameter of 0.7 in., a diaphragm diameter of 0.3 in.,

and a maximum operating temperature of 3000°F were used. Since these transducers had to be interchange-
able with the movable plug, they were made smaller in over-all diameter than the standard model. The
Photocon Type 363 is a capacitive unit in which the water-cooled diaphragm is one plate of a capacitor.
The capacitor is connected to an inductance which is built into the transducer shell to form a tuned circuit.
A remote oscillator tuned to 710 ke is link coupled to the inductance in the transducer sheli. Changes in
capacity due to changes in pressure affect the impedance of the circuit and the output voltage at 710 kec.
This 710-kc signal is then demodulated by a diode detector circuit and is fed to an external voltmeter, an

oscillograph, and an oscilloscope.

In addition to the transducers which measured static pressures, a series of static-pressure holes

in the round tube was connected to either a multimanometer or a pressure switch and a CEC transducer.

1 Consolidated Electrodynamics Corp., Pasadena, Calif.

2Photocou Research Products, Pasadena, Calif.
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A microphone was used in the plug position in the initial phases of the test program to detect the fluctuating
pressures in the round tube. A hot wire was mounted 0.012 in. in front and on the center line of the water-
cooled diaphragm. A Shapiro-Edwards Model 50B hot wire set3 was used with the hot wire. A Fischer-Porter
flowmeter® monitored the flow rate of air or a mixture of 30% helium and 70% argon gas into the porous plug

in the model.

Spark schlieren, motion-picture schlieren, and spark shadowgraph pictures were taken of both
resonance tubes. For the schlieren photographs the knife edge in the optical system was vertical, and by

rotating it 180 deg the shadow properties on the photographs could be reversed.

All of the thermocouples were copper-constantan and were referenced to an ice bath (32°F). These
thermocouples were connected to a switch and to a 5-mv Brown indicating potentiometers. A calibrated
bucking system could subtract from the thermocouple voltages in 5-mv steps for the measurement of high

temperatures.

For transient measurements the thermocouples were connected to an oscillograph, either directly
or through dc amplifiers when necessary. The pressure transducers were also connected to the oscillograph.
The average static pressure was obtained by filtering the dynamic pressure output with a 1-sec time-constant
filter and then feeding this output to the oscillograph via a dc amplifier. The fluctuating pressure was
recorded in the same way but was not filtered. The oscillograph film speed was 0.45 in./sec for transient
temperature measurements and 115 in./sec for pressure-fluctuation recordings. Pressure fluctuations and

the hot-wire output could also be observed on a dual-trace oscilloscope.

3Shapiro & Edwards, South Pasadena, Calif.
4F'ischex' & Porter Co., Hatboro, Penn.

SMinneapolis-Honeywell Regulator Co., Philadelphia, Penn.
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IIl.  EXPERIMENTAL PROCEDURES AND RESULTS

A. Round Tube in Thermal Equilibrium

When the blunt-nosed round tube without a tripping device was placed in the wind tunnel at
M = 2.81 and a supply pressure P, of 73 cm Hg, no periodic large-amplitude fluctuations or any heating
above stagnation conditions were detected, and the pressure at all of the internal pressure taps was pitot
pressure P . The addition of a tripping device such as the one shown in Fig. 2 caused the air column in
the tube to oscillate at a large pressure amplitude, and the thermocouples near the base indicated tem-
peratures higher than wind-tunnel stagnation temperature. The temperatures attained by the tube were a
function of the trip configuration, the trip position, the movable plug position, the stagnation pressure of

the wind tunnel, and the Mach number.

Figure 5 shows the temperature distributions obtained after the tube reached thermal equilibrium
with the wing trip for several plug positions, where %, is the distance of the plug from the mouth of the tube.
For 0= 10 in. the air column oscillated at 292 cps, which is near the quarter-wavelength closed-end organ-
pipe frequency. The static-pressure distribution in the tube obtained from the manometer on the static-
pressure orifices is shown in Fig. 6. Moving the plug to different positions did not affect any of the static
pressures in front of the plug. In fact, moving the plug to the mouth of the tube had a small effect on the

pressures measured on the four orifices outside the tube on the blunt nose.

The pressure fluctuations obtained at the 5-in. and 10-in. stations with a= 10 in. are shown in
Fig. 7. The sharp pressure rise indicates the passage of a shock wave. The absolute-pressure levels could
not be determined accurately because of the drift in the transducer calibrations with temperature, so these

were determined by the transient technique described in Section III-B.

The instantaneous temperatures were measured with a hot wire 0.0005 in. in diameter, 0.030 in. long,
and 0.012 in. from the base of the tube. The high temperatures plus the strong shock waves reflecting from
the base of the tube made it difficult to keep even this relatively large-diameter wire in the flow field and
to maintain its calibration. Because of the large diameter, and short length of the wire, the wire resistance
was so low that it was difficult to determine the instantaneous temperature in the tube accurately; only the

temperature wave shape was determined by operating the wire at very low overheat. The wire time constant
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was determined approximately and compensated for in the hot-wire amplifier. A comparison of Figs. 7 and 8
shows that the pressure and temperature fluctuations have similar wave shapes, and it is clear that these

fluctuations must be in phase.

Equilibrium conditions in the tube were dependent on the tube configuration and tunnel conditions.
The effect of moving the trip can be seen in the temperature distributions in Fig. 9, where x, is the distance
of the trip from the mouth of the tube. There is one optimum x, position for obtaining maximum overheat.
The effect of trip shape on overheat is shown in Fig. 10. The ring trip is not as effective as the wing trip.
The effect of a subsonic stream on the resonance tube was obtained by operating the supersonic tunnel in an
“‘unstarted’’ condiﬁon, and this result is also plotted in Fig. 10. lAs can be seen in Fig. 10,'water-cooling

a thin diaphragm on the plug face reduces the temperatures nearest the plug and removes heat from the gas.

The effect of adding a monatomic gas mixture of 30% helium and 70% argon or air at the porous
plug is shown in Fig. 11. Since the speed of sound in helium-argon is higher than in air at the same tem-

perature and density, the resonant frequency of the tube increases as more helium-argon is added, as can

be seen in Fig. 11. From the data in Fig. 11 it is clear that adding air at the plug tends to cool the gas and

to decrease the resonant frequency.

All of the preceding results were obtained when the tube had reached thermal equilibrium, and they
show the effects of tripping devices, helium-argon addition, air addition, heat removal on the resonance-tube

cycle, and overheat near the base.
B. Transient Measuring Techniques with the Round Resonance Tube

One of the basic difficulties in making measurements at thermal equilibrium was the zero shift in
the pressure transducers resulting from their calibration at room temperature and subsequent operation at
temperatures higher than tunnel stagnation temperature near the base of the resonance tube. Therefore, it
was necessary to turn the oscillations in the tube on and off and to make measurements only at the onset
of resonance before transducer heating could take place. In order to accomplish this, the small disc-gate
mechanism described in Section II was constructed. The tunnel was started and reached equilibrium with
the disc in front of the tube (see Fig. 2). The gate was opened for several seconds and then closed again.
The spark shadow photographs in Figs. 12a and 12b show the gate in both the closed and the open, or

resonating, condition.
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The transducers were calibrated by first recording the output of the transducers when the model was
at atmospheric pressure, and then pumping down the tunnel in several steps to its minimum pressure of 16 cm
Hg absolute while these pressures were recorded on the oscillograph. Following this calibration procedure
the tunnel was started, and after equilibrium conditions were reached, the oscillograph was operated at its
maximum film speed of 115 in./sec for several seconds. The gate was then opened for about 5 sec while the

pressures, both average and dynamic, were recorded.

A short piece of the oscillograph record obtained just before and after the gate was opened is shown
in Fig. 13 with the base of the tube at the 10-in. position. It takes several cycles before the pressure waves
are fully developed. The 2%-in.-station trace shows a sharp pressure step which passes the 5-in. station and
is then reflected at the base to arrive back at the 5-in. and at the 2%-in. station. Then the pressure drops
first at the 2%-in. station and then at the 5-in. station, and then at the base. It appears that a shock wave
propagates down the tube, is reflected from the base, propagates back to the mouth of the tube, and then an
expansion wave propagates down the tube. The data in Fig. 14 were determined from this oscillograph trace
and are a plot of the minimum and maximum pressures at each transducer, the pressure of the incoming and

reflected shock, and the average pressure in the tube at the three transducer stations.

The transient technique was also used to determine at what rate the tube could produce heat. In this
case the oscillograph was operated at 0.45 in./sec, and the temperatures were recorded as the gate was
removed. A sharp break in the temperature trace of each thermocouple occurs when the gate is removed, as
can be seen in Fig. 15, a typical temperature record. At the time when the slope of the temperature traces
changes, errors due to conduction along the tube and to the air space surrounding the tube are quite small,
since all of the tube and the air space are at the same temperature. As the tube begins to heat, conduction
effects become important and the slope of the temperature traces begins to decrease. Therefore, at each
thermocouple position the initial temperature —time slope (d7/dt),_  was measured on the trace and is plotted
in Fig. 16. The added mass of the thermocouple leads, the static-pressure lines, the bosses at the transducer
stations, and the transducer at the plug position cause the rate of rise of temperature to be different than it
would be for a thin cylinder of uniform thickness. The effect of these nonuniformities is approximated by
fairing a straight line through the data in Fig. 16. When the tube is assumed to be uniform and the effect of
the base is neglected, the heat rate Q is

Q = — dx
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where

14 mass of metal in the tube (0.105 1b)

C

m

specific heat of metal (0.12 Btu/Ib°F)

When the transducers were not water cooled, the average dT/dt = 4°F/sec. Therefore Q = 0.0504 Btu/sec.
In Section IV an estimate of the heat production of an idealized resonating cycle will be compared to this

measured value.
(en Square Resonance Tube with Glass Sides

The resonance tube with glass sides and a square cross section was described in Section [I-C and
shown in Fig. 4. Since this tube had a very large mass and was not insulated, the equilibrium temperature
at resonance cannot be compared to that in the round tube. Unlike the round tube, this tube with a sharp-
lipped entrance had pressure oscillations of fair amplitude even though no tripping device was used. The
pressure wave shape without the wing trip is shown in Fig. 17. This wave has high harmonic content but
does not show the sharp rise present in the round tube at resonance. The single spike present in this
picture indicates the time that a spark picture was taken. Although shock waves do not seem to be present
in the tube, the normal shock wave in front of the tube oscillates back and forth at the same frequency as
the pressure at the base of the tube, and spark pictures taken at the extreme positions of this shock are

shown in Fig. 18a and b.

The presence of the tripping device shown in Fig. 4 increases the amplitude of oscillation several
fold, and shock waves can be seen in the tube. Figures 19 and 20 show typical spark pictures of the flow
over the tube and in the tube, where the presence of shock waves is clearly indicated by the dark and light
vertical lines in the tube. These pictures were also synchronized with the pressure at the base. With the
trip the pressure wave shape at the base is similar to that in the round tube and also indicates the presence
of shock waves in the tube. Since these schlieren pictures were taken with a vertical knife edge, the
direction of propagation of shock waves within the tube can be determined by noting whether the shock waves
are dark or light and comparing them with the shock wave in front of the tube. It is then clear in Fig. 19
that a dark shock within the tube indicates a high pressure upstream and a low pressure downstream, show-
ing that the shock is propagating down the tube, and vice versa for a light shock in the tube. The spark

photograph in Fig. 20 was obtained by rotating the knife edge in the schlieren system 180 deg, which makes
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the incoming shock clearer than that in Fig. 19. These spark pictures also show the effects of inflow and

outflow on the external shock system.

The spark schlieren pictures of the glass-sided model were synchronized with the pressure at the
base of the tube. The oscilloscope was operated in the single sweep position where the first increase in
input voltage from the pressure transducer triggered the sweep after the “reset’’ button was pushed. The
main sweep sawtooth voltage on the oscilloscope was biased such that by changing the bias a thyratron
could be triggered at any given time during the sweep. The thyratron fired the spark for the schlieren
picture. A small portion of the thyratron output was superimposed on the signal from the pressure transducer

to indicate, by a sharp spike in the signal, exactly when the spark was fired.

With this technique it was possible to make a composite of a number of spark photographs to
determine the position of the internal shock at any given time. A typical set of spark pictures is shown

in Fig. 21. Frames 1 and 2 show the shock propagating down the tube and reflecting back to the mouth of

the tube. The flow near the mouth of the tube becomes supersonic in Frame 2 since oblique shock reflections

appear near the mouth. In Frame 3 the reflected shock seems to blend into these shocks and is barely

detectable at the 2 1/2-in. position. In fact, the shock system in Frame 3 looks similar to the ‘“shock train’

found in diffusers near Mach 1.

An x—t diagram of the internal shock position and pressure at the base of the tube is shown in
Fig. 22. The circled numbers on the pressure trace refer to the time that the schlieren pictures in Fig. 21
were taken. The shock waves are not very strong, and from the data of Fig. 22 the shock speed seems to be

fairly constant for both the shock wave propagating down the tube and that reflecting back to the mouth.

The external flow field in the_previous schlieren pictures looks similar to that of a choked
supersonic spike diffuser in the presence of buzz. When the shock wave reflects from the base and arrives
at the mouth, the shock in front steepens rapidly and the flow in the tube spills because the shock wave
arriving at the mouth reflects an expansion wave. While the tube spills, the internal flow is void of shock
waves. The flow over the wing trip during this cycle is of interest since it seems to be a key to the
sustaining feature of the oscillation. In Frame 1 of the cycle in Fig. 21 the flow over the trip is separated
and becomes almost fully attached in Frame 2 while the tube is still in the compression cycle. When the
shock wave reflects from the base and passes over the wing, the flow over the wing separates, the shock
in front steepens, and the flow over the wing remains separated while the air in the tube spills. Then the

separated region narrows and disappears in the compression part of the cycle. By measuring the angle of

10
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the oblique shock wave attached to the wing trip, the shock strength vs time can be determined and compared
to the pressure at the base and to the position of the shock wave inthe tube. Figure 22a is such a plot.

At the expected time that the reflected shock should be expelled from the tube the shock strength of the
oblique shock on the wing trip increases rapidly, remains strong while the tube spills, and then slowly
diminishes in strength until the tube is filled again. The synchronized spark-schlieren technique with the

glass-sided resonance tube therefore gives a clear picture of the time history of the resonance cycle.

11
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IY.  DISCUSSION OF RESULTS

If air is brought to rest in a steady adiabatic wind-tunnel flow field, the maximum temperature that
the air can attain is the supply-section stagnation temperature. In the case of oscillating flow in the
resonance tube there are two features in the unsteady flow that cause the temperatures in the tube to
exceed the tunnel stagnation temperature. It will be shown that the tube gets hot because (1) a certain
amount of the air within the tube remains for more than one resonance cycle and (2) shock waves propagate

through this air and are the main dissipative process.
A. ldealized Resonance Cycle

From both the synchronized spark-schlieren photographs of the square tube and the pressure and
temperature wave shapes that were recorded, it has been shown that when the flow in the tube is resonating
there are shock waves in the resonance tube during a part of each cycle. From the instantaneous pressure
measurements in the round tube, an idealized resonance cycle may be constructed. Part of the idealized
resonance cycle that is chosen is similar to the shock tube cycle. A sketch of the x—¢ diagram of an
equilibrium cycle with the pressures labeled is shown in Fig. 23a, and the position of the shock waves,
contact surface, and expansion waves in the tube for different parts of the cycle are shown in Fig. 23b.

The main boundary condition on the cycle is the repetition of the pressure cycle. That is, after the passage
of the incoming shock, reflected shock, and the expansion waves the tube returns to the initial minimum

pressure and the cycle repeats.

The idealized cycle can be simply described from the sketch in Fig. 23b. Let the cycle start with
uniform temperature and pressure in the tube, T and P, (Fig. 23b-1). There is a contact surface at the
mouth of the tube that separates the gas in the tube from that in the surrounding tunnel. A shock wave
propagates down the tube with a pressure P2 behind the shock, and the contact surface moves down the tube
with the velocity that would exist behind this normal shock wave (Fig. 23b-2). The shock wave reflects from
the base, and as it moves toward the mouth of the tube it brings to rest at pressure P, all gas through which
it passes (Fig. 23b-3). Shock reflections that might arise when the shock wave passes through the contact
surface are neglected. When the shock wave passes the mouth of the tube it reflects an expansion wave
which empties the tube back to the initial minimum pressure isentropically. If at some time during the

equilibrium cycle enough heat Q is removed to cause the gas to return to the initial temperature T, then

T

12
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If the initial pressure is P, and the pressure behind the incoming shock is P,, the temperature ratio

across the shock, T2/Tl, may be determined from PZ/PI by using the normal shock relations.

The pressure ratio due to the reflected shock at the base of the tube is

P
=] 9 7
<27 +1>—-y
Py v+l Py i1

SEi (1)
P, y-1 Py
— +1
Y+ 1 Pl'

where P, is the pressure behind the reflected shock wave. If the tube is insulated and no heat is removed
during the cycle, the isentropic expansion from P4 to P, does not return the gas to T but to Tl'. From the

isentropic relation

@

It can be shown that T{ > T, and the gas is then hotter at the end of the cycle than at the beginning.

In fact, no matter what the starting point of the cycle, it can be shown that T2' > T2, T; > T3, etc.

| The temperature rise per cycle for the insulated case can then be calculated from the measurements
plotted in Fig. 14. The minimum pressure measured was 6 cm Hg at the 5- and 10-in. positions and about
8 cm Hg at the 2 1/2-in. position where the plug was at the 10-in. position. The pressure level behind the
incoming shock at the 2 1/2- and 5-in. positions was 16 cm Hg, and the measured level of the reflected shock
was 37 cm Hg. From the shock relations, if P, =6 cm Hg and Py = 16 cm Hg, then Py/P| = 2.665 and
Ty/T) = 1.360. Substituting P,/P, in Eq. (1), gives P4/Py = 2.345. Therefore P, = 37.5 cm Hg, which is

equal to the measured reflected shock pressure within the accuracy of the measurements. From the shock

13
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relations for the reflected shock, T'y/Tq = 1.298. Substituting for the determined pressure and temperature

ratios in Eq. (2) results in Tl' = 1.046 Tl' It can also be shown that T2' = 1.046 T2 and Té =1.046 T3.

Since each cycle raises the temperature level of the captured gas about 5%, if most of the hot gas
at minimum pressure were to remain within the tube from cycle to cycle, at the 292-cps rate a compound
interest formula leads to a temperature so high that real-gas effects would appear in the insulated case.

Of course, conduction effects and spillage provide a practical limitation on this temperature.
B. Captured Gas

This idealized cycle, and the results of the helium —argon addition experiment, now make it possible
to estimate the amount of gas that remains in the tube for more than one cycle. A gas mixture of 30% helium
and 70% argon with a ratio of specific heats of 1.67 and a density near that of air was added through a porous
plug at the base of the tube. Since the speed of sound in this mixture of helium —argon is higher than that
of air at the same temperature and density, the resonant frequency of tube should increase as more He —Ais
added. That is, the compression and expansion waves should move faster through a gas containing some
He —A than through air and thereby increase the resonant frequency of the tube. The results (Fig. 11) show
that the resonant frequency increases, then levels off and decreases because of the cooling effect of the

gas, as can also be seen from the effect of cold-air addition on the resonant frequency.

In the resonance cycle the captured gas is that gas which is still in the tube at the end of the
expansion part of the cycle. At this time in the cycle the gas in the tube is at its lowest pressure and
temperature. A uniform pressure of 6 cm Hg and a temperature of 360°F are assumed to exist in the tube
in Fig. 11. The captured gas is then that gas which started behind the contact surface at this lowest pres-

sure and remains behind the contact surface and in the tube.

The only way that captured gas may escape after an equilibrium cycle is reached is by the mixing
that takes place near the contact surface. If a tangent is drawn as shown in Fig. 11, the intercept is then
a fair approximation of the spillage, which is then about 10% of the captured gas. The spillage may be
defined as that portion of the captured gas which has been heated by the dissipative processes (shock waves
and skin friction) in the tube during a cycle which, owing to mixing and diffusion at the contact surface,
is spilled into the external flow field outside the tube at the end of a cycle. At most, even if the maximum
in the curve were used, only 20% would be spilled. If all of the gas in the tube were helium and argon, the

resonant frequency would be 318 cps as compared to 292 cps for air at the same temperature. Even if the

14
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temperature of the added helium —argon gas were the same as that of the air, a frequency of 318 cps could
not be attained since the shock waves and expansion waves always pass through air during part of the cycle.
Therefore, 10% spillage is probably an overestimate, and at least 90% or more of the initial captured gas is

retained in the tube for the next cycle.
C Work at the Contact Surface

Another way of considering the heat-producing ability of a resonant cycle is to determine the work
that is done on the captured gas by the external gas. Since the contact surface is the only moving boundary
on the captured gas, the work done at the contact surface is that done by the external flow field on the
captured gas. Since the flow conditions are known at the contact surface, the work done by the contact
surface may be calculated and a cycle drawn in the P —x plane. Consider that all of the heat is removed at
P, in a constant pressure process such that the expansion to P, is isentropic. Then the cycle in the Pog
diagram is that shown in the sketch in Fig. 24, where x is the distance of the contact surface from the base
of the tube (i.e., x = 10—%). On the P —x diagram it should be noted that from the previous notation on the
t—x diagram (Fig. 22), T, = Ty, T,=T, = T,, and T,= T3. Atz = %, %, %; and x, the specific volume
is proportional to x, and x is used instead of the specific volume in the gas law and isentropic relations.

From the P —x diagram it can also be seen that x, =%y and x, = x,.

The work done on the captured gas by the contact surface in the cycle is ¥ = - %Fd;= -4 ﬁde_,-

where 4 is the area of the tube. Therefore,

b~ I _ _
W=-4{ Pix+ [  Pdz + [" Piz+ [° de+fanx£ 3)
a b c d e
W, =W, _,=-A " pdya_a[" pix o (4)
a=b = "e-d T T . RS x 53
a c

since x_ = %, and x, = x;. The contact surface moves at constant pressure P, until the reflected shock

intersects the surface. The work done by the contact surface in the compression part of the cycle is
xc _
W... =-4 [  Pdx

b=c
*b
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From the perfect-gas law
%, P1 T,
%a PS Ta
Py Py Ty T,
Ky =%, = — — — — %,
Py P3 T, T,

and all of these pressure and temperature ratios are either measured or determined from the normal shock

relations. Therefore,

x
Wyee = — AP, fxb dx = — AP, (x, - x})
2 P, T T
2 2 d b
Wb_c=—APlxa<———————> (5)
Pl P3 Tb T,

Next, consider the isentropic expansion from e to a, where enough heat Q) has been removed at

P3 so that We_a is an isentropic expansion.

and the isentropic relations are
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Then
1

— Pl/‘y %a
X =

P
= xdP
dx = -

yP

=1
v, = JL S prgp
v 1
=1
—APlxa < P >7 /i
W - = S— b ].
e=a
y-1 P,
or
-AP, x T
17a e
We_a = | ] (6)
y-1 4
In order to calculate Wd-e’ the isentropic relations are needed again to determine Te. The perfect-
gas law gives
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and substituting for x, results in

The work is
xe
v, = -Afx Pdx
d
Wd_e = —AP3 (xe—xd)
Therefore,
Te Td Tb
Wd_e=—AP1xa _ - — — (7
i T, /i

The total work per cycle is then the sum of Eq. (4), (5), (6), and (7):

Fom W+ Wy + Wt Vi=p'® W ooy

ENNP TN T T
b | — == —)+{ ——— )+ — -l ®)
By Py LT T, T, T,) »-1\T,

"

=
I

The work done in this cycle is then simply determined from the given initial minimum pressure,
the pressure behind the incoming shock wave, the shock relations, the perfect-gas law, the isentropic

relations, and the physical dimensions of the tube. The pressures needed were measured and presented

in Section IV-A. From the shock relations,
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P, T, T
_2 o 2665 — = — = 1.360
Pl Ta Tl

From the reflected shock strength,
Py G
— = 2,345, — = — = 1.298
Py Ly, Ty

From the isentropic relation,

=]

T, T, 2 V=1,
e, - 1.687
Ta Tl Pl

Substituting in Eq. (8) gives ¥ = 0.271 4P| x .

But

D
4= — = 2.84 x 1073 ft2

P, = 6 cm Hg = 166.5 lb/ft?
x, = 10in.
Therefore the work per cycle is
¥ = 1.370 x 107* Bt

Since the frequency is 292 cps, the work per second ¥ is

W =202W

|
[

0.0400 Btu/sec
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Since the heat is removed at the maximum pressure P4 such that the cycle repeats, the amount of
heat removed Q = W. The measured Q = 0.0504 Btu/sec compares favorably with the Q determined by the

idealized resonance cycle.

D. Estimate of Actual Resonance Cycle

The experimental observations show several obvious shortcomings to the idealized cycle which has
been described. There are two details which have been overlooked which would increase the estimated heat
rate. The first is that the pressure of the captured gas at the base of the tube continues to increase to
P, = 52 cm Hg after the reflected shock passes through it. In the P —x diagram of Fig. 24, the dotted
portion of the cycle takes into account the fact that the pressure is increasing while the heat is being
removed. The possible amount of work available if all of the heat were removed during this portion of the
cycle would be 0.044 Btu/sec, which is about 88% of the measured value. The second, the effect of the skin
friction, is considered to be small compared to the shock-wave effects and cannot easily be estimated from

the available measurements.

Those factors which result in an overestimate of the heating capacity of the resonance tube will
now be considered. The spillage rate of less than 10% of the captured gas causes an overestimate in the
available heat rate by less than 10%. Even though the captured gas is at its maximum temperature and
pressure for about half the cycle, during which time heat is conducted from it, it is clear that heat is also
conducted to the walls at other than this maximum condition; and, of course, heat is conducted to the gas
from the walls during that part of the cycle when the gas is cooler than the walls. This would tend to
- reduce the cyclic heating rate.-Since the incoming shock does not originate at the mouth of the tube and
does not immediately reach full strength, there is then an overestimate of the work done by the contact

surface during the compression part of the cycle.

A detailed construction of an x—t diagram by the method of characteristics is also possible. The
pressure —time history is known at several stations in the resonance tube, and these could be used as part
of the boundary condition. An iterative procedure would have to be employed to determine the boundary
condition on the flow field at the mouth of the tube. Unfortunately, even a detailed x — ¢t diagram would
involve some assumptions concerning the amount of heat removed from the captured gas during various

further parts of the cycle.
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Some perspective into what further information an x —¢ diagram might reveal can be gained by
inspecting Rudinger’s (Ref. 16) example of a gas at high pressure in a tube expanding into a low-pressure
region. He found that the expansion waves propagate to the base, reflect as expansion waves at the base,
propagate to the mouth, and reflect as weak pressure waves which coalesce near the mouth of the tube to
form shock waves. The shock wave propagates to the base, reflects to the mouth, and the cycle repeats
with a decaying amplitude. Incidentally, the synchronized spark pictures of the square tube never indicated
the presence of a shock wave nearer than 2%-in. from the mouth of the tube, which checks with Rudinger’s
x—t construction. Several features which have been neglected in the idealized cycle become evident in
Rudinger’s example. The ‘tube is not at uniform pressure when the incoming and reflected shocks propagate
through the gas, and the contact surface continues to move toward the base after the passage of the reflected

shock, as has already been surmised.

The primary purpose of the experiment was not to make a detailed comparison of the potential and
actual heating rates, but to determine the flow phenomena responsible for this heating above stagnation
tunnel temperatures. The fact that the measured and estimated heating rates are in close agreement is

indeed fortunate and indicates that the idealized cycle adequately describes the phenomena.
E. Efficiency of Resonance Tube

The efficiency of the resonance tube can be determined by comparing the heat rate with the increase
in drag due to oscillation. As has been noted already, moving the plug in the round tube from the 10-in.
position to the mouth of the tube had no effect on the static pressures measured in front of the plug and on
the nose of the tube. Therefore, the increase in drag AD is identically equal to the difference in force on the

plug face when it is at the base and when it is at the mouth of the tube. From the measurements in Fig. 6,

= P, = 31 cm Hg

Pbase average

P = P = 19 cm Hg

mouth average
A = area of tube opening = 2.84 x 103 ft2
AD = A(Py-P)

AD = 0.944 1b

21



JPL Technical Report No. 32-378

The drag work is then

WD/sec = UAD, where U = 1970 ft/sec

2.39 Btu/sec

]

WD/sec

The efficiency is

D/sec

2.1%

3
]

where Q = 0.0504 Btu/sec.

The resonance tube is not an efficient heater. The effect of resonance on the external flow field
during a cycle, the fact that the reflected shock propagates through a large mass of gas which is spilled,

plus the spillage of the captured gas, all contribute to the drag and not to the heating of the tube.
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V. INITIATING AND SUSTAINING FEATURES OF RESONANCE CYCLE

The experimental results and the simplified theory of the resonance cycle explain why the resonance
tube gets hot, but the mechanism that initiates and sustains the resonance cycle is not clear. A key to the
understanding of this mechanism may lie in the configurations which do or do not excite oscillations. There
were no large-amplitude oscillations in the blunt-nosed resonance tube without a trip; whereas oscillations
were present in the sharp-lipped, square resonance tube without a trip. The main difference between the
flow fields over these two configurations was that there was a separated region at the sharp lip of the square
tube 01‘1tside of the tube. It is well known that separated r;agions exist at the convex corner of blunt
cylindrical models in supersonic flow, and it is to be expected that the sharp-lipped tube would have a
separated region even if there were no oscillations in the tube. As can be seen in Fig. 18a and 21 (frames
5, 6, and 7) there is a separated region originating at the sharp lip, and the size of the region changes

during the resonance cycle.

In the sharp-lipped resonance tube and before the onset of oscillation, the stagnation stream line
has a stagnation point inside the tube near the lip, but definitely not at the sharp corner of the lip. Any
disturbance in the flow field could cause the stagnation point to move and change the size of the separated
region. A change in the angle of attack of a wing on which there is leading edge separation has an effect
on the stagnation point and size of the separated region similar to that of a disturbance for the sharp-lipped
tube. Since the separated region affects the shock shape and flow field in front of the tube, and since
any change in the flow field can change the stagnation line, we can surmise that there is a feedback
mechanism which might be the source for initiating and sustaining the oscillations in the tube. Any pressure
disturbance propagating to the base of the tube is reflected back to the mouth of the tube to further upset
the stagnation line position, and the length of the tube determines the resonant frequency of the cyclic
oscillations. Therefore, it seems that the lip of the square resonance tube could act as a source of edge
tones in the same manner as does a sharp lip in acoustic problems (Ref. 10) and, in fact, during a resonant

cycle, a ring vortex is shed by the tube.

The effect of the tripping device is to change the boundary conditions near the mouth of the tube
and act as a source of edge tones for the blunt-nosed body. The separated region over the wing trip during
part of the cycle (Fig. 21) is caused by the interaction of the reflected shock wave from the tube with the

trip boundary layer. The shock strength on the wing can vary between a weak oblique shock to an almost
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normal strong shock. This shock condition in front of the tube, and the fact that the pressure of the shock
wave reflected from the fixed base in the tube is higher than that of the normal shock wave arriving at the

base, are important in determining the amplitude of the pressure fluctuations in the tube.
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VI. CONCLUSIONS

It was found that certain configurations of resonance tubes in supersonic and high-speed subsonic
wind tunnel flow fields exhibited large amplitude pressure oscillations with accompanying temperatures
in the tubes higher than the free-stream stagnation temperature. From spark schlieren photographs of a
glass-sided tube and from pressure and temperature wave shapes in these tubes, it was determined that
shock waves were present in the tubes. By injecting a mixture of helium and argon at the base of the tube,
it was found that there is a captured gas that remains within the tube for more than one cycle. The heating

rate of the resonant cycle was also measured.

A cyclic model was proposed which included a shock tube process for part of the cycle. This
approximate cycle, which considered the work done on the captured gas together with the measured
instantaneous pressures in the tube, gave an estimate for the heating rate of the cycle which was nearly

equal to the measured value. A possible mechanism for initiating and sustaining resonance is also proposed.

Although the external flow field of resonance tube configurations may differ for different experiments,
it is clear that the basic reason for resonance tube heating is the presence of the shock wave in the tube,
which is the main dissipative process in these tubes. Unfortunately, it is not possible to determine a priori
whether a given tube configuration will exhibit resonance, nor is it possible to predict the amplitude of the
oscillations, the maximum temperatures, or the heating rate of any particular configuration. It is well to note
that certain configurations such as those with sharp lips or trips or tubes near jets should be avoided where

the resonance effects might be destructive.
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Blunt resonance tube with wing trip and disc gate
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i

Spark shadow with disc gate in front of tube

Fig. 12a.

Spark shadow with disc gate removed

Fig. 12b.
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Oscillograph record of thermocouple output while disc gate is being removed
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Fig. 16. Time rate of change of temperature at first instant after disc gate has been removed
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Fig. 18b.

Spark schlieren photograph of glass-sided tube
without trip, filling part of cycle

Spark schlieren photograph of glass-sided tube
without trip, spilling part of cycle
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Fig. 19. Spark schlieren photograph of glass-sided model with trip
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Fig. 20. Spark schlieren photograph of glass-sided model with trip and knife-edge rotated 180 deg
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Fig. 22. Pressure at the base, position of shock wave intake, and strength
of shock wave in front of the glass-sided tube
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Fig. 23. Idealized resonance cycle
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Fig. 24. Work at contact surface in resonance cycle, P — ;diagrém
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