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Abstract

It is known that inside a cylindrical cavity placed at the way of an underexpanded jet, pressure oscillations ac-

companied by heat release can be excited. In spite of many works conducted in the past, some questions still remain

about the heating mechanism, mainly due to the experimental difficulties associated with the flow structure of an

underexpanded jet. The experimental results presented in this paper show that a drastic heating takes place when a

cavity, filled by jet, exhibits cyclical oscillations of pressure, where the minimum cavity pressure corresponds to the level

of ambient pressure outside the cavity.

� 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Sprenger�s study in 1954 [1] showed that an under-

expanded gas jet can excite, inside a cylindrical cavity,

pressure oscillations accompanied by intense heat re-

lease at the bottom, which the temperature can be sev-

eral times higher than the jet stagnation temperature. In

spite of much attention given to this phenomenon to

clarify the reason of heating, the understanding of the

whole mechanism remains incomplete up to the present

day. One of the reasons for this poor advance is related

to the complexity of flow structure of an underexpanded

gas jet, which introduces difficulties for investigation.

Meanwhile, the mechanism of heat generation continues

to arouse also an applied interest, particularly for pro-

pellant ignition in rocket engines [2–5].

When in 1959, shock wave propagation was observed

inside a cylindrical cavity through the shadowgraphs [6],

the mechanism of heat release was explained through the

energy dissipation in shock waves [7,8]. On this basis, a

first attempt to evaluate the limiting temperature was

made [9], however the predicted level was much higher

than the measured one.

The experimental investigation conducted by

Thompson [10] showed that pressure oscillations with

high amplitudes are accompanied by reflected shock

waves leaving the cavity, and these oscillations occur

near fundamental acoustic frequency and are dictated by

a periodical jet entry into the cavity with a following

back flow towards the jet. In the succeeding years, the

scheme wherein a cylindrical cavity is regarded as a

pulsating shock tube, was used by many authors for

theoretical analysis of jet–cavity interaction [11–16].

Further experimental investigations showed that de-

pending on the nozzle stagnation pressure and on the

spacing between the nozzle exit and the cavity inlet, the

heat release can occur both with oscillations at about

the cavity fundamental acoustic frequency and at higher

frequencies [17,18].

Sarohia and Back [18], in particular, investigated

experimentally the interaction of a round nozzle jet with

a square-section cavity over a wide range of nozzle

pressure ratio, at atmospheric ambient pressure. Ac-

cording to their conclusions, the intense gas heating near

the cavity endwall results from a cumulative heat addi-

tion to the trapped gas by dissipative energy generated

by irreversible process across the compression wave

fronts. However, using a square-section cavity to visu-

alize the inner flow shadows, they did not investigate

some fundamental aspects related to the cavity inlet

configuration.
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In the present work, a round nozzle jet––cylindrical

cavity system was experimentally investigated to define

the conditions of most intense heating and to clarify the

involved physical mechanism. Discussions on the flow

structure of an underexpanded jet are also presented for

the sake of clarity of the purpose of the present experi-

ments.

2. Underexpanded jet structure

An underexpanded gas jet issued from a round nozzle

has a complicated flow structure [19]. Since the jet is the

carrier of power in a jet–cavity system, it is the gov-

erning factor in the system and thus, to define a correct

experimental scheme, the flow structure of an underex-

panded jet is noteworthy.

A jet assumes a supersonic velocity when it expands

through the Prandtl–Mayer flow around a nozzle edge.

In the downstream, the radial velocity of the gas changes

its direction several times––from the longitudinal axe to

the periphery and vice versa, until it becomes negligibly

small owing to the energy dissipation. Such a flow pe-

culiarity provokes deformations in the stream bound-

aries and forms a jet as a sequence of two or more

barrel-shaped structures. With increase in the nozzle

pressure ratio, shocks are generated inside barrel-shaped

structures. Typical barrel-shaped structures and shocks

at different nozzle pressure ratio can be observed, for

example, in the free-jet shadowgraphs obtained by

Sarohia and Back [18].

An arrangement of shocks is shown schematically in

Fig. 1. The shock 1 (named as incident shock) is con-

ditioned by a radial supersonic gas spreading; down-

stream of this shock the gas flow at the jet periphery

(streamline 2) retains its supersonic velocity, and is kept

under the local ambient pressure. In the shock 3 (named

as reflected shock) the periphery flow once again losses

partially the velocity, so that the pressure inside the flow

increases above the ambient medium, but the flow keeps

its supersonic velocity. In the normal shock 4 (named as

Mach disk) the core of the jet is turned into subsonic

flow. As a result, combination of two flows appears at

the downstream of Mach disk and reflected shock: a

supersonic annular flow surrounding a subsonic flow at

the jet core. Both flows have the same static pressure and

are separated by the mixing layer 5. Mach disk and re-

flected shock close the first barrel-shaped structure, and

since the jet pressure in the downstream remains higher

than the ambient pressure, the jet begins a new expan-

sion turning in rarefied waves issued out from the circle

line AA. Since the periphery flow behind the reflected

shock is oriented to the axe, the mixing layer forms a

tapered duct, wherein the subsonic central flow is ac-

celerated to the sound velocity. Then, following the pe-

riphery flow influence, the mixing layer forms an

expanded duct, in which the central flow assumes a su-

personic velocity. In the sequence, both of supersonic

flows lose energy in the shocks of the second barrel-

shaped structure, then in the third, as long as the jet

pressure is high enough [19].

Fig. 1 depicts also a cavity 8, which can be placed at

different distance X relatively to the nozzle outlet.

Knowing that a jet can excites pressure oscillations and

heat release when a cavity is positioned some distances

away from the nozzle, behind Mach disks, with the most

intensive heating behind the first Mach disk [1], and

considering that the underexpanded jet is formed by two

concentric flows with dissimilar velocities, there are

reasons to investigate the influence of both nozzle–cavity

Nomenclature

D diameter

N nozzle pressure ratio P0=P1
P pressure

T increment of temperature

X distance (spacing) between nozzle outlet and

cavity inlet

Subscripts

c cavity

t throttle orifice

0 nozzle inlet

1 chamber

3 cavity endwall

Fig. 1. The scheme of jet–cavity system. (1) incident shock; (2)

periphery streamline; (3) reflected shock; (4) Mach disk; (5)

mixing layer; (6) nozzle; (7) jet boundary; (8) cavity.
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distance and cavity diameter on the heating up. The

experimental procedure and apparatus were developed

for these purposes.

3. Test setup

Fig. 2 shows a schematic drawing of the experimental

unit with computer-controlled gas-feeding line and

measuring chains. The unit�s elements, nozzle 2, housing

3 and tube 4 are centered on a chamber located inside

the body 1. On one of the chamber face, the round

nozzle 2 with diameter D0 of 3.85 mm is tightly fixed,

and on the opposite side, in line with the nozzle, the

housing 3 is inserted into the body by thread, so that it

can be moved along the axe at 1.0 mm per rotation of

360 degrees. Inside the housing a thick-walled aluminum

tube 4 of 15 mm external diameter and 45 mm length is

positioned. One side of the tube is facing the nozzle

while the pressure transducer P3, as an endwall, plugs the

other. The pressure transducer P3 forms a cylindrical

cavity inside tube 4 and at the same time is used to re-

cord the pressure oscillations P3 at the cavity endwall.

The internal diameter of the tube corresponds to the

cavity diameter Dc, which can be 3.0, 4.0, 6.0 and 7.0

mm.

Depending on the test aim, the cavity endwall can be

formed by a temperature sensor T3, instead of pressure

transducer P3, which is an aluminum plug supplied with

a standard Cr–Al thermocouple. The thermocouple

signal T3 allows to evaluate the heat release inside the

cavity at a position 1.0 mm away from the endwall.

To exhaust the gas from the chamber there is a drain

hole with a throttle orifice 5, which can have different

diameters Dt, of 8.0, 9.0 and 10 mm. By changing the

throttle orifices, it is possible to change the chamber

pressure P1 and to obtain a value of nozzle pressure ratio

N around 6.0, wherein the large-amplitude oscillations

take place [16,18]. The pressure transducer P1 detects the
chamber pressure P1.

Every single test is prepared in the following se-

quence: The housing 3 is supplied with the thick-walled

tube 4 of a given diameter Dc, assembled with the

pressure transducer P3 (or with the temperature sensor

T3), and screwed into the body 1 at a distance X from

the outlet of nozzle 2. Finally, the throttle orifice 5 of

tested diameter Dt is mounted into the chamber drain

hole.

Piezoresistive pressure transducers, the Kistler type

4075 A50, with the Kistler piezoresistive amplifiers type

4601 are used to detect the pressures P0, P1 and P3. As a

transduction element, they have a silicon sell with

pressure-sensitive resistors diffused in and intercon-

nected to form a fully active Wheatstone bridge. The

specific properties of the silicon sell make the piezore-

sistive transducers equally suited for measuring constant

pressures as well as transient pressures rapidly changing

at a frequency up to 100 kHz and operating at a tem-

perature range of 300–400 K.

The computer control of the tests was executed in

accordance with the specific programs and through the

Data Acquisition/Control Unit, Type Hewlett-Packard

3852. The signals P1, P3 and T3 were recorded and dis-

played by a digital oscilloscope Type HP 54603B, and

the signal P0 was recorded by a data acquisition system.

The measurement system recorded all information with

accuracy of 1%. The duration of a single test with

pressure oscillation records was limited to 100 ms to

prevent overheating of the transducer P3.
All the tests were performed under a fixed jet flow

condition: the working gas nitrogen at a temperature of

about 300 K and at a nozzle stagnation pressure P0 of

12.8 bar. Depending on the throttle orifices diameters

Dt, the chamber pressure P1 can be kept in the range

from 1.9 to 2.9 bar.

4. Test results and discussion

Fig. 3 shows, as a typical example of measurement,

the simultaneous records of pressures P3 and P1 for a

case that a jet interacts with a cavity Dc of 3.0 mm and a

throttle orifice Dt of 9.0 mm. Records were made for

various nozzle–cavity distances.

Records of Fig. 3(A) show the oscillation develop-

ments after the gas-feeding valve is turned on. The gas

flow rate achieves a steady state condition after 25–30

ms in all the tested conditions.

Fig. 2. Experimental setup. (1) Body; (2) nozzle; (3) housing;

(4) tube; (5) throttle orifice; P0, P1 and P3 pressure transducers;

T3 temperature sensor.
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The records of Fig. 3(B) refer to the steady-state

conditions for the corresponding signals P3 and P1, but
at a larger scale of time. It makes possible to observe a

single wave configuration and to evaluate the frequen-

cies and the feature of oscillations.

It is evident from Fig. 3 that:

• At some distance between the nozzle outlet and the

cavity inlet (X ¼ 9:0 mm) the pressure oscillations

P3 emerge, and with a further increase in the distance,

the amplitude of P3 increases, reaches a maximum

and then die away (X ¼ 12:0 mm).

• Large-amplitude oscillations of P3 (X ¼ 10:0 and 11.0

mm) are not harmonic: after a fast pressure rising a

slower abatement is seen.

• Large-amplitude oscillations of P3 are accompanied by

low-amplitude oscillations of P1, which in every cycle

assumes a minimum, while P3 assumes a maximum.

Fig. 3. Records of pressure oscillations P1 and P3 at different distances X from the nozzle with D0 3.85 mm and Dt 9.0 mm.
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• The largest values of compression ratio P3max=P3min

take place when P3min ¼ P1min.

• Frequencies of large-amplitude oscillations are in the

range of 1350–1400 Hz, which is lower than the

fundamental acoustic frequency of the investigated

cavity.

Precisely the same features are also seen from the

records of P3 and P1 obtained with cavities Dc of 3.0, 4.0,

6.0 and 7.0 mm, combined with throttle orifices Dt of

8.0, 9.0 and 10.0 mm.

From the above-mentioned results, a scheme of a

single large-amplitude cycle can be drawn: The jet enters

into the cavity, compresses the gas situated there, at

ambient pressure P1min, up to the pressure P3max, and

then the compressed gas expands to the initial pressure

P1min, so that the entering external jet gas is forced out

completely from the cavity. The main characteristic of

the large-amplitude oscillations, as shown in Fig. 3, is

the equality P3min ¼ P1min.

Considering the irregular shape of pressure oscilla-

tion records, a heat release inside the cavity should be

expected. Fig. 4 shows an example of records of tem-

perature increment T3 for 2.0 s after the gas-feeding

valve is turned on. This example shows a cases when a

jet interacts with a cavity Dc of 3.0 mm at several dis-

tances of X for a throttle orifice Dt of 9.0 mm. Identical

records were obtained with all combinations of cavities

and throttle orifices. Throughout the tests the tempera-

ture of the thick and conductive aluminum wall of the

cavities practically did not change its initial value during

the first 2.0 s of heating. Thus, the value of temperature

increment T3 after 2.0 s of heating allows estimate the

intensity of heat release inside the cavity, to evaluate the

specific factors of influence.

Fig. 5 presents the curves for temperature increment

T3 after 2.0 s of heat release in the cavities Dc of 3.0, 4.0,

6.0 and 7.0 mm, for a throttle orifice Dt of 9.0 mm, at

several distances X . The segments marked by solid lines

correspond to the cavity oscillations with P3min ¼ P1min.

This figure allows infer that:

• The intricate plotted curves reflect the above-de-

scribed complex flow structure of an underexpanded

jet.

• The heat release is most intense when P3min ¼ P1min.

• The heat release increases with Dc, evidencing the

role of the periphery flow of the jet.

• Each Dc requires a specific adjustment of distance X
for attaining the conditions for most intensive heat

release.

The same experiment conducted with different

throttle orifices leads to a similar result. Fig. 6 presents

an example for a throttle orifice of 10.0 mm, i.e. for

pressure surrounding the jet lower than that for 9.0 mm

throttle orifice.

Fig. 4. Records of temperature increment T3 at different distances X from the nozzle with D0 3.85 mm and Dt 9.0 mm.

Fig. 5. Temperature increment T3 for different Dc and distance

X by Dt of 9.0 mm.
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5. Conclusions

The heat release in a gas dynamical system of an

underexpanded jet and a cylindrical cavity under a fixed

jet power (fixed nozzle diameter and stagnation pres-

sure) condition was experimentally investigated with

different combinations of nozzle pressure ratio, cavity

diameter and nozzle–cavity distance. The main conclu-

sions can be summarized as follows:

• The most intensive heating occurs inside the cavity

when the underexpanded jet periodically intrudes

deeply into the cavity and compresses the local gas,

after which the compressed gas forces out the enter-

ing gas and expands to the ambient pressure.

• The jet periphery supersonic flow has determining ef-

fect on the heat release.

• Obtained experimental facts open a way for further

investigations to reveal the phenomenon potentials,

applied to other cavity configurations.
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