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Abstract

Self-sustained oscillatory phenomena in confined flow may occur when a turbulent plane jet is discharging into a

rectangular cavity. An experimental set-up was developed and the flow analysis has been made using mainly hot-wire

measurements, which were complemented by visualisation data. Previous studies confirmed that periodic oscillations

may occur, depending on the location of the jet exit nozzle inside the cavity, and also the distance between the side-

walls. The present study deals with the symmetrical interaction between a turbulent plane jet and a rectangular cavity

and the influence of the geometrical characteristics of the cavity on the oscillatory motion. The size and aspect ratio of

the cavity were varied together with the jet width compared to that of the cavity. The study is carried out both

numerically and experimentally. The numerical method solves the unsteady Reynolds averaged Navier–Stokes

equations (URANS) together with the continuity equation for an incompressible fluid. The closure of the flow

equations system is achieved using a two-scale energy-flux model at high Reynolds number in the core flow coupled

with a wall function treatment in the vicinity of the wall boundaries. The fundamental frequency of the oscillatory flow

was found to be practically independent of the cavity length. Moreover, the oscillations are attenuated as the cavity

width increases, until they disappear for a critical value of the cavity width. Contour maps of the instantaneous flow

field are drawn to show the flow pattern evolution at the main phases of oscillation. They are given for several aspect

ratios of the cavity, keeping constant values for the cavity width and the jet thickness. The proposed approach may help

to investigate further the oscillation mechanisms and the entrainment process occurring in pressure driven jet–cavity

interactions.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The case of a turbulent plane jet flowing into a rectangular cavity with a closed end will be considered. It is a flow

configuration in which a self-oscillatory behaviour may occur under some geometrical conditions. Self-excited
e front matter r 2008 Elsevier Ltd. All rights reserved.
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oscillations are then produced by the periodic deflection of the jet axis due to pressure effects or Coanda effect. The

Coanda effect which was approximately discovered half a century ago [see Bourque and Newman (1960)], appears to be

the fundamental physical phenomenon that causes the jet to oscillate in the cavity, provided some limiting conditions in

the ratio of the impingement length of the jet to the width of the cavity are satisfied independently of Reynolds number.

These oscillations are mainly sustained by two distinguishable swirling eddies at each side of the jet within the cavity.

These eddies produced and modulated by the periodic jet deflections can be detected by the occurrence of negative

pressure levels. These negative pressures are induced by the reverse flow, which is blocked by a vortex appearing at the

exit, located at the free open side (Coanda effect).

These oscillations correspond to natural unsteadiness generated by a hydrodynamic instability developing in a jet

flowing between two counter-rotating eddies. Such self-sustained oscillations are driven by the jet deflection mechanism

produced by the pressure variations (Coanda effect).

Similar phenomena may also be related to other mechanisms: to the shear layer instability in a shallow cavity

(Rockwell and Naudascher, 1979; Pereira and Sousa, 1995; Sarohia, 1977); to the separating flow over a back step or a

cavity (Sinha et al., 1982); to the blind cavity effect (Molloy, 1969) and the cross-flow instability (Lawson and

Davidson, 1999).

Oscillations may occur in both laminar flow regime [(Maurel et al. (1996); see also Battaglia et al. (1998)] and

turbulent flow regime (Guo et al., 2001; Gebert et al., 1998) at different geometrical parameters and boundary

conditions.

In the present case, the oscillations disappear when the jet exit is close to one of the side-walls of the cavity, thus

generating a longitudinal quasi-stationary interaction with the nearest side-wall to the exit of the jet (Mataoui et al.,

2001). When the jet exit nozzle is sufficiently close to the cavity bottom, a quasi-steady flow is also produced by the

perpendicular impingement of the jet on the bottom wall (Bernard et al., 2000; Mataoui et al., 2001).

For a turbulent plane jet flowing into a rectangular cavity as considered in the present work, several flow regimes

appear depending on the location of the jet exit inside the cavity. Three different regimes were observed (Mataoui et al.,

2003): a periodic oscillatory flow, a steady flow with no oscillation, and an irregular flow regime with chaotic behaviour.

Generally, fluctuations occur when the jet exit is sufficiently far from the two side-walls and from the cavity bottom.

Particularly, when the jet exit is located symmetrically and at a certain distance from the bottom of the cavity, the flow

is generally fully periodic. In the symmetrical interaction case, several researchers have then observed the flapping

phenomenon of the jet between the upper and the lower side planes of a cavity. We can mention in particular:

Shakouchi (1981), Ogab (1985), Maurel (1994), Lawson (2001) and Lawson et al. (2005), Gloerfelt and Lafon (2005)

and Kolšek et al. (2007). A minor asymmetry in the jet exit location, departing slightly from the middle plane of the

cavity, may also contribute in sustaining these oscillations (Mataoui et al., 2001).

Oscillations may cease depending on several geometrical parameters of the cavity, such as shallow aspect ratios

and large nozzle diameters at the jet exit (Lawson et al., 2005; Shakouchi, 1981; Shakouchi et al., 1982). In the

present study, we consider the influence of various geometrical parameters in the symmetrical interaction of a

turbulent jet in a rectangular cavity. The oscillations of a jet inside a cavity have been the subject of several research

works since the pioneering papers of Shakouchi (1981), Shakouchi and Kuzuhara (1982) and Ogab (1985). Then, other

researchers have contributed to develop the study of this phenomenon, among them we can mention Maurel (1994),

Maurel et al. (1996), Villermaux and Hopfinger (1994), Uzol and Camci (2002), Lawson (2001), Lawson et al. (2005),

Mataoui et al. (2001, 2003), Gevici et al., 2003 and Denisikhina et al. (2005) who achieved a valuable numerical work

using URANS and LES. We also mention again the work of Battaglia et al. (1998) dealing with the interaction of a jet

in a channel.

From the practical point of view, jet oscillations are currently involved in various applications in fluid mechanics

processes, as follows. (i) In recent years, there have been several investigations devoted to the development of fluidic

flow-meters for domestic or industrial uses (Hebrard et al., 1979; Shakouchi, 1989; Maurel, 1994; Pacheu et al., 2000).

(ii) Problem of mixing in fluid flow, combustion, and cooling or heating by means of forced convection, with a number

of interesting industrial applications in heat transfer processes. (iii) Air-conditioning devices, fluid renewal inside of a

cavity and the ventilation of the underground galleries and mines are typical potential applications.
2. The experimental set-up

A perspective view of the experimental set-up is reported in Fig. 1. The jet velocity U0 at the nozzle exit can be varied

from 2 to 20m/s, thus giving a Reynolds number, based on the nozzle height e ( ¼ 1.0 cm), ranging from 1333 to 13,330.

The cavity is a parallelepipedic box made of transparent plexiglas in order to easily visualize the flow resulting from the

jet–cavity interaction.
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Fig. 1. Experimental set-up (dimensions given in cm).
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The main parts of the experimental set-up are as follows:
(a)
 A wind tunnel which generates a plane jet with low turbulence intensity; the height and the width of the nozzle

outlet remain constant in all the measurements (Fig. 1).
(b)
 The rectangular cavity with the jet exit nozzle located inside and closed by an end wall. A ruler fitted with an

opening to introduce the probes support inside the cavity is disposed on the upper wall of the cavity. The nozzle exit

can be displaced inside the cavity and located at the desired position as shown in Fig. 1. In the present study, the

cavity width and height are kept constant; the cavity lateral spanwise dimension is 20 cm, equivalent to that of the

jet nozzle transverse width, while the length of the cavity can be adjusted in order to investigate the influence of

the bottom wall location on the flow characteristics.

The wind tunnel duct and the nozzle exit are located symmetrically in front of the cavity and they can be displaced

both horizontally and vertically within the cavity by adjustable supports.

Hot-wire measurements were carried out with a Dantec multi-channel constant temperature anemometer

(CTA system 56C00) for instantaneous velocity measurements. Calibration of the probes was produced with a

DISA unit 55D45. The single hot-wire probe DISA 55P11 probes made of a 5mm diameter platinum-plated

tungsten wire. A traversing mechanism was built to move the probe along the streamwise direction and in the

vertical direction. A slot was managed in the sliding ruler to allow the probe support to reach any location inside of

the cavity. In the case of instantaneous quantities, the CTA hot-wire anemometry is preferred to the laser Doppler

anemometry (LDA) as discussed by Bruun (1995) regarding the quality of the response of the wire. The geometrical

size of the cavity is L0 in length and H0 in height, or in dimensionless form:

L�0 ¼
L0

e
and H�0 ¼

H0

e
.

(c)
 The velocity signal analysis devices.
(d)
 A white smoke generator (CFT Taylor) used to visualize the flow structure. This generator produces

a white smoke consisting of very small droplets of vegetable oil mixed with compressed carbon dioxide.

The smoke is injected upstream at the entrance of the duct in order to get a white homogeneous smoke at the

jet exit.
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(e)
 A light projector. The light beam was directed through a vertical transparent area located in the median plane of the

cavity bottom. Animated photograph series were produced using a stroboscopic camera at a pace of 2 pictures per

second.
3. Turbulence modelling

A two-scale energy-flux model is adopted in this study. Multiple-scale modelling was previously proposed by

Schiestel (1987) after the work of Launder and Schiestel (1978), Hanjalic et al. (1980) and Schiestel (1983). The rationale

of this choice is related to the unsteadiness of the present turbulent flow, in which large space and time variations may

lead to departures from equilibrium (Mataoui et al., 2001).

3.1. Governing equations of motion

The RANS equations for a two-dimensional unsteady, incompressible flow in Cartesian coordinates are deduced

from the mass and momentum balance equations as follows:

qUi

qX i

¼ 0, (1)

qUi

qt
þUj

qUi

qX j

¼ �
q

qX i

P

r

� �
þ

q
qX j

n
qUi

qX j

� uiuj

� �
. (2)

Eq. (2) contains the Reynolds stress terms for which a closure model must be introduced.

3.2. Two-scale turbulence closure

This two-scale energy-flux model is based on the concept of eddy turbulent viscosity. As mentioned earlier, the

present flow configuration, which implies separation and reattachment phenomena together with strong variations in

space and time, may induce departures from spectral equilibrium. Therefore, as in Mataoui et al. (2001), we have

implemented the multiscale approach for turbulence modelling. The fundamental principles of this formalism are

extensively discussed in Schiestel (1987, 2006). Multiple-scale modelling takes into account the fact that turbulence is

characterized by a wide spectrum of fluctuations. Besides, turbulent interactions are associated with different parts of

this evolving spectrum.

The energy-flux model is based on a simplified split spectrum scheme (Schiestel, 1983, 1987) based on the portioning

of the turbulence energy spectrum into three zones (Fig. 2) delimited by their corresponding wavenumbers kP and kT.

The [0, kP] interval corresponds to the wavenumber region in which the main shear production is active, while the

[kP, kT] wavenumber interval corresponds to the energy cascade transfer zone and then the viscous dissipation zone

[kT,N] follows. Energy is transferred out of the first region (production zone) at a rate kP and injected into the transfer

zone. Then the energy leaving the transfer zone at a rate kT is transferred towards the dissipation zone in which it is

dissipated at a rate e. The hypothesis that the dissipation zone contains no appreciable energy allows to suppose e ¼ eT.

Therefore, the two dimensionless parameters kP/kT and eP/eT can be viewed as non-equilibrium indicators. The

former characterizes the shape of the energy spectrum, while the latter represents the level of the spectral flux imbalance.

The multiple-scale model is a simple scheme suitable to mimic the cascade delays in the spectral pipeline. The energy

distribution is obtained through the solution of the transport equations for partial energies and fluxes in each zone of

the spectrum. The splitting allows the energy flux eP transferred out of the production zone to be directly influenced by

the shear production source term, while the energy flux eT evolve with some time delay.

The partial kinetic energies are determined from the following transport equations:

dkP

dt
¼ ntðUi;m þUm;iÞUi;m þ nþ

nt

skP

� �
k;m

� �
;m

� �P, (3)

dkT

dt
¼ �P þ nþ

nt

skT

� �
k;m

� �
;m

� �T : (4)

The total turbulent kinetic energy must be equal to the sum of the two partial kinetic energies:

k ¼ kP þ kT .
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The spectral fluxes are also obtained from separate transport equations:

d�P

dt
¼ C1P

�P

kP

ntðUi;m þUm;iÞUi;m þ nþ
nt

s�P

� �
�P;m

� �
;m

� C2P
�2P
kP

, (5)

d�T

dt
¼ C1T

�P�T

kT

þ nþ
nt

s�T

� �
�T ;m

� �
;m

� C2T
�2T
kT

, (6)

� ¼ �T , (7)

where C1P, C2P, C1T and C2T can be considered as numerical constants or as functions of the spectrum shape

parameters defined by x ¼ kP=kT and y ¼ �P=�T . As a first approximation we will assume constant numerical values for

these coefficients. In equilibrium situations, �P ¼ �T ¼ � and the model behaves like a standard k�e model. The

numerical values of the modelling constants in the transport equations are:

C1P ¼ 1:65; C2P ¼ 1:92; C1t ¼ 1:75; C2t ¼ 1:82.

As a result, it can be shown easily that in equilibrium conditions, the dimensionless parameters take on the numerical

values x ¼ 3 and y ¼ 1. The turbulent eddy viscosity nt is given by the equation nt ¼ cmk2=�P.
The question can be raised whether URANS methods are an adequate framework for tackling the problem. We can

point out that the basic interaction mechanism that prevails in the present experiment is mainly the pressure–velocity

coupling of the jet in a confined environment, this is the driving force of the fluctuations and the flapping phenomenon.

Once the oscillation mechanism has been initiated, the mean part of the flow becomes unsteady and this mechanism

could be effective in laminar flows as well. This is why URANS modelling seems appropriate; the URANS model

describes the (relatively slow) unsteady evolution of the mean part of the flow, while standard modelling is used for the

true turbulence field. The physical mechanisms analysed in the Villermaux and Hopfinger (1994) paper are not exactly

the same, they are initiated by the preferred mode of the jet instability, and probably in such a case large eddy

simulation methods would be necessary.

3.3. Near-wall modelling

Considering that the driving forces in the present unsteady phenomena are mainly due to pressure effects, there is no

need for a detailed solution of the viscous sublayer in the wall treatment. Therefore, we shall use high Reynolds number

closure in the core flow coupled with a standard wall function technique (Launder and Spalding, 1974; Patankar, 1980)

that bridges the no-slip wall condition to the fully turbulent core flow using logarithmic profiles. This simplified method

proved to be adequate for this problem (Mataoui et al., 2001).
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Consequently, the standard logarithmic law of the wall defined by Launder and Spalding (1974) was imposed for all

the walls present in the configuration (the cavity walls and duct side-walls) as a boundary condition in its generalised

form in which N denotes the grid point located nearest to the wall:

Uþ ¼
U

U�
¼

1

k
LogEyþN for yþN411:0 ðk ¼ 0:41;E ¼ 9:0Þ; (8)

Uþ ¼ yþ for yþNo11:0. (9)

This latter equation for yþNo11:0 is only used at some exceptional points.

The skin friction and normalized distance to the wall are defined as follows:

U� ¼
tw

rc
1=4
m k

1=2
N

and yþ ¼
yc1=4m k

1=2
N

n
.

Because of this simple practical choice, the detailed structure of the flow in the vicinity of the wall cannot be accurately

obtained [see Craft et al. (1993), Cooper et al. (1993), Yap (1987)]. But this is not the aim of the present study and

considering that the flow is mainly driven by pressure forces, the influence of the logarithmic boundary conditions at the

walls will remain very limited.
4. Numerical method

A finite volume method was used. It requires the integration of the mean and turbulent field transport equations over

the discretization cells. The numerical solution of that system of equations is obtained with an elliptic solver which is

based on the tridiagonal algorithm with sub-iterations.

Staggered meshes for the velocity components were used in order to prevent the development of checkerboard

instabilities throughout the pressure field. The well-known SIMPLE algorithm (see Patankar, 1980) was applied for the

pressure–velocity coupling. As usual, the source terms of the turbulence equations were linearized to ensure the solution

stability, whilst the nonlinearities were solved through internal iterations. Such a technique is computationally

inexpensive, as it requires reduced storage capacities.

The present flow shows a considerable variation in the velocity vector direction near the impact location at the wall;

therefore, for this reason, a double sweep with the tridiagonal algorithm was applied along the vertical and horizontal

directions to accelerate convergence.

All the boundary conditions are summarised in Fig. 3, as follows.
(a)
 The inlet boundary conditions (at the nozzle) are assumed to be constant for all the variables.
(b)
 The near-wall treatment is based on the universal logarithmic law of the turbulent boundary layer.
(c)
 At the open boundaries, two cases may occur depending if the fluid is leaving out or entering the cavity. The

boundary conditions for the different variables F representing (V, k, kP, kT, e, eP , eT) are detailed hereafter: (i) in

the first case, with the fluid entering the cavity (aspiration of fluid from outside: Uo0) the values Fext are imposed:

F ¼ Fext ; (ii) in the second case, with the fluid leaving the cavity (U40), free Neumann conditions are imposed,

qF=qx ¼ 0. In both cases, the pressure at the free boundary is imposed and the U velocity component is deduced

from the continuity equation.
The convection–diffusion scheme is the power law approximation (Patankar, 1980). First of all, grid independence

tests have been made in a steady case for several values of grid size. Generally, a grid size of NX ¼ 100 and NY ¼ 80 for

the basic reference case (L�0 ¼ 50, H�0 ¼ 20) produces satisfactory accuracy in the results. Indeed, for an increased grid

size of NX ¼ 120 and NY ¼ 100, the observed variation in the calculated quantities remains less than 2%. In the

elongated cavity (L�0 ¼ 100, H�0 ¼ 20) the grid was composed of 150� 80 points. A grid refinement upstream and

downstream the nozzle exit was applied so that the entrainment was accurately described. The meshes were also refined

vertically near the jet exit (in order to have sufficient accuracy near the edge of the nozzle). A small refinement of the

grid was also introduced near the cavity walls and the duct walls because of strong gradients.

In the unsteady calculations, the time scheme is only first order, but small time steps have been used. It must be

recalled also that the frequency of oscillation of the flow is relatively slow, and very small compared to the characteristic

frequencies of turbulence. Tests have also been done to determine the appropriate choice of the time step. The Courant

number (defined by C ¼ maxðUdt=dx;Vdt=dyÞ) in the unsteady calculations is about unity in most of the flow field.
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Indeed, due to the use of an implicit time scheme, the CFL condition is not required. About 50 or more time steps are

used to describe one period of evolution. The calculations of three or four successive periods are sufficient to get truly

periodic results.
5. Results and discussion

Depending on the values of the geometrical parameters, the flow produced by the interaction between

the jet and the cavity exhibits different possible behaviours. These various observed situations are reported

hereafter:

1st case: The jet oscillates periodically.

2nd case: A stable oblique or perpendicular interaction occurs respectively on the upper wall or the lower wall or even

the bottom of the cavity.

3rd case: An irregular interaction, with chaotic unsteadiness which characterizes an intermediate situation between

the two previous cases.

5.1. Parameters of the problem

The dynamical and geometrical parameters considered in the present study are defined by the sketch in Fig. 4. The

dynamical parameter involved in the present study is the Reynolds number based on the jet exit velocity U0, the nozzle

height (e ¼ 10�2m) and kinematic viscosity n of the fluid (air): Re ¼ U0e/n.
The oscillation frequency in the case of the oscillatory flow is characterized by the Strouhal number based on the

characteristics of the jet at the exit (U0 and e) and the oscillation frequency f: St ¼ fe/U0.

The current measurement point M is determined by its coordinates M(L, H) reported in Fig. 4, and in dimensionless

form (L*
¼ L/e, H*

¼ H/e). The jet exit location is (L0, H0/2).

Additionally, two other dynamical quantities are considered: the mass flow rate at the outlet Qupper and Qlower,

respectively, through the upper and the lower exit sections of the cavity and the flow rate at the jet exit Q0 which verifies

the conservation condition:

Qupper þQlower ¼ �Q0.
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All dimensionless geometrical quantities will be defined using the previous parameters U0 and e in order to easily

generalise the results to other jet–cavity interactions.

5.2. The jet exit conditions

The plane duct produces a fully turbulent plane jet with a low turbulence rate at the exit. Fig. 5 shows the measured

normalized velocity (U/U0) and the kinetic energy profiles (k/kmax), kmax being the maximum kinetic energy in the jet

exit section.

5.3. Effect of the cavity aspect ratio on the unsteady regime

5.3.1. Effect of the wall bottom: influence of the cavity length

In order to study the effect of the cavity length, several calculations were carried out for higher values of L�0 compared

to the reference value L�0 ¼ 50 considered in Mataoui et al. (2001). The dimensionless time-averaged velocity modulus

(U2+V2)1/2/U0 and streamlines are reported in Fig. 6 for three cases (L�0 ¼ 50, L�0 ¼ 100 and L�0 ¼ 150) at every quarter

of a time period. For elongated cavities (L�0450), it appears that the fluid is almost quiescent in the bottom region.
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The flow pattern is very similar to the one obtained in the original case (L�0 ¼ 50) except for a longitudinal transfer

induced by the inactive flow pad in the bottom.

Experimentally, the visualisation of the flow interaction confirms the numerical predictions. Fig. 7 shows four

photograph shots within one time period of the oscillation for two aspect ratios (L�0 ¼ 50 and L�0 ¼ 100). It appears that

the distance of the jet impingement on the lateral walls is practically very similar to the corresponding values calculated

for the cavities L�0 ¼ 50 and L�0 ¼ 100 at each quarter of period. In the bottom region, the white smoke is blocked and

the flow is practically motionless in the case of an elongated cavity (L�0 ¼ 100).

The dimensionless pressure, kinetic energy and the shape parameter (P=rU2
0, k=U2

0 and x) contours for L�0 ¼ 50 and

L�0 ¼ 100 are, respectively, reproduced in Figs. 8–10. The analysis of these diagrams highlights the deviation of the jet

towards one of the two lateral walls coupled with a weak activity in the bottom region of the cavity for L�0 ¼ 100. This is
Fig. 6. (a) Dimensionless time-averaged velocity magnitude (U2+V2)1/2/U0 and streamlines at T/4, T/2, 3T/4 and T. H�0 ¼ 20,

L�0 ¼ 50, Re ¼ 4000; axes units in m. (b) Dimensionless time-averaged velocity magnitude (U2+V2)1/2/U0 and streamlines at T/4, T/2,

3T/4 and T. H�0 ¼ 20, L�0 ¼ 100, Re ¼ 4000; axes units in m. (c) Dimensionless time-averaged velocity magnitude (U2+V2)1/2/U0 and

streamlines at T/4, T/2, 3T/4 and T. H�0 ¼ 20, L�0 ¼ 150, Re ¼ 4000; axes units in m.



ARTICLE IN PRESS

Fig. 6. (Continued)

A. Mataoui, R. Schiestel / Journal of Fluids and Structures 25 (2009) 60–79 69
a proof that the jet deviations are mainly due to the existence of horizontal side-walls, creating low pressure regions

which are the cause of the mechanism of self-sustained oscillations.

In the case of elongated cavities, the bottom wall distance does not have a significant effect on the oscillation

mechanism. The jet lateral impingement is almost the same for all the elongated cavities.

5.3.2. Effect of the lateral walls: influence of the cavity height

We only consider here the symmetrical interaction case with the jet located at the transverse mid-plane of the cavity.

Calculations made with twice the value of the cavity height are illustrated in Fig. 11, showing dimensionless time-

averaged velocity modulus (U2+V2)1/2/U0 and velocity vector plots. In this geometry, the flow regime switched to a

non-oscillatory state. So, when the cavity height is increased the oscillations disappear and the flow becomes steady in

the mean. The jet impinges the bottom wall of the cavity perpendicularly, producing a frontal interaction. The

impingement mechanism is illustrated by the pressure, kinetic energy and the shape parameter contours, respectively,

reported in Figs. 12–14. In general, if the cavity height is larger compared to the distance of impingement, the lateral

interaction disappears, because the pressure sink due to the Coanda effect is too weak to cause a deflection of the jet

(Bernard et al., 2000).

It is also worth mentioning that many past studies have shown that the oscillations occur also in the

case of symmetrical interaction with an open cavity at the downstream end (open cavity at either ends)

(Maurel, 1994; Maurel et al., 1996; Villermaux and Hopfinger, 1994; Uzol and Camci, 2002; Lawson and Davidson,

1999; Gevici et al., 2003).

5.3.3. Flow regime map

In order to check the effect of the cavity geometrical characteristics on the jet–cavity interaction phenomenon, several

symmetrical configurations were considered both numerically and experimentally. In these tests, the width of the cavity

and the jet nozzle exit thickness were kept constant. In the experimental approach, it was only possible to vary the

longitudinal distance L0 of the jet exit to the bottom wall by means of more elongated cavities. In the numerical

approach, a large amount of tests were considered through the variation of both the longitudinal distance L0 (17 values
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Fig. 7. Flow visualisation, H�0 ¼ 20, Re ¼ 4000: (a) L�0 ¼ 100 and (b) L�0 ¼ 50.
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Fig. 8. Calculated instantaneous dimensionless pressure contours within one period of time, H�0 ¼ 20, Re ¼ 4000; axes units in m:

(a) L�0 ¼ 100 and (b) L�0 ¼ 50.
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of L�0 ranging from 25 to 400) and the cavity height H0 (4 values of H�0 ranging from 20 to 50). The type of regime is

determined experimentally or numerically in the same way, using a time analysis of the instantaneous velocity signal at

several station points inside the cavity and then confirmed by visualisation. We have thus detected three types of flow
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Fig. 9. Calculated instantaneous dimensionless kinetic energy contours within one period of time, H�0 ¼ 20, Re ¼ 4000; axes units in

m: (a) L�0 ¼ 100 and (b) L�0 ¼ 50.
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regime depending on the cavity height and length. The flow would switch from one regime to another depend-

ing on the geometrical parameters. In the no-oscillation regime, the flow is steady, and in the stable oscillation

regime the unsteadiness corresponds to a periodic behaviour, whilst in the intermediate unstable oscillation

case, the unsteadiness corresponds to a more complex behaviour with several frequencies and apparently irregular

oscillations. These three distinct zones are delimited on the flow regime map in Fig. 15: no oscillation, unstable

oscillation and stable oscillation zones are separated by transition curves. This diagram was established and checked

for Reynolds numbers ranging from 1000 to 10 000 and numerical results are in agreement with the correspond-

ing experimental findings. A similar diagram was experimentally obtained by Shakouchi (1981) and Lawson et al.

(2005).

For L�04150, the transition curve between the unstable oscillation and the stable oscillation zones can be fairly well

approximated by a linear curve (Fig. 15):

L�0 ¼ 9:85Hn

0 � 193:28.

5.4. Time analysis of the oscillatory flow

The jet oscillations were experimentally and numerically analysed through the time evolution of the instantaneous

velocity signals at predetermined station points inside the cavity. The numerical prediction proved to be similar to the

experimental behaviour (Fig. 16). An example of stick spectrum of the measured velocity signal is given in Fig. 17 for a
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periodic case, it clearly shows the peaks corresponding to the periodic mean oscillation (fundamental mode and

harmonics) that are superposed to the background true turbulent field. For all the oscillatory cases considered within

the limits of the stable oscillation regime given in Fig. 15, the calculated frequency of the jet flapping inside the cavity

varies linearly versus the Reynolds number (Fig. 18). The unstable oscillation regime illustrated in Fig. 16(g) and

delineated in Fig. 15 does not show a dominant frequency. The behaviour is more complex and its study was not

detailed further.

When the impingement distance is less than a certain critical value, the cavity bottom does not have any appreciable

effect on the oscillation frequency. In order to examine the effect of the vertical and longitudinal cavity sizes on the

oscillatory phenomena, we have determined the oscillation frequency as a function of the geometrical characteristics of

the cavity. Regarding the effect of the bottom wall, the oscillation phenomenon practically remains identical with an

almost constant frequency (Fig. 18) with the increase of the cavity length. However, if the height of the cavity increases,

the oscillation frequency slightly decreases (Fig. 19). Fig. 19 is in good agreement with several previous studies

(Shakouchi, 1981; Shakouchi et al., 1982; Lawson et al., 2005), and confirms the assumption that the oscillations are

mainly produced by the lateral cavity walls.

The Strouhal number is found to be independent from Reynolds numbers (at large Reynolds numbers) i.e.,

St ¼ f(Re) ¼ constant. Such results are practically in good agreement with all research works on oscillatory

jet–cavity interaction for similar configurations which were previously mentioned. Additionally, the analysis

deduced from Fig. 20, shows an important phase shift between the mean pressure and the velocities components.

The pressure phase is ahead from the phase of the other mean and turbulent quantities. These phase shifts confirm

the existence of a feedback mechanism and time lag effects (Ayukawa and Shakouchi, 1976). Hence, the observed

phase shift appears to be linked to the pressure response which accompanies the deviation of the jet during the

oscillatory motion.
Fig. 10. Calculated instantaneous shape parameters (x ¼ kP/kT) contours within one period of time, H�0 ¼ 20, Re ¼ 4000; axes units in m:

(a) L�0 ¼ 100 and (b) L�0 ¼ 50.
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5.5. Mechanisms of oscillation

The self-sustained jet oscillations inside the cavity are governed by the action of the pressure variations within the two

laterals eddies developing at both sides of the jet axis. A better description of the mechanism emerges from Fig. 21. The

instantaneous flow rates Qupper and Qlower, respectively through the upper and the lower open boundaries, are

expressed as functions of the instantaneous difference between the corresponding pressures at these boundaries

(DP ¼ Plower�Pupper). At the inlet, the considered flow rate Q0 originating from the jet is assumed constant. The arrows

in the diagrams of Fig. 21 indicate the circulation direction within one period of oscillation. When the upper side eddy is

flowing out, the pressure difference DP increases whilst the upper flow rate Qupper increases and the lower flow rate

Qlower decreases, with the jet reaching its most deflected position. Then, the pressure difference DP decreases

simultaneously to an increase of Qupper and a decrease of Qlower, while the upper exit is blocked by the lateral eddy and

the jet deflection is reversed. Therefore, the phenomenon is symmetrically repeated.

All the configurations that were considered in this study are symmetrical, and the corresponding diagrams are

symmetrical about the mid-plane position too. In this central position of the jet, the difference between the

corresponding pressures at the exit sections (DP ¼ Plower�Pupper) is negligible (DP ¼ 0) and the outflow is split into two
Fig. 12. Dimensionless pressure levels (P=rU2
0), L�0 ¼ 50, H�0 ¼ 40, Re ¼ 4000; axes units in m.

Fig. 11. Dimensionless time-averaged velocity magnitude (U2+V2)
1/2/U0 levels and vector plot, L�0 ¼ 50, H�0 ¼ 40, Re ¼ 4000; axes

units in m.
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Fig. 13. Dimensionless kinetic energy levels (k=U2
0), L�0 ¼ 50, H�0 ¼ 40, Re ¼ 4000; axes units in m.

Fig. 14. Shape parameter levels (x ¼ kP/kT), L�0 ¼ 50, H�0 ¼ 40, Re ¼ 4000; axes units in m.
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equal parts (Qupper ¼ Qlower ¼ �0.5Q0). For the other locations of the jet, Qlower becomes maximum when the

corresponding Qupper becomes minimum and vice versa. In all cases, the conservation of the total flow rate implies

Qupper+Qlower ¼ �Q0. A similar behaviour was also experimentally verified by Shakouchi (1981).
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6. Conclusion

The interaction of a turbulent plane jet inside a rectangular cavity generates complex flow behaviour that can be

efficiently predicted using the URANS approach. The present study combines numerical and experimental approaches

including measurements and flow visualisation. A good agreement was achieved between these approaches.

In this study case, we were mainly interested in the effect of the geometrical parameters of the cavity, particularly its

aspect ratio (height H0 to length L0).

Several flow regimes were observed depending on the geometrical parameters:
(i)
 the stable oscillation flow (periodic oscillations);
(ii)
 the non-oscillatory regime (steady flow);
(iii)
 the unstable oscillations case (intermediate case with irregular oscillations).
These results were synthesized in a diagram which delimits the different flow regimes and it emerged that they are

practically independent of the Reynolds number (provided the Reynolds number is sufficiently high).

In the case of the steady mode which occurred for large values of H0/L0, a symmetrical frontal interaction was

obtained (with a perpendicular impingement of the jet on the bottom wall of the cavity).

For the oscillatory flow, the fundamental frequency of the oscillations was obtained for several geometrical and

dynamical parameters. The jet flapping frequency increases linearly with the Reynolds number and decreases

moderately with the height of the cavity. Additionally, one must emphasize the occurrence of a phase shift between the

pressure and the velocity components, kinetic energy and dissipation. It is remarkable how URANS one-point

turbulence closure succeeds in capturing the oscillatory behaviour of the flow without any specific empirical

modification (Bosch and Rodi, 1996; Kato and Launder, 1993).

The jet oscillation mechanism is related to the pressure effects as shown on the diagrams (Qupper and Qlower versus

DP). Particularly, the periodic motion of the two eddies which periodically inflate and deflate on both sides of the jet

axis, is in complete agreement with the conclusions of previous studies (Mataoui et al., 2001, 2003).

The present study also allowed a detailed description of the flow instantaneous structure. Given the fact that the

driving phenomenon of the confined jet oscillations closely relates to pressure effects, it enabled us to use a simplified

model within the wall layer by means of wall functions. However, this approach would not be suitable for a fine

description of the near-wall region, particularly the impact areas.
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