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Dynamics of a bifurcating flow within an open heated
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Abstract — A numerical study of a 2D jet, confined in a heated or nonheated “horse shoe” cavity containing a bluff body is presented.
Over critical conditions, this system exhibits self-sustained oscillations with well defined saturated amplitude and frequencies.
Through the oscillating velocity amplitudes and the phenomenon frequencies, we defined a global mode. A universal curve for

both streamwise and spanwise renormalized amplitudes emphasizes

this global behavior. The stabilizing effect of the heated wall

boundaries is shown. As an example, a delay of 6 %for AT = 10K, the temperature difference between the walls and the working fluid,
raises the onset of the self-sustained mechanism. The global mode conservation with heating boundaries proves that the confined jet
is insensitive to external perturbation such as heating. [0 2001 Editions scientifiques et médicales Elsevier SAS

instability / Hopf bifurcation / oscillation frequency / thermal stabilization / global mode

Nomenclature

a thermal diffusivity . . . . .. ........ s 1

A velocity amplitude . . . . .. .. .. .. .. w1

d nozzlewidth . . .. ....... ... ... m
D x /dr total time derivative

A Laplacian operator

f fundamental frequency . . . ... ... .. Hz
h nozzledepth . ... ... ... ... ... m
P pressure ... ... Pa
t time. . ... ... ... .. .. ... S
u longitudinal velocity . . . . . ... ... .. g1

U inletvelocity . . . .. ............ ns 1

v transversevelocity . . . . .. .. ... ... a7l

X longitudinal coordinate . . . ... ... .. m
y transverse coordinate . . . ... ... ... m
Tinet inlettemperature . . . .. ... ... .... K
Twan Wwalltemperature . . . ... ... ...... K
a slope . ... ... Hz
v kinematic viscosity . .. .......... fs1

m dynamicviscosity . . ... ... ... ... Pa
Re Reynolds numbes Ud /v

St Strouhal numbes fd/U
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1. INTRODUCTION

Since the nineteenth century, because of their con-
siderable practical importance, the problems related to
hydrodynamic stability were analyzed and formulated.
Many authors clearly described mechanisms of instabili-
ties.

The periodic unsteady flows can be separated in
two types, called “open” and “closed” flows. A flow is
“closed” when the fluid particles are recycled in the phys-
ical domain. A flow is “open”, from a kinematic point
of view, if all the present particles leave the domain.
For example, Poiseuille flow, wakes are “open” systems
whereas Rayleigh—Bénard flow confined within two hor-
izontal plates is a “closed” system. In terms of hydro-
dynamic stability, “closed” and “open” flows are defined
in terms of “absolutely unstable” and “convectively un-
stable”, respectively. A flow is referred as absolutely un-
stable if after an initial impulse a disturbance grows in
time at any spatial location. If this disturbance is ulti-
mately convected away, one speaks about convective in-
stability.

This concept of unstable wave propagation, first in-
troduced in the study of plasma instabilities, is here ap-
plied to aerodynamic and hydrodynamic instabilities. For
a given flow, the two different points of view can be inter-
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dependent. Huerre [1] gives the example of a parallel ax-
isymmetric hot jet which is absolutely unstable when the
core temperature is sufficiently higher than the ambient
temperature whereas a cold jet is considered convectively
unstable. Although fluid particles move downstream, hy-
drodynamic instability, in the case of the hot jet, affects
the entire domain of interest.

The aim of this paper is not to find a criterion which
can help us to determine if a flow is convectively or
absolutely unstable, but to characterize the evolution of
a given flow in a physical domain with the changes
of a control parameter such as the Reynolds number.
Rerepresents a bifurcation parameter, which means that
the flow reaches a new state of equilibrium above a
particular Reynolds number value.

Many researchers studied the possible connections be-
tween local absolute instability and self-excited or noise
amplified phenomenon, sustained by the experimental
discovery made by Provansal et al. [2] applied itself to the
description and the characterization of the flow dynamics.

Since then, studies of this type have been repeated and re-

fined, leading, for instance, to the transient experiments
method (Monkewitz et al. [3]), a measure of the response
of the wake to an impulsive change of the bifurcation pa-

rameter.

Through Sonhauss’ works about edge-tones, resear-
chers observed the self-excited mechanisms and their
possible applications. Rockwell and Naudasher [4] pre-
sent many configurations of impinging free shear layers
inducing such a phenomenon. Our work presented here is
in keeping with this general pattern and is developed in
order to improve systems of flow measurement. Fluidic
metering has been of particular interest because of its
low-flow measurement ability. Over a critical Reynolds
number, the confined jet oscillates on both sides of the
symmetry axis. The frequency of this phenomenon is
easily linked to the inlet velocity.

Further works focused on methods of suppressing, al-
tering or delaying the onset of those structures from self-
excited mechanisms. In the case of a hot round jet (Yu
and Monkewitz [5]) the heating makes the jet sensitive
to external forcing. Roussopoulos [6] found in his ex-
periments that dynamic feedback control allows the de-
lay of the wake instability onset about 20 % with respect
to the Reynolds number than without control. Jointly to
our dynamic study, we focused on the influence of the
boundary temperature on the onset of the bifurcation.
The general pattern of the flow is also investigated in this
case.

The aim of this paper is various. First, in section 2,
we briefly present the computational domain, we explain
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the boundaries and initial conditions. The history points
where the time evolutions of the velocity fields are stored
are also summarized. Second, in section 3, we extend
the great deal of attention which had been paid to wake
flows from confined jets. We show that under supercrit-
ical conditions, following the linear theory behavior, a
disturbance increases exponentially in time and reaches a
temporally periodic behavior, often called “limit cycle”.
Third, in section 4, we show the global nature of the en-
tire flow field. Then, in section 5, we present additional
works where the self-sustained phenomenon, through its
global mode, can be influenced by heating the boundary
domain.

2. NUMERICAL METHOD AND
COMPUTATIONAL DOMAIN

The unsteady Navier—Stokes equations were solved
with the Fluent code using the finite volume method
in agreement with the following assumptions: the flow
is an incompressible 2D jet, the working fluid (air at
standard conditions) is Newtonian and homogeneous.
The governing equations are:

DU
,OE +gradP = u(T)AU

divU =0
bT _ (T)AT
or ¢

The physical domain presented figure 1is com-
posed with a rectangular slit inlet called “nozzle”, a
“horse shoe” shape chamber including a bluff body cross-
wise to the main direction of the flow. This chamber is
100 mm long and 170 mm wide. The ratio aspect is de-
fined asa =d/h = 1/7, with i the depth of the domain
andd the nozzle width. We compute the governing equa-
tions following only two dimensiong:Ox) streamwise
and[Oy) spanwise. This assumption is checked experi-
mentally as long ag > 1/5. The bluff body is 30 mm
long (in its largest dimension) and 110 mm wide. It has
a 40 mm diameter hemispherical cavity. We have shown,
in an additional work, that the presence of this central
cavity is required for the appearance of the self-excited
phenomenon.

The boundary conditions have been chosen in the fol-
lowing way. A uniform velocity profileU was intro-
duced at the inlet boundary (the nozzle inlet). A free
outflow condition at the outlet boundary and a zero ve-
locity at the walls were also used. As far as tempera-
ture is concerned, both boundaries (walls and inlet) are
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detail of the
inlet boundary
condition _

dw/dx =0
U
detail of the
outlet boundary
condition .|
Figure 1. Physical domain, coordinate system and history

points locations.

fixed atTwai = Tinlet = 293 K in the dynamical study, and
Twan = 303 K in the thermal study. The Reynolds num-
ber is defined using/, the uniform velocity profiled the
nozzle width and the kinematic viscosity calculated for
air in standard conditions. The simulations presented here
are carried out for a distance= 25 mm between the
nozzle exit and the front of the bluff body.

The computations were performed as follows. For
each Reynolds number, typically from 10 to 170, the
steady solution is calculated and then taken as initial con-
dition when the unsteady solutions are performed. A sat-
urated periodic state is then obtained — which can be as-
similated to an asymptotical regime — characterized with
its peak-to-peak amplitude and frequency (Bgere 2.
Many previous methods are used with quite similar goals.
Zielinska and Wesfreid [7] choose to compute the quasi-
steady state solution until the time periodic state solu-
tion was reached. Therefore, by lowering step by step the
Reynolds number and taking the saturated dynamics as
an input, they obtained new stable time periodic fields.
Bouchet [8] used as initial condition a steady symmetric
flow called “basic flow” by forcing the symmetry artifi-
cially. Our method, described above, is chosen in order to
analyze separately each computation.

We present here some results achieved according to
different initial conditions. We take as initial condition
an unsteady solution computed fee= 57 in the satu-

(b)

Figure 2. Flow pattern for both under and over critical Reynolds
number.

rated regime and then we increase slightly the Reynolds
number Re= 60). As expected, the saturated dynamics
is reached faster than taking the steady solution as ini-
tial condition. This result does not present differences as
far as saturated amplitude and frequency are concerned.
In the same way, we choose the saturated state computed
for Re= 65, as initial condition, and lower the Reynolds
number Re= 60). We obtain roughly the same results.
The saturated amplitude is upward (approximately 2 %)
in this last case, for the both components. The frequency
is identical and independent of the chosen initial condi-
tion.

Further computations were performed to optimize the
appropriate grid. We studied the variation of the stream
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TABLE |
Coordinates of the 14 history points.

Point x/d y/d
1 1 0
2 15 0
3 2 0
4 25 0
5 3 0
6 35 0
7 7 0
8 75 0
9 8 0

10 85 0
11 3 Q5
12 3 1
13 3 15
14 3 2

function and both velocity components with regard to
Nx andNy, the number of nodes in the longitudinal and
transverse directions. For a chosen g¢hdx, Ny) and

for a fixed Reynolds numbefRe= 70), u, v and sf
were calculated. Then, we increasis and the same
quantities were calculated agaim ( v1 andsf,;). Each
relative error (i.e.(u1 — u)/u) has been analyzed and
Nx is increased as long as this criterion is higher than
5%. We proceeded in the same way for Myeinfluence.
The computational domain, which characteristics are
Nx =106 andNy = 162, is chosen with respect to these
constraints.

To identify the evolution and the growth character-
istics of the velocity fields dependent on the Reynolds
number (and the spatial locationgd andy/d), we store
the time evolution of the velocity components at the so-
called history points. Saturated amplitudes are investi-
gated at the 10 points on the symmetry axis={ 0)
and at 4 other points with a fixed crosswise location.
These points are shown figure 1 The coordinates ex-
pressed in relation with the nozzle width(x /d for the
10 first points,y/d for the last 4) are given itable .
Points 1-6 and 11-14 are located upstream of the bluff
body.

3. DETERMINATION OF THE
THRESHOLD, CRITICAL BEHAVIOR

jet. This system is found to undergo a transition from an
oscillatory state at a critical Reynolds number. Through
the temporal evolutions of the andv components, we
extract essential parameters to determine the onset of the
self-excited phenomenon.

At Re= 10, the flow is symmetricfigure 2. The
perturbations on the shear layer, which take place at the
nozzle inlet exit, symmetrically, are not amplified and
due to viscous damping, the flow is time independent. By
increasing step by step the Reynolds number, we obtain
quite similar behaviors, as far &< 50.

Close toRe= 51, temporal evolutions of both velocity
components revealed a more complex behavior shown
in the following figures. The flow symmetry is then
broken figure 2. According to linear stability theory,
the transverse velocity is exponentially amplified with
time during the first 800 sfifure 3(a). This step
is called the linear domain, where the linear terms
of the momentum equation are prevailing. Then, the
nonlinear terms, also amplified, inflect the exponential
growth (800 s< t < 1120 s) leading to a saturated state
(t >1120s). This last state can be represented through
its saturated peak-to-peak amplitudgs = max(A) —
min(A) and its fundamental frequengy(seefigure 3(a)
and(b)). Throughfigure 3(b) we note that this sequence
is Reynolds dependent. The destabilization occurs earlier
when the Reynolds humber increased. In this last regime,
we store the amplitude of the velocity time evolutions
as a function of the space location and the Reynolds
number. We show irfigure 4 the evolution of (Asad?,
the saturated square amplitude, versus the Reynolds
number.

It can be concluded thatAsa)? is in good pro-
portionality with Re near the threshold. The scaling
law A ~ (Re— Re)Y/2 is characteristic of a bifurcation
which is demonstrated to be the supercritical Hopf type
(Raghu and Monkevitz [9], Williamson [10], Goujond-
Durand et al. [11]). This evolution, relatedt@sap?, pre-
dicts the critical Reynolds number to Be. = 51. Above
the value of 62 and up to 120, the evolution is quite differ-
ent. Through a change in the slopdgay? follows a new
linear law (sedigure 5, because of the strong gap with
regard to the threshold. AbowRe= 120, the evolution
of the square saturated amplitude is not coherent with the
past remarks. Further work is undertaken to support this
allegation.

The determination of the linear growth rate is also
an alternative to estimate the onset of the oscillatory
phenomenon. As described above, during the first steps

The system presented here is related to a horse shoe of the time evolution, both components vary with time,

shape chamber and imply the instability of a confined
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Figure 4. Square saturated amplitude versus Reynolds number,
point 5.

linear growth rate. For each simulation, we compute, via
a Hilbert transform, the envelope of the signal related
to the transverse component, scaled with the réfio,
expressed as a function of the Reynolds number. This
linear law, extrapolated to the zeroth amplitude, gives
the critical Reynolds numbeRe. = 49.9. This value
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Temporal evolution of the spanwise component and associated spectrum, point 1, (a, ¢) Re=53, (b, d) Re=60.
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Figure 5. Square saturated amplitude versus Reynolds for the
whole range, point 5.

is in good agreement with the result obtained with the
scaling law A ~ (Re— Re)¥2. This difference can
be explained by the difficulty to estimate the end of
the linear regime, which defines the exponential law
and, therefore, the linear growth rate We also note
that the results are similar whatever the spatial location
is.
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4. GLOBAL MODES

Many authors have shown that above a critical Rey-
nolds number, wakes behind bluff bodies have a suffi-
ciently large and absolutely unstable region to develop a
global mode. This global mode is characterized by a self-
sustained mechanism and a frequency independent with
the spatial location. With the works reported in the last
section, we are able to describe how the flow confined
in the cavity loses its symmetry and reaches a new self-
excited oscillatory state. We will first link this phenom-
enon frequency to the Reynolds number. Then, we will
determine the shapes of the global modes.

In support of our interpretation, we study here, via a
fast Fourier transform, the frequency of this self-excited
mechanism, in a first step, as a function of the location
(x/d) and then as a function of the Reynolds number.
Our computations confirm that the frequency of the self-
excited oscillation is constant whatever the location and
the velocity component are. This result gives credence
to the fact that the entire flow has a global behaviour.
Frequency dependence with the Reynolds number is
here studied. First, we present the results related to
the transverse component on the symmetry axis. We
note viafigure 3(a)and (b) corresponding tdRe= 53
and 60, respectively, that only one frequency appears
on the spectrogram. This is a common result as far as
the transverse component is concerned. We proceed in
the same way for each Reynolds number. Results are
projected orfigure 6

We note there are two zones where the frequency
adopts a different evolution. First, close to the onset
(51 < Rex< 61), the frequency highly increases with the

03 T T T

Frequency (Hz)

0 L ) .
60 80 100

Re

L L
120 140 160

Figure 6. Evolution of the fundamental frequency versus
Reynolds number, point 5.

6

Reynolds number. Then, aboRe= 61, as far as the
frequency is concerned, the flow reaches a new state
where its frequency variation is perfectly linear. In this
part, the slope is equal tanum = 0.0018 HzRe 1.
This value is very close to the experimental omexp =
0.002 HzRe ™%, obtained for an air jet flow in the same
configuration over wider range of Reynolds numbers
(600-30000).

As shown infigure 7, we can pay attention to the
fact that the spectrogram linked to the longitudinal
componentffgure 7(a) includes the first harmonic /2
and a particular mode related to the zeroth harmonic (the
zeroth harmonic is not shown here). The harmonjc 2
is the consequence of the stream function symmetry
properties on the symmetry axis (Dusek et al. [10]).

The fundamental frequency is in good proportionality
with the Reynolds number. As expected in terms of flow
measurement, oveRe= 61, the relation is linear and
allows us to express the frequency as follows (Bouchet
[8], Pacheu et al. [11], Maurel et al. [12]j: = fo + «Re
where fp is the value forRe= 0 and has, of course,
no physical meaning. It shows that the Strouhal number,
dependent on the Reynolds number, is not constant but
tends to an asymptotical value. This result is typical of
Hopf bifurcations. We can define a particular Strouhal
numberSt,, which can represent the limit of the system
at high inlet velocities:

_Jd

St ,
U

f=fo+aRe
We can express the Strouhal number as follows:

st= 12
U

=fod2i+ad2= B
Re

— S
Re + Sto

V
The asymptotical value is, in the present caSg, =
0.00997. This result, shown ifigure 9 seems to be
coherent with the experimental result obtained in the
same configuration in a low speed water loop, which
value Sty _exp = 0.0126, over a wider Reynolds number
range which can explain the difference between the
two values. We know that there is a weak change
for the frequency evolution as far @&e> 70. In our
experimental work we actually are able to deal over a
range of 100< Re< 10000.

For each Reynolds number allowing the self-sustained
mechanism, we store at the history points the saturated
amplitude of both velocity componenisandv, respec-
tively. Following up many papers (Zielinska et al. [13],
Chapin et al. [14]), we choose to scaley;, the saturated
amplitude, withAmax, its maximum value. We show, as
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Figure 8. Evolution of the Strouhal number, point 5.

expected, that those evolutions follow an identical curve
(seefigure 9related to the longitudinal and transverse
components andv). These results traduce the fact that
the flow behaves as a whole and follows the oscilla-
tory movement in the entire domain. We can note how
the energy moves ta component fromv component.
An increasing amplitude of the longitudinal velocity is
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Time evolution and spectral density of the longitudinal (a) and transverse (b) components, Re=110, point 1.
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Figure 9. Rescaled amplitudes of the streamwise and spanwise
components.

here directly linked to a transverse velocity amplitude de-
crease. ObviouslyAmax is a function of the Reynolds
number, which is not really the case &,y the ab-
cissa where the amplitude reaches its maximum. We can
say thatXmax becomes Reynolds independent as soon
ase > 0.04, withe = (Re— Re;)/Re.. We obtain an as-
ymptotical valueX nax = 3.5d with measurements of the
transverse component. This result is in good agreement
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Figure 10. Comparison of the transverse component time
evolution at an upstream (larger amplitude) and downstream
location.

with the conclusions obtained experimentally in a differ-
ent configuration by Goujon-Durand et al. [15]. The as-
ymptotic regime is reached later (at abeut 0.5), nev-
erthelessXmax is equal to 3d.

Whereas the flow behaves as a whole, we have to note
that the initial perturbation is first amplified upstream
of the bluff body. Then, the self-excited mechanism
affects the entire flow. Due to the central cavity, the
phenomenon is more amplified, as showrfigure 10
Nevertheless, anything proves that the phenomenon first

appears upstream. Further works are in progress to check

it or not.

5. HEATING INFLUENCE

The numerical study described in the beginning of this
paper has shown how a confined jet can exhibit self-
sustained mechanism. We relate the frequency of this
phenomenon with the inlet velocity and emphasize the
global behavior of this confined flow.

It was clearly observed in early works that small

changes in the geometry could reduce or alter the occur-
rence or the development of self-excited structures. Re-

cent years have seen research related to the active con-

trol of many fluid mechanical systems. Experimentally
and analytically, the use of a feedback control was in-
vestigated (Monkewitz [16]). It was concluded that self-

In terms of flow measurement, it is interesting to be
able to detect low flow rates. Our system can be then
limited by the onset of the oscillatory phenomenon. This
threshold is directly linked with the viscous dissipation.
Therefore, we present additional works related to the
influence of the heating boundary on the self-excited
phenomenon onset. The evolution of the global modes
is also discussed here.

The numerical method used is the same as described
above. The inlet flow temperature is kept const@&mé: =
293 K. Each physical boundary (chamber walls, bluff
body) is heated with a constant temperature varying
between 303-333 K.

We choose the dynamic viscosity to be a linear
function of the temperatur® expressed by (T) = A1+
AoT. According to the physical properties of gases at
atmospheric pressure, we determifipand A, between
303 and 333 K (withA; = 1.431.10°° kg-m~1.s 1 and
Az = 1.8410°8 kg-m~1.s71.K~1. Other properties are
chosen to be independent with the temperature.

As mentioned above, we compute the mass, momen-
tum and energy equations for a range of Reynolds num-
ber between 50 and 140. We store at the history points,
velocity componentgu, v). Through their time evolu-
tion, we look for the conditions under which the flow can
exhibit a self-excited pattern, characterized with its fun-
damental frequency, its saturated amplitude and, there-
fore, its global modes.

This part we will focus on the results obtained for

Twall = 303 K. OverRe= 54, time evolutions revealed
an oscillating behavior, as proved in the dynamic study
for Reynolds numbers higher than 51. We characterize
this phenomenon through its saturated amplitude (see
section 3). Infigure 11 the evolution of(Asa)? versus
the Reynolds number is plotted. Identically to the dy-
namic study,(Asap® depends linearly on the Reynolds
number. A critical value ofRec = 54 is here obtained.
A raise equals to 10 K for the walls temperature leads
to an onset delay of about 6 %. It can be explained with
the increase of the viscous damping with the tempera-
ture.

We extract the fundamental frequency of the oscil-
latory phenomenon. Close to the onsBe& 55-65),
this value highly increases with the Reynolds number.
As in the dynamic study (sefigure 6, we can see an
inflexion of the slope oveRe= 65 and then the fre-

sustained systems could be stabilized over a small range quency follows a linear law which can be expressed as

of Reynolds number. Therefore, many approaches were
used in the domain of active control: base bleed and
forced transverse cylinder oscillations by different au-

thors (Rossopoulos [6]).

8

follows: f303= fo—303+ @303Re Analyzing the differ-
ence betweemx and wzo3 gives an idea about the real
influence of the walls heating. The slope obtained for
Twal = 303 K is 5% higher than in the other case.
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Figure 11. Square saturated amplitude versus Reynolds num-
ber, Tyar =303 K, point 4.

These results insist here on the fundamental role played
by the viscosity by comparison with the nonheated cav-
ity.

For each Reynolds number computed, we extract
Asgy the value of the saturated amplitude. This value
decreases WheAT = Twall — Tinlet INCreases as shown in
figure 12 WhenAT is higher than 10 K, the decreasing
law is roughly linear which can predict the saturated
amplitude behavior for higher temperature walls. Among
these history points, the locationsgd = 1 (point 1)
andx/d = 3.5 (point 6) are more subject to the heating
influence because of their positions (degure 1). We
confirm experimentally the influence of the viscosity
on the oscillatory phenomenon amplitude. When the
water is the working fluid, the viscosity decreases with
the increase of the temperature. Each increase of the
amplitude is the result of a higher bluff body temperature.
When T, is over 323 K, the velocity time evolutions
are not monotonous. The saturated amplitude is reached
after either a short decrease or an overtaking in its
maximum value (sedigure 14. As previously done,
we present NOWAsay/ max(Amax) versusx/d at fixed
Reynolds number and for different walls temperature
Twan = 293, 303, 313 K. These results are projected
on figure 15 As shown in the dynamic study, each
component follows an identical curve, independent with
the Reynolds number and the walls temperature. These
simulations have been done under the assumption of
heated (303 and 313 K) and nonheated (293 K) wall

Frequency (Hz)

=
~
S

=3
Y

=

—_

<n
T

=
—_—

=
<R

0 ! L I
0 % w1

Re

=

-l —————
w5 00
W81
T ¢

6e=03 |

e-03 : : :
710 9% 1 13
Re

Figure 12. Evolution of the fundamental frequency and associ-
ated Strouhal number versus Reynolds number, T,,a1 =303 K.
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boundaries which confirms its unsensitiveness to external Figure 14. Time evolutions for the longitudinal and transverse
velocities, Re=60, Tya =323 K.

thermal forcing.
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