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Some Speci� c Characteristics of Turbulence
in the Reactive Wakes of Bluff Bodies

Stéphane Sanquer,¤ Pascal Bruel,† and Bruno Deshaies‡

Centre National de la Recherche Scienti�que, Futuroscope 86960, France

The results of a detailed experimental analysis of the � ows associated with bluff-body stabilized premixed
combustion are presented. The experimental setup has been designed to facilitate as much as possible the test of
numerical predictions of such a � ow geometry. The boundary conditions are well de� ned and easy to reproduce
from a numerical point of view. The results reported here are based principally on velocity measurements using
a four-beam two-color laser Doppler velocimeter. As far as the mean structure of the wakes is concerned and
con� rming in that respect the results reported in the literature, it is shown that the presence of combustion
leads only to quantitative changes of the mean structure of the reactive wakes when compared with their inert
counterparts. This is no longer the case when the statistical and spectral properties of the wakes are considered.
Indeed, a complete restructuring of the instantaneous� ow structure induced by dramatic changes of the large-scale
motionproperties is observed when combustion is developing in the wake. The reacting wakes are characterized by
the absence of the vortex shedding observed in inert wakes, but depending on the equivalence ratio of the incoming
mixture, a longitudinalpulsation associated with the symmetric � apping of the � ame fronts anchored at the � ame
holder edges can be observed.

I. Introduction

T URBULENT reactive wakes that develop in premixed react-
ing � ows behind a bluff body are known to feature multi-

scale unsteadiness. As far as inert wakes are concerned, numerous
experimental,1 – 3 and numericalstudies4 ;5 show that this multiscale
unsteadiness is the result of the interaction between large-scale co-
herent structures, i.e., the vortices shedded alternatively from the
bluff-body edges and small-scale turbulence.Thus, the distribution
of the energy contained in the � ow can be expected to be modi� ed
in presence of combustion in the wake. The � rst evidence of this
change is given by Williams et al.,6 who essentially use strioscopic
visualizationsof the � ow and pressuremeasurements.As a tentative
explanation, these authors suggest that the vortex shedding disap-
pears in the presence of combustion in the wake of the obstacle.

Since the work of Williams et al.,6 most of the experimentalstud-
ies reported in the literature are related to the characterization of
the structure of the mean � ow.7– 9 The � rst experimental study that
gives some insightinto thechangeof the unsteadystructureof wakes
behind bluff bodies with and without combustion is due to Fujii and
Eguchi,10 who take advantage of the laser Doppler anemometry to
show a dramatic reduction of the turbulent kinetic energy level be-
tween inert and combusting � ows. Following Williams et al.,6 Fujii
and Eguchi10 attribute such a reduction to the absence of vortex
shedding in the reacting wakes.

As far as the modeling of such a type of � ow is concerned, the
fact that the mean � ow is not always the most probable calls for
the use of speci� c modeling approaches to predict, for instance, the
level of production of pollutants whose mechanisms of formation
are known to depend on the unsteadyproperties of the � ow. Among
the various modeling strategies, the large-eddy simulation11 (LES)
appears to be one of the most attractive. Indeed, by simulating the
large-scalestructureswhile modeling througha subgridscale (SGS)
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model the smaller ones, supposed to be more isotropic, the LES
approachrepresentsa good compromisebetween the direct numeri-
cal simulation,which is still limited to low-Reynolds-number� ows,
and the conventionalmodeling based on the closure of the averaged
Navier–Stokes equations.

Evaluation of the performances of LES requires the availability
of experimentaldata obtainedon � ow geometries that provide most
of the prominent phenomenaof practical interest (large-scalestruc-
tures and � ame–wall interaction) and for which the boundarycondi-
tions arewell de� nedand easily reproduciblefroma numericalpoint
of view. In that framework, the geometry investigated by Williams
et al.6 and Fujii and Eguchi10 appears to be a goodcandidate to meet
these requirements.Indeed, such a � ow geometry is simple and fea-
tures large-scale structures as well as � ame–wall interaction.More-
over, the development of the incoming � ow is not in� uenced by
the obstacle holding system, allowing the obtaining of well-de� ned
incoming � ow characteristicsupstream of the � ame holder.

As far as the evaluation of the predictive capabilities of LES on
such a geometry is concerned, the mean � ow properties (veloc-
ity and species concentrations or temperature pro� les) have been
the main subject of comparison presented in the numerical studies
reported in the literature,whereas only a limited numberof compar-
isons performed in terms of probability density functions (PDFs)
are presented.12 ;13

The constant evolution14 and the need for improvement of SGS
models call for comparison with experimental results that include
more systematically the unsteady � ow properties presented in a
form directly exploitable for an LES test (PDFs and spectra). Thus
the purpose of the present experimental study is to provide, mainly
through velocity measurements, a comparison between inert and
reacting wakes of bluff bodies in terms of their unsteady properties
that includes, in particular, velocity PDFs as well as the related
spectra.

II. Experimental Setup
Figure 1 shows a schematic diagram of the experimental setup.

The shape of the three steel � ame stabilizers used for these experi-
ments and the correspondingspatial coordinate system are given in
Fig. 2. The abscissa x D 0 corresponds to the rear face of the obsta-
cles, y D 0 correspondsto the horizontalplane of symmetry located
at one-half of the channel height, and the vertical plane z D 0 is
located at one-half of the channel width. The geometry has been
chosen to provide a two-dimensional mean � ow at the entrance of
the test section, and the � ow characteristics are, a priori, as close
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Table 1 Main parameters of the wakes (maximum random error in Uaxis = §§ 0:01 m/s, maximum relative
uncertainty in U¿ = §§ 8%, and maximum relative uncertainty in Xr = §§ 7%)

Shape of the cross Flow Uaxis, U¿ , Tobs , X r ,
Case section of the obstacle B, % 8 rate, 1/s m/s m/s Rech Reobs K mm

i1 Triangular 33 Inert 12 3.1 0.15 6:684 £ 103 2:228 £ 103 —— 19
i2 Triangular 50 Inert 24 5.3 0.25 11:581 £ 103 5:790 £ 103 —— 42
i3 Triangular 33 Inert 36 8.1 0.37 17:484 £ 103 5:828 £ 103 —— 15
i4 Rectangular 33 Inert 36 7.9 0.39 17:052 £ 103 5:684 £ 103 —— 10
r1 Triangular 33 0.65 12 2.9 0.11 6:253 £ 103 2:084 £ 103 513 23
r2 Triangular 50 0.65 24 5.1 0.24 11:114 £ 103 5:572 £ 103 513 51
r3 Triangular 33 0.65 36 7.6 0.38 16:404 £ 103 5:468 £ 103 513 40
r4 Rectangular 33 0.65 36 7.6 0.38 16:404 £ 103 5:468 £ 103 698 40
r5 Triangular 33 0.85 36 7.5 0.40 16:189 £ 103 5:396 £ 103 773 19

Fig. 1 Schematic of the test facility (all dimensions in millimeters).

Fig. 2 Shape and dimensions of the � ame holders (all dimensions in
millimeters).

as possible to those of a fully developed turbulent channel � ow.
The test section consists essentially of a 2.30-m-long channel of a
160 £ 28:8 mm rectangular constant cross section made of an ar-
rangementof 55-mm-thick refractorybricksmaintained togetherby
an aluminumalloy casing.The side walls of the channel incorporate
quartz windows for optical access. An obstacle that spans from side
wall to side wall is mounted symmetrically at a distance of 1.86 m
from the channel entrance. The fuel (commercial propane) and the
air supplied to the test rig from high-pressurestorage tanks are pre-
mixed in a mixing chamber that is followed by a settling chamber
that homogenizes the mixture. The temperature of the � ow at the
entranceof the test section is 280§5 K. A chromatographicanalysis
of the fuel reveals the following composition (in volume): 1.66%
C2 H6; 84:66% C3 H8; 12:30% C3 H6 , and 1.38% C4 H10 , leading to
the global formula C2:997 H7:748.

The incoming � ow is characterizedby its equivalenceratio Á and
its Reynolds number Rech . The equivalenceÁ of the incoming � ow
is based on the global de� nition of the fuel. To reveal the in� u-
ence of this parameter on the time evolution of the � ow� eld, two
different values are considered, namely, Á D 0:65 and Á D 0:85,
that correspond to an adiabatic � ame temperature at ambient pres-
sure of 1753 and 2080 K, respectively.Because of the long duration

of the experiment, the incoming � ow equivalence ratio is contin-
uously controlled by a Leybold–Heraeus propane analyzer. Thus
the relative variation of Á is within §3:0% of the nominal desired
value. The Reynolds number Rech is based on the channel height
hch , i.e., Rech D .Uaxis £ hch/=º0 , where º0 stands for the kine-
matic viscosity of the incoming mixture. Uaxis is the mean velocity
measured upstream of the � ame holder on the channel centerline
.y D 0; z D 0/ at the abscissa x D ¡160 mm. The obstacle is char-
acterized by its size and shape (Fig. 2) de� ned by B D Reobs=Rech,
where Reobs D .Uaxis £ hobs/=º0I hobs is the � ame holder height.

Table 1 lists the main characteristicsassociatedwith the incoming
� ow properties of the nine cases studied. Cases i1–i4 correspond to
the isothermalwakes,whereascasesr1–r5 correspondto the reacting
wakes.

III. Measurement Equipment and Data Processing
A four-beamtwo-color laser Doppler velocimeter (LDV) system

is used for the velocity measurements. The beams are frequency
shifted by Bragg cells to avoid any directional ambiguity. The prin-
cipal characteristicsof the system are listed in Table 2. In all cases,
the � ow is seeded with submicron-sized SiO2 and TiO2 particles.
The two velocity components (u for the axial x direction and v
for the normal y direction) are measured in the forward-scattering
mode to maximize the signal-to-noiseratio. The scattered signal is
collected by two photomultipliers,processedby two Dantec 57N10
burst spectrum analysers (BSA) and sent through an Institute of
Electrical and Electronics Engineers (IEEE) 488 interface to a mi-
crocomputer for storage and postprocessing.The same microcom-
puter controls in real time through a serial line the Charly robot
system that displaces the LDV probe and the collecting optics.

The probe volume has a length of approximately 4 mm and a
diameter of 0.2 mm. The depth of � eld of the photomultiplier is 0.5
mm. The minimumstepof displacementof theprobevolumeis equal
to 0.1 mm in the three directions.The exact position of the effective
measuring volume inside of the probe volume remains unknown,
but relative positions are known with an accuracy of §0:01 mm.

The fast Fourier transform for each validated burst, i.e., a burst
for which the ratio between the globalmaximum and the two largest
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Table 2 Characteristics of the two-component LDV system

Laser beam color

Characteristic Green Blue

4-W argon laser wavelength, nm 514.5 488
Input lens focal length, mm 400 400
Beams intersection half-angle, deg 2.87 2.87
Photomultiplier lens focal length, mm 700 700
Fringe spacing, ¹m 5.14 4.88
Laser beam e¡2 size, mm 1.25 1.22
LDV spot diameter, mm 0.21 0.204
LDV spot length, mm 4.2 4.08

localmaxima is greater than 4, is performedusing32 samplesof the
input signal. At each point of measurements, the center frequency
and the span around it are chosen to maximize the percentage of
burst validation. The maximum validated data rate is 3 kHz for
cold � ows and 1.5 kHz for reacting � ows. The exploration of the
� ow is performed automatically on a prede� ned two-dimensional
mesh of typically 200–1000 grid points. For each velocity compo-
nent, � ve blocks of 2000 measurements each (particle arrival time,
particle transit time, and instantaneous velocity) are collected si-
multaneously. Velocity � uctuations spectra are obtained by evenly
sampling the BSA digital signal outputs with the sample and hold
technique.15 The frequencyof the sampling is chosen to be twice the
mean frequency of the sampled signal. Then, a fast Fourier trans-
form is performed on 5 sets of 1024 samples to obtain the power
spectral density (PSD) at each measurement point.

With the present system, the most important source of system-
atic error is due to the uncertainty associated with the measuring
volume positioning relative to the setup axis and the velocity bias.
The principal source of random errors affecting the accuracy of the
measurements is associated with the statistical uncertainty of the
signal sampling.

Taking into account the geometrical characteristics of the effec-
tive measuring volume and of the displacement system, the error in
determining the location of the measuring volume is estimated to
be equal to §0:5 mm in the three directions. The statistical bias of
the � nal measured velocitytowardshighervalues is correctedby the
sampleandhold technique.16 This procedureis implementedhereby
using the interarrival time as the weighting factor. This interarrival
time is calculated from the particle arrival and transit time data.

Concerning the random errors, a recent paper by Benedict and
Gould17 presents the state of the art in the evaluation of uncertainty
estimates for turbulence statistics. For instance, these authors give
formulas that can be used to estimate a con� dence interval for the
r th-order central moment sampling statistic of a random variable P
regardlessof the underlyingdistributionof P . Such a generalization
representsa breakthroughin uncertaintyestimates because so far, as
pointed out by Benedict and Gould,17 the formulas widely used to
determine the usual con� dence intervals were obtained by suppos-
ing that the random variable P was normally distributed.Whatever
the strategy adopted, a necessary requirement for any con� dence
interval determination is the fact that the process under study has
to be random. In the present � ow con� guration, the velocity signal
can be considered as random in all considered cases only upstream
of the � ame holder. Indeed, in the inert wakes, the presence of
vortex shedding makes the velocity signal deviate strongly from
purely random behavior, as is also the case for two reacting wakes.
Accordingly, the random errors associated with the present veloc-
ity measurements are evaluated as follows: for the measurements
performed upstream of the obstacles, a 95% con� dence interval is
determined by using the Benedict and Gould17 formulas. For the
measurements performed in the wakes, the average obtained from
the 10,000 samples is considered to be the accurate one, and the
random errors are estimated from the standarddeviationaround this
accuratevalueof the averagescalculatedon blocksof 2000 samples.
This latter procedure is also used to evaluate the random estimate
associated with the PDFs and the spectra.

The mean surface temperature of the obstacle, needed in partic-
ular to correctly describe the boundary conditions for any related
numerical computations, is measured using acrylic thermal paints

(thermographics), and the results are given in Table 1. The accuracy
of these measurements is §30 K.

Two examplesof temperaturespectraare presentedin the last part
of the results section.For a similar geometry,mean temperatureand
rms � uctuations,as well as some examplesof temperaturePDFs ob-
tained by coherent anti-Stokes Raman spectroscopy (CARS), can
be found in the study of Fureby and Möller.13 The present tempera-
ture measurements have been obtained by using � ne-wire uncoated
20-¹m Pt/Pt-10%Rh thermocouples.These homemade thermocou-
ples are built up in such a way that the junction diameter is equal
to the wire diameter with an estimated uncertainty of §20%. The
analog thermocouple emf signal is ampli� ed and � ltered. A one-
stage ampli� er is used, and the total gain is 320 V/V. The � lter
has a 3-dB bandwidth of 2.2 kHz with a rolloff of 20 dB/decade.
The noise level is below 10 mV, which corresponds to 0.1% of
the full-scale de� ection, and results in a temperature uncertainty
of §2 K. The analog signal is sampled at a frequency of 5 kHz
through a 12-bit analog-to-digital converter, and the correspond-
ing resolution is less than 1 K. At each point, � ve sets of 1024
temperature values are stored. The thermal inertia is numerically
compensated. The Collis and Williams18 relation with a Moffat
correction19 is used. For thermocouples for which the geometry
junction is suf� ciently close to the wire diameter, this procedure
provides a reasonable estimation of the time constant as shown by
Heitor et al.20 The Reynolds number used to calculate the time con-
stant is obtained by using the LDV measured value of the mean
velocity modulus at the point where the temperature is measured.
Radiation losses and catalytic effects that are known to play a
signi� cant role in determining the level of the mean temperature
and of its rms � uctuations21 are expected to play a minor role in
the characteristics of the temperature spectra that are of interest
in the present study, i.e., the peaks of energy in the spectrum. In-
deed, the radiative exchanges are made principally with the walls,
which are made of a thick refractorymaterial.Accordingly,the wall
temperature is varying slowly, and consequently, the radiative ex-
changescannotbe the causeof the frequencypeaksthat are observed
in some cases of reacting wakes. Finally, the catalytic effect is not
known to lead to an oscillatory behavior of the temperature with a
speci� c signature on the temperature spectrum. The mean spectra
that are presented correspond to the average of the � ve calculated
spectra.The dispersionof the � ve spectraaroundthe mean spectrum
is used as an estimate of the random error.

IV. Results
Incoming Flow Properties

In all cases, the � ow upstream of the bluff bodies presents all
the characteristicsof a fullydevelopedturbulentchannel� ow whose
mean velocity pro� les are nearly two dimensional in the spanwise
direction z. Indeed,a variationof only §2% of the mean streamwise
velocity is observed in the spanwise direction over roughly two-
thirds of the channel width.

Mean velocitypro� les are plotted in Fig. 3, and the corresponding
rms velocity � uctuations are given in Fig. 4. The agreement with
the results obtained by Comte-Bellot22 and Eckelmann23 is good
except for cases r1 and r5 for which larger levels of � uctuations are
observed. For these two cases, the combustion process developing
in the wake is in� uencing the � ow upstream of the � ame holder,
this effect being more pronounced for the longitudinal stress in
cases r1 and r5. This can be related to the pulsating behavior of
the reactive wake observed in these two cases. Nevertheless, in all
cases, the � ow upstreamof the bluff body presents at x D ¡160 mm
all the overall characteristicsof a fully developed � ow. Indeed, for
x varying between ¡130 and ¡160 mm, the mean velocity and the
rms � uctuations prove to vary by less than 1%.

To facilitate the computations of the present � ow, Table 1 gives
the values of the skin-frictionvelocity U¿ D [º0.@hU i=@y/]1=2jwall,
which have been calculatedby using the logarithmicbehaviorof the
mean streamwise velocity component pro� les.

Mean Properties of the Wakes
Because this study is mainly devoted to the descriptionof the un-

steady behavior of the wakes, only the main mean properties of
the wakes that con� rm and complement the ones already given
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Fig. 3 Transverse pro� les of the inlet mean streamwise velocity com-
ponent at 160 §§ 0:5 mm upstream of the � ame holder (systematic error
in 2y/hch = §§ 0:035; random error in Uaxis, see Table 1; maximum
random error in h U i = §§ 0:035 m/s).

Fig. 4 Transverse pro� les of the turbulence velocity data at 160 §§ 0:5 mm upstream of the � ame holder: a) and b) inert � ows and c) and d) reacting
� ows (systematic error in 2y/hch = §§ 0:035; uncertainty in U¿ , see Table 1; maximum random error in h u 0 2 i 1=2 and h v 0 2 i 1=2 = §§ 0:040 and §§ 0:010
m/s, respectively).

in the literature6 ;10 are presented here. An important characteristic
of the wakes is the length Xr of the mean recirculation zone, which
is known to depend on the Reynolds numbers Rech and Reobs, the
blockage ratio B, the equivalence ratio Á, and the obstacle shape.
The measured values of Xr , given in Table 1, con� rm the following
points.

1) For given values of Rech and Reobs; Xr is always larger in the
reactive wakes than it is in the inert wakes.

2) For a given value of B; Xr is an increasing (respectively de-
creasing) functionof Rech for the reactive(respectivelyinert)wakes.

3) For the reactive(respectivelyinert) wakes, Xr is obstacleshape
independent (respectively dependent).

4) For the reactive wakes of lean mixtures .Á < 1/; Xr is a de-
creasing function of Á.

Now, the following question can be raised: do the wakes ex-
hibit any kind of similarity of their mean structure? To answer that
question, one � rst has to rescale the wakes in the streamwise direc-
tion x . To do so, the centerline evolution of the normalized mean
longitudinal velocity component, i.e., hU i=Uaxis , is plotted against
the normalized abscissa x=Xr . Thus, as shown in Fig. 5, three re-
gions are put into evidence:Region 1 is the mean recirculationzone
.x=Xr · 1/, region 2 is the near wake .1 < x=Xr · 2/, and region
3 is the far wake .2 < x=Xr /. Due to the largevalues of Xr observed
in cases i1, r2, r3, and r4, no measurement points belong to region
3 for these cases. Accordingly, we shall concentrate our analysis
mainly on regions 1 and 2.

The rescaling in the y direction is done by using half of the height
of thechannelas the referencelengthscale.Thus, at theend of region
1 .x=Xr D1/ and within region2 .x=Xr D1:4/ the transversepro� les
of the normalized mean velocity components are plotted in Fig. 6
againstthe normalizedtransversecoordinate.The analysisof Figs. 5
and 6 reveals the following.

1) For inert wakes, the rescaling used here is fair for obstacles of
the same shape (triangularsection) but do not rescale the sensitivity
of the wakes to the obstacle shape. Moreover, the rescaled pro� les
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seem to be dependent on the blockage ratio, at least in the case
of high values of this parameter. To con� rm this last trend, future
experiments involving higher blockage ratii are required.

2) For reacting wakes, a better rescaling is obtained in regions
1 and 2. This can be related to the insensitivity of the length of
this region to a change of the obstacle shape. In the far wake, the
gas expansion associated with the heat released by the combustion
process induces a positive slope in the streamwise evolution of the
longitudinalcomponentof themeanvelocity.This slopeis obviously
dependenton the rate at which the heat is released.Accordingly,in a
region of intense heat release such as region 3, the equivalenceratio

Fig. 5 Centerline evolution of the normalized mean streamwise ve-
locity component in the wake of the � ame holder (systematic error in
x = §§ 0:5 mm; uncertainty in Xr and Uaxis, see Table 1; maximum
uncertainty in h U i = §§ 0:15 m/s).

Fig. 6 Pro� les of the normalized mean streamwise and transverse components of the velocity: a), c), e), and g) end of the mean recirculation zone
(x/Xr = 1); and b), d), f), and h) near wake (x/Xr = 1:4) (systematic error in 2y/hch = §§ 0:035; systematic error in x = §§ 0:5 mm; uncertainty in Xr
and Uaxis , see Table 1; maximum uncertainty in h U i and h V i = §§ 0:15 and §§ 0:25 m/s, respectively).

effects cannot by rescaled by the present and rather simple choice
of reference values.

The sameconclusionscan bedrawn when themore re� nedscaling
proposed by Sullerey et al.24 is used. Thus, it appears that as far as
the similaritypropertiesof the investigatedwakes are concerned,no
simple scaling is able to provide a uni� ed representationof the � ow
involving the in� uence of the obstacle shape for inert wakes and the
effect of the equivalence ratio for reactive wakes. As suggested by
one of the reviewers, a better collapse for the reacting wakes might
be obtained by using the gas density and velocity because the major
effect of combustion is to change the gas density. This interesting
suggestionhas not been tested in the present study mainly based on
velocity measurements.

Reynolds Stresses Pro� les
The rms values of the longitudinal and transverse components

of the velocity � uctuations normalized by Uaxis are plotted as a
function of the normalized abscissa x=Xr in Fig. 7. The transverse
evolution of these quantities and the correlation between the two
velocity components are shown in Fig. 8 against the normalized
transverse coordinate. These � gures show that for inert wakes the
turbulenceintensityand the shear stressesobserved behind the rect-
angular section cylinder are twice as much as their counterparts
behind the triangular section cylinder. This is no longer the case
when combustion develops in the wake because no signi� cant dif-
ferences are observed for the wakes behind obstacles of different
shapes. In such cases, the in� uence of combustion overcomes the
in� uence of the obstacle shape.

Figure 8 shows also that for all the reactivewakes the intensityof
the normal velocity � uctuations is smaller than its counterpart ob-
served in the absence of combustion. As will be shown in the next
section, this decreasecould be the consequenceof a restructuringof
the large-scaleunsteadypart of the wake associatedwith theabsence
of vortex shedding in the reactive wakes. On the contrary, the in-
tensity of the � uctuations of the streamwise velocity component
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Fig. 7 Centerline evolution of the normalized rms longitudinal and
normal velocity � uctuations in the wake of the � ame holder (systematic
error in x = §§ 0:5 mm; uncertainty in Xr and Uaxis , see Table 1; max-
imum uncertainty in h u 0 2 i 1=2 and h v 0 2 i 1=2 = §§ 1:20 and §§ 2:10 m/s,
respectively).

Fig. 8 Pro� les of the rms longitudinal and normal velocity � uctuations and cross correlation: a), c), e), f), h), and j) end of the mean recirculation
zone (x/Xr = 1); b), d), g), and i) near wake (x/Xr = 1:4) (systematic error in 2y/hch = §§ 0:035; uncertainty in Xr and Uaxis , see Table 1; maximum
uncertainty in h u 0 2 i 1=2 , h v 0 2 i 1=2, and h u0 v0 i = 1:10 m/s, 1.90 m/s, and 1.30 m2 /s2, respectively).

remains almost unchangedbetween inert and reactivewakes, except
in case r5 for which larger values are observedwhen comparedwith
case i3. As will be shown in the next section, this increasegoes with
the presence of a marked frequency on the associated spectra, thus
indicatingthe existenceof a pulsationof the wake in the streamwise
direction. The fact that this effect is not observed in case r3 similar
to case r1, except for the much smaller value of Rech in the latter
case, indicates that this pulsation is directly related to a Reynolds
number variation effect at constant Á.

Spectra and Histograms
As shown in the preceding section, the mean structure of the

reactive wakes is qualitatively similar to that of the inert wakes
because only local quantitative changes are observed. This is no
longer the case as soon as the statistical and spectral properties are
concerned. To illustrate this, the unsteady characteristics of wakes
r3, r4, and r5 that featureall the main phenomenaof the � ve reacting
wakes studied here are compared with those of inert wakes i3 and
i4, considered as the reference inert wakes. For all of these cases,
the relative Reynolds number variation is less than 10%. In return,
two largely different values of Á are considered (Á D 0:65, cases
r3 and r4, and Á D 0:85, case r5) as well as two different obstacle
shapes (rectangular section, cases i4 and r4, and triangular section,
cases i3, r3, and r5). Figures 9 and 10 display the spectra and the
associated PDFs of the two velocity components.

For the inert wakes i3 and i4, a distinct peak of energy is observed
on the v 0 spectra for a frequencyvalue of 220 § 5 Hz (cases i3) and
of 170 § 5 Hz (case i4). This is a clear signature of the vortex
shedding known to occur in such wakes as is the bimodal shape of
the associated V PDFs.

The corresponding Strouhal number Sr based on hobs and Uaxis

is found to be Sr D 0:26 § 0:1 and 0:21§ 0:1 for cases i3 and i4,
respectively.For cases i3, this is in close agreement with the exper-
imental value of 0.23 reported by Fureby and Möller.13 The level of
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Fig. 9 Spectra and PDFs of the streamwise velocity � uctuations at
the end of the recirculation zone (x/Xr = 1) (frequency and velocity
resolutions = §§ 2:5 Hz and §§ 0:25 m/s, respectively; maximumrelative
uncertainty in PSD and PDFs = §§ 5 and §§ 5%, respectively).

thepeakofenergyis larger in case i4 than it is in case i3 in accordance
with the higher intensity level measured for v02 in the former case.

For the reactive wakes, the picture is totally different. First, no
peakof energy is observedon the v 0 spectraand the related PDFs ex-
hibit a Gaussian-like behavior. Second, no noticeable sensitivity to
the obstacle shape is observed. Consequently, these reactive wakes
are only sensitive to Reynolds numbers or equivalence ratio varia-
tions. Thus, an important � nding is the fact that the vortex shedding
present in the inert wakes is no longer present in the reactive wakes.
Such an absence goes with an important decrease of the level of
the intensity of the normal velocity � uctuations that consequently
cannot be attributed to the sole decrease of the turbulence intensity
but has to be related to a dramatic change of the nature of the wakes.

Now, the questionthat comes along immediately is the following:
does the absence of vortex shedding in the reactive wakes mean
that no large-scale coherent structures exist in these wakes? On the
one hand, the analysis of the spectra and PDFs of the longitudinal
component of the velocity and, on the other, the characteristics of
the temperaturespectra in cases r3 and r5 (Fig. 11) strongly suggest
that the answer to that question is no. Indeed, it appears that � rst
a noticeable peak of energy around the frequency of 170 § 5 Hz
is present in the temperature spectrum for case r5. The fact that
the same distinct peak of energy located around the same value of
the frequency is observed also on the uncompensated temperature
spectrum clearly indicates that this peak is a feature of the � ow and

Fig. 10 Spectra and PDFs of the normalvelocity � uctuationsat the end
of the recirculation zone (x/Xr = 1) (frequency and velocity resolutions
= §§ 2:5 Hz and §§ 0:25 m/s, respectively; maximumrelative uncertainty
in PSD and PDFs = §§ 4 and §§ 5%, respectively).

is not causedby an overcompensationof the signal.In this latter case
only, the u0 spectraexhibitsa distinctpeakof energyaroundthe same
frequencyvalueas the oneobservedfor the temperaturespectrum.In
addition,a bimodalshapefor theU PDF is obtained.The explanation
for such a behavior is the existence of a symmetric � apping of the
two � ame fronts anchored at the edges of the obstacles, which is
also visible on visualizations (not presented here) of the reactive
wakes.Sucha � appingis thecauseof the longitudinal� owpulsation,
which in case r3 is not suf� cientlyvigorousto have a distinguishable
signature on the u 0 and T 0 spectra, whereas the larger equivalence
ratio of case r5 makes this pulsation energetic enough to induce a
clear signatureon the both the u 0 and the T 0 spectra.Such a pulsation
is also the cause of the modi� cation of the inlet velocity pro� les
observed previously for case r5.

Consequently, if there is de� nitely a change of the large-scale
structure nature of the reactive wakes, Figs. 9 and 10 show that the
correspondingredistributionof thekineticenergydoesnot affect the
spectra associatedwith the stochastic turbulenceof the � ow, which
is always following a classical behavior, namely a ¡5=3 power law
decay in its inertial range. A systematic comparison between the
v 0 spectra of the inert and reactive wakes indicates that the overall
energy contained in the scales correspondingto this inertial range is
lower for the reactivewakes. This behavior is not observedon the u 0

spectra. More precisely, in presence of combustion the energy level
of the decaying part of the energy spectra of v 0 becomes of the same
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Fig. 11 Examples of temperature spectra in the near wake for cases r3
and r5 (x/Xr = 1:5 and 2y/hch = 0:6; frequency resolution = §§ 2:5 Hz;
maximum relative uncertainty in PSD = §§ 3:5%).

order of magnitude as the one observed for the u 0 spectra except in
case r5. Such a better equidistributionof the energy in the inertial
range of the stochastic turbulence between the transverse and the
streamwise motion is solely due to the decrease of the energy level
of the whole spectra of v 0 in the presence of combustion, whereas
the energy level of the spectra of u 0 is almost conserved between
inert and reactive � ows.

V. Concluding Remarks
We have given experimental results showing the sensitivity of

the structure of the wakes behind bluff bodies to 1) the presence
of exothermic chemical reactions, 2) the � ow con� guration and the
Reynolds number, 3) the mixture composition, and 4) the shape of
the � ame holder. In spite of theanalogythat existsbetweenthe mean
structuresof the wakes, no satisfactoryclassical similarity variables
havebeen found to rescale in a uniqueway both the sensitivityof the
inert wakes to the obstacle shape and the sensitivity of the reactive
wakes to the equivalence ratio value. Nevertheless, a fair rescaling
is obtained when these two effects are disregarded. The structure
of the instantaneous wake was found to be dramatically different
between inert and reactive wakes, thus indicating a total change of
the large scales’ unsteady motion. Indeed, whereas the signature of
the vortex sheeding in the inert case consists of a marked frequency
on the spectra associated with the transverse velocity component,
the results obtained in the reactive wakes show that 1) there exist
cases where no marked frequency at all is obtained on the velocity
components, and 2) when a marked frequency is obtained for the
velocityspectrum, this is for the streamwisecomponentonly and the
same energeticfrequencyband is observedon the temperaturesignal
spectrum. Thus such a sensitivity of the instantaneousproperties of
the reactingwakes to the equivalenceratio and the Reynoldsnumber
represents a great challenge as far as the developmentof large-eddy
simulation of turbulent premixed � ames is concerned. The present
experimental results give as one of the objectives for such a type
of simulation the test of its capability of reproducing the sensitivity

of the instantaneousvelocity � eld of bluff-body stabilized reacting
wakes to the incoming � ow properties.
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