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An experimental study was conducted to develop and characterize systematically a new turbulence gen-
erator system to yield large turbulent Reynolds numbers in a compact configuration. The effect of the
geometric parameters of two families of high-blockage plates on the resulting turbulent flow field was
systematically studied: one series of plates was characterized by the number and distribution of circular
openings; a second series had non-circular opening(s) with different shapes, distribution and position of
the opening(s). The plates were placed upstream of a contoured contraction and the near field at the cen-
terline of the resulting turbulent free jet was characterized by hot-wire anemometry in terms of mean
axial velocity, turbulence intensity, turbulence length scales and corresponding Reynolds numbers. The
plate with a central, non-circular opening produced the best compromise of highest turbulence levels
along with excellent uniformity in average velocity and turbulence intensity, as evidenced by scan in
the transverse direction. It appears to be the most promising one. By comparison with more traditional
approaches to turbulence generation, we increased the turbulent Reynolds numbers based on the integral
length scale to values on the order of 1000, which was one of the design objectives. Other plate geome-
tries also yielded intense turbulence, but, in some cases, exhibited spurious frequency peaks in their
power spectrum. The turbulent generation approach is to be adapted to combustion studies to reproduce
conditions typical of practical system in relatively small experimental set-ups that are well-suited for
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bench-top experiments.
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1. Introduction

To mimic the behavior of practical systems in a laboratory set-
up typically requires the establishment of highly turbulent flows in
relatively confined systems and at flow rates much smaller than in
applications. Cost considerations and experimental limitations
may in fact prevent the duplication of a practical system both in
terms of size and flow rates. Case in point are reacting flows of
gas turbines for which scaling considerations suggest operating
in a certain regime of turbulent Reynolds number, Re, = u’l/v, where
lis a suitable turbulent length scale, v’ the turbulence intensity and
v the kinematic viscosity. That a turbulent Reynolds number, based
on either an integral scale, L, or a Taylor scale, 4, rather than an
engineering Reynolds number based on a macroscopic scale such
as an outlet diameter and an average velocity, Rep, ought to be
the critical scaling parameter is self evident from a turbulence
viewpoint, since Re; defines the range of length and time scales
of the problem. If such a range is sufficiently broad, as is the case
for sufficiently large Re, the flow has the necessary prerequisites
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of “true” turbulence and the study may have some general value.
Since in the first approximation flow rates define the engineering
Rep, the task is often to maximize Re, for a given Rep, by using suit-
able turbulence generation schemes, and yet preserve reasonably
well behaved velocity profiles. This is the objective of the present
investigation with the ultimate goal of applying the most promis-
ing approach to combustion applications in well-controlled and
compact systems.

To generate turbulence in wind tunnels [1] and in axisymmetric
tubes [2], we can distinguish between two approaches: passive
ones, involving high velocity streams and jets issuing into a main-
stream; and active ones involving, for example, oscillating grids.
Both turbulence generation schemes show similar relative intensi-
ties, at ~20%, but with very different streamwise locations where
the flow shows good symmetry/uniformity characteristics: ~130
jet diameters for the passive, jet approach and ~1 jet diameter
for the active one, respectively. Passive grids are typically limited
to more modest turbulence intensities ~10%. For example, with a
measured integral scale, L, on the order of 0.5 mm for every flow
condition [2], Re; ranging from 100 to 223 were achieved for the
passive approach and from 144 to 288 for the active one, at main-
stream velocities of 27 and 39 m/s, respectively. The mixing layer
downstream of a free jet with its high levels of relative turbulence
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Nomenclature

inner diameter of nozzle outlet

plate distance from nozzle exit

radial position of the plate openings

plate radius, based on %2 of the wetted diameter
characteristic dimension of the plate opening(s)
number of openings on a plate

plate open area

plate area

gas kinematic viscosity

mean axial velocity

mass average axial velocity at nozzle exit section
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u root mean square axial velocity

L integral length scale

p) Taylor length scale

g mean energy dissipation rate

Rep engineering Reynolds number based on Dgy: and Ugye

Re; Reynolds number based on the integral length scale, L,
and v’

Re; Reynolds number based on the Taylor length scale, 2,
and v’

Rey Reynolds number based on the characteristic length
scale, d, of the plate opening

intensity has been exploited as turbulence generator [3] to study
the effect of high turbulence levels, for example, on heat transfer
and combustion [4]. More recently, fractal wakes generators [5]
and fractal grids [6] have been exploited for multi-scale energy
injection with the same purpose, with a focus on the effect of the
fractal dimension and of different geometrical parameters on the
turbulence characteristics of the flow.

From a combustion perspective, reasonable turbulence levels
are typically generated in high-speed reactant jets. Flame extinc-
tion/blow off limits the turbulence levels achievable, by limiting
the maximum jet velocity. Different solutions have been adopted
to overcome this limit, ranging from pilot flames [4] to bluff body
[7] or swirl stabilization [8], each introducing new challenges,
especially for computational modelers of those flames. A poten-
tially “clean” alternative that has found some limited success relies
on aerodynamic stabilization. It entails mounting two jets opposite
to each other and anchoring the flame in the resulting stagnation
flow field without resorting to any pilot. Grid or plate turbulence
generators are adopted to boost the turbulence levels and the most
common approach is to use a perforated plate downstream of a con-
tracting nozzle. This approach allowed Kostiuk et al. [9] to achieve
~12% of relative turbulence intensity, an integral scale
L ~2.25mm and Re; =165, based on such a scale, as measured
close to the jet exit. Even more modest values were reported by
Kitajima et al. [10] (Re; ~ 50 with relative intensities up to ~8%).
Yoshida et al. [11] designed a turbulence generator, which con-
sisted of 18 x 4 closed-end tubes, each of which had four 1.5 mm
holes equally spaced around it. The jets impinge on each other
and produce a turbulent Re; ~ 220. In another study [12] the same
authors developed yet another design specifically to study counter-
flow premixed and diffusion flames relying on the turbulence gen-
eration by opposed jets. The group in Darmstadt has performed
some of the most comprehensive investigation to date on these
types of flames [13-16]. But also in their case, the turbulent Rey-
nolds numbers tend to be low, on the order of 100.

Clearly in all of these studies, the turbulence is weak, which
makes these experiments less relevant to practical applications.
Possibly, this is the reason why counterflow turbulent flames have
not been embraced by the combustion community, despite the
enormous success of its laminar counterpart that is the prototypi-
cal well-defined combustion environment [17]. Yet, the advantage
of pilotless flame stabilization is very significant if these flames are
to be computationally modeled without ad hoc assumptions. The
modeling of pilot flames, with attending burner losses that are dif-
ficult to quantify, and their influence on the turbulence, pose noto-
rious computational challenges. Our ultimate objective is to
contribute to the counterflow turbulent combustion literature by
circumventing the above mentioned Re; limitations.

Clearly, to establish strong turbulence we cannot let it develop
from shear flows by impinging jets hundreds of diameters apart. In

a typical counterflow configuration the nozzles are about one or
two diameters apart, to reduce interference of the ambient air or
inert shroud on the gas composition and ensure stable flames. As
a result, we are left with the challenge to develop highly turbulent
and reasonably homogeneous flows inside the nozzle. Most inter-
esting in this context is an approach that was inspired by some
internal combustion engine applications using either a 2D [18] or
an axisymmetric [19] slot, upstream of a converging nozzle unlike
[9,10] to generate vigorous turbulence intensities, up to 40%, and
Re; up to 1600. Of all the available turbulence generation schemes,
these designs seem to be able to produce the most intense turbu-
lent fields, at the cost of lack of homogeneity and isotropy. These
authors did not examine systematically the effect of geometrical
parameters on the turbulence characteristics of the flow.

The aim of the present work is to develop and characterize sys-
tematically a new turbulence generator scheme suited to study
non-premixed and premixed flames under intense turbulence,
yielding Re; = O(1000). We investigated a variety of high-blockage
plates, partly inspired by previous designs [18,19], and the influ-
ence of many geometric parameters. In view of the large number
of plates and the extensive parameter space to be explored, sin-
gle-point data at the center of the nozzle exit section were col-
lected first to classify the plates. Subsequently, radial scans are
used to assess the radial uniformity for the most promising
configurations.

2. Experimental system
2.1. Experimental set-up

The plates were tested in the nozzle assembly shown in Fig. 1.
N, gas entered at the bottom and went through a flow condition-
ing section, consisting of two honeycombs measuring ~46.6 mm
in diameter, 38 mm apart from each other. Each honeycomb
was 19 mm thick with a 0.8 mm cell size. The uniform flow leav-
ing the conditioning section was then forced through a perfo-
rated/slotted plate (Fig. 2), positioned at a variable distance, H,
from the nozzle exit section. Depending on the radial position
of the plate opening(s), R, the flow would impact the top surface
of the nozzle. It eventually exited through the 12.7 mm diameter
opening at the nozzle top (Fig. 1b). The flow rate was controlled
by digital flow controllers (Teledyne-Hastings 300D series) pro-
viding readout and full scale accuracies of +0.5% and 0.2%,
respectively. The estimated uncertainties at the minimum (30
slpm) and maximum (90 slpm) flow rate were +2.50% and
+1.20%, respectively.

Turbulence characteristics were derived from velocity measure-
ments by hot-wire anemometry. A high frequency (up to 150 kHz)
response anemometer (IFA 100, TSI Inc.) was used and a single sen-
sor probe (TSI, Inc., Model 1212) made of a 5 um diameter (d,y) sil-
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Fig. 1. (a) Schematic drawing of the plate-nozzle assembly: H is the axial distance of the plate from the nozzle exit section; D, is the nozzle outlet diameter; o is the nozzle
contraction angle; R; is the radial position of the opening center; d is the plate opening diameter; D, is the plate wetted diameter in the section upstream of the contraction;
(b) Schematic drawing of the mean flow pattern through the nozzle with the hot-wire probe in position.

ver coated platinum wire with a 1.27 mm sensitive length (),
resulting in an l,/d,, ~ 250. The hot wire was calibrated using a
unit (TSI, Inc., Model 1125) consisting of a contoured nozzle, pro-
ducing a very flat and laminar flow at the exit section, a pressure
transducer, allowing for a very accurate measurement of the flow
rate, and a probe holder, to position the sensitive wire at the center
of the nozzle exit section and perpendicular to the flow. During
each calibration, performed under the highest flow rate conditions,
a square wave test was performed to guarantee a stable and fast
wire response.

2.2. Data analysis and uncertainty estimates

All the data were sampled at the maximum sampling frequency
allowed by the data acquisition board f; = 200 kHz and high-pass
filtered at f, = f;/2 = 100 kHz to prevent aliasing. The length of each
record was chosen to be the largest allowed by the system memory
capability, which resulted in records of up to 8.4-10° points
(~65,000 integral time scales). The one-dimensional power spec-
trum in the frequency space, E; [20], was estimated by the Welch
method [21], by which after dividing the record in many sub-re-
cords (typically ~1000) with 50% overlap, the power spectrum
was estimated on each sub-record by applying a Hamming win-
dow [21], and averaging was performed on all sub-records. The
integral length scale, L, was estimated by fitting the estimated
power spectrum with the von Karman'’s turbulent spectrum [22]
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where f is the frequency, u’? is the velocity variance and U is the
mean velocity. The transverse Taylor length scale, 4, was estimated
from the mean energy dissipation rate, &, according to the equation
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&

where v is the kinematic viscosity [23]. The mean energy dissipa-
tion rate, &, was estimated by fitting the power spectrum inertial
subrange to the equation [23]

Ey{ki} = %Aémk;s“, 3)

where k; = 27f/U is the wavenumber and A = 1.62 is a constant [22].
The statistical uncertainty was estimated by assuming a general
distribution for the samples [24] and 95% confidence. The error
propagation rules were applied to estimate the uncertainties in
the derived quantities. Conservatively, we assumed a 3% uncer-
tainty for a single velocity sample related to the apparatus, includ-
ing calibrator [25]. The errors resulting from high turbulence
intensity were also taken into account and estimated from [26].
The resulting total uncertainty comprises the flow metering system
uncertainty, the measurement system uncertainty for a single sam-
ple, the statistical uncertainty and the uncertainty arising from the
turbulence levels effect on the hot wire.

2.3. Turbulence generators

All plates were built by laser cutting a 2.54 mm thick cast ac-
rylic plate with outer radius Rp = 23.18 mm. The laser cutting sys-
tem (Universal Laser Systems Inc., Model V-35) had an accuracy
of +0.01667% and a beam diameter at the focal point of
0.127 mm, which limited the size of smallest feature/hole. Two
families of turbulence generators were considered: Multi-circular
jet plates (M(]) and non-circular jet plates (NCJ). The M(] series
(Fig. 2, top left) had a number of holes positioned at equal intervals
in the azymuthal direction and at a fixed radial position. The plates
in this series are geometrically defined by the hole diameter, d, the
number of holes N and their radial position R,. The open area of this
type of perforated plate is given by A. = NA, where A, is the area of
a single hole of diameter d.

To explore the possibility of affecting turbulent scales and flow
homogeneity with a more complex plate design, we considered also
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Fig. 2. Turbulence generator families: multi-circular jet (MCJ) plate (top left) and non-circular jet (NC]) plates (single-jet (top center); central-jet (top right); central wake

(bottom left), multi-jet (bottom center), wake (bottom right)).

the flow through openings of different non-circular shapes. Many
examples of flows from non-circular geometries have been re-
ported, showing different features, like streamwise vortices, higher
instability, tendency to symmetry, etc. We considered a non-circu-
lar geometry as a good candidate for turbulence generation in a sys-
tem like the one under investigation and explored different
geometric (sharp corners, lobed orifices and fractal openings) and
flow configurations (jets and wakes), to exploit their flow features.
The resulting geometries have been classified according to the plate
dominant geometric arrangement into four different sub-families:
single-jet (S]), central-jet (CJ), central wake (CW), wake (W), mul-
ti-jet (M]). For brevity, only one plate representative of each family
is presented. The single-jet (Fig. 2, top center) is the simplest one, as
it consists of a hole at the plate center with different types of pro-
trusions (triangular in the present design). The central-jet (Fig. 2,
top right) is the evolution of the single-jet, where the protrusions
area becomes larger than the open area, and the shape resembles
multiple slit openings in a radial pattern connected at the center.
The central wake (Fig. 2, bottom left) is a variant of the central-
jet, where the protrusions meet at the center of the plate, blocking
it and the result is a plate with a number of disconnected openings
close to the plate center in a radial pattern. The multi-jet (Fig. 2, bot-
tom center) implies multiple opening of the same type positioned
at equal intervals and at the same radial position, as in the previous
series. The wake (Fig. 2, bottom right) can be generated by partially
blocking the opening of a plate or placing an object downstream of
the plate generated jets. In this case, each jet will generate a wake
that, depending on the holes radial position, may impact the nozzle
wall, stretch/break the wake related structures and emerge from
the nozzle exit section. In all cases, the plate outer radius measured
Rp=Dp/2 = 23.18 mm.

We also considered two additional families of plates, one with a
circular slot and the other with a single circular opening in the cen-
ter. For brevity we are not presenting results on these series be-
cause they were less promising as compared to the two series
discussed below.

3. Results and discussion

To cover as wide a parameter space as possible, a first screening
of the turbulence generators was based on single-point measure-
ments on the centerline, ~0.5 mm above the nozzle exit (Fig. 1b).
In selected cases, radial scans were performed to check for radial
uniformity and correlate it with the single-point measurements.
Indeed, the normalized mean centerline axial velocity is a reason-
ably good predictor of uniformity of the mean velocity profile
along the radial direction for symmetric patterns. Results are pre-
sented in terms of: mean centerline axial velocity, U, normalized by
the mass average velocity at the plate at the specific flow rate, Uy,
turbulence intensity, v/, normalized by the mean centerline veloc-
ity, U, turbulent longitudinal integral scale, L, Taylor microscale, /,
both normalized by the nozzle diameter, and the turbulent Rey-
nolds numbers based on these scales, Re; and Re;, respectively.
The rationale for this selection is that we wish to maximize the ra-
tio of turbulent Reynolds number(s) to the engineering Reynolds
number, Rep, without compromising the uniformity of the flow
in the radial direction. For example, Re;/Repoyr = (L/Doue)(' [U)(U/
Uout), with the three non-dimensional variables to be shown in
subsequent figures. This goal is achievable by maximizing L/Dyy¢
and u’/U and keeping U/U,,; as close to unity as possible for the ra-
dial uniformity constraint.

The contoured nozzle and the large contraction ratio used in
this work, reduce possible flow asymmetry, producing profiles that
could be assumed symmetric for the purpose of this work. In view
of the large number of plates investigated, radial profiles were
measured only for the most interesting plates. At fixed flow rate,
the plate open area, A, is expected to play a central role in the plate
performance, since it affects the energy injection at the large
scales. Because of the high blockage used, this parameter is ex-
pressed in relative terms, as the percentage of plate open area with
respect to the plate total area, %A, = 100 A¢/A,, where A, = 7R’ is
the plate total area and Ry, is the plate wetted radius. The holes/slot
radial position is normalized by the nozzle exit section radius, Royg,
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and the non-dimensional quantity R =Rs/Ro. will be used
throughout the discussion. The distance, H, between each plate
and the nozzle exit section is normalized by the plate wet diame-
ter, Dy, or nozzle base inner diameter. Also use will be made of the
plate Reynolds number defined as Re, = Upd/v, where d is the hole/
opening characteristic length and U, is the hole mass averaged
velocity.

3.1. Turbulence characteristics multi-circular jet plates (MCJ Series)

The multi-circular jet plates (MC] Series) (Fig. 2, top left) were
designed to understand the effect, if any, of the non-dimensional
radial position of the holes, R, their number, N, and the plate open
area ratio, %A.. The normalized mean centerline velocity shows a
tendency to increases with Re,, (Fig. 3, top left). At fixed flow rate,
an increase in Re, is achieved by decreasing d and/or N, and at
every radial position, N can be considered an indirect inverse mea-
sure of the jet-to-jet distance. Increasing this distance, or decreas-
ing N (Fig. 3, top right) increases U/U,,, probably by delaying the
jet-to-jet momentum exchange, producing a flow less and less uni-
form. On the other hand, fixing N, and increasing d, increases the
%A., which, in turn, lowers the jet exit velocity at the plate and con-
sequently the U/Uy,, ratio, thereby producing more uniform mean
profiles at the nozzle exit section. The holes radial position, R’, also
influences the U/U,,, ratio, although through a seemingly non-
monotonic behavior (Fig. 3, bottom left). In fact, the U/Uy,, ratio
seem to decrease from small (R’ < 1) to about R’ ~ 1 and possibly
increase again at larger R'. The radial position also affects the jet-
to-jet distance, therefore we would expect it to produce an effect
similar to N, which seems to be the case for R’ > 1. In reality the
flow pattern in the nozzle is quite different depending on whether
R <1 or R >1.In fact, for R’ <1 the jets are directly under the noz-
zle exit section, and should behave more like a free jet, while for
R’ > 1 the jets impact onto the nozzle wall and develop into a wall
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jet, before leaving the nozzle. Increasing the non-dimensional dis-
tance, H/Dp,, between the perforated plate and the nozzle exit sec-
tion (Fig. 3, bottom right) has the expected effect of lowering the U/
Uoyt ratio, resulting in more uniform mean velocity profiles. The
larger distance, in fact, allows the jet to develop and merge by
the time they reach the nozzle exit section and the flow has ad-
justed to the local geometric configuration. For R’ < 1 (not shown)
the turbulent jets spread with an angle of ~20° and merge at a dis-
tance of about 3x their separation [27], while for R'> 1 the jets
may or may not merge before impacting onto the nozzle inner
wall, depending on the ratio between the merging distance and
the jet to wall distance. In any case, the wall jet emerging after
the impact will merge faster, having a spreading rate about 3x
higher than in free jets [28].

The radial scans of the normalized mean velocity (Fig. 4) con-
firm the trends observed by evaluating the U/U,, ratio, showing
a more pronounced bell shape profile with small N and at large
R'. It should be noticed that some plates show some degree of
asymmetry in the profiles, which can be the result of a large scale
instability induced by the high blockage [27] and are possibly trig-
gered by small geometric imperfections. The mechanism of such
instabilities has been investigated by others [27,29-31] and is be-
yond the scope of this work.

The turbulence relative intensity increases linearly with Re,
(Fig. 5, top left) to a good approximation. Notice the large values
achieved with the present plate. Decreasing the %A, increases the
mean velocity at the plate, which results in higher turbulence lev-
els, while the mean velocity at the nozzle can change only to a lim-
ited extent and is locked by the flow rate. At fixed %A., and flow
rate, increasing Re, requires increasing d and appropriately
decreasing N, which again has the effect of boosting the fluctua-
tions (Fig. 5, top right). The holes radial position, R/, has a strong
influence on the turbulence intensity (Fig. 5, bottom left), which
decreases with increasing R’, to reach what could be a plateau for
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Fig. 3. Normalized centerline velocity of multiple circular jet plates (MCJ Series) at Rep ~ 10000 and fixed H/D,, ~ 1.4, as a function of: Re, (top left) and N (top right), both
parametric in R" and %A,; R’ (bottom left) and H/D, (bottom right), both parametric in N and %A..
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Fig. 4. M(] Series radial profiles of the mean axial velocity component scaled by the mean centerline velocity, at Rep ~ 10,000 and H/D,, ~ 1.4. Left: radial profile parametric in

N and %A.. Right: radial profile parametric in R'.
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Fig. 5. Axial rms velocity normalized by the local mean value for multiple circular jet plates (MCJ Series) at Rep ~ 10,000 and fixed H/D, ~ 1.4, as a function of: Re, (top left),
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R’ > 1, suggesting the existence of two regimes. In fact, for R’ < 1 the
jets emerge from the plate, possibly merge and reach the nozzle
exit section, behaving, overall, as free jets; for R’ > 1 the jets emerge
from the plate, and impact the nozzle wall, forming wall jets, be-
fore reaching the nozzle exit section. The different behavior at
%A, =0.35 can be explained as a Re, or N effect. In the first case,
we notice that at fixed %A, and flow rate, Re, increases linearly
with d, explaining the increase of the turbulence intensity with
d. On the other hand, the fluctuations increase with decreasing
number of holes. In the absence of flow visualization because of
lack of optical access, one can speculate that the jet-to-jet interac-
tion may be playing a role by inducing instabilities [27] in the flow
and these instabilities may be favored by the larger separation be-
tween the jets and high velocity. At %A, > 0.35 this effect seems to
be negligible, probably supporting the idea of an instability based
on jet-to-jet interaction, with a critical value for Re,. Moving the
plate further away from the nozzle exit section has the effect of
decreasing the turbulence intensity, and there seem to be a critical

value of the distance before the decrease becomes evident at
~1.8D,. This suggests that the rate of decay is regulated by the noz-
zle geometry (its internal diameter) and not by the plate hole
diameter. Significantly, the plates achieve a good radial uniformity
in turbulence intensity (Fig. 6), which seem to slightly deteriorate
with increasing R'.

The integral scale is relatively unaffected by Re, and N (Fig. 7,
top), falling for most part in a band between 0.29D,; and 0.34D,,
corresponding to 3.75 and 4.25 mm, respectively. The exception
are the plates with the largest area ratio (and lowest Re,), with val-
ues of about 0.15D,,. The holes radial position (Fig. 7, bottom left)
also has a weak influence, while the plates with %A, ~ 4.5 show a
large variation with the radial position, with values falling to about
0.15D¢ for R’ > 1, suggesting the existence of a Re,-dependent
transition in the large scale dynamics. The integral scale grows
with H/D,, (Fig. 7, bottom right), independently of Re,, with a pos-
sible asymptotic value of ~0.35D,,. Overall, the values of the inte-
gral scale, for Re, > 10,000, fall within the range 0.3Dqy—0.35Dy¢. If
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we normalize the integral scale by the plate wet diameter, D, the
range becomes 0.075D,-0.097D,, which is in reasonable agree-
ment with the existing literature [32] on confined single-jets, in
spite of the different geometry. This last observation may suggest
that the integral scale is locked by the nozzle base internal diame-

ter (or plate wet diameter) [32-34] rather than by the plate hole
diameter [35].

The Taylor scale decreases with increasing Re, and N (Fig. 8,
top) independently of R’ and %A.. The dependence on R’ (Fig. 8, bot-
tom left) is not simple, but overall A seems to increase as the holes
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are positioned farther and farther away from the center of the
plate. Increasing the distance of the plate from the nozzle exit sec-
tion (Fig. 8, bottom right), has the effect of increasing 4, indepen-
dently of the area ratio. The turbulent Reynolds numbers, based
on the integral and the Taylor length scales, follow quite closely
the trends observed for the relative intensity with respect to R’
and H (Fig. 9), with values on the order of 2000 and 200, respec-
tively for the centermost positions and small area ratios. Notice
that the objective of achieving a healthy turbulence has been
achieved under the present conditions. On the other hand, values
on the order of 150 and 60 for Re; and Re; are obtained for R’ > 1
and high area ratios. The Reynolds numbers dependence on H also
suggests the existence of an optimal position, dependent possibly
on the hole diameter.

We analyzed the shape of the power spectrum of the flow gen-
erated by the plates and noticed for some of the plates a small
‘bump’ at a frequency, f ~ 650 Hz, as shown in Fig. 10 At the high-
est plate average velocity, this ‘bump’ becomes more noticeable as
the jets radial position R — 0, with a possible critical value at
R’ =2.4. As the plate average velocity decreases, so does the critical
value, and for the peak to become noticeable the radial position, R’
has to be 1 or less. Decreasing N or increasing Re,, (Fig. 10, left) has
a damping effect on the peak, as it gets less pronounced till it dis-
appears completely for N = 3. Larger radial position or lower num-
ber of jets imply a larger distance between the jets, suggesting that
the peak could be induced by jet-to-jet interaction. Although not
shown here for brevity, flow rate has no influence on the peak fre-
quency therefore Re, does not seem to be playing a role. Although
we can only speculate on the origin of the ‘bump’, we did observe
that this feature is present only for some plates and as such it can
be avoided by properly choosing the geometric parameters. Since
the extent of the inertial range in the power spectrum is on the or-
der of one decade, the system does not appear to be well-suited to
study scaling laws generally requiring a much broader inertial
range.

In summary, the multi circular jet plate configuration offers a
reasonably good control over the relative fluctuations, length
scales and turbulent Reynolds numbers. The plates seem to operate
under three regimes, depending on holes radial position, R" and
Re,. The insurgence of a peak in the spectrum and of mean flow
asymmetry under some conditions does, however, reduce the
range of achievable turbulent Reynolds numbers. Homogeneity is
relatively good and is affected by R’ and N, improving by increasing
N or decreasing R'. The turbulent Reynolds’ numbers are directly
proportional to the plate Reynolds number. If the objective of
inserting such a plate is to induce the largest possible turbulent
Reynolds’ numbers at a given flow rate without sacrificing radial
homogeneity in the velocity profiles, the present data suggests that
the highest turbulence levels are achieved for small open area,
small N and R’ < 1. Also, the plate should be close to the nozzle exit
section, if one can tolerate less homogeneous mean profile, other-
wise one has to compromise between homogeneity requirements
and turbulence levels. The centerline velocity is a reasonably good
indicator of the shape of the mean velocity profile. By comparison
with more traditional approaches to turbulence generation [9,36],
we managed to increase the turbulent Reynolds number dramati-
cally, which was one of the design objectives of the nozzle. In that
way, one may reproduce conditions typical of practical system in
relatively small experimental systems well-suited for bench-top
experiments and computational modeling.

3.2. Turbulence characteristics of selected non-circular jet plates (NCJ)

Data for the NCJ plates are presented in Figs. 11-13. The nor-
malized mean velocity at the centerline (Fig. 11, top left) decreases
with H/D,, for all the plates. The central-jet CJ type shows the high-
est value of centerline velocity, reaching almost twice its average
value and being about 30% higher than the other plates at the same
position, indicating a highly non-uniform profile, probably caused
by the persistence of the high velocity central-jet. The central wake
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(CW) and multi-jet (M]) plates produce more uniform profiles, in
spite of their lower %A., probably as a consequence of the hole po-

sition. The turbulence intensity (Fig. 11, top right) decreases with

H, and the

single-jet (S]), CJ and CW plates show the highest values,
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above 20%, in the whole range of H. For these plates, the decrease
in the open area has the expected effect of increasing the relative
intensity, in agreement with the results from the other families
of plates. The CW and M] series, with the same open area show a
significantly different level of turbulence intensity, suggesting that
the holes position is also an important parameter. The integral
scale (Fig. 11, center left) is relatively constant with H for all the
plates and on the order of 0.3D,,, with the exception of the cen-
tral-jet type, which decreases from about ~0.42D,,: to the com-
mon value of ~0.3D,y, in good agreement with the other series.
The Taylor scale (Fig. 11, center right) increases for all the plates
because of the lower turbulence levels. The turbulent Re numbers
(Fig. 11, bottom left) decrease with H for all the plates, following
the decrease of the turbulence intensity. The turbulent Re based
on the integral scale (Fig. 11, bottom right) shows very high values,
on the order of 2500, for the CJ type, because of the larger value of
the integral scale at the corresponding positions. The very large
values of the integral scale and the corresponding turbulent Rey-
nolds number for the CJ type could be related to a “bump” in the
low frequency energy distribution, as shown in Fig. 12 (left). This

bump could indicate some large scale dynamics, which tends to
disappear as the plate is moved further away from the nozzle exit
section. For every plate, one can define an optimal position, Hops,
which maximizes turbulence while maintaining the uniformity
and compare the corresponding power spectrum (Fig. 12, right)
and radial uniformity (Fig. 13) of the different plates. The energy
distribution in the medium frequency range is almost indistin-
guishable for all the plates. In the low frequency range, the M] is
almost flat, while the others show a more or less pronounced large
scale dynamics. The radial profiles of mean velocity (Fig. 13, left)
show excellent uniformity for the CJ and S] types, and reasonably
good, to within 8%, for the M] type. The radial profile of turbulence
intensity (Fig. 13, right) is, for all intents and purposes, flat. The
small dip at the centerline of the M] plate could be indicating some
incomplete merging of the individual jets.

In summary, among the NCJ plates, the C] type seem to perform
better than the others, in terms of radial uniformity and turbulence
levels, even though its open area ratio (~2.4%) is not the smallest,
suggesting that the shape is a relevant parameter. In fact, the M]
plate with an open area ratio of ~1.6% behaves quite differently
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from the CW plate with the same open area ratio. Overall, the NCJ
series achieves larger turbulent Re with a lower blockage than in
the M(] series discussed in Section 3.1, coupled to excellent flow
homogeneity. The lack of frequency peaks as found occasionally
in the previous series suggests that the holes geometry has also a
pronounced effect on the fluid dynamics instabilities and it is a via-
ble way to offset them, if not overcome them. The geometric shape
is a powerful parameter offering considerable flexibility.

4. Conclusions

The typical objective of experimental systems for turbulence
generation is that of maximizing the turbulent Reynolds numbers
to mimic flows of practical interest within the confines of a
bench-top experimental system. A systematic experimental study
was conducted on a system consisting of a high-blockage plate
placed upstream of a contoured contraction. The effect of the geo-
metric parameters of two families of high-blockage plates on the
resulting turbulent flow field was systematically studied: one ser-
ies of plates was characterized by the number and distribution of
circular openings; a second one had non-circular opening(s) with
different shapes, distribution and position of opening(s). The near
field at the centerline of the turbulent free jet at the outlet of the
system was characterized by hot-wire anemometry in terms of
mean axial velocity, turbulence intensity, turbulence length scales
and corresponding Reynolds numbers. The multi circular jet series
perform well in terms of achieving higher turbulent levels at a gi-

ven flow rate and preserving radial uniformity, although a spurious
peak in the power spectrum in some cases could limit the range of
applicability of such plates. In fact, our results suggest that low
average velocity with the circular openings at any radial position
or high average velocity with the circular openings at large radial
positions are required for the peaks to disappear. The non-circular
jet series, and specifically the plate with a central-jet, shows the
most promising results, with very high turbulence levels and excel-
lent radial uniformity, in both average velocity and turbulence
intensity. The analysis of the power spectrum of the flow generated
by these plates shows some low frequency dynamics, which may
affect some of the results in terms of integral length scales and
the corresponding Reynolds number. This effect, though, tends to
disappear with increasing distance of the plate from the nozzle exit
section. As expected, for all the plates, the turbulence levels de-
crease with the distance between the plate and the nozzle exit sec-
tion. In general, the turbulence generation system is flexible, by
allowing for independent change of the turbulent Reynolds num-
bers and of the flow rate, through changes in simple geometrical
parameters of the perforated plates. Turbulence generation
through high-blockage perforated plates placed upstream a con-
traction is a viable way to generate intense turbulent fields, as long
as precautions are taken to avoid possible instabilities generated
by the plate opening(s), shape and position. This new turbulence
generation scheme was recently applied to counterflow flames
[37] and catapulted them into regimes of relevance to practical
systems, well beyond the quasi-laminar conditions that have been
studied to date.
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