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Enhancement of turbulent mixing by a porous obstruction
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Turbulent diffusion and mixing of heat, introduced passively by a thin ribbon in
grid-generated turbulence, were enhanced drastically by a small array of thin cylinders,
positioned closely downstream of the ribbon. A multistructure flow region was formed
behind the array and relaxed towards grid turbulence, albeit maintaining a turbulence
intensity and an integral length scale that were twice as large as those in the absence of
the array.

DOLI: 10.1103/PhysRevFluids.7.124502

I. INTRODUCTION

Turbulent mixing and diffusion of scalar properties, such as heat and the concentration of an
admixture, have been studied extensively, due to their importance in combustion, chemical reactions,
spreading of pollutants, and transmission of airborne pathogens [1,2]. Much of our understanding
of these phenomena has been based on studies under idealized conditions [3-26], but such findings
are also relevant to many practical conditions. Early studies of scalar dispersion from concentrated
sources in homogeneous turbulence [27,28] have been adapted to estimate the far-field half-width
of a scalar plume, generated by a line source in a uniform stream, as

o ~ QubLyx; JUN)?  for o > Ly, (1)

where x; is the distance from the source, U, is the mean velocity, u) is the standard deviation
of the transverse turbulent velocity, and L, is the transverse integral length scale. More recently,
scalar diffusion theory was extended to account for turbulence decay, as would be the case for
grid-generated turbulence [29]. In this case, the far-field plume half-width was estimated as

o x C.'\2Ly, 2

where L, is the streamwise integral length scale and the dissipation parameter is defined in terms of
Ly, the turbulent kinetic energy per unit mass k, and its dissipation rate & as

C. = eL/(2k/3)*>. 3)

In isotropic turbulence, L, = L;, but, in shear flows, one may generally expect that L; > L,.
Nevertheless, the scale L; was used in Eq. (2) instead of L,, because the former is easier to measure,
as well as being less sensitive to local inhomogeneity.

In grid turbulence, there is a developing flow region near the grid, where C, grows monoton-
ically, followed by a partially developed region and finally a fully developed region, where C, is
approximately constant [21,29]. Equation (2) implies that, if the far-field condition (o > L) is
satisfied at the start of the C, & const region, it will continue being satisfied further downstream, so
that the plume will grow at the same rate as the turbulence scale does. The analysis also indicates
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that, if the far-field condition is not satisfied at the start of the C, & const region, it will never be
satisfied and the plume will keep growing at a slower rate than L; does. Based on these observations,
one may develop the following strategy for enhancing the spreading of the plume, thus improving
scalar mixing in decaying grid turbulence: Introduce a disturbance close to the source, so that the
plume will be wide enough to satisfy the far-field condition early in its evolution and then keep
growing at its highest possible rate, which is the rate of growth of L. The choices of geometry and
location of the grid, the scalar source, and the obstructions are crucial in implementing this strategy
as efficiently as possible. In the following, we will outline the rationale for making the present
choices.

First, we chose a grid. We need a grid that has a developing region that is sufficiently long to
contain the obstructions, as well as a fully developed region that is sufficiently long for the plume
growth to be observable within the wind-tunnel test section. When the grid mesh size M is relatively
small, the developing region is essentially nonexistent [21], whereas, when M is relatively large,
the highest dimensionless distance x; /M attainable within the wind-tunnel test section would be
small (thus restricting the length of the fully developed region), with the problem compounded
by excessive boundary layer interference with the grid turbulence. Among the many grids that were
available from previous studies in our laboratory, the one that generated a sizable developing region,
a sizable fully developed region, and a core flow that was relatively free of wall effects was found
to be a square-mesh perforated plate with a mesh size M = 50.8 mm.

In accordance with the previously explained strategy, we placed the scalar source as closely as
possible downstream of the perforated plate. In fact, we mounted both the perforated plate and the
source on the same frame that was inserted in the wind tunnel. An ideal line source of a scalar would
introduce no disturbance to the flow, but such a source would also generate a very narrow plume,
which is against the present strategy. Instead of a thin wire, which would approximate a line source,
we used a thin ribbon as a source of heat and imposed a twist on it, such that it would introduce
a sizable early plume. Of course, we anticipated that the wake generated by the ribbon may also
introduce a relatively strong disturbance to the grid turbulence and, consequently, deviation from
the conditions that are necessary for the previous plume spread theory to be accurate. Nevertheless,
this choice of source appears to be justified, when we consider that our objective is to generate a
plume that is as wide as possible near its origin and that grid turbulence would anyway be distorted
by the obstruction to be placed downstream of the source.

Following our strategy to widen the plume as far upstream as possible, we placed the obstruction
closely downstream of the source. The final, but very crucial, choice was the geometry of the
obstruction. If we had introduced a relatively large solid obstruction in the scalar plume, we would
have diverted the plume away from the source plane but would have also created a large, scalar-free,
wake region. Moreover, the turbulence structure in the wake would be very different from grid
turbulence, and the analysis would not hold, even approximately. After considering different possi-
bilities, we decided to use an array of small cylinders, which would act as a porous obstruction, thus
allowing the scalar to penetrate the array as well as reducing the disturbance to the grid turbulence.
Of course, the turbulence structure behind the array would have contributions from the upstream
grid turbulence, as well as contributions of the wakes of the cylinders and the high-speed flows
between them. Consequently, this region will have a structure that is the result of more than one
distinct turbulence generation mechanism and may be described as multistructure turbulence [30].
To minimize the overall flow disturbance and the pressure drop through the obstruction array, we
designed the array such that, instead of being rectangular, it was contained in a triangular envelope,
with its apex occupied by a single cylinder facing the source and followed by rows of staggered
cylinders, increasing in number. Also to keep the obstruction disturbance relatively small, we set
the height of the array to be smaller than the mesh size.

The general goal of this research is to devise a practical method for enhancing scalar mixing in
a turbulent flow. In particular, we wished to widen the plume generated by a scalar line source in
grid turbulence by inserting a porous obstruction closely behind it. We also wished to explore the
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FIG. 1. Sketches of (a) a side view of the general experimental arrangement, (b) a view from upstream
of the perforated plate bars (thick black lines), the obstruction projected frontal area (gray rectangle), and the
heating ribbon (thin black horizontal line), (c) side views of the different cylinder arrays, and (d) a side view
of the different flow regions. The different parts of this figure have different scales.

relationship between the plume spread and the turbulence properties in the multistructure region
behind the obstruction.

II. APPARATUS AND MEASUREMENT PROCEDURES

The experiments were performed in an open-circuit wind tunnel, shown schematically in
Fig. 1(a). The test section has a height # = 305 mm, a width of 1.5k, and a length of 16.6A. Beyond a
certain initial length, the test section sidewalls were adjusted to be slightly diverging, to compensate
the mean pressure field for boundary layer growth. A square-mesh perforated plate [“grid,” shown
in Fig. 1(b)], machined from a 16-gauge steel sheet with a thickness of 1.59 mm and having a
mesh size M = 50.8 mm (=0.167h) and a solid bar width w = 6.8 mm (thus a solidity of 0.25),
was inserted across the flow. An electrically heated ribbon, made of Nichrome alloy and having
a thickness of 0.13 mm and a width of 1.59 mm, was inserted at a location that was 25.4 mm
(=0.50M) downstream of the grid, to serve as the source of a passive scalar (i.e., temperature rise).
The ribbon was twisted by approximately 30°, end to end, with respect to the horizontal plane. The
heating power was the same for all reported tests. Arrays of ceramic rods, 3.2 mm in diameter and
spaced by 5.5 mm, axis to axis, in equilateral arrangements, were positioned 38 mm (=0.75M)
downstream of the source, namely, about 1.25M downstream of the grid. Each rod spanned the
entire width of the test section, and the maximum projected height of the arrays was 36.2 mm,
which is equal to 0.71M. Measurements with the ribbon heated were taken following a warm-up
time of 15 min to ensure that the rods had reached constant temperatures. Tests were performed for
the nine array configurations that are shown in Fig. 1(c).
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Measurements of the streamwise and transverse (i.e., vertical) velocity components and the
fluctuating temperature were made with a homemade, three-wire probe. The velocity sensors,
arranged in a cross-wire configuration, were made of tungsten and had a diameter of 2.5 ym, a
sensing length of 0.85 mm, and a separation distance of 0.5 mm. The length-to-diameter ratio was
340, which is sufficiently large for end conduction effects to be negligible [31]. The temperature
sensor (“cold wire”’) was made of platinum and had a diameter of 0.6 wm and a length-to-diameter
ratio of 800; this sensor was etched from Wollaston wire and spot welded onto the prongs. The
cold wire was supplied with a current of 0.3 mA by a low-noise, high-gain homemade circuit.
The mean temperature close to the three-wire probe was measured with a miniature thermistor. The
hot-wire signals were corrected for temperature effects, using an instantaneous temperature value
that was the sum of the time-averaged temperature, measured with the thermistor, and the mean-free
temperature fluctuation, measured with the cold wire. The reported temperature rise in the heated
flow was the difference between the locally measured temperature and the temperature upstream
of the heated source, measured with a precalibrated resistance temperature detector (RTD). The
hot-wire and cold-wire signals were low-pass filtered with analog filters, having cutoff frequencies
of 14 and 4 kHz, respectively, digitized at a rate of 30 kHz and recorded over 30 s for each test. The
cross-wire probe was calibrated in sifu using a velocity-pitch-map calibration method [32].

The streamwise integral time scale 77 was determined by integrating the temporal autocorrelation
coefficient of the streamwise velocity fluctuations to its first zero crossing. The streamwise integral
length scale was then estimated as L; = T,U,. The derivative (du;/dt)? was calculated by extrap-
olating corresponding finite differences to a zero time lag. The Taylor microscale was calculated

with the use of Taylor’s frozen flow approximation as A = U, [u’l2 /(3u1/81)*1'/2, and the turbulence
Reynolds number was calculated as Re; = ujA/v, where v is the kinematic viscosity of air. Lastly,
the Taylorian diffusivity was calculated as D = u/zle /2.

III. RESULTS AND DISCUSSION

All measurements were taken at a fixed inlet velocity of Uy, = 10.0 m/s, calculated from the
mean pressure difference across the wind-tunnel contraction. In the absence of a grid, heating
source, and flow obstructions, velocity fluctuations in the streamwise and transverse directions were
found to be about 0.1%. The Reynolds number, based on the grid mesh size, was Reyy = UM /v ~
34 000.

Preliminary measurements downstream of each of the nine cylinder arrays showed that, consis-
tently with previous work [21,33], the mean temperature profiles had a nearly Gaussian shape. The
peak of the obstructed temperature profile was substantially lower than that in unobstructed grid
turbulence, while the plume was substantially wider. The additional spread of heat in the presence
of the obstruction is attributed to two interacting, but distinct, effects. First, the warm wake of the
source is either split by the first cylinder or diverted towards one side of it, in both cases tending
to displace heated fluid away from the source plane. This process is repeated, as the displaced
warm fluid reaches the second and subsequent cylinders. One is also reminded that the near field
of a square-mesh grid consists of square jets, surrounded by short horizontal and vertical wakes, so
that the flow reaching the obstruction is strongly three dimensional. Second, the cylinders produce
additional turbulent fluctuations, which are superimposed on the grid turbulence, as well increasing
the size of the energy-containing motions; both effects enhance turbulent diffusion. The effect of
the obstructions on the plume spread is quite strong, despite the fact that the frontal projection of a
full cylinder array is merely 0.076/ in height.

Most effective in reducing the peak temperature rise was array 1, and so all measurements
reported here were taken for this configuration. Profiles of the mean temperature rise AT at
three streamwise stations are shown in Fig. 2. These values have been normalized by a constant
reference temperature rise AT = 0.44 K, which is equal to the peak mean temperature rise in
the unobstructed flow at x; /M = 6. Although the unobstructed plume extended entirely within the
flow core region (namely, it did not reach the boundary layers along the top and bottom walls), the
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FIG. 2. Normalized mean temperature and temperature fluctuation profiles without (x) and with (o) the
obstructions at three streamwise locations; the reference temperature rise was AT; = 0.44 K.

obstructed plume grew wider than the core, encroaching into the boundary layers at the furthest
station, where x; /M = 60. Figure 2 also presents the transverse profiles of the normalized standard
deviation 0’ of the temperature fluctuations, at the same three streamwise locations. Dual peaks can
be seen in both the unobstructed and obstructed flows, but, in the obstructed flow, the fluctuations
spread further in the transverse direction and had a smaller nonuniformity. As shown in Fig. 3,
the obstructed plume was roughly twice as wide as the unobstructed one. Figure 2 indicates that
the obstruction intensified scalar mixing to the point that, roughly speaking, the mean temperature
rise in the entire test section far away from the source exceeded half of its peak values in the
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FIG. 3. Plume spread without (x) and with (o) the obstructions.

unobstructed case. In contrast, throughout the unobstructed flow, there were significant parts of the
test section where there was no temperature rise at all. All things considered, we may confidently
assert that the obstruction was quite effective in spreading and mixing the scalar.

To understand the effect of the obstructions, we compared the turbulence properties in their
presence with those in their absence. Measured values of turbulence properties along the centerline,
without and with the cylinder array, are listed in Table I, and representative vertical profiles of
such properties are shown in Fig. 4. It should be noted that the various profiles near the grid are
not expected to be two dimensional, but to have significant spanwise nonuniformity, generated by
the vertical bars of the grid and the ribbon twist. It is also noted that the heating ribbon had a

TABLE I. Values of various properties at selected locations along the centerline; the values of P are at
x2/h = 0.125, where this property was at or near its peak.

Grid only Grid + array 1
x1/M 6 24 60 6 24 60
AT /ATt 1 0.488 0.317 0.473 0.206 0.196
0’/ ATt 0.160 0.095 0.063 0.164 0.044 0.023
o/M 0.378 0.653 1.19 0.601 1.375 2.762
U, /Us 0.857 0.949 0.967 0.701 0.903 0.941
uy /Uss 0.094 0.035 0.020 0.165 0.068 0.036
uy/Uso 0.080 0.032 0.018 0.198 0.065 0.030
—Uuuy/uyu) 0.017 —-0.119 —-0.114 0.000 0.005 —0.001
L /M 0.227 0.363 0.508 0.291 0.732 0.936
D (m?/s) 0.004 0.001 0.0004 0.029 0.007 0.002
AM 0.029 0.178 0.339 0.029 0.179 0.337
Re, 89 68 67 158 132 117
P (m?/s%) 11.0 0.40 42 1.8
) 0.36 0.42 0.40 0.53 0.43 0.50
F 54 5.0 4.4 7.3 6.5 5.6
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FIG. 4. Transverse profiles of the main turbulence properties without (x) and with (o) the obstructions at
three streamwise locations; the axis scales for L; and D at each location have been adjusted to make the values
readable.

measurable momentum wake, although we found no signs of buoyancy effects due to the heating.
The main observations that can be based on these results are summarized as follows.

(a) Closely downstream of it, the obstruction increased the mean velocity deficit along the cen-
terline to a level that was well above the already significant level in the absence of the obstruction,
which is attributed to the grid bars and the ribbon wake. This deficit diminished with downstream
distance, so that the mean flow in the core became nearly uniform at x; /M = 60. At that location,
the boundary layers on the top and bottom walls may be seen to occupy roughly a quarter of the
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cross section each, with very weak velocity peaks persisting at the boundary layer edges; these peaks
are interpreted to be remnants of upstream flow maxima between bar-generated wakes.

(b) The streamwise turbulent velocity fluctuation level behind the obstruction was nearly twice
the unobstructed value in the entire test section, which means that the obstruction generated a
permanent increase in turbulence level.

(c) The transverse turbulent velocity fluctuations behind the obstruction followed the same
overall patterns as the streamwise fluctuations. It is interesting to note that, at x; /M = 6, u), was
somewhat larger than u{, as the obstruction diverted flow away from the centerline. Further down-
stream, the ratio u) /u}, both without and with obstructions, settled at a level in the range 1.1-1.2,
which is somewhat larger than typical values in turbulence generated by grids with solidities that
are higher than the present one [34]. In the near-wake of the obstruction, the turbulence intensity
74 /U, exceeded 20%. This brings into question the validity of Taylor’s frozen flow approximation,
but we note that a recent study on this issue [35] concluded that Taylor’s approximation stands for
u, U < 25%.

(d) Unlike isotropic turbulence, the present flow had a measurable Reynolds shear stress, which
is attributed to the combined wakes of the ribbon and the obstruction. The shear stress correlation
coefficient was only mildly affected by the obstruction. It is interesting to note that, without and
with the obstruction, this coefficient was negligible along the streamline and reached peak values of
about 0.25 at about x, /h &~ +0.125, which points to persisting mild inhomogeneity and anisotropy
throughout the measuring section. The peak shear stress correlation coefficient was smaller in
magnitude than its value in outer turbulent boundary layers and in uniformly sheared turbulence,
where it is about 0.4.

(e) In view of the appreciable mean shear and shear stress in parts of the flow, we examined
the turbulence production P = —u1d U /dx». In both the unobstructed and obstructed flows, P
was negligible along the centerline, but it reached distinct peaks at about x, /h ~ £0.125. The peak
production was up to a third of a corresponding rough estimate of the local turbulent kinetic energy
dissipation rate and up to nearly half the dissipation value in the obstructed flow. By comparison,
the production-to-dissipation ratio in uniformly sheared turbulence is about two-thirds [18].

(f) The obstruction nearly doubled the integral length scale, and such increase was maintained
downstream.

(g) The obstruction increased drastically the turbulent diffusivity D & u’22L1 /2 in its wake. Close
to the obstruction, the increase was by an order of magnitude and peaked on the centerline, but,
further downstream, the turbulent diffusivity maintained a fairly uniform value in the flow core,
which was roughly four times the corresponding unobstructed value. This increase in D is consistent
with the drastic enhancement of scalar mixing.

(h) The Taylor microscale was essentially unaffected by the obstruction; this indicates that
the obstruction increased both the velocity fluctuations and their temporal derivative by the same
amount. Nevertheless, there was a very small correlation (<0.1 for x; /M > 24) between the velocity
and its derivative. A physical justification for the lack of influence of the obstruction on the Taylor
microscale remains to be found.

(i) The turbulence Reynolds number was roughly doubled by the obstruction, as a result of the
increase of the turbulence level.

(j) As a final note, Fig. 5 shows representative profiles of the skewness S and flatness F' factors
of the streamwise velocity derivative, which are indicators of the fine structure. Away from the
grid (x; /M > 24), S takes values in the vicinity of —0.5 in both the unobstructed and the obstructed
flows; such values are typical for fully developed turbulence at moderate Reynolds numbers [36—40].
However, closer to the grid (x;/M = 6), S takes values that are measurably lower than the value
—0.5 without the obstruction and closer to —0.5 with the obstruction; thus it appears that the
effect of the obstruction is to accelerate the development of the turbulence structure. Moreover,
the obstruction increases systematically the flatness factor throughout the test section, which is
consistent with the increase in Re; and indicates an enhancement of the internal intermittency
of the turbulence. It should be noted that, at the furthest downstream station (x;/M = 60), the
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FIG. 5. Transverse profiles of the skewness and flatness factors of the streamwise velocity derivative
without (x) and with (o) the obstructions. The axis scale of F at each location has been adjusted to make
the values readable.

flatness factor is drastically larger outside the flow core (|x/h| > 0.25) than within the core
—0.25 < xp/h < 0.25; this is attributed to the intermittency between grid turbulence and turbulence
in the boundary layers developing along the test section walls.

IV. CONCLUSIONS

In this paper, we found that a small array of thin cylinders, acting as a localized, porous,
flow obstruction, enhanced drastically turbulent diffusion and mixing of a passive scalar injected
from a line source in grid turbulence. The unobstructed scalar plume was confined within the
test section core region, whereas the obstructed plume penetrated the boundary layers on the test
section walls. This is further confirmed by the fact that the plume spread in the obstructed flow was
twice as large as that in unobstructed grid turbulence. Transverse profiles of turbulence properties
indicated that a multistructure flow region was formed behind the array and relaxed towards grid
turbulence, albeit maintaining permanent increases in turbulence level, integral length scale, and
turbulent diffusivity.
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