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Turbulent dispersion of passive scalar quantities has been extensively studied in wind
tunnel settings, where the flow is carefully conditioned using flow straighteners and
grids. Much less is known about turbulent dispersion in the “unconditioned” flows
generated by fans that are ubiquitous in indoor environments, despite the importance
of these flows to pathogen and contaminant transport. Here, we demonstrate that
a point source of scalars released into an airflow generated by an axial fan yields a
plume whose width is invariant with respect to the fan speed. The results point toward
a useful simplification in modeling of disease and pollution spread via fan-generated
flows. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879256]

Turbulent dispersion of passive scalar quantities, like temperature and concentration, has been
intensely studied because of the numerous environmental and industrial applications.' ™ Large-scale
studies focusing on dispersion in atmospheric flow conditions are often conducted in the field, where
features such as surface roughness and vertical gradients in temperature and wind speed complicate
the flow and corresponding interpretation.>”” Many dispersion studies have also been performed in
more controlled laboratory settings, especially in wind tunnels where the degree of turbulence can
be carefully fine-tuned using different control devices: honeycombs straighten the flow and reduce
the fan swirl, fine mesh screens suppress the free stream turbulence, and contractions accelerate the
flow and make it more isotropic.®° Additionally, fans may be equipped with guide vanes to further
ensure that the flow in the test section has minimal swirl.”!" The turbulence of interest can then
be re-introduced methodically, typically by using a mesh with a coarser size than those used to
initially remove the turbulence, yielding nearly isotropic and homogeneous turbulence sufficiently
far downstream from the mesh. !>~ Turbulence generated by grids in this manner was the focus of the
seminal studies performed by Taylor and Batchelor,'>~!8 and grid-generated turbulence is often used
for experiments involving dispersion of scalar quantities, such as temperature,'®2 particles,?"?*> and
dye. 323

In contrast to the flows in wind tunnels, most airflows within indoor environments are not
carefully conditioned (i.e., without any flow straightening or other turbulence suppressing features).
These “unconditioned” turbulent flows nonetheless play a pivotal role in driving the spread of
pathogens and contaminants, and consequently building ventilation and indoor air quality have been
the focus of many (primarily computational) studies.?*> An important and ubiquitous component
of indoor air quality involves the flows generated by basic room fans. In addition to the building
ventilation system, fans are often used to increase circulation of stagnant air in indoor spaces,
particularly on warm days. However, these fans may also transport unwanted contaminants, such as
airborne pathogens expelled by sick individuals and dust accumulated on surfaces, exposing room
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occupants downstream from the fan and contaminant source. While fans are used to generate airflow
in wind tunnel experiments, much effort goes toward removing the turbulence they produce, so these
flows do not represent the fan-generated turbulence that occurs in a typical indoor environment.

In this work, we consider the short-range dispersion of particulates from a point source located
downstream from an axial fan, and we address the question: How does the fan speed affect the tur-
bulent dispersion? A similar question, in the context of mesh-generated turbulence, was addressed
nearly a century ago by Taylor.!>'® In reviewing experimental work by Schubauer?’ on the dis-
persion of heat in mesh turbulence in a wind tunnel, Taylor noted,'® *. . . the existing experimental
evidence seems to show that turbulent diffusion is proportional to the speed, so that if matter from a
concentrated source is diffused over an area downstream from the source, an increase in the speed
of the whole system (i.e., proportional increases in turbulent and mean speed) leaves the distribution
of matter in space unchanged (though the absolute concentration is reduced).” Thus, an invariance
of the passive scalar plume width with the mean background airspeed has been anticipated for later
studies with meshes.”® Here, a single length scale, the mesh size, dictates the turbulence of the flow.
However, there is no reason a priori that this plume width invariance with mean airspeed should
exist for other scenarios, such as dispersion in the atmosphere, where a single length scale tied
to turbulence generation cannot be isolated. In addition, for our fan setup, we expect the swirl to
contribute angular momentum to the flow, while wind tunnel flows with decaying grid-generated
turbulence do not have swirl. Limited studies on axial fan-generated flows in the immediate vicinity
of the fan have shown that the flow indeed has a non-zero swirl velocity, and that the turbulence
is inhomogeneous and anisotropic.?®?° However, these studies have only focused on the flow field
upstream and in close proximity to the fan. To our knowledge, experiments have not been conducted
to characterize the turbulent dispersion of passive scalar quantities further downstream from an axial
fan.

Here, we demonstrate experimentally that, for three very different fan configurations, the width
of the time-ensemble particulate plume is invariant with the fan speed. We show that while the
plume spread does not vary when the speed is adjusted for a single setup, it is affected when the
fan configuration is changed, suggesting that the length scale of the fan dictates the turbulence.
Additionally, we discuss the implications of our findings for airborne disease transmission between
test animals in laboratory settings.

To measure the turbulent dispersivity, we employed a classic technique using tracer smoke
particles and a laser sheet’®? (Fig. 1(a), Figs. S1(a)-S1(c), Ref. 40). A wire loop (0.33 mm
galvanized steel, Hillman), simulating a point source, was coated with 10 cS poly(dimethylsiloxane)
fluid (Sigma Aldrich) and connected to a 3 A power supply (PR3-UL, Tripp Lite). The oil was heated
to its smoke point when the power supply was switched on. The generated smoke was transported
downstream by one of three fan setups: a 50.8 cm box fan (Lasko, Fig. 1(b)), a 25.4 cm circular
fan (Honeywell Power Air Circulator, Fig. 1(c)), or a 4 x 7 configuration of 8 cm low speed CPU
fans (Evercool, Fig. 1(d)). The front grills were removed from the box fan and circular fan; the
CPU fans did not have grills. To minimize possible disturbances from other airflow sources in the
laboratory, all experiments were conducted in a 67 x 33 x 55 cm acrylic box, with the front and rear
sides removed to allow the fan-generated airflow to pass through. Experiments with and without the

FIG. 1. (a) Schematic of laser dispersivity experimental setup. Silicone oil smoke is dispersed from a simulated point source
in flow generated by a (b) box fan, (c) circular fan, or (d) fan array. The smoke particulates are visualized using a laser sheet
from above (not shown). See Fig. S1 (Ref. 40) for details.
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box demonstrated the box walls had no appreciable effect on the measured plume widths (cf. Fig.
S2, Ref. 40). The point source was approximately centered vertically (~16.5 cm from the bottom
and top of the box) and depth wise (~27.5 cm from the back and front of the box), and was about
20 cm downstream from the box inlet. The circular and box fans were both placed about 90 cm
upstream of the box opening, while the fan array was attached directly to the inlet of the box. The
mean background airspeed, U, varied for each setup: For the box fan, U ranged from 104 to 170
cm/s, for the circular fan, U ranged from 140 to 207 cm/s, and for the fan array, U ranged from
40 to 100 cm/s (Re f4, ~ 10*, defined for the average characteristic length scale of the fans). The
fan speeds for the box and circular fans were adjusted using the built-in controls, which allowed
for three speeds for each fan. The fan array speed was controlled via pulse width modulation using
a solid-state relay (Kyoto Electric KG 1010D) and a data acquisition card with Labview software
(National Instruments). The airspeed was measured downstream from the wire at the outlet of the
acrylic box using a hot-wire anemometer (Alnor Velometer Thermal Anemometer AVM 410, TSI).

As the smoke was transported downstream, it was illuminated by a laser sheet, generated using a
150 mW 532 nm green DPSS laser (GML series, Lasermate) and a 75° fan angle laser line generator
(Laserline Optics Canada), suspended over the box. The smoke plume progression was recorded
using high-speed video (Phantom v 7.3) with a frame rate of 50 images per second. Images were
thresholded and integrated using standard image analysis techniques in Matlab.

Fig. 2(a) shows a representative snapshot of the particulate plume. The instantaneous plume
appears randomly distributed by the turbulent airflow generated by the fan. In contrast, the time-
integrated plume is more orderly. Fig. 2(b) shows a contour plot of the integrated particulate intensity
over 100 s, where the instantaneous particulate intensities (in arbitrary units) have been integrated
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FIG. 2. Representative particulate dispersion for the fan array. (a) Typical experimental image of the instantaneous particulate
distribution as illuminated by the laser sheet. Scale bar is 1 cm. (b) Contour plot of the time integrated particulate intensity
(I, arbitrary units) for one experimental trial of duration 100 s. Contours shown as log(I)/log(Imax); red denotes high
particulate concentration, blue denotes zero concentration. (c)—(e) Cross sectional profiles of normalized particulate intensity
vs. vertical displacement. Red markers: experimental measurements; black dashed lines: Gaussian distributions fit via
nonlinear regression.
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and normalized on a logarithmic scale to indicate the time ensemble plume behavior. Qualitatively,
the plumes display the expected behavior: smoke is highly concentrated close to the point source,
and spreads in the cross-flow direction via turbulent dispersion as it is transported downstream.

For homogeneous and isotropic turbulence, the turbulent dispersivity in the directions perpen-
dicular to the mean flow can be calculated by fitting the observed time-averaged particulate concen-
tration versus the cross-flow coordinate at a fixed downstream position to a Gaussian profile;'? the
dispersivity o, is the width parameter extracted from the fit (i.e., the standard deviation). Note that
this procedure does not depend on the absolute particulate concentration, since it yields only the
plume width. Although it was not clear a priori that the fans would yield homogenous and isotropic
turbulence, the time-averaged concentration profiles in the plumes were nonetheless Gaussian.
Figs. 2(c)-2(e) show the particulate distribution for three representative positions downstream,
and it is clear that the corresponding Gaussian fits (black dashed lines) represent the concentra-
tion profiles to excellent approximation. The dispersivity values for the Gaussian plots shown in
Figs. 2(c)-2(e) are 0, = 1.45 &+ .01 cm, 0, = 2.34 £ .01 cm, and o, = 3.07 £ .02 cm, respec-
tively, where the error reported is the 95% confidence interval for the fit. In addition to reporting
this confidence interval, we also performed a consistency check on the dispersivity calculations,
varying the number of frames analyzed. Qualitatively similar plumes were observed with all three
fan configurations.

Parallels can be drawn between the spread of smoke particles in a turbulent fan-generated flow
and the spread of momentum in a round jet. As demonstrated by Fig. 3, the smoke particulate
intensity profiles are self-similar; for varied positions downstream from the wire, the particulate
intensities, normalized by the maximum intensity, collapse when plotted against the z-coordinate,
normalized by the dispersivity. A similar collapse is expected for the velocity profiles in a self-similar
jet.33:34

The plume widths as measured via the procedure outlined in Fig. 2 are plotted versus downstream
position in Fig. 4. The dispersivity is consistently largest for the box fan (Fig. 4(a)), which has the
largest blade chord of any of the fans. This fan also yields dispersivities with the highest variability,
conceivably a result of the large degree of turbulence kinetic energy in this flow. The calculated
dispersivities are more similar for the circular fan and the fan array (Figs. 4(b) and 4(c)), likely due
to the comparable length scales of the fan configurations. Initially, all fan setups appear to yield
dispersivities that vary linearly with downstream position, following Taylor’s'> predictions for the
near field spread from a point source in homogeneous, isotropic turbulence.

The key observation is that for a given fan configuration, the plume spread was insensitive to
the imposed airspeed. Increases in airspeed of 63% for the box fan, 48% for the circular fan, and
150% for the fan array all had no significant impact on the respective plume width. To ensure that the
source strength was not having an effect on the calculated dispersivity, additional experiments were
performed with a smaller quantity of tracer smoke. These tests again confirmed that the plume spread

FIG. 3. Normalized particulate intensity, //Iymax , vs. normalized z-coordinate, z/o;, for fixed downstream positions for
experiments with the fan array. Note that within the range of measured conditions the distribution of smoke in the cross-flow
direction is self-similar.
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FIG. 4. Particulate plume widths, as characterized by the dispersivity o, versus downstream position for varied air speeds
and fan configurations: (a) box fan, (b) circular fan, (c) fan array. Assuming an error of 1 pixel, our error is too small to
plot. Each o, was found via nonlinear regression of the Gaussian distribution against the observed intensity profiles, typified
by those shown in Figs. 2(c)-2(e). Note that for a given fan configuration the plume width is insensitive to the air speed.

is invariant with the mean background airspeed. As mentioned above, qualitatively similar invariance
of the plume width with mean velocity has been demonstrated for mesh-generated turbulence.'®?%%’
Additionally, it has been shown for other carefully “conditioned” flows, such as fully developed pipe
flow.*® However, to our knowledge this velocity-independent plume width has not been reported for
unconditioned flow downstream from a fan.

The plume width independence of fan speed indicates that the effective turbulent diffusivity,
which controls the particulate spread normal to the flow direction, scales directly with the fan speed.
This behavior can be rationalized in terms of a convective-diffusive scaling analysis. In conditions
where flow downstream is dominated by the mean background velocity (i.e., U > u,), transport
via turbulent diffusion is primarily in the cross-flow directions. Thus, for our experiments, the
convection-diffusion equation simplifies to U fi—f = DT%, where Dr is the turbulent diffusivity
(assumed to be much greater than the molecular diffusivity). Following the classic interpretation,® 33
the turbulent diffusivity scales as Dr ~ u.l; where u; is a characteristic turbulent velocity (in this
case induced by the fan), and /ris a mixing length which we assume is the characteristic length scale
of the fan. For the box fan and circular fan, we use the fan blade chord as the characteristic length
scale, 18 and 9 cm, respectively. For the fan array, we use the diameter of a single entire fan instead,
8 cm, assuming this is the mixing length for this multi-fan arrangement. Choosing the plume width,
o0, as the characteristic z length scale and substituting into the convection-diffusion equation yields

the scaling estimate,
u,
o, ~ | —=lx. 1
2~/ T (1)

Since our observed plume widths are insensitive to U (cf. Fig. 4), the key implication of Eq.
(1) is that the turbulence intensity i is constant for a particular fan setup, i.e., i; = 7 =k, and
the turbulent velocity scales directly with the mean velocity. Fig. 5 illustrates a dimensionless form
of the scaling analysis. The dispersivities for each fan were averaged across the fan speeds tested.
Since we did not directly measure the turbulence intensity, i, was fit via linear interpolation of
the dispersivity approaching the origin, assuming Taylor’s'> near field theorem was valid in this
region. The estimated turbulence intensities were 0.33, 0.23, and 0.20 for the box fan, circular
fan, and fan array, respectively. Both axes were nondimensionalized using the characteristic length
scale of the fan, /. Fig. 5 demonstrates that the scaling for the average dispersivities of the three
experimental fan configurations all fall onto a single curve. The dependence of the dispersivity on
the square root of downstream displacement in Eq. (1) is expected for the far field in homogeneous
and isotropic turbulent flows.'> While the near field dispersivity is instead expected to vary linearly
with position, Fig. 5 shows that Eq. (1) provides a reasonable approximation over the range of
measured conditions. Since the characteristic length scale for the box fan is the largest, the data
points for this fan are clustered closest to the origin, while the data points for the fan grid, with the
smallest characteristic length scale, extend furthest downstream. Fig. 5 confirms that it is the length
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FIG. 5. Dimensionless scaling analysis for the fan-generated turbulence. The square of the turbulent dispersivity o is
normalized by the turbulence intensity i; and the square of the characteristic length scale of the fan /. Distance downstream
from the wire x is also normalized by /.

scale of each fan, not the fan speed that is dictating the turbulence and thus the passive scalar plume
spread.

In summary, the answer to our initial question — how does the fan speed affect the turbulent
dispersion in the cross-flow directions? — is simply, “It does not.” The turbulence intensity gen-
erated by three very different fan configurations was insensitive to the fan speed, yielding plume
development one would expect for homogenous and isotropic turbulence despite the lack of any
preconditioning via flow straightening or turbulence suppressing devices. Interestingly, our findings
for passive scalar dispersion in swirling fan-generated turbulent flows mirror the results expected
for swirl-free flows with grid-generated turbulence. While unregulated flows have been rigorously
studied for larger scale applications for atmospheric dispersion, to our knowledge they have not been
previously examined for the fan generated, small-scale flows used in our experiments and common
in numerous residential, commercial, and laboratory situations. Thus, with this “fan generated turbu-
lence,” changing the fan configuration (i.e., its geometry), not the fan speed, alters the plume spread.
Although here we focused on the cross-flow dispersion, in the future, this study can be extended to
consider the turbulence in the direction of the mean flow as well.

An important implication of our results is interpretation of experiments focusing on airborne dis-
ease transmission between laboratory animals, which often involve fans moving air past a purposely
inoculated animal toward a test animal. We recently presented a model predicting the probability of
airborne disease transmission in a turbulent flow between test animals.*® In these experiments, the
fluid mechanics have not been explicitly considered, and the fan configuration often varies between
labs.>”~3 There is no control of the flow, but the turbulence intensity presumably affects the dispersal
of expelled respiratory particles and thus the likelihood of transmission. Our results here indicate that
the width of the expiratory droplet plume will not be affected by changes in the fan speed, although
the concentration magnitude downstream will definitely depend on the speed due to dilution of the
source by the larger airflow. Our findings instead indicate the pathogen plume width will be affected
by different fan configurations. Careful consideration should be given to the source of the airflow
when considering pathogen or contaminant transmission in laboratory conditions.

We thank B. White for helpful conversations. This research was partially supported by an
industry/campus supported fellowship under the Training Program in Biomolecular Technology
(T32-GMO008799) at the University of California, Davis.
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