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A B S T R A C T

Here we explore the potential of a mesofluidic separator that fits within industrial piping to remove large aspher-
ical particles out of an abrasive slurry at fast flowrates. Mesofluidic separators have demonstrated separation of
spherical particles at flowrates of ∼1 gpm (6.10−5 m3/s). Yet, the performance of these separators at flowrates
achievable within industrial piping has not been explored. Here we evaluate the exiting flowrate split, large par-
ticle mass fraction, and pressure drop observed in a mesofluidic separator operating in a three-inch (0.076 m)
tube carrying an abrasive and modestly non-spherical slurry at flows ranging from 35 to 100 gpm
(0.0022–0.0063 m3/s). We find the flow through the separator and pressure drop both increase with flowrate,
though the pressure drop remains modest. Only two feet (0.6 m) of inserts removed 97.6 ± 2.1% of large parti-
cles for conditions tested. Separation was demonstrated in both vertical and horizontal orientations with the hor-
izontal orientation benefiting marginally from gravitational settling.

1. Introduction

Every major industry is intensifying its processes as rapidly as tech-
nology, market economics, and available investment allow, because
higher flowrates and higher concentrations typically lead to lower cost
of goods sold (COGS), higher profit margins, and more compelling re-
turns on investment. However, in several industries filtration technol-
ogy limits process intensification, because both higher concentrations
and faster flowrates lead to faster cake and depth fouling, leaving filtra-
tion unit operations as perennial bottlenecks. Therefore, novel filtration
or separation approaches amenable to process intensification remain
desirable. Additionally, filter banks often have a significant footprint as
they increase cross-sectional area to match flowrate requirements, but
smaller footprint systems minimize the cost of implementation. There-
fore, minimizing the footprint of particle removal systems is also desir-
able.

One means of excluding particles larger than a target size at higher
flowrates and concentrations with minimal footprints is mesofluidic
particle separation ([1][17]). Mesofluidic refers to the systems or de-
vices that leverage microfluidic principles (e.g., numbering up instead
of scaling up) but operate at industrial scale flowrates (e.g., gallons per
hour in contrast to milliliters per hour). These separators are not filters

but operate on a distinct physical principle. Within these separators,
drag forces govern, leading the particles to follow streamlines around
posts within the separator (see Fig. 1a). The influence of gravity be-
comes negligibly small when the particles are small or the fluid veloci-
ties are large (see below). Similar to microfluidic bump arrays used for
medicinal applications [9, 3, 10, 14], in mesofluidic separation small
particles simply weave around arrays of posts. Yet, large particles, as
they approach the stagnation point on the upstream side of a post must
bump consecutively to one side of posts with each row of posts offset by
a fixed amount that is related through fluidic mechanics to the cutoff
between large and small particles. (The specifics of this mechanism in
laminar flow including governing equations have been worked out in
detail by Huang, et al., [9], and Inglis, et al., [10], and the reader is re-
ferred to their works for a complete description.) In this manner, small
particles simply pass from entrance to exit but large particles migrate
toward one side. At the end of the array, the larger particle stream is
collected separately from the remainder of the flow. Although not a fil-
ter, the language of filtration may be helpful. This larger particle stream
is similar to a retentate and the remainder of the fluid is termed the
“permeate” because it proceeds through the post array (not because it
proceeds through a membrane; no membranes are used in these separa-
tors). Mesofluidic separators resist fouling because they are flow
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Fig. 1. (a) Arrangement of posts with a gap of G (here 1.8 mm) through which flow passes carrying particles. Small particles weave around the posts following
streamlines, but large particles cannot follow streamlines as they approach stagnation points but bump toward the express lane. (b) Image of insert or “puck”
(black) within three inch sanitary tubing (metal). Residual small particles are white. The open region at the bottom is the express lane that permits large parti-
cles to flow through without clogging. The post array in the remaining cross section drives particles larger than the cutoff size down into the express lane. (c)
Stack of pucks comprising an insert. Color online only.

through systems that maintain large void volumes within periodic ar-
rays of posts that perform the particle separation. Mesofluidic separa-
tors have been demonstrated at feed flowrates of ∼1 gpm (6.10−5 m3/s)
enclosed between parallel 3D printed plastic plates in a bench scale sys-
tem ([1][17]). Pease, et al., recently demonstrated mesofluidic separa-
tion systems operating at flowrates that would be turbulent in the ab-
sence of the post array [17], suggesting that substantially larger
flowrates may be achievable in contrast to microfluidic systems that op-
erate only under laminar flow conditions. Indeed, industrial flowrates
of 100 gpm (6.3.10−3 m3/s) and higher are not uncommon. However,
the flowrates achievable in industrial scale piping using mesofluidic
separators has not been explored. Furthermore, prior demonstrations
have used spherical particles in contrast to typical industrial slurries
that are rarely ideally spherical.

Demonstrating fast flowrates in mesofluidic separators is important
to a variety of industrial applications. One example is nuclear waste
processing. At the Hanford site in particular, radioactive tank waste re-
maining from World War II and the Cold War is slated to be converted
into glass in vitrification plants for high level waste (HLW) and low ac-
tivity waste (LAW). The LAW plant is limited to contact handled pro-
cessing (i.e., dose rates remain permissible for human interaction as op-
posed to robotic processing) so higher radioactivity materials often as-
sociated with larger particle sizes must be removed. Therefore, the pre-
treatment facility (PTF) is designed to separate the waste for the two
plants by removing radioactive particles larger than ∼0.1 μm using fil-
tration and the soluble radioactive Cs using ion exchange. The stream
dilute in particles and Cs/Sr is to be processed in the LAW vitrification
plant and the remainder is slated for the HLW vitrification plant. How-
ever, Interface Control Document 19 [19] protects processes within the
PTF by prohibiting transfer of particles larger than 310 μm to the PTF.
Large particle removal is to be achieved in the tank waste characteriza-
tion and staging (TWCS) facility for which filtration technology has not
been selected. This requirement of 310 μm was written in terms of size
not density or particle shape. Therefore, the precision of microfluidic
bump arrays that partitions particles based on size alone may be help-
ful. However, microfluidic bump arrays reported in the literature oper-
ate at flowrates much smaller (e.g., 10 mL/h) than is needed to empty
million gallon tanks in reasonable times. Recent reports of mesofluidic
separation at flowrates of ∼1 gpm (6.10−5 m3/s) in a parallel plate sys-
tem with a cross section of ∼1 cm by 4 cm are promising, but industrial
scale flowrates ≥100 gpm (6.3.10−3 m3/s) are typical [17]. Some en-
hancement in throughput may be gained by arraying mesofluidic sepa-
rators within the inner diameter of a pipe. In nuclear operations, linear
pipe sections are typically limited to three inches to prevent nuclear
criticality. Even with increases in cross sectional area relative to the
prior parallel plate system, exploration at higher flowrates is necessary

to evaluate the potential throughput of mesofluidic separators for these
applications.

Therefore, in the remainder of this article, we evaluate an industrial
scale prototype mesofluidic separator at flowrates up to 90 gpm
(5.7.10−3 m3/s) for a 5 wt% slurry. Because small separator footprints
are important, the prototype was designed and constructed using addi-
tive manufacturing to fit within a pipe (here customized to three inches
in diameter). Because prior work was performed with spherical beads,
large particle separation is evaluated for non-spherical abrasive parti-
cles typical of abrasive radioactive waste.

2. Material and methods

The mesofluidic separator evaluated in this study was designed with
a 300 μm offset between posts. At low Reynolds number, this would
have corresponded to a ~0.82 mm cutoff in diameter (Ingles, et al.,
2006), but Dincau, et al., [4][5] have shown that at larger gap Reynolds
numbers, a Reynolds number based on the gap between the edges of the
posts and the average velocity across the gap, the cutoff diameter drops
by approximately a factor of two (∼400 μm). Their analysis extended
up to gap Reynolds numbers of 58 substantially below the gap Reynolds
numbers evaluated in this study. This post offset was selected, in part,
in anticipation of design of the TWCS facility, though many industrial
applications may implement this cutoff as an intermediate size in
mesofluidic separation cascades.

The mesofluidic separator was configured to be an insert within a
pipe (see Fig. 1). The round exterior was selected to fit within a nominal
three-inch cylinder, here 304 stainless steel sanitary tubing (4322K34,
high-polish quick-clamp sanitary tube fitting, McMaster Carr) with a 3
inch (0.076 m) outer diameter and a 2.90 inch (0.074 m) inner diame-
ter. Using an insert within standard off-the-shelf pipes and pipe fittings
satisfies safety requirements (e.g., burst pressures, containment re-
quirements, etc.). To facilitate quick exchange during the experiment,
sanitary fittings were used. The round exterior contrasted with prior
mesofluidic prototypes that had rectangular cross sections. The inserts,
designed in SolidWorks, were 3D printed (I3MK2S, Prusa Research,
Prague, Czech Republic; Creality3D CR-10 3D Printer, Creality, Shen-
zhen, China). Within the round exterior, an express lane configuration,
comprising ∼21% of the cross section, permitted a flow path for ex-
cluded particles. The remainder of the cross section was partitioned by
three parallel plates with arrays of posts perpendicular to the plates.
The offset between rows of posts was 300 μm with each consecutive
row of posts closer to the express lane. The center-to-center distance be-
tween rows of posts was 2.5-3.0 mm with each post 1.2 mm in diameter
for a design edge-to-edge gap of 1.3-1.8 mm to minimize particle jam-
ming. Over a sufficient distance (here ∼1.18 inches, 0.030 m) the pat-
tern of posts repeated itself. Each repeat was printed as a separate unit
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or “puck” in a 3D printer out of polylactic acid. Indentations and pro-
trusions were printed on opposite sides of the unit so that adjacent units
may be joined together into a single insert. Ideally 17 units permit a
large particle that entered the insert away from the express lane to be
“bumped” to the express lane in the absence of turbulent or molecular
diffusion. Twenty units were used to provide a 18% margin. Upstream
of the stacked units, a straight pipe length corresponding to ten pipe di-
ameters was used to minimize any entrance length flow disturbances.
Downstream of the stacked units, the express lane and remaining flows
divided in a Y configuration (see Fig. 2). The final unit had a notch in
place of the bottom row of posts that locks with the divider plate in the
Y to prevent rotation of the insert within the device during operation.

Fig. 2. Mesofluidic separator in three orientations: (a) horizontal (express lane
down), (b) vertical with upward flow, and (c) vertical with downward flow.
The flow direction within the separator is indicated by the arrow (red). (d)
Schematic of test flow loop with salient elements including the recycle loop
(solid, purple and blue), the collection pathway (dashed red and solid purple),
and the main bypass (alternating dash, green), along with flow, Q, pressure, P,
and mass, m, measurement points. Additional valves and bends not shown. Not
to scale. Color online only.

For the vertical upward flow test, a long thin plastic shim was inserted
away from the express lane to buttress the insert in place.

An aggressive particle slurry was selected for these tests. This simu-
lant of Hanford waste as described in Table 1 was composed of particles
having of a variety of shapes (see Fig. 3) with particle sizes ranging
from <0.7 to >700 μm across the cutoff diameter (see Table 1). The
simulant was similar to that used in recent double valve isolation stud-
ies by Enderlin, et al., [6], albeit with additional sand replacing their
stainless steel particle to make testing more challenging. The broad size
range is typical of many industrial operations where large particles
must be removed. The simulant in water had an approximately neutral
pH and did not present a radioactivity risk. After the simulant was
added to the tank and after an initial horizontal run, very large particles
were screened from the as-prepared simulant by flowing through a 900
μm sieve at flowrates in excess of 30 gpm (1.9.10−3 m3/s) for ∼30 min.
Particles and other debris collected were washed with a water jet until
no additional particles passed through the sieve. Prior to testing with
this simulant, a cloudy dilute simulant with particle concentration >
200 ppm was used. Although its exact composition is unknown, it com-
prises the lighter constituents in Table 1 remaining after settled parti-
cles had been flushed through transfer lines.

Table 1
Abrasive simulant composition.
Material (Manufacturer,
Product)

Density
(kg/L)

Mass
Fraction

d50
(µm)

d10-d90
(µm)

Moh
Hardness

kg/L – µm µm –
Gibbsite (Huber, Onyx

Elite 103)
2.42 0.176 88.3 10.2–

164.1
3

Zeolite (ZEO Inc., Zar-
Min)

2.15 0.119 34.3 4.1–
188.9

3.75

Ca5OH(PO4)3 (Jost) 3.14 0.110 2.6 0.7–7.0 5
Bi2O3 (Ferro, 320

Bismuth Trioxide)
9.37 0.057 7.8 3.8–14.6 4.5

Boehmite (Nabaltec,
AOH 20)

3.18 0.202 8.7 3.1–25.0 4

Gibbsite (Huber, Onxy
Elite 431)

2.42 0.059 10.0 2.1–29.4 3.4

Sand (US Silica, WG 00) 2.65 0.118 494.7 306.4–
779.6

6.5

Zirconium Oxide
(Durazon 360)

5.70 0.158 10.0 0.9–39.5 8

Total concentration: 5.25 wt% solids suspended in municipal water. Composi-
tion similar to that of Table 3.1 of Enderlin, et al., [6] except the sand concen-
tration was increased by a factor of five and the stainless steel was omitted.

Fig. 3. Digital image of simulant (sand in Table 1) collected from express lane
at ∼65 gpm (0.0041 m3/s).
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The test system was installed in a high bay in the Process Develop-
ment Laboratory East at PNNL. Fig. 2d shows the flow pathways. When
the flow was initiated, the flow from the variable speed pump (Duty
Master P25G33167, Reliance Electric; Georgia Iron Works Model LCC-
M 50-230) was shunted back directly back to the tank (initially ∼90%
of ∼460 gal (1.7 m3) fill level) for complete recycle (see alternating
dash in Fig. 2d). This step assisted the slurry in the impeller mixed tank
to mix more completely prior to flow through the device. A valve
change then closed flow through the shunt or bypass so that flow pro-
ceeded through the mesofluidic separator. Flow through the transpar-
ent lines from the outlets of the separator was observed until these lines
filled to their maximum extent, observations of bubbles minimized or
ceased completely, and observers were certain that the separator was
full of liquid. This observation step typically took approximately one
minute. The density, flowrate, three pressures, and initial scale mass
(unless tared) were then recorded. The density and flowrate were mea-
sured using a Coriolis meter, noted on Fig. 2d. Then another set of
valves was activated so that the full outlet streams (dashed in Fig. 2)
were diverted for ten seconds from recycle into collection vessels, at
least one of which was on a scale. Ten seconds was selected to minimize
uncertainty because the response time of the three-way valve is less
than one second. During the diversion, the flowrate and three pressures
were observed as they approached steady state and recorded. The mass
of the full diversion sample from either the permeate or the express lane
flows was measured using a weight balance (Combics 3, Sartorius).
Once diversion was complete and values recorded, the pump flowrate
was changed to the next setting. Diversion samples were not replaced,
decreasing the volume of the tank as testing proceeded. In the vertical
configurations, full diversion samples were collected only at the highest
and lowest flowrates.

The orientation of the mesofluidic device assumed one of three posi-
tions: horizontal with express lane down, vertical with downward flow,
and vertical with upward flow. The vertical configurations required ad-
ditional lengths of plastic tubing beyond that required of the horizontal.
When the vertical up configuration was changed to the vertical down
configuration, one 90° elbow approximately two inches in diameter was
removed.

After the flow ceased and testing was completed, the slurry in the
collection vessel was allowed to settle for at least three days or until the
fluid was visually clear. Then the clear fluid was removed using a di-
aphragm pump and the remaining solids were then dried, weighed,
sieved, and particle size distribution measured. As the system was dis-
assembled, the mesofluidic inserts were removed, the 3D printed com-
ponents were inspected for wear damage and breaking, and any
trapped particle were dislodged.

During data analysis, the pressure drop across the device was re-
ported as the difference between the upstream pressure and the average
of the downstream pressures. Between the upstream pressure tap and
the start of the separator were two elbows and several feet of flexible
tubing, whose influence on pressure drop was not measured. The volu-
metric flowrate was determined from the weighed mass(es) by dividing
the mass by the flow collection interval (10 s), and then dividing by the
inlet density with appropriate unit conversions. Where only the perme-
ate or express lane mass was measured the volumetric flowrate of the
other was determined by subtracting the calculated volumetric flowrate
from the inlet volumetric flowrate. The permeate split is then the volu-
metric flowrate of the permeate divided by the inlet volumetric
flowrate. The bulk Reynolds number was determined using

(1)

where D is the tube inner diameter, vb(=4Q/(πD2)) is the bulk cross-
sectional average velocity, Q is the volumetric flowrate, and ν is the
kinematic viscosity of the slurry. The express lane and permeate veloci-
ties were calculated from the volumetric flowrates each divided by

their respective cross-sectional areas determined at the Y. The velocity
in the gap, vG, was determined by dividing the permeate velocity by the
gap width, G, and multiplying by the post center-to-center distance.
The gap Reynolds number is then

(2)

In this manner, the pressure drop, permeate split, bulk Reynolds
number, and gap Reynolds number were determined. These two dimen-
sionless groups are the key governing parameters and non-spherical
particles are addressed with a spherically equivalent diameter.

3. Results and discussion

The purpose of this effort is to explore an industrial scale mesoflu-
idic separator at fast flowrates. Because prior work was performed with
spherical beads, large particle separation is evaluated for abrasive as-
pherical particles typical of abrasive industrial slurries and radioactive
waste. The remainder of this article explores the pressure drop, split in
flowrates between permeate and express lane, and the fraction of large
particles in the permeate line each as a function of flowrate for three
separator orientations. We evaluate the pipe and gap Reynolds numbers
relative to those reported elsewhere to place these results in context.

A key feature of this membrane-less separator design is the circular
form factor that fits within a three inch (0.076 m) tube. This is impor-
tant because its small footprint permits ready integration into existing
industrial piping systems. The three inch (0.076 m) test system was se-
lected as a geometric control against nuclear criticality but larger sys-
tems for a variety of industries are feasible. The circular form factor
contrasts with all prior arrays that have been constructed as planar sys-
tems with rectangular cross sections. Because the array of pillars is in-
tricate, this system is designed and constructed using additive manufac-
turing to fit within a pipe three inches in diameter.

Fig. 4 presents pressure drops and flowrate splits as a function of in-
let flowrate for dilute and concentrated slurries with and without the
mesofluidic inserts. With the inserts in dilute simulant, a maximum
flowrate of 100 gpm (6.3.10−3 m3/s) was achieved at the pump's maxi-
mum output. Although this simulant was dilute, it was sufficiently con-
centrated to make the solution cloudy. With the more concentrated
slurry (5.3 wt%) a maximum flowrate of 90 gpm (0.0057 m3/s) was
achieved. These flowrates vastly exceeding those reported previously
for bump arrays, deterministic lateral displacement devices, and
mesofluidic separators [4, 5][11, 12]. These volumetric flowrates cor-
respond to bulk inlet velocities in the range of 0.4–2.6 m/s, which are
as fast as and faster than any explored experimentally. These peak
flowrates are limited not by the device but by the pump, suggesting
that, while these tests have extended the reported flowrate range of
mesofluidic separators, they have not determined an upper maximum
velocity achievable by this technology.

Perhaps the most surprising finding of this study is that the plastic
posts survived an abrasive simulant over several hours of testing. Dur-
ing testing, collisions of particles with the inserts could be heard audi-
bly, indicating that the slurry was indeed abrasive. However, when test-
ing was complete, the only posts that broke were those that failed as the
inserts were assembled together into the test stand or upon removal but
not during flow. This makes sense at least partially because the force on
the posts from human interaction is one to two orders of magnitude
larger than the force from fluid drag. Nevertheless, industrial systems
may be constructed out of metals that have greater resistance to fluid
drag, particle impingement, and mechanical installation forces.

Fig. 4 also shows that the pressure drop increases approximately
quadratically with flowrate. This is a common observation for slurries
and is not unique to these devices [18, 20]. (Larger pressure drops
would be anticipated to separate smaller particles consistent with the
findings of Burns, et al., [1]. Although perfect repeats were not possi-
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Fig. 4. Horizontal results for (a) pressure drop and (b) fraction of flow through the permeate versus feed flow rate. Circles indicate dilute simulant and triangles in-
dicate concentrated simulant, while closed symbols indicate that the inserts were installed and the open symbols indicate that the inserts were absent. Vertical re-
sults for (c) pressure drop and (d) fraction of flow through the permeate versus feed flowrate. Squares indicate downward flow and triangles indicate upward flow,
while closed symbols indicate that the inserts were installed and the open symbols indicate that the inserts were absent. Color online only.

ble, the near repeats in Fig. 4c (see filled squares) and the overlap of
data from both closed (flow leaving the separator returns to the start-
ing tank) and open loop (flow leaving the separator is captured for
quantitative analysis) operation in the data sets of Fig. 4ac provides a
sense of consistency and uncertainty.) Remarkably, the portion of the
flowrate that passes through the permeate increases with feed
flowrate. In the absence of the inserts, the proportion of the flow is
nearly equal. However, with the inserts, the proportion drops substan-
tially to typically 10–25% of the flow. Even as fluid motion presents a
drag force to the posts, the posts provide a drag force to the fluid, in-

creasing the resistance of the separator relative to the express lane.
Therefore, attenuated flow through the separator is anticipated.

Fig. 5a compares the spatial average velocity through the express
lane to the spatial average velocity across the gap. The flowrates in the
gap remain relatively modest between ∼0.1–0.8 m/s in contrast to the
flowrates through the express lane that remain between 2.4–5.5 m/s
(7.8–17.9 ft/s). These flowrates through the express lane more than
suffice to drive particle through the express lane without the formation
of a fixed bed [16, 18]. This is commensurate with the observation of
transient particle beds in transparent sections of both express lane and
permeate flows. Often the flows were sufficiently fast so that a bed was

Fig. 5. (a) Average velocity across the gap versus average velocity across the express lane and (b) gap Reynolds number versus bulk Reynolds number. Circles and
squares indicate the horizontal orientation with express lane down, triangles indicate the vertical configuration for upward flow, and diamonds indicate the vertical
configuration for downward flow with dilute simulant open and concentrated simulant closed. Color online only.
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not observed at all but the color of the slurry across the transparent
sections was homogeneous. These observations further suggest that
settled solids observed in outlet streams after flow ceased formed after
flow stopped.

Fig. 5b summarizes these results in terms of two important
Reynolds numbers. The bulk Reynolds number, ReD, is the typical
Reynolds number based on the tube diameter and unobstructed inlet
flowrate. This figure shows that the Reynolds numbers all exceed the
laminar-turbulent transition by at least an order of magnitude. This is
important because it indicates that the flow entering the device is tur-
bulent. This contrasts with prior efforts where inlet flows were decid-
edly laminar but is commensurate with many industrial applications
where turbulence is commonplace. The second Reynolds number is the
gap Reynolds number based on the critical dimension of the edge-to-
edge distance between posts (here ∼1.3-1.8 mm) and the average ve-
locity across the gap. The highest reported gap Reynolds number for a
post array in previously published work remained less than 60 [4][5].
In contrast, the smallest gap Reynolds number here is approximately
200. This is an important distinction because the vortices behind indi-
vidual posts detach to form von Karman vortex streets at a post
Reynolds number of 47 [7], indicating that these experiments have
been performed in a previously unevaluated flow regime.

Fig. 6 provides a sense for how effective the mesofluidic separator is
at removing large particles. In the figure, larger particles are those
≥710 μm because this corresponds to a standard sieve size above the
nominal cutoff size. In the absence of the mesofluidic separator and
gravity, the particles would be expected simply to follow the stream-
lines so that approximately one half would go into the permeate and
one half would proceed through the express lane. With the separator
inserted, ∼80% of the flow proceeds through the express lane (Fig. 4),
suggesting that ∼80% of the large particle would end up in the express
lane from the flow split alone. In contrast to both of these possibilities,
Fig. 6 shows that all removal rates exceed 93% and most are within a
couple of percent of perfect removal indicating that the separator's de-
sign effectively removes large particles.

The figure shows that the separator is effective regardless of its ori-
entation and flow direction. Although the large particle removal rate
does not change dramatically as a function of flowrate, the larger parti-
cle removal rate appears to drop modestly at the highest flowrates sug-
gesting the possibility of an optimal combination of flowrate and sepa-
ration efficiency for a given design. In either case, perfect separation
with only 20 units was not necessarily expected, but the removal rates
in Fig. 6 are compelling for an un-optimized system. This finding is par-
ticularly interesting given that the simulant was not spherical but has
distinctively non-spherical and angular constituents as shown in Fig. 3.

Fig. 6. Large particle removal percentage from the permeate as a function of
feed flowrate for horizontal (green circles), vertical with upward flow (red tri-
angles), and vertical with downward flow (blue squares).

A simulant this challenging has not been previously evaluated experi-
mentally in mesofluidic separators.

Fig. 6 also highlights the influence of pipe orientation. When flow is
oriented parallel to the gravitational vector, particle separation occurs
predominantly if not exclusively by size. When the flow vector has a
component normal to the gravitational vector, gravitational settling
may drive particles to cross streamlines with larger and denser particles
settling faster. The net result of orientation is shown in Figs. 4 and 6,
which suggest that large particle removal may be marginally more ef-
fective in the horizontal configuration with express lane down because
higher density particles enter the express lane due to both the filtration
mechanism and gravitational settling. This effect suggests that slurries
with larger and higher density particles may be separated in shorter se-
quences or cascades of inserts. In the absence of assistance from gravi-
tational settling, several separation stages (consecutively arranged
within the same pipe) would be required, where the design cutoff of the
current stage determines the minimum post spacing in the next. How-
ever, with the assistance of gravitational settling fewer separation
stages would be needed to achieve the same performance.

Surprisingly, the difference between up and down flow orientations
is minimal. There is a slight decrease in pressure drop from upward
flow to downward flow, but this comports with the removal of a single
90° bend between the two test cases. We note that there is an important
cutoff velocity for the vertical upward flow condition. The upward drag
force must meet or exceed the gravitational settling force for particles
to continue upward through the device. Based on the settling expres-
sion of Camenen [2], the flowrate Qc that balances this condition is
given by

(3)

where D is the pipe diameter, ν is the kinematic viscosity of the
slurry, G is the gap, d is the particle diameter, f is the fraction of flow
through the permeate, Dcc is the center-to-center distance between
posts, g is the gravitational constant, and s is the specific gravity of the
particle (relative to the ambient fluid). For sand in Table 1, the critical
flowrate is only ~13 gpm (8.10−4 m3/s), so that this criterion is rela-
tively modest. When testing of the vertical upward flow configuration
was complete, particles were observed throughout the device, but they
may have passed through the device after the flow had been turned off
when residual fluid was drained.

Conclusions

In summary, this analysis evaluated the first mesofluidic separator
structured to fit within a pipe. The separator performs well across
flowrates up to 90 gpm (5.7.10−3 m3/s) with a 5 wt% slurry with mod-
est pressure drop even though the inlet flow was turbulent and vortex
shedding is possible within the post arrays. Separation was demon-
strated in both vertical and horizontal orientations with the horizontal
orientation benefiting marginally from gravitational settling. Only two
feet (0.6 m) of inserts removed 97.6 ± 2.1% of large particles for con-
ditions tested. Faster flowrates may be achieved with larger pumps and
larger diameters.
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