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ABSTRACT
Particle ingestion into turbine engines is a widespread prob-

lem that can cause significant degradation in engine service life.
One primary damage mechanism is deposition of particulate
matter in internal cooling passages. Musgrove et al. proposed
a compact particle separator that could be installed between the
combustor bypass exit and turbine vane cooling passage inlet.
The design had small pressure losses but provided limited parti-
cle separation, and its performance has proved difficult to repli-
cate in subsequent experiments. Borup et al. recently developed
a Magnetic Resonance Imaging (MRI) based technique for mak-
ing full-field, 3D measurements of the mean particle concentra-
tion distribution in complex flows. A particle separator based on
the Musgrove et al. design was fabricated out of plastic using
3D printing. The primary difference from earlier designs was
the addition of a drain from the collector, through which 3% of
the total flow was extracted. The separator efficiency was mea-
sured at two Reynolds numbers, using water as the working fluid
and 33-micron titanium microspheres to represent dust particles.
Particle Stokes number was shown to play the dominant role in
determining efficiency across studies. MRI was used to obtain
the 3D particle volume fraction and 3-component velocity fields.
The velocity data showed that flow was poorly distributed be-
tween the separator louvers, while the collector flow followed
the optimal pattern for particle retention. The particle distribu-
tion data revealed that strong swirling flow in the collector cen-
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trifuged particles towards the outer wall of the collector and into
a partitioned region of quiescent flow, where they proceeded to
exit the collector via the drain. Future designs could be improved
by re-arranging the louvers to produce a more uniform flow dis-
tribution, while maintaining the effective collector design.

NOMENCLATURE
C Particle Concentration (various definitions)
H Normalized Helicity
Q Normalized Q-Criterion (without subscript)
Qlocation Volumetric Flow Rate (with subscript)
ux,y,z Normalized Velocity Components
Ubulk Bulk Velocity
x,y,z Cartesian Coordinates
h Overall Separator Efficiency
fV Particle Volume Fraction
fV,inj Injected Particle Volume Fraction
ḟV Normalized Concentration Flux

INTRODUCTION
Particle ingestion is a leading cause of service life reduc-

tion for aircraft gas turbine engines operating in dusty environ-
ments [1]. This issue has increasing financial implications for
the industry as commercial airline operations expand in China,
the Middle East, and other regions with high levels of airborne
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dust. Previous experimental studies have involved exposing full
engines to dust or volcanic ash and analyzing the resulting dam-
age mechanisms after engine deterioration or failure [2]. One
primary damage mechanism that has been identified in several
studies is blockage of cooling passages and/or film cooling holes
due to deposition of particulate matter [3, 4].

A strategy for designing dust-resistant turbine components is
to separate particles from the compressor bypass air before the air
enters the small internal passages in a blade or vane. Aircraft en-
gines require separators that are lightweight and compact, which
prohibits the use of large filters commonly found on land-based
turbines or rotorcraft. One common implementation for commer-
cial aircraft is use of an inertial separator design, in which the air
accelerates rapidly around one or more bends in the path. Heavy
particles, which are unable to follow the strongly accelerating
flow, may be collected in a filter or other chamber, or exhausted
from the engine with a small amount of discharge air.

Musgrove et al. [5] recently proposed a louver-based particle
separator design to be employed just upstream of the first-stage
turbine vane coolant passage inlets. A schematic of the design
and key design parameters is provided in Fig. 1. The initial de-
sign study, carried out entirely using computational fluid dynam-
ics (CFD), indicated that this design could be capable of pro-
viding efficient particle separation with minimal pressure losses;
the latter feature is important to ensure sufficient cooling capac-
ity for the vanes. However, subsequent experimental studies have
shown mixed results for this and other similar designs [6–8]. The
design of the particle collector—located at the downstream end
of the separator—has been shown to play a critical role in to-
tal particle collection. In addition, Musgrove et al. found that
the best performance was achieved with a 30� louver angle or a
variable angle design, and with the minimum number of louvers
(N = 8).

The large disagreement in predicted performance between
simulation and experiments reflects two important issues: first, a
limited understanding of the multiphase flow physics inside lou-
vered separators; and second, the lack of sufficient predictive ca-
pabilities for multiphase flows using CFD codes. The present
study aims to address the lack of reliable experimental data by
applying a newly-available experimental technique that can pro-
vide the full, 3D mean particle concentration distribution for tur-
bulent flows [9–11]. The resulting data provide an improved
means for understanding the physics of this particular design,
as well as louvered separators in general. The present measure-
ments are also used to suggest design improvements that could
help increase separator performance to a level suitable for appli-
cation in actual engines. Finally, the resulting data set is available
upon request for comparison to simulations, allowing for valida-
tion of newly-developed multiphase CFD codes with improved
accuracy.
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FIGURE 1. DESIGN SPACE FOR LOUVERED PARTICE SEPA-
RATOR DESIGN OF MUSGROVE ET AL. [5] AND OTHERS.

EXPERIMENTAL METHODS
FLOW GEOMETRY

The flow model consisted of four sections: 1) a diffuser; 2)
a particle injection and mixing section; 3) the louvered separa-
tor test section; and 4) an exit contraction. The full geometry is
shown in Fig 2. The main flow entered the diffuser from a 25.4
mm (1 in.) diameter tube, and was expanded over 127 mm to
a 21.4⇥ 42.8 mm rectangular cross-section. This set the chan-
nel height, H, at 21.4 mm for the model separator. A 75% flow
blockage grid was included at the downstream end of the diffuser
to produce a more uniform flow distribution. Flow proceeded
around a NACA 0030 airfoil (24 mm chord) housing the injector
lines, which terminated in a shaped injector nozzle with side cut-
outs designed to disperse particles rapidly into the mainstream.
This nozzle is identical to the geometry used for the calibration
experiment reported in [10]. The velocity ratio of the streak was
set at 3:1 to produce vigorous turbulent mixing with the main
flow. Downstream of the injector, nine rows of mixing pins were
placed across the channel in three sets of three. Each set con-
tained two staggered rows of pins spanning the channel in the H
direction, followed by one row of long pins in the 2H direction,
with a single short pin across the center for support. The pins
were 2.1 mm wide and thick, and the center-to-center distance
between pins was 5.4 mm within-row and 8.6 mm between rows.

The particle-laden flow then entered the louvered separator
test section. The separator design followed the basic specifica-
tions of [5] for a case with N = 8 ribs, an AR = 1.5, and a fixed
louver angle q = 30�. However, modifications were made to the
louver and collector designs to ensure compatibility with MRP
requirements. The initial louver thickness was chosen to be 1
mm. However, deflection of the louvers due to the flow was of
concern because the model was fabricated in plastic. To prevent
deflection, a 1.6 mm diameter circular cylinder was overlaid on
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FIGURE 2. SEPARATOR GEOMETRY USED FOR THE PRESENT WORK. FROM BOTTOM TO TOP: 3D RENDERING OF THE FULL
GEOMETRY; CUT SECTION VIEWED FROM THE SIDE; CUT SECTION VIEWED FROM THE TOP, WITH COORDINATE ORIGIN SHOWN
(ORIGIN IS IN CHANNEL SYMMETRY PLANE); DETAIL VIEW SHOWING COLLECTOR AND LOUVER DESIGN.

the top of each louver, and a triangular prism was added to the
lower back, increasing the maximum thickness of each louver
to 2.5 mm. Neither addition modified the upstream face of the
louver, which was assumed to be the most important geometric
feature for separating the particles. However, the rounded tip did
reduce the minimum flow area between louvers by 17%, giving
the geometry an actual area ratio of 1.1. Flow passing through
the louvers continued around the collector, through an 89 mm

length of straight channel, and finally through a contraction to a
19 mm (3/4 in.) diameter circular cross-section exit opening.

The collector was designed to match the “wedge and baffle”
geometry of [6] as closely as possible. However, particles in an
MRP experiment do not form deposits on the channel walls, and
an MRP experiment requires data acquisition under steady-state
conditions for nearly an hour. Thus, allowing particles to accu-
mulate in the collector would be both undesirable and not repre-
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sentative of the actual deposition physics in an airflow channel.
To account for this, one side wall of the collector was replaced
with a lofted connection to a 6.4 mm (1/4 in.) diameter tubing
barb, allowing the collector flow to be drained continuously. The
channel was always oriented with the drain at the bottom so that
gravity would help to carry particles out of the collector. The
maximum drain flow was set by the channel design, and found
to be around 5% of the total Q. Flow through the collector drain
could also be metered down or completely shut off by a drain
line valve. For the present set of experiments the drain flow rate
was fixed at 0.03Q, which was chosen to balance two competing
concerns: minimizing the transverse flow in the collector (which
required slower draining), and providing sufficient flow to pre-
vent particles from settling out in the drain lines.

MRI TECHNIQUES
Two MRI-based techniques were employed. The first tech-

nique, known as Magnetic Resonance Velocimetry (MRV), pro-
vides the mean, 3D, 3-component velocity field everywhere in
the flow [12]. MRV measurements are made with no particles
present. The second technique is known as Magnetic Resonance
Particle concentration (MRP). This method works by measur-
ing the local MRI signal decay rate in the presence of titanium
microparticles approxiamtely 30 microns in diameter. The de-
cay rate is linearly proportional to the particle volume fraction,
fV [13]; MRP thus provides the full, 3D mean particle concen-
tration distribution for two-phase systems. Recent publications
by Borup et al. provide complete details of the MRP develop-
ment, as well as its applicability to other particle-laden flows in
turbomachinery [9, 10].

The full procedure for obtaining MRV/MRP data was as fol-
lows. All data were acquired in a single session using a clinical-
grade, 3T MRI magnet (GE Healthcare). First, the flow loop was
filled with 0.06 M copper sulfate aqueous solution and placed in
the MRI magnet. The particle feeder was also filled and con-
nected, but initially blocked from the main flow loop by a valve.
Velocity data were acquired using MRV on a 0.68⇥ 1.0⇥ 0.70
mm grid in the (x,y,z) directions, respectively (the coordinate
system is shown in the “Top Section” view of Fig. 2, with the
origin located in the channel symmetry plane). The 3D, 3-
component velocity field was acquired repeatedly for both flow-
on (24 measurements) and flow-off (7) cases. Averaging over re-
peated measurements reduced random noise from the MRI hard-
ware and flow, while subtraction of the flow-off data corrected
for measurement bias. Next, water was added to the system to
reduce the copper sulfate concentration to 0.01 M, the appropri-
ate value for MRP. The signal decay rate was measured twice:
first with no particles present (averaging over 60 measurements)
and with particles (30). The difference in decay rate at each point
was then converted to particle concentration, producing the full
fV distribution (as described in [10]). The 95% confidence inter-

val for velocity data was approximately ±(0.1,0.04,0.02)Ubulk
in (x,y,z), while the confidence interval for fV values ranged
from ±0.006% (in the low-turbulence inlet region) to ±0.075%
(in the high turbulence downstream of the louvers), for a signal-
to-noise ratio (SNR) of approximately 8 at the bulk fV.

FLOW PARAMETERS

Particles were supplied from the feeder described in [9]. For
the MRP experiments, the feeder was filled to 4% particles by
volume. The particle supply was then diluted to the desired
fV,inj = 0.86% upstream of the flow model, and injected into
a clean main flow. The streak provided 5.8% of the total flow
rate, so that the bulk fV upstream of the separator geometry was
0.050%. For the non-MRI efficiency experiments, these three
concentrations were reduced to 1.6%, 0.34%, and 0.02%, respec-
tively, with the streak providing the same portion of the total flow
rate to ensure identical flow physics. The primary difference be-
tween the present flow and previous studies was the presence
of two outlet streams: the main outlet, and the particle collec-
tor drain. Flow out of the collector was controlled via a non-
intrusive, clamp-on valve placed on the drain line, and always
held at 3% of the total flow rate through the separator. All flow
rates in the experiments were monitored using four ultrasonic
flow probes (Transonic Systems, Inc.). Particles flowing through
the drain line did not affect the flowmeter reading.

The Reynolds number for the flow was defined based on the
bulk velocity and channel height. Overall particle separation per-
formance was measured for two cases: Re = 17,100 and 8600.
These corresponded to bulk flow velocities Ubulk = 0.8 and 0.4
m/s, respectively. Both Reynolds numbers were within the range
of values tested by Musgrove et al. [6], but below those studied
by Sim et al. [7, 8]. Three component mean velocity data were
also obtained for both cases using MRV. Even mean local veloci-
ties in this flow approach 3Ubulk, which led to significant artifacts
in the high-Re case. Strong turbulence also significantly lowered
the achievable MRI SNR downstream of the louvers. For these
reasons, MRV data are only reported for the low-Re case, and
MRP measurements were only made at low Reynolds number.
The particles used were titanium microspheres with a mean di-
ameter of 33 microns, identical to those used in all previous MRP
experiments (Ti6Al4V Grade 23 alloy, LPW Technologies). The
Stokes numbers (reported later, in Table 1) for these particles
were small compared to the range expected in an actual turbine
engine. However, these titanium particles are the only type for
which MRP has been validated to date. The particles were dy-
namically similar to particles with dp ⇡ 5 µm in the Musgrove et
al. and Sim et al. experiments, allowing for a cross-experiment
comparison and ensuring relevance to turbine engine designers.
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RESULTS & DISCUSSION
SEPARATOR PERFORMANCE

A particle separator test was performed in lab (i.e., not in
an MRI setting) over a total run time of 50 minutes. First, high-
Re conditions were reached and the flow was inspected visually.
Particles entering the collector were observed never to bounce
back into the main flow. Next, four 15-second samples were
taken from the drain over a 10 minute period (to capture any
drift). A 15-second sample was also obtained directly from the
feeder to provide a reference particle concentration. The flow
loop was then switched to low-Re conditions, and four 30-second
drain samples were taken over another 10 minute period. A final
feed sample was obtained under low-Re conditions. The samples
were analyzed by first finding the total weight of the particles and
water, then pouring the sample through a filter to obtain the dry
weight of particles. The resulting weights were used to calculate
fV for each sample.

Overall performance was quantified with the separation effi-
ciency, h , commonly employed in the literature. For this experi-
ment, the efficiency was computed as:

h =
QdrainfV,drain

QinfV,in
(1)

where the fluxes, Q, were known from flowmeter readings,
fV,drain was measured from samples taken from the collector
drain line, and fV,in was computed from the Q values and mea-
sured fV from the feeder output samples. Other metrics are avail-
able based on the measurement technique used. For example,
Musgrove et al. [6] used the mass ratio of collected sand to total
sand entering the separator, which is identical to the above defi-
nition for particles of constant density. Meanwhile, Sim et al. [8]
computed the efficiency as:

h = 1� QdownstreamCdownstream

QupstreamCupstream
(2)

where C represents the particle number density. This definition
only matches the previous if all particles have the same diameter.
Sim et al. addressed this problem by using an optical probe to
obtain simultaneous measurements of C and dp, then computing
h separately for nine bins of roughly constant particle diameter.

The results of the present experiment and earlier studies are
reported in Table 1. Particle diameters are given as the mean
and approximate 95% range of the volume-weighted diameter
distribution for the present and Musgrove et al. results, and as
the approximate bin range for both Sim et al. studies. Stokes
numbers were computed from Ubulk, d , and the mean dp in all
cases. The mean separation efficiency is reported in the final
column: a 95% confidence interval is provided for the present

TABLE 1. SEPARATION EFFICIENCY COMPARED WITH PRE-
VIOUSLY PUBLISHED RESULTS.

# Study Re Mean Stk h

1 Musgrove et al. 8000 0.9 0.42± .32

2 Musgrove et al. 15,000 1.6 0.30± .02

3 Sim et al. (2017) 20,000 0.033 0.01+.14
�.01

4 Sim et al. (2018) 33,300 0.068 0.16± .14

5 Sim et al. (2018) 33,300 0.068 0.31± .10

6 Present 8600 0.015 0.065± .007

7 Present 17,100 0.030 0.087± .003

and Musgrove studies, while the plus/minus intervals for the Sim
et al. cases are taken from their figures (the definition of the
interval was not provided).

Results from the earlier studies are mixed. Collection effi-
ciencies ranged from 0.01 to 0.42. The mean h for the MRI-
compatible separator was measured with higher confidence than
in the previous studies. The efficiency increased by a factor
of 1/3 when the Reynolds number (and Stokes number) were
doubled, but overall h values were low compared to earlier
results. The only cross-study comparison available at similar
Stokes number is between Cases 3 and 7: the separation effi-
ciency, h , was much higher for the present design (case 7), but
the value was within the large uncertainty range reported by Sim
et al.

Figure 3 shows h for all studies plotted against both Re and
Stk. No clear trend is present for the Reynolds number scaling,
but there does appear to be a positive correlation between h and
the Stokes number that is well described by an h µ log(Stk) rela-
tionship. However, cases 2 and 5 had the same h despite a 24⇥
difference in Stk. As mentioned previously, the 2⇥ difference in
efficiency between cases 4 and 5, which had the same geome-
try, highlights the importance of the collector characteristics: the
only difference between the two cases is that the interior collec-
tor walls were greased for case 5, causing more particles to stick
instead of bouncing out.

To summarize, the MRI-compatible separator allowed 6 to
9% of particles to be removed from the channel on only 3% of
the total flow. These results were within the range of results re-
ported in previous studies. Doubling the Reynolds number dou-
bled the particle Stokes number and led to a 1/3 increase in sepa-
ration efficiency in the current set of experiments. Higher Stokes
number was also correlated with improved separation efficiency
when comparing across studies, as indicated by the rough trend-
line in Fig 3b. However, this final claim should be considered
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FIGURE 3. SEPARATION EFFICIENCY FOR ALL STUIDES PLOTTED AGAINST REYNOLDS NUMBER (L) AND STOKES NUMBER (R).

carefully in light of the high uncertainty in previous results and
wide variation across studies; further experiments with carefully
controlled geometry, inflow, and boundary conditions are needed
to confirm and (potentially) quantify this trend.

In terms of practical use, an O(10%) reduction in bulk fV
is unlikely to mitigate particle damage in a turbine engine. Real
engines likely have higher Re and Stk values than measured here,
which would be expected to increase the efficiency. Increasing
the percentage of drained flow could also improve h , but at the
cost of reducing the available flow for cooling. Regardless of
whether the present design is efficient enough for filtering an air-
craft secondary air stream, it serves as a useful test case. The 3D
velocity and concentration data that follow provide insights into
the multiphase flow physics and are used to suggest future design
improvements.

PARTICLE TRANSPORT
Analysis of the MRI data begins with the flow conditions

upstream of the particle separator. Figure 4a shows the stream-
wise velocity distribution (normalized by Ubulk) for the x = �3
plane. This plane is located just upstream of the leading edge
of the first louver, which lies along the left wall (y = 0). The
flow profile is fairly uniform, but a small velocity deficit (around
0.2Ubulk) remains at z= 0. This deficit is a result of the short sup-
port pin in the mixing pin array. The average in-plane velocity
magnitude was measured in the region �9  x �3, and found
to be less than 0.03Ubulk, indicating that secondary flows were
minimal just upstream of the separator.

Figure 4b shows color contours of fV for the same plane at

FIGURE 4. COLOR CONTOURS OF STREAMWISE VELOCITY
(ux) AND PARTICLE CONCENTRATION (fV) FOR THE x = 3
PLANE JUST UPSTREAM OF THE FIRST LOUVER.

x=�3. The mixing pins act to spread some particles across most
of the channel, but the distribution is nonuniform, with concen-
trations ranging from 0.12% in the channel center to nearly 0 at
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z = ±5. The particle cloud is also off-center in the y direction,
centered slightly closer to the collector side (y = 5). The non-
uniform, off-center particle cloud may have produced slightly
higher separation efficiency than would be expected for a uni-
form distribution.

Wall-normal concentration profiles of fV in the x=�3 plane
are shown in Fig. 5. The peak concentration region lies at around
3  y  5 for all profiles, although the distribution is flatter far-
ther away from the centerline. The region from z = �0.9 to 1.8
may be considered the “core” of the particle cloud, as all y pro-
files are fairly similar in this region.

The centerplane flow pattern in the separator itself is re-
ported in Fig. 6. Three contour plots are provided to show each
velocity component independently. An uneven distribution of
flow between the eight louver gaps is immediately visible: both
ux and uy monotonically increase in magnitude for successive
gaps, and ux gradually increases above the louvers, indicating
excess flow. The lack of any flow through the first gap is partic-
ularly noteworthy. The only exception to the monotonic increase
is the last gap, just before the collector, which has an opening
smaller than d . Spanwise velocities are nearly zero everywhere,
as one would expect for the channel symmetry plane, but there
are two exceptions. In the center of the collector, uz < 0 due
to flow proceeding towards the drain. The spanwise velocity is
weakly positive in the rib gaps, particularly the last gap at x = 18.
This indicates that the flow may be weakly asymmetric, perhaps
due to a spanwise pressure gradient formed by the drain, or due
to asymmetry in the streamwise vortex pair (discussed next).

While the flow is mostly two-dimensional, wall effects do
occur where the louvers intersect the side walls. The result is
the formation of a pair of longitudinal vortices downstream of
the louvers, one along each wall. Figure 7 shows an oblique
view of the channel, with isosurfaces of Q-criterion, to highlight
these swirling flow structures. The Q-criterion uses the second
invariant of the velocity gradient tensor, which can be computed
as:

Q =
1
2

✓
||S||2 � ||W||2

◆
(3)

where S = 1
2 (

dui
dx j

+
du j
dxi

) is the symmetric rate-of-strain tensor,

and W = 1
2 (

dui
dx j

� du j
dxi

) is the antisymmetric rotation rate ten-
sor [14]. Q values have been normalized by (Ubulk/d )2 to match
with the velocity and length normalizations used in this exper-
iment. Vortices are often defined as connected regions where
Q > 0. In Fig. 7, the isosurface is drawn at Q = 1.5 and the
Q field has been smoothed to reduce small-scale noise. The
Q isosurfaces are colored by normalized helicity, H, defined as
H =~u · (—~u)/(U2

bulk/H).
Regions with large positive or negative H have vortic-

ity aligned with the flow direction, producing corkscrew-like
streamlines. Such regions appear along the side walls due to
end effects—the large vortex pair described earlier is readily
apparent, but smaller helical regions are also present along the
upstream endwall junction of the last few louvers. Meanwhile,
high-Q structures with H ⇡ 0 are present behind each louver. In
these structures, the vorticity is in the z direction, and uz ⇡ 0. In
other words, each structure represents a swirling separation zone
behind a louver. There are actually two disparate Q> 1.5 regions
per gap: the first shed off of the +x/+y edge of the louver, and a
second shed off of the �x/�y edge by flow through the gap turn-
ing back in the +x direction. The first structure is responsible
for separating particles from the main flow before they can pass
between the louvers.

In Fig. 8, color contours of fV are shown for three spanwise
planes: z = 0, z = 3.6, and z =�4.5. Incident concentrations are
around 0.1% to 0.15% in the centerplane and lower in the side
planes. The collector, which will be discussed in detail shortly,
contains fV levels from 0.05% to > 0.16% at all spanwise loca-
tions. The effect of the louvers is readily apparent, particularly
in the centerplane: particles that do make it through a gap do so
by remaining outside the separation bubble, hitting the upstream
face of the next louver, and flowing backward through the gap.
This confirms that the acceleration between louvers is too weak
to detach most of the particles from the flow, leading to the low
h for this design.

The inefficient performance of the louver gap farthest up-
stream is also clear from Fig. 8. Particles carried into this gap
by turbulence enter a region of quiescent flow, allowing them to
settle to the �z wall due to gravity. After completely settling out,
the particles are only resuspended by sweeps of high-speed fluid
penetrating the boundary layer. The z = 0 and z = 3.6 slices both
show high-fV regions in the first gap where the particles are ac-
cumulating and settling, and the large fV > 0.16% zone in the
bottom panel is the signature of a bolus of particles lying along
the bottom wall. Data within the bolus itself are likely unreliable
due to concentrations in excess of 1%.

The louvers also redistribute the particles from the inhomo-
geneous streak to a uniform distribution across the channel. This
phenomenon is visible in Fig. 9, which shows color contours of
fV on planes perpendicular to the main flow at the first louver
(x = 0), through the collector (x = 21.5), and downstream of
the separation geometry (x = 27.5). In the downstream plane,
particles are uniformly distributed across the channel, with only
a slight excess in fV visible in the center. The center view
of the figure again highlights the elevated concentrations found
throughout the collector.

The separator efficiency, h , can be computed from the
MRV/MRP by examining the bulk normalized concentration
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FIGURE 6. COLOR CONTOURS OF ux (TOP), uy (CENTER),
AND uz (BOTTOM) IN THE z = 0 PLANE THROUGH THE LOU-
VERS AND COLLECTOR. ALL VELOCITIES NORMALIZED BY
Ubulk = 0.4 m/s.

flux, ḟV, at various locations. This quantity is defined as:

ḟV =
1
Q

ZZ

A
fV(~u · n̂)dA (4)

where Q is the volumetric flowrate through a plane A crossing
the flow. ḟV at the inlet was found to be 0.050%; this was based
on the measured flow rates and feeder samples taken between
MRP scans. Elsewhere, ḟV was measured using the MRP data
as 0.036% at the main exit (26  x  27.5), and 0.082% at the
collector exit (5.5  z  7). Two potential methods for finding h
show disagreement. Using the inlet and drain concentrations, via
h = (QdrainḟV,drain)/(QinḟV,in), yields h = 0.05, which is in fair
agreement but slightly underpredicts the sample-based measure-
ment at low-Re. Using the inlet and main outlet yields h = 0.31,
a 4.5⇥ over-prediction. This suggests that measured fV values
were too low in the outlet portion of the channel. The inlet-outlet
measurement, computed as h = 1� (QoutḟV,out)/(QinḟV,in), also
suffers from noise amplification, especially at low h when the
two concentrations are fairly similar. For this reason, the direct
approach using inlet and drain concentrations is preferred over
analysis using MRP data near the ends of the channel.

Finally, previous work has highlighted the importance of
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FIGURE 7. 3D isosurfaces of Q = 1.5 (normalized by (Ubulk/d )2), colored by normalized helicity, H.

FIGURE 8. COLOR CONTOURS OF fV IN THREE SPANWISE PLANES: z = 0 (TOP), z = 3.6 (MIDDLE), AND z =�4.5 (BOTTOM).
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FIGURE 9. Color contours of fV for three planes at x = 0 at the first louver (L), x = 21.5 cutting through the collector (C), and x = 27.5 downstream
of the separator (R). Note that the center slice includes the collector wall (white region at y ⇡ 3) and data inside the drain tube protruding below the
bottom channel wall at z =�5.5.

collector design and the associated flow pattern inside the col-
lector. Figure 10 shows a magnified view of the flow and parti-
cle distribution for three planes in the collector: z = 0, 3.6, and
�4.5. The left column contains color contours of uz, while the
right column shows fV. All images have in-plane velocity vec-
tors overlaid.

The main collector cavity contains a clockwise vortex at all
locations. The sense of this vortex is critical to particle retention
in the separator, as observed by [6], who reported the presence
of a counter-clockwise swirl for some collector designs. Mus-
grove et al. theorize that a clockwise vortex tends to keep par-
ticles inside the collector, while a counter-clockwise swirl can
eject particles out along the +y wall. Spanwise flow towards the
drain (uz < 0) is visible in the vortex core at all locations, while
uz varies from positive to negative around the edges depending
on spanwise position. Meanwhile, the smaller cavity under the
inlet lip contains very little in-plane flow, and weaker spanwise
velocities than the main vortex.

The particle transport patterns are fairly similar across all
three planes. As one would expect, particles inside the collector
tend to be centrifuged away from the center of the main vortex,
visible as low fV levels at the core. This is similar to the physics
of commonly used swirl-type particle filters. An even more pro-

nounced effect is the tendency for particles to accumulate in the
small cavity, where fV > 0.16% almost everywhere. Particles
enter this cavity through the small opening between the collec-
tor lip and wall at (x,y)⇡ (20,3). Once there, there is little flow
available to carry them back out to the main collector opening. In
this sense the collector can be thought of as a “two-stage” design:
first, particles are directed from the main flow into the collector
by the louvers; second, many of these particles are spun towards
the side wall by the main vortex until they pass into the small
cavity, where they can settle out to the drain without further dis-
turbance.

CONCLUSIONS
A collector based on the design of Musgrove et al. [5, 6]

was fabricated for study with two MRI-based techniques: MRV,
which provides the 3D, 3-component mean velocity field in a
single-phase flow; and MRP, a newly developed technique that
provides the full 3D concentration distribution for a dispersed
phase of solid microparticles. The separator design was modi-
fied slightly from previous studies, with the primary change be-
ing the addition of a drain on one side of the particle collector,
since the titanium particles in water flow (required for MRP) do
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FIGURE 10. DETAIL OF FLOW AND PARTICLE TRANSPORT IN THE COLLECTOR. COLOR CONTOURS OF uz (LEFT ROW) AND fV
(RIGHT) WITH IN-PLANE VELOCITY VECTORS AT THREE SPANWISE LOCATIONS.

not stick to the walls. For all experiments, 3% of the total flow
was extracted through the collector drain. The overall particle
separation efficiency, h , was measured by sampling the inlet and
drain flows with the separator running outside of the MRI envi-
ronment. The measured efficiency was poor, ranging from 6%
to 9% at the two Reynolds numbers studied. These results are

within the range of previous measurements. A Stokes number
based on the inter-louver gap, d , provided a possible scaling for
seven h measurements taken across four studies. It is difficult to
draw further conclusions due to large measurement uncertainty
and variation across studies; however, this difficulty itself pro-
vides evidence that the separation efficiency is sensitive to both
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geometry and flow conditions.
MRV and MRP were used to analyze the flow and particle

transport physics through the collector. Flow was observed to be
unequally distributed through the louvers, with no flow passing
between the first and second louvers. This quiescent region al-
lowed a bolus of particles to accumulate along the bottom wall
in the first gap. A strong spanwise vortex was produced down-
stream of all other louvers, but most particles were able to follow
the flow streamlines closely enough to pass through the gaps,
even after impacting the upstream face of the next louver. The
separation efficiency measured using MRP data was in fair agree-
ment with the direct sample measurements. The collector design
appeared to work very well despite the poor overall performance.
A strong vortex was produced in the desirable direction (identi-
fied by Musgrove et al.) inside the collector. Particles enter-
ing the separator were mostly retained by centrifugation toward
the collector walls and into a smaller cavity with quiescent flow
conditions. Improvement of the overall h could be achieved by
removing the first louver gap altogether, and modifying the re-
maining louvers to produce an equal flow through each gap—
one approach would be the variable louver angle arrangement of
Musgrove et al., which was not considered in this study.

The MRI data for this geometrically complex and
application-relevant flow will be made available upon request
to other researchers for use in CFD validation. Meanwhile, fu-
ture experimental work should focus on exploring a wider range
of Stokes and Reynolds numbers. It will be critical in all fu-
ture studies (experimental and computational) to maintain a well
understood, standardized geometry and well defined inlet and
boundary conditions to produce reliable results. Ultimately, the
aim of such work will be to develop quantitative design criteria
and analysis metrics for separator efficiency; while the present
work is a step in this direction, many more studies are needed to
provide sufficient data.
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