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(57) ABSTRACT 

A method, system, apparatus, and article of manufacture 
provide a cross-?oW migration classi?er capable of separat 
ing particles. The classi?er provides a channel through 
Which a sample, having one or more particles, passes in a 
?rst direction, Wherein the channel comprises tWo or more 
Walls that are permeable to a How of ?uid. A cross-?oW 
enters the channel through one of the permeable Walls and 
exits through another of the permeable Walls. An imposed 
?eld is applied in a second direction that is counter to the 
cross-?oW and having an orthogonal component to the ?rst 
direction. The imposed ?eld causes one or more of the 
particles to migrate at a ?rst velocity opposite and/or equal 
to a second velocity of the cross-?oW. The particles that 
migrate opposite to the cross-?oW are continuously dis 
charged from the cross-?oW migration classi?er. 
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CROSS-FLOW DIFFERENTIAL MIGRATION 
CLASSIFIER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t under 35 U.S.C. 
Section 119(e) of the following co-pending and commonly 
assigned US. provisional patent application(s), Which is/ are 
incorporated by reference herein: 

[0002] Provisional Application Serial No. 60/410,070, 
?led on Sep. 12, 2002, by Richard C. Flagan, entitled 
“CROSS-FLOW DIFFERENTIAL ELECTRICAL MOBIL 
ITY CLASSIFIER,” attorneys’ docket number 176.5-US-P1 
(CIT-3761-P). 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to separat 
ing and measuring particles (including molecules) (e.g., in 
gases [aerosols] or in liquids [colloids or suspensions]), and 
in particular, to using a cross-?oW differential migration 
classi?er to separate and/or measure particles. 

[0005] 2. Description of the Related Art 

[0006] The need to separate and measure particles (e.g., 
particles contained in gases [aerosols][also referred to as 
atmospheric ultra?ne particles] or in liquids [colloids or 
suspensions]) according to siZe or other parameters spans a 
Wide range of science and technology. Many different sepa 
ration/measurement techniques have been developed, but 
each suffers serious draWbacks and limitations, particularly 
in the domain of continuous separations. For eXample, prior 
art separation techniques are limited in their ability to 
provide/separate a high percentage of the total desired 
particles in a sample or to provide/separate particles Within 
a desired siZe range. Such problems may be better under 
stood by describing prior art separation techniques. 

[0007] The ability to eXtract particles Within a narroW 
interval of property values may enable measurements of the 
characteristics of a particulate system. For eXample, particle 
siZe distribution characteristics may be measured/deter 
mined by a detector that measures the number of mass of 
particles contained Within a sample of classi?ed/separated 
particles. In another eXample, a chemical analysis system 
may be employed as a detector to measure the composition 
distribution With respect to siZe. Adetection system capable 
of determining the number or activity of particles of bio 
logical origin may enable pathogen detection. Further, a 
suitable separation system may enable preparations of bulk 
quantities of separated/classi?ed materials for a Wide range 
of applications. 

[0008] As described above, a number of different separa 
tion/measurement techniques have been developed for par 
ticles contained in gases (aerosols) or liquids (colloids or 
suspensions), but each suffers serious draWbacks and limi 
tations. Common prior art techniques that may measure 
particles are a condensation particle counter (CPC) and a 
differential mobility analyZer (DMA). A CPC may be used 
to determine the number concentration of particles larger 
than a critical siZe (e.g., 2.5 to 15 nm) but With a limited 
resolution of the particle siZe distribution. A DMA may 
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enable siZe distribution measurements for particles in the 
submicron siZe range. By combining a DMA With a particle 
detector, such as the CPC, and stepping through a sequence 
of particle siZes, the combination may measure particle siZe 
distributions in a matter of minutes. By eliminating the 
delays betWeen steps by scanning through particle siZe, 
measurements may be accelerated in a system that may be 
referred to as the scanning mobility particle siZer (SMP 
STM) or scanning electrical mobility spectrometer (SEMS). 

[0009] A differential mobility analyZer (DMA) as illus 
trated in FIG. 1 is a classi?er for charged particles contained 
in a gas (i.e., it sorts particles With respect to their electrical 
mobilities—a parameter that can be related to the particle 
siZe). A DMA is often used to sort/measure sub-micrometer 
aerosol particles according to siZe While keeping them 
suspended in air. First an electric charge is applied to the 
aerosol particles. In this regard, it is dif?cult to put more than 
one charge on small particles and as a result, most of the 
particles Will either be uncharged or have a single charge. In 
the common implementations, although negatively charged 
particles can be classi?ed by reversing the polarity on the 
DMA, only the positively charged particles are sorted by the 
DMA, all others may be lost. 

[0010] After charging, the aerosol sample How 102 con 
taining the charged particles (referred to as polydisperse) are 
introduced into the DMA containing an electric ?eld. In this 
regard, the electric ?eld is created by tWo electrodes (e.g., 
center rod 104 and Wall(s) 106A and 106B). The center rod 
104 may be an inner cylinder that is connected to a negative 
poWer supply. The charged particles 102 are introduced 
close to one of the electrodes (e.g., Walls 106A and 106B), 
While a larger How of clean, particle free gas 108 (referred 
to as sheath air) is introduced to ?ll the remaining gap. 

[0011] The particles Within the DMA are alloWed to 
migrate into the clean sheath air How 108 under the in?uence 
of the electric ?eld. Accordingly, the electric ?eld applied 
betWeen the tWo electrodes 104 and 106A/106B causes the 
charged particles of the appropriate polarity to migrate 
toWard the electrode 104 on the clean-gas side of the How 
channel. In this regard, particles With negative charge may 
be repelled toWards and deposited on the outer Wall(s) 
106A/106B. Similarly, particles With a positive charge may 
migrate toWards the negatively charged center rod 104. The 
rate of migration depends on the electrical mobility of the 
particles. Mobility in turn, depends on both the siZe and 
electrical charge of the particle. If all of the particles have 
the same charge, then particles of a given mobility are the 
same siZe. Since the particles migrate at different rates, they 
are spread out through the sheath air 108 according to 
mobility. In this regard, WithdraWing a portion of the sheath 
air How 108 separates a narroW range of particle mobilities 
from the rest of the aerosol 102. 

[0012] At a doWnstream position, a classi?ed-sample How 
110 (also referred to as monodisperse aerosol) is eXtracted 
from the clean gas side of the channel. The classi?ed-sample 
How 110 contains those particles that migrated across the 
channel during the time required for How from the entrance 
port to the classi?ed-sample extraction port, but that did not 
strike, and adhere to either the clean-side electrode 104 or 
the Wall(s) 106A/106B. The uncharged particles eXit the 
DMA With the eXcess air 112. Thus, the particles are 
separated according to electrical mobility, Which is de?ned 
as the migration velocity per unit of applied ?eld strength. 
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[0013] Thus, as described above, a small monodisperse 
aerosol How 110 draWn through a slot in the center electrode 
104 downstream from the sample 102 entrance slot extracts 
those particles that migrate across the gap in the time 
required to How doWn the length of the column of the DMA. 
Particles of higher or loWer mobilities either deposit on the 
Walls of the classi?er or are discharged With the major How 
112 passing betWeen the electrodes 104 and 106A/106B and 
bypassing the sample 110 extraction slot. 

[0014] DMA separation can be performed at a constant 
applied ?eld strength or a time-varying applied ?eld strength 
(i.e., the charge betWeen electrodes 104 and 106A/106B may 
be constant or vary over time). When the ?eld is constant, a 
steady-?oW of mobility classi?ed particles may be contained 
in the classi?ed sample How 110. In this regard, classi?ed 
particle samples may be prepared for a Wide-range of 
applications, including calibration of particle measurement 
instruments, measurements of mobility (or siZe) dependent 
properties, and direct applications of particles With tightly 
controlled properties. In a time-varying application, the 
mobility of the particles varies With time. Thus, the distri 
bution of particles Within the sampled aerosol 102 With 
respect to the particle mobility may be rapidly measured. 

[0015] Given knoWledge of the relationship betWeen the 
particle mobility and siZe, measurements taken in a DMA 
can be translated into a high-resolution particle siZe distri 
bution. The ability to resolve particle mobility in this method 
is determined by the ratio of the clean sheath gas 108 How 
rate to the ?oW rate of the entering aerosol 102 ?ow. The 
throughput of classi?ed particles 110 is determined by the 
product of the number of concentration of particles of 
appropriate siZe, the volumetric ?oW rate of the incoming 
aerosol 102, and the probability that an entering aerosol 
particle 102 Will carry the appropriate charge. 

[0016] Thus, the ability of the DMA to separate particles 
of different mobilities is determined by the ratio of the sum 
of the incoming aerosol and outgoing classi?ed sample 
volumetric ?oWrates to the sum of the sheath and eXhaust 

?oWs, i.e., 

[0017] and the tendency of particles to diffuse aWay from 
their mean trajectory. Considering the conventional DMA 
designs in Which the distance in the streamWise direction is 
large compared to the distance betWeen electrodes 104 and 
106A/106B, and noting that the particle diffusivities are 
generally small, diffusion in the cross-stream direction 
dominates. 

[0018] The variance in the cross-stream position of the 
particles due to BroWnian diffusion is: 

[0019] Where D is the BroWnian diffusivity of the par 
ticles. Thus, the relative variation in the cross-stream loca 
tion upon migration across the gap (separation distance b) 
betWeen electrodes 104 and 106A/106B at the average 
migration time ("c =b/v ) becomes: rnig rnig 
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[0020] Where vmig=ZE is the migration velocity of a 
particle of electrical mobility Z, and E is the applied electric 
?eld strength. The dimensionless quantity bvmig/D describes 
the relative importance of transport by electrophoretic 
migration to that by BroWnian diffusion. It has the form of 
a Peclet number, and has been labeled by migration Peclet 
number, Pemig=bvmig/D. 
[0021] The diffusivity and electrical mobility can both be 
related to the mechanical mobility of the particle (B, the 
ratio of the terminal migration velocity to the applied force 
that causes the particle to migrate), i.e., 

[0022] Where k is the BoltZmann constant, T is the tem 
perature, and q is the charge on the particle. The electric ?eld 
can be Written as: 

(I) 
E : Z?geometry), 

[0023] Where the dimensionless function of the geometry, 
f(geometry), accounts for any nonuniformities in the electric 
?eld across the gap betWeen the electrodes 104 and 106A/ 
106B, D is the applied voltage difference betWeen the 
electrodes 104 and 106A/106B, and b is the separation 
distance betWeen the electrodes 104 and 106A/106B. 

[0024] Thus, the standard deviation in the cross-stream 
position after the mean migration time is: 

[0025] The ability of a DMA to resolve small differences 
in particle mobilities can be characteriZed in terms of the 
ratio of the characteristic mobility of the particles that are 
transmitted to the breadth of the mobility range that is 
actually transmitted. Speci?cally, the resolving poWer or 
resolution may be de?ned at the mobility of the particles that 
are transmitted With the highest probability to the difference 
in mobilities betWeen the highest and loWest mobilities that 
are transmitted With one-half of that probability. In the limit 
of nondiffusive particles, the resolution is: 

[0026] For highly diffusive particles, the resolution may 
scale as: 
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[0027] Thus, at high operating voltages, the relative 
amounts of particle-laden and particle-free ?oWs determines 
the resolution, While at loW voltages, it is the operating 
voltage that determines the resolution. For a number of 
existing differential mobility analyZers, the differences in 
performance of the ideal instruments is small, although 
nonidealities in instrument design and construction may lead 
to dramatic differences in the performance in the high 
voltage limit. 

[0028] Various techniques have attempted to improve the 
limiting resolution. For example, in one technique, reducing 
the length to gap ratio to near unity may optimiZe the 
performance of the DMA design at a ?xed Re. Such an 
approach may achieve modest improvements in the geom 
etry factor in 

1 
Rd = f(geometly)vi, 

[0029] While maximiZing the operating voltage, thereby 
maximiZing Pemig, i.e., the approach is equivalent to maxi 
miZing Pernig While recogniZing the constraints that must be 
imposed on the How Reynolds number to avoid deleterious 
turbulence. 

[0030] In another technique, the imposition of an electric 
?eld in the DMA column in the streamWise direction may 
increase the resolution beyond that predicted by the simple 
analysis described above. Further, the incorporation of 
inclined grids Within the classi?cation region may be a 
viable Way to realiZe some gains. Also, substantial improve 
ments in resolution at a given voltage may be achieved by 
appropriate use of nonuniform electric ?elds. Speci?cally, 
the DMA resolution may be enhanced by inducing migration 
from the inner electrode to the outer one in a cylindrical 
DMA. Both approaches have the potential to improve reso 
lution beyond the limits suggested, although practical imple 
mentations have not yet been demonstrated. 

[0031] Gains may also be maximiZed by reducing the 
radius of the inner electrode relative to that of the outer one 
in a cylindrical DMA. Further, gains may also be maximiZed 
by causing the particles to migrate across the DMA With no 
streamWise separation betWeen the aerosol inlet and outlet 
ports. 

[0032] In vieW of the above, to produce an unambiguous 
relationship betWeen the particle mobility and the particle 
siZe, most applications of the DMA charge the particles by 
exposure to an ambipolar mixture of positive and negative 
gas ions (e.g., produced by exposure to a radioisotope or 
produced by corona discharge). As described above, under 
typical ambient conditions, charging particles in this manner 
may result in a small fraction of particles carrying a single 
charge. Of the singly charged particles, approximately one 
half Will possess appropriate polarity for classi?cation, fur 
ther reducing the fraction of sampled particles that Will be 
included in the classi?ed-sample How 110. 

[0033] While this prior art approach has the advantage of 
producing a Well-characterized charge distribution, the 
approach results in most particles Within a siZe range of 
interest being lost Within the classi?cation region. In this 
regard, When particles are above a certain siZe (e.g., 100 nm) 
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and in typical ambient temperature and pressure air, the 
number of particles carrying multiple charges becomes 
substantial. As the particle siZe further increases (e.g., 
beyond 1 pm in diameter), multiple charging is so substan 
tial that the prior art approach is rarely extended beyond 
such particle siZes. 

[0034] Alternate charging approaches have been 
employed to increase the fraction of small particles charged 
or to produce a more consistent relationship betWeen the 
mobility of super-micron particles and the particle siZe. 
Regardless of the charging method employed, the aerosol 
102 How rate through the DMA may be limited by the need 
to maintain laminar ?oW (e.g., to ef?ciently separate/classify 
the particles). Such limitations therefore limit the value of 
prior art DMAs in the preparation of quantities of classi?ed 
particles for scienti?c or technological applications. The 
transition from laminar to turbulant How may be evaluated 
and/or determined by the How Reynolds number: 

[0035] Where (I is the density, U is the velocity, L is the 
characteristic length of the How system, and p is the vis 
cosity. 

[0036] The Reynolds number must be kept beloW a critical 
value to maintain laminar ?oW. The clean sheath gas 108 
How through the DMA must be larger than the aerosol 
sample 102 How to achieve high mobility/siZe resolution. 
Accordingly, the How of aerosol 102 that can be processed 
is only a small fraction of that Which might be processed 
through the channel in the absence of the sheath How 108. 
Since the product of the characteristic length scale (L) of the 
device and the gas velocity (U) determines the magnitude of 
the Reynolds number, there is a severe constraint on the 
throughput of the DMA. 

[0037] Prior art DMAs have not generally been applied to 
the classi?cation of particles in liquid for a number of 
reasons. The presence of a ?uid phase that is of comparable 
density to the particles drastically alters the forces of inter 
action betWeen the particles and the Wall(s) 106A/106B of 
the classi?er. For particles in gases, van der Waals forces are 
suf?ciently strong that once a particle reaches a Wall 106A/ 
106B, it adheres strongly. With liquids, the van der Waals 
forces are Weaker. Additionally, molecular interactions may 
even cause particles to be repelled from the Wall. HoWever, 
in either gases or liquids, particles may continue to move 
along the Wall(s) 106A/106B to be included in the classi?ed 
sample ?oW, although clever ?oW designs could enable the 
Wall layer to be removed prior to extracting the classi?ed 
sample How 110. 

[0038] During the separation of particles using a DMA, 
cross-?oW mobility fractionation may be observed. In other 
Words, the particles are separated based on their ability to 
migrate Which provides fractionation in cross-?oW like 
patterns Within the DMA channel. HoWever, instead of 
cross-?oW mobility fractionation, the separation of particles 
in liquids has taken advantage of the ability of particles to 
continue to migrate even in close proximity to a surface. For 
example, a technique that takes advantage of such an ability 
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is referred to as Field FloW Fractionation as illustrated 
in FIGS. 2A and 2B. In FFF, particles 102 are passed in a 
laminar ?oW through a narroW channel 200 betWeen appro 
priate surfaces 202A and 202B. The laminar ?oW produces 
a parabolic velocity pro?le 204, With the streamWise veloc 
ity peaking at the center of the channel 200 and dropping to 
Zero near the Walls 202A and 202B. 

[0039] BroWnian diffusion causes the particles 102 to 
migrate randomly across the narroW channel 200. While in 
the center of the channel 200, particles 102 are carried doWn 
the channel 200 at high velocities. HoWever, When the 
particles 102 are near the Wall(s) 202A/202B, the particles 
move doWn the channel 200 at much loWer velocities. If a 
?eld 206 (e.g., gravity, electrical, magnetic, etc.) is applied 
perpendicular to the direction of ?oW, particles 102 may be 
pushed near the Wall 202B. BroWnian diffusion enables 
particles to sample different regions of the ?oW, although the 
time that different particles Will spend in different regions 
Will depend on their diffusivities and on the forces that the 
applied ?eld applies to them. Thus, a pulse of particles 102 
having a range of diffusivities that are introduced into the 
channel 200 How Will separate in time as they are carried 
doWn the channel 200. 

[0040] Abias in the position of the particles 102 Within the 
How channel 200 can also be affected by introducing or 
extracting a How through one or both Walls (e.g., Wall 202A 
or 202B). This technique is called How Field FloW Frac 
tionation fFFF is capable of separating colloidal 
particles over siZes ranging from nanometers to many 
micrometers, and With quite high resolution. A transverse 
?eld 206 (i.e., parallel to the surfaces but perpendicular to 
the direction of ?oW) can in some cases enable continuous 
separation. 
[0041] Thus, as described above, in FFF, the transit time of 
particles doWn a narroW channel 200 varies according to the 
eXtent to Which different particles sample the How Within the 
channel 200. A ?eld 206 applied across the narroW dimen 
sion of the channel drives particles toWard one surface (e.g., 
Wall 202B) Where the streamWise velocity is loW. 

[0042] An additional variant of FFF referred to as SPLITT 
(split ?oW thin fractionation) may also be used to separate 
particles continuously. In SPLITT, the How channel has a 
carrier inlet, a sample inlet, and tWo outlets. The applied 
?eld causes particles to migrate to different regions of the 
How so that the How may be separated into the tWo outlet 
streams. The result provides a coarse separation into tWo 
fractions—one With particles larger than a given siZe, and 
the other With smaller particles. Multiple splitters may also 
be used to increase the number of fractions. HoWever, the 
number of fractions may remain small and the range of 
migration velocities included in any fraction may remain 
relatively large. 

[0043] Various other methods have been used to measure 
ultra?ne particle siZe distributions. For eXample, the elec 
trical aerosol analyZer Was a predecessor to the DMA, With 
far more limited siZe resolution and sensitivity. A diffusion 
battery uses a CPC to count particles that pass through a 
screen or capillary on Which the smaller particles deposit by 
BroWnian diffusion. By using a range of such diffusional 
barriers, the diffusion battery can be used to determine 
particle siZe distribution. HoWever, the particle siZe distri 
bution may be determined With a resolution that is loWer 
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than that of SMPS. Cascade impactors may separate aerosol 
particles into discrete fractions that are collected on a 
substrate. A relatively neW con?guration that does enable 
continuous measurements is the electrical loW pressure 
impactor (ELPI). In this instrument, the particles may be 
charged before introduction into the impactor. The deposited 
current provides an indication of the numbers of particles 
collected on the various impaction stages. 

[0044] As described above, the CPC may be used to 
determine the concentration of particles larger than a critical 
siZe. To perform such a determination, the CPC condenses 
a vapor on the particles to groW them to a siZe that is easily 
detected optically, typically greater than 1 pm in diameter. 
The resulting large particles can be counted With near 100% 
ef?ciency. The absolute counting efficiency of the CPC is 
determined by the eXtent to Which the particles are lost by 
BroWnian diffusion to surfaces prior to groWth, and by the 
ef?ciency of activation. The surface tension of a liquid 
increases the vapor pressure over a small droplet, so that 
there is a minimum particle siZe that can be activated at a 
given supersaturation. The smallest particles activated by 
commercially available CPCs range from 2.5 to about 15 nm 
diameter, depending on the Working ?uid employed and the 
difference in temperatures betWeen the vapor source and the 
condenser regions of the instrument. This sensitivity to 
supersaturation has been used to achieve limited siZe reso 
lution in CPC measurements. 

[0045] Parallel CPCs operated at different supersatura 
tions to detect particles larger than different threshold siZes 
may also be employed. For eXample, modest siZe resolution 
from a single CPC may be obtained by analyZing the 
intensity of light scattered by droplets groWn on particles 
that are close to the threshold for activation. 

[0046] In vieW of the above, What is needed is a method, 
apparatus, and article of manufacture for continuously sepa 
rating particles of varying siZes Where the classi?ed-sample 
How 110 constitutes a higher percentage of the total How 102 
entering a fractionator/DMA and is a larger ?oW than that of 
the prior art. 

SUMMARY OF THE INVENTION 

[0047] Differential mobility analyZers (DMAs) and ?eld 
?oW fractionators are used in the prior art to separate and/or 
classify particles distributed Within a sample. HoWever, 
various limitations eXist for using the prior art techniques 
including but not limited to production of a loW particle/ 
sample separation ratio, reduced capabilities for separations 
of particles in a liquid, and a loW throughput of a classi?ed 
sample. 

[0048] To avoid these and other disadvantages of the prior 
art, one or more embodiments of the invention provide a 
cross-?oW differential migration classi?er that may be used 
to classify/separate samples in a variety of forms. Particles 
in a sample are introduced to a channel that has permeable 
Walls. A cross ?oW enters the channel through one of the 
permeable Walls (and eXits through another of the Walls). In 
contrast to ?eld ?oW fractionation, the Walls are designed so 
that particles may either pass through the openings in the 
Wall or adhere to it. The cross How Would thus normally 
cause all of the particles in the channel to be lost from the 
How through the channel. 
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[0049] To counteract this effect, an imposed ?eld is intro 
duced that causes some particles to migrate counter to the 
?oW. The imposed ?eld is counter to the cross-?oW and is 
orthogonal (or has an orthogonal component) to the direc 
tion of the sample ?oW. Thus, the imposed ?eld causes 
appropriate particles in the sample to remain entrained in the 
sample How and to continue to migrate betWeen the Walls of 
the channel. 

[0050] The imposed ?eld may take a variety of forms such 
as an electric ?eld (for charged particles), horiZontal or 
inclined orientation of the channel to cause gravitational 
sedimentation of large particles, a magnetic ?eld for mag 
netic particles, temperature gradient to induce thermo 
phoretic diffusion, etc. 

[0051] In addition, if the particles are alloWed to migrate 
through the Wall, provision may be taken to remove the 
particles from the cross How so that that ?uid can be 
recirculated. Such provisions may include ?ltration of the 
?uid after it exits the channel, and increasing the ?eld 
strength or reducing the How velocity (by increasing the 
cross sectional area of the ?oW) on the inlet side of the 
channel so that the applied ?eld causes particles to continue 
to migrate until they reach a surface Where they adhere or are 
otherWise removed from the ?uid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] Referring noW to the draWings in Which like ref 
erence numbers represent corresponding parts throughout: 

[0053] FIG. 1 illustrates a differential mobility analyZer 
(DMA) of the prior art; 

[0054] FIGS. 2A and 2B illustrate a ?eld ?oW fractionator 
of the prior art; 

[0055] FIGS. 3A and 3B illustrate a differential migration 
classi?er in accordance With one or more embodiments of 

the invention; and 

[0056] FIG. 4 is a How chart illustrating the logical ?oW 
for separating particles in accordance With one or more 
embodiments of the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0057] In the folloWing description, reference is made to 
the accompanying draWings Which form a part hereof, and 
Which is shoWn, by Way of illustration, several embodiments 
of the present invention. It is understood that other embodi 
ments may be utiliZed and structural changes may be made 
Without departing from the scope of the present invention. 

[0058] Details of Cross FloW Migration Classi?er 

[0059] One or more embodiments of the invention provide 
a method, apparatus, and article of manufacture that enables 
the continuous separation of particular aerosol, colloidal, 
and/or suspension particles (e.g., in an aqueous or non 
aqueous environment) from a larger input ?oW. Embodi 
ments introduce simpli?cations that may dramatically 
reduce the cost of the separation, by enabling smaller and/or 
simpler instruments to be made, or to increase the through 
put by enabling larger separators to be fabricated. 

[0060] FIGS. 3A and 3B illustrates a differential migra 
tion classi?er in accordance With one or more embodiments 
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of the invention. The particulate laden sample 102 is 
pumped/injected into a channel 200. The sample 102 then 
passes through tWo Walls 302A and 302B of the channel 200 
that are permeable (e.g., to the How of gases or liquids). 
When separating/measuring particles in a liquid, examples 
of the permeable Walls 302A/302B may include ?lters that 
capture particles, or a honeycomb or porous material (e.g., 
a porous metal such as sintered metal) that may alloW the 
particles to pass through it. A cross-?oW 304 entering the 
channel 200 through one Wall 302A, and exiting through the 
opposing Wall 302B is imposed. 

[0061] This cross-?oW 304 Would potentially cause all 
aerosol particles to be lost through the Walls 302B or by 
deposition onto them. To counteract this effect, an imposed 
?eld 306 causes some particles to migrate counter to the 
cross-?oW 304. Those particles that migrate at a velocity that 
is approximately equal, but opposite to the cross-?oW 304 
Will remain entrained in the particle gas 102 and be con 
veyed betWeen the Walls 302A and 302B betWeen the 
entrance and exit regions. Thus, if the cross How 304 is 
exactly equal but opposite to the particle migration velocity, 
velocity particles Will be carried straight though the channel 
200. Particles that migrate at higher or loWer velocities may 
therefore be transmitted to one of the tWo porous Walls 
302A/302B Where they may either pass through or deposit, 
depending upon the construction. Because the particles 
Whose migration velocities approximately or exactly counter 
the cross-?oW 304 velocity move directly through the chan 
nel 200, While other particles are lost by deposition on or 
permeation through the channel Walls 302A/302B, the 
invention may enable continuous separation. 

[0062] Accordingly, the undesirable particles that do not 
remain entrained in the channel 200 and/or ?oW, are lost 
through the Walls 302A and 302B or disposed of (e.g., by 
deposition on and adhesion to the Walls 302A and 302B). In 
this regard, the desirable particles do not migrate across the 
channel 200 but remain entrained in the channel 200. In 
addition, some particles migrating at slightly higher or loWer 
migration velocities may remain in the channel due to the 
?nite sample ?oW rate along the channel. Particle diffusion 
may extend the range of particle migration velocities that 
continues to the channel exit, and cause some particles that 
migrate at the ideal velocity to be lost from the ?oW. Thus, 
the entire ?oW that remains entrained in the channel 200 
exits the channel to provide a continuous classi?ed-sample 
How 110. Additionally, With prior art techniques, the clas 
si?ed-sample How 110 likely contained numerous particles 
that remained in the channel 200 (e.g., moved along the 
Walls 302A and 302B of the channel 200). 

[0063] The imposed ?eld 306 can take several forms. To 
classify ?ne particles, the particles Would ?rst be charged, 
and then classi?ed in an imposed electrical ?eld. Larger 
particles might be classi?ed by altering the angle of incli 
nation of the channel 200 (e.g., horiZontally or at an angle) 
so that gravitational sedimentation counters an upWard 
cross-?oW 304 of gas. A channel 200 arranged in a drum 
could classify particles according to the centrifugal forces 
acting on the particles. A magnetic ?eld could be employed 
to classify magnetic particles. A temperature difference 
betWeen the tWo Walls 302A and 302B Would enable clas 
si?cation in terms of their thermophoretic migration veloci 
ties. 
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[0064] As illustrated in FIG. 3, particles With varying 
velocities may migrate out of the cross-?oW 304 side 
entrance Wall 302A and/or the cross-?oW 304 side exit Wall 
302B. As illustrated, the varying siZe particles may migrate 
at different velocities thereby causing varying mobility 
separations Wherein particular siZe particles remain in the 
channel 200 While other particles may be lost through or on 
the Walls 302A/302B. For example, small particles may exit 
the channel through Wall 302A, large particles may exit 
through Wall 302B, and intermediate siZes may exit the 
channel 200 through the main outlet With the classi?ed 
sample 110. Alternatively, in gravity based separations, the 
directions of large and small particles may be the opposite 
of that for electrical mobility separation. 

[0065] In embodiments of the invention, the desired par 
ticles continue to migrate betWeen the Walls 302A and 302B 
of the cross ?oW migration classi?er While others are lost as 
they deposit on or exit through the Walls 302A and 302B. 
Accordingly, to provide continuous fractionation, separation 
may be achieved by the applied/imposed ?eld 306 in the 
direction that is counter to the cross-?oW 304, but orthogo 
nal (or With an orthogonal component) to the Walls 302A and 
302B and the main direction of the sample How 102. Such 
an arrangement Will disperse the particles along the direction 
of the applied/imposed ?eld 306. The cross-?oW classi?er 
continuously discharges (as a classi?ed-sample How 110) 
particles that migrate opposite and approximately equal to 
the cross-?oW 304 Without the imposition of any additional 
?eld being applied in the third direction (i.e., in the direction 
of the main How 102). 

[0066] The distribution of particles With respect to the 
appropriate migration (electrophoretic for charged particles 
in an electric ?eld, magnetophoretic for magnetic particles in 
a magnetic ?eld, thermophoretic in the presence of a tem 
perature gradient, sedimentation for gravitational separa 
tions) can be determined by stepping either the applied/ 
imposed ?eld strength 306, or the cross-?oW 304 rate 
through a range of values, and measuring the concentration 
of particles that is transmitted (i.e., particles that exit the 
channel 200 in the classi?ed-sample How 110). Accordingly, 
the migration for the particles in the How 102 may be 
determined by sloWly increasing/decreasing the cross-?oW 
?eld 304 or the imposed ?eld 306. By adjusting these in a 
stepWise fashion While measuring the particle concentration 
in the classi?ed-sample How 110, the migration of the 
particles in the How 102 may be determined. 

[0067] Alternatively, the cross-?oW ?eld 304 or How 110 
could be scanned continuously to determine the particle 
distribution. Knowledge of the siZe dependence of migration 
velocity or mobility and the applied ?eld 306 and particle 
siZe Would enable determination of the particle siZe distri 
bution. 

[0068] To alloW even larger ?oWs 110, multiple channels 
200 may be arranged in parallel, With a single cross-?oW 304 
passing through the successive channels 200. 

[0069] In addition, if the particles are alloWed to migrate 
through the Wall, provision may be taken to remove the 
particles from the cross How so that that ?uid can be 
recirculated. Such provisions may include ?ltration of the 
?uid after it exits the channel, and increasing the ?eld 
strength or reducing the How velocity (by increasing the 
cross sectional area of the ?oW) on the inlet side of the 
channel so that the applied ?eld causes particles to continue 
to migrate until they reach a surface Where they adhere or are 
otherWise removed from the ?uid. 
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[0070] In addition to the above, in the case of electro 
phoretic migration, the classi?cation could be achieved by 
alternating the potential on successive Walls, enabling large 
volumetric ?oWs to be separated Without having to resort to 
unreasonably high voltages. 
[0071] Details of Applied Field 306 

[0072] As described above, the cross-?oW classi?er (CFC) 
may be implemented using any type of applied ?eld 306. 
Electrical mobility classi?cation of charged particles results 
When an appropriate electrical potential is maintained 
betWeen the tWo porous electrodes. The electrophoretic 
migration velocity may be: 

Vmig=ZE> 
[0073] Where Z=qB is the electrical mobility, q is the 
particle charge, and B is the mechanical mobility of the 
particles. For spherical particles in a gas, 

[0074] Where Cc(Kn) is the slip correction factor Which is 
a function of the particle Knudsen number, KII=2)\./Dp, the 
ratio of the mean-free-path of the gas molecules to the 
particle radius, and p is the gas viscosity. For particles in a 
liquid, the ?uid may be treated as a continuum so the slip 
correction factor Cc=1. For ?at electrodes, the applied 
electric ?eld is 

[0075] Where (I) is the electrostatic potential (volts), and b 
is the separation distance betWeen the tWo electrodes. The 
particles for Which the migration velocity exactly counters 
the cross-?oW 304 velocity, i.e., Z*E=—v, move parallel to 
the electrodes, at least on average. 

[0076] As in the DMA, particles With mobilities Within a 
limited range Will be transmitted through the CFC. For 
example, consider the geometry in Which the cross-?oW 304 
is up, While particles undergo doWnWard electrophoretic 
migration. For a channel 200 of height b, and length 1, the 
loWest mobility of particle that Will be transmitted through 
the CFC corresponds to that Which Will migrate from the 
bottom of the channel 200 at the entrance to the top of the 
channel 200 at its exit, i.e., assuming plug ?oW, 

[0077] The highest mobility corresponds to the particle 
that Will migrate from top to bottom, i.e., 

[0078] This leads to a triangular transfer function like that 
found for the DMA When diffusion is unimportant. The 
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range of mobilities that Will lead to transmission With half 
the efficiency of particles of mobility Z* is 

[0079] Noting that the total flow rate of aerosol entering 
the CFC is 

Qa=QbW> 

[0080] and the volumetric flow rate of the cross-?oW 304 
(sheath flow) is 

QSh=VlW, 

[0081] the resolving poWer of the CFC can be seen to be 

_ Qsh : l 
R _ Q _ ‘B. 
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E 2- [(1269] Zsin 2 

[0085] Where y, 11(9), and v are y/b, u(y)/Q, and v=v/Q, 
respectively, and Re=Qb/v is the channel flow Reynolds 
number. The coordinate frame for this solution is de?ned 
such that y=0 at the center of the channel 200, and the 
channel Walls 302A/302B are located at y=:1/z. The dimen 
sionless length of the channel is l=l/b. 

[0086] To consider the distribution of particles With y at 
the entrance to the channel 200, it may be assumed that the 
particles are uniformly distributed across the channel ?oW, 
the dimensionless volumetric flow rate as a function of 
height is 

[0082] Thus, as in the DMA, the maXimum resolving 
poWer, or resolution, is determined by the ratio of the 
particle free How to the aerosol flow. This simple analysis 
neglects particle diffusion that Will alloW some particles 
outside of these bounds to be transmitted While causing 
some of those that should be transmitted to be lost. 

[0083] To quantify the effects of diffusion the convective 
diffusion for particles may be modeled as they How and 
migrate Within the channel 200. To accomplish such mod 
eling, an understanding of the gas velocity ?eld Within the 
CFC is useful. For ?at, parallel electrodes, the velocity 
distribution may be determined by solving the Navier 
Stokes equations in Cartesian coordinates, i.e., 

[0084] noting that, for b<<1, the variation in u With X is 
much smaller than that With y, convection of momentum in 
the y direction dominates over that in the X direction. 

NondimensionaliZing With respect to the mean X velocity, Q, 
and the gap betWeen the electrodes, b, the dimensionless 
streamWise velocity becomes 

[0087] The particle concentration at the entrance to the 
channel 200 is assumed to be uniform. For a uniform 
cross-?ow 304 With equal entering and eXiting cross-?oWs 
304, the dimensionless cross-?ow velocity is v throughout 
the channel 200. Particle transport through the channel 200 
is determined by a transport along the channel 200 With the 
mean ?uid motion, a balance betWeen the advection With the 
gas in the cross-?oW direction and the counteracting migra 
tion, and BroWnian diffusion. Neglecting inertial effects, the 
particle equations of motion may be Written: 

[0088] Where u‘ and v‘ respect the ?uctuating velocity due 
to BroWnian diffusion, respectively, and vrn is the migration 
velocity of the particle in question. To determine the trans 
mission ef?ciency as a function of the CFC, direct simula 
tion of particle trajectories may be employed using a Monte 
Carlo approach. 

[0089] The motion in a time step, dt is 

dy=v—vm+g(oy) 
[0090] Where oX2=oy2=2Ddt is the variance in the particle 
motion due to BroWnian motion, and g(o) denotes a random 
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step subject to a Gaussian distribution of standard deviation 
0. Cast in nondimensional terms, and denoting the migration 
velocity vm=v=vm*(Z=Z*), the steps become: 

dy=v(1—Z)dt+g(o). 

[0091] The dimensionless mobility has been de?ned as the 
ratio of the particle mobility to Z*, i.e., Z=Z/Z*. The 
dimensionless standard deviation is 

[0092] Scanning Cross-Flow Aerosol Migration Spec 
trometer 

[0093] To measure a migration distribution With the cross 
?oW migration classi?er, the potential difference across the 
gap betWeen porous electrodes may be stepped. If the 
residence time in the DMA column is TQDMA, and the 
residence time in the doWnstream plumbing that connects 
the DMA to the detector is 'CPDMA, successive measure 
ments at different applied ?eld strengths may be separated 
by "cdelaypMAic?DMA+(xptpDMA, Where the multiplier 0t 
alloWs for the possibility that some particles are delayed in 
their transit due to nonuniform gas velocity pro?les and 
recirculation regions. If the counting time is "to, the duty 
cycle of the measurement is only: 

f count = 

[0094] With prior art instrumentation, most of the time is 
spent Waiting, making the measurement sloW and, When 
particle counts are loW, statistical uncertainties are large. The 
duty-cycle of the conventional DMA may also be raised to 
near unity by continuously ramping the voltage applied to 
the DMA, and counting particles into successive time bins 
in the Scanning Electrical Mobility Spectrometer. Such an 
embodiment provides for performing full siZe distribution 
scans in as little as 30 seconds. HoWever, the residence time 
distribution Within CPCs used as detectors in the initial 
implementations in such a technique may severely distort 
the instrument response function unless scan time is 
increased to 45-60 seconds. Nonetheless, fast-response CPC 
and electrometer detectors may enable the time for siZe 
distribution measurements to be reduced to as little as 1 
second. 

[0095] While the present invention (Which may include a 
Cross-Flow Mobility Classi?er [CFMC]) may be Well suited 
to stepping-mode operation, implementation of a scanning 
operation may be more dif?cult since the transmitted par 
ticles pass through the CFMC as a result of a balance 
betWeen the transverse ?oW (i.e., How 306) and the electro 
phoretic migration. HoWever, changing the electric ?eld 
strength in the simple CFMC may drastically reduce the 
transmission efficiency, unless the change is accomplished 
on a time scale that is long compared to the mean residence 
time in the classi?er. 
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[0096] This limitation may be at least partially overcome 
by varying the transverse ?oW velocity With position in the 
streamWise direction to counteract the variation in the elec 
trophoretic migration velocity due to the voltage ramp, or by 
varying the ?eld strength With position along the length of 
the channel 200. In either case, the objective is to ensure that 
the particles of appropriate mobility are transmitted straight 
through the channel 200. One Way of doing this may employ 
electrodes through Which the pressure drop may vary With 
position. Using a porous metal electrode, e.g., sintered 
metal, or a honeycomb, the variation in v With X can be 
achieved by varying the thickness of the How distribution 
element inversely as the ?eld strength is varied, i.e., if a 
ramp of increasing voltage Were to be used, the thickness 
Would decrease With position along the channel so that a 
particle moving at the mean velocity along the channel 
length could be transmitted straight through the channel 200. 

[0097] To enable a Wide dynamic range of mobilities, an 
exponential voltage ramp may be used in the scanning 
DMA. For particles of a ?Xed mobility to move straight 
through the channel 200, the sum of the cross-?oW 304 and 
migration velocities should be Zero from the time the 
particle enters the channel 200 until it eXits, i.e., 

[0098] Assuming that the potential difference is 

¢ = ¢0e1%? 

[0099] Where (1)0 is the potential at the time the particle 
enters the channel 200, the cross-?oW velocity may vary 
With X as 

+1, 

[0100] In deriving this expression, the motion of the 
particle along the channel 200 has been characteriZed in 
terms of the mean residence time of the ?uid. A parameter 
0t of order unity has been introduced to enable optimiZation 
of the scan rate to maXimiZe particle transmission since 
particles Will move at velocities centered about the mean 
velocity Q. Detailed numerical modeling of the How and 
particle transport Within the channel 200 may enable more 
rigorous optimiZation of the transmission and classi?cation. 

[0101] Another embodiment of the cross ?oW classi?er 
may employ a ?eld or cross-?oW velocity that varies With 
position across the channel 200 alloWing particles that 
migrate at different velocities to eXit the channel 200 at 
different heights (assuming the cross ?oW direction is ver 
tical). In one such implementation, the cross ?oW velocity 
variation may be achieved by using a Wedge-shaped channel 
200 in Which the cross ?oW entrance permeable Wall 302A 
is Wider (or narroWer) than that of the cross ?oW eXit 
permeable Wall 302B. Detection of particles according to 
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that position, for example using light scattering and a linear 
array detector, Would thus enable simultaneous detection 
and discrimination of particles With a range of siZes or 
migration velocities. 

[0102] Logical How 

[0103] FIG. 4 is a How chart illustrating the logical ?oW 
for separating particles in accordance With one or more 
embodiments of the invention. Such particles may comprise 
molecules such as charged particles (i.e., ions) or macro 
molecules (that may enable thermophoretic separation). At 
step 402, a sample having one or more particles is intro 
duced in a ?rst direction to a channel 200. The sample 102 
may be a variety of substances in a variety of forms. For 
example, the sample 102 may take the form of an aerosol, 
gas mixture, colloid, suspension of particles in liquid, or 
liquid solution. HoWever, regardless, of the form, to main 
tain a high resolution, one or more embodiments may 
require that the sample ?oW be laminar. The channel 200 has 
tWo or more Walls 302A/302B that are permeable to the How 
of ?uid (liquid or gas). Accordingly, the sample ?oWs 102 
through the channel 200 at step 404. 

[0104] At step 406, a cross-?oW 304 is introduced to the 
channel 200 through one of the permeable Walls 302A/ 
302B. The cross-?oW 304 may also be a variety of sub 
stances in a variety of forms. For example, the cross-?oW 
304 may be a liquid, gas, solid, etc. The cross-?oW 304 exits 
the channel 200 through another of the permeable Walls 
302A/302B. At step 408, an imposed ?eld 306 is applied in 
a second direction that is counter to the cross-?ow 304 and 
having an orthogonal component to the ?rst direction (i.e., 
the direction of How of the sample 102). 

[0105] At step 410, the imposed ?eld 306 causes particles 
in the sample 102 to migrate at a velocity that is opposite 
and/or approximately equal to the velocity of the cross-?oW 
304. Further, the particles remaining in the channel 200 (i.e., 
those particles that migrate opposite and/or approximately 
equal to the cross-?oW 304) are continuously discharged. 
HoWever, it should be noted that a range of migration 
velocities that may not be equal to the cross-?oW may also 
be continuously discharged. Subsequent actions may then 
process and/or use the discharged particles 110. 

[0106] While particles that remain in the How through the 
channel 200 are continuously discharged, various other 
particles may be removed from the ?oW. For example, 
particles that reach the permeable Walls 302A/302B may be 
removed from the How through the channel 200 either by 
deposition on and adhesion to the Walls 302A/302B or by 
passing through the Walls 302A/302B. 

[0107] In addition to above, the sample 102 may be 
pre-processed to enable more ef?cient separation/classi?ca 
tion. For example, to classify ?ne particles, the particles in 
the sample 102 may ?rst be charged and then classi?ed in an 
imposed electric ?eld. Alternatively, larger particles might 
be classi?ed by gravity by altering the angle of inclination 
of the channel 200 (e.g., in a horiZontal or inclined channel 
Wherein the angle of inclination may be used to vary the ?eld 
strength). By altering the angle of inclination, gravitational 
sedimentation may counter an upWard cross-?oW 304 of gas. 
In yet another embodiment, the channel 200 may be oriented 
in a drum that is capable of classifying the particles accord 
ing to the centrifugal forces acting on the particles. Also, the 
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imposed ?eld 306 may be a magnetic ?eld to classify 
magnetic particles. Further, the imposed ?eld 306 may be 
imposed by providing a temperature difference betWeen tWo 
of the channel Walls 302A/302B, Wherein the particles may 
be classi?ed in terms of a thermophoretic migration velocity. 

[0108] Embodiments of the invention are also capable of 
measuring/determining the distribution of particles With 
respect to their migration. In this regard, the concentration of 
discharged particles may be measured. Multiple measure 
ments may be made While stepping a strength of the imposed 
?eld 306 or a rate of the cross-?oW 304 through a range of 
values. Alternatively, the cross-?oW 304 may be continu 
ously scanned. 

[0109] Larger ?oWs of the classi?ed sample may also be 
produced by arranging a one or more additional channels in 
parallel With the ?rst channel 200. In such an arrangement, 
the cross-?oW 304 may pass through both the ?rst channel 
200 and the additional channel(s). Further, to obtain/isolate 
classi?ed particles as a puri?ed sample, the transmitted 
sample be collected. 

CONCLUSION 

[0110] This concludes the description of the preferred 
embodiment of the invention. The folloWing describes some 
alternative embodiments for accomplishing the present 
invention. For example, the samples and particles may be in 
a variety of forms such as aerosol, liquid, or aqueous 
solution. The cross ?oW and/or imposed ?eld may also be in 
a variety of forms including, but not limited to, aerosols, 
liquids, or aqueous solutions. Accordingly, the invention 
may be used to separate/classify a large volume of particles 
and measure the distribution of particles Within a sample 
With respect to their mobility/migration. 

[0111] The foregoing description of the preferred embodi 
ment of the invention has been presented for the purposes of 
illustration and description. It is not intended to be exhaus 
tive or to limit the invention to the precise form disclosed. 
Many modi?cations and variations are possible in light of 
the above teaching. It is intended that the scope of the 
invention be limited not by this detailed description, but 
rather by the claims appended hereto. 

What is claimed is: 
1. A cross-?oW migration classi?er comprising: 

a ?rst channel through Which a sample, having one or 
more particles, passes in a ?rst direction, Wherein the 
?rst channel comprises tWo or more Walls that are 
permeable to a How of ?uid; 

a cross-?oW that enters the channel through one of the 
permeable Walls and exits through another of the per 
meable Walls; 

an imposed ?eld that is applied in a second direction that 
is counter to the cross-?oW and having an orthogonal 
component to the ?rst direction, Wherein the imposed 
?eld causes one or more of the particles to migrate at 
a ?rst velocity opposite and/or equal to a second 
velocity of the cross-?oW, 

Wherein the particles that migrate opposite to the cross 
How are continuously discharged from the cross-?oW 
migration classi?er. 
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2. The cross-?oW migration classi?er of claim 1, wherein 
the one or more particles comprise one or more molecules. 

3. The cross-?oW migration classi?er of claim 1, Wherein 
particles that reach one or more of the permeable Walls are 
removed from a How through the ?rst channel by deposition 
on and adhesion to one or more of the permeable Walls. 

4. The cross-?oW migration classi?er of claim 1, Wherein 
particles that reach one or more of the permeable Walls are 
removed from a How through the ?rst channel by passing 
through one or more of the permeable Walls. 

5. The cross-?oW migration classi?er of claim 1, Wherein 
the sample comprises an aerosol. 

6. The cross-?oW migration classi?er of claim 1, Wherein 
the sample comprises a liquid. 

7. The cross-?oW migration classi?er of claim 1, Wherein 
the sample comprises a liquid solution. 

8. The cross-?oW migration classi?er of claim 1, Wherein 
the sample comprises a gaseous mixture. 

9. The cross-?oW migration classi?er of claim 1, Wherein 
the cross-?oW comprises a liquid. 

10. The cross-?oW migration classi?er of claim 1, 
Wherein the cross-?oW comprises a gas. 

11. The cross-?oW migration classi?er of claim 1, 
Wherein: 

the particles in the sample are charged; and 

the imposed ?eld is an electric ?eld. 
12. The cross-?oW migration classi?er of claim 1, 

Wherein the imposed ?eld is provided by gravity and varied 
by altering an angle of inclination of the ?rst channel. 

13. The cross-?oW migration classi?er of claim 1, 
Wherein the imposed ?eld is provided using centrifugal 
forces in a drum. 

14. The cross-?oW migration classi?er of claim 1, 
Wherein the imposed ?eld comprises a magnetic ?eld. 

15. The cross-?oW migration classi?er of claim 1, 
Wherein: 

the imposed ?eld comprises a temperature difference 
betWeen the tWo Walls; and 

the particles are classi?ed in terms of a thermophoretic 
migration velocity. 

16. The cross-?oW migration classi?er of claim 1, 
Wherein distributions of the particles With respect to migra 
tion are determined by stepping a strength of the imposed 
?eld through a range of values and measuring a concentra 
tion of discharged particles. 

17. The cross-?oW migration classi?er of claim 1, 
Wherein distributions of the particles With respect to migra 
tion are determined by stepping a rate of the cross ?oW 
through a range of values and measuring a concentration of 
discharged particles. 

18. The cross-?oW migration classi?er of claim 1, 
Wherein the cross-?oW is continuously scanned to determine 
a distribution of the particles. 

19. The cross-?oW migration classi?er of claim 1, further 
comprising a second channel arranged in parallel With the 
?rst channel Wherein the cross-?oW pass through the ?rst 
channel and the second channel. 

20. A method for separating particles comprising: 

introducing a sample, having one or more particles, in a 
?rst direction to a ?rst channel, Wherein the ?rst 
channel comprises tWo or more Walls that are perme 
able to a How of ?uid; 
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introducing a cross-?oW to the channel through one of the 
permeable Walls, Wherein the cross-?oW exits through 
another of the permeable Walls; 

applying an imposed ?eld in a second direction that is 
counter to the cross-?oW and having an orthogonal 
component to the ?rst direction, Wherein the imposed 
?eld causes one or more of the particles to migrate at 
a ?rst velocity opposite and/or equal to a second 
velocity of the cross-?oW; and 

continuously discharging the particles that migrate oppo 
site to the cross ?oW. 

21. The method of claim 20, Wherein the one or more 
particles comprise one or more molecules. 

22. The method of claim 20, Wherein particles that reach 
one or more of the permeable Walls are removed from a How 
through the ?rst channel by deposition on and adhesion to 
one or more of the permeable Walls. 

23. The method of claim 20, Wherein particles that reach 
one or more of the permeable Walls are removed from a How 
through the ?rst channel by passing through one or more of 
the permeable Walls. 

24. The method of claim 20, Wherein the sample com 
prises an aerosol. 

25. The method of claim 20, Wherein the sample com 
prises a colloid or suspension of particles in a liquid. 

26. The method of claim 20, Wherein the sample com 
prises a liquid solution. 

27. The method of claim 20, Wherein the sample com 
prises a gas miXture. 

28. The method of claim 20, Wherein the cross-?oW 
comprises a liquid. 

29. The method of claim 20, Wherein the cross-?oW 
comprises a gas. 

30. The method of claim 20, further comprising charging 
the particles in the sample, and Wherein the imposed ?eld is 
an electric ?eld. 

31. The method of claim 20, Wherein the imposed ?eld is 
applied by gravity and varied by altering an angle of 
inclination of the ?rst channel. 

32. The method of claim 20, Wherein the imposed ?eld is 
applied using centrifugal forces in a drum. 

33. The method of claim 20, Wherein the imposed ?eld 
comprises a magnetic ?eld. 

34. The method of claim 20, Wherein: 

the imposed ?eld comprises a temperature difference 
betWeen the tWo Walls; and 

the particles are classi?ed in terms of a thermophoretic 
migration velocity. 

35. The method of claim 20, further comprising stepping 
a strength of the imposed ?eld through a range of values and 
measuring a concentration of discharged particles. 

36. The method of claim 20, further comprising stepping 
a rate of the cross ?oW through a range of values and 
measuring a concentration of discharged particles. 

37. The method of claim 20, further comprising continu 
ously scanning the cross-?oW to determine a distribution of 
the particles. 

38. The method of claim 20, further comprising arranging 
a second channel in parallel With the ?rst channel Wherein 
the cross-?oW pass through the ?rst channel and second 
channel. 
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39. An apparatus for separating particles comprising: 

means for introducing a sample, having one or more 
particles, in a ?rst direction to a ?rst channel, Wherein 
the ?rst channel comprises tWo or more Walls that are 
permeable to a How of ?uid; 

means for introducing a cross-?oW to the channel through 
one of the permeable Walls, Wherein, the cross-?oW 
eXits through another of the permeable Walls; 

means for applying an imposed ?eld in a second direction 
that is counter to the cross-?oW and having an orthogo 
nal component to the ?rst direction, Wherein the 
imposed ?eld causes one or more of the particles to 
migrate at a ?rst velocity opposite and/or equal to a 
second velocity of the cross-?oW; and 

means for continuously discharging the particles that 
migrate opposite to the cross ?oW. 

40. The apparatus of claim 39, Wherein the one or more 
particles comprise one or more molecules. 

41. The apparatus of claim 39, Wherein particles that reach 
one or more of the permeable Walls are removed from a How 
through the ?rst channel by deposition on and adhesion to 
one or more of the permeable Walls. 

42. The apparatus of claim 39, Wherein particles that reach 
one or more of the permeable Walls are removed from a How 
through the ?rst channel by passing through one or more of 
the permeable Walls. 

43. The apparatus of claim 39, Wherein the sample com 
prises an aerosol. 

44. The apparatus of claim 39, Wherein the sample com 
prises a liquid. 

45. The apparatus of claim 39, Wherein the sample com 
prises a liquid solution. 

46. The apparatus of claim 39, Wherein the sample com 
prises a gas mixture. 
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47. The apparatus of claim 39, Wherein the cross-?oW 
comprises a liquid. 

48. The apparatus of claim 39, further comprising means 
for charging the particles in the sample, and Wherein the 
imposed ?eld is an electric ?eld. 

49. The apparatus of claim 39, Wherein the imposed ?eld 
is applied by gravity and varied by altering an angle of 
inclination of the ?rst channel. 

50. The apparatus of claim 39, Wherein the imposed ?eld 
is applied using centrifugal forces in a drum. 

51. The apparatus of claim 39, Wherein the imposed ?eld 
comprises a magnetic ?eld. 

52. The apparatus of claim 39, Wherein: 

the imposed ?eld comprises a temperature difference 
betWeen the tWo Walls; and 

the particles are classi?ed in terms of a thermophoretic 
migration velocity. 

53. The apparatus of claim 39, further comprising means 
for stepping a strength of the imposed ?eld through a range 
of values and measuring a concentration of discharged 
particles. 

54. The apparatus of claim 39, further comprising means 
for stepping a rate of the cross ?oW through a range of values 
and measuring a concentration of discharged particles. 

55. The apparatus of claim 39, further comprising means 
for continuously scanning the cross-?oW to determine a 
distribution of the particles. 

56. The apparatus of claim 39, further comprising means 
for arranging a second channel in parallel With the ?rst 
channel Wherein the cross-?oW pass through the ?rst chan 
nel and second channel. 


