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(57) ABSTRACT 

A radial opposed migration classifier is provided for separat
ing particles in a sample, introducing and removing the par
ticles into and out of the classifier at the same potential. A 
sample passes through a classification channel having two 
circular walls. The sample is introduced and exits the classi
fier through the same plane as the first wall, which is at a 
different potential from the second wall. A cross-flow fluid 
enters the classification channel through one of the walls. The 
cross-flow fluid flows at a first velocity and exits in a first 
direction through the other wall. An imposed field is applied 
on the particles in a second direction counter to the first 
direction of the cross-flow. This causes the particles of a 
desired size and/or charge to migrate at a second velocity 
opposite and/or equal to a first velocity of the cross-flow. The 
particles that travel through the channel are discharged. 
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RADIAL OPPOSED MIGRATION AEROSOL 
CLASSIFIER WITH GROUNDED AEROSOL 

ENTRANCE AND EXIT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefitunder35 U.S.C. Section 
119( e) of the following co-pending and commonly-assigned 
U.S. provisional patent application, which is incorporated by 
reference herein: 

Provisional Application Ser. No. 61/600,409, filed on Feb. 
17, 2012, by Richard C. Flagan et al., entitled "RADIAL 
OPPOSED MIGRATION AEROSOL CLASSIFIER WITH 
GROUNDED AEROSOL ENTRANCE AND EXIT." 

This application is also related to the following commonly
assigned patent and patent applications, which are incorpo
rated by reference herein: 

2 
transition. Parasitic fields resulting from static buildups on 
the dielectric can also further increase losses. Clever instru
ments have been developed that have eliminated the voltage 
transition altogether [10,11], but they have not been widely 

5 adopted; perhaps partially because of the complexity of deter
mining their transfer function [10]. 

Altogether, current mobility classification instruments are 
generally bulky, require expensive blowers or pumps to 
achieve large flow rates, and require an unfavorable voltage 

10 transition at the inlet or outlet that hampers performance and 
transfer efficiency. 

In view of the above, what is needed is a method, apparatus, 
and article of manufacture for continuously separating par
ticles with enhanced transport efficiency and reduced loss of 

15 particles. In particular, there is a need for a method, apparatus, 
and article of manufacture for separating particles that 
reduces the diffusive loss of particles due to factors such as 
voltage transitions and static buildups. 

U.S. Pat. No. 6,905,029, issued on Jun. 14, 2005, by Rich
ard C. Flagan, entitled "CROSS-FLOW DIFFERENTIAL 20 

MIGRATION CLASSIFIER;" and 
SUMMARY OF THE INVENTION 

U.S. patent application Ser. No. 13/768,817, filed on Feb. 
15, 2013, by Richard C. Flagan et al., entitled "OPPOSED 
MIGRATION AEROSOL CLASSIFIER GAS AND HEAT 
EXCHANGER," which claims priority to Provisional Appli
cation Ser. No. 61/600,434, filed on Feb. 17, 2012, by Richard 
C. Flagan et al., entitled "OPPOSED MIGRATION AERO
SOL CLASSIFER GAS AND HEAT EXCHANGER." 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to separating and 

measuring particles and molecules in fluids, and in particular, 
to using a radial cross-flow differential migration classifier to 
separate and/or measure particles. 

2. Description of the Related Art 
(Note: This application references a number of different 

publications as indicated throughout the specification by ref
erence numbers enclosed in brackets, e.g., [x]. A list of these 
different publications ordered according to these reference 
numbers can be found below in the section entitled "Refer
ences." Each of these publications is incorporated by refer
ence herein.) 

For four decades, the long colunm differential mobility 
analyzer (DMA) has been the instrument of choice for the 
classification of aerosol particles in the 10 nm to 1 micron 
range [1]. However, there are currently no particle classifiers 
that are optimal in the sub-10 nm range. One reason is the 
residence time required for a classifier to effectively separate 
the particles. 

The reduction of colunm length and the increase of flow 
rates have led to decreased residence times of samples in a 
classifier. This has enabled custom instruments to classify 
particles and gas ions in the range of 1 to 10 nm, where 
diffusive losses had hampered the performance of standard 
long colunm instruments [2-4]. Reductions in residence time 
have also been obtained by using a radial geometry, which has 
an inwardly accelerating flow [5-9]. 

The invention provided herein has a number of embodi
ments useful, for example, in separating and measuring par
ticles and molecules in fluids. According to one or more 

25 embodiments of the present invention, a radial opposed 
migration aerosol classifier (ROMAC) is provided for sepa
rating and/or measuring particles and molecules in fluids. 

In one aspect of the present invention, a radial opposed 
migration classifier is provided. The radial opposed migration 

30 classifier comprises a classification channel through which 
passes a sample, comprising one or more particles suspended 
within a sample fluid. The classification channel comprises a 
first circular wall and a second circular wall that are both 
permeable to a flow of fluid. The radial opposed migration 

35 classifier also comprises a flow distributor channel for intro
ducing the sample into the classification channel. In one or 
more embodiments, the flow distributor channel comprises a 
narrowing gap leading into the classification channel. In one 
or more further embodiments, the sample is introduced tan-

40 gentially into the flow distributor channel. 
A cross-flow fluid enters the classification channel through 

one of the permeable circular walls. The cross-flow fluid 
flows at a first velocity and exits in a first direction through the 
other permeable circular wall. Additionally, an imposed field, 

45 including but not limited to an electric, magnetic, thermal, or 
gravitational field, is applied on the one or more particles in a 
second direction counter to the first direction of the cross
flow. The imposed field causes the one or more of the particles 
of a desired size and/or charge to migrate at a second velocity 

50 opposite and/or equal to a first velocity of the cross-flow. The 
particles that travel through the channel are discharged from 
the radial opposed migration classifier. 

In one or more embodiments, the flow distributor channel 
introduces the sample into the classification channel in the 

55 same plane as the first circular wall. Furthermore, the par
ticles that travel through the channel are discharged through a 
central outlet on the first circular wall. 

However, in addition to residence time, another important 60 

consideration for mobility classifying instruments is its trans
port efficiency, which is the actual number of particles trans
mitted divided by the number of particles transmitted if there 
were no diffusive losses. A major cause for losses is the 
unfavorable field arising from the voltage transition that 65 

nearly all DMAs share [6]. The charged particles have an 
increased residence time in the neighborhood of the voltage 

In further embodiments, the imposed field is an electric 
field. Particles are introduced into the classification channel 
through an entrance at an electric potential and discharged 
from the radial opposed migration classifier through an exit at 
the same electric potential. In one exemplary application, the 
particles are discharged at an electrical ground voltage. 

In other embodiments, the discharged particles that travel 
through the channel are classified based on a property of the 
discharged particles, including but not limited to a size, mass 
or charge of the discharged particles. In additional embodi-



US 9,095,793 B2 
3 

ments, distributions of the particles with respect to a property 
of the particles are determined by stepping a strength of the 
imposed field through a range of values and measuring a 
concentration of the discharged particles. In other embodi
ments, distributions of the particles with respect to a property 
of the particles are determined by stepping a rate of the cross 
flow through a range of values and measuring a concentration 
of the discharged particles. 

4 
FIGS. 14(a)-(d) are a series of graphs showing the detec

tion of bovine ubiquitin at various charge states (i.e. +5, +6, 
+7,+8); 

FIG. 15 is a table illustrating the collisional cross-section, 
Q,, as well as the comparison to literature values of the vari
ous peptides, bradykinin (BK), angiotensin I (AT!), angio
tension II (AT2), and bovine ubiquitin (UB); 

FIGS. 16(a)-(h) illustrate the separation by ion mobility
mass spectrometry of model peptide isomers AARAAATAA 

BRIEF DESCRIPTION OF THE DRAWINGS 10 vs. AATAAARAA and of AARAAHAMA vs. 

Referring now to the drawings in which like reference 
numbers represent corresponding parts throughout: 

FIGS. lA-C illustrates various perspective views of an 
assembled radial migration aerosol classifier (ROMAC) in 15 

accordance with one or more embodiments of the invention. 
FIG. lA is a perspective view of a 2-plane sectional cut of a 
radial opposed migration aerosol classifier (ROMAC). FIG. 

AARAAMAHA, as separated by the ROMIAC. FIGS. l6(a
b, e-j) shows the separation with no 2,2,6,6-Tetramethylpip
eridin-1-yl)oxyl (TEMPO) tag attached. FIGS. 16(c-d, g-h) 
shows the separation with TEMPO tagged on the peptides. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following description, reference is made to the lB is a cross-sectional side view of an assembled RO MAC. 
FIG. lC is a photograph of an assembled RO MAC; 

FIG. 2 illustrates a revolved volume of the classification 
region of a radial opposed migration aerosol classifier (RO
MAC) in accordance with one or more embodiments of the 
invention; 

20 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 embodiments 
may be utilized and structural changes may be made without 
departing from the scope of the present invention. 

FIG. 3 illustrates a classification region of a radial opposed 
migration aerosol classifier (ROMAC) in accordance with 
one or more embodiments of the invention; 

25 Overview 
Opposed migration aerosol classifiers (OMAC) [5] and 

related inclined grid mobility analyzers (IGMA) [11] scale 
favorably in their performance relative to DMAs. OMACs in 
particular can be made much more compact than DMAs and 

FIG. 4 is a flow chart illustrating a logical flow for sepa
rating/classifying particles in a fluid sample in accordance 
with one or more embodiments of the invention; 

FIG. 5 illustrates a radial opposed migration aerosol clas
sifier (ROMAC) in accordance with one or more embodi
ments of the invention; 

30 can also classify a broader range of particle diameters than a 
DMA for fixed flows [12]. For example, a planar-geometry 
OMAC has been found to be able to differentiate between a 
bi-disperse mixture of 1.47 nm tetraheptylanimonium mono-

FIG. 6 illustrates an electric potential field distribution 
model of a solution flowing through a section of a radial 35 

opposed migration aerosol classifier (ROMAC) in accor
dance with one or more embodiments of the invention; 

FIG. 7 illustrates a fluid velocity field distribution model of 
a solution flowing through a section of a radial opposed 
migration aerosol classifier (OMAC) in accordance with one 40 

or more embodiments of the invention; 
FIG. 8 illustrates a particle trajectories simulation model of 

mer ions and 1.78 nm tetraheptylanimonium dimer ions, with 
a resolving power of 4. 

The OMAC was conceived of as a planar device, and 
implementations of the related IGMA have all been planar. 
However, for planar OMACs, some difficulty has been found 
in obtaining satisfactory internal seals around the rectangu
lar-shaped porous media (i.e., frits, screens) that distribute the 
cross-flow and serve as the electrodes. Additionally, consid-
erable particle losses have been found in the inlet and outlet 
regions, on either end of the classification region, owing to the 
presence of an imposed field without a counteracting cross-

a solution flowing through a section of a radial opposed 
migration aerosol classifier (ROMAC) in accordance with 
one or more embodiments of the invention; 

FIG. 9 illustrates a particle transfer simulation model of a 
solution flowing through a section of a radial opposed migra
tion aerosol classifier (ROMAC) in accordance with one or 
more embodiments of the invention; 

45 flow at these regions. These complications have prevented the 
instrument from realizing its full potential. 

FIG. 10 illustrates a schematic of a system setup using the 50 

radial opposed migration ion/aerosol classifier (ROMIAC) 
for ion mobility-mass spectrometry, in accordance with one 
or more embodiments of the invention; 

FIGS. ll(a)-(b) illustrate a 2-part calibration of a radial 
opposed migration ion/aerosol classifier (ROMIAC). FIG. 55 

ll(a) is a graph depicting the instrument calibration with 
tetraalkylammonium halides (TAAX), which was not 
affected by carrier gas contaminants and/or analyte surface 
concavities. FIG. ll(b) is a graph depicting the mobility 
calibration with peptides, which was affected by carrier gas 60 

contaminants and/or analyte surface concavities; 
FIG. 12 is a table detailing the mobility of various TAAX 

multimers successfully classified with the ROMIAC; 
FIGS. 13(a)-(n) are a series of graphs showing the detec

tion ofbradykinin, angiotensin I, and angiotensin II at various 65 

electro spray ionization chamber carrier gas temperatures (i.e. 
298K and 400K) and charge states (i.e. +1, +2, +3); 

The innovative design features of the radial opposed migra-
tion classifier provided herein overcome these complications. 
In particular, the radial opposed migration classifier 
addresses the unanticipated difficulties with the fluid flow and 
electrical field associated with a planar geometry, particularly 
the unfavorable voltage transitions at the inlet and outlet 
regions. In one aspect, the radial geometry provides a reduc
tion in the residence time of the particles within the system. In 
other aspects, the inlet and outlet edge effects and diffusive 
losses are considerably smaller for a radial geometry when 
compared to a planar geometry. 

In one or more embodiments, both the sample inlet from 
the flow distributor channel ("race track") and the outlet/ 
classified sample exit are located on the same side of the 
upper plane of the classification region. In one or more 
embodiments, the radial opposed migration classifier is a 
radial opposed migration aerosol classifier (ROMAC) for 
separating and/or measuring particles in an aerosol. In an 
exemplary application, the RO MAC allows for aerosol intro
duction and collection at the same wall/plane. Conventional 
mobility analysis (e.g. DMA) relies on differential displace-
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ment of particles in an electrical field, and thus most initial 
DMA instrument designers were inclined to locate the aero
sol inlet and classified outlet at locations with different poten
tials. Systems and methods are provided herein where the 
aerosol is introduced and collected at the same potential, 5 

which in one exemplary application is at electric ground 
voltage for safety reasons. This enhances transport efficiency 
over alternatives that achieve aerosol classification using a 
sample inlet and outlet at different voltages. 

It should be noted that even though a radial opposed migra- 10 

tion aerosol classifier (ROMAC) is used to describe various 
embodiments of the invention as follows, the radial opposed 
migration classifier provided herein may be used to separate 
and measure particles contained in any fluid, including liq
uids (e.g. colloids or suspensions) and other gases (e.g. atmo- 15 

spheric ultrafine particles), and using any kind of field (e.g. 
electric, magnetic, thermal, or gravitational). 
Details of the Radial Opposed Migration Classifier 

FIGS. lA-C provide examples of a general structure of a 
radial opposed migration classifier. FIG. lA shows a perspec- 20 

tive view of a 2-plane sectional cut of an assembled RO MAC 
system 100 in accordance with one or more embodiments of 
the invention. A top lid 110, a bottom lid 128, and a side case 
118 form an outer enclosure for the system 100. FIG. lB 
shows a cross-sectional side view of the assembled ROMAC 25 

system 100. FIG. lC is a photograph of an assembled 
ROMAC. The modular assembly of the ROMAC allows for 
fine control of key geometric parameters. 

A classification region, similar to the classification channel 
218 illustrated in FIG. 2 and classification channel 302 illus- 30 

trated in FIG. 3, is created by a knife edge top 102, knife edge 
bottom 104, variable gap spacer 106, bottom base 108, and 
conductive, porous circular screens 140and142 respectively 
stretched across top screen holder 116 and bottom screen 
holder 120. An embroidery hoop-inspired method may be 35 

used for stretching a conductive porous screen/electrode. The 
thickness dimension of variable gap spacer 106 may be 
adjusted to change the space between the knife edge top 102 
and bottom base 108. A top screen holder 116 and a bottom 
screen holder 120 are used to hold respective top and bottom 40 

permeable circular walls/screens 140 and 142, such as 
stretched stainless steel mesh. A top frit 114 and bottom frit 
122 serve to laminarize the cross-flow before it enters the 
classification region. The top frit 114 is held in place and may 
be positionally adjusted within the system 100 by a threaded 45 

frit spacer 112. Similarly, bottom frit 122 is held in place and 
may be positionally adjusted within the system 100 by a 
bottom frit spacer 124. 

Additionally, the top frit 114, threaded frit spacer 112, and 
top lid 110 all include respective central openings 134, 136, 50 

and 138 for a central outlet tube 144 to pass through and rest 

6 
holder 116 are at electrical ground. Side case 118, variable 
gap spacer 106, and bottom lid 128 are electrical insulators. 
Bottom base 108, bottom screen holder 120, bottom frit 122, 
bottom frit spacer 124, variable gap compensator spacer 126, 
and the conductive circular screen 142 stretched across bot
tom screen holder 120 are at a non-groundelectrical potential. 
A post 146 extends from variable gap compensator spacer 
126 through bottom lid 128 and serves as a means to apply a 
non-ground electric potential. 

FIG. 2 is an illustrative diagram ofhow a sample 200 would 
traverse the interior sample volume of a ROMAC 202. 
RO MAC volume 202 has an inlet port 204 and outlet port 206 
for a sample 200, such as polydisperse, positively charged 
aerosol, and an inlet port 208 and outlet port 210 for a vapor
free cross-flow 212. The aerosol inlet port 204 of the RO MAC 
volume 202 would receive the sample 200, which would enter 
a flow distributor charmel 214 ("racetrack"). Typically, the 
flow distributor charmel 214 forms a ring or "racetrack" that 
is concentric to the circular walls 220, 222. In one or more 
embodiments, the sample 200 enters the flow distributor 
channel 214 tangentially. The tangential introduction of 
sample 200 to the flow distributor charmel 214 reduces par
ticle loss by impaction, as well as assists in uniform sample 
distribution in a radial manner. Due to the pressure difference 
between the racetrack 214 and the sample outlet 206, the 
sample 200 will be uniformly and radially drawn toward the 
center outlet port 206 through a narrow knife edge gap 216. 
After passing through the narrow knife edge gap 216, the 
sample 200 is now in the classification region 218, where only 
the particles that are balanced by both the drag and imposed 
field forces imparted on them will successfully traverse the 
classification region 218 and exit the ROMAC volume 202 
through the central outlet port 206. 

The aerosol inlet port 204 may be open to ambient fluid or 
be connected to an apparatus that would provide the sample 
200, such as a reaction chamber, electrospray ionization 
chamber, or nebulizer. The aerosol outlet port 206 may be 
connected to an apparatus that would provide negative pres
sure, such as a condensation nuclei counter pulling a vacuum. 
The cross-flow inlet port 208 may be connected to an appa
ratus that would provide vapor-free clean air at a controlled 
temperature and flow rate, while the cross-flow outlet port 
210 may be connected to a vacuum that would result in a 
matched flow rate to the cross-flow inlet 208. In one or more 
embodiments, the upper circular wall 220 of the classification 
region is at electrical ground voltage, while the bottom circu
lar wall 222 of the classification region is at a high positive 
voltage. 
Details of the Classification Region of the Radial Opposed 
Migration Classifier 

FIG. 3 is an illustrative diagram of how particles in a fluid 
sample are separated/classified in the classification region of 
a radial opposed migration classifier in accordance with one 
or more embodiments of the present invention. A particulate-

on the circular screen 140 stretched across top screen holder 
116. The central outlet tube 144 is connected to the classifi
cation region and provides a negative pressure that allows 
particles that are balanced by both the drag and imposed field 
forces to be discharged from the system 100 through the 
central outlet tube 144. 

A flow distributor channel 130 includes a narrowing gap 
132, similar to the narrow knife gap 216 illustrated in FIG. 2, 
which leads to the classification region. The narrowing gap 
132 is created by the knife edge top 102 and knife edge 
bottom 104. 

55 laden fluid sample 300 is pumped or injected into a classifi
cation channel 302 from a tangential inlet port 304, similar to 
the aerosol inlet port 204 in FIG. 2. A pressure difference 
between the inlet/entrance 304 (i.e. where the sample is 
injected) and outlet/exit 306 (i.e. where the sample is dis-

In one or more embodiments, top lid 110, knife edge top 
102, knife edge bottom 104, top screen holder 116, top frit 
114, threaded frit spacer 112, and the outlet tube 144 that 
passes through central openings 134-138 and rests on the 
conductive circular screen 140 stretched across top screen 

60 charged) regions of the classification channel 302 causes the 
sample 300 to flow in one direction through classification 
channel 302. The particulate-laden sample 300 may be a 
polydisperse sample (i.e. comprising particles of various size, 
shape, and/or mass) or may be a monodisperse sample (i.e. 

65 comprising particles of uniform size, shape, and/or mass). 
FIG. 3 shows, for example, a polydisperse sample 300 com
prising particles of various sizes, 318, 320, and 322. 
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The sample 300 travels between two circular walls 308 and 
310 of classification channel 302 that are permeable to the 
flow of gases or liquids. The permeable circular walls 308 and 
310 may include filters that can capture particles or may be 
made of a mesh, screen, foam, frit, honeycomb, or porous 5 

material (e.g., a porous metal such as sintered metal) that 
allows particles to pass through it. 

that migrate at a higher or lower velocity than the velocity of 
the cross-flow 312 are transmitted to one of the circular walls 
308 or 310. These particles 318-322 are lost through the 
circular walls 308/310 or may be disposed of, for example by 
deposition on and adhesion to the circular walls 308/310. 

FIG. 3 illustrates a polydisperse sample 300, comprising 
particles 318, 320, and 322 of varying sizes that migrate at 
different velocities, which result in varying mobility separa
tions. By adjusting the cross-flow velocity and the imposed 

A fluid cross-flow 312 enters the classification channel 302 
through a circular wall 310, and exits through the opposing 
circular wall 308. The fluid cross-flow 312 may be a gas or 
liquid and imparts a drag force 314 (F d) on the particles 
suspended within the sample fluid. The drag force 314 is 
strong enough to potentially cause all the particles in sample 
300 to be lost by passing through the circular wall 308 or by 
deposition onto the circular wall 308. 

10 field, a particle of a desired size 320 will remain in the clas
sification channel 302 while the other particles 318 and 322 
are removed. Specifically, a smaller particle 322 exits the 
classification channel 302 through circular wall 310 and a 
larger particle 318 exits through circular wall 308, while a 

15 particle of the desired size 320 exits through the outlet region 
306 of classification channel 302. In other embodiments, for 
example when the imposed field is gravity-based, the respec
tive directions oflarger and smaller particles 318 and 322 are 

In one or more embodiments, the cross-flow 312 is at a 
desired temperature predetermined by a user. As the cross
flow fluid 312 replaces the sample fluid by forcing the sample 
fluid out of the channel 302 through the opposing wall 308, 
the predetermined temperature of the cross-flow 312 rapidly 20 

replaces and changes the temperature of the sample and its 
particles. 

opposite of that for an imposed electric field. 
Note however, that for the particle 320 to reach the outlet 

306 of the classification channel 302, the velocity of the cross 
flow 312 need not be exactly equal and opposite the particle 
migration velocity caused by the imposed field. Particles 
318-322 subject to slightly unbalanced counteracting veloci-

In one or more further embodiments, the cross-flow 312 is 
vapor-less. By forcing the sample fluid out of the channel 302 
through opposing wall 308, a sample fluid that includes trace 
vapors is replaced with a cross-flow fluid 312 that is vapor
less. Thus, any trace vapors that are introduced when the 
sample 300 is injected into the channel 302 are removed/ 
replaced with the vapor-less cross-flow. 

Additionally, an imposed field imparts a force 316 counter 
to the drag force 314. The imposed field can take several 
forms. For example, the particles 318-322 may be first 
charged or may already carry a charge and the imposed field 
may be an electric field that causes the particles 318-322 to 
move counter to the cross-flow 312. 

Likewise, the imposed field may be a magnetic field that is 
imposed on magnetic particles. In another example, the clas
sification channel 302 is horizontal or inclined at an angle so 
that gravitational sedimentation counters an upward cross
flow. The classification channel 302 may also be arranged in 
a drum and spun so that centrifugal forces are imposed on the 
particles 318-322. Temperature differences between the two 
circular walls 308 and 310 may also be used to create a 
thermophoretic migration of the particles 318-322 that is 
counter to the cross-flow 312. 

In one or more embodiments, as illustrated in FIG. 3, the 
imposed field is an electric field created by a conductive 
circular wall 310 at a high voltage and a conductive circular 
wall 308 at ground voltage. The voltage difference imparts an 
electric force (Fe) 316 on the particles 318-322 in a direction 
that is counter and opposite to the drag force 314. Depending 
on certain properties/characteristics of the particles 318-322, 
such as the size, shape, and/or mass, the electric force 316 will 
cause each particle 318-322 to migrate at a specific velocity 
towards circular wall 310. 

Due to the advective flow of the sample 300 through clas
sification channel 302, particles 318-322 of a certain prop
erty/characteristic (e.g. size, shape, mass, charge) that are 
substantially balanced by the drag force 314 and the force 316 
created by the imposed field will traverse the classification 
region, while particles 318-322 that are different and subject 
to unbalanced forces will impact one of the circular walls 3 08 
or 310. In other words, if the cross-flow 312 velocity is 
exactly equal but opposite to the migration velocity of the 
particles 318-322 due to the imposed field, the particles 318-
322 will remain entrained in the sample and be carried 
straight though classification channel 302. Particles 318-322 

25 ties may still successfully traverse the classification channel 
302 due to the finite length of classification channel 302. 
Particles 318-322 migrating at a velocity that is sufficiently 
close to and opposite the cross-flow 312 may possibly remain 
entrained in the sample 300 for a sufficient amount of time to 

30 travel through classification channel 302 and be discharged 
before impacting circular wall 3 08 or 310. Thus, the diameter 
324 of the classification channel 302 may be changed depend
ing on the desired level of specificity for particles 318-322 of 
particular properties/characteristics (e.g., size, shape, mass, 

35 charge). Successful particle travel through a classification 
channel 302 with a longer diameter would require more bal
anced counteracting forces on the particle 318-322, which 
means a smaller range of variability in the properties/charac
teristics (e.g., size, shape, mass, charge) of the particles 318-

40 322 discharged. On the other hand, successful particle travel 
through a classification channel 302 with a shorter diameter 
would require less balancing of the counteracting forces on 
the particle 318-322, which means a greater range of variabil
ity in the properties/characteristics (e.g., size, shape, mass, 

45 charge) of the particles 318-322 discharged. 
The sample 300 comprising classified particles 318-322 of 

a certain property is continuously discharged from classifica
tion channel 302 as a classified sample flow 326. The cross
flow 312 exiting through circularwall 308 or the sample flow 

50 326 exiting the classification channel 302 through outlet 306 
may be analyzed or scanned continuously to determine par
ticle property/characteristic (e.g., size, mass, charge) distri
butions. For example, knowledge of the particle size depen
dence for migration velocity or mobility and the strength of 

55 the cross-flow 312 and the imposed field would enable a 
determination of the particle size distributions. 

In embodiments of the invention, the distribution of par
ticles with respect to the appropriate migration (electro
phoretic for charged particles in an electric field, magneto-

60 phoretic for magnetic particles in a magnetic field, 
thermophoretic in the presence of a temperature gradient, 
sedimentation for gravitational separations) can be deter
mined by stepping either the imposed field strength, or the 
cross-flow 312 rate through a range of values, and measuring 

65 the concentration of particles 318-322 that is transmitted (i.e., 
particles 318-322 that exit the classification channel 302 in 
the classified-sample flow 326). Accordingly, the migration 
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for the particles 318-322 in the sample flow may be deter
mined by slowly increasing/decreasing the cross-flow 312 or 
the imposed field in a stepwise fashion while measuring the 
particle concentration in the classified-sample flow 326. 

10 
first and second permeable circular walls 514, 516 are used to 
laminarize the cross-flow 518 before it enters the classifica
tion channel 510. 

At block 408, an imposed field is applied in a second 
direction that is counter to the first direction of the cross-flow 
518. In one or more embodiments, the direction of the 
imposed field is orthogonal to the direction of the flow of the 
sample particles 502 through classification channel 510. The 
imposed field causes the targeted particles 502 in the sample 

In addition, if the particles 318 and 322 are allowed to 5 

migrate through the circular walls 308 and 310, provision 
may be taken to remove the particles 318 and 322 from the 
cross flow 312 so that the cross-flow 312 can be re-circulated. 
Such provisions may include filtration of the cross-flow 312 
after it exits the classification channel 302. 10 to migrate at a velocity that is opposite and/or equal in mag

nitude to the velocity of the cross-flow 518. Therefore, as the 
cross-flow 518 forces the sample fluid 504 to exit along with 
it through the permeable circular wall 514, the particles 502 
that are balanced by the imposed field and cross-flow 518 

Logical Flow 
FIG. 4 is a flow chart illustrating a logical flow 400 for 

separating/classifying particles in a fluid sample in accor
dance with one or more embodiments of the invention as 
shown in FIG. 5. At block 402, a sample 500, comprising one 
or more particles 502 suspended within a sample fluid 504, is 
introduced into a flow distributor channel 506 which subse
quently introduces the sample 500 into a classification chan
nel 510. The sample 500 may be a variety of substances in a 
variety of forms. For example, the sample 500 may take the 
form of an aerosol, gas mixture, colloid, suspension of par
ticles in a fluid, or liquid solution. Furthermore, the sample 
500 may be a polydisperse sample (i.e. comprising particles 
of various size, shape, and/or mass) or may be a monodisperse 
sample (i.e. comprising particles of uniform size, shape, and/ 
or mass). The sample 500 may also include trace vapors that 
are also introduced when the sample 500 is introduced (e.g. 
injected or pumped) into the flow distributor 506 and/or clas
sification channel 510. 

15 remain within the classification channel 510 and are retained 
in the sample 500. For particles where the imposed field 
subjects a force that is not equal to the cross-flow, the particles 
will move in an overall direction towards one of the perme
able circular walls 514, 516 rather than remain between the 

20 circular walls 514, 516. In one or more embodiments, as 
shown in FIG. 5, a dielectric 520 creates an electric potential 
by having the conductive circular wall 514 be at electrical 
ground voltage 522 and conductive circular wall be at a high 
voltage 524. This results in an electric force 526 on the par-

25 ticles 502. 

An inlet port first receives the sample 500, which then 30 

enters the flow distributor channel 506. In one or more 

At block 410, the particles 502 remaining in the classifica
tion channel 510 (i.e., those particles whose field migration 
velocity is opposite and equal to the cross-flow velocity) are 
discharged through the central outlet port 512. It should be 
noted that the particles 502 may migrate within a range of 
migration velocities that may not be exactly equal to the 
cross-flow 518 but still travel through the classification chan
nel 510 and be discharged. 

Subsequent actions may then process and/or use the dis-

embodiments, the sample 500 is introduced tangentially into 
the flow distributor channel 506. In one or more further 
embodiments, the flow distributor channel 506 comprises a 
narrowing gap 508 leading into the classification channel 
510. Due to a pressure difference between the flow distributor 
channel 506 and the sample outlet 512, the sample 500 is 
uniformly drawn and/or pushed from the flow distributor 
channel 506 into the classification channel 510 through the 
narrowing gap 508. 

35 charged particles 502. In one or more embodiments, the dis
charged particles 502 may be collected as a classified and/or 
purified sample. In one or more other embodiments, the dis
charged particles 502 that travel through the classification 
channel 510 are classified based on a property of the dis-

40 charged particles 502, for example a size, mass or charge of 
the discharged particles 502. At block 404, the sample 500 is introduced to the classifi

cation channel 510 through the flow distributor channel 506 
and flows through the classification channel 510. The classi
fication channel 510 has a first circularwall 514 and a second 
circular wall 516 that are both permeable to a flow of fluid 
(liquid or gas). The pressure difference between the inlet/ 
entrance region (i.e. where the sample 500 is introduced by 
the flow distributor channel) and outlet/exit region (i.e. cen
tral outlet port 512 where the sample 500 is discharged) of the 
classification channel 510 causes the sample 500 to flow in 50 

one general direction through the classification channel 510 
(i.e. radially drawn towards the center or axis of revolution 
530 of the permeable circular walls 514 and 516). In one or 
more embodiments the sample flow is laminar. In one or more 
other embodiments, the classification channel 510 is part of a 55 

classification region of a radial opposed migration aerosol 
classifier (ROMAC). 

While particles 502 that remain in the flow through the 
classification channel 510 are discharged, various other par
ticles may be removed from the flow. For example, particles 

45 that reach the permeable walls 514, 516 may be removed from 
the flow through the classification channel 510 either by 
deposition on and adhesion to the walls 514, 516 or by passing 
through the walls 514, 516. 

At block 406, a cross-flow fluid 518 is introduced to the 
classification channel 510 through one of the permeable cir
cular walls 516. This results in a drag force 528 on the sample 60 

500 and particles 502. The cross-flow 518 may also be a 
variety of substances in a variety of forms. For example, the 
cross-flow 518 may be a liquid, gas, or comprise solids sus
pended in a fluid, etc. The cross-flow 518 flows at a first 
velocity and exits in a first direction through the other perme- 65 

able circular wall 514. In one or more embodiments, a top frit 
114 and/or a bottom frit 122 respectively above and below the 

It should be noted that the functions noted in the blocks 
may occur out of the order noted in FIG. 4. For example, in 
one or more embodiments, blocks 406 and 408 which are 
shown in succession may in fact occur concurrently/in paral
lel. In other embodiments, due to the positioning of the cross
flow 518, blocks 406 and 408 may occur in the reverse order, 
where the particles 502 are subject to the imposed field before 
coming into contact with the cross-flow 518. 
Illustrative Models and Simulations 

As illustrative examples, the invention was modeled as a 
radially symmetric space similar to the RO MAC 202 depicted 
in FIG. 2 in COMSOL™ Multiphysics 4.1 TM to obtain values 
for fluid properties, fluid flows, and electric fields in the 
region of the RO MAC through which aerosol particles will 
flow through. The electric potential solution is shown in FIG. 
6 and the combined sample and cross-flow fluid velocity 
magnitude solution is shown in FIG. 7. More specifically, 
FIG. 6 illustrates that the introduction region 602, similar to 
flow distributor channel 506 in FIG. 5, wall 604, similar to 
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permeable circular wall 514 in FIG. 5, and outlet 606, similar 
to central outlet port 512 in FIG. 5, are at ground potential, 
whilewall 608, similar to permeablecircularwall 516 in FIG. 
5, is at some non-ground potential. Wall 610 represents a 
dielectric spacer, similar to dielectric 520 in FIG. 5, which 5 

separates walls 604 and 608, allowing for a potential field to 
exist in classification region 612, similar to classification 
region 510 in FIG. 5. Additionally, FIG. 7 shows that the high 
flow velocity regions are in the knife edge gap and sample 
outlet, similar to knife edge gap 508 and sample outlet 512, 10 

respectively, in FIG. 5. This is due to a pressure difference 
between sample outlet 512 and flow distributor channel 506 
that draws the sample from the flow distributor channel 506 
toward the sample outlet 512. The sample thus flows radially 

15 
inward toward the sample outlet 512, in a direction that is 
orthogonal to the potential field in FIG. 6. 

12 
it. This is important due to the persistent 1-2 nm cluster mode 
in the background atmosphere and because particle formation 
takes place below 3 nm [13]. 

In an exemplary application, ion mobility spectrometry 
was performed with a radial opposed migratory ion/aerosol 
classifier (ROMIAC) to demonstrate the ability of the 
ROMIAC in separating particles in the sub-10 nm regime. 
Even though no condensation particle counters (CPC) were 
available to detect 1 nm particles and no polystyrene latex 
(PSL) standards were that small, there still existed other size 
standards (and quasi-standards) that could be detected with a 
mass-spectrometer, in this instance, tetraalkylammonium 
halides (TAAX) and peptides. 

FIG. 10 illustrates a schematic of a radial opposed migra
tion ion/aerosol classifier (ROMIAC) system in accordance 
with one or more embodiments of the invention. More spe
cifically, the schematic of FIG. 10 shows an experimental 
set-up of a system 1000 used to separate/classify particles. 

An inert nitrogen gas 1002 (N 2 ) is used as both the sample 
fluid and the cross-flow fluid. For the sample fluid, nitrogen 
gas 1002 passes through a regulator 1004 which has a critical 
orifice 1006 leading to a filter 1008. The filter 1008 removes 
any undesired particulates in the nitrogen gas 1002. A syringe 
1010 with solution containing the analytes of interest is used 

The COMSOL™ solutions were then used as inputs for a 
MATLAB™ script developed to simulate the trajectories of 
particles of a particular size when released into the RO MAC 20 

aerosol space. The trajectories used inputs of fluid velocity, 
density, viscosity, temperature, and electric potential to simu
late the movement of particles in finite time steps. In addition, 
the diffusional movement of the particles was simulated as 
well. 25 to transport the solvated analyte to an electro spray ionization 

(ESI) spray chamber 1012, which disperses the analyte as a 
charged, fine aerosol, benefiting from the additional nebuli
zation by the inert nitrogen gas 1002. A pressure transducer 
1014 measures the flow rate of the sample aerosol passing 

FIG. 8 illustrates a simulation of 100 nm particles travers
ing the ROMAC at a voltage that was predicted to yield the 
maximum transmission of particles through the classification 
region. The aerosol flowrate was set at 0.1 !pm, cross-flow 
rate at 0.3 !pm, temperature at 298 K, and voltage at 440 V. 
The results demonstrate the feasibility of the invention, as the 
numerical simulations were executed with well-reputed soft
ware and relied on the established knowledge of mechanisms 
of particle movement. In addition, FIG. 8 demonstrates that 
the use of a sample inlet and outlet at the same electric 
potential greatly reduces particle losses, since 400 out of 462, 

30 through a laminar flow element 1016, where it is then intro
duced into the ROMIAC 1018. Additionally, inert nitrogen 
gas 1002 (N 2 ) passes through a regulator 1004 and is control
lably released by a proportioning solenoid value 1020. After 
being filtered by filter 1008, the nitrogen gas 1002 is intro-

35 duced into the ROMIAC 1018 as the cross-flow. 

or 87%, simulated particles were transmitted through the 
RO MAC. FIG. 8 shows a reduction of particle diffusion to the 
walls of the classification region that would otherwise result 40 

from unfavorable voltage transitions that occur in nearly all 
other DMA designs. 

The type of simulation illustrated in FIG. 8 was repeated at 
various voltages to obtain a predicted transfer function (FIG. 

After the separation process as described above, the 
desired particles are discharged from the ROMIAC 1018 due 
to the pressure difference created by vacuum 1024. A pressure 
transducer 1014 measures the flow rate of the classified aero
sol passing through a laminar flow element 1016 prior to 
being introduced to a mass spectrometer 1022. The cross-
flow also exits the ROMIAC 1018 and passes through a criti
cal orifice 1006 where it is pumped by pump 1026 to a 
vacuum 1028. The flow rates measured by pressure transduc
ers 1014 are balanced by adjusting regulator 1004 until the 
pressure transducers 1014 report the same flow rate values. 
Due to critical orifice 1006, it can be assured that the cross
flows entering and exiting ROMIAC 1018 are balanced as 
well. 

As illustrated in FIG. 11, a 2-part calibration was first 
performed [15]. FIG. ll(a) is a graph depicting the instru
ment calibration with TAAX [16], which was not affected by 
ESI solvent contaminants or analyte surface concavities. FIG. 
11( a) shows a relatively linear relationship between the peak 
signal voltage and the inverse mobility of the analyte. FIG. 
ll(b) is a graph depicting the mobility calibration with pep-
tides [17,18], which was affected by ESI solvent contami
nants or analyte surface concavities. FIG. ll(b) shows a rela
tively linear relationship between collisional cross-section 

9) for the ROMAC in the case of 100 nm particles at an 45 

aerosol flow rate of0.1 lpm, a cross-flow rate of0.3 !pm, and 
temperature of 298 K. The vertical line in FIG. 9 is the 
theoretical voltage that would result in a balance of the drag 
force and electric force imparted on the particles (which 
would result in maximum transmission, i.e. 100% transmis- 50 

sion of the particles). The peak of the simulated transfer 
function is in very good agreement with the theoretical volt
age for 100% transmission. The resolution of the RO MAC in 
this simulation is estimated to be roughly 3, which compares 
favorably to the maximum theoretical non-diffusive resolu- 55 

tion of 3. Thus, FIG. 9 also shows that the introduction and 
extraction of the sample from an inlet and outlet at the same 
electric potential greatly reduces diffusive particle losses that 
would otherwise degrade the resolution from the maximum 
theoretical non-diffusive resolution. 60 and a relational coefficient ~ (which is a grouping of variables 

relating to analyte mass, charge, and temperature in the 
Mason-Schamp equation). 

Illustrative Experimental Results and Discussion 
Ion Mobility Spectrometry: Exemplary Application of the 
ROMIAC 

TSI™ classic DMAs are able to classify particles in the 
range of 10-1000 nm. Even TSI™ nano-DMAs only have a 
range of 2-150 nm. Thus, there is a need for a particle classi
fier that is optimal in the sub-10 nm regime, not just touching 

FIG. 12 is a table detailing the mobility of various TAAX 
multimers, which are singly-charged anion-coordinated mul-

65 timers. Generally, as more monomer units are added to a 
TAAX ion, the cross section increases and the mobility of the 
TAAX multimer decreases. The superscript is defined as fol-
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lows: ain N2 at atmospheric pressure and TEsI=Tx=298 K. 
Values are the average of three scans. Note that C3 species are 
iodinated while all other TAAX species are brominated. 

FIG. 13 contains graphs illustrating the detection by mass 
spectrometry of various peptides separated by the ROMIAC. 5 
The vertical axis for the graphs represents the normalized 
intensity of the signal from a mass spectrometer and the 
horizontal axis for the graphs represents the applied voltage. 
FIGS. 13(a)-(d) are a series of graphs showing the detection 
of bradykinin at various temperatures (i.e. 298K (FIGS. 

10 
13(a), 13(c)) and 400K (FIGS. 13(b), 13(d))) and charge 
states (i.e. +1 (FIGS.13(a)-(b)), +2 (FIGS.13(c)-(d))). FIGS. 
13( e )-(j) are a series of graphs showing the detection of angio
tensin I at various temperatures (i.e. 298K (FIGS. 13(e), 
13(g), 13(i)) and 400K (FIGS. 13(1), 13(h ), 13(j))) and charge 
states (i.e. +1 (FIGS. 13(e)-(f)), +2 (FIGS. 13(g)-(h)), +3 15 

(FIGS. 13(i)-(j))). FIGS. 13(k)-(n) are a series of graphs 
showing the detection of angiotensin II at various tempera
tures (i.e. 298K (FIGS. 13(k), 13(m )) and 400K (FIGS. 13(1), 
13(n ))) and charge states (i.e. + 1 (FIGS. 13(k)-(l)), +2 (FIGS. 
13(m)-(n))). FIG.14(a)-(d) are a series of graphs showing the 20 

detection of bovine ubiquitin at various charge states 
(i.e. +5, +6, + 7, +8). 

FIG. 15 is a table illustrating the collisional cross-sections, 
Q,, from the two different calibrations, as well as the com
parison of the mobility calibration to literature values of the 25 

various peptides, bradykinin (BK), angiotensin I (AT!), 
angiotension II (AT2), and bovine ubiquitin (UB). The super
scripts are defined as follows: ain N2 at atmospheric pressure 
and T x =298 K. Values are the average of three 
scans; *T Esr298 K; #T Esr400 K; &Peak was used for 30 

mobility calibration; 6Cross section estimated from instru
ment calibration (using TAAX ions); ccross section esti
mated from mobility calibration (using peptides and pro
teins); 
and d. e. 1Percent difference between this study's mobility 35 

calibration Q, value and that published in [ 17-19]. 
Model Peptide Isomer Separation 

In an exemplary application, a radial opposed migratory 
ion/aerosol classifier (ROMIAC) was used to see if model 
peptides whose sequences differed by only one pair switch 40 

could be separated. In this instance, the sequences tested were 
AARAAATAA vs. AATAAARAA and AARAAHAMA vs. 
AARAAMAHA. Additionally, a TEMPO tag (2,2,6,6-Tet
ramethylpiperidin-1-yl)oxyl) was added to see if the tag 
would modify the structures of the sequences to enhance 45 

separation by the ROMIAC. 
FIGS.16(a)-(d) illustrate the detection by mass spectrom

etry of model peptides AARAAATAA vs. AATAAARAA as 
separated by the ROMIAC. FIG. l6(a)-(b) shows the separa
tion with no TEMPO tag attached. FIG. 16(c)-(d) shows the 50 

separation with TEMPO tagged on the peptides. Similarly, 
FI GS. 16( e )-( h) illustrate the detection by mass spectrometry 
of model peptides AARAAHAMA vs. AARAAMAHA as 
separated by the ROMIAC. FIG. 16(e)-(f) shows the separa
tion with no TEMPO tag attached. FIG. 16(g)-(h) shows the 55 

separation with TEMPO tagged on the peptides. 
These results demonstrate ROMIAC's ability to classify 

ions/particles. Ions and peptides were successfully classified 
at the 1-2 nm size range. Resolutions achieved were close to 
the maximum theoretical resolution based on flow rate ratios 60 

(-20). There was also a very linear response in mobility to 
voltage changes. Furthermore, ROMIAC was able to resolve 
isomers with small structural differences. 
Conclusion 

14 
limit the invention to the precise form disclosed. Many modi
fications 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. All publications, patents, and patent 
applications cited herein are hereby incorporated by refer
ence in their entirety for all purposes. 
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What is claimed is: 
1. A radial opposed migration classifier comprising: 

16 
applying an imposed field on the one or more particles in a 

second direction counter to the first direction of the 
cross-flow fluid, wherein the imposed field causes the 
one or more particles to migrate at a second velocity 
opposite and/or equal to the first velocity of the cross
flow fluid; and 

a classification channel through which passes a sample 
comprising one or more particles suspended within a 
sample fluid, the classification channel comprising a 
first circular wall and a second circular wall that are both 
permeable to a flow of fluid; 

discharging the particles that travel through the channel. 
10. The method of claim 9, wherein the sample is intro

duced tangentially into the flow distributor channel. 
10 11. The method of claim 9, wherein the flow distributor 

a flow distributor channel for introducing the sample into 
the classification channel wherein the flow distributor 
channel comprises a narrowing gap leading into the clas- 15 

sification channel; 

channel introduces the sample into the classification channel 
through a same plane as the first circular wall and further 
wherein the particles that travel through the channel are dis-
charged through a central outlet on the same plane as the first 
circular wall. 

12. The method of claim 9, wherein the imposed field is an 
electric field. 

a cross-flow fluid that enters the classification channel 
through one of the permeable circular walls, wherein the 
cross-flow fluid flows at a first velocity and exits in a first 
direction through the other permeable circular wall; 

an imposed field that is applied on the one or more particles 

13. The method of claim 12, wherein the particles are 
20 introduced into the classification channel at an electric poten

tial and discharged from the radial opposed migration classi
fier at the same electric potential. in a second direction counter to the first direction of the 

cross-flow fluid, wherein the imposed field causes the 
one or more of the particles to migrate at a second 
velocity opposite and/or equal to a first velocity of the 25 

cross-flow fluid; and 

14. The method of claim 12, wherein the particles are 
discharged at an electrical ground voltage. 

15. The method of claim 9, further comprising classifying 
the discharged particles that travel through the channel based 
on a property of the discharged particles. wherein the particles that travel through the channel are 

discharged from the radial opposed migration classifier. 
2. The radial opposed migration classifier of claim 1, 

wherein the sample is introduced tangentially into the flow 
distributor channel. 

16. The method of claim 15, wherein the property of the 
discharged particles is a size, mass or charge of the discharged 

30 particles. 

3. The radial opposed migration classifier of claim 1, 
wherein the flow distributor channel introduces the sample 
into the classification channel through a same plane as the first 
circular wall and further wherein the particles that travel 
through the channel are discharged through a central outlet on 
the same plane as the first circular wall. 

17. The radial opposed migration classifier of claim 1, 
wherein classified particles pass through a permeable screen 
when output from the radial opposed migration classifier. 

18. The method of claim 9, wherein the discharged par-
35 ticles pass through a permeable screen when output from 

classification channel. 

4. The radial opposed migration classifier of claim 1, 
wherein the imposed field is an electric field. 

5. The radial opposed migration classifier of claim 4, 40 

wherein the particles are introduced into the classification 
channel at an electric potential and discharged from the radial 
opposed migration classifier at the same electric potential. 

6. The radial opposed migration classifier of claim 4, 
wherein the particles are discharged at an electrical ground 45 

voltage. 
7. The radial opposed migration classifier of claim 1, 

wherein the discharged particles that travel through the chan
nel are classified based on a property of the discharged par
ticles. 

8. The radial opposed migration classifier of claim 7, 
wherein the property of the discharged particles is a size, mass 
or charge of the discharged particles. 

9. A method for separating particles comprising: 

50 

introducing a sample, comprising one or more particles 55 

suspended within a sample fluid, from a flow distributor 
channel into to a classification channel wherein the flow 
distributor channel comprises a narrowing gap leading 
into the classification channel; 

passing the sample through the classification channel, 60 

wherein the classification channel comprises a first cir
cular wall and a second circular wall that are both per
meable to a flow of fluid; 

introducing a cross-flow fluid to the classification channel 
through one of the permeable circular walls, wherein the 65 

cross-flow fluid flows at a first velocity and exits in a first 
direction through the other permeable circular wall; 

19. The radial opposed migration classifier of claim 1, 
wherein: 

a temperature of the sample fluid is changed by changing a 
temperature of the cross-flow fluid. 

20. The method of claim 9, wherein a temperature of the 
sample fluid is changed by changing a temperature of the 
cross-flow fluid. 

21. The radial opposed migration classifier of claim 1, 
wherein: 

vapors in the sample fluid are replaced with a vapor-less 
cross-flow fluid. 

22. The method of claim 9, wherein: 
vapors in the sample fluid are replaced with a vapor-less 

cross-flow fluid. 
23. The radial opposed migration classifier of claim 1, 

wherein: 
one or more of the particles that reach the first circular wall 

or the second circular wall are removed from the sample 
fluid by: 
deposition on and adhesion to the first circular wall or 

the second circular wall; or 
passing through the first circular wall or the second 

circular wall. 
24. The method of claim 9, further comprising: 
removing one or more of the particles that reach the first 

circular wall or the second circular from the sample fluid 
by: 
deposition on and adhesion to the first circular wall or 

the second circular wall; or 
passing through the first circular wall or the second 

circular wall. 



US 9,095,793 B2 
17 

25. A radial opposed migration classifier comprising: 
a classification channel through which passes a sample 

comprising one or more gas ions suspended in a gas 
mixture, the classification channel comprising a first 
circular wall and a second circular wall that are both 
permeable to a flow of gas; 

a flow distributor channel for introducing the gas mixture 
into the classification channel; 

a cross-flow gas that enters the classification channel 
through one of the permeable circular walls, wherein the 10 

cross-flow gas flows at a first velocity and exits in a first 
direction through the other permeable circular wall, and 
wherein a temperature of the gas mixture is changed by 
changing a temperature of the cross-flow gas; 15 

an imposed field that is applied on the one or more gas ions 
in a second direction counter to the first direction of the 
cross-flow gas, wherein the imposed field causes the one 
or more of the gas ions to migrate at a second velocity 
opposite and/or equal to a first velocity of the cross-flow 20 

gas; and 
wherein the gas ions that travel through the channel are 

discharged from the radial opposed migration classifier. 
26. The radial opposed migration classifier of claim 25, 

further comprising: 

18 
a first flow measuring device that measures a first flow rate 

of the sample into the radial opposed migration classi
fier; 

a second flow measuring device that measures a second 
flow rate of classified gas ions output from the radial 
opposed migration classifier; 

wherein the first flow rate and the second flow rate are 
balanced by adjusting a regulator; and 

wherein the classified gas ions output from the radial 
opposed migration classifier are input into a mass spec
trometer to detect and analyze the classified gas ions. 

27. The radial opposed migration classifier of claim 25, 
wherein: 

vapors in the gas mixture are replaced with a vapor-less 
cross-flow gas. 

28. The radial opposed migration classifier of claim 25, 
wherein: 

one or more of the gas ions that reach the first circular wall 
or the second circular wall are removed from the gas 
mixture by: 
deposition on and adhesion to the first circular wall or 

the second circular wall; or 
passing through the first circular wall or the second 

circular wall. 

* * * * * 


