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Description

TECHNICAL FIELD

[0001] This invention relates generally to gas sam-
plers, and more particularly to methods and devices for
dehumidifying gas streams introduced to an apparatus
for collecting and detecting particulate in a gas sample.

BACKGROUND OF THE INVENTION

[0002] Air borne particulate, either occurring naturally,
such as pollen and dust, or generated through industry,
such as smoke or automobile exhaust, can be hazardous
to human health. Particulate concentration and content
may typically be monitored to, among other things, eval-
uate the changes in particulate matter due to natural or
industrial activity. Particulate sampling systems are typ-
ically used to collect and categorize the particulate con-
tent of ambient air. One typical particulate sampling sys-
tem is provided by the Environmental Instruments Divi-
sion of Thermo Electron Corporation of East Greenbush,
New York and described in U.S. patent 6,502,450.
The particulate sampled by such systems is typically
characterized by the size of the particles collected, for
example, particulate matter (PM) having diameters less
than or equal to 10 microns (Pm), that is, particles des-
ignated "PM10" or "PM10" particles in the art, or lower
may be collected.
[0003] When sampling gas using a particulate sam-
pling system it is often desirable to remove as much water
vapor as possible from a sampled gas stream before
measuring the particulate content, for example, measur-
ing the mass of the particulate. The presence of water
vapor in a sampled gas stream can interfere with the
accurate measurement of, for example, the mass of par-
ticulate matter in the gas stream. The effect of the pres-
ence of water vapor upon the measuring device can be
particularly acute when the measuring device is operated
at temperatures at which water vapor tends to condense
on the sensing hardware, for example, at temperatures
of about 30 degrees C or lower. Aspects of the present
invention are adapted to remove water vapor from sam-
ple gas streams whereby the particulate measuring de-
vice can provide a more accurate indication of the par-
ticulate content of the sampled gas stream.
[0004] In addition, while removing water vapor from
the gas stream, it is important that the water vapor re-
moval device or method minimize or avoid undesirable
impact upon the particulate matter in the sample stream.
For example, conventional water vapor removal devices,
that is, "dehumidifiers" or "dryers" designed to remove
water vapor from a gas stream, for example, those dis-
closed in U.S. patents 6,651,480; 5108464  6,151,953;
6,171,374; 5,932,795; 5,571,945; and 3,735,559 and
GB2308988, may typically interfere with the goal of the
particulate sampling system, that is, collecting particles.
Among other things, conventional dehumidifiers, for ex-

ample, bundled-tube-dehumidifiers, typically provide at
least some obstruction to the flow of gas whereby parti-
cles are either hindered or captured in the dehumidifier.
[0005] Thus, a need exists for dehumidifying devices
and methods that effectively remove water vapor from a
sample gas stream while minimizing the impact of the
devices and methods on the flow of particles in the gas
stream. Aspects of the present invention provide some
means of effecting the desired dehumidification while
minimizing the impact upon the particle content of the
gas stream.

SUMMARY OF THE INVENTION

[0006] The present invention was conceived and de-
veloped to overcome the above-mentioned limitations of
existing methods and devices for dehumidifying gas
streams, in particular, the limitations of existing methods
and devices for dehumidifying gas streams used in con-
junction with particulate sampling systems.
[0007] One aspect of the invention is a membrane dif-
fusion gas dehumidifier as defined in claim 1.
[0008] Another aspect of the invention is a method of
dehumidifying a gas steam, as defined in claim 12. In
another aspect, passing a treatment gas stream passed
the second side of the membrane may comprise passing
the treatment gas stream as a turbulent flow whereby the
formation of a boundary layer on the second side of the
membrane is minimized.
[0009] Another aspect of the invention is a particulate
matter sampling system for a gas as defined in claim 15.
[0010] These and other aspects, features, and advan-
tages of this invention will become apparent from the
following detailed description of the various aspects of
the invention taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The subject matter, which is regarded as the
invention is particularly pointed out and distinctly claimed
in the claims at the conclusion of the specification. The
foregoing and other objects, features, and advantages
of the invention will be readily understood from the fol-
lowing detailed description of aspects of the invention
taken in conjunction with the accompanying drawings in
which:
[0012] FIGURE 1 is a perspective view of a parallel
plate gas dehumidifier according to one aspect of the
invention.
[0013] FIGURE 2 is an exploded perspective view of
the dehumidifier shown in FIGURE 1.
[0014] FIGURE 3 is an exploded plan view of the de-
humidifier shown in FIGURE 1.
[0015] FIGURE 4 is a cross sectional view of the de-
humidifier shown in FIGURE 1 as viewed along section
lines 4-4 in FIGURE 1.
[0016] FIGURE 5 is a perspective view of a membrane
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support structure according to one aspect of the inven-
tion.
[0017] FIGURE 6 is a detailed view of the support
structure shown in FIGURE 5 as indicated by detail 6 in
FIGURE 5.
[0018] FIGURE 7 is a perspective cross sectional view
of one end cap shown in FIGURES 1-3 as viewed along
section lines 7-7 in FIGURE 3 according to one aspect
of the invention.
[0019] FIGURE 8 is a perspective cross sectional view
of the end cap shown in FIGURE 7 as viewed along sec-
tion lines 8-8 in FIGURE 3.
[0020] FIGURE 9 is a perspective cross sectional view,
similar to FIGURE 7, of another end cap as viewed along
section lines 7-7 in FIGURE 3 according to another as-
pect of the invention.
[0021] FIGURE 10 is a perspective cross sectional
view, similar to FIGURE 8, of the end cap shown in FIG-
URE 9 as viewed along section lines 8-8 in FIGURE 3.
[0022] FIGURE 11 is schematic illustration of a partic-
ulate matter sampling system for a gas stream according
to another aspect of the invention.
[0023] FIGURES 12A, 12B, and 12C are schematic
views of further flow path cross sections according to
further aspects of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Aspects of the present invention provide meth-
ods and devices for removing water vapor from particu-
late-containing gas streams while minimizing the impact
of the water vapor removal upon the particulate content
of the gas stream. FIGURE 1 is a perspective view of a
parallel plate gas dehumidifier or dryer 10 according to
one aspect of the invention. Dehumidifier 10 includes a
housing 11, an untreated gas inlet 12, a treated gas outlet
14, one or more treatment gas outlets 16, and one or
more treatment gas inlets 18. According to one aspect
of the invention, untreated gas, indicated by arrow 15,
having at least some water vapor, is introduced to gas
inlet 12, passes through and is dehumidified in dehumid-
ifier 10, and then the treated gas, indicated by arrow 17,
is discharged from gas outlet 14. At the same time, a
source of treatment gas, for example, a gas having less
water vapor and/or less vapor pressure and/or less pres-
sure than the gas 15 introduced to inlet 12, is introduced
to treatment gas inlets 18, as indicated by arrow 19. The
gas introduced to inlets 18 may be introduced by means
of sub-atmospheric pressure or vacuum applied to out-
lets 16. The vacuum introduced to outlet 16 may intro-
duce a vacuum to dehumidifier 10 and may draw a flow
of gas into inlet 18, as indicated by arrow 25. According
to aspects of the invention, the treated gas 17 discharged
from gas outlet 14 typically will contain less water vapor
than the untreated gas 15 introduced to inlet 12. The
treated or dehumidified gas stream 17 exiting outlet 14
may be forwarded to further treatment or analysis, for
example, to a mass detector or collector, as will be dis-

cussed below.
[0025] FIGURE 2 is an exploded perspective view of
dehumidifier 10 and FIGURE 3 is an exploded plan view
of dehumidifier 10 shown in FIGURE 1. As shown in FIG-
URES 2 and 3, housing 11 includes an outer shell 20
comprising two side plates 22 and 24 and two end caps
26 and 28. FIGURE 4 is a cross sectional view of dehu-
midifier 10 as viewed along section lines 4-4 in FIGURE 1.
[0026] As shown most clearly in the cross sectional
view of FIGURE 4, according to one aspect of the present
invention, humidifier 10 includes at least one longitudinal
passage or treatment zone 30 bounded by at least one
water-vapor-permeable membrane 32, for example, at
least two water-permeable membranes 32. Treatment
zone 30 may typically have a separation distance or treat-
ment zone width 33 between the boundaries, (for exam-
ple, the boundaries defined by membranes 32) and an
effective treatment zone length 37. Separation distance
33 may range from about 0.010 inches to about 1.0 inch,
and is typically between about 0.075 inches and about
0.175 inches. Treatment zone length 37 may range from
about 2 inches to about 36 inches, and is typically be-
tween about 1 inch and about 6 inches, for example,
about 3.25 inches. The rectangular cross section of the
flow path defined by width 33 and length 37 may have
an aspect ratio (length/width) of at least about 5 to 1, for
example, at least about 10 to 1, or even about 20 to 1,
or larger.
[0027] In the aspect of the invention shown in FIGURE
4, the flow path between the boundaries of the flow pas-
sage is generally rectangular in cross section; however,
the invention is not limited to a rectangular cross section.
According to aspects of the invention, the flow path may
have many diverse geometric shapes, including annular
passages; sections of annular passages; arch-shapes,
for example, crescent shapes, and cat’s eye shapes; an-
gled passages, for example, bent rectangles (as in the
shape of the a section or corner of rectangular cylinder).
Some typical cross sections of flow paths according to
aspects of the invention are shown in FIGURE 12A, 12B,
and 12C, discussed below. In one aspect of the invention,
the flow path comprises a first boundary and a second
boundary opposite the first boundary and a width com-
prising the distance between the first boundary and the
second boundary. For example, where at least one of
the first boundary and the second boundary of the flow
path comprises a water-permeable membrane. Although
the following discussion will describe aspects of the in-
vention having a generally rectangular flow path, it is to
be understood that many flow path geometries are in-
cluded within the scope of the invention.
[0028] According to aspects of the invention, a "water-
permeable membrane" may mean that the membrane
has the property of being able to transfer at least some
water or water vapor from one side of the membrane to
another side of the membrane, for example, while pre-
venting the passage of at least one other material through
the membrane. The transfer or passage of water or water
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vapor may be effected by various gas or liquid transfer
processes, including one or more of diffusion, osmosis,
permeation, sorption, and adsorption, among others. In
one aspect of the invention, the transfer of water and/or
water vapor may be practiced by means of pervaporation.
[0029] According to one aspect of the invention, while
a gas containing at least some water vapor passes
through passage 30 at least some of the water vapor
passes, for example, diffuses, through at least one mem-
brane 32 whereby at least some water vapor is removed
from the gas stream. According to one aspect of the in-
vention, membrane 32 may comprise any membrane
adapted to pass water vapor, for example, due to a water
vapor concentration gradient across membrane 32. How-
ever, membrane 32 may comprise a perfluorosulfonic
acid (PFSA) polymer, for example, a Nafion® PFSA pol-
ymer provided by DuPont Fluoroproducts of Fayetteville,
North Carolina and described in DuPont Product Infor-
mation sheet NAE101 (February 2004), the disclosure
of which is incorporated by reference herein, or its equiv-
alent. Membrane 32 may vary in thickness from about
0.001 inches (24.4 microns) to about 0.050 inches (1270
microns), but may typically have a thickness of between
about 0.005 inches (127 microns) to about 0.010 inches
(244 microns).
[0030] The thickness of membrane 32 may affect the
performance of humidifier 10. Specifically, analysis has
shown that there may be an interrelationship between
water removal efficiency and the durability of membrane
32. Membrane 32 and any other membrane disclosed
herein may comprise a Nafion N-112 PFSA polymer hav-
ing a nominal thickness of about 0.002 inches (51 mi-
crons), or its equivalent, that provides acceptable water
removal efficiency while providing improved membrane
durability. Other types and thicknesses of membranes
may be used depending upon the size, loading, and de-
sired service life of dehumidifier 10.
[0031] In one aspect of the invention, membrane 32
may be supported by a membrane support structure 34,
for example, to support membrane 32 under the load
imposed by a pressure drop across membrane 32, for
instance, due to applied vacuum. Membrane support
structure 34 provides a support structure that, among
other things, prevents membrane 32 from collapsing and
blocking the gas flow paths 41 (see below). Contact be-
tween support structure 34 and membrane 32 may be
minimized to limit the reduction in the effective area of
membrane 32 due to contact with support structure 34.
Any support structure 34 may be provided that is adapted
to provide sufficient support for membrane 32 while min-
imizing the obstruction of flow through membrane 32, for
example, by providing sufficient open area not directly in
contact with membrane 32. As shown in FIGURE 2, hu-
midifier 10 may include one or more membrane support
structures 34 having a plurality of support ribs 36 adapted
to support membrane 32, for example, a plurality of trans-
versely mounted support ribs. The design and spacing
of ribs 36 minimizes damage to membrane 32, for exam-

ple, prevents puncturing membrane 32, and minimizes
sagging of membrane 32, for example, due to the vacuum
applied to the opposite side or the "purge side" of mem-
brane 32.
[0032] FIGURE 5 is a perspective view of one mem-
brane support structure 34 according to one aspect of
the invention. FIGURE 6 is a detailed view of the support
structure 34 shown in FIGURE 5 as identified by detail 6
in FIGURE 5. As shown in FIGURES 5 and 6, membrane
support structure 34 may comprise a substantially flat
plate 38 upon which ribs 36 are mounted. As shown in
FIGURE 5, according to one aspect of the invention, ribs
36 may comprise a plurality of parallel structures extend-
ed transversely or laterally across plate 38. In another
aspect of the invention, ribs 36 may extend longitudinally,
for example, substantially perpendicular to the direction
of ribs 36 shown in FIGURES 5 and 6. In another aspect
of the invention, ribs 36 may extend both longitudinally
and laterally, or at an angle oblique to the longitudinal or
lateral axes of support structure 34. Ribs 36 may com-
prise any convenient cross-sectional shape, for example,
rectangular, triangular, square, semicircular, and the like.
In the aspect of the invention, shown in FIGURES 5 and
6, the cross section of ribs 36 may comprise a substan-
tially triangular shape with a rounded apex 39, for exam-
ple, to minimize or prevent damage to membrane 32.
[0033] According to another aspect of the invention,
support structure 34 may also provide a pathway through
which a vacuum passes through dehumidifier 10 and
contacts membrane 32. Ribs 36 and membrane 32 (not
shown in FIGURES 5 and 6) may define passageways
41 through which a vacuum source may be transmitted
along support structure 34. Support structure plate 38
may include a plurality of holes 40 and 42 through plate
38 which allow fluid communication between passage-
ways 41 and a source of vacuum. A source of vacuum
may be introduced to hole 40 and the flow of vacuum
may flow from hole 42 to hole 40, that is, in a direction
counter-current to the flow of untreated gas through hu-
midifier 10. In another aspect of the invention, a source
of vacuum may be introduced to hole 42 and the flow of
vacuum may flow from hole 40 to hole 42, that is, in a
direction co-current to the flow of untreated gas through
humidifier 10. For example, as shown in FIGURE 2, hole
40 may be in fluid communication with outlet 16 and hole
42 may be in fluid communication with inlet 18. In order
to provide fluid communication between passageways
41, according to one aspect of the invention, plate 36
may include a plurality of relief grooves 44 which permit
the passage of gas from one passageway 41 to the ad-
jacent passageway 41. Arrows 46 in FIGURE 6 illustrate
the typical path of the flow of vacuum through grooves
44 and about ribs 36. According to one aspect, a recess
52 in end plates 22 and 24 may be provided. The surface
of recess 52 may provide a sealing barrier to the passage
of gas about grooves 44. A gasket or an adhesive may
be provided in the recess 52 of end plates 22 and 24, for
example, about the periphery of recess 52, to minimize
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leakage of treatment gas, for example, vacuum.
[0034] Support structure 34 may be fabricated by any
conventional fabrication processes, for example, by
welding, forging, casting, machining, and the like. Ac-
cording to one aspect of the invention, support structure
34 may also be fabricated by means of extrusion. For
example, in one aspect of the invention, ribs 36 may be
laterally or longitudinally mounted to plate 38 and ribs 36
and plate 38 may be fabricated by extrusion in a direction
substantially parallel to the direction of elongation of ribs
36. Support structure 34 may be provided by a single
integral structure. In other aspects of the invention, for
example, as shown in FIGURE 2, support structure 34
may be provided by two or more substructures 34’, for
example, two or more substantially identical substruc-
tures 34’, to facilitate fabrication by, for example, extru-
sion.
[0035] Support structure 34 may be fabricated from
any structural metal or non-metal. For example, support
structure 34 may be fabricated from iron, steel, stainless
steel, aluminum, titanium, nickel, magnesium, brass,
bronze, or any other structural metal. Support structure
34 may also be fabricated from plastic, for example, a
polyamide (PA), for instance, nylon; a polyethylene (PE);
a polypropylene (PP); a polyester (PE); a polytetra-
flouroethylene (PTFE); an acrylonitrile butadiene styrene
(ABS); a polycarbonate (PC); or a polyvinylchloride
(PVC), among other plastics. Support structure 34 may
be fabricated from an extrudable material, for example,
aluminum alloy 6063 T5, or its equivalent.
[0036] Membrane 32 may be retained on support
structure 34 by conventional means, for example, by
means of mechanical fasteners or by means of adhe-
sives. Membrane 32 may be retained in support structure
34 by means of elastomeric cords or rods 35, which may
be referred to as "gaskets" in aspects of the invention.
According to aspects of the present invention, gaskets
35 may be adapted to engage and retain membrane 32
in recesses in support structure 34 or in end plates 22
and 24. As shown in FIGURE 3, end plates 22 and 24
may include elongated channels 49 that are adapted to
receive a portion of membrane 32 and gaskets 35 where-
by gaskets 35 are retained in channels 49 to retain mem-
brane 32 against support structure 34. In addition to re-
taining membrane 32, gaskets 35 may provide a sealing
means about the sides of support structure 34, for exam-
ple, to isolate the vacuum provided in channels 41 from
the gas passing through treatment zone 30.
[0037] According to one aspect of the invention, gas-
kets 35 may comprise any elastomeric material that can
be adapted to be inserted into dehumidifier 10. Gaskets
35 may be natural rubber, neoprene, chloroprene, ethyl-
ene-propylene rubber (EDM/EPDM), urethane, poly-
urethane, styrene-butadiene rubber (SBR), isoprene rub-
ber (IR), butadiene rubber (BR), room-temperature vul-
canizing (RTV) silicone rubber, among other synthetic
rubber or compounds. Gaskets 35 may be relatively
"soft," for example, having a firmness of between about

8-9. For example, gaskets 35 may be silicone rubber
foam cord, for instance, 5304 LCS Medium Density Low
Compression Set Closed Cell Silicone Sponge provided
by Groendyk Manufacturing Company, Inc. of Buchanan,
Virginia, or its equivalent.
[0038] As shown in FIGURES 1 through 4, dehumidi-
fier 10 also includes end plates 22 and 24. According to
aspects of the invention, end plates 22 and 24 provide
various functions, including providing structural support
for the membrane support structures 34 and providing
an enclosure for retaining the vacuum envelope provided
in aspects of the invention. As shown most clearly in FIG-
URES 3 and 4, end plates 22 and 24 may be adapted to
engage each other and provide the structural support
and sealed vacuum envelope desired. End plates 22 and
24 may include complementary structures that interlock
with each other. For example, end plates 22 and 24 may
include projections 48 and channels 50 that are engage-
able to provide a substantially sealed structure. As shown
in FIGURE 2, projections 48 and channels 50 may extend
along the entire length of end plates 22 and 24. The in-
terface between projections 48 and channels 50 may in-
clude a sealing means, for example, a gasket or sealant,
which minimizes or prevents leakage passed the inter-
face. End plates 22 and 24 may also include a recess 52
adapted to receive support structures 34. Recess 52 may
also be adapted to receive a sealing material, for exam-
ple, an elastomeric gasket, to hinder or prevent the pas-
sage of vacuum from about support structure 34. As dis-
cussed above, end plates 22 and 24 may also include
channels 49 adapted to receive membrane 32 and gas-
kets 35. End plates 22 and 24 may also include one or
more holes 51 that may be used for assembling humidifier
10. For example, holes 51 may coincide with holes 67 in
flange portions 64 and 66 of end caps 26 and 28 (dis-
cussed below) and accept mechanical fasteners 69, for
example, bolts or screws, for mounting end caps 26 and
28 to end plates 22 and 24. In one aspect, where end
plates 22 and 24 are fabricated by extrusion, holes 51
may be formed during extrusion or may be machined
after extrusion.
[0039] According to aspects of the invention, end-
plates 22 and 24 may be made from one or more of the
metals or non-metals listed above with respect to support
structure 34 and fabricated by means of one or more of
the fabrication processes listed above with respect to
support structure 34. Endplates 22 and 24 may be fab-
ricated by extrusion and made from an extrudable mate-
rial, for example, aluminum alloy 6063 T5, or its equiva-
lent. Endplates 22 and 24 may be fabricated from the
same extrusion, cut to length, and oriented accordingly
to engage projections 48 with recesses 50.
[0040] In one aspect, end plates 22 and 24 may include
through holes 54, see FIGURE 2, to which outlets 16 and
inlets 18 may be mounted. Outlets 16 and inlets 18 may
comprise any type of appropriate fitting. For example,
outlet 16 and inlet 18 may each include a pipe nipple 56,
a 90-degree elbow 58, and coupling 60, for example, a
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quick-disconnect coupling. Also, a single fitting having
an NPT swivel elbow with an instant tube coupler may
also be used.
[0041] As shown in FIGURES 1-3, dehumidifier 10 also
includes two end caps 26 and 28. End caps 26 and 28
provide a structure to which to mount end plates 22 and
24, provide an interface for inlet 12 and outlet 14, com-
plete the vacuum envelope, and also, according to one
aspect, provide the transitional flow path for the gas flow-
ing into and out of humidifier 10. End caps 26 and 28
may be substantially structurally identical, though in other
aspects, end caps 26 and 28 may be different in structure.
[0042] The following discussion references end cap 26
in FIGURE 2, but may also apply to end cap 28 in FIGURE
2. As shown in FIGURE 2, end cap 26 comprises a main
body portion 62 and two flange portions 64 and 66. As
shown in FIGURES 1-3, gas inlet 12 is mounted to main
body portion 62, for example, by means of a press fit, by
soldering, by brazing, by welding, by means of an adhe-
sive (for instance, an epoxy) or by a threaded connection.
FIGURE 7 is a perspective cross sectional view of one
end cap 26 as viewed along section lines 7-7 in FIGURE
3 according to one aspect of the invention. FIGURE 8 is
a perspective cross sectional view of end cap 26 accord-
ing to one aspect of the invention as viewed along section
lines 8-8 in FIGURE 3. As shown in FIGURES 7 and 8,
gas inlet 12 comprises a coupling 68 mounted to a conduit
70 that is mounted in a hole 72 in main body portion 62.
According to aspects of the present invention, beneath
conduit 70, main body portion 62 includes a transitional
flow path 74 that transitions the flow of gas from the cir-
cular cross section of conduit 70 to rectangular cross
section 76, as shown in phantom in FIGURES 7 and 8.
Cross section 76 may be orthogonal to axis 71 of conduit
72, as shown in FIGURES 7 and 8. Transitional flow path
74 provides an increase in the cross sectional area of
the flow path of at least about 10%, typically, at least
about 50%, and maybe even at least about 100%. Rec-
tangular cross section 76 is substantially aligned with
treatment zone 30 shown in the cross section of dehu-
midifier 10 shown in FIGURE 4. According to one aspect
of the present invention, transitional flow path 74 provides
a transition in flow path geometry from the circular cross
section of conduit 70 to the cross section 76, for example,
a rectangular cross section, while minimizing or prevent-
ing particles from contacting surfaces to which the parti-
cles may collect or adhere. In another aspect, transitional
flow path 74 may minimize or prevent the loss of pressure
through the transitional flow path 74, and through humid-
ifier 10. Though many diverse transitional flow paths 74
may be used to effect this desired performance, the cross
sections of one typical flow path according to aspects of
the invention are shown in FIGURES 7 and 8.
[0043] As shown in FIGURES 7 and 8, transitional flow
path 74 comprises a tapered bore 78 of hole 72 where
(recalling that FIGURES 7 and 8 illustrate cross sections
of end cap 26) the diameter of hole 72 gradually dimin-
ishes. Transitional flow path 74 also includes a semicir-

cular recess 80 in main body portion 62. Recess 80 may
have an axis 81 that is substantially collinear with the
axis 71 of conduit 70. In the aspect shown in FIGURE 7,
flow path 74 includes curvilinear surfaces 75, for exam-
ple, a curvilinear surface having a radius 77, though any
curvilinear surface, for example, an elliptical, a parabolic,
or a hyperbolic curvilinear surface may be provided. In
one aspect, the geometry of flow path 74 provides a grad-
ual transition in the rectangular cross sectional area of
flow path 74 over the length of end cap 26. According to
one aspect of the invention, the gas entering conduit 70
expands into recess 80 while, as shown in FIGURE 8,
the diameter of tapered bore 78 diminishes to the diam-
eter substantially equal to the width 83 of recess 80. The
geometry of tapered bore 78 may create a gradual tran-
sition from the larger diameter of conduit 70 to the narrow
rectangular cross section 76. As shown in FIGURES 7
and 8, the point 82 at which the diameter of tapered ex-
tension 78 converges to width 83 of recess 80 may be
above the bottom 84 of main body portion 62. The ge-
ometry of the inlet end cap 26 and outlet end cap 28 may
be substantially identical. Inlet end cap 26 functions to
gradually expand the sample stream into the drying area
of dehumidifier 10 and the outlet end cap 28 functions to
converge the gas flow into the round conduit 70 at the
outlet of dehumidifier 10. At least one of end caps 26 and
28 may be fitted with a relative humidity sensor (not
shown), for example, to provide a measure of the per-
formance of dehumidifier 10.
[0044] FIGURE 9 is a perspective cross sectional view,
similar to FIGURE 7, of another one end cap 226 as also
viewed along section lines 7-7 in FIGURE 3 according
to another aspect of the invention. FIGURE 10 is a per-
spective cross sectional view, similar to FIGURE 8, of
end cap 226 as also viewed along section lines 8-8 in
FIGURE 3. Again, though many diverse transitional flow
path geometries may be used to provide a flow path tran-
sition from the inlet to the treatment zone according to
aspects of the invention, FIGURES 9 and 10 illustrate
one transitional flow path. Many of the features of end
cap 226 are substantially similar or even identical to the
features of end cap 26 shown in FIGURES 7 and 8. These
similar or identical features are identified by the same
reference numbers in FIGURES 9 and 10.
[0045] As shown in FIGURES 9 and 10, end cap 226
includes substantially all the features of end cap 26, in-
cluding gas inlet 12, conduit 70 mounted in a hole 72 in
main body portion 262. According to aspects of the
present invention, beneath conduit 70, main body portion
262 includes a transitional flow path 274 that, similar to
transition 74 in FIGURES 7 and 8, transitions the flow of
gas from the circular cross section of conduit 70 to the
rectangular cross section 76, shown in phantom in FIG-
URES 9 and 10. According to aspects of the present in-
vention, transitional flow path 274 provides a transition
in flow path geometry from the circular cross section of
conduit 70 to the rectangular cross section 76 while min-
imizing or preventing particles from contacting surfaces
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to which the particles may collect or adhere. Transitional
flow path 274 may minimize or prevent the loss of pres-
sure through the transitional flow path 274, and through
humidifier 10. Again, though many diverse transitional
flow paths 274 may be used to effect this desired per-
formance, the cross sections of one typical flow path ac-
cording to aspects of the invention are shown in FIG-
URES 9 and 10.
[0046] As shown in FIGURES 9 and 10, transitional
flow path 274 comprises a tapered bore 278 of hole 72
where (recalling that FIGURES 9 and 10 illustrate cross
sections of end cap 226) the diameter of hole 72 gradually
diminishes. Transitional flow path 274 also includes a
triangular recess 280 in main body portion 62 having a
vertical axis 281 that is substantially collinear with the
axis 71 of conduit 70. In the aspect shown in FIGURE 9,
flow path 274 includes linear surfaces 275 that make an
angle, θ, of between about 30 degrees and 60, for ex-
ample, about 45 degrees, with the base 284 of end cap
226. The geometry of flow path 274 may provide a grad-
ual transition in the rectangular cross sectional area of
flow path 274 over the length of end cap 226. According
to one aspect of the invention, the gas entering conduit
70 expands into recess 280 while, as shown in FIGURE
10, the diameter of tapered bore 278 diminishes to the
diameter substantially equal to the width 283 of recess
280. The geometry of tapered bore 278 may create a
gradual transition from the larger diameter of conduit 70
to the narrow rectangular cross section 76. As shown in
FIGURES 9 and 10, the point 282 at which the diameter
of tapered extension 278 converges to width 283 of re-
cess 280 may be above the bottom 284 of main body
portion 262.
[0047] According to aspects of the invention, end caps
26, 28, 226, and 228 may be made from one or more of
the metals or non-metals listed above with respect to
support structure 34 and fabricated by means of one or
more of the fabrication processes listed above with re-
spect to support structure 34. According to one aspect
of the invention semicircular recess 80 may be fashioned
in main body portion 62 by means of a circular saw cut.
End caps 26 and 28 may be machined from solid material
for example, machined from 6061 T6 aluminum alloy, or
its equivalent.
[0048] In one aspect, end caps 26, 28, 226, and 228
are designed to provide a low particulate loss transition
from round sample conduits to a rectangular dehumidifier
cross section, then back to round conduits. At least two
distinct machining operations may be used to create the
end cap geometry shown in FIGURES 7 and 8. The first
operation may be a saw cut into the edge of a block of
material intended to be fashioned into end cap 26. This
cut creates the rectangular cross section of recess 80
having radius 77. A saw cut enables a gradual transition
in rectangular cross section cross sectional area over the
length of end cap 26 that characterizes recess 80. The
second operation may be the creation of the tapered bore
78 through the center of end cap 26, substantially parallel

to the sample flow path of conduit 70. The geometry of
bore 78 creates a gradual radial transition from the larger
diameter sample tube 70 to the narrow rectangular cross
section 76. End cap 26 may be fabricated from two or
more piece parts and, for example, recess 80 may be
machined into one or more piece parts of end cap 26 and
then mated, for example, by mechanical fasteners or
welding, to provide the desired flow path 74. The geom-
etry of the inlet end cap 26 and outlet end cap 28 may
be substantially identical. End cap 26 acts to gradually
expand the sample stream into the dehumidifying or
treatment zone 30 of dehumidifier 10 and end cap 28
acts to converge the gas stream into the round conduit
70 in outlet 14.
[0049] As shown in FIGURES 3 and 7, flange portions
64 and 66 of end caps 26, 28, 226, and 228 may include
means for assembling end caps 26 and 28 to humidifier
10. For example, flange portions 64 and 66 may include
one or more holes 67 for accepting fasteners, for in-
stance, bolts or screws, which engage holes 51 in end
plates 22 and 24, though other conventional attachment
means may be used.
[0050] Referring back to FIGURE 2, according to one
aspect of the invention, humidifier 10 may also include
some form of gas sealing means between end caps 26
and 28 and the rest of the components of humidifier 10.
Gaskets 84, for example, elastomeric gaskets, may be
positioned on the inboard side of end caps 26 and 28 to
minimize or prevent the leakage of gases between the
mating surfaces of end caps 26 and 28 and membrane
support structure 34, between the mating surfaces of end
caps 26 and 28 and membrane end plates 22 and 24,
and between the mating surfaces of end caps 26 and 28
and membranes 32. Membrane 32 may be longer in
length than support structure 34 whereby a portion of
membrane 32 may be folded over the end of support
structure 34 to effectively seal this interface with gaskets
84 when assembled. Gaskets 84 may be typically perfo-
rated to avoid obstructing holes 67 and recess 80 in end
caps 26 and 28. According to one aspect of the invention,
elastomeric gaskets 84 may be silicone rubber sheets
having a 40A durometer hardness provided by Reiss
Manufacturing, Inc. of Blackstone, Virginia, or its equiv-
alent.
[0051] In the aspects of the invention shown in FIG-
URE 1-10, dehumidifier 10 typically is shown and de-
scribed as having a single gas treatment zone 30, as
shown in FIGURE 4. However, according to one aspect
of the invention, dehumidifier 10 may have a plurality of
treatment zones 30, each treatment zone bounded by at
least one water vapor permeable membrane 32, for ex-
ample, two membranes. According to one aspect of the
invention, the plurality of treatment zones 30 may be po-
sitioned parallel to each other. Each treatment zone 30
may comprise two membranes 32 mounted on respective
individual support structures 34 mounted adjacent to
each other. In another aspect of the invention, two sup-
port adjacent structures 34 may be integrated into a sin-
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gle support structure comprising a plate 38 and ribs 36
mounted to either side of the plate in one of more rib
configurations discussed above.
[0052] In one aspect of the invention having a plurality
of treatment zones 30, end caps 26 and 28 may comprise
a plurality of end caps each of the plurality of end caps
having inlets 12 and outlets 14. End caps 26 and 28 may
comprise individual inlets 12 and outlets 14, wherein end
caps 26 and 28 may comprise manifolds or gas distribu-
tion paths that distribute the gas introduced to one or
more inlets 12 to the plurality of treatment zones 30 and
collect the gas from the plurality of treatment zones 30
and direct it to the one or more outlets 14. Appropriate
sealing means, for example, sheet or rope gaskets, may
be provided to seal the respective gas passages as ap-
propriate. The plurality of purge sides of the flow passag-
es maybe provided with a source of vacuum, for example,
via a plurality of vacuum sources or via vacuum distribu-
tion passages or conduits internal or external to dehu-
midifier 10. Other scaled up adaptations of aspects of
the invention will be apparent to those of skill in the art
including the deployment of multiple dehumidifiers 10 in
parallel or series.
[0053] According to aspects of the present invention,
the diffusion of water vapor across membrane 32, for
example, a Nafion membrane, may typically be driven
by a water vapor concentration gradient over membrane
32. In the following discussion, the side of membrane 32
against which sample gas stream 15 (see FIGURE 1)
flows will be referred to as the "sample side" 21 (see
FIGURE 3) of membrane 32 and the side of membrane
32 against which treatment gas stream 25 (see FIGURE
1) flows will be referred to as the "purge side" 23 of mem-
brane 32. In one aspect of the invention, the desired water
vapor concentration gradient may be created by expand-
ing a gas under vacuum and passing the expanded gas
to purge side 23 of membrane 32. For example, a lower
water vapor concentration may be provided by expanding
a flow of gas on the low-pressure side, or downstream
side, of a flow control device, for example, a valve, though
other types of pressure reducing devices may be used.
Expanding a gas stream may provide sufficiently lower
water vapor concentration in the resulting gas stream to
provide a sufficient concentration gradient desired
across membrane 32 according to aspects of the inven-
tion. After expansion, the lower pressure gas stream may
be introduced to purge side 23 of membrane 32 to provide
the desired water vapor concentration gradient. The gas
stream 17 (see FIGURE 1) exiting sample side 21 of de-
humidifier 10 may be expanded, for example, by passing
gas stream 17 through a flow control device, and then
introduced as the source of lower water vapor concen-
tration medium on purge side 23 of membrane 32. The
expanded gas stream will accept water vapor through
membrane 32 and exit dehumidifier 10 with the water
vapor from the gas on sample side 21 of membrane 32.
As discussed below, the flow of gas through dehumidifier
10 may be provided by a source of vacuum, for example,

a vacuum pump.
[0054] The direction of sample gas flow 15 may be
provided whereby the treatment or purge gas flow 25
may be substantially opposite in direction to the direction
of sample gas flow 15. In aspects of the invention, the
inventors have found that providing this opposite, or
counter-current, flow of gases in which the driest purge
gas flow 25 is introduced at the location in dehumidifier
10 where the driest sample gas flow 15 is present pro-
vides improved water vapor removal from gas stream 15.
In another aspect of the invention, the respective gas
flows may be provided in substantially the same direction
through dehumidifier 10, that is, in a co-current or non-
counter-current flow arrangement.
[0055] In one aspect of the invention, the source of
vacuum, for example, a vacuum pump, may be the only
energy introduced to dehumidifier 10 or to a system in-
corporating dehumidifier 10, as will be described more
completely below. According to one aspect of the inven-
tion, the greater the vacuum provided to purge side 23
of membrane 32, the higher the dehumidifying efficiency
of dehumidifier 10, for a given flow rate.
[0056] Dehumidifier 10, 110 may be operated with sub-
stantially the same mass flow rate through sample side
21 (see FIGURE 3) and through purge side 23. The mass
flow rates of the sample gas stream 15 (see FIGURE 1)
and purge gas stream 25 may be different, for example,
sample stream 15 may have a greater mass flow rate
than purge gas stream 25 or sample gas stream 15 may
have a lower mass flow rate than purge gas stream 25.
In one aspect, for example, when purge side gas flow 25
is first expanded, for example, greatly expanded, for in-
stance, after the gas exits the sample side 21 of dehu-
midifier 10, the volumetric flow of sample gas stream 15
may be less, for example, far less, than the volumetric
flow rate of the purge gas stream 25 in dehumidifier 10.
In one aspect, the sample gas stream 21 is expanded by
vacuum after it exits dehumidifier 10, 110 and before it
becomes the purge gas stream 25. As a result, the purge
gas stream 25 may occupy a much larger volume than
the sample gas stream 15, that is, the volumetric flow of
the sample gas stream 15 may be much less than volu-
metric flow of the purge gas stream 25.
[0057] According to aspects of the invention, dehumid-
ifier 10, 110 provides improved dehumidification while
minimizing the impact upon particulate transfer through
dehumidifier 10, 110. For example, passing a sample
gas stream having a content of particulate matter, for
example, PM-10 particulate matter or less, through de-
humidifier 10 may produce a dehumidified gas stream
having at least about 60% of the particulate matter intro-
duced to dehumidifier 10. However, the efficiency of the
transfer of particulate matter through dehumidifier 10
may vary as a function of particulate matter size and or
particulate matter velocity, among other things. In one
aspect, for a given particulate matter size and/or velocity
at least about 80% of the particular matter is retained, or
at least 90% of the particulate matter is retained, or 95%
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of the particulate matter is retained, or even 99% of the
particulate matter is retained. In one aspect of the inven-
tion, no particulate matter is lost during the dehumidifi-
cation process and the dehumidified gas stream may
contain substantially 100% of the particulate matter in-
troduced to dehumidifier 10, 110.
[0058] According to aspects of the invention, the ge-
ometries of the flow paths 74 and 274 of the sample side
gas flow 15 of humidifier 10 are provided to achieve this
high particle retention. Sample side gas flow paths 74
and 274 of dehumidifier 10 may promote high quality gas
flow with gradually transitioning flow path cross sections.
Computer aided analysis, specifically, computational flu-
id dynamic analysis, suggests that aspects of the present
invention provide little or no gas flow separation on sam-
ple gas flow, for example, gas flow separation that may
cause particles, for example, PM-10 and smaller parti-
cles, to exit the flow stream and impact or be deposited
on the internal surfaces of dehumidifier 10.
[0059] The flow geometries and cross sections in
purge side 23 may be of little or no importance with re-
gards to particle retention in dehumidifier 10. For exam-
ple, the desired particulate analysis on the gas stream
sample 15 may have already been performed, that is,
prior to the gas stream entering purge side 23 of dehu-
midifier 10. However, the geometry of the flow path
through purge side 23 may affect the operation of dehu-
midifier 10, for example, high velocity gas flows and/or
turbulent gas flow though the flow path on purge side 23
may enhance the passage of water vapor through mem-
brane 32. High velocity gas flows and/or turbulent gas
flow may also promote minimal boundary layer develop-
ment on purge side 23 of membrane 32. According to
one aspect of the invention, the formation of a boundary
layer on the purge side of membrane 32 may be mini-
mized or prevented. It is understood that minimizing or
preventing boundary layer formation on the purge side
of the membrane enhances water vapor transfer through
the membrane. In one aspect, an indirect, or circuitous,
or serpentine gas flow path may be provided, for exam-
ple, as shown in FIGURES 5 and 6, to, for example, ac-
celerate the flow of gas through the purge side 23 and
minimize the formation of a boundary layer in the dehu-
midifier 10. The minimization or prevention of the forma-
tion of a boundary layer may be provided by creating
turbulent flow of gas on the purge side 23 of membrane
32. In one aspect, the velocity of flow through the purge
side 23 to provide the desired turbulent flow may be at
least about 15 meters per second [m/s], or greater, for
example, 30 m/s, or 45 m/s, or greater.
[0060] In another aspect of the invention, the effective
surface area of membrane 32 may affect the efficiency
of the dehumidification. The effective surface area of
membrane 32 is the area of the sample side 21 of the
membrane that functions to pass water vapor to the purge
side 23 of membrane 32. Within the size constraints es-
tablished to produce a dehumidifier, or "dryer," 10 of rea-
sonable dimensions, the effective surface area of mem-

brane 32, for example, of a Nafion membrane, may be
directly proportional to the concentration of water vapor
in the gas discharged from outlet 14. Analysis and testing
of aspects of the invention suggest that there may an
effective membrane area beyond which dehumidification
efficiency does not increase with increasing effective sur-
face area - that is, a point of diminishing returns on in-
creased effective membrane area.
[0061] In one aspect of the invention, the thickness of
membrane 32 may also influence the effectiveness of
dehumidifier 10. Specifically, an interrelationship may ex-
ist between water vapor removal efficiency and compo-
nent durability. For example, membranes 32 having a
thickness of about 0.002" appear to satisfy this balance
between water vapor removal efficiency and component
durability. The optimum membrane thickness may vary
depending upon the size and operating conditions of de-
humidifier 10.
[0062] In another aspect of the invention, separation
distance 33 between membranes 32 (see FIGURE 4)
may influence the effectiveness of dehumidifier 10. Spe-
cifically, an interrelationship may exist between the ve-
locity of the sample flow through dehumidifier 10 and the
efficiency of the water removal in dehumidifier 10. Both
gas velocity and residence time may be functions of sep-
aration distance 33, among other things. For example,
contrary to intuition, in some aspects of the invention, as
the velocity of the sample gas through dehumidifier 10
increases, for example, by decreasing the separation dis-
tance 33 between membranes 32, the ability of dehumid-
ifier 10 to remove water vapor may increase. This direct
relationship between velocity and water vapor removal
efficiency may be limited. For example, there may exist
a condition above a certain flow velocity where water
removal efficiency does not increase, but may plateau or
decrease. The transition velocity may vary with the size
(for example, width), separation distance 33, and oper-
ating conditions of dehumidifier 10. For example, dehu-
midifier 10 may be designed to operate at an optimum
water removal efficiency over a range of design flow
rates, for example, for a design flow rate of between about
0.5 liters/minute and about 4.0 liters/minute, but is typi-
cally designed for flow rates of between about 1.0 liter/
minute and about 3.0 liters/minute.
[0063] FIGURE 11 is schematic illustration of a partic-
ulate matter sampling system 100 for sampling a gas
stream according to another aspect of the invention. Sys-
tem 100 may be adapted to sample air streams for the
presence of many types of particles, for example, organic
particles, such as pollen and other allergens, and inor-
ganic particles, such as, sand, dust, smoke, automobile
exhaust, and the like. System 100 includes a dehumidi-
fying device 110, for example, dehumidifier 10 shown in
FIGURES 1-10, or its equivalent, though other types of
dehumidifying devices may be used. System 100 may
include a mass measuring device 150, a mass flow con-
troller 160, and an electronic controller 200.
[0064] System 100 typically includes a gas inlet device
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102, for example, size-selective gas inlet device. Inlet
device 102 may be a size-selective gas inlet device
adapted to select particles ranging from PM-10, PM-2.5,
PM-1 to TSP (total suspended particulate matter). Size
selective inlet 102 may be provided by Thermo Electron
Corporation, though other similar or related devices may
be used. Gas inlet device 102 may be adapted to accept
a gas stream sample, as indicated by arrow 104. Gas
sample 104 may be an outside air sample, an inside air
sample, or a sample taken from a controlled environment,
for example, taken from a chamber in a test facility or
laboratory, among other sources. Gas inlet device 102
may be positioned outside of a building, as indicated by
phantom line 105, for example, on the roof of a building,
such as a commercial building or residential home. Sys-
tem 100 may be mounted on a portable platform, such
as a trailer. Gas inlet device 102 may be designed and
operated at a gas flow rate of about 16.7 liters/minute
(that is, about 1 m3/h).
[0065] System 100 may include a temperature and/or
relative humidity sensor 174 adapted to provide an indi-
cation of the temperature and humidity of the ambient
air , and thus of gas sample stream 104. Sensor 174 may
be a model SHT11 temperature and humidity sensor pro-
vided by Sensirion AG of Staefa, Switzerland, though
other similar or related devices may be used. The tem-
perature and/or humidity detected by sensor 174 may be
transmitted to electronic controller 200 via electrical con-
nection 175, for example, by means of a 0-5 Volt DC
(VDC) or 4-20 milliamp (mA) signal.
[0066] Gas stream 104 may be directed into system
100 under pressure, for example, provided by a blower
or fan (not shown) or by a vacuum. In the aspect of the
invention shown in FIGURE 11, gas stream 104 is drawn
into system 100.by means of a source of vacuum 106,
for example, a vacuum pump or an ejector. The source
of vacuum 106 may be a vacuum pump and, though other
sources of vacuum or pressure may be used to introduce
gas stream 104 to system 100, to facilitate disclosure of
the invention, the following discussion will refer to the
motive force as a source of vacuum and the specific
source of vacuum 106 as a vacuum pump.
[0067] Vacuum pump 106 may be any commercially
available vacuum pump capable of providing at least 10
inches of Hg vacuum, for example, at least 20 inches of
Hg vacuum. Vacuum pump 106 may be a Model
2688CE44 vacuum pump provided by Thomas Industries
of Sheboygan, Wisconsin, though other similar or related
devices may be used. The path or flow of the vacuum
provided by vacuum pump 106 will be discussed below.
[0068] As indicated by arrow 108 in FIGURE 11, as
will be discussed below, vacuum pump 106 draws gas
stream 104 through inlet device 102 and through conduit
109 and into dehumidifier 110. According to this aspect
of the invention, dehumidifier 110 may comprise a mem-
brane type dehumidifier wherein the membrane (not
shown) comprises a material that is permeable to water
vapor, for example, DuPont’s Nafion® PFSA, or its equiv-

alent. According to one aspect of the invention, dehumid-
ifier 110 includes a flow path for gas stream 104 bounded
by one side of the membrane and a flow.path exposed
to vacuum bounded by the other side of the membrane.
According to one aspect of the invention, dehumidifier
110 may be any type of dehumidifier that may be adapted
to function according to the present invention. Dehumid-
ifier 110 may be a parallel plate type dehumidifier. In an-
other aspect of the invention, dehumidifier 110 may by a
tube-type or a bundled-tube type dehumidifier. Similar to
dehumidifier 10 shown and discussed with respect to
FIGURES 1-10, dehumidifier 110 includes an inlet 112,
and outlet 114, at least one outlet 116, and at least one
inlet 118. According to aspects of the present invention,
outlet 116 may be operatively connected to vacuum
pump 106 by means of conduit 120. The operation of
vacuum pump 106 may be monitored by means of pres-
sure sensor 176, for example, any device adapted to de-
tect gage, absolute, or differential pressure. As shown in
FIGURE 11, one leg of the pressure sensor 176 may be
operatively connected to the low pressure inlet of vacuum
pump 106 via conduit 122 and the other leg of sensor
176 may be adapted to sense ambient pressure. Sensor
176 may be a model MPX4115AP pressure sensor pro-
vided by Freescale Semiconductor, Inc. of Austin, Texas,
though other similar or related devices may be used. The
pressure detected by sensor 176 may be transmitted to
electronic controller 200 via electrical connection 177,
for example, by means of a 0-5 Volt DC (VDC) or 4-20
milliamp (mA) signal.
[0069] Sensor 176 may provide an indication of the
performance and/or operation of vacuum pump 106. For
example, when the pressure indicated by sensor 176
drops below a predetermined value, for example, 20 inch-
es of mercury (Hg) absolute, the operator may be advised
by electronic controller 200, for example, to take appro-
priate action.
[0070] The flow of gas sample 104 through dehumid-
ifier 110 is indicated by arrow 126, the flow of vacuum
through dehumidifier 110 is indicated by arrow 128. In
one aspect of the invention, to provide the desired water
vapor concentration gradient, the flow of vacuum gas
stream 128 typically may have a water vapor concentra-
tion at least about 5% lower than the water vapor con-
centration of the gas sample stream 126. The water vapor
concentration of vacuum gas stream 128 may be at least
about 10% lower, or even at least about 25% lower, or
more, than the water vapor concentration of sample gas
stream 126.
[0071] Though in one aspect of the invention, the flow
of vacuum 128 may be opposite or counter-current to the
flow of treated gas 126, in another aspect of the invention,
these flows may be in the same or co-current direction.
According to aspects of the present invention, as the gas
stream 104 passes through dehumidifier 110, the water
vapor concentration gradient across the membrane
causes the water vapor to pass through the membrane
from the water vapor rich gas stream 126 to the water
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vapor lean gas stream 128 in dehumidifier 110 whereby
the treated gas stream exited outlet 114 of dehumidifier
110 contains less water vapor than the gas stream intro-
duced into inlet 112. Similarly, according to aspects of
the invention, the vacuum exiting dehumidifier 110
through outlet 116 typically may contain more water va-
por than the vacuum introduced to inlet 118. Inlets 118
may be operatively connected to the outlet of a mass flow
controller 160, for example, via conduit 170.
[0072] System 100 may include a relative humidity
sensor 130 adapted to sense the relative humidity in sys-
tem 100. Relative humidity sensor 130 may be positioned
downstream of dehumidifier 110 and be adapted to sense
the relative humidity of the gas stream exiting dehumid-
ifier 110, for example, to estimate the performance of
dehumidifier 110. Sensor 130 may be a SHT11 relative
humidity sensor provided by Sensirion AG, though other
similar or related devices may be used. The relative hu-
midity detected by sensor 130 may be transmitted to elec-
tronic controller 200 via electrical connection 131, for ex-
ample, by means of a 0-5 Volt DC (VDC) or 4-20 milliamp
(mA) signal. System 100 may be operate to ensure a
relative humidity of the gas stream exiting dehumidifier
110 of at least a target value, for example, at least a target
relative humidity percentage (for example, at a given tem-
perature) or at least a target dew point. For example,
system 100 may be operative to provide at least a dew
point about 2 degrees C at the outlet of dehumidifier 110,
as indicated by sensor 130.
[0073] System 100 typically includes a mass measur-
ing device 150 adapted to collect and/or detect the
amount of particulate matter contained in a gas sample,
indicated by arrow 104, after passing through dehumid-
ifier 110. Mass measuring device 150 may be any mass
measuring device adapted to collect, detect, or measure
particulate matter in gas stream 104. Mass measuring
device 150 may include a sample inlet tube 152. Mass
measuring device 150 may be a real-time ambient par-
ticulate mass concentration measuring device, for exam-
ple, a TEOM® Series 1400a Ambient Particulate Monitor
provided by Thermo Electron Corporation. In another as-
pect of the invention, mass measuring device 150 may
be a beta attenuation device adapted to collect particles
or a filtering device adapted to collect particles which may
be analyzed on-line or after removal of the filtering device.
Other mass measuring devices may also be used. Mass
measuring device 150 may be adapted to provide an
electrical signal representative of the mass detected, for
example, an indication of the frequency of vibration of
the mass collecting element of mass collecting device
150, though mass indicative parameters may be provid-
ed. The signal corresponding to the mass detected by
device 150 may be transmitted to electronic controller
200 via electrical connection 151, for example, by means
of a 0-5 Volt DC (VDC) or 4-20 milliamp (mA) signal.
[0074] System 100 may also include a mass flow con-
troller 160 that receives a flow of gas from mass meas-
uring device 150 via conduit 154. Mass flow controller

160 may be any device adapted to regulate the flow of
gas. Mass flow controller 160 may comprise a valve, for
example, a solenoid, gate, ball, or any other type of valve.
Mass flow controller 160 may be a mass flow controller
provided by Thermo Electron Corporation, though other
similar or related devices may be used. The operation of
mass flow controller 160 may be regulated by electronic
controller 200, for example, via electrical connection 201,
for example, by means of a 0-5 Volt DC (VDC) or 4-20
milliamp (mA) signal. The operation of mass flow con-
troller 160 may be regulated by electronic controller 200
as a function of temperature and/or humidity of the gas
stream being treated, for example, as indicated by sen-
sors 174, 130, and 180, among other system operating
parameters.
[0075] System 100 may include a mass flow sensor
168 adapted to detect the flow of mass through system
100. Mass flow sensor 168 may be a Model AWM5101
mass flow sensor provided by Honeywell International
Inc of Morristown, New Jersey, though other similar or
related devices may be used. The output signal from
mass flow sensor 168 may be transmitted to electronic
controller 200, for example, via electrical connection 201,
for example, by means of a 0-5 Volt DC (VDC) or 4-20
milliamp (mA) signal. The mass flow of gas through sen-
sor 168 may be used to regulate the operation of mass
flow controller 160. For example, the flow of mass through
sensor 168 may regulate the operation of a valve in mass
flow controller 160. Mass flow controller 160 and mass
flow sensor 168 may be provided in a single integrated
assembly or housing. In another aspect of the invention,
mass flow controller 160 and mass flow sensor 168 may
be provided in two or more separate housings.
[0076] The operation of mass measuring device 150
may be monitored by means of pressure sensor 164, for
example, a any device adapted to detect gage, absolute
or differential pressure. As shown in FIGURE 11, one leg
of the pressure sensor 164 may be operatively connected
to the mass flow controller 160 via conduit 163 and the
other leg of sensor 164 may be adapted to sense ambient
pressure. Sensor 164 may be a model MPX4115AP pres-
sure sensor provided by Freescale Semiconductor, Inc.,
though other similar or related devices may be used. The
pressure detected by sensor 164 may be transmitted to
electronic controller 200 via electrical connection 165,
for example, by means of a 0-5 Volt DC (VDC) or 4-20
milliamp (mA) signal.
[0077] Sensor 164 may provide an indication of the
performance and/or operation of mass measuring device
150. For example, when the pressure indicated by sensor
164 reaches a predetermined value, for example, about
7 inches of mercury (Hg) absolute, the operator may be
advised by electronic controller 200, for example, to take
appropriate action. For example, the pressure detected
by sensor 164 may provide an indication of the state of
the mass collecting unit of mass measuring device 150,
for instance a pressure greater than a predetermined val-
ue may indicate that a collecting filter in device 150 may
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be fouled or otherwise malfunctioned.
[0078] System 100 may include one or more sensors
for detecting ambient temperatures, ambient pressures,
component temperatures, component pressures, gas
flow rates, mass flow rates, and the like. For example,
system 100 may include at least one ambient pressure
sensor 180, for example, gage or absolute pressure.
Sensor 180 may be a model MPX4115AP pressure sen-
sor provided by Freescale Semiconductor, though other
similar or related devices may be used. The pressure
detected by sensor 180 may be transmitted to electronic
controller 200 via electrical connection 181, for example,
by means of a 0-5 Volt DC (VDC) or 4-20 milliamp (mA)
signal.
[0079] The temperature sensed by sensor 174 and/or
the ambient pressure sensed by sensor 180 may be used
to regulate the operation of system 110, for example,
regulate the operation of one or more of the components
of system 100. For example, the temperature sensed by
sensor 174 and/or the pressure sensed by sensor 180
may be used to regulate the operation of mass flow con-
troller 160.
[0080] Monitoring and/or control of system 100 or its
components may be performed by one or more electronic
controllers 200. Electronic controller 200 may comprise
a personal computer, a programmable logic controller,
or a similar processing device adapted to receive data,
record and/or manipulate data, and output information to
a human operator or to other devices. For example, com-
puter processor 200 may receive a temperature and a
humidity signal from sensor 174 via electrical connection
175 or an atmospheric pressure signal from pressure de-
tector 180 via electrical connection 181. Then, based up-
on a predetermined algorithm, computer processor 200
may output a control signal 201 to mass flow controller
160 to regulate the operation of mass flow controller 160,
for example, to regulate the flow of gas through mass
flow controller 160 - and thus through mass measuring
device 150 - by, for instance, opening or closing an orifice
in mass flow controller 160. Other control means may
also be provided to optimize the operation of system 100.
[0081] A differential pressure may exist across the
membrane, for example, membrane 32, in dehumidifier
10 or 110. This differential pressure may be the motivat-
ing force for transferring water vapor across the mem-
brane or this differential pressure may be one component
of the motive force transferring water vapor across the
membrane. For example, the differential pressure may
augment or assist the water vapor concentration gradient
across the membrane in effecting water vapor transfer.
In one aspect of the invention, the relative difference in
the gas vapor pressure may be the motivating force for
transferring water vapor across the membrane. For ex-
ample, the untreated gas stream may have a first vapor
pressure and the treatment gas stream may have a sec-
ond vapor pressure, lower than the first vapor pressure.
In another aspect, the relative difference in absolute hu-
midity, that is, the mass of water per volume of gas, may

be the motivating force for transferring water vapor
across the membrane. For example, the untreated gas
stream may have a first absolute humidity and the treat-
ment gas stream may have a second absolute humidity,
lower than the first absolute humidity.
[0082] The particulate laden gas stream 126 flowing
through the sample side of dehumidifier 10 or 110 may
be exposed to a pressure less than atmospheric, or am-
bient, pressure, for example, slightly less than ambient
pressure. This pressure drop from ambient pressure (for
example, ambient pressure detected by pressure sensor
180) may be due to the flow restriction, though typically
minimal, provided by the inlet device 102. In contrast, in
one aspect, the pressure on the purge side 128 of the
membrane of dehumidifier 10 or 110 may be created by
the source of vacuum, for example, vacuum pump 106.
The vacuum pressure provided on the purge side 128 of
the membrane may be as large as can be provided by
the vacuum pump 106 at the flow that the vacuum pump
106 is being operated. The drying efficiency of dehumid-
ifier 10 or 110 may increase as the vacuum provided by
vacuum pump 106 increases. The vacuum pressure pro-
vided on the purge side 128 of dehumidifier 10 or 110
may be at least 20 inches of mercury (Hg) or greater, for
example, 30 inches of Hg, or more, though water vapor
may be transferred at lower levels of vacuum. According
to aspects of the invention, the value of the sub-atmos-
pheric pressure drawn by the source of vacuum (and any
other pressure value provided herein) may be relative to
atmospheric pressure in inches of Hg, for example, rel-
ative to about 29.921 inches ofHg at 0 degrees C. That
is, a pressure of about 20 inches of Hg corresponds to
about 20 inches of Hg below atmospheric pressure, or
about 9.921 inches of Hg absolute pressure.
[0083] The vacuum pressure in the purge side 128 of
dehumidifier 10 or 110 may also act as the force to keep
the membrane, for example, membrane 32, flat against
the membrane support structure (for example, flat
against the ribs 36 of support structure 34 shown in FIG-
URE 2). The minimum pressure differential across the
membrane in dehumidifier 10 or 110 may be about 3 to
about 5 inches of Hg.
[0084] Though in one aspect of the invention, the pres-
sure in the sample side of dehumidifier 10 or 100 may
be sub-atmospheric, or a vacuum, in another aspect of
the invention, the pressure on the sample side of dehu-
midifier 10 or 110 may be super atmospheric, for exam-
ple, a pressure or pressure differential of 1 psig or greater,
for instance 10 psi or greater. One limit on the pressure
that may be applied to the sample side of dehumidifier
10 or 110 may be the strength of the membrane used.
However, a membrane may be provided having sufficient
strength and supported by an appropriate support struc-
ture to prevent collapse or damage of the membrane such
that greater pressures, for example, pressures or pres-
sure differentials of 20 psig or greater, may be provided
on the sample side of dehumidifier 10 or 110.
[0085] FIGURES 12A, 12B, and 12C are schematic
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views of further flow path cross sections according to
further aspects of the invention. FIGURE 12A is a sche-
matic cross sectional view of a dehumidifier 300 having
a flow passage having a generally arcuate or bent rec-
tangle shape according to one aspect of the invention.
Dehumidifier 300 includes at least one membrane 302,
typically, two membranes 302, mounted on support struc-
tures 304 and 306. Support structures 304 and 306 may
have the construction of support structure 34 shown in
FIGURES 5 and 6; however, support structures 304 and
306 are radiused as shown in FIGURE 12 A. Support
structures 304 and 306 provide support wherein mem-
branes 302 also provide a radiused profile and define a
flow path 308 having radiused boundaries defined by
membranes 302. Similar to support structure 34, support
structures 304 and 306 may typically include flow pas-
sages, for example, serpentine flow passages, for pass-
ing a purge gas. As in the aspect of the invention shown
in FIGURE 4, support structures 304 and 306 may be
mounted in a housing 310, shown in cross-section in FIG-
URE 12A. Housing 310 may comprise two or more sub
housings to facilitate assembly and servicing of dehu-
midifier 310, for example, end plates similar to end plate
22 and 24 of dehumidifier 10. The materials, hardware,
and mode of assembly and operation of humidifier 300
may be similar to humidifier 10 shown in FIGURES 1-4.
[0086] FIGURE 12B is a schematic cross sectional
view of a dehumidifier 400 having a flow passage having
a generally eye-shaped cross section, that is, having a
generally varying width between the boundaries of the
flow passage, according to another aspect of the inven-
tion. Dehumidifier 400 includes at least one membrane
402, typically, two membranes 402, mounted on support
structures 404 and 406. Support structures 404 and 406
may have the construction of support structure 34 shown
in FIGURES 5 and 6; however, support structures 404
and 406 are radiused as shown in FIGURE 12B. Support
structures 404 and 406 provide support wherein mem-
branes 402 also provide a radiused profile and define a
flow path 408 having radiused boundaries defined by
membranes 402. Similar to support structure 34, support
structures 404 and 406 may typically include flow pas-
sages, for example, serpentine flow passages, for pass-
ing a purge gas. As in the aspect of the invention shown
in FIGURE 4, support structures 404 and 406 may be
mounted in a housing 410, shown in cross-section in FIG-
URE 12A. Housing 410 may comprise two or more sub
housings to facilitate assembly and servicing of dehu-
midifier 410, for example, end plates similar to end plate
22 and 24 of dehumidifier 10. The materials, hardware,
and mode of assembly and operation of humidifier 400
may be similar to humidifier 10 shown in FIGURES 1-4.
[0087] FIGURE 12C is a schematic cross sectional
view of a dehumidifier 500 having a flow passage having
a generally crescent-shaped cross section according to
another aspect of the invention. Dehumidifier 500 in-
cludes at least one membrane 502, typically, two mem-
branes 502, mounted on support structures 504 and 506.

Support structures 504 and 506 may also have the con-
struction of support structure 34 shown in FIGURES 5
and 6; however, support structures 504 and 506 are ra-
diused as shown in FIGURE 12C. Support structures 504
and 506 provide support wherein membranes 502 also
provide a radiused profile and define a flow path 508
having radiused boundaries defined by membranes 502.
Similar to support structure 34, support structures 504
and 506 may typically include flow passages, for exam-
ple, serpentine flow passages, for passing a purge gas.
As in the aspect of the invention shown in FIGURE 4,
support structures 504 and 506 may be mounted in a
housing 510, shown in cross-section in FIGURE 12C.
Housing 510 may comprise two or more sub housings to
facilitate assembly and servicing of dehumidifier 510, for
example, end plates similar to end plate 22 and 24 of
dehumidifier 10. The materials, hardware, and mode of
assembly and operation of humidifier 500 may be similar
to humidifier 10 shown in FIGURES 1-4.
[0088] While several aspects of the present invention
have been described and depicted herein, alternative as-
pects may be effected by those skilled in the art to ac-
complish the same objectives. Accordingly, it is intended
by the appended claims to cover all such alternative as-
pects as fall within the scope of the invention.

Claims

1. A membrane diffusion gas dehumidifier (10,110), the
dehumidifier comprising:

an inlet (12, 112) for the gas (15, 104) having a
first moisture content;
a treatment zone (30) comprising a flow path
having a first boundary elongated in a direction
substantially perpendicular to a direction of flow
of the gas, a second boundary opposite the first
boundary and elongated in a direction substan-
tially perpendicular to the direction of flow of the
gas, and a width comprising the distance be-
tween the first boundary and the second bound-
ary, wherein at least one of the first boundary
and the second boundary of the flow path com-
prises a water-permeable membrane (32), the
membrane (32) having a first side exposed to
the treatment zone (30) and a second side op-
posite the first side;
means for exposing (18, 118) the second side
of the membrane (32) to a treatment gas having
a second moisture content, lower than the first
moisture content, wherein at least some mois-
ture passes from the gas through the membrane
(32) to the treatment gas (25); and
a dehumidified gas outlet (14, 114),

characterized in that the dehumidifier is adapted
to dehumidify particle-containing gas streams while
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minimizing loss of particles from the gas streams by
comprising a transitional flow path (74) between the
inlet (12) and the treatment zone (30), the transitional
flow path providing an increase in cross sectional
area of the flow path of gas so as to minimize ob-
struction and loss of particles during transfer through
the transitional flow path (74).

2. The dehumidifier as recited in claim 1, character-
ized by further comprising at least one support struc-
ture (34) adapted to support the membrane (32).

3. The dehumidifier as recited in claim 2, character-
ized in that the support structure (34) provides a
flow path for the treatment gas (25).

4. The dehumidifier as recited in claim 3, character-
ized in that the flow path for the treatment gas (25)
is adapted to minimize the formation of a boundary
layer on the second side of the membrane (32).

5. The dehumidifier as recited in claim 3, character-
ized In that the flow path for the treatment gas (25)
is adapted to provide a turbulent flow of treatment
gas (25).

6. The dehumidifier as recited in anyone of claims 1 to
5, characterized in that the inlet gas (15) comprises
a gas having a first vapor pressure and wherein the
means for exposing the second side of the mem-
brane (32) to a treatment gas (25) further comprises
means for providing a treatment gas (25) having a
second vapor pressure, lower than the first vapor
pressure.

7. The dehumidifier as recited in anyone of claims 1 to
6, characterized in that the treatment zone flow
path (74) comprises a rectangular cross section (76)
in the direction of flow.

8. The dehumidifier as recited in any one of claims 1
to 7, characterized in that the inlet (12) comprises
a circular cross section having a diameter, and
wherein the width of the treatment zone is less than
the diameter.

9. The dehumidifier as recited in claim 7, character-
ized in that the rectangular cross section (76) of the
flow path (74) comprises an aspect ratio of at least
about 5 to 1.

10. The dehumidifier as recited in claim 3, character-
ized in that the support structure (34) comprises a
plate (38) and a plurality of ribs (36) projecting from
the plate (38), the ribs (36) supporting the membrane
(32) and defining the flow path for the treatment gas
(25).

11. The dehumidifier as recited in anyone of claims 1 to
11, characterized in that the at least one water-
permeable membrane (32) comprises a perfluoro-
sulfonic acid polymer.

12. A method of dehumidifying a gas stream comprising:

providing a diffusion gas dehumidifier compris-
ing:

a gas inlet (12);
a treatment zone (30) comprising a flow
path having a first boundary, a second
boundary opposite the first boundary, and
a width comprising the distance between
the first boundary and the second boundary,
wherein at least one of the first boundary
and the second boundary of the flow path
comprises a water-permeable membrane
(32), the membrane (32) having a first side
exposed to the treatment zone (30) and a
second side opposite the first side, and
an outlet (14);
introducing an untreated gas stream (15)
having a first water vapor content to the gas
inlet (12);
passing the untreated gas stream (15)
through the treatment zone (30);
passing a treatment gas stream (25) passed
the second side of the membrane (32), the
treatment gas stream (25) having a second
water vapor content less than the first water
vapor content whereby at least some water
vapor in the untreated gas stream (15) pass-
es through the membrane (32) to the treat-
ment gas stream (25) to provide a dehumid-
ified particle-containing gas stream (17);
and
discharging the dehumidified gas stream
(17) from the outlet (14)

characterized by the untreated gas stream (15)
being a particle-containing gas stream, and the
method comprising passing the untreated parti-
cle-containing gas
stream (15) from the gas inlet (12) to the treat-
ment zone (30) through a transitional flow path
(74), the transitional flow path providing an in-
crease in cross sectional area of the flow path
of gas so as to minimize obstruction and loss of
particles during transfer through the transitional
flow path (74).

13. The method as recited in claim 12, characterized
in that the method is practiced wherein the dehu-
midified gas stream (17) discharged from the outlet
(14) includes at least 80% of the particulate matter
introduced at the inlet (12).
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14. The method as recited in claim 12 or claim 13, char-
acterized by passing a treatment gas stream (25)
passed the second side of the membrane (32) com-
prise passing the treatment gas stream (25) as a
turbulent flow whereby formation of a boundary layer
on the second side of the membrane (32) is mini-
mized.

15. A particulate matter sampling system for a gas, the
system comprising a diffusion gas dehumidifier as
recited in any one of claims 1 to 11,
characterized by further comprising:

a particulate matter measuring device (150)
having an inlet (152) in fluid communication with
the dehumidifier gas outlet (114) and an outlet
(154);
a flow controller (160) having an inlet in fluid
communication with the particulate matter
measuring device outlet and an outlet in fluid
communication with at least one vacuum inlet
(118) of the diffusion gas dehumidifier; and
a source of vacuum (106) operatively connected
to at least one vacuum outlet (116) of the diffu-
sion gas dehumidifier.

Patentansprüche

1. Membrandiffusion-Gasentfeuchter (10,110), der
Entfeuchter umfassend:

einen Einlass (12, 112) für das Gas (15, 1,04),
das einen ersten Feuchtegehalt aufweist;
eine Behandlungszone (30) mit einem Strö-
mungsweg, der eine erste Begrenzung hat, die
in einer Richtung im Wesentlichen senkrecht zu
einer Strömungsrichtung des Gases langgezo-
gen ist, eine zweite Begrenzung gegenüber der
ersten Begrenzung, die im Wesentlichen in ei-
ner Richtung senkrecht zur Strömungsrichtung
des Gases langgezogen ist, und eine Breite hat,
die den Abstand zwischen der ersten Begren-
zung und der zweiten Begrenzung umfasst, wo-
bei zumindest eine aus der ersten Begrenzung
und der zweiten Begrenzung des Strömungs-
wegs eine wasserdurchlässige Membrane (32)
umfasst, welche Membrane (32) eine erste, der
Behandlungszone (30) gegenüber freiliegende
Seite und eine zweite Seite gegenüber der er-
sten Seite aufweist;
Mittel zum Aussetzen (18, 118) der zweiten Sei-
te der Membrane (32) einem Behandlungsgas,
das einen zweiten Feuchtegehalt aufweist, der
niedriger als der erste Feuchtegehalt ist, wobei
zumindest etwas Feuchte vom Gas durch die
Membrane (32) auf das Behandlungsgas (25)
übergeht; und

einen Auslass (14, 114) für entfeuchtetes Gas,

dadurch gekennzeichnet, dass der Entfeuchter
zur Entfeuchtung von partikelhaltigen Gasströmen
geeignet ist, während der Verlust von Partikeln aus
den Gasströmen durch das Vorhandensein eines
Übergangsströmungswegs (74) zwischen Einlass
(12) und Behandlungszone (30) minimiert wird, in-
dem er einen Übergangsströmungsweg (74) um-
fasst, welcher Übergangsströmungsweg eine Zu-
nahme der Querschnittsfläche des Strömungswegs
von Gas bildet, um Behinderung und Verlust von
Partikeln der Transfer auf dem Übergangsströ-
mungsweg (74) zu minimieren.

2. Entfeuchter nach Patentanspruch 1, dadurch ge-
kennzeichnet, dass er des Weiteren zumindest ei-
ne Stützkonstruktion (34) umfasst, die zur Abstüt-
zung der Membrane (32) geeignet ist.

3. Entfeuchter nach Patentanspruch 2, dadurch ge-
kennzeichnet, dass die Stützkonstruktion (34) ei-
nen Strömungsweg für das Behandlungsgas (25) bil-
det.

4. Entfeuchter nach Patentanspruch 3, dadurch ge-
kennzeichnet, dass der Strömungsweg für das Be-
handlungsgas (25) geeignet ist, die Bildung einer
Grenzschicht auf der zweiten Seite der Membrane
(32) zu minimieren.

5. Entfeuchter nach Patentanspruch 3, dadurch ge-
kennzeichnet, dass der Strömungsweg für Be-
handlungsgas (25) geeignet ist, eine turbulente Strö-
mung von Behandlungsgas (25) zu erzeugen.

6. Entfeuchter nach einem der Patentansprüche 1 bis
5, dadurch gekennzeichnet, dass das Eintrittsgas
(15) ein Gas umfasst, das einen ersten Dampfdruck
hat, und wobei die 5 Mittel für das Freilegen der zwei-
ten Seite der Membrane (32) für ein Behandlungs-
gas (25) ferner Mittel umfassen, ein Behandlungs-
gas {25} bereitzustellen, das einen zweiten Dampf-
druck aufweist, der niedriger als der erste Dampf-
druck ist.

7. Entfeuchter nach einem der Patentansprüche 1 bis
6, dadurch gekennzeichnet, dass der Behand-
lungszonen-Strömungsweg (74) einen rechteckigen
Querschnitt (76) in der Strömungsrichtung umfasst.

8. Entfeuchter nach einem der Patentansprüche 1 bis
7, dadurch gekennzeichnet, dass der Einlass (12)
einen kreisförmigen Querschnitt mit einem Durch-
messer umfasst, und wobei die Breite der Behand-
lungszone kleiner als der Durchmesser ist.

9. Entfeuchter nach Patentanspruch 7, dadurch ge-
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kennzeichnet, dass der rechteckige Querschnitt
(76) des Strömungswegs (74) ein Seitenverhältnis
von zumindest ungefähr 5 zu 1 aufweist.

10. Entfeuchter nach Patentanspruch 3, dadurch ge-
kennzeichnet, dass die Stützkonstruktion (34) eine
Platte (38) und eine Vielzahl Rippen (36) umfasst,
die von der Platte (38) hervorstehen, welche Rippen
(36) die Membrane (32) abstützen und den Strö-
mungsweg 20 für Behandlungsgas (25) bilden.

11. Entfeuchter nach einem der Patentansprüche 1 bis
11, dadurch gekennzeichnet, dass die zumindest
eine wasserdurchlässige Membrane (32) ein Perflu-
orsulfonsäure-Polymer umfasst.

12. Verfahren zur Entfeuchtung eines Gasstroms, um-
fassend:

Bereitstellung eines Diffusion-Gasentfeuchters
mit:

einem Gaseinlass (12) ;
einer Behandlungszone (30), die einen
Strömungsweg mit einer ersten Begren-
zung, einer zweiten Begrenzung gegen-
über der ersten Begrenzung, und einer Brei-
te, die den Abstand zwischen der ersten Be-
grenzung und der zweiten Begrenzung um-
fasst, wobei zumindest eine aus der ersten
Begrenzung und der zweiten Begrenzung
des Strömungsweges eine wasserdurch-
lässige Membrane (32) umfasst, welche
Membrane (32) eine erste, gegenüber der
Behandlungszone (30) freiliegende Seite
und eine zweite Seite gegenüber der ersten
Seite hat, und
einem Auslass (14);
zur Einführung eines unbehandelten Gas-
stroms (15) mit einem ersten Wasser-
dampfgehalt zum Gaseinlass (12);
zur Leitung des unbehandelten Gasstro-
mes (15) durch die Behandlungszone (30);
zur Leitung eines Behandlungsgasstroms
(25), der durch die zweite Seite der Mem-
brane (32) geflossen ist, welcher Behand-
lungsgasstrom (25) einen zweiten Wasser-
dampfgehalt unter dem ersten Wasser-
dampfgehalt aufweist, wobei zumindest et-
was Wasserdampf im unbehandelten Gas-
strom (15) durch die Membrane (32) zum
Behandlungsgasstrom (25) fließt, um einen
entfeuchteten, partikelhaltigen Gasstrom
(17) zu erzeugen; und
zur Ableitung des entfeuchteten Gasstroms
(17) aus dem Auslass (14)

dadurch gekennzeichnet, dass es sich beim un-

behandelten Gasstrom (15) um einen partikelhalti-
gen Gasstrom handelt und das Verfahren die Leitung
des unbehandelten partikelhaltigen Gasstroms (15)
vom Gaseinlass (12) zur Behandlungszone (30)
über einen Übergangsströmungsweg (74), welcher
Übergangsströmungsweg eine Zunahme der Quer-
schnittsfläche des Strömungsweg für Gas bildet, um
Behinderung und Verlust von Partikeln während der
Transfer über den Übergangsströmungsweg (74) zu
minimieren.

13. Verfahren nach Patentanspruch 12, dadurch ge-
kennzeichnet, dass das Verfahren durchgeführt
wird, indem der entfeuchtete, aus dem Auslass (14)
abgeleitete Gasstrom (17) zumindest 80 % des am
Einlass (12) eingeführten Partikelmaterials enthält.

14. Verfahren nach Patentanspruch 12 oder 13, da-
durch gekennzeichnet, dass die Leitung eines,
durch die zweite der Membrane (32) geflossenen
Behandlungsgasstroms (25) die Leitung des Be-
handlungsgasstroms (25) als turbulente Strömung
umfasst, wobei die Bildung einer Grenzschicht auf
der zweiten Seite der Membrane (32) minimiert ist.

15. Partikelmaterial-Probenahmesystem für ein Gas,
welches System einen Diffusions-Gasentfeuchter
nach einem der Patentansprüche 1 bis 11 umfasst,
dadurch gekennzeichnet dass es des Weiteren
umfasst:

eine Partikelmaterial-Messvorrichtung (150),
die einen Einlass (152) in Fluidverbindung mit
dem Entfeuchter-Gasauslass (114) und einen
Auslass (154) aufweist;
einen Strömungsregler (160) mit einem Einlass
in Fluidverbindung mit dem Auslass der Parti-
kelmaterial-Messvorrichtung und einem Aus-
lass in Fluidverbindung mit zumindest einem
Vakuumeinlass (118) des Diffusions-Gasent-
feuchters; und
eine Vakuumquelle (106), die betrieblich mit zu-
mindest einem Vakuumauslass (116) des Diffu-
sion-Gasentfeuchters verbunden ist.

Revendications

1. Déshumidificateur de gaz par diffusion à travers une
membrane (10, 110), le déshumidificateur
comprenant :

un orifice d’admission (12, 112) destiné au gaz
(15, 104) présentant une première teneur en
humidité ;
une zone de traitement (30) comportant un par-
cours d’écoulement présentant une première
frontière de forme allongée dans une direction
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essentiellement perpendiculaire à la direction
d’écoulement du gaz, une seconde frontière op-
posée à la première frontière et de forme allon-
gée dans une direction essentiellement perpen-
diculaire à la direction d’écoulement du gaz, et
une largeur comprenant la distance comprise
entre la première frontière et la seconde frontiè-
re, dans lequel au moins l’une de la première
frontière et de la seconde frontière du parcours
d’écoulement comporte une membrane per-
méable à l’eau (32), la membrane (32) ayant un
premier côté exposé à la zone de traitement (30)
et un second côté opposé au premier côté ;
des moyens permettant d’exposer (18, 118) le
second côté de la membrane (32) à un gaz de
traitement présentant une seconde teneur en
humidité, inférieure à la première teneur en hu-
midité, dans lequel au moins une certaine quan-
tité d’humidité passe du gaz, à travers la mem-
brane, (32) vers le gaz de traitement (25) ; et
un orifice de sortie de gaz déshumidifié (14,
114), caractérisé en ce que le déshumidifica-
teur est adapté pour déshumidifier des flux de
gaz contenant des particules tout en minimisant
la perte des particules à partir des flux de gaz
du fait qu’il comporte un parcours d’écoulement
de transition (74) entre l’orifice d’entrée (12) et
la zone de traitement (30), le parcours d’écou-
lement de transition fournissant une augmenta-
tion en surface de section transversale du par-
cours d’écoulement du gaz de façon à réduire
l’obstruction et la perte des particules pendant
le transfert à travers le parcours d’écoulement
de transition (74).

2. Déshumidificateur selon la revendication 1, carac-
térisé en ce qu’il comprend, de plus, au moins une
structure de support (34) adaptée pour supporter la
membrane (32).

3. Déshumidificateur selon la revendication 2, carac-
térisé en ce que la structure de support (34) fournit
un parcours d’écoulement destiné au gaz de traite-
ment (25).

4. Déshumidificateur selon la revendication 3, carac-
térisé en ce que le parcours d’écoulement destiné
au gaz de traitement (25) est adapté pour minimiser
la formation d’une couche limite sur le second côté
de la membrane (32).

5. Déshumidificateur selon la revendication 3, carac-
térisé en ce que le parcours d’écoulement destiné
au gaz de traitement (25) est adapté pour fournir un
écoulement turbulent du gaz de traitement (25).

6. Déshumidificateur selon l’une quelconque des re-
vendications 1 à 5, caractérisé en ce que le gaz

d’admission (15) comporte un gaz présentant une
première pression de vapeur et dans lequel les
moyens permettant d’exposer le second côté de la
membrane (32) à un gaz de traitement (25) compor-
tent, de plus, des moyens pour fournir un gaz de
traitement (25) présentant une seconde pression de
vapeur, inférieure à la première pression de vapeur.

7. Déshumidificateur selon l’une quelconque des re-
vendications 1 à 6, caractérisé en ce que le par-
cours d’écoulement de la zone de traitement (74)
comprend une section transversale rectangulaire
(76) dans la direction de l’écoulement.

8. Déshumidificateur selon l’une quelconque des re-
vendications 1 à 7, caractérisé en ce que l’orifice
d’admission (12) comprend une section transversale
circulaire ayant un certain diamètre, et dans lequel
la largeur de la zone de traitement est plus petite
que le diamètre.

9. Déshumidificateur selon la revendication 7, carac-
térisé en ce que la section transversale rectangu-
laire (76) du parcours d’écoulement (74) comporte
un rapport de côtés d’au moins 5 à 1 environ.

10. Déshumidificateur selon la revendication 3, carac-
térisé en ce que la structure de support (34) com-
porte une plaque (38) et une pluralité de nervures
(36) faisant saillie à partir de la plaque (38), les ner-
vures (36) supportant la membrane (32) et définis-
sant le parcours d’écoulement destiné au gaz de trai-
tement (25).

11. Déshumidificateur selon l’une quelconque des re-
vendications à 11, caractérisé en ce que la, au
moins une, membrane perméable à l’eau (32) com-
prend un polymère de l’acide perfluorosulfonique.

12. Procédé de déshumidification d’un flux gazeux com-
prenant le fait de :

fournir un déshumidificateur de gaz par diffusion
comportant :

un orifice d’admission de gaz (12) ;
une zone de traitement (30) comprenant un
parcours d’écoulement présentant une pre-
mière frontière, une seconde frontière op-
posée à la première frontière, et une largeur
comprenant la distance comprise entre la
première frontière et la seconde frontière,
dans lequel au moins l’une de la première
frontière et de la seconde frontière du par-
cours d’écoulement comporte une mem-
brane perméable à l’eau (32), la membrane
(32) présentant un premier côté exposé à
la zone de traitement (30) et un second côté
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opposé au premier côté , et
un orifice de sortie (14) ;
introduire un flux de gaz non traité (15) pré-
sentant une première teneur en vapeur
d’eau dans l’orifice d’admission de gaz
(12) ;
faire passer le flux de gaz non traité (15) à
travers la zone de traitement (30) ;
faire passer un flux de gaz de traitement
(25) ayant passé le second côté de la mem-
brane (32), le flux de gaz de traitement (25)
présentant une seconde teneur en vapeur
d’eau inférieure à la première teneur en va-
peur d’eau, de sorte qu’au moins une cer-
taine quantité de la vapeur d’eau du flux de
gaz non traité (15) passe à travers la mem-
brane (32) vers le flux de gaz de traitement
(25) afin de fournir un flux de gaz déshumi-
difié contenant des particules (17) ; et
évacuer le flux de gaz déshumidifié (17) à
partir de l’orifice de sortie (14),

caractérisé en ce que le flux de gaz non traité (15)
est un flux de gaz contenant des particules, et en ce
que le procédé comprend le fait de faire passer le
flux de gaz non traité contenant des particules (15)
de l’orifice d’admission de gaz (12) vers la zone de
traitement (30) à travers un parcours d’écoulement
de transition (74), le parcours d’écoulement de tran-
sition fournissant un accroissement de la surface de
section transversale du parcours d’écoulement du
gaz de façon à réduire l’obstruction et la perte de
particules pendant un transfert à travers le parcours
d’écoulement de transition (74).

13. Procédé selon la revendication 12, caractérisé en
ce que le procédé qui est mis en pratique dans lequel
le flux de gaz déshumidifié (17) évacué à partir de
l’orifice de sortie (14) comporte au moins 80% de la
matière particulaire introduite au niveau de l’orifice
d’admission (12).

14. Procédé selon la revendication 12 ou la revendica-
tion 13, caractérisé par le fait que faire passer un
flux de gaz de traitement (25) ayant passé par le
second côté de la membrane (32) comporte de faire
passer le flux de gaz de traitement (25) sous la forme
d’un écoulement turbulent de sorte que la formation
d’une couche limite sur le second côté de la mem-
brane (32) est réduite.

15. Système d’échantillonnage d’une matière particulai-
re destiné à un gaz, le système comprenant un dés-
humidificateur de gaz par diffusion selon l’une quel-
conque des revendications 1 à 11,
caractérisé par le fait de comprendre, de plus :

un dispositif de mesure de matière particulaire

(150) comportant un orifice d’admission (152)
en communication de fluide avec l’orifice de sor-
tie de gaz du déshumidificateur (114) et un ori-
fice de sortie (154);
un contrôleur d’écoulement (160) ayant un ori-
fice d’admission en communication de fluide
avec l’orifice de sortie du dispositif de mesure
de la matière particulaire et un orifice de sortie
en communication de fluide avec au moins un
orifice d’admission de vide (118) du déshumidi-
ficateur de gaz par diffusion ; et
une source de vide (106) raccordée fonctionnel-
lement à au moins un orifice de sortie de vide
(116) du déshumidificateur de gaz de diffusion.
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