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TUBING FOR TRANSPORTING AIR SAMPLES
IN AN AIR MONITORING SYSTEM

FIELD OF THE INVENTION
The present invention relates generally to air sampling and, more particularly, to

systems for measuring air characteristics.

BACKGROUND OF THE INVENTION

As is known in the art, there are various applications where air is transported
through a tube or pipe for sampling or measurement purposes. For example, an air quality
measure system may have remotely located sensors instead of at the sensed environment.
In addition, a sensor may be used to sense several locations. For such systems, multiple
tubes may be used to bring air samples from multiple locations to a centralized sensor(s).
Centrally located air switches and/or solenoid valves may be used in these approaches to
sequentially switch the air from these locations through the different tubes to the sensor to
measure the air from multiple remote locations. These octopus-like or star-configured
systems use considerable amounts of tubing. Another multiple-location sampling system
known as a networked air sampling system uses a central ‘backbone’ tube with branches
extending to various locations. Air solenoids can be remotely located proximate the
multiple sampling locations. Air sampling systems can include remote and/or multiple-
location air sampling through a tube or pipe for sampling locations in a building, outdoor
air or ambient sampling, and sampling in smokestacks and exhaust air stacks. An
exemplary air sampling system is described in U.S. Patent No. 6,125,710, which is
incorporated herein by reference.

As known in the art, air sampling systems can use various types of tubing to
transmit air samples or ‘packets’ to the appropriate sensor. One type of tubing is TEFLON
tubing. However, TEFLON tubing is relatively expensive and has certain undesirable
particle transport characteristics, such that it is a poor conductor and tends to establish a
charge as an air sample passes through a tube of such material resulting in enhanced
electrostatic deposition of particulate matter from the flow stream. Low or High Density
Polyethylene (LDPE or HDPE) tubing, which is less expensive than TEFLON tubing, has

been used with limited success. Although good for indoor air quality CO2 sensing, the
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LDPE or HDPE tubing absorbs and desorbs volatile organic compounds (VOCs) leading to
inaccurate sensing results. This type of tubing is also poor for particle sensing applications
since the plastic is an electrically poor conductor and can hold a charge resulting in
relatively poor transport properties as a result of electrostatic deposition.

Some types of plastic tubing can be used for transporting particles. For example,
one type of plastic tubing is known as “Bev-A-Line XX * tubing made by Thermoplastic
Processes, Inc. of Stirling, NJ, can be used to perform air sampling with particle transport
efficiencies that are an improvement over that possible with polyethylene tubing.
However, “Bev-A-Line XX tubing is quite expensive and absorbs VOCs.

While certain metal tubing may have desirable properties for transporting air
samples, known metal tubing options may have certain drawbacks. For example, some
metal tubing is rigid rendering it quite expensive to install, because of the labor involved
with that process. While other metal tubing may be deformable so as to facilitate
installation, the metal characteristics are not well suited for air sampling applications. One
known tubing manufactured by Synflex of Mantua OH, a division of Saint-Gobain
Performance Plastics, includes an aluminum-lined polyethylene tube (Type 1300 Synflex)
to provide a stronger plastic tube with a higher burst resistance and pressure rating for high
pressure pneumatic applications. The internal aluminum liner is also coated with an
adhesive to help attach the aluminum inner tube together with the outer plastic jacket. It
also has a plastic coating on the inner portion of the tube for added chemical resistance.
However, such a tubing configuration is undesirable for use as an air-sampling medium.
The inner coating attracts and traps particles and absorbs VOCs. In addition, even if the
coating was not used the aluminum is reactive with many indoor contaminants. Due to its
reactive nature, the aluminum tubing would not give accurate and reliable performance as
an air sampling tubing. Further, the aluminum surface has an affinity to oxidize over time
as it is exposed to ambient air conditions. The surface oxidation increases the roughness of
the inside of the tube and can result in the release of particulate matter in the form of
aluminum oxide, which can have a non-negligible impact on a given concentration of

particulate matter being sampled via transport through the tubing.
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SUMMARY OF THE INVENTION

The present invention provides a tubing structure that is well suited for transporting
air samples in an air monitoring system. In an exemplary embodiment, the tubing includes
a metallic layer, which can be provided as stainless steel, to efficiently transport particulate
matter with minimal absorption and off-gassing. The tubing can include a jacket such that
the overall tubing structure can be bent, cut, and joined in a manner that is similar to that of

conventional tubing.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be more fully understood from the following detailed description
taken in conjunction with the accompanying drawings, in which:

FIG. 1 is a block diagram of an air sampling system having tubing in accordance
with the present invention;

FIG. 1A is a block diagram showing further details of the system of FIG. 1;

FIG. 2 is a schematic representation of composite tubing in accordance with the
present invention;

FIG. 2A is a schematic depiction of composite tubing having bending flexibility;

FIG. 3A is a schematic representation of a further embodiment of a composite
tubing in accordance with the present invention;

FIG. 3B is a cross-sectional view of an embodiment of a composite liner that may
be used to line the tubing of FIG. 3A.

FIG. 4 is a schematic representation of another embodiment of a composite tubing
in accordance with the present invention;

FIG. 5A is a width cross-sectional view of another embodiment of a composite
tubing in accordance with the present invention;

FIG. 5B is a length cross-sectional view of the tubing of FIG. 5A;

FIG. 6A is a cross-sectional view of a structured cable assembly including a
composite tubing in accordance with the present invention;

FIG. 6B is an isometric view of the structured cable assembly of FIG. 6A.

FIG. 7 is a block diagram of an air sampling system having composite tubing in

accordance with the present invention;
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FIG. 8 is a schematic that illustrates an embodiment of a subsystem that can be
applied to the system of FIG. 7 to optimize its performance;

FIG. 9 is a cross-sectional view of a structured cable assembly including a resistive
conductor;

FIG. 10A is a schematic depiction of the tubing in an air monitoring system;

FIG. 10B is a schematic depiction of a tubing joined to a valve within a node
controller;

FIG. 10C is a schematic depiction of a tubing joined to a valve that includes a
shorting strap within a node controller;

FIG. 11 is a cross-sectional view of a tubing that can be used in an air monitoring
system,

FIG. 12 is a schematic depiction showing an ionization source applied to an airflow
stream in conjunction with tubing; and

FIG. 13 is a schematic depiction of a multi-point air sampling system.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 shows an exemplary air monitoring system 100 having tubing in accordance
with the present invention to provide optimal transport of air samples. In general, the
system 100 transports air samples or packets from a first location, such as a room, to a
second location at which one or more sensors are located. The sensors measure various
characteristics of the air, such as CO, CO2, TVOCs, a count per unit of sample volume of
small particles ranging from about 0.3uM to about 2.5uM, and a count per unit of sample
volume of large particles ranging from 2.5uM to 10uM. The inventive tubing includes a
metallic inner layer and an optional jacket layer. The metallic inner layer, which can be
formed from stainless steel, provides efficient transport of particulate matter in the air
samples with relatively low absorption and off-gassing for accurate air quality monitoring.

Before describing the inventive composite tubing in detail, an exemplary air
sampling system as described in U.S. Patent No. 6,125,710 is briefly discussed in which
the tubing can be used. The system 100 of FIG. 1 includes a central sensing and control
system 101 connected to a plurality of air intake valves 103a-103d through a network of
composite tubing 105. The network of tubing 105 has a backbone section 105e and

branches 105a-105d corresponding to and connected to respective air intake valves 103a-~
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103d. The central sensing and control system 101 includes a sensor suite 107 connected to
an end of tubing backbone section 105e, an air pump 109 connected to the sensor suite 107
to draw air through the system, and a control and communications unit 111 for controlling
operation of the sensor suite 107, the air intake valves 103a-103d, and the air pump 109, as
well as communicating with the sensor suite 107 and external equipment. The control and
communications unit 111 can control the various elements through a fiber optic, electronic
or pneumatic control network 113, including network device adapters 115 (FIG. 1A) for
input/output functions and, optionally, a number of control network routers 117 for
controlling communication within the control network.

Alternatively, the network device adapters 115 and control network routers 117 of
FIG. 1A can be omitted, with the control and communications unit 111 either
communicating directly with the device adapters 115 or directly with the controlled
elements, such as valves 103. A digital communications network can be employed as part
of the control network 113.

While the air pump 109 draws air through the system, the control and
communications unit 111 operates the air intake valves 103a~103d in a sequence, so that
each valve (e.g. valve 103a) is open for a time while the others (e.g. valves 103b-103d) are
closed, thus drawing an air sample into the system from a sample site at which the open
valve (e.g. valve 103a) is located. In the configuration of FIG. 1, air samples from a
plurality of valves (e.g., 103a-103d) are drawn in the control sensing and control system
101 through a single backbone section 105e. Sensor suite 107 thus has only one inlet port
to which backbone section of tubing 105e is connected.

The sensor suite 107 measures various parameters of the air sample passing through
the sensor suite. Individual sensors within the sensor suite 107 may be arranged to receive
air from the inlet either in series or in parallel, depending upon the flow rate requirements,
pressure requirements and effects of the sensors on the sample chemistry or other
properties. In a series connection, the air sample passes through each series-connected
sensor in sequence, while in a parallel connection the air sample passes through each
parallel-connected sensor at the same time. The control and communications unit 111
reads the measurements made by the sensor suite 107 and communicates the readings to
external equipment (not shown) such as building air flow controls, fume hood controllers,

etc. Either the control and communications unit 111 or the external equipment may use the
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data collected in a variety of ways, including, but not limited to passive data collecting,
activating alarm mechanisms under specified conditions, activating safety mechanisms

under specified conditions, and changing local or overall air flow parameters by issuing
commands to the air flow control equipment.

According to a first technique, each air intake valve 103a-103d is opened in a
sequence 103d — 103¢c — 103b — 103a, drawing four corresponding samples D, C, B and
A into the sensor unit 107. The time and duration of opening each valve is selected to be
long enough for a stable sample larger than the inter-sample interface volume to be
obtained through the air intake valve 103a-103d, thus ensuring a good sample reaching the
sensor unit 107 regardless of whether there is a next upstream air intake valve 103a-103d
to be opened in the sequence. The time for sample A to travel from air intake valve 103a
to the sensor unit 107, TA, is assumed to be known, for example by prior measurement.
When the time TA has passed from the opening of air intake valve 103a, plus an additional
time necessary to move the portion of the sample A in the sensor unit 107 beyond any
interface volume between the sample A and an adjacent prior sample, then the sensor unit
107 performs the measurements for which it is equipped.

According to a second technique, each air intake valve 103a-103d is opened in a
sequence 103a — 103b —> 103¢ — 103d, drawing four corresponding samples A, B, C and
D into the sensor unit 107. Also as described above, each valve is held open for a time
sufficient for a stable sample to be drawn past the next downstream air intake valve to be
opened in the sequence or, as is the case for valve 103d a time sufficient for a stable
sample to be delivered to sensor unit 107, following which 103d will be closed and valve
103a will be opened to start the sequence over again. The time is again selected to be
sufficient for a stable sample, larger than the inter-sample interface volume, to be obtained
through the air intake valve 103a-103 d, thus ensuring a good sample reaching the sensor
unit 107 regardless of whether there is a next downstream air intake valve 103a-103d to be
opened in the sequence. As above, measurements may be timed to occur at times defined
by the known travel times TA -TD after each valve 103a-103d has opened and the interface
volume transit time through the sensor unit 107.

Instead of timing, a third technique relies on measuring the samples A-D which are
large enough to produce stable measurements over a substantial period of time ranging

from a few milliseconds to a few seconds. The sensor unit 107 is continually operated and
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monitored to determine the dynamic characteristics of the air stream flowing past the

sensors contained therein. During times when the measurements are changing, the inter-

~ sample interface is passing through the sensor unit 107. During times when the

measurements are substantially stable, the useful stable portion of a sample is passing
through the sensor unit 107. The sensor unit 107 may be connected to a control system 111
that uses past measurement data to estimate when each future sample will be valid.

FIG. 1A shows further aspects of an air monitoring system, such as the system 100
of FIG. 1. The system 100 includes the central sensing and control unit 101, as described
in above, connected through tubing network 105 to a plurality of air intake valves 103, as
now described. Several subnetworks are defined by backbone sections 105f-105k each
connected to a main backbone including segments 105¢-105n of tubing network 105
through routers 201. The routers 201 are air flow switches, for example, controlled
electronically or pneumatically by control and communication unit 111 of the central
sensing and control unit 101.

The system 100 can include distributed sourcing/sensing packages 203, connected
to at least some branches (e.g. 105a-105 ¢) of tubing 105. The distributed sourcing/sensing
packages 203 may include one or more sensors and an air pump connected to draw air from
the branch of tubing 105, through the sensors.

The system 100 provides significant flexibility and redundancy. By selectively
setting the connections made by each of the routers 201 and by selectively opening one of
the air intake valves 103, an air sample may be routed from any air intake valve 103 site to
any sensor 101 or 203.

The present invention provides a tubing structure having an inner metallic layer,
e.g., stainless steel, and an outer jacket that is composed at least in part of a non-metallic
material, e.g., PVC, for optimal air transport that is useful in air sampling systems, such as
the system described above, as well as other applications. Non-metallic materials may
include either synthetic or non-synthetic materials. The inventive tubing is well suited for
air sampling systems that pull air through a tube to measure the parameters of the air at a
remote location. In general, the tubing includes an inner stainless steel liner and an
optional outer plastic jacket.

In one embodiment, the tubing has certain mechanical properties that may be

similar to conventional plastic tubing. For example, the inventive tubing can be installed
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throughout a structure with relative ease as the tubing can be pulled, bent, cut, joined, and
otherwise manipulated. The installed cost of the inventive tubing is less than rigid stainless
steel tube sections and coiled stainless steel tubing. In addition, due to the relatively low
mass and greater flexibility of the tubing in relation to solid 304 stainless steel tubing,
lighter duty fittings can be used to splice sections together during installation. Thus, lower
cost quick-connect fittings, such as the John Guest Super Speedfit®, can be used. This is
desirable over the use of relatively expensive Swagelok® type fittings, field threaded
couplings, and welds, which are typically required to connect solid stainless steel pipe in
order to provide a reliable connection.

FIG. 2 shows an exemplary composite tubing arrangement 200 including a metallic
liner 202 covered by a jacket 204 of suitable material, which can be extruded over the liner.
In an exemplary embodiment, the liner 202 is constructed of a ribbon of stainless steel that
has been folded into a tubular form and the jacket is made of polyethylene. To improve
adhesion of the stainless steel to the plastic jacket, an optional adhesive material, such as
an ethylene copolymer or similar preferably heat-set material, may be used on the outer
surface of the metallic liner 202 such that none of the adhesive material is present on the
inside surface of the liner.

In one particular embodiment, the inner liner 202 is formed from 304 stainless steel
to provide optimal properties for transporting most gaseous components (including VOCs)
and particulate matter at the concentrations of interest for indoor air quality and other
monitoring purposes. For example, the inventive tubing is suitable for transporting
samples of various gases common within building environments having concentrations as
low as several parts per billion (PPB). This is especially useful for monitoring substances
which have low permissible exposure limits (PELs), such as Benzene, Arsine, Chlorine
Dioxide, and most other substances listed, for example, under OSHA Regulations Standard
29 CFR, which is incorporated herein by reference. Further details of measuring air
contaminants such as these are set forth in U.S. Patent No. 6,609,967, which is
incorporated herein by reference, describing the use of a multi-point sampling system to
continuously monitor and validate air that is re-circulated from multiple locations within a
building. The inventive tubing is particularly well suited for laboratory environments, such

as wet chemistry labs, where any variety of potential contaminants may be present.
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As is well known in the art, 304 stainless steel refers to a particular Chromium-
Nickel austenitic alloy that is one of the most familiar and frequently used alloys in the
stainless steel family. The metallic liner 202 is electrically conductive so as to prevent the
accumulation of electrostatic charge on the inner surface, which helps to promote the
efficient transport of particulate matter through the tube for air quality monitoring
purposes. The metallic liner 202 also provides an interior surface having relatively low
absorption and off-gassing properties.

It is understood that the metallic material used for the liner 202 can be selected
based upon its properties with regards to the materials to be sampled through the tube for a
particular application. Exemplary liner materials include various stainless steels including
various austenitic, martensitic, and Ferritic grades, along with precipitation-hardened ‘
steels. In one particular embodiment, 304 stainless steel is used because of its corrosion
and heat resistance properties and its good mechanical properties over a wide range of
temperatures. In addition, other suitable metals (depending on the process used to form the
liner) include but are not limited to bronze, gold, nickel, nickel alloys, titanium alloys, and
electrically conductive conversion coated metals such as aluminum with a chromate
coating.

In an exemplary embodiment, the jacket 204 is provided as polyethylene due to its
ability to provide excellent crush resistance to the metal liner. However, other suitable
materials include, but are not limited to, PVC (particularly one that is suitable for use in
plenum environments, where that is a requirement), Teflon®, Mylar®, and various
fluoroplastics (FEP, PFA, CTFE, ECTFE, ETFE). More generally, a broad variety of
plastics may be used for the jacket material, based on the workability, weight, abrasion
resistance, stiffness, and smoke and fire rating that is desired.

The composite tubing having a metallic liner 202 and plastic jacket 204 can be
fabricated in a variety of ways using suitable materials. In the exemplary tubing 200
embodiment of FIG. 2, a stainless steel ribbon is formed into a tube with its edges
overlapped in a first region 208 without any welding. The outer jacket 204, which can be
formed from polyethylene, is then extruded over the stainless steel tube.

Alternatively, a stainless steel ribbon or tape is formed into a tube with the edges
butted together and not overlapped. The seam of the stainless steel ribbon is continuously

welded and the polyethylene outer jacket is extruded over it.
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In one particular embodiment, the liner 202 is formed from 304 stainless steel
ribbon having a thickness of .002 inch and a width of 1.0 inch. Depending on the
parameters of the extrusion process involved in forming the outer jacket over the stainless
steel liner, the stainless steel can be of any practical thickness ranging from, but not limited
to, about 0.0005 inch to about 0.004 inch. In an illustrative embodiment, the outer
diameter of the tube 200 is about 3/8 inch with an inner diameter of 4 inch to 5/16 inch.

It is understood that various combinations of liner and jacket materials can be used
to meet the needs of a particular application. For example, stainless steel may not be
ideally suited for sampling halogenated hydrocarbons (such as ethylene dichloride, vinyl
chloride, and ethylene dibromide), and other halogenated VOCs. These compounds used
to be quite common in pesticides (e.g. chlordane and heptachlor), cleaning fluids (e.g.
carbon tetrachloride), degreasers and paint solvents. The use of these compounds has been
banned or discouraged in the United States because of their toxicity, so they are not found
in indoor air as often as previously. However, they may still be present because old stocks
might still be available and they may also still be in use in foreign countries. Where there
is special interest in measuring this class of VOCs, the metallic liner 202 may be made of
Gold, for example, as Gold is relatively chemically inert for these gaseous components. It
is understood that the liner can include a Gold coating over another material.

The inventive tubing provides a metallic inner layer for optimal air transport
properties as well as flexibility to facilitate installation within a building. Because of its
flexibility, the cost of installing the inventive tubing can be significantly less than that of
prior art tubing, such as rigid stainless steel tube. One factor affecting the flexibility of the
tubing structure is the flexure modulus of the material(s) from which the tubing is made. It
is well known that for a given geometry, a structure, such as a tube, becomes more flexible
when made with materials having a low flexure modulus. As used herein, flexibility refers
to the amount by which the tube will deflect as it is subject to a bending force.

FIG. 2A shows how the inventive tubing will bend when suspended between two
points separated by a distance L and a force F is applied for a tubing having an outer
diameter D and an inner diameter d. For a given geometry (fixed values of L, D, and d) and
the application of a predetermined force F, the amount of deflection Z (the tubing’s
flexibility) increases as the flexure modulus of the tubing material is decreased. Because

the flexure modulus for 304 stainless steel is relatively high (approximately 28x10° PSI, as

10
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opposed to about 0.5x10° PSI for a relatively stiff PVC material that might be used in the
tubing jacket), the application of some predetermined amount of force F on stainless steel
tubing will deflect significantly less than the same tubing configuration made from a plastic
material, for example. Because of the differences in flexure modulus, depending on the
thickness of the metallized liner, the inventive tubing, which includes a non-metallic outer
jacket, will be 50 to 100 times (or more) flexible than 304 stainless steel tubing. That is,
the effective flexure modulus of the composite tubing (inner metallic layer and outer
jacket) is approximately 50 to 100 times less than that of 304 stainless steel tubing. It is
understood that this lesser flexure modulus as compared to 304 stainless steel tubing is
applicable to the various exemplary inventive tubing embodiments shown and described
herein.

FIG. 3 shows an exemplary embodiment of a composite tubing 300 in accordance
with the present invention having a metallic material 302 applied to the inner surface of a
tubing material substrate 304. The metallic material 302, which forms a liner for the
tubing 300, may be a metallic paint, a deposited metal (utilizing any one of various known
metal deposition techniques) or, a metallic insert or metal tube slipped into the substrate
304. '

In one embodiment, the coating 302 on the inner surface of the substrate 304 can be
applied by slitting a prefabricated length of tubing (e.g. polyethylene) along one radius,
opening the tube to expose the inner surface, and applying a thin metallic film (such as
stainless steel) by the vacuum vapor deposition technique. The tubing 300 is then resealed
by ultrasonic welding providing, for example, a polyethylene or PVC tube with a thin-film
stainless steel lining.

This tubing fabrication process yields an inner surface coating 302 that is more
uniform than the liner surface of FIG. 2 and eliminates seams that can affect particle
transport efficiency.

In another embodiment, instead of substrate 304 being a prefabricated length of
tube, substrate 304 may be an extruded ribbon of jacket material, that is metallized to form
coating 302. The metallized substrate is then rolled to form a tube 300 and its seam is
sealed using ultrasonic welding techniques.

In another embodiment, a composite tubing is fabricated by applying a metal film

as a polyethylene or PVC tubing is extruded. A relatively small metal vaporization probe
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is located near the extrusion die applying vaporized metal, such as stainless steel, to the
inner surface of the tubing at it passes through the forming guides while maintaining a
vacuum in the working area.

In another embodiment shown in FIG. 3A, a tubing 300 includes a liner 302 formed
from a material such as Mylar®, Teflon®, Kapton®, or some other suitable film, which is
coated with metal, and adhered to the outer jacket 304 by way of a copolymer adhesive
placed between the liner 302 and the outer jacket 304.

FIG. 3B shows an exaggerated cross sectional unfolded view of the composite liner
302 of FIG. 3A including a substrate 306 that is, using vapor deposition, sputtering, or
other similar techniques of metal deposition known to those skilled in the art, deposited
with a metallic layer 305 that comprises stainless steel. Alternatively, the metallic layer
can be made of other materials such as gold, brass, or other suitable conductive materials
that yield relatively good chemical inertness and low absorptive and adsorptive qualities.
The liner 302 can also include a co-polymer adhesive (such as a thermo-set adhesive) 307
that is used to adhere the liner to the outer jacket 304 (FIG. 3A) during the extrusion
process.

One advantage of using the liner 302 shown in FIG. 3B is that the tube can be lined
using a relatively simple manufacturing process, which can be similar to the process to
create the assembly of FIG. 2, in which the metallic liner is formed into a tube over a
forming die and a suitable plastic material such as polyethylene or PVC is extruded over it.
In cases where the composite tubing described in this invention is intended for use in
environments requiring a stringent smoke and flame rating, such as plenum and riser
environments described by the National Electrical Code, it is undesirable to use
polyethylene in the outer jacket (204 & 304) due to the exorbitant smoke that is generated
by most kinds of polyethylene materials when they burn. As an alternative, one of any
number of flame retardant PVC materials may be used for this purpose and in doing so, the
assembly can be certified under the most stringent of tests, such as NFPA 262 or UL910,
which is used to qualify cables for use in plenum environments. Using PVCs also results
in a tubing arrangement that is less stiff or more flexible, which is a desirable property as
this makes such tubing easier to install in a building environment, particularly as itis

incorporated to form a structured cable such as that depicted in FIG. 6.
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One consideration in using a softer more flexible material such as PVC over
polyethylene is that it provides less retention capabilities to protect the inner liner 202
(FIG. 2) or 302 (FIG. 3A, 3B) from permanently deforming should the assembly be subject
to crushing or excessive bending. One factor which results in permanent deformation of
the inner liner when subject to these conditions is the thickness of the liner’s metallic layer.
Thus, when constructing the outer jacket of PVC, if is desirable to make the metal layer as
thin as possible, and this makes the composite liner 302 of FIG. 3B highly suitable, as this
metallized layer can be made very thin, using vapor deposition or similar techniques. For
example a common maximum deposition thickness from vapor deposition techniques is
20004, which is approximately 250 times thinner than available stainless steel foil, such as
that which might be used for liner 202. As a result, a composite tube utilizing the
composite liner depicted in FIG. 3B will be highly flexible and crush resistant.
Additionally, a deposition thickness of 5000A or more is possible using more various
techniques. Having a surface coating with a thickness of this magnitude may be desirable
to promote better conductivity and abrasion resistance. Conversely, depending on the
sputtering process used, a deposition thickness of 200A or less may be sufficient to
provide sufficient performance against adsorption and absorption of constituents within air
samples, while also providing an acceptable level of conductivity to promote good particle
transport efficiency.

For example, where the liner 302 of FIG. 3B is utilized, the substrate 306 is made
of .001 inch thick Mylar® and 10004 of stainless steel is deposited on its surface. Mylar is
a preferred material for the substrate 306 because it is strong and tear resistant, which is
advantageous for the extrusion process, in which the substrate is subject to large forces as it
is pulled through the extrusion head. In addition, in this configuration, due to the very
good performance of the thin metallized surface 305 to spring back to its original shape,
the tubing can be made with a relatively large inner diameter (ID) while still being highly
crush resistant and resistant to kinking and other sources of permanent deformation. For
example, in an exemplary embodiment where the outer diameter (OD) is 3/8 of an inch
using the inner lining of FIG. 3B, the tube can be constructed with an ID of .310 inches.
Such a large ID is desirable as it results in less restriction to airflow, compared to that of a
smaller ID, as air samples are drawn by the system, thus reducing pressure drop in a system

for a given flow rate. This helps to reduce pump capacity issues as well as to promote
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better particle transport efficiency on air samples taken by the system. The reason for the
latter is that air sampling systems, such as that described in US Patent No. 6,125,710 tend
to operate at relatively high flow rates (typically 20 liters per minute or more). At these
flow rates, several PSI of pressure drop can be realized in a system, due primarily to
frictional losses along the length of the tube. Pressure drops of this magnitude have a large
impact on the density of the flowing gas (air), resulting in variatjons in the velocity of the
gas as it travels along the length of the tube. This change in velocity or acceleration has a
tendency to cause particles to drop out of the flow stream, and are therefore lost from the
sample, as a result of the inertial affects due to particle mass.

FIG. 4 shows an exemplary composite tubing 400 in which a suitable host material
402 is impregnated with a metallic material 404. The tubing 400 can be provided in
various embodiments having uniform and non-uniform distribution of metallic material
along the cross section of the tubing.

In one particular embodiment, the tubing 400 includes finely divided stainless steel
flakes with polyethylene, mixed immediately before the extrusion process. The quantity of
stainless steel should be sufficient to provide occlusion of the inner surface of the tube to
any significant amount of polyethylene on the exposed surface. The stainless steel flakes
can range in size from several tens of microns down to a fraction of a micron in size. This
variation has the working properties of polyethylene tubing with nearly the same chemical
inertness as stainless steel tubing while also providing an electrically conductive inner
surface that inhibits electrical charge from collecting on the inner surface as air samples are
drawn to promote efficient particle transport.

In another embodiment, the host material 402 is Teflon® and the metallic material
404 is finely divided stainless steel. This combination can yield an inner surface that has
lower absorption and out-gassing properties than stainless steel impregnated polyethylene.
Teflon® has inherently low absorption and out-gassing properties allowing the formation
of tubing using a process that is less dependent on the ability to control the packing density
of the metallic material. Variations in the packing density of the metallic material can
cause the inner surface area of the tubing to take the undesirable properties of the
polyethylene where the packing density is relatively low.

FIGs. 5A and 5B show another exemplary embodiment of a composite tubing 500

in accordance with the present invention having an inner surface 502 formed in part from a
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nonmetallic material 504 and in part from a metallic material 506. The tubing 500 includes
metallic strips 506 imbedded in the surface of the nonmetallic material 504.

In one particular embodiment, the metallic material 506 that forms the inner surface
of the tubing 500 is substantially flush with the surface of the nonmetallic material 504.
The metallic material 506 provides a conductive path to dissipate electrical charge that is
transported as a result of airflow through the tubing to promote efficient transport of
particulate matter through the tubing for air sampling purposes.

Gaps 508 between the conductive metallic material 506 should be sufficiently small
so as to ensure that only a negligible electric field can be established between conductors as
a result of the air flow rate that is applied through the tubing for a given sampling
application. In one embodiment, the metallic material 506 includes stainless steel and the
nonmetallic material 504 includes Teflon®.

FIG. 6A is a cross-sectional view of an exemplary embodiment of a structured
assembly 600 including a composite tubing 650 and various groups of conductors that can
be used within an air sampling system in which the assembly may be installed. FIG. 6B is
an isometric view of the structured assembly 600 of FIG. 6A. The groups of conductors,
which can be helically wound around the tubing 650, can provide power, communications,
and various signals that may be monitored within a system. The structured assembly 600
simplifies and lowers the cost of the installation of the power and communications cables
(as well as the tubing) provided with such systems.

The exemplary structured assembly 600 is well suited for use in an air sampling
system, such as the illustrative air sampling system 700 of FIG. 7. The system 700 can be
installed in a building and can form a part of a building control system having controllers
distributed throughout a building communicating over one common network. The system
700 can include a sensor suite and controller 702, which can be remotely located, coupled
to one or more node controller modules 704a,b. Termination points 706 can be located in
various rooms to take air samples that are passed to the sensor suite 702 via the node
controller 704a. The node controllers 704a,b can be networked together and controlled
over a network by the central controller 702. Each node controller 704 controls a valve
that is dedicated to each room from which an air sample is to be taken. The termination
points 706, node controller 704, and sensor suite 702 can be connected via the structured

assembly 600 of FIG. 6, for example.
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Air samples are taken from each room in the system in a multiplexed fashion and
brought back to the sensor suite 702. In addition, discrete sensors (such as for temperature
and relative humidity) may be disposed within the termination point locations shown for
each room and the data associated with each may be sampled by each node controller,
either by way of a serial connection to each termination point or by connecting analog
and/or digital signals between the termination point and the node controller. Further details
of an exemplary air sampling system are discussed in U.S. Patent No. 6,125,710.

Referring again to FIG. 6, the assembly 600 includes a composite tubing 650
having a metallic layer 652 and a tubing jacket 654. In a region 602 between a cable jacket
604 and the tubing jacket 654, various cables and wires are disposed. In an exemplary
embodiment, the assembly 600 includes first, second, third, and fourth cable structures
606, 607, 608, and 609. Cable structures 606, 607, and 608 are used to provide a
combination of power, signal and communication connections for the system.

The fourth cable structure 609 is used to provide a dedicated sensing function,
which helps to optimize the performance of the system 700. Additionally, the assembly
600 includes a ripcord 610 to aid with the removal of the outer jacket 604 during field
installation of the cable. Ripcords are a common feature to structured cable assemblies.
For example, many of the cables in the composite cable line (for example, Belden 7876A
composite data, audio, video, security, and control cable) offered by Belden CDT Inc., a
major wire and cable manufacturer, include ripcords.

In one particular embodiment, the first cable structure 606 includes a 22 AWG
twisted pair to carry signals and the third cable structure 608 includes a 22AWG TSP
having a drain wire 608a and foil shield 608b to provide communications for some
connections and signals for others. The second cable structure 607 includes an 18 AWG
triad-type stranded cable to carry power for the system components.

The function served by cable structures 606, 607, and 608 varies depending on
which portion of system 700 (FIG. 7) the cable 600 is used in. For example, when making
connections between node controllers 704a,b or 702, (FIG. 7) the second cable structure
607 will typically be used to provide power from a power supply (residing within or in
proximity to the Sensor Suite 702) to the various Node Controllers in the system. For the
system 700 this will typically be 24VAC power and ground, however, different

embodiments of this system can be made to operate off of other power sources (for
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example +/- 15VDC and ground) that would likewise be supplied through cable structure
607. When connecting between node controllers 704, or a node controller 704 and the
Sensor Suite 702 the third cable structure 608 serves as the network cable over which the
node controllers 704 and the sensor suite and central controller 702 communicate. For
these connections, in an exemplary embodiment of system 700 the third cable structure
608 forms the backbone of a data communications network having an EIA485 (or
equivalent) physical layer. It should be obvious to those skilled in the art of data network
design that networks of this type often utilize a twisted-shielded pair of conductors with a
drain wire, as has been specified for the third cable structure 608, in order to both constrain
the characteristic impedance of the cable and to provide a degree of noise immunity to the
network. Further, when the structured cable 600 is used to make connections between
node controllers 704 or between node controller 704a and the sensor suite 702, the first
cable structure 606 will typically not be utilized, or will serve some ancillary and non-

predetermined purpose that may arise in custom applications of system 700.

When making connections between a node controller 704 and a termination point
706, the second cable structure 607 will typically be used to provide power and signal
ground to the discreet sensor devices and instrumentation that resides at the termination
point 706. Additionally, when connecting to termination point 706, the first and second
cable structures 606, 608 may be used to connect the signal outputs from the various
sensors located within 706 to the node controller 704 which samples these signals and
communicates them back to central controller 702. Examples of the sensor types that may
exist at 706 include temperature, relative humidity, and ozone sensors.

The fourth cable structure 609 provides sense lines to optimize the timing sequence
for air samples. In one particular embodiment, the sense lines are provided as 26 AWG
twisted pair wires. The sense lines 609 are used to measure the distance between the
sensor suite 702 of FIG. 7 and each termination point 706 within the system, in order to
estimate the transport time of each air sample from each location to the sensor suite. The
flow rate, and therefore transport velocity will usually be regulated at the sensor suite 702.
Therefore the sample transport time for each of the sensed locations may be computed by
dividing the estimated distance by the same velocity. This is helpful in optimizing the

sampling rate of the system, because in larger systems the transport distance may be a few
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hundred feet, resulting in appreciable transport times. For example, at a flow velocity of
twenty feet per second, a sample taken over four hundred feet has a transport time of
twenty seconds.

In addition to estimating transport time, measuring transport distance can be
advantageous when the sensor suite 702 is used to perform particle measurements. Even
though the transport efficiency of particulates is good through the inventive tubing, particle
loss for larger particles (e.g., greater then 1uM) may vary significantly with transport
distance, especially when samples are taken over a distance of several hundred feet of
tubing. However, the percentage loss is fairly predictable with distance at a given flow rate
and thus, knowledge of the transport distance provides a way to compensate for this loss.

FIG. 8 is a schematic view 800 of the electrical circuits created by the sense lines
801 as they are distributed by way of a structured cable 600 throughout the system 700
depicted by FIG. 7. Termination points 806 therefore correspond with 706 in system 700
and node controllers 804 correlate with node controllers 704. The line length measurement
device 802 is typically housed within the sensor suite and central controller 702 or in close
proximity (typically within 40 feet) to 702. As shown in FIG. 8, and as has been illustrated
in FIG. 6, the sense lines are preferably a pair of wire conductors 801a,b. This conductor
pair is distributed through system 700/800 where it is connected to the various node
controllers 804, termination points 806, and to a line length measuring device 802. Each of
the node controllers 804 contain a number of pairs of electrical switches 803, which are
used to selectively complete a circuit between the line length measurement device 802 and
the individual termination points 806 in order to measure the distance between the
termination point 806 and the line length measurement device 802. Techniques for making
the distance measurement are dependant on physical properties of the conductor pair
801a,b that vary with conductor length. For example, in one embodiment the distance
measurement is based upon the measurement of the total ohmic resistance of the conductor
pair 801a,b between the line length measurement device and a given termination point 806,
as measured between 802a and 802b. It should be obvious to those skilled in the art of
electronics that there are a great variety of circuits that can be designed to make such a
measurement. For example, in one embodiment a current source may be applied as an
electronic circuit component within line length measuring device 802 to generate a precise

electrical current that can be made to flow out of point 802a, through the sense line §01a
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down to the spliced connection 805 and back through 802b. Spliced connection 805 could
be made by twisting the ends of the conductor pairs 801a,b together at termination point
806, or connecting 801a,b together using a wire nut, or any other suitable means used to
join two electrical conductors together. The resultant voltage between points 802a and
802b is simultaneously measured by a separate circuit within 802, which signal is
proportional to the resistance between 802a and 802b, which is proportional to the distance
to the termination point. When using a method such as this, sense lines 801a,b are
connected together to form a splice connection 805 at each termination point 806 and the
total resistance of the circuit (formed by the conductors in 801a and 801b, the closed
switch 803, and spliced connection 805) is measured by the measurement device 802.

As a further example, using this resistance measurement method, in order to
measure the distance between termination point 806a and the line length measurement
device 802, the switch pair 803a in node controller 804a would be closed while keeping all
other switches 803 in the system 800 open and the resistance of the resultant circuit
between 802a and 802b is measured. Note that the actual length of the circuit is twice the
actual distance being measured because of the combined lengths of both conductors 802a
and 802b. This helps to enhance the resolution of such a measurement system while
minimizing the magnitude of the current that must be sourced from line measurement
device 802.

In an exemplary embodiment, the sense lines 801 are a 26AWG solid twisted pair
of copper wire that can be, for example Beldon Equivalent 9976, which has a resistance
specification of 40.81ohms per thousand feet. Alternatively, wire of finer or coarser gage
and using different configurations, such as stranded wire, and made of different materials,
such as aluminum or other materials may be used. However, the material of choice should
have a relatively low temperature coefficient of resistivity to ensure the accuracy of the
measurement is relatively insensitive to temperature because temperature may vary
dramatically throughout a given building through which cable assembly 600 is installed.

Resistance varies with temperature according to Equation 1 below:

Ry = Ry[1+a(T -20)] (Eq. 1)

where,

Rt = Resistance in ohms at actual temperature

Ry = Resistance in ohms at 20°C
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0. = temperature coefficient of resistivity

T = Actual temperature in °C

In a typical commercial building environment, including common areas, rooms,
interstitial spaces, and penthouses the typical operating temperature range the cable
assembly 600 will be exposed to is 0 to 40°C. As was previously stated, in the preferred
embodiment of this invention, the sense lines 801 will be made of copper. For copper,
0=.00393°C"! which, based on Eq.1 means the tolerance due to temperature on distance
measurements based on resistance with copper is approximately +/-8%, assuming a
standard temperature of 20°C and an operating temperature range of 0 to 40°C. This level
of accuracy is sufficient for most systems 800 where the transport distance is 500 feet or
less.

In another embodiment line length measurement device 802 may incorporate a time
domain reflectometer (TDR) to measure the distance between a termination point 806 and
device 802. Such an approach is based upon applying a high bandwidth electrical pulse in
either a differential or single-ended manner to lines 801a and 801b and measuring the
elapsed time it takes for the pulse(s) to propagate down the line 801 through the selected
switch 803 to the termination point 806 and back again. Using a TDR to measure the
length of a cable is a well-established practice.

It should be noted that to ensure that the distance measurement performed using the
sense lines is reasonably representative of the actual tube length, the ratio of the length of
these conductors to that of the tube should be controlled. This is one feature of the
structured cable assembly, as it aids the performance of the air transport tubing.

The exemplary embodiments disclosed herein having metal-lined tubing provide
enhanced particle transport efficiency performance compared to known tubing made with
materials that are highly non-conductive. This is due to the conductive properties of the
metallized liner, which tends to minimize deposition due to electrostatic effects, as
discussed. However, another source of particle loss, a mechanism known as
thermophoresis, can also have a noticeable impact on transport efficiency. Thermophoresis
refers to the migration of particles as a result of forces due to a temperature gradient, where
the net force on a particle is in the direction of the region of lower temperature. This can

be a factor affecting particle transport where the structured assembly 600 is installed in a
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building where large temperature gradients exist between the termination point 706 and
various areas within the building over which the assembly 600 is routed. For example, the
cable assembly 600 may be routed through a penthouse or interstitial space that may at
times (during winter months, for example) be at a temperature that is substantially lower
than that of the room (termination point 706) from which air samples are drawn. For
example, it is known that the deposition rate of 0.5um particles on a surface could be
reduced by ten fold by maintaining a temperature difference of 10°C between a deposition
surface and the air that the particles are suspended in. Thermophoretic forces tend to be
inversely related to particle diameter and will be most pronounced with particles that are

lum in size and smaller.

In another aspect of the invention, a structured assembly 600 compensates for
thermophoretic forces, as well as providing some degree of countermeasure for other
deposition forces, such as gravitational effects and coulombic forces (electrostatic effects)
affecting particle transport. This may be accomplished by disposing a heat source along
the length of the composite tubing 650 that is sufficient to maintain the average
temperature of the inner liner 652 above the temperature of the air sample that regularly
passes through the tube 650.

Additionally, another reason for heating the tubing is to prevent condensation of
certain VOC’s or other gases, including water, that could condense out of the air while they
are being transported to the sensor suite through the tubing.

In one particular embodiment shown in FIG. 9 the assembly 600 of FIG.6 is
modified to form the assembly 900 by adding one or more heater elements 901 to the
structured cable assembly. Heater element 901may be one or more resistive heating
elements, made of materials such as nichrome, tungsten, nickel, stainless steel, or other
material suitable for rendering a heater function through which an electrical current can
flow, resulting in power dissipation and a temperature rise along the length of the
conductor. This conductor may have a cross section that is either circular or flat so that the
conductor is ribbon shaped.

In the illustrated embodiment, the heater element 901 is made of 28AWG tungsten
wire. The source of this electrical current is contained as a separate electronic module that

is part of the sensor suite 702 (FIG. 7), from which the average temperature of heater
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element 901 may be controlled by either applying a predetermined electrical current to the
medium based on the total length of cable 900 or if the material’s temperature coefficient is
relatively large, such as that with tungsten or nickel, as an alternate embodiment, the
temperature of the heater element 901 may be precisely controlled using well established
methods for controlling the temperature of a temperature-dependant resistive material such
as, for example, techniques that have been developed for controlling the temperature of a
hot wire anemometer. See, for example, U.S. Patent No. 4,523,461.

In one particular embodiment, however, where tungsten is used, a constant current
is applied to the medium. Generally, a heater element would most typically be utilized
within assembly 600/900 as it connects between Node Controllers 704 (for example
between 704a and 704b) shown in FIG. 7, as these connections typically involve the
longest lengths of assembly 600 as it is routed through the structure of a building,
sometimes over a distance of several hundred feet. However, there are many cases where a
heater element could advantageously be applied within assembly 600/900 as well as
between Node Controllers 704 and their respective termination points 706, as large
temperature gradients can often be realized between these connection points within a
building and this can significantly contribute to particle loss.

Another factor that influences particle transport through a tube, is the ability of the
inner surface of the tubing medium to establish an electrical charge. As an electrical charge
becomes established upon a surface, particulate matter that is suspended above that surface
will have a tendency to be attracted to the surface if the charge on the surface and the
charge on the particle are opposite in polarity. One of the advantages of the conductive
liner 652 described herein is its ability to disperse charge, therefore resulting in a relatively
low charge per unit area compared to that of a poorly conductive surface. In some cases,
however, it may be advantageous to provide an added conductive path through which
charge may flow from the conductive liner 652 to some other electrically conductive
medium to substantially reduce the amount by which a charge can develop over the surface
of conductive liner 652. As an example, the conductive liner may be electrically connected
to an electrical ground within a building, or it may be connected to the frame of a building,
or some other component of a building that either offers a low impedance path to ground or
another medium through which the charge can be dispersed over. The conductive path for

charge to flow from liner 652 may be established using any number of techniques
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involving providing either a single connection to ground or multiple connections to ground
throughout a system.

FIG. 10A is a schematic view 1000 of the distribution of tubing 650 distributed by
way of structured cable 600 throughout the system 700 depicted by FIG. 7. The tubing 650
(also labeled as 1001 in FIG. 10A) is distributed through system 700/1000 where it is

.connected to various valves 1003 contained within node controllers 1004, and it is

connected between valves 1003 and termination points 1006. Also shown is an optional
grounding connection 1010, which may be utilized to electrically connect the inner liner
652 to a ground within the building in which system 1000 is installed, thus providing a
path for charge to flow out of system 1000.

In one embodiment, the conductive inner liner 652 of the various sections of tubing
650 shown in system 700/1000 are electrically connected together so that any amount of
charge that is applied to any of the tubing section 1001a,b,c,d,e,f,g,h,i is equally dispersed
throughout tubing section 1001a,b,c,d,e,f,g,h,i. These electrical connections may, for
example, be made by using electrically conductive barbed fittings at valves 1003 and
provide a means to electrically connect a fitting on one side of the valve 1003 to a fitting
on the other side of the valve 1003.

FIG. 10B depicts the way tubing is joined to a valve 1003 within a node controller
1004 using this method, involving barbed fittings 1007a,b connecting to each side of valve
1003. Barbed fittings, which are well known to those experienced with pneumatic systems,
are commonly used with most types of flexible tubing and are used to make connections by
pushing the tubing over the barb section of the fitting. (General examples of a barbed
fittings include those of the Thermobarb® product line by NewAge Industries, Inc.) By
making such a connection with tubing 1001, each fitting is in contact with the conductive
inner liner 652 of the tube 1001. For the purposes of this invention, the fitting 1007 may be
made of or coated with any type of conductive material including: metals (such as, for
example, brass, bronze, iron, steel, stainless steel, and aluminum), conductive plastics,
conductive composite materials, or conductive paint. Further, in one embodiment, valve
1003 may itself be made of a conductive material such as, for example, stainless steel or
some other metal and thus, when connected to fittings 1007 and tubing 1001 as shown
provides an electrically continuous path for charge to flow between tubing sections 1001a

and 1001b.
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In an alternate embodiment, as shown in FIG. 10C, if valve 1003 is made of a
nonconductive material a shorting strap 1009, connected to terminals 1008a of fitting
1007a and 1008b of fitting 1007b, may be provided to electrically connect the inner liners
652 of tubing 1001a,b together. Such a conductive strap 1009 may be a copper wire, or a
wire made of some other conductive material that is suitable for this purpose. The
terminals 1008a,b may be screw-down type clamps capable of fastening a wife, such as
strap 1009 to fitting 1007, and it may also be used to secure the optional ground connection
1010. Additionally, optional ground 1010 may be provided at one or multiple locations
throughout system 1000.

In a further embodiment, instead of using barbed fittings 1008, a conductive path is
provided for transferring charge from conductive inner liner 652 through the jacket 