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Introduction

Active air sampling for airborne contaminants
requires a system for moving air, a collection method,
and a procedure to determine the quantity of contami-
nant collected. Because occupational exposure limits
and air quality standards frequently are expressed in
terms of concentrations, a method of determining the
volume of air sampled is also needed.

The four principal components in a sampling train
are shown in Figure 12-1. The inlet admits the air sam-
ple into the train; the collector(s) separates the gas,
vapor, or aerosol from the air; the flowmeter measures
the rate or total quantity of air sampled; and the pump
(air mover) provides the suction required to draw an air
sample through the train plalatsosaalincconcidazations

are discussed in Chapter 20. Various types of collectors
are described in subsequent chapters. Flowmeters are
discussed in Chapter 7.

This chapter will describe the air mover portion of
the sampling train and air sampling systems that con-
tain three or four components in a convenient package.
The chapter consists of two parts. The first part con-
tains a brief description of the different types of air
movers and air sampling systems. The descriptions of
air movers have remained the same from previous edi-
tions but the air sampling systems have changed con-
siderably over the last decade. New information on
these types of samplers is included. The second part
consists of tables and figures showing detailed infor-
mation on a wide variety of commercially available air

1
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The experienced reader may want to proceed
directly to the technical data tables that describe the
types of air movers or samplers of interest. Students
and others may find the basic descriptions of the dif-
ferent types of air movers informative. For the reader
faced with the task of choosing or purchasing the most
appropriate air sampling system, the Guide to the
Selection of an Air Mover or Sampler beginning on
page 9 will be helpful.

Air Movers

Air movers are classified according to the means by
which an air flow is induced. These fall into three basic
groups: volumetric displacement, centrifugal force (or
acceleration), and momentum transfer. The following
sections briefly describe the operating principles and
salient features of many types of air movers within each
of these three basic classifications. In particular, Tables
12-1 to 12-5 at the end of this chapter list characteristics
for five different types of commercially available air
movers. These are:

1. Diaphragm pumps
2. Piston pumps

3. Rotary vane pumps
4. Blowers

5. Ejectors

Information presented in these tables includes the
source code, pump model number, dimensions, weight,
maximum air flow rate, and motor power requirements.
The source code can be used in conjunction with Table
12-11 to determine the company name, address, and
telephone number.

Volumetric Displacement

One method of producing movement of a given vol-
ume of air is to displace it, either by mechanical means,

s &
—o»
Peulan — —

/

@ 2

Inlet  Collector(s)

Flowmeter

Pump

FIGURE 12-1. Principal co
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or by use of a second volume of gas. This principle is the
basis of operation for a diverse group of air movers.

Air Displacement

One type of air displacement collector is an airtight
flask or rigid-walled vessel in which a hard vacuum has
been created. When the vessel is opened at the sampling
location, a sample, which is often called a grab sample,
that is equal in size to the free volume of the vessel is
almost instantaneously collected. The most admirable
feature of such a device is its simplicity. Its use is limited
mainly by sample size restrictions. Also, care must be
taken to prevent loss of vacuum before sampling. For
practical purposes, sample size is limited by the porta-
bility of the flask, with a normal upper range of approx-
imately 1 to 2 liters. Additional descriptions of this
method, the equipment and a list of commercial sources
are provided in Chapter 16.

This procedure is not limited to simple collection of
air samples for subsequent gaseous analysis. The evacu-
ated flask may contain an absorbing solution in which
the desired component of the grab sample may be con-
centrated for analysis by wet chemical methods. For
example, the U.S. Environmental Protection Agency
(U.S. EPA) test method for “Determination of Nitrogen
Oxide Emissions from Stationary Sources”® uses evac-
uated flasks containing a dilute sulfuric acid-hydrogen
peroxide absorbing solution (U.S. EPA Appendix
Method 7; see Table 20-7).

Air displacement samples can also be collected
without prior evacuation of the flask by simply displac-
ing the air in the flask with sample air. In this case, the
flask should be flushed with at least 5-10 volumes of
sample air before being sealed, so that the clean air ini-
tially inside is displaced completely.

A related method somewhat overcomes the porta-
bility problem and allows collection of much larger
samples. The collecting vessel is a plastic bag. If it is
mounted within a rigid outer container, it can be filled
by creating a slight vacuum in the space around the
bag. If it is used without an airtight outer container, it
can be filled by directly pumping air into the bag, pro-
vided that the material being sampled is not absorbed
or altered when passing through the pump. Commercial
plastic bags are available in a variety of sizes up to 0.3
m3 and come equipped with several types of leak-proof
valves. A list of commercial sources can be found in
Chapter 16.

The sample bag method is particularly useful for
contaminants that can be analyzed by infrared spec-
troscopy or gas chromatography. Different types of plas-
: : in this fashion, with the
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relatively nonreactive fluorocarbons currently in favor. If
the bag is to be used for aerosols, it should be foil-lined
or have a conductive surface and be grounded. Unless
the interaction of the contaminant of interest with the
plastic bag, or the possible permeability of the contami-
nant through the bag, is known or is at least predictable,
such bags should be used only for semiquantitative iden-
tification. For example, data on such wall losses have
been discussed by Posner and Woodfin.®

Liquid Displacement

The evacuated flask normally is prepared in the lab-
oratory and carried to the field. A similar method, which
can be prepared in the field but does not require a pump,
is liquid displacement. A vessel of any convenient size is
filled with a liquid in which the suspected contaminant
is insoluble. When the liquid is allowed to escape from
the vessel, it is replaced by air from the atmosphere to be
sampled. Such an air sample is an integrated sample
rather than an instantaneous sample because the mass of
fluid requires a finite time to empty. In fact, by employ-
ing a large vessel with controlled drainage, this method
can be used to move air at low flow rates through a sam-
ple collector for extended intervals. Additional discus-
sion of this method can be found in Chapter 16.

Diaphragm Pumps

A diaphragm pump, as shown in Figure 12-2, is a
device in which a flexible diaphragm of metal or elas-
tomeric material is moved back and forth. The diaphragm
is clamped between the pump head and housing, forming
a leak-tight seal between the pump chamber and the
crankcase. Through the action of a rod or yoke, air in the
chamber is displaced on one side of the diaphragm. By
using a suitable arrangement of one-way check valves, a
variable vacuum is produced in the chamber on the other
side of the diaphragm. Mechanical damping is required
for more uniform suction. Diaphragm pumps are fairly
simple in construction and are used commonly in per-
sonal sampler pumps. Diaphragm pumps are oil-free
and available in corrosion-resistant materials. They pro-
vide contamination-free pumping. Table 12-1 summa-
rizes the characteristics of some commercially available
diaphragm-type air movers.

Piston Pumps

Piston pumps are related to diaphragm pumps in that
both use a mechanical reciprocating action to provide the
motive force. In the piston pump, the piston oscillates in
a cylinder equipped with inlet and outlet valves. Because
the piston can displacc a greater proportion of the air in

the chamber above it, piston.pumps can provide greater
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differential pressure or vacuum. In either case, a surge
chamber usually is required to smooth out irregularities
in flow. In multiple-piston pumps, these irregularities are
small and sometimes can be ignored. One new version of
the piston pump is the linear-motor-driven free piston, as
illustrated in Figure 12-3. This pump uses an electro-
magnet and return spring to alternately drive the recip-
rocating free piston. This design results in a compact
structure, less vibration, and quieter operation than the
conventional piston pump. It also has an oil-less con-
struction. Table 12-2 summarizes the characteristics of
some commercially available piston-type air movers.

Rotary Vane Pumps

Rotary vane pumps are used extensively as air
movers for portable sampling instruments. There are
two basic variants, both having the same operating prin-
ciple. A rotor revolves eccentrically in a cylindrical
housing, with multiple blades on the rotor providing the
air-moving drive. Centrifugal force (or springs) keeps
the outer edges of the blades in contact with the hous-
ing. However, because the rotary motion is eccentric,
the vanes must be movable to retain constant contact.
One common method is to place the vanes in slots in the
rotor (see Figure 12-4). This guided or sliding vane type
usually operates at fairly high speeds and it is subject to
wear on the blade edge that contacts the casing. Such
wear may lead to leakage and reduce capacity. Table
12-3 summarizes the characteristics of some commer-
cially available rotary vane pumps.

Rotary vane pumps, as well as piston pumps, usually
are available either in oil-less or lubricated models. In
some air sampling procedures, concern may arise about
generating contaminants with the sampling apparatus

Inlet Outlet
Check
valves = o
Elastomeric \
diaphragm \
Diaphragm
o @ l

FIGURE 12-2.
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FIGURE 12-3. Schematic diagram of linear-motor-driven free pis-
ton pump (KNF Neuberger).

itself. Lubricated pumps can introduce oil mists into the
sample if the sample passes through the pump, or if the
pump exhaust is resampled. Non-lubricated pumps,
which frequently use graphite rings or vanes, can pro-
duce carbon dust that may also be an undesirable con-
taminant. The selection of pump must be based, in part,
on the specific air sampling intended.

Gear Pumps

The gear pump is another type of positive displace-
ment air mover. Like a vane pump, it usually is valveless
and operates on a rotary principle. The typical gear pump
has two shafts, each with a gear. The gears mesh on the
interior side and contact the semi-cylindrical casing on
the exterior side. The large number of teeth in contact
with the outer surface reduces peripheral leakage.

Lobe Pumps

Lobe pumps are similar to gear pumps but use two
counter-rotating impellers instead of meshing gears. The
impellers can be either a two-lobed, figure-eight-shaped
design (see Figure 12-5) or a three-lobed design. As each
impeller passes the blower inlet, a volume of gas is
trapped, carried through to the blower discharge, and
expelled against the discharge pressure. As a result, the
volumetric capacity varies little with changes in pres-
sure. Lobe pumps with volumetric capacities from 0.3 to
100 m3/min. are available.

Hand-Operated Air Movers

Hand-operated air movers include manually actu-
ated piston pumps, bellows pumps, and squeeze bulbs.
The piston principle has been employed in several hand-
operated air movers. The most familiar of these is the
hypodermic syringe, which is used in several commer-
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FIGURE 12-4. Schematic diagram showing principle of sliding
vane pump operation.

cial instruments and in countless homemade systems. A
similar air mover is the hand-operated piston. For indus-
trial hygiene purposes, it is usually calibrated carefully
to provide an accurate air volume. This type of pump is
often used with direct-reading colorimetric indicators as
described in Chapter 17.

Squeeze bulbs or small bellows pumps have been
used commonly as air movers on commercial air sam-
pling devices, such as the direct-reading indicator tubes
described in Chapter 17, and on several models of com-
bustible gas meters, described in Chapter 18. Squeezing
the bulb or bellows expels air through a one-way valve;
the subsequent self-expansion of the bulb or bellows
allows air to be drawn through the detector. With bulbs,
the amount of air drawn by a single bulb compression
varies according to the efficiency with which the air was
expelled from the previous volumetric stroke. This varia-
tion may result in serious errors because the calibrations
are based on sampling a constant volume of air. Possible
sample size variation is less important in combustible gas
meters, which indicate the concentration within the sens-
ing zone (i.e., they are not integrating devices).

An example of a squeeze bulb application is found in
the U.S. EPA test method for “Gas Analysis for Carbon
Dioxide, Oxygen, Excess Air, and Dry Molecular
Weight.”® This method offers a choice of grab sampling
with a one-way squeeze bulb, or integrated sampling with
a leak-free pump (U.S. EPA Appendix Methods 3 and
3A,; e.g., see Tables 20-7 and Figure 20-9A).

Centrifugal Force

A second basic method of inducing air movement is
to produce kinetic energy by means of centrifugal force,
with conversion of the resulting velocity pressure to
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FIGURE 12-5. Schematic diagram showing principle of operation
of twin-lubed positive displacement blower.

suction for moving the sampled air. Centrifugal fans that
use this approach consist of an impeller and stationary
casing, the impeller being a rotary device with vanes.
There are two major types of centrifugal fans, either radial
flow or axial flow, depending on the direction of air flow
through the impeller. Table 12-4 summarizes the charac-
teristics of commercially available centrifugal fans.

Radial-Flow Fans

The term centrifugal fan (or blower), while connot-
ing all types of fans, usually is used in a restrictive sense
to indicate just radial-flow fans. These fans are available
in three basic types, differentiated by the direction of
blade curvature at the delivery edge (see Figure 12-6).

The first of these types is the forward-curved blade
fan which has its blade tips curved in the direction of fan
rotation. This design usually is more compact, operates
at low speeds with less noise than other types, and has a
lower initial cost. It is relatively inefficient and not capa-
ble of producing high static pressures or high vacuums.
These fans are found typically in comfort ventilation
systems that have low static pressure or vacuum require-
ments and where low noise levels are desirable.

The second type is the radial blade fan in which the
blades are straight and are aligned along the radii of the
fan. This is similar to the old style straight (or paddle-
wheel) blade, but the radial blade fan is more compact in
design, capable of higher rotational velocity, and slightly
more efficient. This type of fan is less prone to clogging
than the other types and therefore finds application in
systems that handle high particulate mass loads. Unlike

the forward-curved fan, radialblade fans anerate well in
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parallel and can produce relatively high static pressures
Or vacuums.

The third type of centrifugal fan, the backward-
curved blade fan, is characterized by blades that curve
away from the direction of rotation. Such fans are highly
efficient and, because of their high speed capability, are
particularly well suited to use with electric motor drives.
This type of fan has a distinct advantage over the other
two types in that it is difficult to overload the backward-
curved fan. Its power requirement peaks at its normal
design loading, whereas the power requirements of each
of the other types of centrifugal fans continue to increase
with increasing flow volume requirements. The disad-
vantages of this fan design are relatively high noise lev-
els and high susceptibility to clogging.

The backward-curved fan blade is used in several
high-volume air samplers. The usual design is to use a
1/2- to 1-horsepower electric motor (AC or DC) to drive
a two-stage turbine impeller. (Multiple-staging is
required to increase suction.) The exhaust (sampled) air
is often used to cool the motor, which imposes a lower
flow-rate limit. Some units have separate cooling fans
for the motor and therefore can be used with high-resist-
ance filters at lower flow rates. Some representative
types of this kind of blower are described in Table 12-4.

Axial-Flow Fans

Axial-flow fans also come in three types: propeller,
tube-axial, and vane-axial. These types are named in
increasing order of complexity, weight, cost, and static
pressure.

The propeller fan is the most common. The fan
blades are carried on a small hub in which the motor is
often mounted. It can provide high flow volumes and
usually operates at or near ambient static pressures. This
type of fan is used on some electrostatic precipitator
samplers (see Chapter 14), where the flow resistance is
both very low and constant.

The tube-axial fan is a propeller fan enclosed in a
short cylinder. The fan blades are mounted on a central
ring slightly larger than the average propeller fan hub.
This unit can operate at moderate static pressures.
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The vane-axial fan is a further modification of the
tube-axial. It has the same parts, but the cylinder is
slightly longer. The extra length accommodates a set of
guide vanes that serve to convert the useless tangential
velocity component of the discharge into useful static
pressure. Vane-axial fans can be either single or multi-
ple stage. In general, vane-axial fans can operate at
much higher pressures than tube-axial fans. Because of
the high fan speed, the vane-axial fan is sensitive to
abrasion of the blades and thus should be used only to
move clean air.

Momentum Transfer

A third basic method of inducing air movement is to
transfer the momentum of one fluid to another. This
process is relatively inefficient, but the equipment
involved is very simple and reliable and, in certain cases,
particularly well suited for portable sampling units
because it does not need electrical power for operation.
It has the added advantage of being useful in potentially
explosive atmospheres.

A mechanism that utilizes this principle is called an
ejector. An ejector consists of a source of high pressure
primary fluid, a nozzle, a suction chamber containing a
secondary fluid, and a diffuser tube (see Figure 12-7).
The primary fluid enters the suction chamber at very

PART II: Instrumentation

high velocity, entraining the available secondary fluid in
the chamber and carrying it through the diffuser. It is
discharged at a pressure higher than that of the suction
chamber. The entrainment of suction chamber secondary
fluid reduces the pressure in the chamber and subse-
quently causes entrainment of the remaining secondary
fluid (sampled air).

The driving medium can be steam, high pressure air,
water, or any compressible gas. For portable units, a
small can of refrigerant can be used to power a compact,
low-volume sampler. Mercury or oil diffusion pumps are
sometimes used to obtain the optimum vacuum for the
transfer of organic fractions from the sampling apparatus
to the analytical instruments. Characteristics of some
small, commercially available ejector air movers are
summarized in Table 12-5.

Air Samplers

The previous discussion has been concerned solely
with air movers, with minimum attention to the other
three components of the sampling train illustrated in
Figure 12-1. An air sampler combines all four functions
in a convenient package and is widely used in industrial
hygiene practice and indoor or ambient air sampling.
Many commercial varieties of air samplers are available,
employing many of the air moving devices previously
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The motive fuid (steam, air,
or liguid) enters the ejector
through the inlet nozzle which
converts the fluid pressure
into @ high-velocity jet stream.

FIGURE 12-7. Schematicd e

When starting, the vapor er gases
in suction chamber are continu-
ously entrained by the jet stream
emerging from the nozzle thereby
lowering the pressure in suction
chamber, causing the liquid, gases
or vapor in the suction system to
flow to the ejector.
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The entrained medium mixes with
the motive fluid and acquires part
of its energy. In the diffuser the
velocity of the mixture is recon-
verted to a pressure greater than
the suction pressure but lower
than the motive fluid pressure,
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discussed. Tables 12-6 through 12-10 list characteristics
of several classes of commercial air samplers. Table
12-11 provides a list of the commercial sources for the
air movers and samplers.

Over the last two decades personal sampling pumps
have developed into one of the most used tools of the
industrial hygienist and environmental evaluator. The
pumps have become smaller, more reliable and more
versatile. From large bulky pumps to the now small
inconspicuous models, the newer pumps can be cali-
brated and controlled by internal programs. Feedback
control by pressure sensors or by mass flow controllers
has advanced their use and application. Multiple flow
ranges for manufactured lines of pumps have broad-
ened their use to cover practically all needs for low to
medium high flow range: from a few milliliters per
minute to 10-20 liters per minute. Pump manufacturers
have responded to the requirements for indoor air sam-
pling from the low flow over the long term and up to
high flow for shorter term environmental sampling.
One can now select the sampling pump for a specific
purpose by balancing the features desired against the
budgetary limitations: for example, the need for many
low priced simple pumps vs. a few more expensive
smart pumps.

Categories of Samplers

The listing of samplers presented in Tables 12-6 to
12-10 has been divided into five categories based on the
sampling flow rate, source of power, sampler size, and
primary application of the sampler. These categories are:

Personal sampler: battery powered
Low-volume area samplers: battery powered
Low-volume area samplers: portable
Medium and high volume samplers: portable
High volume samplers: with shelters

el PR

Flow Range for Each Category

Personal Samplers and Low Volume Area Samplers.
Personal samplers generally operate at a sampling air
flow rate of up to 5 L/min. and are intended for personal
exposure monitoring. Low-volume area samplers typi-
cally operate at flow rates in the 3-100 L/min. range.
Medium and high volume samplers generally operate at
flow rates from 0.1 to 0.3 m3min. and 0.3 to 3 m3/min.,
respectively, and are most often used for ambient air
sampling.

Types of Air Movers for Each Category
Information presented in lables 12-6 to 12 10
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weight, air flow-rate range, type of flowmeter, standard
sampling attachments (inlets or collection devices), and
motor power requirements. The source code can be used
in conjunction with Table 12-11 to determine the com-
pany name, address, and telephone number.

Many of the air samplers listed in Tables 12-6 to
12-10 are designed to be used in conjunction with a
variety of sampling inlets or sample collection
devices. The air samplers are not sample collectors by
themselves, but provide the air flow through the col-
lectors. Several of the commonly used inlets and col-
lection devices associated with these samplers are
listed in these tables. For example, personal sampling
pumps are used with charcoal and other sorbent tubes,
filters, bubblers, cyclone-filter assemblies for res-
pirable dust sampling, and gas collection bags.
Medium- and high-flow area samplers are often used
with PM,, or PM, ; inlets or collection devices. PM,,,
and PM,  inlets or collection devices remove particu-
late matter greater than 10 or 2.5 micrometers, respec-
tively. Detailed discussions of these inlets and devices
are provided in later chapters.

A variety of air movers (pumps) are used in the sam-
plers listed in Tables 12-6 to 12-10. Diaphragm pumps
are generally used in personal sampler pumps. Low-vol-
ume area samplers usually use rotary vane, piston, or
diaphragm pumps. Blowers are primarily used in
medium- and high-volume samplers.

Flow Measurement in Personal Samplers

Flowmeters are frequently incorporated into the
design of the samplers listed in Tables 12-6 to 12-10. The
most commonly used integral flowmeters are either a
rotameter or a calibrated orifice plate. Numerous other
external flow meters such as the soap bubble meter and
electronic flow meters can be used to set and calibrate
the flow rate. To achieve reliable results from such
instruments, a basic understanding of the limitations of
these flow measuring devices is necessary. Procedures
for calibrating air sampling flowmeters are discussed in
Chapter 7.

Rotameters

A rotameter consists of a float inside a tapered ver-
tical tube; the tube cross section increases in area from
bottom to top. The position of the float in the tube is gov-
erned by establishing an equilibrium between the weight
of the float and the force exerted on the float by the
velocity pressure of the fluid or gas flowing through the
annular space between the ﬂoat and the tube wall. With

o
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