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I. Introduction

k- For aerosol research and testing it is important to\have aerosols avail-
; able with known and controllable properties. Particle sige distribution is
always an important parameter; frequently, a narrow size distribution is
needed. For many investigations high concentration is the jor consideration;
sometimes this is coupled with the need for high flowrates. nder this
contract Southern Research Institute (SoRI) has developed the High Concentra-
tion Standard Aerosol Generator (HCSAG) system with novel and frequently needed
3 capabilities: high concentration, high flowrate, narrow size distribution, and
4 particle size greater than 1 micron1

To create uniformly sized particles the generation mechanism must be very
strictly controlled. To obtain a monodisperse aerosol by mechanical agitation
such techniques as the vibrating orifice or oscillating reed are utilized. A
liquid jet is segmented at regular intervals to produce droplets of the same
volume. For each jet velocity and, diameter the frequency of agitation must be
tuned very accurately to prevent the formation of multiple sizes. The genera-
- tion rate is limited to the order of 10° per gecond.!’2 To obtain a mono-

! disperse aerosol by condensation techniques, the thermodynamic properties of
the flowstream must be maintained within in a narrow range while the aerosol is
being cooled. This requirement is increasingly difficult to achieve as the
desired particle rate (the product of concentration and flowrate) and particle
size increase. Available generators of this type have low flowrates and are
practically limited to small sizes.3/%

rad NN

\f]

- An alternate approach for obtaining a narrow size distribution is to use a
polydisperse aerosol generator followed by devices which separate the desired
particle size from the larger and smaller sizes. This is the approach upon
which the HCSAG is based. Classical impactors are used to separate the large
particles from an aerosol stream and virtual impactors are used to remove the
small particles. -

-
-
-

" This report describes the development of the HCSAG and serves as the
instrument manual for the instrument. Section II (Operating Principle) gives
the design criteria as well as describing the basic mechanisms upon which the
HCSAG is based. Section III (Description of HCSAG) describes the actual
components. Section IV (Performance Evaluation) presents aerosol data obtained
during the course of developing the instrument. Section V (Operating Instruc-
tions) gives procedures for operating the HCSAG and Section VI (Maintenance)
describes the procedures recommended to keep the components in good working
condition. Section VII (Recommendations for Extending Performance) suggests
procedures by which the system output could be modified to be more appropriate
for given circumstances. These modifications include 1) increasing the concen-
tration (if a lower flow or a wider size distribution is acceptable and 2)
precautions and suggestions for use of different aerosol materials. Additional
details of the system (including shop drawings, ‘i3t lists of materials, and
maintenance of commercially available components) are given in Appendices A and
B and are referred to in the text of this report.
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Since several components and operating parameters of this system represent
extensions of the technology, significant effort has gone into reporting and

analyzing data in a general form to promote understanding of the mechanisms
involved.
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II. Operating Principle

. A. Design Criteria

The design criteria for the system required that aerosol produced by the
HCSAG have a narrow size distribution in the range of 1 to 3 microns and that
the concentration be high enough at a flowrate as high as 140 lpm to produce
significant reduction in the transmittance of visible light over a 4 meter
pathlength. The transmittance criterion corresponds to a concentration of at
least 10% particles per cm3 for a particle diameter of 2 microns.

B. General Description of System

b Figure II-1l gives a block diagram of the fundamental components of the
system. Compressed air feeds about 425 slpm (Q;py) to a polydisperse aerosol
generator (PAG) consisting of 6 Laskin nozzles. Aerosol from the PAG passes
through two virtual impactors (VPl and VP2) to the primary device (VP3) for

- removal of the small size fraction. The major purpose of VPl and VP2 is to

N concentrate the primary aerosol stream by reducing the volume flowrate without
discarding a proportionate fraction of the particles of interest. The flow
split in both VPl and VP2 is 10% so that 4 slpm exits through the token flow

N Q2T of VP2. A venturi is utilized to accurately adjust and monitor Qope

.

VP3 is a novel virtual impactor in which a core of clean air, QCORE is
introduced at the center of the aerosol stream before entering the impactor
jetS, illustrated in Figure II-2. All of the token flow, QaT' is comprised of

. air from this clean core. Only particles with inertia large enough to pene-
trate into this token flow are thus retained. Retention of small particles in
the primary aerosol stream, Qapr is far below that which can be achieved with
traditional virtual impactors. Clean sheath air Qgy is also utilized to
produce a sharper retention (or collection) efficiency than would otherwise
occurS; wall losses are probably reduced also. Figure II-3 presents results of
empirical investigations of both types of virtual impactors. Masuda,et al®
identified limits on the proportions of QCORE’ QZT' and Qsy*

" s & B

T ea"a

N Q/QZT > 1.43 and

Qcore/Qpr 2 0-8 Q‘S; -1

where Q is the total flowrate. This device, referred to as the Hochrainer
virtual impactor after one of its developers and the current supplier, was
tested in the original investigation at total flowrates from 5 to 30 lpm.

Referring back to Figure II-1, upon exiting VP3 the aerosol stream
(Q3p=3 lpm) enters the outlet impactor (OP) for removal of the large particles.
OP is a classical impactor except that sheath air is added prior to the jet to
maintain the desired size cut and reduce wall losses, The primary aerosol
stream exits the system through a pressure let-down orifice (PLDO). This
component is necessary because of the significant pressure head across the
system which is necessary to establish the desired cutpoints around 1.5 um.

a sy £ 2 B

II-t

.
-
.
"




et WS PR R S W W e, WL W W L . A

AEROSOL
. OUTPUT
. Qout
PRESSURE
LET-DOWN PLDO
ORIFICE
[
SHEATH AIR
IMPACTOR op
f— q,
Qur
HOCHRAINER
VIRTUAL b——a,p
CLASSICAL VIRTUAL IMPACTOR
IMPACTORS
VENTURI vP3
— ]
VP1 VP2 ttonm —QSH
Qi ol
Qzr ’
. Qp G20 '
QcoRe
DUMP SMALL
SIZE FRACTIONS
Qgen
POLY DISPERSE
PAG AEROSOL
GENERATOR

R

gen

Figure I1-1. Block diagram of HCSAG.
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III. Detailed Description of HCSAG

In this section the HCSAG is described in further detail using drawings
and photographs so that the user can identify the actual components, their
function, and the valves and meters for adjustment and monitoring of operation.
Appendix A (Shop Drawings of Noncommercial Components) and Appendix B
(Maintenance Instructions of Commercially Available Components) give additional
information. Figure III-1 is a schematic drawing of the HCSAG. Figures III-2
through III-1l1 are photographs showing various views of the system. Figure
III-12 is an assembly drawing of the Hochrainer impactor.

A. Air and Liquid Supply

In Figure III-1 the user's air supply is connected to the main pressure
regulator indicated in the upper left of the schematic. To keep system perfor-
mance constant, the air supply should be capable of providing 25 scfm at 90
PSIG (and not more than 150 PSIG) with 10 PSI or less variation. This main air
supply fitting is located just below the left corner of the front panel, shown
in Figure III-2. From this regulator air passes through 2 additional oil traps
and two 12 inch filter canisters in parallel. After these filters, the air
supply branches to 6 paths, each with its own regulator,to the points where air
is required by the system. The main inlet regulator is normally set at 60 PSIG
using the gauge located on the upper left corner of the front panel, while the
others are set at 45 PSIG (except for Poil)‘ Most of this air supply
subsystem, shown in Figure III-3, is located at the left end of the HCSAG.

The liquid supply subsystem is located toward the right rear corner (see
Figure III-4). The path of the liquid in this sybsystem is shown in Figure
III-1 as "solid" tubing. As shown schematically in Figure III-1, 3 reservoirs
(1, 2, and 3) in addition to the polydisperse aerosol generator (PAG) canister
are utilized. The aerosol liquid (DuoSeal Vacuum Pump Oil at this time) is
poured into the top (No. 1) reservoir at the fill tube. Opening the valve
under reservoir No. 1 allows liquid to flow into reservoir No. 3 which feeds
the PAG. Compressed air at pressure Poil is utilized to augment gravity flow
in transferring liquid to the PAG. This pressure requlator is located at the
bottom right of the front panel where it can be adjusted to keep the o0il level
constant as viewed through the site glass adjacent to it. Once that setting is
established Apoil (measured at the gauge adjacent to the site glass) is an
accurate parameter for reproducing a desired fluid level. Overflow from
reservoir No. 3 flows to reservoir No. 2 until the levels in reservoirs No. 2
and 3 equalize. Then reservoir No. 2 is emptied by pumping liquid back to
reservoir No. 1 via the hand operated peristaltic pump.

B. Polydisperse Aerosol Generator
Air to PAG is controlled at the top right of the front panel (see Figure
1I1-2) by a ball valve, The pressure upstream of the 6x4 Laskin nozzles

(Pgggrs) and in the cannister (Pgpy) are monitored at the front panel below the
ball valve. The flowrate through the nozzles is given by

Qcyers= 2:55 (Pgyprs*Pmar!D (1)
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Figure 111-3. Compressed Air Supply Subsystem. View of left end of HCSAG.
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Figure 111-4. Liquid Supply Subsystem. View of right end of HCSAG. Also shows
coalescing filters for exhausting Q1p and Qzp.
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Figure 111-5. Polydisperse Aerosol Generator and First Virtual Impactor (above). View from
rear of HCSAG.
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Figure 111-7. First and Second Virtual Impactors showing exhaust tubing to coalescing filters
fleft). View from left rear of HCSAG.
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Figure 111-8. Second Virtual Impactor (left), Venturi and Hochrainer Impactor.
View from right rear of HCSAG. Coalesing filter for exhausting QHp
/s at bottom center.
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Figure 111-9. Exit from Second Virtual Impactor, Venturi, and Hochrainer Impactor.
View from left end of HCSAG.
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5336-11

Figure 111-10. Hochrainer Impactor (right) and Outlet Impactor (left). View from
left end of HCSAG.
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Figure 111-11. Hochrainer Impactor (left), Qutlet Impactor, and Pressure

Let-Down Orifice (right). View of right rear of HCSAG.
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APZT can also be monitored on the front panel for diagnostic purposes. It may g};r
be desirable to use this parameter to set and monitor the token flow of VP2 \ :i‘

‘ (the aerosol flowrate to VP3). If this is practical, the venturi would not be

. necessary and could be removed. Additional investigation of the behavior of EU{v
) APZT would be needed to verify its usefulness as a flow monitor. Pressure ij;
' fluctuations in this token flow due to turbulence are of concern. PN
| o s
D. Hochrainer Virtual Impactor RO
The token flow of VP2 passes through a venturi which provides an accurate ;;f—

determination of flowrate:

Q,p = 0.83/EPy /(P +Ppar) (5)

for Q,p in alpm, APy, (pressure drop across the venturi) in inches of water, T 3
in °R, P; (pressure at the inlet to VP3) in PSIG and Pg,p in PSIA. APy and P, !!&;
are monitored by gauges on the front panel, near the center. The venturi is e

shown at the center of Figure II-1ll with VP2 to the left and VP3 to the right.
The aerosol stream is merged with two other flows Qnnpp and Qgy in the N
Hochrainer impactor as described in Section IIB., An assembly drawing of this ]
device is given in Figure III-12 with the major dimensions. Figures III-8 and o

III-9 are photographs of the actual device. Qrnpp and Qgy are monitored by .
rotameters at the top center of the front panel. The readings from these L

meters must be corrected by t{\i;
or = Q) /TP,+ Poag)/14.7 (6) AT
Qcore OF Qsy = O 7 (P3+ Ppagl/ R

- for flowrate in slpm where 2r igs the reading of the rotameter. To convert this
flow to actual volume flowrate at the jet of VP3:

OcoRe OF gy = Q71477 (P,+Ppap) (6a)

where Q~qopg and Qgy are in alpm. The flowrate through the jet of VP3 is given
by

for Q3 in alpm (upstream conditions), AP, in inches of water, P, in PSIG, and » :”;?3
Ppag 10 PSIA. A meter giving AP3 is located on the front panel directly above j}}}
the P3 meter. T

A meter (APAC) at the bottom of the front panel, under the APy meter, is
used to monitor the pressure drops across the laminar flow rings (No. 11 in
Figure III-12). The holes in these rings can become covered with liquid due to
wall losses. APAC may be used to diagnose obstruction of flow by liquid. e
Under normal conditions AP,~ oscillates between *0.2"H,0. Cotton threads to —
serve as a wick were added to the base of these rings to reduce the buildup of
liquid. The wick extends into the drain bottle for this region. Care should
be exercised not to pull on this wick when emptying the drain bottle.
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Because of the potential of liquid drops collecting on the entrance to
the jet of VP3, the user is cautioned to avoid operating the system without
Qcorg and Qgy flow. Most of the flow of VP3 is exhausted through a coalescing
filter, a metering valve, and a rotameter. The valve and rotameter are located
on the front panel just left of center. This valve is important for adjusting
the flow split between the exhausted air, Oup and the token flow, Quyre The
rotameter gives Qun in slpm; it can be converted to alpm at the conditions of
the inlet of VP3 by

where Qp is the rotameter value. The primary aerosol (without the small
fraction) passes into the token flow of VP3. This flowrate Oup is determined
by the difference (Q3 - QHD)' The pressure differential, APyq, between the
token flow and inlet to the jet of VP3 is alsoc metered on the front panel for
diagnostic use. This meter is located between the rotameter and control valve
for Qupe As with APZTthis parameter is expected to be proportional to the
token flow Qupe+ However additional investigation of its behavior, beyond the
scope of this project, will be needed to verify its use as a monitor of Q4T

E. Outlet Impactor

The token flow of VP3 is merged with a sheath of clean air in the outlet
impactor (OP) shown in schematically in Figure III-1l and in the photographs of
Figures III-10 and III-11, This sheath air flowrate Q1 is monitored by a
rotameter at the top left of the front panel. The reading on this rotameter
must be corrected by

Q1 = QR/TPI+PBAR)/14.7 (9)
for flowrate in slpm and by

for flowrate in alpm where 9r is the rotameter reading and Pr is the pressure
at the inlet to OP in PSIG. The meter giving PI is located below the Q1
rotameter. Qp is set at a value for which OP will remove the large size
fraction. In principle the exact value depends upon the trade-off between the
desired width of the distribution versus the desired particle rate. However
the size distribution of particles from the Virtis SG-40 polydisperse aerosol
generator with DuoSeal Vacuum Pump oil, drops off sharply at about 2um so
adjustment of Qr has little effect on the output. Of course if Q1 is too high
the desired particle sizes would be impacted. Varying Q; affects P; which
affects the flow split in VP3. Thus Q,; must be adjusted appropriately to
maintain a constant token flowrate Qur* The most important priority in
adjusting Q; is to provide the flowrate needed to maintain the pressure (PI)
necessary for suitable flow split of the virtual impactors throughout the
HCSAG. This pressure is determined by the pressure drop occurring across the
OP jet and the pressure let-down orifice PLDO at the HCSAG outlet (see Figure
III-11). The desired flowrate, Qr, can be modified by changing the diameter
of the PLDO. Two sizes (1/16" and 3/32") are supplied as accessgories.
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Wire screens are used as diffusers to evenly distribute the sheath air
flow, Qg prior to merging with the aerosol stream, Qupe As with APpn, the

pressure

differential (APAS) between the token flow and the sheath flow is

monitored to indicate obstructions of the sheath air flow due to liquid build
up on these screens. This meter is located at bottom left of the front panel.

The user
minimize
The

panel at
flowrate

where Q1

F. oil

is cautioned against operating the system without some sheath air to
the deposit of drops on the entrance cone of the VP3 jet.

pressure drop across the jet of OP, APy, is monitored on the front
the upper left between the Qr rotameter and the P3 gauge. The
through this jet is given by

+ =
Qr 7 Qqp = 2.9 YAP;T/(Py+Pppp) (10)
and Quq are in alpm and AP; is in inches of water.

Drainage

As shown in Figures III-1 through III-11, a substantial part of the HCSAG

hardware

is designed to drain liquid collected on the walls away from the

flowstreams. These losses are undesirable but unavoidable. Continuous opera-
tion of the HCSAG at conditions described in Section IV for 8 hours indicates
that the current drainage system is adequate. Accumulation of liquid is very
slow in all drain bottles except for the one which receives liquid collected

from the

inlet chamber of VPl. This bottle is located beside the PAG canister

at the right end of the HCSAG, easily accessible for emptying.

III-17
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V. Operating Instructions

- These instructions assume that the reader is familiar with the HCSAG and
the nomenclature and figures of Section III. For illustrative purposes it is
, assumed that the conditions or operating parameters of Table IV-1 are to be
" achieved. It is assumed that a compressed air supply and shut~off valve has
been connected to the main inlet to the HCSAG at the lower left corner near the
front panel. Keep this shut-off valve closed until preparatory steps described
below are achieved.

k. A. Precautions

The most important precaution is that no parts of the system downstream of
’ pressure regulators and control valves be pressurized at more than 16
PSIG. This means that all pressure meters on the front panel should be
kept below 16 PSIG except PeyETS and Pyarne If the outlets of the system
are closed off for any reason then these two gauges cannot exceed 16 PSIG.
Thus some care should be exercised to turn the main pressure regulator,
PyaINe ©ON slowly while watching the pressure gauges on the front panel.

B. Preparation

1. The drain bottles for the inlet chamber to VP1 and for the coalescing
filters on QlD and Q2D should be emptied. They are located at the
right end of the system beside the PAG canister. (Emptying of the

= other bottles is discussed in the next section on Maintenance,)

(i R B A

> 2. The oil in the lower reservoir (No. 2) should be pumped up to the

K upper reservoir. Check the level in the upper reservoir to determine

-~ if liquid should be added. The system uses about one inch per hour.

[-. 0il is added by disconnecting the tygon tubing leading from the

- peristaltic pump to the top reservoir. The joint between the curved
tube and the elbow fitting at the top of reservoir No. 1 (see Figure
III-4) is convenient.

3, Check the level of liquid in reservoir No. 3. It should be at or near
the top of the overflow tube. If it is not then open the control
valve {(several turns) at the bottom of the top reservoir (No. 1) to
allow liquid to transfer.

4., Check the liquid lewvel in the site glass on the front panel. Liquid
. should be visible but not higher than 2/3 of the distance from the
- bottom of the site glass to the hole at the center of the reflector.
If the level is too high then carry out the following steps:

- - close the aerosol generator valve,

: - turn the P,;; regulator to zero (counter clockwise until the knob is
- loose),

., - open the connection normally used for putting liquid into the top
s, reservoir,
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- open the exhaust rotameter valve, if it is connected,

- turn the main regulator to zero,

- turn the air supply on,

- close the valve on the Q,33 rotameter until liquid in the PAG starts
flowing into reservoir No. 3. This can be seen by looking at the
liquid line between these two components,

- if nothing happens check the requlator for the Qaad line and open it
if it is not already open,

- when the level in the site glass drops below the appropriate height,
turn off the Qada valve and turn off the PuaIN regulator,

- reconnect the liquid line at the top of reservoir No. 1.

5. It is very helpful to have an optical particle counter ready to sample
from the HCSAG output to optimize final adjustments based on the
output size distribution and concentration.

6. If the
normal
of the
below.

operating conditions from the last usage of the system were
and no valves have been changed, then open the shut-off valve
compressed air supply and proceed to "Initiating Operation"

If the position of the controls are uncertain then perform the

following steps:

- close all valves on the front panel except Qipr 9 and Q. (which
should be open) and turn all pressure regulators to zero (counter
clockwise until loose),

- open the shut-off valve controlling the compressed air supply,

- turn the PuAIN regulator to 50 PSIG and turn all other regulators to
45 PS1G, except for the Poil and PcIETS regulators; Poil should
remain at zero while Pgjyppg should be adjusted to 35 PSIG,

- turn Pyaqy to 60 PSIG,

- adjust Qcore’r fyr and Qp to about 20, 5, and 40 PSIG, respectively.

Initiating Operation

With Py, .y at 60 PSIG and Qcore’ 9sH’ and Q; at about 20, 5, and 40 PSIG,
respectively, open the ball valve on the front panel controlling the PAG
(full open). The immediately adjust the P, ;, regulator to about 10" H,0,
returning to readjust it while adjustments of other valves are being
performed. At this time PGJETS’ Popns Pl' APl, P?' and AP2 should be near
the values given in Table IV-1. If not, then review the steps to this
point and check the system for abnormal signs.

Adjustments to achieve the appropriate values of the other parameters
require an iterative approach. on, c%ore' QSH' QHD' and Qp are relatively
insensitive to the others so adjust those first. This should cause P3,
AP3, PI' and API to be near the appropriate values. If not, readjust those
valves. It is important to be familiar with the plumbing or have Figure
III-1 at hand and to keep in mind that the appropriate values of Q,p and
Qyr are attained when near balance pressures exist. Next, slightly adjust
QzD' Qore’ and Qgy o obtain the appropriate value of AP,;. Small devia~
tions of QZD do not effect the output. Set points of APp,,, Q-ore’ and QSH

V-2

-~ v
S
L A
oy

[-"a-:’

NI )

- "
ey e

*

,

B

oy

. e
<
""’::"l s

MR

A
4 '

R}
»

S

g
D _ ST

e

LRI
IR .
a 3 8

.
A

v

-

+
.
.

-
ory




TR 4% 4 5y Ty TR S

g T )
b Y N

are more important. Finally, adjust Q. and Q; to obtain a positive APym
in the given range.

Next, review the meters for a value that deviates by more than 5% from the
appropriate value, excluding APHT. If a larger deviation is found repeat
the adjustment procedure starting with Qpr %orer QHr Qupr and Q.

Perform final adjustments of Qq and 2mp optimizing the output distribution
measured with an optical particle counter, if available.

Adjust P,;; to establish and keep the level in the site glass at the lower
edge of the hole in the center of the reflector.

Continued Operation

Once the adjustments described above are performed, long-term operation
can be expected. The drain bottles should be checked and the liquid level
in the PAG adjusted as needed. The system has not gone through extensive
testing needed to establish a AP, ;; for an absolutely constant liquid
level.

Halting Operation

When operation is completed the only step necessary for the HCSAG is to
close the compressed air supply shut-off valve or turn the Pypyy regqulator
to zero., If all other valves are left in the same position then adjust-
ments are not needed in the next period of operation except for AP ;.

The operator will likely wish to adjust it to reestablish the appropriate
liquid level in the PAG.
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VI. Maintenance

Drain Bottles

Some of the drain bottles have an air relief tube on the side of the
bottle as well as a tube for liquid to enter through the cap. One of the
tubes must be disconnected from the system to twist the cap or the bottle.
For three of the bottles the tube that is disconnected must be the air
relief tube so that wicks will not be disturbed, potentially disrupting
proper operation of the system.

One of the bottles that is connected to the union cross fitting just
upstream of the venturi is shown in Fiqure III-9. A wick made of blotting
paper extends along the lower wall of the token flow tube from VP2 to the
union cross and down in the bottom leg to which the bottle is attached.
Care should be exercised to refrain from rotating this cross or the bottle
caps, thus tearing the wick. The top leg of the union cross can be
disconnected to permit turning of the bottle while holding the cap steady.
Only one full turn is necessary.

The second bottle of concern is the one which catches liquid drained from
the entrance to VP3. A safe way to remove this bottle for emptying would
be to detach the air relief tube at the side of the bottle. Then the
bottle can be turned while holding the cap and wick steady. A suitable
loose clamp must be used to resecure the air relief tube to the side of
the bottle.

The third bottle of concern is that catching liquid drained from the union
cross in the token flow, Qumn, of VP3. This cross has a wick extend back
to VP3 like the one upstream of the venturi. The top leg of this cross
can also be disconnected to permit turning of the bottle while holding the
cap steady. Care must be exercised to refrain from rotating the union
cross.

Orientation of Components

The orientation of components relative to the horizontal plane is also
important for drainage. The VP1-VP2 unit should be tilted slightly rising
toward the downstream direction. The venturi should be in the horizontal
plane. The VP3 and OP components should be essentially horizontal, rising
slightly toward downstream rather than the opposite.

High values of AP,~ and APpg

If APp- or APpg rise with use to high values then their respective flows
are being obstructed, probably by liquid in laminar flow rings or screens.
It is possible that this symptom can be eliminated by drainage given
several days without operation., High flowrates of clean air in the
reverse direction through these elements would augment the drainage
process,

VI-
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VII. Extending Performance
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- A. Other Liquids
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If it is desired to use liquids other than the DuoSeal Vacuum Pump Oil in
the HCSAG, several factors need to be checked to verify the feasibility. e
Appendix B gives physical and chemical properties of nonmetalic materials used ¥
in the system, Metal parts are made of aluminum, nickel plated brass, and
stainless steel. If the user is uncertain after considering resistance of
these materials to the liquid of interest, it is suggested that tests be
performed exposing samples of the materials to the liquid. In addition to
signs of corrosion, check for softening, swelling, or shrinking of plastic
1' materials.

AN o o o0 S ELELE ad _ JECSEE L R e Aok R
.

I In addition to material problems, many liquids are extremely flammable or RN
' explosive when aerosolized. This can be checked by putting a small amount into e
. a nebulizer and routing the aerosol stream through small tubing. If the W
aerosol exiting the tubing can be ignited, it will be hazardous to use in the ;~
HCSAG. N

B. Increasing Concentration of Output Aerosol

Wall losses could probably be reduced in the system giving higher output
concentrations by increasing the number of jets in VP1 and VP2. This redesign
would decrease the pressures needed throughout the system eliminating that
needed for the pressure letdown orifice PLDO and reducing the turbulence in the
system.
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Appendix A Drawings of Noncommercial Components
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Appendix B Maintenance Instructions and Material
Properties of Purchased Components

AL S aA0 are iy st ot B e o e g

Page

. B=2

Cole-Parmer: Tygon plastic tubing, silicone tubing,
Magnehelic Differential Pressure Gauge.
Rate-Master Variable Area Flowmeter
Fraunhofer-Institut: vVirtual Impactor. . . .
Acroflow II Filter Cartridge .
Sargen-Welch: Duo Seal High Vacuum Pump Oil.
Fine Replacement Water Filter Cartridge

SG-40 Smoke Generator.
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B-14

B-27

B-29
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, Yy
: Cole-Parmer Instrument Co. o
: 7425 North Oak Park Avenue XA
X Chicago, lllinois 60648 U.S.A. S
- : ‘:. ‘
N a) Tygon® (R-3603) plastic tubing Bt
N Soft, clesr tubing siips over tubulatures easily. Grips tightly to glass or
y ‘metal, bends to small-radius curves 10 speed set-ups. A jong-iife tubing O

that won't age or oxidize. Autociavable at 250°F (121°C), 15 psi for 30 el

minutes. Transparent. Temp range: —50° to + 185°F (~45°to + 74°C). Loy

.H‘.'.l
- b) Silicone tubing TUBING .__}1:__
transiucent tubing is recommended. Excellent biocompatibiiity. Meets e

b mo& USP class Vi requirements. Do not use with concentrated ™4

oils, acids, or dilute NaOH. Autociavable; remains flexible Polyethylene tubing -~
throughout a wide temperature range: — 80° to + 500°F (- 62° to g) ly Y
: + 200°C) ol socircn st Low wator etected by mary chemicale, Ex.
. insulator. water-vapor permeability, high O, and S
. c) Bev-a-line IV tubing CO, permeabiiity. Bends even at low temperatures. Tmphr‘agnge: -70° RO

. s-nuphSO%mWEmng.NoplasﬁdzMoagnfood,bw- 1o +176°F (-60°to +80°C). L

. erage, drug, lab, and medical use. Meets FDA, USDA, Natfonal Formui-

2 ary, and USP standards for high-purity systems. Polyethyiene liner with k) Polypropylene tubing e
_ memuomwsheﬂ.brallmadvmtag“ofpooym muummmngwmmmmmg.mgnm. :
< without stress-cracking. Heat-bandable: needs no connectors. Safe for al, stress, and puncture resistance. Temp range: +32° 10 +275°F (0° to
9 aicohois. Temp range —60°to +160°F ( ~ 51°to + 71°C). +135°C). Naigene. oo
- d) Gum rubber tubing i) Polyurethane tubing o
) Tack-free latex tubing. Seamiess for longer fife. Ideal for liquids and Cleer, flexible, clean; ideal for high-purity work, Excellent chemical
- gases. Amber-colored tubing can be sterilized repeatedly. Temp range: fesistance. Temp range: —94°t0 +116°F (-~ 70°to +82°C). Naigene. O
) i o ity o
22’10 +302°F (- 30°10 +150°C) Jj) Norprene® tubing K
’ e) Vinyl tubing Ozone-resistant for longer life in electrical environments. Heat- o
- Tough, flexible polyvinyl tubing has excellent clarity. Odorless and sealable, nonaging, nonoxidizing-—shows no sign of weakening or -
. nontoxic. Good water, chemical and abrasion resistance. Temp range: cracking after years of expasurs to heat and ozone. Superior acid and e
-40°10 + 180°F (- 40° to +82°C). au;‘mnig resistance. UL-listed for some appiications. Food-grade Norprene v
» tubing is available in quantities of 1000 feet or more; call for details. e
X J)cC- ™ thermoplastic elastomer Opaque black. Temp range: — 60°to +275°F (~51° o +135°C).
] High-performance, long-iife tubing. This durable tubing formulation ——
: exhibits exceptional chemical and temperature resistance; surpasses .
- USP class Vi requirements, meets FDA standards. Excellent tensile
" and tear strangth. Smooth surface; low gas permeabiiity and good
g biocompatibility. Sterilizable by ethylene oxide, gamma radiation. or
. autaclave. Opaque white. Temp range: - 80°to + 230°F (- 62° to NS
- +110°C). C-Flax—TM Concept, Inc.  Norprene~—TM Norton Co. e
':: ::;::"
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A GUIDE TO THE STRUCTURE
& PROPERTIES OF RESINS*

Biological properties of plastics

Most of the plastics used in our piasticware are biologicaily
inert. Polysthylenes, polypropyiene, poiymethyipentene, polycarbon-
ate, polystyrene, and Teflon® FEP have been shown o have no effect
on tissue cultures. Distiled water for prepanng culture media can be
controlled and stored safely in polyethylene containers.

Polyolefins

Theee resins are breek-resistant, nontoxic, noncontaminating.
They are the only plastics lighter than water. They easily withstand
exposure to nearly all chemicais at room temperature for up to 24
hours. Strong oxidizing agents eventually cause embrittiernent. All
polyoietins can be damaged by long exposure 10 ultraviolet light.

Polyethyiene.t The polymerization of ethyl-
ene resuits in an essentially straight-chained,
high molecular weight hydrocarbon. Branch-
ing (side chain formation) occurs 1o an extent
1 and can be controlied. Minimum branching
L results in “high-density” polyethylene
(HOPE), also called “linear' polysthylene be-
cause of its clasely packed molecular chains.
More branching gives a less compact soiid known as “low-density” or
“conventional” polyethylene (LDPE). In gensral, HDPE has greater
chemical resistance than LDPE, and is more rigid. Polyethylene 1s
chemically unreactive: strong oxidizing agents eventually cause some
oxidation; some soivents cause softemng or sweiling, but no sofvent
is known for polyethylene at room temperature.

Polypropylene (PP)t is similar to polyethyl-
ane, but each unit of the chain has a methyi
group attached. it is transiucent, autoclav-
able, and has no known solvent at room tem-
perature. It is slightly more susceptibie 10
strong oxidizing agents than conventional
polyethylene because of its many branches
(methyl groups).

Polymethyipentene (PMP or "TPX")t 15 sim-
ilar to polypropyiene, but has an isobutyl

‘ .' ¢ '. group attached to each unit of the chain in-
. .°-0-‘ . stead of a methyl group. Its chemical resist-
————— ance 18 closer to that ot PP. it is more easily
coe” *°* softened by some hydrocarbons and chionn-
. . ated solvents, and strong oxidizing agents
>—0—0-0

will attack it over a period of time. its excel-
lant transparency. ngidity, and chermcal re-
sistance, plus its resistance to :\mpact and 10
high temperatures, make PMP a supenor matenal for labware. PMP
withstands repeated autoclaving, even at 150°C. it can be used inter-
mittently to 175°C.

Polycarbonate (PC)t

Toughest of ail ther-
o0 b moplastics, polycarbon-
L4 hod ate 13 window-clear.
@ O amazingly strong and
0—:—4 ngid, autoclavable, and
PEPY PREPY non-toxic. Polycarbon-
ate 1s a special type of

polyester in which dihydnc phenols are joimned through carbonate
linkages. These ilinkages are subject to chermical reaction with bases
and concentrated acids, hydroiytic attack at eievated temperatures
(8.g.. dunng autoctaving), and make PC soiuble in vanous organic
soivents. The transparency and unusual strength make PC ideal for
hgh-speed centnfuge ware.

“Fepnmed wih perrveson of the Neige Co.

Mool e of the Faod
Caosmets Act.

of the Federss Food, Orug. ana

Polysulfone (PSF)t

Clear, strong, nontoxic and virtually unbreskable. Uniike polycar-
bonate, potysuifone will not hydrolyze during autociaving and has a
natural straw-colored cast. PSF is resistant to acids, bases, aqueous
solutions, aliphatic hydrocarbons and aicohois. PSF is composed of
phenyiene units linked Dy three differant chemical groups—isopropyli-
dene, ether and sulfone. Each of the three linkages imparts specific
properties t0 the polymer: chemical resistance, temperature resist-
ance and impact strength.

Polystyrene (PS)t
r) Rigid, with excellent dimensional stability.
- Polystyrene has good chemical resistance 10
P aqueous solutions. This extremely clear ma-
terial is commonly used for disposable labo-
ratory products.
¥ e
®
Polyvinyl chloride (PVC)

Similar in structure to polyethylene, but
each unit contains a chiorine atom. The chio-
rin@ atom randers it vuinerabie to some soi-
vents, but aiso makes it more resistant in
many applications. PVC has extremely good
rasistance to 0iis and very low permeability
10 most gases. It is aiso transparent and has a slight biuish tint.
Narrow-mouth botties made of PVC are reiatively thin-walled and can
be flexed slightly. When biended with phthalate ester plasticizers,
PVC becomes soft and pliable, ideal for iaboratory tubing.

Fluorocarbons

Remarkable chemical resistance is typical of Tetion® tetrafiuoro-
athylene (TFE) and fluorinated ethyiene propylene (FEP).

. Teflon*TFE? is opagque white. Has the lowest
o~ friction coefficient of any solid. it makes su-
XEXER perb stopcock and separatory funnel plugs
M because of its low friction and tight seai.
¢ . : ;.,;m., Teflon® FEP? is fiexible, transiucent, has a
e FEP slight biuish cast and a heavy feei becauss
of its higher density. it rasists ali known

chemicals except moiten alkali metals, elemental fluonne and fiuonne
precursors at elevated temperatures. it shouid not be used with con-
centrated perchionc acid. FEP withstands temperatures from —270° to
+205°C, angd may be stenlized repeatedly by all known chemical and
thermal methods. It can even be boiled in nitnc acid.

Teflon¢® PFA i3 a plastic with higher mechantical strength at
elevated temperatures than TFE or FEP. Maximum continuous ser-
vice temperature 18 +~500°F (+260°C).

Tefzel* ETFE is transiucent white and slightly tiexible. Similar to
Teflon TFE and FEP, with greater mechanical strength and /mpact
resistance.

Malar® E-CTFE is an altemating copoloymer of ethylene and chioro-
tnfluorethyiene. Withstands continous exposure to extreme temps,
maintans excellent mechanical properties across this entire range;
oxcellent chemical resistance; radiation resistant.

Teflon, Tetaat—Reg T™ E.|. du Pont de Nemours & Co.  Haler—Reg T™ Alled Com.

Plasticware, 1988

P il

Ml 8t Dot b ARC o IC AR A AR AR I A T8 5> o 1 o f i diar sl ie? clia ot fate Bk avie Sofe




CHEMICAL RESISTANCE AND PHYSICAL
PROPERTIES OF RESINS

Interpreting these charts

The Chemical Resistance Chart on the facing page and the Chemi-
cal Resistance Summary Chart below are general guides only. Be-
cause 30 many factors can affect the chemical resistance ot a given
product, you should test under your own conditions. If any doubt
exists about specific applications of our products, please contact our
Technical Service Department at our toli-free number:
1-800-323-4340.

Effects of chemicals on plastics

Chemicals can affect the strength, flexibility, surface appearance,
color, dimensions, or weight of plastics. The two basic modes of
interaction which cause these changes are (1) chemical attack on the
polymer chain, including oxidation; reaction of functional groups in or
on the chain; or depolymerization, with resultant reduction in physical
properties; and {2) physical change; absorption of soivents, resulting

in softening and swelling, or permeation of solvent through the plastic;
dissolving in a solvent; cracking from interaction of a “stress-cracking
agent” with molded-in stresses.

The reactive combination of compounds of two or more ciasses
may cause a synergistic or undesirable chemical effect. Other factors
affecting chemical resistance include temperature, pressure and inter-
nal or external stresses (for exampie, centrifugation), length of expo-
sure and concentration of the chemical. As temperature increases,
resistance to attack decreases.

Caution!

Do not store strong oxidizing agents in plastic labware except that
made of Teflon® FEP. Prolonged exposure causes embrittlement and
failure. While prolonged storage may not be intended at time of filling,
a forgotten container will fail in time and result in leakage of contents.
Do not place piastic labware in a direct flame or on a hot pigte.

Chemical resistance summary ¢ Resin codes
LDPE: Low-density (conven- TFE: Teflon TFE
tional) polyethylene (tetrafiuoroethylene)
£ HDPE: High-density (linear) ETFE: Tetzel® ETFE (ethylene-
m substances 4" ,{" ( polyethyiene tetrafiuoroethyiene)
) S '!9 ) q§ f"z ‘{, Jg é» ® PP: Polypropyiene PC: Polycarbonate
PA; Polyallomer ==9PVC: Polyvinyl chioride
Acids. dilute or weak E|JE|E|E]J]EJE]E]EILE PMP: Polymethyipentene PSF: Polysulfone
Acids', strong and € (“TPX™) PS: Polystyrene X
E[E|E[E|N[C]E|F FEP: Tefion® FEP (fiuorinated N
Alcohols E|E|E|]EIJE|G]|]G|E]E ethylene propylene) .
Aldehydes Glea[c|[GlE[FIFIN]N e
Bases Ele[elele|[NJEJEJE Chemical resistance classification ~
Esters G|G|G|]GIE{IN]J]NI|ININ . . -
E—30 days of constant exposure with no damage. Plastic may even :
Hydrocarbons._aliphatc FIGIGIFIEIFIGIEIN tolerate chemical for years.
Hydrocarbons, aromatic FIGIFIFIEININININ G—Little or no damage after 30 days of constant exposure 10 the
Hydrocarbons. halogensted | N | F 1 F I N]J EI NI N|INJ|N reagent.
Ketones GI|GIGIGIEININININ F—Some eftect after 7 days of constant exposure to the reagent. NN
Onxidizing agents. strong FIFI]F|IF|E|N]G]GIN Solvitgfp glay cause softening, swelling and permeation losses g
o - with . HDPE, PP, PA and PMP. Effects of solvents on these :
'For oxidizing acics. see “Oxidizing agents, strong. five resins are normally reversible. e
N—Not recommended for continuous use. Immediate damage may o
occur, severe crazing, cracking, permeation iosses. L
Physical properties o
! : Sterilization' Brittle- Permeabilty (approx) Water .2
| M"."m‘;“ | Trans. Sp Flexi- ness Units: {-———M"‘ }x 10-'0 | absorp- e
| pec | Parency | Auto | Gas ( oy [ Chemical | vty | bilty teme sec—omi—cm Hg tion e
clavable heat FrC N, 0, 1 cO, (%) .
LDPE  176/80 Transiuc No Yes ' No |, Yes 092 | Excel | -148 -100 20 60 | 280 | <0.01 i
HDPE = 248/120  Transiuc No . Yes  No ' Yes 095 | Rigid | -148/-100 3 10 45 | <0.01 .
PP . 275/135 ' Transiuc - Yes © Yes | No Yes 0.90 | Rd ' +320 4 ! 25 90 <0.02 '
PMP | 347/175  Clear Yes | Yes . Yes | Yes 083 | Rigid | +68/+20 65 | 270 — <0.01
FEP ' 4017205 Transiuc Yes " Yes | Yes |  Yes 215 |, Excel | -454/-270 20 ' 60 135 | <0.01
ETFE 3021150 _ Transiuc Yes Yes | Yes |  Yes 1.70 | Mod —148/-100 | — — - X
PC 275135 . Clear Yes? ' Yes . No | Yes 1.20 Rigid | ~211/-135 | 3 20 85 0.35 -
—3{ e 15870 ' Ciear No _ Yes . No | Yes 1.34 Rigid | -22/-30 0.5-2 1-6 10-35 0.06 X
PA . 286/130 Transiuc | Yes Yes No | VYes 090 | Mod —40/-40 6 30 100 | _<0.02 -
PSF 320/185 ' Clear Yeos Yes Yes :  Yes 124 | Rigid | ~148-100 3 15 60 | 030 ~

'Recommendstions for steriiization: see page 5.

Steriizing reduces mechamcal strength. Do not use PC vessels for vacuum apphcations it they have besn autociaved.

Tefion, Tetsel—Reg TM E.I. du Pont de Nemours and Company
*Reprimted with permigsion of Naige Company
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these compatibility charts.
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4 for keys 10 resin codes and chemical resistance classification.
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THE USE & CARE

OF PLASTICWARE*

General cleaning

For most general spplications,
plastics may be washed in a mild
detergent, foliowed by a nnse with
tap water and then distilled water.
Most plastics, particularly LDPE,
HDPE, PP. PMP and PA, have
non-wetting surtaces which resist
aftack and are easy to clean. Do
not use abrasive cieanars or
scouring pads on any plastic
iabware. Do not use strong
akaline cleaning agents with
polycarbonate.

Dishwashers. Labware washing
machines can be used with all
resing except low-density poly-
ethylene, acrylic and polystyrene
due 1o temperature limitations.
The exceptional strength of poly-
carbonate will be weakened by
repeated washings in dish-
washers. Polycarbonate labware
exposed to high stresses (Cen-
trifugation or vacuum), shouid
aiways be washed by hand using
mild, non-alkaline detergents. To
avoid excessive abrasion of plas-
tics in dishwashers, meta! spindies
should be covered with sott mate-
rial such as plastic tubing. The
labware shouid be weighted down
and heid in piace with accessory
racks.

Uitrasonic cleaners may be used
S0 long as the labware does not
rest directly on the bottom of the
tank; use a cieaning basket.

Special problems
Grease and oils. For many ap-
plications, washing with a mild
detergent will remove grease and
oifs. ’

Organic soivents (such as
acetone, aicohols or methylene
chionde) may be used with cau-
tion when more ngorous clieaning
1S needed. Extended exposure to
these solvents may cause some
sweliing of polyolefins. Be sure to
nnse oft all soivents before using
labware. Use oniy alcohols on
polycarbonate, polysulfone, poly-
styrene or PVC; other organic
solvents will attack these plastics.
Do not use any organic solvent
with acrylic.

Boiling labware in dilute sodium
bicarbonate (NaHCO,) is also an
effective method for removing
grease and oil. Do not use with
polycarbonate. low-density poly-
ethylene, acrylic or polystyrene.
Organic matter. Chromic acid
solution will remove organic
matter, but since this solution is a
strong oxidizing agent, it will even-
tuaily embrittie plastics. To
minimize embnttiement, soak
plastic tor no more than 4 hours.
The following tormuia 1s an effec-

tive cieaning agent: dissolve 120
grams of sodium dichromate
{Na,Cr,0, + 24,0} in 1000m! tap
water. Carefully add 1600mi con-
centrated sultunc acid to this
solution. Note: because this solu-
tion generates considerabie heat,
we recommend externail cooling.
Do not mix in a plastic container.

This solution is designed to
produce an excess of dichromate
in the form of a precipitate which
actually extends the useful ife ot
chromic acid and dissolves as
needed. This chromic acid solu-
tion can be used repeatediy until
it begins to deveiop a greenish
color, indicating a loss of potency.
Because of the excess dichromate
built into this formula. this solution
lasts considerably longer than
commercially available solutions.
Sodium hypochlorite solutions
(bleaches) are aiso effective in re-
moving organic matter. Use at
room temperature for this
application.

Sterilizing plastics
Autoclaving. All tems should be
carefully cleaned before auto-
claving. This will prevent baking
contaminants onto the surface of
the plastic. After cleaning, all
tems should be nnsed thoroughly
in distilled water before autoclav-
ing. Certain chemicals which have
no appreciable eftects on plastics
at room temperature may cause
detenoration at autoclaving tem-
peratures and therefore must be
removed.

Because of difterences in heat
transfer charactenstics between
plastics and inorganic materials,
the contents of plastic containers
may take longer to reach steriliza-
tion temperatures (typically
121°C). Theretore, longer autociav-
Ing cycles may be necessary for
liguids in large-volume plastic con-
tainers. Adequate cycles can be
deterrmined only by experience
with specific iquids and
containers.

Polypropyiene, polymethylpen-
tene, polysilomer, polysulfone,
Tetzel® ETFE, and Teflon® FEP
may be autociaved repeatedly at
121°C, at 15 psi. Cycles should be
at least 15 minutes at 121°C to as-
sure steniity.

Polycarbonate is autoclavable.
However, cycles should be imited
to 20 minutes at 121°C. Poly-
carbonate shows some loss of
mecharucal strength after repeat-
€d autoclaving and therefore may
not function well under high-stress
apphcations (such as centnfuga-
tion or vacuum). Avoid using
strong alkahne detergents on
polycarbonate. All polycarbonate

items should be rinsed thoroughly
with distilied water betore
autoclaving.

Polysulfone is autociavabie.
Somewhat weakened by auto-
claving, although less than poly-
carbonate. It autociaved repeat-
edly. it will eventually fail under
high-stress applications, such as
high-speed centritugation.
Polystyrene, polyvinyi chioride,
styrene acrylonitrile, acrylic,
low-density poiyethyiene, and
high-density polyethylene are
not autociavable under any condi-
tions. These plastics will meit
when autoclaved.

Always loosen or remove
closures before autociaving. if
this is not done, pressure ditfer-
entials will cause containers to
collapse during autoclaving.
Gas sterilization. All of the resins
mentioned here may be gas ster-
iized (ethylene oxide, formal-
dehyde). We recommend allowing
an appropnate aeration time suit-
ed to the particular application
betore using the item. Gas ster-
ihzation can cause pressure
differentials at elevated tem-
peratures, so closure threads
should be totally disengaged.

Chemical sterilization. In gener-
al, all of the plastics mentioned
can be subjected to commonly
used disinfectants (quaternary
ammonium compounds, 1odo-
phors. formalin, benzalkonium
chionde, etc.). There may be
some surface attack (crazing)
when using a more chemically ag-
gressive disinfectant on the less-
resistant plastics (styrene. styrene
acrylonitrile, PVC, polycarbonate,
acryhc) with prolonged use.
lodophor stains can be reduced
with sodium thiosuifate.

Dry heat. Only Tefion FEP, poly-
methylpentene and polysultone
may be hot-air sterilized (160°C).
All other plastics above may show
signs of accelerated oxidative
degradation. If polysuifone or
polymethylpentene containers are
hot-air steriized, be sure to re-
move polypropylene closures.

Hazardous matter

Before labware contaminated
with infectious or toxic materials 1s
removed trom the work area. it
should be steriized appropriately.
Autoclaving Is the preterred meth-
od tor stenlization: however. any
method of chemical or heat ster-
ihization compatibie with the plastic
may be used. Liquid waste con-
taining biohazardous matenals
must aiways be decontaminated
betore disposal.

Labware that is contaminated

with both biohazardous and radio-
active matenai must first be
sterilized. Methods for removing
radioactive matenal depend on
the isotope used., its quantity, half-
life. matenal and solubility. For
routine decontamination of plastic
labware, first soak in decontami-
nant/cleaner for 24 hours at room
temperature. Foliow with several
nnsings in distilled water. To accel-
erate decontamination. increase
the cleaner concentration and so-
lution temperature. Agitation and
scrubbing will also speed this
process. Note: do not scrub
polycarbonate. Aiways dispose
of radioactive wastes and effluents
property.

For additional information on
handling contaminated labware,
contact your Biosafety/Radiation
Satety office, or refer to NIH pub-
hications Biohazardous Safety
Guide, Laboratory

Monograph, and Radiation
Safety Guide.

Trace metals

For most trace metal analyses,
plastic is generally “cleaner” or
less contaminated than glass or
other matenals. However, plastic
does contain trace levels of cer-
tain metals. To minimize potential
low-level contamination, these
metals can be removed or leached
from plastic by soaking in 1N HCI
and nnsing in distilied water. For
more precise work, use HCI, fol-
lowed by soaking in 1N HNO,, and
nnsing in distilled water. Soaking
time may vary according to indi-
vidual needs, but plastic shouid be
soaked no longer than 8 hours.
Caution: concentrated nitric acid
is a strong oxidizing agent and will
embrittie many piastics.

‘Reprinted with permisson of the Naige
Company
Tetion, Tetzsl—Reg TME I gu Poni de
Nemours & Company
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Dwyer Instruments, Inc.
Highway 212 at 12

P.0O. Box 373, Michigan City, IN 46360 U.S.A.
Telephone 219/872-9141
wyerf@ Ananhemm, CA 714/630-6424 Marietta, GA 404/427-9406

CONTROLS GAGES Houston. TX 713/446-1146 Hightstown. NJ 609/448-3200

““The low pressure people’’
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series RM Rate-Master Flowmeters

Molded of tough polycarhonate plastic.
Used to indicate or manually control air
or gas flow from .1-1800 SCFH...

water flows to 8 GPM

The Dwyer Rate-Master line of direct reading precision
flowmeters incorporates many unique user features at moder-
ate cost. These low cost flowmeters are ideal for general use.

Easy to read design - The direct reading scales eliminate
troubiesome conversions. The scales are brushed aluminum,
coated with epoxy and the graduations are on both sides of the
indicating tube. Special integral flow guides stabilize the float
throughout the range to keep it from hunting or wandering in
the bore. The float is highly visible against a white
background.

Construction assures accuracy—-All Rate-Master flowme-
ter bodies are injection molded of tough, clear, shatter-proof
polycarbonate plastic around a precision tapered pin. Critical
internal diameter of the variable orifice tube is held within
= 0.0004". The result is accurate and repeatable readings. The
single piece plastic body is mounted to a stainless steel back- .
bone into which pipe thread inserts are welded to absorb piping
torque. Precision metering valves of brass or stainless steel
(specify BV or SSV on order) are available as an optional extra
and permit precise flow adjustments. For vacuum applications,
Model RMA units are available with top mounted valves (spec-
ify TMV). The small Series RMA models are accurate within
= 4% of full scale reading; Series RMB within = 3%; large
Series RMC within = 2%.

Installation is simple - The Rate-Master can be neatly
through-panel mounted to keep flow tube centers in the same
plane as the panel surface or surface mounted on the panel by
means of tapped holes in the backbone. When through-panel
mounted, the bezel automatically positions the instrument at

4
P
=

.
)

the correct depth in the panel cutout. Surface mounted units v
can also be held in place by the piping. All mounting hardware e
plus installation and operating instructions are included. NS
Cleaning is easy-"Tb release the plastic flowmeter body from RO
the stainless steel backbone, just remove four screws. Pipe \ :-. 3
thread flow connections remain undisturbed. Remove the slide -
cover and the plug ball stop. clean the flow tube with soap and Wil
water and reassemble. It's that simple. o
Specials - See page 5 for typical examples :;".»..;
of special ranges. scales. mounting ar- Top Mounted Metering Valves :
rangements. etc.. avarlable on special — Same precision construction W‘
order, or in OEM quantities for vacuum applications. T
Easy-to-interchange bodies - Within a :‘:‘j':
given Series, Rate-Master fiowmeter bodies e
can be nstantly interchanged. Simply un- G
plug’ the body from backbone and replace it Adjustabie pointer fiags - Red- =
with another. "O’" nings provide a tight seal on lined pointer flags provide quick -
inlet and outiet. Piping remains undisturbed visual reference to a required ey
Interchangeabihty 1s usetul where different fiow fevel. Of clear plastic. they e
scale ranges are sometimes required at the snap into place nside bezel and N
same location in the laboratory or plant shide to desired leve| Lo
..“..‘
8 I

$

Ca Tt e et e - T el e VoAt el e T e e e N e
-~ - . e

R T L - N e T T e e T, N et et
DRtIENT LEN PR PR STRA AT TR G S PFRY S PSS P PSS Ve Firs rErsre ey




SPECIFICATIONS

Meter Body. Bezel
and Tube

Polycarbonate

Wetted Metal Parts

Stainless Steei (except for optional brass vaives)

Floats

St. Steel, Blk. Glass, Alum., K Monei

Float Stops Polycarbonate
Model RMA, '4", Model RMB, V4™
Pipe Connections Model AMC. %" NPT
“Q" Rings Neoprene and Buna N
Stainiess Stesi brazed 10 Stainiess Steel
Fittings backbone piate
Rivets Staintess Steel. set into siots
Scale Brushed Aluminum - Clear Epoxy Coated
Knobs ABS Plastic
Pressure Rating RMA 100 PS.1.. RMB 70 PS.I., RMC 35 PS.|. max.

Temperature Rating

To 130° F maximum

Model RMA, 4% Modei RMB, 3%,

Accuracy Model RMC. 2% of full scale
OPTIONS AND ACCESSORIES CODE
ng Vaive Brass BV
Stainiess Steel S8V
Stainiess Steel~available only on
Top Mounted Vaive | gyj4 tor arr (vacuum appiications) TMV
Pointer Flag Polycarbonate PF

Series RM RATE-MASTER® Models and Ranges

“Accuracy = 8%

L T
- s *ala
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Model RMA -2 Scale | Model RMB—5"Scals | Model RMC - 10" Scaie
Aange Order- Range Order- Range Order-
SCFH Air ing No.|] SCFM AiIr ing No.| SCFH Air ing No.
.05-5 1 5-5 49 5-50 101
-1 2 1-10 50 10-100 102
22 3 2-20 51 20-200 103
5- 4 5-50 52 40-400 104
70 5 70100 = 0600 s DIMENSIONS —-IN INCHES
220 5 20200 54| 1001000 106 - Mode AmA Model RuB Moce) AMC
5-50 7 40-400 55| 1201200 __ 107 - :7/” ::"/"
i (]
10-100 3 50-500 56 180-1800 108 8 4 NPT Conn. Ya NPT Conn. 2 NPT Conn.
15-150 9 60-600 57 SCFM Air c vy Tvre s
20-200 10 Gal. Water 1-10 121 10-32 Thds. 14-20 Thds. 1-24 Thds.
CC Ait/min. per hour 2-20 122 D ¥ ¥ )
5-50 151° 112 82 3-30 123 E 118 14 2
5-100 150° 1-20 83 Gal. Water F 1Yy 1% 2%
30-240 11 4-40 84 per hour G Ye 1 V7%
50-500 12 10-100 85 1-20 134 H 1 1748 19
100-1000 13 8-90 135 I 1% 1% 2%
200-2500 14 Gal. Water (OPEN) {BV or $SV MODELS ONLY)
" LPM Alr per min. J Ve 1% 2
5.5 26 ') 141 K Vg 8Ys 15%
1-10 21 222 142 [ L ! 1 2%
2:25 22 3-3.6 143
5.50 23 6-6 144
5-70 24 1-8 145 H T 0 d A
10-100 25 ow 10 Urder v
CC Water/min. 1. Select model desired by letter designation. RMA, \»1
2‘5°0 ;::;2, RMB, or RMC. g"
10-t1 . . . o )
30300 " 2. Specify range desired by adding the order number o
Gt Weter/ after a dash following the letter designation. Ex- o
e = ample RMA-6.
2-24 43 3. If additional features are required, and available.
RV w add the option designation to the basic model code
o = —e.g.: BV for Brass Valve, SSV for Stainless Steel

. Add accessories as desired.

Valve, and TMV for Top Mounted Valve. For exam-
ple, RMA-6-SSV is the 2" scale flowmeter range
No. 6 with a stainless steel valve.
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Inlet pressure on TMV modeis. extremely low flows of the lighter gases. Nevertheless these charts and

. correction factors can be quite useful when dealing with smali changes in
4 8. Specific Gravity: Q, = Q, X / 'SlG B-12 pressure® and specific gravity.

“Measured at discharge on all but TMV units. Iniet pressure on TMV modeis

GAS PRESSURE PSIG BELOW ATMOSPHERE _y 4 -2 - /l =h =
1 / 4 pd
’ // / / ] J v :
- e
/ y ///// P
: ' ‘ T T T
/ / ps / g / 1 4/' ‘g
‘. A A e e
=3 / 4
i 5 [/ . /// ///4§;//‘ ///4;/ //iﬁg
A e e T L
¢ 3 / /// /////C/JZ/ // //‘»/"’/J—/‘ ®
W52 T v S e B s B e vy
A - /
N Ll e e T
,/ / -
1 %
d
0 1 2 3 4 5 6 ? 8 9 10
ACTUAL GAS FLOW CORRECTED FOR PRESSURE"
msrzmcmvmormsmmmnmm 2422201816 yll]?.l 0/9 8 7/ /i .
9 / o ///j/ /?/Z/Z A - 2
3 //7 7////// AP = ——
/
7 4 / / // //// Z] /1‘/ /
£, %// / /f/// /// /// '
xS V V L N
g ' Z/////’////é — //K 2
o, ///Z/ A /J// g2
2 / Z//r/ // 5 :
% T R
1 Z // .::::'_:
0 1 2 3 4 5 6 7 8 9 10 11 12 3 14 15 16 17 18 19 2 ‘e ' ‘
EQUIVALENT GAS FLOW CORRECTED FOR SPECIFIC GRAVITY-STD. COND* ;. z
If more convenient, approximate correction factors may be determined ~ Where Q, = Observed flowmeter reading . .
using the following formulas. (}, = Is\ctua: flow conec:ted for specific gravity e
A Pressere: Q, = Q. X \/ 2 - pec: :c gm:iityo o ing used § meter ..
where Q, = Observed-'plzwmeter reading > gﬁgﬂfﬂﬁy‘g"gﬂ?egaf;xlrg e 1n flowmere
(3, - g::;ual flow corrected for presuni 4.7 PSI NOTE: The corrections shown n the curves and in the formuias are tor B
P; : Act::la':r::z?:p;‘:r;: grsels-sru:r'essﬁre in PS inside vanalt’leons n spec1fhc gra_vn:y and '"?e’""tp"’z“’:. only. Further ::3"“'"0" .o
tiowmeter. Measured at outlet on all but TMV units. l':ranymarnteoc te:'sg;)'!eg: 3’&?";2;.'%3:' .§ ap:r!‘n:c: ;E'eys(u:\u??: (t,he :s;o g: )
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€22 Fiowmeters and Sight Flow Indicators

How flowmeters work:

Variable area flowmeters are basically vertical internally-
tapered tubes mounted with the large end at the top. A float
or rotor with an outer diameter slightly less than the mini-
mum diameter of the tube is placed inside the tube. The
clearance space between the float and the tube forms an
annular passage or orifice. As the tube is tapered, the area of
this orifice is larger when the float is near the top than it is
when the float is near the bottom. By connecting the tube
into a fluid flow line so flow direction is from bottom to top,
the float will move upward and be supported at a point
where the orifice is just large enough to pass the fluid flow-
ing through the system.

VARIABLE AREA FLOWMETERS

TUBE NEAR TUBE NEAR
BOTTOM END T0P END—amm.

LARGE=—
ORIFICL

- Al

A%
\——HCY[ TRIPLE FLOW GUIDES IN RATE MASTER MOD([S‘X\\\:\

Several Forces are involved — The precise position of the
float within the tube is determined by several forces acting
on it. These forces are: 1. The weight of the float; 2. The
velocity pressure of the flowing fluid multiplied by the area
of the float: 3. Buovancy of the float (weight of luid volume
displaced by the float); 4. Viscous aerodynamic or hydro-
dynamic drag of the fluid on the float. The float’s weight acts
downward — while velocity pressure. buovancy and drag all
act upward on it.

Read-out and scales — By making the tube transparent
so that float position can be seen and by providing a scale
along side, we may “read” the float position in terms of
numbers on the scale. These scale numbers can be of two
types: 1. Of an arbitrary nature (by themselves they mean
nothing, but become meaningful when compared with a cal-
ibration curve) or: 2. Thev can be precalibrated for direct
reading; to show the actual volume flow (in cfm, cc per min-
ute. etc.) of the fluid for which the flowmeter is calibrated.

Limiting factors — Although the basic relationship out-
lined above is linear. certain fluid properties tend to modify
this relationship. These changes are accentuated where the
variable orifice formed between float and tube becomes
either very large or very small. For example...

Sonic velocity — Where the orifice is particularly large
and is combined with a heavy float, velocities of a gas or
other fluid through the orifice area can approach sonic ve-
locity. In this velocity range. reflected shocE waves cause the
float to become unstable, and it will typically hunt from side
to side and from top to bottom within the bore. At best, this
condition makes it impossible to take a reading. and at worst
may even destroy the flowmeter. The addition of flow guides
(built into certain Dwyer Rate-Master* flowmeters: can
often improve the stability and performance of the system
by channeling the flow into multiple streams that equalize
dynamic effects and preventing oscillation of the float. This
has the net effect of moving the limit of satisfactory opera-
tion upward. and thereby expanding the range and accuracy
we can achieve with any given flowmeter tube.

Laminar flow - In flowmeters where the orifice area is
extremely small. the conditions result in smooth flow. or
laminar flow. Other factors which contribute to the transi-

tion to laminar flow are low velocity (often associated with a
lightweight float), low density or specific gravity and high
viscosity of the flowing fluid. When laminar flow conditions
prevail, a greatly expanded scale is usually required. Meters
operating in the laminar flow area are very difficult to man-
ufacture and calibrate to the degree of accuracy usually
expected of variable area flowmeters.

Turbulent flow — Most variable area flowmeters operate in
the turbulent flow range which occurs below sonic velocities
and above the laminar flow range. In turbulent flow, the
flowing fluid particles move in random paths within the
stream — rather than in violent shock waves as in sonic flow
or very smooth parallel paths as in laminar flow. In tur-
bulent flow, variables follow the relationships shown in the
curves on Page 4. These curves are quite accurate for small
changes in pressure and specific gravity. For large changes
or where a change in viscosity is involved, it is much better
to have the flowmeter recalibrated for the specific conditions
under which it will be used.

Reynolds Numbers — Reynolds Numbers are useful in
the study of fluid behavior and are quite helpful in separat-
ing laminar and turbulent flow. The Reynolds Number of a
fluid flow system is described as a dimensionless index. It is
equivalent to the diameter of the orifice in feet times the
average velocity of the fluid in feet per second times the
density of the fluid in pounds per cubic foot divided by the
absolute viscosity in pounds per second foot. A system oper-
ating with a Revnolds Number of less than 2000 is said to be
subject to laminar flow, whereas Reynolds Numbers above
3000 are clearly in the turbulent flow area.

How sight flow indicators work:

A sight flow indicator basically consists of a small housing
equipped with a glass window which is inserted in a run of
pipe to observe the flow of the fluid in the pipe. To enhance
the visibility of the flow. a spinner is often incorporated in
the indicator. The axis of the spinner is offset from the center
of the flow stream so that fluid impinging on the spinner
vanes causes it to turn. The spinner also aids in the detec-
tion of low flows as well as providing visibility of flow from a
distance. In addition, the speed of rotation gives a relative
indication of flow velocity. Midwest Sight Flow Indicators
are also available with hinged flappers instead of spinners
to indicate bi-directional flow.

Sight flow indicators can be provided with a single window
on the front of the indicator or double windows, one on the
front and one on the back of the indicator. Double window
units are best when observing the clarity or color of a liquid.
Midwest single window units are always equipped with
spinners to provide for observation of clear fluid flows at the
lowest cost.

Vertical tube-type sight flow indicators consist of a clear
glass tube, equal to or greater than the diameter of the pipe
into which it 1s inserted. and are utilized to observe high flow
rates in vertical pipe runs. No spinners or other type of
detection devices are incorporated in these units. As a re-
sult, they offer no significant resistance to flow and therefore
provide the lowest pressure drop of any tvpe sight flow
indicator.

Midwest Sight Flow Indicators are available with special
materials to meet various applications. Optional materials
are available for the sealing gaskets. spinners. and housings
or flanges.

t
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5948 Schmallenberg-Grafschalt, West Germany

(Received 13 Nocember 1978)

Abstract - The virtual impactor performance has been improved with regard 10 its separation
characteristics by a new design embedding the acrosol flow between a core and an enveloping sheath
of clean air low. With this feature, the new impactor has successfully overcome the intrinsic
disadvantage of conventional designs which always have finite separation efficiencies, even if zero
inertia particies are sampled. Furthermore, various and high degrees of precision in size separation
were established by adjusting the clean air flow rates. Test aerosols with narrow size distributions
were obtained by passing paraffin acrosols. coal dust. slate powder and asbestos fibers through a

1. INTRODUCTION

The generation and the measurement of aerosols are basic experimental topics in aerosol
science and technology. They play an important role in the experimental assessment of the
health hazards associated with inhalable atmospheric particles. In such studies as well as for
the investigation of size-related dust deposition in pipes or for the examination of the
efficiency of industrial dust collectors and dust separators, it is desirable to have test aerosols
of narrow size distribution. Furthermore, it is sometimes required that the test aerosol
consists of the same material as the actual aerosol to be sampled, for example, coal dust.

In order to obtain test aerosols with such desirable characteristics, a special feeder
discharging continuously small amounts of fine particles has been developed (Masuda et al.,
1976) and several methods of powder dispersion have been studied (Masuda et al., 1977). In
general, the size distribution of an aerosol produced by dispersing fine particles covers a
rather wide size range and is not immediately suitable as a test aerosol. Instead, it is necessary
to separate the desired small size range from the aerosol to obtain a test aerosol with narrow

An instrument suitable for this purpose is the virtual impactor as developed by Conner
(1966) which leaves the coarse fraction of particles suspended in an air flow. The separation
efficiency of the virtual impactor has been calculated numerically and tested with large-scale
equipment (Yoshida et al., 1978). It became apparent that the quality of the size separation of
this instrument is not as good as for conventional solid-plate impactors. In particular, the
separation efficiency for zero-inertia particies is determined by the ratio of the straight
undeflected flow rate to the total flow rate and cannc. vanish as required. Therefore, the
virtual impactor needs improvement with regard to the size separation achievable in this type

In applications of impactors in ambient air sampling (Dzubay and Stevens, 1975), two-
stage dichotomous virtual impactors have been utilized. Such impactors have better
separation characteristics (Loo et al., 1976) because the separation efficiency is determined by
the product of the separation efficiencies of each stage. For similar applications, a spectral
impactor utilizing a clean air flow for winnowing of the aerosol, has been developed to get

Fatatae,
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size-separated deposits in a single-stage impactor (Zebel and Hochrainer, 1972). This method
appeared to be suitabie to improve the virtual impactor.

In this study, the virtual impactor has been modified by embedding the aerosol flow
between a core and an enveloping sheath of clean air flow. It has been shown that the quality
of the size separation is adjustable by changing the ratios of the flow rates. Furthermore,
narrow size fractions of paraffin aerosol, coal dust, slate powder and asbestos aerosols have
been obtained in experiments emplo¥ing two units of the new virtual impactor in series.

2. DESIGN OF THE IMPROVED VIRTUAL IMPACTOR

Figure 1 shows the new virtual impactor. Aerosol is drawn in through entrance (2) while
clean air passes through entrances (1) and (3) so as to attain an anular flow of aerosol. The
merging flow is then accelerated by the narrowing cross-section of the duct, thus, giving
adequate momentum to the aerosol particles. Finally, the particles are separatec according
to their aecrodynamic diameters at the gap between the jet (4) and the nozzle (5). The finer
aerosol leaves the impactor through the suction tube (6), while the coarser aerosol exits
through the connection tube (7). The nozzle gap can be varied by an adjustment screw (8).
The core flow of clean air is streamlined by means of a honeycomb (9) made from straws
(3 mm in diameter). Two rings (10) each with 60 holes of 0.8 mm dia. force the outer clean air
into laminar flow and effect a uniform flow velocity independent of the angular coordinate.
These rings are fixed on the inner cylinder and O-rings are used to prevent air leakage
through unexpected gaps between the laminator rings and the impactor walls. Unchecked air
leakage may distort the annulus of the aerosol flow, resulting in less precise separation. The

aerosol flow is also laminarized by two rings (11) each with 36 holes of 1.6 mm dia. Port (12)is -

a pressure tap.

(n

| @

i 7

(Il)Z HI

\
Iy
s

-

(6}

(8)
lem

%8

Fig. 1. Improved virtual impactor.
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Fig. 2. Schematic graph of annular aerosol flow in the jet.

3. THEORETICAL ASPECTS OF THE SIZE SEPARATION
EFFICIENCY
When a monodisperse aerosol is sampled with the impactor, the accelerated particles
within a concentric circle of critical radius R, are separated from the main flow and pass into
the straight undeflected flow through the nozzle (5). Then, the separation efficiency 7 is

defined by
Re
J' 2runr dr
o

n= . (N
i 2nunrdr
1]

where n is the number concentration of aerosol particles, u is the air velocity and R is the jet
radius. The distribution of the particles in the annular aerosol flow is assumed to be uniform,
ie

0: 0<r<R, 2
n(r)={ constant: R,Sr<R, ‘
0: Rysr<R

As indicated in Fig. 2, R, and R, are the inner and the outer radius of the annular aerosol flow
in the jet (4), respectively.
From equations (1) and (2), it is clear that

n=0 for OSSR, <R, 3)
and
n= 1 for R. <R, < R. 4)
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*

R o
J.s\,‘» ’

If the critical radius R, is between R, and R,, then the separation efficiency becomes:

R,
j urdr J‘ urer' urdr j urdr
n . (5
. i urdr J"urdrrurdr ‘[urdr
R,

b which can be rewritten with the flow rates as

Y
" e IA<

»
-

."I

3,

AhA)

LA LN

e
) n=no2t - apa—f; RSR SR, (®) v
. 2 @ WA

where @, is the total flow rate, Q, is the aerosol sample flow rate and Q, is the clean air core

: flow rate in the center. The factors 2 and § in equation (6) are defined as flow rate ratios
2 2=0/0, B=0,/Q, W
- and ey

Jl, _‘-: .
urdr 3
s r' -5 ® o
urdr g
[ .“
is the separation efficiency of a conventional virtual impactor which does not have any clean
air flow. Q, is the flow rate within the critical trajectories. When the velocity distribution is
uniform, equation (8) reads R\
No = (E) . 9 ::-_‘:: R
This indicates that the separation efficiency n of the new virtual impactor can be :::",:::
considered as being composed of a separation efficiency 17, of a conventional virtual impactor i
and the flow rate ratios z and 8. -
The slope of the separation characteristic may be expected to depend upon the flow rate .
ratio a, while the value of  determines the critical Stokes number (see equation (16)) ¢ = ¥, R
where n = 0. Ry
In order to obtain the critical Stokes number o, equation (6) will require ; j.:::
B=any for ¢ =y, (10) ;‘:73':
or by definitions,
0, =0, (1n S
. which is satisfied by R, = R. Then, if Q, is the undeflected flow rate through the nozzle (5), N
. the condition for 7 = 0 is necessarily .. -
0,50, (12) el
because no higher flow rate than Q, can pass through the nozzle if the flow shall not contain
aerosol particles. -
Fory < y,, equation (6) will turn negative and does not yield physically meaningful data. .
However, for ¢, — 0, the conventional virtual impactor has a finite efficiency
: Qs s
. Mo = == (13)
" ° Ql - f:.‘
j and it follows from equation (10) that T
. . T
' 8222 (14) i

0.
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Fig 3. Scheme of the experimentai arrangement.

4. EXPERIMENTAL ARRANGEMENTS AND PROCEDURES

The experimental arrangement for testing the performance of the new virtual impactor is
shown in Fig. 3. The performance tests were carried out with latex aerosols (Dow Chemical
Co.). The air flow rates were measured by rotameters which had been calibrated with a gas
meter. The two separate aerosols leaving the instrument were collected on the membrane
filter F1 and F2 (Sartorious-Membranfilter GmbH). After sampling, the filters were exposed
to acetone vapor for about 2 hr in order to make the filter foil transparent. Subsequently, the
particles collected on the filters were counted under a microscope and the separation
efficiency was calculated by

N,
" N, +N,’

where N, is the number of coarse particles collected on the filter F, and N, is the number of
fine particles collected on the filter F,. At a total flow rate of 20 1./min the wall losses, which
may depend on flow rate, particle size and particle matenial (Loo et al., 1976 ; McFarland et
al., 1978) were only 0.6 and 0.2% for 0.822 and 1.10 um latex particles, respectively.

In ali the experiments, the ratio of the straight undefiected flow rate Q, to the total flow rate
Q, was held constant at 0.1. However, the total flow rate was varied between 5 and 30 |./min.
The separation efficiencies obtained were expressed in terms of the square root of the Stokes
number ¢, a dimensioniess inertia parameter giving

(15)

ugC
i s,

where D is the jet diameter 2R, D, is the aerodynamic particle diameter, u, is the mean air
velocity, u is the air viscosity and p, is the particle density. The Cunningham's slip correction
factor C is given (e.g. Fuchs, 1964) by

D

C=1+ 21{123 + 041 exp(-O.M—Z)}, (m
D, A

where 1 is the mean free path length of the air molecules.
Another set of experiments involved two of the new virtual impactors in series. This




280 H. Masupa, D. HOCHRAINER and W. STOBER

arrangement aimed at the generation of quasi-monodisperse acrosols. Paraffin particles, coal
dust (Tremonia II, fine®; p, = 1.32 g/cm?, measured by the pycnometer method), slate
. powder (IKO-Schiefer®; p, = 2.78 g/cm® measured by the pycnometer method) and
‘ asbestos fibers (U.L.C.C. standard-Amosite) were used as test materials. The coal dust and the

y slate powder were brought into aqueous suspension by small amounts of soap and atomized
- with compressed air. However, the asbestos aerosol was generated from a fluidized bed
3 _ by mechanical vibrations (Spurny et al., 1975). Other experimental conditions are listed in
- Table 1.
’ Table 1. Experimental conditions
- Latex particles: D, = 0.52, 0.727, 0.822, 1.10, 2.02 um
; p, = 105 g/cm’®
- Mean air velocity: g = 30-150 m/sec
“ Stokes number: ¥ =003-1.5(~)
: Flow Reynoids number in Re = 4000-20000 (- )
impector jet:
Jet diameter: D=02cm
Gap between jet and lower 0.05cm
sozzle: :

S. RESULTS AND DISCUSSION

Figure 4 shows the experimental resuits obtained with the new impactor when no clean air
was used. In the low inertia region (ﬁ < 0.4), the data are almost on the theoretical curve
caicuiated by assuming potential flow (Yoshida er al., 1978). However, with increasing
inertia, the experimental separation efficiency increases faster than predicted by the theory.
This tendency is similar to that obtained by other investigators (Conner, 1966 ; Yoshida et al.,
1978). Such discrepancy between data and theory may be explained by the fact that the
particle trajectories will deviate from the streamlines in the curved section of the narrowing

// -
QO m— E‘n Vs o -
: Potennai fi ’ -~ <
—— tenhal flow / - .
"/l/
7~

~=—= Contrifugal etfect

- Modified veioCity
dist,

Separation efficiency 1, ()
o
»

A v )

Fig. 4. Separation characteristics of the new virtual impactor without clean air flows (small frame
gives the modified velocity distribution).

v ¢ The generous assistance of the Steinkohienbergbauverein, Essen, in obtaining the samples and the information R
on the densities is gratefully acknowledged. LR
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duct for the merged flow, especially in the vicinity of the cylindrical section of the jet (4). Here,
the radial flow components toward the center must decelerate so that the particle inertia will
bring the trajectories closer to the center axis. In order to estimate the deviation, it may be
assumed that the centrifugal force mu3/r, (m,: particle mass, ro: radius of curvature of the
. curved section of the jet) will act upon a particle within a range of one jet diameter above the
cylindrical section of the jet. The solution of the equation of motion is represented by

8 Wl iy
sﬂsag{t-ﬁwe v -y} (18)

where J is the deviation of the particle trajectory at the jet inlet, 7, = ro/Dand t = tuo/D. 7o
and t are dimensionless radius of curvature and time, respectively. For the instrument under
consideration, values of 7, = 10and ¢ = 1 may be used. The outer radius of the aerosol flow
R’ is then given by

R

—=1-25

R 1 (19)

and the separation efficiency must be modified to

. Re 2 Mo
Mo (R') (r=28¢2" (20
The results of these calculations are shown in Fig. 4. The prediction is considerably improved,
showing that the main cause of the discrepancy may be the deviation of the particle
trajectories from the streamlines in the curved section of the jet (4).

In case of clean air flow, it can be shown that also a ratio R/R, for the annual aerosol flow
is given by equation (19), when the following substitutions are made for ¥, ¢ and 7, in

equation (18): .
D _. .D
W. = ll’ D—. , a = tD—¢ ,
.o pD\1 _ (DY
=i (v5) 57 7(5) =
Therefore, a general relationship :ﬁ::j::
> vl
R, y R s
R R -R™~! (22) T
can be obtained and it is easy to show that equation (6) is also valid when n, is replaced by n,. :: :-::j
Although a uniform distribution of the inlet velocity is a reasonable assumption in view of s
the high acceleration, the effect of the distribution may also be ~timated by assuming a e
velocity distribution: S
30 -
L3 P 5) : 23) C
u 30 R e
The small frame in Fig. 4 gives the modified velocity distribution. The separation efficiency
can be obtained by use of equation (8), (23) and the same critical radius R, as in the potential RENE
flow calculations. The prediction is qualitatively improved as shown in Fig,. 4, indicating that -
the actual velocity distribution may be another cause contributing to the discrepancy
between the data and the unmodified theory. :’,-.:’_ .
In spite of the theoretical bias, almost all the data are represented by a single experimental ::‘_.{Z
curve for no. Therefore, it is possible to interpret the separation characteristics of the new S
impactor with clean air fows based on the experimental curve for n,. Figure 5 shows how the O
- separation characteristics change experimentally with the flow rate ratio a. The curves in the Ly
figure are obtained by use of equation (6) and the experimental curve in Fig. 4. The prediction ¥

is satisfactory and the quality of the separation, i.e. the slope of the curves, is adjusted by the
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Fig. 5. Separation efficiencies of the new virtual impactor as a function of clean air flow rate ratio z.

flow rate ratio a. With increasing flow rate ratio «, the slope of the separation characteristic
becomes steeper, an effect predicted by equation (6). When a = 2, the quality of separation is
almost the same or better than in case of a conventional solid-plate impactor. Therefore,x =
2 may be sufficient and suitable for actual industrial applications of the impactor as a powder
separator. Besides this fact, the new impactor can be used continuously to get large volumes
of size-separated airborne products.

Figure 6 shows the results obtained for several values of § at @ = 5. Agreement between
data and the predicted curves is satisfactory for § = 3 and 3.5. In the other cases, at ieast the
cut-off size, as defined by the separation efficiency n = 0.5 coincides with the prediction,

- showing that the cut-off size is adjustable by selecting a proper flow rate ratio 8. However, the
experimental data deviate from the prediction when the flow rate ratio g is small. To
elucidate the cause of these deviations, a cover glass was placed on top of the lower nozzleata
distance of 1 mm from the jet so that particles were collected by impaction. Subsequently, the
shape of the particle deposits on the glass was inspected under a microscope. The results are
presented in Fig. 7. The shapes for § = 3 and 3.5 are not shown because they were almost
perfect circles. The shape for 8 = 2.5 is still reasonably circular, but the shapes for § = 2and
1.5 are considerably distorted. With these data and the experimental curve in Fig. 4, the

I
3 B:25 83 B35

Prediction
Preaichon
corrected

Separation efficiency n (-)

Fig. 6. Effect of flow ratio 8 on separation characteristics.
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separation efficiencies were calculated by numerical integration assuming that the critical

radius R, equals R\/r; (see equation (9)). The dotted lines in Fig. 6 give the results. The large

deviations in the high inertia range for 8 = 1.5 are not explained, but the other data are

almost on the new lines. It may be concluded, therefore, that the main cause of these -

l deviations is a distortion of the annular flow of the aerosol. 2
The range of applicability of the new impactor depends on the flow rate ratio Q,/Q,, where n

Q, is the enveloping sheath flow of clean air. If this flow rate ratio is selected to satisfy the

Jp—
oo

o

DR

PO

condition :::‘ -
Q./Q, <02, (24) ‘”‘
i then good agreement between data and prediction is expected up to total flow rates of T
- 30 1./min, because the deposit patterns were almost circles. If the flow rate ratio a exceeds the e
X value of 1.43, then equation (24) requires a minimum flow rate ratio f. This can be shown R
N from the balance of flows: K
: 01+ +0,=0 (25) S
I or E
g 0, Q. | 'f’-':
. 2 =-=1 (26) s
o3 Q a :.:,
N With equation (24) and '[__
Q. _8 L
L @7 e
~I Q x '..':‘:'
the inequality f.::';: ]
Broa+ls (28) e
. a a e
N is established which leads to i
' =08z - I (29) g

This is a valid restriction only if « > 1.43. For a < 1.43, minimum flow rate ratio 8 is

R

. determined by equation (14). w

A It may be noted that any restriction of the operation condition can be overcome because
] the cut-off size is adjustable by changing the jet diameter and/or the total flow rate. Therefore, L
h there are no essential difficulties for actual applications. AR,
. Figure 8 shows the results obtained by using two units of impactors in series. In this AON
::- arrangement, the aerosols are divided into three fractions. The experimental conditions were RSAY
:‘, a = 10,8 = 7forthefirstaad a = 10, 8 = 8 for the second impactor, while the total flow rate .:;:.-.
)

for each impactor was maintained at 101/min®. The jet diameters were determined by AR

I

* The actual flow rate was slightly different in each experiment and was corrected by pressure data.
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microscope as 2.0 mm for the first and 2.1 mm for the second impactor. Cunningham'’s slip
correction factor was about 1.08 for particle diameters of 2-3 um. Then the separation
characteristic of the first impactor is almost linear between 2.0 um (n = 0)and 2.3 um (1 = 1)
in terms of the acrodynamic diameter. Also the second impactor has linear characteristic
between 2.4 and 2.8 um*.

Figure 8a presents pictures of the three fractions of paraffin particles as separated by the
impactors in series. The differences between the deposits shown in the photomicrographs are
distinguishable. The finest fraction contains very small particles and the coarse fraction has
very large particles. The intermediate fraction, however, has no particles of extreme size.

Figure 8b and c are photomicrographs of coal dust and slate powder, respectively. The
separations are sufficient in these experiments, but there are a few particles that are smaller
than expected. When the experiments were carried out with less well-dispersed suspensions in
the atomizer, the number of the unexpectedly small particles increased, showing that the
aggregates leaving the atomizer were dispersed in the jet due to impaction or high speed shear
flow. Therefore, the particles in the atomicer suspension must be fully dispersed if they are to
yield a good test aerosol.

Figure 8d shows the separated asbestos. The three photomicrographs are quite different in
character. The finest fraction has very thin fibers and small isometric particles, and the
separation depends more on the diameter than on the length of fibers. This fact agrees with
previous results indicating that the aecrodynamic diameter of fibers is only slightly influenced
by the length but predominantly proportional to the diameter (Stéber et al., 1970).

In view of these experimental resuits, it may be concluded that the continuous separation
of particles and the generation of test aerosols of narrow size distribution in the micrometer
range is facilitated by use of the new and improved virtual impactors. No difficulties are
anticipated in the application of the method to larger size particles as long as the gravity hasa
negligible effect.

A final note concerns the possibility of employing this impactor as a sampler for respirable
dust. The slope of the separation characteristic in case of Q;/Q, = 0.1 is steeper than the
ACGIH-sampling curve (Aerosol Technical Committee, 1970). It may be possible, however,
to reduce the slope by using larger values of Q,/Q, or larger gaps between the jet and lower
nozzle than those employed in this experiment. Apparently three points along a separation
curve can be chosen in order to fit it to a standard sampling curve of respirable dust. The first

fitting point would be at n = 0.5 by selecting ﬁ , the second point at, for example, n = 0.75
and the third point at n = 0.25 could be fitted by adjusting « and f# in equation (6). This
possibility will be studied in future work.

6. CONCLUSIONS

The present study has confirmed both theoretically and experimentally that a precise
separation of fine particles is attainable by use of a virtual impactor improved by employing
clean air flows confining the aerosol to an annular flow. The quality of the separation, which
is adjustable by changing the clean air flow rate ratios, has been successfully predicted on a
semi-empirical base. An increase in the ratio of clean air flow rate to aerosol flow rate
improves the separation quality. The cut-off size is also adjustable within a certain range of
particle inertia. However, the separation falls below the prediction, if the ratio of outer clean
air flow rate to total flow rate exceeds 0.2. The reason for this behavior could be explained by
apparent distortions of the annular aerosol flow.

A set of two improved virtual impactors was successfully applied in an atte npt to prepare
test aerosols of narrow size distribution from actual coal dust and slate powc er. There were
no difficulties as long as the feed dust was fully dispersed.
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. PARAFFIN
FINE FRACTION MIDDLE

[T
0 100um
b. COAL DUST
[FEYTEETIY)
0 100pm

c. SLATE POWDER

i)
0 100 M

d. ASBESTO0S

[FTeTE eS|
0 1006m

Fig. 8. Separation of particies by use of two improved impactors in series (@,; = Q,, = 101/min, x,
=32, =108, =78, = 8)
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Acroflow” Il Cartridges sl N
g Materials of Construction
Designed for your final filtration applications End Caps: Phenyiene Oxide “; X
Outer Support Tube: Polypropylene 77N
Upstream Filter Support: Polyester '; “
Downstream Filter Support: Polypropylene P
Core: Acetal Copolymer N
Sealing Material: Polyurethane “
O-Rings: Ethylene Propylene Copolymer :
Gaskets: Buna-N
Filter Media: Acrylic Copolymer

Typical Effective Flitration Area: 24.9 cm (9.8 in.)—0.37 m?
(4.011%), 49.8cm (19.6in.)—0.74 m? (8.0 1), 74.7 cm

FEATURES AND BENEFITS (29.4in.)—1.11 m? (12.0 #17)

* does not contain glass or asbestos fibers Dimensions: Length—See Ordering Information

* high filtration capacity Diameter—6.6 cm (2.8 in.)

* rapid resistivity recovery Sterilization i

Acrofiow® il is a membrane pleated cartridge composed of a Hot Water Sanitization: 15 minutes at 82°C (180°F) -

nylon reinforced acrylic copolymer. As an added advantage, the . : o, K

0.2 and 0.45 wm sizes feature senal filtration. The filter media ETO: 40% R.H., 12% ETO in Freon, 66°C (150°F) B

serves as a surface filter for particles larger than pore size and as INSTALLATION' IO

a depth tilter for smaller particles. Acroflow cartridges offer a wide . . st

chemical compatibility range and are available in 10”, 20", and 30" To assure optimum cartridge performance: ]

lengths. 1. Eliminate back-pressure (water hammer). ==
2. Replace O-rings or gaskets. n
3. Limit differential pressure to 80 psi (5.6 kg/cm?). '-f_.‘-_.:
4. Consult this insert for chemical compatibility and tor maximum i:.-f_\-

APPLICATIONS operating temperature. . St

Pharmaceuticals: Biologicals  Clarification « Compressed air 5. A":’t".’ d°"°m9h‘°"'"9 compression seal on double open-end ;

« Packaging container wash and rinse » Rinse water for lines carindges.

* Rinse water for mixing tanks

Electronics Manufacturing: Deionized water * Laser coolant
water « Non-toxic gas filtration

Cosmetics: Deionized water for bacterial control » Shampoo Typical Performance Data
clarification  Solids removal from viscous cosmetics :

Food and Beverage: Wine « Compressed air « Water for soft
drinks « Alcohols i Fiow Rate

Biochemicais and Reagents: Reagent filtration » Cell counter
diluents « Hemodialysis concentrates « Makeup water

OPERATING CHARACTERISTICS ot 22" >
Resistivity Recovery: No. 12570 reaches 18 megohms after i

90 gation flush T
Maximum Operating Temperature: 88°C (190°F) in liquids St

or gases o ater Flow Rate Eii
Maximum Differentiai Pressure: 5.6 kg/cm? (80 psi) - 1

Maximum Back Pressure: 4.2 kg/cm? (60 psi) :"\

Water Flow Rate: See Chart QCEAN,

Air Flow Rate: See Chart N

Cartridge materials have been evaluated for biosafety in accor- : i Ry :

dance with USP Class VI Plastic Tests to ensure safety of mate- e I I et B ~n7
: rials. Each cartridge is hot stamped with Gelman's manufacturing -~

lot number for easy traceability.




CHEMICAL COMPATIBILITY KETONES MISCELLANEOUS

. CIATT) NR . Nﬂ L4 -.-r
: Conducting Your Own Compatibility Tests Crgoneumone NA Dimethyl Formamede NA .)._;‘f_
. _if you can't find the answer to your compatibility question in the Metind [sooutyl Ketone NA Formaideiyde, fiagd A L
. chart below, a simple but effective compatibility check can be ows Gasoine NA S
: made by soaking a cartridge in your test solution for 48 hours at e N iLL 7808 h Haxane. Ory A N
) the use temperature. Then examine the cartridge and solution for " Peanut oh R Kerossne A SN
signs of visual change. Vs Puaaam A it N
. Indications of Chemical Attack: PHOTORESISTS o -
, Discoloration Surface Tackiness Shighey: AZ 111 AZ-118, A Water A .
: Dimensional Change Change of Color in Test Solution Weycoas: LSH195, LSH295, e Sok. - '-:.‘: ‘
Loss of Strength K £, KMER, NA .
The information contained in the chart is current data but is Microresat 752, NR
intended only as a guide. Corpditions vary with each gpplication. ,
:A; users should carefully verify chemical compatibility. ORDERING INFORMATION E ;
i R =RESISTANT. No significant change was observed in flow . ‘::': :"; — Mlﬁlwu S ‘:‘:" . :'*t:
i i Progect 0.2 0.45 0.8 1. .9 cm cm 74.7 cm v
N :;O:Lz;gbt:‘eewﬂgfdt?ggme following 48 hours MO M um um wm um um SOEOOE EP 80 (3.8 WN1SimI@sel) LT
- LR=LIMITED RESISTANCE. Moderate changes in physical 12570 x x x x
~ properties or dimensions of the membrane were observed. 12571 x X x x
The filter may be suitable for short term, non-critical use. 12572 x x x x
NR = NOT RESISTANT. The membrane is basically unstable. In 12573 X X X X
most cases, extensive shrinkage or swelling occurs. The 12574 x X x x
& fiter may gradually weaken or partially dissoive after ex- 12575 X x x x
. tended exposure. 12579 x X X x
. ~ =Insufficient Data. 12580 x X x X
. esTERS 12581 X X X X
} f&sm Glacisé NR Amyl Acetate NR 12582 X X X X
Acetc Acx. 0% N BuylAcese NA 12583 X x x x
Acetic Acid, 10% A Ethyl Acetate NR 12584 X X X X
Hydrochionc Acid, Conc. NR Isopropyl Acetate NR
Hydrochionc Acd, 6N NR Methy! Acetate NR 12585 X X X x
. e . Conc. ne D ther - 12670 x X x x
- Suifuric Acid, ENom ;4‘: glown . - 12671 X X X X
' Prospnors A Cone. N oooors 12692 x x x x
Chromec Acd. Conc. NR
Hydrouonc Acd, SN NR mGW R KEY
Propylene Glyco! a SOE = Single Open-End  EP = Ethylene Propylene
- Ayt A AROMATIC HYDROGARBONS OOE =Double Open-End  BU = Buna-N
Benzyi Alcohol, 100% N: Benzene z:
Bl R e NA WARNING: y
Gl R HALOGENATED HYDROCARBONS Do not use or apply the product for purposes or under o
Methanol R mm N conditions other than those specifically described in this o
BASES Chiorothene NU NR brochure. Failure to comply with this waming may result in -
Ammonium Hydroxide. 3N e Dowclene WR ~ improper functioning of the product, personal injury, or s
Potmseum Hysrcxde, NA Freon TMC NR damage to the product or property. Sl
3 mm melm. 2: :: mocnw b: SO
- Perchiorutijere NR For applications not listed in this brochure, contact Gelman NG
ichioroethylene NR . R
K Sciences. . AR
& RELATED PRODUCTS N
: Cartridge Filter Application Range of Ratings Cartridge Fliter Characteristics Product Name h’f -
ACIDS, SOLVENTS, CHEMICALS 0.6 Lm-40 pm All Polypropylene, Extended Service Life Polyversol
R 1 pm=5pum Polypropylene And/Or Glass Fiber Preflow SR
. 0.2um—1 um Teflon And Polypropylene Sol-vent o
: BEVERAGES 0.8 um High Capacity, Three Stage Fiftration Acroflow B o
" DEIONIZED WATER 0.2 4m-0.45 um High Purity, All Plastic, Preflushed Acroffow Super E S
: PHARMACEUTICALS Sub-um-1pm Large Capacity Glass Fiber Prefilters Prefiow
. 0.45 um-0.8 um Serial Filtration, Acrylic Membrane Versafiow
. Sub-pm=-10 um Non-Fiber-Releasing Prefilter Preflow NFR
: 0.2 um-0.65 um Polysuifone Membrane, Sterilizable Acroflow 121 s
) TANK VENTING 0.2 um—1 um Tefion And Polypropylene Sol-Vent I
‘ - X .'.
: &2, Gelman Sciences
. VAV 600 South Wagner Road ® Ann Arbor, MI 48106 S
. 313-665-06851 ® TWX 810-223-6037 # 800-521-1520 o
X B-28 PN. 82348 ..,,"
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pumps, high vacuum, accessories SARGENT-WELCH
———
- 1407K
PUMP OIL — High Vacuum, -Weich DuoSeal®.
Fractionated especially for use in t-Weich vacuum pumps, Do ~.
" pump oil is the only oil recommended for DuoSeal, DirecTorr, and S¢-
- @ pumps, and the vacuum guaraniee for these pumps applies only wher: in.s o,/
~ 15 used. Use of any other oil causes infenor performance and, in time, may
even cause permanent pump damage. DuoSeal oil is checked trequently ang
. — carefully against rigid standards for proper vapor pressure, chemical Sstability,
- 0ug \I:M i viscosity, and other essential charactenstics.
. N Puer] Cat. No. Size Price/Each Price/Case of
T s 1407K-11 1 quan 6.70 56.60 12
- Somewr 097, - 1407K-15 1 gation 17.30 63850 — 4
ialionstled 1407K-20 S galion 69.30 - -
- . v 1407K-28 55 galion (drum) 571.70 - -
T 1407K
B-29
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Sediment  Sedimen

cellulose fiber water filter cartridges cellulose fiber water filter cartridge
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REPLACING THE WATER L
FILTER CARTRIDGE o
:’3:'{; | T

1. Close BOTH shut-off vaives. g

~

2. Press the Pressure Relief Button on
the top of the housing to release
pressure. Hold until pressure has
been relieved.

. '. '. 'I " ""- L

3. Turn housing clockwise with
easy-change wrench (included with
water filter housing) to loosen.
Remove wrench when loose. Hand |
turn housing to remove, using care ' .-,
not to spill the water contained inthe B
housing. —

Lift out and discard dirty cartridge.

Drain and thoroughly rinse filter

housing. Insert new cartridge and

reassemble by reversing the above

procedure. e

IMPORTANT. Be sure "O” ring is in x -

JEAR

Fits Sears 12-in. standard water filters K“owﬁ

and most other 12-in. standard housings. w

proper position before turning housing f.'_ '_'.:
Contents: 2 Filter Cartridges into threads. 1 N
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NOTE: These water filter cariridges are designed to filter only sediment
and not to kill bacteria.

FILTER LIFE: Generally, the sec iter cartridge life varies from 6
weeks to 6 months, depending up ... amount of contaminants in the
raw drinkable water supply. When the cartridge has trapped all the
particies it can hoid, a substantial drop in water pressure at the faucets
will be noticed. When this occurs, a fresh water filter cartridge should be
ingtalled. Always keep severa. ~¢~ : r cartridges on hand.

Sold by SEARS, ROEBUCI . 'Q., Chicago, IL 60684
B-31




THE SG-40 SMOKE GENERATOR

INSTRUCTION MANUAL

The VirTis Co. Inc. , PPl Div, ,Gardiner, N, Y. 12525

r Y

With the growth of clean room technology the detection,
measurement and control of airborne particulates has become
increasingly important. The $G-40 Aerosol Generator meets
this challenge, enabling you to determine penetration rates
and locate leaks in air filtration systems. Simple and easy
to use, it requires only a safe test material such as DOP
(Dioctylphthalate) and clean air to operate,

The SG-40 Aerosol Generator design is based on a
Laskin-type nozzle apparatus. By shearing the liquid plasti-
cizer with air it creates a liquid aerosol of consistent par-
ticle size and distribution. When used with the Phoenix ™M
Series Photometers, this aerosol generator will quickly and
efficiently test and evaluate air filtration systems in HEPA
filters, work stations, clean rooms and filter banks,

The M and SG series test equipment is applicable
in a wide variety of contamination controlled environments -
manufacturing to aerospace, bioscience, pharmaceuticals
and medicine, even computing and food processing. This
equipment is recommended for filter testing in compliance
with Federal Standard No, 2098, for clean room and work
Station requirements in controlled environments,

SPECIFICATIONS

Undiluted Smoke Output: Variable by selection of from
oune to six nozzles

Test Smoke Material: Dioctylphthalate (DOP) is standard:
however, any safe liquid may be
used,

Particle Size Distribu-~ 99% + less than 3.0 microns
tion: (using DOP) 95% + less than 1.5 microns
92% + less than 1. 0 microns

S0% + less than 0, 72 micron

25% + less than 0.50 micron

11% + less than 0. 35 micron

Operating Temp- Ambient
erature:
Dimensions: IS"Hx 9-1/2"W x 9-1/2"D
B-32
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CALL
914 255-5000
WATS 800 4318232
TELEX 926-474
)‘HEVIRI'IS COMPANY, INC.
Rout 208 Gardiner. New York 12525
5.81
j
Capacity: Up to 4200 CFM systems
Air Requirements: 2to 12 SCFM at 20 psi
Construction: Stainless Steel chamber and
nozzle, aluminum head plate,
Weight: 15 pounds
OPERATION

CAUTION: Do not operate unit with smoke outlet
capped! Note also that air pressures greater than
25 psi can cause liquid carry-over from the smoke
outlet,

1. Remove smoke outlet cap located on the top ot the
Generator

2. Unscrew fill cap at the top rear of the unit, and fill
with test grade Dioctylphthalate (DOP) or any safe
liquid until Liquid Level Indicator reads "Full”.
Upper mark indicates 'tull', lower mark, ‘add'.

3. Connect clean compressed air to the fitting located
on the head plate. Air pressure should not exceed
25 psi.

4. Open desired combination of valves for proper aerosol
challenge.

For shipping the unit, cap the smoke outlet and close all
six regularing valves, thus preventing DOP leakage.

Note: please include model and serial numbers in all cor-
respondence concerning your unit, by mail or phone.
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