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ABSTRACT
Lead-containing particles deposited in ventilation duct systems may be lead hazards if they become resuspended and enter the living spaces.  Dust deposited in ventilation ducts is known to include lead-containing particles.  Some studies have shown large fractions of the total available lead in a residence to be in the ducts.  But the extent to which these lead-containing particles may become a health threat is not known.

The behavior of lead-containing particles deposited in ducted ventilation was investigated at pilot and laboratory scale.  The experiments consisted of depositing an actual duct dust in experimental ducts, then resuspending the dust in two kinds of experimental apparatus: 1) a ventilation pilot unit (VPU) and 2) a mock-up of a duct surface operated in an environmental chamber (miniduct).  The particles emitted during these experiments were sampled and the amount and character of these particles entering the air were investigated.

Comparison of these experimental results with the few ventilation duct emission values available showed the two experimental systems to perform within the range expected for actual duct systems.  That is, the character of the dust deposit, the emissions, the lead content of the dust, and other parameters were in the range of previously reported field results.

The results of the research indicate that ventilation duct particulate emissions are normally low.  At steady state, direct airborne emissions could not be distinguished from the background.  Emissions were detected only when the ventilation system started up or was otherwise subjected to vibration.  It was concluded that the available respiratory aerosol mass emitted from ducts was likely to be low relative to other exposure routes provided duct systems are properly constructed, maintained, and cleaned.

An enrichment of lead in aerosol particles, relative to the bulk duct dust, was detected.  This is reasonable in that duct dust contains a significant fraction (fibrous material and large particles) that does not re-suspend, and thus does not enter the aerosol stream.

Duct cleaning operations were not found to present a particularly high risk of emissions provided recommended practices were followed.  Numerous opportunities for high emissions due to poor practices do exist, however, and the duct-cleaning practitioners should be qualified for the work.

INTRODUCTION
With regard to assessing the near- and long-term potential exposure risk associated with lead in ventilation ducts, the important questions are:  1) how much lead is found in the duct system and 2) how much of that lead might enter the living space during normal and abnormal operation of the duct system.

In the 1989 City of Toronto, Department of Public Health pilot demonstration project (reported in EPA, 1997), 30% of the total lead removed by the house cleaning procedure, on average, was from the air ducts.  For individual housing units the percentages of the total lead removed that were collected from air ducts ranged from 7% to 65%, with 3 of the 8 houses having greater than 50%.  This was second only to the fraction removed by floor cleaning.  Thus ventilation ducts can contain a substantial fraction of the easily disturbed lead in a housing unit. 

The reported lead loading in air ducts and lead concentration in duct dust varied over a wide range, both within and across studies.  The available data are from renovation projects that used different sampling methods, so comparison is problematical.  However, overall the lead loading values in the air ducts of residences painted with lead-containing paint were of the order of 1,000 µg lead/ft2 of duct surface, and the concentration of lead in the same duct dust was of the order of 1,000 µg lead/g dust.  Lead loading divided by lead concentration gives a very rough estimate of dust mass in the ducts that were cleaned.  For three data sets for which both mean lead loading and mean lead concentration of the dust are given, the estimated dust loading ranged from 0.3‑0.7 to 33 g/ft2.  The probable duct dust loadings prior to cleaning for most of the lead-containing ventilation ducts (which are of the order of 1 µg/ft2) are on the order of the un-cleaned ducts reported by Fortmann et al. (1977.)  For comparison, a duct cleaned to commercial standards (NADCA Standard 1992-01) would appear clean but would leave the finger of a white glove gray.  A high efficiency vacuum sample of the cleaned duct surface would detect about 0.045 µg/ft2 of dust (Fortmann et al.,1997). 

No direct measurements of the lead particulate loading of air leaving ventilation systems under normal operation were found in the literature.  The 1989 Toronto study (EPA, 1997) concluded that air duct cleaning “did not appear to produce more airborne dust relative to other segments of the cleaning operation.”  The reported average concentrations of lead in the air were as follows: 0.285 µg/m3 prior to cleaning, 0.764 µg/m3 during cleaning of duct work; 0.612 µg/m3 when the rest of the house was being cleaned, and 0.14 µg/m3 five to nine days after cleaning.  These data suggest that duct cleaning as an operation may raise the airborne lead concentration above that without cleaning, but that it may not be worse in that respect than other lead cleanup activities.

Direct measurement data giving the lead remaining in air duct materials after cleaning were not found.  Such data would be highly dependent on the type of duct.  For instance, sheet metal ducts can be cleaned much better than can fiberglass-lined ducts.  In reference to NADCA Standard 1992-01 and the work of Fortmann et al. (1997), the dust loading in a cleaned duct would be expected to be approximately 0.045 g/ft2, which would result in a residual loading of 45 µg lead/ft2 for a dust lead concentration of 1,000 µg/g of dust.  This is approximately the same as the 76 µg lead/ft2 reported for air ducts in homes that did not contain lead paint (CAP study as reported in EPA, 1997.)

The results of the literature review showed that the emission rate of lead from a particle contaminated duct surface had not been measured and documented.  Two types of experiments were conducted to measure direct emissions from dirty ducts.  Full-scale experiments were conducted:  1) in a Ventilation Pilot Unit (VPU) using artificially-soiled ducts and relying on the natural vibration of the system to produce emissions and 2) using miniducts, mockups of duct surfaces for which the velocity, vibration, and environmental parameters were controlled.  In the discussion below, the major elements of the research are described, followed by descriptions of the common sampling, measurements, and analysis procedures.

VENTILATION PILOT UNIT
Background

The VPU was previously used to evaluate duct cleaning with regard to its cleaning effectiveness, microbial removal, and energy impact (VanOsdell et al., 1997).  Its operation has been described in detail, and the same experimental procedures were used in this study.  An overview of VPU operation as utilized in this research is given below.

 SEQ CHAPTER \h \r 1Figure 1 is an outside elevation of the VPU.  It consists of two rooms separated by a wall (dashed lines in middle).  The dust mixing room is on the left, and the instrument room on the right.  As shown on the far left, a concentrated duct dust aerosol was injected into a blower, which injected the dust into the dust mixing room.  This dust was transported throughout the VPU by the normal flows in the pilot ventilation system.  The return air duct drew air from the dust mixing room through a conventional inlet grill inside the dust mixing room.  No filter was used on the inlet to the return air duct to allow as much dust as possible to enter the air ducts.  The dirty air flowed through the return air duct (left to right in Figure 1) and up through the air handling unit (AHU), depositing dust along the way.  Leaving the AHU, the air entered the supply air duct and was distributed (right to left in Figure 1) to the two rooms through flexible duct runs.  The instrument room, which was bypassed and sealed from the dust mixing room while soiling the duct, remained clean.  (The instrument room bypass and the air return connecting the two rooms are not visible in Figure 1.)  Following duct soiling, the instrument room bypass was removed and the filtered return linking the two rooms opened.  Ventilation air then entered the instrument room as shown in Figure 1.  Operated in this way, the instrument room provided a clean space in which the effect of duct emissions on room concentration could be measured.  Duct surface and aerosol sampling locations are indicated in Figure 1.
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Figure 1.  Ventilation Pilot Unit
Approach

Experiments were conducted at normal duct flow rates with clean unlined galvanized steel main ducts and with clean fiberglass-lined galvanized duct.  These two materials are used in a large fraction of duct systems.  All supply distribution ducts were flexible duct.  The test dust was obtained from a duct by a commercial duct cleaner.  A single experiment consisted of:

1. Preparing and characterizing the VPU prior to each experiment.

2. Soiling the clean duct system with a known mass (about 500 grams) of unscreened conditioned duct dust (VanOsdell et al., 1997) to achieve realistic dust adhesion.

3. Measuring emissions while operating the soiled system.  

4. Cleaning the ventilation system (ducts and air handler) following the procedures recommended by the North American Duct Cleaners Association (NADCA) for the galvanized duct and those recommended by the North American Insulation Manufacturers’ Association (NAIMA) for the fiberglass duct insulation.

5. Repeating the sampling to measure emissions during system restart following cleaning and to measure emissions from the cleaned surface.

Experimentation

The complete experiment was duplicated for each duct type.  The VPU duct surfaces and emissions from the duct system were characterized, following approximately the same procedure, at three operating states during the VPU experiments: clean duct (pre-soiling), soiled duct, and following cleaning.  In each case, the VPU was operated at ambient temperature and humidity and at a fixed circulating velocity.

The aerosol concentration in the instrument room was measured during cleaning, as described above.  In addition, aerosol mass samples were collected at the discharge of the HEPA-filtered exhaust blower.  The other type of large vacuum device used in duct cleaning is a higher volume exhaust blower whose discharge stream is collected in a fabric filter.  To estimate emissions from these bag filters, replacement bags for a truck-mounted bag filter were purchased and their initial efficiency measured following the ASHRAE 52.2 test method (at the appropriate flow rate).  The bags, 12 in. in diameter and 42 in. long, were tested at their rated flow rate of 800 cfm.  They were not loaded with dust prior to testing.  The ASHRAE 52.2 test method uses a potassium chloride aerosol, detected by optical particle counter, to measure penetration of particles between 0.3 and 10 µm as a function of particle size.

Aerosol Instrumentation and Sampling

Aerosol samples were obtained using a Climet optical particle counter (OPC), a TSI aerodynamic particle sizer (APS), and aerosol mass samplers.  Both the OPC and APS were positioned in the middle of the floor of the instrument room with their sampling inlets up.  No probes were used.  Aerosol mass samplers were operated in the instrument room at the supply duct discharge location and in the center of the room on both sides of the particle counters for about two hours, providing an integrated sample that corresponded to the particle counters.  At a given operating state, aerosol samples were obtained first, then the duct access doors were opened and surface samples collected to measure the duct dust loading.

Particle counters.  OPC data were accumulated by channel directly into a personal computer.  The count data were converted to a mass loading using algorithms suitable to the instruments;  however, comparison to aerosol mass sample results is problematic because of differences in sampling efficiency and the usual difficulties in converting particle count data to mass loadings (uncertain density, particle shape, excessively broad size channels, etc.).  The APS was calibrated in accordance with the manufacturer’s procedures.  The APS was operated to supplement the OPC data, following the same operating scheme.

Aerosol mass samples.  Aerosol mass samples were collected using open face filters. The raw data were converted to a mass loading expressed in µg/m3 at actual conditions.  Sampling time was varied to obtain sufficient sample.  The sample time and location were noted to allow comparison to mass concentrations computed from the particle counter data.

Surface Sampling

All surface samples were collected at locations near sampling ports using the vacuum brush technique characterized in VanOsdell et al., (1997) in the VPU and used in a field sampling project by Fortmann et al., (1997).  Each port allows enough access to allow three or four surface vacuum samples to be obtained without overlapping the template area.  Replicate samples were obtained as close together as possible and in areas that appeared to be similar.  The vacuum brush method used a 40 L/min sample flow collected from a 100 cm2 area cut from a template, using a computer keyboard vacuum brush as a nozzle.  A 10 cm x 10 cm template was used.  The sample was collected on a tared filter cassette and reweighed.

The lead content of composited dust (as opposed to single particle) samples, whether aerosol or surface, was determined in solution prepared by digesting the samples in nitric acid using microwave heating (Binstock et al., 1991; ASTM, 1994).  Measurement of the solubilized lead was performed using the Fison V.G. Plasma Quad inductively coupled plasma mass spectrometer (ICP/MS).  This instrument allowed measurement of down to 0.2 nanograms of lead in a 10 mL digested solution volume.

Quality control included analysis of blanks (blank extraction reagents, filters, and unspiked dust), duplicate samples, and Standard Reference Materials from either the National Institute of Standards and Technology (NIST) (NIST, 1995) or performance evaluation materials from the Environmental Lead Proficiency Analytical Testing Program (Schlecht et al., 1994).  The dust lead content was expressed as micrograms of lead per gram of dust sample.

Results

Aerosol and Dust Lead Content. The lead content of the aerosol and dust samples were determined as described above. The aerosol samples had the highest lead content (as well as variability), with a mean of about 1800 µg Pb/g dust.  The duct surface samples analyzed (obtained from a return duct access door) had a mean lead concentration of about 835 µg/g dust, while the bulk dust itself was found to contain about 450 µg Pb/g dust.

These lead content values reported are consistent with those reported in the literature.  The reported lead concentrations in duct dust ranged from about 100 to about 10,000 µg Pb/g dust, with means in the range of about 1000 µg Pb/g dust.  Therefore, the re-dispersed dust had a lead concentration that was consistent with field reports.

The much higher lead concentration observed in the aerosol samples suggests that lead enrichment might occur as a result of natural deposition and re-suspension processes in ducts.  However, it should be noted that the elevated aerosol lead concentration is primarily the result of one measurement, and that the aerosol lead concentration measurements have the largest uncertainty of all the measurements.  (The variability of the aerosol mass measurement was substantial, and mass is divided into the measured lead mass per filter to obtain the lead concentration.  With this small data set, the possibility of lead enrichment in aerosol remains a speculative possibility that is best further investigated at field sites using duct dust and aerosol lead concentration measurements.

Surface Dust Mass.  The dust mass on the bottom surface of the soiled return air duct was found to be 0.49 to 0.74 g/ft2, for the fiberglass lined and galvanized duct, respectively.  After passing through the system to reach the supply duct, the mean dust mass had fallen to 0.13 and 0.30 g/ft2 for the FDL and galvanized duct, respectively.  After cleaning, the dust mass on the bottom of the galvanized duct averaged 0.0098 g/ft2, while for the FDL the average was 0.0578 g/ft2.  (The higher values for the fiberglass-lined duct may be due to glass fibers picked up by the vacuum sampler.)  At the mean lead concentration in the dust of 835 µg lead per gram of surface dust, the calculated lead loading for the duct ranged from 620 (g/ft2 for the highest pre-cleaning dust loading to 3 (g/ft2 for the lowest post-cleaning value.

That the surface dust has a higher lead concentration than the bulk dust samples may be attributed in part or in total to incomplete dispersion in the VPU.  A fraction of the dust being dispersed settles in the aerosol mixing room.  While the amount of dust that deposits has never been quantified, it is a substantial fraction of the total injected.  Visually, this settled dust appears to consist of fibers (which form “dust bunnies” as the air currents swirl in the room) and sand or mineral grains.

Aerosol mass samples.  The overall mean for all of the aerosol samples was 52.4 µg/m3.  All of the aerosol samples were clustered around the overall mean, and the differences were not great.  In particular, the left- and right-side measurements in the instrument room were not significantly different from the supply air sample, which would be the main source of contamination if particles were coming off the duct.  Apparently the aerosol mass that was detected was largely small aerosol that re-circulated through the system, rather that particles that were re-entrained from the duct wall into the return and supply air.  An alternative explanation would be that deposition balanced re-entrainment, within the measurement error.  Similarly, the pre-cleaning, post-cleaning, and during cleaning aerosol measurements do not display significant differences.  None the sample means are significantly different from the “Outside Air” aerosol mass.  (Outside relative to the VPU.  The sampler was actually inside the large room that contained the VPU.)

This lack of difference is not surprising, given that emissions from ducts are expected to be caused by an event such as vibration or change in air flow and to be of brief duration as the particle deposit adjusts to the new situation.  The real-time particle counters were included to detect such short-term emission spikes.

Particle Counters.  The particle counters were used to obtain real-time emissions rates as a function of particle size.  Examination of both the Climet and APS fractional emissions rate collected in the VPU showed no unexpected results.  The counts per channel are appropriately about 2 logs lower for the APS, which sampled 1 L/min, as compared to the OPC sample rate of 28.3 L/min.  In all cases, the smallest size fractions were present in the highest numbers, and the numbers in all size fractions were constant except when starting-up the AHU or cleaning the system.  At those times, the larger size channels displayed an increase in counts of about an order of magnitude.  These concentration pulses decayed rapidly as the ventilation system continued to operate.  The smallest size fractions displayed only a slight increase in counts with disturbance.  The aerosol concentration was highest during cleaning, but otherwise is not clearly related to status of the duct before or after dust injection.  These fractional size distributions were converted to aerosol mass by assuming that all particles were spherical, had the diameter of the midpoint of their channel and a particle density of 1 kg/m3.  The calculated mass concentrations were similar for the Climet and APS.  The mean calculated mass concentration values were 15.4 (g/m3 in the instrument room prior to soiling the duct system, 12.1 (g/m3 when the ventilation system was operated with the soiled duct, and 13.7 (g/m3 in the instrument room following cleaning.  Within the measurement variability, these are not different.  By way of contrast, the instrument room was sampled during cleaning with the door open to the laboratory, and the measured concentration was 68.1 (g/m3 in this period of high activity.

Emissions from duct cleaning equipment.  Aerosol emissions were measured directly at the discharge of the indoor exhaust blower during duct cleaning. These emissions could not be distinguished from the room background.  This exhaust blower had a HEPA filtered final stage, so low emissions are not surprising.

The results of the large outdoor exhauster bag filter initial efficiency test were 18% efficiency for 0.35 µm particles, 50% for 0.62 µm particles, 92% for 1.44 µm particles, 98% for 2.6 µm particles, and 99% or better for particles larger than 3.5 µm. This bag would be expected to contain the vast majority of the total mass it was challenged with, even when dirty.  The filter bag was new, and while build-up of a dust cake is known to increase efficiency, dust is known to work its way through used bag filters.

Comparison of VPU and field duct dust deposits.  The VPU duct soiling levels are consistent with the before-cleaning levels reported by Fortmann et al. (1997), which ranged from 0.14 to 2.4 g/ft2 in the supply duct and from 0.49 to 3.3 g/ft2 in the return duct.  These results display the dust distribution pattern that would be expected in the VPU duct system.  Because the return air system draws air from the VPU dust mixing room into which the duct dust is dispersed, the return duct sample points (R1, R2, and R3) are all loaded more heavily than the supply duct.  This is expected because a large fraction of the largest particles (having the highest mass) enter the return duct and deposit there or are collected in the air handler and cooling coil before they can reach the supply duct.  Similarly, Fortmann et al. (1997) found higher dust loadings in return ducts compared to supply ducts.

Visually, dust deposits in the VPU duct were non-uniform.  Most of the dust deposited on the bottom surface of the duct, which was therefore much more heavily soiled than the sides and top. Any depressions in the duct, such as the stiffening beads in the galvanized metal, fill preferentially.  In addition, non-uniform flow near bends, joints, access ports, and wye’s or tee’s caused non-uniform deposition.  This is typical of dust depositing in ducts.

The dust remaining after cleaning in the galvanized duct was 0.0032 to 0.0230 g/ft2.  For the present experiments, between 0.4 and 7% of the dust present before cleaning remained after cleaning.  Fortmann et al. (1997) reported a range of from 0.006 to 0.18 g/ft2, with a mean of 0.040 g/ft2, for the residual dust remaining after cleaning.  This measure of overall percentage of dust removed by cleaning is also similar to that reported by Fortmann et al. (1997).

Based on these comparisons with field duct dust measurements, the VPU duct deposits appear to be representative of field conditions in lead concentration, duct mass loading, lead loading, and overall cleaning effectiveness.

MINIDUCTS
Background

The VPU experiments described above were relatively well-controlled, but as in any actual duct, the flow rates, amount of turbulence, and vibration level all varied from place to place within the VPU.  In addition, humidity could not be controlled well.  Therefore, experiments to determine the effect of flow and humidity were not possible in that equipment.  The miniducts, one of which is shown in Figure 2, were used to gain additional information concerning particle emissions at known conditions.
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Figure 2.  Exploded view of miniduct

Experimentation

 SEQ CHAPTER \h \r 1Samples of unused galvanized steel and fiberglass duct liner were obtained and cut to fit in the miniducts (0.305 m wide by 0.915 m long).  Four galvanized and four fiberglass duct liner samples were utilized.  Two samples of each duct material were soiled uniformly over their surface, with each of two duct dusts, for a total of 8 duct material samples, following the procedure described by Foarde et al.(1997).  Each soiled duct material sample was placed in a miniduct such that its upper surface was flush with the top of the miniduct recess.  The soiled duct material samples were conditioned for a day or more at above 85% RH. The soiled duct material sample was placed in the miniducts, which had already been adjusted to the desired test conditions of 500 ft/min and 50% relative humidity.    Particle-free air was distributed across the duct material sample.  The air passed over the duct material sample and out the end of each miniduct.  

Vibration was provided by a loudspeaker (5-in. diameter), taped to the miniduct at the location shown in Figure 2.  It was driven using an amplified square wave signal (General Radio Company Unit R-C Oscillator, Type No. 1210-C and Brüel & Kjaer Type 2706 Power Amplifier) at a constant mid-level gain and frequencies of 70, 130, 200 and 300 Hz.  The miniducts were opened and the duct material samples inspected following the experiments, and the vibration-induced emissions did not appear to appreciably decrease the amount of dust on the samples.

Accelerometer measurements (at 3 locations on the galvanized duct material) were used to characterize the vibration and the results compared to those for the actual ducts.  Aerosol samples were obtained from the end of each duct with the OPC to obtain soiled and cleaned duct emission rates.  Surface mass samples were also collected.  The soiled duct material samples were then cleaned using a HEPA vacuum fitted with a brush nozzle, re-sampled, and the emissions again measured.

Aerosol Instrumentation and Sampling

Preliminary samples of emissions from the miniducts were obtained with the same OPC and APS as the VPU experiments, and gravimetric aerosol samplers. Even with the speaker vibrating the duct, emissions were sufficiently low that only the OPC detected particles within its normal operating range.  After the trial test, only the OPC was used.  A 1.27 cm OD polyvinyl tube was placed in the center of the outlet channel as a sample probe, and the instrument was operated continuously at its normal sample rate of 0.25 ft3/min.

Surface Sampling

Miniduct surface samples were obtained using the same vacuum brush sampling technique.  However, the miniduct samples were collected over as small an area as possible (about 10 cm2) using a smaller template to prevent the surface measurement from affecting the emissions.  The locations of the samples were randomly distributed over the 30 cm by 90 cm surface of the duct material sample.

Results

All of the miniduct experiments gave similar results, though the absolute values differed and the sound frequency that gave the highest emission differed between experiments.  Following a fiberglass lined miniduct as an example, the duct liner sample was soiled, allowed to come to equilibrium with the chamber environment, the particle counter positioned at the exit end of the miniduct, and the first audio frequency (70 Hz) was then turned on at the fixed intensity just as the particle counter began a sampling period.  The speaker was left on at 70 Hz for a total of 4 OPC samples, about 4 minutes.  The highest particle counts recorded from these four samples during the 70 Hz vibration period had a total of 8 particles, with 7 of the 8 particles being between 0.5 and 0.7 µm in size.  As the fourth OPC particle counting period ended, the amplifier was switched off.  The frequency was increased to 130 Hz, and just as the OPC began the next complete sampling period, the amplifier was turned on again to the fixed intensity.  The process was then repeated at 130, 200, and 300 Hz.  The highest particle count measured during four 1-minute samples prior to cleaning was 149 total particles, with 88 between 0.5 and 0.7 µm in size, and occurred during the 200 Hz vibration period.  After completing the soiled duct material measurements, the duct material sample was cleaned and the emissions test repeated, during which the highest particle count emissions were 496 and 153 total and 0.5 to 0.7 µm, respectively, also at 200 Hz.  These results were typical.  A few hundred particles per minute is a very low emission rate, and was the case during all experiments.  The highest emission counts were  observed most commonly while the 130 Hz and 200 Hz audio signals were being used, but somewhat similar periods of high emissions occurred under most experimental conditions.  In most cases there is only a single emissions spike per period with the speaker on.  Overall, the experiments show that emissions are normally low, that increased emissions can be caused by external vibration, and that they may be particularly likely to occur at particular frequencies.  No clear effect of duct type was detected. 

EFFECT OF DUCT VIBRATION ON PARTICLE EMISSIONS

Vibration as a Means of Generating Emissions

Particles deposited in air ducts generally adhere sufficiently that they are not easily re-dispersed by normal air flows, but may be re-dispersed by rapid changes in air flow or duct vibration.  The reproducible disturbance in ducts is vibration, which may originate in the blower of the AHU.  Duct dust is a complex mixture of particles, singular and agglomerated, spherical and fibrous.  These particles are somewhat bonded together (and to the duct) when exposed to high humidity (VanOsdell et al. 1997), and oil aerosols from cooking may also provide some adhesion.  The complexity and lack of knowledge about particle size and character of the duct dust deposit limits calculation regarding resuspension from ducts to only approximations.  Nevertheless, such calculations are useful because they bound the problem.  The adhesion force between a particle and a surface is a function of particle size and can be estimated from Eq. 1  (Dahneke, 1972).
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Where:
Fa
=
force of adhesion between a spherical particle and a flat surface,


A
=
Hamaker constant, 4x10-20 J to 5x10-19 J (Dahneke, 1972),


dp
=
spherical particle size, µm, and


Z0
=
separation distance, often taken as 4x10-10 m (Hinds, 1982).

In a vibrating duct, the available dislodgment force is the product of the acceleration of the duct wall and the particle mass.  This can be equated to the adhesion force and solved for particle size to obtain the minimum particle size dislodged, dp(min), as shown by Eq. 2.



[image: image4.wmf]2

6

12

6

10

)

(

o

p

p

Z

accel

A

min

d

pr

´

=





(2)

Where:

ρp
=
particle density (taken as 1 g/cm3 = 1000 kg/m3), and


accel
=
measured acceleration, m2/s

Similar vibration levels (characterized by the absolute values of the accelerations and their frequency) may be taken to produce similar particle disturbance, and hence similar dislodgment of accumulated dust.

In addition to the uncertainty regarding particle size and character, this calculation applies only to particles attached directly to the duct wall.  Particle-to-particle bonds presumably receive less energy from the duct wall, but may receive more from flowing air.  A dislodged particle will only become an emitted particle if it enters the air stream and is carried out of the duct.

Measuring Vibrations

Vibrations can be measured with an accelerometer, a device that produces an electrical signal in proportion to the acceleration.  A seismic piezoelectric accelerometer, the type used in this work, is composed of a piezoelectric crystal element and an attached mass that is coupled to a supporting base.  The supporting base is attached to the vibrating structure, in this case the air duct.  As the structure moves relative to its surrounding space the mass exerts an inertial force on the piezoelectric crystal element.  A simple accelerometer is illustrated schematically in Figure 3. The exerted force produces an electric charge on the crystal proportional to the product of the mass and its acceleration.  The charge produced is related to a voltage through the capacitance of the accelerometer, resulting in a voltage output proportional to acceleration.
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Figure 3.  Schematic illustration of accelerometer

The sensitivity of the accelerometer is the ratio of the generated electrical potential in millivolts to the applied acceleration, expressed as volts per standard acceleration of gravity, V/g.

Vibration Experimentation

The accelerometer was an Omega Model ACC 103, a small steel cylinder with a threaded stud protruding from one end.  During use, the accelerometer stud was tightly screwed into a receiving socket or nut bonded directly to the vibrating surface.  The accelerometer was powered by an Omega Model ACC-PS2 power supply, and the signal from the accelerometer fed into a Velleman PCS64i PC digital storage oscilloscope, which uses an IBM-compatible computer to display waveforms.  The oscilloscope was used initially to analyze the vibration as to frequency and amplitude distributions.  This measurement was repeated several times at each location, and each replicate measurement had about the same frequency and amplitude distribution.  The software was then operated as a transient signal recorder with amplitude recorded every 0.01 s for a period of about 17 s at each location.

Preliminary experiments showed that only an occasional particle was detected from the operating miniducts in the absence of external vibration, and the particle counts were too low to provide statistically significant data in a reasonable time.  As described above, artificial vibration was utilized to generate emissions measurable with the OPC.  To link the miniduct vibration levels to that encountered in actual ducts, accelerations present in actual ducts were measured with the accelerometer.  The real duct measurements were made at three locations near the AHU in an RTI building.  Based on inspection of several ducts, the vibration levels at the three locations chosen covered a reasonable range from low to high vibration levels.  The three locations were: 1) a low vibration level on a return duct just upstream of the AHU; 2) a high vibration level on the body of the AHU; and 3) an intermediate vibration level on the supply duct downstream of the AHU.  At each location, the accelerometer was attached to near the center of the galvanized steel duct using either a magnetic mount or by gluing a nut to the duct wall and attaching the accelerometer to the nut. 

Vibration Results
The measurements of acceleration on the actual duct ranged from a 204 m2/s mean at the AHU to a 40 m2/s mean on the return duct.  The standard deviations were about 75% of the means, and the maximum accelerations were about 4.4 times the mean accelerations.  The maximum acceleration measured on the actual duct was 893 m2/s.  The same measurements on the miniducts (over the 4 test frequencies) yielded mean acceleration values between 103 and 403 m2/s, with the highest accelerations being measured at 130 and 200 Hz.  Standard deviations of the means were about 50 to 80% of the means, and the maximum accelerations ranged from about 2.5 to about 3.5 times the means.  The maximum acceleration measured in the miniducts was 1043 m2/s at 130 Hz. 

Conclusions
Overall, the comparison of the miniduct with the actual duct in regard to duct wall acceleration due to vibration shows that vibration in the miniducts was about the same, within the precision of the measurement.

The minimum particle sizes re-entrained were also computed using Eq. (2) for Hamaker constants of 4x10-20 and 5x10-19 J for all the acceleration measurements.  The calculated minimum particle size dislodged for the mean accelerations ranged from 324 to 2034 µm, with the maximum acceleration measured yield a dislodged particle size of almost 200 µm.

These results are consistent with the low aerosol emission measurements from the ventilation pilot units and miniducts in that particles with a diameter of 200 µm will not readily be detected by any of the aerosol measurements used during the study except the open face filter measurements in the ventilation pilot unit.  The particles are larger than can be managed by the OPC and APS.  In addition, the settling velocity of particles larger than 20 – 30 µm is too high for them to be transported far in a duct even if they became re-suspended.

PARTICLE MORPHOLOGY ANALYSIS

Morphology Analysis:  Approach

In an attempt to identify the source of lead-containing particles deposited in ducts, single particle morphology analysis of a few samples was undertaken.  Because particles of different lead pigments have distinct morphologies, particles were analyzed with scanning electron microscopy (SEM) using backscatter to identify those likely to contain lead.  The shape of the particles was seen best in secondary-electron images.  Because the lead might be found in only a few particles if it originated in paint, this approach provides a limited snapshot of the particles found in the analysis.

With backscattered electrons, the intensity of the signal is directly related to the atomic number of the material being illuminated by the electron beam.  By adjusting the contrast, gain, and scan rate, particles containing heavy elements (those of higher atomic numbers) compared to the rest of the field will glow brightly, with the heaviest elements glowing the brightest.  While searching for lead-containing particles, the brightness control of the backscattered-electron image was reduced until only the brightest particles stood out against the black background of the SEM viewing screen.  In this way, the heaviest particles in the field of view could be identified rapidly.

Energy dispersive spectrometry (EDS) was then used to confirm the chemical composition of particles of interest based on the scan.  In this technique, the target particles were bombarded with an electron beam in the vacuum of the SEM chamber.  The electrons caused the material of the sample to emit x-rays.  Because each element emitted a characteristic line spectrum of x-rays of known wavelengths, it was possible to determine the elements present by analyzing the emitted radiation.

Morphology Analysis:  Experimentation

Glass filters used to collect samples from the galvanized steel ducts in the VPU were sputter-coated with a gold-palladium alloy for three minutes.  The Teflon filters used to collect air samples were coated using pulsed-carbon vapor deposition.  Both filters were mounted on aluminum stubs using double-sided conductive tape.  Samples were analyzed with a JEOL 840 SEM equipped with EDS.  Flame v.2.2 software was used to collect the spectra and quantify identified peaks.

A description of the filters selected to analyze for the presence of lead is shown in Table 1.

Table 1  Filters selected for morphology analysis

	Sample

ID
	Filter Type


	Before or

After Cleaning
	Sample Type
	Sample Location

(Figure 1)

	1S10
	glass fiber
	pre-clean
	surface
	Supply duct,S2

	1S16
	glass fiber
	post-clean
	surface
	Supply duct, S1

	1A01
	Teflon™
	pre-clean
	aerosol
	Inst. Room

	2S10
	glass fiber
	pre-clean
	surface
	Supply duct, S2

	2S16
	glass fiber
	post-clean
	surface
	Supply duct, S1

	2A03
	Teflon™
	pre-clean
	aerosol
	Inst. Room

	2A08
	Teflon™
	post-clean
	aerosol
	Inst. Room



Note:  All surface samples from galvanized steel duct.

Morphology Analysis:  Results

Silicon was the most abundant element present in many of the particles analyzed.  The most likely source of particles containing silicon is common house dust or dirt, composed of about 50% silicon with substantial sodium, magnesium, aluminum, calcium, iron, and zinc.  The gold and palladium peaks observed on the spectra result from the gold-palladium alloy used to coat the samples and do not indicate the presence of those elements on the filter. 

As expected, many of the particles found on the glass fiber filters using backscatter were high in iron and zinc.  The most likely source of particles containing these elements is the galvanized steel of the test duct.  Notable in the high iron and zinc content particles were significant levels of the house dust components silicon and calcium, which suggest that the particle being analyzed may have been a conglomerate of dirt and duct wall debris, or that the spectra included some scatter from surrounding particles.  Organic particles were also present, including large numbers of pine pollen grains.

High lead content particles were difficult to find, despite the known presence of lead in the samples.  In fact, lead was the primary constituent in only one particle on one of the four surface sample filters examined.  The spectrum of the lead-containing particle is shown in Figure 4.
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Figure 4. Spectrum indicates approximately 28% lead in particle.

Although the presence of both lead and iron suggest that the particle may be a lead pigment, either lead white [2PbCO3•Pb(OH)2] or red lead [Pb3O4], its morphology does not match that of either of the pigments.  The particle is shown in Figure 5.
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Figure 5  Lead-containing particle shows up light against dark background using backscattered electrons.

Morphology Analysis:  Conclusions

The scarcity of lead-containing particles indicates that much of the lead in the duct dust remains concentrated in a small fraction of the total number of particles present.

The particles examined on the aerosol mass filter samples were also generally house dust.  Lead was not found to be a primary constituent of any particle.  Single particles containing a high tin content and a high aluminum content were detected.  A consequence of this highly discrete distribution of lead in particle samples from ducts and redispersed aerosol is that high variability in lead content can be expected in samples.
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