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ABSTRACT

Autobody repair shops generally use either conventianal or High Volume-Low
Pressure (HVLP) spray-painting guns to paint repalred cars In conventional
spray-painting guns, compressed air is accelerated through a nozzle where a
reduction in static pressure causes the paint to flow from a cup inta an
orifice where the atomization occurs  The pressure at the cap that contains
this orifice 18 typically 50-65 psig In HVLP spray-palnting guns, this
pressure 1s less than 10 psig, which reportedly resulis in a more efficient
transfer of the paint from the gun te the surface being painted T1f this 1s
true, subgtituting an HVLP spray-painting gun foTr a conventional spray-
painting gun should reduce particulate paint overspray concentrations in the
spray-painting booths The effect of spray-painting gun choice, HVLP or
conwventicnal, upon solvent and particulate overspray concentrations was
experimentally studied in a downdraft spray-painting booth  This experiment
was conducted by repeatedly applying two coats of paint to a car body shell, a
1993 Pontiac Grand Am, which was ccoated with a polyethylene film  Thas
experiment invelved two spray-painting guns and two tints of a white paint

The two spray-painting guns were a8 gravity-feed conventiomnal spray-parinting
gun and a gravity-feed HVLP spray-painting gun During each experimental run,
particulate overspray concentrationz, solvent concentrations, film thickness
on the autobody, and mass of paint were measurad The fi1lm thickness per massg
of paint for the HVLF gun was 33 percent higher than what was observed for the
conventional spray-painting gun  This difference was statistically
significant (Prob >F = 0 0015) Apparently, the HVLP spray-painting gun had a
much higher transfer efficiency than the conventional spray-painting gun The
conventional spray-painting gun was associated with particulate overspray
concentration per unit of film thickness that were a factor of 2 higher than
with the HVLP gun Again, this difference was statdlstaically significant (prob
= F =0 0009} However, the HLVP spray-painting gun reduced cthe solvent
concentrations by 21 percent which was not statlstically sigmificant



INTRODUCTION

During autchody repainting operations, spray-painting guns ave used which can
be classified as either conventionsl or High Volume-Low Pressure (HVLE} guns
In conventional spray painting guns, compressed air 1s accelerated through a
nozzle where a reduction it static pressure occurs The reduced static
pressure causes the paint to flow from a cup into an orifice where the
atomization accurs  When this cup 15 below the atomization nozzle, air
pressure at the gm cap 1s 65 psig  These guns are termed "suction” or
"siphon cup” spray painting guns  When this cup 1s above the atomization
nozgzle, the flow of paint is augmented by gravity and such guns are cammonly
called "gravity-feed" spray painting guns In HVLP spray painting guns, paint
15 atomized with air pressures at this orifice of less than 10 psig In some
HVLP puns, the cup i1s sbove the atomization nozzle and gravity assists the
flow of the paint inte the atomization orifice In other cases, the cup 18
below the atomization neozzle and 3 controlled air pressure 16 uszed to meter
the flow of paint into the orifice where atomization ocecurs

Repartedly, HVLP spray painting guns are much more effacient at transferring
the paint from the gun to the car than conventional spray painting guns

HVLP guns are believed to have a transfer efficiency of at least 65 percent,
and conventional spray painting guns are commonly reported to have a transfer
efficiency of 20-40 percent '?* As & result, some air pellution control
districts require the use of spray painting equipment with a transfer
efficiency of at least 65 percent * If HVLP spray painting guns actually
have a transfer efficiency of 65 percent, most of the peint becomes a surface
coating instead of a potentially harmful overspray Overspray is the paint
m1st which does not coat the surface being painted TIf conventional spray
painting guns only have a transfer efficiency of 20-40 percent, most of the
paint becomes an overspray which contaminates the air in the worker’s
breathing zone  Furthermore, thas lower transfer efficiency increases the
amount of paint needed te obtain the same paint film thickness Thus,
switching [rom a conventional to an HVYLP spray painting gun should reduce
worker exposure to paint overspray and the paint uaage

Reducing worker exposure to palnt overspray may minimize adverse health
effects asscciated with painting The International Agency [or Research on
Cancer (IARC) has reviewed the health effects assccrated with painting
operations ° In the IARC publication, the term "painters" included workers
who apply paint to surfaces during a variety of tasks including autobody
refinishing After reviewing a wide range of publications, they concluded
"There 1s sufficient evidence for the carcinogenicity of cccupational exposure
as a painter " In addition, they noted that painters suffer from zllergic and
non-allergic contact dermatitis, chronic bronchitis, asthma, and adverse
central nervous system effects

Polyisocyanates, such as hexamethylene diisocyanate trimers, are used 1in
autcbody repainting operations to obtain a hard, durable surface
Qverexposure t¢ polyisocyanates can cause skin, eye, nose, throat, and lung
irritation, occupational asthma, and reduced lung function *78° 1In
addition, workers can become sensitized, and any exposure can result in
potentially life-threatening asthma ' These health effects may result from
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a large single overexposure or from repeated overexposures at lower
concentraciong  As a result of these health effects, a major producer of
l,6-hexamethylene diisocyanate {HDL) trimers has recommended a ceiling
exposure of 1 mp/m®, and this exposure limit has been adopted by Oregon
Occupaticnal Safety and Health Administration '* By using spray painting
equipment, which more efficiently transfers paint from the spray painting gun
te the surface, worker air contaminant exposure and the risk of adverse health
effects should be reduced

The regulatory and commercial literature indicates that substituting HVLP
spray painting guns for conventional spray painting guns should reduce the
paint overspray generation  However, there is little scientific literature to
indicate whether the claimed improvements in transfer efficiency actually
gecur One experimental study conducted in the wood fainishing industry
indicates that HVLP spray painting guns are not inherently more efficient than
ather types of spray painting guns * This suggests a nesed to evaluate

whether HVL? spray painting guns can actually teduce worker exposure to paint
averspray

THRORETICAL ESTIMATE OF EFFECT OF TRANSFER EFFICIENCY ON OVERSPRAY
CONCENTRATIONS

Transfer efficiency, y, can be defined as the fracrien of paint solids which
actually coats the surface being painted

= (1)
1 M
where
M = mazs of paint solids used
m = pawnt solids deposited on car
The ventilation rate, Q, the paint used, the transfer efficiency, and the
time, t, requaired to do the painting can be used to compute the expected
concentration, $,, of paint solids in the air
o o= M{1-M) (2)

P Qb

This equation assumes that the particulate overspray is being perfectly mixed
in the dilution ventilation Duting a2 painting operatiom, a specified
thickness or mass of paint must be put on the surface that 1s being painted
In order to more clearly see the eflect of transfer efficiency upon the
patrticulate overspray concentration, M can replaced by w/% to obtain this
equation
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I (3)
£ ot

1}
In a well-mixed room, all of the solvent evaporates and the relatiomnship

between solvent concentratlion, C,, and paint spplication Tate cen be stated

o= N (4)
E) DEn

where
m,~- the mass of carrier s¢olvent on the car

In order te clearly 1llustrate the effect of tramsfer efficiency upon worker
air contaminant exposures, equations 3 and 4 can be rearranged to express the
telationship between transfer efficiency and dimensionless particulate
concentration {C,) and a dimensionless solvent concentration (C,.)

o = St | (1-m) {3)
aw m n
e L

Cas = T n (6)

In Figure 1, dimensionless particulate and solvent concentrations are plotted
as a function of transfer efficiency Increasing transfer efficiency from ( &
to 0 65 raduces the particulate overspray concentrations by at least a factor
af 2 8 and solvent concentrations exposure by a factor of 1 &

EXPERIMENTAL PROCEDURES

The study’s objectaive is tc evaluate whether the type of spray painting pun
s1gnificantly affects the concentraticn of these air contaminmants it the spray
painting booth  titanium, refined petroleum solvents, and particulate
overspray {(mass concentration of paint solids) In addition, the effect of
spray painting gun used upon film thickness and mass of paint used were
evaluated

This experiment involyed 16 experamental runs During esach run, the painter
applied two coats of paint to a car body shell {(Grand Am, Pontiac), simmlating
a complete paint Job in an autobody shop To allow rhe paint to be removed at
the end of the test, the car body shell was coated with a polyethylene film
For each run, air contaminant concentrations, mass eof paint used, painting
times, and paint film thicknesses were measured For each experimental run,
the painter switched between two tints of a white base coat (Chromabase,
Dupont, Willmingten, DE) so that there was enough of a contrast to see the
freshly applied paint At the start of the even-numbered runs, the painter
switched between a conventional gravity-fed spray painting gun (Model GFG-504-~
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Figure 1 Effect of transfer efficiency upon partlculate and vapor
OVETrspray CONCENtTations assuming mixing in a spray painting
booth

43-FF, DeVilbiss, Toledo, OH, and an HYLP, gravity-fed spray painting gun
{Model GFHV-501-57-DFW) This was done se¢ that each spray pailnting gun was
uged four times with each paint

ATR CONTAMINANT CONCENTHATION MONITCRING

Particulate overspray concentrations were measured as total dust
¢oncentrataons were measured using NIOSH Method 0500 * Samples were

collected on preweighed PVC filters at a flow rate of 5 § liters per minute
using personal sampling pumps (Aircheck Sampler, Model 224 -- PCXR7, SKC Inc,
Eighty Four, PA) The weight gain of the filter 1s used to compute the
milligrams of particulsate overspray per cubic meter of air  After gravaimetric
analysis, the samples were placed in a 50 wml Teflon beakers and the filter
substrate was temoved by setting these beakers in a low temperature oxXygen
Flasma asher for two hours at 200 watts The paint matrix was eliminated by
wet ashing at 150 *°C with 2 mL of a 4/1 mixture of concentrated
nitric{perchloric aecid and 1 ml of hydrofluoric acid at 150 °C After
evaporation te dryness, the residues were dissalved 1n 1 mL of Spectrosol
*Zeolite Reagent A°, 0 1l wml of concentrated nitric acid, and 5 wml of deionized
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water  Zeolite & is a mixture of hydrofluoric and hydrochloric acids  After
appropriate disscolution time, the excess hydrogen fluoride was neutralized
with 5 mlL of Spectrosol 'Reagent B,' which 15 a proprietary solution of
tertiavy amines The samples were brought to a final volume of 13 mL with
deionized water Then, the samples wetre analyzed for titanium by inductavely
coupled plasma-atomic emission spectroscopy The limits of quantitation for
this sample set were { 01 mg total welght per filter and 1 7 pg of titantum
per filter

Alr samples for solvent vapors were taken by placing charcoal tubes (SKG
100/50 mg, lot 120} 1n a helder and using personal sampler pumps (Model 200,
DuPont Inc ) te draw air through the chavcoal tubes at 200 em®fmin  EBulk
samples of the two paints used 11 this study were analyzed by gas
chromatography and mass spectroscopy  Four solvents, which had relatively
large peaks during the gas chromatography - mass spectroscopy enalysis, were
selected as analytes for the charcoal tube samples The amount of toluene,
xylene 1somers, n-butyl acetate, and ethyl acetate on the charcoal tubes were
guantitated using NIOSH Methods 1450 and 1501 " The concentrations of the
four selvents were summed to compute a combined solvent concentration in terms
of mg/m?

Filter samples were taken at the four locations on the worker, along the
wall on the left side of booth, under the car door on the left side of the
booth, and under the car door onm the right side of the booth All the filter
gsamples were taken clesed face except that hoth an apen face and a closed
faced sample were taken on the worker A closed face sample has an inlet
diameter of 4 mm An open face cassette has the face cap removed and the
inlet opening has diamerer of 33 mm

Charcoal tube samples were collected at the same sampling locations as the
filters 'Two samples were taken under the lefr car door (One sample was a
charcoal tube in charcoal tube holder, the other sample wag a charcoal tube
which was preceded by a 13 mwn glass fiber filter (filter E133AG, Millipore,
Bedford, MA) The filter was in a filter heolder (part 8X 00013000, Millaipore,
Bedford, MA) with an inlet diameter of 4 om This was done to evaluate
whether the paint aeroscl, which containg sclvent, may be penetrating the
charcoal tubes ¥ The filter would provide a substrate te collect and
evapoerate the selvent

Paint Film Thickness Measurements

Paant falm thickness was measured at these locations on the ear  trunk, hood,
roof, left door, and right door At each location, & strip of 302 stainless
gresl shim stock, 40-45 cm long, 3 75 om wide and 0 00720 001 cm thick was
taped to the car body surface After the experimental run had been completed,
the metal strip was removed Unce the paint had dried, film thicknesses were
measured with a Fischerscope Multi 650 (Helmut Fischer GMBH+CO, Sindelfingen
Germany) equipped with a magnetic probe {type GA 1 3) This 1nstrument is
calibrated by placing films of known thickness on the surface of the metal
test strip



Paint Maes

The mass of paint used was obtained by pre-weighing and peost-weighing the
spray gun on a balance (Model GT 4000 Chaus) The weight change 18 the amount
of paint used

Spray Painting Booth Descraption

The autobody shell was painted im a DeVilbiss Concept 11 Downdraft Beooth which
had been modified This booth illustrated schematically in Figure 2 The
booth has a length of 24 feet It uases two fans, one supplies air to the
plenum above the filters in the ceiling The other fan exhausts the air from
the booth through the grates which run the full length of boeth's floor  The
filters in the ceiling are 16" x 46" and are contained in fremes which are 18"
x 48" The pregsure drop across these filters was measursed to be 0 03" of

i s 10 SN

m ™~
Air exhausted thraugh fiiters o floor af booth
b - |
4 300 »
" 14' 4* >
Figure 2 Cross sectional view of a spray painting booth during

second set of tests  Instead of the normal two exhaust
trenches, this beooth has a single exhaust trench in the
floor of the booth



water In order ro simulare a poorly operated spray painting booth, the flow
rates through the booth were deliberately reduced In addition, this booth
had & single exhaust trench in the floor of the booth The standard booth has
two exhaust trenches which would be under the car

Ventilation Measurements

Ventilation measurements were made to document the booth’s performance and to
undetstand how overspray 1s transported inte the painter’s breathing zome A
thirty-six point pitot tube traverse was made to measure the air flow into the
spray painting bhooth  The average air velocity coming ourt of the ceiling
filters was measured with a Balometer® (Niles, Ill} The Balometer® was held
flush waith the filters while the air flow through a 2’ X 2’ section was
recorded These measurements were used to compute an average inlet veloclty
and an inlet air flow rate A velometer (Model 15440, Kurz, Carmel, CA) was
used to measure air veloecities around the car body shell at a height of 3°
from the booth’s floor and 12" and 18" from the car body shell Smeoke tubes
and helium-filled bubbles [rom a generator {(Model 33, Sage Action, Ithaca, NY¥)
were used to trace air flow patterns in the booth

Real-time Exposure Monitoring

During omne spray painting operation, the painter’s activitles were recorded on
video tape and his solvent exposures were monitored with a Photovac TIP II
(PHOTOVAC Inc, Thornhill, Ontario) This was done to identify specific tasks
which elevate the worker's exposure to the air contaminants ' The analog
output of the Microtip is proportional to the concentration of iontzable
campounds in the arr  Because the instrument’s response varies with the
composition of the prganic solvents in the air., the analog output, in volts,
ie reported Because of fire safety considerations, this instrument was
located outside of the spray painting beoth Teflon® tublng (Alltech
Associaces, Deerlaeld, IL), 0 125" inside diameter and 45° long, was attached
to the worker in his breathing zone A personzl samplet pump drew air through
this tubing at 3 5 liters per minute and exhausted the sampled air into a
glass tee  The Photovac then sampled the air in this glass tee The analog
output of the Photovac was recorded on a data logger (Rustrak® Ranger, Gulton,
Tone , Bast Greenwich, RIL)

RESITLTS AND FIRDTHGS

Booth Characterization

Figure 3 gummarizes ventilation measurements and observations about the air
flow pattern in the booth  Pitot tube traverses im the supply air duct and
the Balometer® measurements im the ceiling resulted in measured air flows of
5400 and 7100 efm, respectively Based upon these two measurements, the
downward air wvelocity from the ceiling i1s between 22-29 fpm  Air flow
patterns were studied with a car in the booth  As the air flows around the
car, the air flow aggelerates to 30-70 fpm  Smoke and helium bubbles released
on top of a car stayed wathin 1-2' of the car and exited the booth through the
exhaust slot in the fleor of the booth
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The atr motion induced by the spray pailnting’'s jet apparently disrupte the alr
Tflows shown in Figure 3  Figure 4 summarizes the observed motion of helium-
filled bubbles while a painter saimulated painting the side of a car with an
enpty spray painting gun  When the spray painting gun 1s used, some helium-
filled bubbles were transported toward the gun This indicates that the spray
painting gun can draw contaminated altr towards the worker The jet from the
spray painting gun also dispersed other bubbles toward the front and back of
the car Jets are known to entrain additional air flow by transporting the

LPLTS

o HEUUM FILLED BUBBLES DISPERSED
sxe INTO INGOMING AIR FLOW
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OBSERVED MOTION CF BUBBLES

1 BUBBLES FLOW DOWN THE SIDE OF THE CAR

2 BUBBLES FLOW TOWARD AREA OF LOW PRESSURE CAUSED BY SPRAY PAINTING GUN
3 BUBBLES MOVE ALONG CAR'S SIDE TOWARD FRONT AND REAR OF CAR

4 BUBBLES FLOW INTO EXHAUST GRATE WHICH IS LOCATED UNDER CAR

Faigure 4 Motion of helinm bubbles when the pawnter simulates
painting side of car with empty spray painting guns

mechanical enargy of the air flowing out the jet’s nozzle to the surrounding
air ' Apparently, the jet of air from the spray painting gun is inducing
additional air motion that transports overspray toward the front or back of
the car When the energy of this jet 1s dispersed, the bubbles flowed toward
the exhaust trench in the fleoor of the spray painting booth  This phencmena
wauld tend to geparate the worker from the overspray  The particulate
Qverspray concentrations measurad on the worker were an order of magnitude
less than the concentratiens measured elsewhere in the boath  {See Table C2
page &7 ) Thus, the downdraft design minimized overspray exposure by keeping
the overspray away from the worker



The observed air motion in the booth suggests that the booths' vemtailation
prevents much of the overspray from enrering rhe worker's breathing =zone

Thais booth minimizes worker overspray exposure by capturing the overspray
after the energy of the jet is expended However, the air veloecities caused
by the spray painting gun appear to be much larger than the booth's air
velocity Consequently, there 15 always the possibility that exposure cccurs
because a pocket of contamineted air moves into the worker's breathing zone

The real-time exposure menitoring results presented in Figure 5 are consistent
with this interpretation of the ventilation data  The analog output of the
Photovac Tip II contains several sharp exposure peaks which occur during a
variety of activities

Effect of Spray Painting Gun Upon Dependent Variables

The effect of spray painting gun upon air contamlnant CONCEntrations was
studied during two periods  The data collected during the first sampling
Begaion, September 14-19, 1992, was discarded because of several preoblems
which are discussed in Appendix A  Appendix B contains the raw data collected
during the second session, July 6-8, 1933 Appendix C contains the details of
the statistical analysis used to evaluate whether spray painting gun affected
the dependent variables

In order to ferret out the differences in the dependent wvariables attributable
solely to the spray painting pguns, the data analysis had to address the
1nCconslEtent palnt usage The painter did not tightly control the mass of
paint used during each experimental run  He slmply painted the car body so
that the fanish, in his prefessicnal opinion, looked good As a result, the
obsetved differences in film thicknesses on the car and ailr contaminant
concentrations are, to some extent, affected the use of different masses of
paint during different sets of test conditions Varying the mass of paint
applied to the surface will affeet the other dependent variables in the study

In order to remove these masc-related affects, film thickness and air
contaminant concentration data wetre normalized — The average film thickness
during each tun was divided by the mass of paint used  Becaunse the average
film thickness 1s directly proportional to the mass of paint which coats the
car, this quotient 15 directly proportional to the transfer efficiency and
this quotient 1s independent of mass of paint used Before performing
statistical analysis, air contaminant concentrationg were divided by film
thickness Since film thickness 1s diresctly proportional to the mass of paint
on the car body, differences in the air conteminant concentrations are
evaluated on the basis of an squivalent paint job

The effects of paint, spray painting gun, and the interaction between spray
painting gun and paint upen film thickness per mass of paint were evaluated by
an analysis of variance (ANOVA)} using the SAS General Linear Models (GLM)
procedure (SAS Institute, Cary, NG) ¥  Because air samples collected during
the same experimental run may not be independent of each other, a repeated
measures ANDVA was used for the concentration per £ilw thickness data %2
Before the dara analysis was conducted, the concentration data was log-
transformed
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The probabality that the observed daifferences were statistically significant
are listed in Table 1 for the average value of film thickness divided by the
mass of paint used This table shows rthat the interaction between the
independent variables paint and spray painting gun significantly affected the
film thickness per mass of paint Figure & shows the effect of spray painting
pgun upen the film thackness per mass of paint used varied wath the paint The
film thicknesses presented 1n Figure 6 are the least squares estimates of the
means for this experiment  Because the experiment was balanced and there is
no missing data, the least squares estimates of the means are the same as the
average  For each paint, the GLM procedure computed t-statistics and
probabilities for testing the hypothesis that spray painting gun does mor
effect the film thickness per mass of paint For paint A, the difference in
Bpray palinting guns 1s not significant {proeb > t = 0 32} For paint B, the
difference in the film thickness per mass of paint between the two guns was
statistically significant {prob >t = 0 0005}

The cheice of spray painting gun significantly affected the particulate
averspray concentration/film thickness (prob > F = 0 0009) as presented in
Table 1 {column 3) Because none of the interaction terms were statistically
significant, the effect af gun upon the particulate overspray concentration
does not vary with sampling locatiom or paint to an extent large encugh to be
detected The effect of spray painting gun choice upon particulate overspray
concentrations 1s presented in Figure 7

Az shown 1n Figure 8, the combined scolvent concentration measured on the
worker differs significantly with the spray painting pun {Frob > F = 0 (2}

In addition, the gun-associated difference on the worker was much larger than
the gun-associated difference at the other samplaing locations {Prob >F =

0 006} In Table 1 for the variable combined sclvent concentration/film
thackness, the interaction between gun and sampling lecatlon was significant
{Prob > F = 0 0002) This indicates that the effece of gun varies with the
sampling location At the other locations, the difference was not
significant

The effect of sampling location upon the combined solvent concentration was
investigated using Tukey's HSD multiple comparison test  Thais multiple
comparisgn test showed that concentrations measured at the wall and on the
warker differed from each other and all of the other sampling locations  All
of the other differences among locations were mnot significant

Finally, the repeated measures ANOVA indicated that spray painting gun did nort
have a significant affect upon titanium concentration divided by the film
thickness The titanium content of the aesrosol varied significantly with
experimental run which increased the experimental variability, obscuring any
effect that the spray painting gun had upan the observed titanium
concentration per unit of film thickness
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Discussion

Subetituting the HVLP gun for the conventicnal gun caused & factor of 2
reduction 1n the particulate overspray concentration and about a 30 percent
1mprovement 1n transfer efficiency  Lingk reported a similar reduction 1in
particulate overspray concentrations when a conventional spray painting gun
was replaced with an HVLP spray painting gun ** Anecdotal reports indicate
that switching from conventicnal to HVLP spray painting guns reduces paint
usage 1n autcbody sheps by about 25 percent ¥ (learly, mintmizaing the
amount of overspray through gun selection iz a useful gption in addition to
spray pawnting booth for controlling worker exposure to overspray  Because
the air velocities from spray painting guns are much larger than the air
velocities present 1n spray painting booths, spray painting booths may never
be completely effective at separating the worker from the gverspray

Figure 9 presents the ecbserved and expected ratios of conventlional to HVLP
spray painting gun results for these variables film thickness per mass of
paint used, combined solvent concentration per thickness of paint, and
particulate overspray concentration per thickness of paint The error bars
about observed ratiops are the 95 percent confidence intervals Based upon
clsams in the commercial literature, conventional spray painting guns have a
transfer elficiency of less than Q 4 and HVLP spray painting guns have

1g



transfer efficiency of at least 0 65 The expected ratio of the [1lm
thicknegses per mass of paint sprayed for the cenventional spray palnting pun
to the result for the HVLP spray painting gun 1s less than { 4/ 65) or O 62
Because this value falls below the confidence interval for the observed ratilo,
substituting the HVLF gun for the conventional gun does not provide as much
impravenent in transfer efficiency as c¢laimed in the commercial literature
The expected ratios for the solvent and particulate overspray concentrations
per paint thickness were obtained from the dimensionless concentrations
presented 1n Figure 1l (explained on page 35) The noticeable dafference
between the observed and expected ratios for the solvent and particulate
overspray cancentrations per film thickness 1s a consequence of the smaller
than expected difference i1n film thickness per mass of paint

In reviewing the availahle literature on spray painting, there were no
references ta data whach substantiates the reported transfer

efficiencies '*?* Apparently, the reported estimates of transfer efficiency
reflect "seat of pants" judgement rather than hard data  Thus, one should not
be surprised or alarmed by the smaller than expected difference between f1lm
thickness per mass of paint for the twe spray painting guns Thig situaticn
suggests a need to develop a standardized test for painting gun transfer
efficieney In addition, [undamental knowledge about how spray painting
parameters affect transfer efficiency are needed teo evaluate the
apprepriateness of a transfer efficiency testing methodology

Concluzions/Recommendations

The uge ©f HVLP spray painting guns needs to be encouraged The passible
benefit of using HVLP spray painting guns compared to conventicnal guns needs
to he considered along with other control options including ventilation and
personal protective equipment

In reviewing the literature, there was an absence of any information that
describes how an HVLP spray paainting gun minimizes overspray production 4
physical model of overspray production would be very helpful It would allow
equipment designers and users to knowledgeably select operatring conditions
which would minimize paint overspray generation Presently, such information
15 unavailable in the open scientific literature
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The dats collected September 14-19, 1992, did not show that spray palnting
guns had a statistically significant effect upon alr contaminant
COTCENTratlons or transfer efficiency  However, the results from the first
experiment were flawed and, 1f these resulrts would have collected 1n a NIOSH
laboratory, these results would not have been formally documented The
painter stated that the wanner in which the experiment was conducted did not
allow him to tell whether he was applying the proper amount of paint  The
contrast between successive layers of paint was too small and he could not
distinguish between freshly applied paint and the "old layer ™ Thus, the
painting was done 1n an unréealistic manner In addition, the partigulate
OVELSpray concentrations were low and some failters lost weaight  Thiz was
caused by a precision problem in the firlter weighing procedure The weirght
shift of blank filters for this study had a standard deviation of 0 05 mg
verzus 0 0f milliprams for the data discussed in the main body of the repert
Thus, many particulate overspray concentrations measured on the worker and
neXt to the booth wall were less than the estimated limit of detection (LOD)
The LOD was estimated as three times the standard deviation of weaght shift of
the blanks  Because of these problems, this data 18 not believed to be
useful, but 1t 15 i1ncluded solely for the sake of completeness

Experimental Procedures

This experiment involved 24 experimental runs  During each, the painter
applied two coats of paint to the car body to simulate a2 complete painting jab
1n an autohody shop  During each run, air contaminant concentrations, mass of
paint used, painting times, and paint film thicknesses were measured During
the first 16 experimental runs, the painter switched between these two spray
painting guns

1 A siphon cup spray painting gun (DeVilbiss Model No JGA 502-Tip 30EX)

2 A gravity-feed HVLP spray paintaing gun {DeVilbaiss Model No GFHV 501-
33EX) In this spray painting gun, the pressure at the cap was measured
to be 4 1 psig

During experimental runs 17 - 24, the painter used a third spray painting gun

3 A pressure feed HVLP spray painting gun {DeVilbass Model No 530-Tip
33FX) The pressure at the cap was measured to be 4 5 psig In this
gun, the paint cup was pressurized so that paint would flow from the cup
to the atomization nozzle

During experimental runs 1-2{ a tan acrylic enamel (Centari Acrylic Enamel,
Dupent, Willimington, DE) was used By vrun 20, the supply of acrylic enamel
was exhausted and a blue acrylic enamel was used

Particulate overspray dust concentrarions were measured using NIOSH Method
0500 ' In this method, a known volume of air 1s drawn through a preweighed
PVC filter at a flow rate of 5 0 liters peT minute using a personal sampling
pump {Aircheck Sampler, Model 224 -- PCKR7, BKC Inc, Eighty Four, PA) The
welght gain of the filter 1s used to compute the milligrams of particulate
overspray per cubic meter of aar
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Alr gamples for solvent vapors were taken by placing charcoal tubes {SKC
100/50 mg, lot 120) 1in holders and using personal sampler pumps {(Model 200,
Dupont Inc ) te draw air through the charcoal tubes at 200 cr’/min  Bulk
sample of the two paints used 1n this study and the reducer used te thin the
paint were analyzed by gas chromatography and mass spectroscopy to select
organic solvents for quantitation These four solvents, which had relatively
large peaks during the gas chromatography -~ mass spectroscopy, were selected
as analytes for the charcoal tube samplesz NIOSH Metheds 1450 and 1501 were
used to measure the mass of these solvents on the charcoal tube samples
toluene, xylene isomers, and n-butyl acetate ? The concentrations of these
solvents were summed to compute a combined solvent concentration in terms of
mg, { o

The charcoal tube and filter samples were taken art the following leocations
on the worker, along the left side of booth, and under the car door on the
left side of the booth

Paint Film Thickness Measurements

Paint film thickness was measured on the car’'s hood using the procedures
described 1n the main body of the report

Spray Painting Beoth Description

The autobody was painted in a DeVilbiss Concept II Downdraft Beooth as
described in the main body of the report  The confaiguration of this booth is
1llustrated schematically in Figure 10

Tables Al, A7, and 43 list, respectively, the test conditions during each run,
the solvent concentrations, and the particulate gyvergpray concentrations In
these tables, the following abbreviations were used to describe sampling
locations

P - personal,
U - under the car, and,
W - next to the wall

The following abbreviations were used to describe spray painting guns during
the first experiments

Conv  The DeVilbass Model JGA 502-30EX spray-painting gum,
HVLP  The DeVilbiss Model GFHV 501-33EX gravity-feed spray painting gun,
and,

PPOT The DeVilbiss Model 5330-33FX pressure-feed HVLF spray painting gun
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Table A3

Particulate overspray concentrations -

Septenber 14-1%, 1992

Run Gun Lecation Concentration
code code {mg/m)
— ——
1 Canv p 03
1 Canv u 70 29
1 Cony u % B
2 HYLP P ¢ 96
2 HYLF u 27 04
2 HVLP W g o9
3 Cony P 2 87
3 Conv ] 33 22
3 Cary ] 4 4%
4 HVLP P o 16
(A HYLP u 38 24
A HYLP W 1 44
5 Conv [ I 44
5 Conv U 49 1
E Conw [ & 22
& HULP P 2 15
& HYLR 1] 48 5S4
& HVLF H 0 &4
7 Conv P 118
7 Cony U G 45
7 Cony W 2 B2
HYLP F 2 42
a HVLP u 44 33
8 HYLP L] 0 50
? Conv P 3 82
b Conv u 45 36
b Conv o 4 73
10 HVLP p 2 2B
10 HYLP U 45 20
10 HVLE W D oea
11 Cony P 2 B0
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Table A3

Farticulate overspray concentrations -

september 14-19, 19%2
— ———  ——  —— —
Run Gun Location Loncentration
_ code code {mg /')
11 Cony u 7? 87 I
i1 Lonv W 11 07
12 HVLP P 0 80
I 12 HYLP Y 51 46 |
12 HYLP W T 04
13 Cony P 16 15 i
13 Conv U 43 33
13 Conv W 2 o7
14 HVLP P 0 42
14 HYLP u 57 42 I
I 14 HYLP W L
15 Conv P 0 47 H
15 Conv u 1497 18
15 Conw W 0 71
& H¥LP P 152
16 HYLF u &3 05 i
16 HYLP W 3 &2
17 PPot p i &3
17 FPot, u 76 BR
17 PPot W 10 38
16 PPot P 0 04
18 PPOT U 4% 78
18 PPot W 4 52 L
1% PPot P 1 &9
19 PPot u 83 08
19 PPOL W & &2
20 PEOT P 183
20 PPet u 20 50
20 PPot W 12 83
21 PPt p 0 33
21 PPot u back up pad miszing

33




Table A3  Particulate overspray corcentretiens -
September T4-19, 1992
Run Gun Lacation Comcentratien
code code tmasm'y
21 PPot W 10 50
22 PPot P 1 33
2d FPot U 93 33
22 FPot o 2567
23 PFot P 0 50
23 PPot L 77 B8
23 FPot W r &3
24 FPOL P 0 %2
24 FPot U 80 15
2b FPot o 11 54
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Appendix B

Data Tables for Data Collected
July 6-8, 1993
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Table B3 Particulate Overspray and Titanium
| Concentrations
Rumn Location Particulate Titanium
overspray coneentration
concentration {pg/m’}
(mg/n)
1 UCL 23 04 284 49
1 PCF 0 33 9 Do n
1 UCR 14 41 ac 90
1 WAL 7 40 75 51
1 POF 0 30 9 DO
2 UCL 37 8BS 312 28
2 WAL 17 48 332 42
2 UCR 28 10 328 63
2 PCFEF 4 02 117 10
2 POF 2 38 36 52
3 WAL 25 44 244 85
3 UCL 36 35 275 15
3 UCR 26 17 281 21
3 PCF 3 62 8% 70
3 POF 3 38 235 15
4 UCL 30 28 697 06
4 WAL 14 10 427 94
4 UCR 14 10 133 B2
4 BCF 2 34 75 00
4 POF 3 22 35 29
] WAL 11 88 944 04
5 UCL 20 61 584 1%
) UCR 15 48 116 19
3 PCF 2 083 11B 35
5 POF 2 00 132 50
6 WAL 13 98 342 47
i UCL 30 83 2588 94

Abbreviations UCL - under car left, UCR - under car right, W - wall, POF -
personal sample cpen face, PCF personal sample, closed face
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Tabhle R3

Particulate Overspray and Titanium

Concentrations
Run Location Particulate Titanium
oVerapray concentratlon
concentration (rg/m?)
(mg/m’)

f UCR 20 91 26% 03
6 PCF 3 25 213 36
6 BOF 1 34 ¢ 00
7 WAL 21 a5 3295 24
7 UCL 34 03 3233 33
7 UCR 20 58 1870 24
7 PCF 1 77 1ad 71
7 BPOF 1 77 100 00
B PCF 1 51 125 04
g POI 3 18 9 00
8 UCL 23 4e 3022 22
g WAL 9 15 784 72
8 TCR 16 23 1215 28
9 PCF D 83 241 41
9 WAL 25 82 944 47
1 POF 1 96 3B 12
9 UCL 35 84 1872 00
9 UCR. 1B 62 1619 23
10 WAL 27 10 6239 42
10 UCL 59 48 12029 0Z
10 UCR 26 10 5209 18
10 ECF 3 03 479 13
10 POF 173 66 75
11 WAL 25 46 2079 02
11 UCL 36 87 3601 47
11 UCR 15 00 1425 28
11 PCF 4 25 369 57

Ahbreviations

perscnal sample open face,

UCL - under car left, UCR - under car raight, w - wall,
FCF perscnal sample,

45

clogsed face

POF -



Table B3 Particulate Overspray and Titanium
Concentrations
Run Location Particulate Titanium
Overspray concentratian
concentration {ug/m')
(mg/m’)
11 BOF 4 40 187 4%
12 ucL 23 60 2834 51
12 WAT, g8 59 1412 88
1z UCR 11 54 1¢ll 91
; 12 PCF 5 09 195 338
12 POF 013 72 9¢
13 WAL 19 31 3146 Q7
13 UcL 1B 24 3910 11
13 UCR 39 98 8764 ¢4
13 PCF 1 48 292 13
13 POF 0 73 112 85
14 UCL 64 &6 11385 30
14 WAL 27 11 6414 25
P 14 UCR 22 70 5465 48
14 PCF 4 13 435 61
14 POF 1 as 62 Bl
15 oL 44 02 9336 87
15 PCF 1 58 E25 29
15 WAL 31 18 6376 66
15 UCR 25 24 3978 78
15 FOF 10 92 180 37
16 WAT 26 0B 226 8%
1ls PCTF 0 25 O 00
16 UCR 16 51 3200 04
16 ucL 42 61 148 20
1s BOT 2 6l 146 99
Abbreviations UCL - under car left, UCR - under car right, W - wall, POF -

persconal sample open face, PCF personal sample, ¢losed face
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Table B4

Salvent coneentrations

Run Location Ethyl Toluene | Xvlenes n-Butyl Combined
acetate (ppm} {ppm) acctate 2olvent
(ppm) (ppm) concentration
{me/m?)
1 WAL LT 19 6 89 373 4 24 62 36
1 UCR 1 87 42 04 31 83 29 &9 444 34
1 UCL 1 B7 27 73 17 048 16 96 26bH 29
1 UCF 1 &7 26 B4 17 o8 16 26 25% 55
1 POF a9 94 3 22 0 78 1 41 25 82
2 WAL 1 75 15 04 10 8E 8 90 157 40
2 UCR 1 75 37 54 34 08 30 36 4490 71
2 UCL 175 20 89 I3 78 13 86 210 91
2 Ucr 0 87 2 53 9 43 8 58 1312 21
BOF 1 75 4 34 218 1 94 41 55
WAL 1 68 17 69 12 56 11 44 181 32
3 UCR 1 &8 21 71 16 75 14 61 230 30
3 UCL 1l &B 22 52 16 05 14 61 230 3¢
3 UucCF 1 64 22 52 16 75 14 61 233 33
3 POF 1 68 5 595 2 93 2 67 532 94
4 WAL 2 04 18 54 12 70 11 54 187 50
4 UCR 2 D4 31 22 22 02 20 D4 3lé 18
4 ucL 2 04 33 17 23 11 21 59 338 24
4 UCF 1 02 20 4% 13 35 11 5§ 194 85
4 POF 1 02 4 10 1 69 1 54 33 gz
5 WAL 1 04 17 948 13 00 11 a5 180 48
5 Ucr 2 03 30 97 24 27 12 73 izz M
5 UCL 2 09 24 97 1 21 15 G0 252 240
5 UCF 2 049 28 97 21 67 18 15 297 37
5 POF 1 04 5 39 2 86 2 37 47 4o
& WAL 1 B9 16 23 12 52 8 o7 169 398
6 UCR 1 8% 20 74 15 6% 12 82 214 04
6 UCL 1 849 21 64 16 43 13 54 224 214
6 UCF 0 94 1% a4 14 08 11 40 193 66
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Table B4 Sclvent concentrations _
Run Location Ethyl Tolusne | Xylenes | n-Butyl Combined
acetate {ppm) (ppm) acetate solvent
{Ppm} {ppm) concentration
{mg./m*)
& POF 0 94 5 05 2 B2 2 14 44 85
7 WAL 1 &5 20 54 15 DB 12 48 208 233
7 UCE 0 B3 22 12 13 19 14 98 241 07
7 UCL 1 65 21 33 1 45 13 11 220 24
7 ucr <18 =< 1 8 < 1 7 <16 0 0D, dropped
from analysis
7 POT 10 74 15 80 4 46 4 12 137 20
8 WAL 1 493 11 98 7 6B 6 33 115 &3
4 UCR 1 93 27 64 19 59 17 47 241 25
g UCL 1 33 32 25 23 19 19 &5 322 52
8 Ucr 1 93 25 80 16 79 14 56 246 53
8 FOF 0 95 4 34 1 60 1 46 33 33
9 WAL 1 36 18 73 14 63 11 B4 197 65
9 UCR 25 2% 97 23 57 19 98 317 65
9 UcL 1 9% 39 34 31 70 25 50 416 47
9 Ucr 1 36 26 23 17 B8 15 54 257 65
9 POF 0 98 3 B4 1 63 1 48 32 12
10 WAL 3 02 28 8@ 20 05 19 ¢2 297 4¢
14 UCR 2 01 27 92 21 72 20 54 304 72
10 UCL 3 02 48 14 36 76 34 99 518 74
10 UCF 3 02 36 58 25 Db 24 34 373 64
10 POF 3 02 6 26 2 51 2 2B 56 23
11 WAL 3 08 26 38 18 65 15 44 265 03
11 LR 2 04 24 42 18 65 16 21 257 87
11 UCL 2 04 40 05 36 45 30 10 460 12 ]
11 Ucr 2 04 27 35 20 35 17 75 283 44
|11 BOF 18 39 18 56 4 24 3 78 172 64
12 WAT, 2 02 18 38 11 75 9 &4 174 87
Abbreviatieons UCL - under car left, UCR - under car right, W - wall, PGF -

personal sample , UCF - under car left side, filtercd inlet
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Table B4 Sclvent concentraE&2EE________h__ﬁﬂn________J
Run Location Ethyl Toluene | Xylenes n-Butyl Combined
acetate {ppm} {pPpm) acetate sclvent
(ppm) (ppm) concentraticn
{mg/m’}
12 UCR 2 02 25 15 16 738 13 74 240 58 1
iz UCL 2 02 37 73 26 87 22 93 375 46
12 Ugr 2 33 32 89 21 83 19 B7 321 87
1z POF 2 02 3 97 1 68 1 53 36 B2
13 WAL 2 08 26 84 18 98 16 49 26% 66
13 UCR 2 a8 26 7B 28 47 23 ba 382 Q2
13 UCL z 08 30 81 23 249 21 99 329 b9 E
13 UCF 3 12 34 79 25 02 23 56 363 30
13 POF Z 08 3 17 2 5% 2 3b 49 44
14 WAL 3 80 32 80 26 93 23 1z 364 48
14 UCR 2 78 26 &{ 23 08 18 91 300 &7
14 UCL 3 25 35 4s 30 01 25 52 399 22
14 UCE 306 32 80 26 93 23 12 381 BO
14 POF 2 78 718 3 6% 3 0B 67 82
15 WAL 4 49 25 34 25 05 21 14 321 22
15 UCR 3 20 20 41 20 16 17 24 260 74
15 UCL 5 &7 34 49 34 21 28 92 436 87
15 Ucr 5 &7 33 79 33 690 27 Bl 426 26
15 POF 3 08 T 74 i 30 2 78 71 08
16 WAL B 74 33 06 31 Y2 27 50 424 892
16 UCR 7 92 31 32 31 72 26 13 408 B85
16 UCL 13 &5 62 65 75 51 61 19 904 82
16 ucr 10 92 44 38 43 04 36 44 567 21
16 POF 1 82 4 70 2 57 2 06 45 25

Abbreviations UCL - under car left, UCR - under car right, W - wall, POF -
personal sample , UCF - under car left side, filtered inlet
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Appendix C

Statistical analysis for the data collect
July 6-11, 1993
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The ¢bjective of the statistical analys:is was to determine 1f there 15 a
difference between the two spray paint guns 1in the seven dependent variasbles
listed 1n the following paragraphs  This testing involved painting a car body
with one of two types of spray-painting guns and one of two types of paints
During each experaimental run, air samples were collected at five locations
This analysis was done for seven dependent variables  These dependent
variables were the combined solvent concentration, the combined solvent
concentration/per mill of film thickness, the particulate overspray
concentration, the particulate overspray concentration/mil of film thicknessa,
the tirtanium concentratiom, the titanium concentrationfmil of film thickness
and the film thickness  The analysis was performed on the natural logarithms
of the concentrations and the concentrations/mil of film thickness This was
done to achieve uniform variances and less departure from a normal
distribution for the dependent variables invelving concentration  The
dependant variable, film thickness, was not log-transformed The analysis
assumed that ambient conditions for the experimental runs were randomly
changing over the course of the study

ANALYSIS OF VARIANCE

4 special analysis mmst be used because the measurements taken at the five
locations for the same run are apt to be carrelated because these measurements
share the same test conditionsg as described in the preceding paragraph '*?

The GUN and PAINT factors are termed "between run" factors Each experimental
Tun invelved & specific paint and spray-painting gun  Variabality between
Tuns are due te a number of factors which are constant within a Tun and may
not be completely known to the investigators  These factors may include  the
worker’s practices during a specific run, variations in the paint being used,
et¢  Some of the effects that are of interest are associated with differences
that occur within a run, i e , LOCATION, or the variation af these with the
between run factors

The repeated measures ANOVA is accomplished by putting the between run factors
into the model first to remove their effects and cbtain their mean sguares for
these scurces of variatian  GUN, PAINT, and GUR#*PAINT Then, the remaining
sum of squares 15 used to compute the mean square for run is computed  The
mean square for run laterally i1s the run to run variebaility in this experiment
that can not be attributed te pun and/or paint If the mean squares for the
variables GUN, PATNT and GUN*PAINT are lerger than the mean square for run,
they are said to affect the dependent variasble

The "within run" analysis 1s performed next The factors for this are the
interactions of the between run factors with LOCATION The main effect of
LOCATION can be considered the GRAND-MEAN*LOCATION interacticn  The other
effects entered then are the GUN*LOCATION, PAINT*LOCATICN, GUN*PAINT*LOCATION,
and LOCATION*RUN, which 15 obtained as a residual The last term is used to
obtaln the wvariability at each sampling location caussd by weasurement
variability and other uncontrolled factors  This varlability term 1s used te
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evaluate whether the wvariables, GUE*LOCATION, PAINT*LOCATION, and
GUN*PAINT*LOCATION, affected the dependent variables

These analyses were accemplished by using SAS’s Gemeral Linear Models
Procedure (PROC GLM) * The independent variables were entered in the order
shown 1n Item 1| of Figure C1  (Although, 1f the design 15 not balanced, PAINT
- which 15 a nuilsance factor - was entered first and 1ts effects removed
before GUN 1s entered} The Type I sum of squares and meah Squares were used
to conduct the analysis of variance  As shown in Items 2 and 3, hypothesis
testing was customized by using the TEST statement and using the appropriate
erTor term 1n each case

The analysis of variance results are summarized in Table Cl Statistical
significance at the O 05 level wazs required to reject a null hypothesis ef no
effect for any independent variable in the anelysis  Spray-psinting gun and
sampling location significantly affected the particulate overspray
concentration and the ratio of particulate overspray concentration to film
thickness In Table Cl, spray painting gun did not significantly affect the
titanium or combined solvent concentrationsfmil of £ilm thickneses However,
the interaction between sampling location and spray painting gun significantly
affected the combined solvent concentration and the ratio of combined solvent
concenttration to [ilw thickness This indicates that, at least one sampling
location, gun affecred the observed difference in the combined solvent
concentration  The following section describes further investigation of this
gun-location interaction  The results presented inm Table €1 indicate that gun
did not affect the titanium concentration or the titanium concentration/mill
aof paint film thickness The last section of this attachment presents =z
reagon for this result

4 multiple comparison test, Tukey (HSD), was used to explore how air
coiitaminant concentrations varied within guns or sampling location  Multiple
comparigon tests for the effeet of sampling location upen the particulate
overspray concentraticon and the combined sclvent concentration are presented
in Table C2 and Figure G2

Evaluation of the gun - location ainteracticn for the combined solvent
concentrations

The objective was to account for a statistically significant (spray) gun by
location ainteraction for the logarithmically transformed solvent wvariables
detected 1n the initial analysis The initial analysis exsmined the "maip"
effects of GUN, PAINT, and LOCATION, respectively, and each set of
interactions using PROC GIM  There were no statistically significant
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Depepdent ¥ertable. LTOTSOLY
Sum of Mean

Source OF sSgquares Square  F value Pr > F
Moded 78 50 71929486 065015159
Errar D
torrected Total 78 50 71029486

R-5tjuare C.V. Root MSE LTOTSOLY Mean

1 noaand 0 0 5.2B8583917

Tearm 1

Sourea DOF Fype ] 5% Mean Sgquare  F Velueo Pr » F
GUN 1 8. 15163409 0,15193408 »
RAINT 1 000352060 0 00352080 -
GUR*PRINT 1 b 22433528 0 22433528 .
RUN 12 4 LF351620 4 38955958 - -
Loc [ 3B_T2Re3TIE @ 48223430
GUN*LOC 4 ¢ A8a45602 0 524711400 .
PAINT*LOC 4 D 59561318 0 1415330 .
GUN*FAINT*ILOC 4 0 55363250 0 13840812 -
LOC*RUN 47 3 6FFIQTT 0.07828405 .
item 2
Tests of Hypotheses using the Type I WS for RUN as an ervor tefm
Souree OoF Fype 1 5% Mean Square § valup R = F
GUN 1 415193409 U 15193409 ¢ 3% 0.5439
BATHT i 0. 00352060 0 (0352040 L 5.9258
GEUN*PATNT 1 0 22433528 0 224633528 0 58 0 480&
item 3
Tests of Hypotheses using the Type [ MS for LOC*RUN as an errar term
ourea OF Type 1 5 Mean Square F Yalue Pr > F
Loe o 38 TaeETE2 9 AB223630 123,48 0 ooo
GUN*LOE & 2 (9645402 O 52411600 6 70 0.0a02
PAINT*LOC & 059441318 o 14015330 191 a.1252
GUN*PAINT>LOL & 0 55343250 0 13340812 177 9.1511

Aithors ahhotatian, The varieble "GUN" describes the type of gun which was uzed, an HVLP spray
painting gun or a conventionagl Pammting gun.  The variable "Paint® describes whether paint & or B was
used during this axperimental run  The variable oLDC* doscribes the sampling location for the data,

Figure (1 An example of a tepeated measures analysis of variance ugsing che
$A8 General Linear Models Procedure
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Tahle €2 Multaiple Comparison Test Results Showing the Effect of Sampling
Location upon Geometrie Mean Tetal Dust Concentration

Sampling location Geomstric H Tukey prouping
cade nean {geometric means with
{mg/m*) different letters differ

significantly )
e ——

UCL (under car left 32 16 a
s1de)
UCR (under car, right 19 16 AB
side)
¥al {near wall) 17 16 B
Personal sample, 19 16 c
closed face
Persomal sample, open 18 16 C
faced

differences for either dependent wvariable associated with PATNT or 1ts
interactione with the other factors The GUN difference was not statistically
significant for either variable bur LOCATION differences and the GUN-LOCATIGH
interactions were for both dependent variables

A special analysis was conducted to identify specifaic differences in the
performance of the twe spray guns awmong the five locations that was indicated
by the presence of a GUN-LOCATION interactien  There cannot be a real GUN-
LOCATION anteraction unless there 1s a teal gun difference at least ar one
location  The presence of the interaction, however, 1ndicates that the "masin"
effect of GUN is merely an average of the specific GUN differences at the five
logations rhat paint were applied and 15 not a useful source of information
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General Linegr Modals Procedure
Tukey's Studentized Range (HSD) Test for variable: LTOTSOLY
HOTE This test controls the type | exparimant Wise errar rate
hlpha= 0 05 Confidence= 0 95 df= 47 MSE= 0.07E284
Critical Value of Studentized Range= 4.017

Comparisons s1gmifrcant at the O 05 level are indicated by ‘v*x!

Simul tanecus Stk tENEGLS
Lower g1 fference Upper
LOC Conf rdence Betwaen  Lonfidence

Lomparison Lemet Haans Limit

ucL - Uce -0 {594 a 1210 0 4015

UEL - UCF 0 099& J, 1856 0 4708
ULL - WAL 0 2342 J 5148 0 7§54 Rk
UEL - POF 1 6134 1 BR40 2 TFaf  www

ucR - UCL -0 4016 -0 1219 0o 139&

uck - UCF -0 2206 0 Dé&s 0 3498
UCR - WAL a 1132 0 3%38 O GFLT  hAe
UER - POF 1 4924 1 7730 2 0534 A

UBF - UpL -0 4708 -1 1854 0 995

UCF - UCR ~0 3498 - (545 0 2204
UCF - WAL 0.043% {1.3292 0 8144 wEw
UCF - POF 1 4232 1 7084 T OFRT R
WAL - ULL -0 7954 -0 5148 -0 2742 wes
WalL - UCR -0 6743 -0 3938 -0 32 www
WAL = UCF 0. 4144 -0.37292 -0.0435 ww
WAL - POF 1.0957 1 3793 1 659G  wew
FOF - UGL -2. 1756 -1 G940 =1 6134  ww=
FOF - UCR -2 0536 -1 7730 -1 4924 e
POF - UCF -1 9937 -1 TOE4 -1 4232 W
POF - WAL -1 4599 -1 3793 -1 ORB7 e

Authors annotstion: The dependent varizble 15 the matursl tegarsthm of the combined satvent
corcentration  This test computes the difference between the combined solvent concentrations at all
of the different sappling locations, The codes for the fampling iotstion are given tn Appendix B

Figure €2 Multiple comparizon test conducted to evaluste how the combnned solwent concentration varied
among the sampling lecations
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The analysis simultanecusly examined all of the GUN contrasts at the five
locations, in this case the simple gun differences at the five locations, to
determine how many, 1f any, can be inferred to be real, or 1f one or more
contrasts of such differences across locaticns appears to be non-zero, or if
there 15 some pattern across locations for the size of the gun differences
There are five degrees of freedom for this set of contrasts, one for each
locatrian-specific gun difference A Scheffe” or "S-method" multiple
comparison analysis over this five deprees of freedom "space” would seem
useful for this However, the five gun differences are not statistically
independent and linear combinations which de not i1nvolve contrasts Across
locations involve both the between "automobile" and the within "automobale”
components ¢of variance while contrasts across lacations involve only the
latter component

The Scheffe’ S-method procedure was used to examine contrasts of the gun
differences acress locatzons, which are the contrasts assoclated with the
interaction sum of squares found significant in the i1nitial analysis By the
statistical model used, these contrasts do not anvolve the error factors
associated with automchiles, only specific locations  However, instead of
treating this space of contrasts as having four degrees of freedom, which
would ordinarily be done, 1t 1s assigned five degrees of fresdom for the
entire get of interest  Thus, any sum of squares 1s divided by five, not
four, and the F-ratioc 1s treated as havaing five degrees of freedom for the
numerator

After inspecting the estimates, seven lecation conrrasts of the GUN difference
were analyzed The pgun daifference [ound for the petsonal sample was
contrasted with each of the locationz con the autobedy and the wall, the
average of the latter, and the average of rhose only on the autobody
Additionally, the gun difference found on the wall was contrasted with the
average 9f those on the autobody  Different SAS PROC GLM "computer runs" were
used to obtain estimates of these contrasts, the proper standard deviation
estimates, and the proper ceefficients of the estimated standard deviation to
obtain estimates of their standard errors The correct standard deviation to
be used as the factor to obtain the carrect standard errors was the square
root of the "locatiom x run" mean square error A Student t-ratios of the
contrasts previously described were then obtained by dividing each contrast
estimate by Lts estimated standard error This was squared and divided by 5
to chtain the required F-ratios with 5 and 47 d4f

5AS PROC GLM was then used to obtain estimates of the location-specific GUN

differences A separate "computer run,” based on the statistical model, was
used to estimate both the "between experimental runs,” alse termed "all,” and
"within experimental runs," 1 e , "location" wariance components A linear

combination of these was used to cobtain the variance estimate regquired to
estimate the standard errors of the five location-specific gun difference
estamates  However, when the square root of this quantity was compared ta the
sguare roat of a SAS PROC GLM computer run which ignored the repeated measures
structure of the experimental design, there was no difference to two decimal
places Nevertheless, the corrected standard errors were used
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However, the F-ratios used to test the null hypothesis of no difference
betwgen gun at each locatrion were computed by squaring the ratio of the
estimated difference to the estimated standard error of that estimate and then
dividing by five The Tesuiting F-ratios were treated as having 5 and 33 5 df
{(using Sattherwaite’'s approximation)

RESULTS

The results of the analysis of the contrasts involwing the gun differences
Specific to each of the five locations are shown 1n the following table  The
error type coTTreRspOmds to the sources of error described above "ALL" refers
te both between and within autobody run sources while "WITHIN" trefers only to
the latter

38



Mependect Varlable
LTOTSOLY (che nakeral

legarithm of the
cowbined solvent
ConetenETat oot}

Incorreck Correction Corrected F-Ratia df Siguifi
Contrast' Error Rstimate Std Error Facror 8td ErTOT LT
Type Level

e s — —
GUM DIFF BOF ALL O &5 0 1876 0 5941 D 1874 T 5,33 5 o 059
G BIFF UCF ALL =0 09 0 1953 0 9u9] o 1951 0 05 5,333 0 999
GUN DIFF UCL ALL - 15 0 1378 9991 0 1874 013 5,33 5 0 983
GCH DIFF UCR ALL -0 18 0 1874 7 9991 0 1874 0 22 5,33 5 ¢ 953
LUY DLFF WAL ALL 0 28 a 1876 0 9991 0 1874 Q 4a 5.33 5 0 393
G DIFF AWGU ALL -0 15 a 1098 0 9991 o 1097 0 36 533 & G 870
GUN D {?07- WITHIN 0 T4 0 2708 0 7457 0 2019 279 5,47 0 632
Ucr,
GH D (POF- WITHIN 0 &0 0 2653 0 7457 0 1978 3 2B 5,47 0013
ULy

i| Guw o (POP- WITHIN 0 84 D 2653 G 7457 g 1978 362 5,47 7 o8
UCR)
GUN [ {FOF- WITHIN 0 36 0 2653 0 7457 a 1978 o er 5,47 0 64&5
WAL)
GCUH L (FOr- WITHIN 049 0 2102 7457 0 L1367 3 B4 5,47 a aos
AVCHE)
GIfH b [POT- WITHIN (] 0 2174 0 1457 {4 L62l 4 81 547 0 a0l
AYGH)
CUl L (Wol- WITHLA B &% 0 2174 0 7457 [LER VAR 1 4% 5,47 a 236
AVGIH)

1 Abkreviatiocns POF perzonal sample

WAL on the wall

LCF under the cer, left-side filtered
CCLL, uweder ecar, left side

UCR urder car, right side

OTW  off the wall

AVGHP average of all cxeept perscual
AYEU  aversge of under the car

D ur DIFF diXfecenca
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Dependent Variable LTR_THIC
fmatural logatitho of the

corbined solvent cococentration
divided hy filw thicknean)

Incarrect | Correction Corrected P-Rutio df Signat
Conl rast! Error Escimate | std errer | foctor gtd crror icance
type lewel

——— . —
GUN DIFF FQF ALL a5 0 1857 1 0019 0 1861 iz7 3.3315 0 a6
GUN DLFF UCF ALL a az 0 1923 1 0019 Q0 1937 oo £, 235 1 000
G DIFT TICL ALL -0 Q35 0 Lasy 1 ool 0 1261 0 ol 5,31 3 1 aoa
{JIM DIFF TICR ALL -0 09 0 1857 1 gola 0 1M§1 o b5 3,331 5 0 999
4im DITF WAL ALL a 39 G 1857 1 ac19 0 1841 o a8 5,33 & 0 508
GIM DIFF AVGD ALL -0 04 01047 1 ooig 0 1loa9 o oz 5,33 4 i 000
GUN T {POF- TICF) WITBIN a 73 0 2641 0 133z 0 2019 ? A2 3,47 0 016
GUN 0 {PO7- TL) WLTHTN 0 80 0 2627 0 7532 o 1978 358 3,47 0o 013
GUN I {POF- WCR) WITHIN 0 54 0 2627 0 7532 0 1978 3 62 5,47 0 003
GION D {POF- WaL) WITHIR a 3s 0 2627 0 7532 0 13973 0 67 5,47 g 645
GIM O (FOF- AVGNP} WITHIRH 0 63 0 2081 0 FR3z 0 1567 341 5,47 0 005
GlM I (ENDI- AVGU) WLTRIN 0 2152 0 7a3z 0 1lazl 4 76 5,47 0 0ogl
GUR 1} (WAL- AVCU) WITHIN o 43 0 2152 0 7532 a 1621 L 32 5,47 0 245

The results for the two dependent vartables are virtually identical The
location-specific analyses, e g , those for the simple gun difference or the
average of these across specified locations, also indicate that there is about
95 percent confidence that there is a gun difference at the POF location Ho
such conclusien can be made at any other location

The gun difference for the personal sample differs statistically significantly
from the gun differences at all three "under rhe car" locations and the
average of these but not from the gun difference at the wall location  The
gun difference for personal sample also differs statistically significantly
from the average of the other four locations The gun difference estimate 1s
the second in size afrer that for the personal sample  However, the
difference between that difference and the average gun difference for the
three "under the car" locations 1s not statistically significant

INTERFRETATION

These results indicate that differences in performance between the two guns
for these dependent variables were detected in the personal sample hut at no
other locatiom Any such difference at the wall or at any under the car
location, 1f any indeed, were too small te be detected with thas study
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Moreover, whatever differences in perfarmance of the two guns there were at
the five locations, the one for the personal sample 1s larger in absolute size
than at any of the under the car locations  Any other differences among the
locationg were too small to be detected with thas gtudy, if indeed any such
existed

Titanium Concentration Measurements

Because the titanium content of the paint is expected to be constant, the
titanium air sampling results should be similar to the particulate overspray
concentration results Thus, omne would expect spray painting gun to
significantly affect tiltanium concentration However, the variabilicy in the
titanium data appeared to be much larger than the variability in the
particulate overspray concentration data  The means squares for run,
respectively, were 5 4 and O 43 {(both with 12 degrees of fresdom)
Unfortunately, the titanium content of particulate overspray was not constant
The logarithm of the tatio of micrograms of titanium teo the malligrams of
total dust collected on each air samples was found to be significantly
affected by both location {(Prob > F = 0 03) and indavidual run (Prob > F =

0 0062) Apparently, the titanium comtent of the paint aprosel was not
constant This suggests that the titanium content of the paint was not
constant  This probably 1s responsible for the drastic increase in the
variability of the titanium concentratlon measurements Thus, the titantum
data 1z not believed to be useful for evaluating whether the choice of the
spray painting gun affects air contamination in a spray-painting booth  The
painrer indicated that the paint was blended by a local supplier The blender
mixes several tints to obtain a consistent color, there is no effort to
control the titanivm content
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L. ]
Generst Linear Madels Procedure

Dependent Yariable LRT_TH

Sum af Maan
source Uf Stjusies square  F value Pr > F
Hode | 19 153 1187622 & 0538822 3,44 0 001
Error &0 1406948207 2 3449138
Corrected Totml 7o 293.813591¢
R-Square cv ROOt MSE LRT_TH Hearn
0.521143 42.77048 1.53131 3.58029901
Source DF¥ Tyhe 15T 88 Mean Square  F value r > F
LOCATION S 26.3261236 & HB15309 2.81 U 0334
] 15 1286 7P24384 3 4528424 3.80 4 0apz2

Aithors sanotation-  The dependent variabte 15 the natural logarithm of the mags of titanium
ol lected on the a1r sample divided by the mass of particulate matter collected on the fiiter

Figure 3 Uac of SAS General Linear Modeis Procedure to evaluate whether the titanium content of the
overspray 1& varying With run and sampling locatian
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Tukey's Studentized Range {HSD} Test for wariabler [RT_IN
Alpha= 0.0% df= 60 MSE= 2.34401%
Critical VYaluve of Studentized Renge= 5 056
Mimmm Sigmificent Difference= 3 4623
Mears with the seme letter azre not sigmificantly different

Tukey Grouping Mean N RUN
A 5 180 5 13.00
A
A 4,913 5 10,00
R
[ 4 BBa 5 15 09
A
A 4 &35 5 14.00
A
A & 626 5 12.00
A
A 4 494 5 7.00
A
A & 223 5 11.00
.
B A 4 78 5 9400
B A
;) A 3 7iA 5 500
3 A
B A 2.903 5 4.Q0
a A
B A 2 803 5 800
B h
3 A Z 8n5 A
B A
B h Z A98 5 200
8 A
8 A Z2.2h¢ 5 6.00
B A
B A 2 185 5 15 At
B
B 0.617 5 100

Tukey's Studentized Range (HS0) Test for warighie LRT_TM
Alpha= 0 05 df= 80 MSE= 2 344914
certacal Value of Studentized Ranoe= 3.977
Minimum S1gmificant Difference= | 5227

Meens with the same Lletter are not sigmificantly different

Tukey Grouping Keah N LOCATION

A 4 028 16 WAL
A

B A 3.94D 16 AUCR

B A

B & 3.890 16 ucL

B A

B A 35N 16 PCF

B

B 2 475 16 POF

Figure C& Multiple camparison test results which explore how titanmium content varies with sampling

lacation and experimental run
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