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The information contained in this report is property of 
the Composites Fabricators Association (CFA) 

and is protected under copyright law. 

0 Composites Fabricators Association 1996 

The Composites Fabricators Association has engaged in this styrene emissions test project to 
enhance the understanding of emissions. and emissions mechanisms, with regard to the open 
molding process. The CFA offers this information for use by its members, governmental agencies, 
indusq associations and parties who may purchase copies of this report, with the following 
restrictions and understanding: 

This repurt is io be considered a hoc+ oJ'inJormarion. The injornrarion conrained in rhe Phase I 
Baseline Test Report and rhe Oprimizarion S~udy Report is inrended to comprise rhis body o j  
informarion. Excep  by e.t'pre.ss agreement. CFA does not permit, condone rhe u.se, cilalion or 

reproducrion of'unouthorizedporrion.~ of'rhe informarion or data contained in rhis repon. 

The intended purpose of the above limitations is to prevent potential context limited 
misunderstanding, misrepresentation of the scope of data, or inappropriate application of this 
information through the use of portions of this work which do not provide adequate context to 
properly frame the use of the data. The purpose of these limitations is to safeguard against misuse 
or misrepresentation of the data contained in this report. 

The CFA is willing to provide access to, and accommodate the use of this information. 
Additionally, CFA is willing to assist individuals, organizations and regulatory agencies in 
understanding the scope, mechanisms, and implications of styrene emissions from the open 
molding process, provided the information herein is used in context and within the scope of the 
body of work. 

Composites Fabricators Association 
820 1 Greensboro Drive, Suite 300 

McLean, VA 22 102 
(703)-610-9025 
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The Phase I - Basehe Study has pmvided a mass o f  data on s t y m e  emissions fmm the hand ky- 
up, gel coating and qray-up. These data have been ana4xedJir the purpose ofthis report. 
Howew, further anabsis wi.4 be ongoin& as our undentanding o f  s tyme emissions inmases. The 
mbted Optimixation Study has shed Lght on the s&nijcant effects o f o t m p y  in the& coat and 
pinyup process. The Phase I1 Study, scheduhdfor coqht ion in kate 199G, wi.4pmvide data on 
soum reduction methodr, such as styrene suppmsants,jUed systems, dematim @pLcation 
equipment, and wiU explore e&ts ofmolding a Imgefemhpatt. The phase I1 Stu4 is further 
intmbted to the Phase I studq: and thereJire the auaikabh dota wi.4 inmase greater than the sum 
ofthe individual studies. 

Thegoal qfthispmject has been to pmvide 'kood science '' to the quan@cation ofstynne emissions. 
To this end thepmject has been succesfuf in that we ham hamed how to measun stynne emissions 
accurate4 and withgood repeatabihty. The factors which contribute to emissions ham been 
ia'en@ed, and accumte emissions hmh ham been estabhhedfor baseline opmting scenarios. 

The Project Team 
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The CFA sponsored Open MoMng Spwe Emissions Test Pnjedis the most extensive research 
conducted to date on this subject. The scope, detzils and data quality produced by this project 
have provided a Fundamental understanding of styrene emissions measurement techniques, and 
the factors conmbuting to styrene emissions. In addition, the EPA Category I1 Quality Assurance 
Project Plan qualification provides a level of recognition and confidence in this work which is 
unprecedented by any other study or emissions test project. 

Phase I of this project is a Baseline Study of the hand lay-up, gel coating, and spray-up (chopping) 
processes. In the baseline study, no attempt wds made to reduce or control emissions. The 
application practices employed are considered typical for uncontrolled processing. The parameters 
of the esperimend variables (i.e. styrene content, gel time, thickness, air flow and material flow) 
are again typical of what may be found in the industry. However, the range of these variables does 
not approximate the range that might be found across the scope of the industry. For example, the 
mold used for these experiments is a male mold with a surface &ea of approximately 37 square 
feet. Molds which are larger or smaller, and in both male and female configuration, can be found 
throughout the industry. These data represent an accurate picture of styrene emissions within the 
parameters of this project, and form the foundation for understanding a larger scope of the 
industry. 

The data presented in this Phase I Study indicates emissions levels higher then amen t  EPA AP-42 
factors for uncontrolled processing. However, it has been shown that substantial reductions in 
emissions are available through relatively minor resin/gel coat formulation changes, and 
stnighdoward refinements in application techniques. Some of these material formulation 
changes are explored with the use of high and low styrene content resin/gel coats, or in the fast 
and slow gel times represented in the experimental design. The subsequent Gel Couf/Spn.yUp 
Optimp&vi Stw4 explores modifications to application technique which resulted in substantial and 
easily attainable reductions in emissions. ’ 
The Open Molding Styrene Emissions Test Project - Phase I Study experimental runs were 
conducted by the Composites Fabricators Association, at a Dow Chemical applications laboratory 
facility in Freeport, Texas, between September 19,1995 and December 14,1995. A t o d  of 60 
valid experimental runs were made during this time period. The follow-up Gel Cout/S@wyUp 
Optimp.hn &@was conducted from February 21,1996 to March 7,1996. Phase I1 of the 
Project, which is specifically exploring source redudon and pollution prevention methods was 
initiated in May, 1996 and is expected to be finalized in the 3“ quarter of, 1996. 

An extensive pilot program preceded this study, in which the operation of the temporary total 
enclosure, exhaust stack air flow, measurement equipment, and experimental procedure was 
established and refined. The test set-up was then transferred to another building in the Dow 
complex, where final improvements were incorponted for the “official” experimental mns. The 
sophisticated data acquisition system incorponted in this study has provided unprecedented data 
resolution, and correlation of data to operating conditions. 

The Baseline experiments were conducted using an orthophthalic polyester resin and a polyester 
gel coat with styrene as the sole monomer. Hand lay-up laminates were fabricated using chopped 

0 CFA 1996 1 
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strand mat, while the spray-up laminates used continuous strand roving. For gel coating and spray- 
up, an hir-assist airless (AAA) spray unit, which is common throughout the industry, was used. 

Statistical analysis of the resulting data has shown a high level of confidence in validity, and the 
repeatability of replicate experiments has proven to be very accurate. Resulting emissions are 
expressed in a number of forms in the data tables. This includes: % emissions by resin weight 
(%RW); Yo emissions by available styrene (%AS); gams of emission per square foot (g/f?); grams 
of emission per square meter (g/m?; and Normalized Surface Area Emissions (g/ft2/kg); and 
pounds of emission per ton of resin (lbs/Ton). The test results as discussed in this document are 
expressed as percent emissions of available styrene (AS). Available styrene can also be expressed as 
percent emissions per resin styrene content Analysis of the data based on each of the various 
expressions yields a slightly different view of the results. For example, the analysis of surface area 
emissions vs. emissions based on weight of resin, yields a different ranking of test results. This 
analyhc flexibility allows a better understanding of the emissions mechanism, and will conhibute 
to the construction of more accurate modeling of emissions. 

Hand Lay-up Summary 
The maior Factors conmbuting to styrene emissions in the hand lay-up process are: Laminate 
thickness; Gel time; Styrene content. Air flow, in the range of 50 -100 fpm, over the mold surface 
is a insignificant factor. An average of 14.1% emissions (AS) was produced for all experimental 
runs. Emissions ranged from 9.8% to 21.1% (AS). The combination of a thick laminate, low 
styrene content, fast gel time and low air flow produced the lowest emissions at 9.8% AS. At the 
high end of the range, a thin laminate, high styrene content, slow gel time and high air flow 
produced 21.1% (AS) emissions. Approximately 50% of total emissions were produced during the 
resin application phase of the process (transferring resin from the bucket to the laminate with a 
paint roller). 25% of total emissions were produced during the laminate roll-out sequence and the 
remaining 25% emissions were produced in the post roll-out curing stage. 

Hand Lay-Up Emissions - 

Contributing Factors 
(ExcIua5-1~ %&ness) &Flow m 

0 CFA 1996 2 



Gel Coat Summary 
The major factors conmbuting to styrene emissions in the gel coat process are: Film thickness and 
Styrene content. Gel time and air flow over the mold are minor factors, while gel coat flow rate is 
an insignificant factor. An average of 51.4% emissions (AS) was produced for all experimental 
m s .  Emissions ranged from 43.5% to 61.8% (AS). The combination of thick h, low styrene, 
fast gel time, high gel coat flow and low air flow produced the lowest emissions at 43.5% (AS). At 
the high end of the range, a thin film, high styrene, slow gel time, high gel coat flow and low air 
flow produced 61.8% (AS) emissions. Approximately 50% of total emissions were produced 
during the spray application and 50% during the curing sfage. 

r ~ Gel Coat Emissions - I 

Gel Coat Emissions - 
Contributing Factors I 

spray-up summary 
The major factors conmbuting to styrene emissions in the spray-up process are: Styrene content 
and resin flow rate. Thickness was a smaller contributor, and a two Factor interaction of styrene 
content + resin flow is a significant factor. Air flow was an insignificant factor. An average of 
25.0% emissions (AS) was produced for all experimental runs. Emissions ranged from 17.1% to 
38.0% (AS). The combination of thick laminate, low styrene, fast gel time, low resin flow and high 
air flow produced the lowest emissions at 17.1% (AS). At the high end of the range, a thick 
laminate, high styrene, slow gel time, low resin flow and high air flow produced 38.0% (AS) 
emissions. Approximately 50% of total emissions were produced during the spray application, 
25% during the laminate roll-out, and 25% during the post roU-out curing stage. 
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Factor Hand Lay-Up Gel Coat 
Thickness Major Major 
Styrene % Major Major 
Gel Time Major Minor 

Resin Flow NIA Insignificant 
Air Flow Insignificant Minor 

Spray-Up Emissions - 
Contributing Factors 

GelTF 1% 

sprayup 
Minor 
Major 
Minor 
Major 

Insignificant 

Pjr Flow 0% Thickness 3% 

n Flow 13% 

styrene Content W A  

Contributing Factors 

Conclusion of Phase I Baseline Studies 
In all three studies, styrene content was consistently a major factor. Laminate or film thickness, gel 
h e  and resin flow rate are emissions conmbutors in varying degrees. Air flow over the mold was 
an insignificant Factor in all cases. The combination of styrene content and resin flow, in the spray- 
up study, was the only significant two factor interaction in all the studies. The combination of thick 
laminate/fh, low styrene content and fast gel h e  is consistent in producing the lowest 
emissions in all three studies. 

0 CFA 1996 4 
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Optimization Study 
The objective of the Optimization Study was to explore the effects of opdmizing the spraying 
process for both gel coat and spray-up resin application. Whereas in the Baseline studies no 
attempt was made to control emissions, this study sought to quanti5 the effects of changes to the 
spray gun and application technique. The Optimization Study was cartied out under the same 
rigorous Category I1 Quality Plan parameters as the Baseline study. (Refer to appendix for full text 
of Optimization Study Final Report). 

The results of this study indicate that the reduction of overspray, through optimized spray gun set- 
up and controlled spraying technique, makes major conmibution to reduced styrene emissions. Gel 
coat emissions were reduced by over 40%, and spray-up emissions by over 20% with conaoUed 
spraying techniques. Extrapolating these reductions to the range of emissions from the Baseline 
Studies finds the potential to reduce gel coat emissions to between 25.4% and 36%. While spray- 
up emissions can be reduced to between 13.4% and 29.8%. This brings the gel coat emissions 
within the mge of current EPA AP-42' emissions factors, and spray-up emissions within the 
upper range of the Ap-42 Factors. 

Optimization Study Conclusions 
Optimization of spray gun set-up and spraying technique can have a highly significant impact in 
reducing emissions. These methods provide substantial pollution prevention opportunities in the 
form of source reduction and bring emission factors within, or in proximity to, AP-42 emission 
factors. Recommendations are outlined in the Optimization Study Report, and include cornmen6 
on proper spray gun set-up, tip pressure, operator training, spraying technique and overspray 
capture. It is recommended that these opdmization methods be considered a ptimary form of 
pollution prevention and source reduction for all polyester/vinyl ester resin and gel coat spraying 
operations. 
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Section 1.0 
Introduction 

1.1 Background 

The industries using unsaturated polyester and vinyl ester resins process an estimated 1.4 billion 
pounds of resin per year. Various industry estimates indicate a range of 40% to 70% of this resin is 
used in the open molding processing categoty. A wide and diverse range of products are produced 
through open molding, including: corrosion control and pollution prevention products; 
transportation products; marine products; architectural products; sports and leisure products; and 
custom molded products. 

Because of the versatility of composites, including the fact that many companies manufacture 
composites as a component of other products, it is difficult to ascertain the absolute size and 
scope of the industry. Recent surveys estimate that between 3,000 and 5,000 companies are 
engaged in composites production. These operations m a y  m g e  in size from literal “mom and 
pop” two person operations, to facilities employing nearly 1000 workers. It is estimated that at 
least 150,000 workers are employed by the US. composites industry, and that the industry 
conhibutes over $16 billion annually to the US. economy. 

As a result of the 1990 Clean Air Act Amendmenc the USEPA is developing a maximum available 
control technology (MAC?) standard for the open molding composites industry. This standard is 
focused on styrene emissions from the molding process. Currently EPA’s Conpihdon 4 2 i r  
Pohtant Emission Factor (AP42) is the primary source of styrene emission factors for both the 
agency and the industry. A series of unrelated emissions tests conducted by EPA contractors and 
other sources have shown a wide range of emission factors. The purpose of the CFA Open 
Molding Styrene Emissions Test Project is to identify and quanti6 contributing Factors to styrene 
emissions, and to esQblish baseline emission levels from the open molding process. 

The open molding industry uses the hand lay-up, spray-up and gel coating processes. Gel coat is 
used to provide a cosmetic and weatherable exterior surface for composite products. Both the 
hand lay-up and spray-up processes use thermoset resin and a reinforcement fiber to create the 
structural laminate. Polyester or vinyl ester resins, and glass fiber reinforcement are most 
commonly used by a vast majority of the industry. 

The hand lay-up process is defined as the manual application of resin to the @ass)fiber 
reinforcement. The resin and initiator are mixed in a cont2iner and applied to the laminate using a 
brush, paint roller, squeegee or similar tool. Following saturation of the fiber reinforcement a “roll 
out” sequence d e s  place, where an FRP roller is used to remove entrapped air and consolidate 
the laminate. 

The resin spray-up application is defined as the use of a “chopper gun” to apply a h a t e .  The 
chopper gun dispenses resin, catalyst and chopped glass fibers. Continuous strand fiberg& roving 
is fed to a chopper unit mounted on the spray gun and is cut into chopped short fiber lengths. 
The chopped fiber is ejected from the chopper unit and is captured by the resin Fan pattern a 
short distance from the spray gun. The mivture of the catalyzed resin and chopped fiber is 
deposited on the mold by the spraying action. 

2 
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Gel coat application uses a spray gun. The gel coat and initiator are mixed during the spraying 
process, and the “catdyzed” gel coat is deposited on the mold surface in a uniform film. In the 
fabrication of composites parts using gel coat, the gel coating process is identical for both the hand 
lay-up and spray-up laminating process. 

This project was initiated to provide to the aforementioned baseline data on styrene emissions and 
to serve as the foundation for a follow-on project which will seek to document emission reduction 
or pollution prevention techniques. 

1.2 Purpose 

This study has several major objectives which define the purpose of the endeavor. The fust goal 
was to learn how to measure styrene emissions from the open molding process accurately, with 
repeatability and with scientific verification of the results. The second goal is to identify the 
conmbution of various factors to styrene emissions and to collect data on the effects. These 
factors include items such as thickness, gel time, styrene content, air flow, and spray gun flow rate. 
The third goal is to establish baseline emission levels from the open molding process, which can 
be used to determine the effectiveness of pollution prevention techniques. The fourth objective is 
to provide the industry and government agencies accurate and reliable information on styrene 
emissions. To this extent, this project has been certified under an EPA Category I1 Quality 
Assurance Plah, which provides a high level of confidence in the experimental plan and data 
collection. 

1.3 Approach 

It has been determined that the use of an orthophthalic formulation polyester resin is 
representative of a large portion of the open molding industry. The styrene content of the resin 
formulated for the test project is also representative of many other formulations of unsaturated 
polyester or vinyl ester resins. A majority of companies reported using air-assisted airless (AAA) 
spray equipment in the 1994 CFA Benchmarking survey, therefore this type of application 
equipment was selected as the “baseline” for the industry. The air flows, gel times, laminate 
thickness, spray gun flow rates and environmental conditions used are considered typical within 
industry norms. The application technique, for the spraying experiments in the inidal baseline 
study, is termed “uncontrolled”. In this context, uncontrolled spraying. uses typical methods found 
in most Fabrication Facilities, where overspray is the result of spraying off the edge of the mold. A 
study of video tapes provided data on the distance and time of “off-mold” spraying. This study 
attempted to reproduce the typical amount of overspray which results from uncontrolled spraying. 

The molding process is housed in a tempomy total enclosure (ITE) and analpcal equipment 
measures styrene concentration in the TIT exhaust stack. Styrene concentrations are measured in 
pans per million (ppm), and expressed in gams of emissions. Tod grams of emissions wiU be 
expressed as: Emissions percent per weight of available styrene (%AS); Emissions percent per 
resin weight (%RW); Emissions per unit surface area @a, g/m2; g/ft2/kg normalized); And 
pounds of emissions per ton of resin (lbs/Ton). 
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Section 2.0 
Facility and Experimental Setup 

2.1 Laboratory Facility 

The project was conducted in the Composites Applications Laboratory, B-1603, Dow Chemical 
Company, Freeport, T ~ K ~ s .  The laboratory is temperature controlled and is used exclusively during 
experimental runs to minimize background VOC concentrations. An analpcal laboratory is also 
located within the Facility, with equipment and personnel to analyze resin properties and modify 
resin or gel coat formulations as required. The facility is IS0 9001 certified. The measurement and 
analpcal equipment used in the project is registered and maintained under IS0  cemfication. 

2.2 Temporary Total Enclosure 

The temporary total enclosure p) consists of an 8’ high x 12Swide x 15’ long four sided 
room covered by a 12.5’ x 15’ exhaust hood. (See figure 2.21). The enclosure is within the 
temperature controlled applications laboratory. The walls of the enclosure are constxucted of 
wood studs covered by clear mylarm sheeting. with access doors on three sides. Natural draft 
openings (NDOs) are arranged in accordance with EPA Method 204. The NDO’s are baffled to 
prevent the incoming air from flowing over the mold surface, while still providing the required 200 
Fpm flow through the openings, as required by Method 204. 

Tempory Total Enclosure Figure 2.2.1 

e 
e 2.3 Exhaust System and Enclosure Air Flow 

e The exhaust hood contains a plenum approximately 14’ wide with louvered openings across width. 
The plenum connects to two ‘9’” ducts which join the single exhaust stack outside the laboratory. 
The air movement is accomplished with a centihgal blower which joins the horizontal section of 
stack on the roof to the vertical stack. A total airtlow of approximately 1400 ctin will be 
maintained through the enclosure with an electronic airflow traverse probe utilizing a VorTekTM 
velocity sensing system and Camill& Data Collection System. (See Appendix - Quality Assurance 
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Project Plan for description of air flow velocity sensor). The air velocity sensing system monitors 
and adjusts air flow within the stack to mainiain the required air flow throughout the experimental 
m. A Dwyerm manometer is connected to the exhaust stack as a back-up to the VorTekm 
system and a quality assurance check at the initiation of each experimental m. There is 100% 
capture efficiency of air in the temporary total enclosure. 

A secondary blower provides a known air flow over the mold surface. This blower is mounted 
outside of the test enclosure and draws air from within the test area, returning it through two (2) 
ducts which direct a uniform flow of air across the mold surface. The air flow across the mold is 
calibrated to high and low velocities of 100 fpm and 50 fpm, respectively. 

The innovation of baftling the NDOs and using the secondary blower allows the use of EPA 
Method 204, requiring a minimum of 200 fpm through the enclosure, while retaining the ability to 
control the air flow over the mold surface at various rates less than 200 fpm. 

2.4 Measurement Equipment 

Two instrumens have been employed simultaneously to measuring styrene concentrations in the 
exhaust stack. The primary measurement instrument is a total hydrocarbon analyzer, used 
according to EPA Method 2 5 4  as described in the Code of Federal Regulations, Chapter 40, Part 
60. The Thermo Environmental Inshumens, Inc. Model 51 heated Total Hydrocarbon Analyzer 
(TH.4) uses a flame ionization detector (FID) that convects hydrocarbons in proportion to the to 
the number of a t o m  transiting the detector. The THA provides continuous data output, which in 
this case is cycled in one second intervals, with a two second interval signal output to the data 
acquisition system. 

The secondary measurement instrument is a Varian 3700 gas chromatograph (GC), equipped with 
a flame ionization detector. The gas chromatograph is configured to cycle samples every 120 
seconds, with the signal output to a Hwlett-Pachd Integrator, which provides a print copy of 
data during the 120 second sample cycle. 

The THA recognizes any hydrocarbon compound, whereas the gas chromatograph indicates the 
presence of styrene with a unique peak response. If extraneous hydrocarbons are present during a 
test, the THA would record a higher peak than the gas chromatograph. It was not known during 
the original pre-&ids if other hydrocarbons would be present. There have been no hydrocarbons 
other than styrene detected in the course of the study. 

Both analyt~cal units will use sample probes in the form of pitot tubes in the enclosure exhaust 
duct. The THA sample probe is a “rake” type pitot tube having three (3) sample points. The 
sample points are a hole located in the center of the duct and two holes located 10% of the duct 
diameter kom the edge of the duct. The GC sample point is a “S’ type pitot tube located in the 
center of the duct. 

Phore I. Bosel,ne Shdy 

2.5 Emission Sampling Location 

Calibrated pitot tubes for the total hydrocarbon analyzer and the gas chromatograph are located in 
the horizontal section of the stack, upstream from the exhaust blower.. 
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2.6 Data Acquisition System 

A Dow Camille@ Data Acquisition System is used to display real time data inputs, record data and 
control exhaust air flow. The computer based Camill& system receives data from the THA at 
two second intervals and From the GC at 120 second intervals, monitors and condnually adjuss 
stack exhaust flow; continuously records temperature; records digital output from the resin weight 
balance; and records the mpper position of the spray gun. Data is displayed on screen and is 
written to the internal hard disk and to a floppy disk Following is a sample of the Camille@ data 
st ream which is both written to storage and displayed graphically on the system monitor: 
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2.7 Mold Configuration and Size 
The mold used for these experiments is a three sided male mold constructed of steel and mounted 
on a wheeled dolly. The mold has a 9" angular flange on the three primary planes, designed to 
catch overspray during controlled spraying experiments. Mold dimensions are as follows: 
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Figure 2.7.1 
TEST MOLD 

Surface Area 
28.06 f12 w/o Flange 
37.28 flzw/ Flanoe 

2.8 Air Flow Over Mold Surface 
Outside air drawn into the 'ITE is baffled, so as to eliminate general exhaust flow over the mold. 
A secondary blower draws air from within the enclosure and is ducted to create a direct flow over 
the mold surface. This air flow can be adjusted to various flow rate  including 50 fpm and 100 fpm 
as used during the experiments. Air velocity at the mold was measured with a hot wire 
anemometer to calibrate and document flow rate. Prior to bepning  the experiments, a handheld 
bulb type smoke generator was used to map the direction of laminar air flow within %" ( 6 m )  of 
the mold surface. The general "aim point" of the air flow is the comer intersecting the front, top 
and side of the mold. 
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Figure 2.8.1 

Laminar Air Flow Over Mold Surface 

2.9 Application Equipment 

Spray equipment consists of an air-assisted airless plural component spray unit capable of being 
set-up to spray gel coat, resin or be fitted with a chopper unit. The fluid pump is a 14.5 to 1 air 
over fluid pump, with a piston driven catalyst slave pump. The fluid pump is capable of producing 
spray gun tip pressures that range from 435 psi as the lowest workable pressure to over 1400 psi at 
a maximum pump input pressure of 100 psi. Over the range of testing. pump pressures ranged 
from 45 psi to 67 psi to produce the required flow rates diciated by the experimental plan. Air 
assist pressures ranged form 45 psi to 55 psi for various gun semps. 

The spray unit was reuo-fitted with several devices to assist in calibrations and measurements: A 
graduated cylinder catalyst reservoir replaced the standard catalyst container and was used to 
calibrate and measure catalyst flows; An air flow rotameter was placed in the chopper air source 
l i e  and used to calibrate the chopper unit glass output, And a magnetic proximity switch was 
mounted on the spray gun trigger to report the trigger position to the C d e  dam acquisition 
system. 
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2.10 Resin and Gel Coat Application Procedure 

2.10.1 Uncontrolled vs. Controlled Spraying 

The Baseline Study was conducted using an uncontrolled spraying technique. This involves 
producing overspray which would be considered typical or normal for application of this type and 
configurntion mold. A study of video tapes was conducted to detemune the distance and duration 
of overspray off the edge of various molds. It was determined that carrying the spray gun stroke 
approximately 6" off the edge of the mold, would produce conditions considered typical of 
uncontrolled spying.  In addition, fan pattern intercept angles were used which would represent a 
typical industry application. 

The controlled spraying technique used in subsequent Optimization Studies contains the overspray 
to the greatest extent possible within the flange of the mold. In this case the fan pattern intercept 
angles and maintained as close to 90' to the surface as possible. 

The m i h a t i o n s  of surface area coverage become apparent when taking overspray into account. 
As illustrated in Figure 2.10.1.1 , the effective surface area of the uncontrolled application is 53.94 
ft*, while the controlled technique has an effective area of 34.58 f2. 

0 CFA 1336 14 



UJ 
C .- 
c, 

0 - 
6 
cd 

m 
2 a 
E 
h 

Q 
v) 

I 



a 
e 
a 
e 
e 

e 
e 
0 
e 

e 
c 
c * 
0 

e 
e 
0 
e 
e 
e 
e 

0 

0 

e 

@ 
e 
e 
e 

0 
e 
e 
e 
e 
e 

e 

e 

e 

e 
a 
e 
e 

a 

, : I , :  I , ;  , I . '  /= 
, :  I , :  , I :  I I . ' /  

w 
x :  

8.5 
2: 
."P 

0 0 g g  
W L i  0 0 

0 0 
0 m OD m 0 

(51 

0 
0 
OD 

. . .  . 

.::.;,: . ., 
0 .:...*.:... . . .. , , . ... . 0 

d.. :... 0 . ::. 0, 
0 
(51 



fn a 
cn 
C 

- 
a 

n 
m C 
L 

0 
0 m 

0 
0 m 

0 
0 m 

0 
0 m 

0 0 D 0 
0 0 0 0 m m m m 

, 

e 
e 
e 
0 
0 
e 
e 
e 
a 





2.10.2 Application Techniques 

Through the c o m e  of the test project it has become obvious that the dehiled application 
technique of applying laminating resin and gel coat has an impact on the emissions profile. This 
description is offered in order to provide an understanding of the shape of the emissions profiles. 
These application procedures are representative of typical practices in the industry. They 
encompass necessary elements of production, such as mil gauge measurements, wet-out of 
multiple plies of chopped strand mat, and roll-out sequence as would be found in an actual 
production setting. 

2.10.3 Detailed Hand Lay-Up Procedure 

1. Resin is mixed in container 
2. Resin is applied to chopped strand mat (CSM) with a paint roller 

a. Top of mold wet-out 
b. CSM positioned on top 
C. Additional resin applied to CSM 
d. Front of mold wet-out 
e. CSM positioned on front 
f. 
g. Side of mold wet-out 
h. CSM positioned on side 
i. Additional resin applied to CSM 
j. Three sides rolled with paint roller 
k. Three sides rolled with FRP roller 

Additional resin applied to CSM 

3. Laminate thickness measured - top, front, side 

This procedure has produced an emissions profde in which micro-events involving the wet-out 
and placement of CSM are clearly visible. 

2.10.4 Detailed Gel Coat Procedure 

Gel coat is applied while monitoring weight of material being sprayed. The pre-calcukted weights 
for each section of the mold are called out to the operator as an indication of approaching end of 
spray cycle. The gel coat is applied in three (3) continuous passes, to the required mil thickness, on 
each Facet of the mold. 

1. Top of mold sprayed in three passes. 
2. Operator re-positions 
3. Front of mold sprayed in three passes. 
4. Operator re-positions 
5. Side of mold sprayed in three passes. 
6. Gel Coat thickness measured - top, front, side 

This procedure has produced emissions with a distinct three peaked profde. Each “prong” of the 
profile represents the emissions peak for each Facet of the mold. Emissions are shown to 
immediately drop when spraying to stopped. 
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2.10.5 Detailed Spray-Up Procedure 

The spray-up laminate (chop) is applied while monitoringweight of material being sprayed. The 
pre-calculated weights for each section of the mold are called out to the operator as an indication 
of approaching end of spray cycle. The chop is applied in two (2) continuous passes, to the 
required laminate thickness, on each facet of the mold. 

1. Top of mold sprayed in two passes. 
2. Fast preliminary roll-out with FRP roller 
3. Operator re-positions 
4. Front of mold sprayed in two passes. 
5. Fast preliminary roll-out with FRP roller 
6. Operator re-positions 
7. Side of mold sprayed in two passes. 
8. Fast preliminary roll-out with FRP roller 
9. Detailed roll of entire laminate with FRP roller 
10. Laminate thickness measured - top, front, side 

This procedure has produced emissions peak; which directly correlate with the spray time and roll- 
out time. Emissions are shown to immediately decline when spraying to stopped and to reach the 
“curing state” emissions quickly after roll-out is completed. 
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Resin Designation 

RE-1091 

RE-1092 

2985-09A 

2985-09B 

Styrene Content Gel Time 

35 15 

35 30 

42 30 

42 15 

3.2 GelCoats 

A polyester gel coat was selected for these experiments as being representative of a type of gel coat 
widely used throughout the open molding composites industry. ?hi formulation is relatively 
generic among all major gel coat manufacturers and is commonly used as a “general purpose” gel 
coat for many types of molded products. This particular gel coat was formulated with styrene as 
the sole monomer, excluding the co-monomer methyl methacrylate (MMA). Many gel coats 
include MMA as a portion of the monomer to enhance weatherability. For the purpose of these 
experiments it was felt that the inclusion of MMA might complicate the styrene emissions 
measurements, by adding a second VOC to the emissions stream. A gel coat with a MMA co- 
monomer would require less styrene monomer, and therefore would be expected to produce 
lower styrene emissions, in conjunction with methyl methacrylate emissions. 

While the basic formulation of the gel coats is the same, four (4) variations of the base resin were 
used throughout the experiments. These variations are comprised of two (2) styrene levels and two 
(2) gel times. The high and low styrene resins contained 40% and 35% styrene respectively. Gel 
times were adjusted to 10 minutes and 20 minutes. Both styrene levels and gel times were “ h e  
tuned’’ in the Dow laboratory to within the required specifications. The four gel coats are specified 
as foUoWs: 
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Gel Coat Designation 

944y026 

944W027 

944BJ009 

944BJ010 

Styrene Content Gel Time 

35 10 

35 20 

40 10 

40 20 

3.3 Glass Fiber Reinforcement 

For the hand lay-up experiments 1.5 oz/ftz chopped suand mat was used in either 1 or 2 ply 
combinations according to the required thickness. Continuous strand roving of 207 yield was used 
for the spray-up experiments. The chopper unit was set-up to produce a 1.5” chopped fiber 
length. Resin to glass ratio was calculated to produce a 28% glass loading, which is typical of these 
types of reinforcements. 

3.4 Initiator 

Methyl Ethyl Ketone Peroxide (MEKP) initiator (catalyst) was used for both the polyester resin 
and polyester gel coat. This initiator is specified at 50% active oxygen content, with dimethyl 
phthalate as a plasticizer vehicle. 
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Section 4.4 
General Experimental Procedure 

4.1 General Procedure 

"he experimental procedure was as follows: 
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Pretnal experunents were conducted to detemune the capture efficiency of the exhaust system. An 

ax flow tn the enclosure in order to evaporate the contents. The known weight of evaporated 
styrene was then be compared to the results of the LnSttumentahOn r&gs. ?his mass balance 
cabbrahon provldes a capture efficiency benchmark for the expenmental runs. 

open pan, with an absorbent mediq conmntng measured amount of styrene wds placed m duect 

~~ -- 

1. Mold, matetials and spray unit moved into ?TE 
2 The instrumentation is calibrated. 
3. Baseline measurements established. 
4. In id  weght of min or gel coat recorded. 
5. Resin or gel coatwas applied to the mold. 
6. Ftnal we& of resin or gel coat recorded. 
7. GC and THA readings were discontinued when styrene levels reached 

previously established baseline levels. 
8. Data recovered and stored. 
9. Test area, mold and spray unit were prepared for subsequent expelGnent 
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Section 5.0 
Resin Property TestinP Laboratory 

5.1 Resin Specification Adjustments 

A Dow Chemical resin analyacal lab is located in the same buildmg as the test site. Lab personnel 
determined and adjusted the styrene content and gel time of the resins and gel coats to conform to 
the project specifications. Styrene content and gel time testing procedures are located in the 
appendix. 
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Section 6.0 
Critical and Non-Critical Measurements 

6.1 Explanation of Measurements 

Critical measurements provide primary data effect or may effect the overall objectives of the 
project. Non-critical measurements are used to provide supplementq data to verify critical 
measurements. There were two types of critical measurements in this project. First was the direct 
measurement of styrene emissions, using the total hydrocarbon analyzer and EPA Method 25A. 
Second was measurements of the process which must be controlled in order to derive the 
necessary resolution from the collected data. These measurements included wet laminate/fh 
thickness, resin/gel coat styrene content, gel time, resin/gel flow rate, air flow over mold, and 
ambient temperature. Non-critical measurements include the gas chromatograph, which was used 
as secondary measurement system to verify total hydrocarbon analyzer data. 

6.2 Iarninate/GeI Coat Thichess 

In the spray-up laminate experiments, a chop mil gauge was used during the application to determine 
the rate of build-up and extent of thickness. A s p e d  continuous strand gun roving with red tracer 
strands was employed to give the operator a visual indication of the general laminate thickness and 
distribution across the mold sutface. During the course of spray application the operator checked the 
thickness at three specified locations on the laminate with the chop mil gauge while building the laminate 
to the specified thickness. 

The mean thickness was calculated from the measurements and compared against each other with 
a one-tail test at the a = 0.05 confidence level for 2 degrees of freedom for which the smdent’s 
to.o5,2 = 2.760. The estimated standard deviation required for the hypothesis HO:ml = m2 and 
either, H1:ml < m2 or H1:ml > m2 is estimated to be +0.010” with the tolerance around the 
factor levels being 2 0.0012”. 

For the gel coat experiments a standard gel coat mil gauge was used to measure the thickness 
build-up during the application and to record the final gel coat wet film thickness. Mil gauge 
readings were taken in a specified location in the center of each of the three panels of the mold 
surface and averaged. The wet fdm thickness was recorded on the experiment report sheet. Based 
on the hypothesis treatment as given above, the specified tolerance @y standard deviation) was 
t0.002’. 

In the hand lay-up laminate experiments the primary thickness control was the thickness of the 
chopped strand mat reinforcement. One (1) ply of 1.5 oz/f? mat was used for the thin laminate 
and two (2) plies of 1.5 oz/@ matwas used for the thick laminate. Typical overlaps and build-ups 
were expected in comer areas of the mold. 

6 3  Styrene Content 

The styrene content of the polyester resin and polyester gel coat used in these experiments was to 
be formulated to the specified styrene content of 51.5% by the suppliers of the materials. The 
low styrene requirement was 35 wt%, and the high styrene content was 42 wt%. A QA 
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certification analysis of styrene content was provided for each formulation of material. A 
measurement of the styrene content was performed according to the method, Determination Of 
Non-Volatile Contenr prior to the initiation of each of the individual studies. The determinations 
were made using Dow work instructions and with calibrated equipment according to an approved 
written procedure (see section 3.5.2). The stated 95% confidence interval of the method is 
+O.M% which sufficiently resolved the styrene content levels for this study. If the styrene values 
obtained did not meet the criteria of the required styrene content, the styrene content of the resin 
or gel coat was adjusted. The adjusted resin or gel coat was then analyzed for styrene content to 
ensure the accuracy of the styrene determinations. 

6.4 GelTime 

The interval from catalyzation to gelation was determined by introducing into the resin or gel coat 
the percentage of methyl ethyl ketone peroxide (MEKP) catalyst specified as used on the 
products certificate of analysis. This test was performed on a 100 g m s  of the sample with a 
Sunshine Gel Timer and thermal control according to specified work instructions (see section 
3.5.4) and calibration procedures prior to the individual studies. 
The gel times required for the resins were 15 and 30 minutes; the gel times required for the gel 
coats were 10 and 20 minutes. The MEKP catalyst level was adjusted and an acceler;ltor added, 
N,N-dimethylaniline (DMA), to obrain the specified gel times within i 1.5 minutes. The 
accelerator was added to the resin or gel coat prior to the catalyzadon with hEKP. The 
accelerator was measured on a calibrated analpcal balance with calibration documentation 
available. The gel time checks on incoming resin and gel coat, as well the necessary adjustments 
made are shown in Appendix ???. 

The spray equipment was adjusted to deliver the percent catalyst required to achieve the specified 
gel time. The rcsin/gel coat to catalyst ratio of the spray gun was determined through a standard 
weight calibration of the spray gun output. The catalyst formulation remained consistent 
throughout the individual study. 

In the case of the Resin Batch Application, the specified amount of catalyst was measured on a 
calibrated analpcal balance with calibration documentation available. The cadystwas then 
manually mixed with the resin immediately prior to application. The catalyst formulation remained 
consistent throughout the individual study. 

6.5 ResinFlow 

The output of the spray gun was determined during the standard calibration of the spray equipment 
The output was controlled by a combination of spray tip orifice size and pump pressure setting. 
Standard calibration consisted of spraying the resin into a conminer three times for 15 seconds intervals 
and w+g the output from each spray. Based on the confidence limit criteria as shown in Section 
6.1.1, the measured output then requires that the mean of the hree measurements is 5 0.15 lb(68 9, of 
the QnJet level with any one measurement 5 0.125 lb(57 9, of the mean value. The mean we& was 
then converted into a flow rate in pounds per minute (lbs/min). 

. 

0 CFA 1996 

- -. 
__. 



Flow Rate 

2 Iblmin 
4 IWmin 

6.6 Air Flow Over the Mold 

Air flow velocity over the mold surface was controlled by the a u x h y  blower and duct system, 
which was configured to extract air from within the test enclosure and r e m  the air through ducts 
and outlets directed to provide an uniform air flow across the mold surface. The air flow over the 
mold surface had been measured in three (3) specific locations (the center of each comer adjoining 
panels of the mold) using a hot wire anemometer (Cole-Parmer Trisense Model No. 37000-00). 
The dampers in the ducts had been adjusted to specified settings to provide a low air velocity of 50 
fpm and a high air velocity of 100 fpm at 2 inches from the center of each comer adjoining panels. 
The flow rate was verified prior to the SM of the individual studies. 

6.7 TIE Temperature Probe Calibration 

A type J thermocouple located approximately three feet above the floor level reports to the 
Camille Dam System. This thermocouple read out was checked against a NIST traceable 
thermometer on a weekly basis 

6.8 Listing of Critical and Non-Critical Measurements 

Critical and non-critical measurements are listed in Table 6.8.1 Critical measurements are those 
which must meet measurement frequency, precision, and accuracy requirements for an 
experimental run to be deemed valid. Non-critical measurements involved additional means of 
measuring styrene emissions, including emissions measurements with the gas chromatograph. 
These measurements were used to support the THA measurements, verify the h c t i o n  of the 
testing set-up and validate the quality of data collected. Table 6.8.2 is a summary of physical 
measurements conducted for the study. 

Target Resin Mass Acceptable Mean Acceptable 
for 15 seconds of 3 Samples Measured Values 

0.5 Ib 50.15 Ib M.13 Ib 
1.0 Ib M.15 Ib M . 1 3  Ib 
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Table 6.8.1 
Quality Assurance Objectives for 

Critical and Non-Critical Measurements 
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Table 6.82 
Summary of Physical Measurements for 

Styrene Emission Study 

Measurement Measurement 
Classification 

Styrene Emissions critical 
W) 

Measurement Measurement Measurement Site 
Designation Frequency 

Stack -EPA ConMuous Vent Hood Stack 

Method 25A (2 second interval 
data points) 1 S t y r e n ; r  Non-critical Stad; - Gc 120 Second Interval Vent Hood Stack I Measurement 

Wet Film Thickness 

Styrcne Content 

Gel Time 

I I Wet Laminate critical Wet Mil Gauge 
Thickness 

Critical Wet Mil Gauge 

critical Dow work 
Insrmctionr 

I I 

Critical Dow work Each Emission SNdy laboratory analpis 
Insrmctionr 

Resm tlow Rate I Cmcal 

center of each 

centerofeach 

Spray Gun Cahbrdaon Each Fqenmental I G O P F r w  

Air Flow 

Over Mold 

Run 

critical Hot Wue Prior m Each Velocity at Mold 
Anemometer Experimental SNdy Sdace  

Temperature 

I I Expedment 
Cnocal Thermocouple h M g  Each K i h  TlE 

I I MassBalance- I Critical I EPA Method 25A/ I Prior to Each Study 

Air Flow Through 
TIE 

I Styrene Recovety I a e d  

Critical Velocity Sensor Continuous Vent Hood Stack 

(1 second interval 
data points) 

I Weight I 

Resin/Gel Coat 

Weight 

Gitical Precision Balance Each Expetinenel spray Unit 

Run Outside 
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High Values (+) 

e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 

e 
e 
e 
0 
e 
e 
e 

e 

e 

laminate/Film styrene Gel Regin Air 
Thickness % Time Now Now 

Thin L O W  slow LOW LOW 

?hi& Hi& Fast High High 

Section 7.0 
Exuerimental Desim 

7.1 Experimentat Design for Spray Applications (Gel Coating & Spray-Up) 

The experimental programs described in Tables 7.2.3 and 7.2.4 are called blocked, 5 factor, 2 
level, half fractional experiments. This experiment scheme is a class of screening designs for 
estimating the relative magnitude of the factors response. Screening designs assume that the 
response (Y) is a linear function of the factors. 

5 4 5  
y =  Po +CP& + x CP#Q 

i= 1 i = l p  
3 4  5 2 3  4 5  

+ 1 x 1 PQkxgk + x E 1 P@&jH + 812345)[12345 
i = 1 p 2  k=3 i = 1 ~ 2  k=3&4 

In the experimental proograms listed, the use of blockingwill cause the two-Factor interactions (the 
product of the two effects) to be confounded with each other. Confounding is the overlapping of 
terms such that two of more effects cannot be disdnguished &om each other. Although the three 
factor interactions would be negligible compared to the main effects. If necessary, the interactive 
effects may be resolved from each other with a follow-up study called a reflective design. Blocking 
is a term for accommodadng the possible effects for day-to-day changes in uncontrolled 
environmental factors. Four runs were repeated in order to estimate the variance of the 
measurement system and also estimate the lack-of-fit for the model. The column labeled 
“Pattern” is the coding system of the signs of the coefficients typically used to designate the low (- 
1) and high (+1) values in the design. Refer to Table 7.1.1 for the designation key for factor levels. 

7.2 Hand Lay-Up Application Study 

The design for the Hand Lay-Up Application study is listed in Table 7.2.2. This screening study is 
a blocked 4-factor, 2 level full factorial design. Sixteen (16) experiments with a 4-factor design will 
allow all effects and interactions to be fully resolved from one another. The same assumption of 
linearity applies to this study and four runs were repeated to estimate the aper imend variance 
and lack-of-fit. 

5 4 5  
Y = PO +E Pixi + E 1 P#Q 

i= 1 
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Table 7 2 2  
Resin Spray Application Emission Study 
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Table 7 2 3  
Gel Coat Spray Application Emission Study 

16 +++++ ,024 10 4 100 
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Block RUn 
(Day) NO. Partern 

1 1 -+ 
1 2 +++- 

laminate Gel Air 
Thickness Styrene Time (min.) Flow 

x1 x 2  x 3  x 4  

m. % (fpm) 

0.041 35 30 100 

0.088 42 15 50 

2 

2 

3 

3 

3A -++- 0.041 42 15 50 

4A +-+ 0.088 35 30 100 

5 -+- 0.041 42 30 50 

6 +-++ 0.088 35 15 100 

4 

4 

4B +-+ 0.088 35 30 100 

38 -++- 0.041 42 15 50 

5 

5 

6 

7 -++ 0.041 35 15 100 

8 ++- 0.088 42 30 M 

9 -+- 0.041 35 15 50 
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7 

7 

8 

33 

10 ++-+ 0.088 42 30 100 

11A -+-+ 0.041 42 30 100 

12A +-+- 0.088 35 15 50 

13 +- 0.088 35 30 50 

i e 
a 
e .. 
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a 
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0. 
e. 
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8 

9 

9 

14 -+++ 0.041 42 15 100 

11B -+-+ 0.041 42 30 100 

12B +-+- 0.088 35 15 50 

10 15 - 0.041 35 30 

10 16 ++++ 0.088 42 15 100 
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Section 8.0 
Emissions Testing Results 

8.1 Hand Lay-~p Summary 
The major factors contributing to styrene emissions in the hand lay-up process are: Laminate 
thickness; Gel time; Styrene content. Air flow, in the range of 50 -100 fpm, over the mold surface 
is a insignificant factor. An average of 14.1°/o emissions (AS) was produced for all experimental 
runs. Emissions ranged from 9.8% to 21.1% (AS). The combination of a thick laminate, low 
styrene content, fast gel time and low air flow produced the lowest emissions at 9.8% AS. At the 
high end of the range, a thin laminate, high styrene content, slow gel time and high air flow 
produced 21.1% (AS) emissions. Approximately 50% of total emissions were produced during the 
resin application phase of the process (aansferring resin from the bucket to the laminate with a 
paint roller). 25% of total emissions were produced during the laminate roll-out sequence and the 
remaining 25% emissions were produced in the post roll-out curing stage. 

8.2 Gel Coat Summary  
The major factors contributing to styrene emissions in the gel coat process are: Film thickness and 
Styrene content. Gel time and air flow over the mold are minor factors, while gel coat flow rate is 
an insignificant factor. An average of 51.4% emissions (AS) was produced for all experimental 
runs. Emissions ranged from 43.5% to 61.8% (AS). The combination of thick film, low styrene, 
fast gel time, high gel coat flow and low air flow produced the lowest emissions at 43.5% (AS). At 
the high end.of the range, a thin film, high styrene, slow gel time, high gel coat flow and low air 
flow produced 61.8% (AS) emissions. Approximately 50% of total emissions were produced 
during the spray application and 50% during the curing stage. 

8.3 Spray-up Summary 
The major factors contributing to styrene emissions in the spray-up process are: Styrene content 
and resin flow rate. Thickness was a smaller conmbutor, and a two factor interaction of styrene 
content + resin flow is a significant factor. Air flow was an insignificant factor. An average of 
25.0% emissions (As) was produced for all experimental m s .  Emissions ranged from 17.1% to 
38.0% (AS). The combination of thick laminate, low styrene, fast gel t h e ,  low resin flow and high 
air flow produced the lowest emissions at 17.1% (AS). At the high end of the range, a thick 
laminate, high styrene, slow gel time, low resin flow and high air flow produced 38.0% (AS) 
emissions. Approximately 50% of total emissions were produced during the spray application, 
25% during the laminate roll-out, and 25% during the post roll-out curing stage. 

8.4 Conclusion of Phase I Baseline Studies 
In all three studies, styrene content was consistently a major Factor. Laminate or film thickness, gel 
time and resin flow rate are emissions contributors in varying degrees. Air flow over the mold was 
an insignificant factor in all cases. The combination of styrene content and resin flow, in the spray- 
up study, was the only significant two factor interaction in all the studies. The combination of thick 
laminate/film, low styrene content and fast gel time is consistent in producing the lowest 
emissions in all three studies. 
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8.5 Expression of Emissions Data 

The emissions data in the following tables are espressed in a variety of modes. While the data 
remains constant, various expressions lend to a better understanding of the effects. These 
expressions allow for calculation of emissions in a number of different ways. For example, the 
surface area emissions take into account variations in the effect of laminate thickness, whereas 
projecting the results of emissions based on available styrene tend to obscure the importance in 
variations of styrene content. Calculations of emissions based on resin weight (Rw may provide 
the best overall determination of emissions, without masking the effects of individual variables. 
The expressions of emissions in the data tables is as follows: 

Table 8.5.h 

Pounds of Emissions per Ton of 
Resin 

YO Emissions of Resin Weight 5’0 RW 

Ibs/ 
Ton 

I 

Grams of Emission per Square Foot d p  

Grams of Emission per Square Meter 

Normalized Surface Area Emissions g/ftz/kg 
Resin 

0 CFA 1996 

to emissions fAP-42 emission factors 
are %AS) 
Percent of total resin weight lost to I 
emissions 
Grams of emissions per square foot of 
mold surface (This k e d  expression 
is used to allow for better 
understanding of those using U.S 
measurement units) 
Grams of emissions per square meter 
of mold surface (Metric units) 
The amount of resin used is 
“normalized” to 1000 grams or 1 kg 
and emissions are expressed as grams 
per unit of surface area (@. (This 
mixed expression is used to allow for 
better understanding of those using 
U.S. measurement units.) 
Pounds of emissions per Ton of resin 
used, where resin weight is normalized 
to 2000 Ibs. 
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Section 9.0 
Data Analysis 

9.1 Data Reduction 

The data reduction for these experiments have been done with the program JMP, version 
3.1.5 (SAS Institute Inc., SAS Campus Drive, Cay ,  NC 27513). 

9.2 Evaluation of Results from the Hand Lay-up Study 

The results of the study from the hand lay-up study indicate that an average of 14.1% of the 
available styrene is lost during the process. Working under conditions of a fast gel time, 
higher laminate thickness, low styrene content, and low air flow minimizes the available 
styrene loss to about 9.6%. Further examination of the factors showed that the major 
factors were those of laminate thickness, gel time, and styrene content. Air flow, two-factor 
interactions, and a three-factor interaction were found to be less important in the reduction 
of styrene emission however their inclusion enabled the construction of a refined model 
explaining over 98% of the variation. 

9.2.1 Evaluation of the Model: Effects Test 

Table 9.1 is a summary of the results from the hand lay-up study. The table contains the 
source factors being studied, the abbreviated terms used for each of the factors, the 
numbers of parameter (terms in the model equation) that the factors are contributing to the 
model, the degrees of freedom each factor represents, the sum of squares from each effect, 
the F-ratio indicating statistical significance, and the final column Prob>F is the parameter 
which indicates the probability that the value of the F-ratio is due to random chance. 
Further explanations of each of the terms may be found in the proposal. 

The results of the hand lay-up study show that three factors are significant at the 95’h 
confidence level (prob>F] < 0.0500), laminate thickness, styrene content, and gel time of 
the resin. Neither air flow nor any two-factor interactions were found conmbute any 
significant effects to the model. 

The effect of blocking from running the experiments on different days was not found to be 
significant. Because the experiments could not be run as planned on given days, the 
blocking pattern was modified in the analysis to account for the experiments as they were 
executed. The dates of the experimental runs are given in Table 9.3. Although the 
experiments were not all run on the planned days, the confounding of the factors was not 
significantly changed. The term “Data ID” is the effect due to the blocking on the different 
days, and as shown in the table, is not a significant effect. Therefore, anoter analysis was 
done to treat the experiment as a fully resolved 4-factor experimental design. 

Table 9.2 is the summary analysis of the 4-factor Full factorial design. This type of design 
resolves each of the factors to determine their contribution to the emission response 
because the blocking is now omitted. This model further verifies that the same three main 
effects are b e  significant terms in the model. A further analysis of the data was done with 
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the “stepwise” screening function. This stepwise approach optimizes the model to provide 
the best fit of the model to the data. The results of this analysis are given in Table 9.4. 

The effects test for stepwise optimization of the model now includes as significant terms, air 
flow, two, two-factor interactions (thickness’styrene content, thickness’gel time), and a 
three-factor interaction (styrene contenpgel time’air flow). As terms are removed from the 
model, the sum-of-squares and thereby the F-ratio will change for individual factors. The 
levels of significance for the terms are changed and those factors may become statistically 
significant at the 95% confidence level. 

Choice of the parameters used in the model appears to be complicated by this apparent 
change of statistical significance. However, additional criteria and an additional inspection of 
Tables 9.2 and 9.4 serve to further elucidate the model. The factors are sorted by F-ratio in 
each of the fore-mentioned tables. The factors are ranked in the same order and verify each 
other in the relative importance of the factors. The question then becomes to what point 
should the cut-off point occur for use the terms in the model? This question will be 
addressed in the following sections. 

9.2.2 Evaluation of the Model: Effects Table  

Table 8.5 shows the effects terms of the model and their probability that the effects are not 
equal to zero. The effects term can be described as the coefficient in the linear equation as 
described in the proposal. 

The prediction equation for the model using the coded terms is: 

Emission = 14.624 -2.707’TH - 1.352*GT + 1.078*SC + 0.248’AF + 0.227*TH*GT 
0.225*TH*SC - 0.214*SC*GFAF (Eqn. 9.1) 

The model may also be expressed in terms of the actual measurements used for the factors. 
The model was built from the software function. The converted model for calculating the 
emission from the actual factor values is: 

Emission = -0.676 - 0.0251’TH’ - 0.189’GT’ + 0.463*SC‘ - 0.0124’AF’ + 
1.28x103*TH’*GT’ 2.93xlO~’*TH’*Sc‘ - ~.~X~O~~*SC‘*GT’*AF’ 

The magnitude of the coefficients in equation 9.2 spans approximately 4 orders of 
magnitude. Using scaled variables as done with the model shown in equation 9.1 helps to 
better resolve the significant factors. 

The model from the coded terms show that laminate thickness, gel time, and styrene 
content are the largest contributors to the emission model. A relative comparison of the 
contribution to the emissions is illustrated in Figure 9.1. Increasing thickness from its low to 
high value will result in lowering emissions by 5.4% (of measured styrene emission). 
Increasing styrene content from its low to high value contribute 2.16% to the total 
emission. Gel time was coded in an inverse manner (“slow” - 30 min. = -1, “fast” - 15 
min. = +1) denoting that increasing the reaction rate (faster gel times) contributes a 2.6% 
reduction in emissions. 
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min. = +1) denoting that increasing the reaction rate (faster gel times) contributes a 2.6% 
reduction in emissions. 

The second set of factors, air flow, TH*GT, TH*SC, and SC*GT*AF are approximately 
20% of the styrene content effect. Each individual effect contributes approximately 0.5% 
to total emissions. In the refined model, their effects may be measurable and provide a best 
fit model. However, the ability to resolve these factors will depend on the control of the 
experiments and measurement precision. If the three major effects are not well controlled 
or if the measurement precision is degraded, then these smaller effects will not be seen as 
significant effects above the noise levels of the experiment. 

The ability to control the three highest effects will dictate the choice of the initial screening 
or refined model. Control of the laminate thickness, gel time, and styrene content must be 
the priority in obtaining the maximum styrene reduction. With their proper control, then 
the model may be Further refined and used to look into further experiments. 

9.2.3 Evaluation of the Model: Prediction and  Interaction Profiles 

Effects of the factors on the response may be graphically illustrated with the use of 
prediction and interaction profiles. The prediction profile compares the mean response of 
the effect at  the respective low and high values. The effect value is the slope of the line. 
These plots illustrate the negative effects of the gel time and laminate thickness and the 
positive effect from the styrene content. The comparative effect o f  the air flow is shown by 
the shallow slope. 

The interaction plots as shown in Figure 9.3 present a visual concept of significant 
interactions. The family of lines shown are arranged by calculating the effects listed in each 
row against each factor-level on the x-asis for each level of the chosen factor listed. The 
first row of the interaction plots gives the effects of thickness at different factor levels of 
styrene content, gel time and air flow. Interactions are indicated as the slopes of the two 
comparison lines deviate from each other and therefore diverge from being parallel. The 
interactions of thickness with styrene content and gel time show some differentiation 
between the slopes. In contrast, those interactions with air flow appear parallel and in some 
cases identical. However, the main criteria for determination of an interaction should be 
based on the effects and F-test information. 

9.2.4 Evaluation of the Model: Lack-of-Fit Testing 

The summary-of-fit (R?, analysis-of-variance (ANOVA), and lack-of-fit &OF) provide 
indicators on  how well the proposed model fits the data. Table 9.7a provides the 
comparison of model fits between the Full-factorial model (Table 9.2) and the 7-term 
refined model (Table 9.6). The regression coefficient (R? indicates the fraction of the 
variance explained by the refined model. In this case, 0.998 (98.8%) of the variation is 
explained by the refined model where a value of 1 is a perfect fit of the model. An R’of 0 
means that the model is no different than the mean value given in the table. The R2sd, term 
takes into account the experimental error of the data and degrees of freedom better 
compare models with differing numbers of terms. The RZ improves as more terms are 
added to the model. However, non-significant terms may be added and noise is introduced 
0 CFA 1996 99 
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into the model. The RZsdi will improve as the significant terms of the model are retained and 
the less-significant terms are removed as is shown in Table 8.7a. As a model is refined, the 
difference between R’and R’gdibecome smaller. The model is considered at its optimum 
when the difference is at a minimum. 

The one-way ANOVA provides the data by which to calculate the regression coefficients 
and indicates if the model is significant as indicated by the F-ratio and the Prob>F. This 
information helps determine if the model is related to the response although the model may 
not fully explain the data. The F-ratio is the mean square model divided by the mean square 
error. A F-ratio greater than the critical value (2.91) indicates that the model is significant at 
the 5% confidence level. 

In contrast to the ANOVA table, a lack-of-fit test with a statistically insignificant F-ratio 
indicates that the model is a good fit of the data. If the response is non-linear or if the 
experimental variation prevents the data points from correlating to the model, then this test 
would show-up as a significant test. A significant result does not mean that the effects are 
not significant but that the chosen model is not a good explanation of the data. As this 
value in Table 9 . 7 ~  is not significant, it h t ther  indicates that the model as given in equation 
9.1 should be a good predictor of the emission response within the chosen experimental 
conditions. 

9.2.5 Evaluation of the Model: Cube Plots 

The predicted emission values from the refined model may be plotted against the 
experimental factors to give a visual presentation of the response relative to the 
experimental conditions. This plot, called a Cube Plot, is given in Figure 9.4. In this case, 
two cube plots are shown side-by-side at two levels of air flow. The edge of each cube 
represents the remaining main effect levels. This plot illustrates the emission response and 
indicate the area in which the emission is nearest the optimum. These values are shown in 
bold for each plot. The area for most Likely optimization should exist under the conditions 
of fast gel time, high thickness, low styrene content, and low air flow. 
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192.5518 
93.1308 

7.9919 
4.9808 
1.3560 
0.4379 
4.1950 

Source (1) 

Thickness 
Gel Time 
Styrene Contcnt 
Air Flow (2) 
TH '.4 F = -(TU 'SC) 
GT'AF = -(SC*GT) 
SC'AF = -(TH'GT) 
Data ID (Blocking) 

0.0052 
0.0106 
0.1057 
0.1553 
0.3643 
0.5762 
0.2077 

Table 9.1 
Effect Test of Hand Lav-un Studv With Blocking 

Abbr. 
TH 
GT 
sc 
AF 

................._, 

Ahbr. 
TH 
GT 
sc 
AF 

L_ 

No. of Degrees of 
Parameters Freedom 

1 1 
I 1 
I 1 
I I 
I I 
I I 
I I 
I 1 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

............................ ~ ,.,. 

No.of I Degreesof I Sumof 

0.5622 
0.2913 
0.2444 
0.1033 
0.0762 
0.0133 
0.0049 

~ 

Parameters I Freedom I Squares 
1 I 1 I 77.256088 

0.4951 
0.6180 
0.61 70 
0.7640 
0.7962 
0.9137 
0.9475 

1 
1 
I 
I 
I 
I 
IO 

1 
I 
I 
I 
I 
I 
IO 

21.722987 
10.506512 
0.901 604 
0.561909 
0.152980 
0.049400 
4.732521 

( I )  Terms refer to coded factors, -1, 1. 
(2) Non-significant terms are in italics 

Table 9.2 
Effect Test of Hand Lav-un Studv as  a Full Factorial Desim 

Source (1) 

Thickness 
Gel Time 
Styrene Content 
Air Flow 
TH'GT 
TH'SC 
SC'GT'AF 
GT'AF 

........................ ,..... ..... .... 

TH'SC%T'AF 
TH*SC'AF 
TH'AF 
SC'AF 
TH'SC 'GT 
SC'GT 
TH'GT'AF 

( I )  Terms refer to coded factors, -1, 1. 
(2) Non-significant terms are in italics 
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Sum of 
Squares 
133.98258 
33.41835 
21.25446 

1.12573 
0.93603 
0.92571 
0.84035 
0.52846 
0.23660 
0. I2258 
0.10286 
0.04367 
0.03206 
0.00560 
0.00206 

............................... 

79.4115 0.0009 
50.5067 0.0021 
2.6752 0. I773 
2.2243 0.2101 
2.1998 0.2122 

0.2305 
1.2558 1 0.3252 

.......................... ............................. 
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Table 9.3 
Dates of Runs for Evaluation of Blocking ENects 

I 
1 
1 
I 

Run No. 
1 
2 

3A 
l A  
5 
6 
1B 
3 8  
7 
8 
9 
IO 

11A 
12A 
13 
14 

l l B  
128 
15 
16 

Date 
100295 
100295 
092095 
I00395 
092595 
092695 
092695 
092695 
092795 
092795 
092795 
092895 
092895 
092895 
092995 
092995 
092995 
100295 
091995 
091995 

Table 9.4 
Effects Test of Model Usine Ster)wise Analvsis 

I I No. of 
Source (1) I Abbrev. 1 Parameters 
Thickness I T H  I I 
Gel Time I 
Styene Content 
TIi*sc 
AF 
TH*GT 
SC'GT'AF 

( I )  Terms refer tocoded factors, - I ,  1. 
(2) Non-significant terms are in ikdics, 
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Degrees of 
Freedom 

1 
I 
I 
I 
I 
I 
I 

Sum of 
Squares 

136.92731 
35.43620 
21.75840 

1.42354 
1.24644 
1.225 I3 
0.8 7005 

F Ratio 
570.9026 
147.7471 
90.7191 
5.9353 
5.1969 
5.1080 
3.6276 

Prob>F 
<.0001 
<.mol 
<.oOol 
0.0314 
0.0417 
0.0432 
0.0811 
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Source ( I )  
htercept 
Thickness 
Gel Time 
StFene Content 
Air Flow 
TH'GT 
TH'SC 
SC'GT'AF 
GT'AF 
TH*SC*GT*AF 
T€I*SC*AF 
TH'AF 
SC'AF 
TH'SC'GT 
SC'GT 
TH'GT'AF 

....... ...... ......................... ........... 

..... .......... .................. ................. 

Term 
Intercept 
Thickness 
Gel Time 

TH'SC 
....... Styrene .............................. Content -..- ......... 

Table 9.5 
Effects Tahle of Full Factorial Model 

Ahbr. Estimate Std Error t Ratio Prob>ltl 
14.671042 0.1 I I767 131.26 <.OOOI 

TH -2.708393 0.113352 -23.89 <.0001 
GT -1.358542 0.111767 -12.16 <.OOOI 

........................ sc .................................. 1.0796429 ................................ 0.113352 ....................................... 9.52 <.0001 ..._...__.____.......___... 
-0.272292 0.11 1767 -2.44 0.0314 

Ahhr. 

m 
GT 
sc 
AF 

.................... 

AF 

Estimate 
14.624 
-2.707 
-1.352 
1.078 
0.248 
0.2265 

-0,225 
-0.214 
-0.170 
0.114 

-0.082 
-0.075 
0.049 

4.042 
0.018 
0.01 I 

.............................. 

.............................. 

0.2557917 
0.2475 

-0.2 15893 

Sld Error 
0.15 I703 
0.151703 
0.151703 
0.151703 
0.151703 
0.1 51703 
0.151703 
0. I51703 
0.151703 
0. I51703 
0.151703 
0. I51703 
0.151703 
0.151703 
0.15 I703 
0.151703 

......... ..... . ..._...__, 

........ ......... ........ 

f Ratio I Prob>ltl 
96.40 I <.mol ~~ 

-17.84 <.OOOI 
-8.91 0.0009 
7.11 0.0021 
1.64 0.1773 
1.49 0.2101 

-1.48 0.2122 

.................................... ..................... ..._.__.. 

-1.41 0.2305 
-1.12 0.3252 
0.75 0.4951 

.................................... .............................. 

4 .54  0.6180 
4.49 0.6470 
0.32 0.7640 

-0.28 0.7962 
0.12 0.9137 
0.07 0.9475 

Air Flow 
TH'GT 
SC'GT'AF 
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0.1 I1767 
0.109509 
0.113352 

2.28 0.0417 
2.26 0.0432 

-1.90 0.0811 
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Source 
Model 
Error 
Total 

a 
Lack of Fit 
Pure Error 
Total Error 
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Table 9.7a 
Summarv of Fit 

Full factorial Refined Model 
R' 0.993196 0.988366 
R'., 0.967681 0.98158 

0.489738 Root Mean Square Error 0.648710 
Mean of Response 14.7255 13.7255 
Observations 
(or Sum Wgts) 20 20 

Table 9.7b 
One-wav Analvsis of Variance Tahle 

- DF Sum of Sauares Menn Sauare 
7 244.51677 34.9310 145.6406 
12 2.87812 
19 247.39490 

Tahle 9 . 7 ~  
Lnck-of-Fit Tahle 

0.2398 Proh>F 
<.0001 

- DF Sum of Sauares Menn Sauare 
8 1.1948226 0,149353 0.3549 

12 2.8781226 0.9008 
4 1.6833000 0.420825 Prob>F 

Max RSq 
0.9932 
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Figure 9.1 
Cube Plot of the Predicted Emission Response 
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9.3 Evaluation of Results from the Gel Coat Study 

The expected emission from the gel coat study resulted in an average of 51.5% of the 
available styrene being lost. The styrene emission could be reduced to 43.7% of available 
styrene under the conditions of slow gel time, lower styrene content and increased film 
thickness. A model was developed which could account for 82.4% of the variation in the 
study. Also, this study did not have the same precision as the case of the hand lay-up study 
and most likely contributed to the reduced regression coefficients. The reduced precision in 
this study was likely due to the difficulty in maintaining precise hand control of the spray 
gun in applying the thin layers of gel coat. 

The model developed from this study may not have the high correlation and confidence for 
making predictions as from the hand lay-up study. However, the basic objective of isolating 
the most important effects, thickness and styrene content, was accomplished. 

9.3.1 Evaluation of the model: Effects Test 

Table 9.8 contains the summary of data for the significance of the five factors compared 
against the effect of blocking. Evaluation as a main effects plot indicate that the blocking 
was not a significant factor and therefore the design was treated as a half-fractional factorial 
study. The results indicate that thickness and styrene content will be the most significant 
and major factors affecting styrene emissions. The blocking effect was labeled ad “Data ID” 
representing the actual date when the individual experiment was run and are given in Table 
9.9. 

The half-fractional factorial results given in Table 9.10 further verify that again gel coat 
thickness and styrene content are the two most significant effects. All five of the main 
effects are not confounded with any two-factor interactions. Inspection of Prob>F for gel 
time, air flow, and resin flow shows that these experimental parameters are not significant in 
affecting the amount of styrene emission. 

The stepwise Function was then applied to determine if a refined model may be obtained 
from the design. Reduction of the model terms indicated that thickness and styrene content 
were the foremost effect and a potential contribution from a tow-factor interaction was 
included. The two-factor interaction was just beyond the 95% confidence criteria originally 
set, yet close enough to this boundary to merit consideration as a possible contributor to 
the model and further study. This interaction term was then included to provide a refined 
prediction model. However, this term is not a clearly resolved factor but represents two 
confounded two-factor interactions. The interaction terms styrene content‘gel time and 
resin flow*air flow are two sets of  interactions correlated with each other. Greater weight is 
given to the SC*GT interaction as this interaction contains main effects more significant 
than the other two in this and the previous study. In the hand lay-up, gel coat, and the 
following laminate spray-up study, air flow is a minor or insignificant effect. Only a further 
test could verify which of the two interactions is truly significant to eliminate the possibility 
that air’flow, although minor, somehow interacts with another factor in an important 
manner. 

9.3.2 Evaluation of the Model: Effects Table 
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Based on the effects terms from Tables 9.12 and 9.13, the prediction equation for this 
model is: 

Emission = 51.65 - 4.23*TH + 2.51*SC - 1.26*SC*GT (Eqn. 9.3) 

The model was evaluated based on the measured (non-scaled) experimental variables (X) to 
determine to provide the following equation: 

Emission = 43.52 - 1.41*TH’+ 0.927*SC‘ - 5.28xlO.’*SC‘*GT’ 

Alternatively, the RF*AF interaction was substituted for the SC’GT term in the equation to 
provide the following equation for the model: 

(Eqn. 9.4) 

Emission = 41.66 - 1.43*T” + 1.03*SC‘ - 5.28xlO’*WAF (Eqn. 9.5) 

Table 9.14 compares the models from each of the equations based on the non-scaled 
factors. The model described by eqn. 9.4 has a slightly higher correlation coefficient, a 
smaller difference between the two regression coefficients, and the SC*GT interaction 
exhibits more significance than the RF*AF interaction. The first model should be the most 
probable, but should not be considered as the conclusive depiction. 

9.3.3 Evaluation of the Model: Prediction and Interaction Profiles 

Figure 9.5 gives the comparative illustration of the main effect terms and their relative 
magnitudes, The thickness and styrene content show the largest slopes deviating from the 
average value. The error bars depict the 95% confidence limits for the predicted value. The 
95% confidence limit for the intercept is &1.34% styrene emission. If additional values are 
measured under the conditions of this study, then values obtained within those confodence 
limits further validate the model. 

9.3.4 Evaluation of the Model: Lack-of-Fit Testing 

A review of  Tables 9.51a through 9 . 5 1 ~  helps to demonstrate that the refined model 
explains 82.4% of the variation (R’ = 0.824102), is significant (l‘rob>F<0.0001), and there 
the lack-of-fit is not significant (Prob>F<0.4720). The results of this study indicate that the 
model may be used for an estimated prediction, but that other factors may need to be 
evaluated to improve the model reliability. 

9.3.5 Evaluation of the Model: Cube Plot 

Figure 9.7 is an illustration that the region of interest for reduction of styrene emissions lies 
in the area of high thickness (0.024‘7, low styrene content (35% wt.), and “slow” gel time 
(-30 minutes). 

0 CFA 1996 108 



Phose I .  Bosebne Study 

Run No. 

Table 9.8 
Effect Test o f  Gel Coat Siwav-un Studv of Main Effects With Blocking 

Date 

I I No. of I Degreesof I Sumof 
Source (1) 1 Abbr. 1 Paremeters I Freedom I Squares 
Thickness l T H l  I I 1 I 116.45571 ~ ~~~~~~~~~~ 

Styrene Content 102.13626 
Gel Time 1 1 1 I 16.50715 

.. .._. . .... ._._._.._...._.._........ ........ ... .. ........................ .................................. ............................... ...... ...... .... .... .................. 

Air Flow 10.00541 
Resin Flow 
Dora ID (Blocking) 

(1) Terms refer lo coded factors, -1, 1. 
(2) Non-significant terms (Prob>F>O.OS) are in italics 

Table 9.9 
Dates of Runs for Evaluation of Blockine Effects 

I 
2 

3A 
4A 
5 
6 

4 8  
38  
7 
8 
9 
IO 

1 I A  
12A 
13 
14 

1 IB 
12B 
15 
16 

101195 
101295 
101295 
110195 
101395 
110195 
101695 
101695 
101795 
101795 
101895 
101895 
101995 
101995 
101995 
102395 
102395 
102195 
102195 
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F Ratio 
13.4229 
11.7724 

1.9026 
1.1532 
0.1621 
1.0888 

........................ 

Prob>F 
0.0145 
0.0186 
0,2263 
0.3319 
0.7039 
0.4892 

......................... 
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a 
0 
0 
0 
0 
0 

Table 9.10 
Effect Test of Gel Coat Sprav-uii Studv as a Half Fractional Factorial Desien 

1 
1 
1 
1 

............................... 

Source (1) 
Thickness 

0.0061 
0.1371 
0.1826 
0.255l 

131.08667 15.0266 
24.57875 2.8175 
19.09445 2.1888 
13.40008 1.5361 

...................................... ............................. Styrene Content 
S C * G T = P A F  

...... ....................................... 

SC*RF=GT*AF 
Gel Time 
Air Flow 
GT*RF=SC*AF 
TH'RF 
TH'AF 
Resin Flow 
TH'SC 
TH'GT 

( 1 ) Terms refer to cc 

I No. of I Degreesof I Sumof I 1 
Abbr. I Parameters I Freedom I Squares 1 F Ratio I Prob>F 
TH 1 1 1 355.25292 I 40.7231 I O.ooo4 
sc ................... 

GT 
AF 

RF 

ractors. -1 .  I 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

................................ 

12.32292 
10.37161 
5.34446 
3.06446 
2.67008 
0.75446 
0.00875 

1.4126 
1.1889 
0.6126 
0.3513 
0.3061 
0.0865 
0.0010 

0.2734 
0.3117 
0.4595 
0.5720 
0.59 73 
0.7772 
0.9756 

(2) Non-significant terms (Prob>F>O.O5) are in italics 

Table 9.11 
Effects Test of Model Using Steoivise Analvsis 

SC*GT=RF*AF 

( I )  Terms refertocodedfacton, -1, 1 .  
(2) Non-significant terms (Prob>F>O.05) are in italics. 
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Table 9.12 
Effects Tahle of Half-fractional Factorial Model 

e. 
e 
0 
0 
e 
e 
e 
e 
e 
e 

Phase I .  Barolma Sfudy 

Thickness 
sc ......................... 

GT 
AF 

RF 

Styxne Content 
SC'GT=WtlF 
SC*W=GT*M 
Gel Time 
Air Flow 
GT*RF=SC'AF 
T H T P  
TH*AF 
Resin Flow 
TH*SC 
TH'GT 

................................................. 

1. 02 I8 75 
-0.83541 7 
0.8125 
-0.753 12s 
0.540625 
-0.409375 
0.3 729 I67 
-0.203 125 
0.021875 

0.690705 
0.674059 
0.683621 
0.690705 
0.690705 
0.690705 
0.674059 
0.690705 
0.690705 

Estimate Std Error 

3.3625 0.683621 

1.48 
-1.24 
1.19 
-1.09 
0.78 
-0.59 
0.55 
-0.29 
0.03 

0.683621 
-1.159375 0,690705 

0.1826 
0.255 I 
0.2734 
0.3117 
0.4595 
0.5720 
0.5973 
0.7772 
0.9756 

t Ratio 

0.0004 
0.0061 

-1.68 3'88 I 0.1371 
.................................................................. 

Table 9.13 
Effects Tahle for 0i)timized Gel Coat Swav-un Model 

Term I Abbr. I Estimate I Std Error I t Ratio I Prob>ltl 
Intercept I I 51.65 I 0.632939 I 81.60 I <.OOOL 

0.645991 -6.54 <.0001 
3.89 0.0013 

0.632939 -1.99 0.0639 

3.227083 

-1.26 

Thickness 
Styrene Content 
SC*GT=RF*AF 

Table 9.11 
Summaw of Fit Comparison for Non-scaled Exnerimental Variables 

R' 
R'.d, 
R* - R'dj 
Mean of Response 
No. of Obsewations 
Prob>F for: 
Thickness 
Styrene Content 
SC*GT 
RF"AF 

0 CFA 1996 

Eauation 8 . 5  
0.807529 
0.771441 
0.036088 

51.65 
20 

<0.0001 
0.0039 
0.1536 

Eauation 8.5b 
0.790891 
0.751683 
0.039208 

51.65 
20 

<0.0001 
0.0022 

0.3866 
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Table 9.1Sa 
Summary of Fit 

Half-fractional 

Source 
Model 
Error  
Total 

Source 
Lack of Fit 
Pure Error  
Total Error  

- 

0 CFA 1996 

R’ 
R’dj 
Rf - R’,dj 

Root Mean Square Error  
Menn of Response 
Observations 
(or Sum Wgts) 

Factorial 
0.916212 

Refined Model 
0.824 102 

0.772576 0.791122 
0.153642 0.032980 
2.953579 2.830591 

51.65 51.65 

20 20 

Table 9.1Sb 
One-wav Analvsis of Variance Table 

- DF Sum of Squares Mean Sauare 
3 600.61408 200.205 24.9873 
16 128.19592 
19 728.81000 

Table 9.15~ 
Lack-of-Fit Table 

8.012 Prob>F 
<.a00 I 

Phase 1 .  Bareline Sludy e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

113 a 
a 
a 
a 

- DF Sum of Squares Mean Square - F Ratio 
4 30.67425 7.66856 0.9436 

16 128.19592 0.4720 
Max RSq 

0.8662 

12 97.52167 8.12681 Prob>F 



Figure 9.7 
Cube Plot of Predicted Emission Resnonse 
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CFA Open ,Iloldmg Styrene Emrsrronr Toit Propcl Phose 1-  Baseline Study 

9.4 Evaluation of Results from the Laminate Spray-up Study 

Use of the chopper-gun spray method results in about 25% of the available styrene being 
lost. The minimum emission was 16.1% which occurred under the conditions of thick 
laminate (0.080"), low resin tlow (2 Ib/min), and low styrene content (35%). The highest 
emission of 38.0% occurred with a thick laminate (0.080"), low resin flow (2 Ib/min), and 
high styrene content (42%). Styrene content and resin flow were found to be the most 
significant factors and thickness w;1s indicated to be a smaller contributor. The two-factor 
interaction, of styrene content'resin flow (confounded with gel time*air flow) was found to 
be significant in this analysis. The model equation derived from this evaluation explains 
about 89.3% of the variation. 

The goal of running two experiments per day could not be met. The blocking scheme of 
ten blocks now became thirteen blocks with six of those blocks being single runs. An 
effective evaluation of blocking effects could not be done. The data was analyzed and the 
model was developed from evaluation of the half-fractional factorial design. 

9.4.1 Evaluation of the Model: Effects Table 

The initial evaluation of the main effects with blocking showed no clear-cut resolution of 
factors as shown in Table 9.16. The blocking scheme from the experimental runs are given 
in Table 9.17 and six of the experiments were run individually during a day. Due to the lack 
of organized blocks, the data was eialuated as a half-fractional factorial design. 

Table 9.18 is the summary of effects data for a half-fractional factorial analysis. Using the 
criteria of 95% level then indicate that styrene content, resin flow, and either the SC'RF or 
AF'GT interactions are significant. Thickness, a significant factor in previous studies does 
not appear to have the same degree of contribution to emission in this study. However 
during the stepwise process of refining the model, the laminate thickness will play a role in 
optimization of the model as will be shown. 

Refinement of the model from the stepwise analysis yielded a proposed model which 
include styrene content, resin flow, their interaction, and thickness as the significant terms. 
A summary of the effects test is presented in Table 9.19. The optimized model includes 
thickness although it was a less significant term. The two-factor interaction of SC'RF is 
thought to be the main interaction over its correlated term AFIGT, for the same reasons as 
mentioned in the previous section for the Gel Coat Study. A probable reason for the 
interaction is the spray aerosol could be a significant source of styrene emission. The 
emission from the spray droplet depends on such factors such as drop diameter, surface 
tension, liquid viscosity, liquid density, and volumetric flow rate'. Each of these factors 
depends to some degree on either the styrene content or the resin flow. 

9.4.4 Evaluation of the  Model: Prediction and Interaction Profiles 

The refined model equation using the scaled variables is defined as follows: 

Emission = 25.02 + 5.22*SC - 2.02'RF -1.09'TH - 2.35'SC*RF (Eqn. 9.6a). 
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Converting the model to the use of unscaled terms yields the following equation: 

Emission = -93.83 + 3.31'SC' + 21.6O'RF' - O.O528*TH' - 0.61'SC"RF' 

Both of the above models have regression coefficients of 0.892812 indicating that 89.2% of 
the variation may be explained by use of the above model equations as shown in the 
summary of fit in Table 9.22a. Substitution of the SC'*RF' interaction with the AF'*GT' 
interaction resulted in a model with a regression coefficient of 0.813226 and the interaction 
term itselfwas less significant (Prob>F was 0.1660). The SC*RF interaction is then assumed 
to be the two-factor interaction to interpret the model. 

Figure 9.8 contains the Main Effects Plot illustrating the overall impact of the factors on the 
emission. The interactlon plot in Figure 9.9 illustrates the degree of the interaction between 
the resin flow and styrene content. 

9.4.6 Evaluation of the Model: Lack-of-Fit Testing 

The ANOVA in Table 9.22b further verifies the significance of the that the factors have a 
significant effect on the variation. The data summarized in Table 9 .22~  indicates no 
significant lack of fit which gives additional support to the validity of the model. 

9.4.7 Evaluation of the Model: Cube Plot 

Figure 9.10 is the Cube Plot of the predicted data for the Spray-up study. The face of the 
cube at low thickness appears to be the region of minimum emission. The comers of the 
face of the cube at low resin flow show the extremes of the styrene emission. 

(Eqn. 9.6b). 
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Table 9.16 
ENect Test of  Siirav-un Studv of Main Effects With Blockine 

Source (1) 

Thickness 
Styrene Contenf 
Gel Time 
Resin Flow 
Air Flow 
Data ID 

No. of Degrees of 

R F  I I 
AF I 

13 13 

Sum of 
Squares 

0.00083 
34.85021 

4.72033 
30.10008 

0.40833 
168.04836 

( 1 ) Terms refer to coded factors. -1, I .  
(2) Non-significant terms (Prob>F>O.OS) are in italics. 

Table 9.18 
Dates of Runs for Evaluation of Blockine Effects 

2 
3A 
‘lA 
5 
6 

4B 
3B 
7 
8 
9 
10 

IIA 
12A 
13 
I4 

1 IB 
128 
15 
16 
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F Ratio 
0.0001 
5.4397 
0.7368 
4.6982 
0.063 7 
2.0177 

Prob>F 
0.9927 
0.25 79 
0.5484 
0.2752 
0.8426 
0.5061 

1 1  1695 
1 1  1695 
112895 
112895 
1 I2995 
I I2995 
I13095 
120495 
120595 
120695 
120695 
120795 
120895 
120895 
121495 
121195 
121295 
121295 
121495 

117 



Phora I - B o d m e  Sludy 

100.98286 
78.08533 
22.00381 
14.00000 
9.12071 
8.32133 
6. I7786 
5.40643 
2.74571 
0.64286 
0.58339 

...................................... 

Table 9.18 
Effcet Test of Siirav-un Studv as a Half Fractional Factorial Desien 

15.4680 
11.9607 
3.3704 
2. I444 
1.3971 
1.2746 
0.9463 
0.8281 
0.4206 
0.0985 
0.0894 

............................ 

I I No. of I Degreesof 

No. of Degrees of 
Source (1) Abbr. Parameters Freedom 
Styrene Content sc 1 1 
SC*W=GT*AF 1 1 
Resin Flow RF 1 1 
Thickness TH 1 1 

................................................... ......................... .................................. ................................ 

Source (1) I Abhr. I Parameters I Freedom 
Stvene Content I sc 1 1 

Sum of 
squares  F Ratio Prob>F 

5 17.92075 84.2648 <.0001 
91,16450 14.8323 0.0016 
71.06450 11.562 I 0.0010 
21.42075 3.4851 0.0816 

....................................... ............................. ... ... ..._...._....__..____._. 

SC*RF=GT*AF 
Resin Flow 
Thickness 
SC'GT=RF*AF 
TH 'A F 
Gel Time 
GT*RF=SC*AF 
TH'SC 
TH'RF 
TH'GT 
Air Flow 

........................ ....... .................. RF 
TH 

...................... 

GT 

AF 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

......................... 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

............................... 

Squares I F Ratio 
509.26339 I 78.0061 

Prob>F 
<.0001 
0.0057 
0.0106 
0.1090 
0.1865 
0.2758 
0.2961 
0.3631 
0.3931 
0.53 73 
0.7628 
0.773 7 

........ .... ................., 

(1) Terms refer to coded factors, -1, 1. 
(2) Non-significant terms (Prob>F>o.05) are in italics. 

Table 9.19 
Effects Test of Model Using Stenwise Analysis 

(1) Terms refer to coded factors, -1, 1. 
(2) Non-significant terms (Prob>F>o.05) are in italics. 
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Source (1) 
Intercept 
Styrene Content 
SC'RF=GT*AF 
Resin Flow 
Thickness 
SC'GT=RF*A F 
TH'AF 
Gel Time 
GT'RF=SC'A F 
TH'SC 
TH'RF 
TH'GT 
Air Flow 

.................................................. 

Intercept 

Table 9.20 
Effects Table of Half-fractional Factorial Model 

I 24.935 I 0.554362 I 44.98 I <.0001 

Ahhr. 

sc 
RF 
TH 

................... 

GT 

.4F 

Estimate 
25.0 I875 
5.2232143 

-2.35 
-2.0 16667 
- I .  08571 4 
-0.875 
0.70625 

-0,658333 
0.58125 
0. 543 7s 

.............................. 

-0.3875 
-0.1875 
0.1 767857 

e 
e 
0 

0 
0 
0 
e 
e 
e 
e 
e 
e 
e 
a 
e 
e 
e 
e 
e 
e 
a 
a 
a 
a 
e 
a 
a 
0 

e 
0 * 
0 

0 
0 
0 

CFA O p n  Moldrng Sryrene Emtrr,onl Test Projecl P h a x  I - Boreline Study 

e 

e 

Std Error 
0.597518 
0.591389 
0.597518 
0.5831 18 
0.591 389 
0.597S18 
0 597518 
0.5831 18 
0.597518 
0.597518 
0.59 751 8 
0.597518 
0.591 389 

.......................... 

t Ratio 
41.87 

8.83 
-3.93 
-3.46 
-1.84 
-1.46 
1.18 

-1.13 
0.97 
0.91 

-0.65 
-0.31 
0.30 

.................................. 

Tahle 9.21 
Effects Tahle for 0i)timized Laminate Snrav-un Model 

Styrene Content I SC I 5.19375 I 0.565794 I <.OOOl 
SC'RF=GT*AF -2.135 0.554362 -3.85 9'18 I 0.0016 
Resin Flow -1.885 -3.40 0.0040 
Thickness E 1 -1.05625 1 :::::: 1 -1.87 I 0.0816 

.................................................................................................................................................................................................................. 
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Prob>Jtl 
<.oOOl 
4.0001 
0.0057 
0.0106 
0. I090 
0.1865 
0.2758 
0.2961 
0.3631 
0.3931 
0.53 73 
0.7628 
0.7737 

.......................... 
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Figure 9.8 
Main Effects Plots 
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Table 9.22a 
Summary of Fit 

RSquare 
RSquare Adj 
Root Mean Square Error  
Mean of Response 
Observations 
(or Sum Wgts) 

Source 
Model 
Error  
Total 

Lack of Fit 
Pure Er ro r  
Total Er ror  

Unsealed 
Half-fractional Scaled Unsealed Model & 

Fuctorinl Refined Model Refined Model AF*CT Term 
0.946869 0.892812 0.892812 0.813226 
0.855787 0.864228 0.864228 0.763419 
2.555094 2.479 183 2.479183 3.272608 

24.935 24.935 24.935 24,935 

20 20 20 20 

Table 9.22b 
One-wav Analvris of Variance Table 

- DF Sum of Squares Mean Square 
4 767.93025 191.983 31.2352 
I5 92.19525 6.146 Prob>F 
19 860.12550 <.0001 

Table 9 . 2 2 ~  
Lack-nf-Fit Table 

- DF Sum of Squares Mean Square 
4 30.67425 7.66856 0.9436 
I2 97.52167 8.12681 Proh>F 
16 128.19592 0.4720 

Max RSq 
0.8662 
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9.5 Data Analysis Conclusions 

The analysis given in this section demonstrate that statistical design of experiments are a 
useful tool for the isolation and characterization of  factors affecting styrene emission for 
open mold techniques. Each of the three open mold methods studied showed significant 
factors somewhat unique to the respective method. 

Factors most significant in the hand lay-up study consisted of laminate thickness, styrene 
content, and gel time. The control of these factors are most important in defining methods 
to control the emission of the molding technique. Of  the three molding methods studied, 
the hand lay-up method had the lowest emission of available styrene. Also because blocking 
was not found to be a significant factor, this study had the full-factorial design and all main 
effects and interactions could be resolved. A refined model using the terms of the 
interactions was developed to potentially predict the behavior of the system. 

The gel coat spray method was found to lose as much as half of the available styrene. 
Thickness and styrene content were found to posses the most significant roles in the 
emission behavior. The results from this study did not have the same precision as the 
previous study possibly due to the variability of the spray technique and variation in the thin 
laminate may have a greater relative error. This study did not have the full resolution of the 
interactions, however, a predictive model was proposed for future testing. 

The laminate spray-up study had styrene content and resin flow as the significant main 
effects. A two-factor interaction, most likely the one between these two main effects was 
also found to be significant. Thickness was found to have a role in the refined model but 
did not have the same significance as in the previous two studies. A model equation 
developed from this study should be a good prediction tool based on the lack-of-fit and 
regression analysis. 

In all three studies, styrene content was consistently a major factor. Laminate thickness had 
exhibited some type of role to varying degrees in the model. Air flow was not found to 
make a significant contribution to the emission behavior in any of  the studies. An argument 
may be made that the air flow rates did not span a wide enough range to be able to detect 
its effect. However, this range was chosen as what is typical and practical for current 
practice in the industrial shop. A wider range of air flow rates may however be considered 
for a future study. For expeditious results in the short-term, those factors already found to 
be significant should be the higher priority for study and control. When the styrene content, 
thickness and (where applicable) resin flow and gel time can be optimized and controlled, 
the a better possibility exists for more precisely characterizing the effect of the air flow rate. 
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Section 10.0 
Determination of Styrene Emissions 

10.1 Emission Measurement Methods 

The objective of the experiments was to quantify styrene emissions from each of the three 
processes. Measurements were taken with a Varian 3700 gas chromatograph (GC), equipped 
with a flame ionization detector and a Thermo Environmental Instruments, Inc. Model 51 
heated Total Hydrocarbon Analyzer (THA), using EPA Method 25A. The gas 
chromatograph was configured to cycle samples every 120 seconds, whereas the Total 
Hydrocarbon Analyzer provided continuous measurement capability. Both analytical units 
used sample probes in the form of pitot tubes in the enclosure exhaust duct. The THA 
sample probe is a “rake” type pitot tube having three (3) sample points. The sample points 
are a hole located in the center of the duct and two holes located 10% of the duct diameter 
from the edge of the duct. The GC sample point is a “S’ type pitot tube located in the 
center of the duct. 

The GC signal output is linked to a Hewlett-Packard Integrator, which provides a printed 
copy of data during the 120 second sample cycle. The continuous THA measurements are 
linked to a Dow Camille@ Data Acquisition System. The Camille@ system records data 
points at 1 second intervals(2 second interval data was stored to a floppy disk). In addition 
the Camille@ system allows real time viewing of the incoming data. 

10.1.1 THA Sampling Procedure 

The THA sampling procedure was consistent with EPA Method 25A - Determination of 
Total Gaseous Oreanic Concentrations Usine a Flame Ionization Analvzer. The following 
changes was made to Method 25A 

1. The acceptable accuracy for checking calibration with the 80% span gas standard 
was 10% from the predicted response. 

2. There were no checks on  the THA accuracy during actual data collection. 

3. The calibration of the THA was verified using the low span, mid-span and the 80% 
span gas before the first run of the day. The calibration was checked before the 
second run of the day using the mid-span calibration gas. The THA was recalibrated, 
if necessary for the second run; however, the previous test may not have been 
invalidated, depending on  the values obtained by secondary measurements. 

4. Only one detection range was used during each test study. The detection range was 
spanned to cover styrene emissions from 0-350 ppm for the resin batch application 
study, 0-500 ppm for the gel coat spray application study, and 0-1000 ppm for the 
resin spray application study. 

5. 100% Hydrogen was used as a fuel gas. 
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10.1.2 Standardization of the THA 

At the outset of the project, styrene-in& gas standards were used to calibrate the THA and 
GC. These gas standards were found to be unstable, with resulting drifts in concentrations. 
At the recommendation of EPA and RTI, the styrene gas standards were replaced with 
propane standards, following the hand lay-up study. Prior to starting the gel coat study the 
propane-to-styrene correction factor was determined to be 0.453 for the THA. Two 
styrene mass balance checks yielded recoveries around 95% using the determined correction 
factor. 

10.1.3 GC Sampling Procedure 

A Varian 3700 gas chromatograph equipped with a flame ionization detector was used. The 
gas chromatograph sampling valves were controlled by a Camillem software system, and 
data was output to a Hewlett Packard 3392A integrator. 

The GC conditions were as follows: 

Gas Chromaromao h Set-Uo: 

Oven Temperature = 90°C 
Detector Temperature = 250'C 
Sample Valve Injector = 90°C (located in gas chromatograph oven) 

G.a Pressures: 

Flame Ionization Detector: 

Low pressure side of gas regulators 

Air = 40 psig 
Hydrogen = 40 psig 

Column: 
Helium = 40 psig 

Column Identification: 

10 m X 0.53 mm Bonded FSOT S I - 3 0 0  
1.2 um Polyphenyl Methysiloxane 
(Megabore capillary column - 0.53 mm ID) 

Column Gas Flow: 

Helium = 4 ml/min. (no split) 
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10.1.4 Gas Chromatograph Standardization 

(1) An appropriate styrene gas standard was run until the area response for the styrene 
peak was consistent. A styrene gas standard for the THA was available to check 
data consistency between the GC and THA, if deemed necessary. 

styrene. Another standard analysis was run to assure consistent measurements. 
(2) The Hewlett Packard Integrator was then re-calibrated to this response factor for 

10.1.5 Gas Chromatograph Sample Analysis 

(1) The GC was standardized at the beginning of  each day with calibrated gas 
sample(s). 

(2) The analysis system was put into the sampling mode prior to resin being 
introduced into the test chamber. An ambient baseline of styrene concentration 
was established at this point. Typical baseline readings were <2.0 ppm. 

(3) The analysis system took a sample of air from the l T E  exhaust stack ducting every 
two (2) minutes for gas chromatographic analysis. The gas sample was moved to the 
sample valve by a vacuum air aspirator. 

(4) The analysis system continued to take air samples throughout the experiment until 
styrene levels dropped to the original baseline level, at which time the sample 
sequence was stopped. 

sampling period. 
(5) The analysis system is then standardized.to determine if calibration was valid during 

10.2 Mass Balance Styrene Recovery Check 

A mass balance calibration was conducted prior to each of the three experimental group 
runs. The THA and G C  were calibrated according to previously described procedures. 
Styrene was evaporated from a shallow pan having an absorbent media hanging over the 
pan and extending down into the liquid styrene. An auxiliary fan was used to enhance 
evaporation. The input weight of the styrene was compared to the calculated weight based 
on the average ppm recorded by the THA and the GC. The percent styrene recovery was 
greater than 95%, eight out of ten checks. The two recovery checks below 95% were 81.6% 
@and lay-up) and 94.7% (gel coat). 

10.3 Leak Checks for Sample Lines 

Leak checks were performed at the beginning of each week of testing. All fittings, valves 
and connections of  the THA and GC were examined. A valve just down stream from each 
sample port was closed off while a sample was being drawn to a detector. The ball in a in- 
line flow meter would drop to zero if no leaks were in the sample line. 

10.4 Air Flow Through the XTE Calibration 

. The method used to determine the air flow through the TIE is similar to that described 
in EPA 40 CFR Method 1, Ch. 1. An Airdata Multimeter Elecmc Micromanometer was 
used to determine the air flow through the TIF each Monday during test runs. The Airdata 
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Il iult ieter Electric Micromanometer was set to per fom as a pitot tube. Traverse readings 
were taken one inch from each side of the duct wall and in the middle of the duct. At each 
position, three air flow measurements were taken and averaged. The resulting six averaged 
reading values were then averaged to determine the air flow through the TTE. 

Ear4 in the stu4 a cabbration enur wasjund in the Voriek air f iw sensor ab& output imit. This 
multed in an inarmrate stad airfiw nadng. Thepmbkm was rzmedied uilh the rtphcement ofthe sensor 
&-nit boa& All h t a  collecetdprior to that time was mrahhted to the comct a i r p w  uahes. The air 

Jow thmugh the T E  was detmined to be 1470 $m. 

The Camille@ data collection system was calibrated by Dow instrumentation technicians to 
output the air flow as 1470 cfm. A VorTek” velocity sensing system automatically 
maintained that air velocity throughout the study. The air flow measurements obtained 
throughout the study were within t l O O  cfm of the initial air flow of 1470 cfm. No 
adjustments were made to the Camille@ data collection system. 

During the course of the testing the stack air flow was continuously monitored and re- 
calibrated as deemed necessary. A manometer reading was recorded at the beginning and 
end of each test run. If a change o f f  0.05 inches of water was noted from the initial reading 
(approximately 0.1 inches of water) at the time of initial air flow calibration, the air flow 
through the TTE was to be re-calibrated. 
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S e c t i o n  11.0 
Determination of Styrene Emission Quantities 

11.1 Total Styrene Emissions Calculation 

The total styrene emissions for each test run was determined as shown in the equation listed 
below. 

Calculation for Total Styrene Emissions: 

Total Styrene Emissions, Ibs. = 
Average stryrene emissions in cc/m @pm) x Air flow in m /min. x Time (min.) x 104 3 3 
g/mole 

24.45 I/mole x 1000 cc/l x 454 g/lb 

a,) The Average styrene emissions are were determined from the total number of styrene 
emission readings obtained during the actual test run. The Average styrene emissions were 
determined in this manner for both the THA and GC. 
b.) Air flow is the value of 1470 cfm multiplied by a conversion factor (0.0283) to obtain air 
flow in m’/min. 
c.) 104 g/mole is the molecule weight of one mole of styrene. 
d.) 24.45 I/mole is the volume occupied by one mole of styrene in the gaseous phase at the 
test sites pressure and temperature. 

11.2 

The percent styrene emissions based on available styrene for each test run was determined 
as shown in the equation listed below. 

Calculation for percent styrene emissions based on available styrene: 

Percent styrene emissions = Total Stvrene Emissions. Ibs. x 100 

Percent Styrene Emissions Based on Available Styrene 

Total Resin Used, Ibs. x Percent Styrene in Resin 

11.3 Resin/Gel Coat Weight 

Resin/gel coat weight was recorded immediately before resin/gel coat application and upon 
completion of application to the mold. The weight was measured with a calibrated balance 
with the calibration documentation available. The precision of the balance is 
with a capacity greater than 100 pounds. 

0.002 Ibs. 
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Section 12.0 
Equipment Calibration 

l2.1 THA and GC Calibration 

The calibration of the THr\ and GC are discussed in Section 10.0. 

12.2 Spray Equipment Calibration 

The spray equipment tlow rate was calibrated to provide a specific resin and gel coat output 
as required by the esperimental design. In the case of the spray-up application, the glass 
content was adjusted to the required resin flow rate. The flow rate calibration consisted of 
spraying resin into a pre-weighed container for 15 seconds and recording the material 
weight in Ibs/min. The resin pump pressure was adjusted and spray tip sizes changed to 
achieve the specified flow rate. 

For the spray-up experiments the calibration consisted of capturing both resin and chopped 
glass for 15 seconds, in separate containers, and weighing individually to determine the resin 
to glass ratio. Once the flow rate was established, the chopper speed was adjusted to 
provide the proper glass ratio. 

Resin/gel coat to catalyst ratio was calibrated by means of catalyst volume measurement 
compared to flow rate. The catalystratio was adjusted by the slave pump setting. 

The spray equipment calibration was checked before each test run. 

12.2.1 Spray Gun’s Flow Rate Calibration 

1.) Spray tip was selected with specific orifice size and fan angle. 
2.) Catalyst pump was disconnected. 
3.) Atomizing air was shut off. 
4.) Spray unit was charged with a specific resin or  gel coat. 
5.) Air was purged from the system and material flow was checked to verify that the 

cleaning solvent had been Fully purged from fluid lines. 
6.) Pump pressure was set to anticipated pressure. 
7.) Analytical balance was tared. 
8.) Container tare weight was recorded. 
9.) Resin/gel coat was sprayed into container for a timed 15 seconds. 
10.) Reain/gel coat weight and pressure settingwere recorded. 
11.) Pump pressure was adjusted to modify flow rate, if needed. 
12.) Steps 8 -10 were repeated to produce the required flow rate within & 0.3 Ib/min. 
13.) Two flow rate checks were made once final adjustments were made. 

12.2.2 Catalyst Flow Rate Calibration 

1.) Spray unit was charged and resin/gel coat flow rate calibration was completed as 
described in 6.4.1. 
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2.) The 250-ml graduated cylinder serving as the catalyst reservoir was filled with 

3.) The catalyst pump was positioned to the appropriate setting. 
4.) The separator tip was mounted on the spray gun. 
5.) The spray gun was activated for 15 seconds. 
6.) The reduction in catalyst volume in the graduated cylinder was recorded. 
7.) The catalyst pump setting was adjusted to modify flow rate. 
8.) Steps 5-7 were repeated to produce the required flow rate yielding the specific gel 

9.) The specific gravity of the catalyst was used to convect volume to mass. The 

the catalyst to specified volume. 

time. 

specific gravity was obtained from the catalyst supplier specifications. 

12.2.3 Chopper Gun Calibration - Resin:Glass Ratio 

1.) Spray gun rate calibration and catalyst calibration are completed. 
2.) Continuous strand roving was fed to the chopper and unit was initialized. 
3.) Chopper unit air pressure was set to anticipated level. 
4.) A pre-weighed plastic bag was placed over the chopper chute and another pre- 

weighed plastic bag was placed over the spray tip. 
5.) The spray gun was activated for 15 seconds. 
6.) The bag containing dry chopped glass and the bag containing sprayed resin were 

7.) The chopper unit air pressure was adjusted to modify chopped glass output in 

8.) Steps 5 - 7 were repeated to produce the specified resin to glass ratio. 

weighed and recorded separately. 

relation to resin output. 

12.3 Balances Calibration Check 

122d Lab Balance for Resin/Gel Coat % Solids 
1.) The balance is calibrated semi-annually by an approved outside vendor 
utilizing NIST traceable standards and documented procedures. 
2.) Internal adjustments are only made by a qualified repair technician. 
3.) The vendor responsible for checking the balance’s calibration is the Aldinger 

1 2 X  Balance for Resin Weight During Spray-Up and Hand Lay-Up 
1.) A Sartorius balance model F6lS was used. 
2.) The balance upon arrival at the test site was calibrated by an approved outside 

vendor utilizing NIST traceable standards and documented procedures. 
3.) Internal adjustments were only made by a qualified repair technician. 
4.) The vendor responsible for checking the balance’s calibration is the Aldinger 

5.) The balance is calibrated semi-annually by an approved outside vendor utilizing 

Company, Dallas, TX. 

Company, Dallas, TX. 

NIST traceable standards and documented procedures. 
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12.4 Gel Timer Calibration Check 

Calibration check procedure for the Sunshine Gel Timer is as follows: 

1.) Obtain a NIST traceable stopwatch. 
2.) Press the “ON’ button to the NIST stopwatch and Gel Timer simultaneously. 
3.) Let the NIST traceable stopwatch and gel timer run for 15 minutes t 5 

4.) When the time is up, simultaneously stop the NIST traceable stopwatch and 

5.) Record the time displayed by the gel mer .  
6.) The time displayed by the gel timer must be 15 minutes 5 15 seconds in 

7.) The frequency of calibration check is “at the time of use or monthly, 

seconds. 

the gel timer. 

order to meet acceptance criteria. 

whichever is greater. 

12.5 

1.) Immerse the probe of a NIST digital thermometer to the same depth as the probe of 
the thermometer for the constant temperature water bath. 
2.) Wait one minute for temperature readings to stabilize. 
3.) Compare the temperature readings of both thermometers. 
4.) Acceptance criteria is a difference in temperature from the NIST thermometer of no 

5.) Frequency of calibration check is “At time of use or  monthly, whichever is greater”. 

Thermometer for Constant Temperature Water Bath Calibration Check 

greater than t 5 O F .  
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Section 13.0 
Quality Assurance 

13.1 QA Project Activities 

A massive amount of data has been collected during the course of this project, and overall 
the data quality has met or exceeded the criteria in the Category I1 quality assurance project 
plan (QAPP). Refinements and adjustments were made to the operating system during the 
early stages of the project. These modifications were a result of an increasing proficiency 
and understanding of the testing system and of quality audits. Throughout this period data 
quality remained within quality standards. QA activities for this project are presented in the 
sections that follow. Additional information is provided in Appendixes. 

The Category I1 quality assurance project plan, Q u a 4  Assurance Pmject Plnnfor the Co@osifer 
Fubricufon Associufion Open iblohng S p w e  Emissions Testing Pnject, was prepared by the Project 
Team and submitted to EPA in September, 1995, for approval prior to the start of the 
proposed testing. The QAPP is included in Appendix. 

In September, 1995, Ms. Shirley Wasson @PA) and Mr. Emery Kong (RTI) conducted 
both a technical systems and performance audits. Topics of examination included stack air 
flow rate and calibrations using styrene gas standards. The value for the volumetric air flow 
measured during the audit was not the value entered into the Camille system within the & 
100 cfm Q A  objective in the Q A  project plan. The styrene mid-range calibration checks did 
not meet the f. 10% criteria by the QA plan. Corrections were made for the air flow rate 
and calibration of the total hydrocarbon analyzer. 

Note: Howewr, the pefonnance audit in September showed that the rerponse ofthe T H C  anabzer to the 
3 1 & 0.G2ppm audf stanhrd mef the &tu quuktygoal of+ 1G%, &spite cakbmtion dflmlties. The 
mid-range cakbration check ofthe T H C  anabzer did not meet the niteria oftheQAPP. Cakbration was 
performed with ?em air, and rpan was set with an IWECO s p i e  s tnnhd  of280 2 5.Gppm. A mid- 
range s tanhd  o f  I75 * 1.8ppm was anabied andfound to be 19Gppm, I W o  greater than its true uahe. 
TheQAPP niteriafor accuracy ofthe midmnge standard check is 1G%. Despite the cakbmtion &tmlties, 
the uudit sgmegas was accumteb anabzed within 3.9% ofits true whe. 

A second performance audit was conducted by Mr. Emery Kong of RTI, on behalf of the 
EPA between November 13 and 14, 1995, at the Dow Chemical test site prior to the resin 
spray-up experiment. The audit included verification of the exhaust flow rate from the 
enclosure and the performance of the Thermal Environmental Instruments, Inc., Model 51 
THC analyzer. The verification showed that the average exhaust flow rate was at 1474 cfm, 
which was in agreement with the Camille system readout, and the propane-to-styrene 
conversion was 0.4355, which is similar to 0.453 that Dow personnel determined earlier. 
The results of this audit indicate that the Dow and CFA personnel have made substantial 
improvement on their styrene emission measurement and exhaust flow rate measurement 
and these two critical measurements were within the accuracy specified in their Category I1 
quality assurance project plan. See audit report in Appendix. Shirley Wasson, in a letter 
dated November 21, 1995, stated, “The slope ratio calculated by (Emery Kong) at 0.4355 is 
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about 96'10 of the slope ratio calculated by you, therefore either may be used as the 
conversion factor since they are not significantly different from one another." (See audit 
reports in Appendix). 

U.2 Internal Audit 

The audit found that the QAPP has been conducted by operating personnel as described by 
the plan with calibration and emission values being well documented. However, there have 
been some variations to the QAPP as originally described. For the most part, these 
variations are a result of experience with the operation system compared to the procedures 
described before actual operating experience. They are as follows: 

13.2.1) Total Mvdrocarbon Analvzer Calibration Procedure 
Exception to the It 10% response from the predicted response, 

During the calibration checks for hand lay-up emission tests the following styrene 
standards were used: 175 ppm, 99 ppm, and 49 ppm. 
About 75% of the time, including calibration checks and drift checks, the THA 
value for the 49 ppm standard was outside the f. 10% specified required accuracy 
from the predicted response. The values outside the 2 10% specification averaged 
5.5 ppm; the maximum allowable being 4.9 ppm. 

The testing was continued for the following reasons: 
a,) the THA, calibrated by the standards listed previously, when used to check a 
styrene standard provided by the EPA, yielded a value within f. 2 ppm from the 
stated concentration of 31 ppm styrene, 
b.) the THA, calibrated by the standards listed previously, yielded an approximate 
95% recovery for the styrene mass balance checks performed before the hand lay- 
up part of the study, 
c.) the same standards were used when EPA and RTI personnel were present during 
the initial phase of testing. The EPA personnel suggested that propane 
standards be used in place of styrene standards since propane standards are 
essentially stable throughout their life. 
[Note: CaLbration ofthe T H A  was a subject o f  comment during the audit in September, 1995. 
The issue dealt tuith a new mid-range stanhrd that did not read uithin the 
concentration o f  the new stanhrd was in question because the subsequent anahses ofthe stanhrd 
audtgases wem wel uithin the f. 10% Lmit.. Seepages 2 and 3 ofthe audt.]. 
d.) and finally, the total styrene emissions per run obtained by the gas 
chromatograph compared quite favorably with those obtained by the THA. 

10% (imits. The true 

13.2.2) Air Flow Throueh the ?TE Calibration 
Exception to method used to verify the air flow through the TTE 

An Airdata Multimeter Electric Micromanometer was used to determine air flow 
through the TIE each Monday during test runs. The Airdata Multimeter Electric 
Micromanometer is set to perform as a pitot tube. Traverse readings are taken one 
inch from each side of the duct wall and in the middle of the duct. At each 
position, three air flow measurements were taken and averaged. 
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averaged reading values were then averaged to determine the air flow through the 
TIE. 

Early in the study, this method for determining air flow was performed in 
conjunction with air flow measurements taken by the EPA using a pitot tube. The 
two methods were found to be comparable at that time. 

13.2.3) Section 3.1.5 Air Flow 
Exception to verifying air flow prior to the start of individual studies. 

The air flows over the mold were not verified before the hand lay-up study as 
described in Table 3.3, Quality Assurance Objectives for Critical and Non-Critical 
Measurements. However, prior to any testing, the dampers were adjusted and settings 
marked to maintain the required air flows over the mold. 

After the hand lay-up study was complete and prior to the start of the gel coat study, 
the air flows were verified as described in Table 3.3. That verification was used for 
both the hand lay-up and gel coat study. 

13.2.4) Section 6.1 Total Hvdrocarbon Analyzer Calibration Procedure 
Exception to using styrene standards for determining total styrene emissions. 

At EPA’s personnel recommendation, the styrene standards were replaced with 
propane standards after the hand lay-up portion of the study. Prior to starting the 
gel coat study the propane-to-styrene correction factor was determined to be 0.453 
for the Thermo Environmental Instruments, Inc. Model 51 Total Hydrocarbon 
Analyzer. Two styrene mass balance checks yielded recoveries greater than 99% 
using the determined correction factor. 

13.2.5) Section 6.4.1 Sorav Gun’s Flow Rate Calibratio n 
Exception to calibrating the spray gun’s flow rate prior to each gel coat test run. 

The spray gun’s flow rate was not checked for calibration during the first five gel 
coat test runs. However, the pressures and tip sizes required to obtain the desired 
flow rates for each gel coat used were determined prior to the gel coat study. These 
settings were used during the first five gel coat test runs. Subsequent gel coat test 
runs have had the spray gun’s flow rate checked for calibration. All of the flow 
rates have been correct for all the gel coats at both flow rates used with no 
adjustments to the prior determined pressures and tip sizes. This is a strong 
indication that the spray gun’s flow rates for the first five gel coat test runs were 
within the required limits. 
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Phoro I .  Boreline Study 

Section 14.0 
Data Quality 

14.1 Precision 

Four sets of duplicate runs were during each set of test runs. The relative percent 
difference from the mean for each set of duplicate runs was calculated. 

Relative Percent Difference = I C1 - C2 I (loo), 
from the Mean m 

Where C1 and C2 are the measured styrene emission values from duplicate runs, 
and m is the mean of the two measured styrene emission values. 

The average relative percent difference from the mean and standard deviation was then 
determined from all of the duplicate runs in the three sets of test runs. Table 14.1.1 below 
lists the mean percent emissions from duplicate runs and the relative percent difference 
from the mean. The average relative percent difference from the mean, and standard 
deviation of the relative percent differences are shown in bold print below the table. 

Table 14.1.1 
Percent Emissions and  Relative Percent Difference 

Duplicate Test Runs Mean Percent Emissions Relative Percent Difference 
H a n d  Lay-Up 
3 A a n d B  17.2 3.0 
4 A a n d B  12.4 11.7 
1 1 A a n d B  21.1 0.4 

O R  3 7  

Gel Coats 
3 A a n d B  55.5 4.2 
4 A a n d B  45.3 7.7 
1 1 A a n d B  61.9 0.2 
1 2 A a n d B  45.6 1.7 
Resin Spray 
3 A a n d B  32.4 4.5 
4 A a n d B  19.3 1.5 
1 1 A a n d B  29.5 2.9 
1 2 A a n d B  17.1 5.8 

Average Relative Percent Difference = 3.9% 
from the Mean 
Standard Deviation = 3.3 
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14.2 Completeness 

Completeness is as follows for all measurements: 

%C = y (100) 
N 

Where: %C = percent completeness 
V = number of measurements executed 
N = total number of measurements planned 

Calculation for percent completeness: 

%C = (100) 
60 

% C  = 100 

14.3 Accuracy 

Accuracy is expressed as the percent relative error from a value from a known standard: 

%RE = u-s (100) 
S 

Where: %RE = percent relative error 
p = measured value 
S = standard value 

The accuracy of the measurements made by the THA can be found the in the recovery tests 
performed throughout the study. 

The percent relative error can be also be defined as follows: 

%RE = 100% - PR 
where PR = percent styrene recovery. 
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Table 14.3.1 below lists the percent styrene recovery and the percent relative error. 

Table 14.3.1 
Percent Styrene Recovery and Relative Error 

% Styrene Recovery 
Hand Lay-Up 

Run 1 81.6' 
Run 2 99.7 

Run 1 94.7 
Run 2 99.8 

Run 1 91.3 
Run 2 96.1 
Run 3 91.1 
Run 4 95.3 
Run 5 98.0 
Run 6 95.1 

Gel Coats 

Resin Spray 

O/O Relative Error 

18.4 
0.3 

5.3 
0.2 

2.1 
3.3 
2.9 
4.1 
2.0 
4.9 

AVERAGE 95.5 

' Corrective action taken before experimental run 
(1) Additional recovery checks were made during Mr. Emory Kong's audit of November 

1995. 

4.5 
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CFA Open Molding SQmm Emrsrlons Test Propcl Phose I - Baseline Stud, 

Section 15.0 
Laboratory Procedures 

15.1 

Determination of Non-Volatile Content 

YO Resin Solids Determination Procedure (Styrene Content) 

1.) Bring oven to temperature of 125 f. 2OC with a calibrated thermocouple. 
2.) Zero the analytical balance, place an aluminum dish on the scale and record 

3.) Tare the scale, weight out 0.42 L 0.02 grams of resin sample with a transfer 

4.) Repeat steps 1 and 2 for a replicate sample as this procedure requires duplicates. 
5.) Dispense 2 milliliters of acetone into each dish and carehlly swirl the solution around 

to dissolve all of the resin. 
6.) Place both dishes into the catch pan and place them into a forced air 

heated oven. 
7.) Set a alarm timer to 45 minutes and remove dishes at 45 5 2 minutes after 

placement in the oven. 
8.) Remove the samples from the catch pan and place on a paper towel 

to cool for at least 5 minutes. 
Note: It is extrrmeb iqbortant that the saqbh be rrmoved at 45 minutes, 
othenvise the accumky 4th test m q  be s&$cantb altend. 

the weight. 

pipet and immediately record the weight. 

9.) Zero the analytical balance, place dish on the scale and record this weight. 
10.) Calculate the O h  solids content as follows: 

MS2 - Md 

MS1- Md 
Yo Solids = x 100 

Where, 
MS1, is the combined mass of the sample and dish before heating, 
M s ~ ,  is the combined mass of the sample and dish after heating, and; 
Md, is the tare weight of the dish. 

15.2 Gel Time Procedure 

1.) The promoted resin should be brought to 77 f. 2‘F by use of a constant 
temperature water bath. 

2.) Weigh 100 
mouth bottle. 

3.) Catalyze the promoted resin with the prescribed amount of catalyst. Cap the bottle 
tightly, turn the Power switch “ON”, and shake the bottle for 45 seconds. 

4.) Immediately uncap the bottle, place the bottle in a foam holder, and position 
the bottle under the gel timer. Attach the glass rod spindle to the gel timer, while 
centering the glass rod in the 4 02. glass bottle. Gel times are performed at ambient 

1.00 g n m s  of the promoted resin into a tared 4 02. wide 
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CFA Open .i/oldmg Styrene Emrrrionr T m  Propcr Phase I .  Baseline Study 

temperature. 
5.) Turn the Test switch to the “ O N  position to activate the gel time alarm. 
6.) When the alarm sounds, immediately turn both the Power and Test switches 

“OW’. Record the gel time. 
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OptimizatiunSMy Sununary 
C70iiclusions ond Recoirimeiiu'ntions 

Huckgroiind 
This stud? was conducied to demonstrate and quanti% erects of optimizing the spraying process !'or both :el coat 
and resin application. The baseline for these experiments is the Phase I Study - CFA Open Molding Styrene 
Emissions Test Project. In the Baseline Study. no attempt was made to reduce or control styrene emissions. 
Considerable data were collected from the original experiments. some of which is integrated into this studv. The 
Optimization Study was conducted under the same rigorous Catego? II Quality Plan parameters as the Baseline 
Study. Elements ofthe original study were combined with the Optimization Study to provide replicate 
experiments. The replication between the original experiments and the Optimization experiments was good. 

Conclusions 
'These experiments have determined that overspray (off-mold spray) is a major factor in styrene emissions from 
polyester resin and %el coat spray application. Overspray can dramatically increase the wet surface area of a mold 
and surrounding area, and has a corresponding effect on emissions. based on surface area evaporation. In 
addition, because the overspray film is ve? thin the rate ofcure is slow. which also increases emissions per uni t  of 
surface area. The ratio of mold surface area to linear edge is an important determinant in the potential for 
overspray. .As a mold becomes larger the surfice area per mold perimeter increases, which decreases the potential 
for overspray. 

The optimization of spray gun set-up and spraying technique can have a highly significant impact in reducing 
styrene emissions. These methods should be considered the primary fonn of pollution prevention and source 
reduction in all polyesterlvinyl ester resin and gel coat spraying operations. 

With gel coat application, an optimized spray yun set-up yielded a reduction of 2 1, I %o from baseline emissions. 
while controlled spraying produced a 4 I .6% decrease in emissions. 

The sprayup process gun optimization yielded a 9. 1% decrease in emissions. while controlled spraying produced 
a 2 I .4% decrease in emissions. 

These emissions reductions provide substantial pollution prevention opportunities at little or no cost to the 
manufacturer. In fact. the net reduction in overspray (increasing transfer efficiency). should actually produce a net 
savings in material cost. In addition. the reduction in peak emissions levels from spray sun optimization may 
reduce personnel exposure to styrene, and aid in compliance with the industries voluntary 50 ppm personal 
exposure limit. 

In the Phase I Baseline Study the range for gel coat emissions was 43.5% AS to 61 3% AS. Extrapolating the 
Optimization reductions, this range might be reduced to between 25.4% AS to 36.0% AS, which is similar to the 
current .AP-42' emissions factors. Baseline Spray-up emissions ranged from 17. I% AS to 38.0% A S .  
Extrapolating the Optimization results may yield an emissions range of 13.4% AS to 29.8% AS. In this case, the 
upper limit of Ap42 emission factors is attainable through optimization techniques. 

These conclusions serve to point out, that although the Baseline emissions average higher than AP-42' factors. 
relatively minor changes in equipment and application methods can produce emissions more in line with the long 
used EPA factors. In actual practice, laryer molds than used in this test project, with a greater surface area to 
linear edge ratio. may exhibit baseline emissions closer to the traditional AP-42 factors. 
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Recommendations 
Optimization of spray gun set-up and spraying technique should be the first line o f  pollution prevention and 
source reduction in polyesterlvinyl ester resin spraying operations. These methods provide a "win-win" sceaniaro 
for mitigating styrene emissions while providing cost savings. I t  is recommended that all spray application 
equipment be optimized. and spraving techniques aimed at reducing overspray be adopted to achieve these 
emissions reductions. Following are specific recommendations for spray application optimization: 

I .  .Spra.v /2pIpnim/ Ser-up: Spray tips should be sized for a specific application, in order to spray 
from between 12" - 18". or a close as reasonably possible, from the surface. The primary method for 
adjusting material flow rate is varying the spray tip orifice size. The fan pattern width is adjusted by 
selecting the appropriate orifice angle. 

Tip /'rr.s.sure: The spray gun should be adjusted to the lowest possible pressure that produces an 
acceptable fan pattern. (The procedure is described in this document). 

Spray Operalor 7raining: Operator training is a critical part o f  the optimization plan. This 
training should include: The use of proper spraying techniques; An understanding of the function 
and proper set-up o f  spray equipment; And an understanding ofthe effects o f  overspray. 

Spra.ving Technique: Handling of the spray gun is a critical element of optimizing the process. In 
simple terms. where the gun is "aimed" is very important. These techniques designed to minimize 
"off-spray" and reduce wet surface area surrounding the mold. 

2 .  

3 .  

4. 

a. 

b. 

c. 

The spray gun should be held as close to the mold surface as possible, in consideration o f  
the material output. fan pattern size. and size and configuration ofthe mold. 
The fan pattern intercept angle should be maintained as close to perpendicular to the mold 
surface as possible. 
The perimeter o f  the mold should be spraved as accurately as possible, avoiding spraying 
off the edge to the greatest extent possible. 

5. Oiwspray Cap/ure,Mo/d Edge Conjigurarion: I t  is a distinct advantage to capture "off-spray'' 
as close to the mold edge as possible. When considering the geometry of spray off the edge o f  the 
mold, the total wet surface area increases considerably as the "footprint" of the overspray area 
increases. I t  is recommended that a wide flange be incorporated at the mold perimeter. or an 
arrangement ofmasking the mold edge be used. The objective i s  to spray to the useful edge ofthe 
pan and contain as much overspray as possible with the masking around the mold perimeter. 
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1.0 Purpose 
The purpose of the optimization study i s  to explore the elyects o f  spray gun set-up and spraying technique on 
styrene emissions from the gel coating and spray-up processes. An "optimized or tine tuned spray gun set-up will 
be compared to the standard gun set-up used in the Baseline studies. Additionally. the effects of overspray wil l be 
assessed through the use of controlled and uncontrolled spraying techniques. 

1.1 Appro;irh 
These experiments are based on earlier test runs from the original Baseline Study. In both gel coat application and 
spray-up application. a run from the original experiments which produced emissions approximate to the mid-point 
range ofemissions was selected. In the case ut' gel coating. Run 14 tiom the Baseline experiment was selected. 
This original run produced 56% AS emissions. where the average gel coat emissions from all runs was 5 I .S Oh 
AS. In the case o f  spray-up. original Run I O  was selected. which yielded 22.3% A S  emissions, where the overall 
average emissions were ??.OS6 AS. 

1.2 Controlled vs. llncontrolled Spraying 
The original Baseline Study was conducted using an uncontrolled spraying technique. This involves producing 
overspray which would be considered typical or normal for application ofthis type and configuration mold. A 
study o f  video tapes was conducted to determine the distance and duration of overspray off the edge of various 
molds. I t  was determined that c a v i n g  the spray sun stroke appro.ximately 6" off the edge of the mold. would 
produce conditions considered typical of uncontrolled spraying. In addition, fan pattern intercept angles were used 
which would represent a typical industry application. The controlled spraying technique used in the Optimization 
Studies contains the overspray to the greatest extent possible within the flange o f  the mold. In this case the fan 
pattern intercept angles are maintained as close to 90" to the surface as possible. The ramitications o f  surface area 
coverage become apparent when taking overspray into account. As illustrated, the effective surface area of the 
uncontrolled application is 53.94 R'. while the controlled technique has an effective area of34.58 R'. 

Spray Area Coverage - Spray-Up 8 Gel Coating 
~- . - - 

~ ._ . .___ 
Uncontrolled Spray Technique 

Overspray Approx. 6 Off Mold Flange 
~ . . 

, _ _ _ _ . . . . . . .  _ . . .  

.. 

Front 

Mold Surface Area: 
37.28 f? inc. Flange 

Effective Spray Coverage: 
53.94 f12 inc. Overspray Area 

Flange, 
/ 

Corner 

Controlled Spray Technique 
, Overspray Contained By Flange __ ~~ - . - , 

. _ . . .  

TOD 

Figure 1.2.1 Mold Surface Area: 
28.06 e inc. Flange 

Effective Spray Coverage: 
34.58 ft2 inc. Overspray Area 
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Fan Pattern Intercept Angles 
Top View 

Figure 1.2.3 

Spray Tip npproi. 1B-20' 
From Mold Surface 

Controlled Spraying Technique 

Uncontrolled Spraying Technique 
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1.3 Experimental Design 
This series ofrsperiments is designed to compare controlled spray technique to uncontrolled technique. and to 
examine the efiects ofspray gun set-up on emissions. The design for these experiments is as follows. 

1.3.1 Gel Coat ;\pplication Optimization Table 1.3.1 

I .3.2 Spray-Up Application Optimization Table 1.3.2 

1.4 Replicate Experiment Correlation 
Duriny the course of the project. replicate experiments conducted with a substantial time interval in between have 
been shown to produce a high level o f  correlation. For example. the original Spray-Up Experiment Run IO, 
conducted on 1216195 produced 22.3% AS emissions. The replicate run for the optimization experiment (Run I ). 
conducted on 1/22/96. produced 21 . Z %  AS emissions. a difference of  onlv 0.8%. The original Gel Coat 
Esperiment Run 14. conducted on 10/19/95 produced 26.0% AS emissions. The optimization experiment 
replicate. conducted on 3/5/96. produced 52. I %  AS emissions, for a difference of 3.9%. This indicates the 
reproducibility of experiments i s  high and correlated results from experiment to experiment are reliable, within the 
range o f  indicated error. 

1.5 Spray Tip Pressure Emissions Study 
In order to provide data on the optimization o f  the spray gun. an adjunct study was conducted, in order to better 
understand the relationship between spray tip pressure and styrene emissions. Measurements of emissions at 
various spray gun pressures were undertaken. In the first segment, a specific amount ofgel coat or resin was 
sprayed to provide a specified thickness over the designated surface area. In the second segment. the ye1 coat or 
resin was sprayed for a specific period of time (60 seconds) at various tip pressures and the peak emissions were 
recorded. 

1.5.1 Spray Gun and Experimental Set-up 
The same airless air assist spray equipment used in previous experiments was documented in these studies. For the 
gel coat application a .021" tip with a 40' fan pattern was used. Gel coat viscosity was measured at 14,400 cps 
(RVF Jf34). A target thickness of ,018" (18 mils) was used. For the Spray-Up resin application a .031"-60' spray 
tip was used. The resin viscosity was measured at 348 cps (LVF). The target thickness for the application was 
,080" of laminate. 

The fan patterns at each pressure setting are described as follows: 

10 CFA 1996 5 

e !  
e 
e 
e 
e 
e 
e 
e 

e 
e 
0 
e 
0 
0 
0 
e 
0 
0 
e 
e 
e 
e 
0 

e 
e 
e 
e 
'e 
e 
e 
0 
e 
0 

0 
e 
0 

0 
0 

e 

e 

e 

e 

e 

A 



0 
0 
0 
e 
e 
e 
e 
e 

e 

0 

0 

0 
e 
0 
e 
0 
0 
0 
0 

a 
e 

Pump Fan Pattern Fan Pattern 
Pressure Length (in.) Width (in.) 

30 0 00 .LZS 
40 I 1 . O O  2.50 
50 13.00 3.75 
60 IJ.25 3.75 
70 15.25 3.75 

a 
e 
e 
e 
0 
a 
e 

Fan Pattern 
Quality 

Poor 
Ad equate 

Good 
Good 
Good 

e 
e 
e 
e 
e 

0 

e 
0 
a 
a 

Pump Fan Pattern Fan Pattern 
Pressure Length (in.) Width (in.) 

30 12.00 2.25 
40 lJ.00 3.25 
50 15.00 3.00 
60 16.50 3.00 
70 17.50 3.50 

Fan Pattern 
Quality 

.Adequate 
Good 
Good 
Good 
Good 

SPRAY TIP PRESSURES vs. EMISSIONS PEAK 
GEL COAT 
Table 1.5.4 
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Pressure Pressure 
(psi) (psi) 

14.5 
14.5 870 
14.5 1015 

Wt. Of Gel 
Coat 

Sprayed (5) 

I89 
I96 
I70 
197 
203 

(mils) Emission 

17.5 36 
18.0 42 
18.0 6 48 

6 



Peak Pump Pump Ratio Tip Wt. Of Laminate 
X O .  Pressure Pressure Resin Thickness 

(psi) (psi) Sprayed (g) (in.) 

I 30 14.5 43 5 468 ,081 
7 . 40 14.5 580 49 I ,085 
3 50 14 5 725 454 .os0 
'I 60 14.5 870 498 .085 
5 70 14.5 1015 465 ,080 

Peak 
Styrene 

Emission 

Surface 
Area (A') 

6 
6 
6 
6 
6 

1.6 Optimization LMethodologJ 

1.6.1 Snrav Gun Set-uo Ootimization Method . .  . .  
The method for optimizing the spray gun set-up is  universal, in that it will apply to all available gel coat or resin 
spray application equipment. The optimization process consists of. I ) Determining the appropriate spray tip size 
and fan pattern angle; 2) Setting fluid pump pressure and air assist pressure (if applicable) to produce the best fan 
pattern at the lowest pressure. 

Spray tip size i s  determined by a number o f  factors. including: Required material flow rate: viscosity of material; 
spray gun distance from the mold; and required width of fan pattern. These interacting factors preclude the 
possibility of pre-determining a specific spray tip size for a given circumstance. A series of tip sizes and angles 
should be available to trial various combinations. 

Once a spray tip i s  selected, pump pressure and air assist pressure (if an airless air assist unit) are used to produce 
a spray pattern acceptable for the application. The set-up procedure i s  as follows: Air assist pressure (if 
applicable) is set to the within the anticipated range. Fluid pump pressure is turned down to "0.' on the pump air 
pressure regulator. While holding the spray gun at a specified distance away from a disposable surface (floor 
paper). the trixger i s  pulled. The air pressure to the fluid pump is then slowly increased while observing the fan 
pattern. When an adequate fan pattern is produced the pump pressure is fixed. The g u n  is then moved over a clean 
area of paper and held at 90"to the surface and at the specified distance. The trigger is then quickly pulled and 
released to provide a "snapshot" imprint of the fan pattern. At this point the air assist pressure may be adjusted to 
"fine tune" the shape of the fan pattern. This procedure is repeated until the best fan panern at the lowest pressure 
is produced. 

1 0  CFA I996 7 
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There are .sm~eralpaint.s ta nofe concerning .spn~y gun i@mi:ation: 

I .  Based on test results. lower tip pressures produce lower peak emissions. Tip pressure should always 
be adjusted to the lowest possible pressure that produces an acceptable fan pattern. 

\,laterial tlow rate adjustments should be accomplished by changing spray tip size and not by 
adjusting fluid pressure 

The distance between the spray gun and the mold surface. and the viscosity ofthe material sprayed 
will affect the fan pattern angle selected. 

2. 

3 ,  

1.6.2 Spraying Technique Optirnizatinn 

The primary factor in optimizing spraying technique i s  to reduce overspray (off-mold spray) to the greatest extent 
possible. Close capture of overspray with an extended mold flange is an effective method o f  restricting overspray 
surface area. From a practical standpoint the "extended flange" does not have to be an integral pan of the mold. 
but can simplv be a removable mask installed around the mold perimeter 

A second issue is to match the angle of the fan pattern to the distance o f  the spray gun to the mold. With the 
proper fan pattern angle, distances of IZ" - 18" are achievable. On larger pans. distance from the mold is  less 
critical. due to the surrounding mold surface capturing a large portion of the overspray. Fan pattern width should 
be adjusted for a particular confiyuration o f  mold, minimizing the required spray gun distance to the surface. 

The orientation ofthe spray pattern and the distance from the mold are substantial contributing factors to the 
overspray equation. The optimum technique is to keep the fan pattern intercept angle as close to 90' 
(perpendicular) to the surface as possible and to keep the spray gun as close as reasonably possible to the surface. 
At acute fan pattern intercept angles (less then 90'). the tendency is to create horizontal transpon o f  material 
across the mold surface. The more acute the spray angle the greater the horizontal velocity across the surface. 
thus carrying more material of f  the mold edge. In addition, acute spray angles create a wider overspray footprint 
due to the geometry ofthe material flow path. 

In summary, the criticul elements iflspray technique optimization are: 

I. Contain overspray as close to the perimeter o f  the mold as possible to reduce.the overall overspray 
footprint. 

Minimize spray gun distance to the mold. 

Maintain fan pattern intercept angle as close to 90' (perpendicular) to the mold surface as possible. 

2. 

3 .  

0 
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1.7 G E L  COAT OPTIXIIZATION COMPARISONS 
and COXCLUSIOXS 

Table 1.7.1 

Emission Emission Surface 

% of Gel % of Area Emiss. 

Surface Emission 

Area Emiss. (gin21 
Run No. 

Replicate Avg -Runs 1 14 

Run 2 

Coat (RW) AS ( g w  Wm2) kg GC) 
21.9% 54.0% 13 36 146 58 5.87 
12.7% 31.5% 8 23 68 00 4.54 

RESULTS: 

I .  

3. 

3 .  

4. 

Hmdiiie I<iiii.s The average of runs I R: I ?  produced 84.0% emissions of available styrene (AS).  

Oprimi;ed.S~irc!t, Giir t  Sel-itp Run 3 produced 42 6% emissions of available styrene (AS). 

~ ' ~ ~ i ~ r r ~ ~ l I ~ d . S ~ i r i I ~ i i i ~ :  Run 2 produced 3 I .i% emissions of available styrene (AS). 

Optinrized.Sprr!r. (;itit Scr-itp - ( ' , ) i i r r , , i l~d .S~r~~~; i i~ :  'The average of Runs 4A & 4B produced 3 I .  1% 
emissions of available styrene (AS). 

CONCLUSIONS: 

I .  

2 .  

3 .  

4. 

8. 

6. 

Spray gun set-up optimization resulted in a 2 I .  I %  decrease in AS emissions. 

Controlled spraying resulted in a 41.69'0 decrease in AS emissions. 

Optimized spray gun set-up +Controlled spraying resulted in a 42.4% decrease in AS emissions. 

Controlled spraying provides a reduction of nearly ~ W O  times that of an optimized spray gun set-up 

Overspray, which increases wet surface area, is a major factor in styrene emissions. 

The results ofemissions decreases for controlled spraying only runs vs. the controlled spraying + optimized 
spray gun set-up runs (41.6% vs. 42.4%) should be considered equivalent, being within the experimental 
error ofthe measurements. 

The effects of spray gun set-up and controlled spraying arc not cumulative. The effects of spray gun 
efficiency are enveloped by the effects of controlled spraying. 

The emissions from either controlled spraying only, or controlled spraying + optimized spray gun set-up, are 
in the mid-range of AP-42 emission factors for gel coating (26%-35% emissions AS). The AP-42 maximum 
factor OS%) x .89 yields optimization emission factors. 

7.  

8. 
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1.8 SPR:\\.-I'P OPTl&llZ.ATlOK COhlPARISOKS 
and CoKCLI~slohs 

Table 1 8 1 

Emission Emission Surface Surface 
% of Gel % of Area Emiss. Area Emiss. 

Run No. Coat (RW) AS (glft2) Wm2) 
Replicate Avg -Runs 1 & 10 9.3% 21.9Ok 19 87 218 06 

Run 2 7.3% 17.2% 14 45 11940  
Run 3 8.4% 19.9% 18 19 199 65 

Replicate Avg - Runs 4A & 48 7.3% 17.4% 14 64  120 96 

Normalized 
Surf. Area 
Emission 

WftZ 
kg Resin) 
2.48 
2.59 
2.25 
2.61 

RESULTS: 

I, 

2 .  

-3. 

4. 

/kt.w/;iie R I I I I . ~ ~  The average of runs 1 & I O  produced 2 I ,9% emissions of available styrene (AS). 

0pritni:ed .S[ir$r (;tiii .Se[-ii[>: Run 3 produced I9.9% emissions o f  available styrene (AS). 

( 'oiardlrd S[irq;iig: Run 2 produced 17.2% emissions of available styrene (AS).  

O/>rirnixd .S[irr!v ( i i t i i  .Se[-iip - (.'oiitrn//ed .S/>rqviiig: The averaye of Runs 4A & 4B produced 17.4% 
emissions of available styrene (AS). 

CONCLUSIONS: 

I. 

2 

3 .  

4. 

Spray gun set-up optimization resulted in a 9. I% decrease in AS emissions 

Controlled spraying resulted in a 21.4% decrease in AS emissions. 

Optimized spray yun set-up +Controlled spraying resulted in a 20.4% decrease in AS emissions. 

The results o f  emissions decreases for controlled spraying only runs vs the controlled spraying + optimized 
spray gun set-up runs (2 I .4% vs. 20.4%) should be considered equivalent, being within the experimental 
error ofthe measurements. 

Controlled spraying provides a reduction o f  over two times that o f  an optimized spray gun set-up 

Overspray, which increases wet surface area, is a major factor in styrene emissions. 

The effects o f  spray gun set-up and controlled sprayiny are not cumulative. The effects of spray yun 
efficiency are enveloped by the effects o f  controlled spraying. 

5 .  

6 .  

7 .  

8. The emissions from either controlled spraying only ( 11.2%). or controlled spraying + optimized spray gun 
set-up ( 1  7.1%). are approximately 1 .33  times higher than AP-42' (9-l3% AS for non-vapor suppressed 
(NVS) resins). 

I O  
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RESEARCH TRIANGLE INSTITUTE e 
Center for Environmental Analysis 

DATE: September 26, 1995 

TO: Judy Ford, EPA QA Officer 

From: Emery Kong e 
Subject: Technical Systems Audit and Performance Evaluation Audit of the CFA Open 

Molding Styrene Emission Testing 

During September 20 and 21, Ms. Shirley Wasson of EPA and I conducted a technical 
systems audit and a performance evaluation audit of the CFA open molding styrene emission 
testing at the Dow Chemicals Composites Laboratory in Freeport, Texas. Major activities in the 
audit included exhaust flow rate verification, THC analyzer performance evaluation, and 
observation of a typical resin batch application (hand lay up) test mn, and observation of 
analytical procedures for resin properties. 

We found that CFADow personnel had a good handle of the experimental procedure and 
Dow personnel provided a very good analytical support for resin properties determination so that 
the styrene content and gel time of the resin material can be adjusted to the specific values in the 
QAE'P. However, we found that the exhaust flow rate and THC measurements did not meet the 
data quality objectives. 

This report presents my evaluation of exhaust flow rate measurements. Ms. Wasson 
concentrated on the THC analyzer performance evaluation. She also received a copy of all data 
recording sheets for the first three test runs. CFAlDow started their styrene emission study with 
the resin batch application; therefore, procedures pertaining to spray gun calibration were not 
observed. According to Mr. Bob Lacovara of CFA, they are going to complete resin batch 
application study first, then gel coat spray application study, and finally the resin spray 
application study. I have talked with Mr. Carlos Nunez and Ms. Wasson about returning to Dow 
to observe the resin spray application study in late October. CFA and Dow welcome us to 
observe the resin spray application study. Mr. Nunez will make a decision on this subject. 

On September 20, 1995, Dow personnel conducted the third official resin batch 
application test run in the morning. After resin lamination was complete, Ms. Wasson and I 
verified the exhaust flow rate at the exhaust duct using a 12-inch standard pitot tube with an 
ALNOR micromanometer. The arrangement of pressure gauge and sampling parts at the 16" 
diameter exhaust duct is shown in the attached notes. Velocity measured at Hole 3, just behind 
the Vortek Velocity Sensor, showed that the centerline velocity was 1370 and 1270 fpm. The 
calculated flow rates were 1949 and 1861 cfm, which are higher than 1600 cfm monitored by the 
Vortek velocity sensor. 
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Because the flow rate measurement was higher than 1600 cfm and the monitoring 
location is just behind the Vortek velocity sensor, I suspected that turbulence affected the pitot 
tube readings. I requested Dow technicians to drill two additional holes upstream of the 
monitoring location (as shown in the attached figure, Holes I and 2). Centerline velocity 
measurements at these two holes showed that the exhaust flow rates were 1356 cfm and 1426 
cfm which were lower than 1600 cfm on the Vortek sensor. Additional traverse measurements 
showed that the flow rates were 138 I cfm at Hole 1 and 1453 cfm at Hole 2. These 
measurements showed that the actual exhaust flow rate was 1404 cfm, which is 12.5% lower 
than 1600 cfm. The difference exceeded the data quality objective *lo0 cfm in the QAPP. 

In the afternoon, a Dow technician conducted subsequent exhaust flow rate verification 
using a 18-inch standard pitot tube and an Airdata micromanometer and the result was 1403 cfm. 
Dow personnel decided to call on their Environmental Service group and Vortek representative 
to resolve the difference. The Dow Environmental Service personnel used EPA methods 1 and 2 
to monitor APS at Hole 5 on Sept. 21. Sixteen traverse points were used, and the result confirmed 
previous finding that the actual exhaust flow rate as 1400 cfm. The Dow personnel finally 
accepted the fact that the exhaust flow rate was 1400 cfm, not 1600 cfrn. They decided to keep 
the exhaust flow rate at 1400 cfm and adjust the Vortek sensor to reflect the actual flow rate in 
the subsequent test runs. This exhaust flow rate correction along with accurate concentration 
measurement should improve the accuracy of styrene emission rate determination. 

The performance evaluation of the THC analyzer indicates that high concentration styrene 
standards (above 175 ppm) caused a problem in the styrene standard span check and the mid- 
range span check always showed up higher than the actual concentration of the mid-range styrene 
standard. This incorrect calibration resulted in higher concentration reading than the actual 
concentration. 

This audit showed that emission measurement and exhaust flow rate monitoring need to 
be improved to meet the data quality objectives. The following suggestions were provided to the 
CFNDow personnel orally on September 21,1995 with Ms. Wasson's consensus. 

Recommendations: 

RTI's Recommendations to improve data quality for the CFA/Dow testing 

1. Use propane standards for daily routine calibrations; correlation between styrene 
standards and propane standard needs to be determined prior to the use of propane 
standards. 

Suggested concentration range for each emission study: 

Resin spray up 
Gel coat spray up 
Resin hand lay up 

0-800 ppm styrene or 0-2100 ppm propane 
0-500 pprn styrene or 0-1340 ppm propane 
0-200 ppm styrene or 0-530 ppm propane 



2. Perform pure styrene evaporation tests when propane standards are used. 
(Pure styrene evaporation tests are called for in the QAPP before each emission study.) 
Suggest boost styrene emission conc. up to 50 ppm (by blowing terry cloth soak4 with 
styrene) for a shorter run  20 to 30 min. 

After each test run, conduct mid-ranee and zero-air drift check. [The drift check could be 
part of the full range calibration (Le., zero-air, mid-range, and 80% span standard) for this 
subsequent test run.] 

Press the calibration button on the scale read out unit to conduct internal calibration check 
before each test run. 

3. 

4. 

5. Perform weekly s tkk  centerline velocity check to verify the Vortek velocity 
measurement. and check against the AP measurement from the incline manometer. 

Re-analyze EPA's styrene standard and propane standard after Dow switches to a propane 
standard calibration. 

Make a respirator available for the operator to protect him from unnecessary exposure to 
high conc. styrene emissions. (especially during gel coat and resin spray up). 

6 .  

7. 

Enclosure (written note from my notebook) 

cc: Constance Wall, RTI QA 
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1.0 Introduction 

1.1 Purpose of Audit 

This audit evaluated the technical setup and performance of experiments to determine 
styrene emissions from hand lay up of fiberglass mat and polyester resin in an open molding 
process. Complete planning for the project is discussed in the Quality Assurance Project Plan 
(QAPP) for the Composites Fabricators Association "Open Molding Styrene Emissions Testing 
Project", dated September 1995. The project is being performed during the time period of 
September-October, 1995, at the site of The Dow Chemical Company, Freepon, TX. Composite 
Fabricators Association provided the leadership for the project. Dow provided consultation, 
physical facilities, equipment, operators of equipment and analytical instruments, laboratories, and 
supplies. The purpose of the project is to determine the styrene emissions from the open molding 
processes of hand lay up of resin, spraying of resin, and spraying of gelcoat. The auditors 
observed only the hand lay up portion of the project. 

The purpose of the audit was to observe the adherence of project personnel to the QAPP 
and to check the performance of the critical measurements of exhaust air flow rate, hydrocarbon 
concentration in the exhaust duct, and weight. Air flow was produced and regulated by a fan and 
a damper and measured by sensors in the duct using a VorTec-SD system. All sampling ports, the 
velocity monitoring device, the damper and the fan are located on the roof on a horizontal section 
of the duct. The total hydrocarbon (THC) analyzer was calibrated per Method 25A using styrene 
standards connected by stainless steel lines to the calibration port of the analyzer. There was also 
a gas chromatograph/flame ionization detector (GC/FID) on line which took samples every 2 
minutes. Sample probes were located in the exhaust duct and connected by stainless steel lines to 
the sampling ports of the analyzers. The sample lines were approximately 50 feet long, while the 
calibration lines were closer to about I S  feet. The audited balance was a Sartorius F61S, capable 
of reading several-kilogram quantities. 

1.2 Audit Preparation and  Activities 

The QAPP and the responses to QAF'P review comments were reviewed. A checklist 
was prepared, cylinders of styrene and propane were shipped to Dow, and the auditors brought 
with them to the audit a pitot tube, an incline manometer, an ALNOR micromanometer, and 
standard weights. The auditors traveled to Freeport on September 19 and spent September 20 
and 21 at the Dow site. Hand lay ups were performed in the morning ofboth days. Exhaust air 
flow rate was measured by the auditors on both days, and also by Dow and VorTec Co. on the 
second day. The styrene and propane standards were measured on the first day, and the balance 
was checked with the standard weights. 

EPA project officer Carlos Nunez was on premises during the morning of September 20, 
and was kept informed of audit progress. A closing meeting at which recommendations were 
made was held before the auditors left at about 2:30 p.m. on September 21. 
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M e r  the auditors returned, Mr. Kong produced a preliminary report (see Attachment No. 
1). Ms. Wasson reviewed the hardcopy data records for the test runs conducted on 9/18 (mass 
balance with pure styrene), 9/19 and 9/20 (hand lay ups of resin) (Attachment No. 2). and the 
electonic data record of the test conducted on 9/20 (see charts). She produced this report and 
followed up with Mr. Craigie by sending a report describing the correlation measurements 
between propane and styrene standards conducted in earlier experiments. Mr. Kong reviewed this 
report. 

2.0 Audit Summary 

The technical systems audit showed substantial adherence to the QAPP. (See the 
checklist--Attachment No. 3). The gel time and styrene content were conducted acccrding to 
written procedures (Attachment No. 5). The standard data sheets were available and used for 
each run. A check of the calculations showed some minor errors. 

The performance audit showed that the value for exhaust air flow rate entered into the 
Camile data collection system did not agree with measured values within the data quality indicator 
accuracy goal ofil00 cfm. The value entered into the Camile system was 1600 cfm, but the 
value measured by the auditors was 1404 cfm, which is 196 cfm (12.5%) lower than 1600 c h .  

The performance audit also showed that the response of the THC analyzer to the 3 1 3~0.62 
ppm audit standard met the data quality goal of *IO%, despite calibration difficulties. The mid- 
range calibration check of the THC analyzer did not meet the criteria of the QAPP. Calibration 
was performed with zero air, and span was set with an IWECO styrene standard of 28015.6 ppm. 
A mid-range standard of 17S1.8 ppm was analyzed and found to be 196 ppm, 12% greater than 
its true value. The QAPP criteria for accuracy of the midrange standard check is 10%. Despite 
the calibration difficulties, the audit styrene gas was accurately analyzed within 3.9% of its true 
value. 

The performance audit with standard weights showed that the Sartorius balance performs 
within the QAPP accuracy criteria ofi0.004 Ib (1.8 g). 

Project personnel began immediate action to correct problems with the exhaust air flow 
measurements and with the THC analyzer calibration standards. 

2 



3.0 Audit  Findings 

I. Finding: Volumetric a i r  velocity was not verified within the quality assurance 
objective of*lOO cfm. 

On the first day of observation, the Camile data acquisition system reported a 
value of 1600 scfm for the volumetric air flow through the 16 inch diameter exhaust duct. 
The air flow is controlled by a VorTec air sensing system located in the duct. Because the 
existing port for velocity measurements was 2% inches downstream of the VorTec 
velocity sensing device, turbulence was causing inaccurate anemometer and pitot tube 
readings. The auditors requested that new ports to be drilled, examined the air flow with a 
pitot tube at positions upstream of the sensor, and found the air flow to be approximately 
1400 s c h  through the duct. The system had been calibrated with a hot-wire anemometer 
but not with a pitot tube since being moved from its previous location with the other 
experimental apparatus in early summer. 1995. Also a computer board had been replaced 
the week before the observers arrived, and the VorTec had not yet been recalibrated. 

Finding: The  styrene mid-range calibration checks did not meet the *IO% criteria 
required by the QA plan. 

2. 

The procedure followed by the analyst performing the total hydrocarbon analysis 
was to  perform a zero and span calibration with zero air and the nominal 280 ppm styrene 
standard in air. He then checked the agreement of the analysis of the mid range and low 
calibration gases with their certified values. These were required to agree within 10% of 
their true concentration. On the day of the audit (9/20/95, about 1 pm.), the span styrene 
cylinder standard was replaced with a new span standard, and a zero and span calibration 
was performed. The 175 ppm mid-range standard read 196 which was in error +12%, 
and the low standard, 99 ppm, read 101, off +2%. Thus the mid-range standard failed 
the calibration check. 

Despite the failure of the mid range check standard, project personnel were able to 
analyze the styrene audit gas within +3.9% of  its value. Using the above calibration curve, 
the concentration determined by the Camile system was 32.2 pprn for the 31.M0.62 ppm 
gas. A propane standard brought from RTI was also measured using the THC analyzer 
calibrated with styrene. Propane read 10.7 pprn styrene. Assuming a theoretical 
conversion factor of 813. the propane concentration was determined to be 28.5 ppm by 
project personnel for the 26.9 *I .3 ppm propane standard, a difference of +6%. 
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3. . Finding: The Sartorious balance used for  weighing the resin was within tolerance 
limits o f  i0.004 Ib (1.8 g), as required by the QA plan. The  balance was certified as, 
required. 

The Sartorius Model F61S balance used to weigh the resin before and after 
application read within 1 gram of the standard gram weights which were placed on the 
balance additively in the order 1, 5, 10,20, 50, 100, and 500 grams. The balance had been 
certified by Aldinger Co., Dallas, TX, on 813 1/95. 

4. Finding: CFNDow personnel were prepared to perform the experimental 
procedure, and Dow personnel provided good analytical support for resin properties 
determination. 

The auditors observed two resin batch application hand lay ups. Also observed 
were the adjustments to the styrene content and gel time of the resin material to the values 
specified in the QA plan. Auditors received copies of the Dow work instruction 
procedures for the laboratory, the Laminator’s Hand Batch Exueriment Procedure, and 
the THA and GC Technician Experiment Parameters Check List. (See documentation in 
Attachment Nos. 2 and 5 . )  The QA plan was in place and available, custom blank work 
sheets had been prepared, and personnel were trained and experienced. 

5. Finding: Documentation of calibration standards,GC output, and verification of 
da t a  entry and calculation should be improved. 

The Resin Analysis Work Sheet and the Resin Batch Work Sheet appear to contain 
all necessary information for determination of gel time, styrene content, and description of 
the run. The Camile system contains the time, temperature, THC analyzer concentration 
data, and airflow data, but not the GC data. GC output is on paper tape. The only record 
of it is in handwritten notes in the loose leaf project notebook. The paper tapes should 
also be preserved for the record, and for use in verifying the data entries. In checking the 
calculations for the work performed 9/18 and 9/19, there appear to be a few errors. The 
time span that data is recorded for the GC on Run 091895A is 132 minutes, not 142 
minutes. The time span for Run 091895B is 88 minutes, not 89 minutes. For Run 
091995B. the average for the concentration of the GC is 26.39 ppm, not 25.87 ppm. 

The cylinder numbers linking specific styrene standards with the electronic records 
of the THC analyzer calibrations are not in the data records in the project notebook. 

The baseline recorded on the Resin Batch Work Sheet of Run 3A, Block 2, run 
09/20/95, lists a THA baseline of 0.5 pprn styrene, but the baseline is not subtracted from 
the 15.57 ppm average for the styrene concentration on Calsheet.xls92095, and the 
baseline is listed as “0“ on the sheet. The effect of not subtracting background will be to 
report artifically high stryene emission factors. 



6. Finding: Emission factors calculated from GC results and revised flow rate data 
appear  reasonable and are consistent with other recent experimental results. 

Run Run Characteristics 

091995A 35.62% styrene 
30.55 minutes gel time 
1 ply laminate 
50 fpm air flow rate (low) 

091995B 42.94% styrene 
14.45 minutes gel time 
2 plies laminate 
100 fpm air flow rate (high) 

14.45 minutes gel time 
1 ply laminate 
50 fpm air flow rate (low) 

092095A 42.94% styrene 

See Table 1. As before, these emission factors are higher than those in AP-42 

Emission Factor (As % 
Available Styrene) 

21.6 

11.4 

18.9 

These figures are not background corrected. 
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4.0 Conclusions and Recommendations 

The auditors concluded that the project was proceeding according to plan. but that it had 
two problems which required immediate corrective action, the measurement of exhaust air flow 
rate and the acquisition of stable standards for the analyzers. There were a number of specific 
recommendations. 

1. Use propane standards for daily routine calibrarions. Determine a correlation 
between styrene standards and propane standards before propane standards are 
used. The suggested concentration range for each emission study is as follows: 

Resin spray up 
Gel coat spray up 
Resin hand lay up 

0-800 ppm styrene o r  0-2100 ppm propane 
0-500 pprn styrene o r  0-1340 ppm propane 
0-200 pprn styrene or 0-530 ppm propane 

Perform pure styrene evaporation mass balance tests when propane standards are 
in place. (Pure styrene evaporation tests are called for in the QAFT before each 
emission study.) We suggest that the styrene concentration be boosted to >SO 
ppm (by blowing a terry cloth towel soaked with styrene with a fan) for a shorter 
run of 20 to 30 minutes. 

Re-analyze the audit styrene and propane standards left at the site by EPA and RTI 
to check against the new propane standards and the styrene correlation curve. 

Conduct a mid-range and zero-air drift check after each test run. Or, make the 
drift check part of the full-range Calibration for the next test run. 

Enter the correct exhaust air flow rate into the Camile system, and check the 
centerline velocity with a pitot tube at least weekly to verify the VorTek velocity 
measurement. Check against the Ap measurement f?om the incline manometer. 

Because experiments had been conducted on 9/18, 9/19, 9/20, and 9/21 with the 
erroneous exhaust air flow rate entered into the Camile system, recalculate the 
experimental results of those days using the correct exhaust air flow rate 
measurement. Calculate the results using both the THC analyzer concentration 
data and the GC/FID concentration data and compare them. Correct the average 
concentrations for background. 

Press the calibration button on the Sartorious balance readout to conduct an 
internal calibration check before each test run. 

Review documentation and verification procedures for project 

2. 

3. 

4. 

5 .  

6 
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5.0 Corrective Actions 

Project personnel began corrective actions immediately upon discovery of the problems 
with the measurement of exhaust air flow rate and styrene stability. The project director and QA 
manager immediately called in technical personnel from VorTec Co. and from Dow’s 
environmental group to  assess with the auditors the measurement of the exhaust air flow rate. 
The VELOCITY DETERMINATION sheet of 9/21, signed by James Heller, confirmed that the 
rate entered into the Camile system was low. (See attachment.) The velocity measurement was 
conducted in a new port (port number 5 in Kong’s notes) upstream of all sampling probes so that 
the velocity was measured without obstructions. The velocity determined was 16.64 Wsec (998 
fprn). The cross section of the 16” diameter duct was 1.396 A*. to give a volumetric flow rate of 
1394 sch .  

Because the calibration problems began when a new span standard was introduced, it was 
assumed that instability of the higher concentration styrene standards was responsible for the 
calibration mid range check standard failure. A number of new cylinders of styrene checked on 
9/21 were also rejected by project personnel for poor performance. They concurred that propane 
standards may be more stable than styrene standards and would be suitable standards to consider 
for use in this project. They made arrangements to  order the standards and to follow our 
suggestions for validating their use. 

Project personnel agreed to implement our other suggestions 

6.0 References 

1. Quality Assurance Project Plan, “Open Molding Styrene Emissions Testing 
Project”, Composite Fabricators Association, September 1995, QTRAK No. 
94029lAPPCD Category II. 

40 CFR, Ch. 1, F’t. 60, App. 
Organic Concentration Using a Flame Ionization Analyzer”. 

2. Method 25.4, “Determination of Total Gaseous 
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Attachments 

1, Preliminary report by Emery Kong dated September 26, 1995 

2. Data records for 9/18, 9/19, and 9/20/95 for project experiments 

3. Checklist From audit 

1 

4. Velocity Determination report From Dow environmental personnel 

5 .  Dow work instruction operating procedures 
a. Work Instruction for Sunshine Gel Timer 
b. Work Instruction for the Determination of Solids Content in Epoxy Vinyl Ester Resins 

6 .  Certified values for styrene standards in use at the time of audit 
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TECHNICAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST 
National Risk Management Research Laboratory (NRMRL) 

Air Pollution Prevention and Control Division 
U.S. Environmental Protection Agency 

Research Triangle Park, NC 2771 1 

Audit Subject: Ooen Molding Stvrene Emissions Proiect 
Contractor: None 
Location: Dow Chemical. FreeDOrt. TX Auditor Affiliation: EPA and RTI 

l k  primary objective of the project is lo measure styrene emissions l?om the open molding process to determine at the 95% confidence level whc  
factors are significant in influencing styrene emissions and to estimate the magnitude of their effects The spray application will be conducted in 
manner that represents common shop practices. (Project No. 63 14-01 7-5) 

Date: September 20 and 21. 1995 
Auditors: Shirley Wasson and Emet-j Kong 

AUDIT QUESTIONS ~ s p o ~ ~ ! l  COMMENTS 
Y N  

1. Is a copy of the approved quality assurance 
(QA) plan maintained at the field site? If 
not, briefly describe how and where QA and 
quality control (QC) requirements and 
procedures for the project are documented. 

2. Are written and approved operating 
procedures (OPs) used in the project? If 
yes, list them below and note whether they 
are available to all users in the project. If 
not, briefly describe how and where the 
project procedures are documented. 

Laminator's Hand Batch Experiment 
Procedure 
THA and GC Technician Experiment 
Parameters Check List 
Work Instruction for Sunshine Gel Timer 
Work Instruction for the Determination 
of Solids Content in Epoxy Vinyl Ester 
Resins 



~~ 

~~ 

TECHNICtU SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST / C O ~ ~ W ~ J  

Audit Subject: Shirene Emissions from O m  Molding Processes 

Lead AuditodMiliation: Wasson/EPA Date: Seotember 19 and 20 I995 

L 
AUDIT QUESTIONS 

Ir * 
e 
e COMMENTS J 

3 .  Are standard worksheets used to document 
each experimental run? If yes, does the 
record show the data ID designation; 
including the block number, run number, and 
date. If no, briefly describe how data are 
recorded. (~ecnon 5.0) 

/ 

4. Are there established procedures for 
assessing whether quality objectives and 
measurement performance criteria are being 
met? If yes, briefly describe them. Are 
these assessments documented and 
consistent with the approved QA plan? 

/ 

5. The QA plan states that if one or more of 
the QA objectives are not met, specific 
experiments will be repeated andor  follow- 
up will be designed to examine the 
parameters relating to the QA objective. 
Evaluate adherence to the policy. 

/ 

2 

P' 
e 

entries. 0 

e 
e 

The Resin Batch Work Sheet contains 
all indicated information as the first four 

e The THA and GC Technician 
Experiment Parameters Check List is 
completed before each tun, and verifies. 
that all experiment parameters have @ 
been checked before the run starts. 

Corrective action was immediately l i  initiated for the problems identified 

0 

0 
e 

e 
0 

e 
e 
e 
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TECHNICAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST Iconnmrd) 

Audit Subject S h r m e  Emissions from OIM Moldme Processes 

Lead AuditodMiliabon WassonIEPA Date Seutember 19 and 20. 1995 

AUDIT QUESTIONS 

E. SAMPL 
11- 

1. Is a separate diskette used for each 
experimental run? If yes, is the appropriate 
ID designation recorded on the diskette 
label? Does the information contained on 
the diskette include the appropriate 
calibration data: either 80% of the span or 
the mid-range standard check? m n o n  5.0) 

C. TESTFACILT? 

1. Sampling will be conducted using EPA 
Method 25A. The analytical units will 
use sampling probes in the form of pitot 
tubes inserted into two sampling ports 
located in the exhaust duct. Does the 
location(s) of the sampling ports allow for 
characterization of different sections of the 
duct? Have the operators verified that 
styrene concentrations do not vary across 
the duct? If not, how is the possibility of 
varying styrene concentrations and their 
effect on the end use of the data or the 
project objective(s) addressed? ,sction 1.6) 

ind - 

J 

- 

3 

XJSTODY 

J Data are stored on the hard drive. 
Backup diskettes of all of the day’s runs 
are prepared at the end of each day and 
stored in a place away From the 
experimental area. 

Data are stored on the hard drive. 
Backup diskettes of all of the day’s runs 
are prepared at the end of each day and 
stored in a place away From the 
experimental area 

CPERIMEP 

1 
LL DESIGN 

There are several available ports along 
the ductwork. If more are needed, they 
can be readily drilled. A traverse was 
conducted from the top and from the 
side of the duct to determine the Ap at 
each location. It varied From 0.08 to 
0.10 inches of water. The Reynolds 
number calculated by one of the 
auditors indicated that the airtlow in the 
duct is turbulent, therefore stratified 
styrene in the duct may not contribute 
much error compared to other 
measurements. 



Audit Subject: Smene Emissions born h e n  Moldine Processes 

Lead AuditodAffXiation: Wasson/EPA 

0 
0 TECHNICAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST lconnnuodJ 

0 
a Date: Seufember I9 and 20. I995 

AUDIT QUESTIONS 

2. Indicate below which of the gel coat 
formulas are used in the gel coat spray test: 
(Secnon 1.7.2) 

3. Indicate below which of the four resin 
formulas are used in the resin spray test and 
in the resin batch test: pecnon 1.7.21 

4. The  QA plan indicates that  the styrene 
content for both the resin and gel coat 
will be determined before the initiation of 
each of the individual studies. When and 
how are samples taken for swene content 
analysis and gel time determination? 
F c n o n  3.1.2) 

~ ~~~~~ 

5 .  Are test run times affected by the gel time? 
If yes, briefly describe any corrective 
actions. e n o n  3.1.3) 

6. Are measurements for the residgel coat 
usage during a spray test taken from a 
container? If yes, verify that the pump 
system starts and stops at the same position. 
Otherwise, explain how the possible 
introduction of error into this measurement 
(when considering the amount of material in 
the system) is addressed. ~ecnon3.1.7) 

4 

COMMENTS 0 
0 
m 
0 
0 
0 * - 
f 
0 
", 

The gel coat spray test was not 
observed by the auditors. 

Resin batch identifications in the 
worksheet records indicate which re 
formula is used. 

Samples are taken for styrene conte 
analysis and gel time determination 
usually the day before a batch is need)  
for a run, then adjustment to styrene 
content and gel time is made to 
individual 5-gallon batches. 

0 

e . 
Test run times are determined by h o w .  
long is required for the THC 
concentration to return to backgroun : 
The auditors did not observe any s p r G  
tests. a 

a 

a 

0 

0 . 
0 
0 
e 
0 
a 
0 
e 
0 
0 



TECHNICAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST fcontmuedl 

d 

5 

Audit Subject: Stvrene Emissions from h e n  Moldine Processes 

Lead Auditor/Miliation: WassonEPA 

RESPO 

TL AUDIT QUESTIONS 

7. Do all sampling episodes or runs deliver 
concentrations that are within the calibration 
range of each analytical unit? If no, indicate 
the run number and whether or not the data 
are retained or invalidated. If data are 
retained, are off-scale responses 
appropriately acknowledged and 
documented? (Sechon 6.1: RTIcommenr 6118) 

Additional Questions or Comments: 

Date: Seolember 19 and 20. 1995 

COMMENTS 

There were no off-scale responses 
observed. 



TECHMCAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST ~connnueri  0 
0 
0 

Audll Subject SWene Emissions from O w n  Molding Processes 

Lead Audilor/ABilialion Wasson/EPA Date Sevtember 19 and 20. 1995 

AUDIT QUESTIONS 

TlON STANDARDS e 
0 The auditors recommend that zero and' 

mid range dnfi checks be conducted 
after every run and that the cntena 

D. [NSTRUMENT CALIBBI 

1. The acceptable accuracy for calibration 
checks using the 80% of scale span gas is * 
10% from the predicted response. The QA 
plan states that accuracy checks will not be 
conducted during actual data collection. If 
the total hydrocarbon analyzer (THA) 
requires recalibration before the second run 
of the day, what criteria are used in deciding 
whether or not the previous test should be 
invalidated? @ c ~ o "  6.1) 

2. The QA plan states that all gas standards 
have a shelf-life of at least six months. RTI 
has found that styrene standards above 200 
ppm are unstable, the concentration 
decreases with age on a time scale of weeks. 
Review the documentation that verifies the 
concentration of the 174-, 280-, and 350- 
ppm calibration standards. Briefly describe 
the procedure used to evaluate the stability 
of the styrene concentration for each 
standard. 

3. Evaluate changes in the linearity of the daily 
calibration for the THA. Briefly describe 
corrective actions for episodes of 
nonlinearity. 

4. For the catalyst flow rate calibration, is the 
specific gravity of the catalyst used to 
convert volume to mass? If so, briefly 
describe how the specific gravity is 
determined, 

specified in Section 6.1 of the QAPP b e  
applied. e 

0 
0 
0 
e 

Documentation attached for the styrene' 

Auditors proposed propane standards. 
standards. Stability in question. 0 

0 
e 
0 
e 
a 
e 
e 
e 
e 
0 - 
e 
e 
0 

Addressed in main body of report. 

e 

e Spray operations not observed. 
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TECHNICAL SYSTEMS AUDIT QU.ALITY ASSUIUNCE CHECKLIST p o n n m d ~  

Audit Subject: Stvrene Enusions kom Gwen Moldine Processrs 

Lend Auditor/Ai?iliauon: Wasson/EPA Date: SeDtember 19 and 20,1995 

1 COMMENTS 

The concentration results from the GC 
varied from +16.4% to -7.1% compart 
to the results from the THC analyzer 
during the time period 9/18 through 
9/20. The auditors expect improvemei 
in consistency with the introduction of 
propane standards. 

AUDIT QUESTIONS 

5 .  Evaluate the consistency between 
concentration results using the GC and the 
THA.rsecnon 4,3.2) 

Additional Question or Comments: 

E. I 

1. Briefly describe how the styrene emissions, 
as opposed to the styrene concentrations, 
are determined. 

2. Is the maximum styrene concentration a 
surrogate for the total emissions? 

3. Are the concentrations measured by the 
THA integrated to determine the total grams 
of styrene emitted? 

~~ ~ ~ 

4. How is uncertainty in the total emissions 
calculated or determined? 1 

7 

An average concentration was 
calculated for the duration of the test 
run. 

ANOVA 

. .  



0 TECHNICAL SYSTEMS AUDIT QUALITY ASSURANCE CHECKLIST (connnuedj 

II 

Audit Subject: Stvrene Emissions From %en Moldinn Processes 

Lead Auditor/Affiliation: Wasson/EPA 

2. A summary of physical measurements is 
given in Table 1.7.1 of the QA plan. Verify 
that the frequency for conduct of all critical 
measurements is as outlined. Note 
deviations from the approved plan and 
evaluate documentation approving the 
deviation from the approved plan. 

1 

AUDIT QUESTIONS 

Additional Questions or Comments: 1 
~~ ~ ~~ 

F. IN1 

1. The manometer located in the vent hood 
stack is used to monitor changes in a i r  
flow through the total temporary 
enclosure (TTE). Are there any indications 
that the flow is not constant? If yes, what 
was the frequency of in-duct S-tube 
differential pressure checks? 

3. The QA plan states that wet laminatdfilm 
thickness, residgel coat styrene content, gel 
time, residgel flow rate, air flow over mold 
and ambient temperature are measurements 
of the process which must be controlled in 
order to derive the necessary resolution 
from the collected data. Using Table 3.1 
verify the adherence to QA objectives for 
each of the above. 

RESPONSE 

NAL QC CHEC 

/ 

d C  

8 

e 
0 Date: Seurember I9 and 20.1995 

0 
0 

COMMENTS 

e 
e 
0 
e 
0 
a 
0 
e 

P 

The manometer is checked periodicalla 

water. The auditors recommended tha 
and usually reads about 0.10 inches of 

this reading be added to the run f 
checklist. a 

0 
e 

0 All applicable critical measurements 
were observed except wet laminate 
thickness and air flow over mold. 
(Measurements pertaining to gelcoat 
and resin spray up experiments were n 
observed.) 

0 
a 
e 

0 

Wet laminate thickness and air flow 
over mold measurements were not 0 
observed. Other critical measurements. 
met criteria with the exceptions noted i 
the body of the report. (Measurements 
pertaining to gelcoat and resin spray u@ 
experiments were not observed.) 

0 
P 

0 
e 



TECHMCAL SYSTEMS AUDIT QUALITY ASSURA;VCE CHECKLIST fconnmedl 

Audit subject Slvrene Emissions from &en Molding Procffsff 

Lead Aubtor/ABiliaUon WassoniEPA Date Seomnber 19 and 20. I995 

AUDIT QUESTIONS 

4. Determine the responses to "emission blank" 
obtained by the THA and the gas 
chromatograph (GC). What are the 
acceptance criteria for "emission blanks?" 
Were these readings subtracted from all 
readings during the run in order to obtain 
"net" readings? 

5 .  The QA plan provides the equation to 
calculate the relative percent difference of 
duplicate measurements. Then, it states: 
"Standard deviation will be calculated for 
multiple duplicate measurements." 
Determine whether or not the differences of 
all duplicate runs are to be pooled. If yes, 
obtain and explain the equations for 
calculating the pooled standard deviation. 

COMMENTS 

The emission blank was observed by the 
THC analyzer response to room air 
during purge times. The response, as 
recorded on the Resin Batch Work 
Sheet, was usually about 0.5 ppm, and 
considered acceptable. The 0.5 ppm 
was not subtracted from TWA values 
on the calsheet, but the auditors 
recommend that it be subtracted before 
use in emission factor calculations. 

H. NOTES 

9 



Mr. Larry Craigie, Dow Chemical Company 
Mr. Bob Lacovara, Composites Fabricators Association 

AUDIT OF QAPP FOR THE COMPOSITES FABRICATORS ASSOCIATION 
OPEN MOLDING STYRENE EMISSIONS TESTING PROJECT 

Submitted by 
Bill Davis 
10-26-95 

Audit Objective: The pulpose of this audit was to determine whether, or not, sampling, 
analyses, and data handling procedures were being followed as prescribed by the quality 
aSSurance project plan (QAPP). 

The audit found that the QAPP has been conducted by operating personnel as described 
by the plan with calibration and emission values being well documented. However, there 
have been some exceptions to the QAPP as originally described. They are as follows: 

1.) Section 6.1 Total Hydrocartion Analyzer Calibration Procedure 
Exception to the f 10% response from the predicted response. 

During the calibration checks for hand lay-up emission tests the following styrene 
standards were used: 175 ppm, 99 ppm, and 49 ppm. 
About 75% of the time, including calibration checks and drift checks, the THA 
value for the 49 ppm standard was outside the 
from the predicted response. The values outside the f 10% specification averaged 
5.5 ppm; the maximum allowable being 4.9 ppm. 

The testing was not stopped for the following reasons: 
a.) the THA, calibrated by the standards listed previously, when used to check a 
styrene standard provided by the EPA, yielded a value within 
stated concentration of 31 ppm styrene, 
b.) the THA, calibrated by the standards listed previously, yielded an approximate 
95% recovery for the styrene mass balance checks performed before the hand lay- 
up part of the study, 
c.) the same standards were used when EPA and RTI personnel were present 
during the initial phase of testing. No negative comments were made about the 
THA calibration. The EPA personnel did suggest that propane standards be used in 
place of styrene s'mdards since propane standards are essentially stable 
throughout their life. 
d.) and finally, the total styrene emissions per run obtained by the gas 
chromatograph compared quite favorably with those obtained by the THA. 

10% specified required accuracy 

2 ppm from the 
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2.) Section 6.3 Air Flow Throueh the TTE Calibration 
Exception to method used to verify the air flow through the TTE 

An Airdata Multimeter Electric Micromanometer was used to determine air flow 
through the l T E  each Monday during test runs. The Airdata Multimeter Electric 
Micromanometer is set to perform as a pitot tube. Traverse readings are taken one 
inch from each side of the duct wall and in the middle of the duct. At each 
position, three air flow measurements were taken and averaged. The resulting six 
averaged reading values were then averaged to determine the air flow through the 
TTE. 

Early in the study, this method for determining air flow was performed in 
conjunction with air flow measurements taken by the EPA using a pitot tube. The 
two methods were found to be comparable at that time. 

3.) Section 3.1.5 Air Flow 
Exception to verifying air flow prior to the start of individual studies. 

The air flows over the mold were not verified before the hand lay-up study as 
described in Table 3.3. Quality Assurance Objectives for Critical and Non-Critical 
Measurements. However, prior to any testing, the dampers were adjusted and 
settings marked to maintain the required air flows over the mold. 

After the hand lay-up study was complete and prior to the start of the gel coat study, 
the air flows were verified as described in Table 3.3. That verification was used for 
both the hand lay-up and gel coat study. 

4.) 
Exception to using styrene standards for determining total styrene emissions. 

At EPA’s personnel recommendation, the styrene standards were replaced with 
propane standards after the hand lay-up portion of the study. Prior to starting the 
gel coat study the propane-to-styrene correction factor was determined to be 0.453 
for the Thermo Environmental Instruments, h c .  Model 51  Total Hydrocarbon 
Analyzer. Two styrene mass balance checks yielded recoveries greater than 99% 
using the determined correction factor. 

5.)  Section 6.4. I Sprav Gun’s Flow Rate Calibration 
Exception to calibrating the spray gun’s flow rate prior to each gel coat test run. 



The spray gun’s flow rate was not checked for calibration during the first five gel 
coat test runs. However. the pressures and tip sizes required to obtain the desired 
flow rates for each gel coat used were determined prior to the gel coat study. These 
settings were used during the first five gel coat test runs. Subsequent gel coat test 
runs have had the spray gun’s flow rate checked for calibration. All of the flow 
rates have been correct for all the gel coats at both flow rates used with no 
adjustments to the prior determined pressures and tip sizes. This is a strong 
indication that the spray gun’s flow rates for the first five gel coat test runs were 
within the required limits. 

A massive amount of data has been collected, and overall the data quality has met or 
exceeded the criteria set forth in the QAPP. 

If you should have any questions, please feel free to contact me at any time. 

Bill Davis 
QAF’P QA Coordinator 
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Static Pressure (inches HzO) 
Stack moisture content (percent) 
Stack velocity (Wsec) 
Stack flow (actual cubic feetlhr) 
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Stack Testing Team 
Texas Environmental Analytical Laboratory 

Dow Chemical USA 
Freeport, Texas 

Name: Gary Webster 
Dept: Resins R&D 
Bldg: B-1603 
Source: B-1603 Duct 

Purpose 

Personnel 

Methods 

Date: October 4,1995 
Report: B1603-Duct-0995-0089 
Testing Date: September 21, 1995 
Charge: 1262 

FLOW RESULTS FOR B-1603 DUCT 

The flow was measured in the 8-1603 Duct to check the pitot tube in the duct 

The Teal stack testing team consisted of James Heller and Rusty Kimbrell. 

The flow was measured using EPA method 2. Moisture was determined based 
on relative humidity. The oxygen content was assumed to be 20.9%, wet basis 

Results 

Duct Temp (F) I 16 
Barometric Press (inches Hg) 29.95 

&AL Z G i L  J l  5 4G, - 
Leslie E. Batesillate Reviewed byillate 
Environmental Services 

xc: C. A. Roorda, B-2009 
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Report #: 

VELOCITY DETERMINATION 
FacilityLJnit: k'>,:fl /f' Run #: I 

Barometric Pressure pbar): 
Stack Gas MOI~CUIX Wt. @I,):- 
Trave AP Temp. 

Sample Date: 7- 3 1 -  7 s  Description: & ve/oc I 

"Hg ~ Stack Temp. Sensor ID:- ' 
Absolute Stack Temp. in OR = (T,) 

(OF) Velocity Calculation: 
I .  Sum the square roots of all 4 ' s  

2 0 .  30 ..04 9f7f and divide this by n, the number 
3 a r J $  ;OB ?# of 4's. 

LG Avg. & = - 
n 

A 9' 5 0 . 3 0  , 0 9  73 g 
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4. Calculate velociv, v,, in 
Wsec as shown below. 

(lbllb-mole)("Hg) 
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MEMORANDUM 

Date: November 16, 1995 

To: Geddes Ramsey 

From: Emery J. Kong 

Subject: 
Chemical Freeport Facility between November 13 and 15, 1995. 

Second Performance Audit for the CFA’s Styrene Emission Study at the Dow 

The U.S. EPA and Research Triangle Institute (RTI) personnel conducted a performance 
audit on the Composites Fabricators Association’s (CFA) styrene emission study at the Daw 
Chemical Company’s Composites Research Laboratory in Freeport, Texas between September 
20-21, 1995. Following the audit, the EPA and RTI auditors made several recommendations to 
CFA and Dow to improve their emission measurement and data quality. Two major 
recommendations were ( I )  to set correct exhaust flow rate to the Camile data requisition system 
and (2 )  to use propane standards for routine instrument calibration because styrene standards 
might not be stable at concentrations higher than 200 ppm. 

This report documents and summarizes the results of a second performance audit 
conducted by Emery Kong of RTI on behave of the EPA. The audit was performed between 
November 13 and 14, 1995. at the Dow Chemical facility before the resin sprayup experiment. 
The audit included verification of the exhaust flow rate from the enclosure and the performance 
of the Thermal Environmental Instruments, Inc. Model 51 THC analyzer. The verification 
showed that the average exhaust flow rate was at 1,474 cfm, which was in agreement with the 
Camile system readout, and the propane-to-styrene conversion factor was 0.4355, which is 
similar to 0.435 that Dow personnel determined earlier. The new conversion factor was 
provided to Dow personnel for future calibration. 

Two resin sprayup test runs was conducted on November 15, 1995. By observing the 
amount of overspray on the floor and on the wall cover, I concluded that the spraying techniques 
did not represent typical or normal application conditions in the shop. In order for the test 
results to be considered baseline emissions, the amount of overspray should increase. 

The results of this audit indicate that the Dow and CFA personnel have made substantial 
improvement on their styrene emission measurement and exhaust flow rate measurement and 
these two critical measurements were within the accuracy specified in their Category II quality 
assurance project plan (QAPP). However, the spraying should extend beyond the flange in order 
to simulate normal spraying technique. Otherwise, the test results generated using the current 
spraying technique should not be considered baseline emission and should be considered 
controlled spraying emissions. 



The following sections describe the audits performed for the exhaust flow rate and the 
propane and styrene standards on the THC analyzer. 

( I )  Exhaust flow rate 

The exhaust flow rate was verified using a standard pitot tube and a micromanometer at 
the exhaust stack on the roof between 4 and 4:30 pm on November 13. 1995. The Dow 
personnel determined the exhaust flow velocities in the stack using a 16-inch standard pitot tube 
and an Airdata Model 8420 electronic micromanometer. The first velocity measurement 
averaged 1,007 ftfmin and the calculated exhaust flow rate was 1,476 cfm assuming a cross- 
sectional area of 1.466 ft'. A second velocity measurement 15 minutes later gave an average of 
1.005 ft/min or 1.474 cfm. These two flow rate measurements were in agreement with the 
average flow rate. 1.470 cfm. determined from the Camile system between 2:24 pm and 4:34 pm 
on November 13. 1995. The exhaust flow rate was verified to be with 100 cfm as required in the 
QAPP. 

(2) Styrene emission measurement 

The propane-to-styrene conversion factor developed by the Dow personnel on the THC 
analyzer for a series of propane standards (prepared by IWECO, lnc. on September 29, 1995) 
and a series of styrene standards (prepared by IWECO, Inc. on August 30. 1995) was 0.453. 
The conversion factor was different from a theoretical value of 3-to-8 carbon ratio (0.375) for 
propane and styrene and from a conversion factor of 0.3722 RTI got on a Ratfisch THC analyzer 
in June 1995. There was a concern from the EPA QA officer that the conversion factor 
developed on the Thermal Environmental Instruments. Inc. Model 51 THC analyzer was not 
correct. 

1 asked Mr. Webster of Dow to perform the following verification on the model 51 THC 
analyzer and used the results to determine a conversion factor. 

3 Enter zero air to the THC analyzer to set a zero. (The concentration range on the 
THC analyzer was 0 to 1.000 ppm styrene and the all calibration gas flow rates were 4.5 scfh at 
a back pressure of 9 psig.) 

"r Manually span the THC analyzer using a 1,800 ppm propane standard and assign 
675 ppm equivalent styrene (based on a 0.375 theoretical ratio) to the full span. 

3 

"r 

Span check all available propane standards. 

Fit a calibration line through the certified and measured concentrations for all 
propane standards. 

P 
propane standards. 

Span check all available styrene standards using the existing full span from the 



-- 

Time 

> 
styrene standards. 

> 

Fit a calibration line through the certified and measured concentrations for all 

Calculate a propane-to-styrene converstion factor from the ratio of the slopes of 
these two calibration lines. 

Propane, ppm 

The results of this verification is shown in the following tables and figure. The new 
conversion factor. 0.4355. was provided to the Dow personnel to convert propane standards to 
equivalent styrene concentration in the THC calibration procedure so that the measured 
emissions can be expressed as equivalent styrene concentration. 

400 

400 

388 Span check 

392 Span check 

10:12 am I 1.800 (Daw, K779751) 

60 

I50 

10:21 am I 667 (Dow, LK-268949) 

56.9 Span check 

144 Span check 

10:26 am I 160 (Dow. LK-441142) 

10:43 am 

10:30 am 1400 (Dow, H-012074) 

26.9 (Rn, A12158) 

ie for Propane 
As styrene, 
PPm 
(based on a 
318 carbon 
ratio) X 

Standards on I I /  
THC reading, 
ppm as styrene 
Y 

4/95 
Selection on THC 
analyzer 

675 I675 1 ~ m u a l  spanning 

250 I246 I Span check 

100 I 96.4 I Span check 

170 I 161 I Span check 

10 I 8.9 I Span check 
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a 
e 
a 
0 
a 
a 

Time Styrene, ppm 
X 

1:07 pm 49 (Dow. CC-9565) 

THC reading, 
ppm as styrene 
Y 

36.5 

a 

a 
6 

0 

iB 
a 
0 
a 
a 
a 
a 
a 
a 
a 
0 
0 
0 
a 
a 
a 
a 
a 
e 
0 
e 
a 
a 
0 
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a 

1:12pm 99 (Dow.CC-108922) 79.7 

1:17 pm 349 (Dow. CC-20237) 304 

1:24 pm 560 (Dow. CC-I 12889) 475 

1:27 pm 3 I (EPA, ALM-057764) 25.7 

1:37 pm 

Selection on THC 
analyzer 

X I S  (RTI, BAL-3703) 49. I(excluded 
from standard 
curve fitting) 

Span check 

Span check 

Span check 

Span check 

Span check 

Span check 

Y=0.857957X-2.0928 I ,  r'=0.99955 

Conversion factor from propane to styrene = ratio of slopes = 0.373628/0.857957 
=0.4355. The new conversion factor, 0.4355, is 96.14 percent of the previous conversion factor, 
0.453, calculated by Dow. This implies that the previous styrene measurements were 4 percent 
off; however, the difference was within 10 percent of the measurement and might not warrant a 
revision of previous measurements. 

cc: Shirley Wasson, EPNAPPCD 
Carlos Nunez, EPNAPPCD 
Larry Craigie. Dow 
Bob Lacovara. CFA 
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Section 0.0 

INTRODUCTION 

0. I Purpose Of The Quality Assurance Project Plan (QAPjP) 

The purpose of this QA Project Plan is to describe the objectives of the CFA Open Molding 
Styrene Emissions Testing Project, and to relate the intended measurements to those 
objectives. This plan will detail specific measurements and quality assurance procedures 
required to achieve the goals of the project. 

0.2 Quality Assurance Category 

This is a Category I1 project which will produce results that complement other inputs. This 
project is of sufficient scope and substance that the results may be combined with those 
from other projects of similar scope to produce information for making rules, regulations or 
policies. In addition, this is a high visibility project in the composites industry and will be 
used to provide input to both Federal and State rule making agencies. 

0.3 QA Project Plan Approval Form (Signature Page) 
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Section 1.0 
PROJECT DESCRIPTION 

1.1 Background 

The development of air emission standards for the reinforced plastic composites industry 
and the need for pollution prevention implementation will require definitive baseline data 
on styrene emissions from the open molding process. 

The purpose of this study is to measure styrene emissions from polyester resin spray-up 
application, polyester gel coat spray application and  polyester resin hand batch application. 
The results will be reported as emissions by percent weight of styrene available, 
percentage of resin or gel coat weight and emissions weight per surface area. 

The polyester resin spray-up application is defined as the use of a “chopper gun” to apply a 
laminate. The chopper gun dispenses polyester resin, catalyst and chopped glass fibers. 
An airlesshir assist external mix spray gun has been selected for this program. Continuous 
strand fiberglass roving is fed to a chopper unit mounted on the spray gun and is cut into 
chopped fiber lengths of approximately 1.5” long. The chopped fiber is ejected from the 
chopper unit and is captured by the resin fan pattern a short distance from the spray gun. 
The mixture of the catalyzed resin and chopped fiber is deposited on the mold by the 
spraying action. 

The polyester gel coat spray application will use the same airless/ air assist external spray 
gun as in the spray-up application, however, with the chopper unit removed. The gel coat 
and catalyst are again externally mixed by impingement after exiting the spray nozzles. 
This airlesslair assist spray gun has been selected as representing the most commonly used 
equipment in the industry, according to the CFA 1994 Benchmarking Survey. 

The spray application will be conducted in a manner which represents common shop 
practices. Overspray will be produced in a manner consistent with many actual production 
operations. A study of video taped spray-up and gel coating operations indicated a fairly 
consistent pattern of overspray off mold edges. The observations reveal the average spray 
stroke extending approximately 6 inches off the edge of the mold. The time from leaving 
the edge of the mold to returning to the edge is between 0.32 and 0.78 seconds, with an 
average off-mold time of 0.55 seconds per stroke. 

The mold used in these experiments has  an edge dimension of 288 lineal inches. 
Assuming a resin or gel coat fan pattern width of 8 inches, the result is 36 strokes off the 
mold for a total “off-mold” spray time of 19.8 seconds. The approximate overspray area 
(disregarding spray angles) will be 1728 square inches or 12 square feet of “off-mold” 
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spray. Follow-up testing will be conducted to examine the effects of minimizing 
overspray and to compare cornnion spraying practice and best spraying techniques. 

The polyester resin hand batch application produces a hand lay-up laminate where the 
resin and catalyst are manually mixed i n  a container and applied to the fiberglass 
reinforcement with a paint roller or brush. The saturated chopped strand mat is then 
compacted and air bubbles removed by the manual use of an serrated roller. 

The accurate characterization of styrene emissions from this project will establish a 
baseline for subsequent studies to explore emissions reduction methods. A comprehensive 
Quality Assurance Plan to support the testing program will be in effect to prevent flawed 
data from leading to either ambiguous or misleading conclusions. Such conclusion could 
lead to incorrect methods of addressing emissions reduction in  subsequent studies. 

Investigations of available literature reveal that styrene emissions testing which h a s  been 
done in the field presents an erratic and unacceptable range of results, which may be due to 
the uncontrolled environments in  which the studies were conducted. This study will 
control environmental variables in order to isolate baseline emissions from the process. 

1.2 Data Oualitv Obiectives 

The primary project objective is to measure styrene emissions from the open molding 
process and determine which factors are significant i n  influencing the styrene emission at 
the 95% confidence level and estimate the magnitude of their effects. The results from this 
study would provide the foundation for further study of the most significant factors to 
obtain a detailed analytical model. 

Variables to be studied from the two different spray applications include film thickness, 
styrene content; and gel time of the laminate or gel coat along with spray gun flow rate 
and air flow over the mold surface. Variables to be examined in the resin batch application 
study include the same factors as above except for the spray gun flow rate. 

These application methods and process variables represent a typical set of parameters 
found in the FRP composites industry. The first phase of the study is focused on 
establishing baseline emission levels during typical processing circumstances. No attempts 
will be made to reduce styrene emissions during these experiments. 

1.3 

This study is designed to determine if a specified factor does have a statistically significant 
effect on the response, and if that is the case, then determine the magnitude of the effect. 

Intended Use of the Data 
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The data and results of this study would establish a benchmark for further study of those 
effects which are significant and not require that additional resnurces be spent on the non- 
significant factors. The results from this may be used as part of an extended study to 
establish a more detailed empirical model through the use of a central-composite design ( I ,  
3) or provide the basis for establishing an engineering model for styrene emissions. 

1.4 Scope of Work 

The project will provide a database to the open molding composites industry and will be 
used to evaluate future pollution prevention methods in the form of source reduction. The 
data developed from this project, along with other testing results, may be used to develop 
models for styrene emissions from the open molding process. 

1.5 Schedule 

The project will take 20 - 30 working days to complete, with two (2) or three (3) 
experiments per day being conducted. For example, Day 1- Run No.1 & R u n  No. 2; Day 2 
- Run No. 3A and 4A. In addition, at least three (3) days of pre-trials will be conducted to 
verify equipment operating procedures and calibrate measurement equipment. 

It is anticipated the testing will begin in August 30, 1995 and proceed through October 
1995. 

1.6 Test Facility 

The testing will be carried out at the Dow Chemical Composites Laboratory, in Freeport, 
Texas. The test area is located in a composites applications laboratory. An 8’ tall test 
enclosure consisting of a 12.5’ X 15’ four sided total temporary enclosure (TTE) (see 
Figure 1.6.1) covered by a 12.5’ X 15’ exhaust hood has been erected in the laboratory. 
The walls of the enclosure are clear mylar sheeting, with access doors on three sides. 
Natural draft openings (NDO’s) are arranged in accordance with EPA Method 204. (See 
Figure 1.6. I). The NDO’s are baffled to prevent the incoming air from flowing over the 
mold surface, while still providing the required 200 fpm flow through the opening. A total 
airflow of approximately 1600 cfm will be maintained through the enclosure with an 
electronic airflow traverse probe utilizing a VorTekTM velocity sensing system and Camille 
8 Data Collection System. See Appendix, Section 14, for description of air flow velocity 
senser. 

A secondary blower will provide a known air flow over the mold surface. This blower is 
mounted outside of the test enclosure. and draws air from within the test area, returning it 
through two (2) ducts which direct a uniform flow of air across the mold surface. The air 
flow across the mold will be Calibrated to high and low velocities of 100 fpm and 50 fpm, 
respectively. 
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A three sided mold of 30 ft2 will be positioned in the test enclosure. 

The objective of the experiments is to quantify styrene emissions from each of the three 
processes. Measurements will be taken with a Varian 3700 gas chromatograph (GC), 
equipped with a flame ionization detector and a Thermo Environmental Instruments, Inc. 
Model 51 heated Total Hydrocarbon Analyzer (THA), using EPA Method 25A. See 
Appendix, Section 14, for specifications of the M A .  The gas chromatograph is configured 
to cycle samples every 120 seconds, whereas the Total Hydrocarbon Analyzer provides 
continuous measurement capability. Both analytical units will use sample probes in the form 
of pitot tubes in the enclosure exhaust duct. The THA sample probe is a “rake” type pitot 
tube having three (3) sample points. The sample points are a hole located in the center of 
the duct and two holes located 10% of the duct diameter from the edge of the duct. The 
GC sample point is a “S’ type pitot tube located in the center of the duct. 

The GC signal output will be linked to a Hewlett-Packard Integrator, which will provide a 
print copy of data during the 120 second sample cycle. The continuous THA 
measurements will be linked to a Dow Camille@ Data Acquisition System. The Camille@ 
system will record data points at 1 second intervals, storing the data to a floppy disk. In 
addition the Camille@ system allows real time viewing of the incoming data. 

Two (2) sampling pons will be located in the exhaust duct. One probe each will be 
sampled by the GC and the THA. The results of the capture efficiency testing for the THA 
are discussed in section 3.2. 

The temperature in the test site will be maintained at 75k4”F. The plant heating and air 
conditioning system will be used for temperature control. Ambient air temperature 
measurements will be recorded during the experimental runs. Temperature in the test 
enclosure will be recorded continuously by the data acquisition system. 

The weight of resin or gel coat used will be measured using a precision balance. 

The general experimental procedure is as follows: 

1. The instrumentation will be calibrated. 
2. Baseline measurements will be established. 
3. Mold, materials and spray unit will be moved to test location. 
4. Initial weight of resin or gel coat is recorded. 
5. Application of resin or gel coat on the mold will take place. 
6. Final weight of resin or gel coat is recorded. 
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7.  GC and THA readings will be discontinued when styrene levels reach preceding 

baseline, levels. 
8. Data will be recovered and stored. 
9. Test area, mold and spray unit will be prepared for subsequent experiment. 

Pretrial testing experiments were conducted to determine the capture efficiency of the 
exhaust system. An open pan, with an absorbent media, containing measured amount of 
styrene will be placed in direct air flow in the enclosure in  order to evaporate the contents. 
The known weight of styrene will then be compared to the results of the instrumentation 
readings. 
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1.7 E x o e r i r n e n t d ~ e s t  Matrix Design 

1.7. I 

Critical measurements are those which effect or may effect the overall objectives of the 
project. There are two types of critical measurements in this project. First is the direct 
measurement of styrene emissions, using the total hydrocarbon analyzer and EPA Method 
25A. Second are measurements of the process which must be controlled in order to derive 
the necessary resolution from the collected data. These measurements include wet 
laminate/film thickness. residgel coat styrene content, gel time, m i d g e l  flow rate, air 
flow over mold, and ambient temperature. 

Non-critical measurements involve additional means of measuring styrene emissions. 
including emissions measurements with the gas chromatograph. These measurements will 
be used to support the THA measurements, verify the function of the testing set-up and 
validate the quality of data collected. 

Table No. I .7. I lists critical and non-critical measurements and their measurement 
frequency for this study. 

Critical and Non-Critical Measurements 

1.7.2 Exoerirnental Design for Sorav-uD Aaalications 

The proposed experimental programs described in Tables 1.7.2.1 and 1.7.2.2 are called 
blocked, 5 factor, 2 level, half fractional experiments. This experiment scheme is a class 
of screening designs for estimating the relative magnitude of the factors response. 
Screening designs assume that the response (Y) is a linear function of the factors. 

5 4 5  
y =  Po +CPiXi  + c CPijXij  

i= I 

In the experimental programs listed, the use of blocking will cause the two-factor 
interactions (the product of the two effects) to be confounded with each other. 
Confounding is the overlapping of terms such that two of more effects cannot be 
distinguished from each other. Although the three factor interactions would be negligible 
compared to the main effects. If necessary, the interactive effects may be resolved from 
each other with a follow-up study called a reflective design. Blocking is a term for 
accommodating the possible effects for day-to-day changes in uncontrolled environmental 
factors. Two runs will be repeated in order to estimate the variance of the measurement 
system and also estimate the lack-of-fit for the model( I ,  2, 3, 8, 9). The column labeled 
"Pattern" is the coding system of the signs of the coefficients typically used to designate 
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the low (-1) and high ( + I )  values in the design. Refer to Table 8.1 for the key to the 
designation of factor levels. 

The four resin and four gel coat formulas documented in Section 14.4 will be used in the 
resin spray-up tests. 

1.7.3. Batch Amlication Study 

The design for the Resin Batch Application study is listed in Table I .7.3. I .  This screening 
study is a blocked 4-factor, 2 level full factorial design. Sixteen (16) experiments with a J- 
factor design will allow all effects and interactions to be fully resolved from one another. 
The same assumption of linearity applies to this study and four runs will be repeated to 
estimate the experimental variance and lack-of-fit. 

The four resin formulas documented in Section 14.4 will be used in the resin batch 
application study. 
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Table No. 1.7.1 

Summary of Physical Measurements for 
Styrene Emission Study 

Classification 
rMe2urement  I Measurement I Measurement Measurement I Measurement 1 

Designation I Frequency Site 

~ 

Wet Laminate 
Thickness 

Wet Film Thickness 

1 Styrene Emissions I Critical 

Critical Wet Mil Gauge Each Experimental Mold Surface on 
Run center of each 

panel 

Critical Wet Mil Gauge Each Experimental Mold Surface on 
Run center of each 

panel 

I lTHA' I 

Styrene Content 

Gel Time 

I I 

Critical Dow Work Each Emission Laboratory 

Critical Dow Work Each Emission Laboratory 

Instructions Smdy analysis 

Instructions Study analysis 

I Styren;~gissions Non-critical 

Resin Flow Rate 

Air Flow 

Stack -EPA 

Method 25A 

Critical Spray Gun Each Experimental 

Critical HotWire Prior to Each 

Calibration Run 

Stack - GC 

Measurement 

Temperature 

Mass Bdance- 

Continuous Vent Hood Stack 

(2 second interval 

Vent Hood Sack 120 Second 
Interval 

Critical Thermocouple During Each 
Experiment 

Critical EPA Method 25A/ Prior to Each Study 

ResdGel  Coat 

Weight 

critical Precision Balance 

1 Over Mold I Anemometer Experimental 1 Study 

Styrene Recovery I Check 
Weight I I 

Continuous 

( I  second interval 
data points) 

Chopper gun 

Velocity at  Mold 
Surface 

Within TIE 

Within ITE 

Each Experimental 

Run 

Vent Hood Stack 

Spray Unit 

Outside TE 
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Gel 
Time 
(min.) 
x3 

30 

15 

15 

30 

30 

15 

30 

15 

15 

30 

Block 
(Day) 

Resin Air 
Row Row 
( I b h i n )  (fpm) 
x4 x5 

4 100 

2 50 

2 50 

4 100 

2 IO0 

4 50 

4 100 

2 50 

4 50 

2 IO0 

I 

5 

1 

2 

-+--+ ,040 
2 

3 

7 --++- 

3 

4 

,040 

4 

5 

15 

30 

30 

15 

30 

15 

30 

15 

30 

15 

5 
2 100 

4 50 

4 50 

2 100 

2 50 

4 100 

4 50 

2 100 

2 50 

4 100 
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Table No. 1.7.2.1 
Resin Spray Application Eniission Study 

Thickness 

+++-- 

+--++ 

-++-- .040 

++-+- 

-++++ 
l l B  -+-+- ,040 

Styrene 
% 
x2 

35 

42 

42 

35 

42 

35 

35 

42 

35 

42 
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Table No. 1.7.3.1 

Resin Batch Application Emission Study 

3 

3 

4 

4 

5 

5 -+-- 0.041 42 30 50 

6 +-++ 0.088 35 15 100 

48 +--+ 0.088 35 30 100 

3B -++- 0.041 42 15 50 

7 --++ 0.041 35 15 50 

5 

6 

a ++-- 0.088 42 30 100 

9 --+- 0.041 35 15 50 

6 

7 

I 

I O  ++-+ 0.088 42 30 100 

1IA -+-+ 0.041 42 30 50 

12A +-+- 0.088 35 15 100 
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Section 2.0 
: 

The Open Molding Styrene Emissions Study is sponsored by the Composites Fabricators 
Association under the auspices of the Clean Air Management Partnership. The testing 
project will be directed by R. Lacovara. CFA, with T. Cowley, Dow, serving as Project 
Manager and G. Webster, Dow acting as Project Supervisor. The assigned Quality 
Assurance Manager is L. Craigie, Dow, who is associated with the project in the capacity 
of QA management. Experimental design and data reduction is assigned to P. Wykowski. 
Dow Project Leader. 

Measurement and analytical equipment selection and installation will be managed by A. 
Faulk Jr.. Supervisor of Dow Lnstrumentation Services. Reporting to Mr. Faulk is J. 
Taylor, who is responsible for the configuration/calibration and operation of the 
measurement equipment. 

Supervision of the experiments will be assigned to T. Cowley, Dow and R. Lacovara, 
CFA, who will direct a CFA contracted applications technician. Data reduction will be 
assigned to P. Wykowski with review by L. Craigie, Project Quality Assurance Manager. 
Data reporting will be assigned to T. Cowley and G. Webster. Final report will be written 
by T. Cowley, R. Lacovara, L. Craigie and P. Wykowski. Mr. Davis will be the QA 
Coordinator and will conduct the audits described in Section 10. 

EPNAEERL, Pollution Prevention Branch, represented by Carlos Nunez has been invited 
to participate i n  the planning and observe the testing, along with EPA contractor, Research 
Triangle Institute representatives Emery Kong and Mark Bahner. 

A Flow Chart indicated as Section 2.0 Project Organization describes the organizations 
and personnel involved in the emissions testing study. 
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QA Coordinator 
B.Davis (Dow) 

Section 2.0 Project Organization Chart 

Experimental Design & Data 
Reduction 

P. Wykowski (Dow) 

Clean Air 
Management 
Partnership 
(CAMP) 

I 

Composite Fabricators 
Association 

CFA Board of Directors 

Material Application 
T. Cowley (Dow) 
CFA Conuactor ______ 

I 
EPA Observer Project Director 

C. Nunez R. Lacovara (CFA) 

7 M Bahner 

R. Faulk (Dow) 
I. Taylor (Dow) 

G. Webster (Dow) 

Data Reporting 
G. Webster (Dow) 
T. Cowley (Dow) 
L. Craigie (Dow) 
R. Lacovara (CFA) 
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Section 3.0 

DATA QUALITY INDICATOR (DQI) GOALS 
FOR CRITICAL MEASUREMENTS 

3.1 Determining OA Ohiectives 

The primary objective is to establish a baseline value for styrene emissions from typical 
open mold processes under controlled environmental conditions . Correlation and specified 
precision between the two (2) measurement methods will be a secondary objective with the 
THA as the principle measurement instrument used according to EPA Method 25A. The 
GC will be used to augment the THA data. 

During pre-uial experiments, variation between the two (2) measurement methods has 
been shown to occur. If this variation is maintained within specified precision limits, QA 
objectives will be considered to have been satisfied. 

The factor levels for the experimental variables under investigation have been established 
as values most typically found in commercial facilities. The range in magnitude of factor 
levels have been chosen such that these ranges would most likely be found in a 
commercial setting, would be broad enough in magnitude to detect a possible effect on the 
styrene emissions, and their differences in factor levels would be attainable by typical 
commercial equipment. This study should be representative of the effects on specific 
factors on the emission levels. However, many other factors not identified at this time 
may exhibit effects should another study be done a t  another location with slightly different 
equipment. 

Propagation of errors would be taken into consideration in the analysis of variance and 
lack-of-fit tables. Also, the contrasts calculated from the screening study would also help 
estimate the contribution of the factor to the variance of the response. 

Table 3. I is a summary of the critical measurements of factor effects and their responses. 
The justification of the choice of effect levels are given in the following subsections. 

3.1.1 LaminateKel Coat Thickness 

In the spray-up laminate experiments, a chop mil gauge will be used during the application 
to determine the rate of build-up and extent of thickness. A special continuous strand gun 
roving with red tracer strands will be employed to give the operator a visual indication of 
the general laminate thickness and distribution across the mold surface. During the course 
of spray application the operator will check the thickness at three specified locations on the 
laminate with the chop mil gauge while building the laminate to the specified thickness. 

The mean thickness will be calculated from the measurements and compared against each 
other with a one-tail test at the a= 0.05 confidence level for 2 degrees of freedom for 
which the student’s t0.05,2 = 2.760. The estimated standard deviation required for the 
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hypothesis HO:mi = m2 and either, H1:ml c m2 or H1:ml > m2 is estimated to be 
kO.010” with the tolerance around the factor levels being 

In the hand lay-up laminate experiments the primary thickness control will be the 
thickness of the chopped strand mat reinforcement. One (1) ply of 1.5 oz/ft2 mat will be 
used for the thin laminate and two (2) plies of 1.5 oz/ft2 mat will be used for the thick 
laminate. Typical overlaps and build-ups are expected in comer areas of the mold. 

For the gel coat experiments a standard gel coat mil gauge will be used to measure the 
thickness build-up during the application and to record the final gel coat wet film 
thickness. Mil gauge readings will be taken in specified location in the center of each of 
the three panels of the mold surface and averaged. The wet film thickness will be recorded 
on the experiment report sheet. Based on the hypothesis treatment ils given above, the 
specified tolerance (by standard deviation) is +0.002”. 

0.0012”. 

3.1.2 Styrene Content 

The styrene content of the polyester resin and polyester gel coat used in these experiments 
has been formulated to the specified styrene content of iI 3% by the suppliers of the 
materials. A QA certification analysis of styrene content is provided for each formulation 
of material. A measurement of the styrene content shall be performed according to the 
method, Determination Of Non-Volatile Content. prior to the initiation of each of the 
individual studies. The determination will be made in the Dow analytical laboratory using 
Dow work instructions and with calibrated equipment according to WriIten procedures. 
See Section 7.1. 

The stated 95% confidence interval of the method is 20.34% which sufficiently resolves 
the styrene content levels for this study, 

3.1.3 Gel Time 

The interval from catalyzation to gelation will be controlled by the percentage of MEKP 
catalyst introduced into the resin or gel coat. This test will be performed on a 100 g mass 
of the sample with a Sunshine Gel Timer and thermal control according to specified work 
instructions and calibration procedures prior to the individual studies. See Section 7.2. The 
catalyst level will be adjusted to obtain the specified gel time within a k3.5 min. of the 
target. to stay within the 95% confidence interval from the midpoint value of 22.5 minutes. 
The spray equipment will then be adjusted to deliver the percent catalyst required to 
achieve the specified gel time. The residgel coat to catalyst ratio of the spray gun will be 
determined through a standard weight calibration of the spray gun output. The catalyst 
formulation shall remain consistent throughout the individual study. 

In the case of the Resin Batch Application, the specified amount of catalyst will be 
measured on a calibrated analytical balance with the calibration documentation available. 
The catalyst will then be manually mixed with the resin immediately prior to application. 
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3.1.4 Resin Flow 

The output of the spray gun will be determined during the standard calibration of the spray 
equipment. The output will be controlled by a combination of spray tip orifice size and 
pump pressure setting. Standard calibration consists of spraying into each of 3 containers 
for 15 seconds and weighing the output. Based on the confidence limit criteria as shown 
in Section 3. I .  I ,  the measured output then requires that the mean of the three 
measurements are 
lb(57 g) of the mean value. The mean weight is then converted into a flow rate in pounds 
per minute (Ibs/min). 

0.15 lb(68 g) of the target level with any one measurement 2 0. I25 

Flow Rate Target Resin The Mean of The Measured 
Mass for 15’s the 3 Samples Values Must be 

Must be Within Within the Mean 

2 Iblmin. 0.5 Ib - + 0.15 Ib - + 0. I3 Ib 
4 Iblmin. 1.0 Ib - + 0.15 Ib - +0.13lb 

3.1.5 Air Flow 

Air flow velocity over the mold surface will be controlled by the auxiliary blower and duct 
system, which is configured to extract air from within the test enclosure and return the 
flow through ducts and outlets directed to provide an uniform air flow across the mold 
surface. The air flow over the mold surface has been measured in three (3) specific 
locations (the center of each comer adjoining panels of the mold) using a hot wire 
anemometer (Co le -Pmer  Trisense Model No. 37000-00). The dampers in the ducts have 
been adjusted to specified settings to provide a low air velocity of 50 fpm and a high air 
velocity of 100 fpm at 2 inches from the center of each comer adjoining panels. The f low 
rate shall be verified prior to the start of the individual studies. 

The verification of the air flow measurement procedure is documented in the draft report 
“Preliminary Emissions testing at Dow Chemical on January 4-5, 1995,” dated Jan. 30, 
1995, RTI Project No. 5171-016. 

3.1.6 Mass Balance Stvrene Recoverv Check 

A mass balance calibration will be conducted prior to each of the three experimental group 
runs. The THA and GC will be calibrated according to previously described procedures. 
Styrene will be evaporated from a shallow pan having an absorbent media hanging over 
the pan and extending down into the liquid styrene. An auxillary fan may be used to 
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enhance evaporation. The input weight of the styrene will be compared to the calculated 
weight based on the average ppm recorded by the THA and the GC. 

3.1.7 ResidGel Coat Weieht 

Residgel coat weight will be recorded immediately before resin/gel coat application and 
upon completion of application to the mold. The weight will be measured with a 
calibrated balance with the calibration documentation available. The precision of the 
balance is 0.002 Ibs. with a capacity greater than 100 pounds. 
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Completeness 
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Date Minutes Average Initial Final 

(ppm) 
6- 1-95 104 9.233 189.67 181.20 
6- 1-95 99 9.5 12 188.14 177.68 
6-2-95 210 9.901 418.35 393.92 

Emission Weight (g) Weight (g) 
% Recovery 

95.5 
94.4 
94.2 

1Based on THA measurements in ppm converted to weight 

Calculation for Total Styrene Emissions: 
Total Styrene Emissions, Ibs - 

j- m A  strvrene emissions in CdtLI-&ID) ~ A i r m i n .  x Tim e in mln. x 104dmole 
24.45 Vmole x 1000 c d  x 454 g/lb 

3.4 Precision 

The precision objectives for this experiment are the variation in measurement methods. 
The precision between the THA and the GC is anticipated to be within 18%. 

Overall Styrene Recovery Check 

3.5 What If OA Obiectives Are Not Met? 

If one or more of the QA objectives are not met, specific experiments will be repeated 
andor follow-up studies will be designed to examine the parameters relating to the QA 

objectives. QA objectives not met will be so noted and discussed in the final report. 

94.7 
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Section 4.0 

SITE AND SAMPLING PROCEDURES 

4.1 S a m d i n e  Site 

The sampling site will be located in the stack of the Temporary Total Enclosure (TE) 
exhaust hood. (See Figure I .6. I ) .  The sampling probes were installed in the exhaust stack 
as prescribed by Environmental Protection Agency (EPA) Method 40 CFR Ch.1. The air 
flow through the exhaust ducting is monitored and maintained by electronic air traverse 
probe utilizing a VorTekTM velocity sensing system and Camille@ Data Collection System. 
The velocity sensor in the duct is consistent with EPA 40 CFR Ch. 1,  Method I criteria. 
The method used for determining the air flow for calibration needs is similar to that 
described in EPA 40 CFR Ch. I ,  Method I .  A manometer attached to a S type pitot tube 
installed in the exhaust ducting will be used as a back-up monitor for any change in set 
flow. 

Sample probes will be linked to 60th the Total Hydrocarbon Analyzer (THA) and the Gas 
Chromatograph (GC). 

4.2 THA SamDling Procedure 

The THA sampling procedure is consistent with EPA Method 25A - Determination of 
Total Gaseous Organic Concentrations Using a Flame Ionization Analvzer. The following 
changes will be made to Method 25A: 

1. The acceptable accuracy for checking calibration with the 80% span gas standard 
will be 
calibration check of the THA. 

10% from the predicted response. See Figure 4.2. I for an example 

2. There will be no checks on the THA accuracy during actual data collection. 

3. The calibration of the THA will be verified using the low span, mid-span and the 
80% span gas before the first run of the day. The calibration will be checked before 
the second run of the day using the mid-span calibration gas. The THA will be 
recalibrated, if necessary for the second run; however, the previous test may not be 
invalidated, depending on the values obtained by seconday measurements. 

4. Only one detection range will be used during the study. The detection range is 
spanned to cover styrene emissions from 0-350 ppm. The detection range will be 
spanned to cover higher styrene emissions should the need arise. 

5. 100% Hydrogen will be used as a fuel gas. 
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Calibration Check for the Total 
Hydrocarbon Analyzer, 80% of Span 
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4.3.1 GC SamDline Procedure 

A Varian 3700 gas chromatograph equipped with a flame ionization detector will be used. 
The gas chromatograph sampling valves are controlled by a Camille@ software system, 
and data are output to a Hewlett Packard 3392A integrator. 

The GC conditions are as follows: 

Gas Chromatoeraoh Set-Up: 

Oven Temperature = 90°C 
Detector Temperature = 250°C 
Sample Valve Injector = 90°C (located in  gas chromatograph oven) 

- Gas Pressures: 

Flame Ionization Detector: 

Low pressure side of gas regulators 

Air = 40 psig 
Hydrogen = 40 psig 

Column: 

Column Identification; 

I O  m X 0.53 mm Bonded FSOT RSI-300 
1.2 um Polyphenyl Methysiloxane 
(Megabore capillary column - 0.53 m m  ID) 

Column Gas Flow: 

Helium = 4 ml/min. (no split) 

Gas Standards (mav use one or all of the following): 

Approximate Styrene Concentration = 20 ppm & I %  REL 
Approximate Styrene Concentration = 50 ppm + 1% REL 
Approximate Styrene Concentration = 105 ppm 1 % REL 

See Figure 4.3.1.1 for a simplified diagram of the piping system. Figure 4.3.1.2 shows the 
GC system in the total piping system. 

Helium = 40 psig 
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Simplified Piping Design for Calibration of GC and Sampling 

Vent 
3-way valve V1 
o f f=  sample - :  

on = standard 

sample 
loop 

block valve V 2  4 4 

detector 
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4.3.2 Gas Chromatomaph Standardization 

( I )  An appropriate styrene gas standard will be run until the area response for the 
styrene peak is consistent. A styrene gas standard for the THA will be used to 
check data consistency between the GC and THA. 

styrene. Another standard analysis is run to assure consistent measurements. 
(2) The Hewlett Packard Integrator is then re-calibrated to this response factor for 

4.3.3 Gas Chromatograph Samole Analvsis 

(1) The GC will be standardized at the beginning of each day with calibrated gas 

(2) The analysis system is put into the sampling mode prior to resin being introduced 
sample(s). 

into the test chamber. An ambient baseline of styrene concentration will be 
established at this point. Typical baseline readings will be <2.0 ppm. 

(3) The analysis system takes a sample of air from the 7TE exhaust stack ducting 
every two (2) minutes for gas chromatographic analysis. The gas sample is moved 
to the sample valve by a vacuum air aspirator. 

(4) The analysis system continues to take air samples throughout the experiment until 
styrene levels drop to the original baseline level, a t  which time the sample 
sequence is stopped. 

( 5 )  The analysis system is then standardized to determine if calibration was valid 
during sampling period. 

4.4 

Leak checks will be performed at the beginning of each week of testing. All fittings, valves 
and connections of the THA and GC will be examined. A valve just down stream from each 
sample port will be closed off while a sample is being drawn to a detector. The ball in a in- 
line flow meter will drop to zero if no leaks are in the sample line. 

Leak Checks for Samole Lines 

4.5 Smav Procedure 

The spray application will be conducted so as to produce overspray consistent with 
observed common shop practices. it has been determined that on average spray stroke will 
extend approximately 6 inches off the edge of the mold. (A detailed description of this 
methology is found in Section 1. I.) The operator will carry the spray stroke off the edge of 
the mold surface to produce a spray pattern and area deemed common place in the industry. 
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Section 5.0 

SAMPLE AND DATA CUSTODY 

Procedures will be used to track all data and information generated during this project. A 
worksheet will document each experimental run (see Section 8.0). A data ID designation 
will be assigned prior to commencing each run. This designation will include: the Block 
No., Run No., and Date. A separate data diskette will be used for each experimental run. 
The ID number will be recorded on the data diskette prior to the experimental run. 
Calibration data will be on each data diskette, either, 80% of span calibration or mid-range 
standard check. 

An example of ID designation is: Study (Resin Spray = RS, Gel Coat= GC, Hand Lay-up= 
HL), Block No., and Run No. The computer file would be designated for example as RS-1- 
1 (Resin Spray study-Block I-Run I) .  

Physical samples, such as those used in determining non-volatile content, will be assigned a 
unique sample number, which includes the resinlgel coat batch number, date and experiment 
for which test is being conducted. Records of the test sampling will be delivered.to T. 
Cowley at the end of the day analyses are performed. 

Copies of data diskette will be made and maintained in a separate location. 
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Section 6.0 
CALIBRATION PROCEDURES AND FREQUENCY 

6.1 

The THA standardization procedure is consistent with EPA Method 25A - Determination 
pf Total Gaseous Oreanic Concentrations Usine a Flame Ionization Analvzet, with noted 
exceptions. The following changes will be made to Method 25A: 

1. The acceptable accuracy for checking calibration with the 80% span gas standard 
will be 
calibration check of the THA. 

2. There will be no checks on the THA accuracy during actual data collection. 

3. The calibration of the THA will be verified using the low span, mid-span and the 
80% span gas before the first run of the day. The calibration will be checked before 
the second run of the day using the mid-span calibration gas. The post-test 
calibration drift will be recorded before any re-calibration takes place. (Criteria 
used to decide when to re-calibrate will be “readings outside k 10% of the mid- 
span standard value”.) 

The THA will be recalibrated, if necessary for the second run; however, the 
previous test may not be invalidated, if the total styrene emission value obtained by 
the secondary GC measurement is within 18% of the total styrene value obtained 
by the THA. 

4. Only one detection range will be used during the study. The detection range is 
spanned to cover styrene emissions from 0-350 ppm. The detection range will be 

spanned to cover higher styrene emissions should the need arise. 

Total Hydrocarbon Analyzer Calibration Procedure 

10% from the predicted response. See Figure 4.2. I for an example 

The THA has a separate RS-232 port for DOS type hook-up to the Camille@ Data 
Collection System. If the styrene emission concentration exceeds the THA 
scale of 500 ppm, the separate data system will still record the actual emission 
data. A reading from the RS-232 is received and recorded by the Camille@ Data 
Collection System approximately every 5 seconds. 

5. 100% Hydrogen will be used as a fuel gas. 

Gas Standards (mav use some or all of the followinel; 

Approximate Styrene Concentration = 50 ppm f 1 % REL 
Approximate Styrene Concentration = 105 ppm I %  REL 
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Approximate Styrene Concentration = 174 ppm f 1% REL 
Approximate Styrene concentration = 280 ppm I % E L  
Approximate Styrene Concentration = 350 ppm 1% REL 

Stvrene Gas Standards 

AU styrene gas standards are in air with a shelf-life of at least six months. 
Certificates of analysis are received with each gas standard. Copies of certificates 
of analysis are shown in the Appendix. 

6.2 Gas Chromatopraah Calibration Procedure 

(1) An appropriate styrene gas standard will be run until the area response for the 
styrene peak is consistent. A styrene gas standard for the THA will be used to 
check data consistency between the GC and THA. 

Gas Standards (mav use one or all of the followinn): 
Approximate Styrene Concentration = 20 ppm 1% REL 
Approximate Styrene Concentration = 50 ppm 1 % REL 
Approximate Styrene Concentration = 105 ppm f 1 %  REL 

Stvrene Gas Standards 

All styrene gas standards are in air with a shelf-life of at least six months. 
Certificates of analysis are received with each gas standard. Copies of ceitificates of 
analysis are shown in the Appendix. 

(2) The Hewlett Packard Integrator is then re-calibrated to this response factor for 
styrene. Another standard analysis is  run to assure consistent measurements. 

6.3 Air Flow Through the l T E  Calibration 

The air flow calibration will be performed by the distributor of the VorTek'U air flow 
sensing system prior to the start of the study. A hot-wire anenometer will be used by the 
distributor of the VorTekrM sensing system to determine the air flow through the 7TE in 
order to calibrate the air flow sensing system. The method used to determine the air flow 
through the 'ITE is similar to that described in EPA 40 CFR Method 1, Ch. 1, except a hot- 
wire anenometer is used instead of a pitot tube. The Camille@ data collection system will 
be adjusted by trained Dow personnel to output the air flow as determined by the VorTekTM 
velocity sensing system. Qualified Dow personnel can check the air flow through the TTE 
with a pitot tube following the Method 1 procedure to verify the output of the data 
collection system. 
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The air flow will be re-calibrated as deemed necessary, such as but not inclusive, in the case 
of related equipment failure and/or modification. The manometer reading will be recorded 
at the beginning and end of each test run. If a change of k 0.05 inches of water is noted 
from the reading (0.13 inches of water) obtained at the time of initial air flow calibration, 
the air flow through the l T E  will be re-calibrated. 

6.4 Spray Eauiament Calibration 

The spray equipment will be calibrated before each test run. 

The spray equipment flow rate will be calibrated to provide a specific resin and gel coat 
output as required by the experimental design. In the case of the spray-up application, the 
glass content will be adjusted to the required resin flow rate. The flow rate calibration will 
consist of spraying resin into a pre-weighed container for 15 seconds and recording the 
material weight in Ibdmin. The resin pump pressure will be adjusted and spray tip sizes will 
be changed to achieve the specified flow rate. 

For the spray-up experiments the calibration will consist of capturing both resin and 
chopped glass for 15 seconds, in separate containers, and weighing individually to 
determine the resin to glass ratio. Once the flow rate is established, the chopper speed with 
be adjusted to provide the proper glass ratio. 

ResWgel coat to catalyst ratio will be calibrated by means of catalyst volume measurement 
compared to flow rate. The catalyst ratio will be adjusted by the slave pump setting. 

6.4.1 Sorav Gun’s Flow Rate Calibration 

I.) Spray tip is slected with specific orifice size and fan angle. 
2.) Catalyst pump is disconnected. 
3.) Atomizing air is shut off. 
4.) Spray unit is charged with a specific resin or gel coat. Air is purged from system 
and material flow is checked to verify cleaning solvent is fully purged from fluid Lines. 
5.) Pump pressure is set to anticipated pressure. 
6.) Analytical balance is tared. 
7.) Container tare weight is recorded. 
8.) Residgel coat is sprayed into container for a timed 15 seconds. 
9.) Reisdgel coat weight and pressure setting are recorded. 
IO.) Pump pressure is adjusted to modify flow rate, if needed. 
I I.) Steps 8 -10 are repeated to produce the required flow rate with 
12.) Two flow rate checks will be made once final adjustments are made. 

0.3 Ib/min. 
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6.4.2 Catalvst Flow Rate Calibration 

1.) Spray unit is charged and residgel coat flow rate calibration is completed as 
described in 6.4.1. 
2.) The 250-1111 graduated cylinder serving as the catalyst reserviour is filled with the 
catalyst to specified volume. 
3.) The catalyst pump is positioned to the appropriate setting. 
4.) The separator tip is mounted on the spray gun. 
5.) The spray gun is activated for 15 seconds. 
6.) The reduction in catalyst volume in the graduated cylinder is recorded. 
7.) The catalyst pump setting is adjusted to modify flow rate. 
8.) Steps 5-7 are repeated to produce the required flow rate yielding the specific gel 
time. 
9.) The specific gravity of the catalyst will be used to convert volume to mass. The 
specific gravity will be obtained from the catalyst supplier specifications. 

6.4.3 ChoDDer Gun  Calibration - ResinGIass Ratio 
1.) Spray gun rate calibration and catalyst calibration are completed. 
2.) Continuous strand roving is fed to the chopper and unit is initialized. 
3.) Chopper unit air pressure is set to anticipated level. 
4.) A pre-weighed plastic bag is placed over the chopper chute and another pre- 
weighed plastic bag is placed over the spray tip. 
5.) The spray gun is activated for 15 seconds. 
6.)  The bag containing dry chopped glass and the bag containing sprayed resin are 
separately weighed and recorded. 
7.) The chopper unit air pressure is adjusted to modify chopped glass output in relation 
8.) Steps 5 - 7 are repeated to produce the specified resin to glass ratio. 

6.6 Balances Calibration Check 

6.6.1 Lab Balance for ResidGel Coat % Solids 
I.) The balance will be calibrated semi-annually by an approved outside vendor 
utilizing NIST traceable standards and documented procedures. 
2.) Internal adjustments will only be made by a qualified repair technician. 
3.) The vendor responsible for checking the balance’s calibration is the Aldinger 
Company, Dallas, TX. 

a Balance for Resin Weight During Spray-Up and Hand Lay-Up 
I.) A Sartorius balance model F61S will be used. 
2.) The balance upon anival at the test site will be calibrated by an approved outside 
vendor utilizing NIST traceable standards and documented procedures. 
3.) Internal adjustments will only be made by a qualified repair technician. 
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4.) The vendor responsible for checking the balance’s calibration is the Aldinger 
Company. Dallas. TX. 
5.) The balance will be calibrated semi-annually by an approved outside vendor 
utilizing MST traceable standards and documented procedures. 

6.7 Gel Timer Calibration Check 
Calibration check procedure for the Sunshine Gel Timer is as follows: 

1.) Obtain a NIST traceable stopwatch. 
2.) Press the “OW’ button to the NIST stopwatch and Gel Timer 

3.) Let the NIST traceable stopwatch and gel timer run for 15 minutes + 5 

4.) When the time is up, simultaneously stop the NIST traceable stopwatch and 

5 . )  Record the time displayed by the gel tmer. 
6.) The time displayed by the gel timer must be 15 minutes 

7.) The frequency of calibration check is “at the time of use or monthly, 

simultaneously. 

seconds. 

the gel timer. 

15 seconds in 
order to meet acceptance criteria. 

whichever is greater. 

6.8 

The temperature reported by the Camille@ Data System will be checked against a NIST 
traceable thermometer on a weekly basis. A type J thermocouple is located approximately 
three feet above the floor level. 

Therrnocouole in TTE Calibration Check 

6.9 Thermometer for Constant Temoerature Water Bath Calibration Check 

1.) Immerse the probe of a NIST digital thermometer to the same depth as the probe of the 
thermometer for the constant temperature water bath. 
2.) Wait one minute for temperature readings to stabilize. 
3.) Compare the temperature readings of both thermometers. 
4.) Acceptance criteria is a difference in temperature from the NIST thermometer of no 
greater than 2 5 “F. 
5 . )  Frequency of calibration check is “At time of use or monthly, whichever is greater”. 
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Section 7.0 
ANALYTICAL PROCEDURES 

7.1 % Resin Solids Determination Procedure (Styrene Content) 

1 .) Bring oven to temperature of 125 f 2°C with a calibrated thermocouple. 
2.) Zero the analytical balance, place an aluminum dish on the scale and record 

3.) Tare the scale, weight out 0.42 & 0.02 grams of resin sample with a transfer 
the weight. 

pipet and immediately record the weight. 

Note: It may be useful to spot individual droplets around the base of 
the weighing dish to help the resin spread and dissolve more easily. 

4.) Repeat steps 1 and 2 for a replicate sample as this procedure requires duplicates. 
5.) Dispense 2 milliliters of acetone into each dish and carefully swirl the solution around 

6.) Place both dishes into the catch pan and place them into a forced air 

7.) Set a alarm timer to 45 minutes and remove dishes at 45 +. 2 minutes after 

8.) Remove the samples from the catch pan and place on a paper towel 

to dissolve all of the resin. 

heated oven. 

placement in the oven. 

to cool for at least 5 minutes. 
Note: It is extremely important that the sample be removed at 45 minutes, 
otherwise the accuracy of the test may be significantly altered. 

9.) Zero the analytical balance, place dish on the scale and record this weight. 
IO.) Calculate the % solids content as follows: 

MSZ - Md 

Msi - Md 
%Solids = x 100 

Where, 
Ms,, is the combined mass of the sample and dish before heating, 
MS2, is the combined mass of the sample and dish after heating, and; 
Md, is the tare weight of the dish. 

7.2 Gel Time Procedure 

1.) The promoted resin should be brought to 77 

2.) Weigh 100 

2'F by use of a constant 
temperature water bath. 

mouth bottle. 
1.00 grams of the promoted resin into a tared 4 02. wide 
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3.)  Catalyze. the promoted resin with the prescribed amount of catalyst. Cap the bottle 
tightly, turn the Power switch “ON”, and shake the bottle for 45 

seconds. 
4.) Immediately uncap the bottle, place the bottle in a foam holder, and position 

the bottle under the gel timer. 
Attach the glass rod spindle to the gel timer, while centering the glass rod in 
the 4 oz. glass bottle. Gel times are performed at ambient temperature. 

5. )  Turn the Test switch to the “OW’ position to activate the gel time alarm. 
6.) When the alarm sounds, immediately turn both the Power and Test switches 

“OFF’. Record the gel time. 
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Section 8.0 
DATA REDUCTION, VALIDATION, AND REPORTING 

8.1.1 Data Reduction 

Data reduction responsibilities will be assigned to P.L. Wykowski, Project Leader, Dow 
Chemical Company. Preliminary data reduction is described in Section 1.2 - Experimental 
Design. Calculations for the data reduction and statistical evaluation will be performed on 
a computer using the program JMP 3.0 (SAS Institute Inc.. SAS Campus Drive, Cary. NC 
275 13) ( I ) .  

The total styrene emissions for each test run will be calculated by using the equation 
shown in Section 3.3. 

8.1.2 Calculation of Effects 

Each of the effect levels will be defined by the coefficient from - 1  to 1 as shown in the 
table below. 

Table 8.1 
Coefficient Designations for Factor Levels 

The estimate of the contrast f o r k  subgroups of Xn with the response y (2): 
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Designation Symbol 

Term X" 
Estimate Pn 

Standard Error Std Error 

t-Ratio 

Prob > t 
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The effect of a factor is the change in response produced by a change in the factor level 

(2, 3): 

Explanation 

This is the name for the factor in the model. 

The coefficient for the linear model. 

The standard error is an e s tha t e  of the standard deviation 
about the parameter estimate and is used to determine the t- 
Ratio. 
A test statistic for the null hypothesis that each parameter 
estimate is zero. This value is calculated for the estimate 
divided by the standard error. 
The probability that the magnitude of the coefficient is due to 
a random event. Typically, the estimate is accepted at values 

j= 1 

In the case of a Zk factorial experiment, the coefficients of the linear model Pn can be 
expressed as (3,4): 

r 
P n  = 7 
The terms of the parameter estimates for the model as generated by the software will be 
given as follows: 

Further details on the above effect terms and their evaluation may be found in reference 1. 

8.1.3.1 Evaluation of the Model: Effects Table 

The effects table is an ANOVA which summarizes the statistical significance of the effect 
terms. 
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Table 8.3 

Explanation of Analysis of Variance Table for Effect Terms 

- 
Designation Symbol Explanation 

Term 

Degrees of 
Freedom 
Sum of Squares 

- 
X, 
Df 

SS 

This is the name for the effect in the model. 

Df = I for each effect as one degree of freedom is defined for 
each parameter in the model. 
The sum of the squares is calculated from the Type III method 
for sum of squares. The explicit calculation method is too 
complicated to be given here. However, further details may be 
found in references 5 and 6. 
A test statistic for the hypothesis that each parameter estimate F-Ratio Fn 

Prob > F The probability that the magnitude of the parameter estimate is 
due to a random event if the hypothesis that the parameter 
estimate = 0. Typically, the estimate is accepted at values less 
than 0.05. 

8.1.3.2 Evaluation of the Model: Effects of Blocking 

The use of blocking as a means of accounting for any uncontrolled variation that may 
occur during the course of the testing (7). In this study the blocking is taken to be a day- 
to-day variation due to possible changes in environmental conditions, variability by the 
operator, and other unaccounted for effects. Use of blocking consists of confounding the 
block effects with two-factor interactions and leaving the main effects clear if each other. 
This process is accomplished through the use of fold-over pairs in each of the blocks (8). 
A fold-over pair consists of runs with complementing coefficients paired with each other 
(e.g. -+- with +-+) 
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8.1.3.3 Evaluation of the Model: Prediction and Interaction Profiles 

The use of prediction and interaction profiles is  a visual means of evaluating the data. 
Figure 8. I is an illustration of an intersection of XnX, with response Y which shows that 
the response is more sensitive to changes in X, at high levels of X,. 

Figure 8.1 
Example of an Interaction Profile 

-1 X" +1 
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8.1.3.4 Evaluation of the Model: Lack of Fit Testing 

The lack-of -fit test is used to evaluate the effects of variation upon the fit  of the model. 
The replicate values of the experiments are run on days 2, 4, 7, and 9 with block number 4 
being a replicated of 2 and block 9 is a replicate of 7. Spacing of these replicates was based 
on evaluating the possible variation near the beginning and the end of the week. The lack- 
of-fit test is designed to determine if the lack-of-fit is from either the model fits the data 
adequately or the pure experimental error. This is based on a partitioning of the sum of the 
squares of error (SSE) into: SSE = SSPE + SSLOF (7). 

Table 8.4 
ANOVA Table for Lack-of-Fit 

,ack-of-Fit 
:LOF) 

'ure Error (PE) 

rOTAL (E) 

Degrees of Sum of 
Freedom Squares 

SSE - SSpE 

I 

i= l  u=l 

Mean Square 
MS 

SLQE 
f -  P 

S E  
n - f  

MSLOF 
MSPE 

Where: 

f = number of experiments (runs) at distinct levels of Xn 
n =number of total experiments 
p =number of parameters used in the model 
v = number of replicates for a given experiment 
yiu= value of response for a given run number i at a replicate number u 

9i =predicted value of response at given run number i 
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Yi= mean value of response at a given run number i (mean value will be set equal to the 
measured response whexe. no replicates are measured) 

The proposed model is said to provide a reasonable fit if the value Fo < F 0.05, m.2, ,,-,,,. If 
there is a significant lack-of-fit, then Fo > F cfit. This may indicate that either curvature 
exists which requires higher order terms, or that the response may have to be transformed 
into another form such as a logarithmic or exponential form. 

8.1.3.5 Evaluation of the Model: Other Tests 

The above mentioned methods of evaluating the data will be the primary means of 
evaluation of the data and model. However, other techniques such as the coefficient of 

among others may also be included in evaluation of the model. 
determination (R 2 ), adjusted coefficient of determination, and examination of residuals 

8.2 Data Validation 

Terry W. Cowley and Paul L. Wykowski will be responsible for the data validation during 
the data reduction process. 

Outliers will be flagged by the use of studentized residual values plotted against the run 
number. and as normal probability plots. Once the outlier has been identified, the model 
will be examined to determine if either the outlier point may be removed from the model 
and reevaluate the model or if the model terms may need to be modified. If the model 
needs to be modified, then the direction of a future study would be recommended. 

8.3 Data Reaorting 

Examples of the sheets used i n  the data reporting process are attached to the end of this 
section. 

G. Webster will report styrene emission results and deliver records to T. Cowley on a daily 
basis. This data will be distributed to P. Wykowski, L. Craigie and B. Lacovara. P. 
Wykowski will be responsible for data reduction. Final report will be written by T. 
Cowley, P. Wykowski, L. Craigie and B. Lacovara: refer to Section 2.0. The final report 
will be delivered to the CFA Board of Directors, CAMP organizations and signers of this 
QA plan. 
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Block 
(Day) 

1 (am) 

SAMPLE WORKSHEET 

Resin Sprav APDlication 

Date Run Thickness Resin Batcb Spray Gun Air Flow Rate 
No. (in.) Designation How Rate (fpm) 

I ,040 C 4 100 
(Ibdmin) 

0 

0 
e 
0 
0 
0 

Spray Tip Size: 
Spray Tip Angle: 
Pump Pressure: 

Chopper Pressure: 

Air Assist Pressure: 0 
0 

- a  
Catilyst Pump Sening: 

Flow Rate: 

1 Data ID Code: 

Data Recording Sm:  

Total Experiment Time: 
Spray Start Time: 
Spray End Time: 

Data recording End: 

Total Spray Time: 

Batch S m  Time: 
Batcb End Time: e 
Tocal Batch Time: ~e 

0 
Total Laminating Time: a 
Laminating Start Time: 
Laminating End Time: 

Initial Weights: 

Total ResidGel Coat Weight 

Final Weights: e 
0 



Styrene 
Section 9.0 

Revision No. 5.0 
9/9/95 

Page 48 of 54 
Section 9.0 

INTERNAL QUALITY CONTROL CHECKS 

9.1 TVDeS Of OC Checks 

Following are examples of the quality control checks which will be made during the 
course of the experiments: 

9.1.1 Materials 

Each batch of polyester resin and gel coat will be adjusted to the specified gel time by 
adjusting the level of initiator to produce the required gel time. Gel times will be tested 
using a Sunshine Gel Timer and Dow Gel Time Determination Work Instructions. 

9.1.2 Temperature 

The ambient air temperature will be monitored and recorded during the testing by the 
Camille@ Data System linked to a thermocouple in the ‘ITE. 

9.1.3 Replicate Experiments 

Each emission study contains four replicate runs for a total of eight runs per study to check 
the reproducibility of test runs. 

9.1.4 Air Flow Over Mold Surface 

Air flow volume has been measured and fixed during the pre-trial testing. Prior to each 
emission study, the air flow over the surface of the mold will be checked to verify that no 
changes have occurred. 

9.1.5 Measurement EauiDment 

Equipment calibration procedures and work instructions are part of the quality management 
system, which is certified to IS0 9001. 

This equipment includes: 
- balances 
- Sunshine Gel Timer 
- ovens. 

The following work instructions to be used are 
- Determination of Resins’ Gel Times 
- Determination of Resins’ Solid Content. 
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9.1.6 Air Flow Through the TTE 

The manometer located in the vent hood stack is used to monitor for changes in air flow 
through the TTE. The vacuum in inches of water determined at the initial calibration of the 
air flow will be recorded and daily vacuum readings checked against it. 

9.1.7 Blank Readinm 

Emission blank readings will be obtained by the THA and GC prior to each test run to 
ensure that extraneous styrene vapors are not present. Blank readings should less than 2 
PPm. 

9.1.8 Data Validation 

Data will be examined for precision. accuracy and completeness according to Section 8, 
Data Reduction, Validation, and Reporting. 
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Section 10.0 
AUDITS 

Mr. Bill Davis, the QA Coordinator for this project. will conduct one internal systems audit 
during the course of this project. Mr. Davis is not associated with the project on a day-to- 
day basis. 

It is currently expected that this audit will be performed after the first set of experiments. 
The audit will cover sampling, analysis, and data handling procedures. Mr. Davis will 
prepare a written report summarizing the audit objectives, procedures, and findings and 
submit it to Mr. Larry Craigie and Mr. Robert Lacovara within 30 days of completion of the 
audit. In addition, Mr. Davis will conduct a formal review of the project at the end of the 
project, but before the report is finalized. 
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Section 11.0 
DATA QUALITY INDICATORS 

11.1. Precision 

Calculated from duplicate measurements, the relative percent difference is the measure of 
precision: 

IC2 - CII 
R P D =  ( 100%) 

Where: RPD = relative percent difference 
C, , C Z =  observed values 
m = mean of the two values 

Standard deviation will be calculated for multiple duplicate measurements. 

11.2 Comoleteness 

Completeness is as follows for all measurements: 
V 

% c = ~ ( l o o % )  

Where:%C = percent completeness 
V = number of measurements executed 
N = total number of measurements planned 

11.3. Accuracy 

Accuracy is expressed as the relative error from a value from a known standard: 

%RE = k s  (100%) S 

Where:%RE = percent relative error 
p = measured value 
S = standard value 
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Section 12.0 
CORRECTIVE ACTION 

The need for corrective action will be assessed on the basis of data audits conducted by the 
Quality Assurance Manager and technical systems audits conducted by the Project 
Managers. If corrective action is deemed necessary, the experiment will be delayed until 
appropriate action can be taken. If any data collected is considered invalid, due to a problem 
during an experiment, remedial action will be taken to determine the statistical significance 
of the experimental run in question or to repeat the run after corrective action is taken. 
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Section 14 
Appendix 
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SECTION 3 
SPECIFICATIONS 

HODEL 51 TOTAL HYDROCARBON ANALYZER 

Detector 

Type 

Minimum Detectable 

Auto Igniter 

Flame Out Safety 

Noise 

Drift 

Repeatability 

Accuracy 

Range 

Auto Ranging 

Temperature 

Sample 

Sampling Rate 

Detector Flow Rate 

Response Factor 

Response Time 

Flame Ionization 

0.1 PPM (independent of gas) 

Electronic, processor controlled 

Solenoid shuts off hydrogen fuel 
on flame out and alarms 

Less than 1% F.S. 

Less than 1% in 24 hours 

2% of reading 0.1 ppm 

2% of reading plus span gas 
accuracy 2 0.1 ppm 

0.1 ppm to 10,000 ppm (for propane) 

covers total instrument operating 
ranges automatically 

200 degrees C. Controlled by 
microprocessor with readout on 
screen 

Approximately 2.5 L/min 

Approximately 30 mL/min 

Front panel settable to report 
same as span gas or different 
compound 

90% within 5 seconds (on each 
range) 

, r,. 

3-1 



outputs 

Vacuum Fluorescent Display 

Analog 

Serial Port RS-232 

Reports 

Analysis Reports 

Report Frequency 

Alarm 

Calibration 

External 

Internal Span Gas 

Frequency 

(optional) 

Sample Stream Selection 

Stream Sequence 

Alpha numeric 20 character length 
4 lines 

0-10 volts (0 - 5v & 0 - 1v 
options available) with 7 adjust- 
able ranges 4-20 xnA output 
available as Option 5. 

Port for sending all reports to 
external printer for archival 
purposes, or to a computer for 
two way communication. 

High, low, and average concen- 
tration for each period scrolled 
on display and made available 
to RS-232C port. 

Settable from 1 to 99 minutes 

Concentration alarm with time 
written to alarm report in UTILITY. 
Notice also appears on the display 
any time there is a concentration 
exceedance. 

The standard calibration procedure 
permits the introduction of the 
zero and span gases into the Model 
51 through the sample port. 

Standard span value entered.via key 
Pad 

completely automatic zero and span 
on a settable cycle from 1 to 99 
hours 

The most recent good calibration 
data retained in EEPROM's not 
overwritten by erroneous 
calibration. 

Settable in any order to 10 digits 

3- 2 
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e ) + . I . %  e 
Time Between Stream Settable in minutes 1 to 99 
Changes (also time of 
analysis reports) 

Manual 

0 .  
0 '  

e 
e 
e 0  

e 

Front panel controls, through 
Utility Menu, to hold the present 
stream or to advance to the next 
stream. 

e Alarm 

Concentration 
e 
e 
e 
0 

System 

Internal 

e External 

e Alarm Condition 

e Gases 

e 
e 
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e 
e, 
e 
e 
e 
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e 
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e 
a *  

e 

e 

e 
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: *  

Combustion Air 

Individually settable over total 
range for each sample stream. 

Denotes problem with analyzer. 

Audible 80  db alarm for both alarms 

Both alarms activate 3 A  AC/DC 
contact closure for external alarms 

Reported to screen, RS-232C and 
alarm status memory in unit. 

150 mL/min at 30 psig requ'ired. 
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1 .O OPERATION 

1 . 1  General Description 
The Tek-Air YorTek,, airflow measurement. system consists Qf one or 
more i h c t  in;srtion p b c s  and 3.n slectrccuc fnnsmi tk r .  T i x  VorT+L 
measurerrient syskm is capable of rriemiiririg airiiow volume in (ii-w. 
01 all sizes snd ship&. 

VorTek. insertion probes have multipls velocity sensors located zlwg 
toheir length. Each sensor measures airi!w veL:&y wing a. ~ m q w ,  
pateated (4,7iG,03;> applidion of t i e  digihl '?eiocitg seIising 
kifinique called vortex shedding. 

Vortex shedding is Lhe generation o i  eddy currents by an o?Etriwti% 
in an air stream. Airi!ow throlqh each VijrT+s\r s%%r Creates e. 
succession of eddjr currents which are then sensed as presure puis+::.. 
The frequerlcy at  which these pulses are generhted is directiy 
prcpcrticnal tc the vilccity 01 airflow around the sznsc.r. 

In Large ducts, the proiile of the air velocity across a dust. is oiten 
uneven due to the bends and transitions in Ule ductwork. In-line 
devices such as dhmpers, elbcws, and transitlons alsrj ireate 
disturbances in the flow profile. To corrlpasat; f;r thes.? varjing 
;*$locity p-ofiles, multiple xlorTek sensors are utilized ?athin a dux:. 
The frequency outpuk of individual SenEor3 are llow averaged 'vs 
obtain the average duct velwity. 

The VGrTelc transmitter titaliies ths f r e q u m y  signals frcm 
individual sen9or3 to perlorm true velocip a7eraging. Fron this 
avirzge, an electronic signa1 (4-20ma) is generated for direct i n p t  tzi 
a customer's control system. 

The VGiTCL-SD transmitter is specifically desfqned for ar;p!iiati.:.n in 
maller ducb ?here one to four sensors are adequate for rnemirrirent. 
of the air volume. This manual will cover the operation, insa!l?,tion, 
startup, and ralibratinn Qi the VorTek-SD prQb% anc! transmitter. 
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Specifications - 
Sensors and Probes 

Sensor Type: Vortex shedding 
V d x i t y  Rang?: 350 ts 7500 FFM 
Frobe Length: 5" to 24" 
Frobe Configuration: P.echngulsr, P.ound, Oval 
Materials @i Construction; Standard: 

Mounting Plate: Galvanized Sksl or .4luminum 
Probe Bar:  Extxuded Aluminum 
Sensor Assembly: Aluminum, AES, arid Folyproplenz 
hke1hlleGUS: EPDivI Finishing Strip 

Mountiiig Plate: Shinless Steel or CPVC 
Probe Bar: CPVC 
Sensor Assembly: CPVC and ABS 

Matxials of Construitian; Fume Hood: 

Probe Support Mounting: Flange Plate and Threaded Rod 
Sensors Per Probe: ' I  to 4 per Ear 
Number of Ears per Transmitter: 1 to 2 
Operatirjtial Tmperatura: -20 b 200 degrees F 
Weight: Function of probe configuration 

Transmitter Electronics 
Input: Ono to fnur sensor inputs 
Output 4-?0ma, isolated 
Load Capability: 650 oluns 

Powsr: 5.0 milliamps at 24 Vdc 
Calibratim: Adiustabla from 0- 1000 to 0-4000 FFM; 

Optional to 8000 FPM . 
. Operational Temperature: 40 to 13.0 deg F . 
Frequency Cbnversion Error: less than 20.25% FS (4 sensors! 
Temperature Error: less than 'O.5W over 25 to 125 deg. F 
Low Frequency Cutout; 350 FPM (adjustable) 
The Consfant: 0.67 seconds, fixed 
Housing: NEMA 1 typ, US+ InUocm only 
Dimansions: 6' j; 6" x 2 -  ( W f l x D )  
Weight 5 lbs with probes 
h4Qunting: Shndxd; inkgrsl to probe aszamblp 

Optimal; Z 4 inch umbilical 

. Voltage: 15-35Vdc 

2 
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XSlnrctiOn Shedding 
Flag Pole) Vortices C a w  

Flag to Wave 

W- 
I- 
N- 
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1.4 Transmitter Operation 
The VorTek-33 icansmitkr is intk.grailp moiinwd om r , +  
duct insertion probe. If bere are two probes, the second probe is 
inkgrally zmnected to the electronics by an uKWliibl cord. 

a maximum loi ioiir YorGk senwrs. These Can t?cr I G C ~ M  ofi 
two probe bars. 

In the simplest sense, t h e  transmitter electrmics can be considwc! a 
pulse tn ana!og convx tor. The Uansrnitkr receives electronic pule_r?s 
irom each of the VorTek sens13rs. As e v x y  pulse represents the sarne 
increment of velocity, the pulses neecl only be surnmed together anci 
inkgrztted over time to &termin$ velocity. Additiuial circuitry 
converts the htal pulses per second inb an anslqg, 4-20ma signal 
which is pfoportional to either CFM OT FPM. 

iile VorTek transmitter performs two funtions eieckonicaliy. The 
a m W i i r  s+cticn performs tlie re4uired signal conditioning or1 ug t~ 
f& VcrTiL senscsr inputs. The summing section ai<@ the 

-'dLG: 

them, ar,d converk them into a 4-2Oma output signal. The $umz?iq 
cation ako provides the pwer supply and ca!ibratinn adjuztmen!c. 

EstaUs6 airf lw is iiihiiintly turbulent, it knds  ta p d u i f  flUCtUrttii~~ 
el+xtronic output signals if not dampened ?,hen high turbulmce is 
present. Also, rome commercial DDC system. uFd3te control cupit; 
only on larg? changes in input sisnals. Tho rapid input chanps causer? 
by airflow turbiilsnce ca.n cause these types of systems tfi eifective!y 

' oYsrload and crash. To elirninats this problem, the transrni%t+r 
includes a time constant of 0.67 seconds. 

QE 

' The VlorTek-SD transmitter is capab!? of accepting i~pi~.t,r: irrm XF rfi 
cor 

CGnditiofied pulses from he amplifier section, sum: them, in;.;., . C.* - L . 



generated by thg sefisors intu an electronic sigriai Compcible wtii 
mclst DDC cclf&31 SySkrfiS. - 
The 10119Vfing def~l l s  are provided on the mounting and in$y!!zQofi o! 
the YorTek transnlitter and flow probes. Please rea,d this dah  
carefully and install me equipment in strict accordarlce v,$t& the 
i r&t ru i t i x~  prljvidi.d. Should ylju hivi. 
Air direct&?. . .  

2. I Probe Mounting and Location 
Geneial - VwT& piobis ai+ disign+i for installation in dut;k, 
regardless ef the duct size. Usually, the large: tie duct, the more 
senzing poine arlt required to provide an zccurab rnza~irmxnt cf 
airflow uolumo. In a typical appliratim, multiF!e p r d x  s!ip~c:t 9x5 
are directly inserted in the duct. Each probe bar has ml~ltip!+ VorTeL 
safl-sors f a  measurement of tne air ve!ociiy in ~e area. of the dum is 
serves. 

Turbulent Airflm - Probe do$i?;n allom fI?r installation in 4 i c t w o r ~  
wthout tap reqiiirefient for special air straightRners. Hovr+v+r, care 
should be t&en to avoid insrallation within C I C ~ B  proximity m: 

o Ealincing dampers 
'? h.4oCulati2g oppsa.1 black .?amper% 
0 
0 Elbmrs l.at.13u.t Turning Vanes 
o Expanding transitions 
c, Humidifiers 
0 Ccils 

q ~ i . ~ t i ~ f i ~ , ,  ctjritdct Ti.%- 

Non-airfoil typs, normally open dampers 
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Ser~iperabire - VofTek probes are designed ior use in norrrlal Iiij.%i 
apgdicatiGri5. ClsnUfiriclus operhtiofi with krqers tures  over 2 00 
d+q;e+; with Stanclai< matzrials G f  ccnstiuctim is iGt rsi.;mrn+fid+,:. 
Fume hoxi e:baust sensois with CPVC construction h a ~ e  a limit of 17;. 
degree% Cloze proximiVy to steam humidifiers and coils iz not 
:ecc;maonr?ed. Should a steam r a l w  loa? vhen ai: is mt f!.?wiaa, 
ternperatmes in exw:gcc of the rwmmendeti ma:.imu.m c3.r; QCCIJI. 

Airborne Contaminants - Normal dirt and dust asscciatec: xitii air 
conditioning and fume hood applications will not iffect prcbe 
performance. The presence of agglomerating nr sticky partisles en 
c a l m  performa.nce problems and should be avoided. Shoulrl tars 
occur, howe?or, the probes can t e  cleaned with smpy water. 

Incpsction -Carefully unpack and inzpect the p b % .  If probe: h z x  
been bent 31 brokon in shipment, advise Tek-Air immediaSe1:r. 

Installation - Protis are mGUnkd acrcss th+ duct and attach tj W I ~  
duct on both sides. A 3.5' diameter hole should be located on th? zide 
of the duct where the probe will be incerted. On probes lon, -er tkan 
12 inches a 5 /  16' diameter hnle is required in the ciuct wall nn tha 
opposite si& of the duct. 

The sensor flange plate is provided with a neoprene gar::et mi 
d o e  not require the application of special Cealank The flsnze plzti 
sh9uld also not be insulated tn allow fnr easy r e m n m  if ever &sire?. 

u 

2.2 Transmitter Mounting and Location 
Genxal - The transmitter is typically located cn one cf the d u d  
insertion probes and'kansrflits a 4-20ma signal over long d i s t 3 . n ~ ~  rx! 
the customers conk01 system. 

Transmitter Location - The VorTek trancmitbr is small and is 
designed for mounting on the prnbe at tho point nf measurement. Tho 
transmitter holldng is a general pllrpose enclosu.rs and is theretore 
not designed for mounting outdoors or in areas requinnz ;jA-loc,ion- 
proof classdication. Areas where Uie temperatures are e;,px:ktl co 
exceed 130 degrees F for extended periods of tirfie are ti GU a v A k J .  

ir 
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2.3 Transmitter Wiring e 
e 
e 

tjjpical configurations are attached in ths a.ppendixj: e 
e 

Transrni t ter e 

, .  

Terminations - Inside the transmitkf enclosure, in the cent$r *jf th+ 
elect..ronicS board, are three removable termination poink. These ?r+ 
for the termination of power and signal viring as fd lom !other 

15 tQ 35 

4-2Oms 

Transmitkr Power and Signal Winno 1 

Figure 1 

Signal and p v e r  wiring should be run in a cclmmm shielded cable. 
Shields should be terminated a t  only one end and Uped 52rk on rm 
other. Shields should be torrntnakd a t  the controller tn accordance 
with the controller manufacturers instructions. 

e 
0 
e 
' e  
e 
e 
e 

' 0  
e 
e 
e 
e 
e 
e 
0 
e 
e 

gutput Siyial- Transmitter output is 4-2  Orna and is capabk Qf d r h q  a 

a 
up to 600 ohms of load. Control sqiJiprn+nt TrYlnich accepts voltage 
inputs Mll require ths installation of an approprkte rlropptng r+simr 
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a t  the controller Input terminals. A 500 ohm resistor will provide a 2 - 
10 Volt a iqh l .  a 256 ohm reslskr will p-wide 5 1-5 vcilt 5lga21. 

a I 
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3.0 CALIBRATION & MAINTENANCE 

3.1 Field Calibration 
Ths VorTsL-SD Transmitter cc.mL;s calitrabd f6r U'IZ CFid r,r FFM 
specified G;' the user. The calibration factor is ectit~lblic-d as a 
function of b e  tp? of VorTek lensor utilized in th4 construction oi 
the proSe bars. These calibration factm are estaaMished by test 3x1 
rqresent flow conditions expect.ed when normal rninimum lip- a ~ !  
cjomst.earn dimenstons arc 0 bserved. 

Yhen 'he? conditions are not precent and duct turbulence is a 
problem, corrections may be rltquirs6 to match flow transmitter 
output to readings observed by traverse. In ths% cam, either 
Software constants or transmitter span can he aajuskri to read the 
desired output. Adjustment of span will not effect transmitter zero. 

3.2 Bench Calibration 
The transmitter is normally calibrated a t  a bench although it is 
pssible to bring the benib Glibrbtian instrurnerits to UI+ trhn.;miY&r 
in the field. Ccnnect a powzr supplg and digital V d t m i k i  in the 
milliamp mode to the transmitter as shoxn in figure 1. 'flit? tlx 
88asor boards unpluggxi, connect a jumper wire and freqiisxy 
gonoratx as shown in figure 2. The frequency generator must bo $et 
ta an o u t ~ u t  volhgs, of 1% than 2 50 millivolts. Ths ffeqiiency 
gsnerator can be used in conjunction with a frequency counter the 
best accuracy. The full procedure is as follows: 

+ Frequency Generator 
Jurnper 

i i  - !-c I 

Termination Pins 

Frequency Calibration Connocuons 
Figure i 

Q 
1-1 



P R 
P 

E R  
TERMINATICNS 

VorTek-SD Board Layout 
Figure 3 

Set ZHQ - With the jumper installed and the frequenq generator 
disconnected, adjust the "2EP.O' potentiomekr until 4.00 ma i3 rzaG at 
tho digital voltmeter. 

me of the two center pins on one of the %$or board connectors. 
Connect tbe pofitivz lead to the third pin from either end (refer to 
figure 2). Set the frequency gonerabr to tho full scale Hz in4icate.l ?n 
t i 4  transmitter nameplat&. Set the frequency generator to $ini?fo!&! 
trave and the output voltage to the minimum level. Adjust the *SPAN" 
potentiometer to achieve a 20.0 ma output. 

Tfueshdd Opratien - Tho sensins threshQld cutoff is provkied tl? 
eliminate a ."false' flow reading when flow is not  present. Tke 
threshold level is set ,at approximatdy 359 FPM but, it can be a8jusCe;j. 
io calibrate perform the.following steps. 

With the above connections and settings in piace frnm the pfeviwx 
skp, set tm frequency generator ta appro.umztely 50 Hz. Siowuly tur:! 
the TIYS" adjustment counter clockwise until th+ transmitter t,UipIJ.! 
switches to 4 ma. Then. slowly turn the TfS' adjustrnerit clockwse. 
until the outEjut swikfies to a milliamp reading correspxding ti, 
jOHt/F.S Hz. Formula is ma-( 16.x jO/FS Hz) + 4 

. - r r - b . - L .  Set Full Scale - Ccnnect the negativi lsad cf a fraquency g: A L c r d l u L  w 
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3.3 Trouble Shooting 
The follo\klng flow charts are designed to aid in trouble shooting L& 
transmitter and flow Sensors should problems be e p r i e n c e d  ia 
commissioning the airflnw measurement system. 

No Slgnal 
output 

Poucer Udc Present 

t 9 Polarity output Correct 0 ~ Polarity Correci 

Yes 

Contact 
dr ignal  lines Tek-flir Systems 

for flssistance 

Correct possible signal 
transmission line problems 

a. Open circuit 
b. Loop resistance aboue 

650 ohms 
c. Short t o  ground in "+ "  wire 

10 
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Output Signal 
always a t  4ma 

Yes I 

Reinstell in 
Proper Direction 

Contact 
Tek-Air Systems 
for Assistance 

1 1  
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Voltage Input, Common Power Supply 
Figure .i 

4.0 Appendix 

4.1 Sample Terminations 
The fallwing wiring isnfiguration can be used fer multipk 
transmitters, powered from a common supply, inputing to a voltage 
type input channel. Do not provide resistor if input is +?Oms type. 

15-35 YUC 

Voltage Input 

hput Load Resistor 
1-5Vdcreq's 250ohms 
2-10 Vdcreq's SO0 ohm: 

Power+ 
common - 

Shield b4rr nay be uaed t o connect 
cmmon$if hok.4re cable i$ used. 

Tile following wiring configuration can Be used where system Incorporates 
two W e  transmitter power which fused for current greater ban  50111a. 

15to3SVdc.SOmamax -, 

Shield Gremay be used toconnect 
common$Utwokirecsbleis used. 

Currtnt Input with Integral 
LQOF Power Supply 

Figure 5 

12 
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e 
e 
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e 
e TO: DOW CHEMICAL DATE: 06/08/95 

FREEPORT, TEXAS IWECO ORDER NO: LO608.JUN-10 e 
e 

CUSTOMER P.O.: BR-1316 
- .- 

0 
THIS IS YOUR CERTIFICATE OF ANALYSIS FOR: PRIMARY STANDARD MXXTURE(S) e 

e 
CYLINDER MIXTURE REQUESTED CERTIFIED CERTIFICATIOI) 
NUMBER COMPONENTS COMPOSITION COMPOSITION ~CCVRnCY 

e 

DEAR SIR: 

STYRENE 105 dPM 104 PPM +/-1% REL 
AIR BALANCE BALANCE 

CC-16247 

e 
e 
0 
0 
e 
0 
e 
e 
e 
e 
0 
e 
a 
0 
e 
e 

MIXTUFtE SHELF LIFE IS =MONTHS. 
EXPIRATION DATE IS Q6/O7/96. 

COA6MP 

COMPOSITION IS IN MOLE %. 

A 

0 

0 
0 
0 
e NTROL SUPERVISOR 

e 
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14.J.L 

TO: DOW CHEMICAL 
FREEPORT, TEXAS 

DATE: 06/08/95 
IWECO ORDER NO: LO608.JUN-11 
CUSTOMER P.O.: BR-1316 

DEAR SIR: 

THIS IS YOUR CERTIFICATE OF ANALYSIS FOR: PRIMARY STANDARD MIXTLIRE(S~ 

CYLINDER MIXTURE REQUESTED CERTIFIED CERTIFICATION 
NUMBER COMPONENTS COMPOSITION COMPOSITION ACCURACY 

CC-45991 STYRENE 
AIR 

175 PPM 
BALANCE 

175 PPM +/-I.% REL 
BALANCE 

MIXTURE SHELF LIFE IS =MONTHS. 
EXPIWVl’ION DATE IS 06/07/96. 

COA6MP 

COMPOSITION IS IN MOLE %. 

600 HugherSI. - Houston. Terar77G03 7!>9263166 . (Fax) 713-967-9024 (Sales1 715967.5Mn 
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TO: DOW CHEMICAL 
FREEPORT, TEXAS 

DEAR SIR: 

DATE: 06/08/95 
IWECO ORDER NO: LO608.JUN-9 

a 

e 
e 
a 
a 
a 
e 

CUSTOMER P.O.: BR-1316 

THIS IS YOUR CERTIFICATE OF'ANALYSIS FOR: PRIMARY STANDARD MIXTJRE(S) a 
0 

e 
0 

CYLINDER MIXTURE REQUESTED CERTIFIED CERTIFICATION. 
NUMBER COMPONENTS COMPOSITION COMPOSITION ACCURACY 

CC-116818 STYRENE 280 PPM 281 PPM +/-la REL e 
AIR BALANCE BALANCE 

a 
a 
e 
e 
e 
e 
e 
a 
e 
a 
@ 
0 

e 
e 
a 

a 

a 
e 
0 

MIXTURE SHELF LIFE IS L M O N T H S .  
=PIRATION DATE IS Q6/0 7/96. 

COA6MP & Q ? L  : 
e 
a 
0 
0 
0 

QUALITY CONTROL SUPERVISOR 

COMPOSITION IS IN MOLE % .  

600 Hughes SI Houston. Texas '?GO3 * 713.9261166 . (Fax) 113-967-5024 . iS.alr*!7tux~.GMn 

/ -~ 
~ ~~~~ 
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14.4.1 REICHHOLD CHEMICALS 
JACKSONVILLE PILOT PLANT 

Certificate of Analysis 

FROM: Reichhold Chemicals Inc. 
54Wamsle Road 
Jacksonvil Y e, FL 32254 

TO: Dow USA-Texas Operations 
2301 N. Brazosport Blvd. 
Freport, TX 77541-3264 

Product Code Number RP- 109 1 Batch Number 3 14-045-0202 
w 

Brookfield Viscosity (in cps) 
Viscometer Type 
Spindle Number 
Viscometer Speed 

Gel Time (in minutes) 
Interval (in minutes) 
Total Time (in minutes) 
Peak Exotherm (in F) 
Catalyst Level 

Specific Gravity 
Acid Number 
Percent Non-volatiles 

VISCOSITY DATA 

920 
LVF 
3 
60 

GEL TIME DATA 

13.3 
2 1.5 
34.8 
282 
1 . 2 5 ~ ~  DDM-9 

OTHER PHYSICAL PROPERTIES 

1.13 
25.1 
65.06 

Thank you for choosing Reichhold Chemicals. 

April 28, 1995 

Mike Weaver 
Pilot Plant Operator 

Jim Eisenhutt 
Pilot Plant Supervisor 
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0 
REICHHOLD CHEMICALS e JACKSONVILLE PILOT PLANT 

Certificate of Analysis 

FROM: Reichhold Chemicals Inc. 
54 Wamsley Road 
Jacksonville, FL 32254 

TO: Dow USA-Texas Operations 
2301 N. Brazosport Blvd. 
Freport, TX 77541-3264 

Product Code Number >P-1092_ Batch Number 3 14-045-0203 

VISCOSITY DATA 

Brookfield Viscosity (in cps) 
Viscometer Type 
Spindle Number 
Viscometer Speed 

GEL TIME DATA 

Gel Time (in minutes) 
Interval (in minutes) 
Qtal Time (in minutes) 
Peak Ekotherm (in F) 
Catalyst Level 

Specific Gravity 
Acid Number 
Percent Non-volatiles 

1004 
L V F  
3 
60 

28.9 
9.9 

, 38.8 . 278' 
1 . 2 5 ~ ~  DDM-9 

OTHER PHYSICAL PROPERTIES 

1.13 
24.2 
64.95 

Thank you for choosing Reichhold Chemicals. 

April 28, 1995 

Mike Weaver 
Pilot Plant Operator 

Jim Eisenhutt 
Pilot Plant Supervisor 
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REICHHOLD CHEMICALS 
JACKSONVILLE PILOT PLANT 

Certificate of Analysis 

FROM: Reichhold Chemicals Inc. 
54 Wamsley Road 
Jacksonville, FL 32254 

TO: Dow Chemical Company 
230 1 N. Brazosp.ort Blvd. 
Freeporf TX 77541 

Product Code Number 2985-09B Batch Number 314-104-0683 

VISCOSITY DATA 

Brookfeld Viscosity (in cps) 
Viscometer Type 
Spindle Number 
Viscometer Speed 

Thixotropic Index 
Viscometer Speed 

Gel T h e  (in minutes) 
Interval (in minutes) 
Total Time To Peak (in minutes) 
Peak Exotherm (in F) 
Catalyst Level 
Promotion Level 

Specific Gravity 
Acid Number 
Percent Non-volatiles 

448 
LVF 
3 
60 

2.46 
6 

GEL TIME DATA 

15.3 
11.0 
26.3 
323 

1 . 2 5 ~  DDM-9/100p 

OTHER PHYSICAL PROPERTIES 

Thank you for choosing Reichhold Chemicals. 

1.10 
25.9 
57.4 

Paul Ridgely 
Pilot Plant Operator 

Jim Eisenhutt 
Pilot Plant Supervisor 
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REICHHOLD CHEiMICALS e 

Certificate of Analysis e 
e 

FROM: Reichhold Chemioals h c .  TO: Dow Chemical Company e 

Product Code Number 2985-09A Batch Number 314-104-0677 e 

JACKSONVILLE PILOT PLANT e 
0 

54 Wamsley Road 230 1 N. Brazosprt Blvd. 0 
0 

0 
0 

Brookfield Viscosity (in cps) 500 0 
LVF 0 

0 
0 

2.0 a 

Jacksonville, FL 32254 Freeport, TX 77541 

VISCOSITY DATA 

Viscometer Type 

Viscometer Speed 60 

Thixotropic Index 
Viscometer Speed 6 

Spindle Number 3 

e 
GEL TIME DATA e 

Gel Time (in minutes) 
Interval (in minutes) 
Total Time To Peak (in minutes) 
Pcak Exothcrm (in F) 
Catalyst Level 
Promotion Level 

29.2 
11.8 
41.0 
294 

1.25~0 DDM-9/100p 

OTHE R PHYSI CAL PROPERTIES 

spccifio Gravity 
Aoid Number 
Percent Non-volatiles. 

1.11 
27.1 
59.1 

Thank you for choosing Reichhold Chemicals. 
Mike Weaver 
Pilot Plant Operator 

Jim Eiseidiutt 
Pilot Plant Supervisor 
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POLYESTER GEL 1 BATCH TEST VALUES 

Test Name Tvdcal Range ' Method Batch Value 

Viscosity JJ 0 0 0  - /,'oc.t edt: y e  v /.30oo 

Thix Index L . 0 -  1 . c  

Gel Time 3.- 13. / . P % / M -  F d  9. 0 
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POLYESTER GEL COAT 
BATCHTEST VALUES 

Location 

Date ‘ / I -  / V -  9y 

I- 
Customer O L J  c /, em ; r e  I 
Attention 

Product Code 9 r/Y-Wi-o&c Color Name Ld. Z r 

Batch# 7f 1 1  * 9 d l t t o / I P  EatchOate V-331 . Batchsize 3 c r d  

Typical Range . Method Batch Value Test Name 

Rv.1;’ V l V  L Viscosity / L V W  - - /5 \ -u*  

Thlx Index fa -0- 7. v 6 . 1  



Test Results - CFA Styrene Emissions Project 
Phase I Baseline Study & Optimiiotion Study 

Report From 7he Emissioirs Projecl Team: 
Boh Locowra. CFA 

Lorn. Craigir. DOH, Chemical 
Tern Crnvle?: Don. Chemical 
Pun/ U:rkon.ski, DW Chemical 
Garf Wehsfer, DOH' Chemical 

The industries using unsaturated polyester and vinyl ester resins process an Mimated 1.4 billion pwnds of 
re& per year. Various i n d u q  estimates indicate a rnngc of4G?? to 7 P ?  of this resin is uscd in the open 
molding processing category. A,wi$e and diverse range of products are produced through open molding, 
including: corrosion control and pollution prevention producu; transpodon products; marine produrn; 
ar- products; sports and leisure products; and custom molded products. 

Because of the versatility of composites, including the fact that m y  companies manufacture composites as 
a component of other products, it is difficult to ascertain the absolute size and scope of the industry. Recent 
surveys atimate that between 3,000 and 5.000 companies are engaged in composites production These 
opeaations may range in size h m  literal -morn and pop" two person operations, to facilities employing 
nearly 1000 workers. It is estimated that at least 150,000 workersare employed by the U S .  composites 
industry, and that the indusny contributes over SI6 billion annuaUy to the US. economy. I 

As a result of the 1990 Clean Air Act Amendment, the USEPA is developing a maximum available control 
technology (MACT) standard for the open molding composites industry. This standard is focused on styrene 
emisions from the molding process. CUKUI~~Y EPA's CompiknTon ofAir PoUumI Emision Factors (Ap- 
42fis the primary source of styrene emission fadors for both the agency and the industry. A Serjes of 
unrelated emissions tests conducted by various EPA contractors and other sources have shown a wide range 
of &on faaors. The purpose of the CFA Open Molding Styrene Emissions Test Project is to ideutify and 
quantify contributing factors to styrene emissions, and to establish baseline emission levels 60m the open 
molding process and quantify emissions reductions 60m various pollution prewdon techniques. 

The CFA sponsored Open Molding S n w n e  Emissiom Test Praject is the most extensive research conducted 
to date on this subject The scope, details and data quality produced by this project have proGded a 
foundational understanding of styrene emissions measurement techniques, and the factors contriiuting to 
styrene emissions. In addition, the EPA Category ll Quality Assurance Project Plan qualification provides a 
level of recognition and confidence in this work which is unprecedented by any other study or emissions test 
projdn. 

Phase I of this project is a Baseline Study of the hand lay-up, gel coating, and swy-up (chopping) 
processes. In the baseline study, no attempt was made to reduce or control emissions. The application 
p d c e s  employed are considered typical for uncontrolled processing. The pa.ramters of the expaimental 
variables (le. styrene contea gel time. thickness, air flow and material flow) are again typical of wliat may 
be found in the industry. However, the range of these variabls does not approximate the range that might be 
found across the scope of the industry. For example, the mold used for these experiments is a male mold 
with a surface area of approxhalely 37 square feet. Molds which are larger or d e r ,  and in both male and 
female configuration, can be found throughout the industry. These data represent an accurafe picture of 
-me emissions within the m e t e r s  of this project..and form the foundation for understanding a larger 
scope of the indumy. 

The data presented in this Phase I Study indicstes emissions levels higher then current EPA AP-42' factors 
for uncontrolled processing. However, it has been shown that substantial reductions in emissions are 
adable  through relatively minor residgel coat formulation changes, and straighrfoward refinements in 
application techniques. Some of these material formulation changes are explored with the use of high and 
low Wene content resinlgel coats, or in the fast and slow gel times represented in the experimental design 



The subsequent Gel Cool Sprq-Cip Oprim;z/Ion SIU& explores modifications to application technique 
which resulted in substantial and earjtY attainable reductions in emissions. 

& Open Molding Sryrene Em;sc;m Test Project - Phase I Snrrtvf experimental runs were conducted by 
the Composites Fabricators Association. at a Dow Chemical applications laboratory facility in Freepon, 
Teas .  between September 19, 1995 and December 14, 1995. A total of60 valid experimental runs were 
made during this time period. The follow-up Gel CoorSprqv-llp Opumiztion S/&"u.as conducted from 
February 21, 1996 to March 7, 1996. Phase U ofthe Project, which is specifically exploring source 
reduction and pollution prevention mahods was initiated in May, 1996 and is ucpected to be finalized in 
September. 1996. 

An extensive pilot program&cer!! this study, in which the operation of the temporary total enclosure, 
scbaust stack air Bow, measurement equipment, and experimeotal procedure was estabIished and refined. 
The test set-up was then transferred to another building in the Dow complex, where final improvements 
were incorporated for the "official" experimental rum. The sophisticated data aquisition system 
incorporated in this study has provided unprecedented data resolution and correlation of data to operating 
conditions. 

The Baseline experiments were conducted using an orthophthalic polyester resin and a polyester gel coat 
with styrene as the sole monomer. Hand lay-up laminates were fabricated using chopped strand mat, while 
the spray-up laminates used continuous strand roving. For gel coating and spray-up, an air-assist airless 
spray unit was used, wtich is common throughout the industry. 

Statistical analysis of the resulting data has shown a high level of confidence in validity, and the repeatabiity 
of replicate experiments has proven to be very accurate. During the course of both the Baseline Study and 
the Optimization Study, identical experimental ~UIS conducted months apart produced results within a few 
percent of each other. This indicates the level ofauuracy and consistency of the experimental set-up. 
Resulting emissions data are expressed in a number of forms in the repon data tables. These data include 
emisdons by weight of styrene and resh in addition to emissions by surface area. The test results as 
discussed in this document are expressed as percent emissions of available stymte (AS). Available S w n e  
can also be thought of as percent emissions of resin styrene content. Analyns of the data based on each of 
the various expressions yields a slightly differem view of the results. For example, the analysis of surface 
area emissions vs. emissions b a d  on weight of resin, yields a dif€erent ranking of test results. This analytic 
flexiiity allows a bener understanding of the emissions mechanism and Will contribute to the construction 
of more accurate modeling of emissions. 

One of the objectives of the project is the development of mathematical modeling of styrene emissions which 
can be used to predict emissions over a wide range of conditions. The current models, which are derived 
fiom the test results are accurate predictors of emissions within the parameters of the test variables On- 
going work will expand the boundaries of these models to allow wide spread use boss the industry. 

&ad Lay-up Snmmary 
The major factors contributing to styrene emissions in the hand lay-up process are: 1) Laminate thickness; 2) 
Gel time; 3) Styrene content. Air tlow over the mold surface, in the range of 50 -100 fpn is an insignificant 
factor. An average of 14.1% (AS) emissions were produced for all experimental runs. Emissions ranged 
from 9.8% to 21.1% (AS). The combination of a thick laminate. low -me content, fan gel time and low 

flow produced the lowest emissions at 9.8% AS. Atvhe high end of the range, a thin laminate, high 
styrene content, slow gel time and high air flow produced 21.1% (AS) emissions. Approximately 50% of 
total emissions were produced during the resin application phase of the process (transferring resin from the 
bucket to the laminate with a paint roller). 25% of total emissions were produced during the laminate roll- 
Out sequence and the remaining 25% emissions were produced in the post mil-out curing stage. 

---. 



Gd Coat Summary 
Tbe major factors contributing to stynne emissions in the gel coat process are: I)  Fh thichess; 2)  Styrene 
content. Gel time and air flow over the mold are minor factors, while gel coat flow rate is an insignificant 
faaor. An average of 5 I .4% (AS) emissions were produced for all Bcperimaaal m. Emissions ranged 
60m 43.5% to 61.8% (AS), The combination of thick fdtq low styrene, fast gel time, high gel coat flow and 
low air flow produced the lowest emissions at 43.5% (AS). At the high end ofthe range, a thin ~ high 
styrene, slow gel time, high gel coat flow and low air flow produced 61.8% (AS) emissions. Approximately 
50% of total emissions were produced during the spray application and 50% during the curing stage. 

Spray-up Summary 
The major factors contributing to styrene emissions in the spray-up process are: 1) Styrene content; 2) Resin 
flow rate. Laminate th i ckn&waysde r  contributor, and a two factor interaction of styrene content + 
resin flow is a significant factor. Au flow was an insignificant factor. An average of 25.0% (AS) emissions 
was produced for all experimental runs Emissions ranged 60m 17.1% to 38.Ph (AS). The combination of 
thick laminate, low styrene, fast gel time, lowresin flow and high air flow produced the lowest emissions at 
17.1% (AS). At the high end of the range. a thick lamina% high styrene. slow gel time. low resin flow and 
high air flow produced 38.0% (AS) emissions. Approximately 50% oftotd emissions were produced during 
the spray applidoR 25% during the laminate roll-out, and 25% dwing the post rofl-out 

Condusion of Phase I Bardine Smda 
In all three studies, styrene content was consistently a major factor. Laminate or 6Jm thickness. gel time and 
resin flow rate are significant emissions contributors in varying degrees. Air flow over the mold was an 
insignificant factor in all cases. The combination of styrene content and resin flow, in the spray-up study, 
was the only significant two factor interaction in all the studies. The combination of thick laminatdfihn, low 
styrene content and fast gel time is consistent in producing the lowest emissions in all three studies. 

Optimization Study 
The objective of the Optimization Study was to explore the d e s  of optimidng the spraying process for 
both gel coat and spray-up resin application. Whereas in the Baseline studies no attempt was made to 
mnuol emissions. this study sought to quantify the eff&ts ofchanges to the spray gun and application 
technique. The Optimization Study was carried out under the same rigorous Category II Quality Plan 
parameters as the Baseline study. 

The results of this study indicate that the reduction of overspray, through optimized spray gun set-up and 
controlled spraying technique, makes major conmiution to reduced styrene emissions. Gel cos emissions 
were reduced by over 40%. and spray-up emissions by over 20% with controlled spraying techniques. 
Extrapola!ing these reductions to the range of emissions ffom the Baseline Studies 6nds the potential to 
reduce gel coat emissions to between 25.4% and 36%. While spray-up emissions can be reduced to between 
13.4% and 29.8%. This brings the gel coat emissions within the m g e  ofcurrent EPA Ap-42' emissions 
bars, and spray-up emissions within the upper range of the A P 4 2  hctors. 

OptimiUtion Study Conclusions 
O p t i t i o n  of spray gun set-up and spraying technique can have a highly significant impact in reducing 
emissions. The reduction of ovenpray is a primary factor in lowering emissions from gel coating and resin 
spra*g operations. These methods provide substantial pollution prevention oppomnities in the form of 
source reduction and bring emission factors within, or in proximity to, M-42 emission factors 

Optimization Rccammendationr 
Optimization of spray gun set-up and spraying technique should be the tirst line of pollution prevention and 
source reduction in polyester/vinyl ester resin spraying operations. These methods provide a "win-win" 
scenario for mitigating W e n e  emissions while providing cost savings. It is rewmmended that all spray 
application equipment be optimized, and spraying techniques aimed at reducing ovenpray be adopted to 
achieve these emissions reductions. Following are specific recommendations for spray application 
optimization: 

stage. 

. 

' 



1. Spray Equipment Sef-up: Spray tips should be sized for a spenhc application. in order to 
spray from between 12" - I 8" from the surface, or a close as reasonably possible. The primary 
faaor in adjusting mated  flow rate is the tip orifice size. The fan pattm width is adjusted by 
selecting the appropriate orifice angle. 

2.' Tip Pressure: The spray gun should be adjusted to the lowest possible pressure that produces 
an acceptable fan pattern. The procedure for proper spray gun set-up is described in the 
Optimiznion S t 4  RepH. 

Spray Optlrofor Truining: Operator training is a critical pari of the optimization plan. This 
training should mcludl The use of proper spraying techniques: An understanding of the 
function and proper set-up of spray equipment; And an understanding of the effecu of 
overspray. 

4. Spraying Technique: Handling of the spray gun is a critical elemeat of optimizing the 
process. In simple terms, where the gun is"aimed" is very important. These techniques 
designed to minimire "off-spray and reduce wet SUrFaa area surrounding the ~ mold. 

3. 
1 

a. The spray gun should be held as close to the mold acrface as possible, in 
consideration of the material output, fan pattern size, and Sire and configuration of 
the mold. 
The fan pattern intercept angle should be maintained as close to perpendidar fo the 
mold surface as possible. 
The perimeter of the mold should be sprayed as acumtdy as possible. avoiding 
spraying off the edge to the greatest extent possible. 

b. 

c. 

5 .  Overspray CapfureMold Edge Conjgurafion: It is a distinct advantage to capture"0ff- 
spray" as close to the mold edge as possible. When considering the geometry of spray off the 
edge of the mold, the total wet surface area increases considerably as the Tootprim" of the 
overspray area increases. It is recommended that a wide tlange be incorporated at the mold 
perimeter, or an anangemem of masking the mold edge be used. The objective is to spray to 
the uselid edge of the pan and contain as much overspray as possible with the masking around 
the mold perimeter. 



Fan Pattern Intercept Angks 
Top visw 

Uncontrolled Spraying Techniqu Controlled Spraying Techniq 

Although the Baseline Study shows emissions higher then most commonly used emissions facton, the 
Optimiration Study demonstrates the feaubfity of pollution prevention techniques which are e f f d v e  and 
practical. During the Phase II Study, the use of styrene suppressants, tilled systems, alternative application 
mabods (pressure fed rollm and flow waters), and the effects of larger molds and thicker laminates will be 
explored. Based of the cumnt results, it is anticipated that sububadal redudom in emissions will be 
doatmented. 

Gel Coat Emissions Factor Range 

AF42 Optimized Base6ne 
Factom Faclcws' Factors 

'Optimized Factors Extrapolated 
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