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INTRODUCTION

This report presents the results of a twenty-one-month study of the

relationship between opacity and mass emissions at the forging areas of larqe

caliber metal parts facilities. The major effort of the study was to perfor,;

a technical evaluation of the uncontrolled exhaust at the Erie pre.s.,s line at

the Scranton Army Amunition Plant (SAAP) operated by Cha;;iberlain Mdufactur-

ing Corporation in Scranton, Pennsylvania. Technical evaluation consisted ot

performing numerous particulate emission tests, concurrent with the operatio,:

of a transmissometer, as well as analyzing process operating conditions. To

evaluate emission dnd process characteristics at different forging facilities,

two additional forge shops were visited. Particulate emission and opacity

tests were performed at the forging facility of Flinchbaugh Products, Inc., in

Red Lion, Pennsylvania, while process and opacity observations were recorded

at the forge shop of Chamberlain Manufacturing Corp. in New Bedford, Nassa-

chusetts. These additional plant inspections provided a basis for evaluating

emission characteristics between forge shops.

Since the emissions from the forging operations, which JACA observed,

did not exhaust to particulate control devices before entering the atmosphere,

it was not apparent that a correlation between opacity and particle concen-

tration would exist. Several studies at industrial facilities such as power

plants, cement kilns, and asphalt plants showed that a reliable correlation

between opacity and particle concentration did exist [1,2,3]. However, thes,:

studies were conducted on controlled exhaust streams, following a control

device. After the control device, the exhaust characteristics (especially

particle size distribution) are likely to be much more uniform than an
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uncentrol led exhaust stream. Varying exhaust characteristics were thought to

be the limiting factors in this study. Indeed, because of the possibility of

excessive variability of forge shop exhausts, the primary purpose of this

stuv v;as to determine if an empirical relationship between opacity and par-

ticulate mass c(cciitration could be established. The study was to describe

this relationship for the purpose of estimating particulate mass emissions

fron opacity data recorded at similar forging operations.

BACKGROUN

A brief dtescriptioan of the forging process is warranted to obtain a

h, i understandiugl of the wechanisin by which cmi ssions are generated.

Al1h0uiLh there are similarities among the forging operations that JACA

ob,&rv,.d, there are also striking differences which affect the emission char-

acteristics, and thus the reliability of the mass emission/opacity relation-

ship. It is not the intention of this section of the report to evaluate

process variations relative to observed emission characteristics, but rather

to provide an overview of the forging process and insight to the limitations

of the mass emission/opacity relationship.

The three forging operations that were observed niariufacture large

cal iber shells for the United States Army. These shells may have diameters

of 451, mm, 175 mm, or approximately 200 mm. The forging presses are charac-

tr,izi , as closed die-type, where heated, pre-cut steel billets are fanled

to the aesired shape through sequential mechanical operations.

The Erie press line at the SAAP is a three-step process consisting of

prefoniiing, piercing, and drawing operations. Preforming and piercing use a
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punch and die arrangement to form a cavity in the hot steel billet (approxi-

mately 2,200 ° F) and to shape the steel according to the dimensions of the

die. The solid punch is forced into the metal which is placed in a closed,

cylindrical die cavity. This process produces a cavity in the steel billet

by displacement without removal of the metal; in addition, the metal takes

the form of the die cavity. Preforming and piercing are essentially the sarwn

type of operations except that the punches which are used for each are shaped

differently. The preforming punch has a blunt end, while the piercing punch

is elongated and comes more to a point. The drawing operation is the last

phase of the shell forging process. In this operation, the partially formnd

shell is forced through a series of rings by the drawing punch. This proced. re

elongates or draws the shell as it passes through the rings.

The Erie press line at the SAAP is totally automated, in that the

shells are automatically moved from one process phase to the next. In

addition, lubricating oil is automatically applied to the punches and the

die cavities. Only one person is required to operate the Erie press line.

In contrast to the Erie press line, the forging process at Flinichbaunh

Products, Inc. requires 7 or 8 people to opera~e. The Flinchbaugh forging

process also consists of three steps: descaling, preforming and extrusion,

and drawing. However, the process is different than the Erie press at the

SAAP, because the shell must be manually moved with manipulators from one

process step to the next and lubricating oil is manually swabbed on the punch

and die cavity. The manual nature of the Flinchbaugh shop limits production

to approximately 60 shells per hour, while the SAAP Erie press line produces

about 120 shells per hour. There are other differences between the Erie

press line at the SAAP and the Flinchbaugh press line, but they will not. be
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discussed at this point.

Aerosols are generated during the forging process because of the

lubricating oils wbich 1,ce used to prevent the hot metal from adhering to the

punchi and die cavity. The punch is coated with lubricating oil by simply

(dipping the punch in an oil reservoir (dip tank) or manually swabbing the

punch with oil. The (lie cavity is lubricated by automatic injection of oil

throu(ih the sides of the die cavity or by manual swabbing. [he punch arid

die arrancement is lubricated prior to each billet entering the die cavity.

k-nen the lubricating oil in the die cavity and on the punch contacts the hot

billet, a dense cloud otu fumes results. This is often accoumpanied by intense

flames at the die cavit.y and residual burning of oil on the punch. It is

assumwed that much of the oil vaporizes on contact, and subsequently condenses

when drawn off by the exhausL fan. Since the lubricating oil contains

substantial quantities of graphite (25 to 30% or more), the aerosol obviously

contains graphite particles. In addition, it is likely that particles are

formed through the thermal decompnsition of the oil. Basically, the aerosol

generated by the forging process may be characterized as a mixture, primarily

solid particles dispersed with oil droplets.

An additional characteristic of the forging emissions is that they vary

Lemporally, because of the cyclic nature of the process. Forging emissions

are not continuous, but are rather erratic, increasing and decreasing in both

intenity and duration throughout the forging cycle. The temporal fluctuation

is short term (with peaks occurring every 45 to 90 seconds) atid regular, as

long as the presses are operating properly. Emission peaks occur at each

process step when the punch and oil come in contact with the hot metal. The

-4-



emissions decrease and subside when an individual step is complete. Becduse

there is more than one shell being processed at any one time, the resulting

emissions are a mixture of particulates from the various forging steps. At

each process step, the steel temperature and oil mixture may be different so

that the resulting particulate emissions vary am'org steps and com(bine in the

exhaust stack.

From this brief discussion, it is obvious that there are numerous

parameters associated with the forging process which may affect the emissions

at an individual forge shop and may cause emissions to differ between forge

shops. These paraneters include:

* Shell production rate

* Steel temperature

0 Type of lubricativig oil

* Quality of lubricating oil

0 Quantity of oil used

0 Method of oil application

While the process variations may affect emission characteristics, a detailed

analysis of the relationship was not undertaken. Only shell production rates

could be determined during the testing phase of this study. Information

relative to oil quality and usage, and steel temperatures was neither available

nor routinely recorded at the plants. For this reason, it was not possible

to adequately evaluate process conditions relative to emission characteris-

tics. The remainder of this report will present the results of JACA's

testing program and will not discuss specifics of the forging process.

-5-
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STUDY METHODOLOGY

The major erphabis of this study was to detemine the relationship

betwecii opacity and particle mass concentration at the uncontrolled exhaust

of tlie Erie prss i, at the forge shop of the SAAP. This was done through

num;lerous field tests of both opacity and mass emissions. It was established

early in the project that, of the six press lines at the SAAP, the Erie press

line was most accessible and convenient for testing, and that it would be

operating during JACA's testing program.

After the init ial testing phase at the SAAP, it was decided that other

forqle shops should be visited to evaluate emission characteristics rulative

to those at the SAAP. lincht)auqh Products, Inc. in Red Lion, Pennsylvania

permitted JACI\ to performi particulate emission and opacity tests at their

facility, becduse they were in need of the test information. JACA also

inspected the forge shop of Chamberlain Manufacturing Corp. in New Bedford,

Massachusetts, but no particulate emission tests were performed at this

facility. The New Bedford forge shop will only be discussed in general

terms, since no particulate emission tests were conducted.

Tet i n' Proced ires

A total of fifty-seven particle mass emission tests were conducted

during the study period. For all but two of these particulate test runs,

opacity data was recorded during the entire test period.

JdCA's initial assessment of the exhaust of the Erie press line at the

SAAP consisted of four LPA Method 5 test runs and two particle sizing tests

-6-



using a Brinks impactor. Opacities were recorded by a certified obserYver

for all but two of the six test runs. Subsequent to the initial u,!essnent,

stack opacities were monitored with a single-pass transmissomuter (batatest

Corp., Model 90A).

Forty-five particulate emission tests were conducted (it the. Lrie pr(',"

line of the SAAP, while twelve test runs were conducted at the Fhit!hhauqph

forge shop. Various test methods were used during this study burcau ,, deta on

both particle size distribution and total mass concentration were required.

The original plan was to conduct all particulate tests in accordance wi i EPA

Method 5 testing procedures and that the impinger catch would also be ana-

lyzed. However, after the initial tests at the SAAP it was ducidud that an

in-stack filter assembly could be used and the tests could be conducted in

accordance with EPA Method 17 procedures. It was thought. that moru test runs

could be conducted without compromising the test results. JACA did perform

two additional EPA Method 5 tests at the Flinchbaugh forge shop to determine

the compliance status of the facility relative to the emission regulations of

the Pennsylvania Department of Environmental Resources. The breakdown of the

number of particulate tests conducted and the method and equipment used is as

follows:

0 SAAP Erie Press Line (Total of 45 Test Runs)

- Four tests per EPA Method 5 procedures

- Two particle sizing tests with a Brinks impactor

- Nine particle sizing tests with a Gelman Sciences 7-stage

cascade impactor (and preimpactor stage and back-up filter)

- Thirty tests per EPA Method 17 procedures using a NAPP, Inc.

in-stack filter assembly

-7-
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0 Flinchbaugh Products, Inc. Forge Shop (Total of 12 Test Runs)

- Two tests per EPA Method 5 procedures

- One particle sizing test with a Gleman Sciences 7-stage

cascade impactor (and preimpactor stage and back-up filter)

- Nine tests per EPA Method 17 procedures using a NAPP, Inc.

in-stack filter assembly.

WheuJvcr possible, the "front half" particulate catch and the impinger catch

were both analyzed. The impinger catch was analyzed by chloroform and ether

extracts (condensibles) as well as by 0.2 Pm membrane filtration.

Tegtin? Site

A primary concern in this opacity/mass emission study was to choose a

sampling location where there was an adequate length of straight ductwork

prior to the sampling ports. At both the Erie press line and the Flinchbaugh

forge shop the choice of sampling locations was limited.

Figure I and Figure 2 illustrate the sampling locations at the Erie

press line and the Flinchbaugh forye shop, respectively. For the Erie press

line, the transmissometer was located downstream from the stack sampling

ports. This was reversed for the Flinchbaugh forge shop. Both sampling

locations are upstream of the exhaust fan. For all test runs (except the two

Method 5 tests at Flinchbaugh) only one sampling port was used. The exhaust

ducts were traversed parallel to the light beam of the transmissometer and

twenty points were sampled for each test run. The samping duration was 2, 3,

or 4 minutes per test point, depending on the anticipated grain loading. Thus,
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I BEND IN DUCTWORK

3'" STACK

SAMPLING{ . _ _ PORTS
BLOWER ATTACHED ON

A OPPOSITE SIDE OF STACK
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TRANSMISSOMETER TRANSMISSOMETER
RECEIVER TRANSMITTER
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•' 3 6"- ---
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EXHAUST FLOW
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Fiqure 2. Sampling Location on the Verticle Ductwork Cominq
from the Forqing Operation at Flinchbauqh Products,
Inc., Red Lion, PA.
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test runs were generally 40, 60, or 80 minutes long. However, the EPA Method

5 tests at Flinchbaugh were 120 minutes long, because two sampling ports were

used. In all cases, the transmissometer was operated over the entire stack

testing period.
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PARTICULATE EMISSION TEST RESULTS

Table I and Table 2 present the results of the particulate emission

tests at the Erie press line and the Flinchbaugh forge shop, respectively.

These sumIdry tables show consistency among the testing parameters at both

press lines. The exhaust characteristics (such as flow rates, temperature,

woisture, and gas analysis) are consistent and dependent on ambient condi-

tions. The exhaust fan pulls large quantities of air through a hood which

covers the entire forging process, so the exhaust is mostly ambient air.

For the purpose of this study, several of the test runs were invali- V

dated because of sampling or analysis problems. Seven tests at the Erie

press line weru invalidated. Five test runs (SAAP Method 5 71, Method 5 L'4,

IS ;4, IS #7, and Impactor "G") were discounted because the isokinetic factor

was outside of the acceptable range (90 to 110%). Test run SAAP IS #12 was

invalid because the impingers broke and the impinger catch could not be ana-

lyzed. Test SAAP Impactor "F" was discounted for total particulate concentra-

tion anaysis because the nozzle wash was spilled. Only one of the Flinchbaugh

tests, Flinch. IS #5, was invalidated because the isokinetic factor was outside

the acceptable range. These invalid test runs, as well as tests where no

opacity data was available, were not considered in subsequent analysis of data.

The total particulate concentrations (gr/dscf) from both forging

processes are quite low, considering the fact that the exhausts are uncon-

trolled. They range from 0.0094 yr/dscf to 0.0682 gr/dscf for the Erie press

line, and from 0.0052 gr/dscf to 0.0089 gr/dscf for the Flinchbaugh forge

shop. Generally speaking, the emissions from the Flinchbaugh forge shop are

much lower than those of the Erie press line at the SAAP, undoubtedly because

-12-



Table I

SueMft19 01 PARTICULATE TESTS AT THE ERIE PR.ESS 1E OF THE. SCPA,'TON AO43 A%t.,6l l PL ANI

S, P SAAP SAP P.S. SAAP P.S.
Methi) S Method 5 Method 5 (Belnks) Method S (Brnk,) SAAP WP.0? SAAP SA.AP W7A1 SAAP

01 #2 #3 1 04 8? Is #1 I5 1? IS' $ IS 14 IS 'S InP 'a"

lest Dltn 11/)4//9 11/14/79 11/14/19 11/15/19 11/15/9 11/15/29 9/2HO 9/?/00 9/3, P1 9/3/0 9/4/8') 9/4/90

Production Rate (shells/hr) 120.0 128.0 115.0 115.0 119.0 110.0 121.0 11?.0 106.3 79.? 117.0 118.5

BSrometric Pressure (in HJ) 29.676 29.567 29.610 29.744 29.630 N.2531 29.?90 q.O013 ?9.52o 29.5O'l 2.53) 29.511

Static Presure (in Hg) -0.21? -0.21? -0.287 -0.294 -0.339 -0.309 -0.125 -0,)25 -0.125 -0. 125 -0.125 -0.125

Absolu'e Stack Prssore (In HO) 29.3,4 29.295 29.323 ?9.450 29.321 24.229 29.155 72.905 2J.3 , 20.3, 29.4,5 29.405

Stack Gas 9elocity: FPS 79.44 79.29 81.Q0 -- 80.07 -- 83.69 87.0, 8I1.0 87.5, 81.119 82.?l

FPM 4.265.6 4,757.1 4,865.? -- 4.804.1 -- 5.021.2 5.223.3 4,891.7 5.752.8 4,845.? 4,962.7

Percent Moisture 0.49 0.58 0.37 -- 0.43 - 1 1.68 2.S4 1.40 1.90 2.85 0.81

Gas Flo. Rate: ACIM 64,011 64,8-,5 66.33, *- 65.506 - 68,460.1 71,719.0 66,793.8 71.737.9 65,746.0 67,715.6

SCFM 6Z.C.3 62.060 63,643 *- 62.400 -- 64.494.3 (,1.774.1 64,122.0 67.212.9 6?,400.9 6 7. W2.R

DSCFM 61,733 61.200 63.403 -- 62.132 -- 63,410.7 63,155.3 63.221.3 60,014.4 60,595.1 672.81 .
Stack reo.m.rature (' F) 84.5 82.4 81.4 28.9 85.9 81.2 103.5 102.0 100.0 93.1 95.0 100,0

Dry Gas Solu'e Sampled (dacf) 50.3, 50.55 52.5 8.095 5.0 12.08 5?.65 39.00 44.06 19.06 25.55 61.95 I

Sapling Durnation (min.) 60 60 60 90 60 90 60.0 42.0 51 25 40 E0
St. Dry Gas Volie SaoDld (,Jicf) 41.63 41.64 49.q1 2.90 49.36 11.39 42.64 33.2) 41.90 17.19 239.6 56.47

lsokieetic Factor 109 10I III -- III -- 107 109 101 120 109 IC17

Gis Analjyis: C02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0 0.5 0.5

02 20.3 20.4 20.4 20.3 20.3 20.3 20.47 20.4/ 20.4/ 70.4/ 0.2 22.0

S9.6 19.6 79.6 79.7 29.7 7.? 79.53 79.51 19."l 29.53 79.43 73.43

CO 0.1 0.0 0.0 0.0 0.0 0.6 0.0 0. 0.0 0.0 0.0 0.0

Molecule, 5,ioht of Stack Gas 23.7, 2a.75 20.7 -- 28.77 - f- 7 . 7A,.0 1 23.6. 28.5 2,q1

Pdrticuljte Collected (Gnms):

ozzle 0.177.1 0.0'1S 0.024 0.0079 0.072 0.0033 0. 0 1 0. N)12 0. ,'31 0.0081 0.0091 0.0321:

Prohe 0.0030 0.0006 0.0N.02 0.009 0.0064 0.C,97 .. . - .. -. --

Gla soare (Before Filter) 0.7?24 0.01?0 O.OC70 0.0034 0.006B 0.0051 .. .. . .. .. . I
Filter 0.1"0 0.0.4S 0.03/1 0.0069 0.0491 0.0049 0.01.!4 0.0130 0.012 D. 9 01, 0.. (. 02 0.0?

Total Front hill D.0749 0 0/59 0.0b1 0.0221 0.0341 0.0 0 0.0/73 0.021 0 (1. ,o 0.,143 0.031E 0.06 )

Insol.5le lmn~in
3 ens .. .. .. .. .. .. 0.0005 .4.0., 7 0.1 5 0.7L3OS 0. O 0.0012

Glassware (After Filter) .. .. .. .. .. .. 0.0007 0 0.0l1/ 0(.77/ 0 0.068

Total (lncluding Insolohles) .. .. .. .. .. .. 0.0234 0. C"f19 0.03)? 0.7W150 0.019) 0.0687

Condensibi's 0. U)3 0.60?1 0. 0009 -- 0.0049 -- 0.0001 0., (16 0 00)0 0.O)32 0.C01? 0.655S

Total (including Condens.) 0.0171 0.07/9 0.0690 -- 0.0890 -- 0.0289 0.02W" 0.0461 0.1190 0. '2/ 0,0743

Partlcle Concentrations (gr/dscf):

Front Half 0.024? 0.0246 0.0797 0. 0631 0,0?63 0.0305 0.0007 0.45179 0.0137 0 01t 0.0118 0.016

Front ralf " Insolubles - . . .. - .. 0.0092 0.010 0.0,4 0.031 O.O!lf D.01 a

Total (Incling Crtndens.) 0.0/70 0.015? 0.0210 0.0278 *- 0.00,4 0.017i 0.0,,04 Ot'v!s 0.01 / 0 07)

[missiun Rate (lb/hr):

Front H.,lf 12.81 13.01 11.?5 -- 14.01 -- 4.73 5.15 7.15 7.13 613 8.8.

Front Half * lnslubles .. - .. .. .. . Sf0 5.41 7.80 7.7s 6 'A In 10

Total (Incl.dilg Condens.) 14.2) 13.33 11.41 -- 14.80 -- S.11 6.51 9.16 9 33 7.6f 10.P4

(font ,.,,1
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Table 1

S~~~e ~ ;, 0 > 9A< 51 SAt Sxco - 43 s P' Sv~~~re
Is 57 I:1" II '3 IS g9 IS ;1) IS aVI m "0" IS .12 e _ Inp 1 3 IS : IS'C-

Test >5!. 9Q25/8j 9/1/877 9/ 5/1C 9/5/60 10/14/8) 10/14/b0 10114/80 lo/ 5 10."15,8A 10/ 15/ 80 101IL :3 : A

p"OCt,71 R.Ite (snl/t) 1/1.5 W1.5 129.0 105.5 91.5 121.5 135.5 100. 5 1U2.5 91.5 110.9 U2:

8"o!,.Piiscune II(i) ?9. 53o 2q. , L L 29.4/I 29.4bi 29.S,- 29.4,19 29.469 29.609t 29. 529 29.5,17 29.5':- 8 .9'7
St at; P,n.r -e in ' 1 -0.12 -0.1/3 -0.1"' -0. 131 -).234/ -0.15t -0. 191 -0. 12/ -0.117 -0.141 -0.14IC 0. 'e7
Abso1,.l Slac Pc, ,, j: 1j "q. 4L$ 2q.311 29.31 29. 120 4. 29. 29* 29.21 2 ; 9.03'! 1 1. 11 29.440 29.421z 9:
Stac k C' "Yi Fy R/5 80.3 82.4/ 8.07N 1q.97, F n. 8 0.1.3 64.3, 83 I(. . TO) FA4.11 84.5? C1.01

f/9 4,8!9.1 4 .cU .'i 4,21 4. P 1.3 5,114 7 5.C53.0 5,061A9 4,937. 1 .' 10).7b 5. Cc'. 0 5,021. 5.17_

(nc" 1:*3.12 1.C76 2.5 2.12 0.60 1 .2 0.40A? 0.64 0. 6 % 0.612 0.63 0.2:

Gas FlI- :ne A73 6/ . 711A.9 6717 3' 6:. ,1.1 69,424.1 70,6,1,8 6,1.1.9 q09q.11,.4 (.11' 9 0.,$'.q 641'9. 5 69.23>4 1,13).4

529M 61.839.0 63.12/. ? 6 ',4u1l .7 60, (-5. 1 6/.3& .0 63.7 .?6881.1 6 5,0Q1(0 61.S31 ',.446.2 68,56 .? 62.631.5

654FM 59,04>'4 62,..43.0R 60.6-1.1 56.371.6 65,911 3.1 £1321 6,S'?. 5 6 6,C. 6'..o. 66.147.3 63,511.5
Slack tv ;-Ptu'e C' F) 91.1 93.9 q91.0 95.0 8?.0) 8q.S 90.0 85.3 91.1 93). 5 82. 3 69.6
6,7 (- ,..t ', ( .'-f 20.4a 01.23 29.80 ?9.19 26.4i 21.8;,. 64 .59 ?S. t 6?.1/ /I 26.(S 26.5 33.i

S(" :;t !t ''. ) 4? FO 40 49 40 41) CO 40 f3 4") 40 4?
St. I . G . %aoI:. e S. c8 (sf) 24.1 57. 39 2 3.9 23.31 ?., 21' 25.53 60.3? 24.12 53.1 27 .11 25.49 ?5.0~

ti' ITS 10 OS t 109 10' I 1 110 106 Ilc IS 10 1 iu10

4, . 7.c0 "/ (I.71 o.2S 0.2n 0.0 0.06 0.0 0.0 0 .6C 0.0 0.0 C."

Q2 22 .2 ?,1 20.2 20.: 22 ?.1 27. 1 23. 1 20.31 23).3 2u. 1 20.0 23.'.
6279 4S 71).44 79.40 79.48 79.9 29.9 19.9 79.9 79.9 79.9 80.0 83.0

Co Q.21 0.0 0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
p t Ofstack ?G3s 215 13 23.9 28.6.1 20.1: 23.864 23. 13) 28.74 ?A.14 29.14 28.13 29.7,

8,- [I. C ( In I "t : (0C.is)
f9:,. 01. 0.0 33 0. 011 t' 0.01165 0.01S1 0.1636 0. 0133C 0.0171) ' 0.01 0.019 0.0M1 0.0:- 21

Fit!- 0.0100 0.OC22?31 0.0110 0.0131 0.0016 0. TV1 - 0.0()13/ 0.0013 0.0l40~ 0. 101o 0.0137 0.2329
TO,,t Fiv.:I half 0 0304 0.016 0.0226 0.0152 0.02/1, 0 olnI 0.0M/69 0. 010 0.049/ 0.0306 0.03-?' Q.:75u

In,'ii, niejns 0.0005 0. C.)0 0.0011 0.00916 0.S0004 0.001 0.010S -- 0.00751 0.0031 0.0007 0 .911
Slat,,,' (Afte, Fl~e:) 0.00W23 0. 001I? 0.0424 0. 003 0.0005 0. O06 0.0011 0.(03? 0.0012 0.000 0 0
Itl t (I 'I la in; lnI -,I'bISl) O0059 CoSSR 0. 02?61 0.0181 0.0262 0.0131 0.03el0 0.025/ 0.0,14 0.0314 0.03i! 0. CASl
Cant .l 00019 0.(1k93 0.170716 0. C160 0.W06 0 0 - 0 0 0I 0
rtat 1-: laO ig (tn/es.) 0.04 0.08656 0.0137 0.0441 0.020(9 0.0331 O084 -- 0.0 l4 0.0344 0.031. Cc/-SI

Pivt 1, 1, C-,tentIat In-s (ge /d,, f).

Frot tOil 0 Olfn 0 0142 0.0146 0.0232 0.0155 0.0221 O0022 0. 0 P1 0.0131 0.0 1/S 0.0123 0.27
Sta1t Pala i.:r 111.l~o 0.0200 0.01.33 0.010~ 0.02?5' 0.0161 0.02V20 0.0226 0.0150 0.0113 0.0211l P.M1. 0.07?

roralI 1-n1 .1tno 4.tn-h ns. 0.021 0.0119 0.021 0.0741 0.011 0.02.30 0.0226 .. 0.013" 0.02111 0. 01 s j o.ri12
Ink'S,. Sa te I "'!

Front -Oif 9.5Y, 1.51 1.69 11.01 8.90 12.13 12.01 8.5.2 1.12 To..i I20.5 15.91
Inn :7 ! ., In:.,:e 13.4R A 14 P.1 12.1 9.22 12.11 13.0s S. El 1.59 11I.61 10).1 IF 1 91

0i 1t V ,. i0 r. .nl- ) 11.30 9 . 1.41 14.F? 10.1 12P.11 11. 05 .. 7.5 I1I.so 10.75 ls. 7
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Tast'. I

(Conti)nued)

*3'f- is '16 In,.6, IS 1? Is f1g IS -?0 Is #21 is 9;'2 I-p 1? ,3 1' '24 IS, OS
Test N:t- 1,/ 1,/33 1,7/116/,'D 10/ 11,Z? 10/ 17/ 64 10/I 171?3 10/01/0 10/21180 1,)/, //PI 10/21/F3 I'l'22/r0 101k2181) 1V//i,

Proo'.lion la-r (,nells/hr) 1231./?7 1 7.5 125.0 133.5 115.5 129. 0 132.0 111O 11.0 120 13310 113.5 lip",

6ar0-:ric - vss'.re (c ,, gI 29 53, ?9.450 23.5% i9 5)0 24.53) 2.).210 29.1210 29.?10 23.210 29.030 29.530 P5.5'

Static Presi-p (in fiq) -0). I- , -0. 113 -0.2, -5-233 -0. 150 -0. 118 -0. 110 -0.11 -I? -0. 033 -0. 116 -0.2 l 0e 14)j/

Absolutn S!t I Pressure ( in fig) 29. 3.. 3 ?.313 29.2s, 2925011 29.030 2P.0q' 29.0)? 29.03? 21.092 ?9.41? 29.412 29.30)
Steck G's Vnloc ity: FPS en.') 05.86 #6.?6 09.60 89.99 e6.7I 87.65 87.S3 0/.6? 6-1(0' 87.11 8?.3/S

F8M S.1IP: 2 5.133.6 5.11!.?7 5,196.1 5.19. ,20!2.8 5.,9.0 6,2s) .4 5.260.2 5,0-I7>.2 0.20'. 6 02089.0
Percent Ptas',.,e 0.9041 3.03 1.23 2.12 1.05 0.93) 0.43" 1.15 0.07' 0.13 0.09) 1.0Z
Gas Flo. Pitt: 07)8M 70, W/f-. 3 10,125.0 70,78?.0 70,8970.? 7 0,412, 71,054.6 71 ,0837.-9 71,1 184 71,3,4 .3 6£8, 835.1 (3./74 20,3 3.0

SCFM 613153.8 64.,33.4 6149n (1,3124. 3 65.011.1 67/,539.0 66, 9,33.3 4i'61, 2,196 61.511.b601,0A.1 7 (.606.4 66,125.4

053/000, 695. 9 64,231.S 6,7W.0 C-,918.2 65211Q.9 05,4.4~~ 60,,240.2 6 5.7001 38,34/.? 09,87S.2 65.4l9.? 155,4: 9
St,[Ck !-p104j41We ( F) SO.? 53.8 81.0 921.4 94.0 29.6 91.2 95.2 90.2? 90.0 92.0 91.8

Dry C3, wol-ae Suepted (dadf) 62. 0, 26 .63 41.6! 26.96 26.97 26 93 2:.45 21.f.? 49.21 26.31 27.40 21.41

5anpli.] V-'.-h Cin) w0 43 L 8s 42, 4 L 40 40 40 60/ 43 40 40
S t d. ry G> 6)I' S e- I J ( -1) SP.t 23.5i 4o.3/- 21.qn 25.05 V5. 3 25.3/ 2,.?? 4., 215 25.30 25.Ff

lack 1, et F. tor 102 f 1( 8 1 f,7 IN W 10/ 1I.N 101 105 10S o;

GAS AniIs- > O ~ 0.0 0.0 1 0.07 0.0 0.0 0.0 0.0 0. Oi, 0. 0 0A

0? 20.0r 20.0 19.9 1;.9 0.0 20.0. 20.2 20.0 2).? 2,0. I 2.1 002.1
h260.0 0.0.0 80.03 63.03 18.9 7986 79.8 73.6k 713.6 79.9 79.9 29.3

CO 0.0 0.0 0.0 0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ple.IT ,s jt a) Stack G' ?O4t.' ?P,0.3 20.6t, /0.5/ 26.63 2,/ 2;. 10 U.tCi ?3.7? ?,1.2 20j ./) 2' *-.

PFa,tgCui,t- C,17)id (Gei):

fi.zale 0.0) .7125 0.03-- 0.01k.4 0.0115 0.01,'1 0. N't 0.03% 0 1 0.51 0o l1 0. 0771; 0. (d
Prot-- . - - . - - - - - - -

Cl atsaire. (Pelore FfIter) . - -. . .. - - - - - - .

fjltvr o. 0'H 30 .0/90 0.0o5I)5 01(.0243 0.0/29 0. 09/9 0.021/ 0.0.'aq7 0.0116 0.011k 0.0176 0,7

Total Pro-l t 0 .k-,1 060416 0.0411 0.039/ 0.0744 0.0456 0.0371 0.."? 0.0734 0.02,31 0.0/03 G 0/11
Insoluble hnpingers 0.16705 0.0012 0.004)-0 0.0010 0.00311 0.05I06 0. C0291 0. Ckx)0 0.00I-! 1 0.0111 0.00)' O Lif: 7

Glassoare (671..r Fitter) 0 0 0 0 0 0.102?5 0.00,5 0.06045 fl!SiOS 0.0019 0. W02) 4; 0J,22

fatal (Including lnstobles) 0 16/1 0.0420 0.04/?1 0.043)? Oil? 0.0437 0.0374 0.015 0.0/>, 0.0253 0.0)3) 00C401
Candenisiblrs 0.0/39 O.'F34 0 0 0 0.0014 0.0303 0. 11/il . ,g 0. 0.53 0tv. ., 0. C -'
Total ( nlddin3j Cornna s.) 0-,.0 0.V4n7 0.01/Il 0,.60/ 0.034?7 0. OMi 0. 0'33? 0.0/ 0.7>0 0.(u) I/ 0.0/1i 0 -4.'

Particle tC~,n,atioos (gr/dscf):

Front Half 0.0196 0.0260 0.0151 0,0045 0.0112 0'.02??7 0.0195 0.0239 0.07.' 0.0116 01.0111 0 (7'
Front 4.1) 4, Insotiubles 0.0193 0.0268 0.010.5 0.025? 0.0/!4 0.0095 0.6213 0. 0.?7? 0.00/3 0COI 1 0.0.11 0.0/a

Total (Incl'.din3 Condns.) 0.0560 0.0269 0.0165 0.025/ 0.0014 0.0/381) 0. 0?0/ 6.0043 0. 02') 0.0/3 0.07)'1 0.0(V

Fent 11l1 23. 31 14.31 8.67 13.0.6 11.05 15.92 11.07 ? 1.0 4.4o 8.1? 9.0:.1 11--3

Front Palf * losolahles 28A4, 14.75 9.41 14.00 ll.q5 17., 1)I2.5 IS. s 15it 8.1:3 11.45 13.4,
To I (InrI-in Coens%.) 31.q, 15.92 9.41 14 00 11.95 11.49 RO.11 18.4 17.02 I/i)l 13.0? 13 U/3

(C-n: in..dI
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Test rate I It,:, 1P'i'%1' r 1 SrI It -i 1 rl 1/1 $0 ['73/0

Pred'xlt on R tl I 71W) 110 11 l.5 81 1912.0 [il/ 1 1/1.S t.51:1 11/.0

cm i V-,it, ( i,, 1 ;1 2') 0 24 1 Z, 'j ?9F11 ?4W 2S -!' F"? F1 ? "lj 2 4. 8

St atic rss.,,v ' -0.11P$ 0 '1 0 , -0CIll) -0I- D, I 1 -0. 1 'A

Aisolute Stairk c sr(i f
1  

2.1 71)131 24.;') 24j.130t e9. 710

Micok Ga- )rk i , FHr, F,', ~ I 0Vl 231 ; H3 07.12

S" CIad 4 5 0: 1 .N 5,7<.' '.713 ii 114 1..263.;

Percen 0'wt 1. 0 0 1. 0 1. 0.11' t 0 43

Cs Flr- Patr: A 10. 1a 6 ,-I 1 .4 6l. I, It,, '.l ; .L !, . ; , -' -.I-' I'l 71.8)o'
5."6.:. 0!1 61, " t 0?. 3 lti b'K I .'' ( i. I J.0 ( 1,404.4

V511 6 fm 1). 1 0-. 4m. C4/ V1 . ( 7. pIt F .', , ". q 8 10,10

Slath Illrl.- , I)I 17 t.i 8 1~ ) 6F84? ('5 9) ill0 SI.

clo Gas II I 0 . 1 ' 4, 1; 2.1 !4 4! 3 2 . ' 1 /!..7

\alr~a.1 w) H 4 . a 4. 4~

C-- Ci L< 21 II ,'1. 0j 2 1 .

C"0 r, 00, 0.0 C c 0 0 0 0 0 c 0 00 0 0

P, I t, it c II1 ''1

PAiuli.lii 1 I4 . 1) C.1 , (11 CII 0.1i 0 r i C. 012O 0.091

Gl ass.,re (.F' I'l t - . - - . -

Fitter o.01o! f) 01?' 0.01'. 0 Il '123 001l4 1 01.1 n! 0(,10" 0.0137

Total Front Pi" 0 4ft11 0.1(,<44 0pill 0 11.1 P0213" 0 0112 .0 0 0 ) ,5 0.1069
Insoloble 1,;- :-.'. 0.04 0, R ). Cii?0 0.0("' 0-C'1 0 (074 0 195 0.0 1J 0.1111 0(0101

Oiatsi-rc (Af re Iit- l(a] .0034 0.010? 0. (1 '?? 0 Clt)) 0 (Sn ,.' ) 0 002 0). 00i' 0 KRI.? 0.aD.02

Tot 41 1ni r, I In - l.11-I 0.0116 0.0- 0,.nI .i 0 11:1, 0.07.4 1 0.0409 0.0 . 0 013 3A 0.101

Cort.-nl Is 0.0Mi4 0.02 0 [,.,1 0 0.0NO31 0. W06 fl.(S0"0 0.CCOI 0.001

Intal (Ir-rlIal: C. 'Ins.) 0.01311 0.00 0~i I] Ol'? 0. 142.2 0.01::' 004-15 M.2] 00! 0.1104

Par tic I ,co'icrit't N f'. I

Front -a
1
f 0.01f" (1.0140 0.01%5 0. 0,41 0. (1113 0.0181 0.0(1 0019 ll4 0.W66

Front Pall * l-,,l Ioblrs 0.0175 0.01 !513 0.0i1i0 0.0510 0 0142 O046 0 tN 0. C7911 0.0662
Total I Inc1.ol ; Cn.3 0.0101 0.016fil 0.0191 0.0510 0.0143 0.0249 0.1("t,: 0102 C.WS1

front Kitt 9.31 8.40 K1' 04 2q./3 8.13 1j. 1I 8 71i 11.21 384.52
Front Hall * 1-00-."s 1t).13 IS1 I' q1 234. q" 74 14.15 f- 11 0i ill3 61

Total ;I"i 'i ) 'o.- , I(l 41 ').Q1 11 .1" -231 '4 0 331 10 35 11 .'El 314.62

8
iLlel'rI -. 1'ia . . l? -l" bL1 I'.4.1t'

6dins av -IvC -h I- to',) Is l-i :i.! I*'''r )- ali Iu iifl-

'Thls the I ~~-1 - :,-IpC;t .,h,

-;pI'



I T L I J- P T I % k D L 10 PA f

I ? --3 1 f4 I

T." 50 V s

t Sh l I %1hr 7 n Q . 0 .0 61 6, bl 6 1 r)

L 3. 6 , 3 . 63 3 6, 3. 6 3. t, 4 1 4 I

01 1 0, C5 O.e 0.0 O.C, 0, 0. PI, 1, c 7 0

29.P-Ss Iij) 2 i. !9 24, 03 29.?In ?" 29, "4,) 24.24 e I

Star 1, pre Srt in J9j) -0.27t, -1). ?L's -P. 2:,', D. 265 0. ?j -0 - 21, i 2", 0.

Ab,3lu- SL3,k Fevre mi) ? 1? 23 - F n 1.10 11, 1 . o 5 , 4. 2'j. 01 2 2 J. 9. 01 2

st,- C's -lc ,,Y: F P., I j 5,j 1J.14 71J. 14 C . I 66 Eh.il 6q.73 f ;.t,, 61.qj c

F I'm 4, h. 6 4 , .9 4, ' i I , 6 4. 114. 1 3,9 ). e 3, 1 0. 1 4,1 41 4 , 1 D 4 . 0 P). 4 4.( 4.L

Pecen Mst- 2.0? 1 . CJ Lf, 1.63 1.62 3.64 1 . I . OA OJO 0.&1 c 4

G.S Flo. A--i m 29,93), 7 29,743.7 ?),13). 3 U.N. f, 2,RdfI.4 2,,, C--, 3. 3 21,549. 3 2 4 ?,. I . 5 lJ ' . 2

,F.m V .45-1.4 21,? -. 3 27.M l.s 3 26,2 1.q 21-1,1 .1, 21,. ',L I . q ?,', 1. ?;, 3 , . 7 /10 . I k5

9'13. 3 , t . 7',0. 9 ?7.ell.6 61 ?1 . S-6 . 3 2,,.?Il. I. e,,11 .I ?1. 1. 6 21. 1 6 1 C
9 .ql 84. ?" 11 1. i4

F) '_6 V5 90.75 W. 5 91 . Q)

0, y S, p I ed d , f 6 4 IA 4 1 43 4?.13 511. 31 ',3.(,. 41, , t, UJI, 4 , 7,

5-p I I, , t i, , 1 61.) 60 60 6 ) 0 11 (2 60 (.1) 12,

Std. C y (d,,-f) k, 14 4(j.qi Ill.!., 4 31. i 49. 4 1 F! 1" ', ,4 39, q" 3 . 12

ISAI-tl, F.,t- iq ,, H m 110 11,1 IICII 111% Iq?'. 1 -1 1,!/ I'I't zj,% I

Gj- knaly"S: C92 M, O Os 0.0 MIS 0.0 0.05 0.05 -0- -0- -0- -0- C

02 ?J.3, Pa.,,-, 31 ? -i, 2'). 1 20. 3 f., (0 2o. Cf

N? 7Q. C j 1'. 79. 7 J. s:1 IMO 79. I 7 1 F F-) W.

co 0.1-1 P 0. 1 0. N I -C -C,

; t of Sta( k C, 23. EI 0 6 i 211.61 2,F - 4 2SX, ?,67 j . ?V

Partcola! Co -c '.,d ( &.S)

No zz 1,- 0. 61.Y, 1 0. NIS "1 0. c n 0. (Kl ? 0. C 1 5 O.C. I (I.( -,1 0 r-? 0 CIC:
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of the differec:us in the procsses, i.e., production rate, type of lube oil,

lube oil usage, etc.

For the must part, the r:undensible prticulates cost.itute a SAll

percentaqe of the total particle concentration. The cu nden,,ihIes avr,j(.-

al,,roxiiately 7.3 percent (rane 0 to 50.6%) of the total particulate weight

for the Erie press e>xhaust anJ 11.2 percent (range 1.6 to 27.7%) for the

F Ii ncnh augh ex h aus . On severdaI occ asions, the we i gh t )ercent of coridcn i bI-

exlk eded 20 percent (a1 high LIs 50.6%), but there was no obvious reason fcr

these anomolies.

Three of the tests at the Erie press 1 ine resulted in an unusually

larye quantity of particulates captured in the nozzle of the ,,s;jpling train

(S,,,k) Imp. "F", SAAP Imp. "J", and SAP IS -33). Test SAAP I!p. "f" was

invalidated because of an obvious analysis error; the nozzle mush was spilled.

hs--;,ver, it is not obvious why the other two test runs had nozzle washes

which were more than four times greater in weight than the nozzle washes of

similar test runs. It is possible that the large quantity of material in the

nozzle is due to human error, such as hitting the probe against the stack

wall. However, it is also possible that the large quantity of material in

the nozzle is the result of random fluctuations of the emissions generated by

the forging operation. It was assumed that there was not a problem with the

sampling or analysis procedures, and that the unusually large weight of par-

ticulates in the nozzle was the result of process variations. Because of

the w, ight of particulate in the nozzle, tests SAAP Imp. "J" and SAAP IS #33

yielded particle concentrations which were two to three times greater than

the other tests.
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Tab Ie 3 cumpares JACA's emission test results at th, Lr-i  pre,,s I;,

and tfie F I inch baujh forge shop with the test resul Ls fro:; other f org ing

operations. The table also contains basic operating paramters for the

diff e-ent f orging f ac ilit i es . For the purpose of coimp ar i son, J\Cl\ s average

kuhission cun.ttintratimi, , :u,-r. sparatLd accor-dintj to the te',tinq tprocdurs

used to deterrili u tht, c ncent, rations.

As seen frui:, I,:! , 3, JAi,' s tk",t e',il Ltrs f .t hUt, Erie i t. ,, 1 in(

coiipart favorahly wit ti th, test results fr2ii othur p ,,liv, 0 t. a ' the t ' -

(Verson, John Peere, ,,nd K iss #1 press 1 ines) . AVr(ge, '11 ssi in lortOi 'r -

tions dt the Erie press line are on the order of 0.0233 gr/dsc to 0 .03 6t

gr/dscf , while port icle concentrations from the Ver.oun, John f),,rr,, ii; BI i.s

,F1 press lines are 0.0318 gr/dscf , 0.0298 gr/dsui and 0.0206 gr/d cf , resp ec-

tively. At the SAAP , each press line uses the same type of lubricating oils

(Qucnchtex 500 and TexafUrge 75/1). According to SAAP persnrIil , the two

lubricating oils are mixed in the dip tanks and the Texaforge 7571 lubricat-

ing compound (referred to as "hot punch") is app lied to t ie d ie cavity. both

lubricating compounds are oil based, and the Texaforje 7571 contains a gra/ph-

ite additive (approximately 25%). The average production rates ( shells per

hour) of the four presses at the SAA are also comparable (105 to 1?" shel is

per hour), but the Verson press has a greater material throughput (pund s per

hour) becau'se it manufactures larger shells.

The particulate test results from the Flinchhoigh forge shop show

average cuncentrat ions of 0.0052 qr/dscf to O.O06 gr/dscf , which ,r on,

third to one-fourth the concentrations from any of the forges (at thit, SiAP

Howevr, the I Iinchbaugh test results are similar to the test resul, t srow

the Chamberlain Manuf acturing forge shop in New Bedford, Thassachuse t .. The
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average emission concentration at the New Bedford forge shop was tested to he

0.0058 gr/dscf. The lubricating oil used at Flinchbaugh is designated as Hot

Forging Agent 201 (HF 201), manufactured by E. F. Houghton and Co. This

lubricating compound is oil based (approximately 50 to 65% oil) and contains

20 to 30 percent graphite. The lubricating compounds used at the New Bedford

forgi, shop are designated as MacForge 599 and MacForge-, 958. MacForge 958 is

water, based, containing 1? percent oil and 24 percent craphite. MacForge 591)

is (il based, with 48 percent oil and 30 percent graphit,. A mixture; of

MacForge 599 and 958 is used in the dip tanks, while only MacForge 599 is

used for swabbing the die cavity. The production rates are (! ssim it1ar for

the Flinchbaugh and New Bedford forge shops.

No conclusions can be drawn about which process parailieters are most

important relative to the exhaust emission charcteristics. It. appears that

the production rate and the quantity and type of lube oil used have a signi-

ficarit effect. Most probably a combination of process factors (including

production rate, oil usage, method of oil application, etc.) account for

the observed emission characteristics. This indicates that. the particulat.e

emission characteristics may vary from one press line to another, and thus

any relationship between mass emissions and opacity is likely to be site-

specific. As will be discussed in Section 5.1 of this report, there does

appear to he a difference between the mass emission/opacity relationship

which is statistically significant for the exhausts from the -rie press line

at the SAAP and the Flinchbaugh forging operation.
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OPACITY OBSERVATIONS

As previously discussed, each of the particulate mass emission tests

was accompanied by opacity data which was recorded over the entire test

period. For the most part, opacities were monitored with a Datdtest, Model

90A, transinissometer. Figure 1 and Figure 2 show the positions of the

transmnissorneter as installed on the exhaust ducts of the Erie press line at

the SAAP arid the Flinchbaugi forge shop, respectively. To provide a hard

copy of opacity values, an Esterline Angus (minigraph) strip chart recorder

was used. The recorder was operated concurrent with the mass cmission

te" s.

Analysis of opacity data was straightforward; opacity values were

obtained from the recorder charts and averaged over the sampling period for

each test run. The Flinchbaugh opacity data exhibited a regular pattern of

maximum and minimum opacities and a continuous curve. In this case the

avrage opacity was determined by measuring the area under the curve with a

planimeter and dividing by the total area for the entire test period. The

opacity data from the Erie press line exhibited an erratic pattern and did

not show a continuous curve. Since the chart recorder used pressure sensi-

tive paper, the Erie press data exhibited a series of distinct dlots (approx-

imately 60 per minute) which varied considerably. The opacity data from the

Erie press was andlyzed by counting and recording the magnitude of the

individual rots. The average opacity during a test period was simply the sum

of the magnitudes of the opacity values divided by the total number of points

which were counted.
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Since the transmissometer was zeroed and Ui-e span was checked fre-

quently, it was observed that for some tests the lenses were accumulating a

thin layer of dust despite tie fact that the air purge system was operated at

all times. The zero and span were checked at the beginning aid end of each

day, and any other time that the process was riot operating and the stack was

clear. The lenses were also cleaned at the beginning of each day. Each time

the zero and span were checked, the opacity increase was noted. According to

the manufacturer, a one percent incredse in opacity over a 24-hour period can

be explained by the zero drift of the instrument. However, JACA was observ-

ing, at times, a 4 to 8 percent opacity increae, which can only be explain,-d

by custing of the lerises. For this reason, some of the average opicity values

were ddjusted to account for the observed opacity increases w-,hen the stack was

clear. Most of the opacity data from the Flinchbaugh forge shop arid three

test runs from the Erie press line were corrected to account for lens dusting.

To make this correction, it was assnmed thdt the opacity increases proceeded

in a linear fashion, from the time the instrument was zeroed and calibrated

at the beginning of each day until the zero position was again chcked. The

opacity increase was then subtracted from the recorded opacity data.

Table 4 is a summary of the wass emission and opacity data which was

used in the final analysis phase of this study. Columns 6 and 7 of Table 4

illustrate the range of opacity values which were re.:orded. It should he

noted in column 7 that the Flinchbaugh opacity data was also adjuLstd to

account for the difference in emission characteristics and stack diamieter

between the Flinchbaugh forge shop and the Erie press line exhausts. This

will be discussed in more detail iii the next section of the report.
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Table 4 illustrates the difference in opacity between the two forging

operations. The exhaust of the Flinchbaugh forge shop exhibited average

opacities (corrected) in the range of 4.68 percent to 9.67 percent, while

the Erie press line exhaust showed opacities in the range of 13.20 percent

to 27.63 percent. Obviously, the opacity values at the Erie press line are

consistently higher than those at the Flinchbaugh forge shop. The particle

concentration values follow this same general pattern. The following section

will discuss the relationship between the corresponding particle concentra-

tion and opacity values listed in Table 4.
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OPACITY/MASS EMISSION RELATIONSH1IP

Opacity may be defined as a physical property of a medium representing

the degree to which visible light is attenuated as the light traverses the

medium. Opacity is uxpressed as:

Opacity (%) = (I - T)100

(1 - I/Io)100 (1)

where T - the transmi ttance of 1 ight

10 = the int-ensity of light incident on a medium

I =- the intensity of light leaving a medium

It is obvious from the previous equation that opacity and transmittance are

very simply related. Transmittance is measured by transmissometers by deter-

mining the intensity of incident light (I) and that leaving a medium (1).

These two values are then used to calculate opacity.

The theoretical relationship betwuen opacity and particle concentra-

tion may be defined by a simplified expression of the Beer-Lambert Law:

I = Ioe-xCL (2)

where C = particle concentration in terms of mass per unit volume

a an extinction coefficient which is a function of particle size

distribution, composition, and other particle characteristics

L = optical path length

1, 1o = intensity of light leaving and incident on a medium
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By combining equations I and 2, an alternate expression for opacity

(as a decimal value) is a follows:

Opacity = I - e- CL (3)

One would expect from the preceding equation that the mass concentra-

tion of particulates in a gas stream could be predicted if all other quanti-

ties are known or measured. This is essentially what is done in theoretical

and field (or actual) calculations. It should be realized that equation 3 is

a simplified expression relating opacity and particle concentrations. There

are several simplifying assumptions that are necessary to arrive at this

relationship. For a more detailed account of this relationship, the reader

is referred to the publications of Pilat and Ensor [4,5].

To discuss the relationship between mass concentration and opacity, it

is convenient to introduce an additional quantity, optical density, which is

frequently used in representing transmissometer data. Optical density (D) is

defined as the logarithm to the base 10 of one over transmittance (T):

D = log 1/T = - log T (4)

where D is expressed as a fraction which ranges from zero to one.

Since opacity is defined as I - T, the relationship with optical

density is expressed by:

D = - log (I - opacity) (5)

By combining equations 3 and 5, an alternate expression for optical

density is as follows:

-27-



D = - log (e-"C[) (6)

Or

U) 0.434 mCL (7)

Equation 7 piedicts that there is a lineir relationship between

optical density and particulate concentration. Manufacturers of traris;'iis-

soneters, such as Dynatron, Inc. Lb], claim that this correlation can be

esta() ishLed oipirically through stack testi 9i . At a 9 ivn industrial loca-

tion the diameter of the stack arid thus the optical path length, L, would be

kOuwn and a con'tant. Thus the expressi on relating optical density and mass

cour intrat ion may be wri tten as:

) n PC (8)

wierre i is a proportionality constant and represents the slope of a straight

line relating D with C.

In order to establish this empirical relationship at a given location

it is necessary to deteriiine numerous data points by stack sampling using an

appr'oved s aarpl ing train aid method, and simultaneously monitor optical densi ty

with a transmissoiieter. Though one data point could be used to establish

this relationship, the confidence in the relationship would be (liiite limited.

To etablish a degree of confidence in this optical density/mass emission

rel ationship it is desirable to obtain a large number of data points over a

range of emission concentrations arid process conditions. With these data it

is then possible to perfonn a linear regression analysis to generate the

regression line and the confidence limits. The transmissometer data is time
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averaged over the pej od of a stack test to deterniine a mean optical density

value which is related to the measured mass concentration value. The mass

conjcentration value is also a composite of sampling for a specified time

interval at specified locations across the stack cross-sectionj. The first

dSSuGIption that is made then is that the average optical density and uass

concentration over the sdmpling period (typically I to 2 hours for a stack

test), adequately represents the stack conditions during that period. This

is essentially what was done in this study.

This type of correlation appears straightforward. The correlation of

optical density to mass emissions is valid as long as the particle size

distribution, optical path leingth, and other particle properties (e.g.,

shape, composition) do not change significantly. These conditions are wore

likely to be fulfilled for sources with higqh efficiency control device, (I ,d

where the euissioris are generated by a continuous process rather than a cyclic

or batch type process. High efficiency control equipment tend to narrow the

particle size distribution by removing the larqer particles. A continuous

process indicates that the methods and conditions of particle geotration ore

likely to be fairly constant, thus resulting in a more consistent particle

distribution, shape, and composition. The validity of an optical density/

mass emission correlation at a single plant is dependent on the variability

of particulate properties and the process variations. 1o extrapolate the

data generated at one plant to determine mass emissions from optical density

at another plant, the particulate characteristics and the ptrocess imu t be

very siwilar to the plant from which the correlation was derived. letween-

plant as well as within-plant variations in the process and particle charac-

teristics must be a matter of concern. The correlation can be developed
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ti thou t knor -i n( i titter; A i Oi Uh tire part i Irt Sli t' d i St Y ihtlLi il IMLn t tie S iZe

di st ribut ion and ot her scat terinrw propert ies of thle particle,, should reinainr

constant for hih cor rel atiori to be obtai nond.

Studv Resultq: Optical Denstty vs. Mass Fmission's

Table 4 sumauarizes the data which J/lC) tusid in) tins arialys is of

opticail density ver'sus rnasown emssi ons. LBeforc di scussi n( the study resuilts

t is necessary to explin~ r some of the pa!rameters contai ned in Tahle 4.

The mnai n emiphasis of this study was to rel ate opt ical density wi th

jan tc le was s concentrations as described by equI-ation S. 3/WA chose to

re'presenrt tilt, mass emiisions in terms of grairis per an tool cubic feet of

exhraust gas (gr/acf ), inrstead of on) a dry standard basis. [ile reduction of

tire part icul ate data to a dry standard basis artificially alters the conceri-

tr'at on vol ivs, doe to differences, in stack moi stUre, teprtue ind

prt-ssure. For example, two stacks may exhibit identical particle couicen-

trations whenr expressed as gr/acf. However, if one stack has a moisture

content of 10 percenrt by volume arid tire second has a mioistore coutent 0: 5

percent by volumue, the first stock will exhibit a higher miass concentration

thran tile second, if the mroisture alone is removed fromi tire calcul at ion. Thle

mean spectral response of the troosmi ssometer is in the range of 500 to 600

oir. Therec are water ard carbon dioxide absorption bands in thle near infrared

region of the 1lighit spectrumn (i.e. ,-1,000 to 2,5001 nm) . Large opacity

rIeaksurement errors could result for Stack gases withr high hiruidi ty due to

the light absorpt ion band of water. However, rieas Urrurerrt errors due to the

presence of water and] carbon dioxide do not present a problenm in this 'study,

becauise these comrpounids are almost negligible in the exhausts we examined.
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To compare the average opacity or opt ical densi ty values, obtued at,

the Fl inchbaugh forge shop to those from the Eric press 1line dt the S\AP, thr

opacity values for Fl inchbaugh were corrected or reduced to an ieqiuivailtmit

basi s. T[his takes into accounit the differnces between the stock di& EtjrI

and the pcirticle characteri st ics at the two forcqe shops. Cojrrections, w,.

perfunniied in accordance with the fol lowinrg equ(Ati on:

O= 1 - (1 - OF)~F Lq

where U.= equivalent avuriiqe opacity recorded at F Ii( rutiojl r(,at iv-

that at thre SAAP

U( = average opacity at Flinchbauqh

L= 50 i nches, stack di ameter at the SAxP

=F 36 inches, stack di c::eter at F]inchl),ijqh

a= 0.092b, an extinction coeff ici cut calcul ated froi; th e opacity anid

mass eiii si on data at the SMAP

= 01J641, an extinction coeff icient calculated fre':i th(e opacity lilt

mass emi ssioni data at Fl inchbaiigh

While the corrected or equi va]lent opac:i ty vii ow; for- Fli hh0)au(-h wr

used in the analysis of the total data base, the uncorrected opati ty valesu,

were used when only the Fl inchbaugh data wais analyzed. This, will bu xlan

in thre followi ng paragraphs . The uncorrected oipacity v al tes, I'M Lili rrchh aUt11

are not listed in Table 4.I

The relationship betw,.een optical denijty anid tot~i a] mass conC-elitral ion

was established through computer analysis. Data was analyzed by the us;e of

the Statistical Analysis System's General Linear t:odels Procedureu, which is a
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leas sqrua'es I ifearr regress i 011ud l. i U l y, this ariaiy,,i , schee

gerrated the "bt-, tit" I ine passinq throujh 0, for the data sets and tested

the sion if icance of the rel at ionship between the optical densi ty arid mass

concertrat ion val ue,.

To eval uate thre d if ferencecs betweern the F I inchhaugh ar,, th(h Erie press

li nf data and to deteriniire if the test methods may have an affect on the

study results, the total data hase contained in Table 4, as well as subsets

of the total data Wise, Wt re analyzed. I ight different scerarios were

considoered in the aiia lysis sche;;e. This included an analysis of

1. All data col lected during the study at hoth the Li j, press I itre

and the Flinchbaugh forge shop. Note that 9 test run,) were

invalidated as previously discussed. This data set consists of

48 paired points, sets of optical density and mass concentration

v al Ues.

2. All data at both forqe shops where the mass concentration was

determined by the in-stack filter test method (all IS data).

This data set consists of 35 paired points.

3. Data collected at the Erie press line, regardless of test method

(all Erie data). This data set consists of 37 paired points.

4. Data collected at the Erie press line where the mass concentra-

tion was determined by the in-stack filter test method (IS data

at Erie). This data set consists of 27 paired points.

5. Data collected at the Fl inchbauyh forge shop, regardless of test

method and before the opacity data was corrected or reduced to

the equivalent basis (all uncorrected data at Flinchbaugh). This

data set. consists of 11 paired points.
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6. Data collected at the Flinchbaugjh forge shop, regardless of test

method and after the opacity data was corrected (all corrected

Flinchbaugh data). This data set consists of 11 paired points.

7. Data collected at the Flinchbaugh forge shop, where the miss

concentration was detemiined by the in-stack ii tir t(st method

and before the opacity data was corrected (oriqi nal IS data at

Flinchbaughl). This data set consists of 8 paired data poirnt".

8. Data collected at the Flinchbaugh forge shop, where the mass

concentration was determined by the in-stack filter test method

and after the opacity data was corrected (correcled IS data at

Fli nchiauh) . This data consists of 8 paired data points.

The results of the comnputer analysis of the eight datd sets listed

above are summarized in Figures 3 through 18. For each of the eight data

sets, two graphs were generated. These two graphs, for each data set, are

plotted on a single page for ease of comparison. The top graph (Figures 3,

5, 7, 9, 11, 13, 15, and 17) on each page represt.nts a scatter plot of the

particle concentration and optical density values contained in the data set.

The botton graph (Figures 4, 6, 8, 10, 12, 14, 16, and 18) oi each page

represents the best fit of data in the graph at the top of the page by a

least squares linear regression analysis. -his linear model essentially

predicts optical density values from particle concentration values so that

the best line is constructed, relating the two variables. For these analy-

ses, the best fit line was forced to go through t e origin, sinre it is

obvious that optical density would be zero if there were no particles in

the stack at the time of measurement.
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Before proceeding with this discussion, it is important to clarify

several aspects of the sixteen figures. The optical density scales for the

top and bottom graphs on each page are not identical. The bottom graph has

an expanded optical density scale over the scale of the top graph. This

expanded optical dtensity scale results because the predicted optical density

valkii-s cover a wider- range than the observed values (based on the measured

partt leI concentrat ions). Another item of importance is observed when the

qraphs of the Fl inchbaugh data are compared to the graphs of the total data

base( and the data from the Erie press 1line. It would appear from the scatter

plots that the Flinchbaugh data does not exhibit a good correlation hetween

p,!,ticfe concentration and optical density (Figur1es 11, 13, 15, and 17).

Ho~vc.-vr, these scatter plots are deceiving because the optical density and

particle concentration scales cover such a narrow range, as comipared to

Figure 3 for example. The Fl inchbaugh data are confined to relatively low

value-. of optical density and particle concentration, when compared to the

dat~a generated at the Erie press line. Actually, the Fl inchbaugh data shows

less vdriabil ity than the Erie press line data, and the data points for

Fl inchibaugh are closely grouped.

For all eight data sets which were analyzed, the results indicate that

there is a strong correlation between particle concentration and optical

density. This correlation is supported by the statistical parameiters con-

tained in Tahle 5. All data sets yield calculated t statistics which are

greater than 10 (range of 11.66 to 16.96); this is at a 95 percent confidence

level (0.05 level of significance) and for n - 1 degrees of freedom. The

corresponding t statistics fro111 Statistical tables are 2.3 or less (range of

2.013 to ?.306). These stit ist ics verify that the slopes of the regress ion

-4?-
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Table 5

STATISTICAL PARAMETERS FOR THE EIGHT DATA SLTS ANALYZED

r
r2 (Coeff icient

t Statistic* t Statistic* (Coefficienft of of
Data Set n Slope (Calculated) (From Tables) Deteriirination) Correlat io n)

All data 48 3.49 14.98 2.013 0.83 0.91

All IS dita 35 3.64 13.48 2.031 0.84 0.92

All dati at 37 3.4/ 12.98 2.02? 0.82 0.91
Erie

IS data aL 27 3.62 11.66 2.052 0. 4 0.92
Erie

All data at 11 5.79 18.23 2.201 0.9/ 0.9,3
F il iC ca)uqh

(uncorrected)

All data at 11 4.54 18.20 2.201 0.9/ 0.98
F Ii nchbouqh
(corrected)

IS data il. 8 5.79 16.95 2.306 0.93 0.9b
F I i nchbw jh
( uncorrec ted)

IS data at 8 4.54 16.96 2.306 0.98 0.99
F Ii nchb augh
(corrected)

*These values are for n - 1 degrees of freedom and a level of signif icance 0- (.05

(95% confidence level),
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1 i nes wh ichi descr ici the relI at ion shi p between part i C Ie Cont Ir ton m and

optical densi ty are s 'juif icant ly different than zero in a) cases'.

A me asuore of the deq re of assoc iat ion btrnpairt icle & toricentrcat ion

oiid optical dens, ity is the coeff ic ient of determinaltioni or r 2 . 8as i -

CaL lY, thet Oef fIiien t Of Go2krm in at ion is a we asutre of thle utnc ertaint) y

in predictmnj tloe dehid tit var jable , optical density. Theci sr ) is. to

1,t ho (,Ireat (rI is s(A id t o hu the ass oci at i on be tvven opt i c a? I(dlens ty a nd

part ic Ie CC -ci tv t io kII. As seenf f rom Table C 5, thle 12 Val 00s dr2 d(I

greater th an 0. 8 (rant I O f 0. 8? to 0. 98) .This ill1 ustratLes a h i gli d eqree of

as sac i at ion etenthe tw~o v ar iabl es . Ani i oterprt ati on of r_' valUes is

tit they indicate' thle proUpOrtional redictionl inl thle Variability of thle

depenldent valriablu aM.tal ned by thle use of i nforalat ion about. the independett

variable. For exuimpl e, a coeff icient of detc raii at ioi of 0.S3, indicates

tha~t 83 perenIt Of thle var iation of optical (lensity canl be exp 1 ined by thle

vatr iat ion of part ic J concenitration). Thle other 1? percent of thel v ariat ion

betweeni the two variables munst be explained by other factor's such as particle

sile distr ibuttion, Composition, shape, etc. It is obvious, then, that there

is a high degjree of correl ation between particle concentration anid optical

dens t y.

Tile re I at itinsh ip between part iiclIe concent rat ion and opt ic al densi ty i s

dcf i ned by the slIope of thle regress i on I i le as il 11nstrated by equat i on 8.

Iajl~e 5 lists the slopes, of the regression lines for thle eight data sets

wh ih ii re ai, iiyzed . fihe regjress ion lines are graphic ally represented in

f ce 4, 6, 8, 10, 12, 14, 16, and 18. As seen from theCse figures. and

Idbiic 5, it a1ppears that the slopes of the regression lines for the various

dliO sets aire dIifferent in most cases. Student t tests were perforied with
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1 ines which describ, the rel ationship between pdrt ice concetItrati on and

optical density are signif icantly different than zero ini all cases.

A niax'.-re of the degree of association betv.een particle concuntrdti on

ar d( optical density is the coeff icient of detenmiit dti on or r2 . Basi-

cal ly , the coeff ic ient of deL rm inat ion is a rieasure of the tljcertai nty

if lredictin toe dependent variable, optical density. The closer r 2 is to

1, the greater is said to be the association between optical deiisity and

part icle corc-entratioin. As seen from Tab]( 5, the r2 values are ill

greater than 0.8 (range of 0. 82 to 0.98). This illustrates a high degree of

as sociation between the two variables. Ani interprtation of r2 values is

tiitt they indicate the proportional reduction in the variability of the

dependent variable attained by the use of information about the independent

variable. For example, a coefficient of determination of 0..;3, indicates

that 83 percent of the variat ion of optical density can be explained by the

variation of particle concentrition. The other 17 percent of the variation

between the two variables must be explained by other factors such as particle

size distribution, composition, shape, etc. It is obvious, then, that there

is a high degree of correlation between particle concentration and optical

dens i ty.

The relationship between particle concentration and optical density is

defined by the slope of the regression line as illustrated by eq,,ation 8.

Table 5 lists the slopes of the regression lines for the eight data sets

which wore analyzed. The regression lines are graphically represented in

li,;iires 4, 6, 8, 10, 12, 14, 16, and 18. As seen from these figures and

Ti!le 5, it appears that the slopes of the regression lines for the various

data sets are different in umost cases. Student t tests were performed with
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various pairs of data sets to determine if the slopes of the reyrtessiori Iines

were significantly different at the 95 percent cornfid(,iicft level. the reult s.

of the t tests indicated that the differernces betwv,_,n the slopes for the

uncorrected Flinchbaugh data (slope - 5./Y) and the corrrct,.d I Ii ,,iLu(]

data (slope = 4.54) were statistically s i(Inif icurit . It was exper.ted that the

uricrrccted and corr,,cted Flinchbdugh data v.ould exhibit diff(.rent slopes for

their regression lines, since that. was the purpose of r.dJuci nj the F illnitbecunji:

data to a basis equivalent to that of the Erie press linic data. The adjust-

ment to the opacity data for Flinchbauqh served to reduce tit "loape of the

regres ion I ii, and imiake the data fall more in li .;it h th. d.!tj f rur the

Erie p- :ss line.

Additional t tests showed that there iat 't isti(al t , cfl c

(at tha 95% confideice level) to tho perceiv ed ditf er , lB h v_,.' . l a,.

of the regression lii -s for the follo ,inirl pairs of doat,!

* All data (slope = 3.49) versus all dat,, wh,.r. t.io i - k t iI ter

was used (slope = 3.64); calculated t sttist, ic ec:,l -e..YQ

* All data for Erie press (slope = 3.47) versus dta for the Erie

press where the in-stack filter was used (slope - 3.62); cal(tm-

lated t statistic equals -0.8221.

* All corrected Flinchbaugh data (slope = 4.54) versus corrected

Flinchbaugh data where the in-stack filter was used (slope =

4.54); calculated t statistic equals zero.

0 All data for Erie press (slope = 3.47) versus all correcte'd

Flinchbangh data (slope = 4.54); calculated t statistic equals

-0.666.
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0 All data for Lrie press (sloij. 3.47) versus, all uncorrected

Fincihba-Iuh data (slope = 5.79); calculated t statistic equals

-1 .434.

At the 99 pe-rceut couif ideiucu level and for a two tailed test, the correspirid-

iriq t statistics froui statistical tables for the pairs of data sets listed

above are +2.00 ur greater. Obviously, the calculated t statistics are

wi th in the rane of +2.00(), w fich indicates that the diflurerices between the

slopes are not statistically signiificant. The observed differences between

the slopes for the pairs of data sets listed above can be attributed to

s,'ipling errors or sawiiplirg variations.

lire last ite;; in the above listing inoi cates that there is not a

statistically significant difference between the slopes of the regression

lines for all data at the Erie press lin, arid all uncorrected Elinchbaugh

dat,a . However, the t statistic is -1.434, which approaches tile critical

valUC of -2.00. When a student t test is performed with th, in-stack filter

data at the Erie press (slope = 3.62) arnd the uncorrected in-stack filter

data at the Flinchbaugh forge shop (slope = 5.79), the calculated t statistic

is -3.331. There are 33 degrees of freedom for this paired data set. For a

two tailed test at the 95 percent confidence level, the critical t statistic

from statistical tables is -2.036. The difference between the slopes of tire

regression lines for these two data sets is statistically significant at the

91 percent confidence level. Ba sed on this difference be t,wiei tir slopes, it

car be conTcluded that the emissiorn characteristics drid the rel ationship

between particle concentration and optical density are different for each of

the two forge shops. This conclusion is expected, because it was known that
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the stack (Ii aneters and pr~ocess operatijng condi tions were diftterunt for* the

two forge shops. Once thlt opa:city data f r-m the 1:1 richbouyli fortic ,hop was

reduced to a has is equivalent to tire Er-ie press, the di f4ererice btenthe

sl opes of thre regression lin es tfor, any data set,) for- the( two forge shups is

not stdati st ical ly siIn ifi c ant at the 95 per-cent cont ideuice 1level . tils

indicat es th at it is riot possible to use the r-l a Lionsh ip between opitical

density and patLi cie concentration developed at One forgje shop for pr-edict i V

pur-poses at a second f o rge shop unleUss the aIppropr i ae adj us Ntmn dt a ffde

to the ddta to a(count for the di ffer-ences between the( two shop".

It is diff icul to assess the eflect thact. the var1iouIs pairt i colate tes)t

methods- had on the study results, because the tujority of the tests, were

condUd l 15i ri the inr-stLack f ilter test iietliod . Tb i rty-f ive out Of foi-L.y-

eight te st s were0 C0ndUor td W ith the inr-stack filter. Wtirn allI daa, re aird -

less of test method, was considered, there was n~ot I ,igrnit i cant. d if f renre(

betwecin the slopes of the regressi on lines for thre two forge shops. Howev,

when o;ily the in-stack fitI ter- test date ' was Cons idered , theret Was a 'A't is-

ticet ly siqnif icaint diffulice bentween the slopes. l11i i ppeUrs tO suggeJs-t

that thte part icul ate test method doe,, have an effect onl the' study rsls

None oit thre other daita seemis to sUggest that th" prt cu 1 ate test method

is cr1 t Ital Intuitively, one woutldj think that the par'ticul ate ts imethods

wtrhich wetre used in this study should ( produce s ilk ar resul t s, it the tests

were cuonduc ted properly. I t is, al so obv ious that the sanll 1 ri rates weret-

Siini I or aimong the test,, me thuds.,, but thre si ze of the i nstuimenmt i riser i LLeO i1 rt o

thre s ta was d iffterekntL or- each (0 the three tet 1hhids Itit ('Lu

impac tor had thre largest cross-sect j (dl area, the jnr-st ark f ii ter the next.

largest arid the Method 5 probie the rial lest. It is' likely t hit the cxhnanst
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gas flow characteristics around the sampi ing instrument may be different for each

of these sanpling methods; hence there could be differences in the test results.

Pred ction of Particle Concentration from Opacity Data

Based on JACA's tests results, there is a strong correlation between

part icle concentration and optical density for the uncontrolled exhausts at

the Erie press I ine, of the SAAP and the Fl inchbaugh forge shop. This rela-

tionship for the Erie press line is described by the equation:

0 3.49C (10)

where D = optical density (expressed as a fraction, < 0<1D )

C = particle concentration (gr/acf)

For predictive purposes, JACA has chosen to use the regression line

established by the least squares linear regression analysis of tile total data

bay', because there is a greater degree of confidence associated with the

greater number of data points (48). Also, it was determined that there was

not a statistically significant difference between the slopes of the regres-

sion lines for the other subsets of the total data base once the corrections

were made to the Flinchbaugh opacity data. Although there may be a concern

with the method of determining particle concentration, it is thought that the

data representing a rombination of test methods is more realistic because it

represents an average situation. Thus, equation 10 best describes the

relation'hip between particle concentration and optical density at the 95

porcent confidence level.

-48-



To estimate particle concentration from opacity datd, it is necessary

to obtain time averaged opacity or optical density values, typically over, a

one- to two-hour period. Opacity should be measured with a properly intdlled

dnd calibrated transmissometer to ensure that the measurements are accurate

and consistent. Because of the cyclic nature of the forge shop emission,., it

is important to monitor opacity over a sufficiently long period of time to

s5fo th out these short-term emission fluctuations. However, it is riot appar-

ent from JACA's study how monitoring periods of greater than one or two hours

will affect the opacity/mass emission relationship. Once a reliable measure

of optical density is obtaind, equation 10 can be used to predict part.ic I

concentration values.

It should be realized that particle concunLrations predicted from

equation 10 should not be considered as absolute values. As previously

mentioned, there can be considerable variation of particle concentrat iol

values. Figure 4 graphically illustrates the relatiorship estah<,ished by

equation 10. The 95 percent confidence limits establish the bounds of the

particle concentraLion/optical density relationship. in essence, one can be

95 percent sure that the concentration/optical dteiisity volues will fall withi ii

the confidence limjits established in Figure 4. However, this is not to say

that small sample sizes or individual measurements will riot be outside of the

confidence limits.

Figure 4 also shows that there is greater cowl idence ass(ci ated with

optical density values of less thai about 0.10 and correpundiriq part icle

concenitrations of 1 e>s than about 0.03 qr/a(f. l he corif iderice lii ts expadd

beyond these values. The relat ioiship between opt ical densi ty aid particle

concentration is more rel iab e tor- lower opacities and mass t mi,,i1or1 .
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At this point, it is reasonable to use equation 10 to predict particle

concentrations from opacity data for the exhaust at the Erie press line of

the SAAP. Strictly speaking, it is apparent that this relationship will not

hold for other forge shop exhausts. Use of the relationship established by

equation 10 at other forge shops requires an analysis of the emission charac-

teristics of the exhaust similar to this study. The study results at another

forge shop can then be compared to the results of JCA's study to determine

if the optical density/particle concentration relationship is consistent

between forge shops. For example, the appropriate relationship between

particle concentration and optical density for the Flinchbaugh Forge shop is

D = 5.79 C. The Flinchbaugh test results could be used for predictive

purposes at the Erie press line only after the appropriate corrections were

made to the Flinchbaugh opacity data.

However, for predictive estimates of particle concentrations, the

empirical relationship of equation 10 could be used at other forge shops

provided the forging operations are similar in most respects to the Erie

press line (e.g. production rates, oil usage, type of oil, etc.) and the

diameter of the exhaust ductwork is known. Opacity observations could be

made at the outlet of the exhaust using EPA Method 9 procedures. The average

opacity values over one-hour periods or more could then be corrected to

account for the difference in stack diameter between a given forge shop

exhaust and the Erie press exhaust. Once the corrected average opacity is

converted to optical density, an estimate of particle concentration may be

obtained.
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PARTICLE SIZE DISTRIBUTION

Twelve particle sizing tests were conducted during this study, the

results of which are summarized in Tables 6 through 16. Two particle sizing

tests were performed at the SAAP with a Brinks impactor, while nine particle

sizing tests were conducted at the SAAP using a Gelbiai Sciences, Inc. cascade

impactor. One particle sizing test was done at the 1-Flinchhdagh forge si(,p

using the Gelman cascade impactor.

The results of the particle sizing tests were of limited ust, because

of the nature of the test method or problems with the analysis of the mater-

ial collected in the impactors. As seen in Table 6, the ur iii k imprctor

tests resulted in a large quantity of material collected in th, sbi:pjling

train (nozzle, tube, and glassware) prior to the irnpairtot. This w.'iqhlt was

two to three tjines the particulate weight in the irmpaictor. lhcu colleclion of

material prior to the impactor, obviously, vould alter the porticle ,ize

distribution before the material was collected in trt, i.pactur. For this

reason, the Brinks impactor test results were considerted not to be represen-

tative of the actual particle size distribution. The GeJman cascade fminpctur

is inserted directly into the stack, while the Hrink, impactor is housed in

the sample box, outside of the stack. For this reason, the GbImarfn impaci>r

generates more reliable particle sizing results, bec<ause the only cowpoll,,t

of the sampling train prior to the impactor is the nozzle. However, there

are still considerable quantities of material collected in tire nozzle, and t he

size distribution determined by the Gelman imapctor is likely to hiave tcn

altered. Thus, the measured size distributions should not he taken a',

absolute distributions, but can be used for comparative purposes.
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Table 6

SCRANTON APP - ERIE PRESS LINE

BRINKS IMPACTOR PARTICLE SIZING DATA

T__ est 1 Tesf7

Wt. Cum. Wt. Cum. Wt. Cun. Wt. Cur.
Grams in Impactor Wt. % Grams in Impactor Wt. %

Nozzle .0029 .0033

Tube .0089 .0092

Glasswire .0034 .0103 100.0 .0051 .0100 100.0

Total (Before Imp.) .0152 .01/6

St~j Iu 1 (?.6 m) .0007 .0069 67.0 .00105 .0049 49.0

Sta&-' ? (1.5 m) .0005 .0062 60.2 .00065 .00385 38.5

Staje 3 (1.0 m) .0004 .0057 55.3 .0008 .0032 32.0

Ste 4 (0.54 w) .0007 .0053 51.4 .0015 .0024 24.0

Staye 5 (0.33 m) .0006 .0046 44.7 .0004 .0009 9.0

Back-Up (Glass Wool) .0040 .0040 38.8 .0005 .0005 5.0

Wt. Collected in
Impactor .0069 .0049

Total Wt. Collected .0221 .0225 :

Particle Grain Loading from Impactor Data

Test I Test 2

17.71 x 8.096 x 29.744 V 17.71 x 12.076 x ?9.538
539.5 554.82

= 7.905 dscf = 11.39 dscf

C .022 x 15.432455 Cs = .0225 x 15.432455790-5 n1172T
0.0431 gr/dscf = 0.0305 gr/dscf
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Four of the ten particle sizing tests using the Gelman impactor were

considered totally invalid, because the nozzle and preimpactor wdshes were

combined when the particulate weights were analyzed. When the nozzle was

removed from the impactor, material from the nozzle dropped into the pre-

impactor and the washes were subsequently combined. While these tests were

not valid for the purpose of particle sizing, they could be used for deter-

mining total particulate concentration. Impactor test "F" was considered

invalid for the purpose of determining total concentration because the nozzle

wash was contaminated. However, this did not affect the particle sizing

results.

Figure 19 graphically represents the particle size distributions

generated by the six tests that were considered most reliable. This figure

illustrates that there are three totally different particle size distribu-

tions. Paired tests A and C, F and E, and D and G appear to have generated

similar size distributions, but the distributions between the paired tests

are obviously dissimilar. It is interesting to note the similarity between

the distributions for Test A and Test C. Test A was conducted at the Flinch-

baugh forge shop, while Test C was conducted at the Erie press line-of the

SAAP. At times, there appear to be similarities between the particle charac-

teristics at the two forge shops.

It was previously stated that more than 80 percent of the variation in

optical density may be attributed to the variation in particle concentration

and that the remaining variaticn must be attribited to other factors. Figure

19 supports the premise that variations in particle size distributions do

account for a portion of the remaining variation between particle concentra-

tion and optical density. The particle size distribution does vary tetipor-

ally as was expected.
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RECOMMENDATION

Although this study was concerned primarily with the Erie press line at
Scranton Army Ammunition Plant, the information generated supports the use of an
empirical relationship for other fore shop exhausts. However, the average
opacity values over periods of 1 hour or more should be corrected to account for
the difference in stack diameter between a given forge shop exhatist and the Erie
press line exhaust. Once the corrected average opacity Is converted to optical
density, an estimate of particulate concentration may be obtained.
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