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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 large
caliber wmetal parts facilities. The major effort of the study was to perforu
a technical evaluation of the uncontrolled exhaust at the Erie press line at
the Scranton Army Ammunition Plant (SAAP) operated by Chamberlain Manufactur-
ing Corporation in Scranton, Pennsylvania. Technical evaluation consisted of
performing numerous particulate emission tests, concurrent with the operation
of a transmissoneter, as well as analyzing process operating conditions. To
evaluate emission and process characteristics at diftrerent forging facilities,
two additional forge shops were visited. Particulate emission and opacity
tests were performed at the forging faciltity 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, Massa-
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

3

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, these
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




uncontrolled exhaust stream. Varying exhaust characteristics were thought to

be the Timiting factors in this study. Indeed, because of the possibility of
excessive variability of forge shop exhausts, the primary purpose of this
study was to determine if an empirical relationship between opacity and par-
ticulate mass concentration could be established. The study was to describe
this relationship for the purpose of estimating particulate mass emissions

from opacity data recorded at similar forging operations.

BACKGROUND

A brief description of the forging process is warrented to obtain a j o
basic understanding of the mechanism by which emissions are gencrated.
Although there are similarities among the forging operations that JACA
oboerved, there are alse striking differences which affect the emission char-
acteristics, and thus the veliability of the mass emission/opacity relation-
ship. It is not the intention of this section of the report to evaluale
process variations relative to observed emission characteristics, but rather
to provide an overview of the forging process and insight to the limitations
of lhe mass emission/opacity relationship.
The three forging operations that were observed manufacture large
caliber shells for the United States Army. These shells may have diameters
of 155 mm, 175 mm, or approximately 200 mm. The forging presses are charac-
terieed as closed die-type, where heated, pre-cut steel billets are formed f
to the dgesired shape through sequential mechanical operations.
The Erie press line at the SAAP is a three-step process consisting of

prefonning, piercing, and drawing operations. Preforming and piercing use a




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 c¢losed,
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 sane

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 formned

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

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 Flinchbaugh
Products, Inc. requires 7 or 8 people to operate. 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 Tubricating 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 trie 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




! discussed at this point.

Aerosols are gencrated during the forging process because of the
Tubricating oils which are used to prevent the hot metal from adhering to the

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

dipping the punch in an oil reservoir (dip tank) or manually swabbing the
punch with oil. The die cavity is lubricated by automatic injection of oil
through the sides of the die cavity or by manual swabbing. The punch and

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

——— men . e

knen the lubricating oil in the die cavity and on the punch contacts the hot

biflet, a dense cloud ot fumes results. This is often accompenied by intense

flanes at the die cavity and residual burning of oil on the punch. It 1is :

assuired that much of the 0il vaporizes on contact, and subsequentiy condenses

when drawn of f by the exhaust fan. Since the lubricating oil contains

substantial quantitics 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 decomposition of the oil. Basically, the aerosol

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

solid particles dispersed with 0il droplets. J
An additional characteristic of the forging emissions is that they vary

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

are nol continuous, but are rather erratic, increasing and decreasing in both

intensity and duration throughout the forging cycle. The temporal fluctuation r

is short term {with peaks occurring every 45 to 90 seconds) and 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 ,
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emissions decrease and subside when an individual step is complete. Becdause

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 antonyg steps and combine 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 parameters include:

® Shell production rate

] Steel temperature

. Type of lubricating c¢il

. Quality of lubricating oil
° Quantity of oil used

° Method of o1l 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.




STUDY METHODOLOGY

The major emphasis of this study was to determine the relationship
between opacity and particle mass concentration at the uncontrolled exhaust
of the [rie press line at the forge shop of the SAAP. This was done through
nunerous field tests of both opacity and mass emissions. It was established
ecarly 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 initial testing phase at the SAAP, it was decided that other
forge shops should be visited to evaluate emission characteristics relative
to those at the SAAP.  Flinchbaugh Products, Inc. in Red Lion, Pennsylvania
permitted JACA to perform particulate emission and opacity tests at their
facility, because they were in need of the test information. JACA also
inspected the foryge 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.

Testine Procedures

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.

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

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




using a Brinks impactor. Opacities were recorded by a certificd obscrver
for all but two of the six test runs. Subsequent to the initial assessment,
stack opacities were monitored with a single-pass transmissometer (Datatest
Corp., Model S0A).

Forty-five particulate emission tests were conducted ot the Eric preos
line of the SAAP, while twelve test runs were conducted at the Flinchbaugh
forge shop. Various test methods were used during this study bucau . deta on
both particle size distribution and total mass concentration were required.
The original plan was to conduct all particulate tests in accordance witii 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 ducided 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 more 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:

. SAAP Erie Press Line {Total of 45 Test Runs)

- Four tests per EPA Method 5 procedures

~ Two particlie 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-



[P M‘M

. 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)

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

in-stack filter assembly.
Whenover 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 um membrane filtration.

Testing Site

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

sanpling 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 1 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 bean 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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Fiqure 2. Sampling Location on the Verticle Ductwork Coming

from the Forging Operation at Flinchbaugh 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

e bt A T i i Ao e

testing period. f




PARTICULATE EMISSINN TEST RESULTS

Table 1 and Table 2 present the results of the particulate emission
tests at the Erie press line and the Flinchbaugh forge shop, respectively.
These summnary tables show consistency amony 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 purposc of this study, several of the test runs were invali-
dated because of sampling or analysis problems. Seven tests at the Erie
press line were invalidated., Five test runs {SAAP Method 5 #1, Method 5 #4,
IS #4, IS #7, and Impactor "G") were discounted because the isokinetic factor
wds 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 gr/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




Table I

SuMMARY 0¢ PARTICULATE TESTS AT THE ERIE PRESS LINE OF TrE SCRANTON ARMY AMZUNITION PLANT

it . T Oy R T
SAP SAAP SAAP P.S. SAAP P.S
Mathad 5 Method 5 Method 5 (Brinks) Method § (Brinks) SARP SaAp SAAP
.t 2 $ N " 2 I1se1 IS a2 s 43
Test Oste N9 N/14/79 11414779 11715479 1115719 11/18/718 9/2/60 9/2/80 973,70
Production Rate {shells/hr) 125.0 128.0 115.0 115.0 119.0 110.0 121.0 112.0 106. 3
Barometric Pressure (in Hg) 29.626 29.567 29,610 29.74¢ 29.630 25.533 29.290 29.090 29.520
Static Pressure (in Hg) -0.272 -0.2712 -0,287 <0.794 -0.309 -0.309 -0.125 -0.12% -0.12%
Adsolute Stack Pressure (in by) 23,354 29.295 29.323 29.450 29.321 23.229 29.16% 28.954 29,395
Stack Gas velocity: FPS 79.¢3 19.29 8l.a ~- 80.07 .- 83.69 87.05 81.€4
Fm 4,765.6  4,757.1  4.865.2 -- 4,804.1 - 5,021.2  5,223.1  4,894.7
Percent Moisture 0.49 0.58 0.3 .- 0.43 -~ 1.68 2.5% 1.40
Gas Flow Rate: ACFM 64,331 64,855 66,335 -- 65,506 - 68,463.1 71,219.0 66,793.8
SCFM 62,054 62,060 63,643 ~- 62,400 -~ 64,498.3 6£1,774.7 64,122.0
DSCFM 61,730 61,700 63,403 - 62,132 -- €3,410.7 63,155.3 63,271.3
Stack Fempurature {° F) 81.5 82.4 81.4 8.9 85.9 8/.2 100.% 102.0 100.0
Ory Gas Volure Sanpled (dacf) 40.3» 50.4% 52.5 8.096 52.0 12.08 52.65 38,00 44,060
Sampling Ouration (min.) 60 60 60 90 60 90 60.0 42.0 57
Std. Dry Gas Volume Sampled (a<cf) 47.63 47.64 49.491 7.90 49.36 11.39 47.64 3173 41.98
Isakinatic Factor 109 ies mn -- 111 -- 107 109 0!
63s Analysis: (0, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0z 20.3 20.4 20.4 20.3 20.3 20.3 20.47 20.47 20.47
L7 19.6 3.6 8.6 7.7 79.7 79.7 79.53 79,413 79.%1
0 0.1 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0
Moteculer Waight of Steck Gas 23.7% 28.75 28.748 -- 28.77 .- 2063 2855 367
Perticulste Collected (Cms):
torzle 0.6271 0.0°87 0.0232 0.0029 0.0724 0.0033 0.00%7 0.0)42 0.0030
Prode 0.0C3% 0.0006 0.002& 0.0039 0.0064 0.0u9? -- -- .-
Glassware (Before Filter) 0.0224 0.0120 .0078 0.0034 0.0058 0.0051 -- .- .-
Filter 0.0 0.0345 0.03/L 0.00¢9 0.0481 6.00373 0.0°24 0.0130 0.0129
Tota) Front Malt 0.0D739 0.0/58 C.0671 0.0221 0.0341 0.0224 0.0271 0.0212 0.0350
Insoluble lnpinjers .- - - .- -- -- 0.0006 0.7 0.001Y
Glassware [After Fidter) .- - - .- - - 0.0007 [¢] 0.0u17
Total {Including tnsofubles) .- -~ -- -- - - 0.0253 0.071Y 0.0332
Londensibles 0.(783 0.0021 0.0009 - 0.0049 .- 0.0005 0.6 0.0059
Total (Including Condens.) 0.683/ 0.0779 0.0580 - 0.0890 .- 0.0289 0.0268 0.0451
farticle Concentrations (gr/dscf):
Front Half 0.0232 0.0245 0.0°07 0.043} 0.0263 0.0305 0.0087 0.0097 0.0132
front Malf + Insolubles .- . -- -- -- .- 0.0092 0.0100 0.0124
Totat {including Condens.) 0.0770 0.0752 0.0210 .- 0.0278 - 0.0094 0.0121 0.Giny
Enissiun Rate (1b/hr):
Front Half 12.81 1101 11.25 -- 14.01 -- 4.23 5.2% 7.1
Frant Half ¢ Insnlubles -- -- .- .- .- - 5.00 5.41 7.80
Yctal (Including Condens.) 14.2) 13.33 11.4) -- 14.80 - 5.1 6.55 9.16

{Contrnunt)

SAAP SAA? SAAP
s #s 4548 lmp BT
9381 9416 9/4780
79.2 117.0 118.5
29.500  29.533  29.530
-0.125  -0.125  -0.12%
290395 29855 29.49%
er.5y 81.49 g2.21
§,252.8  4,835.2  4,962.7
1.90 2.85 0.3
71,737.9 65,786.0 67,275.6
67,2712.9 62,400.9 62,502.R8
60,014.4 60,595.1 62,281.%
93.1 95.0 100.0
19.06 25.%5 61.90
25 € €0

R L] 23.8% 56.47
120 109 yo?

0o 0.5 0.%
20.47 20.67 20.6°
719.%2 79.43 73.43
0.0 0.0 0.0
23,61 28,84 2809
0.0087  0.009)  0.032%°
0.60%%  6.00%  0.0263d
0.0165  0.0183 0.0 7
0.0066  0.0012  0.0012
0. 0017 1y 0.0058
0.0158  0.019y  0.0687
0.0032  0.(032  0.00%
0.0190 0.Gee7 0.0743
0.01¢6  0.0118  0.0lef
00137 0.0:36 0.0l
[JSTHEL 0.0:47 0.0203
713 6.13 8.50
1.8 6.4 1002

9 3t 7.63 10.83




Test Dyre
Protuction Rate (shells/nr!}
Barowelry  Pressure {n Kg)
Statsl Presware (in tg)
Apsolate Styck Pressure (¥ hy)
Stack (v veloity  FFS
(13

Percent ¥ricture
Gas Flow Fate: RIFYM

SOFM

DSCFN
Stack Te perature {7 F)
Cry Grs ¥aluwe Supled {(decf)
Svpla g
Std Pey G

aration {min,)
Yol Sympled (doct)
Fsoky ot Factar
Gy, Avlnnn (s
0,
L
(o]
Poleculay weagnt of Stack Gas
Particu ate (n¥le. tea (Gas):
tor:le
Prod.
Glysamire {Bafore Filter)
Falrer
Tota) Frpnt half
Insoludle Impingers
Glasswire (After Filter)
Total {In7Tuding Insolubles)
Corte anles
Totat (Including Condens.}
Pyrtic)e Concentrations {gr/dscf).
Front Half
Froat Malt s [nnlubles
Total (inrlwiing Condansg )
Fmissros Rote (I57Pr):
Front talf
Front wadf ¢ Insolidbies

Torat { 1% luling fandens }

SAdp ™ T
SR

s e
9/5/8)
1i.s
29.530
-0.10s
29,805
8.3
4,8'9.%
3.1
65,713.9
61,803.4
$9,89°.4
91.7
20.40

a0

23,87
115

0.2%
20.27
79.4R
0.0

0.0t04
0.0300
0.0005
0.0024
0.0329
¢ 0019
0.034%

0.016A
0.0°03
0.0216

9.5
1.47
.4

239

9/5/80
112.%
29570
-0.163
29,317
82.46
4,830y
1.C2
67,8714
63,120.2
§2,4%4.2
93.9
&1.27

&

57.30
108

.75
20.27
Te.4y
0.0
23.13

0.0303¢
0.62231
0.0576

0.0010
0.00%2
0.0558
0.0093
0.0856

0.0142
0.0153
0.0179

Swip T

15 #2
9/5/8
129.0
29.48)
0.1
29.30
8.0
4,941
2.5
67,1837
67,4'1.7
60.8n1.1
5.0
25.85
40
23.95
pTE
0.2%
0.2/
79.43
00
28.57

0.01ts

0.0110
0.0206
0.0011
0.0c24
0.0761
0.0078
0.0137

o

0tds
.03
MY

2 o

o~
~
I 3

SE

U L

9/5/€0
105.5
29.450
-0.120
29.30
19.97
4,7%1,3
2.12
65,424.7
60,625.1
56,371.6
95.0
25,19
40

23.%%
109
0.25
20.27
79.48
0.0
28.63

0.0165
0.0187
0.0352
0.00n6
0.0023
0.0351
0. 60
0.0441

0.0232
0.0252
0.0°91

1.8
12.81
14.62

Table 1

{Continued)

10/14780
91.%
29.5¢3
-0.23%
29.29%
fo. 0%
51782
0.¢¢
70,601.8
67,345.0
65,951.1
82.0
26.48%

50

217
105

0.0

20.1
79.9
0.0
28.7:

0.015%
0.0161
o0.0177

8.90
9.22
10.13

Sk
s mp 0

10/14/80
121.5
29.449
-0.154
29.23%>
8.
5.(53.0
1.20
61,125.9
65,171.2
£4,365.7
84a.5
7.0

49

25.53
110

.G

20.1
79.9

0.0

28. 64

0.0766

0.0221
0.0710
0.0210

1218
12n
1.

kP

10/14/80
115.5
29.469
-0.191
29.2/8
£330
5,061.9
0.487
€9,130.4
67,647.1
67,322.3
90.0
64.5%9

&)

66.32
110

0.0

2.1
79.9
0.0
28,80

0.0/33¢
0.0135¢
0.0668
0.0M5
0.0011
0.033%
0
0.0384

0.0222
0.0276
0.0226

12.81
13.0%
13.05

ST

1s 4123
10/15/%
1005
29.6C6
-0.12%
29.43!
83.1¢
£,937.1
0.63
€3,13°.9
£5,015.0
§5,572.9
85.3
25.6

40

28,07
105

0.0

20.1
9.9
0.0
28.74

6.o177

0.0156
0.0160

8.4
g8.88

10/15/80

1i2.%
29.528
-0.157
21,31
£4.01
L1006
0.6
63,6929
£5,51h. 1
65,0486
9.1
62./

4l

59, 1a
1to

0.0

20.1
79.9

0.0
28,75

0.0151¢

c.otexd
0.0296
0.0001
0.0012
0.0514
0
0

L0818

o

013
0t
0130

o o

~ o~
-
=

&4

~

K3

[ SR
15 013
10/15/80
9].%
23.987
-0. 147
29.440
e4. 17
§.070.0
0.65
69,4594
65,4362
€5, 08.0
50.5
26.to
a)
25. 41
107
0.0
20,4
19.9
0.0
28.73

0.01499
0.0107
0.0306
0.0031
0.0007
0.03%4
Q

0.0383

0.0l¢e8
0.0°11
0.0°11

10. %)
1.8
11.80

=
i
10716 ¢
110.9
29.57:
-0.1¢"
29.42:
84.52
5,012
0.63
69,737, 4
66,562.7
66,1¢7.3
80.3
26.55
40
25.¢3
108
0.0
20.0
80.0
0.0
28.73

0.0i%5
¢.01-2
0.01%)

10.5¢
10,78
10.78

7t

741.48
62.731.5
63,3°1.5
§5.6

0.0229
C.(<50
0.7
0

0.0451
0

0.(251

0.¢271
0.€272
0.0212

15.93
1».9
1y. 97




Table ]

{ContinLed)

TR T BRI C3C RIS+ F kil 75\ Al 111 i ¢ 1 St SUE RS 17| St < e A TVE A
i Beh 1S el6  Imp ot 1S el7 IS e18 IS #20 1S #2L IS #22 qma v 15 823 15 e2a 5 4vn
Test Date 1/1R/30 10716400 10712702 1/10/80 10/11/809 10721730 10/21/80 Yo/sL/EY J0/21/80 10422/%0 1G/22/80 10/ 2:sc
Produrtian Fate (shzlis/hr) 123 127.5 125.0 133.5 115.% 129.06 132.0 1/7.0 129.0 120.0 115.5 e
Barorziric o essure (i hg) 29 S 29.¢50 29.53% 29 530 23.53) 23.219 29.210 29.210 23.210 29.530 23.530 ?9.51)
Static Press .o (n Hg) -0.137 -0.137 -0.2¢) -95.233 -0. 150 -0.118 -0.118 -0. 118 -0. 203 -0.118 -0.118 -0.170
Rbsolute Ste « Pressure (in kg) 25.3.3 23.333 29.24 29.250 29.380 29.09 29.09? 29.697 29.0%2 79.812 29.412 233
Steck Gas Velocity: FPS fn.&) £5.56 86. 1o £5.60 85.95 £5.71 87.65 87.453 87.67 83,00 g7. 11 82.¢¢
FPM S.180.2  S5,133.6 5,187 5,196.1  5,1%6.9 52028  5,259.0  5,251.9  5,260.2 5,080.2  4,265.6  5.268.0
Percent Maisture 0.937 1.03 1.23 .12 1.0 6.52 0.93 1.1% 0.872 0.13 0.2 1.0¢
Gas Flow Rate: ALHM 70,64%.3 70,125.0 70,742.0 70,978.7 70,427.3 71,054.6 71,837.9 71,0608.4 71.B58.3 €8,834.1 €3,827.4 0,380.%
SCFM 67,759.8 63,373.4 67,459.0 €4,324.3 65,S11.1 £7,595.R 66,933.& £4,249.6 67,5316 65,9597 [5,556.8 66,1258 f
. 0SCFH 64,°95.9 64,231.% 66,5P2.0 63,918.2 65,219.0 £¢6,623 66,248.2 65,500,717 €5,9<2.7 €4,€15.2 65,499.7 €5,4°1.9
Staci Toaperature () 85.2 $3.8 81.6 9.4 $4.0 79.6 91.2 95.2 95.2 9.0 92.8 91.8
Dry C3s volure Sapled (dacf) 62.04 26.69 47.61 26.96 26.97 2693 21.45 21,62 49.21 2631 27.¢0 27.91 ;
Saspling Quraltan (min.) & £ 50 [ 4 4n 40 40 [ 40 40 40 } 1
Std, Bry Gss Volms Senpled (decf) 57,60 24.51 45.0° 21.90 25.05 25,33 25.3 2.2k 43.9> 24458 25.35 25. 84 fb 1
Isoxhoetr- Fr tor 102 105 By 107 102 Jas 107 107 107 105 105 10/ i
Cas Ansbysis: (0, c.0 0.0 0.07 0.07 0.07 0.0 0.0 0.0 0.0 0.0 0.0 0. R
0, an.6 0.0 lu.9 15.9 0.0 20.? 20.2 20.? 22.2 0.1 2.1 26.1
L} 80.0 80.0 80.03 82.03 19.9 79.8 79.8 1%.4 73.8 19.% 73.9 79.9
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
Mole s1a- wrizht of Stack Gas 24,69 22.63 28.66 25.%/7 28.67 28,71 23. 10 228.64 24.72 8.1 28.73 2% #
Fartaculote {Lilected (Gs):
Mzzle 0.1612¢ 0.00A 0.03¢.5  0.0ls3 0.0115 0.01¢03 0.0m7%4 0.9 0.05/¢"  0.0lls .07 0.012°
Prohe -- .- -- - -- - -- -- -- .- .- .-
Glasswyre {Bofore Filter) -- -- -- - .- -- .- - - -- -- .-
Falter 0.07393  0.0290 0.00817  0.0243 0.0229 0.03214 0.0227 0.0097 0.01633  0.011% 0.0l70 0.0
Total Front alf 0. 1u51 0 0416 0.0451 0.0397 0.03:3 0.045% 0.0321 0.062 0.0733 0.0233 0.0733 L.Cy?
Insoluble Impingers 0.00% 0.0012 0.00:0 0.0010 0.0039 0.0706 0.0028 0.0008 0.0017 0.01 0.003~ Q.00
Glasswire (After Filter) 1] 0 0 0 0 0.0025 0.0325 0.004% 0.0185% 0.0019 Q.00 G el
Total (Including Insntudbles) 0 1857 0.0428 0.0421 0.0a17 0.034/ 0.0437 0.0374 0.0 0.07%, 0.02%3 0.033s 0 (=31
Condensidles 0.0233 0.003 0 0 0 0.0014 0.08 0.0035 0.0y 0.0059 Q.M [UTULE
Total {Iacluding Concens.) 0.2 0.0422 0.0121 0.0%07 0.0347 0.0501 0.0332 .00 0.0%04 0.0212 6.017 [OS S
Particle Concentrations {yr/dscf):
Front Half 0.0196 0.0260 0.015} 0.024% 0.0212 0.0277 0.0193 0.0239 0.074? 0.0l 0.0172 [DEOO |
Front Hsif + Insolubles 0.0393 0.0268 0.01h5 0.0252 0.02'4 0.0295 0.0223 0.0272 0.0273 0.015%1 0.0 0.024¢
Total {1rcluding Condens.) 0.05R0 0.0239 0.0165 0.0252 0.02i4 0.0105 0.0232 0.0233 0.0 0.0322 0.0/ 0.0038
Emission Fate (Id/nr): .
Front Half 23.31 14.31 8.62 13.65 1.8 15.9¢2 11.a7 13.82 14 40 8.12 9.6 1.9
Front ¥alf + [nsolubles 28.40 16,75 9.41 14.00 Ii.9s 17.00 12.9% 15.27 15 €8 8.3 145 13.40 x
Total {fnciuding Corcens.) 31.95 15.92 9.41 120 11.85 17.49 13.17 16.4% 17.02 17.491 13.02 13.67 i
, (Contrnied) 3
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Tanle )

{
! (Continyed)
i
T o o AR Sl T« N \at ik e (o Sanp”
o , Lop "0 IS 026 ; [N A TS S L e L LY 3}
Test [ate 107202720 10/23780 Joss Ve 1o o8 Lo/l kg RGBT 1D L e 80 1IN/ 36N
Production Rate {4 clln/vr) 121.0 115.9 8.0 102.0 3. % 121.5% | SR 1244 17.0
Barotetrtc Pressars {(an Kl FRIES D) 26,1 PREEEN] 2983 2.8a0 2 Fa2 29 F-. 24t 29.8%
; Static Pressure (e #g) -0.1r -0 180 -0 1 -0.140 BUR RN -0 182 -Gl 1 O 10 -0.140
f Adsolute Stack iensire {0 KPR 29.432 FERRER FERRRE 22,10 2070 22,1310 PR 232110 /9.730
3 Stack Gas veloorty i .62 £3.91 [ Bi.0t [ 2 .23 €700 & 1 €r.12
! B S,16) 4 S 36 &, 107 S 0Je i S PRG S a1 S 0t1h s 10YA 52630
Percent Matt.ooo 1o [ [UB [ 0 1. 0.13 [EI0 0.1~ 04
Crs Flow Rate: A FM JAREE R R S SR UV I R AL RN S PR B N A N Y T L)
(Y 67,9500 Z1801 1 67,50 n E4,600 3 i b kb7, 00,3 5 €3,80.¢
05LFy 67,73.2 61,501 £4,475,0 9,4, 7 phoe2l ) b, L8 (N9 £4,110.1
Stack Voperaturs (*F) 6.4 8l.7 t1 8 1.8 B4 7 CAN 61.3
‘ Ory Gas v 1ae Sopfed (ot 40 0 2013 20 4 <ty P 27,85 PEAR AT TS PR
Suapling fur st (om0 e an 4, t 4 ¢ 2 < 4
SLd. Dew Can Vvotu e vt (0 s IR R PERE! PRI 24 4 24 a3 f
Tsohtoetn Fa-tor 1os e/ 1= 43 1 1. 1 e 102 '
Crs Analyons o 6o 00 .- ¢ 0o Cs or 0.0 0.0 !
¢, 2l 2> ! | il PNt ol FA 20 2.t
he 9 < 9.5 Ty i w 744G IE] IR 75 7q 9
o 0.0 e.n 0.0 ¢ 0o co Qo e 0.0 a.0

Bolecular Wonstn ot W w (s P 2471 PENRN N PRI PR 2~ 0 PEREAY P

Partizulate (v 10e o (Ln)
Nozzte (AN [ent o.nis £. 1o ecite c.on (U EEE C.0270 0.093)

Prode -- -- -- - .- B .- .- -

‘
‘
.
’
'

Glassware {tofor v Felte)

Filter n. 0.0y 0 prend popi2d G.018) c.oa 0 filon 0.0137
Totsl Front Hy't 2.0878 0.¢°48 0031 0 1414 [LRVARLY ¢.0112 G 0.nys 0. 1062
Insoluble Trpiriors 0.00°R 0020 G. 06 .00 0. i 0. (0% 0.0011 0.l 0.0001
Glassware (Afior falter) .34 Q.02 0.2 0.0y 0.pw? 0. 0002 0. 050> 0.00.2 0.0002
Totad (IncYuiirg [nsatudblag) 0.0516 0.0 0.0 0.142/ 0.041 0.0409 0.0 0.0333 0.1071
Condonsiiles 0.0014 0.0022 0. g7 0 0.0001 0.0006 0.0M04 0. 00y2 0.0033
Total {Incluwting (otens ) 0.0510 0.078% a.0/ 0. 1e0? 0.0 0.5 0.0203 0.03:0 0.1104
Particle Concenteations [gr/d.cf)
Front »31t 0.01n2 0.0140 0.01rs 0.0.07 0.ulm 0. o187 0.0441 0.0194 0.0660

Front Half + Lesnlubles 0.0178 0.0153 0.0190 0.0510 Q.14 ¢.0246 a0l 0.0l 0.0662

Total (Inclwfi=; Condens. ) 0.0l81 0.0165 0.0194 0.0510 0.0141 0.0249 0.0 0.0202 C.0b82
Enisston Ryts (1a/hr):

Front Kalf 9.31 8.40 10.63 29.7) B.1v | R 8 7z .23 33.82

Front Mrlf s Ininhibles 10,13 915 1191 9.6 8.3 14,15 £ & et 31,63
O Yotal (acduiar g Camters ) F0AL 001 11y e 8. 1638 A 1.en .82

pmpin sr g itar et oo caald mat analyse bad M0 af sanilang Leaan
h\'}!”ﬂ rez2le mrih test anwali Catad)
CThas wernt {for g v b teote) 15 the coedincd woaght of tre nozele gol preiopon tor wavhes, [

dinysy e Rt (e s Lo B ta) 1y the (ontiimed wednht af the depy tor sty 3t backup AVt N




Test fate

Procuition Gate [shells/br)

031 Ussye (yal/nr)

011 Usage (qal/skell)
barometrac Pressire {in Hy)
Static Pressure {in Hy)
Absalute Stalk Fressure {(an #y)
Stecw Cas velo ity:

Percent Mitstire

Gas Flow Rate: AIPM
SCFM
(AN R
Stack Derperature (°F)
Ory G:s Wolure Seipled (deot)

Sempling [uretion [nin,)

-p.212
2107,
75.5%
4,730
z.02
29,6337
27.454.8

3.3

10

Std. Ory G wnlune Suaple! {anef) o 14

fsoxiretic Factur
Gas Analysis: (O,
0,
b2
4]

Balecalas Wes vt of Stack b
Particulat Coilagted {(Gnis):

Nozzle
Probe

Classware (3ofare Filter)

Filter
Total Front Half

Insgluole lopinjers
Glassware {Atter Filter)
Tatal {Ircluiing lnsalubles)

Condensidles

Total (Including Condens.)
Partizle (onientrations {grfdscf):

Front Hilf

Front Ralf ¢ Insalubles
Total {Including Condens.)
faisnfon Rate {ib/hr):

Froat Malf

Front Milf o freolubles

Iotal (taclutiny Cordons )

1.4
Q.05
24.3%
7280
0.12
23,60

L0943
L0037
NeFRl)
Q167
RUTE
RO
.Cconl
L0132
L0127
.(459

.006C
L0764
0.0082

1.39
1.48
.M

Nl

£i1g

[Nl

RN

0.6
2343
0. 255
3. 803
Jd.13

4,207.9

1.62

29,1307
21,2543
26,740.9

54,95
45 13
6u

4u.al

R, 3
0.09
22.1%
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of the differences in the processes, i.e., production rate, type of lube oil,

lube 011 usage, etc.

For the most part, the condensible particulates constitute a small
percentage of the total particle concentration, The condensibles averaye
avproximately 7.3 percent (range 0 to 50.6%) of the total particulate weight

for the Erie press exhaust amd 11.2 percent (range 1.6 to 27.7%) for the

Flinchbaugh exhaust. On scveral occasions, the weight percent of condensibls

exceeded 20 porcent (as high s 50.6%), but there was no obvious reason for
these anomolies.

Three of the tests at the ELrie press line resulted in an unusually
Targe quantity of particulates captured in the nozsle of the waupling trein

(Sonl Tmp. "F", SAAP lmp. “J", and SAAP IS #33). Test SAAP lmp. "F" was

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

Huwever, it is not obvious why the other two test runs had nozzle washes
which were more than four times greater in weight than the nozesle washes of
similar test runs. It is possible that the large quantity of material in the
noszle 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. 1t was assumed that there was not a problem with the
sampling or analysis procedures, and that the unusually Targe weight of par-
ticulates in the nozzle was the result of process variations. Because of

the wiight of particulate in the nozzle, tests SAAP Imp. "J" and SAAP TS £33

yielded particle concentrations which were two to three times greater than

the other tests.
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TabTe 3 compares JACA's enission test results at the Erie press lis,
and the Flinchbaugh forge shop with the test results from other forging
operations. The table alsn contains basic operating paraneters for the

different forging facilities. For the purpose of comparison, JACA's average

eiiission concentrations were separated according to the testing procedures
used to determine the concentrations.

As seen from Teble 3, JALA'S Lest vesulls from the Erie press ling
coupare favorably with the test vesults from other press Tines ot the SAsb -
(Verson, John Decre, and Bliss #1 press lines). Average emission concentre-
tions at the krie press line are on the order of 0.0233 gr/dscf to 0.0308
gr/dscf, while particle concentrations from the Verson, John Decre, ang Bliss
#1 press lines are 0.0318 gr/dscf, 0.0298 gr/dscf and 0.0206 gr/dscf, respec-
tively. At the SAAP, each press line uses the same type of Tubricaling oils
(Quenchtex 500 and Texaforge 7571). According to SAAP personnal, the two
lubricating oils are mixed in the dip tanks and the Texatorge 7571 lubricat-
ing compound {referred to as "hot punch”) is aepplied to the dic cavity. bolh
lubricating compounds are oil based, and the Texaforge 7571 contains a groph-
? ite additive (approximately 25%). The averaye production rates (shells per
hour) of the four presses at the SAAP are also comparable (105 to 127 shells

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

; hour) because it manufactures larger shells,

The particulate test results from the Flinchbaugh forge shop show
averaqe concentrations of 0.0052 gr/dscf to 0.0086 gr/dscf, which are one
third Lo one-fourth the concentrations from any of Lhe forges al the SAAP.

However, the Flinchbaugh test results are similar to the Ltest results from

the Chamberlain Manufacturing forge shop in New Bedford, Massachusett<. The
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average emission concentration at the New Bedford forye shop was tested to be
0.0058 gr/dscf. The lubricating oil used at Flinchbaugh is designated as Hot
Farging Agent 201 (HF 201), manufactured by E. F. Houghton and Co. This
lubricating compound is oil based (approximately 50 to 65% o0il) and contains
20 tou 30 percent graphite. The lubricating compounds used at the New Bedfurd
forge shop are designated as MacForge 599 and MacForge 958. MacForge 958 is
water based, containing 12 percent oil and 24 percent graphite. Mackorge 599
is oil based, with 48 percent oil and 30 percent graphite. A mixture of
MacForge 599 and 958 is used in the dip tanks, while only Macforge 499 is
used for swabbing the die cavity. The production rates are dissumilar for
the Flinchbaugh and New Bedford forge shops.

No conclusions can be drawn about which process parameters are mnost
important relative to the exhaust emission characteristics. It appears that
the production rate and the quantity and type of lube oil used have a signi-
ficant effect. Most probably a combination of process factors {including
production rate, oil usage, method of oil application, etc.) account for
the ohserved emission characteristics. This indicates that the particulate
emission characteristics may vary from one press Tine to another, and thus
any rcelationship betwoen 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 be a difference between the mass emission/opacity relationship
which is statistically significant for the exhausts from the [ric 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 Datatest, Model
904, transmissometer. Figure 1 and Figure 2 show the positions of the
transmissometer as installed on the exhaust ducts of the Erie press Tine at
the SAAP and the Flinchbaugh 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
tests.

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 minimun opacities and a continuous curve. In this case the
average 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 dots (approx-
imately 60 per minute) which varied considerably. The opacity data from the
Eric press was analyzed by counting and recording the magnitude of the
individual dots. 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.



Since the transmissometer was zeroed and tie span was checked fre-
quentiy, it was observed that for some tests the lenses werce accunulating a
thin layer of dust despite the fact that the air purge system was operated at
all times. The zero and span were checked at the beginning and end of each
day, and any other time that the process was not 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 increase in opacity over a Z4-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 increase, which can only be explained
by custing of the lenses. For this reason, sone of the average opacity values
were adjusted to account for the observed opacity increases when the stack was
clear. Most of the opacity data from the Flinchbaugh forge shop aend three
test runs from the Erie press line were corrected to account for lens dusting.
To make this correction, it was assumed that the opacity increases proceeded
in a linear fashion, from the time the instrunent was zeroed and calibrated
at the beginning of each day until the zero position was again checked. The
opacity increase was then subtracted from the recorded opacily data.

Table 4 is a summary of the mass 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 recorded. It should be
noted in column 7 that the Flinchbaugh opacily data was also adjusted to
account for the difference in emission characteristics and stack diamcter

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

will be discussed in more detail in the next section of the repurt.
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Table 4 illustrates the difference in opacity between the two forying

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.

o m— ————
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OPACITY/MASS EMISSION RELATIONSHIP

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

mediun. Opacity is expressed as:

Opacity (%) = (1 - T)100

1

(1 - I/14)100 (1)
where T = the transmittance of light
I, = the intensity of light incident on a medium

I = the intensity of light Teaving 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 (I).
These two values are then used to calculate opacity.
The theoretical relationship between opacity and particle concentra-

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

I = Iye-oCl (2) E
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

I, Iy = intensity of light leaving and incident on a medium

T Gt i f

-
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By combining equations 1 and 2, an alternate expression for opacity

{as a decimal value) is a follows:
Opacity = 1 - e-oCL (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 Cnsor [4,5].

To discuss the relationship between inass concentration and opacily, 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 (7):
D=1log 1/T =-log T (4)
where D is expressed as a fraction which ranges from zero to one.

Since opacity is defined as 1 - T, the relationship with optical

density is expressed by:
D=~ log (1 - opacity) (5)

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

density is as follows:




P e

D = - loy (e-aCl) (6)
Qr
D = 0.434 oCL (7)

Equation 7 predicts that there is a lincar relationship between
optical density and particulate concentration. Manufacturers of transiis-
someters, such as Dynatron, Inc. [b], claim that this correlation can be
established enpirically through stack testing. AL @ given industrial loca-
tion the diameter of the stack and thus the optical path Tength, L, would be
knewn and a constant.  Thus the expression relating optical density and mass

concentration may be written as:

e - —————

0 =mC (8)
wiere 1 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 determine numerous data points by stack sampliing using an
approved sampling train and method, and simultaneously monitor optical density
with a transmissometer. Though one data point could be used to establish
this relationship, the confidence in the relationship would be quite Timited.
To etablish a deyrce of confidence in this optical density/mass emission
relationship it is desirable to obtain a large number of data points over a
range of emission concentrations and 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 peisod of a stack test to determine a mean optical density
value which is related to the measured mass concentration value. The mass
concentration value is also a composite of sampling for a specified time
interval at specified locations across the stack cross-section. The first
assunption that is made then is that the average optical density and mass
concentration over the sampling period {typically 1 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 length, and other particle properties (e.g.,
shape, composition) do not change significantly. These conditions are more
likely to be fulfilled for sources with high efficiency control device. and
where the emissions arc generated by a continuous process rather than a cyclic
or batch type process. High efficiency control equipmnent tend to narrow the
particle size distribution by removing the larger particles. A continuous
process indicates that the methods and conditions of particle gencration ure
Yikely to be fairly constant, thus resulting in a more consistent particie
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. To extrapolate the
data gcnerated at one plant to determine mass emissions from optical density
at another plant, the particulate characteristics and the process must be
very similar to the plant from which the correlation was derived. between-
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




without knowing tnforiation on the particle size distribution but the size
distribution and other scattering properties of the particles should remain

constant for high correlation to be obtained.

Studv Results: Optical Density vs. Mass Fmissions

Tahle 4 sumnarizes the daia which JACA used in this analysis of
optical density versus mass emissions. Before discussing the study results
1t 1s necessary to explain some of the perameters contained in Table 4.

The main emphasis of this study was to relate optical density with
particle mass concentrations as described by eauation 8. JACA chose to
represent the mass emissions in terms of grains per actual cuhic fect of
exhaust gas (gr/act), instead of on a dry standard basis. The reduction of
the particulate data to a dry standard basis artificially alters the concen-
tration values, due to differences in stack moisture, temperature, and
pressure.  For example, two stacks may exhibit identical particle concen-
trations when expressed as gr/acf. However, if one stack has a moisture
content of 10 percent by volume and the second has a maisture content o) 5
percent by volume, the first stack will exhibit a higher mass concentration
than the second, if the moisture alone is removed from the calculation. The
mean spectral response of the transmissometer is in the range of 500 to 600
nm. There are water and carbon dioxide absorption bands in the near infrared

region of the light spectrum (i.e.,~ 1,000 to 2,5000 nm). Large opacity

measurement errors could result for stack gases with high humidity due to
the light absorption band of water. However, measurement errors due to the
presence of water and carbon dioxide do not present a problem in this study,

because these compounds are almost negligible in the exhausts we examined.
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To compare the average opacity or optical density values obtained at

the Flinchbaugh forge shop to those from the Erie press line at the SAAP, the
opacity values for Flinchbaugh were corrected or reduced to an equivalent
basis. This takes into account the differences between the stack diancters
and the particle characteristics at the two forge shops. Corrections weie

performed in accordance with the following equation:

Op = 1 - (1 - op)trer (9)
where 0O, = equivalent average opacity recorded at Flinchbuough relative

that at the SAAP

Uy = average opacity at Flinchbaugh

Ly = 50 inches, stack diameter at the SAAP

Lp = 36 inches, stack diameter at Flinchbaugh

ag = 0.0925, an extinction coefficient calculated froa the vpacity and
mass emission data at the SAAP

g = 0.1641, an extinction coefficient calculated fron the opacity anu

mass emission data at Flinchbaugh

While the corrected or equivalent opacity values for Flinchbaugh were
used 1n the analysis of the total data base, the uncorrvected opacity valucs
were used when only the Flinchbaugh data was analyzed. This will be explaing
in the following paragraphs. The uncorrected opacity values for Flinchbaugh
are not listed in Table 4.

The relationship between optical density and total mass concentration

was established through computer analysis. Data was analyzed by the use of

the Statistical Analysis System's General Lincar Moduels Procedure, which is a




Teast squares lineer regression audel.  Besically, this analysis scheme

generated the "best £1t" line passing through O, for the data sets and tested
the significance of the relationship between the optical density and mass
concentration values.

To evaluate the differences between the Flinchbaugh and Lhe Erie press
1ine data and tou determine if the test methods may hiave an affect on the
study results, the total data base contained in Table 4, as well as subsets
of the total data base, were analyzed. bight different scenarios were

considered in the analysis schewe. This included an analysis of :

1. A1l data collected during the study at both the brie press line
and the Flinchbaugh forge shop. Note that 9 test ruus were
invalidatec as previously discussed. This data set consists of
48 paired points, sets of opticel density and mass concentration
values.

2. A1l data at both forge shops where the mass concentration was
determined by the in-stack filter test method {all 1S 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 Tine 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 Flinchbaugh forge shop, regardliess 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 Flinchbaugh 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 wass
concentration was determined by the in-stack filter test method
and before the opacity data was corrected (original IS data at
Flinchbaugh), This data set consists of 8 paired data points.

8. Data collected at the Flinchbaugh forge shop, where the niass
concentration was determined by the in-stack filter test method
and after the opacity data was corrected (corrected IS data at

Flinchbaugh). This data consists of § paired data points.

The results of the computer analysis of the eight date 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 represents a scatter plot of the
particle concentration and optical density values contained in the data sot.
The bottom graph (Figures 4, 6, 8, 10, 12, 14, 16, and 18) on each page
represents the best fit of data in the graph at the top of the page by a
least squares linear regression analysis. This lincar 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 the origin, since 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 density scale results because the predicted optical density
values cover a wider range than the observed values {based on the measured
particle concentrations). Another item of importance is cbserved when the
graphs of the Flinchbaugh data are compared to the graphs of the total data
base and the data from the Erie press line. It would appear from the scatter
plots that the Flinchbaugh data does not exhibit a good correlation between
perticle concentration and optical density (Figures 11, 13, 15, and 17).
Howover, these scatter plots are deceiving because the optical density and
particle concentration scales cover such a narrow range, as compared to
Figure 3 for example. The Flinchbaugh data are confined to relatively low
values of optical density and particle concentration, when compared to the
data generated at the btrie press line. Actually, the Flinchbaugh data shows
less variability than the Erie press line data, and the data points for
Flinchbaugh 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 parameters con-
tained in Table 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
Tevel (0.05 Tevel of significance) and for n - 1 degrees of frecdom. The
corresponding t statistics from statistical tables are 2.3 or less (range of

2.013 to 2.306). These statistics verify that the slopes of the regression




Table 5

STATISTICAL PARAMETERS FOR THE EIGHT DATA SETS ANALYZED

ré (Coefticient
t Statistic* t Statistic* (Coefficient of of
Data Sct _n_Slope (Calculated) (From Tables) Deternination) Correlation)
A1 date 48  3.49 14.98 2.013 0.83 U.91
A1 IS data 3 3.64 13.48 2.031 0.84 0.92
A1l data at 37 3.47 12.98 2.027 0.82 .91
Eric
1S datea at 27 3.62 11.66 2.057 U.a4 0.92
Erie
‘ A1l data at 11 5.79 18.23 2.201 0.9/ 0.93
( Flinchbaugh
(uncorrected)
All date at 11 4.54 18.20 2.201 0.9/ 0.98
Flinchbaugh
(corrected)
IS data at 8 5.79 16.95 2.306 0.93 0.9
Flinchbauyh
(uncorrected)
IS data at 8 4.5 16.96 2.306 0.98 U.99

Fiinchbaugh
(corrected)

*These values are for n - 1 degrees of freedom
(95% confidence level).

and a level of

significance of (.05




Vines which describe the relationship between particle concentration and
optical density are significantly different than zero in all cases.

A measure of the degree of association between particle concentration
and optical density is the coefficient of determination or r2. Basi-
cally, the coefficient of determination is a measurce of the uncertainty
i predicting the dependent variable, optical density. The closer v2 is to
1, the greator is sald to be the association between optical density and
particle concentration.  As seen from Table 5, the vl values are dl)
greater than 0.8 (range of 0.82 to 0.98). This illustrates a high degree of

association between the two variables. An interpretation of r?

values is
tirat they indicate the proportional reduction in the variability of the
dependent variable attained by the use of information aboul the indcpendcnf
variable. For example, a coefficient of detormination of (.83, indicates
that 83 percent of the variation of optical density can be explained by the
vartation of particle concentration. 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 correlaltion between particle concentration and optical
density.

The relationship between particle concentration and optical density is
defined by the stope of the regression line as illustrated by equation 8.
Table 5 Tists the slopes of the regression lines for the eight data sels
which viere analyzed.  The reqgression Yines are graphically represented in
Frowes 4, 6, 8, 10, 12, 14, 16, and 18. As seen from these figures and
Table b, it appears that the slopes of the regression lines for the various

data sets are different in most cases. Student t tests were performed with
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Fines which describe the relationship between particle concentration and

optical densily are significantly different than zero in all cases.

A measiire of the degrece of association betwoen particle concentration
and optical density is the coefficient of determingtion or r2. Basi-
cally, the coefficient of determination is a measure of the uncertainty
in predicting the dependent variable, oplical density. The closer ré is to
1, the greater is said to be the association between optical density and
particle concentration. As seen from Table 5, the rZ values are all
greater than 0.8 (range of 0.82 to 0.98). This illustrates a high degree of
association between the two variables. An interpretation of r? values is
that they indicate the proportional reduction in the variability of the
dependent variable attained by the use of information eboul the independunf
variable. For example, a coefficient of determination of 0.33, indicates
that 83 percent of the variation of optical density can be explaired by the
variation of particle concentration. 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
density.

The relationship between particle concentration and optical density is
defined by the slope of the regression line as illustrated by equation 8.
Table 5 Tists the slopes of the regression lines for the eight data sets
which were analyzed. The regression lines are graphically represented in
Ficures 4, 6, 8, 10, 12, 14, 16, and 18. As secen from these figures and

Table 5, it appears that the slopes of the regression lines for the various

data sets are different in most cases. Student t tests were performed with
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varitous pairs of data sets to determnine if the slopes of the regression lines
were significantly different at the 95 percent confidence level, The reculte
of the t tests indicated that the differences between the slopes for the
uncorrected Flinchbaugh data (slope = 5.7Y) and the corrected Flinchbaugh
data (slope = 4.54) were statistically significant. [t was expectod that the
uncerrected and corrected Flinchbaugh date would exhibit different slopes for

their regression lines, since that was the purpose of roducing the Flinchbaugh

data to a basis equivalent Lo that of the Erie press tine data. The adjust-
ment to the opacity data for Flinchbaugh served to reduce the slope of the
regres<ion line, and nake the data fall more in line with the deta from the
Erie pr :ss line.

Additional L tests showed that there was no statistical <igniticance
(at the 95% confidence level) to the perceived ditferen o boetveen thee sl

of the regression lincs for the following pairs of dute seln:

. A1l data (slope = 3.49) versus all date wheroe the do-stack tilter
was used (slope = 3.64); calculated t statistic equals -0.,044,

] A1l data for trie press (stope = 3.47) versus data for the Erie

press where the in-stack filter was used (slope = 3.62); calcu-
lated t statistic equals -0.8221.

] A1l corrected Flinchbaugh data (slope = 4.54) versus corrected
Flinchbaugh data where the in-stack filter was uscd (slope =
4.54); calculated t statistic equals zero. '

] A1l data for Erie press (slope = 3.47) versus all correctued
Flinchbaugh data (slope = 4.54); calculated t statistic equals
-0.666.

g e e




(] ATl data for Lrie press (slope = 3.47) versus all uncorrected
Flinchbaugh data (slope = 5.79); calculated t statistic equals

b

-1.434.

Al the 95 percent confidence lTevel and for a two tailed test, the correspond-
ing t statistics trom statistical tables for the pairs of date sets listed
above are +2.00 or greater. Obviously, the calculated t statistics are
within the range of +2.00, which indicates that the differences between the
slopes are not statistically siguificant. The observed differences between
the slopes for the pairs of data sets listed above can be attributed to
saipling errors or saiipling varialions.

The Tast dtewm in the above lTisting indicates that there is not a
statistically significant difference between the slopes of the regression
tines for all data at the Erie press tine and all uncorrected Flinchbaugh
data. However, the t statistic is -1.434, which approaches the critical
value of -2.00. When a student t test is performed with the in-stack filter
dats at the trie press (slope = 3.62) and the uncorrected in-stack filter
data at the Flinchbaugh forge shop (slope = 5.79), the calculated t statistic
is -3.331. Therc 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 the
regression lines for these two data sets is statistically significant at the
95 percent confidence level. Based on this difference belween the slopes, it
can be concluded that the emission characteristics and the relationship
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 dianeters and process operating conditions were different for the
two forge shops. Unce the opacity data from the Flinchbaugh forge shop was
reduced to a basis equivalent to the Erie press, the difference between the
slopes of the regression lines tor dany data sets for the two forge shops is
not statistically significant al the 95 percent confidence level. fhis
indicates that it is not pussible te use the relationship between optical
density and particle concentration developed at one forge shop for predictive
purposes at a second forge shop unless the appropriate adjustments are made
to the data to account for the differences between the two shiops.

[t is difficult to assess the effect that the various particulate test
methods had on the study results, because the majority of Lhe tesls were
conducted using the in-stack filter test wethod. Thirty-five out of forty-
eight tests were conducted with the in-stack fitter. When all data, reyard-
less of test method, was considered, there was pob o signiticant difference
between the slopes of the regression lines for the two forge shops. However,
when only the in-stack filter test date was considered, there was o stotis-
tically siygnificant diffcerence between the slopes.  1has appoears to suggest
that the particulate test method does have an effect un Lhe study results.
None of the other data secems to suggest that the particulate test method
is critical. Intuitively, one would think that the particulale test wmethods
which were used 1n this study should produce similar results, 1t the tests
were conducted properly. It is also ohvious that the sampling rates were
similar among the tost methods, but the size of the instrument inserted into
the stack was differenl tor each af the three lesl methods. The Golinon
impactor had the larygest cross-sectional area, the in-stack tilter the next

largest and the Method & probe the smallest. It ds Tikely that the exhdast
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gas flow characteristics around the sampling instrument may be different for each

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

Prediction of Particle Concentration from Opacity Data

Based on JACA's tests results, there is a strong correlation between
particle concentration and optical density for the uncontrolled exhausts at
the trie press line of the SAAP and the Flinchbaugh forge shop. This rela-

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

D = 3.49C (10)
where D = optical density (expressed as a fraction, 0<D<1)
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 the total data
base, 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 combination of test methods is more realistic hecause it
represents an average situation. Thus, equation 10 best describes the
rclationship between particle concentration and optical density at the 95

percent confidence level.
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To estimate particle concentration from opacity data, it is necessary
to obtain time averaged opacity or optical density values, typically over a
one- Lo two-hour period. Opacity should be measured with a properly intalled
and calibrated transmissometer to ensure that the measurenents are accurate
and consistent. Because of the cyclic nature of the forge shop emissions, it
is important to monitor opacity over a sufficiently long period of time to
swio th out these short-term emission fluctuations. However, it is not 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 obtained, equation 10 can be used to predict particle
concentration values.

It should be realized that particle concentrations predicted from
equation 10 should not be considered as absolute values. As previously
mentioned, there can be considerable variation of particle concentration
values. Figure 4 graphically illustrates the relationship established 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 density velues will fall within
the confidence limits established in Figure 4. However, this is not to sey
that small sample sizes or individual measurements will not be outside of the
confidence limits.

Figure 4 also shows that there is greater confidence associated with
optical density valurs of Tess than about (.10 and corresponding particle
concentrations of less than about 0.03 gr/acf. The confidence Vimits expand
beyond these values. The relationship between optical density and particle

concentration is more reliable ftor lower opacities and mass emissions.
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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 JACA's study to determine
if the optical density/particle concentration relationship is consistent
between forge shops. For example, the appropriate relationship botween
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 coperations are similar in most respects to the Erie
press line (e.g. production rates, oil usage, type of 0il, 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 Gelman Scicnces, Inc. cascade
impactor. One particle sizing test was donge at the Flinchbaugh farge shop
using the Gelman cascade impactor.

The results of the particle sizing tests were of limited use because
of the nature of the test method or problens with the analysis of the mater-
ial collected in the impactors. As seen in Table 6, the brinks impactor
tests resulted in a large quantity of material collected in the sanpling
train (nozzle, tube, and glassware) prior to the impactor. This weight was
two to three times the particulate weight in the impactor.  The colleclion of
material prior to the impactor, obviously, vould alter the particle vize
distribution before the material was collected in the inpactor. For this
reason, the Brinks impactor test results were considered not to be represen-
tative of the actual particle size distribution. The Gelman cascade impactor
is inserted direclly into the stack, while the Brinks wmpactor is housed in
the sample box, outside of the stack. For this reason, the Gelman impactor
generates more reliable particle sizing results, because the only caiponent
of the sampling train prior to the impactor is the nozsle. However, there
are still considerable quantities of material collected in the nozzle, and the
size distribution determined by the Gelman imapclor is Tikely Lo have becn
altered. Thus, the measured size distributions should not be taken as

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

Test 1 T TTTTYestz
Wt. Cum. Wt. Cum. Wt. Cum. Wt. Cum.
L Grams in Impactor Wt. % Grams in lmpactor Wt. %
Nozzle .0029 .0033
Tube .0089 .0092
Glassware .0034 .0103 100.0  .0051 .0100 160.0
Total (Before Tmp.) .0152 .0176
Stage 1 (2.6 m) .0007 .0069 67.0 .00105 .0049 49.0
Stace 2 (1.5 m) .0005 .0062 60.2 .00065 .00385 38.5
Stage 3 (1.0 m) .0004 .0057 55.3 .0008 .0032 32.0 ,
Stege 4 (0.54 ) .0007 .0053 51.4 .001% .0024 24.0 |
Stage 5 (0.33 m) .0006 .0046 44.7 .0004 .0009 9.0
Back-Up (Glass Wool) .0040 .(040 38.8 .0005 .0005 5.0
Wt. Collected in
Impactor .0069 .0049 ‘
Total Wt. Collected  .0221 _ .0225 i B }
Particle Grain Loading from Impactor Data :
. ?
Test 1 Test 2
Vi = 17.71 x 85%gggx 29.744 Vpstd = 17.71 x lgég?gzx 29.538 ‘
= 7.905 dscf = 11.39 dscf
¢, - <PELE Ny 15 432055 Cs = 13553 » 15.4324%5
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Four of the ten particle sizing tests using the Gelman impactor were
considered totally invalid, because the nozzle and preimpactor washes 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 linc.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 varidtion 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 particie size distribution does vary tempor-

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 1information generated supports the use of an
empirical relatfonship for other forge sghop exhausts. However, the averagc
opacity values over pertods of 1 hour or more should he corrected to account for
the difference in stack diameter bhetween a gfven forge shop exhaust and the Erie
press line exhaust. Once the corrected average opacity {is converted ta aptical
density, an estimate of particulate concentration may he ohtained.
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