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FOREWORD

This report was prcpaced by the Fuel Branch of the Fuel, Lubrication,
and Hazards Division, Air Force Aero Propulsion Laboratory, under Project
3048, Task 304805,

The experimental data used as a basis for this report is from tests con-
¢ coted by the Soclzty of Automotive Engineers Technical Committee E-" in
June 1969. Raw data was rediiced to the final form presented herein by a
group within the SAE Committee and by a team at General Electric Company,
Evenduzle, Ohio,

Some of the items compared in this report were commerical items that
were not developed or manufactured to meet Government specifications and
were not necessarily intended for the service considered in this report. Any
failure to meet the objectives of this study is no reflection on the value of these
items for other service, nor should the conclusions of this report be construed
as statements of the manufacturers' abilities.

The analysis described in this report was conducted from September 1969
tc February 1970 at the Air Force Aero Propulsion Laboratory, Wright-
Patterson AFB, Ohio 45433,

The author appreciates and acknowledges the assistance rendered by the
following outside of the AF Aeru Propulsion Laboretory and the SAE Com-
mittee: Mr. C, Fetter of the igitsl Computation Directorate, Aeronautical
Systems Division, for guidance in applying the data plotting routine "GP;"
Mro. Mary Lum of the Operations Analysis Office, A¥ Logistics Command,
for reviewing and commenting on the approach and on the analysis criteria;
and Mr. Charles Stanforth and othars ati the General Electric Company for
their heip in reducing the data to a final form for analysis.

This report was submitied by the author 23 March 1970.

Fhis technical report has been raviewed and is approved.

ks V. O L
ARTHUR V., CHURCHILL
Chief, Fuel Branch

Fuel, Lubrication, and Hazards Division
Alr Force Aero Propulsion Laboratory
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ABSTRACT

This report describes a computerized statistical analysis of test data from
engine smoke messurements conducted by the Society of Aut motive Enginecers
T'echnics: Committee E-»1, This Commitice was organized to develop a reason-
ably simple, precise, and universally acceptable standard for measuring ex-
haust smoke from aircraft engines. The analysis indicated that the Committee's
test data can be used to arrive at statistically meaningful conclueions abaut
four measuring system parameters. "Whatman No, 4" was found to be superior
to "Millipore SM" as a filtering medium in this spplication. All three reflec-
tometers tested were found to produce equivalent results, White reflectoeter
background shade was found to have slight superiority over black, yet black
(i. e., absolute reflectance less than 5%) was recommended as u safeguard
against unknown factors. The lower sampling flow rate (0. 0041 scfs) wis found
to have produced slightly, yet consistently, higher smoke density readings than
the higher flow rate (0. 0085 scfs) tested.
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SECTION 1

INTRODUCTION

There are numerous systems in use for measuring exhaust smoke from
aircraft engines. Most consist of drawing an exhaust smoke sample through a
filter, measuring the light reflection from the resultant spot, and then com-

paring this to the light reflection from some standard.

Unfortunately, the many details of this seemingly simple procedure have
never been standardized. Results from different systems are not readily com-
parable, and the inherent precision of most of thegse systems has never been
defined.

Technical Committee E-31 of the Society of Automotive Engineers (SAE)
was established to cope with this problem. Its purpose was to piepare a
reasonably simple, precise, and universally acceptable method for measuring
exhaust smoke from sircraft engines.

In June 1969, Committee E-31 comp. 'nded a prelimii.ary standard and
conducted tests to examine the parameters of this proposed scheme. A brief
description of the test program and the procedure evaluated are given in

Appendix I.

"SN'" is the dimensionless term proposed for use in quantifying smoke
emission, Some of the test program raw data was reduced to SN by an analysis
group within the Committee. Additional data was later reduced by a team at
General Electric Company (GE), Evendals, Ohio. The data reduction procedures
of the two groups differed somewhat. Both are described in Appendix 11,

An analysis of this reduced test data is presented in this report.
This analysis of reduced data was undertaken \u answer the following:

Hoew much did each parameter influence the measurement of smoke in
comparison to all other parameters investigated?

If a parameter did have effect, which value of the parameter produced
the best results?
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SECTION 1I

ANALYSIS PROCEDURE

Table I contains all reduced (SN) data, the raw material of this analysis.
Each data column contains data for a combination of four explicit parameters:

@ Filter Medium: Whatman No. 4 or Millipore SM, plain white

@ Reflectometer: MacBeth Model NB-100R; W, W, Welch "Densichron,"
Model Oi.e; or Photovolt Model 610

@ Sumpling Flow Rate: 0. 0041 standard cubic feet per second (scfs)
or 0, 0085 scts

@ Reflectometer Background Shade: Black or white
The group which reduced each data column (SAE or GE) is also noted in Table I.

Therows of Table I are numbered 15 through 56 in keeping with the
numbering system established during the tests. Each of these 42 rows repre-
sents diffarent eagine conditions coupled with values of parameters other than
the four noted above. (Appendix I contains a complete list of parameters. )
This is an important point that largely dictated the analysis method more than
four parameters were varied during the tests, Consequently, it is not possible
to make column comparisons uniess all columns being compared contain
exactly the same rows, not just the same number of rows.

Initially it seemed possibie to draw statistically valid conclusions sbout
six parameters, More detailed scrutiny revealed that this unfortunately was
not possible, There was not enough data io ststistically examine any param-
eter other than the four explicitly noted as column headings in Table 1.

Column "'sets’ were established to overcome the lack of identical test con-
ditions from row to row. A set is any number of columns all of which contain
the same rows. Since all the columns of Table I do not al! include the same
rows, forming a set was necessartly a compromise between getting as many
points per column as possible, while including as many columns as possible in
the set, For example, seo Tables 11 through VI,
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TABLE 1 REDUCED DATA {SN) FOR ANALYSIS
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The following four space code was devised to identify the parameter values
of any column:

@ First space identifies filter medium

W -~ Whatman
M - Millipore

@ Second space identifies reflectometer

M - MacBeth
D - Densichron
P -~ Photovolt

@ Third space identifies sampling flow 2 e

4 - 0,0041 scfs
8 -~ (€.0085 scfs

@ Fourth space identifies reflectometer backgrcund

B - black
W - white

For sxample, WM$B is a column containing reduced data taken on Whatman
filter medium, at the h'-h (0. 0085 scfs) flow rate, with the resultant spot read
with the MacBeth meter using the black background. Note that this code does
not reveal which or how many rows are includea.

Each of the four parameters was analyzed independently of the other three.
All the column sets for one parameter constitute a ""series.' No one of the ur
serieg contained all the data of Table I, but each utilized at least 90% of that
reauced data.

The computer routine CORRE1, included as Appendix III, was written
around two existing sul.routines for this analysis. Figure 1 is a typical print-
out of this program for s singie column set. The computer outputted all input
data, made correlation piots (scatter diagrams), and computed the following:

® Mean (M) of euch column
@ Standard devistion (3D) of eack column
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@ Standardized mean and standardized standard deviation for each

column

@ Coefficlent of variaticn (CV) of each column
@ Correlation coefficient (r) of each column pair specified

These quantities are definad and eaplained in Appendix IV.

There was no preanalysis attempt to correct or exciude suspect data.
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SECTION 1II

RESULTS

1. GENERAL COCNSIDERATIONS
The results of this analysis are tabulated in Tables II through V1.

The number of data points per column is the most important statistical
indicator of confidence. About 15 points per column was generally the minimum
number that produced good results.

The datahsd to be examined closely after results were computed. In
several cases, what appeared to be poor results was actually attributable to
just a few "odd pcints, ' that is, deviations from whatever trend was established
by the rest of the data in a column pair, In such cases, these few points were
corrected to a value that seemed nrobable, and the results were recomputed.
Tables I through VI contain only results computed with uncorrected data. Any
corrected results are noted and listed in the ""Comments' column of each Table,

Comparisons can be made within column sets only. This, as stated pre-
viously, is because of the lack of identical test conditions from set to set.
Even though two columns may bear the same column identification codes, they
are generally not identical if they appear in different sets; the rows and number
of rows comprising each set are different.

2. ANALYSIS CRITERIA

Two types of criteria were used to meet the objectives of this analysis.
Influence criteria were used to detcrmine how much, if any, influence each
parameter had on the measurement of smoke. Superiority criteria were sub-
sequently used t» determine which, if any, value of a given parameter pro-
duced better results.

The criteria for a parameter to have had significant influence were:

® AM (difference in column means) > 10% of the lower M
e ACV (difference in column coefficients of variation) > 104 of the
lower CV

12
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® r < 0.990, for a nontranslated function

Anyone of these had to be satisfied for a parameter to be considered as having
significant influence. These distinction criteria are subjective, They were
haged on the author's preliminary survey of the computer computations and on
the belief of several Committee E-31 members experienced in smoke measure-
ment that the level of significance of the syste m's results was about 3 SN in 30.

It was important *o qualify the r < 0. 990 criterion as being valid only for
a ''nontranslated function. ' The definition of r considers dispersion of data, as
well as deviation in slope of the data regression line from the slope of the
perfect correlation line y = x. However, r does not consider the effect of a
translated function y = x + k, Figure 2 shows a perfectly translated function.
The correlation coefficient for both it and the perfect correlation line is 1, 0.
This translation phenomenon appeared fairly frequently in the correlation plote.

Two superfority criteria were used to distinguish between values of a given
parameter, The best parameter value was the one that displayed:

® The largest M
® The smallest CV

These criteria are desirable from purely mathematical considerations of pre-
cision. They are also desirable criteria congidering the nature of smoke mea-
surement and the definition of SN. The SN scale is mathematically defined from
0 to 100. When amoke spots are rated in unita of optical density, SN values
&re most precise at the scale midpoint, SN = 50. This is because the expression
for 5N in terms of optical density is a logarithmic function. Alao, the need fur
precision in smoke measurement ig greatest at that value of SN corresponding
to the thresh 1d of smoke visibility. Though this value is far from being well
defined, all work to date indicates that it is within SN of S0 to 35 (Refereaces
1 through J). Consequently, the beat vaiue of a parameter {s ot only the one
that produces the lesst deviation with respect to the mean {(mininizes CV), but
the one that tends to increase the mean toward SN = 50.
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y = x + k. TRANSLATED

+y
CORRELATION FUNCTION
xy = 10
y = x| PERFECT
CORRELATION LINE
r“ = 1.0
k. CONSTANT DIFFERENCE
Bc TWEEN FUNCTIONS
0 ——

Figure 2, Typical Perfectly Translated Correlation Function

3. USE OF DATA REDUCED BY GE VS SAE GROUPS

First it was necessary to determine if the use of two data reduction groups
with somewhut different methods had . gnificantly influenced the results. Since
both groups preparcd what should ideally bave been identical data with the Photo-
voit reflectometer, these data were used to investigate the possibility of in-
fluence. Table I} contains the results of this comparison.

Table II contains four column sets, cach with one column pair. OM was
insignificantly small with all four sets, but ACV appeared teo be significantly
large in Set 2, and r appeared o be significantly low in Sets 1 and 2,

However, the correlation plots revecled that three of the 11 points per
column in Sct 2 were odd, Set 1 also displaved 1 oad points i ite correlation
plat of 22 points. Correction of these odd points made both suspect r greater
than 0. 990, and reduced thr ACV of Set 2 to below §. 2.

14
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It was concluded that no significant difference existed between the Photo-
volt data rcduced bv GE and that reduced by SAE, For the purpose of this
analycis, this conclusion was taken as general proof of the identity of resuilts
from the two data reduction methods.

The GE and the SAE Photovolt daia were not mixed. The GE Photovolt data
was chosen for the remainder of the analysis simply because that team had
produced more ;. vints. The analysis was then based on all data in Table I except
the SAE Photovolt data.

4, EFFECT OF SAMPLING FLOW RATE

Results from the five column sets that constituted the sampling flow-rate
influence series are tabu.ated in Table III.

The AM and ACV of all 10 column pairs were insignificartly small, but
the r value of seven of these pairs was less than the 0. 990 criterion. There
was one odd peint in ore of these seven pairs, but even after correction the r
value was still significantly low. The plots of two of the other three pairs
demonstrated slight correiation function translation, indicating that their r
values are deceptively high.

This small but significant and reasonably consistent lack of correlation
indicated that the sampling flow rate had a small, but significant, influence
on smcke measurcment,

There is aiso a consistent trend in the AM column of Table III. The
higher flow rate (0, 0085 scis) produced lower average SN with ail 10 pairs
by 0.9 tc 3. 3.

None of the 10 ACV's are significantly large, so ncither flow rate
appeared t~ have intrinsic superiority.

5. EFFECT OF REFLECTOMETER CHOICE

The results of this series for the parameter values, MacBeth, Densichron,
and Photovolt reflectomet “rs, are given in Table IV. The four sets of this
series consisted of 18 column pairs.

16
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TABLE I¥. RESULTS OF REFLECTOMETER INFLUENCE

INVESTIGATION

DATA NUMBER GF POINTS | MEAN | OIFFERENCE ; COEFFICIENT | DIFFERENCE CORRELATION
COLUMN PER COLUMH/ROWS | (M) IN b <NS | OF VARIATION | 1x COEFFICIENT | COEFFICIENT COMMENTS
IDENTIFICATION | INCLUSIVE FROM tAM) tcwt OF VARILTION | (F)
CODE TABLE I 1ACY)
sET 1 30
wwts 348 4.1
w028 /16-20, s er 7 o4 0.98c%
wiss 22-28,29, 3 4
wesn 29,32-34,37-40, | 3.8 e 8.2 09 0.381% LOW 7 ATTRIBLTABLE TO
woes 42-49,AND 3.8 .7 FROM 170 5 00D POINTS
wrss 52-78 3.8 2.2 482 o3 0.984% iN EACH COLUMN PAIR
OF 30 POINTS.DISPERSION
uuEs 0.3 08
MO8 30.9 0.2 20.2 2.8 C.#90 CONSISTENT EXCEPT FOR
[FEOrYS 30.3 oy £0.3 - S THESE FEwW ODD POINTS,
uPBR 20.6 . 3.0 2 . {SEE FIGURES 3 AND 4]
NOBS s0.r 8.2
upse 29.5 -3 83.0 4@ 0.988%
SET 2 1
whaw 361 428
. asu 99
woew A1-28,29, 353 3.3 473 s 0.998
WSS s2-34, ». 4.8
wPaw 37-40,AND 42 Y L 16.5 37 2994
wOsW 88 473
o8 8 99
weaw 3.4 45 ° 0999
MuBH 27.1 3.a% 70.8
MOSW 108 0.9 9.6 0.971% OISTINCTION OUE TO
| VERY ODD POINT OF
. I8 POINTS TOTAL
MHSW 27,0 70.
MPaW 29.1 .0 3.7 S.a% 0.281
:::: :g'f 1.4 ::': 2.0 0.972% TWO VERY 0DD POINTS
: : APPARENT
SEY 3 T}
wM4p /i5-18, 31,41-44, | 42.0 443 .
wDA4B 47,48, AND 13-58) 436 I-e 4.0 3.3 0.548% Low ¢ ATTRIBUTABLE To
L )
witan 420 4a.3
T e e
wD4p a6 .o 410 e A t .
weae 308 . 434 ‘ .
seT 4 16
MR /16,18, 26-28, 382 8.3
0.4 o 980K
MD40 34,41-48,AND 336 84.2 * ° ONE ODD POINT IN
"3-56 COLUMN MM48 WAS THE
MMeR 352 . 535 s v CAUSE OF LOW r IN BOTH
A 9 .98
xP4B 8.1 548 o.981% CASES.
KD4B 358 os 542 o .
MPaD 38 : s4.6 - .
% SIGNIFICANT DISTINCTION IH THE UNCORRECTED DATA, SEE CRITERIA IN SECTION T PARAGRAPH 2.
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with uncorrected data, AM was significantly large with 1 of the 18 pairs,
and ACV was si:nificantly large with 3 of 18 pairs. The correlation coefficient
was sighificantlv jow with 12 of 18 paira.

The first set contai.ed six column pairs, each with 30 poinis per column.
Five of the six pairs displayed significantly low r, but this lack of correlation
was attributable to the existence of 1 to 5 odd points per column pair, Figures
3 and 4 saow two of the correlation plots in question. Correction of the odd
points resulted in all correlation coefficients being greater than 0. 990,

Where low correlation appeared in the other three sets, it was also attrib-
utable to from 1 to 4 odd points in each column pair. Correction resulted in r
being greater than 0. 990 in all cases.

There are no trends evident in the AM and ACV columns of Table IV.
Choice among the three reflectometers did not appear to influence the resultant
SN; no one of the three Jisplayed superiority.

6. EFFECT OF REFLECTOMETER BACKGROUND SHADE

The results of this series with 1¢ column pairs arranged into three sets
are shown i Table V,

The effects of reflectometer background shade and filter medium choice are
closely coupled. It was generally evident that reflectometer background shade
had no significant influence when used with Millipore filter medium, but had
significant influence when used with Whatman,

Of the five Whatman medium pairs, four displayed significantly high AM,
all five displayed significantly high A CV, and four displayed signifi~~*'
r. The contrary was true with the five Millipore pairs. None of the AM ox
A CV was significantly large. One of the pairs displayed r less than 0. 990, but
this was attributable to one odd point out of 17 per column in the pair.

The magnitude of the effect with Whatman paper was markedly displayed
in the plots. Two of the five plots are included here as Figures 5 and 6. All
five Whatman plots displayed translated functions, indicating that the uncor-
rected data correlation coefficients were deceptively high,
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TABLE ¥ -RESULTS OF REFLECTOMETER BACKGROUND

SHADE INFLUENCE INVESTIGATION
[:)0'0 ?:‘“"‘l" ;‘::‘“::'DO." Meon Difterence CouH'ic'uM Diffare{\ce i"] Correlation
identification Column /Rows in Means of Coefficients Coefficient Commants
Code v ™) Variation ot ygriation
from Tablel (Am (ev) "Acv) {r)
Inclusive (Acv
Set |
e -+ * .
wMes 35 36.3 1.3 47 .7 10.9 0.982 Both are deceptivaly
WMBW /11-25, ax 6 36 .8 high-correlation
21-29, - - . function strongly
wD8B :?1:3:' 35.6 5.0 47 7.3 0.385 transiated. See
wD8w ond 51*'56 40.6 40 3 Figure 5
MM BB 32.2 0.4 57.9 7 0.996
MM W 32.6 59.6
Mo8e 33.1 () §5 9 27 .29} One odd point. ¢:=20 933
MD 8w 345 53 .2 if correcred
Set 2
WM4B 15 2.5 7.4% 38.5 8 s 0.989" r deceptivaly high
WM4 W /18,26-28, {49.9 30.0 Piots showed both
34, 41-44, - - correigtion linays
wD4ap 45-47 and 42 5 33 379 4.0 0.963 to be vary tronsigtad
wDaw ' 45 8 33 9
$3-9%6
MM4B 39.0 03 50.2 0.4 0.997
MMawW 39.3 49. 8
M048B 38 1 11 49. 2 1.6 0.999
MOAW Ac 2 47. 6
Set 3
- -»
wPBB 17 29 .2 6.9 46.5 7.8 Q.294 r decephvely high
wPewW /18-20 36 ) 38.7 Plot showed cbvious
! tra:slation (Figure 6}
22-28,
2-34
mMPBB :T :OI 26.0 2.9 64 8 4 3 o.908" One odd point
MPBW ! 2T 60.9% r >0.990 it corracted
and 42

[
Significant distinction an

the vacorrected dota

Seea criterio in Section T, Poragraph 2.
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The white background produced higher averages (M) and lower dispersion
per unit mean (CV) with Whatman medium. White appeared to be superior when
used with the Whatman medium,

with the Millipore medium, backgrouad did not have significant influence
on the results, so there is no superiority of one background value over the

other,
7. EFFECT OF FILTER MEDIUM CHOICE

Table VI gives the resulis of this series with 10 column pairs arranged

into four sets.

The AM, ACV, and r indicated significant difference in results taken
with Millipore vs Whatman media.

The coupling of reflectometer background shade and filter medium choice
effects is also very noticeable in this series. With white background, Whatman
gave significantly higher averages of 6.1 to 11,0 with all five pairs. With the
five black background column pairs, the Whatman mean is higher than the
Mi'"ipore mean by 2.5 to 4.1, but these A M's appeared to be significantly
large in only two of the five cases.

Not only were the differences large overall, but the correlation plots
revealed that the differences in results from Whatman versus Millipore media
were consistently greatest in the impoertant region of ©N 15 to 45, Figures 7
and 3 show two of these correlation plots.

Whatman displayed consistent superiority over Millipore medium in all
10 comparisons. The Whatman column means were high.=t in all 10 cases,
and the amount of dispersion per unit mean (CV) is lowest for Whatman in all
10 cases. Raciyground choice affects the magnitude of this supe.iority. Whatman
was much more superior to Millipore on the white background. The same trend
was consistently evident with black background, aithough thc magnitude of
Whatman's superiority was less than that of Millipore,
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SECTION [V

DISCUSSION OF RESULTS

1. SAMPLING FLOW RATE CONSI|DERATIONS

The analysis indicated that doubling the sampling flow rate (from €. 0041

to 0. 0985 scis) produced a reduction of 2% to 9% in §..

In 1954, Watson reported that the need for isokinetic sanipling (i.e.,
matching the sampling velocity at the probe entrance to the surrounding stream
velocity) became greater as particle size increased (Reference 4). Recent work
has indicated that the particulate matter in aero engine exhaust is of such small
size as to make the need for isokinetic sampling superfluous (References 1, 2,
3, and 5). The results of this analysis tend to corrohorate that recent work.
The small sampling flow-rate effect must be considered, but it does not appez=
to be large enough to justify the complexity and effort involved in isokinetic
sampling. Merely specifying a standard flow-rate value seems to be proper
and sufficient,

Some smocke measuring systems employ sample volume and sampling time
measurements to determine tlow rate. The analysis also indicated that such
a more precise yet laborious procedure for determining flow rate is supcr-
fluous. The analysis tends to indicate that variations in flow rate of as much

ag 10% will produce variation in results {(SN) of less than 1%.
2. CHOICE OF REFLECTOMETER

The analysis indicated that all three reflectomaters produced substantially
the same results. The differences in data column means were 27 to 117, but
there was no evidence of any one reflectometer producing superior quality
results.

3. CHOICE OF FILTER MEDIUM AND REFLECTOMETER BACKGROUND
SHADE

The results showed that fi't ~ mediu and background shade effects were
coupled.
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Combinations of filter media and reflectometer background shades are
ranked in Tatle VII. The M and CV averages in Table VII were prepared from

Tables V and VI, The corresponding SD averages were prepared from computer
caiculated SD not repreduced in this report.

TABLE ¥II SUPERIORITY RANKIMG OF FILTER
MENDIUM-REFLECTOMETER BACKGROUND SHADE COMBINATIONS

Combinotion Avaroge Mean Avaerogga CV Average .
(Moximize for | (Minimize for Standard Raenking
Superiority) Supariority) Devigtion

Whatman/white 43.0 37.1 1£. 4 Best Co.abination

whatmon/bliack 36.9 34. 6 6.1

Miliipara/white 24.3 56.4 ie.5 Either Combination

Millipore /biack 33,4 55.9 18.1 Leost Dasisable
{tinsignificant
Difference Between
These Two)

Whatman with white background displays significant superiority {highest M,
lowest CV) over all other combinations.

With Millipore, the differences between results on either white or black
background axre not significant.

The combined results given in Table VII are for the full range of smoke
levels investigated during the tests (approximately SN of 5 to 70). However, the
correlation plots revealed that the distinction between Whatman and Millipore

media is even greater in the most important region of SN from about 10 to 45
(see Figures 7 and 8).

The effect of black background is to decrease the magnitude of Whatman
superiority by decreasing the overall average SN from 43. 0 on ».hite to 36.9
on black (Table VIi). It is significant to note that the higher CV of Whatman on
black versus Whatman on white is largely attributable to this reduction in SN;
the amount of dispersion in Whatman data is about the same with both black and
white background shades., Conversely, the even higher CV averages of both
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Millipore combinations are primarily attributable to more dispersion (higher
standard deviations), in addition to lower column means.

Tn2 superiority of Whatman paper has been previously implied if not
explicitly denoted. Bagnetic (Reference 2) evaluated three smoke measuring
systems and conciuded that the Von Brand system, which uses Whatman No. 4
medinm, was significantly superior to the AED system that used Miilipore.
{The third system, the B. P. Hartridge nonfiltrastion type based on light
absorption, was ranked slightly above the AED system, yet still significautly
below the filtration sype system using Whatman medium. )

It may be possible to reconcile the differences in results obtained on
Millipore versus Whatman media. One theoretically possible tack for making
the results of Millipore medium approximately equal to those of Whatman
medium is discussed in Appendix V.
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SECTION V
CONCLUSIONS AND RECOmMMENDATIONS

1, CONCLUSIONS

The subject data can be used to draw statistically valid conclusions about
four parameters: sampling flow rate, choice of reflectometer, choice of filter
medium, and reflectometer background shade.

Sampling flow rate had a small, yet consistent and significant, influence,
The higher flow rate tested (0. 0085 scfs) produced SN results that were 2% to
9% lower than results with the lower flew rate (0. ¢041 scfs)., Since there was
not enough data to compare results at each of the four engine power levels used
during testing, no firm statement can be made about the need for isokinetic
sampling. However, the analysis does tend to corroborate previous work that
concluded that the isokinetic sampling requirement is superflucus when sampling
exhaust smoke from aircraft gas turbine engines.

All three reflectometers used to rate spots (MacBeth, Densichron, and
Photovolt) were found to produce essentially the same results. No one of the
three demonstrated superiority.

The effects of filter media choice and reflectometer background shade are
closely coupled. Whatman filter medium evalusted on the white background
produced the best results. Whatman filter medium on black background gave
significantly lower SN, but the dispersion of data with this combination was not
significantly different from Whatman on white, Whatman on black was the
second best combination,

Background shade did not significantly influence results obtained with
Millipore filter medium. Results of Millipore with either background were

significantly more dispersed than the results of Whatman with either back-
ground.

Whatman medium with either background was superior to Millipore with
either background,.
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2. RECOMMENDATIONS

The SAE system for measuring aero engine exhaust smoke should specify
a single sampling flow-rate value, It should also specify a rotameter or other
simple device for direct measurement of flow rate. The influence of sampling
flow rate on results is not great enough to justify the need for isokinetic
sampling, nor is the influence great enough to justify more precise, indirect,
means of determining sampling flow rate.

The SAE document should either specify use of any of the three reflectom-
eters tested, or otherwise ensure that an inferior instrument is not allowed.

The use of Whatman No. 4 filter paper and black reflectometer bacikground
(i. e., absolute background reflectance of 5% or less) should be specified. The
analysis determined that white background was superior, but its use is un-
desirable, There is some evidence that white background tends to exaggerate
the differences b “veen values of all parameters, as the analysis indicates it
does with filter media. In the first set of Table VI, the ACV of columns
WMS8B and WDS8E is virtually identical: 47,7 - 47.6 = 0. 1. Yet the ACV of
WM8W and WD8W is much iarger: 40.3 - 36.8 = 3.5. Since it is impossible to
specify limitations on all parameters, the use of white background c¢ould cause
poorer results by affecting unspecified parameters. The analysis indicates that
use of black background does not appreciably increase data dispersion, although ‘
its use will cause a slight loss in precision due to the absolute value of SN being |
lower. This, in the author's opinion, i8 a justifiable tradeoff to guard against
unknown factors.
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APPENDIX I

SUMMARY OF TEST PROGRAM AND MEASUREMENT SYSTEM EVALUATED

By June of 1969, SAE Commitiee E-31 had decided that the standard mea-
surement system should be an indirect, filtration type not unlike most systems
in use today. A test program was conducied by the Committee at the Federal
Aviation Administration's experimental center in Atlantic City, New Je:.'sey.
The program was intended to experimentally examine the tentative emoke mea-

surement system.

A J-57 turbojet engine was used to generate smoke. The elemente of the
measurement system being evaluated were provided by various Committee

meimhers.

The design of the experimental program is unknown to this author, athough
it is known that the testing sequence used did : pproach being random, Dataw s
obtained with different combinations of values of the following:

® engine power level {4 values)

e filter media (2 types)

® filter media holder (2 types)

& sample size {standard volume of exhauat gas; 4 valuex for each
of the 2 types of filter media)

¢ sampling flow rate (2 values)
o sampling probe angular orientation with respect to the direction
of engine exhaust gas flow (3 valueg)

e sampling probe position along the engine exhaust gas s.ream
flow path (2 values)

sampling line length (2 values)
sampling line size (diameter - 2 values)

s~mpling line material (2 types)
sampling line tempersature (2 values)

Data reduction introduced two more parameters with variable values:

o reflectometer (3 types)
o refleciomster background shade (2 valuaa)
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Not all parameter values were changed for all runs, Yet there was enough
change so that no two rows of Table I contained all the same parameter values,

More than 200 data points were taken.

The basic configuration of the measurement system and operating pro-
cedure were the same throughout testing. A given sample size was drawn at
a given flow rate from the engine exhaust through the sampling probe, sampling
line, and filter media holder with a vacuum pump. A rotameter, positive dis-
placement volume space meter, and pressure and temperature gauges were used
downstream of the pump to measure the sample before it was discharged to
the atmosphere. The flow time of each sample was also measured. The system
was heated throughout testing. A {ilter holder bypass line was used to maintain
flow rate in the system when a sample was not being taken.
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APPENDIX Ii

DATA REDUCTION PROCEDURES
1. SAE GROUP

The smoke spots were read with meter-background combinations to rate
them in terms of either absolute reflectance or optical density, depending on
which meter was being used. These readings were then used to calculate SN.
The definition of SN, the dimensionless term used to quantify smoke emission,
18:

N R,
SN = 100 (l-—R-“\‘whora 0
Rs - absolute reflectance of the sample spot
Rw - absolute reflectance of clean filter media

The relationship between optical density (OD) and absolute reflectance (R)
is:

00 = 109,y (122)

)
R (2

The SAE data reduction group used graphs combining Equations 1 and 2 to
obtain SN for spots used in terms of optical density (the MacBeth meter).
Equation 1 was used to calculate SN for spots read in terms of absolute re-
fleciance (the Photovolt meter).

SN will vary with the sample size. It has long been accepted to report 5N
and other quantifiers of smoke for a certain sample size (standard cubic feet)
per unit filter medium area (square inch). This quantity is termed "Q. "

It has also been accepted practice to use a specific Q value dependent on
filter medium choice. The ""standard" Q for Whatman medium is 0. 2300 scf/sq
in, and the value used for Millipore is 0. 0565 acf/sq in. These are widely
used,although apparently arbitrary, values.

The SAE Group calculated Q values, and then plotted these as absciasa
versus the corresponding SN as ordinate on log-log paper. A curve was then
fitted to these points, and then the SN values were read-off forQ values of
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* 0.300 and 0. 0565 scf/sq in for Whatr  and Millipore filter media,
respectively. These SN are the values reported in Table 1.

2. GE GROUP

The GE Group's procedure differed from that of the SAE Group in the
manner in which the effect of different sample sizes was weighed, The GE team
has a standard smoke-spot data-reduction routine based on the use of '"loading
curves' for Whatman and Millipore media. The loading curve is a plot of micro-
grams of carbon (smoke particulate matter) as abscissa versus optical density

of the resultant spot as ordinate (Figure 9). Spot size is a necessary parameter
of such curves,

The GE data reduction routine was completely computerized. AUl raw data
to compute SN and Q were input (reflectometer readings, sampic size, etc.).
The routine calculated SN and corresponding Q, and then based on leading
curve factors, '"corrected" each SN to the '"proper' value for Q of 0. 300 or
0. 0565 scf/sq in, depending on which filter media was used. The resultant SN's
from this procedure are those listed in Table 1.
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APPENDIX III

ANALYSIS COMPUTER PROGRAM CC .=l

The CORRE1 calculation routine is written in FORTRAN [V, Vers.on 13
(Reference 10). The short main routin~ "MP" calls the primary subroutine
"MAIN. " MAIN in turn calls the subroutines "CORRE" and "GP, ' The final
subroutine "DATA" is a short dummy element used only to satisfy a call from
CORRE. (DATA is included to avoid having to modify CORRE, ) Subroutines
CORRE and GP were taken from References 7 and 8, iespectively.
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MAIN ROUTINE MP

C EVALUATION UF COMM, E-31 TEST ATA - ROUTVTINE  CUORREL
L
C INPUT = MT - NUMBER Gr COL"'™NS UF VeTe (12 Méxa.
C PER CASE).
C - NT - RUWS UF DATA PER CUllmine 5 MAX o 6D
C MmUST nNUT BE LESS ThrAN mT.
C - NC -~ nNUMBER OF CASES. FACH SET F 12 Ok FhRuEkR
C CULUMNS +UK EACH DIFFekENMT nT valic,
C CUNSTITUTE A CASE.
C ~ JP - MNUMBER UF CULUMN PAIRS TL BE U KRELATFU.
C - SnPC (Y} -  ALPHAMEKIC COLUMN CLDE (6 SPACES . AX. )
C J IS THE COLUMN TNUEX NUMBEK.
C - JX{IJd)edZ (1 ) :
C - INDICES (CF COLUMEMS TL pbE CURKELATFU,
C 14 = 1 IS THF FIRST Palk, FTC.
C - SN{I,J) - UDATA, INPUT CULU=N B8Y CubUbw,
C - RI{I) - A 472 “¢ACE MESSAGE UF whICK DaTa k(w§
C WE' vRUTe T IS A DURIMY SUBSCRIPT,.
C DUTPUT = DATA, COLUMN SUmnyy WITH CULUmn IDENTIFY G
C CHDE AND STATEMENT {iF wHICH ROWS wkre IMPUT.
C = MEANS SN STANDARDIZED mEamS Anh Sy, avl ChEFFICIENTS
C OF VARTATION, FUR ALL TMPUT COLUMRS,
C = CORRELATION COFFFICIENTS FUR SELECTHD CliLUnae
] C PAIRS,
C - PLOTTING OF EACH CURRELATED
C CrLumn PalR,
C

NIMENSTUN Y (1o0)
REAN({S,10) NC
IC =1
S0 READ{5,10) NT
CaLb etaln (Y eiT)
IC = IC+1
[F{IC=nC) 5Ue50450
] 10 FURMAT(IS)
6O S0P
Enp

42




..

Do e o

AFAPL-TR-70-23

56
e

H (i

Gy

Gl

1000

7

PRIMARY SUBROUTINE MAIN

Stin=<tiliTHee maln (Y,AT)

GlmbEnSTum XReR{12),STU]?) ykX(164 ), R{TE)BI1210(12)yT{12)MN{12)
P SUELLE) 9 SAR{L12) 9SS0, s dX(20),42(201,SNPC(L2}4CV (12"

Sar Sy L2 X{OCU )y YINT 238 {2 FLUTI36460) ysRPI20)4RI(T)

READ (D, 14 BTy JP B (SNPCLJ) v d=1lyT)
Staiia, 1) {dY{IJd)yJZ2(1u}y Id=1,4P)
mEal (o, 12) ({SNITsd)yl=lyNThyd=lyT)
REA (S, 22) (k[ (1), 1=1,7)

ClravigTe sbanS, STANDARD DEVIAT IUnS, AND COEFFICIENTS UF VARTATIN

Ti=1
g T
ez T
Jy=
-

K(JS) = Suil,d)

CinT Inlde

Ciallt ClirkkE (N,h,IU,K,XBAR,STD,RK,KyhpUyT)
IR AN N

CVEdY = 100.=5Thi{Jd) /XbAR (J)

atic{d) = Xnak{J)

SHig) = STaed)

ClinPUTE AVERAGE MEANS ani AVFRAGE STANDAK(D DEVIATIUNS, ARND UUTPUT
WITH TeruT DaTa and MEAMS, STANPDARD DEVIATIONS AND CUEFF. UF VARTATION

o= M7

R

[5=0

O WO T=1,n
[S=15+1

X{IS8) = XBAR({])
RIS TN N A
[s=1s+1

X{1S) =STall)

Cath Crikee (Mg T g Xy XBAR g STNyKXyRyR e T)

Ay = XBARK (1)

ASH = XbAR(2)

reo= T \
D 90 JdslemT

Shnld) = AnN{J) /AAMN

SSHTJ) = SH(J)/ASD {
CRITE(6415) (SNPC(J)3d=l,ydT)
Die as f=1,nT

WRITF(6G, 10 (SN(Lyd)yd=lynT)
WRITE(6,73) (KDL}, I=1,7) 1
Wi TE(Hy13)

neo=mT

DU 100 J=1lymT

WRITE(6,1a) SNPCIJY Ny AFINEJ) v SDIJ T 9 SAMIJ) $SEN(J) yCVID)

CRITE (S LYY Admnly ASH
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CumPlTE &nND GUTPUT CORRELATION CUEFFICIENTS

™y O

WRITE(6,106)
=7
Pd=1
110 IS = ¢
J1 = Jxiid)

J2=Jd2{iJ)

UL 120 IT=lew

IS=15+1
120 Xx{IS} = Sn{I,J1li

Do igs I=1.n

1S=158+1
125 X(IS8) = Sn(l,d2)

CALL CURKE (-'",f',IU,X,XBAR,STF’,KX,R,B,U:T)

BRITE(6,17) SMECLJYLI,SNPL(U2)Ki{2)

RP(TJ)Y = v(2)

Id=lJd+1

TE{IJ=dP) 110,110,130

X=Y PLOUTTInG GF CUKRELATEDL COLUANS

OO

130 CUNTInuE
INTEGER Sy
NATA A/lhey It/
=2
fa = T
L=6
S$=30
w=60
Ln=36

J=1
150 wkITF(6,21)
J1 IJX(TJ)
Jd2 JZ{1J)
DU 160 T=1em
X(IY = Sn(l,441)
Y{Is1l) = Sn{],J1)

160 Y(1,2) = Siv{14d2})
Cabll GPIX Y L ySyimptnywylivgn,PLOT)
WRITE(6,20) SMNPCIJL) o SNPC(J2) 4yRP(1)
1J = 1.J+1
IF(IJ=JdP) 150,150,200

-~ il

[aEe

10 FURRMAT (219, /84X ,yAR))

11 FORMAT{4(I5415,10X1})

12 FURKMAT{16F5,1)

13 FORMAT(1H1,30X,60H AVERAGES, STANDARD DEVIATIONS AN CUEFFICIENTS
LOF VAKIATION/Z//15X,TH COLUMN,
2 TXyTH NUMBERy3Xy 1110 ARITHMFTIC,5X,SH STANMDARD 45Xy 13H STANDARDIZF
396Xy 13H STAENDARUIZEDyaXyl6k COEFFICIENTS OF/10Y%,
4 1AH (PARAMETER SET) 42Xy 8H F DATA 6Xs5H MEAN My 1OH DEVIATIUN,
5 55Xy 11H AKITH HMEANgSXy15H STAN DEVIATIUN 4Xy15H VARIATION {(TV)/26X
Ge12H (SN) POINTSy3Xy6H (AmMMYy LUXe5H (SN) oybXy11H (AMN/AAMN) s TX,9H (
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ISR/ASDIGX 15H (100 X SD/AMNY //)

14 FORMAT(16X:A6,8BX,129y5F16,3)

15 FURMAT(1HO,40X,34H AVERAGE ARITHMETIC MEAN {(AAMN}  =,F10.3/40X4361
1 AVERAGE STANDARD DEVIATIOM {ASD) =y0+1063/7/7777)

16 FURMAT (495X, 2H X310X,24H CURRFLATION COEFFICIENT/45X,2H YelaX,16H B
TETWEEN X anh Y //)

17 FORMAT (42X s A6/42X 3861 0XeF10.5,/7)

16 FURMAT(IOXW12F10,.,2)

16 =ORMAT (1H1,60Xs11H INPUT DATA//10X,12(4X4461//7)

20 FORMAT (1HO:50%, 18H ABSCISSA (X; IS A6/51X,18H URDINAYE (Y) IS
1Ly A6 /60X 43H CORRELATION COEFFICIENT BETWEEN X BAND Y =,F10.5)

21 FORMAT (1H1y40X,35H PLOTTING OF CORRELATED CULUMN PAIR//30X,44H PE
IRFECT CUKKELATION LINE 1S DRAWN WITH DOTS/30X,40H ACTUAL CULUMNS P
ALNTTInG IS WITH CROSSES)

72 FURKMAT {¥Yiae)

2 ity AXektH THIS DATA IS FRGM THE FOLLOWING KUwSyINCLUSIVE

FRGE COLLSN TGP TO BUTTOM = 47486)
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CcCOoOC T OoOCO DO o OO OO OO OO OO OO OO0 OO0 O ;00

SUBROUTINE CORRE

SUBKUUTINE CUKKE

PUKPUSE
CUMPUTE mMEANS, STANDARD DEVIATIONS, SUMS OF CRUSS-PRODUCTS
UF DEVIATIUNS, AND CNRRELATIUN CUEFFICIENTS.

USALGE
CALL CORKE (NyMaTOy Xe ABARK 9y STUaRX pR b 901, T)

DESCRIPTIUN F PARAMETERS

8 - NumBEK OF OBSERVATIORS,
"l ~ NUmgER UF VARIABLES,
Iu - UPTIONM CODE FOR INPUT DATA

CURREOOL

oco.o’oosc!"toig.oaooonlcQoa‘ulc0snao0loct.ncoti‘.ool-o.noooco---CURktooz

CORREOGD 3
CURREQD G
CORREOOS
CURRFOO6
CORREQOT
CURKEOUS
CORREQD9
CUORREULO
CORREOLL
CURREOLZ
COKREOL3
CORRED L&
CUURRFO15
CORRFOLS

O IF DATA ART TO BE RFAD I FRUM INPUT BLEVICE IN THFCUKREDLT

SPECIAL SUBROQUTINE NAMED UBATA.  (SEE SUBROUTINES
USEN BY THIS SUBROUTINE BELOW.)
1 IF ALL DATA AKE ALREADY In CURFE.

X - IF I1=0, THE VALUE OF X IS 0.0.

IF Iu=1y X IS THE INPUT MATKIX (M BY M) CUNTAINING
DATA.

¥BAK = DUTPUT VECTUR F LENGTH M CUNTAINING MEANS.

STD - UUTPUT VECTUK DF LENGTH M CONMTAINING STANDARD
DEVIATIONS.

KX - UUTPUT MATRIX (m X ™) CUNTAIN, 4G SUMS UF CRESS-
PRUDUCTS UF DEVIATIUNS FROM mEANS,

K = QUTPUT MATRIX {(NNLY UPPER TRIANGULAK PURTIONM O1F THE

SYFmETRIC MATRIX UF ¢ BY m) CONTAIMING CukRELAT IO
COEFFICIENTS, (STUSAGE MOLE UF 1)

s ~ UUTPUT VECTUR OF LENGTH & CUNMTAINING ThE DTAGMHY A
JF THF mATKIX OF 3UMS OF CKOSS=PRUDUCTS Uk
DEVIATIOMS FROM MEANS.,

1) = WUORKING VECTOR OF LENGTH e
T ~ WOKKINMG VECTOR DF LENGTH M
KEr AKKS

NMUST BE GREATER THAN (1K EOUAL Tu m,

SUBRUUTINES AN FUNCTIUM SUBPROIGRAMS KEQUIRED
DATA(my D) =~ THIS SUBROOTINE MUST BE PRUVIDED BY TrE USEK.
(1) IF f0=0, THIS SIBRUUTINE IS FXPECTHD Tu
FOURNTISH AN UBSERKVATION Ik VECTUR U FROW AN
EXTERSAL INMPUT OFEVIC:.
(2) I+ Th=1y THIS SUBRUDUTINF IS NUT OSED HY
CORKE PUT mUST #XIST In JOB DECKe TF USKFK
HAS w0iT SUPPLIED A SUBROUTINF warmtl DATay,
THE FOULLUWING IS SUGGESTFD,.
SURRUBITINE DATA
kETKN
F N

ETHID
PROGUCT =it EmMT CURKELATION CUFFRICTIENTS AKF CURPUTFD,

46

CORREG L ®
CHRrrREDLY
CURREQ 20
CORREU2L
COKKEG2Z
CUKREUZ23
CORREUGZ4
CORRFOZS
CUKKRFOZ26
COKKEOD 27
CHRREO 28
CLURREO29
CORRFUO A0
CORRFO 3]
CirREO3Y
ClUk~FO33
COHRREO 3G
CUKKEGO3Y
CORKFO3A
CORREDZT
CURREFO 3R
{(heRF0 30
LHIRRE( 4
CUKREFG G
ClIkREFO 4P
Citkg () 42
(LURKFO 44
ClikiKkRy 4h
CORRKEG4H
CHRREFOQ AT
CUHRKEO 4K
ClIKKFO &Y
CHORICFO BD
(LIRREO Y]
CORREGSR?
CIRKEFO S5
CURKFO NG
CURREO SR
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OO

slaleNeNolaRalalaNelalaNaNEaRaNaRaEaiaiel

N

100

ing

105

107

108

110

CURREOSE
.COO.C...‘.Q.'tl...-IIOOO.!000..l.Ol(.'0I0.0l..'.l)'.I.O'..lll.l..C[‘JRRE()S‘?
CORREDSA

SUBKUUTINE CHRRE (NygMaT0y Xe XBAR gSTDyRX ¢R 9B 43D T) CURRFEQD 59
DIFMFNSTUN X{L1) 9y XBAR (LY STOLL )Y RX{L1)oR{I1)ybiL134D{1),T(1) CORRFQ 60
CORRFO6L
0.‘.‘..!'.'2.0.!..........Qi.0’...l'D...ll..’....l.OOOOOCOINQOOCDR&F()AZ
CORRED 63

IF &4 DOUBLE PRECISIONM VERSIUN UF THIS ROUTINE IS UESIRED, THE CORREDGG

C o CUOLUMN 1 SHOULD BE RFMUVED FROM THE DOUBLE PRECISTON CORREO 65
STATEMENT wHICH FOLLOWS. CURREO66
CURRFO&T

DOUBLE PRECISIUN XBAR 3 STHyRX4R3B, T CUORRFO6&
CORREQES

Tee C ~UST ALSU BE REMUVED FROM DUOUBLE PRECISIUN STATEMENTS CURREOTOQ
APPEARTING In UTHEFR RUUTINES USED IN CUNJUNCTION WITAR THIS COKRREOTL
KOUTIME o CORREONTZ
CORRFOTS

THE DDYBLE PRECISIUN VERSTION OF THIS SUBRKOUTINE mMUST ALSO CORREQO T4
CtinTaln DOUBLE PRECISIUN FORTRAN FU. JTI(NS. SORT AnD 4BS Iwn CURRFD 75
STaTemenmT 220 MUST BE CHANGED TO DSORT AND DARS, CORRFOT6
CURRENT?T

-nao-‘.oo.'o.ocnoo'ooan-oooln0leo.o»oon.-ooa.o..ctttooai--oco‘oCL]RRF()?H

CORRFOTY

INITIALTZATION CURRF(GRO

CORKFOHL
N 100 J=lym CURRFO&®?2
B(J)=0.0 CHORRFYHB3
T{J)=0,0 CORRFLES
Kz (et ) /2 CURREGRD
102 1=1,K CORREGRE
k{I)=0,0 CURRFUORTY
frem=y CORKRFORE
=0 CUOKRFORY

CORRFOSG
[r (It} 1oy 127, 105 CIRREOY ]

CORRIFOY?Z
DATA ARE AlLkEanyY In CORF CORREQU3

CORRFOY4
WIEIDE Jg=lys CUORREQYS
107 T=lgn COKKEQOY6
L=L+1 CHRRFOST
TOdY=TlJdi+X(L) CORRFOYR
XRAk (U)=T(J) CURKEFOYQ
TOdY=10J) /™ CURKFIQU

CURRFIGL
Ptd 11% f=1l4h ClikRF 1V 7
JK=0 CURKEINS
L=1=m COKRELIOG
o 110 J=lym CHRREIOS
I =L +n COKRIL1OH
P (d)=x(L)=-T(J) CORRERLOT
Bid)Erd)+n0d) COKRELOB
Pty L1l =1y, CORKFLIOQ
Do 119 K=1lsd CURRF 110
JR=gR+1] CORREILL
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OO0

OO

OO C o

[

119

127
130

135
137

140

150

170

160

IR5

190

700

ROJKY =K (JKI+H I *D (K]
GO T 205

READ UBSERVATIONS AND CALCULATE TEmMPURARY
MEANS FRUM THESE DATA IN T(J)

IF(M=m} 130, 130, 135
KK =

GO TO 137

KK =

DU 140 I=1,KK
CALL DATA (myid)
DG 140 J=1l4m
TLII=T(JI+D( )
L=L+]
RX(L)=0{(J)

FKK =Kk

D150 J=lem
ABAR{A)=T ()
T{JY=T(I) /XK

CALCULATE SumS 0OF CrROSS=PRODUCTS tIF DEVIAT IumS
FrUm TrrPLORARY MEANS FOR # GBSERVATIONS

L=0

i) 1RO I=lym
JK=0

DU 170 d=lyiv
L=L+]
NEJ)=kX(L)=T(J)
DU 1B Jshym
B{d)=o{d)+h(J)
N 1RO K=1led
JK=JK+1
ROJKI=REIKI+D () *D(K)

[F{nv=KK) 205, 205, 18%

KEn!r THE ®EST (F UBSERVAITTOMNS GivE AT A TIME, SUM

THE UnSERVATIN, 4w CALCULATFE SuUmS UF CkiSS-
PRODUCTS 1k DEVIATIONS FRUM TEMPORARY MEals

KK =m=KK

b 200 T=14KK

JK =0

CALL bAaTa (myh))

Ny 19w J=lv""

Xpar (J)=Xsak {(J)+0(J)
NEJ)=J)=-T(J)

R Y=n(dy+hJ)

DEe 200 g=1ym

N 200 K=1lyd

JK=JK+]

K{JK)=R (JK)+D(Jd)=0(K)

CalCuLaTr mbANS
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COKRFLILZ
CHRRF1ILT3
COORRFLI14
CORRF11»
CURREL>ILlA
CORRF117
COKRELL®
CURRELLQ
CORKELZ0
CORRF121
CORREL1Z22
CiJRRF123
CURKELlz4
CURRELZS
CURRELZ6
CORRFIZ27
CUKRELZR
CORRF12S
CUKKEL 30
CORKF]131
CUKRREL3?
CURKFE]133
CORKEL 3G
CURRF135
CHIRKF136
CLORRF]L 27
CORRELRR
CORKFL39
CUORREL 40
CUORREFI4]
CURRELIG?
LURREL43
COkKREL GG
CIYRRFlab
CHYRRFEL14A
CORKELST
(HIRiEL4R
COKKFl14Y
CUKKRELDSD
CURKFL®1
CURRFL152
CltkKF153
(tiRKF1H4
CUKR 155
CUKKEL1YSA
CORRELDHT
CORRELIHH
(1IRR ] 59
CHRRFL60
Ciikr 1AL
CURKE 162
CIkkF1I6O3
CURKFIFG
Clikr#+ | bn
(UHkRF 166
CURKELAT
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210

220

220

240

250

JK=0
NO 210 J=gem
XBAK (J)=XBAK(J)/FN

LOJUST SUMS OF CKOSS-PROI JCTS UF DEVIATIUNS

FROM TEMPURARY MEANS

DO 210 K=1,J
JK=JK+1
RESK)=R{GKI=BIJY*BIK)}/FN

CALCULATF COKRKSLATION CUEFFICIENTS

JK =0

DY 220 J i

JK=JK+J

STHiuwr= SORT( ABS(R(JK)))
DL 230 J=1em

N 230 K=dym

JK=o+ (KeK=K)}/2

L=es (=10 +K
RX{L)=R{JK)
men{K~-3 )+

KX{L)=R{JK)
RAOGK) =R (JK) /ST STD(K DY)

CALCULATE STAMDAKD NEVIATIONS
FNESORTFr=1,0)

B 240 (=1lym
STO(II=STO(J) /Fn

COPY The DIAGUNAL OF THF mATRIX UF SUMS UF CRUSS~PRODUCTS UF

NEVIATIINS FRU mERNS,

=

DO 250 T=1y
Lel+m+]

B LY =KX (L)
RETHRN

E et

CORRELl68
CORRFI16Y
CORRELT0O
CORRFLITY
CORRELIT2
CORRFL1T73
CUOKRREYTG
CORRELTS
CORREFLTE
CURRFYT77
CURRFL1T7R
CORRFLTYG
CURRF1RO
CORRELEL
CORRFLIH2
CLiIRRF183
CURRF1IRG
ClKRFLRS
CHHKKE1H86
CliPRFLRY
CORRELIARR
CURRELI®Y
ClHirRE1I90
CORKEFIYL
ClHKRELY Y
CLURKELG
CiIRRF1 96
CORRF U
Clik&t-198
CORRELYT
ClikkF19¥
CHRKF19Y
CORKREZO0
Clikk k201
Ciilrr 202
ClkRrREZ203
CORREZ0 4G
CHTRR 20N
LHRREZ20F
CHiRk 2007
Clik b 20
CURKFZ2UG
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SUBROUTINE
C el
C CONTRIIL
C s
C
(WS Catl GP (Xy
Cxet
Cx WHEK
C X =
C Y =
C L =
C e S =
C
C Moo=
C "N o=
C W=
C LN =
C A=
C
G =ex
C e FLUT =
C
C e

[INTHGER Sy

o

BIvknsTOM X

(@]

DATA RLAMK/

CHECK
EXIT

FUAX [
IF T

laNeNeNe

IF
ik

{ S+
(L+Liv

T

olo

Flantr won b

aEaNe!

xeax=x (1)
XteTw=xX (1)

[RER!
I+
IF

10 1=
{(x{1)
(x(1)

20'”
0
10 ol
YraX =Y (
Y fivzy

Ly 1)
Ly 1)

fabd
i
i+
1+

O T=] e
20 ‘= lgm
(tY{l,Jd)
(Y{lyJ)

COmPUT SCx

ooy T

PakFLOaT (=1

SUBROUTINE GP

KEPRESENT THE TKEMD

1HhyeaeETC. )

AKR AY
NISPLAY TRENUS,

by w1

(F)s Y(rytn)y AlN),

1H /y EDGE/ 1H*/

Uy WIDTH AND LENGTH KEQUFSTE
CORKECT

. 131}
Te YH)

G
G

TG
T

90
BOO
Ie.

Ay maXIMUm UF X o anily Y

ANimAX )
Xt n)

Y AX=X1t1)

T.
T, Xtz X(1)

26T
‘LT.

Yo Aax)
Yoerfiv)

YrRAAZY L], )
YoelwnsY{l, d)

LE FACTiIK == ¥ Fiw x, 0 Fitk

Y/ UX e nXx=Xmlnd

50

FUIR EACH St

OF SINGLE CHAKACTERS GEnERATED
DIMENMSTONED

0

GP (X, Ye Lo Sy Moy My by, LNy Ay PLOT)
Yy Ly Sy My Wy LNy Ay PLOT)
AKKAY UF ITNOEPEMDENT VALUESy UDIMEnSTONED X (i),
ARKAY UF SFTS UF DEPENDENT VALURSy DIMENSTUNMED Y imyn),
NUMBER DF LINES "1 Bk SKIPPED & FORE NDISPLAY.
MiMBFR (OF SPACES FRiM L. FT SIu ¢k PASE T
gk SKIPPED BEFUKE DISPL Y.
= [iipdsER POINTS DM FACH SET.
NUMBER OF SETS OF PUINTS,
WIDTH UF DISPLAY TN PRINT St L ES,
LENGTH UF DISPLAY 1IN PRINMT (. nF
AKRAY (F SINGLE CHAKACTEKRS, DI+ NSIGNEDL a{n]) 4 TO

(EXa= UATa a/lHi,

RY GP
(L'\'iw)u

Tu
PLOT

PLOT (LN, W)

AN

Y

ooyl
hSPLYOOH?
SPLYagu 3
NDSP LV 56
NSk, 5
SR LYOO 6
DSPLYGU T
PRSP Lyt
BSPLYt
DSELYO LN
&Ly 11
PSELYO e
S-Lyol

PpSPLYQls
nSPLyoins
PSRLY: YA
Sk YO
NP LY ]
pSPLYe 1y
DSELYO QO
OSHLYU 24
Do lyn gy
pevLYe ‘3
S LYl 6
UNsLYDZH
S LYuee
|
i

s}

NS R

Sy vin g
AN Yol U
[N T
(R i
R U A
Frsy Lytea
PSP LY
v[\p v A
Se L
a2 Yo s
NP YA
PENG LY
Ny L Y )
Nkl V
S &
~ '
NE Lo
b Y
S LY
(R
oS oY
[ETEIRN B
RN TN
ey
L ]
Nty
PNy
vt
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30

4H0

6l

Ml
60

07

IRERIN
6l

[STRYA

tiya

X

O=FLUAT(LN=1)/(YMAX=YM]N)
tLAaMK PLOT ARRAY

N3¢ T=zl,w
PO 3C J=l,Li
FLIT [dy1)=BLANK

CUNSTRUCT RUKDER OF DISPLAY

L6 40 J=1lyLi
I=1
FLUT(Jy 1) =EDGE
=1y

PLOT (Jdy 1 )=RUGE

pl=w=]

O 50 [=24%1
J=1
PLOUT (Jy I Y=EDGE
J=lw

PLOT (Jy1)=£DGE

CraaPUTE SUBSCRIPTS AmMD INSERT TKRENMD ChHAKACTER IN
PLOT ARKAY

i 60 I=1lgm

N0 A0 Jd=1yn
T1=14+40InT(0H+PH(X (T )=XMTIiv))
JI=Lni=TnT{O5+05(Y (] 9J)=YriIN))
PLIT(JL,I1)=A(J)

SKIP L LIMES LEFUKE BEGIMNIMG DISPLAY PRINTING

.

b 70 K=1,L
WRITE (6Hye600)
FURFAT (IR )

WRITE GUT PLUT ARRAY, SKIPPING S SPACES BEFORE PRIMTING
FACH LI~NE tF DISPLAY

it R g=lyln

WRITE(6,601) (BLANMKyK=1,S) 9 (PLUT(Jy1)sI=14w)

FukiAT (13241)

R ITE (69602} XMTIvgXMAX YRk, YMAX

Fiarm 8T (LHG 9 SX 96HXMIn =F1 648y 10X 6HXMAX =F16.Ky 10Xy
HBHYMIN =E16 .8y 10X y6RYMAX =E16,8)

CETHR N

ERRItE ESSAGES BEFURE TERMIMAT JUN

WRITE (64y603) Ly LN

Filke AT (30HAL+LN IS GREATER THAN &
CALL BXk

wk {TF (byb06) Sy »

FuionT (30HAS+W IS GRFATER THAN 131 S =1345Xy3HW =13)

L =13,5Xy4HLNM =13)

CeLl FXem
STuP
)

SUBROUTINE DATA

SUBROUTINE DATA
RETURN
END
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DSPLYD56
NDSPLYDS7
DSPLYOS58
DSPLYDS9
USPLYOQ 60
DSPLYO 6]
DSPLYOE&Z2
DSPLYO 63
LSPLYO b4
NDSPLYV6S
DSPLYO 66
NSPLYDN6T
DSPLYOGS
DSPLYD 69
DSPLYOT70
DSPLYOT1
DSPLYO72
DSPLYO73
DSPLYOT74
DSPLYOT75
LDSPLYOT6
DSPLYOTT
NDSPLYOT74H
LSPLYOT79
GSPLYOBO
NSPLYOR]
DSPLYO8Z2
DSPLYOH3
NSPLYOS4
BSPLYORS
DNSPLYOR6G
HDSPLYORY
DSPLYD8RR
DSPLYOHO
NSPLYDI0
NSPLYO91
DSPLYO92
DSPLYDY3
DSPLYOGS
DSPLYOYS
DSPLYO96
DSPLYOS97
DSPLYOY9S8
nSPLYO99
NSPLY 100
OSPLY10D1
DSPLY10?2
bSPLY103
DSPLY104
DSPLYL105
DSPLY106
NSPLY107
DSPLYIOR
nsPLYLV9
USPLYL110
DSPLYL1!

NSpLY1l2
HDSPLY113
LSPLY11l&
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APPENDIX IV

STATISTICAL FORMULAS

Mean (Arithmetic Average) - M

Moox,

i)
Mj = —
iz N
where
Xij = each individual value (SN) in a column "j"

nj = total number of xij in a given column "j"

Standard Deviation ~ SD

nj
S oxy -n )
. 1) i
izl
SDi =

nj -1

SD is a measure of dispersion ("'scaiter') of a given column of data.

Coefficient ofVYariatiou -CV

S[)l
Cvj =100 x ——
|

Since CV is a calculation of dispersion per unit mean, it is an excellent
indicator of precision. Minimization of CV is the goal.

Prcduct-Moment Correlation Coefficient - r

2]
[} - .
(=) ¥ (X~ M) (X, -M )

r
i (30,1 (30, )

r between any two columns of data "'j" and "k."

nx o - o, = to'al number of data points per column.
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This '"r" is often called the sample correlation coefficient. This can be
related to " P, the population correlation coefficient, as a function of sample
size n for given confidence limits, by using standard graphs (Reference 6).

The theory and derivation of these quantities can be obtained from most
textbooks on engineering statistics, including Reference 9.

U
IS
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APPENDIX V

IMPROVING SMOKE MEASUREMENT RESULTS TAKEN
WITH MILLIPO" MEDIUM

As explained in Appendix I1, the smoke measurement (SN} is a function of

Q, the sample size per unit filter media area (scf/sq in}.

All other factors being constant, Q is proportional to the amount of
particulate matter per unit filter media area, '"W" (micrograms/sq in). Alse,

by definition, SN is a function of the absolute reflectance of the smoke spot.

As also explained in Apperdix II, loading curves for given filter medium
are graphical relationships of spot reflectance {or optical density) versus W.
Since these are exactly analogous to SN vs Q functions, this author spent
several hours working with Millipore and Whatman media loading curves pro-
duced by GE in an attempt to find a way of improving the results that would be
obtained with Millipoie media, "Improving” in this case means increasing the
avorage SN of Millipore to the same level produced by Whaiman medium (tne
analysie conclusively demonsirated that Millipore produced results consistently
lower than those ot*ained with Whatman mediumy).

The SN from Whatman apd Millipore media are reported at Q values of
0. 306 and 0. 0565 scf/sq in, respectively. Since 3N varies with Q, the problem
was to find thai value of Q for Millipore medium that produced the same SN
as the accepied vaiuc of @ for Whatman medium {0. 300 scf/sq in). To do this,
the author worked with average diffearences in SN laken from ‘'able I and the GE
loading curves.

Such an approach can yield an approximate answer, at best, because the
difference between the two loading curves is not constant (one curve is not
merely the translation of the other)., The curves diverge increasingly with
increasing W. Figure 9 demonstrates this,

Only the iower portion of the SN range (about 10 to 50) was :2ed to mini-
mize the effect of this divergence, This is reasonable since SN of about 10 to
50 are of greatest concern (see Section 1112},
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The final answer was that Millipore with a Q of 0. 0654 scf/sq in would give
SN of about the same as Whatman wit Q = 0. 300 scf/sq ir. It cannot be over-
emphasized that this is an aporoximate answer. Additional experimentation is
recessary to corroborate this value,

Even If Q = 0, 0650 scf/sq in proves to be the '"proper" value for use with
Millipore medium, it will still be accurate only for part of the range, although
fortunately the most important part (SN of 10 to 50). It should also be noied that
this adjustment of Q affects the magnitude of resultant SN only; the greater
dispersion of Millipore results will probably still be present.
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