
AFAL-TR-70-23

PARAMETERS AFFECTING THE MEASUREMENT OF
AERO ENGINE .EXHAUST SMOKE

r) A Statistical Analysis of Test Data

DONALD L. CHAMPAGNE, FIRST LIEUTENINT, USAF

TECHNICAL REPORT AFAPL-TR-70-23

AUGUST 1970

This document has been approved for public release
and sale; its distribution is unlimited.

Rep,*ducod by

NATIONAL TECHNICAL
INFORMATION SERVICE

Sp,.ngfsiod, Va. 22151

AIR FORCE AERO PROPULSION LABORATORY
AIR FORCE SYSTEMS COMMAND

WRIGHT-PATTERSON AIR FORCE BASE, OHIO



NOTICE

When Government drawings, specifications, or other data are usod for any purpose

other than In connection with a definitely related Government procurement operation,

the United States Government thereby incurs no responsibility nor any obligation

whatsoever; and the fact that the government may have formulated, furnished, or in

any way supplied the said drawings, specifications, or other data, is not to be regarded

by implication or otherwise as in any manner Ilcensing the holder or any other person

or corporation, or cc veying any rights or permission to mangfacture, use, or sell any

patented invention that may in any way be related thereto,

1:0

\ Ii '

Copies of this report should not Pe returned unless return is required by seeurity

considerations, contractual obligations, or notice on a specific document.

100-October 1970-C0105-8-71147



AFAPL-TR-70-23

PARAMETERS AFFECTING THE MEASUREMENT OF
AERO ENGINE EXHAUST SMOKE

A Statistical Analysis of Test Data

DONALD L. CHAMPAGNE, FIRST LIEUTENANT, USAF

This document has been approved for public release
and sale; its distribution is unlimited.



AFAPL-TR-70-23

FOREWORD

This report was prcpa.'ed 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-

cted by the Soc'3ty of Automotive Engineers Technical Committee E-' in

June 1969. Raw data was reduced to the final form presented here in by a

group within the SAE Committee and by a team at General Electric Company,

Evenddle, 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

to February 1970 at the Air Force Aero P r op u Is ion Laboratory, Wright-

Patterson AFB, Ohio 45433.

The author appreciates and acknowledges the assistance rendered by the

following outside of the AF Aero Propulsion Laborrtory and the SAE Com-

mittee: Mr. C. Fetter of tho Digital Computation Directorate, Aeronautical

Systems Division, for guidance in applying the data plotting routine "GP;"

Mro. Mary Lure of the Operations Analysis Office, AF Logistics Command,

for reviewing and commenting on the approach and on the analysis criteria;

and Mr. Charles Stanforth and others at the General Electric Company for

their heip in reducing the data to a final form for analysis.

This report was submitted by the author 23 March 1970.

r'his technical report has been reviewed and is approved.

ARTHUR V. CHURCHILL
Chief, Fuel Branch
Fuel, Lubrication, and Hazards Division
Air Force Aero Propulsion Laboratory
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ABSTRACT

This report describes a computerized statistical analysis of test data from

engine smoke measurements conducted by the Society of Aut )motive Engiaeers

Technic= Committee E-.,I. This Comminee y orani,pd to deveop 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 concl, s-ons ab-out

four measuring system parameters. "Whatman No. 4" was found to be superior

to "Millipore SM" as a filtering medium in this application. All three reflec-

tometers tested were found to produce equivalent results. White reflecto-leter

background shade was found to have slight superiority over black, yet black

(i. e., absolute reflectance less than 5%) was recommended as a safeguard

against unknown factors. The lower sampling flQw rate (0, 0041 scfs) w ,s found

to have produced slightly, yet consistently, higher smoke density readings than

the higher flow rate (0. 0085 scfa) tested.
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SECTION I

INTRODUCTION

There are numerous systems in use for measuring exhaust smoke from

aircraft engine.,. Mo't 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 these 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 pi-epare a

reasonably simple, precise, and universally acceptable method for measuring

exhaus sni,,ke from aircraft engines.

In June 1969, Committee E-31 comp, !nded a prelimi,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 1.

"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), Evendal', Ohio. The data reduction procedures

of the two groups differed somewhat. Both are described in Appendix II.

An nalysis of this reduced test data is presented in this report.

This analysis of reduced data was undertaken Lo answer the following:

How 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 II

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

* Sampling 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 different engine 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 unless all columns being compared contain

exactly the same rows. not just the same number of rows.

Initially it seemed possible to draw statistically valid conclusions about

six parameters. More detailed scrutiny revealed that this unfortunately was

not possible. There was not enough data o statistically examine any param-

eter other than the four explicitly noted as column headings in Table I.

Column "seti 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 all include the same

rows, forming a set was necessarily a compromise between getting as many

points per column as possible, while including as many columns as possible in

the se. For example, see Tables II through VI.

2
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TABLE I REDUCCD 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 'ke

4 - 0. 0041 scfs
8 - 0.0085 scfs

* Fourth space identifies reflectometer backgrc snd

B - black

W - white

For example, WM8B is a column containing reduced data taken on Whatman

filter medium, at the hj-,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 includeu.

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

serl-s contained all the data of Table I, but each utilized at least 90% of that

reduced data,

The computer routine CORRE1, included as Appendix III, was written

around two existing suLroutnes for this analysis. Figure 1 is a typical print-

out of this program for a saigie column set. The computer outputted all input

data, made correlation plots (scatter diagrams), and computed the following:

* Mean (M) of euch column

* Standard deviation (3D) of each column

4
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* Standardized mean and standardized standard deviation for each

column

* Coefficient of variaticn (CV) of each column

0 Correlation coefficient (r) of each column pair specified

These quantities are defined and explained in Appendix IV.

There was no preanalysis attempt to correct or exclude suspect data.

5
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SECTION III

RESULTS

1. GENERAL CONSIDERATIONS

The results of this analysis are tabulated in Tables II through VI.

The number of data points per column is the most important statistical

indicator of corlidence. About 15 points per column was generally the minimum

number that produced good results.

The datahad 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 points," that is, deviations from whatever trend was established

by the rest 3f 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 th,'y 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 determine how much, if any, influence each

parameter had on the measurement of smoke. Superiority criteria were sub-

sequently used to determine which, if any, value of a given parameter pro-

duced better results.

The criteria for a parameter to have had significant influence %%ere:

* AM (difference in column means) > 10% of the lower M

e ACV (difference in column coefficients of variation) > 10 of the

lower CV

12
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0 r < 0. 990, for a nontranlated 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

based 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 to 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 plots.

Two superiority 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 pro-

cision. They are also desirable criteria considering the nature of smoke mea-

surement andthe definition of SN. The SN scale is mathematically defined from

0 to 100. When smoke spots are rated in units of optical dcnsity, SN values

are most precise at the scale midpoint, SN z 50. This is because the expression

for SN in terms of optical density is a logarithmic function. Also, the need foiu

precision in smoke measurement is greatest at that value of SN corresponding

to the thresh Id of smoke visibility. Though this value is far from being well

defined. all work to date indicates that it is within SN of -'P to 35 (References

I through 3). Consequently, the best value of a paLrameter is iot only the one

that produces the least deviation wih respect to the mean (minunizes CV), but

the one that tends to increase the mean toward SN = 50.

13
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+ y y = x + k: TRANSLATED
CORRELATION FUNCTION
NY -1.0

y x' PERFECT
CORRELATION LINE
rxy = 1.0

k' CONSTANT DIFFERENCE
BcTWEEN FUNCTIONS

/

0-
0 

+x

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 somewh4 different methods had .gnificantly influenced the results. Since

both groups prepared what should ideally have been identical data with the Photo-

volt reflectometer, theste data were used to investigate the possibility of in-

fluence. Table 11 contains the results of this comparison.

Table 11 contains four column sets, ea,:h with one column pair. 6M was

insignificantly small with all four sets, but AC%* appeared to be significantly

large in Set 2. and r appeare.': to be significantly low in Sets 1 and 2.

However, the correlation plot, reve.led that three of the 11 points per

column in Set 2 were odd. Set 1 also displayed 3 odd points in ite correlation

plot of 22 points. Correction of these ,d points made tth suspect r greater

than 0. 990. and reduced the 6 CV of Set 2 to below 4. 2.

14



A FAPL- -'1-70-23

10 0

IL4 >0.

V" (

Doe) 0i4 zI- oe 0?..0

2zw
w 0

0 0 0 0

cr LID w

0 00. 4

4 J U. O -

o 00, ~
CL~ - -

4

> >>

00

0 In

0 0

It 9

0 00
wa

-1

,.)> La v .I ..1 -I

-4 ~ ~ lu .- ,
.0 w ~U



AFAPL-TR-70-23

It was concluded that no significant difference existed between the Photo-

volt data reduced b, GE and that reduced by SAE. For the purpose of this

analycis, this conclusion was taken as general proof of the identity of results

from the two data reduction methods.

The GE and the SAE Photovolt data were not mixed. The GE Photovolt data

was chosen for the remainder of the analysis simply because that team had

produced more jints. 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 & 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 point in one 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 correlation function translation, inidicating 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 smoke measurement.

There Is also a consistent trend in the LAM column of Table III. The

higher flow rate (0. 0085 scfs) produced lower average SN with all 10 pairs

by 0. 9 to 3. 3.

None of the 10 ACV's are significantly large, so nuither flow rate

appeared tr have intrinsic superiority.

5. EFFECT OF REFLECTOMETER CHOICE

The results of this series for the parameter values, MacBeth, Densichron,

and Photovolt reflectomet -s, are given in Table IV. The four sets of this

series consisted of 18 column pairs.

16
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TABLE iZ. RESULTS OF REFLECTOMETER INFLUENCE INVESTIGATION

DATA NUMBER OF POINTS MEAN OFFERENCE COEFFKCIENT DIFFERENCE CORRELATION
COLUMIN PER COLUMN/ROWS (M) IN kI.-Ji5 OF VARIATION IN COEFFICIENT COEFFICENT COMMENTS
IOENTTFICATION INCLUSIVE FROM 'tM) {C,41 OF VARIATION Ir)
CODE 

T
ABLE I _iCV)

SET 1 30
Wmes 34.5 49.1
WOS /16-20, 33.6 0. ?

Wme 22-23.tt, 34.5 49.1
WPoS 29,32-34,37-40, 31.6 46.2 LOW r ATTRIBUTABLE TO
WoB 42-40,AN0 53. 2 48.7 FROM ITO 5 000 POINTS
WPS 52- .6 22 46.2 OS 0.964* IN EACH COLUMN PAIR

MMES 30.3 .$ OF 30 POINTS.OISPERSIONms04 2 2. 0.990 CONSISTENT EXCEPT FORMOSS0. 0. l.2wodI 30.3 60.3 THESE FEW 000 POINTS,
0.6 0.7 63 2.2 0.971* (SEE FIGURES 3 AND 4)MPBs 29.6 $3.0

moSS 1.3 3.0 4.6 0.996*MPeB 2'9.6 63.0

SET 2 Is
WMsW 39.1 42.b
W0OW ,17-25,29, 35.8 47..3
WM6," 32-34, 3.1 2 42..
WPaW 57-40,AND 42 36.4 24.3
WOSI 33.3 473S0.6 O. 0.991
WPIW 36.4 46.5
MMSW 27.1 5.4* 70.5mO6W 20.1 60.9 9.6* 0.71* DISTINCTION DUE TOI VERY ODD POINT OF

18 POINTS TOTAL
MMeW 27.1 2.0 70.5
MPbw 29.1 63.7
MOSW 30.5 1.O.PA9NNPSW1.4 2. 0.972* TWO VERY ODD POINTSMPIW 29).1 :5.7 APPARENT

SET S 15

4M4 /15-IS, 31 ,4-44, 42.0 44.3
W040 47, 40, AND 53-56 43.6 641.0
WM40 420 44.3 LOW f ATTRIBUTABLE TO42.0 2,4 0.9 0.975* 2 TO 5 000 POINTS IN

41.0 ALL THREE PAIRS.WD4B1 43.6 4.0 32.4 OS029st

WP4S 2.. 42.4

SET 4 16

M04B /16,18,26-28, 35.2 0.4 So. 4.3 0.960*
MD49 34,41-46,AN9 35.6 S4.2 ONE ODD POINT IN

13-56 1 COLUMN MM48 WAS THE

MMN4 35.2 58,5 (CAUSE OF LOW r IN BOTH

NP4B 35,1 0.1 543.9 0.961* CASES.

MD4 35,6 04.2
MP48 35,1 54.6

* SIGNIFICANT DISTINCTION IN THE UNCORRECTED DATA. SEE CRITERIA IN SECTION M PARAGRAPH 2.

18
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With uncorrected data, AM was significantly large with 1 of the 18 pairs,

and A CV was sirificantly large with 3 of 18 pairs. The correlation coefficient

was aignificantly iow with 12 of 18 pairs.

The first set contaL, d six column pairs, each with 30 points per column.

Five of the six pairs displayed significantly low r, but this lack of correlation

was attrbutable to the existence of 1 to 5 odd points per column pair. Figures

3 and 4 shiow 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 od' 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 displayed superiority.

6. EFFECT OF REFLECTOMETER BACKGROUND SHADE

The results of this series with 10 column pairs arranged into three sets

are shown in rTable 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 stgnifil....

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 pohit 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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70-__
Data Source Table Mr, Set I

50 1 --- -/

A+

40 - __--__--

z /

,/

20 - _ _ -_ -

105 d
5 odd points (of 30 total ) in the
uncorrected data

A points superimposed

0 to 20 30 40 so 60 70

WO8S SN

Figure 3. Correlation Plot of WDSB-WP8B Showing Odd Points
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70

Data Source Table "r, Set I

60 
/

+. ++

50t

+
40

++

4.+

0 //

II

0One Odd Pint (of 30 Totol in

Uncorrocfo(. Date

S+ A 2 Suporimpoed Points

0 _ 0 20 30 40 50 60 70

MM611 SN

FigureI4. Correlation Plot ofMMB-MPSB Showing Odd Points
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TABLE 3r -RESULTS OF HEFLECTOMETER BACKGROUND

SHADE INFLUENCE INVESTIGATION

Data Column Numberof Difference Coefficient Difference i Correlation

identification Points per Mean of Coefficients o

Code Column/Rows inMas o ofiinsCoefficient Comment so ,oumn/ows (M I Mn Variation of Variationfrom Taoblel (M Cv) (ACV) (r
Inclusive CV) (r)

Set I

WMB 35 36.3 7.3 47 . 7 10.9 "4 0.982 "  
Both are deceptively

WMSW /17-25, 4!.6 36. 8 high-correlation

function strongly
WD8B 32-35, 35.6 5.0- 47 6 7'34 0"985 " ) translated. See
WOOW 37-49, 40.6 40 3 Fu 5and 51 -56F gra5

MM8B 32.2 0.4 57.9 17 0 996
MM8W 32.6 69. 6

MDB 33.1 1.4 55 9 2.7 0.991 One odd point. rt0993
MD8W 34 5 53.2 if corrected

Set 2

WM4B 15 42.5 744* 38.5 85 "- 0.989 r deceptively high

WM4W /18,26-28, 49.9 30.0 Plots showed both

WD48 ,42.5 3.3 37.9 4.0" 0.963* correlation lins
WD4W 46-47,and 45.8 33 9vry tronslid

53-56

MM48 39.0 0 3 50.2 04 0.997
MM4W 39, 3 49, 8

MD48 Z8 I 1.1 49.2 1.6 0.999
M,-4W :" 2 47 6

Set 3

WPOO 17 29 2 6 9 46.5 7 8 0.991% r deceptively high
WPSW /16-zo, 36 I 38.7 Plot showed obvious

22-25, trorislation (Figure 6)

MPBS 3234, 26 0 2 5 64 0 4.3 0.96" One odd point

MPaW -40 2 5 60.5 r > 0.990 if corrected
and 42 27

Significant dist~nction in the uncorrected data See criteria in Sect ion'., Pirograph 2.
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70 - _ _ _ _ _ _ _ _

D ata Source:I +
Table V, Set 1.4

60 -+ -

+

+ X

++

I40 -- ~- _ _ _ _ _ _ _ _ _

+

30/

+ +

+

10 -- + -- +-+ __-
/ A- 2 points superimposed.

Toble7r, Set 1.

1' 0 20 30 40 50 60 70

OLACI( (WM88 )SN

Figure 5. Cor-relation Plot of WM8B-WM8W Showing Influence of Background
Shaae with 'Whaltinan Medium
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70 --

Data Source; Table ' , Set 3.

60 +

. // ,
+

+

v) 40 --+ _/ __
"//

+

30 . ........__ ___ -

++

- m
A "2 Poirifs Svperlm poseod

m ) '4 Poaints Suporimnpolsd

0 to 20 30 40 50 60 70

aleci ( WPea) sN

Figure 6. Correlation Plot of WP8B-WP8W Showing Influence of Background
Shade with Whatman Medium
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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, background 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 results of this series with 10 column pairs arranged

into four sets.

The A M, A CV, 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" ore mean by 2.5 to 4.1, but these A M's appeared to be significantly

large in only two of the five !ases.

Not only were the differences large overall, but the correlation plots

revealed that the differences in results from Whatman versus Millipore media

weri consistently greatest in the important region of "'N 15 to 45. Figures 7

and 8 show two of these correlation plots.

Whatman displayed consistent superiority over Millipore medium in all

10 comparisons. The Whatman column means were higi,-t in all 10 cases,

and the amount of dispersion per unit mean (CV) is lowest for Whz-dman in all

10 cases. Bac".4round choice affects the magnitude of this sup-,iority. Whatman

was much more superior to Mlllipore on the white background. The same trend

was consistently evident with black background, although th magnitude of

Whatman's superiority was less iban that of Millipore.
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70
Data Sourec Table SUSa I

60 1 +/' 
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5 0 
+I" +
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Figure 7. Correlaion Plot of WD8W-MD3V Showing Greatest Difference
Between Resuits with Two Filter Media at Low SN
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Data Source: Table 3M Set 2 1
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Figre 8. Correlation Plot of WM4W-MM4W Showing Greatest Difference

Between Results with Two Filter Media t Low SN

28



AFAPL-TR-70-23

SECTION IV

DISCUSSION OF RESULTS

1. SAMPLING FLOW RATE CONSIDEIRATTONS

The analysis indicated that doubling the sampling flow raze (from 0. 0041

to 0. 0085 scfs) produced a reduction of 2V to 9( in S'.

In 1954, Watson reported that the need for isokinetic sa-pling (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 corroborate that recent work.

The small sampling flow-rate effect must be considered, but it does not appep;,

to be large enough to justify the complexity and effort involved in isokinetic

sampiing. Merely specifying a standard flow-rate value seems to be proper

and sufficient.

Some smoke measuring systems employ sample volume and sampling time

measurements to determine ilow rate. The analysis also indicated that such

a more precise yet laborious procedure for determining flow rate is sup(c -

fluous. The analysis tends to indicate that variations in flow rate of as much

as 10,i will produce variation in results (SN) of less than 1%.

2. CHOICE OF REFLECTOMETER

The analysis indicated that all three reflectom2ters produced substantially

the same results. The differences in data column means were 2'7: to 117c, 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 filt media and background shade effects were

coupled.
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Combinations of filter media and reflectometer background shades are

ranked in ma);le VII. The M and CV averages in Table VII were prepared from

Tables V and VI. The corresponding SD averages were prepared from computer

calculated SD not reproduced in this report.

TABLEM2 SUPERIORITY RANKING OF FILTER

MEDIUM - REFLECTOMETER BACKGROUND SHADE COMBINATIONS

Combination Average Mean A4 eroag CV Average

(Maximize for (Minimize for Standard Ronking

Superiority) Superiority) Deviation

Whatmon/white 43.0 37. I 15.4 Best Cc,-bination

Who tmon/block 56.9 44.6 16. I

Miliipora/white 34.3 56.4 18.5 Either Compinotion

Millipore/black 33.4 55.9 18.1 Least Desirable

(Insignif icant

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 are 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 white 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.

Tno superiority of Whatman paper has been previously implied if not

explicitly denoted. Bagnetto (Reference 2) evaluated three smoke measuring

systems and concluded that the Von Brand system, which uses Whatman No. 4

medium, was significantly superior to the AED system that used Millipore.

(The third system, the B. P. Hartridge nonfiltration type based on light

absorption, was ranked slightly above the AED system, yet still significantly

below the fIltration type 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

CONCLUSIOin S AND RECOnviMENDATIONS

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 flow rate (0. 0041 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 samnpling requirement is superfluous 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 evaluated 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 MiUlipore 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 measurng 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 background

(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 somc 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

WM8B and WD8B is virtually identical: 47. 7 - 47. 6 = 0. 1. Yet the ACV of

WM8W and WD8W is much larger: 40. 3 - 36. 8 = 3. 5. Since it is impossible to

specify limitations on all parameters, the use of white background could 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 zause a slight loss in precision due to the absolute value of SN being

lower. This, in the author's opinion, is 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 Committee E-31 had decided that the standard mea-

surerient system should be an indirect, filtration type not unlike most systems

in use today. A test program was conducted by the Committee at the Federal

Aviation Administration's experimental center in Atlantic City, New Je;rsey.

The program was intended to experimentally examine the tentative smoke mea-

surement system.

A J-57 turbojet engine was used to generate smoke. The elements of the

measurement system being evaluated were provided by various Committee

members.

The design of the experimental program is unknown to this author, a&thougL

it is known that the testing sequence used did -pproach being random. Data s

obtained with different combinations of values of the following:

" engine power level (4 values)

" filter media (2 types)

* filter media holder (2 types)

sample size (standard volume of exhaust gas; 4 value; for each

of the 2 types of filter media)

" sampling flow rate (2 values)

" sampling probe anglar orientation with respect to the direction

of engine exhaust gas flow (3 values)

" sampling probe position along the engine exhaust gsa 6,weam

flow path (2 values)

" sampling line length (2 values)

* sampling line size (diameter - 2 values)

" r mpling line material (2 types)

* sampling line temperature (2 values)

Data reduction introduced two more parameters with variable values:

* reflectometer (3 types)

" reflectom-ter background ihade (2 values)
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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 filter holder bypass line was used to maintain

flow rate in the system when a sample was not being taken.
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APPENDIX 11

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,

is:

SN =100(1 worSRV

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:

O = log, - (z

The SAE data reduction group used graphs combining Equations I 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-

fle,"ance (the Photovolt meter).

SN will vary with the sample size. It has long been accepted to report SN

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. 300 scf/sq

in, and the value used for Millipore is 0. 0565 scf/sq in. These are widely

usedalthough apparently arbitrary, values.

The SAE Group calculated Q values, and then plotted these as abscissa

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 for Q v a I u es o f
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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 I.

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 3ize is a necessary parameter

of such curves.

The GE data reduction routine was completely computerized. All raw data

to compute SN and Q were input (reflectometer readings, samplc 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 I.
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0 0 0

10 10
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APPENDIX III

ANALYSIS COMPUTER PROCRAM CC.,I

The CORREI calculation routine is written in FORTRAN IV, Verson 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, 1cspectively.
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MAIN ROUTINE MP

C LVALUAT ION OFCP.E-31I TEST [OATA P1I;E CRFI
C
C INPUT~ - MT - PJUMBFR 01' COL- NS UPF UAT" (12
C PER CASE).
C - NT - ROWS OF DATA PER CULU-moi* AX .fA>Ax

C iviST NUT bE LESS TH.Ar. '-T.
C - NC - N'IUiERk (IF CASFS. * ACH SET (f: 12 h
C CLUM-NSt~t< EACH 01 FFL-K~PilT r T Vii LI,~
C (ISTITLUTt A CASE.
C - JP - NUOMBER LIF CUJLUI -I\ PAIRS TL; bE IP, FLAT-lFl.
C - SNP C J - ALPHAMEkIC CnLLO),N (Il'E (6 SPJAC% A
C J IS THE CLLU;,IN !NULX i\:lbEI,.
C - JX(lI)?j I J)
C IM INICES C F COLUMI. ',S TI- EE ChAE-FLA (F 1).
C IJ = 1 IS THE FIRST Pik, PTC.
C - SN I ,J D ATA, INiPUT CtL.' Y CULtii*"
c - Pi 1I 14A 42 ':a-ACE MESSAC& UF vHICH FUAT4 k( wtS
C WE! \PUT.* I IS A ;Jli-Y SUbSC A I P T.
C hIJ(TP[IT - CDATA, COLHLI\ h - LUm~v,2 YITH CiIL(Il',\ iDTPT Y j
C CHDF AW~) STiUTL)XiE'\O LiE rlHI-CH ROUPS NE~ I ''PUT.
C -MEANS,lfI, STAi\oARr~llIru: 'E' AklI' SO, w:yI, ChEL> I r Ih,
C OF VACfIATI(oi, FIPF A~LL lIPUT C('LLjmiS.

C - C(.RRFLk\TI$IN~ COIFFF IC IEi\TS FUR SiLE:UiGLt''
C PA)I R S.
C- PLU)TlIf\l.- OF EACH CUKRELAT EU
C C' L~i~wj PA I k.
C

o1 -FwS5I LJI' Y I100)
1,EAII IS,10 )
IC = 1

50 k E Akl ( 5, Io 1 T
("ALL .i-Alo\ (Y ,I\T
!C - Ic+1
IF(lC-\C) b0,50950

11) FURPlATI5)
60 S,0 P
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PRIMARY SUBROUTINE MAIN

1 ~"'St': X'j) 1) STI)( F ',' ,fX( 144),R(78i) pb(121 ,D(12),r; 12) ,~N 2

2 S;',(5-, 1 , sX 6 00 y NT v 7 A 2) PLU T (36,60) P (20 1 R(7)

~L~ (5, I".! ) ,T , JP , (S NPC ( J ) , J= I , MT)
114(, i) ( jY(14) ,JZ (14) 1J=1,JP)

k~-(~, )(kll), 1=1,7)

C (u1 ThwS, ST A \0A R )L- Ij VT I UAS, AND COEFF- I CIE 1\4TS DI- VAN I AT IfI 'o

( j .= sl 1 ,

T \ I ' t:

*L L Ci'k V~~I UAX BAk S TD,kX,k, h 0,,T)

i (I = bD.'.-STD(,4) /XiAk (4)
i'"-(4) = X' AR(J)

AVT-kc-F 1,EANS 91\11 A\TFAGE STADAK(IM IONS A UNUFVI ATDII Ii\

p T

I S= 1 +1
(I XI(I S) = X 1,AR(I

CAiLl Cflki~b (i', 10.IX XbAk,9STI),kX, R,Fi,,l),TI
k i X li< ( I

Asu) Xtwhw< (2
= -i= T4

Hu '-40 J=1 ,;T

0K Ssfl(J) S If(J)/AsII

('. [IP J = I : T

P-0 Lp,1)S"P 4 ,N, AAN 4 SD(J4) SOI(J4) ,SSD( 4) ,CV (4)
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C
CLIMPIJTt ANO~ UUTPUT CORRELATTOtj ClF FIC IENTS

Wk T 6- (t, 16l)

Il I S =u

JI JX(IJ)
J2=JZ ( JI
Otl 12o 1'

120 X (IS,= Si~ (1,j 1)
M! 1251 1,f
I 5=1S+1

125 X(IS) = SeN(l,J2)
CALL CUNN6 (N ,N.,I(JX,XB.kSTF),kX,R,B,D,tT)
LRITH6.617 SIPC(JI ),SN'PC( J2hIK(2)
RPMI) = k(2)

IF (IJ-JH ) 110?i10,130
c
C X-Y PLUjTTi\-(; OIF LIJkR ELATEU C0Lilri'S

130 CUlNT I qdE

oAih A/1H., ,t+

= w T2

L6b

S=3
I = 1

1 II 0 i S'K(I~h, 1)

Y(I,1) = Si,(IlJ1)

IJ = 1.1+1
If-(IJ-JP) 130, 150,200

II0 FDR!,T (215, IN I4X A46)I
11 FPnRfPAT( 4(1 5,15, loX)I
12 ikHT( i6F5. 1)
13 Foki,.AT( IH11,3OX,60H AVERAG;ES, STANDAkD HEVIATIONS AND CUEFFICIFNTS

2 7X,7H N\,ifRtlFN3Xtlli ANITHt=IFTIC,5X,.,H STANI)ARDt5X,13-i STANI)AFUIZF
31,X13H STAi\,l"WIZEFP, 4Xtj6& l COIEE IC IFNTS (hE/OY,

4 16H (PA#NAo'TER SF.T),2X,A~H I'F I)ATA,6X,SH M-FAN,6,(9,10H DLVIATION,9
5 5X,ll-i AkITH NFAN,5X, 15H4 STAN I)EVIAT1(Jmt4X,15H VAkITIil (CV)/?bX
6, 12H (SN) P91j1\IS,3X,6H (AmN),luOX,5H (S()),HX,11H (AMiY/jAAM),7X,9H
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7SD,/ASLD)9X,15H (100 X SD)/AMN,'//)
14 FoRMAT(16X,A6,8X,!2,5F16.3)
15 FURmAT(1H0,40X,34H AVERAGE ARITHMETIC MEAN (AAMN') =tF10.3/40X,36H

I AVERAGE STANIIARU OEViATION, (ASID) =,1O.3//////)
16 Ft!Rl!AT(45X,2H X,10X,24H CURRFL4TION COEFFICIENT/45X,2H Y,14X,16H b

IETWEEN X ANiD Y//)
17 FURNAT(42xA6/42X,A6, 10X,F 10 .5,II)
18 FI)R,AT(10X~12Fl0.2)
19 ;-Uk,>AT (1HI,6OX4L1H INPUT DATA//IOX,12(4X,A6)//)
20 FOR -IAI (1HO?50X,18H ABSCISSA (X) IS ,A6/51X,ISH ORDINAi- (Y) IS

lAb/40X,43H CORRELATION COF ICIENT BETWEEN X AND Y YF 10.5)
21 FORMAT (1HI,4()X,35H PLOTTIN, (IF CORRELATED) COLUMAN PAIR//30)X,44H PE

IRF CT CI~kRFLATI(H\ LINE iS DRAWN wITH DOTS/30X940H ACTUAL CULUMNS P)
2?P*fl T IS WITH CklJSSES)

22 U -

G3 t 7~:2;~ THIS DATA IS FROM THE FOLLOWING; kUYS,INCLUSIVE
~C;dL .'CL'.VC TUP TO RUTTOM 7A6)

45



AFAPL-Tu-70-23

SUBROUTINE CORJRE

C COPREFt) 1
C ................... s...................*#*................ C~kkL0OO2

c ~CC)IK E00 3
C SL'bkuUTIr,, CURRE CLI PE00 4
C CUJR RFO 05

CPIIRPOst: CIRkF-006
c COMPOTE r"EANS, STA'ND~I)f DEVIATIONRS, SUI'S OF CRUSS-PRDDUCTS CURREOO7
C LIF 0EVIATIOI\IS , AND CnkkE-LAT TON COIEFFIC IENTS *CREO

C UISAGE: UO <ND10
C CA~LL CIIR N f'IXXA STIR R b,, CH k F 11
C C[iRRFO12
C IIESCKIPTID' OIF P4AAIETERS CC~kRl O13

10I mbEk OF ObSFRV-T ILIHS CORE014
C -NIIMoER OF VAkIABLES. COHN EU 15

C 10 - OP T101 COO F FOIP I\ POT DATA ClINKED I
C 0 IF DATA AK' TOj LiE REAII IN, Fki NINPU~FLT O-V I CF Ii" TI-E COH F-U 17
C SPECI AL SLJRRDLT INE NANf,, I)ATA. I SFE SIIUNILITINIS CI)HRNI 1
C USED bY THI S SUbROUIT INE bELtIN. CO)NkNDF 1 Y
C 1 IF ALL DATA ARF ALRFA!iY iv C!OKEF WkCUEL02'
C X - IF 10=0t THE VALUE OIF X IS 0,0. Co&INNEo 2 1
C IF 10=1, X IS THE IN PUT f'ATkI X (NI BY N) CU",\TAIhI" k, COk ,EO22
C DA TA. CU PR FO 2 3
C XbAk - UOTPLIT VECTOR OIF LENGTH I, COjj\TAII\i.It\G MtA.COKKRE024
C S TD - oOTP(T VFCTLIR OF LENGTH M Ci\,TA jiM 11Th ST/AvtOAko CLINKR F-C-
C D FV IATI(I NS . CUkkFO 2 6

c .x - UTPUT mA TkI X I 'X ICITA I' N t SOMkS I)F CPh;S S- C0R k k11)27
C PROIIICTS OF DF-h ATI(NS FkrO, mFANS (3 ' ) 4k FC 201
C k - OUTPUT ,ATR IX W NLY U)PPER T I ANG6[LAN PORTIO 101 lf- TOO- CU HR HO 29
c SYI'iiETN IC NA T I X OR- f, HY i , Cli ITAI N4 v( LuF-NL T Ii' cw vf HI -)

cCHIEFFElCI ENTS. I STUF AGE ('iDF OF 1) Cof-<F:031
C 0 - WjITPLIT VECTOR (IF LENG;(TH N O'T, I~( Thl: [~~i, CiI I t< t
C OF THF f,,ATR IX FF SLINS (IF CR11 SS-Pk01JDCTS LWI Cl k~ , r 33
C DFVI ATII'S F-RIfME AN'S. (-0 H H HO"34
C 1) - IoRkKINGL VECTORk lIF L FNGTH ti * CiikRI-),

CT - NUKKI Nt VECTPH ((F LEiHAITH N.* Ctlkk Ho 3h

C k rAK KS CHi p K I-() H

C \1 'I0ST BF- L;N ATEN THAIN UN FLUJAL TO' C' I : ~H) 3 Q
c ul jt< Rtil4t)

C SI)hRijITIIF-S Am) F-UHiCTIOI\l SIINPkhI,NAi'S KFQII)I iHh~
C I)ATA i , () - THIS SIIHRIIlT livEF RUIST BE PI-NVIJELI BY THF USF-k CH kk 1-( 4~
C (1) IF H-10, THIS SlIbROULTIft: IS F-XPEtCTI'l Til Ck004
C F-KI~k'ISH AN (IBSERVATO 11\1li VFCTIR IJ F-HOll AiP Li'<kF-(44
C F-XTE<'iAL INPUT OFVIC ClIH, R Ho4 t
C 12) IF If!= 1, THIS SLIbktIIT i\IF IS NJi 1Ist:0li ~Y CHii

rC!)RkE RLIT 1,lIST O-X ST I JOBlIC~ IF IiSFk (:iiHR 0017
C HAS 'lIT SOPPL IF-Il A SlIFRIIIT INI- \M~IATt, ( U'w K<f-04h
C THE F(LLLING F". S SoL;I';FSTF0. C' t Hj J M
C SIINRLIIT lEE IiALTLiAFi
C k F T,,)' k4 NH ~ij

C F N. 0 01i' I-Ilo

C U(IkR lm)
C FIT-I-M l )RkIt-) )

C t-'-iIIIICT-iIl'0s,FrJ CUNNkF-LlTIIIN CLIF-IC IF-i\TS ARE CII,'ITF-!I,
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C .... .................... . . . . . . . . . . . . e . . . . . . . . CoPRKE0' 7
C COkREO 58

Sl~k~u.TI Nh ClIRNE (I N,M,~10, X, XPAR ,ST),RX ,R ,H,D,T) CLI R RF.0 59
1)iIFvIVS11 XlI) ,XbAR (1) STO(1) ,kX( 1)R( 1) ,h( 1) ,)( 1) T( I C(JPRF06I(

C COR FC)61
c ............................ *.......... I ,.. CO'RF062
c C0kRE063
C IF A LIOUBLE PkF-CISION VERSIUN (iF THIS ROUTINE IS DESIREO, THE COPRkF-64
C C f:, COL11OkIV I SHPOLI BI: PFF1'UVEI) FROM TH- DUBLE PRF-CI SI11T CORkEO 6'
C ST/hTFE+1T vHICH FOLLO1WS. CUkRF66
c C(JRNF067

M06~Lh PPF-CISI0W XBAR,STI,NX,kM,T CORFI0684
CU kR F06.9

CTHE C iUST ALSO B-E RENUVF- F-NUN 0OUFLE PREC IS ILN STA,.TFl~ETS CUHRH)7-0
c APPF-AkNG( IN U'LTN1: kOUTI MFS USED IN CUNJUNCT ION W.ITH THIS CUNR-0 71

c TI-iF 00!JLI: PRLCI SLUR VERS ION OF THIS SLINOT INE (1UST ALSO CC'NRF-074
C Cllt\'Tk11I" IOIMLE PR FCl SI UN FONRTRAN FLJ.,,T ION\S SoRT AND AbS 1w\ COR F-U 7)
c STgTEi1,-'l\T 220 rNiJST BE CHAiNGEI) TU DSORT AND) OAKS * CUPNF07h
C CURIRNFi77
C.. ................................................. ........ .... *..ORRFO78
C CORN 1079
CS 11\'TIALIZATI(H\ CIANN1:o80

H Wd =0 .0 CORRN FoH 3
1oo T ( J 1=0 .0 Wk]R!Fo 44

K= (,-,*-+m ) 12 CUR R EOh5
im 102 I=1,K Cli N -OH6

102 k (lI =0 .0 CORR1- F,07

C =0 CH P0:k R ( 9
C Clo P 1I F\ 9(;

IF- (Ili) 10D, 127, 105 CJ~ 1h09 O I
c C",k R -0 9
c IUITA A)i-j oI~kF-9Y IN~ CORF Ci)RFf-IP3
c Cl'RF094t

1 Ml 10's J= 1, " Ci JN kkW 0'
011 107 1=~~ 1 NCO R RH96
L=L+ 1 CI PR 1- 47

1()7 TI J =T (dl+X (LI WlI~NFo14
xFiAP Iu I=T (dl CLINkRD'-)0

101 P, l= F ( j II-( CUNNE 100
C C 1)NP R P 11

10 111) 1=,'ciHR1: ii?
JIK = C1IxN -103

III~~~~ 110 J= 1,-CIR10 4

I -4+1'CC0NN1: ih
(d = X ILl-TI J) C(INRF-l()

110. j~l'd+ld CI R 1108H
I' 11- i=1,1' CIINNE1O0

0! 11> K=1,d CONRF 110
J K =j FK + I (A I RN Il
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llD k(JK)=R (JK)+I)(J)*)( K) CWkk 12'-
GlTO 205 CORRkF13

C CH)41F114
C READ) UBS~kVATI0NS AND CALCULATL- TEi',PUkARY CORRF115

C MEAN'S F-RUm THESE DATA IN- T(JI CUiRREI 16
C CURKFll7

127 IFIN-r') 130, 130s 135 L()kRlile
130 K K"11 CR El 9

GOj TO 137 CURkbI2U
135 K K=1, CRRI2
137 DU0 140 I=1,KK CURRE122

CALL OATA (1-191j) CiiRkRf123
DU0 140) J=1l,, CUkRE124
T(J)=T I J ) +f(J) C) 88 El 5

L=L+1 C-IKKEJ 26
14(0 f4X L )=U( J) CORRF 127

F-KK =Kl COKRF128
011i 150 J=19to CONN(-12q

XBA(J=T1.1) CUIkl 30
15 0 T(J)=T(J)/L- K COR0:I3I

C CURR l32
CALCULATE S~l'S ()- CHLSS-PKO'0iCTS ((F 0EV hAT ItiS CORk Fl33

C E<i TtiviPlI<A8Y (ThAo\S FOR fi (;hSS-VATH)o~S CURF1 34
c C04k41RF35

L =o C~IJNR436
0i) 14RO 1 9t- L(jRRF 1-'
JK =() W p P.F- I3H
00 17; j=1 I Cilk FN 1 El39
L=L+l Ct)NNF14U

170 1)(J) =RX(LI -TIJ Uj KR FU141
i l6" J= I1,~ C(-ERF 142

01l) 181 K I, J C04N4144
JK=JK~i CI) N <41',

11H0 R ( JK) =H, JK) +11) J~ (0K) C()RH< El 46

( i"-K( 20 05, 205, 185 (!1) 44
CH Cki<149

C kE' THt- KFST OE LltiSENVAIPi, S li\!F AT A~ TINE , 5)14 CULR R 115)
c THt UnrS48 VAT )Ii', A" CALCUXkTE SU'AS O4 CkROSS- Ctikk)-1 51

C PKuflO(C IS I+ 4 1VI1ATIONUS FRW, TFI !P0 RARY 4E+AWS Ctlf<RE 152
G CilkR"153

1.5 KK=i"i-KK (j lNk -I')4

oiI) 2001 f=1,KK NR El 55
JK =(0 C~lkk41 56
CALL HATik 0(',) CtOHN -5
10U 19o J= , 1,R )
XbtP<IJ)=Xh~k j)+I)(iJ )8 '
'1 J )=l)(J)-T J ) clI w R I iN'1

19)1,k)j)=n( J ) + ) JI C, I k< K16 1
W-1 ?Mj= I, p' CIkK 1t,?

01) 20)0 K = I, J C Ifk4163
JK=,JK+ Cl 18k 4164

1)1 R(IJK 1=8 (JR1+o(J) I K) Cl' 88~t i),

C CALCHLAT4 mFtAi\,S Li~l'8 41 7
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C205 JK=O CC) RRF 168

no 210 J=iCORK 
17(1

XBAk<(J)=XbsR(J)/Fi' CORRF171

C0)RkF172
C %OJUST SUMS OF CkUSS-PkOi ACTS OF 0EV IAT IuNS C(JRkFl 73
C FkNi; TFMP(UKAkY NvEWiS COkk-74
C DO20K=, kRF175

J)0210K=1, 
CHRRF176

JK=JK1Ct)kRF1 77

210 R(k=~K-i)~K/iJCOJR)178
C,( PH~ Fl 171

c CALCULATF C()RR8LATCI8 CiEFFI .1 ENiTS (J11RF181)

JK =1 CORRE 182
M)) 220 J CA i kR F 1 R3
JK=JK+J CH kk F I H

220 S TO~ SfI'kT ( 4S (KIJK) C0 ICIkk F 18H5
I)=. I3 18' Cftkp\Fl Di

Z0 30 K=J,l ( pp -18 7

1 *(UJ- I) +K C I k F- 18 9
kX(IL )=R (UK) CfHNF 19(1

RX IL) -,R(UK) c) I , F 19y
10 jo~ K I J K)/ STO( *STD( K)(: CIIN8F 1 93

C CALCULLATF ST41"OARL) ('yI ATIU'"S CR

rKS0N TI Fr-1 .0) Co0k 1-197

~4 6 S TO)( J)=STOI (J) /Fi, ci lk, Flow

C ()1k F2m))
C C' )PY T~t 1) 1A(I;(iAL OF THF MA I R I X LIF MU'"!S uF CHlIS -P$ o -R O(CT S C 'FC) k8 k2 1(

C I)FV IAT JIIlS 1-808, 1T1hj)S. Di 11, 201

MI 2 50 1~j = 1- P-2 P
L L +1 3k 82 W R

250 B II) kX(L) C, I k -i -7

UF Tf N\ K o
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SUBROUTINE GP

SIJHkf(DiTli& (P (Xi Yf L, Si 1',? I't Wt LNq At PLOT) L' M I

C uSPL-Y o?

C C O 1 ,S PI 0

C,:'* CALL OlP (X, Y, L, S, M, It, Li\I, At PLOT) i;SpALVy)o t'

C ;'o 1) i PL Y) 7
CN- W LH k- iS P L j II

X =akRAY OF INDEPEII)hlT VALUES, uI"- TF )*)SPILYt I
Y ARRAY (IF SETS OF ')FP ENI1) F NT VIA L i IS , 1)1MNS IU ) i (r 7 I )s P SL Y()lo

CL = 'iI)bqFR OF LI NES I L SK iPPEO b Fr~lklE F)ISPLAFY. L'
CS = imW-FF (IF SPACES FRIm' L. FT S ID F+ P42-L TO: WSF LI-i

C 3F SKIPPFt) bFIAF I)ISPL Y.' )IS -LYo I

C m =t'F POTIN'TS 11\ FACH- SET. IS P L Y'' 14
C ':i= iDfroER OF SETS [IF PuOINTS. W SPLY) I

C= WRUTH LJF fDI SPLAY IN PR INT S ,> E I'S PL Y
C ,j= LENGTH OF DISPLAY To' PRTNT )c * S i,

C A < k A Y t JF SI \1G L E C H AkA C T E kS 1, 'S I f 1- 1) 4l ,T " LY
C ROkSENT THE TREFrI FOR E4CH SE (EX .- OATk A/TI IIS P L Y 1
C'1Hf ... .ETC. SIL A

C l~~L0T =ARRAY lIF SINGLE CHAR.ACTERS (EjEkATHO HY GP Tu)SL(.
CIIISPLAi~ TRENDS, DMmENS TUNE0 PLUT (LN,k').*l LY! 1 P'

C I" t 3YI'

I)I'ESI~I'X(I Y(i,,\,, A(Ny), PLIIT(LN\,WI

CAT H L's1 E, C ?-U1)TH \FPL/NH' THK AIFS

C : c EXIT Il \111lT COkR CT -vi I

I F I Si v .(,T. 131) (;D MA 900
F E IL+L', tT. 5H)I G11 TOO hUH'oV

c~ L

-ID I: = 2 '''X

IF- (XI I G;T. "A X Y ~IA X =XI
1 IF ( X I I.T. X-I . X'~ 1-1 XII ~~

L
Y'Ax =Y I1,1 YI.--

IF- Y I J I .T. Y"AX I Yl .AA= I iJI'- -

I l'- (Vi I .LT.Y VI i" Y'.i~Y A i

C 0,- P(I T - S C L1- FLI ) -C T FI. X iM Y - N
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(.'=L 0 T (im-) /(YMA-YMIN)DSP LY056
C D SP LYO 57

C' LAf'KI PLOiT ARRAY DSP LY058
DSPLYO 59

"o1 3c 1=1,w USPLY060
I () 3C J=19LI DSPLY061

3( ~L JT Ji, I =L AN K US PLYO6 2
r.spLY063

C(jiNS1RIJCT itIRtjER OF DISPLAY US P LV0 64
D)S P L YO 6 5

[I)1 40 Jnl ,LI" DSPLY066
1=1 I)SPLIVO67
I-Li T ( J, I ) F~iJ(;t DSP LYU68
I=1 USPLY069

I, PLiiT( I )=FH);F DSPLY070
OSPLY071
) DS P LY 7 2

1)1 So 1 =2,,,;l DSPLYO73
J=1 DSP LV074

PLIIT (J, I )=FHIGE DSPLY07:5
J=L- DSP LY076

P~ UJo ( J, I ) =fI-, DF1)S PLYO 77

G DSP LY078
C"~CIiPUI~SI.'SCRIPTS AND'I INSEkT TREN~D CHARACTER 1IN t)SPLYO79

c;,:: PLOT AkkAY [5P LY08O
)SP LYOML

im 6( 1 1,i" DSPLY082
Oc' 6() J= 1, '. SPLY083
I 1=1+I'\,T(O.5+P*(X H )-XMIN)J) PSPLY084

W,( PLIIT(Jl,1 1)=A(J) 9SPLY086
G. ISP LY087
C SKI P L LI"'FS t.LPURE BEGII"NIW( DISPLAY PRINTING'c DSP LYO88

I)SPLVOfig
01; 71) K=1,L DSP LY09O

7ta 6- i14T (bih ) )SP LY092

C DSP LY093
(:. 1 HITt- 10T PLOT ARRAY, SKIPPING~ S SPACES bFFURE PRImTIrv( DSP LY094

I~~HLI-F WI- DISPLAY D)SPLY095
OSP LY096

N( J~,L'OSPLY097

I( Hl-tki.;AT I132A1) ISPLY09q
IT(t6,602) XI11I,%, XMAX,Y,1I'1,Y,.AX DSP LV100

f,02 t~i~<*.AT I iO, 5X ,6HXM-II =vE16.PA, OX,6HXiAX =E i6.8 lOX, IISPLY101

~ t~l n 'DS P LY 1034

K <R fI k+SSA,(;t-S hFFORF TFRmlIv IUNI ISPLYI.05
OSPLYIO5

R I) 'NT F (6,603) L, IN 1) SPL Y 107
111: f-Ik 4,T (30HAL+LN, IS (;FATEP THAN 5i8 L =I3,5X94HLs =13) 1)S P LY 10A

cid-l. -Xt I)SPLI 09

F1'4 Ft,-AT (30HAS+vP IS GkFATF14 THAI\- 131 S =13,5X,3HW =13) DSPLY11I

Ct'LL Fxt-l.1 DSPLY112

STOP I)SPLI.l13
DSP LYl1'1

SUBROUTIM!' DATA
SUBROUTINE DATA
RETURN
END
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APPENDIX IV

STATISTICAL FORMULAS

Mean (Arithmetic Average) - M

ni xij

where

X.. = each individual value (SN) in a column "j"

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

Standard Deviation - SD

ni

SDj :
nj -I

SD is a measure of dispersion ("scatter") of a givep column of data.

Coefficient of Variation - CV

C Vj 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.

Pr( duct-Momert Correlation Coefficient - r

I1) (x.;-u Ij)(~kMm

r
I k (SID (SOI

r between azy two columns of data "t nd "k,'

n n, a = to al nmiber 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.
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APPENDIX V

IMPROVING SMOKE MEASUREMENT RESULTS TAKEN
WITH MILLIPOT MEDIUM

As explained in AppendLx II, 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). Also,

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

As also explained in Appendix 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 cu.ves pro-

duced by GE in an attempt to find a way of improving the results that would be

obtauded with Millipoie medi. "Improving" in this case means increasing the

avcrag? SN of Millipore to the same level produced by Whatman medium (the

analysis conclusively demonstrated that Millipore produced results consistently

lower than those o ained with Whatman medium).

The SN from Whatman and Millipore media are reported at Q values of

0. 300 and 0. 0565 scf/sq in, respectively. Since IN varies with Q, the problem

was to find thba value of Q for Millipore medium that produced the same SN

as the accepLed voiu of Q for Whatman medium (0. 300 scf/sq in). To do this,

the author worked with average diffarences 1r SN taken 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 increasngly with

increasing W. Figure 9 demonstrates this.

Only the lower portion of the SN range (about 10 to 50) was .!qed 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. 0650 scf/sq in would give

SN of about the same as Whatman wit Q = 0. 300 scf/sq in. It cannot be over-

emphasized that this is an ,pproximate answer. Additional experiment 2tion is

necessary 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 +o 50). It should qlso be noted 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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1 SUFPLEMEN"ARY NOTES 1, SPONSORINC .IL'TARY ACTIVITY

Air Force Aero Propulsion Laboratory
Wright-Patterson Air Force Base, Ohio

45433
11 AIRSTRACT

This report describes a computerized statistical analysis of test data from engine smoke
measurements. conducted by the Society of Automctive Engineers Technical Committee E-31.
This Committee was orga, ized to develop a reasonably simple, precise, and universally ac-
e,-ntable standard for measuring exhaust smoke from aircraf' ,-,',nes. The analysis indicated
thr't th 'omnmitee's test ddta can be used to arrive at statisLcally meaningful conclusions
about four measuring system parameters. "Whatman No. 4" was found to be superior to
"Milliporc SM"1 as a filtering medium in this application. All ree reflectoneters tested
were found to produce equivalent results. White reflectometer background shade was found
to have slight superiority over black, yet black (i. e., absolute reflectance less than 5%) was
recommended as a safegu-rd against unknown factors. The lower sampling flow rate (0. 0041
scfs) was found to have p.oduced slightiy, yet consistently, higher smoke density readings
than the higher flow rate (0. 0085 scfs) tested.
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