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FOREWORD

The requirements
(ICAO ANNEX 16,|VOL Il), the measurement technology sections of which are incorpg
reference in the US$A national regulations (SFAR 27), state that the design of a repres
exhaust sampling probe must be validated by means of a detailed traverse. In practics
clear that the execption of detailed traverse tests by single point sampling is both very
technically difficult{to achieve because of engineering problems atthe higher engine p

Consequently, recent discussions within SAE Committee E=31 have highlighted this p

of the ICAO recommendations on the control of aircraft engine emissions

rated by

pntative engine
b, it is becoming
costly and often
bwer settings.

blem area, and

several possibilitieg for alternative strategies are being evaluated. These include a probe factor (pf)
approach, the use |of a rotating sampling rake, for all-engine applications, and the development of core
and/or turbine exit[plane sampling to meet the specific problems raised by mixed flow pngine types.

The pf scheme is d
This might, therefqre, preclude certain aircraft and helicopter engines. The essential i
development is the analysis of as representative as possible a body of engine exhaus
To this end, the E{31 Standards Subcammittee sought the assistance of manufacture
agencies, and milifary users in the provision of relevant data. The suppliers of these (
to quote predictions of the ratios:of simulated averaging probe concentrations to actuz
detailed traverse gverages, for-an agreed range of probe geometries and engine pow
individual probe falctors (pfi).were then collectively analyzed to determine the effect of
engine type, etc., and thence to show what “global" values of probe factors, one for e

could be chosen such\that a given (high) percentage of engines would be predlcted tg

esigned to be applicable to all engine types with axis-symmetric exhaust systems.

gredient in its
traverse data.

S, government
ata were asked
Il mass-weighted
prs. These
probe geometry,
ach constituent,

have higher
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FOREWORD (Continued)

The rotating rake concept would be designed to obtain an isokinetic radial sample which could be
temporally averaged over a circumferential traverse of the engine exhaust plane. This technique would
enable a true emissions average to be obtained more simply, at a lower cost and with a much reduced
engine test time.

Sampling upstream of the final discharge nozzle, for example within the hot core exhaust stream, also
raises the possibility of obtaining a representative sample in a less technically complex manner -
particularly when the final discharge nozzle encloses both core and bypass stream.
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1.

2.1

2.1

2.1.

2.1

2.1

2.1

2.1

2.1

2.1

2.1.

2.1.

2.1,

2.1.

2.1.

2.1,

2.1.

.1 Ea - Adjusted emission concentration

.3 N - Number|of engines in SAGPOOL data set

.5 pf- Engine pf - the average of the 24 pf's for one engine and one constituent

.6 ; - Constituent average pf - the average pf across engines for one constituent

.9 PF3 - PF for average of3.rake or probe positions

SCOPE:

This report describes the concept and data analysis of the probe factor (pf) scheme. Conclusions
are drawn and recommendations made for action to further the requirements for improved methods
and procedures in emissions sampling technology.

REFERENCES:

There are no referenced publications specified herein.

Nomenclaturef

2 Em - Measured emission concentration

.4 pf orindividlial probe factor (pfi) - For one rake orientation.and one probe configuration (# of

tips)

.7 PF-GLOBAL PROBE FACTOR (PF3) - ; minus the scatter in pfand SAGPOOL

.8 pfr - Real engine pf - actual probe results divided by traverse area weighted avg¢rage

10 R - Emissjon regufation limit

11 Ra- Adju'r‘ted emission regulation limit

12 Rs - Rake sample emission concentration

13 Sa - pfi standard deviation across angles at each tip option
14 SAGPOOL - Grand pooled SAPOOL across engines

15 SAPOOL - Pooled Sa across tip options for one engine

16  Si - Arbitrary individual standard deviation
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2.1.17

2.1.18

2.1.19

2.1.20

2.1.21

3. EXTENT OF INPUT DATA:

Spf - Standard deviation of pfacross engines for one constituent

Ta - Area weighted traverse average concentration
t - Student t at a confidence and v degrees of freedom 95% two sided confidence

v or (d.f.) - Degrees of freedom, one less than the number of points used to calculate a
standard deviation

v, Or v, - Example v in Welch-Satterthwaite formula for combining degrees-of freedom

The engines forlwhich detailed traverses existed and which are included,in'the analysis are shown

in Table 4; the data sets that were utilized are summarized in Table 5,
4, METHOD OF ANALYSIS:

4.1 Definition of Probe Factors (pf):

The emission pf for a particular engine and emissionspecie is defined as follows

where:

PF = Rs/Ta (Eq.1)

PF = PF3
Rs = Rake sample emission.concentration
Ta = Area weighted traverse average concentration

Were a PF3 approach to be‘adopted, engine emission regulation could then be based on the
rake measurements and\a derived PF3 for each constituent. The PF3 could be utilized in either

of two ways:

1.

The pf coyld-be used to adjust the measured emission concentrations. The adjusted
emission concentration, Ea, would be determined as follows:

Ea = Em/PF (Eq.2)

where:

Ea = Adjusted emission concentration
Em = Emission concentration as measured but with ICAO required corrections applied

Regulation decisions would then be based on Ea, not Em.
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4.1 (Continued):
2. The PF3 could be used to alter the regulation limits as follows:
Ra=R*PF (Eq.3)
where:
R = Present emission regulation limited adjusted according to the Table in Appendix 6 of

ICAQ regulations
Ra = Adj issi

The adjusted Jimit would have the equivalent results with Em (as-measured emissions) as would
ted limit with Ea (adjusted emissions). Use of the adjusted limit hgds the advantage
ct the measurement results and, hence, long-term emission totals.

In either of the applications, traverse sampling would not be required but remain as a sampling
option.

4.2 Assumption df Analysis:
In this derivatjon of PF, the following assumptions wére made:

a. Forty point (min) traverse data adequately répresents the true emissions for ¢ach engine
constituent, and power level.

b. PF3 will be acceptable even though-derived across only the following data:

(1) All available engines

(2) CO atidle

(3) THC/[atidle

(4) NOx @t high power (generally greater than 85%)

(5) SN al high power (generally greater than 85%)

(6) CO: at idle and high power (generally greater than 85%)

c. Separate|PF3 may be needed for mixed flow engines.

d. The several manufacturers’ emission contour plotting and interpolation programs are
equivalent.

e. Overlaying the contour plots with cruciform sampling probe geometries and extracting
emission levels by interpolation yields averages equivalent to what would be obtained by
using that probe geometry on that engine.

The analyses which verified these assumptions are in Appendix A, attached to this document
(pp. 51-64).
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4.3 Variables Considered in Analysis:

4.4

The effects of the following variables (choices) in determining the magnitude of th
included in this analysis:

e PF3 were

a. Accepting either a 2.5% or 10% risk that when using this alternate procedure in an emission
certification test, an engine will have the advantage of having a real pf less than the PF3

herein derived.

b. Utilizing measurements from the averaging rake in one angular position or measurements

obtained by averaging three rake angular positions. The probe angles analyz
30, 45, 60,|and 75° from TDC clockwise looking upstream.

c. Basing calgulations on emission levels or emission index (EJ).
d. Including probe center sampling ports or not.

e. Including or excluding small engine data.

f. Including or excluding mixed fiow type data.

g. Using probje (rake) designed for equal area sampling or equal interval (someti
equal radii).

h. Specifying|a particular number of probe tips on each arm of the cruciform rake
(choices analyzed were 3, 4, 5, or 10 tips per arm).

Outline of Analysis:
An outline of the analysis methiodused is as follows:

a. Manufacturers generate traverse emission data at idle and high power.

ed were 0, 15,

mes called

, or not

FIGURE 1

-10-
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4.4 (Continued).

b. Each manufacturer's computer generates contours (isopleths).

FIGURE 2

c. Each manufacturer's computer plots probe points and interpolates coneentratipns.

FIGURE3

d. Each manyfacturer's computer rotates probe and again interpolates concentrations.

FIGURE 4

-11 -
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4.4 (Continued):

e. Each manufacturer's computer produces an array (4 probe tip options by 6 angle options) for
all calculated concentration.

# Tips
12 16 20 40

8

15

Angle 30
45

60

75

FIGURE®S

f. The 24 value arrays are divided by the area weighted traverse averages producing 24
individual pf.

12 16 20 40

0

15 Array

30 of

45 Ratios (pf)
60

75

FIGURE 6

-12-
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4.4 (Continued):

The variation in pf due to probe angle was then calculated:

g. For each constituent and each engine, Sa, the individual pf standard deviation across angles

at each probe tip option, is calculated.

Eng. #1

co

[ T -

]
Sa

Eng. #7

Sa

Sa

- =
Sa

co

¥ 1

8

Sa

Sa

Sa

etc.

FIGURE 7

Sa

h. For each ¢onstituent and each engine, the SA's are pooled across probe tip gptions.

etc.

Eng. #1 Sa Sa Sa Sa — SAPOOL
Eng. #7 Sa Sa Sa Sa — SAPOOL
Eng. #4 Sa Sa Sa Sa— SAPOOL

FIGURE 8

i. For each constituent, the SAPOOL's are pooled across engines yielding SAGPOOL.

Eng.

#1

SAPOOL
Eng. #7 SAPOOL
Eng. #4 SAPOOL

etc.

FIGURE 9

/

N

/

SAGPOOL

-13-
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4.4 (Continued):

The SAGPOOL for each constituent (CO, NOx, SN, and THC) represents the variability in
constituent average pf, (defined below), due to angle. Its formula is:

N 1/2
T (SAPOOL)?
1

N

N

where:

SAPQOL = Pooled Sa's for each constituent across angles
N = Number of engines included in pooling

SAGPOOL is used later in 4.4(l) and 4.4(m).
The final PF3, PF, was then calculated:

j. For each cpnstituent, each engine's pf is calculated. Its formula was as follows:

Eng. 11 O pF &— 113
Eng.#7 F\
H
FIGURE 10
N .
—N
f = ~ (Eq.5)

where:

pfi = each of 24 individual pf's from 4.4(h)
N =24 (6 angle x 4 tip options)

k. For each constituent, the average pf, f)__f, across engines, and its standard deviation, Spf, are
calculated.

-14 -
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4.4 (Continued):

. Foreach:

where:

pf, S

m. The degrees of freedom, v, are obtained by the Welch-Satterthwaite formula

CcO NOx efc.

Eng. #1  pf pf

Eng. #7  pt pf

Eng. #4 pf etc.
etc.
6 s b S

constituent the PF3, PF, is then computed as:

PF = pf - (te,, X (SAGPOOL? + Spi*)12)

bf and SAGPOOL = defined above

(Eq.6)

t.v="Student t at either 95 or 80% confidence (o) and for degrees of

freedom (v)

v = (£ SP/(E (si*/vi))

Here this

S

oo ((SAGPOOL)? + (Spf)?)?
(SAGPOOL)* . (Spfy?
1 2

(Eq.7)

(Eq.8)

-15-
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4.4 (Continued):

5. RESULTS OF ANALYSIS:

5.1

n. The PF3 obtained from average data for three probe angles or circumferential locations are
calculated as follows:

SAGPOOL? _—
e spt2)V2) (Eq.9)

PF3 =pf - (tg *{

Note the angle variance is divided by the number of angles over which the data is averaged.

0. The degrefes of freedom for PF3 are calculated as shown in 4.4(m) by substitliting
SAGPOOL//3 for SAGPOOL.

p. PF, PF3, and v are calculated for all combinations of variables included in theg analysis as
listed in 4.8.

The results cdlculated for all variable combinations in 4.3, permit the comparison [of PF's for
various options. Values which are appropriate for use in a given application may then be
selected.

NOTE: A numerical example of the above calculations is provided for a NOx daja set in
Appendix B attached to this document. ‘

Detailed Results:

Results of thig analysis are shown in detail in Tables 7 through 18 as follows:

-16 -
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TABLE 1 - Results Tables’ Descriptions

Table Included Emission Number of Page
Number Results Risk Units Probe Angles Number

7 Spf, PF 2.5% Index 1 35

8 SE PF 2.5% Level 1 36

9 Spt, PF 10% Index 1 37
10 Spf, PF 10% Level 1 38
11 SAGPQOI - Index ag
12 SAGPQOOL - Level - 40
13 Sﬁ ’p—“f - Index - 41
14 Spf ; - Level - 42
15 Sa PF3 2.5% Index 3 43
16 SE PF3 2.5% Level 3 44
17 SE PF3 10% Index 3 45
i8 SE PF3 10% Level 3 46

5.1 (Continued):

Data sets with 3° or less of freedom were deemed to contain insufficient data to draw significant
conclusions about PF. Those results are, however, left in the data tables for refefence. The
symbol, PF3, |s used for pf determined from data obtained by averaging emissions from three
probe positions.

Verification of[several examples of computer results was done by hand. The corIparisons of
hand calculatipns and computer results are shown in Table 19. The agreement i$ excellent, thus,
verifying the computer program.

5.2 Summary Regulfs:

The summary results are shown in Table 20 with specific selections from the analysis options
available. Table 20 shows the effect of the reversal of each option choice, one at a time, and the
recommended PF3 for all chosen options. Table 21 is a summary of the percent change
associated with each option reversal.

-17 -
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5.3 Recommended PF3:

The final PF3 recommended are as follows:

TABLE 2
Constituent Probe Factor
Cco 0.959
NOx 0.963
SN 0.854
THC 0:898

The above PFB result when the following options are chosen:

2.5% risk
Three prohe angles averaged
El used
Without a probe center port
Including jEmaII engines

Including mixed flow models
Using equal area probe ports
(see below) :

Se~eQoow

The choices ayailable in the analysis for the:number of sampling tips (3, 4, 5, or 1
the cruciform rake) were also evaluated and little, if any, effect noted. Figure 11

0 per arm on
5 typical of the

kind of data sdatter observed when individual pfs, are plotted as a function of prolhe angle and
number of tips. Note some angle dependency for this engine (not all engines had clear angle
dependency) but note also no clear differences can be discerned by changing thg number of

probe tips.
6. DISCUSSION:

Note in Table 21 that the effect of option choice reversal often is not significaht. The rationale for

the option choices cited in the results is as follows:
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TABLE 3
Option Choices Rationale
1. 2.5% or 10% Risk The committee with FAA

participation felt that a 10% risk of
passing an engine that should fail
would result in too big an impact on
the environment. Thus, 2.5% risk
is recommended.

[ 2. Userake atone angle or _ The angle dependency in some

average 3 angles' results  engines was thought to be
significant. To preclude choosing a
"low emissions" angle for a certifica-
tion test, the requirement to
three angles was advanced.
Averaging three angles also results
in pfs closer to 1, thus, requiring
less correction to data or limits.

3. Use emissions index or The use of emissions index data
concentration level data will have the effect-of slight
corrections for’some sampling
problems such as small leaks.
The index.is also recommended as
it is the’basis of the DP/FQ0

calculation.
4. Including probe center By not recommending center ports,
sampling ports or not the construction of the sampling

probe is simplified. In addition, in
some engines tested, there is a
center body and a center sampling
port is not possible.

5. Including'small engines These small engines were left in
to broaden the impact of the pfs.
It was felt that the wider the
diversity of engines over which the
pfs were obtained, the more appli-
cable they would be and the easier
they would be accepted by the
technical community.

6. Including mixed flow These were included for the
type engines reasons cited in "5" above. In

addition, the inclusion of mixed
flow engines almost doubles the
data base used and broadens the
impact of the pfs to include the
most numerous commercial
engines. Including it also
permits the application of pfs
to new mixed flow engines.
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TABLE 3 (Continued)

Option Choices Rationale
7. Equal area or equal Probe tip locations at centroids
interval probe tip locations  of equal area were chosen as

that is a common sampling
practice for providing automatic
area weighting. Equal interval
sampling, sometimes incorrectly
called equal radii sampling, is
not a standard practice.

. probe tips per observed due to the number of
cruciform arm (3, 4, sampling tips (or ports) on each
5, or 10 tips) am as illustrated in Figure 11.

7. CONCLUSIONS;:

This document has made an analysis of pfs over a range of engine types, which ingludes seven
large engines and two small engines. The pf is the ratio of sampling probe measurgment to
detailed travers¢ mass-weighted average, and this investigation has focused on the dominant
constituent/powér mode conditions only. It has includedacomprehensive evaluatign of the effect
of variables or assumptions such as number and position of probe tips, inclusion or|not of center
points, species ¢oncentrations versus emissions index, etc. Of the total of engine types in the
study only one was of the "mixed flow" variety.

Using all the engine type data available, making the choice of statistical risk at 2.5%, and
optimizing the various remaining option choices, the PF3 for CO, NOx, Smoke, HC jare 0.959,
0.963, 0.854, and 0.898, respectively. ‘(This implies that, if these pf's were used to factor sampling
probe measurements from a population of engines within the range of generic type$ here studied,
there would be Virtual certainty that the true emissions average would be at or less than these
factored values for 97.5% of eéngines tested.) If the data from the mixed flow enging is not
included, these pf's are incréased by up to 4% or more. The strong influence of number of probe
is also.indicated, and can be aimost 10%. The choice of using El [rather than
concentration leyel gives a PF advantage of up to 10%. (A further practical advantage for El is the
reduced sensitivity. to-small sampling system leaks.) Another fairly strong influence|is the choice
between using i . ! ‘ i ", Here, for
example, the choice of equal area gives an advantage of up to 5% or greater.

The study here reported is reasonably comprehensive with respect to most current nonmixed-flow
and mixed-flow civil engines. However, additional analysis of the mixed flow type and other
varieties may be needed in the future. Furthermore, it is realized that a definition of PF in terms of
the full landing/takeoff emissions cycle is to be preferred to the use of the single dominant engine
power mode for each constituent. The simpler approach was chosen at the outset on the grounds
of the significant reduction of data analysis and complexity, and the consequent increase in
expectation that both data and analysis would be forthcoming.
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8. RECOMMENDATION:

As noted in Section 7, the pf scheme is a viable and technologically-sound procedure. Itis
applicable to the range of current engine types included. The existence of other alternative
strategies, such as rotating rake and core sampling approaches raises the desirability of a cohesive
program of work in this area. It is recommended that SAE should give its support to such a
program, and also that SAE should initiate and/or support any relevant recommendation to ICAQO
for the inclusion of research on the problems of representative sampling in any future work program
of the Committee on Aircraft Environmental Protection (CAEP).
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TABLE 4 - Engine Data Analyzed

Large Engines

Nonmixed Mixed Flow
JTID JT8D-9
RB211 JT8D-217
CFM56-3 JT8D-11
M45H JT8D-9A
CFe6-50 JT8D-17R
JT3D JT8D-209

Small Engines
Nonmixed Mixed Flow

ALF502 -
TEE731-3
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TABLE 5 - Title Definitions

Title

Definition

“ln Computer”

“Used”

X = This data set is in P&W computer file.

“With Cp”

“DatalSet”

“Engi

“Date

MPLAn

“# of

ne Number”

Points”

“Congt”

“Avg Wt Trav.”

“Comments”

Blank = This data set is on record at P&W in paper format only
X = These data sets are used in the analysis.

X = These data sets have probe center port valles.
Blank = These data sets have no probe center ports.

Arbitrary P&W Data set humber.
Arbitrary number assigned to manufacturer’s engine.
Engine test date.

Estimate of engine power; examples are “Idle”, “12640
(thrust pounds), and “85” (high power).

Number of traverse points.
Emission constituent.
Trayerse area-weighted average.

Self-explanatory.
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TABLE 19 - Verification of Computed Penalty Factors

PF PF PF PF
Computer Computer Hand Hand
Calculations Calculations Calculations Calpulations

Conditions/Risk 10% 2.5% 10% 2.5%
Mixed flow enines only
With centerpoint level - 1.03 0.911 1.03 0.913
COEl
All except mixed flow
and small engipes 0.962 0.937 0.962 0.936
without centerpoint
level - NOX
All engines exdept mixed
flow without c%lterpoint 0.913 0862 0.916 0.868
level - THC E
All engines with
centerpoint index - 0.912 0.865 0.911 0.865
THC EA
Al except smalll
engines withojt 0.970 0.950 0.965 0.945
centerpoint index -
NOX E!
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TABLE 20 - PF3 Options

ProbeFactors—ProbeFactors—ProbeFactors— Probe Factors
if Each if Each if Each if Each
Option Choice ~ Option Choice  Option Choice’ | Option Choice
Option Altemmate  Chosen is Reversed is Reversed is Reversed is Reversed
Description Option Option CO NOx SN THC

Confidence 10% 2.5% 0.974 0.976 0:907 0.937
(risk)
Probe angles | 3 0.931 0.935 0.769 0.824
averaged
Emission meas. [evel Index 0.858 0.886 0.854 0.895
calculations
Probe center With Without 0.951 0.960 0.825 0.911
port
Inclusion of Without With 0.957 0.960 0.855 0.893
small eng's.
Inclusion of Without With 0.968 0.974 0.892 0.922
mixed flow
Probe port Eq. Int. Eq. Area 0.925 0.970 0.849 0.848
locations
PF3 for all 0.959 0.963 0.854 0.898
chosen options

PREPARED BY SAE COMMITTEE E-31,
AIRCRAFT EXHAUST EMISSIONS MEASUREMENT
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TABLE 21 - Percent Change With Alternate PF3 Options
% Change in PF3 % Change in PF3 % Changein PF3 % Change in PF3
if Each if Each if Each if Each
Alternate Option  Alternate Option Alterhate Option Alternate Option
Option Alternate  Chosen is Chosen is Chosen is Chosen is Chosen

Description Option Option CO NOx SN THC
Confidence 10% 2.5% 156 1.35 6.21 434
{risk)
Probe angles 1 3 -2.92 -2.91 -9.95 -8.24
averaged
Emission meas.| Levsl Index -10.53 -8.00 0.00 -0.33
calculations
Probe center With/CP WO/CP -0.83 -0.31 -3.40 1.45
port
Inclusion of WO/AG  W/AG -0:21 -0.31 0.12 -0.56
small eng's.
Inclusion of woOr/8D w/sD 0.94 1.14 4.45 2.67
mixed flow
Probe port Eq. Int. Eg.-Area -3.55 0.73 -0.59 -5.57
locations
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A1

A.2 VERIFICATION OF ASSUMPTIONS:

. PF will be

. The seve

. Overlayin

GENERAL:

. Forty poin

constitue

(2) COa
(3) THC
(4) NOx ¢
(5) SN at

(1) All aviilable engines

(6) CO, atidie and at high power (generally greaterthan 85%)

Separate

are equiv

by interpo
geometry

APPENDIX A
VERIFICATION OF ASSUMPTIONS

t and power level.
acceptable if derived across only the following data:
idle

tidle

t high power (generally greater than 85%)

high power (generally greater than 85%)

probe factors may be needed for mixed flow engines.

al manufacturers' emission contour plotting and interpolating compi
lent.

j the contour plots with probe sampling geometries and extracting ¢

on that engine.

These assumptions are now analyzed in turn.

a. Verificatign-of Assumption Number 1 - Adequacy of 40 Point Traverses: The

The assumptions of this analysis were initially considered reasonable engineering judgements
and not requiring extensive verification analysis. However, the credibility of the results would be
enhanced by some detail work intended to verify the assumptions hence, this "Verification of
Assumptions" Appendix. The assumptions are repeated here for reference:

iter programs

mission levels

ation yields averages-equivalent to what would be obtained by using that probe

attached P&W

memo addressed to N. T. Campbell (Appendix B) referred to as "SAE/E-31 Discussion Paper
#DP84/S34" details the differences in numerical and area weighted averages of 20, 40, and
80 point traverse data. For the area weighted comparison of 40 and 80 point traverse
averages, the emission differences observed are less than 1.6%. With that small a change
between the very detailed 80 point traverse and the more economical 40 point traverse, it is
concluded that a 40 point (min) traverse is adequate.

In addition, note that DP84/S34 deals with mixed flow data. With agreement that good in the
extreme emission gradients of mixed flow engine tailpipes, it is certain that nonmixed flow
engines would be adequately sampled with 40 point traverses.
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A.2 (Continued):

b. Verification of Assumption Number 2 - Use of idle and High Power Emissions Data Only: The
first implication of this assumption is that analyzing only CO and THC data taken at idle is
sufficient for all engine power levels. Since well over 95% of all CO and THC is produced at
the idle power in an engine's landing/takeoff (LTO) cycle, little or no error is incurred with this
assumption as it relates to CO and THC.

The second implication is that analyzing SN data taken only at one high power level yields pf
suitable for all power levels. In the case of smoke, it is usually at its maximum at high power,

hence littlg or no error is incurred with this assumption as it relates to SN.

power poi

t yields pf adequate for use across all engine power levels.”In the pase of NOXx,

The third i’}:plication of the assumption is that analyzing NOx data taken at orly one high

thisisani

portant consideration since the NOx contribution is spread out across the whole
LTD cycle |(unlike CO and THC which only contribute significantlyat idle).

In order to|verify assumption two as it relates to NOx, a comparison was madg of total carbon
(TC) pf at the idle and high power level. Atidle, TC included CO, THC, and GO,. At high

power, TC|was only CO,. TC pf were chosen because:

(1) The data was readily available.

(2) TC is mostly CO, which usually correlates well with rich, high NOx regions of the exhaust.

If the TC pf at idle and high power are_in rough agreement, it can be concluded that:

(1) The power levels have equivalent pf for NOx.

(2) The available power lévels adequately bracket and represent normal engine operating

levels

(3) Assumption 2:is-verified.

Tables A1land’A2 present the TC pf at |dle and hrgh power along wrth the appropriate

degrees of

. The first value

of Table A1, 0. 786/208 was confrrmed by hand calculatlon to venfy the programmmg

Table A3, presents the percent difference between the TC pf at idle and high power that were

shown in Tables A1 and A2,
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TABLE A1 - Total Carbon Probe Factors
t 95 (2.5% RISK)
at idle (PF/d.1.)

Engines Equal Area__ Equal Interval

All engines 0.786/208 0.728/15
All except small 0.775/187 0721/14
engines

Mixed flow engines only 0.607/60 0.639/5
All engines except 0.943/97 0.909/9
mixed flow

All except mixed flow 0.940/84 0.900/7

and small engines

TABLE A2 - Total Carbon Probe Factors
1 95 (2.5% RISK)
at High Power (PF/d.f.)

Engines Equal Area Equal Interval

All engines 0.802/207 0.784/26
All except small 0.791/186 0.782/24
engines

Mixed flow engines only 0.680/82 0.788/18
All engines except 0.966/117 0.934/23
mixed flow

All except mixed flow 0.964/99 0.933/21

and small engines
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TABLE A3 - Percent A in TC Probe Factors
_ (IDLE TC PF) — (HIPWR TC PF)

A% = 100
° (HIPWR TC PF) X
Engines EQArea  EQ Interval
All engines -2.00% -7.14%
All except -2.02% -7.80%

small engines

____Mixed flow engines only -10.74% -18.91%

All engines except -2.38% -2.68%
mixed flow
All except mixed flow -2.49% -3.54%

and small engines

A.2 (Continued):

Note that for the equal area sampling, including all engines, the difference in [TC PF from idle
to high power is only 2%. The agreement is not as good for equal interval sampling and gets
still worse when only utilizing mixed flow engines. The important point is that ffor the entire
engine miyx, all engines, and equal area sampling, the assumption permitting analyzing only
two power|levels of data is verified. A 2%-difference is considered negligible.| (There is no
significant|TC PF difference between 0.802 and 0.786.)

c. Verification/Refutation of Assumption Number 3 - Need for Separate PF's for Mixed Flow
Engines: The PF3 presented in Table 20 along with the rationale for the optigns chosen
refute the yalidity of this assumption. For the reasons stated in Section 6, no(separate pf
should be computed for mixed flow engines; they should be left within the larger group of
data.

d. Verification of Assumption Number 4 - Equivalency of Contour Plotting Programs: To verify
this assumption,a simulated profile test case was sent to each manufacturer o analyze as if
it were an emission profile. The test case was documented in a letter to E-31|and is attached

et

as Appen
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A2 (Continued):

The test case is an equation. Each manufacturer was to solve the equation for simulated
emissions at each of their standard tailpipe traverse locations. Those data were then to be

fed to the

ir contour plotting programs, interrogated by interpolation for equal area and equal

interval probe designs as was done for emission traverse results, and a probe factor
computed as compared to the "true" value their simulated traverse yielded, i.e., the area

weighted

traverse average.

The simulated emission traverse area weighted averages agrees excellently with the official,

analytical

@average as snown i 1able Ad:
TABLE A4 - Test Case Traverse Average Comparison
No. Traverse  Traverse Area  Analytical %

Participant Points Witd. Average Average Error
RR Eng. "A" 110 85.9 86:3 -0.5%
RR Eng. "B" 121 86.4 86.3 0.1%
PW 40 86.7 86.3 0.5%
PW 80 86.8 86.3 0.6%
PW 120 86.5 86.3 0.2%
GE 40 86.1 86.5' -0.5%
GAR 57 86.3 86.3 0.0%
AVCO 49 85.7 86.3 -0.7%
RAE? 121 86.4 86.3 0.1%
RAE? 721 86.2 86.3 -0.1%
NOTES:
'GE engine has centerbody in exhaust.
#The RAE data was leftin as addition'al verification of the ejficacy of the

—__piotting programs aithough RAF emissions data was notin this analysis._
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A2 (Continued):

Note that the low A% error levels in Table A4 indicate that each manufacturer's traverse
average did a good job of assessing the actual analytical average. In addition, the

manufacturers’ computed pf should have all been very similar if the contour plots were

equivalent. They were similar as shown below in Table A5 where the SAPOOL values are
shown along with the final PF.

TABLE A5 - Test Case Probe Factors

Equal Area  Equal Area  Equal Interval Equal Interval

l\panufacturer SAPOOL pf SAPOOL pf
RR Eng. "A" 0.0094 1.009 0.0043 1.018
RE Eng. "B" 0.0086 1.006 0.0067 1017
PW (40 pt) 0.0224 1.020 0.0237 1.008
PW (80 pt) 0.0069 1.016 0.0150 1.006
PW (120 pt) 0.0113 1.015 0.0090 1.006
G 0.0037 1.009 0.0038 1.009
GER 0.0411 0.999 0.0529 0.982
AVCO 0.0259 1.003 0.0113 1.021
PF=0.967 ( PF=0.967 PF=0.958 PF = 0.958

Note that RAE, formerly NGTE, was not included in the above pf or PF calculations as they
did not submit emissions data for this report's analysis.

The agreement in-pf is excellent. The PF calculated in both equal area and equal interval
calculatior}s is-only 3 to 4% different from the perfect analytical solution of the|equation in
Appendix C.~This is encouraging since the computation of PF includes the effects of
manufacturers' differences in:

a. Traverse locations

b. Plotting programs

c. Interpolation algorithms

d. Computational software, etc.

It is concluded that the manufacturers' contour plotting and interpolation programs are
equivalent.
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A.2 (Continued):

e. Verification of Assumption Number 5 - Equivalency of Overlay Emission Predictions and
Actual Data: It is felt that the best way to verify that overlaying contour plots with probe
geometries, predicting emissions, and calculating probe factors really works, is to proceed
with a comparison of actual engine probe factors with the PF3 where such data are available.

A test of assumption 5, and indeed a good portion of the entire analytical approach, wouid be
to calculate real engine probe factors (pfr) for as much data as is available and observe
whether or not more than 2.5% of them are below the PF's recommended in this document. |f
5 is reasonable, and the analysis method appropriate, the predicted risk of
passing 2.5% of the engines when they should have failed will be borne oGt)in real data.

assumpti

The real probe factors (pfr) were calculated as follows:
Real rake sample
A ple) (Eq.A1)
(Trav. Area Wt. Avg.)
The pfr's were calculated for as many engines as possible and are listed in Table A6. Only
emission index pfr's were used in this comparison as index was the basis of the
recommended PF's in this document.
TABLE A6 - Index Real Engine Probe Factor/Probe Concentration (ppm or SN}
Constituent.’ Constituent  Constituent Constituent
Tlvpe Test Date CO NOx SN THC
Mixed|Flow "A"  11/9/83 1.237/62.6 - -- 1.154/40(9
1 2
" 11/16/83 . 0.877/355 - - 0.614/133
8
" 11/17/83 1.162/27.2 - -- 0.752/8;1
" 11/18/83  0.991/47/8 - - 0.833/249
" 11/19/83 - 0.954/89.4  1.417/13.4 -
" 11/21/83 1.004/51.2 - - 0.856/22.8
g
" 11/21/83 0.978/38 2 - - 0675/14.8
8
" 11/22/83 1.013/28.1 - -- 0.364/5.0
. 11/23/83 1.206/41.7 - - 1.081/16.9
8
" 11/23/83 1.159/33.9 - - 0.874/11.6
8
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TABLE A6 (Continued)
Constituent Constituent  Constituent  Constituent
Type Test Date CcO NOx SN THC

" 11/28/83 1.115/22.2 - - 0.543/2.6

" 11/29/83 - 1.146/82.0 1.405/13.7 -
Mixed Flow"B"__ 3/17/80 0.907/18 1 - - 1 'va/ﬁ
Mixed FII\:_“Z" 6/13/80 0.875/1 (3)2.0 -- -- 0.885/67 3

" 11/11/76 0.995/1 43.6 - -- 0.778/93.6

. 11/15/76 - 0.934/58.3 - -

. 11/3/76 -- 0.958/5;.7 < --

" 11/19/83 - 0.992/91.1 -- --

" 11/22/83 -- 1.015/89.9 - -
Nonmixed 9/22/72 1.001/444.4 - - 1.019/196.4
Flow "A"

" 9/28/72 - 0.983/190.0 - -
Mixed Flpw "D*  3/15/77 - - 1.097/30.8 -

" 2/21/77 o - 1.066/33.9 -

" 2/23/77 - - 1.103/33.6 -

" 4/19/77 - - 1.122/28.1 -

" 4/26177 - - 1.205/32.6 -

" 4/27/77 - - 1.219/32.0 --

" 11/19/83 -- -- 1.179/26.7 -

" 9/25/72 - 1.018/369.1 -- --
Nonmixed 8/18/80 - 0.982/275.8 - --
Flow “B"

" 8/15/80 1.021/784.4 -- - 1.031/927.9
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SAE AIRx40LAA 96 EE 7943725 0547541 33T A

SAE AIR4068 Revision A
TABLE A6 (Continued)
Constituent  Constituent  Constituent  Constituent
Type Test Date CcO NOx SN THC
Small "A" 1/31/86 - - 1.13/39.0 -
Rec'd
Small "B" 1/31/86 - - 1.05/45.7 -
Rec'd
Nonmixed - 1.02/(NA) 0.979/(NA) - 1.00/(NA)
Fiow "C"*
Nonmixlad Flow - 0.994/(NA) 0.995/(NA) 0.940/(NA) 0.945/(NA)
"D" Low +*
" HI 4+ - 1.04/(NA) 1.07/(NA) 1.04/(NA) 1.08/(NA)
NOTES:

INDEX PROBE FACTOR =

+ = LOW or HI pfr of 6 pfr’s tested {for 6 angles)

Probe emission level x F / A (trav)
Trav. emission level  F/ A (pfobe)

NA = Not Available

A.2 (Continued):

NOTES: [These noted data were considered in error and were not considered in this analysis

for the following reasons:

1. 30+ ppm CO-background
2. 15+ ppm THC background
3. Unstable engine test, traverse point location documentation poagr
4. - 7, ddentified sampling leaks

8. Data below THC cut-off of 15 ppm

Note that in Table A6 the emission levels are also reported for reference. Note too that for
the nonmixed flow "C" and "D" data, emission index results were obtained by the
approximation formula shown at the bottom of the table. That formula makes use of the
approximation that index equals level divided by CO,. CO, may be approximated by a
constant times fuel-to-air ratio or that constant divided by air-to-fuel ratio. The constants then
cancel out when the real pf is calculated.

Some of the data were edited out of these results for the reasons noted at the bottom of

Table A6.
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