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SCOPE:

Aerospace Recommended Practice (ARP) 1533 is a procedure for the analysis and
evaluation of the measured composition of the exhaust gas from aircraft engines.
Measurements of carbon monoxide, carbon dioxide, total hydrocarbon, and the oxides of
nitrogen are used to deduce emission indices, fuel-air ratio, combustion efficiency, and
exhaust gas thermodynamic properties. The emission indices (El) are the parameters of
critical interest to the engine developers and the atmospheric emissions regulatory agencies
because t
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issions from
the exhaust
lude:

While this
aircraft gas
products ¢

procedure is intended to guide the analysis and evaluation of theem
5 turbine engines, the methodology may be applied to the analysis of
f any hydrocarbon / air combustor. Some successful applications ing

s Ajrcraf

t engine combustor development rig tests (aviationkerosene fueled

fueled)

Statiomary source combustor development rig tests (natural gas and diesel

Afterb

. Lrning military engine tests (JP fueled)

e Internal combustion aircraft engine diagnostics (AVGAS fueled)
Each appligation may be characterized byvery different measured emissions Igvels (parts
per million versus percent by volume) but this common approach solves the same basic

combustion chemical eguation.

3

D
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This revisig
technology
such that if
chemical s

The matrix

becies.

n of ARP1533 assumes that major advances will occur in gas analy
in the near future. New instruments will be accepted by the regulatq
will no longerbe‘appropriate to specify the measurement method fo

method-of solving the combustion chemical equation is recommend

ry agencies
r each

bd because

of all the potential’variations in exhaust gas measurement requirements. Changes in the
fuel type, addition of diluents, addition of measured species, and options for wet or dry basis
measurements are most easily handled by revising individual matrix row equations. Matrix
solution software is widely available on personal computers. However, derivation of the
algebraic solution of the chemical equation is retained for traceability to previous versions of
this document. New sections have been added to this document that pertain to data quality
checks, measurement uncertainty, and water content calculations.
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2. REFERENCES:

2.1 SAE Publications;

Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.

2.1.1  ARP1256, Procedure for the Continuous Sampling and Measurement of Gaseous
Emissions from Aircraft Turbine Engines

2.2 Other References:

2.21 Kilpatr
Param
1881

2.2.2 NOAA]
Office,

2.2.3 Shawn
Analys

2.24 BobH{
Dewpo
publish
Moistu

2.2.5 Humidi

2.3 Definitions:

AIRCRA

eters, National Gas Turbine Establishment Memorandum-M81002, H

Washington, DC, October, 1976

s using Emission Analyzer Data, AIAA*2000-0955, January, 2000

e, Teddington, London, England, April 1998

ty — Part 1. Terms, definitions and formulae, British Standard BS 137

ck, D. A., Calculation Methodology for Basic Engine Exhaust Gaseopis Emission
ebruary,

NASA/USAF, U.S. Standard Atmosphere, 1976,.U.,S. Government Hrinting

P. Heneghan and Charles W. Frayne, Propagation of Errors for Combustion

ardy, 1TS-90 Formulations for Vapor Pressure, Frost Point Temperatire,
int Temperature, and Enhancement Factors in the Range -100 to 10p °C,
ed in The Proceedings of the-Third International Symposium on Humidity &

9-1:2002

- T GAS FURBINE ENGINE: Any gas turbine engine used for aircraft propulsion

or power|generation, including those commonly called turbojet, turbofan, turbpprop, or

turbosha

ft type engines.

COMBUSTIONEFFICIENCY ™ The percentage ratio of the energy actually re

eased by

the combustion process to the energy which would be realized if all the carbon in the fuel
were oxidized to carbon dioxide and the hydrogen to water vapor.

CONCENTRATION: The volume fraction of the component of interest in the gas mixture
expressed as volume percentage or as parts per million by volume (ppmV).

EMISSION INDEX: The mass of emissions of a given constituent per unit mass of fuel,
multiplied by 1000.
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2.3

{Continued):

FUEL-AIR RATIO: The mass rate of fuel flow to the engine divided by the mass rate of
dry airflow through the engine.

GASEQOUS EMISSIONS: The carbon monoxide, carbon dioxide, nitric oxide, nitrogen
dioxide, and hydrocarbon in the exhaust from a gas turbine engine.

MOLE FRACTION—Thevolumetorcentratiomof & gas per unit volurme of the

of which
"volume

NET HE
completq
temperal

NO,: Ox
(NG,).

PARTS |
volumes
but onty

PARTS
exhaust
ppm con
concentr

ppm prof

TOTAL H
molecula

concentration (or volume fraction}" and "molar concentration (orimol
are synopymous.

AT OF COMBUSTION: The energy released per unit mass of fuel d

[des of nitrogen, specifically, the sum of nitric oxide (NO) and nitroge

PER MILLION (ppm): The unit volume concentration of a gas per mi

PER MILLION CARBONAppmC): The mole fraction of hydrocarbon

it is a part. In the context of the measurements discussed in thisprg

oxidation at constant pressure as measured by cogling the products
ure without condensation of the water vapor formied in the reaction.

of the gas mixture of which it is a-part. (Also applicable to weight me
olume relationships are referreéd to in these procedures.)

multiplied by 108. Thus,™ ppm of methane is indicated as 1 ppmC.

centration of the hydrocarbon to an equivalent ppmC value, multiply
btion by the number of carbon atoms per molecule of the gas. Fore
ane translates as 3 ppmC hydrocarbon; 1 ppm hexane as 6 ppmC |

YDROCARBON: The total of hydrocarbon compounds of all classe
r weights.

gas mixture
cedure,
e fraction)”

e o its
to the initial

n dioxide

lion unit
Easurements

n the

To convert
DPM

Kkample, 1
ydrocarbon.

5 and
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2.4 Nomenclature and Suggested Values:

[CO]

[CO.]

Mole fraction concentration of carbon monoxide in the exhaust

Mole fraction concentration of carbon dioxide in the exhaust

CmHOLN,S; = the chemical formula of one mole of hydrocarbon fuel

[CH,]
[H20]
[NO]

(NG,

[INOJ

[Z]
DiluentZ
El;

f

F/A

1l

I

Wole Traction concentraton of total nydrocarpon i the exnaust
Mole fraction concentration of water in the exhaust

Mole fraction concentration nitric oxide in the exhaust

Mole fraction concentration nitrogen dioxide in.the exhaust
Mole fraction concentration of the oxides of nitrogen in the exhal
Mole fraction concentration of oxygenin the exhaust

Mole fraction concentration of sulfur dioxide in the exhaust

Mole fraction concentration-of constituent Z in exhaust

A diluent such as nifrogen or water that is added to the combust
Emission index\of constituent Z, g/kg fuel {Ib/1000 Ib fuel)
Water vapor saturation pressure enhancement factor.

Fuelair ratio by weight

Net heat of combustion of fuel at constant pressure J/kg (Btu/Ib)

st

On Process

Water content of the iniet air, moles of water vapor per mole of dry inlet air

Water content of the semi-dry exhaust sample leaving the dryer,
water vapor per mole of dry sample gas

International Civil Aviation Organization

moles of

Oxygen interference coefficient for effect of O, on the measurement of CO,

Ratio of wet concentration to completely dry concentration



https://saenorm.com/api/?name=a0eefdb1dcc7e26ce00df3915b41391d

SAE ARP1533 Revision A

2.4

{Continued):

L = Interference coefficient for effect of CO, on the measurement of CO

L’ = Interference coefficient for effect of CO, on the measurement of NO and NO,

r..m,, = mass flow rate of fuel “n”

M = |nterference coefficient for effect of H,O on the measuremem.ofICO

M’ = Interference coefficient for effect of H,O on the measurement of NO and NO,

Mar = Molecular weight of dry air = 28.965

M. = Atomic weight of carbon = 12.011

My = Atomic weight of hydrogen = 1.008

M = Atomic weight of nitrogen = 14.0067

Mg = Atomic weight of oxygen = 15:8904

Mg = Atomic weight of sulfur. €32.0600

M, = Atomic weight oficonstituent Z

Py = Moles of exhaust constituent “N” per mole of fuel

P~ = Total males of exhaust products

PHYG |= (Gds sample pressure where the frost or dew point temperature mjeasurement
IS made.

PWV = |deal water saturation vapor pressure at the measured frost or dew point
temperature.

PWVE = Effective water saturation vapor pressure at the gas sample pressure, PHYG

R = Moile fraction of O, in dry inlet air = 0.20948

S = Mole fraction of nitrogen (0.78084) plus mote fraction of argon (0.00934) in

the dry inlet air = 0.79018
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24 (Continued):

T = Mole fraction of carbon dioxide in dry inlet air = 0.00034

THYG = Frost or dew point temperature measured with a hygrometer.

u = Mole fraction of methane in dry inlet air

X =Wotesof dryar 7 moteof Tuet

o = Atomic hydrogen-carbon ratio of the fuel = n/m

a, B = Intermediate terms in the caiculation of the enhancement factor, f
| = NO, converter efficiency

Ne = Combustion efficiency, %

2.4.1 Subscripts:
d = Completely dry basis

m,n,p,q.r = Molar constants for fuel,"\C,H.O,N,S,

ms = Measured value

sd = Semidry basis

w = Wet basis

XY = Molar constants selected for the unburned hydrocarbon in exhpust, C,H,
z =Constituent Z
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3.

INTRODUCTION:

The exhaust gas composition measurements required by this procedure include carbon
monoxide (CO), carbon dioxide (CO,), nitric oxide (NO), oxides of nitrogen (NOx), total
hydrocarbon {C,H,), as well as ambient air and sample dew point temperatures. The
measured vaiue of oxygen {(O,) content is not required by the analysis but is generally
accepted as essential for assessing data quality. Measurement of sulfur dioxide (SO,) is
also not required but has been included herein to illustrate the addition of other species that

may beco
may be si
compositi
terms of li
analyzers

ensure mixMing wet basis, semi-dry and dry basis mole fractions does not occur.
issues are[further explained in Section 5.2.

ns. Whichever the approach, each instrument must be fully charactg
itations in linearity, drift, interferences, repeatability, and hiases. Sg

Ideally, the

parameters.

analysis and evaluation of emissions data sheuld not require facility

However, when mixed fuels and diluentsare used, facility metereq

are required to specify the number of moles of each reactant.

Urements
gle-gas analyzers or single analyzers capable of measuring multiplelgas

rized in
me

equire a dried sample while others do not. Correct bookkéeping is required to

These

— measured
flow rates

This procegiure is valid for analysis of hydrocarbéh / air exhaust products. Regardless of

the hydrocarbon fuel; the chemical formula, molecular weight, and the lower he
must be krjown. Typical values of these parameters for several fuels are provid

1. Howeve
samples of
include the
rigorous b3

hting value
ed in Table

r, precise values should be gbtained from analysis of pre-and post-test fuel

from reference literaturesThe fuel chemical formula may be expand
oxygen, nitrogen and stifur in addition to carbon and hydrogen for 4

lance of the reactants.and products of combustion.

TABLE 1 - Typical Values of Hydrocarbon Fuel Properties

ed to
more

Chemical Molecular Lower Heating

Fuel Formula Weight H/C Ratio | Value, BTU{lbm
Jefd CiigHo 161.5 1.887 18,521
dP-4 CasHigo 119.1 1.988 18,747
JP-5 C715Hiag7 100 1.937 18,300
JP-8 CiooHoa 152.0 1.917 18,646
JP-10 CioHis 136 1.6 18,137
AVGAS CresHigs 112 2.187 18,700
Natural Gas C1_04 H4 01 16.53 3.855 20,680
#2 Diesel CraaHiz90 100 1.782 18,318

The properties of standard dry air are presented in Table 2. A baseline sample of the inlet
air should be analyzed and the frost or dew point temperature measured. When large
deviations from standard air are encountered (i.e. high inlet air water content, higher
ambient carbon dioxide), actual concentrations should replace the dry air concentrations.



https://saenorm.com/api/?name=a0eefdb1dcc7e26ce00df3915b41391d

SAE ARP1533 Revision A

3. {Continued):

TABLE 2 - Properties of Standard Air (Ref, 2.2.2)

Component Chemical Formula Molecular Weight Percent by Volume
Nitrogen N, 28.0134 78.084 (dry)
Oxygen 0O, 31.9998 20.948 (dry)

Argon Ar 40 0.934 (dry)
Carbon dioKide CU, 44 D058 0.034 [(dry)
Water vapor H,O 18.015 Must be measured
Total 28.9659 (dry) 00 (gry)

Data quality checks have been incorporated into this procedure to\encourage the use of
near real time automated evaluation of the emissions measurément process. While there

may be others, the checklist included in Section 7 has proven.o aid in the early

identificatign of emissions measurement problems.

Calculations of emissions measurement uncertaintie§’are increasingly necessaty to show
compiiance with very low atmospheric emissions regulations. A methodology fgr the
propagation of measurement errors in the calculations of the emissions indices [(Ref. 2.2.3)
is provided|in Appendix A.

The method of calculating sample water:eontent from measured frost and dew point
temperaturgs (Ref. 2.2.4) is providedin Appendix B.

Two complete sample calculatiens are provided in Appendix C. The first calculation is the
one presented in the version\of ARP1533 issued in 1996. [t is retained in this vérsion for
traceability jof existing emissions analysis codes. The second calculation iltustrdtes the
expanded method of caléulations with the matrix solution.

4. COMBUST

The chemig

ON CHEMICAL EQUATION:

al’equation for the combustion of one mole of hydrocarbon fuel and ptmospheric

air is:

C.H.ONS, + X[(R(O,) = S(N,) + T(CO,) + h{H,0) + U(CH,)]
= P{CO,) +P,(N;) + P, (0, ) + P, (H,0) +F,(CO)
+P(C,H, ) +P,(NO,) +P,(NO) + P,(S0O,)

where: P through P, are the number of moles of CO,, N,, O, H,0, CO, C,H,, NO,, NO,
and SO, respectively.
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4.

4.1

{Continued):

The compaosition of the hydrocarbon in the exhaust gas may be defined by at least three
options between the SAE and ICAO methodologies. Equivalent fuel (CH.., x =1, y = "/}
implies that the hydrocarbon in the exhaust gas have the same formulation as the fuel (SAE
methoed). Equivalent methane (CH,, x = 1, y = 4) implies that all of the hydrocarbon in the
exhaust gas is methane (ICAO method). Characterized fuel (CH,, x # m, y # n) requires
some knowledge of the composition of the hydrocarbon in the exhaust gas. The

methodolo) Clearly state
which assumption was applied.

The combdistion equation makes no allowance for the small amounts of hydrogen, free
carbon, various species of hydrocarbon, and the oxides of nitrogen fother than jitric oxide
and nitrogén oxide) that may be present in the exhaust. Argon is-tinchanged diring the
combustiop reaction. This procedure combines nitrogen and afgon together for|a total
percent by|volume of 79.018. The water content of the inletaip, h, is expressed|as moles of
water vapgr per mole of dry air.

The Po(SO) term may be added to Eq. 1 when the fuel has significant sulfur cgntent.
However, 80, is not a mandatory measurement forthe calculation of emission jndices.

Modified|Combustion Chemical Equation:

Occasionally fuels are mixed or dilutetl-during the development of new engings. The
basic chemical equation must bempdified to account for the additional terms] In the case

of multiple fuels, the meteredwunass flow rates of each fuel (I';h and r;h) are used to
calculate the total per-mole-effuel properties such as H/C ratio, net heating value and
moleculgr weight for the(combined fuel.

[CmHnOquSr] [cmHnoDNqsr} CHONS

. [mnpqr
ermz

In the case of diluents (nitrogen, steam, etc.), the metered mass flow rates of the diluent
and fuel are used to calculate the number of moles of diluent per-mole of fuel for use in the
chemical eguation.

m, M
CHONS, + X[(R(O,) + S(N, )+ T(CO, )+ h(H,0) + U(CH, )] + | 112+ =2 (Diluentz)
m

Fuel

-10 -
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5 MATRIX SOLUTION OF THE COMBUSTION CHEMICAL EQUATION:
5.1 Basic Matrix:

Eleven simultaneous equations are required to solve for the eleven unknowns, P, — Pg, P+
and X, in Eg. 1. The procedure for writing the eleven simultaneous equations is the same
whether multiple fuels and /or diluents are used or not. The equations for a single fuel
and no diluents are defined as follows:

Carbon balance:

m4+{T U)X =P, +- P, = xP; (Eq.2)
Hydrogen balance;
n+ (2h +4U)X=2P, + yP, (Eq.3)
Oxygen balance:
P+{(2R+2T +h)X =2P, + 2P, + P, P, + 2P, +P, + 2P, (Eq.4)

(NOTE: The measured oxygen content,i$)not used in the solution of the comfjustion

equation

)

Nitrogen|balance:
Q- 28X = 2P, +P, +P, (Eq.5)
Sulfur balance:
r=pPg (Eq.B)
Moles of [carbon dioxide:
P, =P.[CO,], (Ea.7)
Moles of carbon monoxide:
P, =P;[CO], (Eq.8)
Moles of total hydrocarbon:
xP, =P [CH,], (Eq.9)

S -
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5.1

(Continued):

Moles of t

he oxides of nitrogen:

P, +P, =P.[NO,],

Moles of nitric oxide:

Moles of water:

Where tof

Equationg
1M x11 M

Equation P reads as P, + P, + xPy; — (T+U)X\= m. Row 10 from Equation 13 rg

P+ P,
by Matrix
and X. H

on a semidry basis need to be converted to measurements on a wet basis.

The elements of Matrix C-are’ wet basis.

P, — P-INO]

P, =[H,0],F;
al number of moles of product:
Pr =P P +P, + P +P, —F + P, + B+ B,

2 through 11 and 13 are solved for the ¢onstant terms then entered
atrix A (Variables} and the 1x 11.Matrix B (Constants) in Table 3 .

P+ Py + Py +Pg+Pg+ P, +'P¢+ Py = 0. The inverse of Matrix A i
B to obtain the 1 x 11 Matrix € which contains the eleven unknowns,
quations 7 through 11 uSe-concentrations on a wet basis. Measurer]

(Eq.10)

(Eq.11)

(Eq.12)

(Eq.13)

into the
Row 1 from
bads as

s multiplied
P1 - Pg, PT
nents made

12
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TABLE 3 - Matrix A (Equations 2 — 11and 13) and Matrix B

Mairix A Matrix B
Equation PT P1 P2 Pz P4 Ps Pg P77 Pg Po X Constants
2 0 1 0 0 0 1 X 0 0 0 -T-U m
3 0 0 0 0 2 0 y 0 0 0 -2h-4U n
4 0 2 0 2 1 1 0 2 1 2  -2R-2T-h o]
5 0 0 2 0 0 0 0 1 1 0 -25 q
6 0 0 0 0 0 0 0 0 0 1 0 r
7 [CO2l -1 0 0 0 0 0 0 0 0 ¢ 0
8 [COlw 0 0 0 0 -1 0 0 0 0 0 0
9 [CiHy 0 0 0 0 C -X 0 0 0 0 0
W
10 INOjw © 0 0 0 0 0 -1 -1 0 0 0
11 [NOJw 0 0 0 0 0 0 0 < 0 0 0
13 -1 1 1 1 1 1 1 1 1 1 0 0

5.2 Measurements, Interferences and Corrections:

In a perfe
gas comy
measure

+ The ipterference of carbon dioxide and water on the measured concentrat
carbon monoxide and the oxides of nitrogen.

* The ipterference of oxygen on the measured concentration of carbon diox

¢ The gfficiency ofthe converter that converts the oxides of nitrogen to nitrig

e Theb

This sect

ct world all gas analyzers would provide precise, unambiguous meas
osition. In reality, depending on the type of analyzer being used, thg
must be concerned with:

asis pfimeasurement (semidry or wet)

surements of
E emissions

ons of

de.

oxide.

orLof the procedure addresses these issues and modifies the equati

DS in

Matrix A. Effects such as that of oxygen upon carbon monoxide have been determined to

be negligi

ble for analyzers currently in use.

-13 -
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5.2.1

Interferences of Carbon Dioxide. Water and Oxygen: The measurement of a single
gaseous specie may be affected by the presence of other gaseous species. For
example, carbon dioxide and water vapor in the exhaust interfere with the non-
dispersive infrared measurement of CO and the chemiluminescent measurement of NO.
An interference coefficient is required that quantifies the parts per volume of species [A]
that is not measured due to the parts per volume of interfering species [B] that is
present. The convention used in defining these effects is that the correction is added to
the measured value (or added to unity and multiplied by the measured value where

appropriate-to-givethe-bestestimate-of the-troe—vatne—Thusannterferenge that
reduces the reading is expressed as a positive interference effect. L, L',/M>and M' are
the intgrference coefficients for analyzers that should be determined under fest
conditions. Representative values are provided below. Reference 2.2°1 prgvides some
guidange in the selection of the interference coefficients (below). (However |interference
coefficients should be measured for each instrument.
L =-1.3x 10™, mole fraction CO per mole fraction CO;
M=-46x 10* mole fraction CO per mole fraction H:O
L' = 0.14, mole fraction of NO per mole fraction'CO;
M' = 0.P8, mole fraction of NO per mole fraction H,O
J = 0.0F, mole fraction of CO; per molé fraction of O,
Correci the CO measurement for the CO; and H,0 interferences as foliows
R, = [CO],..P; +LP, +MP, (Eq.14)
Correct the NO, measurement for the CO, and H:O interferences as followsq:
P, +P, =[NO,]..P- +L'P,+M'P, (Eq.15)
Correctthe-NO-measurementforthe- CO.and-H.O-interferences-asfollows
P, =[NO] .P; +L'P,+M'P, (Eg.16)
Correct the CO,; measurement for the O, interference as follows:
P, =[CO,l...P; +JP, (Eq.17)

-4 -
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5.2.1

522

(Continued):

To include these interference effects in the matrix solution:

For CO,

Eguation 14 becomes:

[CO],,P; +LP, +MP, =P, =0

For NO

For NO

For CO

NO, Co
nitric ox
NO,, is
the NO,
NO suc
bypasse
1, typica
this effig
that wag

2

nverter Efficiency: A chemiluminéscent analyzer can be used to me4
de, NO, and the oxides of nitrogen, NO,. The nitrogen dioxide conc
assumed to be the difference between the measured values of NO, ;

N that all of the NO, is measured as NO. In the NO setting, the conv

, Equation 15 becomes:
INO }..Pr +L'P.+M'P, -P, —P, =0
Equation 16 becomes:
[NO]..P; +L'P, +M'P, —P, =0
Equation 17 becomes:

[CO,]. P, —P, +JP, =0

setting, the entire sample flows through a converter, which converts

d and only the sampled NO is measured. The NO, converter has an
lly between 0.97and 1.0. Reference 2.1.1 gives the procedure for dg
iency. The measured value of NO, must be corrected for the quantit
not converted to NO. From the definition of NO, converter efficienc

INO, I... =n[NO,] +[NO]

(Eq.18)

(EG.19)

(Eq.20)

(Eq.21)

isure both
entration,
hind NO. In
the NO; to
brier is
efficiency,
termining
y of NO;

v

(Eq.22)

Moies o

Moles of

Mitrogen dioxide:
P, =P [NO.,],
nitric oxide:

P, =P;[NO],

(Eq.23)

(Eq.11)

-5 -
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522

5.2.3

(Contin

ued):

Correct the NO, measurement for converter efficiency as follows:

INO,1..P; =nP, + P,

(Eq.24)

The NO, converter efficiency effects only P;. Combine Equations 19 and 24 to include
the interference effects and the NO, converter efficiency in the matrix solution:

Sample¢ Drying: Some gas analysis systems require a cold trap af\membra
the sample line ahead of the analyzers. Since these dryers de_not remove

vapor (
frost of
saturat

method of calculating sample water content based on'Reference 2.2.4. Thi

applieg

[NO,],.Pr +L'P,+MP, —mP, -F, =0

ompiletely, the concentrations after the dryer are referred to as semi
dew point temperature at the dryer exit is measured and the water
on pressure is obtained from the appropriate tables. Appendix B prg

to inlet air frost or dew point temperatures as well as frost or dew pa

(Eq.25)

ne dryer in
he water
Iry. The
apor
vides a

5 method
int

temperatures measured before the gas analysi§ system dryers as long as the local

samplg

The wa

dry samples as:

ho = P4sd
Sd pT - P4
The number of moles 0fsemidry sample is greater than the number of mole
by P,

samplsg

pressure is used to correct the ideal wapor pressure.

ter content of the sample after the sample dryer is closely approxima

Pr—P, +P, = (PT *P4)(1 +hsd)

ted for very

(Eq.26)

s of dry

(Eq.27)

-16 -
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52.3

(Continued):

The semidry concentrations of CO, CO,, NO, NOy, H,0O and O, are:

[COl, =P, /(P. =P, +h_,) =P, /((P, —P,)(1+h,}}

[CO, ) =P (P —P)(1+h,))

[INOL; = P /((Pr = P.)(1+hy,))
INO, 1, =P, +P, /((P, =P,)(1+h,,))
(M0 = (Py)eo ((Pr — P )1+ Ny )) = {1+ D)

[02]sd = P3 /((PT - P4)(1 + hsd )

Combining the interference and sampie drying effects on the measured con

CO, Eq. 8 in Matrix A is replaced by:

(ICO] . (1+h)+Mh  HP. 5P, ) +LF, —PF, =0

Combining the interference and sample drying effects on the measured con)

CO,, Eg. 7 in Matrix A is replaced\by:

[CO, L (1GNP —P,) =P + (JICC, ], )P = 0

Combining the interference and sample drying effects on the measured con

NO, Eq. 11 in Matrix A is replaced by:

[NOT...(1+h )1+ MHPr —P,) +LNO], P, —F; =0

(Eq.28)
(Eq.29)
(Eq.30)
(Eq.31)
(Eq.32)
(Eq.33)

centration of

(Eq.34)

centration of

(Eq.35)

centration of

(EqQ.36)

Combining the Interference, sample drying effects, and NO, converier efficiency on the

measured concentration of NO,, Eqg. 10 in Matrix A is replaced by:

[NO, ], (1+he, )1+ M)Pr =P, ) +L'INO,],,,P, =P, — P, =0

(Eq.37)

The equations that account for the interferences and the sample drying process have
been incorporated into Matrix A in Table 4 to provide a comprehensive solution of the

eleven simultaneous equations.

17 -
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TABLE 4 - Expanded Matrix A and Matrix B

Matrix A Matrix B
Equation PT P4 ) Pa P4 Pg Pg Pz Pg Pa X Constants
2 0 1 0 0 0 1 X 0 0 0 T-U m
3 0 0 0 0 2 0 y 0 0 o 2h-4U n
4 0 2 ] 2 1 1 0 2 1 2 -2R o
-2T-h
5 0 0 2 0 0 0 0 1 1 0 -25 q
6 0 0 ¢ 0 0 0 0 0 0 1 0 r
35 {(T+hea)[COPIme 1 0 JICO2ims -{1+hgg)lCO2Ims 0 0 0 0 ¢ 0 0
34 {1+hgdlCAlms L 0 0 -{(1+hgd)[COlms 1 D 0 0 B ] 0
+ hggM - hggM

9 [CxHylmk 0 0 0 0 ¢ -X 0
37 {(1+(hgq) (17MY) L'NOxims 0 0 {(1+{hgg) (1+M7} € 0 Mg, (O 0 0 0

+ INOxls - [NOyims
36 |(1+(hgg) (1{M)} UNOlpms O 0 (i+hggi(HM) 0 0 Lo a0 o 0

- [NOlmg [NOlms
13 -1 1 1 1 1 1 1 1 1 1 a 0

6. CALCULATION OF GASEOUS EMISSIONS PARAMETERS:
6.1 Conversign From Wet to Dry Basis:

To convert product coefficients from the wet basis (w) to the completely dry basis (d),
muttiply the wet basis coefficient by K:

where:
K = Pffa (Eq.38)
[CO, ], =KP, (Eq.39)
N, ], =KP, (Eq.40)
0,], =KP, (Eq.41)
[CO], =KP, (Eq.42)
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6.1 (Continued):

c, HyL = KP, (Eq.43)
INO,| =KP, (Eq.44)
[NOJ, =KP, (Eq.45)

6.2 The fuel-gir ratio, F/A, is the ratio of the mass flow rate of the fuel (C,Hte' dry air. The
equation presented below ignores the presence of trace species in the fliel and the air:

(1-mole- fuel)(molcular- wt.- of - fuet)

FIA= - .
(moles - dry - air }(molecular - wt. - of - dry ir)

_mM_+nM, m(Mc +aM,)
XxMyg XMy

(Eq.46)

6.3 The emigsions index of constituent Z, El, is the ratio of the mass of constituept Z to 1000
mass units of fuel consumed. It is commonlyreferred to as the mass of Z perl 1000 mass

units of fliel.
£l = mass - rate - of Z }(1000)
mass - rate - of sfuel;
I i ] (Eq.47)
_|_molesofiZ || molecular wt.of Z (1000)
moles'of fuel|! molecular wt. of fuel
Thus
3
m<Mc _‘O"MH)
P «M *103
Bl = (Eq.49)
m(Mc +&MH)
P, +P.)xM, . =10°
Bl = e (Eq.50)

O m(M; + aM,)

-9 -
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6.3

6.4

(Continued):

NOTE: The molecular weight used in the calculation of the emission index of nitric oxide
and the oxides of nitrogen is the molecular weight of nitrogen dioxide.

- B X * P, *MC,H, =107
S m(M, +aMy)

The compustion efficiency, 1, , is calculated on an enthalpy basis by subtragtti
inefficieng

NO, and

where:

H.

In Sl unit

Referenc

Ccies due to unburned hydrocarbon and CO from 100%. H neglects th
H. and the dissociation of combustion products.

[ El
0 =(1.00—4.346 50 _ %M | 40
H, 1000

[

value) in Btu/lb

Ut

r

1, =|1.00 10109

H
[ <
L

Elgg __E]‘iv +100
1000 |

in J/kg

e 2:12.Yis the source of much of the subject matter of this document.

2.2.1 for

(Eq.51)

hg the

e effects of

(Eq.52)

Net heat of combustion of fuel (sometimes referred to as the lower heating

(Eq.53)

Refer to

mare detailed discussions of the various details relating to the calculations.

=20 -
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7. CALCULATION OF DATA QUALITY INDICATORS:

7.1

7.2

The expense associated with the measurement of emissions from aircraft engines can be
minimized if instrumentation problems are quickly identified and corrected. Data quality
checks have been incorporated into this procedure to encourage the use of near real time
automated assessment of the emissions measurement process. While there may be
others, those identified below have proven valuable in the early identification of emissions
measurement problems.

Sample 9

The stan
both the 9
emission
data are
about thel
repeatabi
measuret]

Oxygen B

Even thol
combustig
compared

oxygen bhalance is 0.1'moles O, or less. The oxygen analyzer is usually the |a

stabilize s
and the G

tability:

fard deviation of a set of gaseous species measurements is anindic
source and the analyzer were stable during the period of time when t
b measurements were collected. For example, when n'scans of gas
collected over a ten second interval, the standard deviation of the n g
average value should not exceed the instrumentdmanufacturer's qud
ity. The target value for this data quality indicateér should account fo
nent oscillations as well as instrumentation measurement precision.

alance:

Igh a measurement of the oxygen concentration is not required to so
bn chemical equation, the measured semi-dry oxygen concentration fnay be

to the calculated semidry basis oxygen concentration. The target v

0 an acceptable oxygen balance is another indication that the emiss
0, and-0O3 analyzers were stable.

L

htor that
e
analyzer
amples
ted

" known

(Eq.54)

ve the

biue for the
5t one o
cn source

1 ([0

!
— T

ol — } 7I'n = — W
S dlaiinve = lUQJdry [\szmeasuredsemidry ‘ l ’ 100 SUJ

(Eq.55)
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7.3 Carbon Balance:

Solution of the chemical equation results in the P-terms which are the number of moles of
the product species. The number of carbon atoms in the product species is forced to be
equal to the number of carbon atoms in the reactant species. However, a comparison of
the facility-metered carbon iniet fiow to the carbon atoms specified by the P-terms is a
method of validating the fuel chemical formula, the ability of the sampling system to
capture a representative sample, the facility fuel and air flow meters and the CO, gas

analyzer

Calculate the ratio of the number of carbon atoms flowing inte the combustor
number of carbon atoms measured in the exhaust. Note that the ppmCevels
monoxide (P5) and unburned hydrocarbon (P6) have been ignored{ Also notg

appears
injection,
mole frag

CARBAL.:

CARBAL =

Wrfuel = {

Wair = th

Wwater F the facility—metered water injection flow rate

m = the 1

T = the number of moles of CO, per mole of dry air

MWsample =4he molecular weight of the exhaust gas sample

MWfuel =the molecularweight of the fuel

L IFN} ol | N b l L s () L L . P il ot oY
Neallll, T ldiiyel value TUT TS Lalduny DdidlLe To F.U D UASJ.

to the

of carbon
that Wwater

n the total flow rate term, (Wfuel + Wair + Wwater). This“accounts fpr any water

When the total flow into the combustor is known, the 'wet basis carl
tion and the sample molecular weight shouid be (sed in the calculat

 MWftuel | MWAR |, (Wifuel + Wair + Wwater) *[CO, |
Wiuel™m  Wair+T MWsample * 100

wel

he facility-metered fuel flow rate

e facility-metered air flow rate

umber of moles of carbon per mole of fuel from the most recent fuel

[CO2]wet = the wet basis carbon dioxide mole fraction, percent by volume

on dioxide
on of

(Eq.56)

analysis

_20 .
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7.4 Fuel / Air Ratio Balance:

7.5

7.6

A comparison of the fuel / air ratio calculation (Eq. 48) with the ratio of the facility -
metered fuel and air mass flow rates is a higher level indicator of emissions data quality,
especially the CO, measurement. Problems with the sample extraction process will be
obvious here as well. The target value for the fuel / air ratio balance is 5% or less.

(Eq.57)

NO/NOx

For a giv
an avera
indication

Trend PI

Trend plg
anomalig
or diluent
confirmin
For exam
problemsg

(FA emissions FARfacihty)
FARBAL = *100
FAR.ab;my
Ratio:
on combustor, the ratio of NO/NO,, will not vary over wide rarges of H

he value, typically 0.7 to 0.8, is established, changes in‘this ratio may
of problems with either the NO or NO, analyzers.

NORatio :.[N—o}.‘”—
INOX;

L Sw
HER

ts that correlate calculated parameters are useful in detecting analyz
s such as incorrect range settings or volume flow problems. When n
s are used, the absence pfGtep-shifts in the trend plots will be usefu
g that the analysis routine has correctly accounted for the additional
ple a plot of carbon balance vs. fuel / air ratio balance will accentuat
or fuel flow measdrement problems.

AR. Once
be an

(Eq.58)

er
nixed fuels
in

Feactants.
b sampling
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8. CALCULATION OF MEASUREMENT UNCERTAINTY:

Calculations of emissions measurement uncertainties are necessary to show compliance
with very low atmospheric emissions regulations. The propagation of errors analysis is a
straightforward method of determining the measurement uncertainty of a calculated value,
f(x;} (e.g. the emission index), that is based on a set of input measured variables x,. Of

. . . . AX .
course, each of the input measurements is subject to its own error, > depending upon the

quality of themstrumemtatiomused— Two methods of determining the unceTtaimt
output calcylations are presented here. The first is based on an analytic derivat
details of which are summarized in Appendix A.1. This method yields a precise

that requirgls knowing the functional form, tedious differentiation, and assiimes |
the range of errors for accuracy. The second method uses a stochasticprocess
estimates the uncertainty of the measurements. The stochastic method is simp
and yields gorrect results even for non-ltinear functional ranges¢, This method is
Appendix AL2. Compariscns of propagated error using both.fnethods, the analy

stochastic, have shown their equivalency.

of the

on, the
calculation
nearity over
that

e {o set up
Hiscussed in
ic and

PREPARED UNDER THE JURISDICTION OF

SAE COMMITTEE E-31, AIRCRAFT EXHAUST EMISSIONS MEASUREMENT
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A ANALYTIC ANALYSIS OF THE MEASUREMENT UNCERTAINTY:

APPENDIX A

CALCULATION OF MEASUREMENT UNCERTAINTY

To calculate the error associated with the emission indices, fuel / air ratio, and
efficiency, results of ARP1533 as summarized in Equations A1 - A5 are used with the
general partial differential summation for error calculation as presented by Bevington'
(Equation AB). The solutions of which are given in Equations A7 - A11. For the purposes

of this 4

where,

rror analysis we have assumed that the error is associated only with
measurements of the mole fractions ([CQOJ, [CO;], [NOx], and [C,H,].

Ele = [@} (—1 0'Mgo (1 + B)

sum/ \M¢ + oM m

INOX]) (_10%he, ), , TX)

Elnox = (sum Mc + oM m
3
(520 0
Sy~ | sum )\ Mg + oM m

_ ({1 +h) (sum) - TAYMc + oMy,
(o

-7 {sum

|7
Q

EI(CO) EI(CxHY)\
”D‘U 00 - 2,346 (HC - goooy)

100

[ 1—%(sum) }
MY +h) (sum) - T

the

(Eq.A1)

(Eq.A2)

(Eq.A3)

(Eq.A4)

(Eq.AS)

" Bevington, P. R. "Data reduction and error analysis for the physical sciences” McGraw Hill, New York,

NY, 1969.

- 05
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A

A1

(Continued):
And "sum" is [COJ + [COy] + [CiH,].

In general, for a dependent variable y = f(x;, Xz, X3, ...X,), the square of the expected
relative error in y due to the relative errors in the x; {i =1 to n} is given by Equation AG.

AyY?Z aln y )2 (AX 2
[y] Z(d in XJ (x‘) (EQ.A6)

all i

where,

f . .
L — fractional error in f

LI

Applying Equation A6 to Equations A1 - A5 yields Equations A7 - A11 givenlin Section
A1

Solufions to Analytic Derivation of Uncertainty Measurements:

Equgtion (Eq.A7)

AIEH, 1}
G.H,]

AElCOJ‘ [dln Eleo) }

Bl )| Laincoy] | [CO [dln(EECO)]Z(LE.[COE]l +[aln 1

aIn(CO,)| | [CO,1 | | dIn(CH,)

wher

11

9In(CO)  {[CO1+[COI+ICH,I} M+ TX [(4.4h).([COI+[CO,] FICH,]) - T|

INEl,) —[CO,] T (_m)'{1+hT4]

2In(CO,)  ([COI+ICO,1+ICH,]) ' m+ TX'[(‘Wh).([CO] 1 [cO,] HCXH,])—TT

x
AN(Elg) —CH,] T (m)'[HhTZ}

= [CO]

-[CO,]

- - . + 2 '[CxHy]

dIn(CH,)  (ICOI+ICOI~[CH,)) m=TX[(1} hy.(fCO} + [CO,1 +[C,H, 1)~ T

- 06 -
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A1 (Continued):

|

Equation {Eq.A8)

AIN(Ele,)

El

AEl,,, J :[Sln(EINox)]z[A[CO]]‘ | [8In(EINOx)JZ{A[C02]]Z
)

T

din(CO,)

3In(CO [CO] [CO,] 3In(C_H,)

Ay

[CH]I

NOx

where,

(m)-[1+h—72]

(ACH]T [ am(EiNm)]‘[A[NOx]
" 8In(NOX)

[NOx]

OIN(Elye,) —{CO] + T

dIn(¢0)  ([CO]+[CO,1+IC,H,]) m+TX-[(1+h)-([CO]+[002]+[CxH 1)-T)

(m)-(1+hT%

7[CO]

OInEloy) _ [CO,] T 160,]
OG0, ([COI+ICON+ICHI)  M+TXF1 4 ). ([CO]+[COI+[CH,1) - T|

[8%
IINElo) -[CH,] L3 ("m)'[Hh_TZ] (CH]
9In(ClH,)  ([CO]+[CO,]+[CH 1) - TX (11 ny{eor+eol+ICHIT
oinEllg)
AIN(NDx)

Equatjon (Eq.A9)

2

AElg, AIn(El, ., ) aInEl, )" (AlC.H

| {OINELL)
{ AIn(C0)

‘ [ A{CO]]Z

“1arco,1Y
[CO]

[CO,]

2
8In(CO,) AIn(CH, )} IE.H,

EiCxH

T

-07 -
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A1 (Continued):

where,

x
oIl ) ~[CO] T (_m)'[1 - h_T'4]
é I T = T =V
e O e X TR (TCOT TCO,TF T H, 1) - 7]

Y

dIn(CO;)  ([COI+[COI+ICH,I] m+TX (141 ([OM[CO,] +IGH,]} T

GhElLy) _ [col-[C0,] T (m)'[”hTJ

On(CH,) ~ (ICO]+ICO,I= ICH)  m+TX g1 h}-(ICO1 = [CO,1 - [C,H|1) - T

Equatjon (Eq.A10)

(AF{A)Y Sln(F/A)JZ[L\CO‘2+ ain(F/A)) (ACO, | {an(F/A) (acH, |
[ (F/p) L., Lamco), | co J ain(Co,)| | co, ’\mn(cxHy) C,H,
where|
pIn(F/A) 4. (1+h)—aT

i,
In(x ) [x,] l[(1 +h){[CO1+[CO,]+ICH,1)~ T[4 - a{[CO] - [CO, ]| [C,H, 1]

Equatior{Eqg.A11)

2

oin(n, )
AIn(El, ,, )

SR

Al |
Mo dn(Ely,) Elo

Ely,

- 28 -
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AT (Continued):
where,
din(n,) —Elee
FIn(El,) | 00H, o Hog ]
4346  ° 4346 C“J
o) E!CKHF
InEL,. ) ‘
NEles, ) [1000 - -‘}-3-46 El, - EICKHY}
Finally, the simple calculation of the error analysis for the inputfuel/air rat

urement of F/A based on the mass flow recorders is given by Equati
econd method of calculating the fuel air ratio. Comparing the input a

meay
isas

o (that is the
pn A12. This
nd output

F/A T riment and

estal]

Btio is important because it shows an internal cansistency in the expg
lishes the crucial parameter describing the combustion condition.

re root of the
cantly

flifference between the two calculations shibuld be less than the squa
bf the errors in Equations A4 and A12; [Fthe calculations yield signifi
ent results, then the experimenter.must decide which results are in efror.
ience that the error is frequently associated with poor sampling of the

ustion effiuent. This is an excellent quality check on the entire systefn.

The ¢
sum
differ|
expe
comtb]

Itis our

Equation (Eq.A12)

[A(F/A)]2 _[8In(F/A)]Z[£]z+{8In(F/A)]Z[AA]2
FIA) D, L anF) ) UF ain(A) ) LA
where,

ANFETA)

Shr(F)

anF/A)

JdIn(A)

This method yields a precise calculation of the uncertainty. However, to extend the
analysis to the uncertainty of any other output variable, or to include the error
associated with other input parameters (such as h) would require a detailed analysis
of the fairly complicated partial differential equation. This formulation also assumes
linear behavior of the function in the region of x;. As a result, the formula does not give
a correct answer when the function is sharply curved (generally unimportant in this
analysis), or the errors are large. The stochastic process discussed in Section A.2
overcomes all these limitations.

-09 -
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A2

STOCHASTIC METHODOLOGY FOR DETERMINATION OF UNCERTAINTY:

To overcome the difficulties associated with determining the propagation of errors
(applying Equation A6 to determine Equations A7 - A11), a computer program can be
designed that performs this calculation in a statistical sense. It takes as inputs the
following:

The prgpagated error calculation is accomplished by adding "noise” to the in
To do this, each input variable is allowed to vary with a Gaussian distributior]
input mean value. In practice, it is usually sufficient to add noise to only the mole fraction
measurements, as in most real systems these are the major sources of erro
of the Gaussian distribution is sebequal to the input measured value, and th
deviatign of the distribution is set equai to the expected error {percentage of
error miltiplied by the scale). There are many standard routines for generati
Gaussian variables of 4 given mean and standard deviation. In Microsoft Ex
Gaussian distributed.random variable can be calculated by using the NORM

specificplly, as shown in Equation A13.

Where,

Theg scale used to make these mole fraction measurements,

The expected percent of full scale error associated with the me&sureme
varigbles [CO], [CO.], [C,H,], [NO], and [NOx],

Measured value "h" determined from the hygrometer reading,
"T" [the amount of CO; in dry air,

Thel formula for fuel CHy and unburned hydrocarbon CH,.

The measured variables [CO], [CO.], [C,H.1. INO], and [NOx],

Variable = NORMINV(RAND( ), i, &)

nt of

put values.
about the

. The mean
e standard
fuil scale
13

rel®, such a
INV function

(Eq.A13)

RAND( } assigns a random number (uniform distribution from 0 to 1}.

The mean value, L, is set to the actual emissions analyzer reading.

The standard deviation, o, is set equal to the % full-scale error times the scale

used.

-30 -
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A2

{Continued):

A set of 250 separate "noisy" random variables of the input parameters are generated
and 250 separate calculations of the output values are calculated. That is the matrix
equation discussed in Section 5.1 using the comprehensive matrix given in Table 4 must
be solved 250 times, and the results used to calculate the appropriate emissions indices
250 times. The propagated error is then calculated as the standard deviation of the set
of output parameters. These 250 random calculations provide sufficient precision to the
error mgasurement, while not significantly slowing the calculation process.

Alternatjvely, Equations A1 - A5 can be used to calculate the errors bythis methodology.
Again, g set of 250 separate “noisy” mole fractions is generated, and the output
parameter is calculated 250 times. The error is then calculated.a§'the standgrd deviation
of the 2p0 output calculations. The calculation time for a set of variables using the
spreadsheet is under a second and would be significantly shorter in a "complied"”
language. (note that we have not done any careful calibfation of the calculatipn speed,
or optimization of the randomization calculations).

231 -
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APPENDIX B
CALCULATION OF SAMPLE WATER CONTENT FROM FROST OR DEW POINT
TEMPERATURE MEASUREMENTS

In this document, water content must be known in terms of the number of moies of water per
mole of dry air (h), the number of moles of water per mole of semidry sample (hs), and the
number of moles of water per mole of fuel (P;). These mole ratios are also referred to as molal
ratios, volume ratios, or mixing ratio by volume (Ref. 2.2.5). Molal ratio is equal to the ratio of
the vapor partial pressure to the pressure of dry air or sample. Therefore the actual water vapor
partial pressurg must be known. Typically, the sample frost or dew point temperatyre (THYG)
is measured wjith a hygrometer at the gas sampling system pressure (PHYG) -Empjrical
correlations arg used to calculate the ideal water vapor saturation pressure (PWV) from the
measured frosf or dew point temperature at standard atmosphere pressure)(14.695 psia). An
enhancement factor (f) that accounts for varying gas sampling system pressure angl the
presence of other gas constituents is multiplied by the ideal saturation vapor pressyre to obtain
the effective water vapor saturation vapor pressure (PWVE). Increasing sample prgssure
increases the $aturation temperature and decreasing sample ppessure decreases the saturation
temperature for constant water content.

—if- 18 psia
16 psia

w447 psia

—*—12psia |

——20 psiaﬁi
|
i

Frost ! Dew Point Temperature, deg F

100 1000 10000 100000
Water Content, ppm by Volume
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40.000

30,000 +

20,000

Water Content, ppm by Volume

10,000

-50

The empirical gorrelation presented by Hardy (Ref. 2.2:4}is recommended here bed
based on the [TS-90 temperature scaie with traceability back to similar correlations

68 temperaturg
Measured dew
Ideal saturation

over water for T

or over ice with

-40 -30

-20

-10

0 10 20 30 40

Frost / Dew Point Temperature, C

scale that gained the largest international acceptance.

point temperature, THYG, deg F converted to deg C and deg K

vapor pressure at standard conditions, PWV, Pa

HYG in deg K

PWY— exp[

THYG' deg K

f

5

i-=0

4

S g« THYG™ + g, +In THYGJ

]

ause it is
pf the IPTS-

(Eq.B1)

PWV = exp[Z; k
i=0

3

* THYG™ +k, =In THYGJ

(Eq.B2)
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where

Measured sam

qC -2.8366E+03

g1 -6.0281E+03

g2 1.9543E+01

a3 -2.7378E-02

g4 1.6262E-05

g5 7.0229E-10

g6 1.8680E-13

a7 7 7150E+00

KO -5.8666E+03
k1 2.2329E+01

k2 1.3939E-02

k3 -3.4262E-05
k4 2.7041E-08
k5 6.7064E-01

Enhancement factor, f :

ple pressure, PHYG, psia converted to Pa

3
a=3 A*THYG with THYG indeg C (Eq.B3)
i=0
3 \
3= exp(Z@Bi *THYG'] with THYG in deg C (Eq.B4)
i
For Water, For Water, For Ice, For Icg,
-50to 0 °C 0to 100 °C -100 to -50 °C -50 to O°C
Ag 3.62183x10™ 3.53624x10™ 9.8830022x10™ 3.61345410™
A 2.6061244x10° 2.9328363x10° 5.7429701x107 2.9471684x10™®
Az 3866777107 2.6168979x107 8.9023096x107 52191167107
As 3.8268958x10°° 8.5813609x10°° 6.2038841x10° 5.0194210x10
Bo -1 07604x10" -1 07588x10" -1 0415113x10° -1.07401410°
Bs 6.3987441x10 6.3268134x10~ 9.1177156x10™ 7.3698447x10™
B: -2.6351566x10" | -2.5368934x10° 5.1128274x10® -2.6890021x10™
Ba 1.6725084x10° $.3405286x107 3.5499292x10°° 1.5395086x10°

f=exp

0*[1 PWV]—&—TM

PHYG

PHYG 1]
PWV

(Eq.B5)
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Effective saturation vapor pressure, PWVE, Pa
PWVE =PWV «f
Water content, ppm

PWVE

* 1% 10°
(PHYG — PWVE)

horh,—

(Eq.B6)

(Eq.B7)
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APPENDIX C
SAMPLE CALCULATIONS

Two sample calculations are provided. The first sample calculation uses data from earlier
versions (1996-01 and before) of ARP1533 presented in the new format. In addition to
providing values to validate existing data reduction programs, this sample illustrates how to
manipulate the matrix for:

» analysis of the fuel C:H.ON.S. wherep. g . andr=0.
* wet measurements of NO and NOx

¢ deleted measurements like SO, where one row and one column of thelmatrix ane not
required.

Sample Calculation #1

In this sample the fuel is JP-4 where m = 9.5, n = 19.0. The.¢oncenirations of C,H,| NO and
NOx are wet measurements and the concentrations of CO“and CO, are semi-dry
measurementy. Matrix A has been simplified to account-for these variations. This|sample
does not include data quality checks.

Average fuel fgrmulation from chemical analysis of the pre- and posttest samples.

Fuel Name: JP-4
Fue! Formulas CesH g0
Fuel lower heating value (FLHV}, BTU/mass 18,730

Moles of carbon in fuel, m 95

Moles of hydrogen in fuel, n 19.0
Moles(ofOxygen in fuel, p 0
Molés of nitrogen in fuel, g 0
Moles of sulfurin fuel, r 0

Ratic of H to C in fuel 2.00

Average air foqmulatieh from ambient air composition measurements.

Mole Traction of Oz Ih air, K U.204948 moles O f mole dry air
Mole fraction of Nz and Arin air, S 0.79020 moles N; & Ar/ mole dry air
Mole fraction of CQz in air, T 0.00032 moles CO; / mole dry air
Moie fraction of CH4 in air, U 0 moles CHa / mole dry air

Inlst air water content, h 0.00883 moles H>0/ mole dry air
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Instrument interferences from faboratory checks on instruments.

CO; interference on CO (L) -1.3e-4
H,C interference on CO (M): -4.5e-4
CO; interference on NO (L'): 0.14
H>0 interference on NO (M"): 0.28
O interference on CO2 {J): 0.09
NOy converter efficiency (ETA): C.875

NOTE: The oxygen interference coefficient, .J = 0 08 _assumes that the CO. calibration gas
uses N, as the|diluent.
Water content pf inlet air and semi-dry sample.
Inlet air water content, h 0.00884 moles H:O/maole dry air
Semidry sample water content, hsd 0.000017 moles HQfmole dry air
Measurement gummary.
Species Measurement
CO, ppm semi-dry 500
COy, percent semi-dry 2
CxHy, ppmC wet 225
NC, ppm wet 9
NOx, ppm wet 20
Simultanecus Equations: Matrix A
PT P1 P2 P3 P4 P5 Pe P7 P8 X
Eq2 0 1 0 0 0 1 1.0 4] 0 -0.000320
Eq3 0 0 0 0 2 0 2.0 0 0 -0.017686
Eq4 0 2 8] 2 1 1 0 2 1 -0.428443
Eq 5 0 0 2 0 0 0 0 1 1 -1.5804
Eg 35 0.020121 -1 0 0.0018 | -0.0201214 0 0 0 0 0
Eq 34| 0.000500 -1.30E04 0 0 -5.00E-04 -1 0 0 0 0
Eq 9| 0.000225 0 0 0 0 0 -1.0 0 0 0
Eq 37| 6.000020 | 0.0000028 0 0 0.0000056 0 0 -0.95 -1 0
Eq 36| 0.000008 | 600000126 0 0 0.00000252 0 0 0 -1 0
Eq13 -1 1 1 1 1 1 1 11 0
Constants: Matrix B
Constants
Eq 2 9.5
Eg 3 19.0
Eg 4 0
Eq 5 0
Eq 35 0
Eq 34 0
Eq9 0
Eq 37 0
Eq 36 0
Eq13 0
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Results: Matrix C

moie / moie fusl
Total {(wet) PT 469.03
carbon dioxide P1 9.315
nitrogen P2 363.53
oxygen P3 82.385
water vapor P4 13.463
carbon monoxide P5 0.2267
total hydrocarbon P6 0.1055
nitrogen dioxide P7 0.00549
nitric oxide P83 0.004267
air X 460.05
Total (dry) PT-P4 455.57
Analysis Summary
Measured Wet Basis Dry Basis E| [7]
Species Farmula | Concentration | Concentration | Concentration | (kg Z/1000 Kg fuel}
oxygen, % calculated O3 - 170665 18.084
carbon dioxide, % semi-dry CO; 2.00 1.986 2.045
carbon monoy 'r‘je’ ppm semi-| - o 500 483.4 497.6 47.65
nitrogen, % calculated N» - 77.51 79.796
water vapor| % calculated H.O - 2.87 0
total hydrocarpon, ppmC wet |  CHz 225 225.0 2316 1.11
nitrogen djoxide, ppm NO - 11.70 12.05
calcjilated i : :
oxides of nitrpgen, ppm wet NO, 9 9.10 9.37 1.47
nitric oxidg, ppm wet NO 20 20.80 21.42 3.37
Gaseous Emissions Parameters
Emissions- derived fuel/air ratio 0.009998
Combustion efficiency, % 97.78
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Sample Calculation #2

in this sample the fuel is Jet A with a comprehensive fuel analysis. The concentration of C,H, is
measured wet and the concentrations of CO, CO;, O,, NO, and NOx are semi-dry
measurements. The matrices inciude a column and row to account for sulfur in the fuel and air

even though SO, is not a measured product.

Average fuel formulation from chemical analysis of the pre- and posttest samples.

Fuel Name: Jet A
Fuel Formula: C7.158 H13.918 0©0.00004 NO 500012
Fugl lower heating value, BTU/Ibm 18,550.5
Fuel Molecular Weight , Ibm/mole 100.04
Moles of carbon in fuel, m 7.1576
[Moles of hydrogen in fuel, n 13.9187
Moles of oxygen in fuel, p 0.00004
Moles of nitrogen in fuel, g G
Males of sulfur in fuel, r 00012
Ratio of H to C in fuel 1.945

Average air formulation from periodic ambient air composition measurements.

Mole fraction of Oz in air, R 0.20687 moles Oz / mole air
Mole fraction of No and Arin air, S 0.78036 moles Nz & Ar/ mole air
Mole fraction of CQO; in air, T 0.00032 moles CO: / mole air
Mole fraction of CH4 in air, U 0.0000037 moles CHs / mole air
Mole fraction of SOy in air, V' 0.000001 moles SO, / mole air
Ambient air dew point hygrometer .
operating pressure, Fy’?-iYG 14.20 psia
Dew point temp of intet air, THYG; 50 deg F
Effective vapor presgure/ PWVE, 0.177 psia
Water content.ofinlet air, hq 0.01261 moles H2O/ mole air

Instrument interferences from laboratory checks on instruments.

CO; interference on CO (L}: -1.3e-4
H-C interference on CO {M): -4.5e-4

P DRI o 3 [ NTaWiRiW 044
A2 AL~ L L A L I U

H-0 interference on NO (M"): 0.28
O; interference on CG2 {J): 0.09
NOy converter efficiency (ETA}: 0.975
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Sample water content before and after the dryer.

Pre-dryer dew point hygrometer

operating pressure, PHY (G, 4.2 psia
Dew point temp before drver, THYG; 73 degF
Effective vapor pressure, PWVE; 0.400 psia
Pre-dryer water content, h, 0.02897 moies H>O/mole dry sample
Post-dryer dew point hygrometer .
operating pressure, PHYG; 14.2 psia
ew point femp atfter dryer, THY (53 -23 deg F
Effective vapor pressure, PWVE» 0.0058 psia
Fost-dryer water content, hs or hsd (0.00041 moies H-O/mole dry sample
Facility-meteref! flow rates.
Engine power setting 79 %
Fuel flow rate 0.243 Ib/sec
Air flow rate 29.65 Ib/sec
Measurement gummary.

. Analyzer e
Species Range Measurement Standard Deviation
CO, ppm semi-dry 1000 193.67 0.61

CO;, percent semi-dry 10 1.77 .12
Q;, percent semi-dry 25 18.61 0.21
C.Hy, ppmC wet 1000 85.5 1.30
NC, ppm semi-dry 300 23.77 0.98
NOx, ppm semi-dry 300 32.57 1.67

NOTE: A number
average value and
analyzer during tha

Simultaneous Equ3

tions<Matrix A

bf data scans have been recorded such that the reported measuremd
the standard deviation represents the stability of the emissions sourg
t time period:

ent is the
e and the

PT el | Fa F4 F5 (] P 5 9 X
Fq 2 0 1 0 0 o 1 1.000 8] G o -0.00032
Eq3 0 Y 0 0 2 0 1.945 0 0 0 -0.025286
Eq4 0 2 G 2 1 1 0 2 1 2 -0.42699
Eg5 0 2 0 0 0 0 1 1 0 -1.56072
Eq§ 0 0 0 0 0 0 0 G 0 1 0
Eqg 35 0.017707 -1 0 0.001583 | -0.017707 Y 0 0 0 0 0
Eq 34 0.000194 | -0.00013 0 Y -1.94E-04 -1 0 0 0 0 0
Eq 9 0.000088 0 0 0 0 0 -1.0 0 0 0 0
Eq 37| 0.000033 |4.5598E-06 0 0 -3.2587E-05 0 Y -0.975 -1 0 0
Eq 36| 0.000024 |3.3278E-06 0 0 -2.3782E-05 0 Y 0 -1 0 0
Eq 13 -1 1 {1 1 1 1 1 1 1 1 0
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