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PREFACE

This investigation was conducted by personnel of the
Aerospace Engineering and Mechanical Engineering Depart-
ments of The University of Michigan, Ann Arbor, Michigan
under contract No. DOTFA74NA-1102. Professor J.A. Nicholls
served as Project Director with Professor W. Mirsky as the
Principal Investigator. The contract was administered by
; the National Aviation Facilities Experimental Center, Atlantic

City, New Jersey.
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ABSTRACT

. comprehensive mathematical analysis for evaluating
tiie reasured emissions from piston type general aviation
aircraft engines is presented and discussed. The analysis
1s used to calculate the fuel-air ratio, molecular weight
of the exhaust products, and water correction factor.
Farther, a sensitivity analysis is presented which shows the
affects of emission measurement errors on calculated fuel-

air ratio.

'he University's test facility is briefly described
and the associated emissions instrumentation is discussed
‘n detail. The experimental results obtained in this
facility on the AVCO-Lycoming LIO-320 engine are presented.
This includes baseline and lean-out emissions data and the
influence of sampling probe location in the exhaust pipe.
The :influence of leaks in the exhaust system or emissions ;
conisole are investigated and evaluated in terms of the
mathematical model.

Experimental data obtained from various facilities
are compared and evaluated.
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1. INTRODUCTION

The Environmental Protection Agency (EPA) promulgated
aircraft exhaust emission standards for piston engines in the
Federal Register of July 17, 1973, Volume 38, Number 136,

Part II (the EPA Standards). The Federal Aviation Administra-
tion (FAA), in assuming its role assigned by Public Law in
implementing and enforcing the EPA standards, had to insure
that any attempts to reduce the exhaust emissions from light
aircraft piston engines did not result in lowered safety of

- operation.

In accordance with the above FAA contracted with two
engine manufacturers, AVCO-Lycoming and Teledyne-Continental,
to ascertain the baseline emissions levels actually being
produced by a number of their engines. In addition lean-out
emissions levels were to be determined. National Aviation
Facilities Experimental Center (NAFEC), the experimental arm
of FAA,was also to measure the emissions levels from the same

engines as tested by the companies.

In addition to the above, FAA contracted with The Univer-
sity of Michigan to establish correct emission measurement
techniques, to establish correct procedures for analyzing the

measured emissions data, and to verify the type of instrumen-

tation that would insure compliance with the EPA regulations.
The University was also directed to establish baseline and lean-
out data for the AVCO-Lycoming LIO-320 engine. This program
went into effect on June 1, 1974. This report represents

the final formal report on the project.

The major thrust of this report, then, is the compre-~
hensive treatment given to the analysis of the measured emis-
sions data. In this way conclusions can then be drawn with
confidence as to the sensitivity of the predictions to simplify-
ing assumptions, instrument errors, and measurement errors. i

Measurements made in the University facility are examined in

‘ this light.




2. DATA ANALYSIS AND EVALUATION

An expression for combustion air, which takes into account
the variable composition due to ambient carbon dioxide and water
vapor, is developed. This is followed by the development of
five methods for calculating fuel-air ratio from measured ex-

haust gas constituents. The sensitivity of these methods to

variations of input quantities is then examined and the methods
are next applied to a representative sample of data from various
sources to illustrate the applicability of these methods in
determining data reliability. The calculations of exhaust
molecular weights and water correction factors for exhaust

measurements are also discussed.

2.1 DEVELOPMENT OF COMBUSTION EQUATION MODELS

2-E.1 The Simple Combustion Reaction Equation

The complete combustion of a hydrocarbon fuel CnHm with air

in a stoichiometric mixture is represented by the combustion

equation,
CH + (®+n) [02 + 3.764 N2] > n co2 + B g20
3 nm 4 2 = 2

+ 3,768 (% + n) N2

In a non-stoichiometric mixture, leading to incomplete combus-

tion, we have,

¢ CH_ + (an + n) [02 + 3.764 N2] > NCO2

+ NCO + NCXHY + NO2 + NH20
+ NH2 + NN2 + NNO + NNO2 (2.1)

where the prefix N before each exhaust product is used to indi-
cate moles of each product. The products NO and NO2 are

included because of their importance in air pollution.

mole basis to a mole-fraction basis by dividing through by

It is desirable to convert the above expression from a l
|




some specified total number of moles, which could be any of the
following quantities:

3. NPT Total number of moles of exhaust products in
the instrument analyzers, including both gase-
ous and solid products. The mole fraction
would be on a total-mole basis and would be
indicated by symbols such as XCO2(T).

2. NGW Total number of moles of wet gaseous exhaust
products in the instrument analyzers. The
mole fraction would be on a wet basis and
would be indicated by XCO2(W). Since most of
the development in this report will be on a
wet basis, we shall drop the (W) for conven-
ience and simply use XCO2. Mole fractions on
any other basis shall be properly identified.

3. NGDD Total number of moles of dried gaseous exhaust
products in the instrument analyzers, con-
taining saturated water at the water trap
temperature. Indicated by XCO2(DD).

4. NGD Total number of moles of dry gaseous exhaust
products in the analyzers (all water removed).
Indicated by XCO2(D).

The need for these distinctions arises because different
instruments make measurements on different bases. For example,
the instrument cart at The University of Michigan makes the
following measurements:

co2, 02 dried basis
co dry basis
HCC,NO,NOX wet basis

Converting equation 2.1 tomole-fractions based on wet gaseous

products, we have

ot 1 (®
567 Cnfim * wGW (4 + n) [02 + 3.764 N2] + XCO2 + XCO

+ XCXHY + XO02 + XH20 + XH2 + XN2 + XNO + XNO2 (2.2)

where the prefix X is used to indicate mole-fractions. Next let

i— =9._?_n_ - *
NGW Cnﬂm NGW CHm/n FF CHZ (2.3)

where the symbol * is used as the multiplication sign, 2 is the
molar hydrogen-to-carbon ratio (m/n) of the fuel, and




ﬁ-(lﬁ (% + n) - XA (2.4)

Note that both AA and FF are defined on a wet gaseous basis.

The simple form of the combustion reaction then becomes,

FF * CHZ + AA [02 + 3.764 N2] » XCO2 + XCO + XCXHY
+ X02 + XH20 + XH2 + XN2 + XNO + XNO2 (2.5)

HTCR shall also be used for the molar hydrogen-to-carbon ratio
of the fuel.

2.1.2 Combustion Air

The treatment of combustion air as consisting of 3.764
moles of N2 per mole of 02 lumps all of the inert gases with the
nitrogen. In this report nitrogen shall be treated as a pure gas
and the only inert gases to be considered will be argon and carbon
dioxide. Other inerts in atmospheric air such as neon and helium
will be neglected because of their very low concentrations.

A search of the literature shows lack of agreement on the
exact composition of air, two examples being given in table 2.1.
These differences are negligibly small for our purposes, and the
values from reference 1 shall be used. The suffix AS in the symbols
in table 2.1 is used to indicate the standard value for atmospheric
air.

TABLE 2.1. COMPOSITION OF DRY AIR
MAJOR CONSTITUENTS: MOLE PERCENT

Constituent Symbol Ref. 1 Ref. 2
N2 N2AS 78.09 78.084
02 02AS 20.95 20.946
AR ARAS 0.93 0.934
Cco2 co2a 0.03 0.033




The amount of CO2 in the atmosphere will vary from location-
to-location, being somewhat higher in urban areas (reference 3). At
locations where engines are being tested, the CO2 levels may be
even higher. However, since calculated fuel-air ratios are insen-
sitive to ambient CO2 (see table 2.3 for CO2A specific sensitivity
values), a background value in the range 0.03 to 0.05 mole percent
can be used when ambient measurements are not made.

The treatment of air involving the more accurate composition
and possible variation in CO2 levels will lead to more accurate
atom-balances when calculating fuel-air ratios and a better value
for the calculated molecular weight of air.

2.1.3 Computational Procedure for Ambient Air

2.1.3.1 Air Molecular Weight

Let
N2AS = percent N2 in the standard dry intake air
02As = percent 02 in the standard dry intake air
ARAS = percent AR in the standard dry intake air
CO2A = percent CO2 in the existing dry intake air

Then define,

moles N2 _ N2AS

N202 = fole 02 - 02AS (2.6)
_ moles AR _ ARAS

ARO2 = n51e 02 = O2AS (2.7)

0202 = moles CO2 _ CO2A (2.8)

mole 02 02A

For any ambient CO2 level, the following relations must hold
for dry air (the actual value will be slightly less than 100%
in the first relation because of the neglect of other minor
constituents of air).

N2A + O2A + ARA + CO2A = 100 (2.9)

The symbols represent the mole percent of each constituent in the
dry ambient air, allowing for variable CO2 concentration. For the
fixed constituents,




N2A _ O2A ARA

N2AS ~ 02AS _ ARAS (2.19)
Then
_ 02AS
02A = NJAS * N2A (2.11)
and
_ ARAS |
ARA = N3AS N2A, (2.12)
Substituting in equation 2.9,
02AS ARAS , £ s |
N2A + N3AS * N2A + N3AS N2A 100 CO2A (2.13) i
we get
N2A = 100 = SO - - (2.14)

1 + 02AS + ARAS
N2AS N2AS

Using the following atomic weights based on carbon-12 (reference 2),

ATOM ATOMIC WEIGHT

AR 39.948
C 12.01115
H 1.00797
N 14.0067
o 15.9994

the molecular weights for the various exhaust gas constituents
become,
MOLECULE MOLECULAR WEIGHT

Cco2 44.00995
N2 28.0134
02 31.9988

H20 18.01534

The molecular weight of dry combustion air is then given by:

MWAIR = 0.319988 * O2A + 0.280134 * N2A
+ 0.39948 * ARA + 0.4400995 * CO2A (2.15)




2.1.3.2 1Inclusion of Atmospheric Moisture
From the definition of specific humidity (W) we have

W = lbm atmospheric moisture _ (moles H20) (MWH20)
lbm dry air (moles dry air) (MWAIR)
(2.16)
Multiplying by AIRO2, which is defined as,
= moles dry air
AIRO2 = mole atmospheric 02 (2.17)
we have
W * AIRO2 = (moles H20) (MWH20) . (moles dry air)
(moles dry air) (MWAIR) (mole 02)
moles H20 MWH20 (2.18)

mole 02 MWAIR
Solving for (moles H20/mole 02) = H2002, we get

moles H20 MWAIR

= = *
H2002 sole O w AIRO2 * MWH20 (2.19)

where
AIRO2 = 1 + N202 + ARO2 + C0202 (2.20)

2.1.3.3 Detailed Expression for Combustion Air

From the above analysis, the detailed expression for the

number of moles of wet combustion air per mole of 02 becomes:
1 * 02 + N202 * N2 + ARO2 * AR + C0202
MWAIR
* * * *
CO2 + W AIRO2 MWH20 H20

2.1.4 The Expanded Combustion Equation

By expanding the combustion equation to include the more
accurate composition of air, we more accurately model the com-
bustion process. Furthermore, in addition to introducing argon
into the products, we shall also allow for the possibility of
atomic carbon in the products. A further complication is intro-
duced by considerinjy the exhaust products in the three different
states, "wet", "dried" and "dry". The expanded combustion




equation is then written as,

]

|

|

FF [CHZ] + AA [1 * 02 + N202 * N2 + ARO2 * AR + C0202 * CO2 i
+ H2002 * H20] - |
|

Wet Products Dried Products Dry Products

XC02 XC02 XCo02
XCO XCO XCOo
XHC XHC XHC
X02 X02 X02
XH20 XH20DD =
XH2 XH2 XH2
XN2 XN2 XN2
7 XNO XNO XNO
XNO2 XNO2 XNO2
XAR XAR XAR
XC XC XC
X = XT X = XDD IX = XD (2.21)
where the sums of mole fractions (IX) include carbon. When carbon

is in the solid state, we have for the sum of mole-fractions of
gaseous products

XGW = total mole-fraction of wet gaseous products
XGDD
XGD

mole-fraction of dried gaseous products

mole-fraction of dry gaseous products

2.1.5 Methods for Computing Fuel-Air Ratio

Five methods for computing fuel-air ratio will be con-
sidered. These will be divided into:

Group 1. Those methods based on the use of the water-gas
reaction equilibrium constant K.

Group 2. The method based on the sum of the gaseous-product
mole-fractions XGW.

Group 3. The methods which combine the use of K and XGW.

To illustrate the computational procedure, we shall start
with the simple case and progress to the more complex condi-
tions.




2.1.50 Development of Method 1.1
Consider the combustion reaction in the simple form,

FF [CHZ] + AA [1 * 02 + 3.764 N2] » XCO2 + XCO + XHC + X02
+ XH20 + XH2 + XN2. (2.22)

i it

In this case, the simplified air composition is used and we neglect
NO, NO2, ARand C in the exhaust. We assume that measurements are made i
of CO02, CO, HC on amole carbon basis (HCC),and 02 which give or can be
coverted to XCO2, XCO, XHCC and X02 (i.e. a wet basis).

The calculated fuel-air ratio, FACAL, can then be deter-
mined from

FF * [12.011 + 1.008 * 2]
AA * [31.999 + 3.764 * 28.013] °

3 FACAL = (2.23)
The unknown quantities are FF and AA, so we proceed to determine
these from the known measurements. We have the following

governing equations:

(1) C-Balance FF = XCO2 + XCO + XHCC
(2) O-Balance AA * 2 = XCO + XH20 + 2 * (XCO2 + X02)
(3) H-Balance FF * 7 = XHCC * EHCR + 2 * (XH20 + XH2)

In addition to the unknown quantities FF and AA, these equations
introduce the unknown quantities XH20 and XH2. Since we now have
four unknowns (FF, AA, XH20 and XH2) and only three equations in
these unknowns, it becomes necessary to find one additional equa-

tion.

At this point we introduce the equilibrium constant for

the water-gas reaction,
CO2 + H2 < CO + H20. (2.24)
The equilibrium constant is given by

[XCO] [XH20]
[XCo2] [xH2] "

K =

(2.25)




Even though the equilibrium constant varies considerably with
temperature, as shown in figure 2.1, the reaction tends to freeze

out at a relatively constant temperature during the expansion
stroke. This permits the use of a fixed value for K and values

of 3.5 (reference 4) and 3.8 (reference 5) appear in the literature. We
shall use K = 3.5. Table 2.3 shows how changes in K will affect

the calculated fuel-air ratio.

It should be recognized that some variation in freeze-out
temperature will occur so that equilibrium conditions may not be
reached, necessitating some changes in the value of K to get
good agreement between calculated and measured fuel-air ratios.

At this point we have a system of four equations in the
four unknowns, so that the equations may be solved for these
four unknowns.

To accomplish this, and to establish the procedure for the
more complex system of equations to come, we set up the equations
in matrix form for solution. The matrix is derived from the
system of four equations, each equation being written in terms
of the four unknown and a constant for the right-hand-side of
the equation, i.e. having the general form,

C * AR+ Ci * FF + Ci * XH20 + Ci * XH2 = Const

il 4
(2.26)

2 3
where i is the equation number. The system of four equations

becomes:

O-Balance 2 *AA + 0.0 * FF - 1 * XH20 + 0.0 * XH2
= XCO + 2 * (XCO2 + X02) (221

C-Balance 0.0 * AA + 1 * FF + 0.0 * XH20 + 0.0 * XH2
= XCO2 + XCO + XHCC (2.28)

H-Balance 0.0 * AA + Z * FF - 2 * XH20 - 2 * XH2
= XHCC * EHCR (2.29)

K-Equation 0.0 * AA + 0.0 * FF + 1 * XH20
(K * XCO02/XCO) * XH2 = 0.0, (2.30)
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In matrix form this becomes:

fgi EE XH20 XH2 Const
O-Balance 2 0.0 -1 0.0 XCO + 2 * (XCO2 + X02)
C-Balance 0.0 1 0.0 0.0 XC02 + XCO + XHCC
H-Balance 0.0 pA - 2 - 2 XHCC * EHCR
*
K-Equation 0.0 0.0 1 - £ > 2002 0.0, (2.31)

XCO

Solutions for AA, FF, XH20 and XH2 can then be obtained for
given measured quantities of XCO, XCO2, X02 and XHCC. A value for
EHCR (exhaust hydrocrabon hydrogen-to-carbon ratio) is assumed and
is usually taken to be 1.85, as recommended in the Federal Register.
The values of AA and FF are used in computing fuel-air ratio using
equation 2.23. 1In addition the water correction factor KWD, which

is used to correct dry-to-wet exhaust gas measurements, is obtained

from KWD = 1 - XH20. (2.32)

The above method, although developed in a different manner,
essentially corresponds to the solution presented by Spindt (refer-
ence 4). A comparison of his results, with results obtained by
the method developed in this section, shows excellent agreement.

2.1.5.2 Development of Method 1.2

The method developed in the previous section will now be
expanded to include the following features:

1. Detailed expression for the combustion air.

2. Addition of products NO, NO2 and AR, but not
atomic carbon.

3. Use of concentrations based on wet, dried or dry
measurements.

| j The combustion reaction is as given by equation 2.21, with the
' e.nclusion of atomic carbon. For this case, the number of unknown
quantities grows to fifteen. These are:
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1. XGD 6. XCO 11. XH20
2. XGDD 7. XHC 12. XH20DD
3. AA 8. X02 13. XN2

4. FF 9. XNO 14. XAR

5. XCO02 10. XNO2 15. XH2

The required fifteen equations which govern these unknowns are:

1. Equation defining XGD
XGD + XH20 = XGW (2.33)
P Equation defining XGDD
XGD + XH20DD = XGDD (2.34)
‘ 3. Oxygen balance
b' AA [2 + 2 * CO202 + H2002] = 2 * XCO2 + XCO
+ 2 * XO02 + XH20 + XNO + 2 * XNO2 (2.35)
] 4. Carbon balance
FF + C0202 * AA = XCO2 + XCO + EHCC * XHC (2.36)
5 CO2 measurement (measured value on left)

CO2W = XCO02 (if wet measurement) (2.37a)
or CO2DD = XCO02/XGDD (if dried measurement) (2.37b)
or CO2D = XCO2/XGD (if dry measurement) (2.37c)

s 6. CO measurement (measured value on left)

COW = XCO (1f wet measurement) (2.38a)
or CODD = XCO/XGDD (1f dried measurement) (2.38b)
or COD = XCO/XGD (if dry measurement) (2.38¢c)

700 HCC measurement (measured value on left)

HCCW = XHC * EHCC (if wet measurement) (2.39a)

or HCCDD = XHC * EHCC/XGDD
(if dried measurement) (2.39b)

or HCCD = XHC * EHCC/XGD
(if dry measurement) (2.39c)

8. 02 measurement (measured value on left)
O2W = XO02 (if wet measurement) (2.40a)
; or 02DD = X02/XGDD (if dried measurement) (2.40b)
or 02D = X02/XGD (if dry measurement) (2.40c)
2-12
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10.

11.

12,

13.

14.

15.

i el e

(NOXDD - NODD)

NO measurement (measured value on left)

NOW = XNO (if wet measurement)
or NODD = XNO/XGDD (if dried measurement)
or NOD = XNO/XGD (if dry measurement)

NOX measurement (measured values on left)
(NOXW - NOW)
or

XNO2 (if wet measurement)

XNO2/XGDD (if dried measurement)
or
(NOXD - NOD)

XNO2/XGD (if dry measurement)

Hydrogen balance
HTCR * FF + 2 * H2002 * AA = EHCR * EHCC * XHC
+ 2 * XH20 + 2 * XH2

Condition in water trap
XH20DD/XGDD = PSAT/PTRP

Nitrogen balance
2 * N202 * AA = 2 * XN2 + XNO + XNO2

Argon balance
ARO2 * AA = XAR
Water-gas equilibrium
K = (XCO * XH20)/(XCO2 * XH2)

unknowns for the given input values of

(a) Measured CO2, CO, HCC, 02, NO and NOX.

(2.41la)
(2.41b)
(2.41c)

(2.42a)

(2.42b)

(2.42c)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

This system of equations is shown in matrix form in figure 2.2.
Symbols are defined in the List of Abbreviations and Symbols.
Since we have fifteen equations involving the fifteen unknowns,
a solution of the matrix will give values for the fifteen

(b) Fuel HTCR and exhaust hydrocarbon EHCC and EHCR.

(c) Water trap conditions PSAT and PTRP (saturation pressure and

total pressure of sample in the water trap).

(d) Computed air properties N202, ARO2, C0202 and H2002.

(e) Water gas equilibrium constant K.
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It should be pointed out that Method 1.2 will reduce to
Method 1.1 by proper selection of some of the input quantities.
This is accomplished when

N202 = 3.764 H2002 = 0
ARAS = 0 NO = 0
CO2A =0 NOX = 0

Since Method 1.2 is more general than Method 1.1, it is used as
one of the four methods in The University of Michigan data

reduction program FAA (see appendix A). The other three =methods,

Methods 2.1, 3.1, and 3.2, are developed in the following
sections.

2.1.5.3 Development of Method 2.1

In Methods 1.1 and 1.2 we introduced the equation for the
water-gas equilibrium constant to come up with an additional
equation governing the unknowns. This was done so that the
number of equations equaled the number of unknowns. We can
also use other reasonable constraints. The one selected for
study in what we call Method 2.1 is that the sum of the mole-
fractions of the gaseous wet products is equal to XGW, i.e.

IXY (W) = XGW (2.48)

The value of XGW is generally taken to be 1, but can be less
because of omitted unknown minor gaseous products.

This appeared to be a more reasonable constraint than the
water-gas equilibrium equation, because of the possible varia-
tion of the equilibrium constant K due to changes in freeze-out
temperature. 1In addition, all of the major stable gaseous
species are accounted for in the products, making it reasonable
to assume that the summation of the gaseous mole fractions
should be very nearly equal to 1.

We again have 15 equations for the same 15 unknowns shown
in Section 2.1.5.2, and the corresponding matrix is similar to




that shown in figure 2.2. The only change occurs when equation 2.47
for the water-gas equilibrium constant is replaced by the sum-

mation

XC02 + XCO + XHC + X02 + XNO + XNO2 + XH20
+ XN2 + XAR + XH2 = XGW = 1. (2.49)

2.1.5.4 Development of Method 3.1

This method was developed after finding that Method 2.1 often led

to negative values of XH2. It was felt that this occurred be-
cause of the neglect of carbon in the products. By including
carbon as an additional unknown, an additional equation also
had to be introduced to make the number of governing equations
equal to the number of unknowns. Therefore, the equation for
the water-gas equilibrium constant was re-introduced to the

system of equations in Method 2.1.

We further assume that by the time the exhaust measurements
are made, the carbon would be in solid form and would be filtered
from the sample stream. Thus, the equations involving mole
fractions of gaseous products are not affected by the presence

of solid carbon and only the carbon balance equation is affected.

The addition of solid carbon, XC, and the introduction of
the water gas equilibrium constant equation gives us a system
of 16 unknowns and 16 equations. The resulting matrix is simi-

lar to that shown in figure 2.2, with the addition of equation 2.49.

2.1.5.5 Development of Method 3.2

This method is a modification and expansion of the method
presented by Stivender (xeference 35). Its value lies in the fact
that it does not require an oxygen measurement of the exhaust
products. An examination of Stivender's paper shows that the
method falls into the category of Group 3, in that both the
water-gas-equilibrium-constant and sum-of-mole-fraction equa-

tions are used. Being the second method in Group 3, it is iden-
tified as Method 3.2.

e g i =l
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Development of this method starts with the combustion reac-
tion equation as given by equation 2.21 and the system of sixteen
unknowns and governing equations of Method 3.1. The development
then proceeds as follows:

X. Equation 2.48 1is solved for X02 and the result is substi-
tuted into the other governing equations, eliminating two
equations [equation2.48 and eguation 2.40)] and one unknown (XO2)\

Two of the resulting equations of interest are the O-
N-balance equations.

From the O-balance we get,

AA(2 + 2 * CO202 + H2002) = 2 * (XGW - XHC - XH2 - XAR)

- XCO - XH20 - (2 * XN2 + XNO) (2.50)
while the N-balance equation remains unchanged,
AA(2 * N202) = (2 * XN2 + XNO) + XNO2 (2.51)

2. Equation 2.51 is solved for (2 * XN2 + XNO), the result
is substituted in equation 2.50and the equation is divided
by 2 to give,

AA(1 + CO202 + Iig_go_z + N202) = (XGW - XHC - XH2 - XAR)
+ % (XNO2 - XCO - XH20) (2.52)

This step eliminates the unknowns XN2 and XNO as well as

equation 2.45 or 2.51 and 2.41..

Thus, this procedure has eliminated four equations [2.48,

2.40, 2.45, and 2.41] but only three unknowns (X02, XN2
and XNO). An additional unknown has to be eliminated and we
select the mole fraction of carbon, XC, thereby ending up with a
system of twelve equations in twelve unknowns. The correspond-
ing matrix is shown in figure 2.3.

2.1.5.6 Matrix Solutions

The matrices thus formed in Methods 1.1, 1.2, 2.1, 3.1,
and 3.2 represent systems of linear equations in the unknown
quantities. Standard methods are available for the solution of
such a system of equations. The method selected for our programs
is called Crout's Method and the subroutines are included with

our programs - FAA and FARAT (for fuel-air ratio), and are listed
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in the appendices. They are,
SUBROUTINE CRT4
SUBROUTINE CRT12
SUBROUTINE CRT15
SUBROUTINE CRT16
for solving the system of 4, 12, 15 and 16 equations, respectively.

2.1.5.7 Effect of Hydrocarbon Loss in the Water Trap

The question of possible loss of some of the exhaust
sample hydrocarbons by condensation in the water trap and the
resulting effect on calculated fuel-air ratio is considered
next. It turns out that the required modification to the com-
puter program FARAT is extremely simple. It involves only a
redefinition of the sum-of-mole-fractions of dry gaseous products
in the analyzers from

XGD + XH20 = XGW (2.33)
to
XGD + XH20 + FCHC * XHC = XGW (2.53)
where

FCHC

fraction condensed hydrocarbons

0 for zero condensation
1 for total condensation of exhaust hydrocarbons.

That is, the total mole-fraction of dry gaseous products in the
instrument analyzers consists of what is left of the gaseous exhaust
sample after all of the water and a portion of the hydrocarbons
have been removed from the exhaust sample. The effects of FCHC

——

on FACAL are presented in table 2.3 in terms of specific sensitivities.

2.1.5.8 Effect of Dilution Air (Mixing without Reaction)

The possibility of dilution of the cooled exhaust sample with
air without further reaction, such as might result from an air
leak in the instrumentation package, was examined. This was
accomplished by means of a modification to the computer program
FARAT. Measured concentrations are modified to simulate the
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effect of air dilution, and the resulting diluted concentrations
are used to compute fuel-air ratio. In this manner, the effect
of varying degrees of dilution on computed fuel-air ratio can

be determined.

The development begins with a definition of fraction dilu-
tion air (Fda),
FdA = moles wet dilution air/moles gaseous wet products
in the undiluted sample
or
Fda

Il

NdAW/NGW (2.54)

Next, recalling that the composition of air per mole of oxygen
is given by,

1 mole oxygen per mole oxydgen
N202 moles nitrogen per mole oxygen
ARO2 moles argon per mole oxygen
C0202 moles carbon dioxide per mole oxygen
H2002 moles water vapor per mole oxygen

we get for the moles dilution air per mole oxygen, in dilution air,
dA02 1 + N202 + ARO2 + C0202 + H2002
AIRO2 + H2002 {2.55)

It is assumed that the dilution air has the same composition
as the combustion air, so that the value of AIRO2 used in this
section is the same as used in section 2.1.3.2 for the combustion
air.

In the diluted sample the concentration of any specie Y will
be given by

NY + NdAW * (Y02/dA02)
NGM + NdAM

Xyd (M) (2.56)

where M is used to indicate the "measurement" condition, i.e.

either wet, dry or dried. The various terms are defined by,
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NY moles of specie Y in the undiluted sample
NdAW * (Y02/dA02) moles of specie Y in the dilution air
NGM moles of gas in the undiluted sample
NdAM moles of dilution air in the diluted sample
Xyd (M) mole-fraction of specie Y in the diluted sample.

Dividing numerator and denominator by NGW gives,

XY (W) + FAA * (Y02/dA02)
XGM (W) + (NAAM/NGW)

= XYd (M) (2.57)

For dry or dried measurements, the wet mole fraction XY (W) must
be replaced by its equivalent in terms of the dry or dried
measurement. To accomplish this we use

NY _ NY , NGD
NGW = NGD NGW

to get
XY (W) = XY (D) * XGD (W) (Z.98)

for dry measurements, and in a similar manner we get
XY (W) = XY(DD) * XGDD (W) (2.59)

for dried measurements. Substitution leads to the following
set of equations for wet, dry and dried measurements. For
wet measurements, we have

XY (W) + FAA * (YO02/dA02)
1 + FdA

= XYd (W) (2.60)

For dry measurements, from equations 2.57 and 2.58,

XY (D) * XGD(W) + FdA * (Y02/dA02)

NdAD
XGD (W) + NGW

= XYd (D)

But the number of moles of dry dilution air is given by
NdAD = FdA * NGW * (AIRO2/4A02)
Therefore, for dry measurements,

XY (D) * XGD(W) + FdA * (Y02/dA02)
XGD (W) + FdA * (AIRO2/dA02)

= XYd (D) (2.61)




Finally, for dried measurements, from equations 2.57 and 2.59,

XY (DD)* XGDD(W) + FAA * (Y02/dA02) = Xyd (DD)

XGDD (W) + NGADD

NGW
To simplify the computation without introducing a serious error,
we can assume that the number of moles of dried dilution air is

equal to the number of moles of dry dilution air, so that

NdADD _ NAAD _ "
NG~ = NG = FAA * (AIRO2/dA02)

Therefore, for dried measurements,

XY (DD) * XGDD (W) + FdA * (Y02/dA02) _
XGDD (W) + FAA * (AIRO2/AA02) X¥d (DD) (2.62)

To determine the effects of dilution air on calculated
fuel-air ratio, the actual measurements, XY(W),XY¥(D) and XY(DD), of the
undiluted sample are used to compute fuel-air ratio, XGD(W) and
XGDD(W). With these values and assumed values of FdA and YO2,
the diluted concentrations are computed using equations 2.60, 2.€1
and 2.62. These are then used to calculate the fuel-air ratio

as determined from the diluted concentrations. The results

of this analysis are presented in table 2.3 in terms of
specific sensitivities for the variable FdA (fraction dilutionair).
2.1.5.9 Comments on Computational Methods

Each of the methods developed above possesses unique desirable
properties to be considered when selecting one method over the
other .

Method 1.1 is the easiest to use and gives results equal to
those obtained by the conventional Spindt method(reference 4). In
addition the mole fractions of H2 and H20 are computed and the
latter can be used to compute the dry-to-wet water correction
factor using equation 2.32. One drawback is that the method, as
developed, requires that all concentration measurements be on a
"wet" basis. However, modifications to permit the use of any
combination of "wet" and "dry" measurements could easily be made.

Method 1.2 is based on a more accurate combustion model and
was used as the principal means for calculating fuel-air ratio at

Michigan. The main features of this method are:
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1. Any combination of "wet", "dry" or "dried" measure-
ments can be used. Conversions to the "wet" measure-
ment are handled within the program.

2 Mole fractions of the principal stable exhaust species,
except solid carbon, are computed. This information is
used when computing exhaust molecular weight (see
section 2.4).

3l The computed sum of exhaust mole-fractions (XTC)
serves as an excellent internal check on data validity.
A value of XTC which deviates by more than+3% from
a value of about 1.02 (a value that should be established
by each test facility and should be based on the average
value from a large number of test data) is a good indi-
cation of poor data.

This last feature has been used extensively at Michigan to quickly
spot poor data and is the main reason for adopting this as the
principal method at Michigan.
Method 2.1 has most of the features of Method 1.2 except
that XTC is not computed and is thus not available as an internal
check. This is considered to be a major deficiency of this method.
However, the method is one of the more sensitive to errors in
concentration measurements (see figures 2.4 to 2.7) and the use of
XTC in place of the water-gas reaction equilibrium constant
may be desirable in some cases.

Method 3.1 is similar to Method 2.1 in that XTC is assigned
a fixed value and is thus not available as an internal check on
data validity. The added feature of this method is that the
mole-fraction of solid carbon is computed. Visual checks of
carbon deposited on filter paper from sampling line filters
shows good qualitative agreement with calculated concentrations
of solid carbon.

The main feature of Method 3.2 is that it does not require

an 02 concentration measurement. Neither XTC nor solid carbon

concentrations are computed by this method.




2.2 SENSITIVITY ANALYSIS OF FUEL-AIR RATIO COMPUTATIONAL MODELS

The four principal models for calculating fuel-air ratio were
1 subjected to a sensitivity analysis to determine how strongly small
changes in the various input quantities affected the calculated
fuel-air ratio. This was accomplished by selecting several runs
covering a broad range of exhaust pollutant concentrations and
then calculating fuel-air ratio while varying one of the input
variables at a time. The effects of the following thirteen vari-

ables on all four models were determined and the results are given

in figures 2.4 to 2.7 and in table 2.3. Variable Name

1. Measured CO2 concentration CO2DD

. 2. Measured CO concentration COD
1 3. Measured 02 concentration 02DD
4. Measured HCC concentration HCCW

5. Measured NO concentration NOW

6. Combustion air nitrogen-oxygen ratio N202
7. Combustion air CO2 content co2a

8. Combustion air water vapor content W

9. Fuel hydrogen-to-carbon ratio HTCR

10 Exhaust hydrocarbon carbon number EHCC

1.3 Exhaust hydrocarbon hydrocgen-carbon ratio EHCR

=
\S]

Sum of wet gaseous exhaust mole-fractions XGW
13. Water gas reaction equilibrium constant K

Results are reported in terms of what we shall call specific
sensitivity (SS) for the particular variable. Specific sensitiv-
ity is defined by

gg = Percent change in calculated fuel-air ratio
1% increase in variable

(2.63)

Specific sensitivity is strongly dependent upon the method used
for computing fuel-air ratio, somewhat less dependent upon the
magnitude of the variable being tested (e.g. the level of concen-

tration of a pollutant) and to a lesser extent upon the magnitude

of the other pollutant concentrations.




Figures 2.4 through 2.7 show plots of specific sensitivity
versus concentration for the exhaust products C02, CO, 02 and HCC.
The fact that the specific sensitivity shows various combinations
of being plus and minus for the various pollutants, as shown in
table 2.2, introduces the possibility of determining which pollu-
tant measurement contributes most strongly to the calculated
fuel-air ratio error.

TABLE 2.2. POSITIVE AND NEGATIVE SIGNS OF SPECIFIC SENSITIVITY

Method Co2 Cco 02 HCC
o2 - + - +
2.1 + + + +
3.1 - - - +
3at2 + + * % +

**The 02 measurement is not involved in Method 3.2.

As an example, one test run of the Lycoming 0-320 engine

resulted in the following fuel-air ratio errors:

Method Original Error
Percent
1.2 3.030
24.733 f
) -10.053 a
3.2 10.477 :

For the concentrations involved, the specific sensitivities are:

co2 co 02 HCC
Concentration 67022 129820 4310 15688
(PPM)
Method
1.2 -0.15 +0.24 -0.02 +0.094
2.1 +1.10 +1.77 +0.05 +0.150
3.1 ~1,28 -0.95 -0.08 +0.054
3.2 +0.32 +0.78 0.00 +0.115 1
2-25 w
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The data is next examined for a possible change in one
concentration measurement which would reduce fuel-air ratio
errors from all four methods to essentially zero. The required
changes in concentration is determined by dividing each fuel-
air error by the corresponding specific error and taking the nega-

tive of these values.

fuel-air ratio error
specific sensitivity

Percent Change = -

REQUIRED CONCENTRATION CHANGES (%)

Method co2 co 02 HCC
1.2 20.20 -12,63 151.5 -32.33
2.1 -22.48 =13.97 -494.66 -164.89
3.1 - 7.85 -10.58 -125.66 186.17
3.2 -32.74 -13.43 w— -91.10

Only the CO changes are reasonably consistent. Therefore, con-
sidering the fact that the CO specific sensitivity for Method 2.1
is much larger than the others and deserves a higher weighting
factor, a CO concentration correction of about -12% is chosen.

A computer check using a CO reduction of 11.8% did in fact reduce

all errors to below 1% as shown.

ERROR AFTER AN 11.8% REDUCTION IN CO

Method Percent
1.2 0.632
2.1 0.850
3.1 0.483
3sd 0.717

Shown in table 2.3 are the values for specific sensitivity
for the remaining variables checked. As stated earlier, these
will vary somewhat from one test case to another, but in general
the magnitudes are accurate enough for comparative prediétions.
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Given in the table are the maximum values obtained from a
large number of test runs.

TABLE 2.3. VALUES OF SPECIFIC SENSITIVITY

Specific Sensitivity

Variable Method 1.2 Method 2.1 Method 3.1 Method 3.2
NOW 0.0080 -0.0075 0.023 0.0016
N202 -0.78 1.3 -3.0 0.0027
C0o2A -0.0012 -0.0082 0.0064 -0.0037
W 0.012 0.0025 0.020 0.0075
HTCR -0.20 0.69 -0.85 0.15
EHCC 0.0 -0.082 0.074 -0.032
EHCR 0.048 -0.076 0.16 0.0031
XGW -0.16 -0.25 -0.088 1.2
K -0.093 0.0 -0.16 -0.058

An examination of the specific sensitivity values for
Method 1.2 shows that the method is most sensitive to changes
in the N202 ratio (the ratio of atmospheric nitrogen to oxygen).
If we consider the effect of going from a value of 3.7274 to
a value of 3.76 (the value in common use), where the change in
N202 is a +0.875 percent change, we find that the resulting
contribution to the Method 1.2 fuel-air error is about -0.6%.
Neglect of combustion air humidity, at a specific humidity level
of about 0.008, would contribute approximately another -1.0% to
the error. Together, these two contributions would amount to
approximately -1.6%. The actual computed results are shown in
table 2.4 where the original FACAL of 0.05145 was reduced to
0.05111 by assuming that N202 is 3.76 and was further reduced
to 0.05079 by neglecting atmospheric moisture. Thus, the
non-negligible effects on calculated fuel-air ratio of seem-
ingly minor assumptions becomes obvious. In this example the

effect was to reduce the calculated fuel-air ratio by -1.28%.
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TABLE 2.4. EFFECTS OF CHANGES OF N202 AND W ON FACAL
RUN: S. 1 coz co 0z HCC NO NOX
DRY MEASUREMENTS 0. 17656. 0. 0. 0. 0.
DRIED MEASUREMENTS 51214 0. 109523 0. 0. 0.
WET MEASUREMENTS 0. 0. 0. 31808. 173. 223,
HTCR EHCC EHCR cozA PSAT PTRP W NZ02
2. 190 1. 000 1. 850 0.030 0. 02866 19. 000 0. 0081 3. 7274
XCo2 XCO XHC X02Z  XH20 XH2 XN2 XNO  XNOZ XAR xc
0. 0474 0. 0163 0. 0318 0. 1014 0. 0728 0. 0077 0. 7091 0. 000Z 0. 0001 0. 0084 0. 0000
MTD XTC K FCHC FDA PHI  MWEXH  KWD FACAL FAM ERROR
1.2 1.0013 3. S000 0. 0000 0. 0000 0. 7742 27. €375 0. 9211 0. 05145 0. 05251 -2. 011
RUN: 5.1 coz co 02 HCC NO NOX
DRY MEASUREMENTS 0. 17656. 0. 0. 0. 0.
DRIED MEASUREMENTS 51214 0. 109523 0. 0. 0.
WET MEASLREMENTS 0. 0. 0. 31208, 173. 223
HTCR EHCC EHCR coza PSAT PTRP W N202
2.190 1. 000 1. 850 0.030 0. 02866 19. 000 0. 0081 3. 7600
xcoz XCO XHC X02  XH20 XH2 XN2 XNO  XNOZ XAR XC
0. 0474 0. 0163 0. 0218 0. 1014 0. 0789 0. 0077 0. 7152 0. 0002 0. 0001 0. 0085 0. 0000
MTD XTC K  FCHC FDA  PHI  MWEXH  KWD FACAL FAM ERROR
1.2 1. 0075 3. 5000 0. 0000 0. 0000 O. 7743 27. 8324 0. 9211 0. 05111 0. 05251 -2. 655
RUN: 5.1 coz co 02 HCC NO NOX
DRY MEASUREMENTS 0. 17656. 0. 0. 0. 0.
DRIED MEASUREMENTS 51214, 0. 109523 0. 0. 0
WET MEASUREMENTS 0. ) 0. 21808 173 223,
HTCR EHCC EHCR cozA PSAT PTRP W NZOZ
2190 1. 000 1. 850 0.030 0. 08866 19. 000 0. 0000 3. 7600
XCoZ XCO XHC X0Z  XH20 XH2 XNZ XNO  XNOZ XAR XC
0. 047% 0. 0164 0. 0313 0. 1025 0. 0683 0. 0067 0. 7250 0. 0002 0. 0001 0. 0086 0. 0000
MTD XTC K  FCHC FDA  PHI  MWEXH  KWD FACAL FAM ERROFR
1.2 1. 0021 3. S000 0. 0000 0. 0000 O. 7694 27. 9789 0. 212 0. 05079 0. 05251 -3. 27C
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2.3 EVALUATION OF DATA RELIABILITY

An important aspect of this study was the problem of determining
the uncertainty associated with the reliability of the collected

engine emission test data. It is implicit in the Federal Register that

agreement between the measured and calculated values of fuel-air
ratio would be taken as a measure of data reliability. However, as
the study at The University of Michigan progressed and the study
led to the development of four seemingly equally reliable methods
for calculating fuel-air ratio, the question arose as to which of
the four calculated fuel-air ratios was to be compared with the

measured value.

Analysis of engine emission data demonstrated that quite fre-
quently the four computational methods led to four appreciably
different values of fuel-air ratio. At times the error from Method
1.2 (essentially an expanded Spindt method) would be acceptably very
low while the other methods gave errors that were unacceptably very
high. Values for an extreme case are shown. (See table 5.4, run 16,

mode 4.)
Fuel/Air
Method Error Percent XTC
12 0.570 0.73928
-51.906 ——
c 56.095 -
32 -28.482 -—

Since the Spindt method is quite commonly used to calculate fuel-
air ratio, it is important to realize that cases can arise where
the calculated Spindt error is not in itself a sufficient check

of data reliability. (Note that XTC differs appreciably from 1.0.)

In the search for a more acceptable method for determining data
reliability, the following factors were taken into consideration:
& Since all four fuel-air calculation methods are based on
sound chemical and mathematical principles, all errors
should be essentially zero when the correct input

s o
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quantities are used. However, because of the different
specific sensitivity values for the different methods (see sec-
tion 2.2) all four errors would change at different rates
as one of the input quantities is changed from its correct
value. Therefore, it appeared that the difference between
two errors quantities would be a measure of how far the
input variables were from their correct values. This was
tested by selecting the errors of Methods 1.2 and 3.1 for
evaluation.

Method 1.2 was selected because of its common usage
and low sensitivity to variable changes and Method 3.1
was selected because it constituted the most complete

A specification of the system. The error difference

[E(3.1) - E(1.2)] is identified by AE in this report.

2% The sum of mole fractions (XTC) was also selected as a
possible indicator of data reliability because it seemed
reasonable to assume that the value should be close to
unity since all major stable species are included in the
analysis. Because the mole fractions normally referred to
in this report are based on the sum of gaseous wet products,
the total sum XTC should have a maximum value of unity when
only gaseous products are included, i.e. not including solid
carbon. It is this value of XTC which is calculated by
Method 1.2 and which is used in the following test of data
reliability.

Data from various sources were next examined by plotting AE
versus XTC as shown in figure 2.8. The result shows that the data

is well correlated by a straight line.
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Figure 2.8.

AE vs XTC: Lycoming Data.

(Reference 12) Runs 153-159, 448-454,
467-473 (all modes included).
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Additional plots were made to determine whether any correlations
existed between fuel-air errors from the other methods and XTC.
Figure 2.9 for Method 1.2 (expanded Spindt Method) shows no correla-
tion while figure 2.10 for Method 3.1 shows a reasonable correlation,
although not as good as that in figure 2.8 for AE vs XTC.

Our conclusion is that either XTC or AE is a better indi-
cator of data validity than either the Spindt or Method 3.1 fuel-
air errors alone. Since XTC can be obtained from the
application of only one method, Method 1.2, it is considered
to be the more practical indicator of good data.

2.3.1 Comparison of Michigan and Eltinge Methods

A limited comparison of the Michican method and the method
reported by Eltinge(reference 7) was made. In the Eltinge method one

enters one of several charts, see figure 2.11, with corrected (for UHC)

values of percent CO2, 02 and CO. The lines representing these values
form a triangle such that the centroid falls on a line representing
the calculated fuel-air ratio and the height of the triangle gives an
indication of "instrument error" in terms of percent CO. 1In this
report EIE shall be used when referring to the Eltinge instrument
error. In figure 2.11 the fuel-air ratio for the example is 0.0669

and the EIE is +0.45, which are in good agreement with Eltinge's

results (reference 7).

The initial part of the comparison consisted of analyzing some
of Eltinge's engine data using the Michigan method and comparing the
Eltinge and Michigan results. These results are tabulated in
table 2.5 while figure 2.12 shows both AE and XTC plotted against EIE.
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TABLE 2.5. COMPARISON OF MICHIGAN AND ELTINGE ANALYSES

Elringe Eltinge Michigan

Run* EIE Spindt Error E(1.2) AE XTC
1 +0.4 1.67L 1.667 4.394 883

2 +0.4 0.600 0.567 5.384 .982

3 +0 3 356 1.214 51030 <985

B =02 0.887 0.858 -0.494 1.002

5 +0.6 A 1.639 8.437 - 977

6 #0510 0.156 0.009 1.640 995

7 0K 105727 1.625 25395 .994

8 +0.4 =1 ..560 =1 672 Sl 17 982

9 +0.3 1.605 1516 3. 561 . 989
10 =025 2.087 2.128 7.243 <977
11 +0.3 2.100 1.906 4.653 .986
12 =01 1.902 1973 B.517 -998
13 =0k 1170 1.169 -0.400 1.001

The data spread in figure 2.12 is due in part to the fact that
Eltinge revorts EIL only to the first decimal place.

Table 2.5 shows good agreement between Eltinge's Spindt
error and the error E(l1.2). Furthermore, an examination of
figure 2.12 shows that both AE and XTC correlate well with EIE, so that
any one of the three varameters EIE, AL or XTC could be used

as an indicator of "instrument error."

Having related AE and XTC to EIL, the second part of the
comparison was nade in order to answer the following question.
If we were to select an ideal run according to the Eltinge
criteria, i.e. one having zero instrument error, and use the
corresponding exhaust concentrations in the four Michigan methods,
would there be differences in the calculated fuel-air ratio
and what would be the magnitudes of the errors? Five points
were selected from chart 5 of reference 7. These points were along
the line of constant F/A equal to 0.066 and at CO2 concentrations
of 14.0, 13.5, 13.0, 12.5 and 12.0 percent. Corresponding

*See table 1 in reference 7.
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values of percent CO and 02 were selected from the chart and

these values were used in computing fuel-air ratio using the

four Michigan methods. The results, together with AE and XTC
are shown in Table 2.6.

TABLE 2.6. CALCULATED FUEL/AIR ERRORS FOR
ELTINGE ZERO-EIE DATA POINTS*

F/A Percent Error

Method Point 1 Point 2 Point 3 Point 4 Point 5
1«2 0.143 -0.061 -0.234 —0.316 -0.426
2l ~-0.392 -0.534 -0.638 -0.670 -0.626
3.1 0.410 0.343 0.116 -0.006 -0.249
3.2 -0.119 =0;.237 -0.384 -0.447 -0.500

AE 0.367 0.404 0.350 0.310 0.177
XTC 0.9985 0.9984 0.9986 0.9988 0.9993

*See chart 5 in reference 7.

The fact that all fuel-air errors are below one percent
indicates excellent agreement between the Eltinge and Michigan
methods over the region checked. On the basis of the above
analysis, we come to the following conclusions:

1. There is excellent agreement between the Eltinge
and Michigan methods for calculating fuel-air ratio
and determining data wvalidity.

2. When valid emission data is obtained, all four of
the Michigan methods will give essentially the same
calculated fuel-air ratio.

3 An indication of data validity is given by either
XTC, AE or EIE. Ideal runs will result in the

following values:

XTC ~ 1.00
AE = 0.0
EIE =~ 0.0




The Spindt error, in itself, is not a good indicator
of data validity since some runs showing small Spindt
errors can have excessively large fuel-air errors when
calculated by the other Michigan methods. Under
these conditions, values of XTC will be appreciably
different from 1.0 (see section 2.3) and values of
both AE and EIE will differ appreciably from 0.0.
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2.4 CALCULATION OF EXHAUST MOLECULAR WEIGHT

One of the benefits of the Michigan computational procedure
is the ability to compute exhaust molecular weight. This is
made possible because the procedure determines the mole-fraction
values of the ten major stable gaseous species in the exhaust.
With these values, exhaust gas molecular weight is computed
using the sum of products of mole fractions and molecular weights,

MWEXH = ? X(i) * MW(1i) (2.64)
i

Figure 2.13 shows calculated exhaust molecular weights,
based on emission data from several sources, versus equivalence
ratio. Also included is a curve based on equilibrium calcula-
tions by Teledyne-Continental Motors (reference 8) and a slightly
modified curve used by AVCO-Lycoming (reference 9). It is evident
that all values tend to agree within + 1% at the high equivalence
ratios. However, there is appreciable differences at the low
equivalence ratios. Molecular weights calculated by the Michigan
method using Eltinge's data, from automotive engine measurements,
show excellent agreement with the curve based on the TCM equi-
librium calculations. Results from lean-mixture runs at Michigan

show much lower wvalues. Lean runs from other sources were not
examined.

The reason for the differences for lean mixtures becomes
apnarent when one examines the data in table 2.7. Eltinge's
data, which was obtained for a 389 in.3 V-8 engine, shows
high values of CO2 concentration (11.25%) and low values of
UHC and 02. This indicates relatively complete combustion.
However, the Michigan data for the LIO-320 shows relatively low
CO2 and high CO, UHC and 02. This results from poor combustion
because of poor mixing during the idle operation. Therefore,
this difference will affect the relative amounts of light and
heavy molecular components in the exhaust, as also shown in
table 2.7. The Michigan data shows a much lower mole-fraction
of the heavy molecular specie C0O2 and higher mole-fractions of
the lighter species H2 and UHC. This will naturally
result in a lower exhaust molecular weight.

N - 4 i i i’ i
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Figure 2.13. Calculated Exhaust Molecular
Weight vs Equivalence Ratio




TABLE 2.7. CALCULATED EXHAUST PROPERTIES-LEAN MIXTURES

A. Eltinge Data

RUN 7 0 02 co
ODRY MEASUREMENT: 112500 1000
DRIED MEASLUREMENTS 0 0
WET MEASUREMENTS= 0. (o}
HTCR EHCL EHCR COZA
1 200 1 000 1 350 0. 020
MTD XTE K KWDD EWD FHIM
1. 2 0 2764 3 S000 0. 2073 0 20321 0. 7429
XCOZ X0 XHIC X0z XHZO XHZ

1014 0 0007 0. 0013 O 0477 0O 0269 0 0002

B. Michigan Data

RUN =3 CoOZ 20
DRY MEASLREMENTS (8] 17656
DRIED MEAZIUREMENTS S1214 0
WET MEASLIREMENT= 0 (o]
HTLR EHCL EHCR COZA
% 190 1 Q00 1. 850 0 030
MTD XTLC b EWon FWhD PHIM
1.2 1 OCG12 2 S000 O 2254 O 2211 0. 7901
X120z X0 XHC X0z XHZ0O XHZ

0474 O 01462 0 0212 O 1014 O Q722 ©C 0077

02 HCC NO NOX
S3000 0. (¢] o
0 (] ¢] 0.

0. 1728 Q. 0.
FSAT FPTRP W NZOZ
0. 0z266 19 000 0. 0000 3.7274

MWEXH FPHICAL FACAL FAM  ERROR
232 2371 0 7745 9. 05289 0. 05210 1 S15
XNZ XN XNOZ XAR X

0. 7282 0. 0000 0. 0000 0. 007 0 0000

0z HOC NC NOX
0. 0. 0 (8]
109523 Q. 0. 0.
o] 31803 e 223
FSAT FTRP W NzOZ
0. 02L& 1?. 000 0 ovz1 3 7274
MWEXH FHICAL FACAL FAM ERROR
27 32375 0.774% 0. 05145 O 05251 -2 O11
XNZ XNO XNOZ XAR XC

0 7091 0 0002 0. 0001 O 0023 O 0000

e el




This leads to the conclusion that reasonably large differ-

ences in exhaust molecular weights can occur at low equivalence
ratios, depending on the completeness of combustion. It appears
that any value is possible in the range from about 27.75 to

28.95. Therefore, values based on equilibrium calculations are
valid only when combustion is reasonably complete while a

method such as the Michigan method, which is applicable under

all conditions, should give better values of molecular weights over
a broad range of combustion conditions.

These results therefore indicate that exhaust molecular
weight can be used as an indicator of completeness of combus-
tion. For any equivalence ratio, the exhaust molecular weight
tends to approach the value given by the eguilibrium calcula-
tion as the completeness of combustion improves. This is also
brought out in our analysis of the data in chart 5, reference 7, wherea
direct correlation was found between Eltinge's mixture distribu-
tion parameter Sx and the calculated exhaust molecular weight.
The results, for a fixed fuel-air ratio of 0.0660, show that as the
mixture distribution improves (lower Sx), the molecular weight

increases.
Sx MWEXH
0.0116 28.356
0.0092 28.430
0.0067 28.503
0.0044 285573 i
0.0022 28.643 ;
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2.5 CALCULATION OF WATER CORRECTION FACTORS FOR EXHAUST

CONCENTRATION MEASUREMENTS

The computational procedures as set up in Section 2.1.5
of this report eliminate the need for water correction factors
since the methods permit the use of either wet, dry or dried
measurements. However, when desired for comparison purposes,
water correction factors can be easily obtained from the com-
puted values of XGD and XGDD since

KWD

XGD = 1 ~ XH20 (2.65)

and KWIDD XGDD = XGD + XH20DD (2.66)

The dry-to-wet correction factor is given by KWD and the dried-
to-wet by KWDD. Some values are shown in table 2.7. Values
for KWD are also shown in the various computer print-outs
throughout this report.




3. UNIVERSITY OF MICHIGAN TEST FACILITY

The engine emissions test facility is located in a two
room concrete structure within the Gas Dynamics Laboratories
of the Department of Aerospace Engineering. The engine, dyna-
mometer, and related instrumentation are located in a 22 ft x
13 ft test cell (figure 3.1) while the test operator, data acqui-
sition system, and emission instrumentation are located in an
adja<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>