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ABSTRACT

This thesis describes the design, planning and can-
struction of an exhaust emission test facility employing
exhaust gas recirculation (EGR) as a control system for

reducing NOX emissions from spafk ignition engines. Tests
.were conducted on a suitably modified CFR engine. The effects
of changes in several variables on NOx emissions are
presented: Efféctiveness of EGR in redu'cing.NOx emissions
is independent of recycled gas témpérature. Two empirical
equations have been devel&ped'tp ;elate NOx reduction to
percent EGR for rich and lean air-fuel mixtur;s. It has
been {oﬁnd that NOx emissions are considerab}y effected by
intake air humidity, mixture temperature and exhaust port

vacuum,

In the analytical part of the study, the control of
nitric oxide by EGR has been evaluated by a digital com-

puter.simulation of the engine cycle.
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Chapter 1

Chapter 2

Chapter 3

CONTENTS

' Page
ACKNOWLEDGEMENTS....... Ceeerieseasasseeantan i
ABSTRACT.----....-.---.-----;5..--.-74 ...... ii
CCONTENTS e vvvvvenseesenenens eeeane P 5 &
ABBREVIATIONS s ¢ evveannecnenaanasanas R 4 !
LIST OF FIGURES:+teeeoscerasansnnsascnanans c..viii
LIST.OF TABLES: -+ +civeceeres eeias e R ¢
INTRODUCfION---------; .......... IETTRRTRRRRY 1
PART I: TEST FACILITY
EXPERIMENTAL EQUIPMENT.;..;... ............. . 4
2.1 General Features of the éystem.. ....... 4
2.2 Engine....coceevnnn cersenreans ....;.... 9
2.2.1 Description........... e veeer 9
2.2.2 Modificatfons ...... e ;. 12

2.3 Exhaust Gas Recirculatory System....... 13

2.3.1 Function § Objectives-c.eceerens 13

2.3.2 System Description.....-.. Peaeees 15
2.4 Exhaust Gas Analysis System........ e 19
2.4.1 Continuous Sampling System...... 13

2.4.2 Chemiluminescent NO_ Analyser--. 23

7.5 Electronic Engine Analyser-«-:sesecercs 28

EXPERIMENTAL METHODS & PROCEDURES----; ------ 30

3.1 Calibration § Measurement..«:.--- 1

2.1.1 Air FlOW..eevevenserrssansnnnnns 30
~iii-

M




3.1.2 TFuel Flow...... R F Y 31
3.1.3 Recirculated Exhaust Gas Flow.... 33

3.2 Testing'and Data Collection............. 34

Chapter 4 EXPERIMENTAL RESULTS eveesansoseenvanansananns 40
4.1 Repeatability..... B R I 40
4.2 Observations § CommentsSessceseeseereacns 41
4.3 Summary Of ResultS.e.ceoececeeess R - 1
B.8 CONCLUSIONS « «evevvrnrnsennsneensasnnesns 64
Chapter 5 FURTHER UTILITY OF THE SYSTEM .« -veeernnvneen 67
5.1 Parameters......... e iieceeresaee e .. 67
€2 FULLRET STUAY «rerenrecennorenneeennnnes 67
5.3 General Recommendations........ ...;..... 71

PART II: -ANALYTICAL STUDY

Chapter 6 ANALYTICAL INVESTIGATIONS . ..., rerenaeeas ;.. 73
6.1 Analysis......... ...........;.... ........ 73
6.2 Basic Procedure........... ...~ ........... 74
6.3 Limitations of Analytical Model.v.ovvont. 84
6.4 Computer Programming.....ceeeeee: veneaes 87

[y

6.4.1 Nomenclature for Programming..... 88

6.4.2 Polynomials...oveeeneenneennoaens 91

6.0.3 TLETAtiONS.veeereonveenrosonnnes . 93

6.4.4 Features of the Program.......... 95

6.4.5 Error Analysis..... eeees Ceeee e 98

6.5 Results...... R R R 99
-iv-

o



APPENDIX

A M om g 0

REFERENCES. + + + v v e e e e eee e eeeanaeees

U.S. Emission Standards.......ccee.

Coordinating Fuel Research (CFR)
Low Speed Engine Specifications.

Air Flow Correction Factor......

Rotameter Calibration..
System Maintainance....
Sample Calculations....

Computer Programs......

o

LR B W)

e s e e

Page

106



A/F
App.
ASME
ASTM
ATC
BHP
BTC

cal.
CcC
EGR
°r
ft
Fig.
gn

grains

. IHP
in.;
1b.

min.

ABBREVIATIONS

air-fuel ratio

appendix

American Society of Mechanical Engineers
Anerican Society for Testing and Materials
after top dead center

brake horse power

before top dead center.
degree centigrade

calorie

cubic centimeter

exhaust gas recirculation
degree fahrenheit

foot (feet)

Figure(s)

gram(s)

grains per poundldf dry air
mercury head

intake air drier

inner diameter

indicated horse power
inch(es) |
pound(s)‘

minute (s)

-vVi-



mm
no.

0D

ppn
psig
RPM
SAE
sC
SCFH
SCFM
s0C

DC

Temp.

mix

vVoC

VS.

millimeter

number

outer diameter

pressure

phosphorous peﬁta oxide

parts per million-

pounds per square inch gauge
révolﬁtions per minute
Society of Automotive Engineers
standard carburetion
standard cubic feet per hour
standard cubic feet per minute
standard operating cbnditions
time

temperature

top dead center

temperature .

mixture temperature
displacement volume

variable operating conditions
versus

crank angle



10.
11.

12.

13.

14,

15.
16.

17.

18.

19.

Fig. No.
2.1

2.2

2.3
2.4
2.5
2.6
2.7
4.1
4.2
4.3
4.4

4.5
4.6
4.7
4.8
4.9

4.10
4.11

4.12

LIST OF FIGURES

Page
Test Facility (front vieﬁ) ......... 5
Test Facility (rear view).......... - 6
Experimental Set-upb ...... P ERRRRE 8
Engine Control Panei ....... S .o 11
EGR Flow Metering System..... ;...;. 17
Sampling System....... e 20

Chemiluminescent NOx Analyser...... 25

NOX Emi;sion vs. Air-Fuel Ratio.... 42
NO, Emission vs. EGR Temperature... 43
NOX Emission vs. Percent EGR....... 46

Percent Reduction of NOX vs. Percent EGR
(rich and lean mixtures)............ 48

Percent Reduction of NOx vs. Percent EGR

(rich MixXtures) .oeveoeoes Ceeneeseees 49

Percent Reduction of NOx vs. Percent EGR

(lean mixtureé)... ................ .. 50

NOx Emission vs. Percent EGR ,
(A/F = 14.00)...c..n. Cieeeeen ceenen 53

NOx Emission vs. Percent EGR
(AJE = 14.5) cueurninnnnnnns P 54

NOx Emission vs. Percent EGR
(A/JF = 18.7) euviuanennns M heeeseneas 55

NO, Emission vs. Mixture Temperature 59

Cycle Peak Pressure Vs. Mixture Temper-

CatUTC. e eveass e eesaceaaenaas feeeeee 60

49



20.

21.

- 22,

23.

24.

25.

26.

27.

28.
29.
30.

Fig.

No.

.10

Basic Procedure for the Exhaust

S Analysis...ceeees Ceeaas Y 4.

NO Emission vs. Equivalence Ratio...... 100

NO Emission vs. Recycled Gas TempeT-
BLUTC . evvenerecracesscnsosaoanns ceeress 100

Percent Reduction of NO vs. Percent

Recycle (For Various B1S) eeeannanannns 101
Percent Reduction of NO vs. Percent '
Recycle (For Various TR'S):i.......... . 101
Adiabatic Flame Temperature Vs.

Percent Recycle....cceevenns e 102
Percent Reduction of NO vs. Equivalénce
Ratio....... P ... 102
Percent Reduction of NO vs. Compression
RatiO..eeveeenvens P 103
NO Emission vs. Percent Recycle........ 103

NO Emission vs. Mixture Temperature.... 104

Calibration Curve for the Rotameter.... ix

-ix-



LIST OF TABLES

Fig. No. ‘ : Page

1. 3-1 Standard Operating ConditionS............ 35
2. 3-2 " Variable Operating Conditions............ 36
3. 6-1 Symbolic Names for-the FORTRAN........... 89

Language
4. 6-2 Major Species and Initial Guess

for Adiabatic Flame Temperature.......... 93
5. 6-3 Summary of the Limits and Accuracies

in the PTOZTaM...eeeeveseenssncnsanensnes 94
6. 6-4 Range of Variation of Parameters

in the PTogram....eeeeeeeraseescaanaanens 96




Chapter'1
INTRODUCTION

The gasoline powered automobile employing an Internal
Combustion rec1procat1ng Engine has been known for many years
to be a major source of air pollutants in urban area (1-4).
Pollutants from this source can contain toxic compounds and
organic materials that may not themselves be objectionable,
but which can react in the atmosphere to form photochemical
smog. Appendix A  details the history and forecast of
Emission Standard (5). Much work has been done on Unburned
Hydrocarbons (HC) and Carbon Monoxide (CO), compared-to théf
done on Nitrogen Oxides (NOX)f. For this reason, the work

described herein was undertaken to study NOX emissions.

Several methods have been suggested (6-11) to decrease
NO, emissions. One such method is to increase the dilution °
of the intake charge with the product gases. This can be

achieved by

(i) Exhaust Gas Recirculation;
(ii) Reducing Compression Ratio;

(iii) Increasing Valve Overlap.

* Numbers in the parentheses designate References listed.

T NO plus’ NO,



Another method of decreasing NOx emission is to inject
water either directly into the engine cylinder (8) or through

the inlet manifold (12-13). These studies revealed NOX Te-

" duction of over 85%.

The scope of thé project described in this thesis has

"been in the following area:

(1) Design and Construction of an Experimental Equipment;

(ii) Acquiring useful data on NOx emissions;

(iii) Interpreting data and deriving conclusions;

(iv) Making recommendations fbr‘the further studies and
evaluating further usage of the Test Facility; -

(v) Analytical Investigations.

The writer has purposely avoided including in this
Introduction a detailed literature survey on the state of
exhaust emission research. Excellent summaries of current
work are available to the reader iﬁ References (14-22).

By summarizing from the references, the effect of exhaust
recycling on the emission of nitrogen oxides (NOX) can be

described as follows: Addition of exhaust gas, or any

~inert gas, such as carbon dioxide, water vapor OT nitrogen,

to‘the>combustible mixture will lower the combustion temp-

erature during the combustion process in the engine cylinder,

- that is, EGR'functiohs by increasing the heat capacity of



the working fluid. Since the amount of nitric oxide
produced in the engine cylinder from atmospheric
nitrogen and oxygen is an exponential function of com-
bustion temperature, even a moderate decrease in the
combustion temperature will result in a significant

decrease in nitric oxide production.



Chapter 2
EXPERIMENTAL EQUIPMENT

2.1 GENERAL FEATURES OP.THE SYSTEM

A major portion of the study involved the design,
planning and construction of the Test Facility+ and the
procurement of instruments, equipments and control units,
etc. The single cylinder CFR engine used in this study was
modified, exhaust gas recirculatory system and sampling
system were designed and fabriﬁated to incorporate the

following aspects:
ENGINE#*

(i)‘ A wide range of air fuel ratios may be covered.

(ii) An Intake Air Drier was designed and fabricated to
ensure constant humidity intake air to the engine.

(1ii) A pressure transducer has been mounted on the cylinder
head and connected to the Engine Analyser Oscilloscope.
to monitor pressure versus crank angle (p-8), and

pressure versus displacement volume (p-v).

+ Shown in Figures 2.1 and 2.Z.

* Selected Specifications are in Appendix B
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TEST FACILITY (front view)

Fig. 2.1
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EGR SYSTEM

(1) Recirculated exhaust temperature may be varied from
room temperature to.500o F.

(ii) To some extent, the humidity can be varied from very
dfy to maximum moisture present in the exhaust
products.

(iii) As much as 90% of the exhaust gas may be recircu-

_ lated. ‘

(iv) A metered quantity of any other gas (eg., NZ,VCOZ,
He, A, etc.) may be injected into the combustion
chamber.

(v) Exhaust gas may be injected into the engine combus-
tion chamber with any other gas simultaneously.

The length of the EGR line has been kept minimum so

(vi)

that time lag or hang up is as low as possible.

SAMPLING SYSTEM

(1)
(i1)
(1ii)

(iv)

()

Designed with the SAE Recommended Practice (30).

Both hot and cold sampling are possible.

Continuous sampling has been adopted and sampling flow
control is independent of the EGR flow control.

With 1little modification, the system may be used for
the analysis of HC and CO.

Response of NO analyser is very fast.

A
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(vi) Lag time of the sampling line is kept as low as
possible.
2.2 ENGINE
The engine installed in the Test Cell was not
firing initially. There was no spark at the plug. A com-’
plete overhauling of the ignitionm system as well as of all
- 15 electrical connection resulted in proper engine opera-
tion. |

2.2.1 ENGINE DESCRIPTION

A schematic diagram of the eiperimental set up is
shown in Fig. 2.3. A modified single cylinder CFR engine
was used in this study. The unit coﬁprises a spark ignition
continuously vafiable compression ratio, variable spark
advance (or retard), single cylinder engine with suitable
loading and accessory equipments and instruments mounted on
a stationary base. The gravity fed fuel system makes use of
three carburetor fuel tanks all of which are adjustable in
the vertical direction. The vertiéal movement enables one
to vary mixture conditions. A selector valve can engage
any one of the three fuel tanks or shut all of them off.

The original intake air equipment was equipped with

an ice tower and an intake air-heater. This was modified

ramae
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as described in the section 2.2.2. In addition, a mixture
heater element mounted after the carburetor could be used

to alter the mixture inlet temperature.

A water-cooled condenser coil is used to maintain
constant coolanf temperature around the cylinder. A sprihg
loaded dial gauge mounted on the cylinder measures the posi-.
tion of the cylinder head with respect to the piston. A
" chart (23) is available to relate thé dial gauge feading

to a compression ratio.

A crankcase oil heater can be used to bring the oil
up to operating temperature prior to start up. An adjust-
able safety switch on the oil line shuts off the ignition

coil if the pressure drops below 16 psig.

A reluctance type 550 volt A.C. synchronous electric
motor is used to start the engine. It also absorbs the
power produced by the engine and maintains a constant speed
of 900 + 9 r.p.m. Coupled with the A.C. motor is a 110 volt

D.C. generator which supplies power to the ignition coil.

The control panel (Fig. 2.4) contains the controls
for the D.C. generator, mixture heater, intake manifold a1r
heater and ignition control as well as for Start and Stop
switches for the synchronous motor. Instrument gauges can

monitor the oil pressure, oil temperature, D.C. ‘generator
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voltage, mixture heater current. and air heater current.

2.2.2 ENGINE MODIFICATIONS

Intake airflow rate measurement is essential to
determiﬁe the air fuel ratio of the mixturé. To moﬁitor the
intake air flow rate with a Nozzle Meter equipped with surge

vdrum, the intake airline ice tower and intake air surge
tank with air heater were removed. Fresh air was drawn
through a calibrated Nozzle Meter and an Intake Air De-
humidifier (IAD). The IAD is a suitably jacketed heat
exchanger and capable of cooling and dehumidifying air to
10° F dewpoint. Cruéhed ice with potassium bromide. can be
used in the cooling jacket. At the IAD exit, if desired,
the air can be heated by a heating tape wrapped around the.
outlet pipe. Air temperature at the IAD exit is monitored
by a copper constanton thermocouple. The engine intake air
temperature can be controlled by a Temperature Controller
with a thermocouple probe {(working range of 0° to 2509 F

and 0.1° F sensitivity).

The initial size of the fuel metering jets of all three
bowls was 0.029". These metering jets would have supplied
A/F ratios of interest in the present study. However, to
have a much wider range of air fuel ratics, two metering

'jets were changed. On bowl #1 a 0.036" metering jet and on
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bowl #3 a 0.046" metering jet was installed, bowl #2 was
left unchanged. This combination of the metering jets

provided a range of air fuel ratios.

_ %
* The conventional pressure pick up was replaced by

a Tektronix Pressure sensor.

Other modifications, such as a provision to inject
exhaust gas or any other gas into the combustion chamber and
changes in the exhaust port connections are described in the

section 2.3.

2.3 EXHAUST GAS RECIRCULATORY SYSTEM

2.3.1 FUNCTIONS AND OBJECTIVES

The purpose of the system was to recirculate a measured
quantity of exhaust gas into the combustion chamber and analyse
its effect on exhaust gas composition. The system is capable
of recirculating any measured quahtity of exhaust gas into the
engine while monitoring and controlling desired pressure and
temperature at different locations of importance. Depending

upon recirculated gas quantity, the gas can be heated as high

* Originally used in experiments with knock-meter for

fuel octane rating tests.
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B

as 500° F before injection into the eﬁgine. Thué most of
the conceivable parameters like gaé temperature, pressure,
quantity and to some extent,‘humidity, can be controlled.
The system is designea to supply continuous hot sample and/

or cold sample for analysis purposes. B .

As shown iﬁ Fig. 2.3,’exhaust gas was drawn from the
éngine exhaust port through a two inch Globe valve GV, and
the-remaining gas was exhausted to the atmosphere. The gés
was pulléd by the centrifugal pump through two iﬁch galva-
nized steel biping, three way valve TWl, Surge Tank, Exhaust
Gas Cooler and Dehumidifier, 40 w Filter. Then it was
pumped into thé engine iﬁ 3/4 inch piping through another
three way valve TWZ’ Exhaust Gas Flow Metering system and
Exhaust Gas Heater leading to carburetor at a distance of

about one inch downstream of the throat.

The centrifugal pump was used as a pressure riser and
also to create vacuum upstream'of thé pump. Gas flow rate
and upstream vacuum were controlled by the valve GV, and
- the downstream pressure was controlled by BY PASS valvé Bl'
shown in Fig. 2.3. Each component of the system is now des-

cribed in more detail below.

adf
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2.3.2 SYSTEM DESCRIPTION

(a)

(b)

(c)

(e)

(£)

VALVES GV1 and GVZ: To control the flow of exhaust
gas in the EGR System.

VALVE TW Installed to provide hot exhaust gas

1
samples for analysis purposes, if needed.

SURGE TANK: To damp the engine exhaust gas.

EXHAUST GAS COOLER AND DEHUMIDIFIER: This is a shell
and tube type heat excharger. The cooling water
enters the shell at 40° F and leaves at 42° F. Flow
rate of cooling water is automatically controlled by

a spring loaded valve actuated with a thermostat. The
valve is preset to a desired exhaust gas temperature
by a screw cap; the temperature Trange of the thermo-
stat being 76 to 135° F. A manual control was also
provided to override these temperature limits.

FILTER: A 40 u filter was used to remove carbon
particles, moisture and other impurities, if any. A
significant amount of water can be ‘condensed and
trapped by this filter which can often require drain-
ing of water and cleaning of filter bowl.

CENTRIFUGAL PUMP: Since the exhaust gas gauge pres-
sure is quite small and also a considerable amount

of pibing is involved between the exhaust port and

EGR injection, & significant total pressure drop across



(g)

(h)

-16-

the EGR system results. A centrifugal pump has been
used as a pressure riser. This pump is capable of
producing 20 psig. continuous service or pull a
vacuum of 27 inches of mercury and delivering 5.2
C.F.M. at 20 psig. Two pfessure gauges mounted on.
the inlet and outlet of the pump indicate the pull
and pressure at the respective ports.

VALVE TWZ: fhis three way valve was installed to
facilitate the injection of any gas other than ex-
haust gas into the ‘engine and to provide qther
options to measure the exhaust gas flow rate.

EGR FLOW METERING SYSTEM: Pressurized exhaust gas
is carried in 3/4 inch pipe from the pump through
the valve 'I‘W2 as shown in Fig 2.5. The EGR flow
metering system has four parallel 3/8 inch 0D,

1/4 inch ID copper tubes. Each of these lines
originates from 3/4 inch pipe and terminates into
another 3/4 inch pipe. Each gas flow line consists

of two needle valves, one high accuracy pressure

~gauge mounted on one end of a union cross. The

opposite end has a screwed plug. The plug may be
removed when flow of gas is desired through a
standard flow meter, by letting the gas pass through
this end and closing the valve V. A1l four flow

lines were identical except that the needle valve of
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the first and second flow lines were equipped with a

micrometer handle.

The EGR flow metering system is designed to meter a

 maximum exhaust gas flow of 8.0 SCFM which is about 90% of

the normal air flow rate through the engine. In the present

study, however, a maximum recycled gas flow of 1.5 SCFM was

considered sufficient so the EGR metering system was not

calibrated. Instead, a rotameter was calibrated to meter the

gas flow rate.

(1)

EXHAUST GAS HEATER: This comprises of a 54 feet
mineral insulated heating cable which is wrapped
around the pipe extending from the EGR flow metering
system. For this type of heating application, the
maximum recommended surface temperature of the

cable is 515° F. The cable supplies 450 watts at
120 volts and 1700 watts at 240 volts . The
desired exhaust gas temperature was achieved by

varying the input voltage from 0 to 140 volts.

It is recommended that insulation test be conducted
before switching it on. Insulation should read 50

megaohms or better with no decline in reading.

«f
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(3) THERMOCOUPLE TCl: It is a Chromel-Alumel thermo-
couple and has been used to measure the exhaust gas
temperature immediately after the exhaust port.

(k) . THERMOCOUPLE TCZ: It is an Iron-Constantan thermo-
couple and has been used to monitor the recycled gas
temperature just before the injection into the

carburetor.

In addition, a number of -pressure gauges and thermo-
meters were installed in the system to monitor pressure
and temperature at variou; points of interest. Recycled
gas temperature, exhaust gas température and intake air

temperature were recorded on a strip chart recorder.

2.4 EXHAUST GAS ANALYSIS SYSTEM

The exhaust gas was analysed for NOx concentration
using a Chemiluminescent NO, Analyser. Both the sampling

system and the analyser are described in the following

sections.

2.4.1 CONTINUOUS SAMPLING SYSTEM

Fig. 2.6 illustrates schematically the sampling

system for the continuous measurement of NOx concentration

in the exhaust gas. The system consists of a sample outlet,

sample lines, an exhaust gas cooler and dehumidifier, a

&f
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centrifugal pump,.a by-pass line, dry nitrogen purging
line, a phosphorous pentoxide sample drier, a moisture
indicator, a 5 ¥ particle filter and flow control valves.
The SAE recommended practice (30), has been adopted wifh
respect to the instrumentation and measurement of exhaust:
gas emissions. This practice provides uniformity of the
laboratory techniques and attempts to eliminate differences

in emissions data because of different laboratory set ups.:

Components prior to bypass and N2 purging lines
have been already described in section 2.3.2; other compo-

nents are described below.

SAMPLE LfNE: As recommended by the SAE, this line is either
0.25 inch I.D. teflon tubing or 0.25 inch 0.D. stainless
steel rigid tubing and the length of this line is kept as
small as possible, since its length is directly related to
the delay time of the entire system.

BYPASS: A centrifugal pump may continuously draw exhaust
gas from the engine. A measured quantity of this gas can be
recirculated to the combustion chamber and a small quantity
(2 SCFH) taken by the NOx Analyser through valves B2 and B4,
the remaining gas being bypassed to waste. '

NITROGEN PURGING: Dry N, gas was purged into the sampling
system after each obéervation. This is a standard SAE

recommended practice. The time lag between the exhaust port
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and the centrifugal pump was expected to be insignificant '

as the pump was drawing gas Qhantity comparable to the
exhaust gas produced by th¢ engine. However, there was a
time lag Qf about 3 minutes between the pump and the NOX

+ analyser. |

SAMPLE DRIER: - It is made of a two inch diameter and eight
inch long galvanized steel vessel containing about 250 gm.
of anhydrous phosphorous pentoxide (PZOS) with a small
packing of anhydrods silica gel‘and glass wool on both
ends. The drier is capable of providing a completely dry
sample for about 40 hours of sampling before a fresh charge

of P20 is required. This is an essential unit as the sample

5
before entering the NOx analyser should be completely dry to
avoid the clogging of sample capiliiary of the NOX analyser.
MOISTURE INDICATOR: To indicate moisture in the sample

line, a moisture indicator was placed down stream of the sample
drier. At relative humidities less than 4%, the color of

dyed silica gel changed from blue to pink, indicating the

need for a fresh charge of PZOS' fhe indicating effect of

this indicator was regenerated by heating it to 150° C.
PARTICLE FILTER: A 5 M micron inline removable filter with
replacable sintered stainless steel element was connected -
downstreanm of the moisture indicator. The filter element |

was inspected occasionally and found uncontaminated.

FINE CONTROL AND THREE WAY VALVES: These were employed to

df
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provide a fine flow control of the sample through the NO_
chemiluminescent analyser. As.may be seen from the sche-
matic diagram (Fig. 2.6), the arrangement permits frequeht
and rapid caliberation checks. The three way valve TW; is
necessary when the NOx analyser is to be used in both NO

and NO_ mode alternately.

The SAE recommendations presume that NDIR (Non
Dispersive Infra Red) and NDUV (Non Dispersive Ultra Violet)
analysers would be emplqud to monitor NO and NO2 respec-
tively. For these types of instruments gas flow and
pressure in the sample cell are critical factors and therefore
the SAE recommends two flowmeters, one each upstream and
downstream of the analyser. However, in this study a chemi-
luminescent NOJ Analyser has been used in which sample flow
rate and its pressure do not effect monitoring NO, con-
centrations if the bypass of the sample is maintained in the

vicinity of 2 SCFH. The analyser is discussed in the next

section,

2.4.2 CHEMILUMINESCENT NOXANALYSER

A newly developed analyser, called a Chemiluminescent
Gas Analyser, has been used in the present work to monitor
NO, (NO plus NO ) concentrations in the exhaust gas. By

monitoring the chemiluminescent reaction of Nitric Oxide
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and Ozone gases, this instrument eliminates many problems
associated with the measurement of NOX. The detector
requires very small gas samples to continuously monitor
NO and/or NOx'with rapid response time and negligible
interference from HZO’ COZ’ CO,C2H4, and S0,. In aadi-
tion, the instrument has eight ranges from 2.5 ppm to
10,000 ppm, linear response, good stability, 1% full

scale linearity and 1% full scale accuracy.

Fig. 2.7 shows the components of this equipment.
These are:

(i) Analyser;

(ii)  Control unit;

(iii) Converter;

(iv)  Vacuum pump.

In addition, the following equipment are required:

1. Caiiberated standard mixture of NO in Nz;

2. Pressurized cylinder of oxygen and a pressure
regulator;

3. A diaphram type sample bypass pump to puli the

sample through the analyser.

OPERATION:

Unlike NDIR and NDUV, operation and control of this

equipment is much easier and hence requires less attention.



CONTROL UNIT

Fig. 2.7 CHEMILUMINESCENT NOX ANALYSER

f
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Sample pressure which must be precisely controlled for NDIR
and NDUV does not effect monitoring NOx concentration in
this case. Even sample bypass of 2 SCFH which is recom-
mended during analysis, is not a critical adjustment.

This can be varied from 0.5 to 2.0 SCFH with less than 1%

change in the ‘instrument sensitivity.

Stép by step calibration and detail operating
procedure are described in the Instruction Manual (24)

on page 8 through 13.

CALIBRATION:

The standard calibration procedure recommends that
only one certified standard sample need be used to verify
the calibrated equipment, however, four samples of 215,
1530, 2612 and 4297 ppm of NO were used. These samples

were supplied with a certified accuracy of 2% of component

by the Matheson gas company of Canada. Instrument was
calibrated with 2612 ppm sample. With this calibration
4297 ppm sample was analysed to be 4420 ppm. To éttain
maximum accuracy 4297 ppm sample was set to read 4350 ppm
and for this calibration setting 2612 ppm sample was
analysed to be 2580 ppm. For this setting 215 ppm and
1530 ppm samples were analysed to be 192,5and 1412 ppm.

The 1530 ppm sample was an old sample borrowed from the
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National Research Council of Canada (NRC) and was suspected
to be inaccurate and hence was not used in calibration check-

ing at the later stage.

During its calibration and occasional checking of
calibration, the following interesting observations were

made:

1. After the above mentioned calibration, no significant
drift was observed during daily calibration checks.

The final setting for three samples were as follows:

CERTIFIED SAMPLE ANALYSED MODE

NO Mode NOX Mode

215 ppm 190 ppm 195 ppm

2612 ppm 2580 ppm 2580 ppm-
4297 ppm | 4350 ppm 4350 ppm

2. While the analyser was calibrated the sample vacuum
gauge was set to 5 psi. Should this vacuum gauge
show 4.9 psi or 5.1 psi, its setting must not be
disturbed. The difference in the gauge reading is
due to change in the atmospheric pressure. The
sample flow regulator maintains constant flow by

keeping 5 psi vacuum from the atmospheric pressure.

3. When the instrument is to be used within a few hours,

power to ozone generator should be turned off and the

A
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flow of oxygen through the ozone generator be
closed off. As a result, the reaction chamber
pressure drops from the operating pressure of 9.0
mm.to a minimum pressure of 0.3 mm. Hg. There is
nothing to be alarmed about the pressure drop in
the reaction chamber. The operating reaction
chamber pressure is attained as soon as the flow

of oxygen is resumed.

4. Room contamination‘of nitric oxide does not effect
the sample detection, thoughvthe analyser takes in
room air. This is because the room air is used in
samplelflow regulation only and does not pass

through the reaction chamber.

2.5 ELECTRONIC ENGINE ANALYSER

The Engine Analyser System is an oscilloscope system
used to visually observe if any major or unexpected changes
occurred inside the combustion chamber as working parameters.
were varied. This could also help in determining whether

the engine was misfiring as a result of excessive exhaust

gas recirculation.

The original knockmeter pressure pickup was replaced
by a Tektronix pressure Sensor with a modified adapter. The

Rotational Function Generator of the analyser was connected
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to the V groove in the engine flywheel with the friction

drive adapter.

This system provides pressure versus displacement
volume and pressure versus crank angle images on the
oscilloscope screen. Crank angle mafking also appeared
on the screen but TDC mark was not aligned with the TDC
of the engine. This could be done by using a magnetic
" transducer but was not considered necessary in the present

study.

Since a suitable camera was not readily available
to produce p-v diagrams from the oscilloscope, the IHP
of the engine could not be evaluated during testing.

However, p-v and p-8 diagrams were visually observed.

A



Chapter 3

EXPERIMENTAL METHODS & PROCEDURES

S 3.1 CALIBRATION AND MEASUREMENTS

Instrumentation and system details have already been
outlined in the previous chapter. Before the intended data
collection could be initiated though, the following cali-
brations were necessary:

1. Air Flow

2. Fuel Flow

3. Recirculated Exhaust Gas Flow.

3.1.1 AIR FLOW

A Nozzle Meter (32) was used to monitor the engine air
flow. The engine air was drawn in through a precision ASME
long radius flow nozzle into a pulse damping drum, and then
out through a flexible hose and Iﬁtake Air Drier to the
engine carbureter. By measuring the pressure difference
across a 3/4 inch diameter nozzle, the air flow rate can be
‘calculated by using the calibration and correction curves
supplied with the equipment. The pressure difference across

the nozzle is measured in inches of water by a manometer.

© CALIBRATION: Air flow was theoretically calculated to be

9.71 CFM. Unfortunately no standard air flow meter with this

~-30-
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flow rate was available to calibrate the nozzle meter. A
PRECISION WET TEST METER (25) was acquired for a short

period of time however, which had a maximum capacity of

4,75 SCEM. This provided only one point on the supplied

~ calibration curves. Calculations showedvthat the nozzle meter
was indicating 0.5% high flow. This was assumed to be quite
accurate for practical purposes.

ASSOCIATED DIFFICULTIES:

While perfofming experiménts, it was discovered that
the engine was satisfactorily firing up to calculated air
fuel ratio of 35. This is highly "inconceivable. Further
it may be noted that fuel flow measurement was quite
accurate. Appendix C includes an estimate which revealed
that air flow meter indicates very high values and also
listed therein is a tentative technique used to estimate
air flow rate. As a result a correction factor of 0.655

was applied to the measured air flow rate.

It may be noted that once accurate air flow rate
through the engine has been measured, a different suitable
correction factor may have to be applied to the computed

air fuel ratios.

3.1.2 FUEL_FLOW

Since the engine has been primarily designed to
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rate fuels, it has three small fuel bowls each with its own
individual float. To provide a continuous fuel supply, fuel
was drawn from a fuel container by siphon action to the fuel

bowls.

CALIBRATION: In order to measure the fuel flow rate, fuel
bowls were graduated by affixing scaled paper on one side
of the sight glass. These graduations were clearly read

from the other side of the sight glass;

'SHELL REGULAR' gasoline was used throughout the
investigation. Its density was found to be 0.7255 grams
per cubic centimeter (cc) on aﬁ electronic balance. For
each fuel bowl eight readings were‘taken by adding 100 cc
of fuel each time and observing the difference in the fuel
level through the sight glass. From 24 readings for three
bowls, 22 readings were 2.6 cm and the remaining two were
2.55 cm for each 100 cc of fuel added to the bowls. Hence
2.6 cm on bowl scale corresponds to 100 cc of fuel. If

Fuel Level Movement (in cm)

x:
t = Corresponding Time (in minutes)
then,
Fuel flow rate = § z 0'7255 x 100 gm/min.

72.55 x 60
= 22 5z I/

]

3,691 % 1b/hr.
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- Fuel Level Movement (cm)
3.691 Time (minute) 1b/hr.

During testing, fuel level movement and the corre-
~ sponding time (with a stop watch) were recorded, using the

above relation the fuel flow rate was calculated.

3.1.3 RECIRCULATED EXHAUST GAS FLOW

The EGR flow metering system has been already
described in section 2.3.2 (see fig. 2.5). To meter the
exhaust gas flow rate using this system, it would be
necessary to calibrate this metering system with a standard
flowmeter. Instead, a rotameter with two balls (stainless
steel and pyrex) was calibrated from a standard flow meter
very accurately. Should a need arise, the calibrated
rotameter can be used to calibrate the Metering System.

The rotameter calibration is discussed in Appendix D.

The rotameter can measure dp to 1.5 SCFM of exhaust
gas. This volume rate can provide up to 20% recycled gas
in the intake charge and was regarded sufficient for the
present study. Calibration of the EGR flow metering system
was thus not performed. Instead the rotameter was con-
nected to one of the four parallel metering lines through
a gilica gel drier té meter dry exhaust gas for recycling

into the carburetor.
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PERCENT EGR

To measure the dilution of intake air, percent EGR

or percent dilution was defined as follows:

volume of recycled exhaust gas 100
volume of intake air without
the EGR

' PERCENT EGR =

It may be noted that EGR fraction or recycled gas

fraction is synonymous to the percent EGR.

3.2 . TESTING AND DATA COLLECTION

The total effort required for Bngine modifications,
instruments installation, désign, experimentation and
computer programﬁing hgd made the projeét quite large,
hence it was decided not to obtain very exteﬁsive data

covering all the features in the system.

The purpose of the experimental part of this study
has been outlined in Chapter 1. The system
maintenance has been described in Appendix-E. Preliminary
testing and investigation was conducted to detefmine which
variables, apart from two main variables, namely, the EGR
fraction and NOx‘concentratioﬂ, would also be worth con-
sidering. The Standard Operating Conditions (S0C) are
~ defined by the values of the operating parameters as shown

in Table 3-1. The effect of .any one variable was studied
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TABLE 3-1

STANDARD OPERATING CONDITIONS (SOC)

Compression ratio ’ 8:1

Speed, rpm 900 + 9
Intake air temperature, OF (75-85) + 2
Mixture femperature, °F 4 180 + 2
Spark advance : | _ 10° BTC
EGR temperatﬁre, °F : (75-87) + 3
0il pressure, ﬁsig ‘ 33 + 3
Coolant temperature, 9 F 210 + 1

0il temperature, °r 130 + 5
Intake valve opens . 10° ATC
Intake valve closes ‘ 34° BTC
Exhaust valve opens 40° BBC
Exhaust valve closes . -15° ATC
Valve overlap , 5°

EGR pump vacuum, in.Hg. . 12.5

FUEL SHELL REGULAR
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TABLE 3-2

VARIABLE OPERATING CONDITIONS (VOC)

Air fuel ratio . B 14.0 to 23.6
Humidity, grain/lb-air 23 to 72
Mixture temperature, °F ' 75 to 200
EGR fraction ' 0 to 20%
EGR temperature, °F 80 to 475

Sampling pump vacuum, in.Hg. ' 0 to 20
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by changing its yalue from that listed in the SOC. The
values of the variable parameters are shown in Table
3-2. The parameters listed below were continuously
monitored on a strip charf recorder:
1. Exhaust gas temperature
"2. Room temperature
3. Recirculated gas temperature

4. NOx concentration.

In addition, peak pressure in the combustion cycle
was also monitored from the Engine Analyser unit described
in section 2.5. Any abnormal changes in p-v and p-© images

were observed from the oscilloscope screen.

Throughout the data collection, vacuum on the
suction side of the pump was maintained at 12.5 in. Hg.
This was essential as the NOx concentration in the exhaust
was found to depend on the suction si&e vacuum of the pump.
The vacuum of 12.5 in. Hg. was selected to provide a

maximum of 20% exhaust gas recirculation.

As a result of'preliminary investigations and
predetermined aims, it was decided to acquire data along

the following lines:

(1) Effect of EGR Temperature on NOX concentration for

fixed EGR fractioms.

d



-38-

Data was acquired for four different EGR fractions
and an air fuel ratio of 17.35. Recirculated exhaust
temperature was varied from 80° to 475° F while other
parameters were as defined by the SOC. Results for single
air fuel ratio revealed that there was no need to répeat

the test for different air fuel ratios.

(ii) Effect of Volume of recycled exhaust gas on NOx

\

concentration.

Experiments were conducted to determine the be-
havior for five different air fuel ratios varying from
14.0 to 23,6. Other operating conditions were as defined
by the SOC. The trend observed was similar to that
available in literature (22,26). These tests were carried

out primarily for the following reasons:

(a) Air fuel ratio calculations wefe not definite
because of possible error in air fiow measurement as out-
lined in section 3.1.1. Acquiring NOX data served as a
tool to ensure that calculated air fuel ratios were not

significantly incorrect.

(b). To suggest, if possible, what air fuel ratio and

percent EGR are best suited from NO, emissions view point.

(iii) Effect of intake air Humidity on NOx concentration

in conjunction with the EGR.
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Data was acquired for three air fuel ratios, four
sets of EGR fractions and severai sets of humidity. For
humidity variation, there is no mechanical provision and
one has to rely upon environmental humidity. For this
reason, a wide range of data could not be acquired.

Other operating conditions were as defined by the SOC.

(iv) Effect of Mixture Temperature on NOx concentration.

This trend was observed for various air fuel ratios.

Exhaust temperature and combustion peak pressure were also
closely observed in addition to NOX concentration and mix-

ture temperature.

(v) Effect of Suction Side pfessure of pump in the EGR

system on NOx concentration.

It was oBserved that reported NO, concentrations
in the exhaust gas were largely dependent on the suction
side vacuum of the EGR pump. For this reason suction
side vacuum was maintained at 12.5 in. Hg. throughout
data collection. The vacuum of 12.5 in.Hg. was selected

to meet the maximum gas flow requirement through the EGR

system.

¥ |



Chapter 4

EXPERIMENTAL RESULTS

The experimental apparatus described in the preﬁious

chapters allowed the acquisition of the experimental data.

4.1 REPEATABILITY

One very impértant consideration of any experimental
data is its repeatability. During the data acquisition,
repeatability was checked 'several times for randomly
Selécted points. Whenever it had been possible to attain
the same operating conditions on ‘some other day, the re-
peatability was checked. However this was seriously
constrained by humidity variation. To overcome this
difficulty,'the repeatability data was acquired along the

following lines:

1. While performing experiments for EGR fraction
variation, NOx concentration Qas initially observed with
no EGR. This reading was repeated after the EGR fraction
variation data was acquired. The observations were Tepro-

ducible within 2.0%.

2. To check reproducibility for a sample, it was

analysed twice with a nitrogen purge between each flow.

-40-
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3. At other times, after recording a set of data,
some intermediate reading was checked and found to be

in order.

4.2 OBSERVATIONS.AND COMMENTS

It has been pointed out in section 3.1.1 and
Appendix C that due to certain discrepencies, air flow
could not be measured accurately but a tentative attempt
was made to monitor it. Fig. 4.1 shows that maximum NOx
concentration occurs at the air fuel ratio of 18.0 while
the same is reported (Ref. 10, Fig. 1) to occur at 15.5.
This reveals that estimated air fuel ratio is higher than
the actual one. It may be noted that once the correct
air flow is measured, these air fuel ratios may be simply .

corrected by applying an appropriate correction factor.

A method of data acquisition has been outlined in
section 3.2. This relates five sets of different para-

meters. Each is discussed here:

(1) Effect of the EGR Temperature

As emphasized in Chapter 1, any reduction in com-
bustion temperature effectively reduces NOX concentration.
Fig. 4.2 shows NOx concentration versus EGR temperature.

It is quite apparent from this fig. that the effectiveness
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of the EGR is largely independent of the recirculated gas

temperature. The curve for 1.88% recirculation indicates
that there is a slight increase in NOX concentration with
the EGR temperature. An increase in recirculated gas

~ temperature increases the total charge energy which would
be expected to elevate the peak cycle temperature and
hence NOx concentration. It may be noted though, that such
energy addition is not substantial. On the energy con-
siderations, howevér, the trend depicted by 1.88%
recirculation .curve should have been more effective and
pronounced for 4.12%, 7.37% and 11.8% recirculation.
Therefore, the trend for 1.88% recirculation can be
attributed to experimental error. Hence it may be con-
-cluded that NO concentration in the exhaust is independent

of recirculated gas temperature up to 500° F.

To the best of the author's knowledgé, there is no
expefimental data available on this behaviour. The
theoretical model of Chapter 6 (Fig. 6.3) does predict
some increase in NOx concentration as EGR temperature
increases. Newhall (6) also reported from his theoretical
investigations that nitric oxide reduction is dependent

on .the temperature of the recycled gas.

The analytical results included in Chapter 6 are

based on the equilibrium combustion model and assumes that
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the volumetric efficiency of the engine would‘not decrease
as the temperature of the recycled gas increased for a
conétant recycled gas frgctibn. The experimental observa-
tions however, indicated a decrease in the volumetric'
efficiency as the recycled gas temperature was increased.
It may be commented that the observed change in the volu-
metric efficiency could be responsible for the difference

in the analytical and experimental results.

(ii)  EFFECT OF EGR VOLUME

Fig. 4.3 shows NOx concentration on log scale
against volume percent of recycled gas in the intake charge
for various air fuel ratios. This demonstrates that NO
levél in the exhaust gas is largely dependent on air fuel
ratio. It is further seen that curves for these air fuel
ratios are.almost parallel, signifying that efféctiveness*
of the EGR in reducing NOx emissions is almost the same

and is not largely dependent on air fuel ratio.

Absolute concentration of NOX depends on the
humidity of intake air as reported by Brown and others (26).

They developed an equation for correction factor for the

% Implies the percent reduction in NO for the same

recycled gas fraction.
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effect of humidity on NOx concentration. However, if the
results are plotted in terms of percent reduction of NOX ‘
against recycled gas‘fraction, these become independent
of humidity. This is because the correction factor drops
out when NOX concentration is cénverted to percent re-

duction in NOX.

Fig. 4.4 shows percent reduction in NO level
against percent recycléd gas in the intake charge for
six air fuel ratios. The'dashedllines indicate a certain
range within which NOx reductions_for a specific percent
of recygled gas may be expected, irrespective of mixture
air fuel ratio. The range is as wide as Zb%. These
‘points are again plotted for rich and lean mixtures as
shown in Fig. 4.5 and 4.6 respectively. Both curves show
that the effectiveness of the EGR is not dependent‘on air
fuel ratio as emphasized before.’ (The validity of the
trend is obviously of some doubt for Fig. 4.6). For rich
mixtures (Fig. 4.5), it is apparent that the error
incurred by drawing a single curve is within 3.0% except
at two points where it is 5.0%. An error of 3.0 to 5.0%
may be permissible, so an EMPIRICAL EQUATION is derived
using all data points in Fig. 4.5 employing a least square

fit. This equation holds up to 20% intake charge dilution.
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The equation assumed the following form:

- .2 3 4 5
y = ag toagX t a X’ oagXt +oaxt o+ oax e (1)
where,
y = percent reduction in NO* concentration
x = percent EGR
A _
o a; are constants

a,= = 0.1958128
a,= 0.7829502 x 10

1

a,= 0.6961558

az= — 0.1129190

a; 0.5142152 x 10~
4

ag= - 0.8021326 x 10~

This equation may be used as a tool by the designer
to anticipate the order of reductions in NOx concentration
for a specific value of ;ecypled;gas fraction. As stated
above, the equation is independent of air fuel ratio,
humidity and temperature of the recycled gas. Further
work in this direction may be to determine how this equa-
tion is changed as spark advance is varied. If the equa-
.tion is found to be insensitive to spark advance, then the
general equation will provide very worthwhile information

‘about NOx reduction by the EGR technique.

A similar empiriéal relation has been developed

for lean mixtures which holds up to 13.0% intake charge

M
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dilution. The error incurred by drawing a single curve
in this case is within 5.0% except at one point where it
is 10%. The equation assumed the same form as eq. 1

but the constants are different as given below:

a= -~ 0.2463306

a=  0.1974182 x 10
a,= = 0.5661617 x 10
a;= 0.1107294 x 10
a,= ~ 0.9893811 x 107t
)

ac= 0.3172433 x 10

It may be noted that the upper part of the curve
(shown by dashed line, Fig. 4.6) given'by this equation is
not accurate. It is recommended that more data points be
acquired and incorporated in the least square fit equation

for lean mixtures.

Analytical results, shown in Fig. 6.4 and 6.7,
predict that the reductions in NO emission for a recycled
gas fraction are within 5% of each other for lean mixtures
and within 2% of each other for moderately rich mixtures
(f > 1.1). However, the variation is significantly large

for mixtures near stoichiomatic ratio (0.95 < #.< 1.1).

(iii) EFFECT OF INTAKE AIR HUMIDITY

Effect of intake air humidity has been studied
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(26-28) but it has not been studied in conjunction with
the exhaus; gas recirculatidh, though Nicholls and others
(8) studied the effect of water injection on NOx eﬁission$
in conjunction with the EGR. - As mentioned in section 3.2
no mechanical system was employed for humidity Varigtion
of intake air. Rather it depended on local weather condi-
tions.For this reason an extensive data on this study

could not be recorded.

Fig. 4.7 shows the effect of recycled gas quantity
on NOx concentration for three humidities of 23 grains,
36 grains and 72 grains (per pound of dry intake air). It
is apparent from the graph that the change in the iﬁtake
moisture from 23 grains'to 72 grains is as effective in
reducing'NOX as the recycling of 2.3% exhaust gas. Thi§
data further reveals that NO concentration is reduced to
a smaller extent by humidity changes in the intake air
as the recycled gas quantity increéses. This may be ex-
plained by the fact that water moisture acts like an
inert gas in the combustion chanber as does the exhaust
gas. At no or small recycled gas quanfity, the effect
 of intake moisture would be significant since moisture
quahtity is comparable to recycled gas quantity. How-
ever, at higher recycling rates, the moisture effect is

negligible compared to the EGR effect.
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To see how the effectiveness of humidity variation
in the present context may change as mixture air fuel ratio
is altered, the data in figuies 4,7, 4.8 and 4.9 maf be
studied. If the effect of humidity on NO. level is
measured as the equivalent of percent recycled gas, the
following coulﬂ be observed for the chahge of intake

humidity from 36 grains to approximately 70 grains.

Air-Fuel Ratio ‘Reduction in NO_

(In equivalent % EGR)
14.00 . 2.3 % EGR
14.50 ‘ | 1.2 % EGR-
18.7 0.6 % EGR

That is, reduction in NO, emission due to humidity

depends on mixture air fuel ratio. Hence in summary:

1. The effect of intake air humidity change on NO,
emissions diminishes as the recycled gas quantity

increases.

2. The intake moisture effect on NOX emission is more

promising for rich mixtures as compared to lean

mixtures.

(iv)  EFFECT OF MIXTURE TEMPERATURE

The effect of mixture temperature on NO, concentra-
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tion is shown in Fig. 4.10 for four air fuel ratios. As
the mixture was heated from 90° F to 210° F, NOx concen-
trations were observed to decrease or increase depending
on whether the initial mixture is rich or lean. The
change in NOx concentration for the air fuel of 17.7
(stoichoimatic ratio being 17.5) is critical as NOx
concentration increases by 66% for the change in mixture
femperature from 96° F to 200° F. For rich mixture com-
bustion, NOx'concentration decreases as the mixture
temperature increases. However, as the mixture becomes
iess rich (from air fuel ratio of 14.9 to 16.6), the
gffectiveness of mixture temperature in reducing NO,
emission decreases. But for a lean mixture (air fuel
ratio 18.8), NOx concentrétion increases with mixture
temperature but it is not so sharp as it is with the mix-

ture very clese to the stoichoimatic ratio.

The .mixture near the stoichoimatic ratio behaves
very differently from rich or 1ean'mixture. This is
apparent from Fig.4.11, which shows cycle beak pressure
versus mixture temperéture. These curves are drawn for
four air fuel ratios. It may be mentioned that both air
‘flow and fuel flow to the engine decreased continuously
as the mixture temperature was increased, that is, the

volumetric efficiency of the engine decreases as the
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mixture is heated.

It may be tentatively»concluded that near the stoi-
choimatic mixture conditions nitric oxide concentration
~ depends heavily on the mixture temperature. Otherwise,
for lean mixtures NO, concentration increases while for
rich mixture it decreases as the mixture is heated.
Fleming (17) reported that the effect of mixture tempera-
ture on exhaust emissions is insignificant from 160° -
280° F. This may be confirmed for the temperature range
160° - 200°.F from Fig. 4.11 as well. At lower temperature

however, this is not apparently so.

Analytical results, shown in Fig.6.10, (Chapter 6),
depict that nitric oxide concentration in the exhaust gas
increases with mixture temperature. Fig.6.10 shows the
variation for four air fuel ratios: lean (§ = 0.8, 0.9),
stoichoimatic (p = 1.0) and rich (§ = 1.1). During
testing, as pointed out above, the volumetric efficiency
decreases as the mixture is heated. On the contrary, the
analytical model assumes constant volumetric efficiency.
This may explain the difference in the experimental and

the analytical results.

) EFFECT OF SUCTION SIDE PRESSURE OF PUMP IN THE

EGR SYSTEM

Fig. 4.12 shows the effect of suction side pump
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vacuum on NOX concentration. The exact shape of the curve
may be questionable. It is certain though, that NOx con-
centration changes very sharply. The trénd was checked
three times and found to be the same as reported. The
intention is to show the potential of. valve overlap in the
reduction of NOx emissions. Benson and Stebar (21)
reported the effect of 16° and 66° valve overlaps on NO,.
~emissions. . However; in the present study the effect of
valve overlap on NOx emissions was indirectly studied by
changing the pressure at the exhaust port. The Frend
observed is more promising even though the valve overlap
is only 5°. The intake valve opens at 10° ATC and the

exhaust valve closes at 15° ATC.

The observed behaviour can be explained by the
fact that valve overlap results in the charge dilution,
that is, a small quantity of exhaust gas enters the com-
bustion chamber through valve overlap during intake stroke
of the engine. As the exhaust port pressure is decreased
by creating vacuum in the suction side of the EGR system,
the charge dilution by the valve overlap reduces. As a

result,'NOx concentration increases.

To draw any specific conclusions, the following is

recommended for further study:

(1) Vacuum near the exhaust port be monitored,



(2)
(3)

(4)

(5)

(6)

4.3
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Manifold Vacuum be monitored.

As suggeﬁted in.section 3.1.1, an accurate air flow
measurement device be used to observe the changes in
the amount of fresh charge taken in.

The engine power output be measured using the p-v
diagram photograph taken from the engine analyser
oscilloscope.

The effect of spark advance and retard be also
studied in this context.

The effect 6f increasing exhaust port pressure (by
some other artificial means) on NOx emissions may
also be studied. | |

SUMMARY OF RESULTS

The experimental results are presented in previous

sections of this chapter. The repeatability of the reported

data is quite good. The effects of changes in several vari-

ables on the NO, emissions are presented. These variables

" are: EGR volume, EGR temperature, intake air humidity, mix-

ture temperature and vacuum at the exhaust port.

4.4

CONCLUSIONS

The following conclusions are based on the work
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presented:

(1)

(2)

(3)

(4)

NO, emissions are not effected by variation of

recycled gas temperature from 80 - 500° F.

Effectiveness of EGR in reducing NO, emissions
is almost independent of air fuel ratio. The
level of NOX emissions itself is, of course,
largely depeﬁdent on air fuel ratio. Two empirical.
equations have been developed, one ecach for rich and
1eén mixture, to relate NOx reduction to percent

EGR.

Increasing moisture content of the intake-aif tends
to reduce NOX concentration in the exhaust gas.

The effectiveness of humidity increase in NOX tends
to decrease as the amount of recycled gas in the
intake charge increases. Intake-air moisture effect
on NOx concentration is more promising for rich

mixtures as compared to lean mixtures.

As the air fuel mixture is heated from 90° through
200° F, NOX concentration in the exhaust gas is seen
to increase or decrease according to initial lean

or rich mixture. Near stoichoimatic ratio, how-
ever, NO, emissions increase very sharply with

mixture temperature.
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It is evident that valve cverlap results in charge
dilution which substantially reduces NO, concentra-
tion in the exhaust gas. Recommendations for

further study have been listed in the discussion

(page 63.



Chapter 5

FURTHER UTILITY OF THE SYSTEM

Experimental set-up has been described in Chapter

2. The system was designed to cover as many test vari-

ables as possible with the flexibility for future

modifications.

5.1  PARAMETERS

Following are the parameters with the specified

range that can be varied for experimental purposes:

Compression ratio
Intake air temperature
Spark

Mixture temperature
Air fuel ratio

Percent EGR

EGR temperature

EGR humidity

EGR pump vacuum
Exhaust port pressure

Intake air humidity

5.2 FURTHER STUDY

4.46 - 16.00
40° - 160° F
40° BTC - 40° ATC

75° - 300° F
12 - 24
0 - 90
75° - 500° F

Dry to maximum in the exhaust
0 - 25 inch, Hg.
0.25 - 5.0 psig

10° F dewpoint to atmos.humidity

In the previous section parameters that can be

-67-
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varied are listed. Any number of listed parameters can

be varied or kept unaltered. Five useful combinations of

these parameters were undertaken in this study. Besides

these combinations, other possible interesting set for

" further investigations may be:

(1)

(ii)

»(iii)

(iv)

SPARK: In the present study, all tests were con-
ducted for a fixed spark setting of 10° BTC. This
spark setting may be changed from 40° BTC to 40°

ATC to acquire data on exhaust emissions.

COMPRESSION RATIO: One of ‘the methods to reduce
NOx concentration in the engine exhaust is to de-
crease compression ratio. It can be varied from

4.46 to 16.00.

POWER: The engine is coupled with a synchrohous
motor capable of keeping the engine speed constant
at 900 rpm. If the power‘measureﬁent is desirable,
I.H.P. can be measured by photographing p-v image

from the engine analyser oscilloscope.

EXHAUST PRESSURE: It has been indicated in this
study that valve overlap results in substantial
reductions of NOx emissions. The charge dilution
thus provided by the valve overlap may be further

studied by increasing pressure at the exhaust port.
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To do this, the globe valve leading to atmospheric
exhaust may be set to appropriate position. An-
other desirable parameter in this reference may be

the measurement of the exhaust port pressure.

LARGE QUANTITY OF EGR: In the present study a
maximum of 20% exhaust gas was recycled. For this
flow measurement, a calibrated rotameter was used.
For higher flow rate up to as much as 90% EGR, flow
metering system described in 2.2.2 may be used.
The metering system may be calibrated using the

rotameter.

EGR § MIXTURE TEMPERATURE: .The effect of mixture
temperature on NO. emissions has already been dis-

cussed. Depending upon whether or not the mixture

is rich or lean, NOx concentration decreases oT

increases when the mixture is heated. A further
extension of this problem would be to observe the
effect of mixture temperature on NOx emissions'as
the exhaust gas is recycled and to compare the
effectiveness of the EGR for different mixture

temperatures.

OTHER GASES: Apart from exhaust gas recycling,

c0,, N

5s No» A, He, etc., may be injected into the
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(ix)

(x)
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combustion chamber. The effect of recycling these
gases has been studied (22) but this may be used

for further investigations.

EXHAUST GAS HUMIDITY: Humidity of the recycled
exhaust gas may be varied from dry to the amount
of moisture available invthe engine exhaust. In
this work, only dry exhaust gas was recycled.

The moisture in the exhaust is not ex-
pected to behave any differently than the moisture
in the intake air, however, this experimental

set-up provides this facility.

VARIOUS FUEL: 'Shell Regular' was the fuel used
in this study. Other fuels like Indolene, Octane,
heptane or lead free fuel may be used to study

emissions.

SAMPLE VACUUM: As the vacﬁhm is created near the
exhaust port, NOX concentration tends to increase
because less charge dilution takes place at the
exhaust port. Here this fact has been merely
reported. Its effect with other parameters,
including exhaust gas recirculation, may be the

subject for further investigation.
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GENERAL RECOMMENDATIONS

To have an efficient utility of the system, a few

modifications may be necessary:

1'

AIR FLOW MEASUREMENT: It has been pointed out in

section 3.1.1 that air flow measurement was not accurate

and an alternative technique was employed to measure the

air flow tentatively. For accurate flow measurement, one

of the following three methods may be used:

(1)

(ii)

(iii)

CRITICAL FLOW NOZZLE: It is a nozzle with Sonic

flow conditions at the. throat. Measuring pressure
upstream and downstream of the throat and using
gas tables, air flow rate can be measured very

accurately.

EXHAUST ANALYSIS: This is an indirect procedure
to determine air fuel ratio. Im this method
exhaust gas is analysed for COZ’ €0, and 02 using
Gas Partitioner or Orsat appafatus. For a known
carbon to hydrogen ratio in the fuel, air fuel
ratio can be directly read from D'Alleva tables

(29) for the analysed exhaust components.

MERRIAM LAMINAR FLOW METER: It is a laminar flow

orifice meter with pressure damping chamber. This

P
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has been used in reference (8).

2. VARIABLE COMPRESSION: Enginé cylinder head is.hovable
to adjust the desired.compression ratio. This may caﬁée 4
severe straining of the exhaust port flange whose movement

is restricted by‘sﬁrge tank support and globe.valve

pracket. These supports may be suitably modified to per-

mit this movement.

3. FUEL SUPPLY: In the existing arrangemeﬁts, fuel
is carried to fﬁel bowllby siphon action. However,‘if
due attention is not paid to the fuel flow rate, it may
overflow the fuel bowl and spill over the floor. A suit-
able arrangement may be designed for continuous fuel

supply to the engine.

4. EXHAUST OUT FAN: Engine exhausts into the yellow
exhaust pipe provided iﬁ the test cell. There is no ex-
haust fan in the long pipe leading to atmosphere, it
causes significant back pressure build up. This may alter
the engine performance. An exhaust fan, therefore, must

" be installed in the exhaust line.

5. CARBON DEPOSIT: To avoid sooting in the exhaust
gas cooler, it is recommended that a particle filter be

installed upstream of the:cooler.



Chapter 6

ANALYTICAL INVESTIGATIONS

6.1 ANALYSIS

The study of chemical kinetics of the Internal
Combustion Engine has been undertaken to evaluate the
concentration of various exhéust gas components by a
digital computer simulation of the engine cycle. Fif-
teen reaction products at_chemical equilibrium resulting
from the combustion process of hydrocarbon fuel in air
have been computed. The thermodynamic cycle employed is
basically the Otto cycle. The fuel air mixture with and
without recycled exhaust gas is compressed polytropically.
Compression is. followed by constant pressure combustion,
giving rise to a ;hemical equilibrium distribution 6f
species. It is well established that nitric oxide con-
centration in the engine exhaust corresponds approximately
to chemical equilibrium concentration calculated for the
peak combustion temperature (6,15,19,33-35). The con-
centration level is, however, several orders of magnitude
greater at this temperature than at the final exhaust
temperature. Throughout the analysis, nitric oxide con-

centration has been evaluated at the adiabatic flame

-7%-
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temperature which is assumed to be the peak cycle tempera-

ture. All computations have been carried out for one mole

of fuel.

6.2 BASIC PROCEDURE

As a result of fuel air combustion in the engine,
the following fifteen species are assumed to constitute the

exhaust gas:

Major Constituents: COZ’ HZO’ N2’ OZ'or co

Minor Constituents: H,, H, OH, 0, N, NO, C, C;H,, NHS'and
CH4.

One of the major species in the exhaust gas is 0, or co

depending on whether the initial fuel air mixture is lean

or rich. If the fuel is represented by C Hy’ the number

of moles of each specie in the combustlon products by

etc.), number of moles of

M (SPECIE) (e.g., coz’ oz’

oxygen in the intake mixture by Npo. ¥ the standard car-
2
buretion (combustion) equation can be written as follows

(for each mole of fuel)

CxHy + nROZ (O2 + 3,76 NZ) _—f> nCOZCO2 + nHZOHZO + nOZO2
nN2 2 + nH2H2.+ nCOCO + nHH

+ 00 * nN + NN * n.C

+n C.H, + n,, NH
. CZHZ 272 NH3 3
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In air, Nz to O2 ratio(by volume) of 3.76 is

standard. In general, equation (1) can be abbreviated

as.:
3 4 15 , |
:Z:niAi-———————> :E: B, e (2)
i=1 j=1

Where Ai and Bj are the reactants and products in the
combustion proceés and ny and nj are the molar concentra;
tions of reactants and products fespectively. For a.
specific fuel and an assuﬁed intake mixture condition, all
three ni‘s would be known in the reactants. To compute -

16 unknbwns namely, adiabatic flame temperature (T) and 15
molar concentrations (nj's) in the combustion products,

16 independent equations must be employed. These are:

(a) Four equations of conservation of atoms C,H,0 and N.
(b) One energy conservation equation.

(c) Eleven independent equilibridm equations.

(a) Conservation of Atoms

Carbon: x =n + Moy + N+ 204 DMy eeees (3)
CO2 Co C CZHZ CH4
Hydrogen: 'y = Iny +72ny ¥y F Moy + 206 g
1Y 2 22

+ 3nNH + 4nCH v (4)

)



(b)

(c)

4. 2C+H,
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+n
2 2

Oxygen: n = 2 ne

CO2 0

* ng * Iy e (5)

Ni : . =
itrogen: 3.76 x nco2 2 nNz * ooy gt nNHS

Energy Conservation Equation .
3 15

EE: nH, (T, ) :E: S Q)

i=1 j=1

il

where Tin Intake air temperature

T Adiabatic flame temperature

H

1

Enthalpy of species i or j at T, orT.

The following 11 independent chemical equilibrium

equations are employed for the combustion equation (1).

1. Py
—_— C0 + % 02

2. co, + H2

l

co + H20

w
Q
o
oo

+
]

~

~
W

~

—3

~—

2 CO

-~
=
N
~
—3
L

C2H2

-~
=]
o
~
-3
~

5. Co + 3 HZ CH4 + HZO

N

jos o

o
-~
=]
{2}
~

l’%
~—

L4, + OH

oy
L
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. P
10. 50, + 5 N, —10_yNo

K. (T)

1 ! P
11. 1N2 + 3/2H2 11 3 NHS

where K (T)---Kp (T) are chemical equilibrium
1 11 ‘
constants. '

Let two important quantities be defined:

1. EQUIVALENCE RATIO §

The equivalence ratio is a normalized non-dimen-
sional quantity and is defined as

(fuel )
g = oxidizer

(fuel )

oxidizer’ stoichiometric

An equivalence ratio of less than one is fuel lean;

greater than one, fuel rich and equal to one stoichiometric.

2. STOICHIOMETRIC MIXTURE RATIO

The stoichiometric mixture ratio corresponds to com-

¥
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plete combustion reaction. For systems with C, H, 0 and N .
atoms only, the stoichiometric reactants composition is. the
one which could produce only CO,, HZO and N, on the basis .

of atom conservation.

Héptane C7Hi6 has been used as the fuel for the
analytical study. The stoichiometric equation for heptane

is written as:

C7H16 + 11.0 (O2 + 3.76 NZ) —_ 7 CO2 + 8 CO2

+ 3,76 x 11.0 N, veees (9)

In order to write equation (1) with the variable
initial mixture conditions, it is essential to include

equivalence ratio #.

1/n
RO
g = T7II-% (As defined in equation 8)

. N _ 11
R T
Hence equation (1) for heptane becomes:

¥ 11 (0, + 3.76 N,) —> PRODUCTS OF COMBUSTION
S (10)

Since these 16 equations cannot be solved simultaneously

- Cllyg

an iterative procedure shown in Fig. 6.1 has been adopted.'
A1l eleven equilibrium equations and the energy equations

depend upon thé adiabatic flame temperature which is
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c, H, 0, N 11 EQUILIBRIUM EQUATIONS ENERGY
ATOM | C0, —=— €0+ 0, EQUATION
CONSERVATION| | =-rmmmmmmmmmmmmmmmmmmmes
EQUATION w0, + W, Yo

START

!

INITIAL GUESS

L_. FOR 4 MAJOR
| SPECIES AND
T

A

ALL 15 COMBUSTION

PRODUCTS ANALYSED

\
A BETTER ESTIMATE

FOR IIT"

L

DESIRED CONTINUE
ACCURACY _No THE
ACHIEVED? ANALYSIS

<

| Yes

STOP
THE
ANALYSIS

i ' Fig. 6.1 BASIC PROCEDURE FOR THE EXHAUST ANALYSIS
]
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chosen suitably but arbitrarily. Data for equilibrium
constants and enthalpy of formation are available in the
reference (36-37). Only 12' equations have yet been men-

tioned for the iterative procedure, hence to solve for 16

unknowns, remaining four atom conservation equations must

be used to proVide an initial guess for the major species.

These major components are then used in the equilibrium

. equation to estimate the concentration of remaining 11

species in the exhaust gas. With all specie concentrations
known, the energy equation is employed to predict a better
value of the assumed adiabatic temperature. A better esti-
mate of four major species for the next iteration is cal- |
culated using four atom conservation equations and 11 species
estimated in the previous iteration. With the newly

calculated adiabatic flame temperature and four major species

‘concentration, the procedure is repeated to estimate

adiabatic temperature and 11 species. This procedure is
continuously repeated until the exhaustgas is analysed

to the desired accuracy. The procedure has been illustrated

in Fig. 6.1.

The technique used in estimating the major species
and species themselves is slightly different for g < 1.0

and # > 1.0.
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INITIAL GUESS FOR MAJOR SPECIES

p <1.0: § <L.0 1mp11es that the available air is in excess
of that needed for complete combust1on so the concentration
of 0,, Co,, N, and HZO can be roughly estimated for the
first itération by'assuming a complete combustion of the

fuel and neglecting the quantity of other specie,

g >1.0: In case of'ﬂ < 1.0 it is apparent that besides
No» CO2 and H, 0, 02 is one of four major components in the
product gas. However, in this case, it is not so. § > 1.0
implies that the available 02 for the combustion is just
sufficient or scarce so it can't be a major specie. It is
obvious that as air fuel mixture becomes richer, CO concen-
tration would tend to increase because of incomplete
combustion, hence CO has been assumed to be a major specie
besides C02, HZO and NZ‘ For the above mentioned reason
complete combustion of the fuel can't be assumed even for
rough estiﬁation of the major species. So HZO and CO are -
first suitably guessed and hence co, and N,. This is

. necessary only for the first iteration.Once initiated for

g = 1.0, a rough egtimate of the four major specie for the
subsequent equivalence ratios may be taken from the results
of the specie concentrations for the preceding equivalence
ratios. A number of arbitrary rough estimates for maJor

species were tried for § = 1.0. The iteration for the
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specie converged for a specific set of major species. This

set was used to initiate the iteration process.

1)

STANDARD CARBURETION (SC) AND EXHAUST GAS RECIRCULATION (EGR)

Standard Carburetion is the term which shall be used
frequently to indicate that only air and fuel were admitted
into the engine cylinder for combustion, The term Exhaust
Gas Recirculation would indicate that a definite fraction
of the total charge admitted into the engine was exhaust gas

in addition to the appropriate fuel and air quantities.

The procedure for exhaust gas analysis outlined so
far considers the standard carburetion only. Additional

steps for the EGR analysis are described hereafter.

EXHAUST GAS RECIRCULATION (EGR)

Once the exhaust gas had been analysed for the stand-
ard carburetion, a specific fraction of the exhaust gas was
recycled along with the fresh air fuel charge. The fresh
air fuel charge was assumed to decrease in proportion to the
quantity of recycled exhaust gas to maintain the total quan-
tity of the charge admitted into the engine unchanged. Thus
the changes in the total energy of the reactants as well as
the changes in the quantity of major species were accounted
for proportionately and the above iteration procedure was

followed. Having found new concentration of exhaust
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components and adiabatic flame temperature, again the same

quantity of exhaust gas was recycled with the fresh charge
and exhaust species analysed. The whole procedure was |
continuously repeated until the exhaust gas analysis was
" the same for both exhaust gas going into the eﬁgine and
coming out of the engine. In other words, a steady state
was reached. The recycled gas fraction or EGR fraction

FIN is defined as follows:

FIN = Number of moles of exhaust gas recycled
: Total number of moles of fresh charge without the EGR

.7...(11)

It is quite evident from equation (9) .that number of
moles of reactants are different from the number of moles of
exhaust gas. Hence, another term is required which can
relate FIN, total number of moles of exhaust gas and number

of moles of recycled gas. The term is designated as F and

is defined as follows:

_ Number of recycled gas moles _
F = Total no. of moles in The exhaust with the EGR

ceeea (12)
pividing equation (11) by (12)
FIN _ Total no. of moles in the exhaust with the EGR
F_ - Total no. of moles of fresh charge without the EGR
vee o (13)
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Hence the equation with the EGR is
‘ L, 1
(1-FIN) | Cyftyq + 5= (0, +.3.76 N+ F { W (x+1)}

— 3 PRODUCTS XN (K+1) e (18)
where x N (K+1) = Total no. of moles in the exhaust gas

(A Computer Program Notation)

While the equation for the standard carburetion may

be written as:

11 :
C7H16 + =3 (02 + 3.76 NZ) — XN (K+1) veeas (15)

Equation (13) reduces to

FIN _ N (K+1)
Froogs 1% (1 + 3.76)

%723%%%%1, as 1 <« l% (4.76)
)

12

or
' _F . XN _(K+1)
s b (16)

Detailed calculation procedure shall be described

in section 6.4.

6.3  LIMITATION OF ANALYTICAL MODEL

The analysis and the simulation of the engine cycle

is based on the assumptions summarized as follows:
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Nitric oxide in the exhaust gas is assumedto exist
at its adiabatic flame temperature (chemical equi-

1ibrium) concentration.

Combustion is assumed to occur spontaneously.

and at constant pressure.

Fuel is assumed to be composed of carbon and hydrogen
atoms only. There are no other impurities like

sulphur or lead.

Charge dilution by the cylinder residuals and be-
cause of valve overlap is assumed to be small and -

hence neglected.

As a result of the EGR, reductions in the intake air

and fuel quantity are assumed to be in the same

proportion.

Total number of moles of fresh air fuel charge as
well as moles of recycled gas admitted into the
engine are assumed to be unchanged for various initial

mixture temperature and recycled gas temperature.

The effect of the temperature gradients in the

~ combustion chamber is neglected.

While examining the validity of these assumptions in

the light of actual engine performance, it should be kept in

mind that the analysis is intended only to demonstrate
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behavioral trends.

The assumed instantaneous combustion prdcess im-
plies essentially an extreﬁely high rate of flame proboga-
tion resulting in a high peak combustion temperature. In
this event the predicted concentration of nitric oxide would

be greater than the actual one.

Recycling the exhaust gas would be expected to retard
the rate of flame propogation. This influence of exhaust
recycle on flame speed would produce an additional tem-
perature reduction over and above ‘that produced by the
dilution effect considered. In this case, the reduction of
nitric oxide by exhaust recycle would be expected to be
greater than that given by the present analysis. It may be
emphasized that the effect of any reduction in the flame
speed produced by exhaust recycling would result in some
penalties on engine performance."However, the reduction in
the flame speed may be compensated to some extent by advanc-

ing the ignition timing.

It was observed in the actual engine testing that
the reductions in the fuel flow are faster than the reductions
| in the intake air flow as the recycled gas quantity is in-
creased. In the analysis, however, it was assumed that the
" reductions in the fuel flow and air flow are in the same

proportions. Assumption no. 6 implies that total mass flow
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admitted into the engine is assumed to be unchanged.
While the total volume of the intake charge would change
as the air fuel mixture temperature and/or recycled gas

temperature is altered.

6.4  COMPUTER PROGRAMMING

To implement the computational procedures outlined
in section 6.2 for‘the»exhaust gas analysis, a computer
program has been devéloﬁed. The computer program was

divided into two parts as follows:

(i) Main progranm;

(ii) Subprograms.

The main program carried out the iterations for the
exhaust gas analysis while 24 subprograms provided data
for 11 equilibrium constants and 13 species* enthalpy as

a function of temperature. These subprograms were called

* Enthalpy data for the remaining two species namely CZHZ
and CH4 were not included as the small quantities
(10_25%) of these traces present in the exhaust gas

does not contribute to the energy equation.
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in the main program at the appropriate step. To include
equilibrium constants (Kp) and specie enthalpy (H) data

as a function of temperature, six degree polynomials were
prepared. Each subprogram employed one polynomial to |
compute the value of Kp or H for a specific temperature ‘in

the main program.

6.4.1 NOMENCLATURE FOR PROGRAMMING

Some of the symbolic names for FORTRAN language- are
listed in Table 6-1. The Temaining auxiliary names are

explained in the programs by comment cards.
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TABLE 6-1

SYMBOLIC NAMES FOR FORTRAN LANGUAGE

FIN

H(1)---H(7)

K

P

P1m"P1g

PHCOZ---PHC7H

difference in PROENT § REAENT.

no. of carbon atoﬁs in one mole
of fuel (x)

no. of hydrogen atoms in one mole
of fuel (y)

total no. of oxygen atoms in the
intake air

total no. of nitrogen atoms in
the intake air

specific heat of the exhaust gas
specific heat of €0, HZO’ 0, and N,
compression ratio

arrays for the difference in the
species compositions in subsequent

iterations with ILGR

recycled exhaust gas fraction
(exhaust side)

recycled exhaust gas fraction
(intake side)

polynomial constants

no. of iterations performed for exhaust
gas concentration

no. of iterations performed for a
flame temperature

peak pressure of combustion
specie enthalpy of COZ-—-C7H16

subprograms for COZ—-—C7H16




PHI
PROENT

REAENT
RHC7H
T

TIN
TR

Wi o)

X( )

XNCH

2
XK(1)---XK(11)

XNCO

XKP (1) - - -XKP (11)

XN(K+1)

XNOZ---XNNH3

XN, ,

XX
Y(C )

oYY

YYY

L7
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equivalence ratio

total enthalpy of product gas per
mole of fuel

reaétant enthalpy of fuel C7H16
enthalpy of intake 0,

enthalpy of intake N,

total intake reactant enthalpy
subprogram for fuel C7H16 enthalpy
adiabatic flame temperéturé
intake,air‘temperature

récycled exhaust gas temperature

array to store exhaust analysis for
the preceded iteration :

array to store mole fraction of the
exhaust gas analysis (SG)

no. of moles of CZHZ

no. of moles of CO2 in exhaust

equilibrium constants K ---X
P p

11

subprograms'for K ---K
P Pn1

total no. of moles of exhaust gas
after Kth iteration

no. of moles of NZ’ 02---NH3 in exhaust
no. of atoms of carbon in fuel formula

array to store mole fractions of the
exhaust analysis (EGR)

no. of atoms of hydrogen in fuel
formula

half of YY

stoichiomatic no. of moles of 02.
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6.4.2 POLYNOMIALS

As previously stated, 24 polynomials were prepared
for equilibrium constants énd enthalpy of species data as
a function of temperature. Polyhomials for the equili-
brium éonstant; and enthalpy of species were represented
by XKP1, XKP2---XKP1l and XNCO,, XNOZ-—-XNC7H respectively.

The polynomials assumed the following form:

i

XKP(1) = H(1) + H()T + H(3)TE + 0T + syt HE)T
+ unTe

SNCO. = H(1) + H(2)T + H(3)T + R + BT + HE)T

it

+ nenr
where H(1)---H(T) are constants obtained for the

specific data for each polynomial.

In the early stages of programming four, six and
eight degree polynomials were prepared for the data and the
order of error incurred in the original data was found to
be 2.0%, 0.1% and 0.09% respectively. Hence six degree
polynomials were prepared for the data. Temperature range
and other details of the data used in the polynomial making
are listed below. It should be emphasized that variation
in the parameters in the actual computer program should not
exceed these limits, otherwise the computations may be

absurd because of inaccurate data supplied to the main pro-

gram by the polynomials.

Ldf
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(A) EQUILIBRIUM CONSTANTS (Kp)

(a) Range of temperatufe ~ ¢ 1000° - 3000° K

(b) Temperature for which the : 1000, 1300, 1600, 2000, .
data has been used in the . :

polynomial making 2300, 2600 and 2000° K f
(c) Maximum error . 0.025% wf
(d) Source of the data : reference no. 37 o

(B) AH(T) FOR 13 SPECIES

AH(T) = Total energy in the specie

1

H(T) — H(298) + AHg (298) cal/gm.mole
where '

H(T)

Enthalpy of specie at temp. T

Enthalpy of formation of the specie at 298° K
(cal/gm.mole)

0
AHf(ZQS)

(a) Range of Temperature
. ' - 0_cqn®
(1) Fuel C7H16 ¢ 300 -500" K
(11) .12 species (other than fuel) : 298 - 4750° K
(b) Temperature for which the data has been in the
making
(1) Fuel C7H16 : . 300, 310, 320, 330,
350, 400 and 450° K
. 298, 1000, 1800,
2500,,3250, 4000
and 4750° K

(ii) Other species

(c) Maximum error
(i) Fuel . . 13 (300 - 350° )
- . 0.025% (350 - 450° K)
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(ii) Other species : 0.01%
(d) Source of data . : Reference no. 36,37
(e) The 12 species were : €0,, HyO, 02, N, CO,

Hy, OH, 0, H, N, N0

and C

6.4.3 ITERATIONS

As mentioned earlier, the major species of g > 1.0
and § < 1.0 were differént and the iterative procedure was
slightly differént for both cases. Also the computer pro-
grams were separately written for standard carburetion and
exhaust gas recirculation. Thus 1in all four computer pro-
grams were developed which are attached in Appendix G.
Listed in table 6-2 are the major species and the initial
guess for the adiabatic temperature for § < 1.0 and § > 1.0.

These figures were selected after preliminary computations.

TABLE 6-2
"JTABATIC FLAME TEMPERATURE [MAJOR SPECTES FOR C,Hyg
T = 1500° K 7 <06 | Q27"
f<1.0 | H)0 - 5.0
‘| 7= 1200° Kk 0.6¢< ¢ <1.0 0, = nRoZ - 11.0
N, = 3.76 " 0O
co, = 6.3
| : Hy0 = 7.5
§>1.0| T = 2500 = 200§ o = 7.0 "c0, = 0.7
. - 1] n
N; = 3.76 ° 100,
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Table 6-3 shows the summary of the limits and accuracies

where the iteration process was terminated.

TABLE 6-3

STANDARD CARBURETION | EXHAUST GAS RECIRCULATION
B < 1.0 f > 1.0 f< 1.0 g > 1.0
AA 50 50 25.0 50.0
AT 1.0 1.0 1.0 1.0
Cq 0.1% - 0.1% --
C2 -- 1.0% -- 0.5%
cC -- 1.0% -- 0.5%
T --0.1%|T -- 0.5%
0 --0.13)cO - 0.5%
ER -- -- NO -~ 0.1%3|NO  -- 0.1%
XN(K+1) -0.15 | XN(K+1)-0.5%
K 5 5 5 5
Program .
Number I 11 111 IV
see
(App.G)
where ,
AA = Maximum difference in reactant § products enthalpy for
the final adiabatic flame temperature (calories/gm.mole)
AT = Maximum difference in two consecutive flame temperature
' for which products species are analysed'(oK)
C1 = Maximum difference in the concentration of NO in two

consecutive iterations (moles per mole of fuel)
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C. = Maximum difference in the concentration of H2 in two

consecutive iterations (moles per mole of fuel)

Maximum difference in the concentration of CO in two

o
(@]
n

consecutive iterations (moles per mole of fuel)

K = Minimum no. of iterations for products species for
every value of adiabatic flame' temperature

6.4.4 FEATURES OF THE COMPUTER PROGRAMS

The computer programs developed are capable of analysing
any hydrocarbon fuel CxHy for fifteen exhaust products.at
adiabatic flame temperature. If the expansion stroke of the
engine cycle is also included in the analysis, the programs

can analyse exhaust gas at the exhaust temperature.

To analyse any fuel CxHy’ the following two steps
should be taken:

1. Write down the stoichiomatic equation of combustion
for the fuel. Thus calculate ZZ and change three
cards for XX, YY and 77 in the program.

2, Prepare a polynomial for the fuel enthalpy and re-
place the data cards of heptane fuel by these data

cards in the end of the program.

The computer programs provide the exhaust gas analysis
(15 species) and adiabatic flame temperature in tabular form

for the range of variation shown in Table 6-4. These para-

meters are:
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TABLE 6-4
RANGE
PARAMETERS SC EGR
: DO DO
g <1.0 |g>1.0 | Loop| p<1.0 g > 1.0 |LOOP
# ' #
TIN, © K | 300-500 | 300-500 44 200-500 | 300-500 | 45
E CR ¥ + 43 + + 46
TR, ° K - .| n/a*| 300-1000 | 300-1000 47
FIN - ; n/a. | 0.0-0.5 | 0.0-0.4 18
g 0.50-0.98 | 1.0-1.4 49 | 0.50-0.98 | 1.0-1.3 49
COMPUTER
PROGRAM # I 11 111 v
(APP.G) :
T Any suitable range

* Not applicable




(1) Intake-air temperature (TIN) (SC & EGR)
(2) Compression ratio (Cﬁ) (SC § EGR) ¥
(3) Recycled gas temperature (TR) (EGR only) |
(4 Percent recycling (FIN) (EGR only)

(5) Equivalence ratio (f) (SC § EGR)'

The interval of variation of these parameters can
be as small as desired within the specified range of
variation. Table 6-4 shows DO LOOP # in which some cards
need be changed for this purpose; As an illustrative
example of the procedure, considey program I and TIN

variation. The corresponding DO LOOP # is 44. The pro-

gram reads (App.G).

1 TIN = 200.0
2. Do 44 IB =1,3
3. TIN = TIN + 100.0

4. . 44 CONTINUE

Card 3 specifies the interval of variation in TIN
is 100° K, while the initial value is 200 * 100 = 300° K.
Card 2 specifies that the loop would be executed three times.
That is, TIN wéuld assume three different values, 300, 400
" and 500° XK. These cards should be changed according to the

requirement. If a fixed value of TIN is desired for the

N
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variation of other parameters, specify the fixed value of

TIN in card 1 and delete the remaining cards. Similar

procedure is to be followed with other parameters.

Since the assumed combustion occurs at constant
pressure, the developed computer program is also adapt-
“ble to DIESEL and GAS TURBINES exhaust analysis. In
these cases, the expansion stroke of the combustion cycle
is to be simulated and incorporated into the program

suitably. , ;

The programs could also be easily modified to study
the effects of water injection in.the combustion chamber
and effects of intake air humidity on the exhaust gas con-

centrations.

" 6.4.5 ERROR ANALYSIS

Data for the species enthalpy (AH) and the equili-
brium constants (Kp) have been used in the computation.
The magnitude of erroT incurred in"the original data for the
polynomial formation is listed in section 6.4.3, Table 6-3.
It must be realised that the error thus incurred is over and
above the error in the data itself. To analyse the effect.
of inaccurate data on the exhaust gas analysis, three
computer programs Were executed for § < 1.0, standard

carburetion. In each case, error introduced in the data

was up to 15%.
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(i) Effect of error in Kp's

The effect of error thus incurred on NO concentration
was up to 12% (i.e., about 80% of the error introduced in
K 's).
D )
(ii) Effect of error in AH(T)'s

The effect of error thus incurred on NO concentration
was up to 1.5% (i.e., about 10% of the error introduced in
H(T)'s).

(iii) Effect of equal error in Kn's and AH(T)'s

The order of error in NO is about the same as the

magnitude of error thus incurred.
6.5 RESULTS

Four computer programs have been developed:
I g < 1.0, Standard Carburetion (s.C.)
- II g > 1.0, S.C.

111 g < 1.0, Exhaust Gas Recirculation (E.G.R.)

v )

v

1.0, E.G.R.
The text of these programs is listed in Appendix G.

The programs are capable of providing exhaust emission
data for various operating variables listed in Table 6-4.
Some of the representative curves prepared from the computer

data are shown in Figures 6.2 to 6.10. A large number of

i
|

-

|
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such curves can be plotted and the results be critically

analysed. , By

It may be noted that the EGR work presented here

completely agrees in trend with the work of Newhall ( 6).
Also the Standard Carburetion results agree in trend and
magnitude with the work presented at the Combustion Generated
Air Pollution Seminar (38). It is interesting to observe
the similarities in the results of the above mentionéd
three studies, since the author was unaware of Newhall's
work until the present Pfograms had béen developed. It
may be mentioned that Newhall's paper does not describe the
technique used in the analysis and the assumptions employed
in the present work differ from the paper to some extent.
(Newhall's study assumed constant volume combustion). The

paper does not include the following information:

1. How the recycled gas fraction was computed?

2. Which fuel was employed for.the study?

The representative results presented here have
already been commented upon and compared (vhere possible)
with the experimental results in section 4.2. The writer ;s
purposely avoiding the analysis and the interpretation of these

results, since it would be merely a repetition of the

analysis available in references (6,38).

\
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APPENDIX A

U.S. EXHAUST EMISSION STANDARDS

EMISSIONS gm/mile

CALIFORNIA FEDERAL
HC CO No_  HC  CO

11.0 80.0 4-6 11.0 80.0

3.5 36.0 NR*  11.0 80.0

3.5 36.0 NR 3.5 36.0

2.2 23.0 NR 2.2 23.0

2.2 23.0 4.0. 2.2 23.0

1.5 23.0 3.0 3.4 39.0

1.5 23.0 3.0 3.4 39.0

1.5 23.0 1.3 3.4 39.0
NATIONAL

NO
X
4-6
4-6
NR
NR
NR
NR

3.0 .

3.0

HC €O Nox PART ICULATES

0.41 3.4 3.0 0.10
0.41 3.40 0.40 0.03

* NO requirement.



APPENDIX B

CFR LOW SPEED ENGINE SPECIFICATIONS

Compression ratio ' - 4,46 to 16.00
Standard bore, in. 3,25

Stroke, in. " | 4.50
Displacement, cu.in. o 37.33

Spark plug size, mm 18

Intake valve opens, ATC , 10°

Exhaust valve closes, ATC 15°

R.P.M. 900 + 9

-ii-




APPENDIX C
AIR FLOW CORRECTION FACTOR

The theoretical air flow rate was calculated and

compared with the observed air flow rate as follows:

THEORETICAL AIR FLOW:

DATA,
Air temperature = 75° F
Air flow meter reading = '0.87",'H20
Displacement volume = 37.33 inch3
R.P.M. = 900
For 100% volumetric efficiency
Air flow rate = 37.33 x 2%9 cu.in/min.

_ 37.33 x 450 oy

IZx1zx12 7
- 9.71 CEM
Density of air at 75° F = 0.0742 1b/£t3
" Air flow rate = 9.71 x 0.0742 1b/min.
= 43.2 1b/hr |

MEASURED AIR FLOW (from supplied calibration charts¥)

49,0 x 0.986 1b/hr

Air flow rate
48.4 1b/hr

* Reference 32

C-iii-




For a compression ratio of 8 and an assuiied B.H.P. of
1.2, volumetric efficiency is calculated to be 90% when
engine is being motored., This would be expected to be even
smaller when engine is firing.

Therefore,

Theoretical air flow 0.90 x 43.2 1b/hr

38.88 1b/hr

but, Measured air flow 48.4 1b/hr

In the actual case, the measured air flow should be
smaller than the theoretical flow rate because of higher
gaseous temperature in the combustion chamber. Hence, the
error in the measured air flow, which is célculated to be

24.5%, would be still higher.

The air flow rate was estimated by using information

published in (15), which is given below:

1.1 x 10—2 1b/sec

Air flow rate

Mixture temperature = 180° F
Engine R.P.M. = 1200
Compression ratio = 7

The engine size, type and other specifications are
similar to the‘engine used in this study except the engine

" speed is 900 rpm in the present system.

..iv..



900
1700 ¥ 39.6 1b/hr

At 900 rpm, air flow rate would be

= 29,7 1b/hr

With the engine, under similar operative conditions

as mentioned above,. the following data was acquired.

Air flow meter reading = 0.77", HZO
Intake air temperature = 74°F
Therefore,
Measured air flow = chart reading x
" temperature factor
= 46.0 x 0.986 1lb/hr
= 45.4 1b/hr
Hence, .
_ 0 29.7
CORRECTION FACTOR = 157
= 0,655

‘This correction factor has been used to correct the

air flow rate given by nozzle meter.

Using this correction factor, the piot of NO,
emission versus air fuel ratio appears as shown in Fig.4-1.
If this curve is compared with the results published in
Reference (10, Fig. 1), it is revealed that the calculated
air fuel ratio is higher by about 2.5 and stoichiometric

ratio is in the neighbourhood of 17.5.



DRY AIR: Air flow rate thus obtained was divided by
(1.0 + Wm) where W is the moisture in 1b per 1b of dry

air. 1In results only dry air fuel ratio is specified.
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APPENDIX D

ROTAMETER CALIBRATION

\

A rotameter with 1.5 SCFM capacity was used to

" meter dry exhaust gas flow. It was calibrated with both
floats (pyrex and stainless steel) simultaneously, using

a precision standard flowmeter, called WET TEST METER (25).
The exhaust gas after being cooled in the exhaust gas
cooler was recycled to the engiﬁe carbureter through a
silica gel drier, the rotameter and the standard flow-
meter. This calibration arrangement ensured identical
operating conditions during caiibration and metering.

The temperature of the exhaust gas through the rotameter was
maintained at 84° F throughout the calibration. Fig. A
shows the calibration curve thus acquired for the exhaust

gas. Some important features to be kept in mind are:

1. To ensure that dry exhaust gas was passing through
the rotameter, silica gel was replaced in the drier

well before it became saturated.

2. Pressure drop across the standard flow meter was
nmeasured with a mercury manometer and was used in

calculating the flow rate.

3. For a fixed reading of the rotameter, the flow

rate was almost independent of upstream pressure.
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The calibration was repeatable within an experi-

mental error of 1.0%.

While metering thé exhaust gas flow at temperatures
other than 84° F, a temperature correction factor

was applied to the flow rate read off the calibra-

tion curve.
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APPENDIX E

SYSTEM MAINTENANCE

\

A complete and detailed procedure is given in
Ref. (31). However, some important features to be kept

in mind are:
ENGINE:

1. Prior to starting the engine, make sure that exhaust

globe valve is completely open.

2. | 550 volt power supply to the synchronous A.C. motor
be connected according to the colour code. Failure
to observe this may result in opposite direction of
rotation of the engine and thus the exhaust port ‘

would become the suction port and vice versa.

3. When the engine has reached the operating temperature
water level in the cylinder condenser must be at

the "operating level" mark.

EGR SYSTEM:

1. During system operation, check hourly for water
condensétion at surge tank, exhaust gas cooler,

particle filter and pump filter drains.




Clean the carbon deposit from the sheath of the

. exhaust temperature thermocouple, otherwise, it is

liable to give meaningless information.

v

Before switching on the EGR gas heater, check the
resistance between ground and one of the power
terminal of the heater. This resistance should

be at least 50 mega ohms.

If the pump shows excessive suction side vacuum,

for completely open EGR globe valve, it indicates

. that the particle filter element has been clogged

up and requires replacement oY cleaning with

methanol. Excessive vacuum on suction side may

damage the pump.

Lubricant level of the EGR pump may be periodically

checked.
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APPENDIX F

SAMPLE CALCULATIONS

\

To illustrate the calculation procedure, one

representative set of data is presented as follows:

DATA:

General,
Mixture temperature = 180° F
NOX concentration = 2100 ppm
Humidity,'wm = 64 grains/1b of air

= 0.00915 1b/1b of air
Cycle peak pressure = 320 psig.
Suction side vacuum
at EGR pump = 12.5 inHg.

Air flow,
Nozzle meter reading = 0.75 in. HZO
Intake air temperature,Ty = 75° F |
Air density at T = 0.07418 1b/£t>

Air temp. correction
factor?*, CF1 = 0.986

Air flow correction
factor', CF, = 0.655

%  Reference 32

+  Appendix C




Fuel flow,

Fuel scale movement, X

Time (corresponding to
x), t

EGR flow,

Rotameter reading (st.
steel float) =

EGR temperature, T, o=

EGR temp. correction
factor, CFy ‘ =

Exhaust gas density at T?

CALCULATIONS:

Air flow,

Nozzle meter air flow
rate, Wl =
(from calibration curve,
ref. 32)

il

Actual air flow rate

1

therefore, Dry air flow rate

-xiii-

4,0 cm

9.48 minutes

20 mm

78° F

460 + t,
460 + 84

0.07368 1b/£t°

45.4 1b/hr

4 4 F
Wl X CTl X C.2

45.4 x 0.986 x 0.655 1b/hr
29.320 1b/hr
29.320/(1 + W)

29.320
T+ oo0ersy o/

29.046 1b/hr



also, Volume air flow rate = %%é%%gf?T 75 E
29.046

= g0 x 007418 CHM

' = 6.526 CFM

Fuel flow,

o

Fuel flow rate = 3,601 % 1b/hr

(see section 3.1.3) 1.0

u
[¥2]

= 1,556 1b/hr

EGR flow, _
EGR flow rate = 0.1334 (%%%-}-%%) CRM
(see Fig.A) at T,
= (0,132 CFM
Therefore, by definition
Air fuel ratio (by
weight) = Zg:ggg
= 18.7
and Percent EGR = 0'%2% x 100
=2.02 %
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APPENDIX G
COMPUTER PROGRAM I
1. Standard Carburetion

2. #<1.0
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APPENDIX G
Exhaust Gas Recirculation

COMPUTER PROGRAM III

g <1.0

~ N

(CefTuly (TIHICERI LT

238 (feDIoL)AT
T =TT S
(PxEeTIH( Y ¥ 2T) x( Ay 4§ FoRA Tyl DY (S =Ty ML )T YT YHE( TY W= 0
J..u.rmv.,...nn,,,.‘,.u.—.....+~,.‘,“,ﬂz [ IR 4
sooymo o



( AVHINT NOILOVYd u¥93) AdTIVHLINI 12NQa0dYd MO ****°07LN3d
SVO LSNVHX3 30 AdIVAINI 12N33dd eeee”iN3OYd

39dVHD HS3dd 30 AdIVHINI INVLIOVIY eces*iN3IVIH

SIIOW # TWLOL *°°°(T+MINX

ON 40 S313W 43 ®3N °®°*°°°°°ONNX

NDU 43 S31JA 32 °ON °*°°°°°ZO0OINX

WNIY¥EITIAD3I *°*°°°*dANX

LNV ISNOD WNIY81IIN03 ececeINMAX
S3TIdWVY X3

S313a 30 ¥34WAIN -= X ¥3L1dV N
INVLISNDD wWNI¥allindla -— X u3dldv A

393LNI NV OINI 3168VI¥VA °lLd 9NILVO1d 1W3IANOD OL 33sn SI X XId3udd

ook aleale e e o ok ol e Aok ok ok s sk e ol ke ok o ki o o o ok R K Ak 1 e d e e s ek e e A ek e

WVY90ud 3HL NI G3SN 3UNLVIINVWON 30 NOI 1d1¥J3S30
ok skt e okt s ek ook skl kol sk kil ok R I R ROk ook e Aok A A A R

INO NvHL SS371 SI IHd

NOILISJIdAID S30ViL 9NILIdAWOD
GNNOs3 SAN3INL ILSNDD ¥OFVW OGNV 0337 G3WNSSV S3JvulL 40 NOIiISOdWOD

SISATYNV NJIILISOda0D 12N00dd
T 0L SI 9L°€ = 20 OL SIZN O3WNASSV IWNI3A A8 d¥Iv 40 NOILISOdWOD

IHd - 40 S3NTIVA- SNOIYVA ¥0d 13n3d Sv INVLdI4 Y03 SISATVNV

NOILVINIYIDIY SVO LSNVHX3I

(VMV 110 40 ALISY3AINN °9N3 °HI3W 40 °*1d33) °X°A WMYUVOV




G¢1=v1 8% 0Q »
0°0O=NIid

0°002+di=4¥}L
$41=g1 L% OO0
0°001=¥L
0=dN
€®Txxdd=d
0 *2+32=42
»41=21 9% 0OC
0°»=d)
0"00T+NIL=NIL
€*1=a1 s¥%» 00
0°00Z2=NI11
1=
o)
GI0ZINVW L3IINI LV 39WVHI 3441 40 38niviIdhWIl 3HL SI NIL 2
o]
(02131
..m.oa.N..m.oauz..Nu,xa..m.oA.x-.mN.Zx..au.zx..m.oau> NOISN3WIa
o)
sk e ok ek o e e 3 Ak o 4 ek e el A o Ak 2
NOIivd3il LSdld 2
sk k kkikRkERkkkkkEE 2
_ 2
#khdDIxkk 803 T=3 <dNW o)
NOIL3UNBUVI G3VANVLS dD3 O=dNW -3 dW J
]
- S$17000dYd 40 SNOILISOdWOD dO0d4 SNOILVY¥3I LI 40 # ¥3d INNADD <=2 A’ 3
2
JYNLIVYIdW3I L IWVI3 ¥0d SNOILVE3ILI 40 # 304 iINNOD -3 1 2
2
ONIQGVIY GYVI VIVI =% WH 2
2
IJIN3IOU3IANID °dW3L INVII ANIND3ISENS -3 OHW o]
o)
OONX 40 SS3N9 1IVILINI ONITID8LNOD =% VW 2
. 2
3dNSsS3dd -3 d 2
o]
- - - - ONIGVIY OuV) Viva 30 3dVI INDIVL =3 F J
]
JYNiVE3adW3L YIV IIVINI -3 NIL 2
2
IVEINII T

taws 1T i ¥rlzanyag eInATT grinyTA T

LT o oV VAW ST AR

TR IR N TR T N U I R TN R |

e e e e e et o : e s e : e AR L TR S TR R B T R

gy = 4 PP A PTG Yy
U * o



.\S.,i..ulﬂlwrsl‘w..,numlu..ul.»uu“F’nﬂu\.bv.’:,}uiﬂ%\;n\.lv A T Tt TR T T TR AT

T o S s A e S S T

- wx(.wa<PUdmd JVILINI®Q34iVINDOIO3IY S1 SVO N3IHM

O ®ZxZNNX=2V
0 *C*20u=tV
AA=¢cV
XxX=1Vv 9
2 0Yx9L *E£=CNNX
A AA=DCHNX
XX=20INX
22-20d=¢ ONX
IHd/Z2=20d 51

NOIL3dNa¥VI OYVONVLS u0d SIN3NIdWOD LSNVHX3 3 I¥NLVIIdW3L
IRVId TUNIZ S34VINOIVI (L vIA 638 d0O071 INLddINS) 61 4007

CLEW

0°0022=1 (0°1°31°1Hd*GNV°9°0°L9°IHd]}dl
0°005i=L (9°0°31°1Hd)d]

A1IdvYL 19UV OG3N9ISSV N338 SVH 3YNLVY3dW3L 3IWVId IWILINI

SRS A

S0°® 0+ IHd=1rd
0=
O=dW

6* 1=W 6% 0O [4
0*11=i1
0°2/AA=AAA
0°9T=AA
0°® L=XX

o°11=11 34043d3HL

ZN*%GL Sk TT+0ZHB+20IL = (CN OPrm+NO~ﬁu+0dIPo SI NeD3 JILVWOIADJIOLS

N3ISAXO 30 ITOW 30 # D1 LVWOIHII0LS =22
D9 T=AA o°L=XX 33043Y3HL

WVY390dd SIHL NI 13na 341 SI (INVLId3IH) 9THLD

AAHXXD SI 108WAS 1304

VLUVLLYLVLLLLL

0°01 =84
0L°0=1Hd
OT®O+NId=NId




D e

T A P oo, e

kS

e m e S s Co T T e s b T v el o s e e

SINVLISNOD WNIdGITIND3 J0 S3NITVA ONILVINI VI

H8=2ZNNX -

€8=C0ONX

2 9=0¢ HNX
18=C0INX
¢0x4+T0=1N3V3Y

638 @ N33Mi138 AIG3LvId3d 3INOQ 3AWV SNOILVINDIvYD NIz NIAID V 304

01iN3Id=ca
(EU%Z0URI L E+2ux203+ T ) *x(NId~-0°T)=10
ENNX=29

CONX=c9

OZHNX=24d

CO0JINX=19

< EHNNX+ONNX+UNX+0 *C£ZNNX =7V
DZZK#OZX#IOZX#OUZX+ONIZX+OQN*NOUZx#OoN*NOZxﬂmc
OQN*MIZZX+IZX+IOZXQOo¢*¢IUZx+OoN*IQZX#O.N*NIZX#O.N*ONIZX“N<

W SHINX+ 0® 2% INX+INK+OINX+ZOINX=1V
. : Ax EHNNX=EHNNX
2 xONNX =ONNX

JANNX=NNX

Ak HNX=HNX

SxONX =0NX

3xHONX=HONX

dk7 HOINX=YHINX-

JkHINX =HINX

S INX=INX

Sk CHNX=2HNX

24%0 INX=0INX

JRZNNX+(NII-0°T) x20d*9L°€=CNNX
J%ZONX+(NIA-0°T )%l ZZ -CO¥)=ZONX
4%0CHN X+ (NI3-0 ®T) ®*AAA=DCHNX

4% ZDINX+(NI3~0°T) % XX=C0INX

T DEE L T IR - e
SIN3INOIWOIJ LSNVHX3 3 JuNivy3ddW3l 3Wvid TYNIZ S3iVvIN2WI 8 d301

L 0L 09
(NO14AVINJYIJ3Y HLIM wwu:ocﬁa—u#.NZOPom+NO~ND¢-Z-&Iﬂv#OﬁIPUaanldv

VLY

(SR NS

VUL PLLL®




T e T e T T i
P R R e

ONNX=J
(AS3i)sav=a
JNNX/Z(D-ONNX)=4S3L

% 1°0 NVHL $$37 S1 (iS31)
NO ILVYANIINOD *ON& LN3ND3ISENS N1 ¥OYu3 41 G34d401S SI NOIivid3dll

LVOLY

EHNNX +ONNX SNNX+HT
zx+ozx#Iozx+eruzx+zuzx+uzx+Nsz+Ouzx+Nsz+szx+ONIZx+Nouzxuaa+¥.zx

.m.o-**nNIZx*szx—*NIZX*&*.Hd-iK"mIZZx
(S°® 0) wx{ ZNNXXZ20VX )% (D TI X =0NNX
((S°0=) ke (ZNNX/8) ) %k( 6) HX=NNX
( (S °0-)xkxk{ZHNX 7 8) ) * (8 )X =HNX
((S®0-) %k ZINX/EG) )%l L)AX=0ONX
(€S °0 =)kl ZHNX %G D} & (P ) Xk OZHNX=HONX Y
0 *0=INX
0° 0=H%HONX
0°0=HINX Ly

2% 0L 09
Ni*.NIZX*Qw*»DNIZX\.m—zx*Nazx*Ouzx-ﬂ¢IUZX

2 %ok (G INX D { & ) AX £ZHNX =H INX
) t CEINXNXZOINX) 71O °Z2x%kDINX )=INX
1Ly 04 OO (1°39°dW INV®S°0°39°d)4dl
( € 2) DX %SO INX )/ ( DZHNX xOINX ) =C HNX
(S®0-) %k ZONX%8) % T) AX %20 INX =0INX
(AINX/d=0

T+dA=M 0y

edW3L 3WVId N3ALI9 V ¥Od NOILISOdWOD 1SNVAX3 S3ivy3dil 0% dID1

(SRR

0°0=J
o=M%
(CEAITTAMX=TT N
e - : : : : (P4 L)0OTANX=(0T X
(rel) 6a%X=16)%X
(FeL)8dAX=(B INX
(reL)LdAX=CLINX
(L) FdAX=( )N
(reL)SsdIX=89 )X
(L L) 2dAX= (%) AX
(rel)edAX=(e)iax
(reryedix=Lchix
(Fe1) TaAX=LTIAX
ZNNX +Z ONX+0Z HNX+Z2 O INX=( T INX L

S Ao S IO AT IS -5 e g AT

27 AT Y Y T2 ) s rad e

BIOGY AS O 3T 3 4T paATR . TaTs PO AT B @Y T

TN YAy QTR



[ro————e———s kS L
T AT T T T TR i

TRaw T -

+Nﬁa*uzx+oa*~sz+mn*0UZX+¢&*NZZX¢NA*NOZX#N&*ONIZX+ﬁa*NDUZXszwOma
(réL)3Hd=2C1d
(F*1L)ONHd=11d
(f41LINHd=01d
{F*L)HHd=6d
(C*L)0Hd=84d
(C*1)HOHd=Lld
(r*L)ZHHd=9d
(F*1L)0DHd=5d
(F*1) ZNHd=%d
(F*1L)20Hd=td
(¢ 1)0ZHHd=dd
(r*1)200Hd=1d

AdTVALN3 SV9O 12100dd INILNdWID

di=1

L=S1

o%»1 041 09

65 OL 09 (D°D3°dW ANV 0T1°i9°)dl
96 0L D9 (1°39°dW°ONV°0T1°19°7)4dl

1+1=1

ok e M ok e A R o R Rk o ok e
J¥NAVYIdW3L 21LVEVIJIV u¥0d SNOIAvVY3ll
ot ke sk el ok e e o Aol ek Ak e ok e ok ok A AR

0% 04 03

11vy3i1 AN3ND3SENS 3H1 YOI a3sn S370W 1v.i0L 40 # 344 Sl (IVLOLINX

EHNNX+ ONNX+NNX+HT
ZX#QZX#IDZX+¢IUZX+IUZX+QZX¢NIZX+DUZ*+NUZX+NZZX+ONIZK+NOUZXHaﬂ#zuzx
Z°0=20NX (0®°0°31°2ONX)dl
0°2/ ( SHNNK —ONNX —NNX =% ¥V }=CNNX
OoN\-DZZXIOZX'IDZXIOUZxloNIZXINDUZX*GoNlmdu"NUZx
OoN\—#quxioo#lmizzx*comlIUZX*OleIOZKIIZxINIZx*ooNlNduNDNIZX

¢IUZX|IUZX*OoNluszOUleﬂduNOUZx

wxrkrEkkkkkEkkiopkk ke
SNOILVd3L1 LN3ND3SENS
s e e b ok ke ko e sk ek ok

0s 041 09 (G°39°%°aNV *T100°0°L1°0) ]

0s

VOL LRLOLL

VLOLLY

—

()
IV e N o
e TYTANY = (7 )X



Jodu 3

61 04 3

& 31 09 (1°39°dwW)dl

1+r=r

M3aNLi=1

ss 01 09 .Ooomou2002<ocoﬁok4omm.quoOomNokJom<u&u
96 0L 09 pAowwomzooz<oooackaomm.u2qoOomNokAom<-u—

NIAJ3X O0°T > SI 3uNivd3dW3l 3WVid 3HL N1
gNV 0°0S > SI S3IdIVHLN3 INVLDV3Y 3 12N00d3 NI 3DON3¥33413
3HL N3HM 03dd01S S1 JuNiv¥3dWaL 3IWVId IHL Y04 NOIivd3ll

0°® 0=d3d

I91 OL O0d
(4310)Sd9v=408
1-MaNiL=d44103
(d2/VV)-1=M3NL

(d2)S8v=dd
aﬁPIPu\u¢&U*NZZX+M&U*NDZX+N10*ONIZX+ﬁ&U*NDUZX—Hau

6ST 21 09 (100°0°31°(TL-1)S8VIdI
(¥9d=-2d)=9dD
(€£€d—-€d) =€dD
tz2ed-cad=cdd
{11d-Td)=1dD
(£4T1) 2NHd =%%d
(r*11)20Hd=tEd
(F*TL1)02CHHd=CZd
(F*T1L)20Hd =114
(0 *00s/VV)-L=1L
(vv)Sav=av
IN3V3Y~-IN3IOUd=VV

1304 40 370W WO/VI3  00s A3WNSSV 1v34 °dS 3 LVWIXO¥ddv

Cux204%9L *E+2d %20 +Tu=4LNIVIY

(CSNIL)NHd=¢EY
(F*NIl)20OHd=CY
(PENILIHLOHY=TY

nNZ~I*ND&*OPom+.ND-I*NO¢+—0ﬂIPQuI" AdIVHLNIG LINV1IV3Y

90T 31 D09 (1°39°dW)3dl
26 0L 09 (10°0°31°( di-1)S8vidl
IN30dd=D1iN3d (10°0°37°! dil-1)S8avidl

ﬁﬁ&*OZZX+OH&QZZX#0&*12x+w&*DZx+Pa*IDZﬁ

i9t

EYSRONSR

6al

301

wow




ONNX=(W*91) M
NNX=(W*STIM
HNX=(W* ¥ 1)
ONX=(W*ETLIM

HONX=(W 2T )M

YHINX=(W* TTIM
HINX=(W*OT)}M
INX=(W*6)IM
CHNX=(A*8IM
OINX=(W*LI M
ZNNX=(W*9 M
ZONX=(n*SIM
OCHNX=(W*7)M
ZOINX=(A*CIM

M3N IHd=(nN*ZIM
IHd®(NI13-0°T)=M3Nidd
1=(W*TIM

00L OL 09 (T°19°dW)dl
8 0L 02

0=1 {T*°D3°dnW)idl
CLT#MNINX)/CZ0UR9L 7NId)=d
- Si=1

T+dH=dn

Oel 01 09

T+dN=dN

A=Wt 6T1)X

A={WB8TIX
CTHAINC/EHNNX= (W LT X
(TERNINX/ONNX= (A ¢ 9TIX
(THAINX/NNX =t WeST)X
(THHINXZHNX= (¢ 2T X
(T+AINX/ONX=(N* ET) X
(T+AINX/HONX=(W*2ZT )X
(THAINX/ PHONX={N* TTIX
(T+NINXZHINX={W*OTIX
CTHIINX/INX =L W6 )X
CTHXINX/ ZHNX=(A4B)IX
(T+ M) NX/OONX=(W* L) X
(THIINX/ZNNX=(W*9 )X
(T+X)NX/2ONX=(A*S)X
(T+X)NX/DCHNX =LA *¥7)X
(THINX/ZDINX=(n*EIX
IHd=(nW*2)X

i=(WNe1IX

99

S

Jrasan e

3

Sriade AAM e 1SR LAY R B A VA Y ¢ U Ty A

-

+ o

e

T

P oy " 3 et +
1T © v T o LECERNLE T

G U O BRI T P oroTaran) a3t

W MEY MY Ot A, aOmy 3y

- 3 a0



< ok e e g e et TSI P

CT+XINX/ZHONX=(WOT)A ‘
(TR INX/ INX=(A*6)A
CT+%) NX/ZHNX=CA *8) A
(T+XINX/DINX=CWEL)A
CT+X ) NX/ ZNNX =W 4 9)A
LT+ %) NX/ZONX=UH ¢ S) A
(T+XINX/0Z HNX = (W47 )A
{ THAINX/ ZOINX =W ED A
MINIHd=(W4Z)A
1=(W'TIA LS
0El 04 09
(WENIZ=(W¢BNIM  Z0L
61¢T=8N 20L 04
0=1
LS 04 09 (100°0°31
4e(61)3°ANVST000°0°31° (9113 °ANV " T00°0°371° (L} "GNV * 1000 *31° (113 )47
((vyN)3)SEBV=LVNI3  T0L
(WEUNIM/ E(WE YNDIM—(WEYND Z)=( VN)3
6T¢1=VyN 10L 0Q
{T+ A NX=(W*61)2
NIid=(W*81)2
EHNNX=(W*LT)Z
ONNX=(W 91} Z
NNX=(W*ST)Z
HNX=(A 9 T)Z
ONX=(W*ET)Z
HONX=(W*2T)Z
SHINX=(W* TT)2Z
HONX=(W *0T)2
INK={W*6)2
ZHNX={W*8)2
OINX=(N*L)Z
ZNNX=(N*9)Z
2ONX=(n*S)Z
DZHNX={Wé%)Z
ZOONX=(W*€)2
MIN IHd=(W* 2)2
IHd«{N14-0°T)=M3NIiAdd
i=(Wé1)Z 204
OEl 01 09
0=1
(TOIINX=(W6TIM
NId=(W*BTIM
EHNNX =({W*LTIN

TEUM DR an

{4

P
3
i
v

T4 )Y ANN\NT TN = (R T

2 3 PPILY
L T MO SR Y

Y%

AR 4

A LAY x.v ......&/. Ty ..:,....(.HA A u/ex
N = ERE RN

X

P



3ANI ANDD

INNI LNOD
—Dzuuzuxxa.QZ-U‘—XIADZ-UZ~>~M»OZoUZ-I
61%1=ON S0s 0C

g¢1=aN 305 04

SNOILVIDT 39VY0OLS 3HL 3SIWINIW O1 NIVIV G3Sn N3aas SVH M AVddv

.o~.~u»..m.ﬁua..z.u.x.u.oom.o.mknxx
(2°94%:=d04 S

.xcn.\\..*********.zo~kwu:m¢<u c¢<cz<hm.**%******.onhu<¢w 310N NIV
NOILISOdW0D SOlavd wuzma<>u30m..xo.\\..wz~>¢<> 3403 SNOILOVYd 370ut
°NIAT3M 334930 s ¢T %2 4%, 40 °dW31 LINVLOV3 Y WILINI ¢ O NV 393Hd SOWLZ
V s%1°%°6d44/7/7%.:40 3WNSS3ud V 1V JWNLXINW dIv/aNvid3H 40 NOILSNEWDD DIt

ivavidav 3HL d0d NOILISOdW0O2 12030dd OGNV °®dnW31l mzqam..xm.axuuhqzmou
YI*NIL*d(20S6¢9)3L1dNM

€0s 21 09 (S *°1L9°dN) 4l
.»doow.xm.m.-z-.xoﬁ.\\.~Aoou-x0.m..4-.xoﬂ.\\..ho¢ﬁw.x~—m.o
.m:z..Xmo\\¢.ho¢um.Xﬁum.-oz.axo.\\..bocnw.xw.m.-z..xoa.\\..hoedw.xm
a-m..:..xo.\\..ﬁo¢am.xa—m..o..xo.\\..bo@aw.xﬁuma.Iu..xo.\\..r.¢~w.v
XT)G® s7HI» *XB -\\~.P.¢Hw.xu~m.-NINu..xr .\\.~ho¢ﬂw.xa~m-ﬁ YRR - XA
$L2°HTIIEXTL)IS*sCH WSXB8/7 /5 LL*HTASXTIS* 3D W EXLS//8CL*HTI4XT IS sZNe2
pxo.\\-—ho¢ﬁm-x-m..wo..xo-\\.»ho¢~w.xﬁ.m.-oNI..xw.\\..ho#uw.xuam-ﬁ

20s%

.NOU.-K@.\\.»Mo#dw.xﬁ-m-HI&.»K&-\\-nmowﬂw.xﬂum-r-.XOﬁ-\\\vhqiuDu 00%

.Ododuwoam-ﬂuzo—z-m~>~—aOOm.OwaHmz
(2°94% =834 X5*1°9

0&.-"ﬁk-oxmu¢oww..ﬂZHw-oxm.m.ouo.“w Gg3i1viINJWid3d Sv9 30 NOILIOVY3e S
$XOT 4/ /% skl NDI AVINDY¥IO3d SV LSAVHXI) *kcokdkx®NI ILOVYd IT0OW NIw
NOILISOdNOD SOILVY JINIIVAINDI s *X9 /77 e INIAUVYA ¥0d SNDILDVdd 310AC
eNIAT3IN 334930 +*1°2d% 240 °dW3l INVLIOV3Y TWILINI Vv OGNV - 34u3HdSONWLC
Vv ¢%1°646//% 40 3UNSS3IV¥d V 1V JuNLXIW Y1V /3INTLdIH dI NOI1LSNEN0D DJIT
ivaeviav 3Hi ¥0d NOI11LISOdWOD 12NAa0Yd ANV °dW3 i IWY 4 * XS THT) LV WEDI
¢Uo¢P-ZHw»woZHPun»aOmnovaMGS

3NNI ANDD

0°01=88

RN=(W¢6TIA

T=(Ad*81)A

CT+MNINX/EHNNX=tW LT IA

(TN DINX/ONNX=(NFTIA

CTHAINX/NNX={NSTIA

(THOIINXZHNX=( W HTIA

(T+XINX/ONX= (W ETIA

(T+AINX/HONX=(W*ZT)A

(THHINK/7HPHIONX=(W TT)A

. e e . LRI GEEY PO SECIPRL SR BT
et v e e e e i i e e i s e el e e e e em e mma wsee e e s e e et e e ——- USSR S 5 uf,*.ﬁlﬂﬁwf.@llvi(llil]s

T0s

[ TR R IR [RE PR




an3
Ndnli 3
LESNDOD%%0Q® 0T=H9dAX
(9%l )l L)ArT
YH+{ TI)H=LLSNOD
(L°%T3S)iVNEIL 16t
(LST=1% (1DHI(TGT41)TV3Y (1°03°ridl
(L)H NOISN3WICO
(Cé1)#dAX NOILINND
an3
Ndni3d
LISNOD*x0*°0T=tdNX
_ (9xxl)et L)Asl
.m**h.*~o~1+.¢**hv*.m«:+—m**h-*a¢.I+.N**h~*.m.1+h*.m~z+.ﬁ.:urhmzou
(L°»T3S) iVRWEDd TSl
(LT=I* (IMH)LTIST*1)IV3Y (1°03°r)4dl
(L)H NDISN3WId
trsl) ediIX NOI AONNZ
an3a
Ndni3d
L1SNDD*#0°0T=2dxX
(Fexl)stiIH+ X
I+k*—N~I+aﬁ~Iuhrmzoo
(L°H136)LVANYED3 TIS1
(LST=1¢ CIDH)LTIST*T OV (T°d3*ridl
{LYH NOISN3IWIO
trél)2diX NOI £INN4
an3
N3dNL3d
L1SNOD%«0*0T=TdaX
(9%xldxl L)iA+1
-m*ih.*.oez#.¢i*hu*—m.Iv.m**hv*.¢.I+.N**h~*.m-x+r*.m.I+.a-zubhwzou
(L°4%T3S) AVWiI3 1S1
(LST=1* (IDHI(TST*T)TVIY {1°03°riil
tL)H NOISN3WIO
(041) TdIX NOI AINM

—m**k~*~0~:#n¢iiku*~m~I+-m**hu*a¢~I+.N**k~*—m~1+h*~m

.m*ob.*»ouz+.¢**b.*.m=r+.m**b.*.«.:+.~**k-*-m~

an3

Nd i3
3NNILNGD 34
S . - : : 3N ANDD -3y
: 3ANL INDD LY
IANILNOD By

ﬁvﬁoﬂnn.—m-ﬁnz-—towwzuuﬂoompouwk—ux
mu.athuw-u.ZHP’aaﬂOm.o—wkwmz

ﬁu,iivSA/»/f,U;!%ﬁl;an44(
£ R B B
TTANY AN AY - (%, F OV
I N 2 L S |

PR P SR G P
e s s v




I E——
ey ~ e T R i

Prit—poni oy . -

NdNi3d ‘
LISNOD%x0®0T=6diX
(9 %kl (L IH+T
IH+( TYH=11SNID
(L°YT3S)1IVIHWIOI 1st -
(LS T=1*(1)H) (ST 11TV (1 °03°r )3l
tL)H NJISN3IWIA
treLy6didX NOILONNG
aN3
Ndni3Id
LLSNOD%%0°01=8diX
(F%kxt )il )IH+I
.m**h~*.0.:¢.¢**h.*gm.:¢.m**k.*.¢-I+n~**k.*.m.:¢h*.N.I¢-_:uhkmzou
(L®°»T36)4VWE0d 151
(L*T=1%(IDMH)CTIST*T)IVY (1°D3°rhaix
t4)H NOISN3WIO
(reL)8AMX NOILIONOD
anN3
N¥nli3d
LISNOI%R®0*0T=4dNX
(9 &%l Ie(l IHST
-*.mu1+k%.N-I+pa-xNkkmzou
(L°Y138)LivWd0d st
(2% T=1*(I)H)LTIST¢T1)avIY (1°D3°r )4l
(L)H NDISN3AWIA
(CsL)ldnX NOILLINNG
anNg
N3N i3d
LLISNDOD%%0° 0T =9d%NX
(Fokki dk(LIHTT
.m**k.*.nuz+n¢ﬁ*b.*~m-z+.m**h_*ne-:*.w**hviam.x¢k*.w.I+.a-:ukhmzou
(L®°»13G)1VNWE0d IS5l
. (28 T=I*(IDH)LTIST¢T)OVIN {TedD3a*riil
. - (LYH NOIOISN3NWIO
(reL)9dnX NOILINNGD
an3a
NdNl3d
LISNOD®%0*0T=GdMX
(Sxxl)x(LIH+1T
:+.N**k-*.m-1¢k*.N~I¢.a.xukhwzou
(L®°»13G)LVWH0Od 15X
(L T=14(IIH)CTST 1)V (1°03°r )3l
(L)H NOISN3IWIO
(réL)cdiX NDILONNS

am**b.*.o.I¢n¢**h.*.m.:+am**h-*a¢-:+.N**b~i—m.z+k*aN

..m**h-*.o-1+a¢**h-*.m~I¢nm**h.*p¢-z+.Nt*k

.m**h—*.ovx+.¢**h.*.mvI+—m**h.*.v.

,quaa.a}m.«wuu.:uﬂ
LR JCE I B e e S

NpATT Y
)

¥,
[ 44

Ty AT T A

A1



St By TS T S

et e i

(F¢1)2NHd NOILONNG ‘
an3 ;
. - N3INL3d
i : - S : 896902 =1t 9%kl )k( LA+
. .nm**k-*~0.1+.¢**k.*.muz+.m**h.*.¢~z+.N**k.*pm.I+r*.N.I+.a.IﬂNDIa
. (L°%13G) LVWEDI 161
. ahudnuo.u-:..ama.uuudmx (i°0a*ridl .
(L)H NOISN3WIO
{r41)20Hd NOI 1INONd
i aN3
NdNLi3d
h.hommuo.wmrhmt.o**k.*.b.I*a
.m**h-*.o-:+.¢**k-*.m.I+.M**h-*.¢-:+.~**b.*-m.I+r*.w_Itﬂa.zuomzza
. (L®°H T3S )LVRNYODL I3l
(LST=1%CT1 )X TIST T}V {1°03°rj4l
tL)H NOISN3IWIA
(r*1)D2HHd NOILIONNG
an3
Ndni3y
ﬁnQMNNIOeNmowmlao**h.*.P-I#a
..m**hu*.o.I+-¢**h.*.m.I+.m**h.*.¢.I+.N*wk.inmv:¢h*_w.I#.a.InNouxn
. tL°y135)17nWd03 1I51 -
(LT=I¢¢I)H)(TST*T)Iv3Y {1t°d3°riil
tLYH NOISN3IWIO
(F*1)20D2Hd NOILONNA
anN3
N3 N1i3d
LLISNO2%%0 *0T=T T dMdX
(Fakl)x(L)H+1
.m**k-*.o-:#-wiﬁhvi.m.I+.n**h.*.¢.z+.w**rv*.m.x+r*.w.I*.ﬁvzuhkmzou
(L°%i36)LVWE0d TI51
(LST=1¢C(IIH)C(TIST* ) IVIY (1°03* M4l
tL)H NOISN3WIA
(Fs1) TTANX NOILIONND
GN3
Nafnidd
LESNID*%0°0T=0TdMX
(Oxkl)xl LIH+T
.m**h.*.ovz+.e**h-*.m.:+.m**k.*.¢_1+—~**r.*ﬁm.z+b*.w~I+.ﬁ-Inkrmzou
. : Cee e - . (L°%T36)LVWYOS - 151
(LT=I%CIMNIST*TIIVIY (1°03° )4l
(L)IH NOISN3WI1Aa
(C*1)0TdNX NOILINND
aN3

tLeT ¥ 2a@myY 1ATIIYT AR
AR RAT S
e f=T 47121 72, 713230 (L0731

Pa
(v, TRy A TR LA ¢

>
I

}

“3 - ot S T T | - . L e e 4 en
. SR L A

(r =Ty €yl



(Grel )l OIHS (i)l GIH* €k L) )

He (2aki) xt E)H+Lx(ZIH+( 1) H=HHJ
(L°YT3S)AVWYEDE  TIS1
(Z*T=1* (1DH)(1ST*T)aVIY (1°b3°r)dl
t2)H NOISN3WIQ
(F*L)HHd NOI LONN
anN3

Ndn43d

$°,09T-0°6ST55+ (ks i)kl L)H*+T
—mi*hu*u0-I+n¢**hv*pmuI+am**hu*~€—1+.mi*h~*.m~I+h*-N-I#.d—IHOIn

(L°%136)1LVNd0D3  TI31
(L¢T=IC(I)AMTOT*T)IVIY (1°03°r) il
(£)H NOISN3WIC
(F¢1)DHd NOILONN
anN3
NdNL3Y

2°9012-0°0900 T+ (Fxkl)x(LIH+1
.m**k~*—0-1#.¢**P-*.m-I+nm**h-*»¢-I+~Nw*P.*-m~1+k*awuzoaﬁ-IHIOIu

(L°?135)LVWH0d IS1
(24T=I%C1)A)LTST*T)IVY {1°b3°riil
(L)H NOISN3WIA
(F*L)HOHd NOILONOGD
GN3
Nz QL3d
8°c202-(9xkl )k lLIHT

,-m**k-*.O~I¢—¢**F-*amu1+amkikv*a¢-$+~N**P~*»M-I+P*.Nv1+.M.iHNIIa

(L*°%T13S)LVWI03 TIST

(L8 T=1¢(IIH) LTIST¢TIIVIN (1°D3°ri)al
: (4)H NDISN3WID

(ré¢1)2HHd NOLLIONNI

. an3

NdNi3d
0oNPONiPamﬁ¢0NI—o**P-*~P-I#ﬁ

.—m**k.*—0-1+—¢i*bg*~m~I¢—m**h—*—¢~I+-N**b-*amu$+P*.NvI+-vIHOUIa

- (i®HT3S) LV WEDd  TS1
(LYT=1* CIDHI(TIST*T AV (1°b3°riil
t4)H NOISN3WIO
(re1)0JdHd NOILONNI
an3
NdNL3Y
e L e . : v €°2L02-(9%xkxid) el LIHTT
.m**b.*.@~:+-¢**hu*.m.I+mm**h.*.¢~:+.N**k.*.m-:+r*.w~I+.ﬂ-1ﬂmzza
(L°»T3S)1ivAu0d 151
nh.dﬂuaanwz-.ﬁmﬂuﬁvqux {1°03°r)dl
(L)H NOISN3WIA

D R nw

PN —_. e i = P
| ST S NG AR — 1

R R A e
R T I R R

[

P ....J,Pa..,:»..(.,. u
Ll Y —r

e A I Nah T Y



AN
NdnL3d
0°58897=(Ixkl)k(LIH+T
.m**k.*»o~1+.¢**h-¥.mvI+.m**bv*~¢~1+~miik.*nmv1+k*.N.I+aﬁ-InLPUIu
(L°%139)LvWd0d I31
(LéT=1%(1)A)LTST¢T) IV (1°03°ridil
{L)H NOISN3WIO
(FS1)HLIOHYE NOILINNG
aN3
Nd Nidd

6°866T-0°859TLT +(Ixxl k(L IH+T
.m**h-*.ov1+.ciikv*—m-I+-m**P-*p#-I+.N**P—*-N~I+k*-N.I+—ﬁ—IuUIa

(L°»T3S)IVWYO0d TST
(L T=1%(I)HILTIST TV (1°03°rhdi
(L)H NDISN3WID
(r*1)DOHd NOILINNG
anNg
NdINL3Y
N.cwﬁwlo.ooo-+.o**h.*.h.l*ﬂ
_-m**h.i.o.x+.¢**h-*.m.:+.m**k~*.¢~:+.~**h.*.m.x+r*.waz+.auzuozzn
(L°%136)1viWd0d 161
(LST=1¢ (IDHIC(TIST¢T )V {t1°d3°r)dl
(L)H NOISN3WIA
(C*1) ONHd NOI LINNI
aN3
NuNiL3d
o.ﬁwcalo.omhmﬂﬂ+»o**k.*.N.Iwﬁ
.m**kui.o~:+.¢**h-*.m-=+-m**k.*.#.I+.Ni*r-*.m.z+r*.w_I+.~.qu:a
. (L°%13S)1Vvnd0d 151
(LOT=I4C(1)H4)LTST*T)IVIY ({1°03°ridl
- (L)YH NOISN3WIO
(C*L)NHJ NOILAINNG
anN3
N3nL 3d
No~w¢ﬁlooowomm+~o**h.*.P.I+a

PR

(TYH WMDI2urawia
£y P =

~ - A]

= = 3 g % N .2 3 g e = ¥
B g v A NS

® o - ® P
3TYT LM TR
ﬁmwwaywﬁw¢;+*z;aavw.ad:;.ﬂ4w4,m.vw:.mm»;4.¢,.v:‘«i




=
o
o
)
= )
-t L}
=3
(¥
3 b
ori
{dr] (o] W 1
(@) Q ol
- (=4 [~ o
—t o il
] n =
= ~ 53 v
23] [35] [&s] s
[ 9 = ’
=] o] + (=]
<t (=W n .
=. =3 —
o (3
(& = Al
tad
42| =
— o3

[P A AN U,rﬂ‘ya.x.«.u.rﬂﬂuw.\f,v

RO > )

(L, T YAy ANYT T4 1T



e

T —

SVS LSNVHX3 40 AdIVHLINI 1271Q0dd **°*°°LN30¥Ud
3 9YVHI HS3ud 40 AdIVHINI LINVIIV3 N eeesc* INIVIYH

S3TIW # TVLOL *°° (T+AINX
ON 30 S310W 4D ®ON ©°°°°°°ONNX

pLLLLVLLL

200 40 S310A 33 °*IN *°°*°*Z0ONX
AN IYWEITIND3 *°°°°° *diNX

LNViISNDD AN1¥eININd3 sosaes( NINX
$37dnVX3

S310n 42 dYIBWNN == X ¥3L3IV N

INVLISNDD WNIWaIIND3 -- X d¥3idV A

3931NI NV OINI 31GVIY¥VA °id 9NILVOTd L¥3ANID OL 03sy SI X X 13d349d

**&********l***************************Qi'w******i*******f

WVYO0Yd 3HL NI 03SA JYNLVIINVWIN 40 NO1Ld1I¥J3S30
****i****w***********i**i*i*t*t***fi*wt#twww***i*t****#i*f

3NO NVH1 ¥31v3¥d ¥0 31 wnd3 W3HLI3 SI IHd

NOILISOdWOD S$30Vidl 9NILNJWAD

GNNOd SAN3NL ILSNOD YOFVW OGNV Ood3Z 03WNSSY S3IvYi 40 NO1 LI S0dW3ID

S1SAIYNV N3ILISOdWOD 13N0AD¥Ud
1 0L SI 9L°€ = 20 01 SIcEN G3WNSSV 3WNTIOA AQ dIv d0 NOI1IS0OdWOD

mmﬁ:mwwxa 40 S3N1VA SNOIYVA 404 13nd SV 3NV 1d3H d¥0d SISATVNV

1SuI4 NN¥ 38 O1L SI 0°1I=1Hd DS*IHd 40 3NTIVA SNOIA:HYd WOud
N3MVL N338 SVH SAN3NALILSNOD dOFVW 30 NDI AVWIXOdddV *IHd AX3N 403

NJILVINDOYII3Y SV LSAVHX3
(VMVL110 30 ALISUIAINN °ON3 °Ha3W 40 °Ld30)

uuuuuuuuuuuuuuQUUUUuuuuuuuuuuuouuuuU

*N®A TVMYVIV




T°0+NId=NId
yti=ver 8% 03
0°0=N1d
0°002+dli=4d1
»é1=80C L¥ 004

0 °001=4l
O=dN
€ Tx&dd=d
0*8=4d
0°00e=N1L
i=F
T=hWW
0°0=JWA
(02)d3l -
.»#.ON-N.n¢aON~3-.¢rQN-Xo-hﬁu

Ve (SEINKS (TTINXE (¥40C)A NO ISN3JW 1A
sk ik Rk A Ak Aok Ak Rk Aok

NOlivy3ll iSdld
kool Rk ok okokok kKR kR &

G343 L1V SI 93 ¥0 NIk

N3HM AINDO S1INS3d ND113¥N8y¥VI QUVANVLS SINIdd -: dN

NOIL3uN8YVI GUYVANVLS d0d O=dW -3

: dW
s12na0dd 40 SNOI LI SOJdWOD ¥Dd SNOILive3dll 40 # u0d LNNOD -3

3J¥NiVYIdi3l 3WVId ¥Od SNOILVH¥3L1 A3 # ¥0O4 LNNOQD =2 a
| | | 9N1Jv3Id QYvd VIvd -3 We
3IN3I9Y3IANID *dW3l 3IWVI AN3NDd3SENnsS -—: 8K
OINX 40 $S3N9 TIVILINI 9ONITIOdLNOD =3 VW
33N53S34d - d

9NIQV3Y¥ Q¥vd Viva 40 3¥Vd ONINVL =3 €

JunNivy3ddw3il dIV 3NV INI -:NIl1

IVd3N3D
( AJVHAIN3 NOILOVYd ¥O3) AJIVHLIN3 LONA0OY¥d MO eese*01LN3d

CARATTO =0 YT 1283V AU ION3T JHOEM AN LTA3T) o MeV IAWSADA o

AT T A IS TIATE TAL T2

o ae - IR S - SIS SR W .

" - o~ -~ -




I
R YA P T KT L R ST TR R T T e e P P min AT Ty SRS LT 11 ST T AT % g ST £ SR N i £ 3 T 15 O T L

0 *T +IWA=JWA »
GG DL 39 (ST°19°VW)dI ”
95 OL 09 (1°03°dW°INV°S1°19° VW)l
L+VAN=VA x4
9 041 03
9=02HNX
OINX=XX=2ZDINX
Z0U%9L®E=ZNNX
(VW) V=0INX
IHd/2Z=20d 61
NOIAZ¥NGEYD GUVONVLS W03 SININOJWOD 1SAV4X3 3 3¥NLYHIdW3L
JWvId IWNIJ S3LVINDIVD ( L VIA 638 4007 ONiddINS) 61 4007

0°002%IHd-0°0062=1
1 Y04 SSan9 WILINI G009 3AI9 01 GONNOd4 N3I38 SVH 0°00¢xIHd-0°00s2=1

vew VLY

0="1
1°0+1Ind=1IHd
T=vad

O =9k

O0=dil

y¢i=W 6% 0OC
0°*11=22
0°®2/7AA=AAN
0*9T=AA

0 *L=XX

0°11=112 340438341
ZN%%9L°ExTT+02HB+202L = (2N 9L*€+20) TT+91HLD SI N.D3 J21LVYWOIHIIOLS

N3OAX0O 30 3704 30 # JILVHWOIHJIOLS =71
0°91=AA 0°L=XX 34043 43HL
WV390ud SIHL NI 13nd 3HL SI (3INVLd3H) 9THLD

QUUQUUUUUUUUU

AAHXXJ SI TOSWAS 3N3d

s°L=9
0°01=de
6 °0=1IHd
L°O0={T)V

yANITI AT Y -



L 041 03
(NOILVINDYID3IY LNOHLIM wku:00¢a~&+aNZOPom+N0vN0u¢WIﬁ~+0AIPQ-wl~u

YV SLNVLIVIY AVILINI®031VIN2IJ23dY SI SVD N3HM

L L

O°*CHINNX=9V
0®2%20Y=EV
AA=CV

XX=1v 9
NZZX.DUZK'ONIZX.NUUZXo#dnﬂduwdpddﬂhﬁ»ovmkwmx

HHINX=HINX %0 * Z-INX-ZO0INX=TV=0INX
0°2 /74 TZOINX+ZOINX) =2DINX
0°2/ (T3INX+0INX ) =0INX
—¢o°duo.ﬂﬁNDUZX.uXDdu#.OﬁE..ﬂﬁuuzx-;xm~PQEMUw i6l
TZOONXSTOINX(TEHT ¢9)I L] M
OoN\aOZthOleIDZXONDZx*OoNtUNIZKIOUZXIMduﬂﬁNDQZX
ZHINX-HINX®0®Z-INX=Z0INX=T¥=TIINX

((L°024°X5)%4/*«SMDTIT03 SV 3WV 2NNX 4020
NX OZHNX €2 OINX 3 Ly SEV 42V ¢TIV ENDI 133N8YVI OGdVINVLS 3434 ¢*XG*/)LVALIO

L1
NZZX.OUZXuONIZXaNDUZx.¢<.M<oN<.ﬁ(—hﬂ.@.whmax
0°2/ (SHNNX —ONNK =NNX =% V }=Z NNX
) .O.N\—QZZXIGZXI!OZX!NDZX*O.NlONIZXOOUZXINd-“NOUZX
OoN\a#qux*Oo#lmIzzx*OcmiIUZx*OoNIIOZxIIZx!NIZx*OoNIN<-nDNIZX
3
0°91=2V 0°L=1Iv 3S 9THLD S113Nnd 3IONIS ]
2
11vd31I SNDIA3dd WO¥d NIDIVL ONI3E SI OZHNX N3HL N3A3 S3IONVHI VW al J
3
aANDG N338 SVH J
NOILVY34I °dW3 i HOIHM ¥Od NOILVHd3LlI 3HL WO¥d S3WIID L d007T NI OONX 2
o)
(VW) 7 =0INX L {4
IHART *D=(T~VHWIV=(VHIV zg8l
2 04 09
(VW) Vv=DINX

INARL®D+ (T-YN)IV=(VHIV I8l
28t1¢131*181 (VI-S)dl

- : : - . ((stT
1)24X0T ¢/ (S°STA)Z*XO0T* /* +SHO V0D SV UV VWSV ISSEIWA L XITZ /) LyAuas £81

VR SVISSeINA(EST 9) 3 L1UM
=vl
0 *2/ JNA=S

[VAVENNE' P 4 [ R SR "y 174913



((S*°0~)atc(ZONX/8) ) *x{ L)AX=DNX »

.aMQOiu**.NIZx*wuu*—wuxx*DNIanIUZx (44
0°® 0=%HINX
0*0=HINX LYy
2% 0L 09

N**.erx*m~*.omxzx\.mvxxtw+zx*ouzx.u¢zuzx
2 e § B INX ) ke € & )Xk ZHNX =HINX
%.% 01 09 (1°39°dW°ONV°S*0*39°NId)d]
n»m-xx*mcuzx-\nOJN**OUZx-HUZx
..N-!K*quzxu\.ONIZx*cuzxqusz
9/ 0° 2kl DINX/2ZIDINXkE TINX) ) =2CONX
(MINX/d=8
22 0L 09 (s2°*19°%)31
[+f=F (GC°19°A)I1

T+%A=) (014

0°0=22
0°0=2
0=)

(P L)TTANX=(TT IAX
(4 L)OTdAX=1OTIMNX
(r*1)edix=(6)ixX
(rsLrsdiIx=(8 Mix

(r &) LdRX=C LIAX
(F*L)9dMX={9 )

(P 4L)SdNX=1G X

(£ 41) 2dn%X=¢{ #7) AX
(réiredix=>(e )i
(rei)zanx=Lienix
(CeL) TAAX=(T)IAX

ZNNX+IINX+3ZHNX +Z0INX= (T INX L

SINVISNDOD WN1IW8i11nd3 40 SINTIVA 9INIIVINITIVI

638 & N33IM1I30 A1031v3d3¥ 3INIO Juv- SNOIAVINDIWI NI3 N3IAI9 V ¥I3d

2Q%x3+10=LN3V3d 5
638 € N33M138 3I3NO AINO 3INOQ 3wV SNOILLVIND W) 3 N3AI9 Vv ¥0d

: - : 01iN3d=<a
amx*NDKQOPQmQNE*NDa¢ﬁ¢—*—ZuwIOoﬂ~uﬁu

, *kxd9 Ik YOI
S1N3INOIWO D 1SN VHX3 %2 3YNLVYIdWIL WV JENIS SIAIVIMIVI 8 d007

vpveo VLY vepuve

D ¢S\ DMY =2

T~

AT LD YL BT SYRT IS

]
PP e Y T ..,.4/41..».,2.,..8.1.4., AR

gt T ¥

ASEY
cor_rxr_oraf (81 -23)73%



0% 04 09

- 1AvV¥3LT IN3ND3IASSNS 3IHL ¥Oo4 03SN S3T0W 1vi0L 30 #  3HL S1 ¢(IVLOLINX

CANNX+ONNX+INX+HT
ZX+OZX+IOZX+¢IQZX+IUZx+UZX*NIZX+OUZX*NOZX+NZZX+DNIZX+NOUZX"—ﬁ+¥va

¥-abmwbokaP-Nsz.002xoNZZx.NOZx-ONszoNUsznMN.O—WhHmS—mNonoxuww

G*0=03NX (0®°0°371°0INX)31
HHINX ~HOINX ¥0 *Z2=INX -2 OINX-T V=0INX
0°2/7(12IINX+20INX)=2DINX
0°2/(T0I NX+OINX)=3INX
X—2ONX %0 ®*2-DZHNX-0INX—€ V) =120 INX
HHINX—HINX &0 ® 2=ON X=20IN X-Tv=TOINX
(EI%s =M tX2%L°913%C
-”ﬁhWNP..XN.F.#dmo.NPWWk-QXN.NoOKo.“Nch-oxmomoouo.MUUZX-.XN-Moou»ﬁ
-“szx-aXN.Moouo-“NOZx-uKN.mocu.-nQNIZx.-XNomoowﬁunNouzx *) LU WYOS
!.ﬂhmwbnkmeoNsz.OUZxuNZZXoNDZX.UNsz-NOsz—mN.ouwrudiamNonoz-wu
0°2 /7 SHNNX—ONNX=NNX—-%V)=2ZNNX
OoN\aOZZxIGleIOZXlNOZX*OoNIONIleaulem<vNNOUZX
HOQN\»#qux*Oo¢ImIZZX¥OoﬂlIUZX*OoNIIDZKIIZalNIZX*UoNINd-"ONIZX

HHINX=HINX*0®2-INX-ZOINX=TV=0INX

0® 2/ {ONNX~ON X—HDN

Aok ek e i 6Ok i ik ok Rk ke kR Rk
SNDILV33LI 1N3ND3SENS
s kkkkkkE kEkkkgloRERKEKEE

1s 01 09 adoONo&IoDZdomowwoxoOZ(!mOOoOOmJowoDZqomOOoOowdoc-um
Is 01 09 -mowwozoDZdoNOOoQomJoonZqomOQoOQmJ-Dvu—
e OL O3

1s 0L 09 »m.wwoxoDZdonOoOowdchDZuoOmOoOowaoQ-un
€€ OL 09 (T1°03°8NW)3I

OJINX =22

CHNX =)

(1453 1)Sav=3

(4S31)58v=0

OONX/(22-0JNX)=1T1S3kL

24ANK/ (J=ZHNX) =1S31

EHNNX +ONNX $NNX+HT
zx+ozx#:ozx¢¢:uzx#:uzx+ozx¢wzzx+Ouzx+Nozx¢szx¢ONsz+Nouzxuaa+x-zx

.m.0~**—NIZx*szx-%NIZX*&*—##uzxumzzzx
(S°0) dok { ZNNXHZINX ) # (0T ) %X =0ONNX

((S%0=) % (ZNNX/8) Ykl 6% X=NNX

( (S *0=2*x (ZHNX/ 8) )% (8 )HX=HNX

v ©

sc

14

[GR SRS

m We

2TMaMNaMI D T2U AHX3 3 FAuTaSIana’y

EEOTI R RS S 2ATA IV AT ANTTY

==




(F*11)20Hd=¢EEd
(£ 4T1)D2HHd =22d
(Cr*11)200Hd=T1d
(0®°00S/VV)-i=1L
(VVv)sSav=uv
AN3VIY-LN3OUd=VV 30

93nd 40 3708 WO/TIVD  00s Dwzﬁmmd 1v34 ®dS 3 AVWIXOdddV

(BRSNS

Eu%2Id« 9L E+ Zdx20U+TU=LNIVIY
{ F*NI1)2ZNHd=¢td
(FENIL)IZOHd=CY

(CANILIHLOHY=TY

—NZ-I*ND&*OP.&+.ND-I*ND&#»OAIPU-I" AdIVHLN3 1NVLOV3d

(SRS R

901 OL 09 (T1°39°dW)dl
2S 0L D9 (10°0°371°(d¥il-1)58Vvidl
IN3OUd=3T1iN3d (10°0°31°(yl-1)savidl

ﬁﬁn*022x+9~a*ZvaoailZK+waiDZX+PQ*IQZ~
X+Nﬁ&*UZK+OBiNIZXOm&*OUZx¢¢¢*NZZX¢ma*NUZX*NG*DNSZK#ﬁa*NOUZXHPZWOM&

(F*1)drd=2C1d
(C*1L)ONHdI=TTd

(r*1LINHd=0Td

(£ *Ll)HHd=6d

(r*1)0Hd=8d

(C*LIHOHd=Ld

(r*1) 2HHd=9d

(£ 4L)0JHA=5d

{C%1) CNHd=%d

(r*1) 20Hd=¢ed

{r®1)02HHd=Cd

{r*i)200Hd=Td

di=1

i=SiL

o%1 04 09

15S OL 09 (01°19°1)dl1

19s Id1L D9 (1°39°dW ANV 01 °19°T1)dl
I=F (T°03°Wnl)dl

: 1+ =1 is

[~}
¥
-

Qo
m
!

B S T 2 A L it
JuNiVY3dW3l J1LVEeVIav d04d SNOILVY3ll
o s o ek s e kR e ook ok R

VLV V

: . W
FAERIR Nt L SRS S et

L3

P = S AN s o
ATy VLT AAY SR AY Y Ay N =0
DI SERMEEE A WU S R A w1

P VDS S SN e aNg L o~ 4o —~
PR + SRR R I S g .

2 O=) RELT AN SY Y (S ) AR A
CEYY

%
are
fyev© AR
PRV PR
+ A S S AN R ]

D L L L L FO R 3




CT+HINX/0INX=(d L)X
(THNINX/ZNNX={W*9)X
LT+AINX/CONX=(N*G)X

CT+NINX/OZHNX=t N %)X
(T#RINX/ZOINX=tN*E DX

IHd=(W*2Z) X

T-A=M (62°19°%)d1

1=(H*TIX

(s °A1QIdVY ONISY3IANOD 10N S1 NOlivu3dil 3UNIvVYIdA3Le XG4/ /) LV RWEOS
(29691311 4M

L 0L 09

6 0L 09 (1°39°dW)3l

M3NL=1

L 3L 09

6 0L 09 (1°39°dW)dl

L=

€S D01 29 (0°0T1°31°(M3NL-1)S8V)Id1

1=84d

i+0=f

T+AN=RNA

0®2/(M3N1s+ 1) =CL

9 OL 09 (2°0°11°96°0NV®0°05°11°8V)d1
¥91 04 09

ss 01 09 nNoOoPJomeUZuoOeOMoPJoﬂ(—mu
€91 OL 09 (1°39°dW)dl

HONONI 29¥Vv1 SI M3INL OGNV L N33M133 3JN34d34410 di
3IJN39U3IANDD QlIdvd 3A3IHOV Ol INOQ N338 SVH 2/ (M3Ni+i)=CL NOILVZ IIVWYON

S3121dS ¥3IHiI0 OGNV ¢H 03 3aN7ONE 1ON 03 SNOIlVINVIVI dJ

0°0=4d8

191 01 09
(331Q)58v=8d
L-M3NL=4d1d
(dJ/VV)—-1=M3NL

(dJ)s8v=d)
-ﬁP!P-\.¢QU*NZZx+muQ*NQZX+NaU*ONLZx+dau*NOQZxvnau

681 04 09 (100°0°31°(T1-1)S8V)4l

thy9d=-vd)=%dI
{ced-€d)=€dD
(22d=-2d) =24
(11d~-1d)=1dI
(F*11) SNHd=bv¥d

%391
31

191

LRRLWL

56l

s o e i ool S Y R e e o he de e e Shoide e ol R o desh o d o AR R

o ; $ T s o ==
SRR AP SIAE g ¥ =

P0G B = S S P S B oo e 2
R T N T N R - AL S .r::ru.;..rr




e oy BT ozt e wemam e inther = T—

ONNX=(W*9TIM ‘
NNX= (NS STIM ’
HNX=(W® ¥ TIM _

ONX=(WSETIM
HONX=(W*ZTIM

SHONX=(W*TTIM

" HONX=(WSOTIM
INX=(nN*6)M

ZHNX=(A*8) M

CONX=(W*L)MK

INNX=(W*9)IM

ZONX=(WH*S)M

OZHNX=(W %7 IM

ZOONX=(W*EIM

M3NIHd=(W*2)NM

IHd % (N I4-0 °T)=M3NIHd

1=(W*TIN

]
(31ViS AQV31S)¥93 SNONNILINID 40 33V INVYL Z 3 M SAVHYV 2

00L OL Ow (1°19%dn) 3l 9%
(296¢9) 3L 1uM 19s
8 04 09
0=1 (1°03°dW)dl
CCTMIINX)/Z (Z08%9L*HaN12)=d
Si=1
T+dW=dn ¢S
0OET 2L 29 (0°D3°dW )il
O2ZHNX=3
OINX=( 1)V
T+dN=dN
Vad={n*0C)X
ARA={W*6TIX
A={nW*BTIX
CT+MINX/EHNNX=(A* LT)X
(T+XINX/Z7ONNX=(W¢9T)X
CTHNINX/NNX=LAd*STIX
(T4 NXZHNX=(W¢HTIX
(THIINX/ONX=(W*ET )X
S e : . : : ( TERAINXZHONX={A2TIX
CTHMINK/ PHINX=(W*TTIX
CTHNINX/HINX=(W* 0T )X
CT+AINX/INX=(A*6)X
(T+M) NX/CHNX=(A *8)X

PN




T+AINX/HINX= (WD TIA ‘
CT+) NX/ZINX=UH*6) A .
(THNINX/ZHNX=(N*B)IA
CTHNINX/DINX=(nA S L) A
(T+%) NX/ZNNX=(H ¢9)A
(E+R) NX/ZONX=UN*S)IA
LT+ NX/DZHNX=(A S 9)A
(T4 )INX/Z2CINX=( W EIA
M3N IHd=(W*2Z)A
1=(W*TI)A LS
OET 0L 09
(ABN)Z=(WeBNIN  20L
6141=8N 20L 0Q

0=1
LS 04 09 (s00°0°371°(6T)u3°1
cz<.OﬁOOoOom._o—@dudwooz<omOOOOow._o:vudmoDZGomOOoOowJoe.n-uw-n:

((YN)¥3)SBV=(VYN)Id3 10L
(RO UNDIMZ C (NS YNIM—(HEUN)Z)=(VN)E3
61*1=VN 10. 20
(T+MINX=(H*6T)Z
NId=lWs81)Z
EHNNX=(W* 21) 2
ONNX=(W $9T)2
NNX=(W*ST)2
HNX=(n*»T)2
ONX=(W*ET)Z
HONX=(W*21)2Z
HHONX=(W* TT1)2Z
HIONX=(W*0T)2
INX=(N*6)Z
ZHNX=(n*8)2Z
. OINX=(W*L)Z
ZNNX=(n*9)2
, . . 2ONX=tW*S)Z
- OZHNX=(WH*9)2
20INX=LW*EIZ
MINIHd=(W*2)2Z
IHd# (NI3—0°T )=M3NIHd
l=(W* 12 DOL
0ct 04 09
0=1
(THINX=IR*6TIM
NIS=(W*8TIM
EHNNX=(WSLTIM

LT+ X NTHIR =M 8%

L= SN e - s
LR U S B S R BT

T w N
[T | \4/f|...r..<uaf....,.)“~ A4
Ca MY re D st DY
— NP VRSP, PR~ ST VS
B AR J L LS T L CY e

PRI Y

IR VIR I Ly BV IR < S S




02¢1=2N s0s 0OQ
G* 1=0N 90& 0J

SNOI 1V231 39V¥0 1S 3HL IASINININ 0L NIVOV G3SH N3I38 SVH M AVYYV

.oN.Hun..e.anz..z.H.x...aom.o.whwmz
42°94%:s=UDe 5

.xOn.\\..****i**if.zoahw¢9m¢<u oaquz<hm~*§*fi*i**o2unhu<mu 3TOW NI1I¥
NOILISOdWOD SDILVY 3INIIVAINO e * X9 4/ /¢ s ONLAYUVA 404 SNOILIVEd 3104AE
eNIATI3N 333930 »°1°4d¢.30 edWw3i LNVLOV3Y TWILINLI ¥ OGNV  3¥3HdSOWLZ
V 16T1°64%//7%¢ 30 3dNSS3Y¥d ¥ 1V 3uNiXIw ¥IV/3NVid3H 40 NOILlSNGWId D11
1VEVIGV 3H1 ¥03 NDILISOdWOD 13N00Y¥d UGNV *dW3l WY TIda * XSG THT ) LV WHOD

WISNIL®d (206491 3L IUM

€0S 2L 29 (6°19%dN)dl
. ((1°63%X5 )75 L
<:..xw.\\..a.ou.x@.«..z..xou.\\.‘ﬂ.ou.xo.e..a..xoﬂ.\\..>.¢aw.x¢.¢ga
.m:z..xm.\\..w.e~m.x¢.¢..oz..xo.\\..r.caw.x¢.¢..z..xoa.\\,.r.«ﬁw.xm
¢.¢..:..xo.\\..hoeum.xc.e..o..xo.\\..~.¢~w.xe.¢..zo..xo.x\..r.cﬁmae
X 2y bapHDe XB $//40L"HTI*XY )74 aTHED s XL 67740 L°%T34X D) s Db X6 //E
S (LouTIS XD )PS eZH ¢4X84 /74 (L9134 XY )7 240D e XL/ (LTI *XYIP e2NeZ
.xo.s\..p.eam.x¢.¢..Nc..xo.\\..n.eﬁw.xc.c..cN:..xm.\\..r.eam.xe.q.ﬁ
200X/ /S LETHTI XY )Y  IHDe 6XB 47/ SLET 7T XY )Wy Le
(0ZST=1°(7*T=A® (W*1)A))L00S*9)ILIUN

(2°93% s=u2s*XG*1°9
0&-.ﬂﬁk-oxm.Vomu.o“Zuu-xm.mow&.-"& a3ivindyiddy Svd 40 NOIL1iDVdde S
$ X014 7/ % ixkkxxl NOIAVINDJYIJIAY SVO ASNVH

NO1L1ISOdWOD SOILVY WOZWJ<>n:Ow-xOo\\a.wz~>¢<> 404 SNO11Jvid 3TWIWE
*NIAT3M 33¥93d ST °L4% 440 ®dW3l LNVLIOVIY AVILINI vV OGNV 3d33HdSOWLC
v *6d4//%: 30 3WNSS3IUd Vv 1V 3uNIXIN BIV/3NVId3H 43 NDILSNEW0D JI1
1veviav 3H1 dW0d NOILISOdWOD 1IN310dd OGNV *dn3i IWVIde* XS THT) LVWEID

’ uu.dPaZwu-u-ZwP.u—ﬂcm-0~wkwx3
INNILNOD

(s ONI9Y3ANOD 1ON SIs*T°%4% =IHd W04 NOIlvidil s 4/7/)1Vnd0Dd
wIL.N¢doo—wkwxlomﬁohwo<I~Wu

. VA=(A*02)A

A=(W*6T)A

. A=(W*BTIA

(T+NINX/ CHNNX=(A*LTIA

LT+ NI NX/ONNX=(W ¢TI A

(THNINX/NNX=(H S TIA

(T+MINX/HNX={N S Y TIA

(T+X) NX/ONX=(N*ETIA

(T+AINX/ZHONX=(W*ZT)IA

CTENINX/YHINX=(A* TT)A

X 3) skkdkkrk ®*NI1LIVYEd 370W NI

O\l
<

(SRSRTAL

2os

$ X01% ///)1vw3dd3d 00S

108

Sk
A At
izl

S HANMX = (M T T I

As

A =4 e o= b

Cras) Ax= (¥ T Ty

Sl

T

- 2 ar ryc

Ay




Ng Ni3d
LL3NOD%%0 *0T =% dlX
(9%kl)xlLIH+Y
em**k.*—o-I+.¢**h~*.mvI+pm**h~*a¢nz+.wwtr.*.m-I+rr.w-I+.ﬁ_Iuhhmzou
(L2135 )1LVWH03I

»F.auu..nvxvpﬁmﬁ.ﬂ.qua (1°03°r)al

{L)H NOISN3WIO

(F*L)2dXX NOILONNG

an3

Nd Ni3d

L13NO0%%0 *01 =t diX
. (9xkl)x(LIH+T
.m**k.*.o-:+»¢**h.*.m_I+.m**k.*.¢v1+.mn*h_t.m-;+r*nw~I¢.a-:nbhmzou
. (L°%136)1LVNE0d

.b.anm..u.xvaﬁmﬁaﬁ.qum ti°d3*ridil
(L)H NOISN3WIA

(FSLYEDAX NOILINNAG

anN3

NdNL3d

LL3NOD2%%0 *01 =2 diX

(9%xl) x(LIH*T
.m**h.*.o.:+.¢**h-*.m.:+ﬂm*ih.*.«-I+.~fih.*.m-:+r*~w.:+.au1ukhmzou

(L*%13G)LVAWYOI
(LST=I%C(I)4)(1ST*T)IVv3Y t1°03°r) 4l

(LYH NOISNZWIA

(FréL)2dXdXx NDOILINNI

an3

NY 0134

LA3NOD%#*0 *01=1dMNX
gm**hv*.0-I+.¢**h.*.m.I¢nm**h.*—e-:+.ww*h.ﬁ~m-x+ht.w.It.a.Inhhmzou
(L°213S)LVAYDL
(LST=1*C(1IHILTIST¢T) IV RALENIER
(L)H NOISN3IRWIG

(PSL)TAMX NOILINNG

an3

N3 N4i3ad

aANNILNOD

3INNILNDD
.ou.nuu..c.auz.,z.-.x...o0m.o.wr~m:
xu.mv.z~u.u.z~p.a.ﬁom.o.wrwus

IANL ANDD

3NNI ANOD
uozuuzvx\—-oz’uz—xl—02¢uzu>~".oz.UZ-S

Isk

ist

(9kxl ) R(LIH+T -

Ist

Ly
8%

90¢s
508

CE+RY AXNDARDIAX= (W ETTY

FRA YT T vt = L 3 T

UM I \DAY =t ETY Y
( FamY AXN 1A g D ENVY

[ 2

- RSV IR G Y] PRS- Y
Y T YR

r)

— T 3t




LISNOD*%0°0T=6d3X
(9%k i)l L)H*1
H+L %02 JH+ (T IH=1L1SNOD
(L°%13S)ivWddd 151
.P.ﬁun..mul-.ﬁmﬁaa.u<mm t1°03°riil
(L)H NOISN3WIA
(CéL)6ddX NOILONND
an3
N3ni3yd
LASNOD*%0°CT=8diNX
. (9xkl)xl LIH+T
nm**h.*.o.10.¢**h.*~m.I+-m**P—*.¢.I+.N**k-*—m-1+r*.w~I+.A~Iubkmzou
(L®°%13S)LV¥WH0d 151
(L6T=1¢(IMHILTST*TIIV3Y (1°D3°r)dl
(L)H NOISN3WIA
(PeL)B8dNX NOILINNI
an3
N3¥NL3Y
LLISNOI*%0®0T=LddNX
(9% L)el LIH*T
..mf*h.i.o.:+.¢§*h.i.m.Io.miik-i.«.:+p~i*».*.m.z+ri.w.I+.a.:ﬂkrmzco
. (L°%138)LvnWd03d 131
(LeT=14¢1OH)LTST*T)IVIY (t*o3° M4l
(L)H NOISN3WIA
(réL) 2dnX NOILONND
an3
NYNni3y
LLSNDD*%0°0T=9d%X
] (9%xl) el L)H+1
H+ (2x%L ) ( EIHL&( 2 ) H+ (T IH=1LSNOD
(L°%T13S)LVAE0d 151
(LST=1¢C1 )4 TeT*T) IV (1*p3a°riii
(L)H NOISN3WI1A
§0 %L )9dMX NOILINNAL
aN3
NdYNi3Y
LASNDOD*%C*0T=6dX

(9xxl)el LIH+T
.m*%b-*.o.z+~¢w*b-*am.I+.m**b-*.¢.I+.N**h-*amuzoh*pw.1+.auznhbwzou

.m**h-*~o.:+.¢**hv*.m.z+.m**h.*.¢.1+.N**hv*-m.

am**k~*.o~1+.¢**bw*—m-:+—m**kv*a¢~

(Z4T=1° (IDHILTIST T IOV (1ed3cridl
(L)YH NOISN3WIA

(ré1) adXX NOILINND

an3a

(L°%13S)iVHE0d TST

(AMeNAIYN LI AL AN = EHAL TAYY Y= AnAy Wi d

2 v _-
AR Tt ¥

APATTANY  AnA

SY.0T AT, T, AT (B0 AYIAT 1A




N _ an3 ‘

Ndni 3d

. 8°6902~( 9%k i) xklLIH+T
e ' .m**kv*.o.I+~¢**h.*.m~:+¢m**kv*a¢~1+~mw*h.*.m~I+k*.w.:+.-Iu~0:a

A (L*713S)LVWY0d 151

(L4T=14(1)A)CTST* I IV (1°b3°ri3dl

(L)H NOISN3WIQ

(FP¢1L)20Hd NOILONDI

anN3

NdN43d

Foh@MNlOowaPml.o**k.*.hvI+ﬁ
.m**k-*.o-:+.¢**b.*.m.I+.m**k.*.¢-I+.N**b.%.m.1+h*.N.I+.a.IuDN:Ia

{L°»136)iVvWE0d 161
.P.ﬁﬂn.»u.l-»ama.auu4m¢ (1°03°*ri4dl
o _ ) (L)H NOISN3WIO
L . : : . (F*1)02ZHHd NOI LONNd
: ’ anN3
Ndni3d
ﬁomeNIOonOv0|.o**k~*.P.I#ﬁ
.m**h.*.o-x¢.¢i*k-*am-:+.m**k.*.¢.I+.N**b.*.m_:+h*.w.1#.Hvzumouza
(L®%T139) LVRNAOI isi
(LT=1° (IIH)(TST*T20V3Y (1°03° )3l
: : {L)H NOISN3WIA
: \ . (r*1)202Hd NOILINNI
aN3
) _ S NanL3d
o LISNOD%%0°0T=TTdAX
e e - . (9 %kl ok ti IHHT
. gm*ih~*.oux+.¢**b~*.m-:#.m*lh_*n¢vr+nm**huw.m~1+ki—NvI+.d-IuthZDu
(L°%7139)1vWddd 151
AP.nnm.AH-Iv—dmﬁ.ﬂ.qua (T °D3a°r)il
(2)H NOISN3WIO
(C1)TTANX NOILINNG
an3
ol . NdNiL3d
o : LLSNOD*%#0°0T=0TdNX
A i : ' (9l (L IH+T
.m**k.*.eur+.¢**h.*.m—:+—m**k.*—¢.I+.~r*h.*.m.:+h*amvz+.a.:ukkmzou
) (L°713S )LVHWEOI ist
(L T=I%(I)HIC(TIST*T)IVN (T *03°ridl
(2)H NOISN3WIO
(C4L)OTdNX NOILONNI
anN3
NdINi3d

—

3

P PRTar PR
LS GEae * -

(TYE T AA Y
R R R T R I LA P AT

4
ASAE]

P

PRs % BNy
L




et N et

(L°713s)LVWHE0d 151
—P.A"m.aw~1-»ﬂmﬁ-ﬂ-u<wm (1°p3c°rial
(L)H NOISN3WIQ
(C* L)YHHD NOILONOI
GN3
Nd Ni3dd
¢ob00ﬁl°owmﬁwm+—o**kwﬁar~l+ﬁ

.gm**h.*.oVI+.¢fﬁk.*.m.:+.m**k.*.¢UI+.N*ikgi—m~x+k*»N.I+.avIqua

(L°7135)1VYWd0d Isl
(L8 T=1¢(1)HDILTST¢T)TVIY (1°03°r)4dl
(L)H NOISN3WIQ
(C* L)0Hd NOILONNG
an3
N3NL3Y
N.oo~wlo.oooo~+.o**k.¢.h.xvﬁ
.m**b.*.o.:+ﬂ¢**h.*.m.I+.m&q#-*.¢.:+.~**b.*.m.z+h*.~.1+Aﬁ.zuzozn
) (L°%13S5)1VWdId 18T
(L4T1=1° (1)HILTST*T)0VI (1°03°r)4dl
(L)H NOISNaWIO
{C4LYHOHd NOI LONOS
anN3
NINL Y
_ g°¢cz0e~( 9% L)kl L)H+T
.m*wh.*.o.:+.¢**h—*~mvz+.m**k.*.¢.:+.~**r.*.m~z+h*ﬁw.:*.a.:nw::a
(L°%T3G)ivAd0d 1351
(LOT=I4¢(IHITST*TIIVIY (1*03°ridl
(L)H NOISN3WIA
(réL) 2HHd NOILONNI
an3a
Ndni3d
o.Nhomuh.muqomt.o**k.#.p.:#a
.m**h-*.o.:+.¢**h.*.m.:+.m**h.*.¢.I+-Nw¢h.i-m.I+k*_w~1+.ﬁvzuouxa
(L*y 135 )1LVWIE0S 151
nh.unn..nuz-.uma.avucma S ERBER
(L)YH NOISN3WIQ
(C*L)0DHA NOILINNGI
~ON3
N N13d
go°Z2102 = (9akl )il IH+1
.m&*k.*.o-:#.#**b.*.m.x+.mﬁ«h-in¢.1+.~i*h.i.m.1+riamuz+.H.:uNZI@

(L°%T3G) LVW30d ISl
(L*T=1* (IDH) (TST¢T) IV (1°03°rhil
(L)H NOISN3WID
(C4L)ZNHd NOI1INN




aN3
G S - . . NuNLi3Y
e } Oomwm¢¢l.6**ku*=P.:+ﬁ
am**h.*.o-I+~¢**k-*.m~I+.m**h.*.¢.x+awt*h.*,m.x¢kw.w.x+‘~.1nxhuzm
(L *»13G)LVWd03 151
-h.ﬁﬂu.—n.l..amﬁ.avqum (1°03°r)dl
(L)YH NOISN3IWIA
(FP*L)HLIHY NOILONNI
an3
N3 N13d
w-mmmalo.wwourﬁ+.o**r~*.h-1+ﬁ
,.m**hv*no.:+.¢**b.*.m-I+.m*«h.*.¢-:v.m*&k~*.m.x+k*-~x+.a.1uuxa
(L°%T39) AVWAOd st
(28 T=I* C1MH) L ESTC 1) IVIY (1°03°r)dl
: (L)H NOISN3IWICO
(rs1)2Hd NOILONNG
aN3
N3Ni3d
NoconwlOoooo—~+.o**k.*.h-l+~
.m**h~*.0.:¢.¢**h.*»mv:+.m**k.*.¢~I+.~**h,*.m.1+k*.N.I+.A.znuzza
. tL°%T136)ivWED3  1sT
G (L¢T=1* (IMH)(TIST¢T)0VY (1°03°r)4dl
- (L)H NOISN3WIA
A r%L)Y ONHJ NOI LONNJ
an3
NuNli3d
g o.um¢ﬂnOootha~+.o**b-*.h.:¢a
.m*ik.*nouz+.¢**b.*.m-:+~m**b.*.¢.I+.m**r-*.m.I+h§—w.:+.a.:uzza
(L°»T3S)ILVAYODS 131
(LS T=I4 (1) LTIST*T)IaV3Y (1°03°ri)dl
R : ( L)H NOISN3WId
el o S : e : (r*1)INHd NOILONAD
Ch , anN3
SR N3dNl3d

Nodw#alOuOWONm+ao**h~*.F~x¢ﬂ
.m**k—i—@~1+.¢i*#-*—m~I§~m**k~*ﬂ¢~I¢.N**P-*»M~I+k*.-I+AH~INII&

[ SR RPN A TR TR R S 2 e WIS -]

k3 o2

FEEN A 5y iiht Ty
(T, Tt (7Y} 08207y aan (10 TR

(T o F37) TAMINT BT






