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3.

Definitions of Terms and Abbreviations

3.1 Terms Used

3.1.1

3.1.2

3.1.3

3.1.4

3.1.5

3.1.6

3.1.7

3.1.8

3.1.9

3.1.10

3.2

ExHAUST EMissioN—AnNYy substance (but normally limited to pollutants) emitted to the atmosphere from any
opening downstream from the exhaust port of the combustion chamber of an engine.

DieseL ENGINE—ANy compression ignition internal combustion engine using the basic diesel cycle, that is,
combustion results from the spraying of fuel into air heated by compression.

STEADY-STATE CONDITION—AN engine operating condition at a constant speed and load and at stabilized
temperatures and pressures

KiLowaTTst—Observed kilowatts unless otherwise indicated (brake power x 0.7457).
NisT—Natipnal Institute of Standards and Technology

RATED Kw OuTPUT—The maximum brake power output of an engine in‘kilowatts (kW) jas stated by the
manufacturer.

RATED SPED—The engine speed at which the rated kW is obtained:

ToTaL Oxiges OF NITROGEN—The sum total of the measured.ppm of nitric oxide (NO) plus the measured
ppm of nitrpgen dioxide (NO,) expressed as an equivalent‘mass of NO,.

CALIBRATION GAS—A gas used to establish instrument'tesponse. Concentration known to £2%, traceable to
National Ingtitute of Standards and Technology Standard Reference Materials (Reference 2.1.6).

SPAN GAs—HA gas used routinely to check instrument response. Concentration traceable t¢ calibration gas.
Abbreviatiops Used

C—Degrges Celsius
CHEMI—Chemiluminescence
cm—Cerjtimeters
CO,—Carbon dioxide
CO—Carbon monoxide
conc—Cencentration
DI—Dire¢t injeetion
dia—Dianeter
DIR—Digpersive Infrared
DUV—Dispersive Ultraviolet
EXH—Exhaust
F/IA—Fuel/Air ratio
g—Gram(s)

h—Hour

kg—Kilogram
kPa—Kilopascals
kW—Kilowatt

L—Liter(s)

m—Meter(s)
max—Maximum
min—Minimum, minute(s)
mL—Milliliter(s)
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4.

51

5.2

521

5.2.2

NA—Naturally aspirated
NDIR—Nondispersive Infrared
NIST—National Institute of Standards and Technology
N,—Nitrogen

No.—Number

NO—Nitric Oxide

NO,—Nitrogen Dioxide
NO,—Total oxides of nitrogen
0O3—O0zone

OD—Outside Diameter
PC—Prechamber

ppm—~Parts per million by volume
s—Second(s)

SS—Stajnless steel
TC—Turbocharged

wt—Weight

%—Percgent

Sections—This document contains the following sections:

3. Defirnition of Terms and Abbreviations
Equipment and Operating Procedures for Carbon Diexide, Carbon Monoxide, and Nitric Oxide
Analyses by NDIR Method

Engine Emissions Measurement Procedures

Information to be Recorded

Data|Preparation and Report

. Supgdlemental Discussion

10. Detefmination of Total Oxides of Nitrogen in'Diesel Engine Exhaust
11. Equiyalency

o

© 0N

This procedufe is based in part on technical information found in References 2.1.1 to 2.1.5 anpd experiences of
the SAE J177 task group members of the,SAE Diesel Emissions Subcommittee.

Equipment and Operating Procedures for Carbon Dioxide, Carbon Monoxide, and Nitfic Oxide Analy-
ses by NDIR[Method

System—Figure 1 is a sketch of the sampling and analytical system that is recommended fpr the continuous
analysis of CO,, CO, and*NO in diesel engine exhaust (see 8.1).

Component Description—The following components are prescribed for the sampling and analytical systems
for the analysis_ef diesel exhaust gas for CO,, CO, and NO.

Flowmeters, FL1 and FL2, to indicate the sample flow through the system.

NDIR with cell(s) of appropriate length for testing constituents. The accuracy of the instrument(s) should be
+1% full scale deflection or better. Typical ranges are shown in Table 1. The ranges can differ from those
recommended if accuracy is maintained.
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523

524

525

5.2.6

SPAN

N2 D FI
EXHAUST }E‘"z N3
BATH B F2
v3 { n v2
4
T b= NG \W
CT BACKFLUSH N&

vsk %vs )

FL1
FL2| cO CO2 NO @ S
NDIR NDIR
NDIR
[STACKED CELL|

FIGURE 1—FLOW DIAGRAM OF EXHAUST GAS ANALYSIS SYSTEM FOR NITRIC PXIDE,
CARBON DIOXIDE, AND CARBON MONOXIDE

TABLE|1—-TYPICAL RANGES FOR ANALYSIS OF CO,, CO, AND NO IN DIESEL EXHAUST

Compopnent Ranges®)

COy 0-5% and 0-16%

CcO 0-500 ppm
0-1000 ppm
0-2500 ppm

NO 0-500 ppm
0-1000 ppm
0-1500 ppm

1. Dual range cells or stacked cells may be used. Cell
lengths as recommended by instrument manufac-
turer. Other ranges may be employed if the accu-
racy in determining the component concentration is
equivalent to or better than the above (£1% full scale
deflection).

Selector valve, V1, to direct sample flow through high or low range CO analyzer and simultaneously purge
the other analyzer.

Pressure gage or manometer, PG, to indicate the analyzer sample pressure (capable of detecting a 10 cm
water pressure change).

Selector valve, V2, drier, and filter bypass.

Filter, F1, to prevent particles of drier from entering the analyzer.
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5.2.7

5.2.8

5.2.9

5.2.10

5.2.11

5.2.12

5.2.13

5.2.14

5.2.15

5.2.16

5.2.17

5.2.18

5.2.19

5.2.20

Chemical drier, D, to remove moisture in sample stream. Approximately 2 cm in diameter, 15 to 20 cm
length containing approximately 60 g of 6 to 8 mesh nonindicating Drierite™ and a band of indicating

Drierite™ Figure 2.

parts.)

NOTE—Need not be used if a NDIR with water discriminating cells is used.

(Indicating Drierite™ can be mixed with nonindicating Drierite™, about 1 part to 10

Needle val

A pressurg
pressure s

Pump, P, t
Selector va

Needle val
gas flows.

Filter, F2, f
7cm diame

Selector v3

Toggle or s

FITTING APPROX 19 CM FITTING
{3/4 INIDIA
‘ GLASS TUBE
o> el
] ol NON-INDICATING APPROX ? | —
- 834 DRIERITE 5CMI2IN | EGS —
GLASS BAND OF - GLASS
wooL INDICATING WOoOL
DRIERITE
15-30CM 16-012IN] ————]

FIGURE 2—DRYING TUBE (EXAMPLE)
e, N1, to regulate the sample flow to the analyzer.

relief valve, R1, to vent excess flow and prevent pressure effects on the ana
nould be set for 15 kPa or higher if needed.)

h move sample through system.
Ive, V3, to direct sample, N, or calibrating gas streams to analyzer.

es, N2, N3, N4, and N5, as:tequired by analyzer types to regulate N, or dry 3
Valve N6 to regulate backflush air.

pr removing particutate contaminants from sample prior to analysis. A glass fib
ter is suitable.

Ive, V4, to direct sample to analyzer or air back through the system to clear cond

olenoid'alves, V5 and V6, to drain condensate traps and bath, respectively.

Bath or ref

yzer. (The relief

ir and calibration

br type of at least

ensate from trap.

igérator, B, to cool and condense water from exhaust sample. Should be capak

le of maintaining

a condenser gas exit temperature no greater than 7 °C.

Cooling coil and trap, CT, to condense and collect water vapor. A coiled 2.5 to 3 m, 0.63 cm dia SS line
attached to a 2.54 cm dia, 15 cm length trap would be typical.

Temperature readout, T1 and T2, of bath and condenser exit gas temperature.

Selector valve, V7, to select room air to sample flow through the sampling and analytical system (optional).

Selector valve, V8, attached to stack probe to enable injection of span gas for response time check

(optional).



https://saenorm.com/api/?name=4c45c70828819fd914312001580c7d11

SAE J177 Cancelled OCT2002

5.2.21 Prefilter, F3, to remove soot and some moisture from exhaust sample. Type of filter is optional but must not
affect CO,, CO, or NO concentration. An example is shown in Figure 3. Commercial elements, such as a
high-efficiency, cylindrical, disposable filter element of resin-bonded borosilicate glass microfibers in an
appropriate housing, are available (Reference 2.1.24).

5.2.22 Sampling |

’1

|Al

(] !

I

£ 11 3

° =33-id,  LOOSELY PACKED
OO\ [t ¥ GLASS WOOL OR
°s° 5%l 54 FILTER ELEMENT
SS OR |_ APPROX
PLASTIC DISC 5CMI2IN] DIA

FIGURE 3—PREFILTER, F3, OR SOOT KNOCKOUT,TRAP (EXAMPLE)

ne, SL, from exhaust system to analysis system. .Various materials can be us

bd providing they

can withstand the temperature and don't affect the sample integrity. SS, Teflon™, and polypropylene

materials al
constraints
5.2.23 Stainless s
multihole p
does not e

5.3 Operating P
following min

be attached to the stack,probe or the sample introduced directly into the probe.) To test res

re currently used. The sample line size and length should be selected to meet t
specified in 4.3.1.

teel probe, SP, to extract a representative sample from the engine exhaust sys
obe extending 75% of the way acroSs the stack is suitable if the total area of th
ceed the cross-sectional area of'the probe.

ocedure—Follow the start-up or operating instructions of the instrument mg
mum requirements should be included.

sPoNSE TIME—An. effect of sample residence time on NO measurements ha
2.1.4). The stabilized reading should give a deflection of at least 50% of full sc

hn gas at-the sample gas flow rate at the sample probe. Measure the time
f 90% response of stabilized reading is observed on the readout meter or reco
NO analyzer of 20 s or less is desired.

he response time

tem (see 8.2). A
e sampling holes

nufacturer. The

5 been observed
hle. (A valve can
ponse, introduce
elapsed before a
der. A response

5.3.1 SyYSTEM RH
(Reference
the NO sp
deflection ¢
time to the

5.3.2 CALIBRATI

5.3.2.1

in use. Instruments not in use for over 30 days should be calibrated before reuse.

Monthly—The following should be conducted on initial startup of the system and monthly for all equipment

Calibrate the instrument assembly and check calibration curves using calibration gases. Use the same

gas flow

rates as used for sampling engine exhaust. Flow has affected results obt

ained with some

systems. A minimum flow rate of 4 L/min is recommended. The upper flow rate restriction is dependent on

system d

esign but should not exceed manufacturer's recommended flow.
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Allow 2 h minimum warmup of analyzers.
Tune analyzer.

Set zero and gain using purified dry air or nitrogen and the 100% range calibration gas.
Recheck zero and repeat step (c) if necessary.
Check possible interference of CO, on NO and CO analyzer. Inject 10% CO, in N, into the sample

stream and observe response of CO and NO analyzers on the most sensitive or lowest range used.

Observed changes should not exceed 2% of full scale response.

consult instrument manufacturer's manual for correction of problem.
f. Calibrate each analyzer with a minimum of four calibrating gases that are approximately 25, 50, 75,
and 100% response of each range (see 8.3) and establish a least squares curve. The calibration
curve should fit the data points within +1% full scale or +2% of point, whichever is less. If the

If larger response does occur,

discrﬁmbgmwwummwlt the instrument
manyifacturer. Depending on response characteristics of the instrument, a greater humber of gases
may pe required to define the calibration curve.

g. Compare calibration response values with previous curves. Any significant change may indicate some
problem in the system. Follow manufacturer's recommended proceduresfor locating and correcting
any problems within the analyzers. Use best judgment for selecting a_calibration curve for data
redugtion.

5.3.2.2 Pretest Gheck

a. Allow a minimum 2 h warmup if analyzers have been turned off; however, if the angalyzers are being
used| on a daily basis, it is preferable that the analyzet\power be left on continuougly. The chopper
motars may be turned off when the analyzers are notin'use.

b. Zero|on dry air or nitrogen and obtain a stable zeroon the amplifier and/or recorder.

c. Introgfluce span gas and set gain to match the cCalibration curve. Use the same sample flow rate for
calibfation, span, and exhaust sampling. Useispan gas having a concentration of thg constituent that
will dive approximately 75 to 100% full-scale deflection. If amplifier gain shifts significantly, check for
poss|ble analyzer problems and correct. If necessary, check analyzer calibration with calibration
gaseg.

d. Chedgk zero and repeat steps (a) and (b) if required.

e. Chedgk flow rates.

f.  Chegk both refrigeration ang_condenser exit gas temperatures.

g. Chegk system for sample-leaks by blocking off probe or probe end of sample line. If{leaks exceed 1%
of tofal flow, correct prohtem.

h. Chegk system response time, 4.3.1.

6. Engine Emigsions Méasurement Procedures

6.1 Engine Test|Procedure—The following analysis procedure is recommended for emission measurements at
steady-state ppe€rating conditions. The engine operating cycle is not dictated by this procedur’E, and the engine
break-in, pretest conditioning, and measurement procedure may be modified depending on the purpose of the

test, that is, emission certification test or routine laboratory development test. For emission certification see

Federal Regi

ster (Reference 2.1.7).
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6.2

6.3

7.

7.1

Emissions Measurement

=

2.

3.

Chart Readi

a.

b.

Information
each test per

Record Item

a.
b.

1.
2.

OS3 T AT ITSQ 020

Install sample probes and attach instrument package to prepare for data cycles.
Start the engine and warm it up under load until all temperatures and pressures have reached

equil

ibrium.

If Drierite™ is used, during warmup, precondition Drierite™ by flowing exhaust gas through system for

at least 5 min.

preconditioned.
Measure CO,, CO, and NO emissions as follows:

If more than one Drierite™ tube is to be used during the test, they also must be

Operate for at least 10 min in each mode, allowing at least 5 min for emission measurement.
Check and reset zero and span after each mode or as needed to validate the data; if either changed

ma
Ba

re than 2% of full scale repeat the mode(s).
Ckflush condensate traps and prefilter after each mode or as needed.

19

Locafe the last minute of each test mode and average the chart reading for NO, CO, and CO,, over this

perio
Dete
calib
Recd
calcy

Test
Engi

Idg
Bri

Date

Instriiment operatortand test engineer or vehicle operator.

Start
Anal
Amb
Num

d. Correct chart reading for any obvious trace abnormalities,
'mine the concentration of NO, CO, and CO, in each mode from’the chart readin
ation curve for the constituent (4.3.2.1).

rd chart reading from 5.3(a) and concentration,-from 5.3(b). Additional
lations may be required, depending on the purpose 0f the test.

to be Recorded—The following information should be included as part of the
ormed:

number.
e or vehicle tested:

ntification number.
ef description includingitype (NA or TC, PC or DI) two- or four-stroke cycle, bore

of test.

ng and finishing time.

zer identifications.

ent temperature, start and finish.
ber of.ehgine conditions tested.

Engi

né-data at each test point (fuel rate, air flow, rpm, kW, temps, etc.).

Analysis results at each test point.
Atmospheric pressure, start and finish.

Fuel

used, identification number and type (No. 1, No. 2 Diesel, etc.).

. Sample flow rate, start and finish (should be checked at each test point).

Oil used, identification number and type.
Cooling bath exit gas temperature, start and finish (should be checked at each test point to be sure it is
below 7 °C).

g [5.3(a)] and the

mass emission

ecorded data for

, and stroke.
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7.2

8.

Recorder Chart Notations

=

@ ~pao

Items 6.1(a) to (h) inclusive.
Identify zero traces, calibration or span traces, steady-state test point identification, start and finish of
each condition.

Instrument range used at each test point.

Hum

idity at each test point or at start and finish if no changes occurred.

Time of analysis, start and finish.
Calibration curve identification by number or date.

Rem

Data Prepar

a.
b.

The
The

arks as required.

tion and Report

lata obtained in 5.3 should be checked for obvious errors.
concentration of the constituents in the exhaust gas are measured\on a

dry basis in this

proceédure. To convert the measured values to concentrations present in the‘exhausgt (wet basis), the
following relationship can be employed:

wherg:

ppm (wet basis) = ppm (dry basis)[1 —a( FoA)]

§

A = Atomic hydrogen to carbon ratio = y/xin fuel with formula C,H,

Morg accurate calculations for this conversion are found:in 8.4. The humidity of the
an effect on the amount of NO chemically formed in ‘combustion (Reference 2.1.5).
Equagtion 2 should be applied to the NO value (wetbasis) at each mode or test point.

puts

temperature of 29.44 °C.

wherg:

wher
Masq

— N Owet

corr— K

NQ.

a)

=1+7 A(H-10.714) + 1.8 - B (T-29.444)
= 0.044 (F/A) - 0.0038

= Intake Air Témperature °C
/A = Fuel-Air-Ratio (Dry Basis)
1 = Specific humidity, grams of water per kilogram of dry air (see 9.6)

K
/
B =-0.116 (F/A) ¥ 0:0053
]
;
|.

-

calculations can be made using the ppm (wet basis and humidity corrected) al

(Eq. 1)

inlet air also has
The correction in
This conversion

the values on a basis of 10.71 g of water per kilogram of dry air (75 grains per pound) and a

(Eq. 2)

nd the measured

exha

3251 = o L Pl Il I Ikt ol £ = 4 2
SUITUW.  TTIT TATIAUSL TUW LdAlT dlSU UT UlLlairmicu MUt CYUatult o.

MASS EXHAUST (kg/min) = (MASS INLET AIR, kg/min) (1+F/A)

The emissions on a mass basis are obtained as follows:

CO,, g kWh= 9.09(10 %) (MASS EXH) (ppm CO,) sk W
CO, gokWh= 5.79(107%)(MASS EXH)(ppm CO) skW
NO, gckWh = 6.20( 10 2)(MASS EXH) (ppm NO) kW

NO as NO,: NO,, g/kWh = 9.50(10 %)(MASS EXH)(ppm NO) kW

(Eq. 3)

(Ea. 4)
(Ea. 5)
(Ea. 6)

(Eq. 7)

-10-
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9.1

9.2

9.3

Supplemental Discussion

Analyzer Arrangement—The method as presented in the foregoing sections is considered to be a practical
method of conducting continuous steady-state analyses for CO,, CO, and NO. Adequate precision and
accuracy for routine analyses are obtained using the procedures as defined.

The arrangement of analyzers as shown in Figure 1 allows the use of a single cart system with a minimum of
hardware and span gases for the analysis of CO,, CO, and NO. Use of individual analyzer systems or of
analyzer systems connected in parallel may be desired by some users. A typical parallel system is shown in
Figure 4. In some research activities and in abatement or control analyses only individual analyzers or two
instruments in series or parallel may be desired. These modifications can be used if proper attention is paid to
flow rates and system temperatures. Any modifications should be in basic agreement with Section 5.

FL re FL G FL r
VENT

BY PASS
FL

v PG

? [+
v

o
® v
ARyl

AIR NOSPAN COSPAN ZERO COj SPAN
182 152 182

FIGURE 4—FLOW)DIAGRAM OF A TYPICAL PARALLEL FLOW SYSTEM

Probe Locatjon—The probéNocation should be governed by the purpose of the test. For routine emissions
measurements, the probeshould be located in the exhaust line at a distance of 1 to 3 m from the exhaust
manifold outlgt flange or-the outlet of the turbocharger. Longer lengths can be used if results| can be shown to
be equivalent to those at 1 to 3 m.

Calibration and’Span Gases—There are several suppliers of gases in the ranges used ip this procedure.
These can be obtained with concentration analysis accuracy of +2% or better. However, it is recommended
that internal cross checks be performed on all incoming gas standards. NIST Standard Reference Materials
(Reference 2.1.6) should be used when available to verify calibration gases. Span gases can be checked with
calibration gases traceable to NIST gases.

The CO and CO, gases can be purchased mixed. NO gases should not be obtained mixed with either CO or
CO,. All gases should be obtained in zero-grade N,.

For NO, analyzers discussed in Section 9, the NO should not contain over 5% NO, and the concentration will
be named as total NO,,.

-11-
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9.4

Dry-Wet Basis Calculations—Diesel emissions as exhausted are wet and mass calculations based on the
exhaust should employ concentration data that is on a wet basis. The conversion of emission data from a dry
to wet basis is approximated by Equation 1, Section 8. A more accurate conversion can be obtained if desired.
The calculations are described in the following paragraph.

The combust

where:

ion of diesel fuel can be defined by the general equation:

CHy +n0, +n(3.76N,) +mH,0® CO, + g +mPH,0 +x0, + n(3.76N,)

y = Atomjc H/C ratio in the fuel

n = Moleg of oxygen in air to engine = (1 + y/4 + X)
m = Molgs of water in 4.76 n moles of air

X = Moles of excess oxygen

Mass of fuel per unit time, F =12.01 + 1.008y

Mass of

F and A can
kilogram of d

The fractiond

The conversi

Table 2 can lpe used to interpolate the conversion factor over the normal diesel F/A operating

ir per unit time, A =105.28n + 32.00n + 18.016m

FoA = 12.01 +1.008y
137.28n + 18.016m

be measured and y determined. Then, if the humidity,<h, is determined in gr
ry air (0.1429 x grains of water per pound of dry air)¢h ean be determined:

_ adoae 12.01 + 1.008y\ 6
€Fg€137.28 + 0.1375h9

| volume of water in the exhaust, W, is:

_ 05y (7.637 107
(4.76+ 7.63" 10h)n + 0.25y

pn factor, CF, to be applied_to the dry values is then

CF=1-w

(Eq. 8)

(Eq. 9)

hms of water per

range.

(Eq. 10)

(Eq. 11)

(Eq. 12)
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9.5

9.6

TABLE 2—CONVERSION FACTOR, CF

Fuel/Air Fuel/Air Fuel/Air Fuel/Air Fuel/Air Fuel/Air
Ratio Ratio Ratio Ratio Ratio Ratio
0.00% 0.01 0.02 0.03 0.04 0.05

Conversion Conversion Conversion Conversion Conversion Conversion

y h Factor Factor Factor Factor Factor Factor
2.0 0 (0)(2) 1.000 0.980 0.960 0.940 0.920 0.900
2.0 14.2 (100) 0.978 0.958 0.938 0.919 0.901 0.882
2.0 28.5 (200) 0.957 0.939 0.918 0.898 0.880 0.860
1.9 0 (0) 1.000 0.981 0.961 0.943 0.925 0.906
1.9 14.2 (100) 0.978 0.958 0.940 0.921 0.904 0.886
1.9 28.5 (200) 0.957 0.938 0.919 0.901 0:883 0.886
1.8 0 (0) 1.000 0.982 0.963 0.945 0.928 0.911
1.8 14.2 (100) 0.978 0.959 0.942 0.925 0.907 0.890
1.8 28.5 (200) 0.957 0.939 0.920 0.904 0.889 0.870

1.
2.

Correction f
Numbers in

Humidity Mq
recommende
337-62 at a

r humidity in inlet air.
barentheses are grains water per pound dry air.

asurement—The measurement of the inlet air water content is required in Section 8(c). It is
d that the wet and dry bulb temperatures of the inlet air be measured in accordance with ASTM E
point that is representative of the air entering“the engine. Wet and dry bulb thermometers or

equivalent s
portable and
2.1.9. Thed
dew point to

ould be used. There are available wet\and dry bulb thermistor type psychrpmeters that are
can be adapted for stack sampling. Two such instruments can be found in Refdrences 2.1.8 and
vice used should be capable of measuring wet bulb/dry bulb temperatures to within +0.6 °C or
ithin £1.2 °C.

hen sampling from a restricted engine intake system, the minimum velogity as stated in
eference 2.1.12 must be maintained.

bulb measurements” should be taken at least immediately prior to and after each set of

measuremenits. There are a humber of references on humidity measurements (References
that can be cpnsulted for additional guidance. Psychrometric tables for use in determining hu
be obtained from the U.S{Weather Bureau, Washington, DC.

Rather than yise therpsychrometric tables, the specific humidity can be calculated as shown i

2.1.10 to 2.1.13)
midity values can

N 9.6.

Humidity C
follows:

Given:
Wet bulb temperature, T,,, °C

Dry bulb temperature, T 5, °C
Barometric Pressure Observed, Py, kPa

Procedure:

Find the saturation pressure of water vapor, P, at the wet bulb temperature, T,,.

cific humidity as
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-2
P, kPa = 0.6109579 + (4.440515*10 "~ * T, (Eq. 13)
+(1.425658%10° *T ) + (2.629981*10 > *T 3
—7 -9
+(3.115099*10 " *T, J+(2.201172*107° *T )

Equation 13 is applicable over the temperature range of - 30 to +40 °C. Below 0 °C, the equation follows the

temperature-water vapor pressure relationship for super-cooled liquid water. (Source: Psychrometric Tables
and Charts, by Zimmerman and Lavine.)

Next calculate the experimentally derived constant A for use in Ferrel's equation as recommended by NIST
(Reference 2/1.13).

A = 3.67 x107*(1 + 0.001152 xT,,) (Eq. 14)
where:

Tyisin°C
Next find the|partial pressure of water vapor, P,, from Ferrel's equation:
P,kPa=P,-1.8:AP,(T4-T,)kPa (Eq. 15)

Then find the specific humidity, H:
H = 621.98P,

gH,0O _per kg of dry air (Eq. 16)
P,—P,

Dew point teperature can be used to calculate-the specific humidity as follows:
Given:

Dew poirft temperature Tqp, °€
Baromettic pressure observed) kPa

Procedure:

Find the partfal pressure of water vapor, P,, kPa.

P, kPa = 0.6109579 + (4.440515"10 *Typ) (Eq. 17)

+ (14256581073 *T 5*(2 620081*107° *T 3\
A P . == ap’

+(3.115099° 10 *Ty1) +(2.201172*10° *

Equation 17 is applicable over the temperature range of - 30 to +40 °C. Below 0 °C, the equation follows the
temperature-water vapor pressure relationship for super-cooled liquid water. (Source: Psychrometric Tables
and Charts, by Zimmerman and Lavine.)

Substitute the result into Equation 16 to find the specific humidity.

-14-
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9.7

9.7.1

9.7.2

9.7.3

9.7.3.1

9.7.3.2

9.7.3.3

Determination of Oxides of Nitrogen in Engine Exhaust—Supplementary Analysis Methods

INTRODUCTION—The chemical kinetics of combustion reactions highly favor the formation of NO over NO,.
The NO formed does convert to NO, in the presence of oxygen with the degree of conversion being time

related.

generally less than 5%.

conversion

ToTAL OxIDES OF NITROGEN—The method and procedures described

of NO to NO, is minimized.

recommended if NO, and NO, measurements are required.

WET CHEM
noncontinu
oxides of
lower conc
more time

Phenoldi
accurate

The majq

Saltzman
2.1.18, 4
Saltzman

Greiss-S
Saltzmar

The met}
sample (
when it 1
reaction
sample.
converte

The metho

us or batch type sampling procedures and in checking gases.
itrogen within the range of 100 to 3000 ppm. By varying the sample to reagent ratio, higher or

ntrations can be measured. The methods utilize conventional laboratory)glass
0 accumulate data than instrumental methods.

sulphonic Acid (PDS) Method—This method is one of the older ‘established wet

r drawback of the PDS method is that it is a very time-ec0fisuming method.

Methods—Various modifications of the Saltzman method have been used (R
nd 2.1.19). It is felt that the procedure described in 9.7.3.3 is one of the be
modification.

hltzman (Broering) Modification—This method is rapid, accurate, and less tg
modifications and the PDS method.

10 mL) is drawn into the sytinge so that it is placed in contact with the reagen
eacts with the nitrogen dioxide. The nitrogen dioxide is the product of the ni
wvhich takes place while the sample is stored in the syringe plus any nitrogen d
The intensity (absaorbarnce) of the color is measured with a colorimeter or spectr
 to ppm NO, from calibration curves. The method is discussed in detail in Refd

In diesel exhaust, the conversion of NO to NO, under conditions of sampling in Section 5 is
The procedure in the preceding sections is adequate for most analyses where

in Sections 10 and 11 are

ul in obtaining
ds measure total

ware but do take

methods and an

method for analysis of NO,. This method is described in References 2.1.15 and 2.1.16.

pferences 2.1.17,
iter and a tested

dious than most

od (Figure 5) uses a 30 mL syringe partially filled with Greiss reagent to a volume of 20 mL. The

t which turns red
ric oxide-oxygen
ioxide in the gas
ophotometer and
rence 2.1.20.

EXHAUST SAMPLE
STACK PUMP EXCESS
LJ o = VALVE
30ML
ICE SYRINGE
BATH
CONDENSER

FIGURE 5—WET-CHEMISTRY NO, SAMPLING SETUP
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10.

Determination of Total Oxides of Nitrogen in Diesel Engine Exhaust—There are several species of oxides
of nitrogen but, with the exception of NO and NO,, their presence in diesel exhaust is essentially nil. The
measurement of total NO, as described in this section pertains to the measurement of the total NO and NO,.

The oxidation of nitric oxide to nitrogen dioxide is a reversible reaction:
NO+1®2 0,0 NO, (Eq. 18)

The reverse reaction is favored by heat and the reduction rate can be accelerated by specific catalysts. One
principle of measuring total NO, utilizes the use of converters through which the sample is passed. NO, is
converted to NO and the total ppm NO is measured by various detectors. The two most widely used are the
NDIR and the CHEMI analyzers, with the CHEMI analyzer being the dominant analyzer in recent history. The
use of CHEMI analyzers is mandated by many environmental regulatory agencies.

The NDIR ddtectors employ a dual beam infrared cell in which the energy absorbed.by; the 4ample as it flows
through the gample side of the cell is compared to the energy absorbed by a standard gas rixture, Figure 6.
The instrumentation is designed to minimize interferences from other molecules\(e.g., CO, CD,, and H,0).

LIGHT
SOURCE

——— ««—-——= BEAM TRIMMER 1
T

SAMPLE —=
GAS ==
SAMPLE -«— REFERENCE CELL
CELL
-_:;=====\
SOLID —=————""")-«— CHOPPER
FILTER —c ) =
L ,PREAMPLIFIER
DETECTOR CELL—— nu o II> ll>\ @
CONTROL
UNIT

FIGURE 6—A DUAL BEAM NDIR DETECTOR

The operating principle.of the CHEMI is based on the bimolecular gas phase reaction betweeh nitric oxide and
ozone:

AN
I

+ OO NO;+053 (Eq. 19)
About 10% of the NO, molecules produced in reaction (Equation 19) are in excited state, NOZ*. The orbital
electrons of the excited molecules subsequently return to their ground energy state by two competing
reactions:

NO,* ® NO, + hu (Eqg. 20)

NO,* +M® NO, +M (Eq. 21)
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Reaction (Equation 20) results in the emission of light energy, hu, which is proportional to the concentration of
NO in the sample. This energy is quantified by use of a photomultiplier tube and associated electronic
instrumentation, Figure 7. Reaction (Equation 21) results in a quenching effect or a reduction of the amount of
energy given off by the NO," molecules as a result of inelastic collisions with other molecules designated by M
in the reaction. The instruments are designed to minimize this quenching effect and improve analyzer
sensitivity.

In summary, the current state-of-the-art utilizes instruments that measure NO and to determine NO, requires a
NO, to NO converter upstream of the instrument. The types of converters and instruments commonly used
are discussed in the following sections:

10.1 Converters
10.2 NDIR System
10.3 CHEMI System
10.4 Othgr Systems

The informafion is based primarily on the technical literature and limited experience with these units in
measuring dipsel emissions by the SAE J177 task group.

NO 0,
\ / NO+03 ——=NOQ3+02+hv
CHEMI ALSO: ~

PRINCIPLE PM TUBE NOz >—»NO

CONVERTER

VACUUM
0,
GENERATOR

AIR

TYPICAL FLOW SYSTEM
SPAN

SAMPLE PRESSURE
REGULATOR

REGULATOR
Td

CONVERTER

A
PHOTOMULTIPLIER
EXHAUST

0O, SCRUBBERS

FIGURE 7—CHEMI PRINCIPLE AND TYPICAL SYSTEM

10.1 Converters—Two types of converters currently in use are the catalytic type and the stainless steel thermal

type converters. There are several commercial variations of these converters. In general, the catalytic
converters operate at temperatures below 400 °C while the thermal converters operate above 630 °C.

10.1.1 START-UP AND OPERATION—FoOllow manufacturer's instructions. Optimize the analyzer performance as

directed by the manufacturer.
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10.1.2 CoNVERTER EFFICIENCY CHECK—TO insure the effectiveness of the converter, the efficiency should be
checked at least every week and preferably before each use. For most cases, the use of zero-grade air will
generally be adequate to generate a sufficient amount of NO, for converter efficiency checks. If higher
concentrations of NO, are required, O, can be used instead. However, care should be taken to insure there
are no leaks in the ozonator, due to the inherent danger of using O, in the proximity of electrical contacts.

To determine the efficiency, use the procedure described in 9.1.2.1.

10.1.2.1 Converter Efficiency Check Procedure

a.

=

s Q

Start up instrument and optlmlze performance.

one of the more common operating ranges. Record value.
With |the oxides of nitrogen analyzer in the NO mode, record the concentration of NQ
analyzer.
Turn|on the NO, generator O, (or air) supply and adjust the G (or air) flow ratq

Figure 8.

as into the NO,
0% deflection on
indicated by the

so that the NO

indicpted by the analyzer is about 10% less than indicated in step¢(d). "Record the copcentration of NO

in thif NO + O2 mixture.

FLOW
OzA&“ CONTROL
SUPPLY SOLENOID
VARIAC

A

s VAC. @ OZONATOR
ANALYZER
NO/N. INLET
SUPPLY CONNECTOR

FIGURE 8—SCHEMATIC OF NO, GENERATOR

Switch the NO, generator to the generation mode and adjust the generation rate so that the NO

measured on the analyzer is 10 to 20% of that measured in step (d). There must
unreacted NO at this point. Record the concentration of residual NO.

be at least 10%

Switch the oxides of nitrogen analyzer to the NO, mode and measure total NO,. Record this value.
Switch off the NO, generator, but maintain gas flow through the system. The oxides of nitrogen

analyzer will indicate the total NO, in the NO + O, mixture. Record this value.
Turn off the NO, generator O, (or air) supply. The analyzer will now indicate the
original NO in N, mixture. This value should be no more than 5% above the value ind

total NO, in the
icated in step (c).

NOTE—If the No, generator uses an electrical discharge to produce ozone, it will also produce NO, from
air flowing through it. (This effect will not occur if pure oxygen is used.) Therefore, an additional

step is required to determine how much NO, is produced by the electrical di
amount is subtracted from the amount in step (g).

scharge and this
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Calculate the efficiency of the NO, converter by substituting the concentrations obtained into the
following equation:

wher

g—h

Percent efficient = [1 +2—
c—-d

}' 100

e:

g = Concentration obtained in step (g)
h = Concentration obtained in step (h)
¢ = Concentration obtained in step (e)
d = Concentration obtained in step (f)

The

may
spec
Repd

10.1.2.2 Regener
the conve
of cataly|
deficient
of span d
the conve
requirem

This prog

10.1.3 FLow ConN
flows of cu
considered
efficiency ¢
converter.)
pressures.

10.1.4 PROBLEM A

limited. Rg

paragraphg
to measure
10.1.4.1 It is not

10.1.2, a

(Eq. 22)

be necessary to maximize the efficiency. If the converter does not meet the'con
fications, repair or replace the unit prior to testing.
at the efficiency check with the new or repaired unit.

htion of Converter—If the converter is a catalytic type and does nat meet the effi
erter may be rejuvenated by flowing air or oxygen through the converter overnig
5t effectiveness occurs due to operation of the converteror ‘extended perio
environment. In analyzing diesel exhaust this is not norimally encountered unle
ases with a nitrogen diluent occurs. To minimize this-effect, periodically flow air
erter. Consult the manufacturer's literature for recommendations regarding conve
ents and procedures.

edure is not as effective for thermal converters but may also be tried.

IDERATIONS—The commercially available converters are not designed to handle
rrent emission measurement systems. The flow requirements of the NO, g
in the selection of the converter. “The flow limitations can be established by usg
heck, 10.1.2.1. (Excessive:flow rates result in lower efficiencies and may aff
The manufacturer's recommendations should be considered in selecting opg

REAS—AS indicated-earlier the information on use of converters in diesel em
ference 2.1.4 wasone of the first efforts to compare systems using these device
are some areas noted to which some attention should be paid if a NO, convert
diesel emissions.

alwaysSevident when a converter loses efficiency during testing. Frequent g
re_useful but do not guarantee reliability of the unit. A recommended check just

pfficiency of the converter shall be greater than 90%. Adjustment of the copverter temperature

version efficiency

iency limitations,
t. This depletion
ds in an oxygen
5s prolonged use
zero gas through
rter regeneration

the total exhaust
nalyzer must be
e of the converter
bct the life of the
erating flows and

ssion systems is
bs. The following
br system is used

fficiency checks,
prior to and after

testing i

10 USE a Stabiiized span gas of about 50 ppim NO, T Nitroger or any KNowmn 5

urce of NO, and

run it through the converter. If the conversion to NO drops below 90%, run the efficiency check in 10.1.2.

The concentration of NO, in the bottle used previously should be checked at least monthly immediately
after checking the converter efficiency as an internal cross-check on the stability of the NO, span bottle.

This valu

10.1.4.2
values.

e should be recorded.

The data were obtained at steady-state operating conditions and occurred m

Test data in Reference 2.1.4 indicated NO, readings can be obtained that are lower in value than NO

ore frequently at

higher load engine operating conditions and with stainless steel converters. However, the crossover did

occur with both stainless steel and catalytic types of converters.

adjusting

Some improvement
the converter operating temperature when measuring diesel exhaust NO,.

was reported by
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NOTE—I

f adjustments are made on the converter, the efficiency has to be rechecked.

When this occurs, the system flow in the NO and NO, modes should be checked for equal mass flow and
the converter checked for leaks.

Three theories which appear to be relevant are:

At temperatures below 500 °C (catalytic converters), the reaction in Equation 23 becomes important.

The CO value increases with F/A ratio or load in diesels. Directionally, this is what was observed.

2NO+CO® CO, +N,

(Eq. 23)

b reactors operating above 600 °C (thermal type), reaction (Equation 24) may

contrfibutor to the problem. The carbon may be due to very fine organic-particulatesm

a.
b. Inth
2.1.2
c. Athi
conv
This phe

10.2 Measuremer
requires that
compensateq
analysis. Ing

1 and 2.1.22) which again is concentration dependent and related to engine ope
C+2NO® CO,+N,

d possibility is that some species such as ammonia is present'and is converted
brter temperatures.

homenon has to be resolved before truly accurate NOy.data can be obtained.

t of Total Oxides of Nitrogen With a NDIR System—The use of a NDIR {
the NO, be converted to NO and interfesences from gases such as C
for by the instrument. At least one commefcial instrument is available that car
truments for this use should have a minimum water rejection ratio of 10 000:

CO,, rejection ratio of 30 000:1.

10.2.1 CONVERTEH
to handle t
0.635 cm
temperatur
Figure 9. 1

—The converter used is similar, to-those discussed in 10.1 but they must have §
e required flow for the NDIR.C ©One approach is to use a coiled 2 m stainless s
DD heated to 630 °C. In(building a converter, the contact time, conversion e
e profile is important and should be explored. An example of such an investig
he efficiency checks‘described in 10.1 are also apropriate here.

I

be an important
ptter (References
rating conditions.

(Eq. 24)

to NO at the high

0 measure NO,
D, and H,O be
be used for NO,
| and a minimum

ufficient capacity
el tube of about
ciency, and coil
ation is shown in
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-21-



https://saenorm.com/api/?name=4c45c70828819fd914312001580c7d11

SAE J177 Cancelled OCT2002

100
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[+ 8
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C. NO, CONVERSION
100-RPRM-NO-
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FIGURE 9B—typical results st st converter (continued)

10.2.2 DeTecTor+{-Detectors in most current instruments use single detectors\as shown in| Figure 6. The
interferences are minimized satisfactorily by design of the cell and filters*for CO and CO, |analyzers but for
NO analyzgrs, water interference remains a problem. In the system,shown in Figure 1, water is removed by
the use of p drier. Another method is to use an analyzer with a_dual detector and an asspciated summing
amplifier cifcuit to nullify response to interferences, Figure 10.

LIGHT
SOURCE =

e=——— -«——— BEAM TRIMMER 1
———

SAMPLE —=
GAS

SAMPLE -=—— REFERENCE CELL
CELL

i
T

SOLID (———==——"")~=— CHOPPER
FILTER ——=

2 E MAIN
PREAMPLIFIER
MAIN (SAMPLE) /
DETECTOR CELL : !
BEAM
CONTROL
TRIMMER 2 — s
COMPENSATION ——
(INTERFERENT) "
DETECTOR CELL >
COMPENSATION

PREAMPLIFIER

FIGURE 10—NDIR DUAL DETECTOR WITH WATER COMPENSATOR

10.2.3 ANALYTICAL SYSTEM—The system is essentially the same as Figure 4 except the drier tube and bypass valve
are eliminated and the converter is placed ahead of the cold bath. It can also be arranged as shown in
Figure 11 with the NDIR in place of the CHEMI.
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FIGURE 11—FEDERAL REGISTER SYSTEM (REFERENCE 2.1.7)
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10.2.4
should be

adjusted prior to calibrating the instrument.

DuAL DETECTOR INTERFERENCE ADJUSTMENT—The interference levels of the dual detector's NDIR analyzer
Zero and span the analyzer in the most sensitive

range. Offset the zero to 5 or 10% so that negative responses can be observed. Introduce zero air saturated
with water at room temperature at a point that is downstream of the condenser. Following the manufacturer's
instructions, adjust the summing amplifier so that the difference in response (after an adjustment) between
dry zero gas and wet air is less than 5 ppm.

Next introduce about 15% CO, at a point downstream of the condenser. The difference in response between
dry zero and the dry CO, should be less than 5 ppm. If additional adjustment of the summing amplifier is
necessary, alternately check water interference and CO, interference until a satisfactory compromise is
obtained. Computation of the water rejection ratio and the CO, rejection ratio is described in Reference

2.1.7. Rec

10.2.5 OPERATING|

10.2.6 ENGINE EM
changes:

a. 6.2(g
b. 6.2(d

1. Fo
me
Fo
thg
S

S

2.

3.
4.

D D

10.2.7 CHART REA

10.2.8 RECORDED

10.3 Measureme
for NO, me
Interferenceq
available utili

10.3.1 CONVERTEH

CHEMI inc

!

eck and adjust the zero and span settings if necessary

Procepure—Follow procedures in 5.3 as appropriate.

SSIONS MEASUREMENT PROCEDURES—Follow Section 6 with the éxception

—Not applicable.
)—Change to measure CO,, CO, NO, and NO, as follows:

F CO, CO,, and NO,, operate for at least 10 min in each.mode, allowing at least 5
asurement.

NO measurement, add an additional minute after,NO, measurement. For this
NO mode bypassing the converter.
P 6.2(d)(2).
P 6.2(d)(3).

DING—See 5.3.

INFORMATION AND CALCULATIONS—(See section 7) and (See section 8). Add the
NO,, g &kWh = 9.50(10_2)(Mass Exhaust)(ppmNO,) kW

t of Total Oxides ef/Nitrogen With a Chemiluminescence System—The us

surements requires the use of a converter to reduce the NO, in the gas

due to COy and water have to be minimized. Several types of commercia

ring vacugmhand nonvacuum systems (Reference 2.1.4).

—Several types of converters are commercially available. Usually the man
udes the converter as part of the instrument package or makes recommendatid

of the following

min for emission

minute, switch to

following to 7(d):
(Eq. 25)
e of the CHEMI

stream to NO.
instruments are

ufacturers of the
ns as to the best

match-up.
10.3.2

10.3.3

0ol P () Il HY (= 404 £ (D [ '
DUl LAdldlytt aru urertidr utims arc uscu. ottt LU L TUTI daUlniurial mmurtmatuit u

Figures 1 and 4 would include:

a.
b.
C.

The drier and drier-bypass would not be required.
The NO, converter would be located ahead of the refrigerator bath.
The refrigerated bath would not be required if the sample was heated up through the converter to the

converters.

DeTtecTtors—The principle of the detectors was discussed in Section 10. A typical unit is shown in Figure 8.

ANALYTICAL SYSTEM—A typical system would be similar to that in Figure 11 (Reference 2.1.7). Changes to

CHEMI. Some typical CHEMI arrangements (Reference 2.1.4) are shown in Figure 12.
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