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Measurement of Carbon Dioxide, Carbon Monoxide, and Oxides
of Nitrogen in Diesel Exhaust

1. Scope—The method presented applies to the analysis of the indicated constituents in diesel engine exhaust,
or vehicles using diesel engines, when operating at steady-state conditions.

The measurements of carbon monoxide, carbon dioxide, and nitric oxide are based on continuous sampling
and analysis by nondispersive infrared (NDIR) methods. Measurements of total oxides of nitrogen by
chemiluminescence and NDIR methods is discussed.

1.1 Purpose—This SAE Recommended Practice provides for the measurement of carbon dioxide, carbon
monoxide, and oxides of nitrogen in diesel exhaust.
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3. Definitions of Terms and Abbreviations
3.1 Terms Used

3.1.1 EXHAUST EMIssioN—AnNy 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.

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

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

3.1.4 KiLowATTs—Observed kilowatts unless otherwise indicated (brake power x 0.7457).
3.1.5 NistT—National Institute of Standards and Technology

3.1.6 RATED Kw OutPuT—The maximum brake power output of an engine in kilowatts (kW) as stated by the
manufacturer.

3.1.7 RATED SPEeD—The engine speed at which the rated kW is obtained.

3.1.8 ToTAL OxiDEs OF NITROGEN—The sum total of the measured ppm of nitric oxide (NO) plus the measured
ppm of nitrogen dioxide (NO,) expressed as an equivalent mass of NO,.

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

3.1.10 SpAN GAs—A gas used routinely to check instrument response. Concentration traceable to calibration gas.
3.2 Abbreviations Used

C—Degrees Celsius
CHEMI—Chemiluminescence
cm—Centimeters
CO,—Carbon dioxide
CO—Carbon monoxide
conc—Concentration
DI—Direct injection
dia—Diameter
DIR—Dispersive Infrared
DUV—Dispersive Ultraviolet
EXH—Exhaust
F/A—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—Stainless steel
TC—Turbocharged

wt—Weight

%—Percent

Sections—This document contains the following sections:

3. Definition of Terms and Abbreviations

Equipment and Operating Procedures for Carbon Dioxide, Carbon Monoxide, and Nitric Oxide
Analyses by NDIR Method

Engine Emissions Measurement Procedures

Information to be Recorded

Data Preparation and Report

. Supplemental Discussion

10. Determination of Total Oxides of Nitrogen in Diesel Engine Exhaust

11. Equivalency

o

© 0N

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

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

System—Figure 1 is a sketch of the sampling and analytical system that is recommended for 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 of 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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5.2.6
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FIGURE 1—FLOW DIAGRAM OF EXHAUST GAS ANALYSIS SYSTEM FOR NITRIC OXIDE,

CARBON DIOXIDE, AND CARBON MONOXIDE

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

Component Ranges®)

CO, 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. (Indicating Drierite™ can be mixed with nonindicating Drierite™, about 1 part to 10
parts.)

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

FITTING APPROX 19 CM FITTING
{3/4 INIDIA
‘ GLASS TUBE
By
= 55| NON-INDICATING APPROX
— A DRIERITE SCMI2IN )
GLASS BAND OF L~ GLASS
wWOoOL INDICATING WOOL
DRIERITE
15-30CM 16-012IN} —————

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

A pressure relief valve, R1, to vent excess flow and prevent pressure effects on the analyzer. (The relief
pressure should be set for 15 kPa or higher if needed.)

Pump, P, to move sample through system.
Selector valve, V3, to direct sample, N, or calibrating gas streams to analyzer.

Needle valves, N2, N3, N4, and N5, as required by analyzer types to regulate N, or dry air and calibration
gas flows. Valve N6 to regulate backflush air.

Filter, F2, for removing particulate contaminants from sample prior to analysis. A glass fiber type of at least
7cm diameter is suitable.

Selector valve, V4, to direct sample to analyzer or air back through the system to clear condensate from trap.
Toggle or solenoid valves, V5 and V6, to drain condensate traps and bath, respectively.

Bath or refrigerator, B, to cool and condense water from exhaust sample. Should be capable 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).
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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).

LOOSELY PACKED
GLASS WOOL OR
FILTER ELEMENT

SS OR |_ APPROX
PLASTIC DISC 5CM[2IN] DIA

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

5.2.22 Sampling line, SL, from exhaust system to analysis system. Various materials can be used providing they
can withstand the temperature and don't affect the sample integrity. SS, Teflon™, and polypropylene
materials are currently used. The sample line size and length should be selected to meet the response time
constraints specified in 4.3.1.

5.2.23 Stainless steel probe, SP, to extract a representative sample from the engine exhaust system (see 8.2). A
multihole probe extending 75% of the way across the stack is suitable if the total area of the sampling holes
does not exceed the cross-sectional area of the probe.

5.3 Operating Procedure—Follow the start-up or operating instructions of the instrument manufacturer. The
following minimum requirements should be included.

5.3.1 SysTeEM RespoNse TIME—AnN effect of sample residence time on NO measurements has been observed
(Reference 2.1.4). The stabilized reading should give a deflection of at least 50% of full scale. (A valve can
be attached to the stack probe or the sample introduced directly into the probe.) To test response, introduce
the NO span gas at the sample gas flow rate at the sample probe. Measure the time elapsed before a
deflection of 90% response of stabilized reading is observed on the readout meter or recorder. A response
time to the NO analyzer of 20 s or less is desired.

5.3.2 CALIBRATION AND INSTRUMENT CHECKS

5.3.2.1 Monthly—The following should be conducted on initial startup of the system and monthly for all equipment
in use. Instruments not in use for over 30 days should be calibrated before reuse.

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 obtained with some
systems. A minimum flow rate of 4 L/min is recommended. The upper flow rate restriction is dependent on
system design 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. If larger response does occur,

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
discrepancy is greater and cannot be resolved, check calibration gases or consult the instrument
manufacturer. Depending on response characteristics of the instrument, a greater number of gases
may be 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 procedures for locating and correcting

any problems within the analyzers. Use best judgment for selecting a calibration curve for data
reduction.

®ao0 o

5.3.2.2 Pretest Check

a. Allow a minimum 2 h warmup if analyzers have been turned off; however, if the analyzers are being
used on a daily basis, it is preferable that the analyzer power be left on continuously. The chopper
motors may be turned off when the analyzers are not in use.

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

c. Introduce span gas and set gain to match the calibration curve. Use the same sample flow rate for

calibration, span, and exhaust sampling. Use span gas having a concentration of the constituent that

will give approximately 75 to 100% full-scale deflection. If amplifier gain shifts significantly, check for
possible analyzer problems and correct. If necessary, check analyzer calibration with calibration
gases.

Check zero and repeat steps (a) and (b) if required.

Check flow rates.

Check both refrigeration and condenser exit gas temperatures.

Check system for sample leaks by blocking off probe or probe end of sample line. If leaks exceed 1%

of total flow, correct problem.

h. Check system response time, 4.3.1.

Q"0 a

6. Engine Emissions Measurement Procedures

6.1 Engine Test Procedure—The following analysis procedure is recommended for emission measurements at
steady-state operating conditions. The engine operating cycle is not dictated by this procedure, 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 Register (Reference 2.1.7).
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6.2

6.3

7.

7.1

Emissions Measurement

a. Install sample probes and attach instrument package to prepare for data cycles.

b. Start the engine and warm it up under load until all temperatures and pressures have reached
equilibrium.

c. If Drierite™ is used, during warmup, precondition Drierite™ by flowing exhaust gas through system for
at least 5 min. If more than one Drierite™ tube is to be used during the test, they also must be
preconditioned.

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

=

Operate for at least 10 min in each mode, allowing at least 5 min for emission measurement.

2. Check and reset zero and span after each mode or as needed to validate the data; if either changed
more than 2% of full scale repeat the mode(s).

3. Backflush condensate traps and prefilter after each mode or as needed.

Chart Reading

a. Locate the last minute of each test mode and average the chart reading for NO, CO, and CO, over this
period. Correct chart reading for any obvious trace abnormalities.

b. Determine the concentration of NO, CO, and CO, in each mode from the chart reading [5.3(a)] and the
calibration curve for the constituent (4.3.2.1).

c. Record chart reading from 5.3(a) and concentration from 5.3(b). Additional mass emission
calculations may be required, depending on the purpose of the test.

Information to be Recorded—The following information should be included as part of the recorded data for
each test performed:

Record Items

a. Testnumber.
b. Engine or vehicle tested:

1. Identification number.
2. Brief description including type (NA or TC, PC or DI) two- or four-stroke cycle, bore, and stroke.

Date of test.
Instrument operator and test engineer or vehicle operator.
Starting and finishing time.
Analyzer identifications.
Ambient temperature, start and finish.
Number of engine conditions tested.
Engine 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).

OS3 T AT ITSQ 020
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7.2 Recorder Chart Notations

a. Items 6.1(a) to (h) inclusive.

b. Identify zero traces, calibration or span traces, steady-state test point identification, start and finish of
each condition.
c. Instrument range used at each test point.
d. Humidity at each test point or at start and finish if no changes occurred.
e. Time of analysis, start and finish.
f.  Calibration curve identification by number or date.
g. Remarks as required.
8. Data Preparation and Report

a. The data obtained in 5.3 should be checked for obvious errors.

b. The concentration of the constituents in the exhaust gas are measured on a dry basis in this
procedure. To convert the measured values to concentrations present in the exhaust (wet basis), the
following relationship can be employed:

ppm (wet basis) = ppm (dry basis)[1 —a( FoA)] (Eq. 1)
where:

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

c. More accurate calculations for this conversion are found in 8.4. The humidity of the inlet air also has
an effect on the amount of NO chemically formed in combustion (Reference 2.1.5). The correction in
Equation 2 should be applied to the NO value (wet basis) at each mode or test point. This conversion
puts the values on a basis of 10.71 g of water per kilogram of dry air (75 grains per pound) and a
temperature of 29.44 °C.

NO

NO
— wet (Eq 2)

corr— K
where:

K=1+7-A(H-10.714) + 1.8 - B (T-29.444)

A =0.044 (F/A) - 0.0038

B =-0.116 (F/A) + 0.0053

T = Intake Air Temperature °C

F/A = Fuel-Air Ratio (Dry Basis)

H = Specific humidity, grams of water per kilogram of dry air (see 9.6)

where:
d. Mass calculations can be made using the ppm (wet basis and humidity corrected) and the measured
exhaust flow. The exhaust flow can also be obtained from Equation 3.

MASS EXHAUST (kg/min) = (MASS INLET AIR, kg/min) (1+F/A) (Eq. 3)

The emissions on a mass basis are obtained as follows:

CO,, g kWh= 9.09(10 %) (MASS EXH) (ppm CO,) sk W (Eq. 4)
CO, gckWh= 5.79(10 %)(MASS EXH)(ppm CO) skW (Eq. 5)
NO, gokWh = 6.20( 10 2)(MASS EXH) (ppm NO) kW (Eq. 6)
NO as NO,: NO,, g/kWh = 9.50(10 %)(MASS EXH)(ppm NO) kW (Eq. 7)
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