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FOREWORD

[This Foreword is not part of ASME 813391994 )

The purpose of the B133.9 standard is to provide criteria for the preparation of ‘gas
turbine procurement specifications. This Standard provides essential informationforithe
procurement of gas turbine power plants. It applies to open cycle, closed cyele, and
semi-closed cycle gas turbines with conventional combustion systems for industrial, ma-
rine, and electric power applications. Not included are gas turbines applied to earth
moving machines, agricultural and industrial-type tractors, automobiles; trucks, buses,
and aero-propulsion units.

The B133.9 standard addresses exhaust emission measurements,that are performed to
assure compliance with federal, state, and local emission regulations. The pollutant mea-
surement methods mandated by regulatory agencies are referenced and other alternative
methods are outlined.

Suggestions for improvement of this standard are welecome. Send suggestions to: The
American Society of Mechanical Engineers, United Engineering Center, 345 East 47th
Street, New York, NY 10017.

Approval for American National Standard B133.9 was granted by the American Na-
tional Standards Institute on April 5, 1994/

it
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MEASUREMENT OF EXHAUST EMISSIONS FROM STATIONARY GAS
TURBINE ENGINES

1 SCPPE

This Standard provides guidance in the measure-
ment jof exhaust emissions for the emissions perfor-
mancg¢ testing (source testing) of stationary gas tur-
bines| Source testing is required to meet federal,
state, [and local environmental regulations. The stan-
dard ik not intended for use in continuous emissions
monitpring (CEM) although many of the on-line
measyrement methods defined may be used in both
appliciations.

Thik Standard applies to engines that operate on
naturdql gas and liquid distillate fuels. Much of this
Standard also will apply to engines operated on spe-
cial fgels such as alcohol, coal gas, residual oil, or
procegs gas or liquid. However, these methods may
requirg modification or be supplemented to account
for th¢ measurement of exhaust components resulting
from fhe use of a special fuel.

2 DEFINITIONS

For the purposes of this Standard,Sthe definitions
given| below apply.

accurpicy — the closeness with ‘which a measure-
ment fapproaches the true value established indepen-
dently
air cdmposition — The composition of dry air shall
be as|defined in ISQ 2533, i.e. (Sce Appendix C):

N, = 78.084% volumc
O = 20.948% volume
Ar = 0.934% volume

calibration drift — the difference in the meéasurg-
ment system output readings from the known con-
centration of the calibration gas after g, stated perigd
of operation during which no unscheduled maintg-
nance, repair, or adjustment took’place and the inpfit
at the time of the first measutement
calibration error — the difference between the gis
concentration indicated. bythe measurement systemn
and the known concentration of the calibration gds
calibration gas — a’mixture of gases of specifidd
and known compesition used for calibration of the
analyzer system”such as zero gas, span gas, etc.
chemiluminescence analyzer — a method of meg-
suring NO, using the principle that NO reacts with
ozoue(0;) to give nitrogen dioxide (NO,) and o
ygeni (O,) with an associated light emission

concentration — the volume fraction ¢, of the con
ponent of interest in the gas mixture. expressed s
volume percentage or as parts per million

continuous sampling — the presentation of a flowing
sample to the analytical analyzer to obtain contifi-
uous measurement of concentrations of the compg-
nents of interest
flame ionization detector — a hydrogen-air diffusiqn
flame detector that produces a signal nominally prp-
portional to the mass-flow rate of hydrocarbons ep-
tering the flame per unit of time — generally ap-
sumed responsive to the number of carbon atoms
entering the flame
fuel fair ratio — the mass rate of fuel flow to the
engine divided by the mass rate of dry airflow
through the engine
gaseous emissions — substances emitted in the form

Balance = 0.034% volume .
of gas or vapor downstream of the combustion
Total = 100.000% volume = h .
chamber of the engine
air toxics — When admitted to the air, a number humidity — a measure of the amount of water vapor

of compounds are determined to be toxic. These
compounds are defined in the US by the USEPA,
which has stipulated 189 such compounds. State
agencies and those of other countries have different
lists. The USEPA list of air toxics is given in Ap-
pendix F.

present in a gas mixture. Absolute humidity or spe-
cific humidity is the mass of vapor per unit mass of
cas generally expressed as mass of vapor per mass
of dry air. Relative humidity is the ratio of the water
vapor pressure to its saturation pressure at that tem-
perature.
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interference — analyzer response due to the pres-
ence of components other than the gas (or vapor)
that is to be measured

ISO standard day conditions — 288 Kelvin (59°F)
temperature, 60% relative humidity, and 101.3 kPa
(14.696 psia) pressure

isokinetic — Isokinetic (equal velocity) sampling oc-

MEASUREMENT OF EXHAUST EMISSIONS
FROM STATIONARY GAS TURBINE ENGINES

power — a measure of work done in unit time usu-
ally expressed in kW or bhp and at some specified
operating condition. Power may be expressed in
terms of output at the turbine, electrical power at
the generator terminals, or gas power in the case of
a gas turbine or gas generator producing gas or com-
pressed air (bleed air from a circuit compressor).
Any shaft or electric power obtained from the engine

curfﬂvheﬁ—e—«-&mple—lﬁ—éﬂﬂ»n—m(e—bbmpfebe—m. the
same gas velocity as the gas stream from which it

is ¢xtracted.

lindarity — ability of an instrument to respond in
dirgct proportion to an input signal

medqisurement system — the total equipment required
for[the determination of a gas concentration or a gas
em]ssion rate

A

NO|, — oxides of nitrogen; specifically, the sum of
nitfic oxide (NO) and nitrogen dioxide (NO,)
noipe — random variation in instrument output not

asspciated with characteristics of the sample to
which the instrument is responding, distinguishable
from its drift characteristics

nondispersive infrared analyzer — an analyzer that
by pbsorption of infrared energy selectively measures
spefific components

nonmethane hydrocarbon — hydrocarbon com-
pounds in the measurement of interest, excluding
methane from the total

opdcity — the degree to which emissions reduce“the
tragsmission of light and obscure the view_ of dan ob-
ject in the background

particulates — any solid or condensable material in
the |exhaust gas stream, at the lecation and condi-
tiorfs of the sample collection

parts per million (ppm) — @olumetric concentration
of the component i in 10¢ volume parts of gas mix-
turg

parls per million carbon (ppmC,;) — the mole frac-
tior] of hydrocarbon multiplied by 10° measured on
a “CH,” equivalence basis. Thus, 1 ppm of methane
is ipdicated@s 1 ppmC,. To convert ppm concen-
tratjon of \any hydrocarbon to an equivalent ppmC,
vallre, multiply ppm concentration by the number of

waste heat, e.g., by an exhaust gas power turbine,
may be added to the engine power. The) ppwer
equivalent of any other waste heat may not be¢ in-
cluded regardless of whether it is used for prgcess
heat or some other purpose.
reference temperature — A referefice temperatute of
0°C (32°F) is chosen for ¢hemical calculationy be-
cause of available chemiéal data and evalugtion
methods.
relative hydrocarbon/response — the differenf re-
sponse of the testequipment to the same samplg hy-
drocarbon concentrations expressed as equivilent
ppmC,, dependent on the class or admixture of class-
es of hydrecarbon components
repeatability — a measure of the similarity betyeen
repeated readings when recorded under the samg op-
erating conditions. This measure can apply both to
the analytical system and to the sample source
resolution — the smallest change in a measurement
that can be detected
response — the change in instrument output signal
that occurs with a change in sample concentration.
Also, the output signal corresponding to a given
sample concentration.
response time — the amount of time required for
the measurement system to display on the data|out-
put, a step change in concentration of an emigsion
component
smoke — small gas-bome solid particles mostly| but
not limited to, black carbonaceous material from the
burning of fuel, which in sufficient concentrations
creates visual opacity
smoke density — the mass loading of smoke parti-
cles in the exhaust, expressed in mg/Nm® (grains fscf)
span drift — the time related change in responge of

carvon aftoms per molecuie of i€ gas. For exampie,
1 ppm propane translates as 3 ppmC, hydrocarbon;
I ppm hexane as 6 ppmC, hydrocarbon.

peak load — The peak load is defined (by the EPA)
as the maximum operating load for the plant.

PM-10 — particulate material with an aerodynamic
diameter less than or equal to a nominal value of
10 micrometers (microns)

the analyzer to repetition of a span gas measurement
under identical conditions of flow and concentration
span gas — a calibration gas to be used for routine
verification and adjustment of analyzer response
span value — the upper limit of a gas concentration
measurement range that is specified for affected
source categories in the applicable part of the regu-
lations


https://asmenormdoc.com/api2/?name=ASME B133.9 1994.pdf

ASME B133.9 94 ER 0759670 0543711 0O4& WA
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stability /calibration drift — time related deviation
of instrument output from span set point when it is
operating on calibration gas

Stationary gas turbine — any simple cycle gas tur-
bine, regenerative cycle gas turbine, or any gas tur-
bine portion of a combined cycle steam/electric gen-
erating system that is not self-propelled. It may,
howeyer, be mounted on a vehicle for portability

test sqquence — a series of functionally related tests
in whjch the test operation without interruption pro-
gressgs systematically from one test mode to another

total hydrocarbons — the general term for organic
comppunds measured by the flame ionization detec-
tion rhethod

volatile organic compounds (VOC) — all hydrocar-
bons jmeasured in or emitted from a given system
minug both the methane and ethane components

zero qir — a mixture of oxygen and nitrogen in the
same |proportion of oxygen to inert as in the at-
mospheric air, free from other species

zero girift — time related deviation of instrument
outpuj from zero set point when it is operating on
gas fiee of the component to be measured

zero gas — a gas to be used in establishing the zero,
or nojresponse, adjustment of an instrument

3 EXHAUST EMISSIONS FROM GAS
TURBINES

Gag turbine exhaust contains combustion products
(inclufding nitrogen, oxygen, carbon dioxide, and
water| vapor) that are not consideredsto“be air pol-
lutantp. In addition, it contains small/concentrations
of air|pollutants including oxides ‘ef nitrogen, oxides
of sulfur, carbon monoxide~unburned and partially
burnefl hydrocarbons, articulates, and visible
smok¢. This Standard addrésses components that are
typicdlly found in the*exhaust of most gas turbines
operaling on natural gas and liquid distillate fuels
and that are cpntrolled by various federal, state, and
local pegulations throughout the world.

Thg components of concern are listed below.
Their| formation and consequence are described in

ASME B133.9-1994

(¢) carbon monoxide (CO)
(d) hydrocarbons (total) (HC)
(e¢) metallics

(f) oxides of nitrogen (NO,)
(g) sulfur dioxide (SO,)

(h) particulates (PM)’

(i) sulfuric acid (H,80,) mist
() smoke and smoke density

4 RESPONSIBILITIES OF THE GAS
TURBINE MANUFACTURER ANDOUSER

The manufacturer and owner/opérator (user) off a
gas turbine should agree on specific responsibilities
in meeting the applicable regulatory requirements for
emissions performance testing?” In general, it is rec-
ommended that the uset-be responsible for idenfi-
fying the regulations, that apply to the particular site
and equipment that"are being considered, and that
the manufactureér/ be responsible for providing the
detailed information on the design, performance, apd
emissions. characteristics of the gas turbine.

Although the user has the ultimate responsibility
for obtaining operating permits and the source testifg
reguired by these permits, the manufacturer may
have greater resources and expertise for the planning
of emissions tests and the reporting of results to the
cognizant regulatory agency. The extent of manj-
facturer contribution to these activities and to the
selection of third party testing laboratories should be
the subject of agreement.

5 APPLICATION DATA
5.1 Gas Turbine Characteristics

It is recommended that the manufacturer be fe-
sponsible for supplying data for all gas turbine chgr-
acteristics needed by the owner/operator for (1) ap-
plication for construction and operating permits, apd
(2) planning the emissions performance test that will
be accomplished by a third party test laboratory. As
an example, this data should include, but not be lifn-
ited to:

Appendix A.
(a) aldehydes'
(b) ammonia (NH3)2

'To be discussed, not measured.

*Not a naturally occurring component in gas turbine exhaust; oc-
curs in the exhaust of units equipped with selective catalytic re-
duction.

(a) general information on the exhaust flow rate,
velocity, temperature, and stoichiometry of the ex-
haust;

{(b) concentration and emission rates of gaseous ex-
haust components as a function of load and ambient
temperature;

*Includes total suspended particulates and PM-10,
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(c) use and operating data associated with water or
steam injection for NO, control;

(d) use and operating data for exhaust treatment
equipment, such as oxidizing catalysts or selective
catalytic reduction systems (SCR), and the exhaust
emissions characteristics obtained with and without
controls;

(e)presence and emission of hazardous air pollut-

MEASUREMENT OF EXHAUST EMISSIONS
FROM STATIONARY GAS TURBINE ENGINES

for Stationary Gas Turbines, US Federal Register
Title 40, Part 60.

6 MEASUREMENT OF GASEQUS EXHAUST
COMPONENTS

6.1 Measured Components

antg;
(f]) use and environmental effects of fuel additives.

5.2) Operating Cycle

The operating cycle, as defined by the permit ap-
pligation, must be specified for the source testing.
In the NSPS for Gas Turbines, the USEPA has spec-
ified that emissions testing be performed at “30, 50,
75, and 100 percent of peak load, or at four points
in the normal operating range of the gas turbine,
including the minimum point in the range and peak
loafl. All loads shall be corrected to ISO conditions
using the appropriate equations supplied by the man-
ufapturer.” 1]

5.3| Test Conditions

The owner/operator should select the source test
labpratory with assistance from the manufacturer, if
needed, and construct a measurement plan (test pro=
tocpl). The components to be tested, the test meéthod
for|each, and the operating conditions during testing
should be specified in this measurement plan. The
owner/operator is normally held responsible for ob-
tairfing approval of the test plan by\the cognizant
reghlatory agency.

ther conditions to be agreed on and stated in the
plan are listed below. Many of these conditions are
stipulated by the USEPA.
(a) Special treatment.and handling of the samples
(b) Specification/of \the test fuel
(c) Fuel sample ‘collection and analysis
(d) Design and location of test ports
(e) Test wmiethods, instruments, and scales to be
usefl
(f]) \Seaffolding, safety requirements for the test

The following gaseous components are to be mea-
sured on a continuous basis or determingd\by the
method indicated in Table 6-1.

6.2 Measurement System

by continuous flow sampling; however, discrete
samples may be taken if‘agreed to by the cognlizant
regulatory control agéncy. The three basic elements
of the measuring system are:
(a) sampling probe;
(b) transfercand conditioning;
(¢) analytical instruments and data acquisitign.

6.2.1 General. The measurements are to be '%ade

6.2.2 Sampling. Exhaust installations for simple
cycle\engines consist of exhaust ducting, a silepcer,
and”an exhaust stack. It is recommended thaf for
these installations, the sampling plane be placgd as
near to the engine as practical and still allow for
representative sampling. Whenever possible,| the
sampling site shall be located upstream of the point
of introduction of dilution air into the duct. Fof en-
gines with heat recovery boilers, duct burners| and
exhaust pollution control systems, the sampling
plane should be located in the exhaust stack, dpwn-
stream of the last control device (as agreed tp by
the cognizant regulatory agency). A single sampling
plane, requiring only one setup, is usually adequate
for measuring emissions from the installation |with
or without supplementary systems operating.

6.2.3 Inlet Sampling. Sampling of the air entg¢ring
the engine is recommended when the installatipn is
located in areas of high pollution or when emis§ions
from other sources are likely to be induced intd the
inlet. The same instruments can be used for| this
sampling as for the exhaust measurements. A single

crew, and other necessary prolection

(g) The influence of weather and climate on am-
bient conditions, test methods, sampling, crew per-
formance, and safety

5.4 References

(1] Standards of Performance for New Stationary
Sources, Subpart GG — Standards of Performance

sampling point and an unheated sample [ine are nor-
mally acceptable for this ambient air testing.

6.24 Gas Sampling Probe. The gas sampling
probe should be capable of providing a representa-
tive sample to the instruments. Sampling through a
three-hole probe or through a single probe located
at each measurement point defined below is ac-
ceptable. A demonstration that the sample is rep-
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TABLE 6-1 GASEOUS EXHAUST COMPONENTS

Component Recommended Method Reference
Oxides of nitrogen (NQ,) Chemiluminescence 6.3.1
Carbon monoxide (CO) Nondispersive infrared 6.3.2
Carbon dioxide (CO,) Nondispersive infrared 6.3.2
Sulfur dioxide (S0,) Fuel analysis 6.3.3
Suifuric acid mist (H,S0,) impinger train 6.3.4
Total hydrocarbons Flame ionization detector 6.3.5
NMHC and VOC Gas chromatograph 6.3.6
Ammonia (NH,) Chemiluminescence difference 6.3.7
Oxygen (Q;) Electrochemical or paramagnetic 6.3.8
Water vapor (H,0}) Impinger train 6.39

resenative of the mean flow using the carbon bal-
ance |method, defined below, is required whether a

than [2.4 m (7.9 ft) and component_stratification is
not ¢xpected, the tester may cho0se*to locate the
three|traverse points on the measurement line at 0.4,
1.2, bnd 2.0 m (1.3, 3.9, and 6.6 ft) from the stack
or dpct wall. Additional details are given in the
USEPA Performance Specification 2 for CEM [2].

The sampling probévand vacuum pump must be
capable of contintopsly supplying a sufficient vol-
ume |of sample<gas to the analyzers. The sampling
probg interface, connections with the sample lines
also |must_be heated to prevent condensation. The
gas spmpling probe used for the measurement of am-

A0

is compatible with the operating-requirements of the
various analyzers. It is important to avoid condgn-
sation of the sample constituénts, particularly Hy-
drocarbons, sulfates, amd.‘water vapor. The entjre
sample line must be heated above the temperatyre
at which the condensation of each specific consfit-
uent, considering its concentration, will occur.

For operation)on natural gas or light distillate fgel
oils, a sample line temperature of 160°C =15 (32(°'F
+27) shallhbe maintained from the probe to the HC
analyzer system. If neither hydrocarbons nor NH;
are(being measured, a sample line temperature [of
65°C =15 (149°F *27) or 10°C (18°F) above the
dew point of the sample is to be maintained. Thgse
requirements also apply to pumps, valves, and otljer
equipment.

The following requirements also apply.

(a) All material in contact with the sample shhll
be nonreactive (stainless steel, Teflon, glass, |or
equivalent). It is recommended that all new lirfes
made of PTFE (polytetrafluoroethylene) be purged
by a continuous flow of nitrogen in order to remdve
the residue of solvents from manufacturing. Duripg
this procedure the line temperature should be majn-
tained at 20°C (36°F) above the temperature at which
it will operate.

(b) All connections should be tested and shown|to
be leak proof.

(c) All components should be designed to operite
at the maximum temperature they will see in servige.

Long lines are often unavoidable in the measufe-

M 1 1 | i RaYatsFml (]
monia ImIstoc NEaic (U 120 T (250 1)

6.2.5 Sample Transfer and Conditioning. The
important elements of the measurement system are
shown on the schematic drawing, Fig. 6.2. When
special analytical equipment is used, this arrange-
ment may need modification as agreed to by the cog-
nizant regulatory agency.

The sample must be conditioned in a manner that

TMent of 1afge TWIbine SySIems; NOWEVer, the transter
time between the probe and the instruments should
be kept as short as possible. The use of a second
sample transfer pump is recommended to increase
sample flow velocity if long sample transfer times
are encountered.

6.2.6 Analytical Instruments. Analytical instru-
ments shall be complete with all necessary flow con-
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FIG. 6.1 SAMPLING POINTS

trol | components, such as gregulators, valves, and 2314 [3], and the indicated emission rates have [sta-
flow meters. Material in/coritact with the sample bilized.
shall be corrosion resistant stainless steel or carbon (b) A minimum of three measurements shall be
loaded PTFE. The temperature of the sample shall taken after the analyzers are stable. The minimum
be maintained, consistent with local pressure, to sampling time for each measurement shall be [one
avold condensation. Instruments subject to drift and minute plus the measurement system response time.
calilration problems due to variations in ambient Longer sampling times may be required for afddi-
termperature\are to be housed in a stable thermal en- tional averaging. The times should be determined by
viro| the engine manufacturer, the system designer, [and
I[ a he  owne A__mea emen h3 onsi 0 the
quired below. steady state concentration averaged over the sam-

pling time. The arithmetic average of the three mea-
surements comprises a complete test. Each mea-

6.2.7 Testing, Analysis, and Reporting surement shall differ no more than =5% from the

(a) Emissions measurements shall be made only average or the test must be repeated.
after the gas turbine, associated heat recovery, and (c) Readings of the gas turbine operating param-
after treatment systems have stabilized, the turbine eters shall be taken at the same time. Engine data
has reached steady state operation as defined in ISO to be recorded are shown in Table 6-2.
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FIG. 6.2 MEASUREMENT SYSTEM FOR GASEOUS COMPONENTS
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TABLE 6-2 STATIONARY GAS TURBINE DATA RECORD

General information
1. Date:

Company:
Facility:
City:
State:

Countn

2. Location:

Name:
Location:

3. Test laboratory:

4. QGas turbine:
Model:
Serial no.:

5. Fuel: Type:

6. Emission controls: Method:

Operating data
1. Date:

2. Ambient conditions:
Pressure;

Measurement no. {or reading.:\no.):

Time of day:

Fue! flow and how\measured:

@@ N o 0 AW

balance):

9. Compréssor inlet temperature:
Combustor inlet temperature:
Cycle temperature:

Exhaust temperature:
Inlet guide vane position:
Other operating data:

Test personnel:

Manufacturer:

Installation location:

Heating value (HHV and LHV}:

F Factor, Fd (per USEPA Method 19. See-Section 10)

Ultimate and specific analyses to bé.included on separate
data sheet:

Design control parameters:

Temperature:
Relative and’specific humidity:

Weather.conditions:
Wind welocity and direction:

Combustion turbine operating load and how measured:

Water or steam )flow and how measured:

Engine exhaiist flow and how determined {mfr. computer deck, airmeter, carbon

(d) Ambient atmospheric conditions should remain
relatively stable during the measurement period.
Testing shall be repeated if weather conditions
change during the measurement (e.g., the onset of
a rainstorm).

(¢) Emissions measurements are to be recorded in
parts per million, and exhaust gas measurements in

percent volume, dry concentration. If exhaust is
measured and recorded wet, this measurement
should be corrected to dry concentration. Dry con-
centration is preferred since many gas turbines op-
erate on natural gas fuel and have water or steam
injection, both of which result in large amounts of
water vapor in the exhaust that must be extracted
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TABLE 6-3 GASEOUS EMISSIONS MEASUREMENT DATA

1. Date:
2. Time of day:

3. Sampling: Probe design:

Sampling location:

Sample line type, length, temperature:

4.  Instruments: Type:

WIOUctT.
Serial no.:
Ranges used:

responses:
Zero and span checks:
Interference corrections:

(FID only):

0,, % measured or calculated
CO,, % measured or calculated

NO,

co

HC (if required)
VOC (if required)
SQ, (if required)
NH, (if required)

Concentration of span gases and analyzer

Sample flow and/or sample inlet pressure

5. Exhaust gas volume concentrations, average for each measuring point:

H,0, % measured or calculated (if required)
N,, % measured or calculated (if required)
Balance, % measured or calculated (if required)

6. Emissions volume concentrations, average for each measuring point:

befo:le the sample is fed into the analyzers.” Emis-
sions and analyzer data to be recorded, are shown in
Tablg 6-3.

( f)| Oxides of nitrogen data also ‘ar¢ to be reported
in tefms of concentration corrected to 15% O,, and
then forrected to ISO condijtiens as described in Sec-
tion |I0.

(g) |Analyzers shall be ‘calibrated before and after
the t¢st, and at leastat-4 hr intervals during the test.
With| approval of\thc cognizant regulatory agency,
longgr periods between calibrations shall be permit-
ted.

() [The~Jentire measurement system is to be
checked'before the test and at 8 hr intervals. Specific

(j) A test report shall be prepared containing the
information given in Tables 6-2 and 6-3.

6.3 Instrumentation

The recommended instrumentation for the cont|n-
uous measurement of each component is given be-
low. Substitute methods are acceptable only if gp-
proved by the cognizant regulatory agency and fall
parties.

6.3.1 Oxides of Nitrogen (NO,). Oxides of nitfo-
gen, defined as NO plus NO., shall be measuged
using a chemiluminescent analyzer in which light

checks for leaks are to be made from the probe to
each instrument. Performance checks are to be car-
ried out as required by the applicable quality audit
procedure; see para. 6.4,

(/) The evaluation of the data and the computation
of specific emissions from gas concentrations are to
be made using one of the methods given in Section
10.

radiation is emitted by the reaction of nitric oxide
(NO) and ozone (O;) and is measured photoelec-
trically [4]. This method is not sensitive to NO, and
requires the use of a converter that reduces nitrogen
compounds such as NO, to NO. Normally the mea-
surement of NO, will be made with the sample pass-
ing through the converter. When the converter is by-
passed, only the NO component of the exhaust will
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TABLE 6-4 PERFORMANCE SPECIFICATIONS FOR NO, ANALYZER

Total range

Resolution

Repeatability

0 to 1000 ppm in appropriate ranges

Better than 0.5% of full scale of range used or 1 ppm, whichever is
greater

Better than +1% of full scale of range used or +1 ppm, whichever is
greater

Stability Better than *=2% of full scale of range used in a period of 2 hours

Zero drift Less than =1% of full scale of range used or =1 ppm, whichever is
greater in a period of 2 hours

Noise 0.5 Hz and greater, less than *1% of full scale of range used or +1
ppm, whichever is greater in a period of 2 hours

Interference Interferences from CO, and water vapor shall be limited to:

Response time

Linearity

Converter

—less than 0.2% of reading per % of CO, concentration

—Iless than 0.5% of reading per % of water vapor concentration

—less than 1% of reading per % of NH; concentration
If the above interference limitations cannot be met, correction“factors
shall be determined, reported, and applied. It is recommended that
these be applied in all cases. Note that other correctiansthat are unique
to the instrument design also may be required.

Shall not exceed 10 seconds from entry of thesample into the analyzer
to 90% of final reading.

The linearity of each range shall be checked at the 30, 60, and 90%
points using separate gas mixtures or'a gas divider. The maximum
deviation of these points from a least squares straight line fit shall be
+2% of the full scale value.

The converter shall be designed ‘and operated to reduce the NO, in the

sample to NO. The converter efficiency shall not be less than 90%.
The caonverter efficiencyshall be determined and used to correct the
measured sample NO, value to represent 100% converter efficiency.

be measured. The difference between the "NO, mea-
suregment and the NO measurement \is uscd to de-
ternjine the concentration of NOX.

(@) Performance Specification) The performance
of the analyzer when operated in the manner spec-
ified by the manufacturer. shall be as given in Table
6-4.

6.3.2 Carbon Manoxide (CO) and Carbon Diox-
ide [(CO,). Catbon monoxide and carbon dioxide
shall be mdeasured using nondispersive infrared
(NDIR) analyzers {5]. These analyzers use the dif-
ferential“energy absorption of infrared light in par-
allelLieference and <ample gas cells. The required

ified by the manufacturer shall be as given in Tables
6-5 and 6-6.
(b) Special Requirements. The recommerlded
method of operation for the CO and CO, analypers
is in parallel with the other instruments in the mea-
surement system and on a dry basis (with the salple
train equipped with water traps as shown in Fig. .2)
and with controlled sample cell inlet pressure [and
temperature as specified below. Series operation
with the SO, and O, analyzers is acceptable if agreed
to in advance by the cognizant regulatory agengy.

Temperature: 40°C £2 (104°F = 4)

ranges of scnsitivity are obtained by the use of
stacked sample cells, changes in clcctronic circuitry,
or a combination of both. Interferences from gases
with overlapping infrared absorption bands may be
minimized by gas absorption filters and/or optical
filters.

(a) Performance Specifications. The performance
of the analyzers when operated in the manner spec-

10

B LR + 3 3 _ Y
FTCSUIC, WILHIIIT — 2 TH0al | —U. O IIT. 1'120)

The operation of the CO and CO, analyzers with
a wet sample gas is acceptable if the amount of
water vapor is limited, as when the gas turbine is
operated on light distillate fuel without water or
steam injection. In this case, the water vapor inter-
ference is to be applied and the sample cell temper-
ature is to be controlled to 50°C = 2 (122°F * 4).
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TABLE 6-5 PERFORMANCE SPECIFICATIONS FOR CO ANALYZER

Total range

Resolution

Repeatability

In appropriate ranges 0 to 2500 ppm

Better than .5% of full scale of range used or 1 ppm, whichever is
greater

Better than *1% of full scale of range used or +2 ppm, whichever is

greater

Stability Better than *2% of full scale of range used or +2 ppm, whichever is
greater in a period of 2 hours

Zero drift Less than +1% of full scale of range used or +2 ppm, whichever is
greater in a period of 2 hours

Noise 0.5 Hz and greater, less than 1% of full scale of range used or =1
ppm, whichever is greater in a period of 2 hours

interference To be limited to CO concentration as follows:

Response time

{1) less than 500 ppm for each % of ethylene concentration

(2) less than 2 ppm for each % of CO, concentration
If the above interference limitations cannot be met, cdrrection factors
shall be determined, reported, and apptlied. It is recommended that
these correction factors be applied in all cases. Nete that other
carrections that are unique to the instrument.design may also be
required.

Shail not exceed 10 seconds from entry.ofithe sample into the analyzer
to 90% of final reading.

Linearity The linearity of each range shall,be-checked at the 30, 60, and 90%
points using separate gas mixtures or a gas divider. The maximum
deviation of these points from a least squares straight line fit shall be
+2% of the full scale value.

TABLE 6-6 PERFORMANCE SPECIFICATIONS FOR CO, ANALYZER

Total range 0 ta 20% in appropriate ranges

Resolution Bettér than .5% of full scale of range used or 100 ppm, whichever is

Repeatability.

less

Better than +1% of full scale of range used or =100 ppm, whichever is
less

Stahility Better than +2% of full scale of range used or =100 ppm, whichever is
less in a period of 2 hours

Zero drift Less than +1% of full scale of range used or =100 ppm, whichever is
less in a period of 2 hours

Noise 0.5 Hz and greater, less than +1% of fuil scale of range used or =100

Response time

Linearity

ppm, whichever is less

Shall not exceed 10 seconds from entry of the sample into the analyzer
to 90% of final reading.

The linearity of each range shall be checked at the 30, 60, and 90%
points using separate gas mixtures or a gas divider. The maximum
deviation of these points from a least squares straight line fit shall be
+2% of the full scale value.

11
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TABLE 6-7 PERFORMANCE SPECIFICATIONS FOR SO, ANALYZER

Total range

Resolution

Repeatability

0 to 50 and 0 to 250 ppm
Better than 2.0% of full scale of range used or 2 ppm, whichever is
greater

Better than =2% of full scale of range used or +2 ppm, whichever is

greater

Stability

Zero drift

Noise

Interference

Response time

Linearity

Better than £3% of full scale of range used or =1 ppm, whichever is
greater in a period of 2 hours

Less than +=2% of full scale of range used or =1 ppm, whichever is
greater in a period of 2 hours

0.5 Hz and greater, less than +2% of full scale of range used or
=0.05%, whichever is greater in a period of 2 hours

Interferences from CO,, water vapor, and HC shall be limited to:
For NDUV instruments:

—Iless than 1% of reading for each 10 ppm of HC,\or 4% of reading
If the above interference limitations cannot be met,\correction factors
shall be determined, reported, and applied. It/s recommended that
these be applied in all cases. Note that othér\corrections that are unique
to the instrument design may also be required.

Shall not exceed 50 seconds from entry' of the sample into the analyzer
to 90% of final reading.

The linearity of each range shall'be checked using SO, in N, at the 30,
60, and 90% points using separate gas mixtures or a gas divider. The
maximum deviation of theése points from a least squares straight line fit
shall be 2% of the full“scale value.

6.313 SulMur Dioxide (SO,) catalytic reduction (SCR), the measurement of| SO,
) Fuel Analysis — Recommended Method. 1t is shall be made upstream of ammonia injection.
recpmmended that sulfur dioxidebe calculated from
fuel sulfur content determined, by fuel analysis using 6.3.4 Sulfuric Acid (H,50,) Mist. During th¢ op-
AS[I'M methods or equivalent as approved by the eration of gas turbines on liquid fuels that coptain
cognizant regulatory agency. Many of these methods significant amounts of sulfur and with heat extrafction
are| also listed by-thes USEPA in the New Source in the exhaust (such as a heat recovery steam|gen-
Performance Standards for gas turbines [6]. See Sec- erator), the exhaust temperature can be reducgd to
tiog 9, Fuel Analysis, for additional information on below the condensation point of sulfuric acid. [This
sulfur determination in fuels. point, which is a function of its concentration] can
be considerably lower than the boiling point of

) Gas-Analysis Method. Sulfur dioxide can be

measured on line by using nondispersive ultraviolet H,SO, (b.p. = approximately 315-338°C; p00-
(NIBU aRalyvsis —Measurement—of-SO-—in—the 640°E)Underthese-conditions—thepotential for the
exhaust gas is practical only if the expected con- exhaust of sulfuric acid mist occurs, and some local

centration exceeds 5 ppm.

(c) Performance Specifications. The performance
of the analyzer when operated in the manner spec-
ified by the manufacturer shall be as given in Table
6-7.

(d) Special Requirements. To avoid interferences
due to ammonia in plants operating with selective

12

and state agencies require a specific measurement for

H]_SO4 mist.
(a) Recommended Method. The

recommended

method for the measurement of sulfuric acid mist is
the USEPA Method 8 [8]. Method 8 requires the
collection of sulfuric acid mist and sulfur trioxide
(80O;) by wet chemistry using an isokinetic sampling
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probe and impinger train. The collected sample is
measured using a barium-thorin titration method.
This method does not provide for on-line analysis
of sulfuric acid mist. The method also can be used
to determine the amount of SO, in the exhaust gas
but is not recommended for that purpose.

(b) Sampling. Sampling is to be done isokineti-

descifibed in para. 6.2.4. Samples shall be extracted
equally from cach of the three locations until a mea-
suraljle sample is obtained. The measurement thresh-
old for this method is 0.05 mg/m® (0.03 X 107’
1b/ft]).

(c] Sampling Train. The sampling train is similar
to that used for USEPA Method 5 except the filter
is lopated behind the first impinger, and the filter
holdgr is unheated. Commercial models of this train
are gvailable.

(d) Analysis of Results. The results from this wet
chenjistry measurement are not immediately avail-
able [as each sample must be taken to the laboratory
and fitrated for H,SO, and H,SO; contents.

It js recommended that a trial material balance be
madg using the measured sulfur content of the fuel,
as de¢scribed in para. 6.3.3, and assuming that all
the flel sulfur is converted to H.SO,. This trial ma-
terial balance will provide a maximum expected val-
ue fgr sulfuric acid mist and a guideline for sampling
time§. If the fuel sulfur content is low enough, com-
pliance may be shown by using a sulfur material
balarfce and the assumption that all fuel-stlfur is
converted to H,SO,.

6.3.8 Total Hydrocarbons (HC). The\ineasurement
of tdtal unburned and partially bumed hydrocarbon
spectes shall be by flame ionization detection (FID)
[9]. When the unburned hydrecarbon gases are sub-
sequently burned in am\independently controlled
flam¢, ionization is «produced proportional to the
number of carbon/hydrogen and carbon/carbon
bonds that are broken. This ionization is measured
by 4 change’,in current between two electrically
charged plates positioned on either side of the flame.
This| techmique yields a total of all hydrocarbons
presgntyin the sample in terms of the carbon content

ASME B133.9-1994

To verify, the probe can be used to sample ambient
air before and after exhaust emissions testing.

Where significant readings are encountered, it is
recommended that a parallel inlet air sampling line
be installed near the engine inlet air filter, but not
so that it can be induced into the engine and cause
damage. This sampling arrangement will allow back-

since the ambient hydrocarbons are in solutien in
inlet air at ambient temperature.

(a) Performance Specifications. The .performarjce
of the analyzer when operated in the manner spgc-
ified by the manufacturer shall(be as given in Table
6-8.

(h) Special Requirements> The sample must
heated through the instrufment including the detectpr.

The flame ionization burner fuel shall be pyre
(99.999%) hydrogén with a HC content of less tHan
0.5 ppmC,. Thelburner air shall be ultra pure, zgro
air with a yolumetric concentration of organic syb-
stances less than 0.1 ppmC, or shall cause less than
10% fullscale deflection of the range used.

The)change in instrument reading with various HC
species shall be measured and not exceed 5%, ¢x-
pressed as CH,, with the following test gases:

For testing at a service
facility:

500 ppmC, propane |in
zero air
500 ppmC, propylene|i
Zero air

500 ppmC,
Zero air

500 ppmC, n-hexanc|in
zero air

=

toluene |1n

For testing at the site, values of 25, 50, and [00
ppm of methane in air shall be used.

6.3.6 Nonmethane Hydrocarbons (NMHC) and
Volatile Organic Compounds (VOC). Nonme-
thane hydrocarbons (NMHC) are defined as all hy-
drocarbons measured in or emitted from a given gys-
tem minus the methane component. Volatile organic
compounds (VOC) are commonly defined as all hy-
drocarbons measured in or emitted from a givpn ys-

of the calibration gas that is normally propane
(C;Hg). The measurement of nonmethane hydrocar-
bons and individual hydrocarbon species is given in
para. 6.3.6.

NOTE: The concentration of ambient hydrocarbons
will, in some circumstances, be very significant,
even higher than that measured in the exhaust gas.

13

tem minus both the methane and ethane components.
In many instances the term NMHC is used synon-
ymously with VOC.

To determine NMHC, the methane component is
measured by gas chromatograph (GC) along with the
total hydrocarbons and the ratio of NMHC to total
hydrocarbons is obtained [10]. This ratio is apphed
to the total hydrocarbon measurement made with an
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TABLE 6-8 PERFORMANCE SPECIFICATIONS FOR HC ANALYZER

Total range 0 to 1500 ppm C, in appropriate ranges including the smallest range of 0
to 10 ppm C,. To minimize reading error, enough ranges shall be available
so that HC can be measured at no less than 50% of full scale deflection
of the scale in use.

Resolution Better than 0.5% of full scale of range used or *0.5 ppm C,

is greater

Stability Better than *=2% of full scale of range used or +1 ppm C,, whichever is
greater in a period of 2 hours

Zero drift Less than *1% of full scale of range used or +0.5 ppm C,, whichever-is
greater in a period of 2 hours

Noise 0.5 Hz and greater, less than =1% of full scale of range uséd’or +0.5
ppm C,, whichever is greater

Interference The change of instrument reading with variation of oxygen shail be

measured and not exceed 2% with the following-test gases:
—500 ppm C1/zero air (167 ppm propane/zero air)
—500 ppm C1/nitrogen (167 propane/nitrogen)

Shall not exceed 10 seconds from entry. of*the sample into the analyzer
to 90% of final reading

Response time

The linearity of each range shall~be’ checked using propane in air at the
30, 60, and 90% points using, separate gas mixtures or a gas divider.
The maximum deviation of-these points from a least squares straight
line fit shall be +2% of thé/full scale value.

Linearity

FID
for
sure

can|be made in a similar manner:
(@) Direct Analyzers. Direct @nalyzers provide the mended that the measurement of total hydfoc‘?f'
capability to differentiate VOC and NMHC in a sin- is always made using an FID, and the proportio

gle
mat
arat

air

, as described in para. 6.3.5, so that\the basis

both NMHC and the total HC is the FID mea-

ment. Measurements of the VQC ‘components

instrument consisting (©f)an automated gas chro-
pbgraph with an FID\detector. The sample is sep-
ed in the instrument into two parts: (1) for VOC,
hnd the sum-of. methane and ethane; or (2) for

NMHC, air and.methane. The column is then back-

flus
(all
Sing

hed givinig a third reading that consists of VOC
otherhydrocarbon compounds in the sample).

fro

prove the separation

ethie/methane, ethane, and VOC are separated

and accelerate the analysis, two

columns may be used with suitable flow switching

to differentiate VOC in a single instrument. This
type of analyzer is recommended where the mea-
surement of total hydrocarbons and VOC or NMHC
is required.

(b) Subtraction Analyzers. If the direct analyzer
described above is not available, separate FID and

14

GC instruments can be used to determine the
hydrocarbon and VOC components.

NOTE: For accuracy and consistency, it is red

NMHC or VOC determined by the GC.

(¢) Performance Specifications. The perform
specifications for a total hydrocarbon analyzer
given in Table 6-8.

(d) Measurement of Specific Hydrocarbon (]
pounds. For specific compounds, such as tolu
xylene, and benzene, a mass spectrometer mus

NES

otal

om-
bons
n of

A\nce
are

connected to the gas chromatograph. The test

Dd [TOUS HIC 2d O OETdp WIIC

components are sepatrated. The discrete compon

ents

are directed to the mass spectrometer for identifi-

cation and quantification.

NOTE: The quantities of these specific compounds
are expected to be much less than 1 ppm because

total hydrocarbon emissions from industrial gas
bines are normally less than 5 ppmC,.

tur-
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(e) Special Requirements. The gas chromatograph
should also have the following special requirements:

» Grounded jet and current limited design for
operator safety

* Push-button flame ignition

* Fused silica columns insert within 2 mm of
jet tip

o Sensitivity: less than 18 mCoul/gm carbon:
nitrogen carrier, 0.018 in. id jet
less than 15 mCoul/gm carbon:
helium carrier, 0.015 in. id jet
less than 22 mCoul/gm carbon:
nitrogen carrier, 0.011 in. id cap-
illary jet

less than 18 mCoul/gm carbon:
helium carrier, 0.011 in. id cap-
illary jet

f Minimum dctcctable response: less than 5 pg
carbofi/sec, nitrogen carrier as S/N = 2

| Linear dynamic range: less than + 10 over 107
range| with 0.018 in. id jet

ol Operating conditions: Column flow 30 ml/
min, 5 ml/min H2, 650 ml/min air propane sam-
ple

6.3.7| Ammonia (NH;). Ammonia is present in the
exhaust of gas turbines that use NO, reduction after
treatnpent such as selected catalytic reduction (SCR)

NH; to NO accordmg to the reaction:
4NH; + 50,— 4 NO + 6 H,0

Converting the ammonia to nitric oxide produces
incorrect NO, results when NH; is present in the
exhaust.

The carbon converter operates at 300°C (572°F),

srFemperature—Tange—to45026————————Jess—steel—eonverter—and—the—NO—reading—using—the

ASME B133.9-1994

at which temperature the NH; 1s not oxidized, but
the conversion of NO, to NO will take place ac-
cording to the reaction:

NO, + C— NO + CO

Ammonia concentration is measured by taking the
difference between the NO reading using the stain-

carbon converter.

(a) Performance Specifications. The equipmdnt
required is a chemiluminescent analyzer deseribed |in
para. 6.3.1 for the measurement of NO, and two
converters, one carbon and one stainless steel, |as
shown in the schematic diagrannyof Fig. 6.3. Alt¢r-
nately, two complete chemiluminescent analyzdrs
and converter systems may\be” used. The operatipn
and specification of the ¢hemiluminescent instrumgnt
and the converters shall’be the same as described [in
para. 6.3.1. The converters, their arrangement, apd
their operation_shall be used to oxidize NH; and fe-
duce NO, respectively to NO. As shown in Fig. 6.3,
ammonia.concentration is measured by taking the
difference)between the NO reading produced by eafh
converter.

6.3:8 Oxygen (0O,). The recommended method Jof
measuring the oxygen content of the exhaust gas|is
by using either an electrochemical analyzer or|a
paramagnetic analyzer [11].

(a) High Temperature Zirconium Oxide Cell. This

EMF is measured and converted to oxygen conce

tration using the Nernst equation for electrochemig
behavior.

field generatmg a pre%sure dlfference between them
One of the gases is the sample gas and the other is
the reference gas. For gas turbine exhaust mcasure-
ment, the reference gas used is 20.95% O, in N,.
This reference gas is brought into the measuring
chamber via two ducts. One of the ducts mixes ref-
erence gas with sample gas in the area of the mag-
netic field causing a pressure differential propor-
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Path C-+NQ,, + NH3 measurement

Water trap with cooler

/

>—

Sample gas

700°C
SS converter

&

~

Path B—+NQO measurement

To analyzer

D—— ]

Zero/span gas

Dt

300°C

NO; content = Aminus B
NH3 content = C minus A

| to the O, content of the sample. This pressure
differential produces a flow that is converted to an
electrical signal.

(§) Performance Specifications. The performance
spedification for both the electrochemical cell and
the [paramagnetic cell oxygen analyzers is.given in
Table 6-9.
is recommended that oxygen betwmneasured to at
leas} the accuracy stipulated in Table' 6-9. This ac-
curgcy is required because oxygen measurement er-
rors| are amplified when NOg measurements are cor-
rected to 15% O,.

(d) Special Requirerhents. If a paramagnetic cell
anallyzer is used, some\ correction may be required.
Mogt gases exhibit. some paramagnetic properties
that| can affect oxygen readings. These effects are
likely to belmegligible in relation to overall mea-
surejnent.‘accuracy but may be taken into account if
required -and agreed to by the cognizant regulatory
agency

Path A—NO, measurement

FIG. 6.3 FLOW DIAGRAM OF NO CONVERTERS
USED TO OBTAIN NH; MEASUREMENT

Carbon converter

for-
en-
and
lalso

or steam that is injected into the engine for pe
mance improvement or emission control. Water
tering the engine from evaporative inlet coolers
water contained in water/fuel emulsions must
be considered.

(a) Recommended Method. The quantity of water
vapor in the exhaust can be determined by either
direct measurement of the exhaust gas or summation
of all sources of water vapor in the exhaust. This
summation is usually performed on a mass Hasis
(grams of H,O per gram of exhaust gas). It inclides
the calculation of the water produced by combustion
of the fuel, the measurement of the ambient humid-
ity and its conversion to specific humidity, and| the
measurement of water injected into the engine from
all other sources. Either the measurement or spm-
mation method is acceptable. Where direct mea-
surement of water vapor in the exhaust is requifed,

the recommended method is USEPA Method 4 [|2].
Qf the two procedures cited in Methad 4 _ onlvl the

6.3.9 Water Vapor (H,0). The exhaust from gas
turbine engines can contain varying quantities of
water vapor from approximately 2 to 15% by vol-
ume. The absolute amount depends on the type and
quantity of fuel used which produces water vapor as
a product of combustion, the absolute humidity of
the ambient air ingested, and the quantity of water

16

more accurate “reference method” is recommended
because the water vapor measurement is to be used
in the emissions calculation. In this method, a gas
sample is extracted at a constant rate from the source
and moisture is removed from the sample stream and
determined either volumetrically or gravimetrically
using an impinger train.

All requirements and protocols of Method 4 shall
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TABLE 6-9 PERFORMANCE SPECIFICATIONS FOR O, ANALYZER

Total range 0 to 25% in appropriate ranges

Resolution Better than +0.2% of full scale of range used or =0.05%, whichever is
greater

Repeatability Better than +0.2% of full scale of range used or +0.05%, whichever is
greater

Stability Better than +2% of full scale of range used or +0.05%, whichever is
greater in a period of 2 hours

Zero drift Better than =0.2% of full scale of range used or +0.05%, whichever is
greater in a period of 2 hours

Noise 0.5 Hz and greater, less than +0.2% of full scale of range used_ or
+0.05%, whichever is greater in a period of 2 hours

Interference See special requirements in this Section

Response time  Shall not exceed 10 seconds from entry of the sample”into the analyzer

to 90% of final reading
Linearity The linearity of each range shall be checked-at\the 30, 60, and 90%
points using separate gas mixtures or@)gas divider. The maximum
deviation of these points from a least squares straight line fit shall be
+2% of the full scale value.

observed except for isokinetic sampling as de- 15 recommended that a trial calculation be made to

scribed below. obtain the water vapor content of the exhaust |gas.

(p) Sampling. Sampling of water vapor is to be This calculation can be done by summing| the
dorle in the stack at a temperature above the boiling amounts of water vapor from the various sourcgs as
poipt of water so that all the water is in vaporphase, described previously. The calculated water vapor
and isokinetic sampling is not required.~Sampling content will verify the measured value.

ma
thrg
Th
ma
der
4
be

.

(
of

US

y be done with the gas sampling probe at the
e sample probe locations defined\in‘para. 6.2.4.
probe and sample line temperature shall be
Intained above 120°C (248°F) to prevent the con-
sation of moisture.
\ total gas sample of 4t least 0.6 m® (21 scf) shall
taken at a rate ng. greater than 0.021 m’/min
VS scfm).
c) Sampling /Frain. The sampling train consists
four impingers and is similar to that used for
FEPA Méthod 5, which is shown in Fig. 8.1. The

first twoSimpingers must contain known volumes of

6.4 Quality Provisions

The quality of measurement is influenced by

the

design and installation of the measurement system,

the calibration procedures, and the measuremen

test

procedures. The system design and test procedures

are described in the preceding paragraphs.
Verification of quality provisions is require

I by

the cognizant regulatory agency; in the United States

quality provisions are stipulated by the EPA.

waler, the third shall be empty, and the fourth must
con _. 9 no 0 -;n a _7::1 0 cqul 1len b 4 ihration ‘Ag.glg ang _'I.
desiccant). done by the admission of calibration gas mixtures at

(d) Analysis of Results. The results from this
method are obtained by measuring the increase in
volume of water obtained in the first two impingers,
measured to the nearest ml, and the weight gain in
the desiccant in the last impinger, measured to the
nearest 0.5 g.

When water vapor is measured, not computed, it

17

the sampling probe. It is recommended that these
mixtures have concentrations of 60 and 90% of the
full scale value of the analyzer scale in use. These
mixtures shall be prepared in accordance with the
protocols listed below depending on the requirements
of the cognizant regulatory agency. Certificates of
compliance shall be provided by the gas supplier.
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TABLE 6-10 RECOMMENDED ACCURACY OF CALIBRATION GASES

Accuracy
(Taken in percent of calibration
Analyzer Gas gas value)
HC Propane in 10 1% Q,, balance N, +1% or =0.05 ppm, whichever is
greater
HC Propane in 20.95 +1% 0,, balance N, +1% or +0.05 ppm, whichever is
greater
HC Propylene in zero air +1% or +0.05 ppm, whichever is
greater
HC Toluene in zero air +1% or *0.05 ppm, whichever is
greater
HC N-hexane in zero air +1% or =0.05 ppm, whichever is
greater
Co CO in N, +1% or £2 ppm, whicheyer’is
greater
Co, CO, in N, *1% or =100 ppmwhichever is
greater
NO, NO in N, *1% or =1 gpm, whichever is
greater.
0, 0O, in N, +0.2% of £100 ppm, whichever is
greater
SO, S0, in N, +1% or =1 ppm, whichever is
greater
NH, NH; in N, *1% or =1 ppm, whichever is
greater
(a)|ISO Standard 6141 [13] (@) 1 ppm C
(b)| USEPA Traceability Protocols [14] (b) 1 ppm CO
¢) 100 ppm CO
6.4.2 | Recommended Accuracy. The\recommend- (©) pp z
ed acquracy of the calibration gases\is/given in Table (d) 1 ppm NO,
y g £ (e) 1 ppm SO,
6-10.
6.4.3 [ Special Requirements. The special require-
ments for calibration mixtures are given below. 6.5 References
These] mixtures shall-be verified or certified by the

gas sppplier. The field laboratory certification of
gases |used for interference tests shall meet USEPA
Proto¢ol Numiber | [14].

CO| and-CO, calibration gases may be blended sin-

gly of as.dual component mixtures. Three compo-
£ 0N Oy

[1] “Procedure for the Continuous Sampling aphd
Measurement of Gaseous Emission from Aircraft
Gas Turbine Engines,” Probe Design Concept, Par.
9.1.1, Aerospace Recommended Practice ARP 123
Rev. B, Society of Automotive Engineers, Warren-
dale, PA, August 1991.

sl

nent mixtures—of strret propanc H—rero—atr
may be used. provided the stability of the mixture
is assured.

Zero gas for the HC analyzer shall be zero air,
including artificial air with 20 to 22% O, blended
with N,. For the remainder of the analyzers, 100%
nitrogen shall be used as the zero gas. Impurities in
both kinds of zero gas shall be less than the fol-
lowing concentrations:

o COo5;

18

[2] “Performance Specification 2 — Specifications
and Test Procedures for SO, and NO, Continuous
Emission Monitoring Systems in Stationary
Sources,” Par. 3.2 Reference Method, US Federal
Register, Title 40, Part 60, Appendix B, Perfor-
mance Specification 2.

[3] *“Gas Turbines — Acceptance Tests,” Par 5.
Test operating conditions, International Standard
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ISO 2314, International Organization for Standard-
ization, Geneva, Switzerland, 1989.

(41 “Method 20 — Determination of Nitrogen Ox-
ides, Sulfur Dioxide and Diluent Emissions From
Stationary Gas Turbines,” US Federal Register, Title
40, Part 60, Appendix A, Method 20.

[5] “Method 10 — Determination of Carbon Mon-

ASME B133.9-1994

General References

“Gas Turbines — Exhaust Gas Emission — Mea-
surement and Evaluation,”™ Draft International Stan-
dard 11042-1, ISO/TC 192, International Standards
Organization, Geneva, Switzerland, February 1992.

“Exhaust Emissions Measurement Recommendations
for Reciprocating Engines and Gas Turbines,”

oxigeEmissionsfronT-Statiomary - Sources, — uS Fed=

erall Register, Title 40, Part 60, Appendix A, Meth-
od [10.
[6]| “Standards of Performance for Stationary

Soufrces, Subpart GG — Standards of Performance
for [Stationary Gas Turbines,” US Federal Register,
Title 40, Part 60, Paragraph 60.335 (d) Test methods

and| procedures.
(71| “Method 6C — Determination of Sulfur Diox-
ide [Emissions from Stationary Sources (Instrument

Angdlyzer Procedure),” US Federal Register, Title
40,|Part 60, Appendix A, Method 6C.

18]] “Method 8 — Determination of Sulfuric Acid
Migt and Sulfur Dioxide Emissions from Stationary
Sources,” US Federal Register, Title 40, Appendix
A, Method 8.

191 “Method 25A — Determination of Total Gas-
eoup Organic Concentration Using a Flame loniza-
tior] Analyzer,” US Federal Register, Title 40, Part
60.| Appendix A, Method 25A.

[10} “Method 18 — Measurement of Gaseaus Or-
ganjc Compound Emissions by Gas Chrothatogra-
phyl.” US Federal Register, Title 40, Purt 60, Ap-
penfix A, Method 18.

[11] “Method 3A — Gas Determination of Oxygen
and| Carbon Dioxide Emissigns~from Stationary
Sources (Instrument Analyzet Procedure),” US Fed-
erall Register, Title 40, Part)60, Appendix A, Meth-
od BA.

[12] “Method 4,/+—=" Determination of Moisture
Conftent in Stack”Gases,” US Federal Register, Title
40,|Part 60,, Appendix A, Method 4.

[13) “GaS\analysis — Calibration gas mixtures —
Certificates of mixture preparation,” 1SO 6141, In-
ternational Standards Organization, Geneva. Swit-

CIMAC Number ]2, International Council on,Chm-
bustion Engines, American Society of Meéchanical
Engineers, 345 East 47th Street, New pYork, [NY
10017.

7 SMOKE MEASUREMENT

Smoke emitted from gas tlrbines is cvaluatedl in
two general ways: visible plume opacity and mea-

sured carbon (soot) content in the exhaust. Gas |tur-
bines operating onnatural gas will normally hav¢ no
visible smoke<in the exhaust.

7.1 Visual Opacity

7.11 Current Method. Currently, visual detefmi-
nation using USEPA Method 9 [1] is the only|ac-

cepted and practical method of determining thel vi-
sual opacity of the exhaust plume of a gas turpine
installation. This method does not produce resulfs of
acceptable accuracy or repeatability when measuring
visual opacity values less than 20%.

USEPA Method 9AM-1 [2] using LIDAR (laser
radar; Light Detection and Ranging) is also ayail-
able, but it requires expensive equipment and is{ not
recommended for measuring the opacity of plumes
from gas turbines during normal source testing

Method 9 requires that a trained, qualified
server holding a USEPA valid certificate make|and
record one or more sets of visual observations of the
exhaust plume at each operating point. A set confists
of 24 observations made to the neatest 5% op4city
at 15 sec intervals. They represent the highest opac-
ity observed in the plume, averaged over eaclf 15
sec interval when the observer is standing with| the
sun at his back. Each observation is recorded |and

ob-

zerland.

[14] *“Traceability Protocol for Establishing True
Concentrations of Gases Used for Calibrations and
Audits of Continuous Source Emission Monitors,”
Protocol Number 1, Environmental Monitoring Sys-
tems Laboratory, Quality Assurance Branch, US En-
vironmental Protection Agency, Research Triangle
Park, NC.

ali24—are averaged 1o determine e opacity tor the
set.

7.1.2 Measurement Variability. The positive er-
ror of Method 9 is given by the EPA for black
plumes (such as those from gas turbines) based on
field trials. In a trial of 133 sets (over 3000 read-
ings), 99% of the readings were with a positive crror
of less than 5% opacity. Subsequent evaluation of
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the Method made during certification training [3]
shows that at 20% opacity the standard deviation of
trained observers was 5.25% opacity, and at 10%
opacity the deviation was 3.16%.

Because of the high variability in the mcasurement
of visual opacity, compliance difficulties can be ex-
pected in the case of a marginal installation with low
opacity. Referee measurements of smoke density us-

MEASUREMENT OF EXHAUST EMISSIONS
FROM STATIONARY GAS TURBINE ENGINES

uses spot filtration; and an alternate method, the op-
tical smokemeter, which provides direct on-line mea-
surements. Both of these methods were developed
for gas turbines operating on liquid fuels and are
currently used worldwide. They provide the best
control of variables and the greatest accuracy of
measurement.

ing smokemeter (described below) or of stack
opacity using a transmissometer [4] made simulta-
necougly with visual opacity during compliance test-
ing are recommended. This procedure must be co-
ordinpted with and agreed to by the cognizant
regulfitory agency, so that if questioned, compliance
during routine operation of the engine can be dem-
onstrated using the referee method.

7.2 $moke Density

In |Europe and other regions, measurement of the
smokk content of the exhaust is required. The smoke
densify can be measured using two different meth-
ods: &n optical smokemeter, or smoke spot method.
In the optical smokemeter method a metered flow
of exhaust is extracted and passed continuously
through a cell that measures its light obscuration. In
the smoke spot method a metered quantity of exhaust
1s pagsed through a white paper filter. The resulting
stain [is graded visually or by reflectometer for den-
sity Using a scale showing varying degrees of\ gray
to blgck.

Alll such methods producc a result rclated to the
carbon density in the exhaust gas. In spot fiitration,
contrl of the sample extraction and-transport to the
instryment, design of the instrument and its seals,
mass [of sample used, filter media, and grading of
the stain all vary from method-to method. as do the
precifion and sophistication of the methods them-
selveg. Spot filtration methods often specified for use
with pas turbines are(as follows:

Filtration Method
Aircraft (Method

Spot
SAE

Specified by

International Civil Aviation
Organization |5]

7-2-1-SAE-Aircraft-Method—TFhe—smokemeasure-
ment method recommended by Internationals Cipil
Aviation Organization is described in more(detail
SAE ARP 1179B [8]. It measures smoke density
gas turbine exhaust by spot filtration.-A smoke nufn-
ber (S/N) scale of 1 to 100 has beényestablished for
these readings, O representing qio, detectable smoke
and 100, a blackened filter.,/Thi§ method is recqg-
nized internationally and is specified by the USEPA,
the US Federal Aviationm) Administration, and Ie
ICAO for smoke measurement from gas turbine ajir-
craft engines.

(a) Method, A representative sample is extracted
from the exhaust stream through a heated sample
line and passed through a filter made of No. 4 What-
man filtet paper, a pump, a gas rotameter, and| a
gas volume meter. During this process, sample line
flow rate and temperature are maintained, the sample
volume is controlled, and the temperature and prgs-
sure of the sample are measured. A schematic drav-
ing of the apparatus is shown in Fig. 7.1.

14 L/min. = 0.5 (0.50 cfm A
0.02)

12 to 21 kg of exhaust gas/m
(0.017 to 0.030 Ib/in) of
filter area

60-175°C (140-347°F); +15°Q
(£27°F) during measuremen

Sample flow rate:

Sample mass:

Sample line temperature:

(b) Instrumentation. Various versions of com-
mercial and individually designed and fabricated :E
struments are in use today. Each of these instrumerjts
meet the design requirements stipulated in ARP
1179.

(c) Testing, Analysis, and Reporting. The engine
is allowed to stabilize at the desired operating point.
A minimum of three samples is taken and graded
optically using a reflectometer conforming to ANPI

1SO [Bacharach) ISO Draft International
Standard 11042-1 [6]
ASTM D2156 CIMAC Specification No 12
171
(a) Smoke Density Measurement Methods. No
smoke measurement methods are recommended

since all methods lack either the required accuracy
for the measurement of very low smoke density or
commercial availability. Two methods are described
in detail below: the SAE Aircraft method, which

20

Standard PH 2.17. The reflectance of each spot is
calculated as follows:

SN’ = 100[t — Rs/Rw]

where:
SN' = reflectance of each spot
Rs = absolute reflectance of the sample spot
Rw = absolute reflectance of clean filter material
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D =125t037.5mm
Exhaust Sample (spot dia.) Flow
nozzle probe
6 =5°to7.5°
it
i Ll o = 20°to 30°
it By pass
—_—— I
74 A valve C /
/ Coarse 4
Valve A ’ filter % 9
\)
=
s | I Fitter | | / D
anpple and ||
! / Plang
 Lroider [ | 4 a— o fiter
-1+~ valveB Valve D 5 \
< e >
!
Voiume Flow Vacuum
*— rotameter pump Filter Holder

meter T

Pressure and
temperature
measurement

FIG. 7.1

The sample mass per unit spot fiiter area for each
sample is calculated and thesresults plotted on semi-
loggrithmic coordinates. The ©verall SN for a given
opefating point is determined by the intercept of the
datg plotted as a strdight line by the method of least
squiires and the yalde of 16.6 kg/m’ (0.0230 Ib/in’)
sample mass per-unit filter area.

NOJE: Prégision of this method is stated as =3 SN

valyes.
7.2L£p1.ica.l.$makamelar The optical smaoke-

ICAO SMOKE ANALYSIS SYSTEM

Smoke Number. It shall also provide at least [one

other output channel that can be calibrated by|the

user in units of ASTM Smoke Density, Bacharjch

or carbon particulate mass in micrograms per lfter.

Provisions shall be made for recorder output.
(b) Performance Specifications

0-80 SAE smoke numbers

0—8 Bacharach smoke spot numbers

0-20 micrograms per liter (mg/cu c)
carbon particulate

less than—1 SAE smoke number

Primary output:
Alternate output:

Precision.

meter measures smoke particulate levels within the
exhaust gas. It provides for continuous on-line mea-
surement of the light obscuration of a sample of the
exhaust from the engine [9].

(a) Method. The exhaust sample shall be fed into
a self-contained instrument that measures light ob-
scuration in the range of 0 to 10%. The instrument
shall provide a direct, continuous readout of SAE

21

Response: less than 10 seconds to 95% of reading
(¢) Testing and Reporting. A representative sam-
ple of exhaust gas is extracted using a three-holed
probe designed similarly to that used for gas sam-
pling described in para. 6.2. The engine and sam-
pling line shall be stabilized before smoke measure-
ment begins. A minimum of three samples shall be
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recorded at each measuring point and the average of
these samples reported.

7.2.3 Other Methods. If it is a requirement to re-
port smoke density in terms of Bacharach number
or ASTM smoke spot number, it is recommended
that either the SAE smoke number procedure or the
optical smokemeter described above be used. These

MEASUREMENT OF EXHAUST EMISSIONS
FROM STATIONARY GAS TURBINE ENGINES

ARP1179, Rev. B, Society of Automotive Engi-
neers, Warrendale, PA, April 1991.

[91 “Rolls-Royce Optical Smokemeter Performance
Specification,” Rolls-Royce plc, Derby, England.

8 PARTICULATE MEASUREMENT

methpds—shottd—be—aditsted—to—the—eorreet—smoke
scale| by the use of correlation curves developed by
the gngine manufacturer, or in the case of the SAE
methpd. by modifying the sample size to provide the
appr¢priate sample mass per square inch of filter
area.
Sample mass per unit

filter area
kg/m’® (Ib/sq in)

SAH ARP 1179 16.6 (0.0230)

ASTM D2156 and [SO 11042-1 70.1 (0.0997)
7.3 References

{11 |*"Mcthod 9 — Visual Determination of the

Opagity of Emissions from Stationary Sources,” 40
CFR| Part 60, Appendix A, Method 9.

[2] [|“Alternate Method 1 — Determination of the
Opadity of Emissions From Stationary Sources Re-
motely by LIDAR,” 40 CFR, Part 60, Appendix A,
Methiod 9, AMI.

[3] |Heinsohn, R. J., Davis, J. W., and Anderson,
G. W., “Individual Accuracy in Estimagmg.Plume
Opadity,” Journal of Air and Waste Management,

Vol. |42:443, April 1992,

(4] [‘Performance Specification1\=~ Specifications
and Test Procedures for Opacity-Continuous Emis-
sions| Monitoring Systems in-Stationary Sources,” 40
CFR] Part 60, Appendix B;” Spec. i.

[5] [|“International Standards and Recommended
Practjces, Environmeéntal Protection,” Annex 16,

Volume II, Aircraft’Engine Emissions, International
Civil| AviationOrganization. Montreal. Canada.

[6] [‘Gas TFurbines — Exhaust Gas Emission —
Measuremuent and Evaluation,” Draft International

The measurement of particulate material (PM) is
frequently required by state and local agencies)in fhe
United States if the gas turbine is run on liquid fuel.
This measurement method is recommended for ¢n-
gines operating on light distillate fuel® oil such|as
ASTM No. 2-GT, which contains_no residual com-
ponents.

NOTE: In some cases the ‘measurement of PM has
been required when an éngine is run on natural gps.
The level of material \résulting from combustion|in
the exhaust stream1$ below the practical thresh¢ld
of measurement. For this reason the measurement| of
particulates-from engines operated on natural gay is
not recommended.

8.1 Recommended Method

The recommended method for the measurement|of
particulates from gas turbines operating on distillpte
fuel oil is a modification of USEPA Method 5 [|].
Method 5 is a gravimetric method that uses a spe-
cially designed probe, filter, and impinger systemfo
extract samples of the solid and condensable mafe-
rials from the exhaust stream. Water, a major c¢n-
densate, is not considered a particulate and is ot
counted. Method 5 is modified for use in measur!lng
gas turbines by the following:

{a) eliminating isokinetic sampling

(b) reducing the number of traverse points
three

(¢) eliminating velocity traversing of the exhapst
duct

These modifications are made to reduce the dif-
ficulty of testing and to improve the accuracy [of
measurements. Eliminating isokinetic sampling | is
possible because the carbon particles generated are

to

Standard—Ho4-+ 1SG/TC 2 —Intermattoma-Stan=
dards Organization, Geneva, Switzerland, 1992.
[71] *“Exhaust Emissions Measurement Recommen-
dations for Reciprocating Engines and Gas Tur-
bines,” CIMAC Number 12, International Council
on Combustion Engines.

[8] *“Aircraft Gas Turbine Exhaust Smoke Mea-
surement,”  Aerospace Recommended Practice
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submicronic and follow flow lines. The reduction of
traverse points is possible because of the uniform
mixing of the exhaust stream in industrial turbine
installations. The precision of the carbon balance
method of mass flow determination is superior to the
duct velocity traverse and replaces it.

Engines operating on fuel oils other than light dis-
tillate oils may require a fuel analysis to determine
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the presence of contaminants or trace metals [2],
whigh form particulates during combustion. Under
thes¢ circumstances, the use of Method 5 without
modjfication may be required.

8.2 [Sampling Train

Alschematic ofthe sampling apparatus is given in
Fig.|8.1. This.apparatus is identical to that defined
in dqtail in M¢thod 5 and consists of a stainless steel
or glass probe nozzle; a glass or quartz probe liner;

a hgated -filter holder; an impinger train; and flow
metj:ﬁg—pumpmg—and—mewmg—wﬂpmer' ; R SHF i M-

lmpingersy

By-passwalve

O

SCHEMATIC OF IMPINGER TRAIN

Vacuum
gauge

Main valve

Air-tight
Fump

surement line through the centroid of the area of
duct at the measurement plane and in the directjon
of any expected stratification. The location of three
sampling points shall be at 16.7, 50, and 83.3%
the length of the measurement line. These sampling
points are identical to the ones used for the mea-

8.3 Sampling Procedure

As in the measurement of gases (Section 6), a
single sampling plane is adequate for measurement
of particulates. Three sampling locations, positioned
normal to the exhaust flow, are required. These sam-
pling points are to be located by establishing a mea-

23

required. The sample mass will be determined by
the amount of material collected on the filter and the
material extracted from the probe wash. All proto-
cols given in Method 5 shall be observed with regard
to temperatures, flows, sample handling, extraction
and weighing, and meter calibration. Because iso-
kinetic sampling is not necessary, the flow rate of
the sample through the probe and sample train may
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be increased to provide reduced sample collection
times.

NOTE: Because the protocol for the measurement of
particulates is a complex, multistep field and labo-
ratory procedure and because the modern gas turbine
is a low emission source, it is recommended that
only laboratories having proven experience in the
meas

84

THe results of particulate measurements are ex-
presqed in terms of grams per cubic meter (pounds
per ¢ubic foot) of exhaust flow. These units can be
converted to emission rate (kg/hr or 1b/hr) by mul-
tiplylng by the engine flow rate. The flow rate can
be determined by carbon balance and/or the man-
ufacfurer’s engine performance deck that has been
corrgcted to test conditions. Engine mass flow de-
termfnation using the carbon balance procedure is
descyibed in para. 10.3.

The particulate material that has been collected
veighed will consist of submicronic carbon par-
ticley (smoke), some but not all of the hydrocarbons
cmitfed by the engine, and some of the sulfates from
the gombustion of the fuel. These materials are col-
lectefl on the probe and filter. Also included in the
partig¢ulate catch will be minute fractions of airborne
solidp and condensable liquids that enter the engine
inlet] If unexpectedly large PM mass values aré-ob-
tainefl during the testing, the source of the\material
must| be isolated and controlled. While ‘the deter-
minafion of the cause of high particulate emissions
is ngt within the scope of this Standard, past ex-
periehce shows that some of the likely causes of high
parti¢ulate emissions are as follows:

(a)] poor quality or contaminated fuel

(b) dirty inlet air or.air)filters

(c) erosion of inlet“or exhaust duct walls

(d) dirty fuel nozzles

(e) engine intérnal oil leaks

(f) incorréet,measurement practice

(g) use.‘of\stainless steel probes for simple cycle
(highl exhaust temperature) engines

Analysis of Resuits

and

MEASUREMENT OF EXHAUST EMISSIONS
FROM STATIONARY GAS TURBINE ENGINES

9 FUEL ANALYSIS

The sampling and analysis of the fuel used during
emissions testing is a significant part of the test pro-
gram because it determines fuel characteristics gov-
erning the test results as follows:

(a) heating value used in determining specific
emissions of mass per unit heating value;

ric calculation for the carbon balance and mass
determinations;

that can contribute to air pollution from’the engi

(d) physical characteristics controlling smoke
particulate formation;

(e) specification complianice ‘to determine if
fuel meets contract requircments.

This Standard appliés“only to engines operating
on natural gas and light distillate oils. Emissipns
testing using fuels(other than these will require spe-
cial attention-te’ fuel analysis and emissions mgea-
surement duesto the possibility of the presence| of
larger amounts of fuel contaminants.

the

9.1 Recommended Sampling Procedure

The fuel to be used during the emissions testing
should be sampled at least once several weeks befpre
the testing begins. Adequate time should be allowed
before emissions testing for laboratory analysis ‘Ind
review of results.

It is recommended that fuel be sampled ar the en-
gine at least twice during the emissions test, oi;e
near the beginning and once near the end. Dual s
ples should be taken: one to be used for analygis,
and one to be held for record and possible futl:re

use. The quantity of each sample to be taken shopld
be determined by the analysis laboratory. Normal
approximately one liter of liquid fuel and several
ters of gaseous fuel are adequate samples.
Special cases apply when the fuel used during the
test is expected to vary due to changes in supplly.
Because they add varability to the test which is dif-

ficult to compensate, these changes are not dedir-

v

li-

8.5 References

[1] “Method 5 — Determination of Particulate
Emissions from Stationary Sources,” US Federal
Register, Title 40, Part 60, Appendix A, Method 5.

{2] Standard Specification for Gas Turbine Fuel
Oils, ASTM Designation D 2880, American Society
for Testing and Materials, Philadelphia, PA.
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able. When testing using liquid fuels, changing fuel
supply tanks or adding fuel to the tank in use re-
quires that additional samples be taken. Gaseous
fuels sometimes vary due to blending of other gases
into the natural gas by local companies. If this
blending is expected, periodic sampling during the
test may be necessary. Coordination of the emissions
test plan with the fuel supplier is required.
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TABLE 9-1 SUMMARY OF FUEL ANALYSIS METHODS

Fuel Characteristic

Method

Natural gas Sampling
Composition
Calorific value

Contaminants

ASTM D 1145D

Gas chromatography ASTM D 1945
Calculation ASTM D 3588

Sutfur compounds ASTM D 1072; D 2725; D

Qn'2‘1; D ’l’}AR; DA084.. DA4294 _Solids
T T

Liquid distillates Listed below

Sulfur

Trace metals
Density, APl gravity
Distillation

Fuel Bound Nitrogen

Viscosity

ammonia, and hydrocarbons see ANSI
B133.7

Detail Methods given below are from Standard
Specification for Gas Turbine Fuel Oils,
ASTM D 2880

D 129 (Referee method), D 1266 (oniy for fuel
grades 0-GT & 1-GT); D 1552; Dr2622; D
4294

Atomic absorption D 3605
Hydrometer D 1298

D 86

ASTM 4629 (3)

Kinematic D, 445

9.2 Fuel Test Methods

[Gas turbine fuel analysis methods are defined-by
ANSI/ASTM and specified in ANSI B133.3 [1]vand
ISO 4261 [2]. Table 9-1 summarizes souie)'of the
tegts required. Detailed analytical prdacedures im-
prove rapidly; consultation with a certified test lab-
orgtory with experience in fuelsStesting is recom-
mgnded.

The applicable ranges of some’ of the methods stat-
ed| above may not be adeguate to measure the levels
of| sulfur in some fuel\gases. Dilution of samples
before analysis (with\vérification of the dilution ra-
tid) may be usedi.subject to the approval of the cog-
nitant regulatory/agency.

—
o

9.3 References

[11 “Gas Turbine Fuels,” ANSI/ASME
B133.7M—1985, American Society of Mechdnical

Engineers, United Engineering Center, 345 East 47th
Street, New York, NY 10017.
[2] “Petroleum products — Fuels (class F) — Gas

turbine fuels for industrial and marine applicatipns,”
(Specification to be published), ISO 4261 _|, In-
ternational Standards Organization, Geneva, Pwit-
zerland.

[3] “Standard Test Method for Organically Hound
Trace Nitrogen in Liquid Petroleun Hydrocafbons
By Oxidative Combustion and Chemilumines¢ence
Detection,” ASTM Designation D 4629-91, Amer-
ican Society for Testing and Matenals, Philadelphia,
PA.
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CALCULATIONS AND CONVERSIONS

The following Section provides procedures for emission calculations so that measured concen-
trations can be converted into the engineering units required to show compliance with applicable
regulations.

It is recommended that all measurements and calculations be cross-checked and that corrections
for analyzer interferences be applied before computation and conversion of data.

1Ll.1 Basic Assumptions

—

f

o)

<)

h
£

<

ap

—

In this Section, the following assumptions are made:

(@) The gaseous components are considered to be “ideal,” hence the molar concentration of-gach
proportional to its volume fraction and to the ratio of the partial pressure over the total pressure
the gas mixture.

(b) Complete combustion is assumed in the calculations. If incomplete combustion products (CO
d HC) are present in the exhaust at higher concentrations than are normally expécted, a correction
oxygen, carbon dioxide, and exhaust gas volume may be required.

(¢) The concentration of oxygen in dry air is assumed to be 20.95%, pet-1SO 2533 [1].

(d) Steam or water injection rates are to be taken into account in the ¢aleulation for wet exhaust
well as humidity and the water vapor due to combustion.

(e) All sulfur is burned to sulfur dioxide; and fuel bound nitregen converts to nitric oxide.

0.2 Symbols and Units

TABLE 10-¥ GENERAL SYMBOLS

Symbolks Description Units
c concentration of component (i} mg/m?, ppm
€, 15%0p dry concentration of component (i), corrected to 15% O,, dry mg/m?, ppm
m) mass of component {i) kg, b
m)| mass flow_of tomponent (i) kg/hr, Ib/hr
mg exhaust.gas mass flow kg/s, Ib/s
P barometric pressure bar, psia
b, relative humidity %
w, mass fraction of component (i} mg/kg. Ib/Ib
EB mass of emittant (i), per brake horsepower hour g/BHPhr, tb/BHPhr
EH| mass of emittant {i), per unit heat input g/GJ, Ib/mmBtu
EP) mass of emittant (i)} per unit of work output g/kW, Ib/kW
F Stoichiometric factor (F factor) scm/J, scf/10°Btu
F/A fuel to air mass ratio kg/kg, |b/Ib
Ho humidity of amhient air kg H.Q /kg dry air th/ib
HHV fuel higher heating value kJ/kg, Btu/Ib
LHV fuel lower heating value kJ/kg, Btu/lb
M: molecular mass of exhaust kg/kmol
M, molecular mass of component (i} kg/kmol
P power output kW, MW, MWe
Ve exhaust gas volume m?, ft°
T temperature K, °F
P, density of component (i) kg/m’, tb/ft?
¢, volume fraction of gas component (i) %, cm®/m3, ppm

26
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TABLE 10-2 SUBSCRIPTS AND INDICES

Symbal Description
amb ambient
dry dry
e electrical, refers to power

E exhaust gas
i refers to ith component
m molar
n normal condition;
p, = 1.01325 bar, 7, = 0°C
obs observed
wet wet

TABLE 10-3 CHEMICAL SYMBOLS

Symbol Chemical Description
C Carbon
CO Carbon monoxide
COo, Carbon dioxide
H Hydrogen
H,O Water
N Nitrocen
NH; Ammonia
NO Nitric oxide
NO, Nitrogen dioxide
NO, NO plus NO,
0 Oxygen
S Sulfur
SO, Sulfur dioxide
SO, Oxides of sulfur
HC Total hydrocarbons
NMHC Nonmethane hydrecarbons (total HC minus CH,)
VOC Volatile organic-compounds

{total HC\minus CH, and C,Hg)

10.3 Determination of Engine Exhaust Flow Rate

It is recommended(that the engine exhaust flow rate be computed using the measured engine
fuel flow rate and( th€ fuel-to-air ratio (F/A), which has been determined from stoichiometric
analysis of the ¢ngine exhaust gas. This analysis is based on a carbon balance using the ultimate
analysis of thevfuel and the measurement of carbon constituents in the exhaust gas (carbon dioxide,
carbon menoxide, and hydrocarbons). The computed exhaust flow rate is to be verified by the
exhaust_flow rate obtained from the engine manufacturer’s performance deck run at site conditions.
Agreément between the two exhaust flows shall be within *5%.

A-number of computational methods, based on the above principles, are used to determine engine
mass flow; two of these are outlined below. Others may be used subject to agreement of the

L —cognizant-regulatory—agency
P4

NOTE: The use of a velocity traverse to measure engine exhaust flow rate is not recommended.

Because of the large secondary flow components typical of the exhaust from a gas turbine engine,
the use of velocity traverse using pitotstatic velocity flow measurements described in USEPA Meth-
od 2 [2] often leads to erroncous exhaust mass flow readings. These errors are due to poor gas
flow distribution combined with nonparallel flow at the measurement plane and misalignment of
the pitot tube caused by high stack velocities. The above conditions cause the velocity measurements
of Method 2 and the emission rates computed from these data to be too high.

27
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10.3.1 USEPA F Factor Method. The volumetric flow rate, the mass flow rate, and the mass
emission rates of each of the constituents of the exhaust gas of a stationary gas turbine can be
determined from mass balance calculations using measurements of the fuel flow rate, the fuel
ultimate analysis, and exhaust gas concentrations of O, and CO,. The “F factor” or fuel stoi-
chiometric factor method of determining these rates is specified in EPA Methods 19 and 20 [3,
4].

(a) F Factor Defined. The fuel stoichiometric factor (F) is the ratio of the standard volume of
the products of combustion to the higher calorific value (heat content) of a fuel where:

scm scf

3 Y 10°Bu

F is also specified relative to the O, and CO, content of the dry exhaust gas as:

Fouay and  Feoyan

F factors are given in Method 19 [3] in both SI and English units and relative to both dry and

wet exhaust gas.
(b) Computation of F. The equations given in Method 19 for computation of F are shown below.

The derivation of the F factor is given by Shigehara [S] and is baséd on the ultimate analysis and
the higher heating value of fuels.

scm
(22.7 X %H + 9.57 X %C + 3.54 X\%S + 0.86 X %N ~ 2.85 X %O)(-l'('—)
g

scm
Fo,.ary T =K a
()

kg
f
(3.64 X %H + 153X %C + 0.57 X %S + 0.14 X %N — 0.46 X %O)(%)

scf
Fo, =K
°-"‘“’(106 Btu) HHV(Bm)
b

scm
2.0 X %C (—)
k

scm g
Feoyary T =K —T
HHV(_)
kg

scf
[0.321 x %C(——)]
sef \ _ Ib

)

/
F col,dryk

10° Btu

—————— | english
million Btu

K =] ———— | metric; [
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For distillate oils and natural gas fuels, the value for F is expected to vary +3 to 5%. Table 10-4
gives the average and the variation in F values for these fuels based on a number of samples.
For the accurate measurement of exhaust components, it is recommended that F be calculated based
on the ultimate analysis and HHV of the fuel samples obtained during the emissions testing.

TABLE 10-4 AVERAGE F FACTORS
F-oxygen—dry Fearben-dioxide—dry——

FJeI Type dscm/J dscf/10° Btu dsem/J dscf710° Btu
Oi 247 x 1077 £3.0% 9190 +3.0% 0.383 x 1077 +5.1% 1420 +5.1%
Ndtural gas 243 x 1077 +2.2% 8710 +2.2% 0.287 x 1077 £3.9% 1040 +£3.9%

(¢) Emission Rates. Emission rates in units of mass per unit of energy (ng/J or 1b/10° Btu)
can be calculated for the various components by multiplying the measured concentration by the
appropriate F factor.

EH, X F, ( 2095 ) EH, F ( 100 )
i = Ci - or I = CI X ~0s PP
229\ 20.95 - %0, 2 NBCO, 4y

In this equation, concentration (c¢;) is expressed in mass per‘standard unit volume (ng/scm or

Ib/scf). Table 10-5 gives conversions from parts per millien to mass per unit volume for common
gaseous pollutants.

TABLE 10-5 CONVERSION FACTORS FOR

CONCENTRATION

From To Multiply by
g/scm ng/scm 10°
Ib/scf ng/scm 1.602 x 10"
ppm S0, Ib/scf 1.660 x 1077
ppm CH, Ib/scf 0.338 x 1077
ppm-NO, Ib/scf 1.194 x 107
ppm CO Ib/scf 0.726 x 1077

Emission rates jnterms of mass per unit time can be calculated by multiplying EH, by the
measured fuel flow-tate.

i) o G
m\— or — = EH, X Mpe; X HHV
hr hr
10:3.2 ICAO (SAE) Method. This method, sometimes referred to as the fuel based method, is
uséd to determine the mass rate of emissions of aircraft gas turbines during emissions certification
i i i i the
fuel molecular hydrogen-to-carbon ratio, and the measured values of CO, CO,, and HC to determine
the fuel-to-air mass ratio of the engine. Using this method, the following equations would apply:

Mltye
F /A (from stoichiometry) = L
ma)r

Mg = Mge + My + Minyo

29
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Myl

F/A

meg = Mpye) +

10.4 Conversion Between Wet and Dry Exhaust

Measurements are considered dry when the water content of the exhaust sample has been re-
moved. The water content can be measured or computed. Conversion between wet and dry exhaust
can_be made as follows:

1
C:.dry = €, wet 1 ®
— Pu0

10.5 Conversion to 15% Oxygen Level

The correction of dry concentration from measured emissions to 15% oxygen canibe made as
follows:

2095 - 15
20.95 — %0,

Ci.dry.15%0; — Crary

10.6 Correction to ISO Conditions

Correction of NO, emissions to ISO conditions is required.by the USEPA in the NSPS for gas
urbines [4]. This correction is applicable only to NO, emissions. To improve the accuracy and
iminate measurement problems, the pressure term of’the equation has been modified to allow
Ie use of ambient pressure instead of combustion reference pressure. NO, corrections other than
e one shown below may be used with prior apptoval of the EPA Administrator.

0.5 1.53
101.3, kPa) elwwo'm”(zss K)

P, kPa T K

- - =

CNO,,15%0; corrected — € NUX,IS%Ozubs(

10.7 Calculation of VOC and NMHC

The volatile organic compounds (VOC) contained in the exhaust gas are computed as follows:
{a) Determine the volumetric ratio of the VOC (methane plus ethane) to the total HC in the
khaust by gas chromatograph.

Q

voC

¢
VOC X Ratioge = ——
CHC

(b) Multiply this ratio by the total HC concentration obtained by FID measurement.

Cvoc comected = Cric.fia X VOC Ratioge

In the above calculations, all components are referenced to CH, (methane), i.e., ppm C,. The
above procedure also is to be used in calculating the NMHC component of exhaust gas.

10.8 References

[1] “Standard Atmosphere,” ISO 2533, International Organization for Standardization, Geneva,
Switzerland.
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[2] “Method 2 — Determination of Stack Gas Velocity and Volumetric Flow Rate (Type S Pitot
Tube),” 40 CFR, Part 60, Appendix A, Method 2.

[3] “Method 19 — Determination of Sulfur Dioxide Removal Efficiency and Particulate Matter,
Sulfur Dioxide, and Nitrogen Dioxides Emission Rate,” 40 CFR, Part 60, Appendix A, Method
19.

[4] “Method 20 — Determination of Nitrogen Oxides, Sulfur Dioxide and Diluent Emissions
From Stationary Gas Turbines,” US Federal Register, Title 40, Part 60, Appendix A, Method 20.
[5] Shigehara, R. T., Neulict, R. M., and Smith, W. S., “Method for Calculating Power Plant
Emission Rate,” Stack Sampling News, July 1973.

{6] *“International Standards and Recommended Practices, Environmental Protection,” Annex, 16,
Volume II, Aircraft Engine Emissions, International Civil Aviation Organization, Montreal,'Canada.

(7] “Standards of Performance for New Stationary Sources, Subpart GG — Gas Turbines,” US
Federal Register, Title 40, Part 60.

31


https://asmenormdoc.com/api2/?name=ASME B133.9 1994.pdf

ASME Bl33.9 94 ER 0759670 0543740 949 R

APPENDIX A
EMISSIONS FROM GAS TURBINES

A1 Products of Combustion

The combustion of liquid and gaseous hydrocar-
bop fuels in a gas turbine results in the formation
of |carbon dioxide and water vapor. For industrial
turpines, this combustion process is over 99.99% ef-
ficlent. Only about one-third of the oxygen contained
in the air entering the engine is used during com-
bugtion. The other components of the air, nitrogen,
argon, and carbon dioxide pass through the engine
negrly unreacted. The products of combustion are
measured in percent volume. A typical exhaust gas
analysis for a gas turbine engine operating on natural
gag at ISO standard day conditions, without water
injgction, is given in Table Al. These products are
nof considered to be air pollutants and will vary in
concentration with load, fuel, ambient conditions,
and engine design.

In this Standard it is recommended that the-con-
cenptration of CO,, H,;0, O,, and inert gase$.be mea-
suted and/or computed. It is particularly’important
that these measurements be made acturately because
emission mass rates will use these“values. The water
vapor concentration in the exhaust is the sum of (1)
thel water formed by combustien, (2) that present in
thel ambient air, (3) that (present in the fuel (if any),
and (4) that added to.the)cycle by injection of water
or fteam for perfopmance improvement and for emis-
siop control.

In addition.tethe major products of combustion,
a pumber of )minor products are produced because
of |fuel-Smpurities, inlet air pollutants, incomplete
combustion, or high local temperatures in the flame
zore—Th 7o ! a astred——pa
per million (ppm) and parts per billion (ppb) of ex-
haust gas volume. Their formation, measurement,
and control are discussed below.

A2 Nitrogen Oxides

(a) NO,. Nitrogen oxides are formed by the com-
plex chemical reactions of nitrogen and oxygen at

{This Appendix is not an integral part of ASME B133.9-1994 and is included for information purposes only/
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TABLE A1 TYPICAL EXHAUST GAS ANALYSIS
Volume Volumie
Component percent percent fdry
CO, 34 33
H.0 7.1 0.0
0, 13.9 15.0
N, 75.0 80.7
Ar 0.9 1.0
Total 100.0 100.0

high<temperatures in the primary and intermqdiate
zones of a gas turbine combustor. Both nitric pxide
(NO), the major component, and nitrogen dipxide
(NO,) are produced. The sum of thcse two fom-
ponents is defined as NO,. In general, uncontiplled
NO, emissions from gas turbines vary from 60 to
400 ppm depending on the engine design and| fuel
used.

(b) NO. Thermal NO is the major component of
nitric oxide produced in a gas turbine. It is formed
at flame zone temperatures of approximately 1760°C
(3200°F) and above. Its formation rate is contijolled
largely by flamc temperature but is also a furction
of residence time and concentration of O, and N, in
the reaction zone of the combustion system. Prpmpt
NQO, the lesser nitric oxide component, is formpd in
the combustor in or near the stoichiometric flame
front of the reacting hydrocarbons.

Nitrogen that is chemically bound in fuels sufh as
coal and residual oil is released during combustion
and reacts to form nitric oxide. Natural gas and|high
isti Stan-
dard is based, normally contain no significant con-
centrations of nitrogen compounds that form NO.
Distillate oil may contain small amounts of fuel
bound nitrogen. The USEPA allows NO, emission
credits for up to 0.25% weight of nitrogen in the
fuel. The manufacturer, owner/operator, and cog-
nizant regulatory agency should agree in advance on
the allowance for fuel bound nitrogen.
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(¢) NO,. Nitrogen dioxide is formed from the fur-
ther oxidation of NO. This reaction can occur in the
atmosphere over a period of hours or days. In a gas
turbine, the lower combustion temperatures associ-
ated with low power operation and with combustion
liner air cooling films also produce NO,.

(d) N,O. Nitrous oxide was recently considered

a potentially important pollutant generated by the This—Standard recommends—that SO —emissions-in

combpsstion of hydrocarbon fuels. This determination
has s|nce been found to be less significant. It has
been |proven that the majority of nitrous oxide was
creatgd as an artifact of measurement [1] and that
the céncentrations produced are insignificant (much
less than one ppm). The formation and occurrence
of N,D in gas turbine exhaust is not a consideration
in thip Standard.

A3 (arbon Monoxide

Catbon monoxide is formed when the incomplete
combpstion of fuel occurs. It may be caused by in-
complete mixing of fuel and air and by cold zones
wherg combustion is prematurely quenched, such as
in the| cooling air near the surface of the combustion
liner.|CO emissions from uncontrolled engines nor-
mally| range from less than 10 to 1000 ppm, de-
pendipg on the engine design and load.

A4 Hydrocarbons

Unpurned and partially burned hydrocarbons’ (HC)
occur| in the exhaust of a gas turbine as'a result of
inconjplete combustion of the fuel in<the' combustor.
Normal engine emissions of HC range' from less than
1 to 10 ppm, measured as methane. Part load op-
eratioh, diluent injection and-unusual conditions such
as high HC levels in the,ambient air, heavy liquids
entraiped in the fuel gas)dand engine lubricating oil
leakirlg into the gas<{path can cause the emission of
hydrogarbons to increase. These other sources of hy-
drocarbons in_the ¢xhaust stream are usually present
but in trace_amounts normally too small to be mea-
sured |or Censidered for control purposes.

In most cases, the measurement of HC emissions

A5 Sulfur Dioxide

Sulfur compounds normally enter a gas turbine en-
gine as a component of the fuel, although the in-
duction of airborne sulfur compounds into the engine
inlet has occasionally been observed. These com-
pounds are oxidized in the engine to sulfur dioxide
(50,) gas.

the exhaust be determined by measuring the solfur
content of the fuel [2] and computing the SO,-com-
ponent in the exhaust, assuming complete conversipn
to SO,.

The very low sulfur content of matural gas, ndr-
mally a few parts per million, ‘eonsists of trace
amounts of hydrogen sulfide,and’of mercaptans in-
troduced as an odorant for\Safety detection. When
natural gas is burned inZa,'gas turbine, it is diluted
with air by a factor of-approximately 50 (air/fyel
ratio). The resultant-SO, concentration in the exhaust
is usually less than 0.1 ppm.

The total sulfur in liquid fuels is controlled by
refining procéss and limited by local and federal rgg-
ulation, The federal NSPS for gas turbines [2] allows
a maximum of 0.8% of sulfur by weight, which can-
ver{s o approximately 150 ppm as SO,. Other reg-
ulations require lower sulfur fuel content: 0.3%
weight in Massachusetts; 0.05% weight in some sqgc-
tions of California. The allowable content of sulfur
in fuels is being legislated downward.

Some control agencies are concerned about the
emission of sulfuric acid mist. This mist can

SO; in turn can combine with water vapor to fo
sulfuric acid (H,SO,) which can be emitted at
haust temperatures of 300°C (572°F) or lower.
suming total conversion of fuel sulfur to H,SO, p
vides an approximation of the maximum sulfutic
acid emissions.

A6 Ammonia

Ammonia (NH;) and compounds releasing NH;

is divided into total HC and volatile organic com-
pounds (VOC), which must be distinguished from
total hydrocarbons. VOC are defined as all hydro-
carbons measured or emitted from a source minus
methane and ethane components. In some instances,
the terms nonmethane hydrocarbons (NMHC) and
VOC are used interchangeably. NMHC are total HC
minus only the methane component.
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are used in the control of nitric oxide emissions in
after treatment systems such as selected catalytic re-
duction (SCR). Operation of these systems results in
ammonia emissions, termed ammonia “slip,” due to
incomplete mixing and high injection rates. Slip
rates as low as 10 ppm are often specified by reg-
ulation. Ammonia reacts with sulfur oxides in the
exhaust to form ammonium sulfates.
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A7 Smoke

Gas turbine exhaust smoke is formed by the in-
complete combustion of liquid fuels in the primary
zone of the combustion system. The smoke consists
of finely divided particles of carbon that are sub-
micronic in size and follow the flow of the exhaust
gases. When operated on natural gas fuel, stationary
gab 3 . S 1c1
exhjust plume. When operated on liquid distillate
fuelf, the plume produced is often invisible or just
aboYe the visible limit. Smoke visibility depends on
the [design and size of thc engine, its installation,
(i.e), stack design) and the fuel being used.
Smoke is evaluated in two ways. In the United
States, the exhaust plume from the installation is
evalpated by a series of visual observations to de-
ternjine if it meets Visual Opacity Limits [3]. In the
Eurppcan Community and other locations, smoke is
meaEured using the Bacharach method [4]. This
method requires passing a controlled volume of the
exhaust through a filter paper and determining the
refldctivity of the stain, which is graded relative to
a scple of 1 through 10 smoke spot numbers of vary-
ing |density. Neither the visual opacity method nor
the [Bacharach method has the capability to make
accyrate measurements of smoke at the low levels
typital of industrial gas turbine engines.

A8 |Particulates

Phrticulates (PM) are the solid and liquid,(con-
dengable) particles emitted by the engine( They con-
sist [of solid carbon particles (smoke) and condens-
ablel hydrocarbons and sulfates. Fommation of each
of these products in the engine \is/fuel dependent.
Partjculates also are generated from dust in the inlet
air oind from dirt and rust-inthe inlet and exhaust
pipipg and boilers, some~0f’which may be left from
congtruction.

(las turbines that/are run on natural gas fuel pro-
ducg virtually ne_particulates. The measurement of
PM| from turbines run on natural gas is not rec-
ommended.\\Fhe measurement of PM from engines
run [on liquid fuels is defined by USEPA Method 5.
For|gas turbine engines run on light distillate fuels,

F. The emission of these compounds is regulated at
the levels of 10 tons per year, or 25 tons in com-
bination. At these regulated levels, the emission of
quantities of air toxic compounds from gas turbine
engines operating on natural gas and high quality
distillate fuels is unlikely. This is due to the clean-
liness of the fuels and the design and installation
characteristics of in i i in¢ air
toxic compounds cannot be generated by gas, [tur-
bines. More specific reasons are given below.

(a) High fuel quality is required to extend engine
endurance life and maintain performance. The lgvel
of contaminants in the fuel must, be" closely don-
trolled in order to prevent crosion-and corrosion of
the engine gas path. ASTM ‘Specifications regpire
that trace metal concentrations of vanadium, sodjum
and potassium (in combination), calcium, and Jead
be held to 0.5 ppm by-Wweight [6].

(b) High combustion efficiency and large dilufion
ratios are desigh characteristics of stationary gas fur-
bine engines, YTypical combustion efficiencies |are
99.99% and air-to-fuel ratios are approximately [50.
In combination, these characteristics along with care-
ful design control of combustors have resulted in to-
tal"HC emission levels in the exhaust gas of ] to
10" ppm, measured as methane. As a result, dnly
minute fractions {(ppb or less) of unburned fuel cpm-
ponents will be present in the exhaust.

(¢) Good fuel filtration is required in order to pre-
vent finely divided solids containing earth cpm-
pounds and metals from entering the fuel system jand
fouling and eroding control orifices and fuel injec-
tors. These compounds are prevented from being in-
jected into the gas path and exhausted.

(d) High quality inlet air filtration is used to
vent airborne particles from entering the engine jand
causing deterioration of engine performance and life.
These particles also are prevented from subsequeptly
being oxidized and reinjected into the atmosphdre.

(e) Close specification control of other fluids guch
as water, steam, and lubricating oil used in gas [tur-
bines is maintained. These fluids have specificatjons
that stipulate allowable levels of contaminants to pre-
vent deposition, corrosion, and erosion in the |en-

—

pre-

Method 5 has been modified to reduce measurement
complexity and improve accuracy. (See Section 8,
“Particulate Measurement.”™)

A9 Air Toxics

As a result of the 1990 Clean Air Act Amend-
ments, numerous compounds have been listed as air
toxics [5]. This list has been reproduced in Appendix
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sine—Partiewtarly—rigid—eontrolis—required—tonlini-
mize the induction of halogen compounds to prevent
them from entering the gas path. This class of com-
pounds is particularly corrosive and greatly reduces
engine life.

A9.1 Determination of Air Toxic Compounds.
Air toxic compounds emitted by the engine must
come from the fluids introduced into the engine dur-
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ing its operation. These are fuel, air, lubricating oil,
water, steam, and engine washing compounds. Each
installation should be considered as specific. If de-
terminations of the presence and quantity of emis-
sions of air toxic compounds must be obtained, it
is recommended that an analysis of each of the fluids
used be made to determine the presence and ex-
pected concentrations of compounds that can form

centrations, the measurement of aldehydes from gas
turbine engines operating on natural gas and distillate
fuels is not recommended.
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