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(2) For humidity measurements over
ice at ambient temperatures from
(=100 to 0) °C, use the following equa-
tion:
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Przo = 100074297 = 0.15941 kPa

(b) Dewpoint. If you measure humid-
ity as a dewpoint, determine the
amount of water in an ideal gas, Xu2o,
as follows:

Xpo = DH0 Eq1065.645-3

abs

Where:

Xn20 = amount of water in an ideal gas.

PH20 = Wwater vapor pressure at the measured
dewpoint, Tsa= Tdew.

Pabs = Wet static absolute pressure at the lo-
cation of your dewpoint measurement.

Example:

Pabs= 99.980 kPa

Tsat Tdew 9.5°C

Using Eq. 1065.645-2,

P20 = 1.1866 kPa

Xnzo = 1.1866/99.980

Xnzo = 0.011868 mol/mol

(c) Relative humidity. If you measure
humidity as a relative humidity, RH%,
determine the amount of water in an
ideal gas, Xn2o, as follows:

RH%

X110 - RU% D0 Eq. 1065.645-4

pabs

Where:

Xn20 = amount of water in an ideal gas.

RH% = relative humidity.

Pu2o = water vapor pressure at 100% relative
humidity at the location of your relative
humidity measurement, Tsat= Tamb

Pabs = wet static absolute pressure at the lo-
cation of your relative humidity measure-
ment.

Example:

RH% = 50.77%

Pabs= 99.980 kPa

Tsat= Tamp= 20 °C

Using Eq. 1065.645-2,

Ph2o = 2.3371 kPa

Xnzo = (50.77% - 2.3371)/99.980

XH2o0 = 0.011868 mol/mol

§1065.650 Emission calculations.

(a) General. Calculate brake-specific
emissions over each test interval in a
duty cycle. Refer to the standard-set-
ting part for any calculations you
might need to determine a composite
result, such as a calculation that
weights and sums the results of indi-
vidual test intervals in a duty cycle.
We specify three alternative ways to
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calculate brake-specific emissions, as
follows:

(1) For any testing, you may cal-
culate the total mass of emissions, as
described in paragraph (b) of this sec-
tion, and divide it by the total work
generated over the test interval, as de-
scribed in paragraph (c) of this section,
using the following equation:

e=" Eq. 1065.650-1
W

Example:

Moy = 64.975 g

W = 25.783 KW-hr

enoy = 64.975/25.783

enox = 2.520 g/(kW-hr)

(2) For discrete-mode steady-state
testing, you may calculate the ratio of
emission mass rate to power, as de-
scribed in paragraph (d) of this section,
using the following equation:

m
e=—  Eg. 1065.650-2

(3) For field testing, you may cal-
culate the ratio of total mass to total
work, where these individual values are
determined as described in paragraph
(e) of this section. You may also use
this approach for laboratory testing,
consistent with good engineering judg-
ment. This is a special case in which
you use a signal linearly proportional
to raw exhaust molar flow rate to de-
termine a value proportional to total
emissions. You then use the same lin-
early proportional signal to determine
total work using a chemical balance of
fuel, intake air, and exhaust as de-
scribed in §1065.655, plus information
about your engine’s brake-specific fuel
consumption. Under this method, flow
meters need not meet accuracy speci-
fications, but they must meet the ap-
plicable linearity and repeatability
specifications in subpart D or subpart J
of this part. The result is a brake-spe-
cific emission value calculated as fol-
lows:

e= Eq. 1065.650-3

=]

Example:

m =805.5 0g

W =52.102 OKW-hr
eco = 805.5/52.102

§1065.650

eco = 2.520 g/(kW-hr)

(b) Total mass of emissions. To cal-
culate the total mass of an emission,
multiply a concentration by its respec-
tive flow. For all systems, make pre-
liminary calculations as described in
paragraph (b)(1) of this section, then
use the method in paragraphs (b)(2)
through (4) of this section that is ap-
propriate for your system. Calculate
the total mass of emissions as follows:

(1) Concentration corrections. Perform
the following sequence of preliminary
calculations on recorded concentra-
tions:

(i) Correct all concentrations meas-
ured on a ‘“‘dry’’ basis to a “‘wet’’ basis,
including dilution air background con-
centrations, as described in §1065.659.

(i) Calculate all HC concentrations,
including dilution air background con-
centrations, as described in §1065.660.

(iii) For emission testing with an
oxygenated fuel, calculate any HC con-
centrations, including dilution air
background concentrations, as de-
scribed in §1065.665. See subpart | of
this part for testing with oxygenated
fuels.

(iv) Correct the total mass of NOx
based on intake-air humidity as de-
scribed in §1065.670.

(v) Calculate brake-specific emissions
before and after correcting for drift, in-
cluding dilution air background con-
centrations, according to §1065.672.

(2) Continuous sampling. For contin-
uous sampling, you must frequently
record a continuously updated con-
centration signal. You may measure
this concentration from a changing
flow rate or a constant flow rate (in-
cluding discrete-mode steady-state
testing), as follows:

(i) Varying flow rate. If you continu-
ously sample from a changing exhaust
flow rate, synchronously multiply it by
the flow rate of the flow from which
you extracted it. We consider the fol-
lowing to be examples of changing
flows that require a continuous mul-
tiplication of concentration times
molar flow rate: Raw exhaust, exhaust
diluted with a constant flow rate of di-
lution air, and CVS dilution with a
CVS flow meter that does not have an
upstream heat exchanger or electronic
flow control. Account for dispersion
and time alignment as described in
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§1065.201. This multiplication results in
the flow rate of the emission itself. In-
tegrate the emission flow rate over a
test interval to determine the total
emission. If the total emission is a
molar quantity, convert this quantity
to a mass by multiplying it by its
molar mass, M. The result is the mass
of the emission, m. Calculate m for con-
tinuous sampling with variable flow
using the following equations:

N
m=MC} x; [y At Eq. 1065.650-4
=1

Example:

Mnmhc = 13.875389 g/mol

N = 1200

XnmHc1 = 84.5 pmol/mol = 84.5 - 10~ 6 mol/mol

XnmHc2 = 86.0 pmol/mol = 86.0 - 10~ 6 mol/mol

Nexn1 = 2.876 mol/s

Nexhz = 2.224 mol/s

frecora= 1 Hz

Using Eq. 1065.650 -5,

At=11=1s

Mnmuc = 13.875389 - (84.5 - 106 - 2.876 + 86.0 -
1076 .2.224 + ... + XNMHC1200 * hexh) -1

Mnmrc = 25.23 g

(ii) Constant flow rate. If you continu-
ously sample from a constant exhaust
flow rate, calculate the mean con-
centration recorded over the test inter-
val and treat the mean as a batch sam-
ple, as described in paragraph (b)(3)(ii)
of this section. We consider the fol-
lowing to be examples of constant ex-
haust flows: CVS diluted exhaust with
a CVS flow meter that has either an
upstream heat exchanger, electronic
flow control, or both.

(3) Batch sampling. For batch sam-
pling, the concentration is a single
value from a proportionally extracted
batch sample (such as a bag, filter, im-
pinger, or cartridge). In this case, mul-
tiply the mean concentration of the
batch sample by the total flow from
which the sample was extracted. You
may calculate total flow by integrating
a changing flow rate or by determining
the mean of a constant flow rate, as
follows:

(i) Varying flow rate. If you collect a
batch sample from a changing exhaust
flow rate, extract a sample propor-
tional to the changing exhaust flow
rate. We consider the following to be
examples of changing flows that re-
quire proportional sampling: Raw ex-
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haust, exhaust diluted with a constant
flow rate of dilution air, and CVS dilu-
tion with a CVS flow meter that does
not have an upstream heat exchanger
or electronic flow control. Integrate
the flow rate over a test interval to de-
termine the total flow from which you
extracted the proportional sample.
Multiply the mean concentration of
the batch sample by the total flow
from which the sample was extracted.
If the total emission is a molar quan-
tity, convert this quantity to a mass
by multiplying it by its molar mass, M.
The result is the mass of the emission,
m. In the case of PM emissions, where
the mean PM concentration is already
in units of mass per mole of sample,
Mepen, simply multiply it by the total
flow. The result is the total mass of
PM, mpum. Calculate m for batch sam-
pling with variable flow using the fol-
lowing equation:

N
m=MI[KX q n; (At Eq. 1065.650-6
i=1

Example:

Mnoy = 46.0055 g/mol

N = 9000

Xnoy = 85.6 umol/mol = 85.6 - 10—6 mol/mol

hdexhl = 25.534 mol/s

hdexh2: 26.950 mol/s

frecora= 5 Hz

Using Eq. 1065.650-5,

At=1/5=0.2

Mnox = 46.0055 - 85.6 - 1076 - (25.534 + 26.950 +
.. FNexhooog - 0.2

MNox = 4.201 g

(ii) Constant flow rate. If you batch
sample from a constant exhaust flow
rate, extract a sample at a constant
flow rate. We consider the following to
be examples of constant exhaust flows:
CVS diluted exhaust with a CVS flow
meter that has either an upstream heat
exchanger, electronic flow control, or
both. Determine the mean molar flow
rate from which you extracted the con-
stant flow rate sample. Multiply the
mean concentration of the batch sam-
ple by the mean molar flow rate of the
exhaust from which the sample was ex-
tracted, and multiply the result by the
time of the test interval. If the total
emission is a molar quantity, convert
this quantity to a mass by multiplying
it by its molar mass, M. The result is
the mass of the emission, m. In the case
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of PM emissions, where the mean PM
concentration is already in units of
mass per mole of sample Mpy, simply
multiply it by the total flow, and the
result is the total mass of PM, mpy,
Calculate m for sampling with constant
flow using the following equations:

m=MXMMRAt Eq. 1065.650-7

and for PM or any other analysis of a batch
sample that yields a mass per mole of sam-
ple,

M=MKX
E_xample:
Mpwm = 144.0 pg/mol = 144.0 - 10~6 g/mol
Ndexh = 57.692 mol/s
At =1200 s

Mpm = 144.0 - 106 - 57.692 - 1200
mpm = 9.9692 (o]

(4) Additional provisions for diluted ex-
haust sampling; continuous or batch. The
following additional provisions apply
for sampling emissions from diluted ex-
haust:

(i) For sampling with a constant dilu-
tion ratio (DR) of air flow versus ex-
haust flow (e.g., secondary dilution for
PM sampling), calculate m using the
following equation:

m = my; [(DR+1)
Example:
Mpmail = 6.853 g
DR =5:1
Mpm = 6.853 - (5 + 1)
mpm = 41.118 g

(i) For continuous or batch sam-
pling, you may measure background
emissions in the dilution air. You may
then subtract the measured back-
ground emissions, as described in
§1065.667.

(c) Total work. To calculate total
work, multiply the feedback engine
speed by its respective feedback
torque. Integrate the resulting value
for power over a test interval. Cal-
culate total work as follows:

Eq. 1065.650-8

Eq 1065.650-9

N
W=y R @t  Eq 1065.650-10
i=1
P =f,; T Eg 1065.650-11
Example:
N = 9000

fn1 = 1800.2 rev/min

§1065.650

fn2 = 1805.8 rev/min
T, =177.23 N-m
T>=175.00 N-m
Crev =2 - mrad/rev

Cu = 60 s/min

Cp = 1000 (N-m)/kW

frecora= 5 Hz

Ci2 = 3600 s/hr

P = 1800 21177 281 21.314159
! 601000
P, = 33.41 kW
P, = 33.09 kW

Using Eq. 1065.650-5,
At=1/5=02s

We (3341+ 3309+ ...+ Pygo) 10.2
- 3600

W = 16.875 kKW-hr

(d) Steady-state mass rate divided by
power. To determine steady-state
brake-specific emissions for a test in-
terval as described in paragraph (a)(2)
of this section, calculate the mean
steady-state mass rate of the emission,
m, and the mean steady-state power, P,
as follows: -

(1) To calculate, m, multiply its mean
concentration, x, by its corresponding
mean molar flow rate, n. If the result is
a molar flow rate, convert this quan-
tity to a mass rate by multiplying it
by its molar mass, M. The result is the
mean mass rate of the emission, mpm.
In the case of PM emissions, where the
mean PM concentration is already in
units of mass per mole of sample, Mgy,
simply multiply it by the mean molar
flow rate, n. The result is the mass rate
of PM, mpm. Calculate m using the fol-
lowing equation:

m=MXOh Eq 1065.650-12

(2) Calculate P using the following
equation:

P=1,0  Eq. 1065.650-13

(3) Ratio of mass and work. Divide
emission mass rate by power to cal-
culate a brake-specific emission result
as described in paragraph (a)(2) of this
section.

(4) Example. The following example
shows how to calculate mass of emis-
sions using mean mass rate and mean
power:

Mco = 28.0101 g/mol
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co = 12.00 mmol/mol = 0.01200 mol/mol
1.530 mol/s

3584.5 rev/min = 375.37 rad/s

121.50 N-m

Wi ngnnutlo

28.0101-0.01200-1.530
0.514 g/s
121.5.375.37
45607 W = 45.607 kW
o = 0.514/45.61
eco = 0.0113 g/(kW-hr)
(e) Ratio of total mass of emissions to
total work. To determine brake-specific

emissions for a test interval as de-
scribed in paragraph (a)(3) of this sec-

& VO33HSMS
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tion, calculate a value proportional to
the total mass of each emission. Divide
each proportional value by a value that
is similarly proportional to total work.
(1) Total mass. To determine a value
proportional to the total mass of an
emission, determine total mass as de-
scribed in paragraph (b) of this section,
except substitute for the molar flow
rate, n, or the total flow, n, with a sig-
nal that is linearly proportional to
molar flow rate, n, or linearly propor-
tional to total flow, N, as follows:

fuel 1+ Xpz0i

(2) Total work. To calculate a value
proportional to total work over a test
interval, integrate a value that is pro-
portional to power. Use information
about the brake-specific fuel consump-
tion of your engine, ene, to convert a
signal proportional to fuel flow rate to
a signal proportional to power. To de-
termine a signal proportional to fuel
flow rate, divide a signal that is pro-
portional to the mass rate of carbon
products by the fraction of carbon in
your fuel, we. For your fuel, you may
use a measured wc or you may use the
default values in Table 1 of §1065.655.
Calculate the mass rate of carbon from
the amount of carbon and water in the
exhaust, which you determine with a
chemical balance of fuel, intake air,
and exhaust as described in §1065.655. In
the chemical balance, you must use
concentrations from the flow that gen-
erated the signal proportional to molar
flow rate, R, in paragraph (e)(1) of this
section. Calculate a value proportional
to total work as follows:

12.010

Eq. 1065.650-14

_—~ N -~
W=y Pt Eq. 1065.650-15
i=1
Where
p =i Eq 1065.650-16
Ctuel

(3) Divide the value proportional to
total mass by the value proportional to
total work to determine brake-specific
emissions, as described in paragraph
(a)(3) of this section.

(4) The following example shows how
to calculate mass of emissions using
proportional values:

N = 3000

frecora= 5 Hz

efuel = 285 g/(kW-hr)

Wigel = 0.869 g/g

M. = 12.0107 g/mol

Ny = 3.922 Omol/s = 14119.2 mol/hr

Xcproddryr = 91.634 mmol/mol = 0.091634 mol/mol
XHzo1 = 27.21 mmol/mol = 0.02721 mol/mol
Using 1065.650-5,

At=0.2s

7E%.QZZDO 091634, N, Keproddne .4 N3000 D(deryaooogm_2

- H 1+0.02721
W =

M Xpi202

¥ Xnz0n3000 H

285010 869
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W =5.09 O(kW-hr)

(f) Rounding. Round emission values
only after all calculations are complete
and the result is in g/(kW:-hr) or units
equivalent to the units of the standard,
such as g/(hp-hr). See the definition of
““Round” in §1065.1001.

§1065.655 Chemical balances of fuel,
intake air, and exhaust.

(a) General. Chemical balances of
fuel, intake air, and exhaust may be
used to calculate flows, the amount of
water in their flows, and the wet con-
centration of constituents in their
flows. With one flow rate of either fuel,
intake air, or exhaust, you may use
chemical balances to determine the
flows of the other two. For example,
you may use chemical balances along
with either intake air or fuel flow to
determine raw exhaust flow.

(b) Procedures that require chemical
balances. We require chemical balances
when you determine the following:

(1) A_ value proportional to total
work, W, when you choose to deter-
mine brake-specific emissions as de-
scribed in §1065.650(e).

(2) The amount of water in a raw or
diluted exhaust flow, Xn20, when you do
not measure the amount of water to
correct for the amount of water re-
moved by a sampling system. Correct
for removed water according to
§1065.659(c)(2).

(3) The flow-weighted mean fraction
of dilution air in diluted exhaust Xgi,
when you do not measure dilution air
flow to correct for background emis-
sions as described in§1065.667(c). Note
that if you use chemical balances for
this purpose, you are assuming that
your exhaust is stoichiometric, even if
it is not.

(c) Chemical balance procedure. The
calculations for a chemical balance in-
volve a system of equations that re-
quire iteration. We recommend using a
computer to solve this system of equa-
tions. You must guess the initial val-
ues of up to three quantities: the
amount of water in the measured flow,
Xnz0, fraction of dilution air in diluted
exhaust, Xgi, and the amount of prod-
ucts on a C; basis per dry mole of dry
measured flow, Xcprodary FOr each emis-
sion concentration, x, and amount of
water Xuz2o, You must determine their

§1065.655

completely dry concentrations. Xqry and
XHzodry: YOU must also use your fuel’s
atomic hydrogen-to-carbon ratio, a,
and oxygen-to-carbon ratio, 3. For your
fuel, you may measure a and 3 or you
may use the default values in Table 1
of §1065.650. Use the following steps to
complete a chemical balance:

(1) Convert your measured concentra-
tions such as, Xcozmeas XNnomeas and
Xnzoine t0 dry concentrations by divid-
ing them by one minus the amount of
water present during their respective
measurements; for example: Xnzoxcoz
Xnzoxno, and Xpgoine If the amount of
water present during a ‘““wet’ measure-
ment is the same as the unknown
amount of water in the exhaust flow,
Xuz2o, iteratively solve for that value in
the system of equations. If you meas-
ure only total NOx and not NO and NO
separately, use good engineering judge-
ment to estimate a split in your total
NOx concentration between NO and
NO, for the chemical balances. For ex-
ample, if you measure emissions from a
stoichiometric spark-ignition engine,
you may assume all NOx is NO. For a
compression-ignition engine, you may
assume that your molar concentration
of NOx, Xnox, IS 75% NO and 25% NO
For NO, storage aftertreatment sys-
tems, you may assume Xnox is 25% NO
and 75% NO.. Note that for calculating
the mass of NOx emissions, you must
use the molar mass of NO; for the effec-
tive molar mass of all NOx species, re-
gardless of the actual NO; fraction of
NOx.

(2) Enter the equations in paragraph
(c)(4) of this section into a computer
program to iteratively solve for Xu20
and Xcprodary If you measure raw ex-
haust flow, set xqi equal to zero. If you
measure diluted exhaust flow,
iteratively solve for xqi. Use good engi-
neering judgment to guess initial val-
ues for Xnzo, Xcproddry and Xqi. We rec-
ommend guessing an initial amount of
water that is about twice the amount
of water in your intake or dilution air.
We recommend guessing an initial
value of Xcprodary @s the sum of your
measured CO,, CO, and THC values. If
you measure diluted exhaust, we also
recommend guessing an initial xqi be-
tween 0.75 and 0.95, such as 0.8. Iterate
values in the system of equations until
the most recently updated guesses are
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