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(c) You may use any of the following
calculations instead of the calculations
specified in this subpart G:

(1) Mass-based emission calculations
prescribed by the International Organi-
zation for Standardization (ISO), ac-
cording to ISO 8178, except the fol-
lowing:

(i) ISO 8178-1 Section 14.4, NOx Cor-
rection for Humidity and Temperature.
See §1065.670 for approved methods for
humidity corrections.

(ii) ISO 8178-1 Section 15.1, Particu-
late Correction Factor for Humidity.

(2) Other calculations that you show
are equivalent to within +0.1% of the
brake-specific emission results deter-

M=
=

Il
—_

<

Example:
N=3

§1065.602

mined using the calculations specified
in this subpart G.

[70 FR 40516, July 13, 2005, as amended at 73
FR 37324, June 30, 2008; 74 FR 56516, Oct. 30,
2009; 75 FR 23044, Apr. 30, 2010]

§1065.602 Statistics.

(a) Owverview. This section contains
equations and example calculations for
statistics that are specified in this
part. In this section we use the letter
“y” to denote a generic measured
quantity, the superscript over-bar «—*
to denote an arithmetic mean, and the
subscript ‘“‘.f’> to denote the reference
quantity being measured.

(b) Arithmetic mean. Calculate an
arithmetic mean, ¥, as follows:

Eq. 1065.602-1

y1 = 10.60
Y2 =11.91
Yn =ys =11.09

10.60+11.91+11.09

y=

¥y =11.20

(c) Standard deviation. Calculate the
standard deviation for a non-biased
(e.g., N-1) sample, o, as follows:

N

Y (-9

i=1

g (N-D

Eq. 1065.602-2

3

Example:
N=3

Y1 = 10.60

Y> =11.91

Yy~ = y3 = 11.09
y =11.20

5“(10.60 —112)* +(11.91-11.2)> +(11.09-11.2)2

o, = 0.6619

2

(d) Root mean square. Calculate a root
mean square, rmsy, as follows:
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P
rms, =\%2y12 Eq. 1065.602-3
N s

Example:
N=3
Y1 = 10.60

¥ = 11.91
YN =Y3 = 11.09

_[10.60+11.91% +11.09°
y _\ 3

rms, = 11.21

rms

(e) Accuracy. Determine accuracy as
described in this paragraph (e). Make

M=

1
accuracy = N

i=1

Example:

Yrer = 1800.0
N=3

(yi = Vref; )

40 CFR Ch. I (7-1-10 Edition)

multiple measurements of a standard
quantity to create a set of observed
values, yi, and compare each observed
value to the known value of the stand-
ard quantity. The standard quantity
may have a single known value, such
as a gas standard, or a set of known
values of negligible range, such as a
known applied pressure produced by a
calibration device during repeated ap-
plications. The known value of the
standard quantity is represented by Yrer;
. If you use a standard quantity with a
single value, Y. would be constant.
Calculate an accuracy value as follows:

Eq. 1065.602-4

v = 1806.4
y> = 1803.1
y3 = 1798.9

accuracy = ‘%((1806.4 ~1800.0) +(1803.1-1800.0) + (1798.9 —1800.0))‘

accuracy = ‘é((6.4) +(3. D)+ (-1 .1))‘

accuracy = 2.8

(f) t-test. Determine if your data
passes a t-test by using the following
equations and tables:

(1) For an unpaired t-test, calculate
the t statistic and its number of de-
grees of freedom, v, as follows:

2
2 2
o c
ref + y
N N

ref

t= M Eq. 1065.602-5
(O, Oy
\“ Nref N

Eq. 1065.602-6

(Gfef /Nref)z " (fo/N)z
N-1

Nref_1
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Ezxample:
Yret = 1205.3
y =1123.8
Orer = 9.399
c, = 10.583
Neer = 11
N=T
[1205.3-1123.8|
\/ 93992 10.583?
11 7
t =16.63
Orer = 9.399
oy = 10.583
Neer = 11
N="7
- [1205.3-1123.8|
9.399? N 10.5832
11 7
v =11.76

(2) For a paired t-test, calculate the ¢
statistic and its number of degrees of
freedom, v, as follows, noting that the
e, are the errors (e.g., differences) be-
tween each pair of y,.; and y;:

t=|§|.m
(¢}

€

Eq. 1065.602-7

Example:

€ = —0.12580
N=16
oe = 0.04837

~0.12580]-/16

0.04837
t = 10.403
v=N-1
Example:
N=16

Example:

§1065.602

v=16 -1
v=15

(3) Use Table 1 of this section to com-
pare ¢t to the t.ic values tabulated
versus the number of degrees of free-
dom. If ¢ is less than {.i, then ¢ passes
the t-test. The Microsoft Excel soft-
ware package contains a TINV function
that returns results equivalent to
§1065.602 Table 1 and may be used in
place of Table 1.

TABLE 1 OF § 1065.602—CRITICAL t VALUES
VERSUS NUMBER OF DEGREES OF FREEDOM, v 1

Confidence
\4
90% 95%
1 6.314 12.706
2. 2.920 4.303
3. 2.353 3.182
4 .. 2132 2.776
5 2.015 2571
6 1.943 2.447
7 1.895 2.365
8 .. 1.860 2.306
9. 1.833 2.262
10 . 1.812 2.228
11 1.796 2.201
12 1.782 2179
13 . 1.771 2.160
14 . 1.761 2.145
15 . 1.753 2.131
16 . 1.746 2.120
18 . 1.734 2.101
20 . 1.725 2.086
22 . 1.717 2.074
24 . 1.711 2.064
26 . 1.706 2.056
28 . 1.701 2.048
30 . 1.697 2.042
35. 1.690 2.030
40 . 1.684 2.021
50 . 1.676 2.009
70 . 1.667 1.994
100 ... 1.660 1.984
1000+ 1.645 1.960

1Use linear interpolation to establish values not shown
here.

(g) F-test. Calculate the F statistic as
follows:

Eq. 1065.602-8
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N
2(}’1 _y)z
_ 4=l =10.
o, N T 1058

(yreﬁ - Yref)z

—

O =|—"7""——=9399
ref (Nref _ 1)
105837
9.399°
F =1.268 (2) For a 95% confidence F-test, use

(1) For a 90% confidence F-test, use Lable 3 of this section to compare F to
Table 2 of this section to compare F to the Feiws values tabulated versus (N—1)
the Feiwo values tabulated versus (N—1) and (Ner—1). If F is less than Fews, then
and (Neer—1). If F is less than Feqwo, then  F passes the F-test at 95% confidence.
F passes the F-test at 90% confidence.
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Calculate a least-squares

lope, aiy, as follows

(h) Slope.

regression s
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(51~ 9) (Yot~ Frr)

ay, == Eq. 1065.602-9

2 (Yrefi - yref )2

i=1

Example: ¥ =1051.1
N = 6000 Yrer 1 = 2045.0
Y1 = 2045.8 Yrer = 1055.3

_ (2045.8-1050.1)-(2045.0 ~1055.3) + ... + (y 5000 — 1050.1)- (¥ rege000 — 1055.3)

(2045.0~1055.3)" + ...+ (¥ rerg000 — 1055.3)
ary = 1.0110 (i) Intercept. Calculate a least-squares
regression intercept, aoy, as follows:
a9, =Y —(a1, Vo)  Eq. 1065.602-10
Example: aoy = —16.8083
Z = :1015%1110 (G) Standard estimate of error. Cal-
g:r - 1055.3 culate a standard estimate of error,
oy = 1050.1 — (1.0110 - 1055.3) SEE, as follows:
N 2
Z[yl - aOy - (aly : yreﬁ ):|
SEEy == Eq. 1065.602-11
N-2
Example: oy = —16.8083
N = 6000 a;y = 1.0110
Y1 = 2045.8 Yreri= 2045.0
2
SEE [2045.8 —(-16.8083)—(1.0110- 2045.0)]2 +... [y(,o‘,o —(-16.8083) — (1.01 10-yref60‘,0)]
T 6000—2
SEE, = 5.348 (k) Coefficient of determination. Cal-

culate a coefficient of determination,
12, as follows:
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C ST

i=l

Ezxample:
N = 6000
Yy; = 2045.8

i[Yi “agy ~ (aly “Yrefi )]2
1—i=

Eq. 1065.602-12

aoy = —16.8083
ay = 1.0110
Yreri = 2045.0

7 = 1480.5

. [2045.8—(~16.8083) - (10110 % 2045.0)]2 +...[Yoooo —(-16.8083) - (1.01 1o,y,e,.6000)]2

Ty

r, =0.9859

(1) Flow-weighted mean concentration.
In some sections of this part, you may
need to calculate a flow-weighted mean
concentration to determine the appli-
cability of certain provisions. A flow-
weighted mean is the mean of a quan-
tity after it is weighted proportional to
a corresponding flow rate. For exam-
ple, if a gas concentration is measured
continuously from the raw exhaust of
an engine, its flow-weighted mean con-
centration is the sum of the products
of each recorded concentration times
its respective exhaust molar flow rate,
divided by the sum of the recorded flow
rate values. As another example, the
bag concentration from a CVS system
is the same as the flow-weighted mean
concentration because the CVS system
itself flow-weights the bag concentra-
tion. You might already expect a cer-
tain flow-weighted mean concentration
of an emission at its standard based on
previous testing with similar engines
or testing with similar equipment and
instruments. If you need to estimate
your expected flow-weighted mean con-
centration of an emission at its stand-
ard, we recommend using the following
examples as a guide for how to esti-
mate the flow-weighted mean con-
centration expected at the standard.
Note that these examples are not exact
and that they contain assumptions
that are not always valid. Use good en-

[2045.8 - 1480.5] + .. [y 000 — 1480.5]

gineering judgment to determine if you
can use similar assumptions.

(1) To estimate the flow-weighted
mean raw exhaust NOx concentration
from a turbocharged heavy-duty com-
pression-ignition engine at a NOx
standard of 2.5 g/(kW-hr), you may do
the following:

(i) Based on your engine design, ap-
proximate a map of maximum torque
versus speed and use it with the appli-
cable normalized duty cycle in the
standard-setting part to generate a ref-
erence duty cycle as described in
§1065.610. Calculate the total reference
work, W, as described in §1065.650. Di-
vide the reference work by the duty cy-
cle’s time interval, Afguycyce, tO deter-
mine mean reference power, Pier.

(ii) Based on your engine design, esti-
mate maximum power, Pn.x, the design
speed at maximum power, fumax, the de-
sign maximum intake manifold boost
pressure, Pinmax, and temperature, Tinmax.
Also, estimate a mean fraction of
power that_is lost due to friction and
pumping, Pgi. Use this information
along with the engine displacement
volume, Vasp, an approximate volu-
metric efficiency, nv, and the number
of engine strokes per power stroke (2-
stroke or 4-stroke), Nywoke tO estimate
the maximum raw exhaust molar flow
rate, ncthax-

(iii) Use your estimated values as de-
scribed in the following example cal-
culation:
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eqq W
Foxp = el Eq. 1065.602-13
. Pref + (Pfrict ’ Pmax )
M- Nexhmax Atduty cycle P
max
2
Pmax - I/;lisp : fnmax ’ Ni Ny
Tlexhmax = =T stroke Eq. 1065.602-14
" tmax

Example: Prax = 1256 KW
enox = 2.5 g/(KW-hr) Drmax = 300 KPa = 300000 Pa
Wier = 11.883 KW-hr Vaisp = 3.0 1 = 0.0030 m3

Mnox = 46.0055 g/mol = 46.0055-10—6 g/umol
Atdutyeyele = 20 min = 1200 s

Prer = 35.65 KW

Price = 15%

Jfamax = 2800 rev/min = 46.67 rev/s
Niwoke = 4 l/rev

nv =20.9

R = 8.314472 J/(mol-K)

Tmax = 348.15 K

300000 - 0.0030 - 46.67 - % 0.9

Mexhmax =

8.314472 -348.15

Nexhmax = 6.53 Mol/s

2.5-11.883

Xexp

46.0055-107° - 6.53

Zexp = 189.4 pmol/mol

(2) To estimate the flow-weighted
mean NMHC concentration in a CVS
from a naturally aspirated nonroad
spark-ignition engine at an NMHC
standard of 0.5 g/(kW-hr), you may do
the following:

(i) Based on your engine design, ap-
proximate a map of maximum torque
versus speed and use it with the appli-
cable normalized duty cycle in the

Cotd " Wrer

35.65+(0.15 - 125)
125

-1200(

)

standard-setting part to generate a ref-
erence duty cycle as described in
§1065.610. Calculate the total reference
work, W, as described in §1065.650.

(ii) Multiply your CVS total molar
flow rate by the time interval of the
duty cycle, Alduycycle. The result is the
total diluted exhaust flow of the Ngexn.

(iii) Use your estimated values as de-
scribed in the following example cal-
culation:

XNMHC =

Eq. 1065.602-15

M- D gexh * At duty cycle
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Ezxample:

enmuc = 1.5 g/(KW-hr)

Wier = 5.389 KW-hr

Mnmuc = 13.875389 g/mol = 13.875389 - 10-6 g/
pmol

Ngexh = 6.021 mol/s

Atgutyeyele = 30 min = 1800 s

1.5-5.389
13.875389-107° - 6.021-1800
Inmuc = 53.8 umol/mol

[70 FR 40516, July 13, 2005, as amended at 73
FR 37324, June 30, 2008; 75 FR 23044, Apr. 30,
2010]

XNMHC ~

§1065.610 Duty cycle generation.

This section describes how to gen-
erate duty cycles that are specific to
your engine, based on the normalized
duty cycles in the standard-setting
part. During an emission test, use a
duty cycle that is specific to your en-
gine to command engine speed, torque,
and power, as applicable, using an en-
gine dynamometer and an engine oper-
ator demand. Paragraph (a) of this sec-
tion describes how to ‘‘normalize’ your
engine’s map to determine the max-
imum test speed and torque for your
engine. The rest of this section de-
scribes how to use these values to
‘““‘denormalize” the duty cycles in the
standard-setting parts, which are all
published on a normalized basis. Thus,

S =Joi at the maximum of ( 1

Where:

Jaest = Maximum test speed.

i = an indexing variable that represents one
recorded value of an engine map.

fanormi = an engine speed normalized by divid-
ing it bY fopmax-

Prormi = an engine power normalized by divid-
ing it by Pmax-

Example:

(fanorm1 = 1.002, Phorm1 = 0.978, fu1 = 2359.71)
(fanorm2 = 1.004, Prorm2 = 0.977, foo = 2364.42)
(fanorms = 1.006, Pnorms = 0.974, fa3 = 2369.13)
(fanorm12 + Prorm1?) = (1.0022 + 0.9782) = 1.960
(fanorm22 + Phorm22) = (1.0042 + 0.9772) = 1.963
(fanorm32 + Prorm3?) = (1.0062 + 0.9742) = 1.961
maximum = 1.963 at i = 2

faest = 2364.42 rev/min

(2) For variable-speed engines, trans-
form normalized speeds to reference

2 2
normi + Pnormi )

40 CFR Ch. I (7-1-10 Edition)

the term ‘‘normalized’ in paragraph (a)
of this section refers to different values
than it does in the rest of the section.

(a) Maximum test speed, foes. This sec-
tion generally applies to duty cycles
for variable-speed engines. For con-
stant-speed engines subject to duty cy-
cles that specify normalized speed com-
mands, use the no-load governed speed
as the measured fyes. This is the high-
est engine speed where an engine out-
puts zero torque. For variable-speed en-
gines, determine the measured fues
from the power-versus-speed map, gen-
erated according to §1065.510, as fol-
lows:

(1) Based on the map, determine max-
imum power, Pm.x, and the speed at
which maximum power occurred, fuipmax-
If maximum power occurs at multiple
speeds, take fipmax as the lowest of
these speeds. Divide every recorded
power by Pmax and divide every recorded
speed DY fopmax. The result is a normal-
ized power-versus-speed map. Your
measured fuest 1S the speed at which the
sum of the squares of normalized speed
and power is maximum. Note that if
multiple maximum values are found,
fuest Should be taken as the lowest speed
of all points with the same maximum
sum of squares.

Determine fy.es as follows:

Eq. 1065.610-1

speeds according to paragraph (c) of
this section by using the measured
maximum test speed determined ac-
cording to paragraph (a)(1) of this sec-
tion—or use your declared maximum
test speed, as allowed in §1065.510.

(3) For constant-speed engines, trans-
form normalized speeds to reference
speeds according to paragraph (c) of
this section by using the measured no-
load governed speed—or use your de-
clared maximum test speed, as allowed
in §1065.510.

(b) Maximum test torque, Ts. FOr con-
stant-speed engines, determine the
measured Ty from the power-versus-
speed map, generated according to
§1065.510, as follows:
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