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ABSTRACT

This paper describes attempts to determine stabikmissions of non-road engines without waitirgstable emissions values to be
reached, with the goal to shorten laboratory tggiime and/or to use real-world, in-service dattdeng limited segments of steady-
state operating conditions. The emissions from @ engines are often evaluated and reporte@augistate operating conditions.
Many larger engines are tested in the field, duenfracticality of dynamometer testing, resultingpractical limits for testing time at
constant operating conditions. With lower fractiafi€lemental carbon (black soot) in the particulaatter and increased
deployment of catalytic aftertreatment devicesglartimes are required for reaching stable vallibis work seeks to infer stabilized
emissions values from limited length segments steady but converging data. Theoretical considmnaif thermal factors and
storage of material in the exhaust system, andséomis data obtained in a laboratory and on a lotemengine tested in the field,
suggest that the instantaneous emissions in statly-conditions tend to follow the exponentialction y(t) = y(steady) +
[y(initial)-y(steady)]*exp(-const.*t) describing Bomixing and Newton’s law of cooling. Several pa#tys of non-linear iterative
regression has been investigated, generally ledadingnsistent results, albeit many individual segta of data yield inconsistent or
no solution. It appears that when multiple segmehtiata longer than approximately two minutesaaalable, there is a high
chance at arriving at a plausible steady stateevaflemissions concentrations. In such case, stetathemissions can be derived
from not fully stabilized data, such as from reairld operation of, for example, diesel locomotivessfrom large engines tested in a
laboratory. With large engines, this can possilidéydyconsiderable savings in testing expensesrmapdaved emissions data. The
findings are preliminary, and as of now, interptietaof data requires some skill.

INTRODUCTION

Exhaust emissions from internal combustion engamesone of the main sources of air pollution in tiostropolitan areas. Nitrogen
oxides (NQ) and particulate matter (PM) are currently of leighconcern. The particles are mostly on the astlens of nanometers
in diameter [1], a size that coincides with maximeifficiency of deposition in human lungs [2,3]. th& human bodies do not seem
to have efficient defense against such particles)ynsuch particles penetrate into the bloodstreamsing a widespread damage to
the body [4]. Significant resources have therefiwen devoted to reducing emissions of new engaseaiell as of the existing fleet.
These efforts have been first directed mostly tolwangines in on-road vehicles, and are gradugfigreding to engines in
construction equipment, ferries, ships, locomotieesl various other mobile machinery, summarilynest off-road or non-road
engines.

To assess the benefits of any emissions redudtiategy, actual in-use emissions of the enginegigstion must be reasonably
known. While the emissions of on-road vehicles lsameadily assessed using a chassis dynamometethevlin a laboratory or
transportable [5], there is no practical laboratest for an in-use locomotive engine. Not only snafthese engines are relatively
large and engine dynamometers of sufficient capace scarce: The removal of an engine and itspram and installation in a test
laboratory is a time and resource consuming tak&rdfore, in-use measurement on such enginestaremérformed using on-board
monitoring systems [6], or, in case of a statiorfalg test, using mobile laboratories transpottedite.
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For diesel-electric locomotives, the emissionsmeasured mostly during operation of the enginésatrete power levels during a
stationary test, where the generated electric piaveot used to propel the locomotive, but diveited a load bank. A mobile
laboratory [7-8] or on-board monitoring systemsd4€ then used to measure emissions.

This approach was found not to be feasible for nmesmsent of emissions of motorized rail cars andhaatives at Czech Railways,
where many motorized cars use mechanical or hyidramhsmission of power, and thus cannot be adetyuladed during a
stationary test. Also, particle emissions from gelocomotives depended on the engine operatitgrpiand did not reach stable
levels during allocated load bank time [10]. Measoents have been therefore carried out during aegyleration of the trains using
a portable, on-board monitoring system [11] mourséle the tested railcar or locomotive [12].

The goal of this work was to determine steady statessions at each discrete power level ("notat@infthe measured data. As the
utilization and sequencing of notches varied gyeathong different lines and train weights, the deés aggregated over multiple
runs, totaling over one thousand kilometers accatedlon different types of tracks with differeraitr compositions [12]. It was
found that the emissions during each window ofdstestate operation were not always stable, bubmescases, consistently drifted
at a gradually decreasing rate. The aim of thertsffeported on in this paper was to develop meairger steady-state values from
experimental data subject to drift.

Two major categories of theoretical reasons fdtidg emission values have been identified. Thet fiategory are gradual changes in
the temperatures of the combustion chamber inméaics and other parts and media (summarily erterenal changes) associated
with the transition into a different power reginfssociated with this are gradual changes in th@égatures of the working surfaces
of catalytic aftertreatment devices (aftertreatnteatmal changes). The second category are stavadeposition and reentrainment,
of particles, semi-volatile organics, and other poomds; deposition and reentrainment has been ftmubd a potentially important
source of artefacts in emissions measurements The] effects are complex and non-linear, howeWwermost common function
describing both thermal changes and storage-equitibmixing phenomenae is that of Newton's law @fling,

Y(t) = Ysteady+ (Ysteady_ Yinit) * Kl * exp ('KZ * t) (1)

where Y(t) is the actual value of temperature orcemtration at a time t,¥aqis the stabilized steady-state valug, ¥ the initial
value, and K K, are constants. For practical purposessK.

The relationship (1) is explored for determinatirY s.aqyUsing two approaches. The first is a regressiamnefof more segments of
a continuous series of experimental data. Thisessyon, lacking an analytical solution, is atterdpising two iterative approaches.
The second is aggregation of multiple segmentd) eéth a different Yy, into one data set, which is then evaluated felittely
value of Yieagy

The goal of this effort is to find a steady-statdue (Yseaq) from experimental data which converges towards hlas not reached,
this steady value.

This work is motivated by the desires (1) to shottee time an engine, typically a larger one, needs operated at each test point,
in order to expedite the test and to reduce thaerdpwntime, the laboratory bench time, and feglsumption, and (2) to obtain
steady-state values from real-world in-service meaments, where the engine does not remain atamngperating conditions for
long enough for the emissions data to stabilizechvis a typical case for, for example, many comentitain locomotives.

EXPERIMENTAL

Two sets of experimental data are discussed haeefifst is a large set of exhaust emissions measemts on a CKD 749 series
diesel-electric locomotive with a K 6 S 310 DR,-sitinder, 163-liter, 1500 hp turbocharged diesajiee. The data was collected
using a portable, on-board emissions monitoringesysiuring regular line-haul duty on two differeatites, a Prague-Tanvald hilly
route with a 297-ton train and a Prague-Ceske Bwilsg mostly flat route with a 160-ton train. (Thraveights are subject to
approximately 10 tons uncertainty due to changdsehlevel and passenger loads.)

The on-board monitoring system, designed and aactsil by the author, was mounted inside the ergpngartment of the
locomotive. The locomotive has engineer cabinsath Bnds, connected by an isle through the engingartment. The monitoring
system was mounted at the end of the other islerenit did not interfere with the operation of tbeomotive. The choices for
exhaust sampling were severely limited by the presef 3 kV direct current traction lines in Pragunel 25 kV alternating current
traction lines in and near Ceske Budejovice. Asstiaek was directly under the traction lines, mialistic approach had to be used.
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The exhaust was sampled into three %" diametereropiping, two for measurement and one spare,tedabout 2’ (60 cm) into the
stack, bent around the stack rim, and securedetetdtk and to the metal structural elements ofoit@motive roof by baling wire.
The tubes transitioned into conductive %" diameganple lines. One line was used by the online @rébmonitoring system.
Concentrations of nitrogen monoxide (NO), carbommade (CO) and carbon dioxide (§Qvere measured online with a pair of
modified, optimized and tuned BAR-97 grade analyzetilizing non-dispersive infra-red analyzers (MO, CQ) and
electrochemical cells (NO). As the engine did rentéhany aftertreatment devices, the volumetric eotrations of total nitrogen
oxides (NQ) were assumed to be identical to those of NO. €oinations of particulate matter were measurechendith a forward
scattering integrating nephelometer, which, foiaig engine and a given setup, tends to providpubytroportional to particle mass
concentration. Exhaust flow was calculated fromaketair flow computed from engine design and opeygiarameters. All data was
synchronized to adjust for measurement delay oattadyzers, and instantaneous mass emissions wenguted by multiplying
corresponding values of exhaust flow and concdotraf11,14]. Instantaneous power transmitted feodirect-current generator
powered by the locomotive diesel engine to thecthcarrent traction motors and engine rpm wereiobthfrom analog signals
available at the locomotive, which were recordedgis PC-based data acquisition system.

Particulate mass emissions were measured duriagtedisteady-state operating points with a portgiaieimetric sampling system,
utilizing the second line. Sampling was done om#7 diameter PallFlex T60A20 (Pall Life Scienceltefs, which were conditioned
and weighted twice prior and several times aftermtteasurement, following standard procedures frigretric measurement, with
added equilibration time and repeated weighinger difte collection. Other measured parameters t®taet to this study are not
reported on.

For the purposes of evaluating regression techsjcqusecond set of data was used, which was clfiasera wealth of tests run on a
120-hp, four-cylinder Zetor 1505 tractor engine pogd by biofuels and tested on an engine dynamarfige When this engine
was powered by heated rapeseed oil and operaledetloads, most of the particulate matter congatief semi-volatile organics,
which were subject to deposition in the exhaustesysand subsequent reentrainment, with depositidireentrainment affected
significantly by exhaust flow and exhaust gas temfuee. During these tests, measurements wererg@tbboth by laboratory and
on-board instrumentation. The on-board instrumeas used to provide online particulate measuremantsijts readings were
compared with standard laboratory instruments: Hydrbons were measured with a heated flame iooizdgtector, CO and GO
with non-dispersive infra-red spectrometers, totatbgen oxides by a chemiluminescence analyzettatal particulate mass by
gravimetric method using a partial flow dilutiomtel and 47 mm PallFlex T60A20 filters.

The typical approach in reporting on-road emissiteis is to determine exhaust flow and concentiataf respective pollutants, to
obtain instantaneous emission rates by multiplyfregflow by the corresponding concentrations, anidtegrate such values over
some pre-determined route. The totals per routéteambe divided by the route distance, by thd ttgine brake work, or by the
total fuel consumed, obtaining values per km, k\dfkg of fuel. The focus of this work is the drif; unsteadiness, of concentrations
of pollutants in the exhaust gases, under the tiondiwhere the engine rpm and load, power outmd,exhaust flow are steady, and
are considered constant. For this reason, andrflisity, concentration data are given throughtis paper, rather than mass flow
rates, or brake-specific emissions, of each pailuta

RESULTSAND DISCUSSION

The instantaneous locomotive emissions were coealafter synchronization of both sets of datatdumeasurement delays, against
instantaneous generator output. These correlatians been done separately for the hilly Prague-dldmoute with a five-car, 297-
ton train (high-load route) and for the relativéibt Prague-Ceske Budejovice route with a two-&&0-ton train (low-load route), as
these were obtained at different days. The massecrations of PM are given in Figure 1 (left) fbe high-load route and (right) for
the low-load route. These plots of concentratiothanvertical axis and generator power on the botal axis, with each point
representing one second of data, were then compageadst and interpreted using the real-time data.apparent that most data is in
the form of “clouds”, with highest aggregationspwints in the horizontal direction around the taggmwer level for each notch (idle
and notch 1,2,...,8). Similar aggregation can be mvaskin the horizontal direction, although here dia¢a is in many cases more
spread. Other points correspond primarily to tit&mss among notches. Similar plots are given for, NCFigure 2 (left) for the high-
load route and (right) for the low-load route, &dCO,, for both routes, in Figure 3. (Note that the,@0ncentrations do not
increase substantially from notch 4 to notch 8. atiditional power is derived not from lower excassatio, but from increased

flow of both air and fuel through higher rpm andh®r turbocharger boost pressure.,N@ncentrations decrease from notch 4 to
notch 8, primarily due to injection timing strategyosen to avoid smoke at intermediate notches.)
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Figure 1: Particulate matter mass (PM) concentrationsin exhaust gases of a diesel-electric locomotive as a function of generator
power output: Aggregate data (Ieft) over a high-load route run with a five-car train and (right) over a low-load route, mostly flat
line traversed with a two-car train.
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Figure 2: Nitrogen oxides (NO,) concentrationsin exhaust gases of a diesel-electric locomotive as a function of generator power
output: Aggregate data (left) over a high-load route run with a five-car train and (right) over a low-load route, mostly flat line
traversed with a two-car train.

Page 4 of 12



Notch:
idle

Notch:
idle E@

3 i et

exhaust CO2 [%]
exhaust CO2 [%)]

64— 4 - 6 1+ — | * 2O N O - — — — — — — — — —
. !& Fx o
4 ,;'! ﬁ*!&"i‘; x’,"* ,,,,,,, 4 1 — — = RERE X MR o R S — — — — - — — — — — — — |
g x %
x x X X )?(
x x XX K
2 o ______ 2 L R SR N
% CO2 [%] . x CO2 [%]
0 - : : : : 0 T ‘ : :
o o o o o o o o o o o o 8 o 8 =] 8 8 8 8 8 8 8 8
S S & 8 8 B8 8 R 8 8 é’ - s &8 ® § ®» & =~ ® &6 g
generator power [kW] generator power [kW]

Figure 3: Carbon dioxide (CO,) concentrationsin exhaust gases of a diesel-€lectric locomotive as a function of generator power
output: Aggregate data (left) over a high-load route run with a five-car train and (right) over a low-load route, mostly flat line
traversed with a two-car train.

It is apparent that the high-load route favors bigbads while lower notches are rarely selectddlevthe low-load route has only
one occurrence of notch 7 and totally avoids n8tch

The data shown in Figures 1-3 has been binned diogpto notch, and sorted by the nominal value 6 nd PM concentrations.
For the purposes of binning, “notch” is represertgdhe actual power level, not by the selectiotheftrain engineer. Therefore, for
example, data binned as notch 5 also includes ®o$eicceleration from notch 5 to notch 6 (or highleut does not include the bulk
of the transition from notch 4 (or lower) into niots.

These concentrations are plotted in upper grapfsgofre 4 (left) for notch 8 (full load) and (rigHor notch 5 (intermediate load). In
case of notch 8, the bulk of the N@&nd PM concentrations lies in a relatively narrawge, less than 10% of the nominal value, with
tails of the distribution containing lower and hggtvalues. For notch 5 operation, similar distridmtis apparent in Figure 8 for NO
data, but not for the PM data, where the highecentration “tail” comprises of, depending on thiipretation, tens of percent to
about one half of the data. This is consistent wiikervations apparent from Figures 1-3. This diffee stems from the different
periods for which the locomotive was consecutivegrated in that notch.

From first-hand observations of the train enginiédras been learned that notch 8 was used witfivthecar train for accelerations
and for higher speed hill climbs of a duration n&do several minutes. Notch 5 was used as anriatiate load during parts of
accelerations of the lighter two-car train to maderspeeds, to maintain cruising speed, and diower speed hill climbs on curved
railroads along river gorges. It was often eitheested as a part of a sequence during accelemattiighter trains, or interleaved with

lower or higher notches during cruise. The duratibeach separate utilization of notch 5 was tleeseshorter, often tens of seconds;
this also accounts for higher transients.

The derivative of the functions plotted in the loweaphs of Figure 4, computed as a rolling aveddeb consecutive differences
between each two adjacent measured concentraisopigited in the bottom graphs in Figure 4 (&) notch 8 and (right) for notch
5. It is apparent that this derivative has a mimmia the mid-range of the measured concentrationsl©, and PM for notch 8 and
for NO, for notch 5, while lying relatively low in the rga of measured concentrations of PM for notch % iEhconsistent with
visual interpretation of the real-time data as vaslwith overall experience with diesel emissiddgeration at notch 5 is relatively
more transient, and PM emissions of a diesel ertgine to be more affected by engine operating dycgand engine operating
history than NQ emissions.
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Figure 4: Top graphs show PM and NO, concentrations during all occurrences of operation of a diesel-electric locomotive (1&ft) at
notch 8 and (right) at notch 5, aggregated over all test runs, sorted by and plotted as a function of the measured concentration
value. Bottom graphs show derivatives (rolling average of each 15 consecutive numerical values) of PM and NO, concentrations
plotted in the upper graphs.

Segments of data from longer, uninterrupted opamait each notch were extracted as separate sedesere subjected to regression
analysis. Equation (1), following the Newton’s dagllaw, was used as the regression equation.

If the stabilized value is known, such as in maages of heat transfer calculations, the transiginievcan be readily expressed as the
difference between actual and stabilized value,thacdquation transcribed as

Y(t)-Y steady™ (Yinit - Ystead)) *exp (-K*t) (2)
Equation (2) can be then linearized by taking tgatithm of both sides and substituting X (t) FY{t)-Y swcaq), yielding
X (t) =-K*t+ [ln(yinit - YSteadQ] (3)

which can be readily resolved for constants K dn@lifi: — Ysteagy] USING linear regression of a general functiongx + b.
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Here, however, with the stabilized emission varelogous to the “temperature of surroundings” @&wbdn’s cooling law, not only
being unknown, but, in this case, being the vergl gbthe quest, no analytical solution for thignession has been identified.

Alternative approaches have therefore been used:
1. The data have been uploaded into an online Nomdlileast square regression solver [16].

2. Practical limits of the constants of the equatibnhave been set by a qualified guess, and wittése limits, different
combinations were tried by Monte-Carlo simulatiid,[L8]. Each such set was further optimized byrgrovised
implementation of a “greedy search” algorithm [®Microsoft Excel, until maximum correlation beterea curve fitted using
each set of constants and actual experimentahdatheen obtained?Rsquare of Pearson’s correlation coefficient, wsed as
the correlation metric.

3. A nominal value for the stabilized concentrationexi, was selected, reducing the problem to linearemghtion (2), for which
analytical solution has been found using the limegression / linear estimate tool of Microsoft &x@nd correlation between
actual experimental data and a curve fitted baseth® computed regression coefficients and onllosen nominal value was
computed. R square of Pearson’s correlation coefficient, wsed as the correlation metric. This calculatios vepeated for all
nominal values lying in a reasonable range, withaim to identify the value resulting in the highesrrelation. Additionally, the
nominal value for YeaqyWas searched for using Microsoft Excel “solverdtiae, with varying results.

Selected segments of data from continuous operationtch 8 are plotted in Figure 5 (left) for Pht&right) for NQ. These
segments were extracted from the high-load routcn8 was not used on the low-load route) andeseprt the longest sections with
uninterrupted operation at notch 8. It is appatieat the PM concentrations decrease, whilg B@hcentrations increase. This is
consistent with the expected result of a transitta higher load: PM are temporarily increasedtduemoval of the deposits from
the exhaust system, and are converging towardsadsvalue. NQare temporarily suppressed by lower intake aipmature and/or
engine working surfaces temperature, and are gligdnereasing towards a steady value.

For each segment, a curve fit has been identifs&nigua combination of the first two mentioned apgttes has been plotted, along
with the “winning” equation and correlation coeféint between fitted and experimental data.

PM-1 measured NO-1 measured

PM-1it = (34.4-27.3)*exp(-0.0045*t)+27.3, R2=0.71 || | | NO-1-fit = (806-908)*exp(-0.00344*t)+908, R2 = 0.947
PM-2 measured NO-2 measured

PM-2-fit = (45.2-27.7)*exp(-0.009*t)+27.7, R2 = 0.75 NO-2-fit = (840-908)*exp(-0.0095*t)+908, R2 = 0.940
PM-3 meas NO-3 measured

PM-3 fit = (29.4-27.6)*exp(-0.045*t)+27.6, R2 = 0.26

NO-3-fit = (858-906)*exp(-0.008*1)+906, R2 = 0.63

exhaust PM [mg/m3]
exhaust NO [ppm]

1000 1200

elapsed time [s] elapsed time [s]

Figure 5: Monte-Carlo iterative regression of multiple continuous subsets of experimental data with fitted curves and predicted
steady values for operation at notch 8: concentrations of (a) PM and (b) NO,.

It appears that the stabilized concentrations detexd from each data set were relatively consisterdss all plotted segments. The

correlation has been found to decrease with ingrgasability of the data, which is consistent witherencies of the correlation
(there is no “trend” in stabilized data). This wkms,example, the case for the set PM-3 in Figure 5
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The practical limit observed for such regressios e combination of the length of the data segreebjected to the regression and
the noise level in the data. Generally, segmerggahthan about two minutes were not useful abehofielded multiple “candidate”
values. For this reason, only regression on losggments of notch 8 data is reported on.

The steady concentrations of PM identified in Bigapproximately 27.5 mgfnappear to lie on the higher end of the “low-cteing
range apparent from upper graph in Fig. 4 and ifiethin lower graph of Fig. 4 as 25-28 mdlrithe steady concentrations of NO
shown in Figure 5, 908 ppm, are somewhat abov8diechange” range of approximately 850-890 ppnirigure 4.

It should be noted here that the segments subjéztetdjression were primarily from the early pdrthe test day, where the engine
was additionally loaded with alternator for electneating of the passenger cars, the use of whichhighest in the early morning
and diminished throughout the day; this additidoatl, on the order of tens to about one hundredw$, not accounted for in the
measurements.

Using the same data set, iterative regression éas performed using the third identified methoteratively choosing the steady-
state value, reducing the regression to a linear fimding regression coefficients using a spreadsprogram (Microsoft Excel
2003), and observing the correlation between erpsrtal and fitted data. The results of this effortnotch 8 are shown in Figure 6
(left) for PM and (right) for NQ

—— PM-1 ———— PM-1-fit 26.6 mg/m3 R2=0.708 - NO1 NO-1-fit 908 ppm R2=0.947
— PM-2 ——— PM-2-it 27.2 mg/m3 R2=0.74 — NO2 ——— NO-2-fit 908 ppm R2=0.94
—PM-3 ——— PM-3-fit 26.6 ppm R2=0.184 —NO3 —— NO-3it 902 mg/m3 R2=0.509

exhaust PM [mg/m3]

0 100 200 300 400 500 600 600 800 1000 1200
elapsed time [s] elapsed time [s]

Figure 6: Iterative regression of multiple continuous subsets of experimental data with fitted curves and predicted steady values for
operation at notch 8: concentrations of (Ieft) PM and (right) NO,. Regression was solved analytically for a user-supplied steady
value and steady value yielding highest correlation between experimental and fitted data was sel ected.

A notable problem with this approach was with dats where the experimental data, which includdaanoscillations due to noise,
lie on both sides of the chosen steady value,iaswbuld require, in linearization of equation (2pmputation of a logarithm of a
negative number. Exclusion of such data, if pregeldrger quantities, was not deemed feasibldiastould skew the data. In such
cases, the series was truncated at the first caoeerof an “overshoot” — an experimental valuedyam the opposite side of the
steady value than the rest of the data encounseréal — and the regression was computed on thedted series. The underlying
logic here was that when the steady value is ayreal within the range of the experimental dake ineasured values have
converged sufficiently, and regression is no longgeded.

For further elucidation of the problem, data froai@e set of tests on a Zetor 1505 engine poweydtbated rapeseed oil have been
considered. Such operation rarely yielded stahilizaues of HC, CO and PM, owing to the depositiod reentrainment of semi-
volatile organic matter in the combustion chambet i the exhaust system.

The regression by the third method, analyticalesgion of a linearized eq. (2) with iteratively sho steady value to yield highest
correlation between experimental and modeled deta,applied on multiple runs of nominally 10-minigke, of which first 30 s and
last 30 s have been discarded as “transitionalbgdretween adjacent test points, yielding 540gsr@mnts. During idle, the
combustion has gradually deteriorated, and theartnations of HC and CO were gradually increasihgermhose of N have been
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decreasing. As this “gradual deterioration” wasattibuted to a single phenomenon, it was notihgatear that the same equation
holds for the entire 10-minute period. Therefoegression was performed on the entire 540 s, arddh segments 1-100 s, 101-250
s and 251-400 s. The results have been plottedjirvFor NQ, and in Fig. 8 for HC. In both figures, the expegintal data along with
an overall best fit line are plotted on the leftddhe relationship between arbitrarily selecteddy value and correlation between
experimental and modeled data are plotted on ¢e. ri he dependency of the correlation on the ahsteady value was plotted for
all sets subject to regression, that is, separébel¥-100 s, 101-250 s, 251-400 s, and 1-540 msets.

For NQ, shown in Figure 7, all segments except 251-4¢ield the best-fit steady value between 234 andg#8, a sufficiently
narrow range given approximately £3% uncertaintil{d, concentration measurement. For the segment 255;4@f)relations are
lower in this region, and do not yield maximum writla reasonable range of steady values. For HQysl Figure 8, iterative
regression on the first 100 s yields maximum catieh below 315 ppm which is unrealistic, and rerimgj series yield maximum
correlation between approximately 330 and 360 ppm.
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Figure7: Iterative regression of concentrations of NO, duringidling of a Zetor 1505 tractor engine on heated rapeseed oil. Left:
Experimental NO, concentration data and overall best fit. Right: Correlation between experimental data and fitted curve obtained
using regression of multiple segments of the same series, asa function of steady value for concentration of NO.
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Figure 8: Iterative regression of concentrations of HC during idling of a Zetor 1505 tractor engine on heated rapeseed ail. Left:
Experimental HC concentration data and overall best fit. Right: Correlation between experimental data and fitted curve obtained
using regression of multiple segments of the same series, as a function of steady value for concentration of HC.

The consistency of the predictions of the steadiyevhas been next evaluated on multiple sets afamnations of HC, CO and NO
measured during operation of a Zetor 1505 tractgime at 1480 rpm and 225 Nm (50% load) on heatpdseed oil. In all cases,
idle or some lower load have preceeded. The coratémt data for six segments of such operationdttgd in Figure 9 (left) as a
function of time at 1480 rpm and 50% load. For esafpment, regression has been performed by itehatihioosing the steady value
and reducing the problem to a linear one which avesytically solved using a spreadsheet prograre.ctrelation between
measured and fitted data for each steady valuetited as a function of the chosen steady valuealfsix segments, in Figure 9
(right). Out of the six segments, one, series Aighdelded lower correlation than the rest. The imaxwere, for each series, A —
31.5,B-33.8,C-35.1, D-33.7, E - 33.5 ard37.9 ppm HC. Three of these six regression, Bn®E, yielded very consistent
data (33.5, 33.7 and 33.8 ppm), and the overalhmae within the six predicted values was 6%, whiah be readily explained by the
combination of test-to-test variances and measuremeertainties (similar spread would be expestazlild the tests be carried to
the point where steady values are reached).
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Figure 9: Left: Concentrations of HC, CO and NO, during multiple occurrences of operation of a Zetor 1505 tractor engine on
heated rapeseed ail at 1480 rpm and 225 Nm (50% load). Right: Correlation between measured HC concentrations and fitted curve
obtained using regression of each data series, as a function of steady value for concentration of HC.

SUMMARY DISCUSSION

In this study, several segments of non-stabilizeésions data have been examined. The values legrerbported as concentrations,
as mass exhaust flow rates were generally compaeatal their inclusion would yield another dimendiothe problem.

For data where sufficient lengths of individual sexpts were available, regression of the data usewton’s cooling law equation
was attempted using three iterative numerical eggres — online non-linear regression calculatomt@&arlo simulation coupled
with fine-tuning each solution using “greedy seéreimd iterative regression in a spreadsheet pmgwehere analytical solution was
found for a series of arbitrarily picked steadytestzalues, until best correlation between experaleand fitted data was obtained. It
appears that these approaches yielded, in gegeraparable results (see Figures 5 and 6). Thisoagprhas, however, worked only
if segments of data of sufficient length were aaalié, with sufficient length being in this caseta order of approximately two
minutes.

Further investigation on longer sets of laborattata confirmed the general validity of the approdciwever, it was discovered that
the fit can be far from perfect, and that differsagments of the same series, when subjectedrességn, may yield different steady
values, and in some cases, no steady values(atalFigures 7 and 8). Similar experience has gared with multiple sets of
repeated measurements, where three out of six measnts yielded very consistent values, but theadveariance was about 6%
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due to less exact fit of the other three sets. $hggests another condition: multiple sets of datd to be present, out of which a
sufficient number of sets needs to yield consigteetlictions of the steady value.

The condition of sufficient number of segmentseiatively easy to fulfill during field measuremenés once the engine is
instrumented, it can be tested for many hours witilnouch additional expenses. The condition of sigfit segment length might be,
however, harder to meet. In the example of locovedtiata, the locomotive had to be operated withdifferent weight trains and on
two different routes in order to sufficiently covée entire engine operating range. And at mostepdevels, the length of the
segments was too short to perform the regressiscritbed here.

For evaluation of short segments, data was bingempbrating condition, sorted by numerical valugd & an attempt to find most
consistently produced value, numerical derivatiweswaken, and data evaluated for its minimum. Tiuetying idea behind this
approach is that the farther is the data from stethe faster it changes, and on the contraryskiwer the change in the data, the
closer it lies to the steady value. As apparemhffég. 4, this most consistent value is not necdgghe mean or the median of the
series. In case of PM for notch 5 (see Fig. 4)ntlest consistent values is towards the lower entlefange, due to short segments,
where PM was often higher during accelerationgalse of notch 8, where steady values were alsineotasing regression, the
predictions were consistent for PM, and differddtreely by several percent for N@850-890 ppm most consistent values vs. 902-
908 ppm obtained from regressions).

The overall image obtain by this exercise is theady values can be obtained using multiple metlddsh generally yield

consistent results, however, many individual attesnypeld no results or results inconsistent with test, leaving in the process some
“art” dimension in the realm of interpretation betdata. No “preferred” approach among the podséisildescribed in the paper was
identified.

SUMMARY/CONCLUSIONS

Analysis of experimental emissions data obtained diesel-electric locomotive under real-world @tierg conditions and on a
tractor engine tested in a laboratory has shownuhsteady emissions data can be reasonably fifitbada Newton’s cooling law
equation, which can be solved for steady stateevalith this problem having no analytical solutiseyeral pathways of non-linear
iterative regression has been investigated, gdpédealding to consistent results, albeit many imliial segments yield inconsistent or
no solution. It appears that when multiple segmehtiata longer than approximately two minutesaaalable, there is a high
chance at arriving at a plausible steady stateevafilemissions concentrations. In such case, st&tatly emissions can be derived
from not fully stabilized data, such as from reairld operation of, for example, diesel locomotivessfrom large engines tested in a
laboratory. With large engines, this can possilidydyconsiderable savings in testing expensesmapdaved emissions data. As of
now, however, interpretation of data requires sekily and the technique is yet to be verified arge sets of data.
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