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Abstract

International regulations forces ship owners to monitor the NOgston from engines
during sea operational use of ships, but standard equipped engine roon® has
stalled any measurement equipment to analyze of exhaust gasesding to these
regulations we proposed a simple method to estimation of NOxiemisghout direct
measurement, based on the measurements of working engine pesametgis paper
we present the effect of laboratory test to verificatioegaacy of the developed model.
In this aim we carried out tests on the two-stroke, one-cylindep, scavenged diesel
engine. During tests the engine operated with the various r@htpeed, load and
changing air/fuel equivalence ratio. The comparison of the sestiltalculations with
conducted tests showed the estimation errors in intervals 1,8 tonlt#pendence
from the substitute molar compositions of fuels.
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1. Introduction

Nitrogen and oxygen with a different atomic composition are elessreambine to
form various chemical compounds called the nitric oxides (NOx). Mastentrations
of all emitted from diesel engines NOx hawe such chemical compounds: nitric oxide
(NO) and nitric dioxide (N@ [1]. International Maritime Organization (IMO) devel-
oped in 1997Annex VI to MARPOL 73/78 convention and its integral paethnical
Code on Emission of Nitrogen Oxides from Marine Diesel Engines in order to prevent
the negative influence of these compounds on the environment and on[BgdBh
The NG emission limits are related to engine crankshaft speed and fegpa9,8
g/kWh for rotational speed above 2000rpm to 17g/kWh for rotational dpesdhan
130 rpm. After ratification, these documents entered into fior2€05.

The Annex VI forces ship owners to monitor the NOx emission from ship engines
whereasTechnical Code determines its allowable level. Moreover, regulations con-
tained in theAnnex VI oblige ship owners to verify the required emission level ofdc
ing to these regulations:

- each of ship engines should receive a certificate confireongpliance with the
specified requirements and the allowable errors of emissionunegasnts can
reach up 10% in a case of using a diesel fuel and 15% in atadeeavy fuel
oil,

— an emission level of NOx should be verified by direct measents carried out
during a ship operational use.
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The last regulation obliges ship owners for temporal withdrawhiegcertificated
ship from operation and to install the additional measuring equipore its onboard
enabling for the direct measurement. Therefore, it appeansettd to develop an effec-
tive and simple method allowing for estimating the NOx emiskwal from ship en-
gines, which should be in accordance with the existing regulatioseover, such a
method should not entail the necessity of withdrawing ships fromdperation use for
time of carrying out the required measurements and installisidyaneasuring appara-
tus.

In our opinion, the presented conditions would accomplish a method based on
model of NOx formation in an engine combustion chamber. Theref@eajeveloped
the NOx concentration model in exhaust gas emitted from a two-shoeengine. It
consists of both the thermodynamically model of a combustion proodshe kinetic
model of chemical reactions taking place during an engine workouges. Application
of such method does not require carrying out direct measuremeetgjiok exhaust
gases by exhaust gas analyzers. For the developed method ofésigine working
parameters should be sufficient (i.e. rotational speed ofrtgmes fuel consumption,
thermodynamic parameters of air and fuel, measured pressine ¢orhbustion cham-
ber). Moreover, such results can be obtained by using of measuvicgdmstalled in
the standard equipped engine room.

Taking into account wideness of the considered issue, we boundeevidpping
the appropriate model applicable only for the two stroke, large,doayenged engine.
Such a type of engine is widely used in vessel propulsion. Spdesign and working
parameters of these engines set up different conditions of thddw@ation in relation
to shore engine applications, for example car engines. Largasions of the cylinder
of ship two-stroke engines and multiple less rotational speed clamge8me of burn-
ing process in high temperature and pressure conditions. In tmssenell-known sim-
ple models for predicting the NOx emission i.e. Zeldowicz’s rhaukes very prob-
lematical to adapt the computational algorithms from the enguitt®ut considering
another reactions of burning process.

A computational algorithm enabling to assess the NOx concentratied basthe
mentioned model. All necessary data for this assessing sheutteived by means of:
— measurements of working parameters of the ship engine,

— analysis of the accessible design documentation of the sgiipes
— analysis of parameters characterizing a composition of feel bg the considered
ship engine.

Due to the hybrid form of the developed model, all measuremeetsgaie work-
ing parameters should be obtained directly during the normal eageration use. In
order to decrease the cost of such kind of research, we ddoidarry out it in labora-
tory conditions. The main purposes of the laboratory test were:

- carrying out of the direct assessment of the NOx concentratidre iaxthaust gases
of the tested engine by means of using an analyzer of e>ges)s

— determining of the NOx concentration in the exhaust gases of dtezl tengine by
means of using the developed computational algorithm,

— verification of the developed model adequacy.

The carried out test allows to obtain values of the NOx obmtethe working en-
gine exhaust gases measured directly by the combustion gas aaalyzexiues of en-
gine working parameters enabling to calculate the NOx conteheitested engine ex-
haust gases by means of the developed computational algorithnsstiee of model-
ing, can be found in [4].



In this paper, the selected results of the NOx concentretitre exhaust gases for
the tested engine obtained by both the direct assessment and theatiomglualgo-
rithm are presented. Moreover, the comparison of these redtisied by both the
direct assessment and the computational algorithm are debseshvell.

2. Description of the laboratory stand

We have carried out the laboratory test using the engine b=22lled in Gdynia
Maritime University laboratory. It is a crosshead, singléader, and two-stroke diesel
engine with loop scavenging. Roots’ blower driven independentlynisiectric motor
with an infinitely variable adjustment of rotational speed claathis engine. The tested
engine is loaded by a water brake. Basic parameters of2@eehgine are presented in
Table 1. and a schematic diagram of the laboratory stsgmesented in Figure 1.

Table 1. Parameters of the test engine

Nominal Power [KW] 73,5
Rotational Speed [rpm] 600
Cylinder bore [mm] 220
Piston Stroke [mm] 350
Compression Ratio [-] 18,5
Fuel consumption at maximum logég/h] 7,33
Specific fuel consumption at maximum loddg/kWh] 277,6

" — maximum load considered during laboratory tése description below)
Fig. 1. A schematic diagram of the laboratory stdnd a recording computer, 2 — A/C converter, 3 —
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rubber flexible couplings, 4 — Roots’ blower, 5 frash water pump, 6 — an electronic indicator refsp
sure, 7 — fuel installation, 8 — a heat exchanger

The measuring equipment installed on the tested engine permitted oorttinuous
recording of the most measured results with samplings approxintafelsecond. We
have measured the following engine working parameters:

- the rotational speed of the engine and Roots’ blower,



- the viscosity and fuel temperature,

- the temperature and pressure of lubricatimgn the inlet and outlet of the engine,

- the cooling water temperature and pressure on inlet and outlet ehgine,

- the temperatures, pressures and humidity of the scavenging air,

- the quantity of a torque of the engine,

- the fuel consumption,

- the volume of charging air flow.

Moreover, during this research have been recorded the followtiicaal parameters:

- the profile of pressure in the combustion chambeheftested engine with using an
electronic indicator,

- the composition of combustion gases, the surrounding temperatutbgaedpera-
ture and pressure of combustion gases with using the electroahematyzer of
combustion gases.

According to the part-1 of the paper the quantity of NOx emittech fengine de-
pends on temperature and pressure of combustion, time of combusticonapaisition
of combusted mixture. The temperature and pressure of combustietersnined by
load of the engine (with the same adjusted parameters like ahgijection, timing of
exhaust valve, capacity of cooling system) and changing theofod@ engine causes
changes of temperature and pressure of combustion. Time of camnbisstietermined
by speed of the engine. In the same timing of the exhaust watveasing of speed of
the engine causes decreasing of combustion time. Composition oferisxtiranged by
changing the air/fuel equivalence ratio with the same corabdsel.

The fundamental stage of our research consists of 10 observaisoaded the
tested engine in a range from 25% to 65% of its nominal loadiwimotational speeds
namely 200 and 360 rpm. The larger load of the engine was not possiblsdedt the
admissible load of the used water brake and too smallegftigi of the Roots' blower
for keeping of steady air/fuel equivalence ratio. The measemes have been carried
out for the working engine with:

— its constant rotational speed and changeable loads for aacbrsiue of air/fuel
equivalence ratio,

— its constant rotational speed and load for changeable values o&lagffuivalence
ratio.

In this research, the air/fuel equivalence riiovas understood as a ratio of a mass
amount of air delivered to a cylinder to amount of air necgseacombustion of a fuel
dose injected to this cylinder whereas the changeable lodi®dday means of using a
water brake. Values of the engine loal§ (lescribed like percent of nominal momen-
tum M, and rotational speeds)(are presented in Table 2.

Table 2. Values of the tested engine loads andiootd speeds

No. 1 2 3 4 5 6 7 8 9
M[%ofM] | 65 | 60 | 55| 50| 45 40 35 30 2t

n [rpm] 200
No. 10 | 11 [ 12] 13] 14] 18] 16 17 18

M [% of Mi] | 65 60 | 55 50| 45| 40/ 35 3@ 21
n[rpm] 360




During our research, the engine has been supplied by the dielseldittuits known
specification obtained from its producer (Lotos EuroDiesel EKOtA density at 15°C
equal 829,6 kg/M. Nevertheless, for the assessment of the NOx emissiosiby the
computational algorithm, we assumed composition of fuel aftevajp®rization and
thermal decomposition as a mixture of simple hydrocarbon ions andageektion
between a carbon and hydrogen atoms for diesel fuel oils. @ita for this mixture
have been taken from [5] and [6]. The substituted molar composititre considered
substitute fuels are presented in Table 3.

Table 3. Substitute molar compositions of fuels

Mole fractions [-]

Type of fuel

CH CHz CH, CHjs
I 0,3 - 0,6 0,1
Il 0,4 - 0,4 0,2
1 0,5 — 0,2 0,3
\Y] - 0,3 0,6 0,1
\Y - 0,4 0,4 0,2
\ - 0,5 0,2 0,3

3. Effect of the engine working parameters on the NOx mole framns

The carried out test allows to obtain:
— values of the NOx content in the working engine exhaust gasesimreeatrectly by
means of the combustion gas analyzer,
— engine working parameters enabling to calculate the NOx contehe itested en-
gine exhaust gases by means of the developed computationahatgori
In the mentioned approaches, the NOx content in molar concentvedi®rex-
pressed irparticle per million (ppm) units. It was also recognized as a sum of molar
concentrations of NO, Nand NO for the crank shaft angle equals 274° from bottom
dead center. According to timing of exhaust valve, this angfnes to the point of
opening of a combustion chamber. Concentration of others NOx compdithd®t
exceed more than 1% of all NOx concentration and theréfesewere neglected.
Findings concerning the NOx content in the exhaust gases, whictbeameob-
tained from both the direct measurements by means of the coombgat analyzer and
the computational algorithm have been collected and presentedfarrthef collective
diagrams.

3.1. Effect of the engine loads on the NOx mole fractions

The figure 2 and 3 shows effect of the engine loads on therhtidx fractions for
the substitute molar compositions of fuels and the constant engfiaiggonal speed
equalsn= 200 rpm and 360 rpm accordingly.

Results obtained from the carried out research agreed in pendighl the findings pre-
sented in the subject literature [7], but NOx fractions veenaller than it was expected.
The reason of this is the high air concentration after scavelgirifuel equivalence
ratio equals 4,7). According to the obtained results, the substitablar composition of
the tested fuel is very important for values of the Niite fractions received by means
of the computational algorithm. The comparison between resultsedttor all substi-
tute molar compositions of the tested fuel shows that the mossesiing composition



have the substitute fuels Il and V. The analysis of theselts obtained only for these
two fuels shows that errors did not exceed 1,8% for engine rotaspeaddsh = 200
rpm and 3,5% fon = 360 rpm, in relation to the measured values of the MObe frac-

tions.
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Fig. 3. Effect of the engine loads on the Ni@ale fractions for substitute molar compositiongusfls
and engine rotational speed 360 rpm,

The maximum values of errors were received for the substitaté/I, but only for
25% Mn the engine load for the tested engine work with rotational speed B86€hep
error exceed above 10% and equals 11,3%. It means that thet cetesmtion of the
substitute molar composition of fuel to actually burnt fuel can beafmedtal for the
correct estimation of the NOx emission level during the ggesation of the engine.
Moreover, we noticed also the tendency of increasing the NOXx framiion together
with decreasing the CH ions mole fractions in the substitutd,flleand Il regardless
of the engine load and rotational speed changes. Howeverserof replacement of CH
ions by GH ones (substitute fuel IV, V and VI), we observed opposite ¢nidency.

Taking into account regulations Annex VI to MARPOL convention [3], Wiailtlow
for 10% error, we can state in general that results obtainedmremsurements and cal-
culations are consistent from this point of view.

3.2. Effect of values of the air/fuel equivalence ratio on®ix mole fractions

Results of the NOxmole fractions for the substitute molar compositions of fuels
(Fig. 2 and 3) were calculated for a constant value of airéfgeivalence ratio. Bearing
in mind the influence of this parameter on the NOx emissioncal@ilated values of
the NOx mole fraction in exhaust gas for a changeable vélie air/fuel equivalence
ratio.
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Fig. 4. Effect of values of the air/fuel equivalerratio olNOx mole fractions for substitute molar com-
positions of fuels and engine rotational speedsrpi®and 360 rpm

Figure 4 shows results obtained from both the direct measurearahithe computa-
tions of the NOx mole fractions for the changeable values oéitffeiel equivalence
ratio. As in the case of the tested engine work with charfgéesloads, the most repre-
senting composition have the substitute fuels Il and V. The sinaly these results ob-
tained only for these two fuels shows that errors did not ex¢g&etb 6,3% values of
medium measurements for all observatioagied out for a rotational speed equals 360
romand 6,2 to 8,5% rotational speed equé®0 rpm in relation to the measured val-
ues of the NOxnole fractions.

The maximum values of errors were received for fuel VI el viiccording to re-
sults obtained from both the direct measurements and the computagior)ative in-
crease of air amount delivered to a cylinder expressed in soméywvgye air/fuel
equivalence ratio, causes to decreasing the NOx moleoinadth exhaust gases for the
engine work its relatively low rotational speed and to inengathese fractions in the
case of its high rotational speed.

4. Conclusions

Results of the NOx concentration in exhaust gas of the testeddng engine obtained
by both the direct measurements by using of a gas analyzer araldhkation by using
the developed computational algorithm allow to draw the folgvgionclusions:

— The results obtained from the direct measurement shows, ¢hisitdk concentration
in the exhaust gases of the engine changes together with thgecbfithe engine
load. Moreover, the character of these changes depends on tlmmabtspeed of the
engine. In these reasons the estimation of the NOx emissiehhas to be carried
out for the various conditions of the engine load.

- the change of load, the rotational speed of the engine arairthesl equivalence
ratio causes the change of the NOx concentration in exhaustrgaasared during
tests and calculated also. The character of these changjasl#s for the results of
calculations and measurements. The results of calculations depdredlarge stage
on the substitute molar composition of fuel.

- the developed computational algorithm correctly responds on chandesdofand
rotational speed of the engine and changes of air/fuel equieatatio. It means that



5.
[1]
[2]
[3]
[4]
[5]
[6]

[7]

the algorithm correctly responds on changing the temperatureugess the time
of combustion and changing the composition of burned fuel (at corsicenge)
because both temperature and pressure of combustion are detésynihecengine
load. Changes of the engine load causes to changes of taimpevatl pressure of
combustion whereas time of combustion process is determined by tihe spged.
Composition of mixture is changed by changing the air/fuel equivaleatio with
the same combusted fuel. In our opinion, the proposed algorithm isiesuiffio as-
sess the NOx concentration emitted from the two-stroke sigime during its opera-
tional use according to requirements of Annex VI regulations. Howgwearshould
pay attention that the results of calculations strongly dependeosutbstitute molar
composition of fuel. For this reason, it requires more invatitigs to implement the
proposed methodology.
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