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Abstract

The paper presents a proposal of a model of dieagine (or gas turbine engine) starting processsami-
Markov process which is discreet in states andinaous during operation. States of the processtheefollowing:
cold engine state {5 warm engine state fsand hot engine statesjs Idea of using the model for determining a
quantity of harmful substances emitted in exhaaseg during starting of engine, has also been pedderein.
Moreover, the paper provides a possibility of cdesing in researches on the quantity of harmful stabces
contained in exhaust gases, a mass of harmful @anbss as a random variable. For the consideratibrigeas been
accepted that statistics of the random variable pasasymptotically normal distribution. The pretzhstochastic
model of self-ignition engines starting process@es deriving the limiting distribution of the press, being the
probabilities of occurring the mentioned stateg,($§3) and (g) one by one. The distribution is indispensable to
determine the expected value of the mass of harsofastances emitted in time of successive re-stdrengine
performed during long operation. The second apphotcestimation of the mentioned mass considerea random
variable enables estimating its expected valuénire tof long-term work of engines till the firstléae or in the period
between two successive preventive maintenancesndiisin of the expected value of the masses of fahrm
substances emitted during long operation of engtae, be made by applying point or interval estimatiThe paper
proposes the interval estimation because it makessiple to assess accuracy of the estimation. ik ¢hse the
mentioned value is determined in the form of irgkwith random edges (limits), which comprises wvmn value of
the mass of harmful substances emitted by enditiee gorobability called confidence level.
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1. Introduction

Considerations in the phases of combustion endidiesel engines or gas turbine engines)
designing and operating, include not only paransetbaracterizing the energy conversion, like [2,
14, 15, 17, 18]: general ability of engine, heaission rate, heat usage rate, heat evolution rate,
pressure escalation rate, etc. Emission (Fig. dnfent should also be submitted to analysis for
such toxic compounds as carbon monoxide (CO), ltbmns (GHy), nitric oxide (NQ),
particulate solid (PM- Particulate Matte) and sulEompounds (Sig SiO;, H,SO;, H.SOy),
aldehydes and others [1, 12]. From researches @rcumbustion processes results that physical
(not chemical) processes have great influence engtiantity of emission of particular toxic
compounds included in exhaust gases. The othez fssm the researches is that their emission is
closely connected with each other and possibilityeduction of one of them can cause increase of
emission of another one. Therefore, any actioneduce the content of toxic compounds in
exhaust gases must be followed by a compromiseriagsminimization of harmful impact of
toxic exhaust compounds on natural environment.
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Fig. 1. Toxic compounds as carbon monoxide (CQjrdoarbons (GH,,), nitric oxide (NQ), particulate solid (PM-
Particulate Matte) and sulfur compounds (§iSi0;): GMP — top dead centre, DMP — bottom dead cenre,
exhaust gas pressure, S — piston stroke, ¢ — psgtead, N — piston-side-thrust force, T — frictforee, P — piston
force, K — connecting-rod force, | — connecting-tedgth, r — crank radiusgy - crank angle - connecting-road
deflexionangle

Emission of the toxic compounds depends among ®tberengine thermal state, especially
while starting engine. Thus, this paper providgsaposal of an original method to determine the
mass of toxic compounds emitted by self-ignitionspark-ignition engine during starting. The
method considers the stochastic model of startmgines of this kind. It has been shown that the
model can be presented in the form of semi-Markoegss.

Professional literature proves that the most t@ampounds are formed in exhaust gases
during so called “cold engine starting”, so whee #ngine is started after not sufficient pre-
warming phase [1, 9, 11, 19]. From this reasonetli®a need to create a model of engine starting
process considering at least three states of engte, warm (up-warm) and hot.

2. Model of self-ignition engine starting process

Considering the process of starting a combustiginen(diesel engine or gas turbine engine),
at least three thermal states of it, which existatly before starting, can be distinguished,daid
state(s;), warm statg(s;), andhot state(ss). The states may be values of the procéf$){t I T}
being a real model of the engine starting procEss.model can be presented in the form of semi-
Markov process having the set of states [5]:

S={sn s, S3} (1)
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with the following interpretation of the states:

— s cold state which enables starting the engine ibiam conditions (conditions of ship
power plant) with typical low temperaturég got higher than 290 K;

- s, warm state which enables starting the engine nditions of pre-warming (T > 300 K)
performed on it in statg before starting;

- 53 hot state which enables starting the engine inoperating (working) conditions
following from the need of stopping the engine warkder even large load and then re-
starting.

Thus, the process is a three-state one with camisvealizations (time-continuous process). It
is a semi-Markov process [4, 5, 6, 7] and, as aghofdichanges of the states of combustion engine
starting, is the simplest model which can be otfcal significance.

In this relation the set of states of starting -ggtition enginesS = {s;, s, S} can be
considered as a set of values of the stochastiwepso{J(t): t J T} with constant intervals and
right-side continuous realizations.

Initial distribution of the processU(t): t O T} of any combustiorengine is defined by the
formula [5]:

1 dai=1
R=PU©=5}= - @)
0 dai=23

Functional matrix of the process is as follows:

QM) =1Qu() 0 Qult)

QSl(t) Q32 (t) O

3)

0 Q) le(t)}

Thus, for the presented proces$(): t I T} with functional matrix expressed by the formula
(3), the following limiting distribution can be agtmined:

L E(Ty) T,E(T,) T,E(T3)
P, = lHl’PZZ 2H2,p3:% (4)
at:
= P31t P12 P32 = P32 T P12Pas
2+ P12 P23Par + PraP2r P32 2+ P P23Par t PisP21Pa2
_ 1~ P12P2s
2+ P Po3Par + PrsPor P32
H =mE(T,) + m,E(T,) + ,E(T,),

where:

P1, P2, Ps — probability that combustion engine is started fit@ states accordingly, , S,, S,

77 — limiting probability of the embedded Markov chawf the process Y(t): t O T},
describing the possibility of occurring the stgig¢ =1, 2, 3,
p;; — probability of the procesd(t): t I T} transition from the stats to the state;
E(T;) — expected value of duration of the stgi€j = 1, 2, 3).
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The presented states of starting any combustiomeraye connected with particular thermal
states of the engine. They reflect states existingractice. Therefore, the proposed model can be
employed for determining the mass of toxic compaund

3. Determination of toxic compounds mass during the phse of engine starting.

Analysis of research results on the combustiongg®cun, shows that during combustion there
are different conditions for toxic compounds tonfiom emission. The most significant of them
are: carbon monoxide (CO), hydrocarbonsHg), nitric oxide (NQ), particulate solid and
substances in very little amounts (forming low camteations) like sulfur compounds (SICBIG;,
H,SO; and HSQ,), aldehydes and others [1, 12, 14, 18]. In practitere is a need to control
emission of the mentioned substances.

Emission of toxic substances can be determined thanfiollowing formula [1]:

q( = Vmixplf:KHCk 10—6 (5)

<

atk=1, 2, ...n - type (number) of the given toxic substance,
where:

e — mass of toxic substance [g/km],

Vmix — Volume of dilute emission in normal conditionsifftest],

o - density of toxic substance in normal condition'slfg],

Km — correction rate of humidity of nitric oxide mass,

Ck — concentration of the substance toxic for surrongslijppm],

s - road traveled by a transport mean (car, sea-ggii) during testing [km].

Emissione (k = 1, 2, ...,n) differs depending on whether the starting of eagiuns from the
cold state &), warm states) or hot statess). During test performance, on the roadt(aveled by
the given transport mean (car, sea-going ship)jnengan be started several times from its
different states mentioned abovée emission will be also different for the engdepending on
the technical state of its fuel system and the fuellity. Ambient conditions in which the engine
is started are important, as well. Therefore, tiression value of toxic substances, determined
from the formula (5) may be accepted as emissiatizagion considered as a random variable.
Hence, taking into account the dependence (4)mass of toxic substances can be expressed by
the following formula:

E(E,) = (Psy t+ p1|$/|p32)E(T1) e, + (Ps * p1'\j|p31E(T2) e, + @- plzli\:)/ln)E(Ts) e, (6)
at:
M =E(T)) + p,E(T,) + - p,Pp,s)E(T,),
where:

& — mass of the substance toxic for the natural enuent k=1, 2, ... n),
p; — probability of transition of the engine startingppess {J(t): t O T} from the states to
the states, i #j;1,] =1, 2, 3,
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E(T;) — expected value of stage(j = 1, 2, 3) duration.

The formula (6) follows from consideration of akmkendences provided in the formula (4)
which determines the probabiliti®s, P, i Ps.

The mentioned toxic substances contained in enmskke: carbon monoxide (CO), nitric
oxides (NQ), the most of all NO, hydrocarbons &), particulate solid (PM) and sulfur
compounds, as sulfur dioxide (9Qsulfur trioxide (S@), sulfurous acid (k50O;), sulfuric acid
(H2SOy), can be and should be considered as random iesialfhat is because these
characteristics are such variables which, in theulteof successive measures, take different
numerical values with determined probability. Sw tmas®x of the mentioned toxic substances in
emission, calculated from the formula (5), can bestdered as realization of random varidble
wherek = CO, NO, GHn, PM, SQ, SG;, H,SG;, HoSO,. That means that determined probability
is assigned to each possible value of any randambla Ey,. This fact can be described in the
following form [3, 13]:

P(Ex=6eq) =pa (=12, ..0n). (7)

The formula shows that probabilify is a function of the values which can be takenaby
random variablé&y. So, for any random variabl& the following description can be made:

Pwi = f(&xi). 8

The characteristic of the function is that the safrprobabilities determined by the dependence
(8) is equal to 1, what can be described as follows

z p(e,) = 1. )

Analyzing the toxic substances contained in thessimh as random variabl& and making
the successive measures of their mass valuesyénage mass value (arithmetic average) can be
determined from the formula [3, 8, 10, 16]:

Ye (10)

where:
& — value of the analyzed characteristic (random séejdey .

Average valueg , determined from the formula (10) is the observaldie of statisticsE, . The
statistics is a random variable [3]
_1Q
Ekn ZEZ Eki ) (11)

i=1

where Ey; — random variable with the same (arbitrary) disttidm of a common expected value
E(Ex) = My and variation B(E,) = o7 # 0.
Thus, random variabl&, is an arithmetic average withindependent random variablgg of

identical distribution. Expected value and variataf random variableE, are defined in the form
of dependences [3, 8]:
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E(Ekn) =E(E;) =my, Dz(Ekn) Z%Dz(Eki) :6_

k- (12)
n

From the Lindeberg-Levy theorem follows [3] thae trandom variabléE, (statistics) has got

g,
asymptotically normal distribution Ny, T‘;‘) regardless of the character of the random viriab

Ex. That means that the arithmetic average withdependent random variablds;, arbitrary but
identical distribution, common expected valueEEY = m, and variation D*(E,) = o, has got

. s g
asymptotically normal distribution Ny, T'r‘]).

Analysis of toxic substances contained in emissacnording to the presented proposal is
interesting in the aspect that convergence oftdiestics E, distribution to the normal distribution

0,
N(my, T'r‘]) is so quick that it can be used formatt 4, so almost always.

. L g P = . .
When the valueris known and the distribution Ny, T';]) of the statisticsE, is considered,

it is possible to determine a confidence intenaal dinknown expected valuemn, = E(E,) from
the formula [3, 8, 10]:

P{@—n%sﬂ&)s&m%}% (13)
where:

[ — confidence level,
Yo — Standardized variable of normal distribution, nregethe confidence levelf=1- a
(a - significance level).

In research practice the valueis, as a rule, unknown and for its evaluation fibleowing
formula [3, 16] is applied:

n

Sk :\/LZ(% ‘ék)2 . (14)

n-1i3

L= . . 0,
Because the statistids, has always got asymptotically normal distributf(my, TI;\)’ and
its convergence to normal distribution nN( 0) is very quick, so practically it can be acceptteat
the analyzed characteristifx of emission, being a content kftoxic substance, has a normal
distribution Nfmy, oy). Hereby, it has to be pointed out that acceptaridhe assumption that the
mentioned characteristi has a normal distribution Ny, ci) is not a limitation in the research

. —— . C g
practice because the statistiEshas always got asymptotically normal distributio(mhy, T';]).

Additionally, convergence of this distribution tormal distribution is very quick \[3]. Thus, the

random variabIeE"_—E(E")\/n -1 has distributiort-Student withk = n — 1 degrees of freedom.
Sk
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That means that confidence interval for unknowneexgd value Hfy) of the random variablgy
can be determined from the formula [3, 8]:

P{@ ~lyna X 1S E(E) <& o \/%} =pB. (15)

4. Final conclusions

Emission of toxic substances, occurring during apen of combustion engines, depends
among others on their thermal states. The higha&séon of toxic substances is recorded in time
of starting the engines. Starting an engine frosncibld state, so the state having an ambient
temperature, is particularly unfavourable. Engimes/arm state and especially hot state generate
smaller amount of toxic substances. Therefore, significant to know the probabilities of starting
engines from their particular states. For detemgrthe probabilities it has been proposed herein
the semi-Markov model of the engine starting trstte process with the following interpretation
of the states: cold state)), warm states), hot states). It has been shown usability of the model
to determine the mass of toxic substances emitiethé surroundings during starting engines.
There has also been presented another approaastiogt the content of toxic substances in
exhaust gases. It consists in considering the rahssy toxic substance as a characteristic of
emission, being a random variable. The paper rss dlown usability of the Lindeberg-Levy’'s
theorem from which follows that the statistics ated from test results on determined mass of
emitted toxic substance is a random variable asymptotically normal distribution regardless of
the character of the random variable which is #steid mass of the mentioned substance. This
enables applying the interval estimation for assgssinknown expected value of a random
variable which can be a mass of any toxic substaristing in the exhaust gases.
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