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ABTOMATHYHE PETYJIIOBAHHSI TEILIOBOI'O CTAHY KJIAITAHHOT'O BY3JIA
BUIKOXIJTHOT'O JA3EJS

O. B. Tpunsos, /. I. Cieux, €. B. Cunaecokuii, O. I0. Ilununenxo

Po3po0iieHa eeKTpOHHA CHCTEMa aBTOMATHYHOT'O PETyJIIOBAHHS TEIIOBOTO CTaHy KJIAllaHHOTO By31a (JOPCOBAHOrO MIBH-
KoxinHoro nusens. [IpoBeneHa mepeBipka aropuTMy poOOTH CHCTEMHU Ta HaZiHHOCTI poOOYHX €JIEMEHTIB B yMOBaxX 6e3MOTOp-
HOTO eKCIIepUMeHTY. [IJIsl 0XOJIO/DKEHHS KIJIAaHHOTO BY3Ja I MIDKKJIAIAHHOI MEPETHHKH BUKOPUCTOBYETHCSI CTHCHEHE MOBITPSL.
IlepenbauaeTscst BpoBaKEHHS CUCTEMH PETYIIIOBaHHS HA (OPCOBAHMUX TU3EINIX BAHTAKHUX aBTOMOOLIIIB.

AUTOMATIC CONTROL OF THE THERMAL STATE OF THE VALVE UNIT IN
HIGH-SPEED DIESEL ENGINE

A.V. Trinjov, D.G. Sivyh, E.V. Sinyavskii, O.Y. Pylypenko

Developed an electronic system of automatic control of the thermal state of the valve unit of the high-speed diesel engine.
The algorithm of the system and the reliability of the work items in a non-motorized experiment was audited. For cooling the
valve unit and the arch between the valves a compressed air was used. It is expected to use such controll system at high-load

lorry diesels.

YK 621.43.052

A.P. Marchenko, D.E. Samoilenko, Omar Adel Hamzah

THE PROBLEMS OF UTILIZATION OF FLARE GASES IN INTERNAL
COMBUSTION ENGINES

The problem of flare gases utilization in internal combustion engines is considered. Flaring associated gas from oil
drilling sites is the most promising fuel for such purpose. Also the problems of detonation arising during the opera-
tion of internal combustion engines on flare gases are also studied. It is shown that the only independent parameter
that affects the occurrence of detonation during operation of a gas engine is methane number which is a physical
characteristic of the gas. The new conception of the internal combustion engine with on-board steam reformer to

avoid the problem of detonation is offered in present study.

Introduction

Flare gases such as flaring associated gas from oil
drilling sites can be utilized in Internal Combustion
Engines. At present, such gas is just flaring in gas
combustion devices that is harmful for human health,
and is a contributor to the worldwide anthropogenic

emissions of carbon dioxide. For example, oil refinery
flare stacks may emit methane and other volatile or-
ganic compounds as well as sulfur dioxide and other
sulfur compounds, which are known to exacerbate
asthma and other respiratory problems. Other emis-
sions include, aromatic hydrocarbons (benzene, tolu-
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ene, xylenes) and benzapyrene, which are known to be
carcinogenic.

As of the end of 2011, 150 billion cubic meters
of associated gas are flared annually. That is equivalent
to about 25 per cent of the annual natural gas consump-
tion in the United States or about 30 per cent of the
annual gas consumption in the European Union [1].

The top ten leading contributors to world gas flar-
ing at the end of 2011, were (in declining order): Rus-
sia (27%), Nigeria (11%), Iran (8%), Iraq (7%), USA
(5%), Algeria (4%), Kazakhstan (3%), Angola (3),
Saudi Arabia (3%) and Venezuela(3%) [2].

That amount of flaring and burning of associated
gas from oil drilling sites is a significant source of car-
bon dioxide (CO2) emissions. Some 400 million tons
of carbon dioxide are emitted annually in this way and
it amounts to about 1.2 per cent of the worldwide emis-
sions of carbon dioxide. That may seem to be insignifi-
cant, but in perspective it is more than half of the Certi-
fied Emissions Reductions (a type of carbon credits)
that have been issued under the rules and mechanisms
of the Kyoto Protocol as of June 2011 [1, 3].

Satellite data on global gas flaring show that the

current efforts to reduce gas flaring are paying off.
From 2005 to 2010, the global estimate for gas flaring
decreased by about 20%. The most significant reduc-
tions in terms of volume were made in Russia and Ni-
geria [1,4].

From the other side flare gas can produce energy
by using it in internal combustion engines.

The problem of utilization flare gases is solved in
Ukraine at mine named after Zasjadko [5]. In 2004 at
mine named after Zasjadko started designing powerful
cogeneration plant using coal mine gas as a motorfuel.
The first phase of the station with electrical capacity of
36 MW and 35 MW was equipped with 12 pre-
chamber gas-powered GE Jenbacher engines. The
station was commissioned in 2006 on the eastern in-
dustrial area of the mine.

To study the possibility of using flare gases in In-
ternal Combustion Engines it is important to know the
properties and fuel characteristics of such gases. The
major flare gas fuel properties are: Specific Gravity &
Density, Moles and Molecular Weight, Heat Value.

The major physical properties of Gases are shown
in Table 1[6].

Table 1: Physical Properties of the main components of flare Gases (Metric Units)

Gas Density, 0°C, 101,31 kPa Heat Value: At 0°C
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The most important flare gas characteristics are
stoichiometric air/fuel ratio and methane number
(MN). All these properties and characteristics have a
core influence on detonation of the engine.

The purpose of this paper is to analyze the
problems of detonation arising during the operation of

internal combustion engines on flare gases, and finding
possible ways to overcome it.

Detonation and Pre-ignition

Detonation and pre-ignition are two forms of ab-
normal combustion that involve uncontrolled burning
of the fuel-air mixture in the cylinder. Pre-ignition is
the term used to describe premature ignition of the
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fuel-air mixture before the spark plug has fired. Deto-
nation describes the scenario where the fuel-air mixture
is ignited at the proper time by the spark plug and a
second ignition event takes place in the unburned fuel-
air mixture before the normal combustion sequence can
go to completion. Both events are potentially damaging
to the engine due to their potential to produce localized
high temperatures and sharp rises in pressure.

Pre-ignition is typically a result of a “hot spot” in
the combustion chamber. Such hot spots may occur at
sharp edges on the engine parts (such as valves or
spark plugs) if they get too hot, or from carbon depos-
its in the combustion chamber. If these hot spots can-
not cool between combustion cycles, they can get hot
enough to serve as an ignition source themselves and
will light the fuel-air charge before the spark plug gets
the chance. Detonation is the result of a more complex
set of circumstances, involving the combined influence
of fuel quality, engine design, engine set-up, site con-
struction, ambient conditions, and engine loading. If
enough of these inputs stray from their proper ranges
during engine operation, combustion that begins nor-
mally can suddenly see a portion of the unburned gas
self-ignite before it has been met by the primary flame
front. The flame fronts from these two combustion
sources will eventually collide, creating a sharp metal-
lic “ping” sound that is the audible evidence of detona-
tion.

Detonation is the event often called “knocking” in
car’s gasoline engine.

Normal combustion

Burning of the fuel-air mixture is started by the
spark plug. The flame front progresses uniformly
across the combustion chamber until the entire fuel-air
charge is burned. Heat released by combustion produc-
es a rise in pressure that pushes the piston down in the
cylinder, producing useful work at the crankshaft. Re-
fer to Fig. 1.
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Fig. 1. Normal combustion

Detonation

The advancing flame front compresses the un-
burned fuel-air mixture, pushing its temperature be-
yond the auto-ignition point. The unburned portion of
the mixture self ignites, creating a sharp rise in pres-
sure and localized high temperatures. Refer to  Fig. 2.

"
Fig. 2. Combustion with detonation

As described earlier, detonation results from one
of several factors being out of range either at the start
of, or during, the combustion sequence. The basic driv-
er for detonation is the temperature of the unburned
gas, or “end gas”, before it is ignited by the flame
front. Because of this, the list of direct causes for deto-
nation can be pretty well defined (although the root
causes for those conditions can sometimes be more
difficult to establish).

Direct causes of detonation include:

Fuel-air charge temperature too high: High start-
ing temperature of the fuel-air mixture results in tem-
perature rise in the end gas beyond the auto-ignition
threshold.

Low fuel MN: Fuel gas does not have sufficient
resistance to detonation. The fuel autoignition tempera-
ture is low compared to the standard fuel resulting in
auto-ignition under normal combustion pressure rise
conditions.

Focusing just on engine attributes that directly
play into detonation sensitivity, four design issues
come to the forefront:

e Compression Ratio

e Ignition Timing

o Aftercooler Temperature
e Power Rating

e Methane number.

In the next investigation will be studied how sev-
eral of the factors are directly related to one another.

Compression Ratio

The compression ratio of the engine and the fuel
MN go hand-in - hand when searching for the proper
engine for a given flare gas fuel. High compression
ratios tend to increase in-cylinder pressures, making
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factors sensitive to the pressure rise critical with regard
to detonation. Low MN fuels burn faster than higher
MN fuels, creating steeper pressure rise rates that are
not well matched to high compression ratios. In gen-
eral, low MN fuels require low compression ratio en-
gines.

Ignition Timing

Ignition timing is also directly tied to fuel MN
and pressure rise rate. Achieving peak combustion
pressure at the proper time in the piston’s movement in
the cylinder requires that the spark plug fire at a pre-
cise moment in advance of that point. The timing of
that “spark advance” depends heavily on the burning
rate of the fuel, which is closely related to the fuel’s
MN. Lower MN fuels require the use of less spark tim-
ing advance.

Aftercooler Temperature

The aftercooler serves as the final control over the
starting temperature of fuel-air charge. Because this
plays directly into the risk of detonation, any design or
installation issues that can compromise the aftercool-
er's ability to achieve the appropriate temperature in
the inlet charge are critical detonation risk factors. The
aftercooler can fail to provide adequate cooling of the
inlet air by not being large enough to handle the heat
removal demand placed on it or by being fed aftercool-
er water at too high a temperature. High aftercooler
water temperatures can stem from improper selection
of the aftercooler water thermostat set point, or an in-
adequately sized radiator, or by high ambient air tem-
peratures reducing the cooling capabilities of the radia-
tor.

Power Rating

Engine power output is the most challenging to
see how it contributes to detonation because it involves
the movement of the piston. Normal operation of the
engine uses the pressure rise in the cylinder to push the
piston and eventually drive the load attached to the
crankshaft. If the driven load on the crankshaft be-
comes too great it restricts the movement of the piston.
With the piston movement restricted, the pressure rise
in the cylinder gets steeper, eventually resulting in det-
onation.

All previously mentioned factors have unequal
impact on the detonation during operation of the par-
ticular design engine. Thus, compression ratio is a de-
sign parameter that determines the efficiency of burn-
ing in the cylinder, and therefore can not be changed or
optimized. Thus, the only independent parameter that
affects the occurrence of detonation during operation
of a gas engine is methane number which is a physical
characteristic of the gas.

Methane number

The key property of flare gas as was mentioned

before is the ability of the fuel gas to resist detonation.
For this reason, having a measure of this detonation
resistance property provides a valuable tool for as-
sessing the suitability of a gas to use as engine fuel.
Earliest attempt at a detonation resistance scale was
using the octane rating method, a tool long established
for use with gasoline engines. The octane rating meth-
od uses a special test engine with variable compression
ratio to establish the critical compression ratio for a
fuel, the compression ratio at which detonation occurs.
Unknown fuels are tested in this engine and their re-
sults are compared to a baseline set of results for
blends of iso-octane and nheptane. The octane rating
number represents the percent of iso-octane in the
baseline blend. The problem with using the octane rat-
ing is that octane is not an effective reference point for
flare gases and methane-based natural gas. Flare gas
typically contains a high percentage of methane, the
smallest, lightest paraffin fraction. Octane is a much
heavier paraffin series molecule with very different
combustion properties, including the fact that it tends
to exist as a liquid under normal conditions -good for
gasoline engines, but not so good for natural gas en-
gines. To use the octane rating for gas engines, each
hydrocarbon fraction (methane, ethane, propane, and
so on) must be tested to establish its octane rating
number. These value are then used to compute a
weighted average octane rating for each gas mixture
being evaluated. This approach has two significant
drawbacks. First, it assumes a linear contribution by
each fraction to the overall average result. In fact, the
heavier fractions tend to have more impact than the
lighter ones on the behavior of the mixed gas. Second-
ly, the octane rating system provides no way to take
into account the beneficial effects of inert gases like
carbon dioxide or nitrogen. In certain blends, these
gases can help to cool combustion, allowing a small
improvement in resistance to detonation. The octane
rating method was acceptable when used with pro-
cessed “pipelinequality” natural gas, but it usefulness
was limited when applied to the broad range of gas
compositions found at the well. These applications
needed a more reliable rating method.

The methane number rating method was first de-
veloped in Austria in the mid-1960s by AVL company.
Instead of octane, it uses methane as the reference for
establishing resistance to detonation. The methane
number scale sets a value of 100 for pure methane and
uses hydrogen, with a value of 0, as the reference for a
very fast-burning gas prone to detonation. Caterpillar
adopted this method in the 1980s, continuing to refine
the system through extensive research and testing on a
wide range of fuels from field gas to landfill gas [6].
Calculating the methane number requires a set of com-
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plicated computations using computer program to per-
form these calculations and allow field determination
of the methane number. All these programs are com-
mercial ones.

Table 2. Methane numbers of some individual
component of flare gases

Component Methane
number
Methane (CH,) 100
Ethane (C,Hg) 46.6
Propane (C3Hg) 33
i- Butane (C4H10) 15
n-Butane (C4H1) 10

It can be seen from Table 2 that content of i-
butane and n-butane in flare gas will reduce methane
number and increase the risk of detonation in the en-
gine. So, these components should be removed or
cracked. In the word practice there are two ways of
solving mentioned problem. One is to remove butanes
with debutanizer and burn the rest of flare gas in Inter-
nal Combustion Engine. But this way is not good be-
cause of the low efficiency of utilization. Another way
is to reform heavier hydrocarbons to Methane and Hy-
drogen with no intermediate products. This process can
be implemented using steam reforming.

Steam Reforming

Steam reforming converts higher hydrocarbons to
Methane components with no intermediate products.
The typical operating temperature is from 400 to
550°C. The temperature is chosen to avoid hydrocar-
bon cracking which results in carbon precipitation.
Methane reforming is completed in a final stage at

higher temperatures and higher steam to carbon ratios
are used to suppress carbon precipitation. Below are
the reactions that occur.

CyHm + nH,0 — nCO + (n +1/2m)H, (-AH°298 = -
1108kJ/mol, n=7) 1)

CO + 3H, > CH, + H,0 (-AH®298 = 206,2 ki/mol) (2)
CO + H20 <> CO2 + H2 (-AH°298 = 41,2 kd/mol) (3)

A detailed review of the process is given in a [7].
Reaction (1) is irreversible whereas the other two reac-
tions establish equilibrium, which is temperature de-
pendent. Carbon dioxide and water will be present in
the product as well as carbon monoxide and hydrogen
since reactions (2) and (3) are equilibrium reactions.
The reaction mechanism for steam reforming involves
the adsorption of the hydrocarbons onto the catalyst
surface, leaving of all the carbon-carbon bonds, and
leaving only single carbon components (i.e. methane,
carbon monoxide).

Experiments have shown that the higher hydro-
carbons slowly decrease through the catalyst bed and
that no intermediates are created. Because the rates of
reactions (2) and (3) are relatively fast, the kinetics of
the steam reforming of the higher hydrocarbons is the
rate determining step.

Steam reforming unit can be installed as part of
the power unit with internal combustion engine. All the
fuel will be burnt in the engine and this fact makes
such method of flare gas utilization much better than
method debutanization. In present study the next
scheme (Fig. 3) of internal combustion engine with on-
board steam reformer is offered.

{ Condensate > ()
as ¥ I.C
Preteater Engine Power
< f————p x
— Out
4+—— Relormer
) rd v
l ‘ 11 o
I - d-—{ Sieam Ceneralof/Superhealer
Steam >ty
Qs Feed Water
v
Exhaust

Fig.3. Internal combustion engine with on-board steam reformer
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Figures 3 showing how a steam reformer system
could be incorporated into the fuel delivery system for
reciprocating engine systems. A more efficient method
would be to use low temperature steam for some of the
engine cooling duty and to use the heat recovered for
superheating. The schemes in Figures 3 could be im-
proved by closer integration with specific engine sys-
tems.

Conclusions

From the wild rage of flare gases, flaring associ-
ated gas from oil drilling sites is most beneficial for
utilization in internal combustion engines.

Ukraine already has experience in the implemen-
tation of projects with flare gases. At mine named after
Zasjadko the powerful cogeneration plant running on a
mine gas was build with electrical capacity of 36 MW
and 35 MW.

The main problem for ICE running on flare gases
is detonation or “knocking”. It is established that the
most significant non-structural factors affecting the
detonation is Methane Number of the fuel.

The new conception of Internal combustion en-
gine with on-board steam reformer is offered in present
study. Such concept solves the problem of detonation
by on-board reforming of heavier hydrocarbons (like
butane) and allows utilizing full energy of flare gases
and getting useful energy.
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MPOBJIEMBI YTUJIIN3ALUU ITOITYTHBIX 'A30B B ABUT'ATEJISIX BHYTPEHHEI'O CTOPAHUS
A1 Mapuenko, /I.€. Camoiinenko, Omap Aoenv Xamsa

Paccmotpena npo6nema yrunuzanuu nonyTHsIX ra3oB B JIBC. [lomyTHblii HeTsHOW ra3 sBIsSeTCsl OAHUM U3 Haubolee mpuBIie-
KaTeIbHBIX HCTOYHUKOB SHEPIHHU ISl TAKOTO poja yTHiaM3aluu. PaccMorpena mpo6iema aetonarmu B JIBC npu pabote Ha Ta-
kux rasax. IlokazaHo, 4TO €IUHCTBCHHBIM HE3aBHCHUMBIM IIapaMETPOM, BIMSAIOLIMM Ha BO3HUKHOBECHHUC JCTOHALUU B ra30BOM
JIBUTATEJIEe MIPU €T0 3KCIUTyaTallny sBIIeTcs MeTaHoBoe uncio. [IpemroskeHa HOBast cxeMa yTHIIM3alliH MOIMYTHBIX Ta30B Ha 0aze
JIBC ¢ MoyneM apoBoif KOHBEpCHH MOMYTHOTO Ta3a, KOTOPast IO3BOJIIET PEHMINTh POOIeMy JETOHAINH B IBUTATEIE.
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IPOBJIEMHY YTHJIIBAILI IIOITYTHUX I'A3IB B JIBUT'YHAX BHYTPIIIIHBOI'O 3T OPSIHHS
Al Mapuenxo, /I.E. Camoiinenko, Omap Aoenv Xamsa

PosrsiHyTO pobemy yrmmizanii momytaux rasis y JIB3. TlomyTHuit HadToBuit ra3 € oqHAM 3 HallOUIBII TPUBAOIMBHX KEpeT
eHeprii [urs Takoro poxy yrwiizanii. PosrsHyTo npobiemy neronarnii y JIBC npu poGoti Ha Takux rasax. IlokasaHo, mo e€qu-
HHUM He3aJI)KHUM I1apaMeTpoM, 1[0 BIUIMBAE HAa BUHUKHEHHS JETOHAII] B ra30BOMY JIBUTYHI IIPH HOTO eKCIUTyaralii € MeTaHoBe
4Hcino. 3apoIIOHOBAHO HOBY CXEMY YTHITI3allii MOImyTHUX Ta3iB Ha 6a3i JIB3 3 MogyneM mapoBoi KOHBEpCil MOIMYyTHOTO Tazy, sika

JIO3BOJISIE€ BUPIIIUTH NPOOIeMy JETOHALI] B IBUTYHi.

YIK 621.036.038

A.B. I'puurwk, A.H. Bpyoaeeckuii, A.A. Ouunnuxos

AITPOBALINSA HOBBIX BO%MO)KHOCTEFI TOILIMBHOM CUCTEMBI _
HEINIOCPEJACTBEHHOI'O AEUCTBUA TP POPMUPOBAHUU BHEIHITHEHN
CKOPOCTHOM XAPAKTEPUCTHUKHU ABTOMOBWIBHOI'O JIU3EJIS

Tpooonsicen yuxn uccnredosanuil, HANPAGIEHHLIX HA paA3PAbOMKY "MexaHuyeckol anbmepHamuesvl” aKKymyasmopHou
monaueHotl cucmeme Common Rail ¢ srexmponnviv ynpasnenuem 0151 COBPEMEHHO20 OMEUECMBEHHO2O AGIMOMO-
bunbroeo ouzensi 4/[THAI. Onucanvt 06vEmbl pabom no ompabomke SUOPONHEEMOMEXAHUYECKO20 PeyAmopad Ho-
601l cucmeMmbl Ha mpebyemble napamempsl A0ANMUBHO20 3A0AHUA MONIUBONOOAYU U OANbHeUMAs anpodayus HOBbIX
603MOdICHOCHEN 008€0EHHOU MONIUBHOU CUCIEMbl NPU POPMUPOSAHUU BHEUIHEl CKOPOCMHOU XAPaKMepucmuxu
(BCX) asmomobunvrozo ousens. I[Ilpedcmasnensvt odxcudaemvie npu paspabomre ouzens 4{THAI BCX u xapakmepu-
CMUKU USMeHeHUll dhPeKmusHoco Kpymaue2ocs MOMEeHMa u y0enbHo20 3@PeKmuerHo20 pacxooa moniuea npu pa-

bome no 23moul XapaxKmepucmuxe.

BBenenune
CrpeMuTenbHOE pAa3BUTHE TOIUIMBHBIX CHCTEM

ABTOMOOWIBHBIX JH3CICH C 3JCKTPOHHBIM YIPABICHH-
eM B mocineaHue roasl XX u B Hawame XXI| Beka
chopMHpOBAJIO YCTOHUNBOE MHEHHE 00 HX Oe3ambTep-
HaTHBHOCTH. HeOobImoe KOIMYECTBO M3BECTHBIX 3a-
pyoexusix ¢upm, a umenno "R. Bosch" (I'epmanus),
"Delphi" (CIIA), "Siemens" (T'epmanus), "Zexel"
(Anonus), "L'Orange" (I'epmaHus), mepBEIMH OCBOUB-
IIMX TPOM3BOJCTBO TOILUIMBOIMOMAIONICH armapaTypbl
(TITA) axKyMyJATOPHOTO THIA C 3JIEKTPOHHBIM
YOpaBJIEHUEM, CTAIM '"3aKOHOJATEISIMU MOABI" U MO-
HOIOJIUCTaMH B pa3pabOTKe KIIFOUEBOW CHCTEMBI aB-
TOMOOWJIBHOTO AM3EJIsI, B3SB IMOJ KOHTPOJb BCE IaiIb-
Hellee pa3BUTHE JAW3EIBHON WHAYCTPUH B MHUpE.
MOIIHOCTE JIBATATE A
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Ocobenno npeycneBaet ¢pupma "R. Bosch™.

IlepenaB Bce cBou mpousBoacTBa TIIA Hemo-
CPE/ICTBEHHOT'O JIEHCTBHS C MEXaHHYECKUM PEryIupo-
BaHMEM B asuarckue ¢unmana, ¢upma "R. Bosch”
(akTHYeCKH NpeKpaTHia MX pa3BUTHE W cieiaia (Io
KpaifHelf Mepe i cebs) BpeMEHHBIM CaMoO SIBJICHHE
COXpaHEeHHs1 Ha aBTOMOOMIISIX "MEXaHWYECKOH ajbTep-
HaTUBB" aKKyMYJSTOPHBIM cuctemaMm Thma Common
Rail (CR). HarisiaHBIM TIOXTBEPKICHHUEM 3TOMY SBJISI-
ercst HH(popMalLysl, NpeICTaBICHHAs HA OHOM U3 TO-
cieHnX TeXHWYeCKOM M JIMarHOCTHYecKoM (opyme
Bosch (Munck, 22.11.2012 1.). Taxk, mis mu3eneii BbI-
mycka mocie 2012 roga momHOCTRIO OT 37 1m0 129
kBT, ¢pupma Bosch He BUANMT anbTepHATHBHI CHCTEME
Common Rail (puc. 1).

1909 2000 2001 2002 |20C3 2004 2005|2008 ' 2007 2008|2000 2010 201t 2012 2013 2014 20152018 2017

suget  sugel | swed  suwpeis [JESEH

T -

SOUDGUCLTMRR  PACTPE IR TOTe T i

g

THBEQ THBA THBJ

b

Comsox
Rakl

Puc. 1. Ilpoenosuposanue ¢pupmoii Bosch nepcnexmusnocmu npumenenus monausHwix cucmem
0151 MPaHCcnopmuwix ouseneti MmowHocmoio 37 — 129 kBm
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