Article citation info:
KLYUS, O., KRAUSE, P., MARKQV, V. et al. Evaluatiorf the suitability of synthetic polymer fuels in Bajnition engines.
Combustion Engine2019,1783), 129-134. DOI: 10.19206/CE-2019-322

Oleh KLYUS

Pawe KRAUSE
Vladimir MARKOV
Anna SKARBEK-ABKIN
Bowen SA

CE-2019-322

Evaluation of the suitability of synthetic polymerfuels in self-ignition engines

The article presents a method for determining thality of spraying a mixture of oil and synthetieels obtained from the pro-
cessing of polymer materials. Laboratory tests lofgical parameters of such a mixture were carrietl ahich made it possible to
determine the limit values for the volume fractadrsynthetic fuels. The method of determining thiglsility of this type of fuel takes
into account the criterion numbers Re and Oh, wiiatude physical parameters such as viscosity, itherend surface tension. The
experimental part concerning the distribution obglets of injected fuel and determination of Satdean Diameter using laser diffrac-
tion confirmed the usefulness of the developed adefibr the assessment of the possibility of usimgidure of petroleum-based and

synthetic fuels in self-ignition engines.
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1. Introduction

During almost all Congresses and Scientific Confees in

The national environmental policy and internationaPoland and abroad (CIMAC, KONMOT, PTNSS, KONS-
commitments of Poland should ensure sustainable-deW’AL, KONES, OMiU, and others) there was presentedl a

lopment and usage of resources that would meehakds
of present and future generations. One of the gseahal-
lenges of our time is the progressive depletiorcaiven-
tional fuels (oil and gas). Another, but also vanportant,
topic is the growing amount of municipal waste diieh
the largest amount is waste of polymer materiale ma-
nagement of this type of waste is an increasingeisbreat-
ening the ecosystem. 75% of plastic waste is |dadfior
“ends” directly in the environment, including 8 high tons
a year in the seas and oceans. Even in the Eurdpean,
where the most rigorous regulations apply, lesa 8286 is
recycled while the remaining waste is incinerastdred or
exported. Cities and towns around the world needgsses
to stop the plastic waste stream from being dicetbegar-
bage dumps and incinerators. The combustion proises
very capital intensive and is one of the most espen
methods of producing energy and eliminating waStm-
pared to the recycling process, the incineratiomlabtics

generates almost three times more greenhouse gas em

sions and recovers only 20% of the energy contained
polymeric materials [28].

Considering the polymer materials’ types and methaid
their use, there is no single and simple solutioalltthe prob-
lems related to the waste management. Howevempas®ble
direction of the use is a chemical recycling whihssociated
with the production of liquid alternative fuels. should be
emphasized that, according to the Directive 201E/940f
22" October 2014 on the deployment of alternativesfirgta-
structure, “alternative fuels” means fuels or poweurces
which serve, at least partly, as a substitutedssif oil sources
in the energy supply to transport and which haeepthtential
to contribute to its decarbonization and enhaneeethviron-
mental performance of the transport sector. Theludie, inter
alia electricity, hydrogen, biofuels, synthetic apdraffinic
fuels, natural gas [6].

Up-to-day, scientific and research works on altévea
fuels has focused on the use of biofuels based| qtamts.

S

discussed the information on the use of rapeseesuior
flower oil methyl esters and other plant oils. Hoee there
has been no presentation or debate on the resezsults

referring to the usage of synthetic fuels generdteth

municipal waste or their mixture with petroleum-bads
fuels. No comprehensive assessment of their usselin

ignition engines has also been presented. And hehie
paper covers the topic mentioned above.

2. Conversion of plastic waste to liquid fuel
— technologies

The history of waste polymers processing into frexd-
tions in Poland dates back to the end of the 26titury.
Technologies originate from carbochemistry coveldnde-
tailed analysis of the chemical processing of foxsal by
gasification and liquefaction [24].

Coal liquefaction process was applied during theoBe
World War to produce synthetic gasoline [24]. le formal
ense, coal is a cross-linked polymer with a comgliicture
and poor quality. Transferring the processes fraal pro-
cessing to plastic waste treatment is relativetypte. Howe-
ver, technical problems may be encountered astresul
a highly diverse chemical structure of this groévaste. The
thermoplastic properties of same are responsiblpriblems
in technological processes at higher temperatGreis3].

The technologies are intended to recover energy fro
waste materials, including non-biodegradable, saaglvio-
mass, municipal solid waste, agricultural waste high-
energy-density materials (rubber and polymers)ymetic
materials are non-biodegradable polymers that @onta
carbon, hydrogen and other elements (chlorinepggtn,
etc.) [15, 17, 28].

The methodologies for polymer waste processing into
liquid fuels include:

- Pyrolysis — the main factor causing the polymeesiain-
position is the temperature which usual rangeoi 623 K to
773 K. The main assumption for the process is dke #ab-
sence of oxygen. If the oxygen is present, thetaets: oxida-
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tion would occur and it would become a semi-burmingurn-
ing process. What is also important in this paldicpart is that
the pyrolysis process does not involve reactiom wétalysts,
but often it is carried out in the presence of wdteorder to
ensure that the pyrolysis process is run correatlgw pres-
sure, not exceeding 0.2 MPa, is a prerequisite. ijdeocar-
bon pyrolysis process may be described by theviollp sim-
plified chemical equation [22]:

CH,0, + thermal energy + COr H,O = CO + CH + GHg
+CHO + ... + GH, + Cg4

Among the pyrolysis products, the liquid phasehis t
major one (its share equals ca. 60% regardledseqbyrol-
ysis temperature). As the temperature rises, theuatof
solid phase decreases in favour of the gas ph&$e [1
- Catalytic cracking — the factor leading to the delgr
tion of polymer macromolecules is a suitable catalyhe
course of the catalytic cracking process is simitarthe
pyrolysis one. As a result of pyrolysis, producfslawer
molecular weight are obtained (as in catalytic kirag).
However, they consist of a whole range of saturated

shows that the efficiency of using heat during castion
in a given engine is determined by its locatiotinme [23].
It would be the most optimal from this point of wigo
combust the entire amount of fuel at a constantimel of
the combustion chamber when the piston is at thed&ad
centre (TDC). However, then the rate of heat evmdut
would become excessively large causing the impzadd
on the crank mechanism and acoustic symptoms ifothe
of excessive loudness [25]. Therefore, the prooédseat
release is extended and it covers a specific ortahgle of
the crankshaft near TDC. The conditions of effitibrat
release and its application, obtaining reduced nyoa
loads of the crank mechanism along with the siteniing
at the possible lowest level are opposed and ashnieal
solution to this matter shall constitute a compsenill].
An additional factor hindering this compromise lig tcon-
tent of the exhaust gas, which shall meet certaquire-
ments. Experience shows that satisfactory results f
a given engine, both in terms of the crank meclmamhisads,
engine noise level, exhaust gas composition ant affis
ciency of its operation, are extremely difficultdbtain, and

unsaturated organic compounds, and the processregquthe optimal solution may be usually applied onlyewlthe

a higher temperature. Due to the catalyst, the éeatpre of
the cracking process may be lowered, as well asuehm
more favourable composition of products may beiobth

- Catalytic depolymerization — in the catalytic depoéri-
sation technology (KDV), the key parts are thetifiit tur-
bine and the catalyst composition. The hydrocarbmmbe-
cules of the input material are broken down bydhilyst in
the oil suspension cycle at a temperature of 553461The
generated diesel vapor is separated in the diitil@olumn.
The main advantages of the KDV process include poov
cess temperature (about 553 K), the high procesdfizien-
cy of 80%, high energy efficiency (only about 10%tlme
fuel produced in it is consumed for own use), lomoant of
waste and contamination emitted to the environment;

course of heat evolution is strictly-defined. Cansently,
the entire process shall not be spontaneous, udaiie.
Therefore, the most important matter related to sbH-
ignition engine operation is such combustion mansage
that the physical and chemical effects of this pesccorre-
sponded to the various requirements for engind2s&l].

The abovementioned physical and chemical processes
may be presented by the following stages — fuelging)
atomizing, fuel break down into droplets and tleiapora-
tion, combustible mixture formation, ignition deJagom-
bustion and heat release.

In the processes prior to the self-ignition, a aert
amount of the chemical compounds of fuel and oxygei
ecules was found to be torn apart [7]. While tH&igaition

- Thermolysis supported by hydrogenation and izoraerizProcess itself takes place in the gas phase. Tdrereh the

tion — plastic waste is provided to the reactor nehthe
cracking process takes place. Reactive distillatiozurs and
sufficiently long-chain hydrocarbons are obtain®pors
from the reactor are provided directly to the noaspurized
hydrogenation reactor, followed by isomerizationydkb-

genation and izomerization are the second stagfgecéntire
process, which distinguishes it from other suclhnetogies.
The process is carried out in a synthesis gas atmeos, i.e.
a mixture of carbon monoxide and hydrogen.

For the purpose of further studies, the authore lder
cided to apply a conversion technology such asataytic
depolymerization of synthetic fuel generated fromnini-
pal waste. The decision has been made based ofadhe
that the process is currently the most populariaed the
implementation cost is relatively low.

3. Analysis of processes in a combustion chamber
of self-ignition engines
A feasibility assessment regarding the use of stith
fuels or their mixture with petroleum-based fuatsself-
ignition engines requires a detailed analysis efflocess-
es occurring in the combustion chamber of thesenesg
The thermodynamic analysis of the engine's themyale

process of fuel self-ignition, it is essential thia¢l evapo-
rates and is mixed with air in the proper propodioThe
second condition is met automatically since in finel jet

area there is a variable concentration of fuel vegpofrom
a very poor mixture (on the stream periphery) i@gy rich

one (in the stream core). In order to evaporate fited

a certain amount of thermal energy is requitedthe self-
ignition process, it is significant to transfer thrergy from
the heated air to atomized fuel droplets. By acdgpthe
appropriate simplification, one may assume that phocess
takes place under fixed conditions. Therefore, iidep to
describe the process, the heat transfer equatignb@aap-
plied in the form of the Newton equation [4, 27]:

1)

where: Q — heat necessary to evaporate an amount of fuel
that is essential to generate a mixture with airidgmition
[J], tc — average air temperature in ignition delay period
[°C], t; — injected fuel temperature [°C, — heat transfer
coefficient [W/nfK], F — atomized fuel surface fint —
ignition delay period.

The Q value is subject to a fuel type. If the fuel congai
a large amount of paraffin fractions, the valueQgpfis low,
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while for fuel with a large number of aromatic hgdarbons,

where:m r, s — dynamic viscosity, density and surface

the value of Qis higher. The explanation may be that arotension of fuel, P — the pressure difference between the

matic hydrocarbon particles have greater duraldlitintera-

tomic connections [1]. When analyzingdnd t., one may
note that they are subject to the engine struchasmeters
(e.g. compression ratio), ambient parameters attddrcase,
the comparison of various fuel types may be omitids

also refers to the heat transfer coefficient. Have¥ shall
be analyzed in detail. This is due to the fact tha atom-
ized fuel stream consists of concentrated smallegis, and
their number and diameter directly affect the pat@mF,

which sequentially has an impact on the proceskesapo-

ration and mixing of fuel vapors with air.

As the main criterion for the liquid atomizationopess
quality, the droplet diameter in the atomized gegiven [5,
7]. As the defined dose of fuel is atomized, it6ate area
is enlarged and thus the amount of absorbed heatta
which fuel vaporizes, increases. Simultaneousky dioplet
diameter affects the jet macrostructure i.e. tlanatation
angle and the spray tip penetration as well apéinameters
impacting the accuracy of mixing with aioptionally for
gathering fuel droplets on the cylinder walls oe thiston
bottom. The conclusion is that the droplet diamdatethe
spray is a compromise between the largest possilge
surface (the shortest droplet diameter) and thaysmnge
in the combustion chamber. The differences between
quirements for individual engines may result, amotigers,

pressure of injected fuel and the medium pressuxehich
it is injected, k — includes structural parametsrthe atom-
izer. It should be highlighted that the majoritytbé above
parameters are physical fuel parameters that aliecaily
or directly included in the Reynolds number, Laplacm-
ber, Ohnesorge number [12, 19].

The literature analysis indicates that the streaealt
down mechanism may be presented in four stages-{14]
viscous flow, transient flow, turbulent flow, angesific
atomization. The mechanism has been illustratecthay
Ohnesorge diagram where the abovementioned stages a
presented. Summing up, the assessment of the ititytab
synthetic fuels for self-ignition engines, as ardiddnal
feature, may answer the question whether the phlypia-
rameters of the fuel or a mixture of this fuel widkesel
meet the conditions specified in the Ohnesorgerdiagas
the specific atomization.

4. Laboratory tests of physical parameters
and quality of fuel mixture atomization process
The first stage of tests was performed at the Eefiair
Fuel and Hydraulic Fluids Testing and Environmeifted-
tection of the Maritime University of Szczecin aatithe
engine laboratory of the Motor Transport InstitofeWar-
saw. During that stage, the physical and chemiagdupe-

from working process management (combustion chambé@s of the synthetic fuel were determined as \asllits

structure). Unlike chambers with direct injectiomdivided
or vortex combustion chambers, droplet diameterg b
larger and the length of spray may be shorter duthé
intense and dynamic mixing process with air.

The quality of fuel atomization process is evaldabe
the basis of its accuracy (droplet diameter) anchdgene-
ity (number of droplets of the same diameter), gidine
average droplet diameter. They have been establliabe
conventional values and they describe a set of lgeme-
ous droplets as a substitute of the actual setnfatdion
spectrum). Depending on the methodology and theutzal
tion method, the average droplets’ diameter magrdghe
such values as number, diameter, area, and volfici®p-
lets. The adoption of an average diameter is sulbjethe
field of application of the atomized liquid andtaltigh it
does not provide any information on the dropletitsetf, it
is considered as the most demonstrative quantityafs
sessing the quality.

Regardless of how the working process in the engine

organized and managed, the following processes ik
in the combustion chamber: droplets’ vaporizatitweat
transfer, and exchange, fuel combustion. Thereforethe
quality assessment purpose, the Sauter mean diafDegter
SMD) is implemented. It is also the relation of tieplet
volume to its surface in the actual and theoretipedy.

In the literature, regarding the subject of resedsc 13,
14, 26] there are formulas available that allowcakting

mixtures with diesel fuel.

The synthetic fuel equaled to 3, 5, 7, 20% (by wa)
to petroleum-based fuel and 100% of synthetic fliekas
noted that the value of 7% synthetic fuel additisethe
threshold for the minimum ignition temperature @rciing
to PN-EN590), lower values of the volume of synithéiel
additives meet the standard requirements (Figd&jvever,
other physical parameters for both 100% synthetédsfand
mixtures with petroleum diesel meet the requiresem-
posed by PN-EN590 (Table 1).

70
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Fig. 1. Relationship between content of synthetal in the fuel mixture
(u) and flash point [20]

The second stage included the laboratory testaithef
which was to determine the quality of the atomiZeels.
The volume of synthetic fuels in the mixture wasited to
7% due to the ignition temperature of the mixtée.a result

D3, They differ in the number of considered physicat p of the high accuracy of the outcomes and relatisaiyple

rameters, constant values, and exponents. In detlegae
relationships may be presented as follows:

)

operation of the device used for the research/aber dif-
fraction method has been selected [10, 12, 25k T#thod
is based on the measurement of the scatteringeofiéiNe
laser beam. The Spraytec device of Malvern has beed

COMBUSTION ENGINES, 2019, 178(3)

131



Evaluation of the suitability of synthetic polynfieels in self-ignition engines

for that task (Fig. 2a) with 30 receiver's detestofhey
detect scattered light on the stream particles ambert it
into an electrical signal. For the laboratory testspose,
D1LMK148/1 atomizer has been used. The selectiotnief
type of atomizer was driven by the fact that it thase atom-
ization holes. Due to that one of the stream masglaght-
forwardly directed into the laser area. Two remainjets
may be directed to properly set traps (Fig. 2b).

Table 1. Physical parameters of selected fuels

Acc. To PN-EN | Results
590+A1:2011 ON+7%PP
ON “standard”
Kinematic viscosity at Min. 2.00 2.6
40°C, mni's Max. 4.50
Density at 15°C, kg/m Min. 820.00 830
Max. 845.00
Cetane number Min. 51.0 57
Flash point °C Min. 55 55
Surface tension J/m 26,08 26,40
Remains after high tem- | Max 0.30 0.08
perature carbonization,
MCR at 10% residue, %
mass
Lubricity, wear scar diam-| Max 460 355
eter (wsd 1.4) at 60 °C, ym

7

Fig. 2. Laboratory stand for testing the qualityfisfl atomization (a) and
D1LMK148/1 atomizer (b)

In the case of an atomized fuel stream consistihg
a large number of drops of various diameters, tkasure-
ment of their size distribution is hampered by riplgt
scattering. Therefore, the Spraytec software ugesltiple
scattering algorithm which includes background dext
(electronic, optical) and light scattering compasef®].
Moreover, the Spraytec software computes the parsize
distribution in aerosols by comparing the measwseatter-
ing spectrum with an optical model. The main resfilthe
measurements is the calculation of the mean drojdete-
ter (Sauter mean diameter). Figure 3 presentsxampges
of droplet diameters for a mixture of petroleumdshsuel
with the addition of 7% synthetic fuel. Whereaggu¥e 4
demonstrates the results of laboratory tests shplie
relation between the Sauter mean diameter and uak
mixture.

The SMD values, calculated as per the above, hage b

compared with the values computed based on theulasm
presented in the scientific literature [2] incluglithe physi-
cal parameters of fuel mixtures (Table 1). The nsirsilar
nature of these relations was obtained when thelElk
equation had been applied (Fig. 4).

The difference between the results obtained exmarim
tally and the values calculated using Elkotb equmatnay
be corrected by the following polynomial relation:

] won

®)

100

Qumuative Vdure (%9

1.00 10.00

Particle Diameter (um)

100.00

Dv(10) = 12,26 1fm)
Dv(50) = 29,18 1fm)
Dv(90) = 83,39 (fm)

Span = 2,438
D[3][2] = 25,02 (m)
D[4][3] = 49,17 (m)

Fig. 3. Atomization spectrum and total distributimfrdiesel droplets with
the addition of 7% synthetic fuel

Elkabt —~SMD=3,Bu = op ¥ pe#eap 45
k?‘*

—
——
==

Fig. 4. SMD values calculated using Elkotb equatiompared to SMD
values obtained by Spraytec

In the above relations, the correlation coefficid®ft
equals to 0.9713 (x — determines the volume fractib
synthetic fuel in a mixture with petroleum diesé)stand-
ardized formula for SMD of the mixture may be presd
s follows:

S

L+
¢ &

#1 3% ¢ 4)

where: | — kinematic viscosity of fuel mixture fis], .

— density of fuel mixture [kg/ff, — surface tension of
fuel mixture [N/m], ¢ — density in the gas medium to
which fuel mixture is injected [kg/fh P_ — pressure dif-
ference between the fuel and the gas medium [Pa].

The significant matter in the relation above (4)hiat it
includes all physical parameters of the fuel: stefeension,
viscosity, density. It confirms the impact of thgsrame-
ters on the quality of the atomization process.

5. Method for determining the suitability

of synthetic fuels for self-ignition engines

by using criterion numbers

Based on the laboratory tests and the literatusdyais,
the authors wish to propose a methodology thatwallo
specifying additional features that prove the daility of
synthetic fuels for self-ignition engines.

As mentioned above, fuel atomization process is fun
damental for the engine working process managenient.
may be specified qualitatively by the Sauter meiamedter
of the atomized fuel droplets. This parameter, satjally,
is dependent on the fuel physical parameters beipart of
the criterion equations (4). For the purpose of théaper,
Ohnesorge and Reynolds numbers have been seléotef a

f
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with the Ohnesorge diagram in order to presentaligthe -
usefulness of synthetic fuel for self-ignition emeg.

At the first stage of the analysis, the methodolpgy-
vides that the following physical parameters of tasted
fuel are specified: fuel dynamic or kinematic vistp, ¢ als at the minimum level as well as by their reipeqrod-
or g accordingly, fuel densityr and surface tension ucts, provides for a minimization of the nhumberegources

The second stage is related to the determinatictheof used and the volume of waste. The variety of potymeateri-
structural parameters of the engine that are djr@etrt of  als, their properties and areas of application nitakecessary
the criterion equations: atomization holes’ diamekg fuel to analyze the methodologies and technologies aif {iro-
injection pressure g rotational speed n, engine compreseessing and the production of synthetic liquidsuel
sion ratio or pressure pat the end of the compression- The most standard and low-cost method for synthetic
stroke. If the parameters are not available in eéhgine polymer fuels is a technology where the catalytepat
technical documentation, they may be calculatecdbas |ymerization process is applied;
the literature sources [21]. - The initial stage of feeding the fuel to the conttmrs

The next stage is to calculate the criterion nuisiberchamber involving the atomization of fuel is they ke for
values (Oh and Re) as follows: further processes such as preparation of fuel @nchia-
ture, its ignition and combustion. At that stagee fuel
disintegrates into droplets, the size of which (#mel total
surface area resulting from it), with specific paegers of
fuel condition and geometrical parameters of themiger
nozzle, depend on the viscosity and surface tensiche
liquid. Atomization process may be presented caiihely
by applying the mean diameter (SMD) parameter ef th
droplet determined by equations containing primgatile

hysical parameters of the fuel, which are the comepts
of criterion equations,

The relation of the Oh and Re numbers in the Ohgeso
diagram specifies the jet break-up surface arearavbne
for self-ignition engines, refers to the atomization. The Oh and Re valuetgimdx

An example of how to apply the methodology for the'PoN having the actual physical parameters of te dp-

; : : - lied, are presented as a point on the Ohneso&ggaain.
petroleum-based fuel mixed with synthetic polymaslfis P . . , o
presented in Fig. 5. The location of the coordinates of this point ie trea of

The intersection point of Oh and Re numbers on th%tomlzatlon indicates the suitability of the fuel.

Ohnesorge diagram for a mixture of diesel oil af@addi- ~ The laboratory tests havg shown that a"“.”OSt evieygip
tives of synthetic polymer fuel is located in theea of cal parameter_of both the mixture O‘.c synthetic @il petro-
atomization. This entitles to determine the suiiigbof the leum-based oils _anq_lOO% §ynthet|c fuel meet tbmqs
tested fuel for self-ignition engines. f_or fuels for self-lgnmon_ engines. The excep_tlsrthe igni-
tion temperature of a mixture of petroleum oils agdthetic
fuels, which exceeds the ignition temperature adidly PN.
However, it applies to a mixture with more than 3gathetic
fuel content. The obtained results for ignition pamature
corresponding to the 7% synthetic fuel is in linghwthe
permissible content of additives for petroleum-bagrels as
1 per PN-EN590.
- The obtained results of SMD measurement on a l&dpora
L ry bench using the laser diffraction method havenbeom-
pared with SMD values calculated according to trenfilas

Plastic waste is a serious problem as it has aerselv
impact on the environment and ecosystem. Howelvergan-
cept of a circular economy, where the environmeaffected
by the products produced through the selectiomwfmateri-

<3:< >

23 - —% 7853

9 — B (12)

01 —_,
45367g 23

where: ¢ — fuel dynamic viscosity , A &Bg[Pal, F —
fuel kinematic viscosity,  — fuel density [kg/if, — sur-
face tension [N/m], g— atomization hole diameter [m]; p
fuel pressure [Pa],p- air pressure [Pa].

The calculation results shall be plotted on th
Ohnesorge diagram. If the values are within thegrdian
field that corresponds to the specific atomizatibwe, tested
fuel upon its injection to the combustion chambdt wn-
dergo a specific atomization process. It provestttability

A
01 e %, N\

Ohnesorge number, (

001 — . known from the literature of the research subjébe result
sl NG closest to the outcome of the measurement resirtede
N \ analytical determination of SMD by the applicatiohthe

0.001 AN

10 100 1000 10000 100000
Reynolds number, Re

Elkobt equation, which may be modified by the ude o
a polynomial equation.

- A methodology to determine the suitability of teste
fuel in self-ignition engines has been developdtk meth-
odology includes the determination of physical fya-
rameters, engine structural parameters, calculadfo®h
®8nd Re criterion values based on the data obtadhete
first and second stage of the methodology and diniztion
of the coordinates of the criterion numbers on @tee-
sorge diagram. The coordinates in the Ohnesorggratia

Fig. 5. Graphical presentation of the suitabilityie tested fuel in the
Ohnesorge diagram

Conclusions

The conducted analysis of knowledge base, analyti
studies and laboratory tests entitle to form ares@nt the
following conclusions:
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illustrate the point where the presence in the afeatomi-
zation proves the suitability of the tested fuet &elf-
ignition engines. The used mixture of petroleumanit! the
7% addition of synthetic fuel meets this condition.
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