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The thermophysical properties of biodiesel fuel in the high-temperature gas phase are
studied for thermodynamic calculations of the working processes of piston engines. In the
article the method for obtaining approximate analytical expressions of thermodynamic
functions has been offered. The review of published experimental and design data enabled
forming a set of thermodynamic and thermochemical properties of twenty-two complex
methyl and ethyl chemically bonded esters of eleven higher fatty acids in biodiesel fuels.
Next, the problem of polynomial approximation of thermodynamic functions has been
solved. The coefficients of the approximating polynomials of the thermodynamic properties
of esters in the gas phase have been tabulated.
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modeling.

WccnemoBannl TemiaodusuyuecKue CBONCTBA GMOAMSENbHBIX TOILIMB B BBICOKOTEMIIEPATYD-
HOI raszoBoil (hase, MCIIOJb3yeMble MIJI TEPMOIUHAMHUYECKUX pPacuyeTOB padouuxX MIPOIECCOB
HOPIIIHEBbIX Aurareieii. IIpennoxen crocob moayveHUs NPUOIMIKEHHBIX AHAJIUTAYECKUX
BBIPAMKEHUN TepMoOAMHAMUUYECKUX (PYHKIUii. B pesyabraTe ananmsa ony0JIMKOBAHHBIX dKCIIE-
PUMEHTAJNbHBIX U PACYETHBIX MaHHBIX ¢cHOPMUPOBAH HAGOD TEPMOLUHAMUUECKUX U TEPMOXU-
MUYECKUX CBOMCTB 22 CJIOMHBIX METHJOBBIX M STHUJIOBBIX 9GUPOB 11 BBICIINX HKUPHBIX
KHCJOT, XUMAYECKN CBASAHHBIX B OMOAM3€JbHBIX TOILIMBAaX. PellleHa 3ajada allpOKCHMA-
oA TEPMOAMHAMUYECKUX (MYHKRIUU moamHOMaMu. KoahpuIlmeHTs anIpOKCHMUPYOMIAX
IIOJINHOMOB TE€PMOLMHAMUYECKHUX CBOMCTB CJIOMKHBIX 5()UPOB B rasoBoil (dase CBeJeHBHI B
Tabauiry.

Tepmoagunamiuni BiaacTUBOCTI cKIAagHMX edipiB KUPHHX KUCIOT HU3KH 0i0gU3€IbHMX
namus. A.M.JTeemepos, O.AJleemepos.

Hocaimxeno remnodismuni BiracTupocti (6iogmsesbHOr0 IajJuBa y BUCOKOTEMIIEPATYyPHiN
ragzosiii ¢asi, AKi BUKOPHCTOBAHO IJs TEPMOAMHAMIUHMX PO3pPaxyHKiB poboumx Imporecie
HOPIIIHEBUX [IBUTYHIB. 3alIPOIIOHOBAHO CIOCI0 oTpuMaHHA HAOGIAMIKEHHX AHAJITUYHUX BU-
pasiB repmogmHamiunmx GyHKIiA. 3a migcyMKaMu aHAJis3y OIIyO/iKOBAHMX €KCIEPUMEH-
TAJIbHIX Ta PO3PAXYHKOBHUX AaHUX copmMoBaHO HaOip TepmoxamHamMiuHMX i TepMoximiunumx
BJACTUBOCTEN 22 CKJIAZHUX MeTHJOBUX i ermaoBux edipiB 11 BHIDUX MHUPHUX KHUCJIOT,
ximiuHo 3B’sA8aHux y GilogusenbHux naamsax. Ilicad mporo BupilleHo 3agady ampoxKcuMaiii
TepMoaHaMiuHX QYHKOIA momimomamu. KoedimienTu anpokcuMyoOumnx IIOJNiHOMIB TepMO-
IMHAMIUYHUX BJacTHBOCTell cKJamHuUxX edipie y rasosiii ¢asi momamo y Tabumiti.
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1. Introduction

In the general balance of motor fuels,
those obtained from biological materials (bio
ethanol and biodiesel fuel (biodiesel)) have
their own stable niche. The International
Energy Agency (IEA) is predicting their
production growth to 25-30 % in 2050 [1].
The running of a benzene-ethanol piston en-
gine poses no exceptional problems. An en-
tirely different matter though is biodiesel
fuel, a compound organic substance in the
form of various combinations of chemically
bonded esters of higher fatty acids.

The laboratory of IPMash NAS of
Ukraine conducted a series of motor rig
tests of biodiesel fuel obtained from various
vegetable oils. The results of research are
presented in R&D reports and publications.
However, in developing the basic mathe-
matical model [2, 3], numerical prognosis of
the process burn indicators in diesels run-
ning on biofuels or their mixtures with pe-
troleum ones proved to be impossible. For
approximate computation of thermodynamic
functions (TF), the handbook for model
thermophysical properties of individual sub-
stances there are no data on biodiesel fuel
in the high-temperature gas phase. There
are no publically available data either. Pub-
lications [4—T7] provide extensive data on the
thermodynamic properties of different,
mainly, inorganic substances.

Publications on mathematical modeling
of burn processes in biofuel diesels in most
cases are restricted to reports on the results
of computation with licensed software pack-
ages or to direct thermal analysis. Thus, in
[8], analysis yields the composition of mar-
ginal combustion products based on the air-
fuel ratio and empirical formulas of the con-
ventional molecular composition of diesel
(C1505H27.94) and biodiesel (Cqg03H351702
methyl ester of rapeseed oil) fuels. Here,
emissions of soot, nitrogen monoxides and
solid particles are not taken into account.
Investigating the kineties of combustion of
biodiesel fuel has been restricted to consid-
ering esters of fatty acids with a short

chain, e.g., methyl butanoate CgH; (O, with
a known kinetic mechanism of oxidation [9].

Hence, having analyzed the publications,
it has been required to form first a set of
thermodynamic and thermochemical proper-
ties of the ester higher fatty acids in the
high-temperature gas phase, and then ob-
tain approximate expressions for TF.

2. Database generation.
Approximate TF

With thermodynamic analysis of burn
processes in a piston engine, the basic TFs
are total internal energy, total enthalpy,
the entropy temperature component, the
isochoric and isobaric heat capacities, the
adiabatic index, and others.

An approximate analytical presentation
of TF requires forming arrays of standard
formation enthalpies (AH%7), standard tem-

perature entropy (S;;), and values of en-
tropy (S(T)) or enthalpy (H(T)) or isobaric
heat capacity (Cp(T)) within the tempera-
tures 300-3.000 K. Knowing the approxi-
mating expression for one of the TFs en-
ables obtaining others by using simple ther-
modynamic relations.

The properties of esters are defined by
the respective fatty acid [10-12]. Table 1
gives the average composition of fatty acids
in some vegetable oils. In the designation of
fatty acids (CX:Y) (Table 1), the first two
indices show the number of carbon atoms in
the fatty acid chain, and the third one, the
number of olefinic links.

The information processed [13-19]
helped obtain all the requisite data on the
thermodynamic properties of methyl and
ethyl esters of eleven higher fatty acids
(AH? » Sers Cp(T), S(T), H(T)): dodecanoic,
tetradecanoic, palmitic, palmitoleic, mar-
garic, margaroleic, stearic, oleic, linoleic,
linolenic, and arachidic acids. The data pre-
sented in [13-19] have been obtained ex-
perimentally or with special analytical
methods in thermal chemistry.

For the polynomial presentation of the
basic esters properties, a sample of discrete
values of both the specific isobaric heat ca-

Table 1. Average composition of fatty acids in some vegetable oils

Chain length, kind of olefinic link and mass fraction of a fatty acid, %

Kind of 0il | C8 |C10|C12 | C14 | C16 |C16:1

C18

C18:1|C18:2|C18:3|C20:0[C20:1/C22:0|C22:1|C24:0

0.02 0.08 | 0.61
40.6

4.2

Soya bean oil

Palm oil

Rapeseed oil

4.27
5.1
1.2

24.2
42.8
56.8

51.36
11.0
21.7

7.48
0.5
15.7

0.360.28 | 0.4 | 0.07|0.14
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pacity C (T) and entropy S(T) can be used
as a basic thermodynamic property [18].

Let biodiesel fuel has been presented as a
set of n chemically bonded esters of various
fatty acids with a mass fraction g; each. The
principle of additivity of extensive thermo-
dynamic parameters has been used. Then, at
given temperature T, for a thermodynamic
value relating to biodiesel fuel as a whole,
the following expression holds

S erT), 1)

i=1

R(T) =

where R(T) is the sought for thermodynamic
value; ri(T) is the thermodynamic value for
the i-th fatty acid ester.

The error and the form of the polynomial
that approximately describes TFs depend on
the methods of fitting polynomials to tabu-
lar data. In some cases, terms have been
introduced into the polynomial, which con-
tain negative temperature exponents [5] to
reduce the polynomial order whilst retain-
ing its accuracy. The choice of the polyno-
mial form in this paper has been defined by
the basic mathematical model [2, 3], its
software, and the minimization therein of
potential changes, which could result from
introducing new data.

In the burn process model used, TF was
found by using 7th-order polynomials of the
form f(T) = ZAiTi with an initial polyno-

14
mial for enthalpy [4]. The computation of
TF for each ester has been based on the
initial polynomial of the same form for spe-
cific isobaric heat capacity

7
CUT) =T(x) = 3, 4 - b, @

where scale factor x = T-1073; A, are ap-
proximating coefficients of the approximate
TF. Other required TFs are obtained by sim-
ple integration

T T
Sp =5y + [ 1Dar; Hy=Hy + [ 7)ar. @)

Ty

0

If the initial polynomial will be the one
for entropy S; = F(T), then enthalpy and
the specific heat capacity have been com-
puted as

310

(4)
dF(T) S
Hp=Hp + |T—79dT;, C, =T —=|.
T~ T _[ 44 T(aT
T, 14
The integration constants were taken to
be the standard substance formation en-

thalpy (Hpg = AH r) and the standard tem-

perature entropy (STO S¢r). The values of

these quantities append the table of ap-
proximating coefficients with symbols Ap
and As.

The real function containing the discrete
(n = 10) values of C (T) at the temperatures
300; 400; 500; 600; 800; 1,000; 1,500;
2,000; 2,500; 3,000 K is designated as f(x;)
= f;. The number of approximating coeffi-
cients was accepted m = 7. Minimization of
expression

n n m 2 (5)
Z = Z(fl - 7(9%))2 = 2 fi - ZAk : 7k(xi)
i=1 i=1 k=0

with the least-squares method yields the co-
efficients of approximating polynomials A,
Ay, Ay, ..., A, which make the approximate
function f(x) more specific. The approxima-
tion quality is within (0.18-0.28) and is
evaluated by the mean root square deviation
according to formula

1 n 1/2 (6)
- {; Ny - fﬂ

i=1

The algorithm of obtaining the approxi-
mate function is in the form of a program
module for changing both the form of the
basic function and the system dimensional-
ity, and obtaining the approximating func-
tion in graphic form.

The coefficients of the approximating
polynomials A, of the thermodynamic prop-
erties of twenty-two esters of eleven higher
fatty acids are shown in Table 2.

As an example, given here is the graph
of the approximate dependence of iscbaric
heat capacity of a methyl ester of dode-
canoic acid on temperature (Fig.).

The number and characteristics of oils,
which can be used as raw material for biodi-
esel fuel, are given best in [20].

3. Conclusions

Solving engineering thermodynamics
problems is bound to availability of infor-
mation about the properties of energy carri-
ers. In article the method for obtaining data
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Fig.. Approximate dependence of isobaric
heat capacity of a methyl ester of dodecanoic
acid on temperature 21.

on the thermophysical properties of biodie-
sel fuels in the high-temperature gas phase
has been offered. By reviewing open-access
publications, a set of data has been formed
about the thermochemical and thermody-
namic properties of twenty-two methyl and
ethyl esters of higher fatty acids, which are
chemically bonded in different combinations
in biodiesel fuels. The sample obtained
served for solving the problem of approxi-
mate analytical presentation of TF for
mathematical modeling of burn processes in
diesels running on both pure biodiesel fuel
and bio petroleum compositions. The coeffi-
cients of approximating polynomials of the
thermodynamic properties of esters of
higher fatty acids have been presented in
tabular form.
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