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The efficiency of combustion of liquid fuels in heat engines is determined by their
hydrocarbon composition. The rate of combustion and the completeness of combustion
depend on the hydrocarbon composition of the fuel. One of the ways to increase the
efficiency of combustion of fuel is to use fuel-hydrogen mixtures. The use of such
mixtures gives prerequisites for low-temperature self-ignition of fuel droplets (about 590
°C). Preheating of the fuel gives the possibility of "explosive” combustion with
increasing of the temperature up to 2500 K in 0.02 —. 0.04 ms. This leads to the
intensification of heavy fuel combustion. The use of fuel-hydrogen mixtures allows to
obtain a low level of harmful emissions with flue gases and to reduce emissions: CO and
CH - not less than 15%, CO- — not less than 20%. A promising direction for the creation
of such mixtures is the direct dissolution of hydrogen in liquid fuel. This simplifies the
flow of the fuel-hydrogen mixture into the combustion chamber of the heat engine or
into the cylinders of the internal combustion engines. Analysis of previous studies
showed the possibility of obtaining a single form of regression dependence for
calculations of the dissolution of hydrogen in liquid fuels. The processing of the
literature data and the results of our own research gave a set of regression equations for
calculating the solubility of hydrogen in liquid fuels: gas, diesel, fuel oil, LVGO,
HVGO, GDAR, ABVB. The obtained regression dependencies show that with
increasing average molecular weight the solubility of hydrogen in the fuel decreases.
These regression dependencies make it possible to obtain baseline data for the design of
fuel systems for supplying fuel and hydrogen mixtures to combustion chambers of heat
engines. Studies of hydrogen-diesel have shown a decrease in the flash fuel temperature
by 10 — 15 °C by comparison with pure fuel. For heavy fuels, this level of reduction of
the fuel round is not sufficient. Therefore, it is necessary to conduct further studies on
the intensification of the process of dissolution of hydrogen in heavy fuels. This will
significantly reduce energy costs for the organization of the combustion process.
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INTRODUCTION. The combustion effi- is determined primarily by the hydrocarbon
ciency of liquid fuels in thermal installations composition of the fuel. The combustion rate
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and completeness of combustion depend on
the hydrocarbon composition of the fuel.
Therefore, the intensification of fuel com-
bustion processes is an urgent task to im-
prove the efficiency of heat engines.

One way to solve this problem is to use
hydrogen-fuel mixtures [1]. The experi-
mental results show that at low concentra-
tions of hydrogen in fuel — air mixtures an
abnormal increase in the completeness of
fuel combustion is observed. The intensifica-
tion of the combustion processes of fuel - air
mixtures with hydrogen additives is con-
firmed by the data [2-4].

Research [1-4] was conducted on inter-
nal combustion engines, in which the fuel
supply system was modernized. Hydrogen
was supplied to the engine cylinders simul-
taneously with the supply of liquid fuel. This
required the provision of a hydrogen pres-
sure in the supply system exceeding the
pressure of compressed air in the cylinder.
This reduces the reliability of the internal
combustion engine.

The obtained data [1] on the intensifica-
tion of the process of burning liquid fuel
with small additions of hydrogen to the fuel
— air mixture allow us to make an assump-
tion about the possibility of using fuel-
hydrogen mixtures in heat engines. In this
case, We can consider the process of obtain-
ing fuel-hydrogen mixtures by pre-
dissolving hydrogen in fuel. This simplifies
the supply of fuel-hydrogen mixture to the
combustion chamber of a heat engine or to
the internal combustion engine cylinders.

Studies of the solubility of hydrogen in
liquid fuel [5-10] allow us to conclude that
the use of fuel-hydrogen mixtures in heat
engines is promising. Howewer, the process
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of dissolving hydrogen in liquid fuel is not
well understood. The possibility of using
hydrogen-fuel mixtures in heat engines re-
quires additional research.

The solubility of hydrogen in liquid fuel
substantially depends on the hydrocarbon
and fractional compositions of the fuel. The-
se parameters depend on the oil field and the
characteristics of the rectification process. In
addition, the constant hydrocarbon and frac-
tional composition of the fuel is extremely
difficult to ensure during operation of the
heat engine. Therefore, it is advisable to
have integral characteristics for estimating
the amount of hydrogen dissolved in liquid
fuel when it is saturated with hydrogen.

The aim of the work is to obtain regres-
sion dependences for calculating the satura-
tion of light fuels (diesel fuel and kerosene)
with hydrogen at atmospheric pressure and a
temperature of up to 60 °C.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Liquid fuel is a multicompo-
nent mixture of organic substances Henry's
law [11] for a multicomponent mixture, tak-
ing into account the Wohl’s expansion [12],
can be represented as:

In(HZM )= X In(H21)+ Xy In(H23)_a13’ XX 1)

where H,\, — Henry's constant for a gas 2;
X; and X, — share of solwvents 1 and 3 in the
mixture, respectively; H,; and H,; — Henry's
constants for individual solvents, respective-
ly ; a;3— the interaction parameter of the
solvents from Wohl’s expansion of the ex-
cess chemical potential of the ternary mix-
tures.

Improving the modeling of hydrogen
solubility in heavy oil cuts using an Aug-
mented Grayson-Streed (AGS) approach
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gives a significant deviation from experi-
mental data [7]. This is due to the difficulty
in determining the exact proportions of or-
ganic matter in the fuel.

Another important factor is the
achievement of an equilibrium state between
the gas and liquid phases. The intensity of
mass transfer between phases during the ab-
sorption of hydrogen by fuel is described by
Fick's law [13]:

3 =D-(995,): @)

where J is the diffusion flux; D is the diffu-
sion coefficient of hydrogen in fuel; c is the
concentration of hydrogen infuel; nis posi-
tion in the fuel layer.

The rapid achievement of equilibrium
between the phases can be achieved with D
— o0 or contact time t —oo . Parameters (D
and t) values cannot be reached equal to in-
finity in real experiments .Therefore, the ex-
periment time [10] was determined based on
the ratio of the dissolution time of a fixed
volume of hydrogen at the beginning 1, of
the experiment to the time of dissolution of
the same volume of hydrogen at the end of
the experiment 1, as 1, /1, = 15 — based on
the recommendations [14].

The value of the dosed hydrogen volume
was taken equal to 0.01 + 0.0002 L. The
time of complete dissolution of hydrogen
bubbles was recorded. During the experi-
ment, the data obtained were entered into a
program for calculating the dynamics of hy-
drogen dissolution. As a result of the calcu-
lation, a graph of hydrogen solubility and a
regression dependence of solubility were ob-
tained. An example of processing experi-
mental data is shown in fig. 1: the abscissa
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axis is the logarithm of the time of dissolu-
tion of hydrogen in the fuel (log(t10)); the
ordinate axis is the logarithm is the amount
of dissolved hydrogen in the fuel (log(ml));
the wertical line is the predicted maximum
amount of hydrogen in the fuel.
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Fig. 1. An example of processing experi-
mental data.

The graph (fig.1) showed the hydrogen
solubility curve and the predicted limit value
of the concentration of hydrogen in the fuel.
The experiment ended when the solubility of
hydrogen became equal to 0.97 from the
equilibrium.

Based on the foregoing, it becomes ap-
propriate to obtain regression equations for
calculating the solubility of hydrogen in
each fuel grade based on a regression analy-
sis of experimental data [6-8, 10] and own
experiments. Relevant physical properties
for these fuels are givenintable 1.

The data on hydrogen solubility in fuels
(table 1) are summarized in the temperature
range T = 293 — 653 K and pressures P = 0 -
10 MPa by the following regression depend-
ence :

R(P,T)=A-B
A(T)=a0+al-T+a2-T?
B(P) =b0+bl-P+b2-P?

3)
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Table 1
Characterization of fuels and experimental conditions
Name of fuel, source Digslltly, T, K P, MPa

Kerosene (K) [6] 0.840 298 - 573 4.7-30
Fuel oil (FO) [6] 0.930 473 -573 10.0-30
Light Virgin Gas Oil (LVGO) [7] 0.892 353 - 653 22-11
HeavyVirgin Gas Oil (HVGO) [7] 0.973 353 - 653 1.0-11
GuDao Atmospheric Residuum
(GDAR) [7] 0.922 353 - 653 09-11
Athabasca Bitumen Vacuum Bottoms
(ABVB) [7] 1.050 353 — 653 0.9 - 10
Diesel fuel (DF) [10] 0.847 295 - 333 Atmospheric
Fuel oil [10] 0.937 295 — 333 Atmospheric
Table?2
The coefficients in equation (3)

Fuel | a0 | al | | b0 | bl | b2
K [6] 1.69 -7.0+107° 1.19+10° 0.55 0.46 1.54.+10°
FOI[6],[10] 0.45 -2.75+10°° 5.9-10° 2.00 0.55 54107
LVGO [7] 3.4 -0,011 8.53+10° 0.40 1.49 0,013
HVGO [7] 3.77 -0.011 7.88+10° 0.40 0.77 0.042
GDAR [7] 2.6 -6.22+10°° 4.81+10° 0.083 0.954 -0.036
ABVB [7] 3.7 -0,012 7.9:10° 0.113  0.85 -0,026
DF [10] 3.3 -0.0105 8.2:10° 0.45 1.49 0,013
Table3

The solubility of hydrogen in various fuels at atmospheric pressure and T =298 K

Parameter | K | DF | FO | LVGO | HVGO | GDAR | ABVB
Solubility, /I 0.363 0.405 0.309 0359 0.198 0.097 0.099
Mean molar

mass, g/mol 162 144 310 250 350 1678 1700

The coefficients in equation (3) are shown
in table 2. The error in determining the
amount of hydrogen dissolved in the fuel ac-
cording to the given regression does not ex-
ceed + 8.3%. What is quite acceptable for
the predictive assessment and design of fuel
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systems for such mixtures [15].

A graphical interpretation of experi-
mental data processing in the form of paired
regression (the dependence of hydrogen sol-
ubility on temperature and pressure) for
LVGO [7] isshowninfig. 2.
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Fig.2. The dependence of hydrogen solubility on
temperature and pressure) for LVGO [7].

Table 3 presents data on the solubility of
hydrogen in various fuels at atmospheric
pressure and T = 298 K. The data in table 3
show that the solubility of hydrogen in the
liquid fuel depends on the average molecular
weight of the fuel. As the average molecular
weight of the fuel increases, the solubility of
hydrogen in it decreases. The amount of dis-
solved hydrogen in light grades of fuel is
quite sufficient to reduce the flash point by
10 - 15 K. Further increase of the concentra-
tion of hydrogen in light fuel is not appro-
priate based on the safety requirements of
the heat engine.

CONCLUSIONS. The obtained regression
equations allow us to predict the solubility of
hydrogen in liquid fuel. Light grades of fuel
do not require special preparation before the
process of dissolution of hydrogen at atmos-
pheric pressure.For heavy fuels it is neces-
sary to develop methods of intensification of
the process of dissolution of hydrogen in the
fuel.

PEI'PECHUBHI PIBHAHHA U1 PO3PA-
XYHKY PO3UNHHOCTI
BO/JIHIO B PIIKUX ITAJIMBAX

JI.I.JIeticoBuu™, 1O.B.€BcTuruees
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EdeKxTuBHICTH TOpIHHS PIIKUX MAIHB Y Te-
MJIOBUX YCTAHOBKAX BU3HAYAETHCS iX BYIJIEBO/I-
HEBHM CKJIaJOM. Binl ByIJI€BOJHEBOTO CKIAMY
MaJiBa 3QJIGKUTHh MBUIKICTH HOTO TOPIHHSA 1
nmoBHOTa 3ropanHs. OJHUM B NUISAXIB MiIBH-
IIEHHSI €(peKTUBHOCTI 3rOpaHHs MajuBa € BUKO-
pUCTaHHS MaJMBHO-BOAHEBUX CyMIlIeH, IO
CTBOPIOE TEPEIyMOBH JI0 BUHMKHEHHS HHU3BKO-
TEMIIEPaTypHOTO CaMO3aliMaHHs Kpareib Iaju-
Ba (0im3bk0 590 °C). Ilomepeaniit po3irpis 1ma-
JTUBa J]a€ MOKJIMBICTh BUHHKAHHIO <BHOYXO-
BOTO» TOPIHHS 3 T {ABUIICHHSM TEMIIEPATYPH 10
2500 K 3a 0,02 - 0,04 mc. Lle Beme 1m0
HTeHCH diKallii 3TopaHHs BaKKUX MaJuB. 3aCTo-
CYBaHHsI TAJIMBHO-BOJHEBUX CYMIIIEH J103BOJISIE
OTPUMAaTH HU3bKUI PIBEHb LIKIUIMBUX BUKUJIB
3 IMMOBUMHM Tazamu, 1 3HH3uTU Bukuau: CO i
CH wue menme 15, CO2 — e mente 20 %. Ilep-
CIIEKTHBHHUM HAlPSIMKOM CTBOPEHHS TaKHX CY-
Millel € MpsMe PO3YMHEHHS BOJHIO B PUIKOMY
nanuBi. Lle cporrye momauy maauBHO-BOJHEBOT
CyMillli B KaMepy 3TOpaHHs TEIUIOBOTO JBUTYHA
abo B HWIHAPU JABUTYHIB BHYTPIIIHBOTO 3rO-
paHHs. AHaJ3 TTOTIEpPEIH X TOCHTIPKeHb MTOKa3aB
MOKJIUBICTh OTpUMaHHS €AuHOI (opMu perpe-
CI{HOI 3aJIeXKHOCT1 U1 PO3pPaxyHKIB PO3YMHEH-
Hsl BOAHIO y pinkux naymBax. OO0poOka mirepa-
TYpPHUX JQHUX Ta Pe3yIbTaTiB BJIACHUX JOCTI-
JDKEHb JlaJla CYKYIHICTh PErpeciiHuX piBHSIHBb
JUTsI PO3PaxyHKY PO3YMHHOCTI BOJAHIO B PIIKH X
MajauBax: raci, AW3eNbHOMY TMaluBi, Ma3yrTi,
LVGO, HVGO, GDAR, ABVB, Orpumasi pe-
TpeciiiHi 3aJIeKHOCT1 MOKa3yI0Th, II0 3 POCTOM
CepeHBOT MOJIEKYIISIPHOT MacH TMajnBa PO3YHH-
HICTh BOAHIO B HBbOMY 3HMXKYyeThcs. L{i perpe-
CIiiH1 3aJIe’)KHOCT1 JIO3BOJISIFOTH OJICPYKATH BHUXI-
Hi JIaH1 JUId TPOEKTYBAHHS MaJIMBHUX CHCTEM
1mojiavi MajJuBO-BOJHEBUX CyMille y Kamepu
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3rOpaHHs TEIJIOBHX MalmMH. JlochikeHHs Ha-
CHYEHOTO BOJHEM JIM3EIbHOTO MajlMBa IOKa3a-
JM 3MEHIICHHS TEMITEPAaTypH MOYaTKy Clalaxy
Ha 10 — 15 °C mopiBHSAHO 3 YMCTUM IATHBOM.
JUis TSOKKAX MajduB TaKUi pIBEHb 3MEH LICHHS
TEMIIepaTypy TajuBa HemocTaTHii. Tomy He-
00X1AHO BECTH MOMANbII JOCIIIKEHHS 10 IHTE-
HcH(iKallii mpolecy po3unHEHHS BOJHIO B BaX-
KiX nanuBax. lle 3HauHO 3HU3UTH BUTPATH EHE-
priiHa opraH BaIllfo POIeCy TOpIHHS MaJuBa.

K1t goBicioB a BOJACHb, MAIUBO, PO3-
YUHHICTb, perpeciiiHa 3aJeXH ICTb.

PEI'PECCHUOHHBLIE YPABHEHMA
PACYETA PACTBOPUMOCTHU
BOJOPOJA B XKMAKNX TOIUIMBAX
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DPPeKTUBHOCTH TOPESHHUS KU IKK X TOTUTHB B
TENJIOBBIX YCTAHOBKAX OIPEACIACTCA IPEKIC
BCEr0 yINIEBOJOPOJHBIM COCTaBOM ToIuMBa. OT
YITIEBOJOPOJHOIO TOIJIMBA 3aBUCHUT CKOPOCTH
€ro ropeHus U noJiHota cropanus. [loatomy nH-
TEHCU(UKALKS TPOLIECCOB TOPEHMs TOIIMBA
SBIISICTCS AKTYaJbHON 3a7aueii MOBBIMICHUS (-
(e KTUBHOCTH TEIIOBBIX ABUTrareneil. OmHum u3
nyTed MOBBILEHUS S(PPEKTUBHOCTH CrOpaHus
TOIUIMBA SBJISETCS HCIIOJIb30BaHUE TOIUIMBHO-
BOJIOPOJHBIX cMecel. [lepcnekTnBHBIM Hanpas-
JICHUEM CO3JIaHHs TAKUX CMECEH SABJIAETCS Mps-
MO€ pacTBOPEHHUsI BOJOPO/IA B KHUAKOM TOIIJIUBE.
DTO ymnpou@aeTr nojadyy TONJIMBHO-BOAOPOIHOM
CMECH B KaMEpy CTOPaHUs TEMIOBOTO ABUTATEIS
nmu B nmumHAps! JIBC. AHanu3 nutepaTrypHbIX
JAHHBIX U PE3YIbTaTOB COOCTBEHHBIX MCCIEI0-
BaHMUH ITOKa3aJ BO3MOXHOCTb MOJIy4EHHUS COBO
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KYIHOCTH PErpEeCCHOHHBIX YpaBHEHHH JJIsl pac-
YeTa pacTBOPUMOCTH BOJOPOAA B JKUJIKUX TOTI-
TUBaX: KEPOCHUHE, AU3EITHLHOM TOTIIMBE, Ma3yTe,
LVGO, HVGO, GDAR, ABVB, ananu3 nomny-
YEHHBIX PErPECCUOHHON 3aBUCHMOCTH TOKa3al,
YTO C POCTOM CpEIHEH MOJEKYJISIPHOU MacChl
TOIUIMBA PAaCTBOPUMOCTH BOAOPOJa B HEM CHH-
xaetcs. [lonydeHHbIe perpecCMOHHbIE 3aBUCH-
MOCTH TIO3BOJISIIOT TIOJIyYUTh UCXOJHBIC JaHHBIC
IUI TIPOEKTUPOBAHUS TOILIUBHBIX CUCTEM T0J1a-
YU TOIJIMBHO-BOJOPOJHBIX CMEH B TEMJIOBBIE
MaIlHBI.

KnioueBs e€caoBa: BOAOPOI, TOILIMBO,
PacTBOPUMOCTH, pErPECCUOHHAs 3aBUCUMOCTb.
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