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The change in the viscosity of diesel fuel with dissolved hydrogen, the rate of dissolution
of hydrogen in the diesel fuel, and the hydrogen diffusion coefficient in diesel fuel were ex-
perimentally determined. Dissolving hydrogen in liquid fuel changes its physical-chemical
properties. It has been found that the viscosity and density of diesel fuel change little when
it is saturated with hydrogen. The flashpoint in a closed crucible is reduced by 3-4 °C. The
rate of dissolution of hydrogen in diesel fuel has been investigated. It has been found that the
diffusion coefficient of hydrogen in diesel fuel depends significantly on the initial concentra-
tion of H, in the fuel. The liquid fuel is advisable to supply with saturated hydrogen for the
safety of the heat engine operation. The design of the hydrogen fuel saturation system with a
special hydrogen sensor based on the MQ-8 sensor was proposed. The system of protection of
the research stand from unauthorized emissions of hydrogen into the environment has been
worked out. The protection ensures the shutdown of the stand equipment when the hydrogen
concentration in the zone of its generation and supply to the fuel is at the level of 1%.

Keywords. Hydrogen, diesel fuel, hydrogen dissolution, physical properties of a diesel
fuel-hydrogen mixture.

INTRODUCTION. Hydrogen is one of the
most prospective environmentally friendly
sources of energy, thermal energy. Burning hyd-
rogen or fuel-hydrogen mixtures (FHM) redu-
ces emissions of carbon monoxide (CO), car-
bon hydride (CH) and particulate matter. Wide
limits of hydrogen flammability make it possible
to organize high-quality control of the power of
an internal combustion engine (ICE), as well as
to increase the efficiency of an internal combus-
tion engine at partial loads. When burning lean

mixtures of hydrogen with air, it is possible to
radically reduce emissions of nitrogen oxides
(NOx) without significant material costs [1-3].

In this case, the concentration of hydrogen
in the air in front of the cylinders of the inter-
nal combustion engine should be significantly
less than 4% to avoid the risk of detonation in
the cylinders of the internal combustion en-
gine [5-6].

The reactionary effect of a small amount of
hydrogen in the fuel-air mixture significantly

45




PHYSICAL CHEMISTRY

RESEARCH OF THE PHYSICAL PROPERTIES OF DIESEL FUEL-HYDROGEN MIXTURES

affects the completeness of fuel combustion
and the number of emissions of toxic substan-
ces (CO, NOx, etc.) [7, 8].

Carbon dioxide (CO,) is a significant con-
stituent of fuel gases. For example, in the ex-
haust gases of vehicles, the amount of CO, va-
ries from 22 to 43%, depending on the compo-
sition of the fuel. It is possible to reduce carbon
dioxide emissions by switching to hydrogen
fuel or hydrogen-rich fuel. Emissions of CO,
and toxic gases (except NOx) can be practically
reduced to zero [9].

An important aspect of using hydrogen as
a fuel (or its additives to fuel) is the safety of
equipment operation. Hydrogen-fueled equip-
ment should be equipped with H2 detectors
[10]. These detectors should give an alarm
when the hydrogen concentration in the air is
1%. This value is one-fourth of the lower flam-
mability limit of hydrogen. The indicated va-
lue of the hydrogen concentration in the air
in front of the cylinders of an internal com-
bustion engine is rather difficult to ensure. It
is easier to meet this requirement upon preli-
minary saturation of liquid fuel with hydrogen
[11, 12]. However, in any case, it is necessary to
equip fuel enrichment systems with hydrogen
and mobile H, sensors operating in the con-
centration range of up to 1%.The safety of the
internal combustion engine depends on the
physical properties of fuel-hydrogen mixtures.
Also, the structural design of the system for
the formation and supply of a fuel-hydrogen
mixture to heat generating equipment largely
depends on the physical properties of this mix-
ture [13].

The inputting of hydrogen into the fuel
changes the physical parameters of the latter.
And when the physical parameters of the fuel
change, the initial conditions for determining
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the ICE safety criteria change [14]. When hyd-
rogen is added to the fuel such indicators as
the velocity of flame-front propagation, the
detonation conditions of the composite fuels;
octane number [15] change also are changed.
These indicators can be assessed based on data
on the viscosity of fuel-hydrogen mixtures, the
diffusion coefficient of hydrogen in fuel, etc.

Fuel viscosity significantly affects fuel ato-
mization [16]. The dispersion of fuel droplets
when atomized determines the kinetics of fuel
combustion. The literature lacks data on the ef-
fect of dissolved hydrogen on the viscosity of
tuel-hydrogen mixtures. In addition, the struc-
tural design of the fuel saturation system with
hydrogen significantly depends on the rate of
dissolution of H, in the fuel. Analysis of the
data [17, 18] has shown that the time to an
equilibrium state in the liquid hydrogen fuel
system could reach several hours. But the data
[17, 18] are not sufficient to determine the ki-
netics of hydrogen solubility in fuel.

The aim of this work was the determina-
tion of:

- the change in the viscosity of diesel fuel
when hydrogen dissolves in it;

- the rate of dissolution of hydrogen in die-
sel fuel;

— the hydrogen diffusion coefficient in die-
sel fuel.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Materials. Diesel fuel ac-
counts for more than 50% of all fuel con-
sumed in the world. Diesel fuel combustion
products are highly toxic [7, 8]. Diesel and
hydrogen mixtures are less toxic than pure
diesel. Therefore, it is advisable to consider
physical properties of a diesel fuel-hydrogen
mixture as a factor in reducing the toxicity of
combustion products.

ISSN 2708-129X. Vkp. Xim. XypH., 2021



LI. Leybovych, B.V. Dymo, S.N. Anastasenko Y.V. Yevstigneyev

UCJ N2 9 / Vol. 87

The solubility of hydrogen in liquid fuels
depends on temperature and pressure during
saturation [19-21]. From the standpoint of
reliability, the process of fuel saturation with
hydrogen is expedient to be carried out at at-
mospheric pressure. Therefore, experiments
on the solubility of hydrogen in diesel fuel were
carried out at atmospheric pressure in the tem-
perature range from 25 to 50 °C according to

the method described in scientific publications
[22, 23]. In experimental studies, diesel fuel
was used with the following characteristics at
25 °C: density — 845 kg / m’; viscosity — 1 cSt;
flashpoint in an open crucible — 91 ° C; in a
closed crucible — 69 ° C.

The studies have been carried out on the ex-
perimental research stand (Fig. 1).

Fig. 1. Research stand.
1 - hydrogen generator; 2 — power supply; 3 — pressure regulator; 4 — hydrogen sensor;
5 — hydrogen dispenser; 6 — centrifugal pump; 7 — temperature sensor; 8 — the sensor of level of gaseous
hydrogen in fuel tank; 9 - fuel tank; 10 — heater; 11 — viscometer; 12 — pressure sensor.

The operation principle of the stand. Fuel is
poured into the fuel tank (9) so that there is no
free air volume in it. The amount of fuel poured
in is 1200 + 5 ml. The tank has a heater (10)
and a viscometer (11) built-in to maintain the
fuel temperature at a given level. The fuel circu-
lates in the system using a centrifugal pump (6).
Hydrogen is dosed to the system discretely by
10 £ 0.1 ml using a hydrogen dispenser (5). The
completion of the process of fuel saturation with
hydrogen was determined by the time of disso-
lution of the last dose in a volume of 10 + 0.1 ml
using a temperature sensor (7). The viscosity of

https://ucj.org.ua

the fuel is measured using a viscometer (11).

The viscosity of diesel fuel and FHM based
on diesel fuel was investigated on a Can-
non-Fenske routine capillary viscometer with
the following technical data: viscosity measu-
rement range — 0.4 ...2 cSt; nominal constant —
0,002.

The flash point of the fuel-hydrogen mix-
ture was determined on a PE-TVO apparatus,
the operation of which is based on the Bren-
ken principle, and allows the measurement of
the flash point in accordance with American
standards ASTM D92.
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The safety system for hydrogen generation
and dosing was tested simultaneously with
studies of the physical properties of a diesel
fuel-hydrogen mixture. Hydrogen leaks were
monitored by an MQ-8 sensor connected to
the Arduino NANO V3.0 CH340G platform
designed based on the Atmega328P micro-
controller. Such an assembly of the sensor and
controller makes it possible to use it both in the
stand safety system and in researching hydro-
gen desorption from the mixture. The general
view of the control system is shown in Fig. 2.

MQ-8

Fig. 2. H, concentration
control sensor.

V3.0 CH340G

The MQ-8 sensor together with Arduino
NANO V3.0 CH340G was calibrated accord-
ing to the standard EQASOP-FieldCalibrat
method. The calibration results are shown in
Fig. 3.

The regression dependence for assembl-
ing the MQ-8 sensor together with Arduino
NANO microcontroller is as follows (1).

80) /

0 1073

81073 0.01
Ch2, ml/ml

w0 a0

Fig 3. Calibration of the MQ-8 sensor in con-

junction with Arduino NANO V3.0 CH340G.

ap = 51,546; a, = 3,409-10% a, = —5,101 - 10°;

a, = 113,595;

Cp(Cy) =

a0+a1'Cv+a2'CU2+a3'C3 lfOSCvS51O_3
a,+as-C, if 5-1073<(C,<10-1073

as = 3,001 - 10%.
C,=05-10"3, 1,5-1072 ...

10-1073.

(1)

C, — sensor readings, ppm, C, - hydrogen concentration in the calibration vessel, ml/ml.

At hydrogen concentrations in the calibra-
tion container up to 3.5 -10° ppm, the error of
the calibration curve does not exceed 0.37%.
With the increase in the hydrogen concentra-
tion in the calibration vessel, the error of the
calibration curve increases to 3.5%.
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Density, viscosity, and flashpoint of a mix-
ture of diesel fuel and hydrogen.

Experimental data on determining the vis-
cosity of diesel fuel and a mixture based on
diesel fuel and hydrogen in the temperature
range 15 +95 °C are shown in Fig. 4.
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The dissolution of hydrogen in diesel fuel
leads to a slight increase in the viscosity of the
fuel-hydrogen mixture.
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Fig. 4. Fuel viscosity versus temperature:
1- diesel fuel; 2 - fuel-hydrogen mixture (H, con-
centration 0.362 ml / ml).

This dependence manifests itself at low
temperatures to a greater extent than at high
temperatures. The viscosity of hydrogen-satu-
rated diesel fuel in the temperature range
15 + 95 °C could be determined by the follo-
wing regression dependence (2).

b, = 1,45; b, = —0,02; b, = 1,648 - 107%;
by =0,96; b, = —2,2 - 1073,
(2)

bo+byT+by, T? if 10<T <60
vdh(T) =] b31+ b4-T2if 60 fs T <95
T - the temperature of the fuel-hydrogen
mixture, °C; vdh (T) - the viscosity of hydro-
gen-saturated diesel fuel, cSt.
The increasing fuel viscosity is associated
with the formation of weak bonds between

https://ucj.org.ua

fuel molecules and dissolved H,. At a hydro-
gen concentration in diesel fuel of 0.257 ml/ml,
the density of the fuel-hydrogen mixture was
pdh = 847 kg/m?, with a temperature of 25 °C,
which is in good agreement with the amount
dissolved in the fuel. With the same hydrogen
concentration in diesel fuel, the flashpoint de-
creased by an average of 3 ... 4 °C. However, it
should be noted that in a closed crucible, at a
temperature of about 60 ° C, short-term flashes
could appear periodically.

Dissolution rate of hydrogen in diesel fuel.
The results of determining the rate of hydrogen
dissolution in diesel fuel are shown in Fig. 5.

H, dissolution rate, ml/s

0 0.08
H, concentration
in fuel. ml/ml

0.16 024 032 04

Fig. 5. The dependence of the rate of dissolution
of hydrogen in diesel fuel on the concentration of
hydrogen and the temperature of the H, dissolution;

1 — temperature 28+1 °C; 2 — 48 = 1 °C.

The data analysis (Fig. 5.) has shown that: -
with an increase in temperature, the rate of dis-
solution of hydrogen in diesel fuel decreases;
- the rate of dissolution of hydrogen in diesel
fuel depends on the concentration of H, in the
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fuel; - at a temperature of 28 ° C, the maxi-
mum value of the dissolution rate is achieved
at a hydrogen concentration in the fuel of
0.08 ml/ml, - for a temperature of 48 °C, the
maximum value of the hydrogen dissolution
rate is achieved at a hydrogen concentration in
the fuel of 0.06 ml/ml.

Experimental studies have shown that pre-
heating diesel fuel to a temperature of 50 °C
and a subsequent decrease in the process tem-
perature to 32 °C due to cooling leads to an in-

Vs(Ch)=60+el'Ch+ez'Cﬁ+e3 ' C}?

Vs(Cp) = eq tes-Cp

if 0.168 <, <0.36

crease in the rate of hydrogen dissolution. At
a temperature of the process of dissolution of
hydrogen in diesel fuel of 32 °C, the rate of dis-
solution of H, is on average 1.25 times lower
than for temperatures in the range 48-50 °C.
The rate of dissolution of hydrogen in diesel
fuel, depending on the concentration of hydro-
gen in the fuel at temperatures of 25 + 28 °C
in the range of changes in the concentration of
H2 from 0 to 0.36 ml/ml could be determined
by the following regression dependence. (3.4).
if 0.044 <C, <0.168 3)

4)

eo = 1,032; e, = 73,165; e, = —662,0;

es = 1,696-10% e, = 1,825; e; = —9,5
C, - the concentration of hydrogen in diesel fuel, ml/ml; V_(C,) - the dissolution rate, ml/s.

Diffusion of hydrogen in a FHM based on
diesel fuel.

The diffusion coefficient of hydrogen in
diesel fuel was determined by the method [25,
26]. The pressure of the medium in the con-
tainer for the experiments was 753 £ 1 mm Hg,
the temperature was 25 + 1 °C. The diffusion
coeflicient was determined as a functional
dependence on the volume of the absorbed
gas V, the gas concentration in the liquid
C, of the determining size [, and the time
7 of absorption of the volume by the liquid
Dh=f(V,Ch, 1)

Moreover, the diffusion coeflicient is in-
versely proportional to the value of the gas
concentration in the liquid. That is, with an in-
crease in the saturation of the liquid with gas,
the diffusion coefficient decreases.

The change in the hydrogen concentration
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in diesel fuel during the study of the diffusion
process is shown in Fig. 6.
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Fig. 6 Rate of change in hydrogen concentration
in diesel fuel:
I - average value; @ — experimental data.
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The fuel of the container was intensively
mixed in the period of time.

The time interval between hydrogen supply
to the fuel was 120 + 1 s. A pump was used to
average the current value of the hydrogen con-
centration in the fuel between the injections of
hydrogen.

The diffusion coeflicient of hydrogen in
diesel fuel was determined from the time of
solubility of 10 £ 0.1 ml of hydrogen. The
completion of the process of hydrogen solu-

Ch(T)=go+ g1 T+ 9, 7%+ g3

Ch(t)=gstgs T

9o =9985-107%; g, =1,371-1073%; g, =

- 13 if 5 <1<450;

bility in diesel fuel was recorded according to
the data of temperature sensor (7), installed
in a tank with fuel, into which H, was dosed
(Fig. 1). The accuracy of measuring the time
of hydrogen dissolution was * 3 s. The supply
of H, into the tank with fuel was carried out
discretely.

The change in the hydrogen concentration
over time in diesel fuel at temperatures of
25 + 1 °C, could be determined from the fol-
lowing regression dependence (5, 6).

(5)
if 450 <7<900; (6)

—2.241-107¢;

gs = 1.281-107% g, = 0,2375; gs = 1.2-107*.

C, (1) - the hydrogen concentration in diesel fuel, ml/ml; T - time, s

The value of the diffusion coefficient of hy-
drogen in diesel fuel, calculated from the rate
of hydrogen dissolution, is shown in Fig. 7.

307
2 |
S 33310~
5 s6m10”|
1x1073}
3333x10°°)
-3.333x10~5|

12107
0

0.08 0.16 024 032 0.

Ch, ml/ml
Fig. 7. Diffusion coefficient of hydrogen in diesel fuel.

Dh(Ch) = kO + k1-Ch+k2-Ch? + k3 - CR®if 0.01 < Ch<0.25;

Ch(t) = k4 +k5-Ch
kO = 3,85-1075;

The data in Fig. 7 show that with an increase
in the saturation of diesel fuel with hydrogen,
the diffusion coefficient decreases. At the be-
ginning of the hydrogen dissolution in fuel, the
diffusion coefficient D, = (2,7...3,0) x 10" m?/s.
When the state of saturation of diesel fuel with
hydrogen is reached, the diffusion coefficient
decreases to Dh =1 x 10 m?/s.

The diffusion coefficient of hydrogen in die-
sel fuel D, at a temperature of 25 + 1 ° C could
be determined from the following regression
equation (7.8).

k3 = 2,36-107% k4 = 0,2375; k5 = —4,0- 107,

Ch - the hydrogen concentration in diesel fuel, ml/ml.

https://ucj.org.ua

(7)
if 0.25 <Ch<04; (8)
k1=1,7-10"% ; k2 = 6,124-107%
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CONCLUSION. Experimental studies of the
physical properties of a mixture of diesel fuel
with hydrogen have shown that at atmosphe-
ric pressure and a temperature of 25-30 °C, the
saturation concentration of hydrogen in diesel
fuel does not exceed 0.4 ml/ml. When the tem-
perature rises during the dissolution of hydro-
gen in diesel fuel over 30 ° C, the solubility of
hydrogen deteriorates. The physical properties
(density and viscosity) of hydrogenated diesel
fuel change little. The flashpoint is reduced by
3..4°C.

The rate of dissolution of hydrogen signifi-
cantly depends on the concentration of hy-
drogen in the fuel. In the saturated state, the
diffusion coefficients of hydrogen in diesel fuel
are close to Dh = 1x10® m*/s. The amount of
hydrogen dissolved in diesel fuel does not form
explosive concentrations when hydrogen is de-
sorbed from the fuel.
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Bukopucranasa mnanuMBHO-BOJHEBUX CyMi-
1I€eil B TEIUIOBMX MAIIMHAX IOKpaIlye IPOLecu
TOpiHHA NManuBa. TaKoXX 3HMKYIOTbCA BUKUY
B aTMOocdepy TOKCUYHMX IPOAYKTIB i3 gyumo-
BUMIM Tra3aMi. 3 OITIAAY Ha 6e3ledHy poboTy
TEMIOBOI MAIllHU [OIi/IBHUM € TTOflaBaHHS B
Hel piJKOro IajyBa, HaCM4YeHOro BojHeM. Lle
3YMOBJICHO TUM, 1110 KoediuieHT audysii Box-
HIO B PiJMHAaX 3HAYHO HIDKYMI, HDXK y rasax.
Y 1npoMy BUIIQJKy JMOBIPHICTb YTBOPEHHS
BIOYXOHeOe3IIeYHNX KOHILIEHTPALlill BOJHIO B
IIOBITPi 3HAYHO MeEHIA, HDK IpU ITOflaBaHHI
MIOBITPAHO-BOAHEBUX cyMilen. PosunHenna
BOJJHIO B pifIkOMY I1a/MBi 3MiHIO€ 710TO (i3nd-
Hi B/JIACTUBOCTI. B jiTeparypi HemOCTAaTHBHO
JAHMX LOJO0 BIUIMBY PO3YMHEHOTO BOHIO Ha
B’A3KiCTh IAIMBHO-BOIHEBMX cyMmimrerr. Kpim
1IbOTO, KOHCTPYKTVMBHE BMKOHAHHS CUCTEMU
HaCUYeHHsI MajiMBa BOJJHEM iCTOTHO 3a/I€KUTh
Bifl IUBU/IKOCTI po3unHeHHs H, B manuBi. Me-
TOI0 11i€l po60TH 6Y/I0 eKCIIepyMeHTaIbHe BU-
3HAYEHHH 3MiHU B A3KOCTI MM3€IbHOTO IaJIN-
Ba IIpY pO3YMHEHHI B HbOMY BOJIHIO; IIBUJKO-
CTi pO3YMHEHH BOJHIO B IVI3€/IbHOMY IT1aJINBI,
koedinienta nudysii BogHIO B AU3ETBHOMY
nanusi. Po3po6/eHo crerjiaibHMit CTeH | [ist
DOCIIJP)KEHHA IIPOLIECIB PO3YMHEHHA BOJHIO
B pigkomy manuBi. CreHp o6mafgHaHO crielri-
aJIbHMM CEHCOPOM BOJHIO Ha OCHOBI JaT4MKa
«MQ-8», mo ybesneyye BUKOHAHHS eKCIle-
PUMEHTA/NIBHOTO NOCTi[)KEHHA. Y pe3ynbTraTi
€KCIIEPMMEHTA/IbHUX IOC/Ti/[)KEHb BCTAaHOBJIE-
HO, 1110 B’A3KICTb i I[i/IbHICTh AM3€IbHOTO I1a-
JVBa MAJIO 3MIHIOETbCA IPU HACUYEHHI J10TO
BofHeM. Temmeparypa crasnaxy B 3aKpUTOMY
TUIT 3HVDKYeTbcsA Ha 3...4 °C. JJocmimkeHo
MIBUJKICTb pO3YMHEHHSA BOJHIO B [U3€/IbHO-
My nanusi. Bcranosineno, mo xoeditieHT au-
¢ysii BOfHIO B [[M3€IbHOMY Ia/MuBi iCTOTHO
3aJIOKNUTH Bifl TIOYaTKOBOI KOHI[eHTpauii H,
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B mnanusi. BignpanpoBaHo cucremy 3axucry
MOCTIHOTO CTEHAY BiJj HECAaHKIIIOHOBaHMX
BUKI/IiB BOJHIO B HAaBKOJIMIIHE CE€PEOBUILE.
3axucT 3abe3nedye BifKII0OYeHHA OOIaHAH-
HA CTEHJy NpM KOHIIEHTpallil BOJHIO B 30HI
JI0r0 TeHepyBaHHA i IIOfABaHHA B MIA/INBO HA
piBHi 1%.

Knrodosi croBa: BojeHb, fu3enbHe Iann-
BO, PO3YMHEHHs BOJHIO, Qi3M4Hi BIaCTUBOCTI
CyMillli Au3eNnbHe NaINBO — BOJIEHbD.
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