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Abstract: The article presents a concept of improving operation of the engine with the effect of gas
desorption from a solution with nucleation of gas bubbles. This concept consists in dissolving gas
in diesel fuel until the solution is in equilibrium. At a later stage, the phenomenon is reversed, and
the gas is released from the solution during its injection into the combustion chamber. The purpose
of the study is to present the idea of the desorption effect along with a thermodynamic analysis of
the process and to study its impact on the operation of a diesel engine. The article also describes
the most important features of the injection pump adapted to employ the desorption effect, which
is a proprietary, patented solution. The conducted engine preliminary tests concerned the most
important parameters of the engine’s operation (indicated pressure course, pressure growth rate, heat
release rate, etc.) and the emission of harmful compounds (PM—particulate matter, CO, HC, and
NOx—nitrogen oxides). A significant reduction of PM, CO, and HC, with a simultaneous increase in
NOx emissions obtained in tests, confirmed that the desorption effect facilitated engine operation.

Keywords: injection systems; gas dissolution; exhaust gas; desorption effect; injection pump;
high-pressure pump; pump with hypocycloid drive; compression ignition engines

1. Introduction

Modern diesel engines, apart from their unquestioned advantages, also have certain
disadvantages. The disadvantages include, first of all, excessive emission of solid particles,
nitrogen oxides, hydrocarbons, and sometimes also carbon monoxide [1–8]. The main
cause of these problems is the nature of the combustion process, which begins with the
introduction of fuel into the combustion chamber. To achieve the correct atomization
structure, the injection system design must generate very high pressure (above 180 MPa).
Only at such high pressures can the requirements for both fuel consumption and exhaust
gas emission be reconciled satisfactorily [9–11].

In conclusion of the above-mentioned remarks, it is necessary to answer a question
as to whether the ongoing quest [12–17] to obtain increasingly higher pressures while
trying to overcome the discussed problems is the only direction of development of injection
systems. Is it possible to obtain the quality of fuel preparation, satisfactory in view of the
combustion process, by other means, e.g., by increasing the number of stimuli sparking the
stream decay mechanism?

The search for answers to these questions prompted researchers to propose a new concept
for assisting the injection mechanism, which was named as the effect of gas desorption from
a solution with nucleation of gas bubbles (in short “desorption effect”). The work is a
continuation and extension of Kozak’s research. In his works [18–22], he proved the existence
of a positive impact of the desorption effect on the operation of engines.

One of the basic problems in the conducted experiments was related to the injection
pump. Desorption is not possible in high-pressure pumps that use camshafts. This is due to
the fact that if gas and fuel are fed to the pump discharge section during the suction stroke
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and the process of dissolution in the fuel is carried out during compression, the high-pressure
pump would need to have radically different proportions compared to the existing pumps.
Another problem was the size of the pump—compact dimensions had to be ensured.

Therefore, this article presents the general principle of ideas and undertakes two
aspects related to this concept. The first of them focuses on the description of energy
changes in the process of compressing gas in fuel using the effect. The second aspect
concerns the results of an engine study in which the desorption effect was used. The results
of the research are preceded by a description of research methods including the pump
design and its operation enhanced with hypocycloidal drive. The pump is designed to
allow the gas to dissolve in the fuel.

2. The Nature of the Gas Desorption Effect from the Solution with Nucleation of Gas

The concept of spray improvement is based on introducing the right amount of gas
into the fuel, which is then dissolved in it; at the assumed injection pressure, the equilibrium
is obtained. In the next step, the effect that accompanies the release of dissolved gas during
injection into the combustion chamber (desorption effect) is exploited when a strong
disturbance of the equilibrium occurs. This is due to the features of this solution—when
the pressure is lowered, the excess of gas dissolved in the liquid spontaneously releases
simultaneously from the entire volume. The decrease in pressure is accompanied by the
decrease in the equilibrium thermodynamic potential. Thus, a negative pressure gradient
is a thermodynamic stimulus that causes the release of gas from the solution. The rate of
gas release is related to the rate of change of stimulus. The goal of the proposed concept is
to obtain a better fuel injection, at least qualitatively, in comparison to that obtained with
high pressure systems, while maintaining relatively low injection pressure values.

It is well known that gases dissolve poorly in liquids and that the amount of dissolved
gas strongly depends on the pressure and temperature at which dissolution occurs [23].
Gas atoms (or molecules) in the solution state are dispersed uniformly throughout the
liquid volume. By releasing simultaneously in the entire volume, the molecules form
dispersed microbubbles, expand, and tend to merge. As a result, the volume is divided into
two parts: one—occupied by the solution, the other one—occupied by gas. However, if the
pressure drop occurs dynamically, then the microbubbles will not manage to combine into
a single volume. The factor favoring the intensification of the gas desorption effect from
the solution is therefore the speed of this process. This is beneficial for the engine. There is
a significant pressure difference between the sac-hole from which the fuel flows out and the
combustion chamber, through which the fuel goes. The fuel flows out at a short distance
(length of the atomizer channels) and in a very short time. The simultaneous combination
of these factors means a very high rate of pressure change during injection, and therefore a
very large thermodynamic potential gradient. Therefore, if a fuel solution with gas is led to
the atomizer pit, there are grounds to assume that during the outflow of fuel through the
atomizer holes, the gas dissolved in the fuel, due to a rapid decrease in thermodynamic
potential in the discharge path, should also begin to rapidly release from the solution. Thus,
the described mechanism should cause the fuel droplets to be torn apart from the inside.
Therefore, it will be an additional factor supporting the existing spraying mechanism.

According to the presented concept, in the high-pressure part of the injection system
(from the high pressure pump up to the atomizer holes), the pressure should be maintained
at such a level that the gas cannot escape from the solution. In this part of the system,
the fuel with gas should be a homogeneous solution. Release of gas, combined with
expansion, should only take place outside the atomizer to help break up the droplets along
the fuel outlet. This process is illustrated qualitatively in Figure 1.
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Figure 1. Illustration of the concept of spray support by gas dissolved in fuel. 
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Figure 1. Illustration of the concept of spray support by gas dissolved in fuel.

The question arose as to which gas is most appropriate to be used in the process?
The main assumption is that this gas must mix well with diesel fuel and that it has to be
easily available in the engine environment. Considering this practical application, only
two gases can be used to support the process of atomizing fuel:

• air that would be taken in directly from the engine environment;
• exhaust gas that would be taken directly from the exhaust manifold.

In [24], there is only datum on the value of solubility coefficients of chemically pure
compounds. Unfortunately, both the fuel as a solvent, and air or exhaust gas, which are
dissolved gas, are aggregation of chemical compounds. On the basis of existing data [23], it
can be stated that CO2 dissolves in liquids several dozen times better than, for example, air.

The considerations provided thus far were of a qualitative nature. To better understand
the nature of the process, it seems necessary to carry out its thermodynamic analysis. In
particular, it is necessary to make an energy quantitative assessment—the question should
be asked as to how significant energy changes will be caused by the introduction of gas
into the fuel. This topic is discussed in the next chapter.

3. Energy Changes in the Compression Process

The compression caused by desorption changes the thermodynamic potential of the
compressed medium. The question arose as to how much the thermodynamic potential of
compression change is necessary if the fuel solution is compressed with gas instead of pure
fuel. To answer this question, it is necessary to specify the change in specific enthalpy. On
the basis of the first law of thermodynamics, it can be assumed that volume V

dH = Vdp + Qel + Wel (1)

where dH is the change in enthalpy due to pressure change dp, Qel and Wel are heat and
non-volumetric work (any work not related to volume change, e.g., friction work, etc.),
respectively, brought to the analyzed volume V during compression.

It should be assumed that the compression process is adiabatic, and no volumetric
work was carried out on the system, i.e.,

Qel = Wel = 0, (2)
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Then, when the pressure changes from p1 to p2, the enthalpy change can be calculated as

∆H = H2 −H1 =

p2∫
p1

Vdp, (3)

For liquids, there is only one phase in the volume V during the entire compression
process. However, for liquid and gas at the beginning of compression, at pressure p1, there
must be two phases in volume V: liquid and gas. As the pressure increases due to the
change in volume V, apart from compressing the liquid and gas phases, the process of
dissolving gas in liquid occurs simultaneously. Thus, the mass decreases and the volume
of the gas phase decreases, and the mass and composition of the liquid phase changes.
A solution of varying concentration is formed. When the gas is completely dissolved in the
fuel, the gas phase disappears and only a solution of constant concentration is compressed.

Since the mathematical form of the equation of state for the liquid phase and the gas
phase is different, the integration of Equation (3) should be divided into two parts. In the
first part, the change in total enthalpy of volume V is expressed by the sum of changes in
the liquid phase enthalpy and the gas phase enthalpy. The upper integration limit is equal
to the pressure pz, at which the gas phase disappears. In the second part, there is only the
liquid phase (solution) and the integration limits cover the range from pz pressure to pw
injection pressure.

3.1. Equation of State for the Liquid Phase

In order to obtain the equation of the state of the liquid phase, it is necessary to begin
with the definition of the coefficient of compressibility χ [25]:

χ = −
(

1
Vm

)
·
(

∂Vm

∂p

)
T

, (4)

where Vm is the molar volume of diesel fuel. In practice, especially when considering
liquids instead of the compressibility factor, its inverse, the compressibility module, is
more often used. By introducing the modulus of compressibility B and assuming that the
searched compound V(p) depends only on pressure, Equation (4) can be expressed as

dV
V

= −dp
B

, (5)

In hydraulic systems operating at relatively low pressures, it is generally assumed
that B = const. It is different in the case of injection equipment, where due to high pressure,
such a simplification cannot be made. In general, the modulus of compressibility is a
function of pressure and temperature. Since the operating temperature of the injection
system changes to a small extent, it is often assumed that the pressing process takes place
in the isothermal conditions and the function B(p) is in the following form:

B(p) = a·p + b, (6)

where a and b are empirically determined coefficients.
In the case of a diesel fuel solution with gas, the function B(p) loses its linear nature.

To estimate the changes in the thermodynamic potential of fuel with air and to describe
relations B(p), the characteristics shown in Figure 2 in [26] were used.
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Figure 2. Dependence of the modulus of elasticity E of the air–fuel oil mixture on the pressure p and
relative volume of air α [26].

The curves for changes in the diesel fuel compressibility module with air in the
function of pressure can be described by a polynomial of the form:

B(p) = a·p2 + b·p + c, (7)

where the values of a, b, and c coefficients depend on the amount of air dissolved in the
fuel. In this case, the amount of air contained in the fuel was determined by the air volume
coefficient, defined as

α =
Vair

Vfuel + Vair
, (8)

For example, for a = 0.005 polynomial coefficients take the form

a = −0.1286; b = 24.971; c = 666.

Taking into account the above values, Equation (5) for the case of fuel without gas and
the case of fuel with air will take the form

dV
V

= − dp
a·p + b

and
dV
V

= − dp
a·p2 + b·p + c

, (9)

Using substitution
z = a·p + b (10)

Equation (9) for the case of fuel without air can be simplified in the following way:

dV
V

= −1
a
·dz

z
,

in this case, the integral can be calculated. The integration limits should include the range
of pressure changes in which the injection system works. Thus, at the lower limit, the
pressure is close to the ambient pressure po, and the volume Vo results from the diameter
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and stroke of the high-pressure pump piston. In the upper limit of integration, the pressure
reaches the value of pw, while the volume reaches the value of V. Taking into account the
above figures, the solution of Equation (9) can be represented in the form

ln V = −1
a
· ln z + ln C, (11)

where C is the integration constant; to facilitate calculations, it has been included in the
form of ln. Using the logarithm properties it can be written as

ln V = ln
(

z−
1
a ·C
)

,

which allows logarithm to be removed. Returning to the original variable (10), an expression

V = C·(a·p + b )−
1
a ,

is obtained.
The value of the integration constant C can be calculated by applying the initial

condition. At p = po the volume occupied by the fuel is Vfo. Thus,

C =
Vfo(

a·po + b
)− 1

a
,

and the equation of state for the liquid phase of a fuel without gas will take the form

V =
Vfo(

a·po + b
)− 1

a
·(a·p + b )−

1
a , (12)

In the case of a fuel/gas solution, the integration result of Equation (9) depends on
the sign of the difference:

b2 − ac,

For the quoted coefficient values, this difference is positive, and the integration result is

ln V = − 1

2
√

b2 − a·c
· ln
∣∣∣∣∣a·x + b +

√
b2 − a·c

a·x + b−
√

b2 − a·c

∣∣∣∣∣+ ln C, (13)

Proceeding in the same way as for the case of fuel without gas, the logarithms must
be removed from both sides of the equation. The integration constant C can be calculated
for the moment of disappearance of the gas phase (the gas phase has completely gone into
solution), the pressure is p = pz; due to the low compressibility of the liquid phase, it can
be assumed that the volume occupied by the solution is equal to the volume of fuel without
gas Vfo. Taking into account the above and performing elementary transformations, we
can obtain an equation as follows

V =
Vfo∣∣∣∣ a·pz+b+

√
b2−a·c

a·pz+b−
√

b2−a·c

∣∣∣∣− 1
2
√

b2−a·c

·
∣∣∣∣∣a·p + b +

√
b2 − a·c

a·p + b−
√

b2 − a·c

∣∣∣∣∣
− 1

2
√

b2−a·c
, (14)

Equation (14) is the equation of the state of the fuel/gas solution that can be used to
calculate the change in enthalpy of the solution during compression, expressed by Equation (2).

For the fuel-free gas case, the entire volume Vo is filled with a homogeneous liquid.
Therefore, only the fuel is subjected to compression and for the enthalpy calculation it is
enough to substitute the relation (12) into Equation (2), and then calculate the integral in
the range from the ambient pressure to the pressure pw occurring during injection.
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The gas/fuel case is much more complex. If we assume that the process of gas dissolution
in the fuel will take place in the pump, volume Vo is filled with fuel only partially. Undissolved
gas will occupy much larger part of this volume. During compression, the gas will change into
a solution and hence its volume will decrease to zero, providing a complete dissolution. From
this moment, only the fuel solution with gas will be compressed. Thus, in the initial stage
of the pressing process, the two-phase medium is compressed. The liquid phase changes its
composition (gas concentration increases), and the volume of the gas phase decreases. In the
second phase, after the gas is completely dissolved, a homogeneous solution is compressed.
These issues should be taken into account when calculating the enthalpy change during
compression. Until the complete dissolution of the gas, the enthalpy increase in the analyzed
volume should be calculated as the sum of the increase of both the liquid and gas phase
enthalpy. After dissolution, only the liquid phase exists in the volume. Enthalpy of the liquid
phase can be calculated on the basis of Equation (14), while for the gas phase, on the basis of
the commonly known state equation for gases.

3.2. Equation of State for the Gas Phase

The process of gas compression takes place in the environment of a liquid, a medium
with high specific heat and latent heat of evaporation. In the real construction, heat will
also be released to the pump walls. To estimate the differences in the energy effect, we
assumed that the compression process will be isothermal in these conditions. To simplify
the calculations, we also assumed that ideal gas is compressed (R = const.). For the initial
position of the pump piston (status indicated by index “0”) and at any point in the process,
the equation of state can be expressed as

po·Vgo = mgo·R·To and p·Vg = mg·R·T, (15)

where mg is the mass of gas and Vg is the part of the volume V occupied by the gas. The
instantaneous mg value can be expressed as

mg = mgo − ∆mg, (16)

where ∆mg is the mass of gas lost from the volume Vgo due to dissolution at pressure p.
By dividing the sides of Equation (15) and taking into Equation (16) after transformation,
we obtain

Vg =
po·Vgo

mgo
·
mgo − ∆mg

p
, (17)

The amount of gas that got into the solution can be determined with the gas solubility
coefficient in liquids q [g/(100 gfuel)]—it determines the number of grams of gas that
dissolves in 100 g of fuel [25]. According to the tests carried out by Kozak [27], the gas
dissolution coefficient in diesel fuel as a function of pressure can be described by an
approximate relation in the form q = ao + a1·p + a2·p2. In the case of air, when a = 0.005,
it can be assumed that this relation is linear in the following form:

q = 0.00125·p, (18)

The volume Vg will change according to the following relation:

Vg =
po·Vgo

mgo
·
mgo − 0.00125·p

p
, (19)

The upper integration limit of pressure (pressure value pz) for the compression period
at which the entire gas phase enters the solution depends on both the amount of fuel and
the amount of gas brought into the analyzed volume. In the case of air, this relation is
shown in Figure 3.
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Figure 3. Minimum pressure level necessary for complete dissolution of air (the equation describes
the trend line).

A linear simplification was used in further analysis in the form of

p(q) = 6.5495·q + 9.8615 (20)

The absolute mass of air used for atomization support depends on the mass of fuel
mf, which must be supplied to the system to obtain the required torque and the value of
adopted q. Thus, theoretically, any value of mg can be considered. In practice, however,
this value will result from the design of the high-pressure pump (Vo value of the pump
volume) and the pressure in the gas supply. To obtain a change in the amount of gas
supplied to the fuel dose mf, we need to change the value of q. This, of course, will cause
a change in the pressure at which the entire gas phase will go into solution as required by
the constraints of the pressure Equation (20). This formula shows the pressure value pz,
which sets the integration limits—for the gas phase, it is the upper integration limit, and
for the solution, it is the lower integration limit.

3.3. Compounds Used to Calculate the Change in Enthalpy

Taking into account the comments and relations derived in earlier chapters, we can
calculate the change in enthalpy during compression from the following relations:

(a) for the pure fuel:

∆H = H2 −H1 =

pw∫
po

Vdp =
Vfo(

a·po + b
)− 1

a
·

pw∫
po

(a·p + b)−
1
a dp, (21)

where Vfo is the initial volume occupied by the fuel in the liquid phase;
(b) for fuel with gas:

(1) phase I for the liquid: The upper integration limit is equal to pz. Because the
pz value is relatively small in comparison to pw, ∆Hc was calculated as in the
case of pure fuel;

(2) phase I for the gas:

∆H = H2 −H1 =
poVgo

mgo
·

pz∫
po

mgo − 0.00125·p
p

·dp, (22)



Energies 2021, 14, 244 9 of 22

where Vgo is the volume occupied by the gas, appropriate for the assumed
fuel dose and the assumed value of the gas solubility coefficient in the fuel.
The total enthalpy increase for phase I is equal to the sum of

∆HI = Hc − ∆Hg, (23)

(3) phase II: there is a solution in the analyzed volume, and the integration limits
are lower—pz, upper—pw.

∆HII = H2 −H1 = Vfo∣∣∣∣ a·pz+b+
√

b2−a·c
a·pz+b−

√
b2−a·c

∣∣∣∣−
1

2
√

b2−a·c

·
pw∫
pz

∣∣∣∣ a·p+b+
√

b2−a·c
a·p+b−

√
b2−a·c

∣∣∣∣− 1
2
√

b2−a·c dp,
(24)

and the total enthalpy change will be

∆H = HI −HII.

3.4. The Numerical Example

The derived correlations were used to calculate the energy differences between com-
pressing the fuel without gas and compressing the fuel with gas, and with air taken as
the gas. The amount of enthalpy to be fed to the fuel during the compression process is
calculated for the following example:

(a) in both cases, identical reference conditions were adopted: pressure po = 100, 000 [Pa],
temperature To = 293 [K];

(b) in both cases, the fuel dose for one injection is mf = 100 [g], which at the density

ρ = 830
[

kg
m3

]
occupies the volume approximately Vfo = 0.00012

[
m3];

(c) gas solubility coefficient in fuel equals q = 0.003
[

g
100 g fuel

]
, which, with the assumed

fuel dose, determines the mass of air mgo = mair· q
100 = 0.00013 [kg];

(d) the volume occupied by the air mass is Vgo = 0.00000246
[
m3] ( calculated from the

equation of state for the adopted reference conditions);
(e) up to the adopted value q, the pressure at which the gas phase disappears pz = 9.88 [MPa]

is calculated on the basis of the trend lines (20); this value is the upper integration limit
for the first part of the compression process, and the lower solution compression limit
(without the gas phase) for the second part of the compression;

(f) in both cases, the injection pressure shall equal pw = 50 [MPa]; it is the upper limit of
integration for both considered cases;

(g) the following coefficients were adopted to describe the fuel compressibility modulus
without air: a = 13.73, b = 1444.2.

Enthalpy Change Calculation Results

For the adopted example values, the amount of enthalpy that should be introduced
during compression is approximately

• for fuel compression without air—∆Hfuel = 7090 [J];
• for solution compression—∆Hsol = 7190 [J];
• for gas phase compression—∆Hair = 10, 120 [J].

Thus, the difference in the amount fed during compression of the enthalpy is approxi-
mately ∆H = (∆Hsol + ∆Hair)− ∆Hfuel = 10, 150 [J].

With the adopted assumptions, simplifying the obtained result of enthalpy change is
undoubtedly not accurate and should be treated as an estimate of energy changes. Never-
theless, it has a very significant value. Due to the introduction of air (in the analyzed case of
a small amount), the thermodynamic potential of the injected fuel increased approximately
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1.5 times. This increase is due to the presence of the gas phase, since the enthalpy of the
liquid phase hardly changed. Increasing the amount of the gas phase means increasing
the thermodynamic potential. Moreover, from the theoretical point of view, gas phase (air
mass) used during compression can be of any amount. In order to use the gas release effect
from the solution, it must be greater than in the considered example. With the assumed
solubility coefficient, the equilibrium pressure reaches the value of 10 [MPa], and thus it is
comparable to the combustion pressure in naturally aspirated engines and lower than the
pressures encountered during the combustion process in supercharged engines. Thus, the
stimulus (pressure difference) necessary to trigger the gas release will be relatively weak.

4. Materials and Methods
4.1. Test Stand, Hypocycloidal Pump

The tests were carried out on a test stand with the AVL 5804 engine (Figure 4). It is
a naturally aspirated, single-cylinder diesel engine with direct fuel injection, equipped
with a four-valve cylinder head with two camshafts and two independent temperature
stabilization systems: lubricating oil and coolant. The engine was not equipped with
exhaust gas treatment systems. For the purpose of the analysis, the test stand was equipped
with typical systems that enable the measurement of cylinder pressure, pressure before the
injector, the course of the voltage that controls the operation of the injectors, pressure in the
high-pressure accumulator, and exhaust gas temperature. The signals generated by the
sensors of the aforementioned quantities, after conversion into voltage and amplification,
together with the signals of the pulses controlling the operation of the injector, were
recorded with Indiset 620 (AVL) system.
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Figure 4. The test stand.

The engine is powered by an autonomous injection system, powered by an electric
motor, which includes design parts typical for common rail injection systems.

For the tests, we used a portable exhaust emission analyzer Semtech DS manufactured
by Sensors Inc. (Saline, MI, USA). The exhaust sample was taken through a probe and
supplied by a heated line maintaining the temperature of 191 ◦C. Subsequently, the exhaust
gases were filtered out of the particulate matter (diesel engine only). Then, the measure-
ment of the concentration of hydrocarbons was carried out in the FID (flame ionization
detector). The sample was cooled down to the temperature of 4 ◦C and in the NDUV
(non-dispersive ultraviolet) analyzer, the measurement of the nitric monoxides and nitric
dioxides was performed, and in the NDIR (non-dispersive infrared), the concentration of
carbon monoxide is measured. The measurement of oxygen was carried out through an
electrochemical sensor.
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Technical data of the Semtech DS device that was used to estimate the errors are
presented in Table 1.

Table 1. Technical data of the Semtech DS.

Parameter Measurement Method Accuracy

The concentration of compounds
HC NDIR—non-dispersive, range 0–10,000 ppm ±3%
CO FID—flame ionization, range 0–10,000 ppm ±2.5%

NOx = (NO + NO2) NDUV—non-dispersive, range 0–3000 ppm ±3%
CO2 NDIR—non-dispersive (infrared), range 0–20% ±3%
O2 electrochemical, range 0–20% ±1%

Sampling 1–4 Hz

Exhaust gas flow mass flow rate
Tmax. up to 700 ◦C ±2.5%

Supported diagnostic systems
SAE J1850/SAE J1979 (LDV)
SAE J1708/SAE J1587 (HDV)

CAN SAE J1939/J2284 (HDV)

The high-pressure pump has an unconventional design. It enables the incoming air to
mix with the diesel fuel and to form a solution of diesel fuel with air under high pressure
conditions. It was not possible in the research to use pumps that are currently available on
the market since most of them use drive shafts with cams. The need to use a high-capacity
pump design, i.e., a large stroke of the piston in the delivery section, led us to create a new
concept of the injection pump that will be able to meet the requirements. For this purpose,
we decided to use a solution with hypocycloid drive [28–34].

The hypocycloid transmission consists of two wheels—the larger (R) wheel had
interior toothing, and the smaller (r) wheel had exterior toothing. Torque was applied to
the smaller wheel, making it rotate, while the large wheel did not have the ability to rotate
along the axis. The smaller wheel moved around the circumference of the larger wheel,
and the selected point on the radius of the smaller one drew a curve called a hypocycloid.
To induce drive in the pump, we used a hypocycloid gear with a ratio of gear radii R/r = 2.
This selection of wheels made it possible to obtain a resultant rectilinear motion, which
resulted from Copernicus’ theorem, “If a small circle with a radius half of that of the large
circle rotates inside the large circle without slip, then any fixed point on the small circle
will move rectilinear along the diameter of the large circle”. Figure 5 shows the gearbox
operation diagram, along with the straight line marked on which the drive part of the
mechanism moved.
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The analysis of the movement indicates that, like the slider mechanism, it performed
a movement in which speed can be described using the sine function. The parametric
equation determining the position of a point as a function of the angle of rotation can be
determined as follows:

x(α) = (R− r) cosα+ r cos
(

R− r
r

α

)
, (25)
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x(α) = (R− r) sinα− r sin
(

R− r
r

α

)
, (26)

Taking into account the hypocycloid drive, we created an innovative pump model
using Autodesk Inventor software (Figure 6). The pump has been patented. There are
many variants of the solution. In the simplest variant equipped with one delivery section,
the drive is transmitted to the pump through the main shaft (1). An intermediate shaft
(2) is mounted in this shaft in a way that it allows mutual rotation. On the intermediate
shaft, there is a gear with exterior toothing, cooperating with the gear (3). The wheel is
fixed with screws to the pump body. The drive shaft is mounted on the outer surface of the
wheel (3) with a bearing. The intermediate shaft has an eccentric shaft (4) on which the
piston (plunger) (5) and the guide element are mounted, which are slidably positioned in
the cylinder. In addition, the intermediate shaft has a support (6) mounted in the pump
body with a bearing.
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The authors’ main goal was to propose a solution that would meet the requirements for
using the gas desorption effect from the solution with nucleation of gas bubbles. Therefore,
the proposed pump model for a tooth module equal to 1 mm and a number of teeth equal
to 40 has an actuator stroke of 40 mm. A large pitch of the operating element, equal to the
pitch diameter of the large gear, is undoubtedly the advantage of the proposed solution.
A characteristic feature of the hypocycloid drive used in the model has a precisely defined
gear ratio, which must equal exactly 2. Moreover, for the mechanism to convert rotary
motion into rectilinear, it is also necessary to use an even number of teeth.

There are more benefits of using a hypocycloid drive. One of them is the elimination
of lateral forces on the piston of the pump pressure section. The use of the hypocycloid
mechanism also allows for increasing the pump resistance to difficult fuels—in the pump
construction presented, the delivery section was separated from the drive system, assuming
its lubrication with engine or transmission oil. Due to the large piston stroke, and hence the
length of the pressure section, it is possible to use a double labyrinth seal, together with a
channel for draining leaking fuel to the injector overflow line. This will allow a minimum,
acceptable leaking of diesel fuel to the lubricating fluid. The advantageous features of the
pump also include the lack of a return spring. Pump solutions using a cam system for each
section have a return spring, ensuring constant pressure of the pusher on the cam. In addition
to the obvious increase in the mass of the system, the spring is an element that receives energy
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and gives it away in the form of heat to a small extent. In addition, due to a large number of
cycles, return springs are susceptible to damage associated with material fatigue.

During the tests, the values of the basic injection parameters, i.e., the angle of the
start of injection and the duration of injection (it determines the dose of the injected fuel)
were determined by means of an electronic fuel injection control system built especially for
the research purposes. The control system was coupled with the engine by signals from
two sensors: an RPM (revolutions per minute) sensor associated with the engine crankshaft
and a phase sensor associated with the camshaft. The injection pressure (pressure in the
accumulator) was set by changing the rotational speed of the motor driving the high-
pressure pump and the relief valve mounted on the high-pressure accumulator.

4.2. Method of Analysis and Research Program

In the first case, the engine was powered by an injection system that uses a conven-
tional fuel injection mechanism. In the second case of the tests, the engine was powered by
a system using the desorption effect. The evaluation of the impact of the desorption effect
on the combustion process was made on the basis of a comparative analysis of the initial
quantities, which capture the energy effects, the relationship of which with the injection
mechanism is unambiguous, but it is neither direct nor easy to be analyzed analytically. In
both cases, the tests were performed in identical engine operating conditions.

The following values were considered for the comparative analysis:

• indicated pressure course Pc;
• the pressure increase rate dPc/dα and its maximum value dPc/dαmax;
• maximum combustion pressure Pc max;
• injection pressure Pinj;
• the combustion time span defined by combustion angle α;
• heat release rate ∆Xi/∆α its maximum value ∆Xi/∆αmax and the amount of released

heat Xi;
• injection time tinj;
• engine torque ET;
• the emissions of PM—particulate matter, CO, HC, and NOx—nitrogen oxides at the

exhaust gas components measuring points.

When establishing the test program, we assumed that the above-mentioned quantities
would be measured at the engine operating points, representing the average values of ro-
tational speed and torque, and the obtained results would allow for the assessment of the
overall general characteristics. Following this assumption, the crankshaft rotational speed was
selected from the range of operation of AVL 5804 engine (without supercharging)—2000 rpm,
at which the engine was loaded with a torque equal to ET = 5, 10, 15, and 20 N·m.

For a specific nozzle design, the injection pressure determines the structure of the fuel
stream atomization. In injection systems used today, the injection pressure often exceeds
the value of 200 MPa. While developing the discussed concept, we assumed that the
changes in the pump design are worth effort if and only if the injection structure equivalent
to that of a conventional system would be obtained at a much lower injection pressure.
Taking this assumption into account, we decided to perform the injection at extremely low
pressure in the high-pressure accumulator, amounting to 35 MPa.

The mass of air dissolved in diesel fuel was controlled by changing the supply pressure
of the high-pressure pump. Measurements were made at ambient pressure p = 0 [bar] and
overpressure pair equal to: 1, 3 and 5 [bar].

5. Results and Discussion

The engine test results are presented in the form of graphs marked with indices and
symbols identifying the analyzed test case. All measurement results obtained in the first
series of tests (the case of fueling the engine with diesel oil without air) are marked with
the index on the graphs k. The results marked with index k were obtained on the basis of
the tests performed with a conventional injection pump (Bosch CP1). On the other hand,
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the digits in the description of the figure reflect the overpressure of the air that supplies the
high-pressure pump p1, p3, p5.

The qualitative nature of changes Pc in the courses dPc/dα of function of the angle
of rotation of the crankshaft, resulting from the introduction of air into the diesel fuel
and supplying the engine with a solution, is shown on the example of measurements
made for a load with a constant torque, ET = 15 [N·m] for a set engine speed equal to
n = 2000 obr/min. These changes are illustrated in Figure 7, which also shows the injection
pressure Pinj (in the fuel tank) and the signal tinj that controls the opening of the injector.

Figure 7. The waveform of the time signal tinj that controlled the injector, pressure Pinj in the
accumulator, pressure Pc in the cylinder, and the rate of pressure rise dPc/dα under engine load
ET = 15 [N·m].

Compared to a conventional power system, the presence of air in the fuel always
caused a slight increase in value Pc and significant changes in the course dPc/dα. At the
beginning of combustion, the instantaneous values dPc/dα increased and at the same time
its maximum value decreased. Moreover, an dPc/dα additional maximum (the first peak)
began to appear on the waveform and its value increased with the increase in engine speed.
Thus, the waveform dPc/dα was flattened, which was visible. However, this trend was
more apparent with air supply overpressure pair = 5 [bar]. This result suggests that at
lower pressure, the mass of dissolved air was too small to fully reveal the desorption
effect. The figures also show the tendency to shorten the auto-ignition delay period, which
increased with the increase of dissolved air mass.
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The quantitative presentation of changes in the analyzed parameters is presented in
the following figures. Figure 8 shows influence of air supply pressure pair on maximum
combustion pressure Pc max. The desorption effect always caused an increase Pc max in
value compared to conventional fueling, and it increased throughout the entire area of the
engine operation with the increase of the mass of air dissolved in the fuel; however, it was
negligible because it did not exceed a few percentages.

Figure 8. Influence of air supply pressure pair on maximum combustion pressure Pc max.

The research proved that the desorption effect did not significantly change the burning
period α. However, there was a clearly noticeable change in the dynamics of the X curve
reaching the value of 0.999 (Figure 10). As the mass of dissolved air increased, reaching
this value, it became more and more asymptotic. This means that more fuel was burned
in the initial phase of the process. Thus, the amount of fuel burned in the final phase
decreased, and the burning time of this amount remained approximately constant. In line
with this trend, the energy effects were also diminished. It seemed that such a state may
have been caused not only by the atomization structure (the diameter of fuel droplets
and the evaporation rate limit the amount of fuel ready for combustion), but also by the
concentration of substrates (local lack of oxygen), which was determined by the internal
mass transport mechanism.

The desorption effect is clearly visible on the maximum values of the pressure build-up
rate dPc/dαmax in the cylinder, as shown in Figure 9. This parameter shows a downward
tendency, especially in the case of speed characteristics.

During fuel injection at pair = 5 [bar] n = 2000 [rpm], and ET = 15 [N·m] compared to
conventional injection, the reduction dPc/dαmax was about 25%. This result, especially in
conjunction with the course Pc max, indicates that the maximum value of the pressure in the
cylinder, primarily dPc/dα, affected the course and not its maximum value. The changes
in the dPc/dα course of the function, shown in Figure 7, took place in such a direction
that despite the lowering of the maximum value dPc/dαmax, the combustion rate increased
compared to conventional fueling, especially at the beginning of combustion. Most likely,
the increase in the combustion rate under these conditions was due to the simultaneous
overlap of a slight extension of the auto-ignition delay period and the resulting increase in
fuel accumulation in this period, with the adjustment of the spray structure (shape and
range of the stream) to the charge movement in the combustion chamber. Increasing the
maximum value proved that from the point of view of the kinetics of chemical reactions,
this adjustment was the most favorable.
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Figure 9. Effect of air supply pressure pair on dPc/dαmax.

Important data for the evaluation of the described mechanism resulted from the
analysis of the course of heat release. Figure 10 shows the course of the heat release rate
∆Xi/∆α, the heat Xi absorbed by the exhaust gas, and the average temperature Tg of the
exhaust gas in the cylinder.

Figure 10. Conts.
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Figure 10. The course of the rate of heat ∆Xi/∆α release, the heat absorbed by the exhaust gas Xi,
and the average temperature Tg : ET = 15 [N·m] of the exhaust gas (n = 2000 [rpm]).

The calculations assumed that the specific heat of air and exhaust gas was a linear func-
tion of temperature over the entire temperature range during combustion. The temperature
of the exhaust gas necessary to calculate the specific heat was calculated assuming that the
fuel burnout was consistent with the Wiebe function, and the exponent of this function
was constant and equal to 1.59. The burn-end angle was determined on the basis of the
course of the polytrope exponent. In order to make the image more comprehendible, we
limited the number of curves presented in the figures to only two extreme test cases—for
conventional injection and air injection pair = 5 [bar].

Compared to conventional fueling, the maximum value of the ∆Xi/∆α kinetic com-
bustion phase was significantly reduced, the course of the function was shifted to the
left, and the diffusion combustion period was clearly marked. However, in the final part
of the diffusion combustion phase, the differences were unnoticeable. According to the
first law of thermodynamics, the course ∆Xi/∆α directly affected the curves Xi and Tg,
i.e., the increase in value ∆Xi/∆α was accompanied by an increase in the value of both
these quantities. Increasing the rate of growth ∆Xi/∆α in the initial combustion phase
and reducing its maximum value indicated a better preparation of the fuel for combustion
and a reduction in fuel accumulation in the period of auto-ignition delay. This indicated a
better coupling of the combustion process with the fuel feeding course, at least in the initial
phase of the process. At low engine speed and low load, the course of Xi air-fuel solution
was above that of conventional fueling. As the engine speed and/or workload increased,
these curves began to intersect at the end of combustion. This means that in the case of
conventional fueling, the energy processes related to the combustion of fuel were stronger
than in the case of solution-based fueling.

The change in the injection mechanism caused by the desorption effect was much
more visible on the example of changes in the exhaust gas composition, as shown in
Figures 11–14. They show the results of measurements of PM, CO, HC, and NOx emissions
from the AVL 5804 engine. The desorption effect was used in the engine, and the results
were presented as a function of the torque for the solution-based fueling (three values of
air overpressure pair = 1, 3, 5 [bar]) compared to the conventional fueling, which was the
reference system (100%).
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The effect of the desorption effect on PM emissions is shown in Figure 11. In each
test case, a significant reduction in emissions was observed, depending on the engine
operating conditions. The tendency to reduce PM emissions increased with the increase in
the amount of air dissolved in the fuel, especially in the range of low rotational speed and
high torque. For high loads, the reduction in emissions was up to 90%, which should be
considered an excellent result.

Substantial changes in CO emissions were also observed during the tests, as shown
in Figure 12. On the basis of the obtained results, we can conclude that the desorption
effect caused, in general, a reduction in emissions, in the case of PM alike, especially in the
area of high engine load. The reduction in emissions became greater with the increasing
amount of dissolved air. The maximum reduction for n = 2000 obr/min air speed and
overpressure pair = 5 [bar] was more than 20%.

The results of HC emission measurements shown in Figure 13 allow for an unambiguous
assessment of the desorption effect. In the entire area of the engine operation, we observed
a significant reduction in emissions, with this tendency increasing along with the increase
in engine load and the increase in the amount of dissolved air. For example, at the highest
torque n = 2000 [rpm] and pressure values pair = 5 [bar], the emissions were twice as low.

Should the improvement of the injection structure be solely accounted for the reduction
in PM and HC when the engine was supplied with a solution, an increase in NOx emissions
would be expected. The results of NOx measurements presented in Figure 14 clearly
confirm this presupposition. At almost all measuring points, an increase in NOx emissions
was recorded. The emission significantly increased together with the amount of dissolved
air within the range of low engine speed. In the following example n = 2000 [rpm], the
load-dependent increase in emissions was from about 15% to about 40%.

The presented emission results of the analyzed exhaust gas components were a func-
tion of indirect measurements such as concentration of components in the exhaust gas
[ppm], Gp exhaust stream [kg/h], exhaust gas humidity [%], n rotational speed [rpm], and
ET engine torque [Nm]. In the case of indirect measurement of the quantity w, which is a
function of several component quantities xi, i.e.,

w = f(x1, x2, . . . , xn) (27)

the error (∆w) of the indirectly measured quantity is determined, where the value of this
error depends on the errors (∆xi) of the component quantities and their mutual relationship.

The function (w) can be written as

w = f(x1 + ∆x1, x2 + ∆x2, . . . xn + ∆xn) (28)
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According to the error transfer law, after expanding the function into the Taylor series,
the obtained formula allows for calculation of the so-called maximum error:

∆w =±
(

n

∑
i=1

∣∣∣∣∂ f(x1, x2, . . . , xn)

∂xi

∣∣∣∣∆xi

)
(29)

The assumption of summing up the components of the formula leads to overestimating
the value of this error, because the probability of actual summation of the maximum values
of errors in component quantities is small.

In the special case when the quantity w is given in an equation such as

w = A
n

∏
i=1

xai
i (30)

it is easier to determine the relative error of measurement:∣∣∣∣∆w
w

∣∣∣∣ = n

∑
i=1

∣∣∣∣ai
∆xi
xi

∣∣∣∣ (31)

Below, Table 2 presents the analysis of measurement errors according to the uncertainty
transfer law for an exemplary measurement when pair = 5 [bar].

Table 2. Analysis of measurement errors according to the uncertainty transfer law (example for
pair = 5 [bar])

pair = 5 [bar]

ET [N·m] PM [%] CO [%] HC [%] NOx [%]

4.3 41 ± 14 98 ± 8 40 ± 9 131 ± 11

22.3 11 ± 15 84 ± 7 45 ± 8 138 ± 10

34.1 9 ± 13 81 ± 11 44 ± 11 125 ± 12

48.2 10 ± 14 78 ± 12 46 ± 13 135 ± 13

6. Conclusions

The paper presents theoretical foundations of the concept of supporting the process
of fuel injection in an internal combustion engine with the effect of gas desorption from
a solution with nucleation of gas bubbles. On the basis of the presented considerations,
we can draw a basic conclusion: the described mechanism of the effect of gas desorption
is a concept that improves the operation of the engine, as demonstrated by the results of
selected operating parameters and harmful emissions.

The presented thermodynamic analysis, based on the example provided, shows
that mixing gas with fuel (in the analyzed case a small amount of air) increased the
thermodynamic potential of the injected fuel approximately 1.5 times. This increase was
due to the presence of the gas phase, since the enthalpy of the liquid phase hardly changed.
Moreover, from the theoretical point of view, gas phase (air mass) used during compression
can be of any amount. We also showed the results of searching for the minimum pressure
required to obtain the saturation state of the fuel and air solution depending on the mass
of the dissolved air.

It should be noted that the ambient pressure of the droplets (prevailing in the combus-
tion chamber) was by definition much lower than the pressure of the equilibrium state of
the solution in the injection system. Therefore, a non-equilibrium stimulus must occur to
initiate the release of gas from the solution. If we consider the fact that this process took
place within a fuel drop, in which the liquid phase was held by relatively subtle forces
(surface tension), only one conclusion can be drawn. The process of releasing the gas from
the droplets must be as described, i.e., it must facilitate the breakdown of the fuel droplets



Energies 2021, 14, 244 21 of 22

and thus improve the atomization structure, and by doing so have a positive effect on the
engine operation.

This was proven in the results section. The results confirmed a significant reduction
in PM—at high loads, the reduction was up to 90%. For CO emission measurements, the
emission reduction oscillated around 20% for high loads. In turn, HC emissions were
reduced by about half. Although NOx emissions increased, the results of PM, CO, and HC
emission measurements improved significantly, which confirms the very favorable effect
of the desorption effect on engine operation and emissions.

A very important conclusion is that the desorption effect was obtained at much lower
injection pressures in relation to the pressures found in common rail systems. The use of
the effect helped to relieve the mechanical load on the injection system components, which
in turn may translate into increased reliability of high-pressure pumps.

The disadvantage of the concept is the need to use custom injection pumps that are
able to dissolve gas in diesel fuel. The proposed new design meets these requirements.
First of all, it has a much larger piston stroke, which in the proposed solution is 40 mm.
The design also has a number of additional advantages such as elimination of lateral forces
in the piston–cylinder arrangement of the compression section. In addition, the delivery
function has been separated from the lubrication function—the pump components are
lubricated with gear oil, and not, as in most solutions, pumped by diesel oil.

7. Patents

W. Karpiuk, R. Smolec, and T. Borowczyk, “High-pressure engine-feeding pump”,
patent no. PL232500, (2018), in Polish.
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812-7.

21. Merkisz, J.; Kozak, M.; Kozak, W.; Bajerlein, M. Dissolving gas in diesel fuel as a way for fuel oxygenation and diesel exhaust
emissions reduction. SAE Tech. Pap. Ser. 2007, 2007-01-2049, 1907–1914. [CrossRef]

22. Merkisz, J.; Bajerlein, M.; Kozak, W.; Markowski, J. The influence of CNG dissolved in the diesel fuel on the combustion process
and concentration of toxic compounds in exhaust gas. SAE Tech. Pap. Ser. 2008, 2008-01-1815, 1–10. [CrossRef]

23. Battino, R.; Clever, H.L. The solubility of gases in liquids. Chem. Rev. 1966, 66, 395–463. [CrossRef]
24. Battino, R.; Rettich, T.R.; Wilhelm, E. Gas solubilities in liquid water near the temperature of the density maximum, Tmax (H2O)

= 277.13 K. Mon. fuer Chem. Chem. Mon. 2018, 149, 219–230. [CrossRef]
25. Varberg, T.D.; Bendelsmith, A.J.; Kuwata, K.T. Measurement of the compressibility factor of gases: A physical chemistry laboratory

experiment. J. Chem. Educ. 2011, 88, 1166–1169. [CrossRef]
26. Falkowski, H.; Hauser, G.; Janiszewski, T.; Jaskula, A. Diesel Fuel Injection Systems (Original: Uklady Wtryskowe Silnikow Wysoko-

preznych); Transport and Communication Publishers (Wydawnictwa Komunikacji i Lacznosci—WKiL): Warsaw, Poland, 1989;
pp. 55–60; ISBN 83-206-0822-8.

27. Kozak, W.; Markowski, J. Coefficient of air and exhaust gas solubility in diesel fuel. Combust. Arch. 2003, 3, 50–61.
28. Xue, Y.; Du, Q.; Zhao, F.; Zhu, J. Dynamic analysis of a hypocycloid mechanism with planetary gears for internal combustion

engine. In Proceedings of the 2008 Asia Simulation Conference—7th International Conference on System Simulation and Scientific
Computing, Beijing, China, 10–12 October 2008; pp. 1012–1017.

29. Xu, X.; Xu, H.; Deng, H.; Gu, F.; Talbot, C. An investigation of a hypocycloid mechanism based twin-rotor piston engine. J. Mech.
Eng. Sci. 2015, 229, 106–115. [CrossRef]

30. Aziz, E.S. Enhanced hypocycloid gear mechanism for internal combustion engine applications. J. Mech. Des. 2016, 138, 1–9. [CrossRef]
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