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Abstract: The advancement of modern injection systems of diesel engines is related to a constant
increase in the injection pressures generated by injection pumps. This translates into an improvement
of the engine operation indexes, including the emission-related ones. Such an approach brings a
series of problems related to the design, construction and durability of the injection system. Therefore,
the authors asked whether the current market trend in injection systems is the only appropriate
path to be taken. When searching for the answer, the authors decided to propose an innovative
concept consisting of dissolving exhaust gas in diesel fuel with the use of an injection pump. Such
a saturated solution, when flowing out of the injection nozzle, begins the process of releasing the
gas dissolved in the fuel. This has a positive impact on the atomization process, hence the process
of combustion. The aim of this paper stems from the previously performed research. Due to the
nature of the phenomenon, it was necessary to propose a new design for the injection pump. For
correct selection of the dimensions of the pumping section, it was of key importance to determine the
coefficient of solubility and the bulk modulus of the solution of diesel fuel and exhaust gas. Aside
from the description of the applied method and the results of the direct measurements, this paper
presents the yet undescribed results of the measurements of the coefficient of solubility of different
concentrations of exhaust gas in diesel fuel. The authors also investigated the influence of the amount
of exhaust gas dissolved in the fuel on the bulk modulus of the solution. The final part of the paper
is a description of a proprietary design of a hypocycloidal injection pump. The application of the
innovative drive allows a correct dissolution of exhaust gas in the fuel.

Keywords: dissolution; coefficient of solubility; coefficient of compressibility; effect of desorption;
hypocycloidal pump

1. Introduction

Air pollution is currently a serious problem. Depending on the region of the world, it
is assumed that the main sources of pollution are household energy (about 52%), industry
(about 17%) and road transport (about 10%) [1]. These problems are visible on a daily
basis, especially in the pollution of large cities [2,3]. This has a huge and negative impact
on human and animal health. Although internal combustion engines are not the main
source of pollution, one of the greatest disadvantages faced by their designers is the
excessive emission of harmful compounds in exhaust gases [4,5]. In particular, a significant
problem is the emission of particulate matter [6–8]. Particulate matter with diameters of
less than one micron (ultrafine particles) is believed to be the most dangerous to humans.
The source of these particles is combustion processes [9]. Activities aimed at reducing
the negative impact of this type of machinery on the environment are dictated by more
and more stringent emission standards. This problem is solved in many aspects, e.g., by
optimization of the combustion process, by the use of exhaust gas aftertreatment systems or
alternative fuels, by significant design modifications, or generally speaking, by developing
internal combustion engines, all of which result from the broadly understood progress of
knowledge [10–12]. For classic piston designs, injection systems are of key importance in
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the emission of harmful compounds [13]. In the case of compression ignition engines, the
development of this type of system is related to the continuous increase in the injection
pressure [14–16]. A good example to support this trend is the common rail system, where
each consecutive generation of this solution is characterized by a higher operating pressure
in the fuel rail [17,18]. In such a system, the disintegration of fuel into droplets is triggered
by a single physical factor: the fuel flow velocity in the nozzle channels generated by
the pressure at the nozzle. The disintegration of the fuel spray initiated in this way is
additionally reinforced with a secondary stimulus, the environment in which the injection
takes place [19,20]. Given the small compressibility of fuel, it is generally accepted that
the decompression process is not of key importance for the process of atomization. The
fundamental parameter is thus the injection pressure, which must be very high to meet the
environmental standards [21].

Generating high pressures brings many problems, both in the design/construction
and operation stages of injection systems [22–24]. The basic difficulties are, inter alia, the
need to maintain tightness and dimensional stability as well as high-pressure durability of
the components of the injection system (pumping sections, injectors etc.).

Based on the research problem presented in this way, the authors asked whether
aiming at increasingly higher injection pressures and overcoming the related problems
is the only development trend of modern diesel injection systems. When searching for
the answer, the authors concluded that the said trend does not have to be the only path
in the development of injection systems. An improvement in the fuel atomization can be
obtained by introducing another physical factor related to the properties of a solution of
liquid and gas—this is an innovative concept consisting of adding a certain amount of
gas into the fuel that will subsequently dissolve in it. In the process, at an appropriate
injection pressure, a state of equilibrium is sought. When a significant distortion of such a
state takes place (lifting of the injection needle), the process of releasing the gas contained
in the fuel begins. This process is the effect of gas desorption from the solution with the
nucleation of the gas bubbles (desorption effect). The fundamental aim of the proposed
concept is the improved atomization in high-pressure injection systems (common rail) while
maintaining low values of the injection pressure, which, again, positively influences the
load on the system, preventing it from premature wear. This phenomenon can be compared
to opening a bottle of sparkling water—the characteristics of such a solution when pressure
reduction occurs is that the gas releases from the entire volume of the liquid. This effect is
an additional physical stimulus improving the fuel atomization in the combustion chamber.
What is more, the gas release rate depends on the rate of the variability of the stimulus. The
mechanism of gas desorption with nucleation of the gas bubbles is shown in Figure 1.
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This is advantageous, given the availability of the exhaust gas in the engine and its rich-
ness in CO2 that dissolves well in liquids [27]. Except carbon dioxide, tests on air (oxygen) 
and CNG [28–30] have been successfully carried out at Poznan University of Technology. 
Literature data [31] indicate that carbon dioxide dissolves in liquids, hence in diesel fuel, 
several times better than air. Therefore, the CO2 contained in the fuel appears to be the 
optimum solution. 

The theoretical background and practical use of the phenomenon of gas release from 
diesel fuel was explored by Władysław Kozak and his team from Poznan University of 
Technology [29,30,32]. In his works, he proved a positive impact of the effect of desorption 
on the engine operation. At an assumed injection pressure at the level of 35 MPa, a drop 
in the pressure increase took place of approx. 20%, along with a reduction in exhaust gas 
opacity of approx. 50%. The performed tests indicated a reduction in the emission of CO 
and HC of approx. 100% when combined with an appropriate change in the movement of 
the charge in the combustion chamber. The reduction in NOx reached approx. 20%. 

One of the fundamental problems of the performed experiments was related to the 
injection pump. The desorption effect is not possible in high-pressure pumps that utilize 
driving camshafts. Currently, such pumps constitute a majority in the market. This is re-
lated to the fact that if gas and fuel were to be fed to the pumping section in the intake 
stroke and the dissolution carried out in the compression stroke, the high-pressure pump 
would have to have drastically different proportions compared to the existing ones. Given 
the above, it was assumed that it is necessary to develop a new type of pump of compact 
dimensions. 

Following the performed tests, the authors confirmed that the optimum pressure of 
the fuel mixed with gas, at which the desorption effect takes place, is 60 MPa. It was also 
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In terms of the design, the authors assume the application of pressure accumulators in
the high-pressure section of the system that would allow for the necessity of maintaining the
pressure on such a level that would prevent the gas from releasing from the solution. These
accumulators are generally available on the market. Outside of the pressure accumulator,
in the fuel lines and the injectors, the fuel and the gas should constitute a homogenous
solution. Feeding a solution of liquid and gas to the injector in a state of equilibrium
will result in the sudden release of the gas from the solution at the onset of the injection
(following a sudden drop in the thermodynamic potential). The described phenomenon
causes the fuel droplets to tear from the inside, which has a positive effect on the fuel spray
parameters (penetration, angle, volume). As a result, this translates into reduced exhaust
emissions [25,26].

The concept assumes the use of exhaust gas taken directly from the exhaust manifold.
This is advantageous, given the availability of the exhaust gas in the engine and its richness
in CO2 that dissolves well in liquids [27]. Except carbon dioxide, tests on air (oxygen)
and CNG [28–30] have been successfully carried out at Poznan University of Technology.
Literature data [31] indicate that carbon dioxide dissolves in liquids, hence in diesel fuel,
several times better than air. Therefore, the CO2 contained in the fuel appears to be the
optimum solution.

The theoretical background and practical use of the phenomenon of gas release from
diesel fuel was explored by Władysław Kozak and his team from Poznan University of
Technology [29,30,32]. In his works, he proved a positive impact of the effect of desorption
on the engine operation. At an assumed injection pressure at the level of 35 MPa, a drop
in the pressure increase took place of approx. 20%, along with a reduction in exhaust gas
opacity of approx. 50%. The performed tests indicated a reduction in the emission of CO
and HC of approx. 100% when combined with an appropriate change in the movement of
the charge in the combustion chamber. The reduction in NOx reached approx. 20%.

One of the fundamental problems of the performed experiments was related to the
injection pump. The desorption effect is not possible in high-pressure pumps that utilize
driving camshafts. Currently, such pumps constitute a majority in the market. This
is related to the fact that if gas and fuel were to be fed to the pumping section in the
intake stroke and the dissolution carried out in the compression stroke, the high-pressure
pump would have to have drastically different proportions compared to the existing ones.
Given the above, it was assumed that it is necessary to develop a new type of pump of
compact dimensions.

Following the performed tests, the authors confirmed that the optimum pressure of
the fuel mixed with gas, at which the desorption effect takes place, is 60 MPa. It was also
confirmed that a piston positive displacement pump needs to be used that is similar to
conventional pumps in design but has different proportions due to the presence of gas in
the fuel.

An important aspect during the design stage of the pump was the selection of the
dimensions of the pumping sections, in which the dissolution of exhaust gas in the fuel
takes place. To this end, it was necessary to determine the coefficient of solubility and the
bulk modulus of the solution of diesel fuel and exhaust gas. This problem is addressed in
the first part of the paper (Sections 2 and 3). The aim of the research resulted from the fact
that the literature [33] only provides data related to the values of the coefficients of solubility
of chemically pure compounds. Unfortunately, both the fuel acting as the solvent and the
air or exhaust gas acting as the dissolved gas are conglomerates of chemical compounds.

The performed investigations and the technical assumptions that the designed pump
should meet (dimensions, the need to apply a high-fuel-pumping-rate solution) spurred
the authors to develop a new concept of an injection pump. To this end, the authors applied
a hypocycloidal solution. This type of proprietary innovative pump is presented in the
second part of the paper (Section 4).
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2. Methods
2.1. The Coefficient of Solubility and Compressibility of Exhaust Gas in Diesel Fuel

When a small amount of gas is supplied to diesel fuel, the bulk modulus changes
drastically compared to conventional fuel. An example is the presence of air in the fuel:
if 1% of the volume is occupied by air, the bulk modulus of a typical liquid reduces by
approx. 50% [34]. Due to a significantly greater ability of exhaust gas to dissolve in
petroleum-derived fuels compared to air, one should expect the value of the bulk modulus
to change even more. An additional aspect arises: as the engine load changes, the exhaust
gas composition is modified, including the content of CO2. Therefore, in the investigations
of the coefficient of solubility and bulk modulus of a solution of fuel and exhaust gas, one
needs to allow for the amount of exhaust gas as well as its composition.

In order to determine the amount of gas that can be dissolved in the fuel, a quantity of
q was adopted that denotes the number of grams that dissolves in 100 g of pure solvent at a
given temperature when the total pressure (partial pressure of saturated steam over liquid)
at the temperature of absorption amounts to 760 mm Hg. The coefficient of solubility q is a
function of pressure and temperature. The influence of the temperature on the q value is not
evident and depends on the combination of the type of gas and the type of solvent. As for
the pressure, the direction of the change in the q value is clear. An increase in the pressure
improves the ability of solvents to dissolve gases [35]. The method of measurement of the
coefficient of solubility is based on the above definition—the measurement was performed
in such a way that in the volume V, a known amount of gas of the mass of mg (in this case,
Vg = V) was confined and then liquid was introduced to this volume. Filling the entire
volume with liquid forced the passage of the gas into the liquid (the process of dissolution).
The mass of the liquid in which this occurred, in connection with the mass of gas mg, allows
determining the coefficient of solubility.

The process of dissolution is accompanied by an increase in the pressure triggered
by the introduction of liquid into a constant volume V and a constant mass mg. Until the
entire amount of gas is dissolved, the analyzed volume is divided into two parts. One of
these parts contains the gaseous phase and the other contains the liquid phase (a solution of
liquid and gas). In the part occupied by the gas, compression takes place and the pressure
changes according to a curve resembling an isothermal one. In the part filled with liquid,
the change in volume results from the compressibility of the solution, and the accompanied
relation of the pressure change is close to a straight line. Hence, the function describing the
changes in the pressure during the dissolution of exhaust gas in diesel fuel is monotonic
and the curve changes from exponential to a straight line, which is an asymptote. The
point of passing of the curve into an asymptote corresponds to the moment when the entire
amount of gas passes into the solution.

The bulk modulus B of the liquid determines the proneness of the liquid to deforma-
tion caused by the pressure p and is the opposite of compressibility β defined with the
formula [34,36]:

β = − 1
V

(
dV
dp

)
T,S

(1)

where V is the volume in which the pressure p is acting. Depending on the conditions
under which the compressibility measurement is performed, we can distinguish a notion
of isothermal and adiabatic compressibility, which is indicated by the temperature T or
the entropy indexes S. The sign ‘−’ denotes the direction of the changes in volume caused
by the increase in the pressure. In calculations of hydraulic systems, the change in the
measurement conditions is neglected and the bulk modulus of a liquid B is used in the
equation [37]:

dV
V

= −dp
B

(2)
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From the above relation, it results that

B = V· dp
dV

(3)

This equation can be construed as a definition of the bulk modulus. The dimension of
the modulus is Pascal.

From the definition of the bulk modulus, it is determined how the measurement
should be made: the volume V must be modified and the resulting change in pressure dp
must be measured at the same time. In the measurements, infinitely small increases are
replaced with finite ones ∆. Given the very high values of B, in order to obtain sufficient
accuracy of the measurement, the volume V should be equally high. Assuming the linear
function B(p), two points suffice.

2.2. Research Stand

In the presence of gas, the value of B from Formula (3) becomes significantly compli-
cated. In the pressure range of interest, from the point of view of the injection process, gas
usually dissolves in the diesel fuel entirely and is trapped in the solution, whose solvent is
the fuel. Hence, the design of the test stand must allow for the dissolution phase. When
building the stand for the measurement of the bulk modulus, the authors decided to utilize
a tank of a constant volume V (Figure 2) and carry out the dissolution by changing the
mass of the fuel in the tank. The fuel system was composed of a conventional pump (4)
driven by a lever (7), a high-pressure line (8), an injector (3) and a fuel tank (6). The changes
in the pressure in the hydraulic actuator were recorded with a manometer (9). The fuel
pumping was carried out by a manual drive of component (4) in Figure 2.
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Figure 2. Diagram of the method of measurement of the coefficient of solubility and bulk modulus:
1—cylinder of the hydraulic actuator, 2—piston of the hydraulic actuator, 3—injector, 4—pump,
5—pump supplying the fuel under the piston, 6—fuel tank, 7—pump lever, 8—high pressure line,
9—manometer, 10—manometer measuring the pressure under the piston (pr).
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In the beginning of the measurement, the entire volume Vmax was filled with exhaust
gas of known content of CO2, i.e., the exhaust mass me of the volume Ve = V was introduced
and was not modified during the measurement. Next, using the high-pressure system,
diesel fuel was introduced into this volume. As the diesel fuel was supplied to the volume
Vf , an increase in the pressure in the fuel tank and the compression of the exhaust gas
took place, leading to a reduction in Ve occupied by the gaseous phase of the exhaust
and the process of dissolution; exhaust gas mass me did not change. Upon obtaining
the counterbalance pressure, adequate for the introduced mass of the exhaust gas, the
gaseous phase faded (the entire mass of the exhaust gas in the measured volume passed
into the liquid state), and when continuing the fuel delivery to the measured volume, effects
triggered by the liquid compressibility were observed.

The relation of the bulk modulus and the amount of dissolved exhaust gas was
monitored in such a way that for each measurement, the same amount of exhaust gas Vmax
was taken, and then, by changing the position of piston 2, the measured volume V was
determined, which was later filled with diesel fuel. In order to ensure the tightness of the
measured volume, diesel fuel was supplied under the piston under the counterbalancing
pressure pr.

The nature of the pressure changes observed in this process is shown in Figure 3. The
equilibrium state for the solution (end of exhaust gas dissolution) occurs at point K. The
observed nature of the pressure changes in this area is typical of a liquid compression (in
this case, it is a solution). The bulk modulus can be calculated based on the adopted two
points on a straight line. These are example points A and B. Point B must be above point K.

The increase in the fuel volume ∆VAB generates a pressure change in the volume V by
∆pAB; hence, the bulk modulus can be calculated as:

B = V·∆pAB
∆VAB

(4)
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lus B of the solution of diesel fuel and exhaust gas: A—measurement end point, B—measurement
start point, K—end of exhaust gas dissolution, ∆pAB—change in pressure on the AB portion,
∆VAB—change in volume on the AB portion.

The most important component of the measurement system shown in Figure 4 is the
hydraulic actuator (Figure 2) composed of a cylinder and a piston. The position of the
piston can be changed, thus setting the measured volume V. The filling of the cylinder
with gas is realized through an inlet hole during the downward movement of the piston.
Upon filling the volume Vmax with gas, the inlet hole is closed.
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An important problem to be addressed was the tightness of the hydraulic actuator
because during the measurements, the mass of the supplied gas had to be constant. This
problem was solved in two ways. The first solution was a specially designed sealing of the
piston inside the cylinder. The second solution was the application of the volume under the
cylinder to generate a counter pressure (the pressure under the cylinder pr, Figure 2). When
pumping the fuel to the space above the piston, the space under the cylinder was filled
with diesel fuel, maintaining the pressure close to that above the piston. The maximum
difference in the pressures below and above the piston did not exceed 0.5 MPa.

As a result of the measurements, a discrete form of the function p(m f uel)V was ob-
tained. Assuming the string of values ∆V, a set of curves was obtained that served to
determine the pressure corresponding to the moment of full dissolution of a constant
amount of gas in a variable amount of fuel. This is the point at which the curve p(m f uel)V
becomes a straight line. Based on the determined points A and B (Figure 3), a discrete form
of the relation q(p)gas for the tested gas was obtained.

In order to determine the coefficient of solubility, measurements were carried out
for a predefined position of the piston h: 0, 50, 100, 150, 200, 250, 270 and 290 mm,
corresponding to the measured volume ∆V 1508.0, 1256.6, 1005.3, 754.0, 502.7, 251.3, 150.8
and 50.3 cm3, respectively.

The measurement cycle (for all positions of the piston) was carried out taking the
exhaust gas to the hydraulic cylinder directly from the exhaust manifold of a turbocharged
diesel engine (compare Figure 4) operating near the test stand. The measurements were
performed for three predefined concentrations of CO2 in the exhaust gas: 4%, 8% and 10%.
The adopted concentrations were obtained by changing the engine load. The concentration
of CO2 in the exhaust gas was measured with a TESTO 360 analyzer (the analyzer enables
a simultaneous measurement of the values of CO, CO2, NO, NO2, SO2 and O2 in the
exhaust gas).
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Figure 4. Diagram of the diesel fuel/exhaust gas compressibility measurement stand: 1—frame
with hydraulic actuator, 2—probe (pumping section of the injection pump), 3—combustion engine,
4—exhaust gas analyzer probe, 5—exhaust gas analyzer, 6—control panel, 7—extraction system,
8—fuel tank, 9—injector, 10—valves (exhaust, supply and bleed valves), 11—manometer, 12—U-pipe,
13—exhaust gas system.
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Taking the volume ∆Vmax of the gas and then modifying this volume to the value
∆V under isothermal conditions without the loss of mass of the gas results in a change in
pressure according to the equation:

p·∆V = mgasRT = const. (5)

This equation allows determining the initial value of the pressure in the measured
volume. Supplying fuel to the constant volume ∆V reduces the volume Vg occupied by the
gas and results in an increase in the pressure. This leads to an increase in the coefficient
of solubility and a passage of part of the gas from the volume Vg to the solution. If the
entire process takes place under conditions close to isothermal, in the initial phase of fuel
supply, the curve p(m f uel)V describing the course of pressure in the measured volume is
close to a straight line. The direction coefficient of this straight line is described with the
process of gas compression and reduction in the mass of the part of gas that did not pass
into the liquid. As the volume occupied by the gas decreases and the pressure grows, the
effect of compression takes over the effect of dissolution, and the direction coefficient of
the straight line p(m f uel)V increases to the boundary value. When the entire mass of gas
dissolves in the fuel, in the analyzed volume, we only have a liquid solution of gas and fuel.
With a sufficient amount of solution, supplying a small amount of fuel triggers the same
effect as the reduction in the volume. Therefore, the boundary coefficient of the straight
line inclination results from the coefficient of compressibility of the fuel gas solution. Such
nature of the function p(m f uel)V (identical to the one described above) has been observed
in all measurements.

3. Results of the Measurements and Discussion
3.1. Coefficient of Solubility

When directly measuring the dissolution of exhaust gas in diesel fuel for all the
concentrations of CO2, curves of similar course were recorded. In the paper, the authors
gave just one example set of results (Figure 5), for the concentration of CO2 = 4%. On all
curves, the initial, approximately straight-line nature of the allocation passes into a phase
of heavy non-linearity and then asymptotically approximates a straight line—describing
the compressibility of the liquid solution.
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the concentration of CO2 in the fuel of 4% (K—end of exhaust gas dissolution).

All results obtained during the measurements were used to determine the points of
coordinates p(m f uel)V , at which the process of gas dissolution in the fuel was completed.
On each dissolution curve, this point is the beginning of the straight-line portion, covering
the compression of a pure liquid. For example, for the curve h = 0 (Figure 5), it was marked
K. The mass of the drawn exhaust gas was calculated using the equation of state based on
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the volume ∆Vmax of the hydraulic cylinder and the physical conditions during the filling
of the cylinder (measurement T, p).

Determining these points allowed completing the objective of this part of the research,
i.e., determine the set of values of the coefficient of solubility q and matching the values of
the pressure p. Based on such results, a descriptive form was created of the characteristics
of changes in the coefficient of solubility of exhaust gas in diesel fuel as a function of
pressure (Figure 6).
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The scope of the research was limited to the conditions (type of gas, intervals of
the pressure values) under which the operation of a diesel engine is most likely. The
measurements were performed under stationary conditions—the measurements did not
allow for the dynamic characteristics of the engine fueling system operation.

In order to dissolve 1 g of air in 100 g of diesel fuel under atmospheric conditions, it is
necessary to apply a pressure of the order of 16 MPa [35]. This result confirms the generally
known fact of poor gas solubility in liquids compared to the solubility of liquids in liquids.
In the engine filling balance, the amount of air dissolved in the fuel referring to the amount
of air supplied to the engine via the fueling system is negligibly small, because, under
stoichiometric conditions, in order to burn 1 kg of fuel, we need approx. 14.4 kg of air.

With the content of CO2 on the level of approx. 10%, the value of the coefficient of
solubility of the exhaust gas increases approximately 100 times compared to the coefficient
of solubility of air. Such a significant increase in the coefficient is to be mainly attributed to
the presence of CO2. There are other gaseous components in exhaust gas, such as CO or
NOx, but their amounts are negligible.

For greater values of the coefficient of solubility, i.e., for q greater than approx.
0.5 ggas/100 gfuel, curves q(p) of the investigated gases assume a straight line.

The value of pressure at which the entire volume of the gas is dissolved in the fuel
depends on the amount of gas. It is advantageous that when supplying gas under ambient
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conditions, its dissolution occurs at a moderate pressure (lower than that of the injection
needle opening in conventional fueling systems). This observation allows a supposition
that for the entire operation of the engine (except engine start), in the injection system
under high pressure, the gas should remain dissolved in the fuel, therefore not disturbing
the operation of the injection systems with airlocks.

However, it is not advantageous that with the increase in the engine load (increase in
the content of CO2 in the exhaust gas), the counter pressure decreases, assuming values
lower than those of the combustion chamber. Under such conditions, the gas will not release
from the solution. In order to generate pressures higher than the maximum combustion
pressure, it is necessary to increase the value of the coefficient of solubility. This means that
for a given dose of fuel injected during a single engine cycle, the concentration of carbon
dioxide in the exhaust gas must be increased.

3.2. Coefficient of Compressibility

The value of the bulk modulus of the fuel mixed with the exhaust gas was determined
using a high-pressure system and a test stand, presented in Figure 4. The results of the
measurements are shown in the form of graphs in Figures 7–9.
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On these graphs, the position of point K was ascertained first (end of the process of
exhaust gas dissolution) and then two points A and B were assumed, between which the in-
crease in the amount of fuel ∆VAB supplied to the measured volume and the corresponding
increase in the pressure ∆pAB were recorded.
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The recorded allocation of ∆VAB and ∆pAB is the result of the influence of the com-
pressibility of the solution and the deformation of the entire equipment. With such high
pressures and the relatively great size of the high-pressure system, the problem of deforma-
tion can be neglected. When estimating the rigidity of the components of the said system,
the authors concluded that the rigidity of the frame was at least 10 times greater than the
rigidity of the outstanding components, which is why the deformation of the frame was
omitted. However, the radial deformation of the cylinder along with the longitudinal defor-
mation of the piston/piston pusher position adjustment screw were taken into account. The
results of the measurements of the bulk modulus of the solution of diesel fuel and exhaust
gas, allowing for the deformation of the measurement system, are shown in Figure 10.

The coefficient of compressibility shows a value of a relative decrease in volume
generated by the increase in pressure. Changes in the bulk modulus obtained in the tests
vary widely and assume a non-linear form (Figure 10). The compressibility/bulk modulus
decreases with the increase in the mass of the exhaust gas drawn into the cylinder. This
is caused by the intermolecular interaction; the repulsive forces are significant only when
the molecules are very close to one another. Probably, these are close-range interactions;
even on the scale determined by the diameter of the molecules, the repulsion becomes
significant when the molecules are intermediately close to one another, as is the case under
high pressure when a large number of molecules occupy a small volume. Such a situation
can be observed when the piston of the hydraulic actuator is in the top position (h = 0)
(Figure 10).
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Figure 10. Effect of the amount of exhaust gas dissolved in diesel fuel on the bulk modulus of
the solution.

4. A Pump with a Hypocycloidal Drive

In order to obtain a homogenous solution of an equilibrium state to induce the des-
orption effect, it is necessary to effectively compress the gas to a volume occupied by the
liquid fuel. It was assumed that this would take place in the pumping section of the pump
of a sufficiently high displacement of the piston. The determined values of the coefficient
of solubility and compressibility of the solution of diesel fuel and exhaust gas allowed
determining the minimum size of the pumping sections of the high-pressure pump. The
performed research has shown that CO2 is a gas of high coefficient of solubility. It is
important to supply it in such an amount as to obtain the equilibrium state of the saturated
solution at a pressure equal to the pressure in the fuel rail. This means that the pump
should have large volumes of the pumping sections. Apart from the size of the pumping
section, an important parameter was also the total size of the pump—it was generally
assumed that the pump should be of a compact size, similar to other pumps available on
the market.

Meeting these requirements forced the application of an entirely new solution. Owing
to the above, the authors decided to apply the hypocycloidal drive [38–40]. A hypocycloidal
drive is composed of two wheels, the larger of which (R) has an inner toothing and the
smaller (r) has an outer one. The torque is supplied to the smaller wheel, setting it in
motion, while the larger wheel does not move against the axis. The smaller wheel moves
on the circumference of the larger wheel, and a selected point on the radius of the smaller
wheel draws a curve referred to as the cycloid. In order to create the actuating drive of
the pump, a hypocycloidal gearset was applied, of the radius ratio of the toothed wheels
R/r = 2. Such a selection of the wheels allows obtaining a resultant rectilinear motion,
which results from the Copernicus theorem: ‘a point on the circumference of the small
circle traces a straight line segment—a diameter of the large circle’. Figure 11 presents the
schematics of operation of the gearset together with the marked straight line, on which the
radial element of the mechanism moves.
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The analysis of the motion of the driving element indicates that, similarly to the
crosshead mechanism, it generates motion whose velocity can be described with a sine
function. A parametric equation describing the position of a point as a function of rotation
angle can be determined as follows:

x(α) = (R − r) cos α + r cos
(

R − r
r

α

)
(6)

x(α) = (R − r) sin α − r sin
(

R − r
r

α

)
(7)

Utilizing the above drive concept, the authors developed the design of the pump
from scratch. This solution has been patented. In this respect, several variants have been
prepared, fitted with one to four pumping sections. The paper presents the simplest one
based on a single pumping section.

The novel pump (Figure 12) has a main shaft (1), to which the drive is connected. In the
shaft, a countershaft is fixed eccentrically (2) in such a fashion that both these components
can move against each other. On the countershaft, a toothed wheel is located, having
outer teeth that mate with the toothed wheel (3) fixed to the pump casing. The support
(4) is an element that mates with the countershaft from the side of the pumping section.
Additionally, inside the countershaft, a mandrel is fixed eccentrically (5) that mates with the
mount (6) through a bearing. The casing has a fixed piston or a plunger (7) along with the
guiding element fitted in a sliding fashion inside the cylinder of the pumping section. The
main shaft, the support and the mandrel have bearings (Figure 13). A detailed description
of the design has been presented in [41–43].

Given the possibility of utilizing the desorption effect, an important component is
the pumping section. This is the location where the gas dissolution in the fuel is to occur;
hence, an appropriate design is needed to ensure this process. An example solution of the
pumping section is shown in Figure 14. The main components of the section are the body
of the delivery (1), the (2) and the piston. As the piston moves downwards in the volume of
the pumping section, a vacuum is generated, the result of which is the displacement of the
spring and the ball (a one-way gas valve, 5), and the space above the piston is filled with
the drawn gas. When the edge of the piston discloses the duct supplying the fuel under
pressure that mixes with the gas contained inside the cylinder and initially compresses it,
the filling of the section takes place. As a result, the gas valve closes. The upward movement
of the piston causes a closure of the duct supplying the fuel and ends the compression of
the mixture. During the compression, the gas dissolves in the fuel, making a solution or a
mixture. When the initial pressure of the spring of the pumping valve (6) is overcome, the
mixture is pumped to the pressure line and then the pressure accumulator.
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The presented design of a hypocycloidal pump has a variety of advantages. The
authors assume that this design will be more reliable and durable compared to tradi-
tional solutions. This results from the application of verified, strong materials (toothed
wheels, bearings).

The fundamental advantage of the design allowing the application of the effect of
desorption is the high piston displacement. The displacement can be changed depending on
the needs by modifying the dividing diameter of the large toothed wheel (the displacement
of the piston equals the diameter of the wheel). In the prototype version, for the assumed
gearset module equal to 1, the displacement was 40 mm. This allows obtaining a large fuel
rate per single cycle, which reduces the forces in the pump mechanism. A larger piston also
means a longer pumping section. This, in turn, allows an application of a double labyrinth
seal (Figure 14, component 3) additionally fitted with a channel draining the leaking fuel
(e.g., to the overflow line of the injectors). This allows minimizing the leak of the diesel
fuel to the lubricating medium below. A double labyrinth seal has another significant
advantage. The inventors of the pump decided to separate the pumping function from the
lubricating function. The pump components are to be lubricated with a transmission fluid.
This will allow the pump to operate with alternative fuels.

Within the scope of works on the design of the pump, a series of simulations have
been performed [45]. The works have proven that when a hypocycloidal drive is used,
lateral forces are eliminated in the piston–cylinder assembly of the pumping section, and
thus an advantageous distribution of forces was obtained compared to traditional cam
drives. The simulations have also proven an advantageous course of the driving moment
on the pump shaft—these parameters had greater values compared to cam-driven pumps.
This is an important advantage, particularly in terms of gas dissolution in liquids taking
place in the pumping section.

Minimizing the lateral forces is good for the application of ceramic materials on the
mating surfaces of the piston and the cylinder. A characteristic feature of ceramic materials
is their hardness and the resulting resistance to wear. The modeling of the pump design
presented in [46] confirmed the superiority of ceramic materials over conventional steels
applied in the pumping sections. Therefore, this is a particularly interesting alternative
(owing to the minimization of the lateral forces in the piston–cylinder assembly) that can
be applied in the hypocycloidal pump.
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The patented prototype of the pump is in the phase of production. In the beginning of
2023, tests are planned that will allow a practical validation of the design.

5. Conclusions and Trends in Future Works

In order to improve diesel engine operating indexes through enhancing the atomiza-
tion process, the authors proposed the application of the effect of desorption of gas from a
solution with a nucleation of the gas bubbles. This concept includes dissolution of exhaust
gas in diesel fuel, which, during the process of injection, leads to an abrupt release of the
gas from the solution as a result of a sudden drop in the thermodynamic potential. The said
mechanism triggers a tearing process of the droplets from the inside. This is an additional
factor boosting the atomization mechanism.

The realization of the process requires a new design of the pump that would enable
dissolution of the exhaust gas in the fuel with the help of the pumping section. In order
to properly design such a pumping section, it was necessary to investigate the properties
of the solution of the fuel with the gas. To this end, a test stand was built that allowed
determining the coefficient of solubility and compressibility of exhaust gas in diesel fuel.
The results of the investigations determined the coefficient of solubility of different con-
centrations of CO2 in the fuel and the influence of the amount of exhaust gas dissolved in
the fuel on the bulk modulus of the solution. The obtained results confirm the adequate
solubility of carbon dioxide in the fuel. It is noteworthy that the coefficients of solubility
and compressibility of the solution of diesel fuel with exhaust gas were determined based
on the assumption that these processes take place under isothermal and quasi-statistical
conditions. In general, the bulk modulus and the coefficient of solubility are functions of
pressure and temperature, which is why the performed investigations and analyses did not
fully exhaust the described problem.

The concept is supplemented with the design of the pump generally described in the
second part of the paper. In terms of the possibility of realization of the effect of desorption,
the most crucial feature of the pump is the piston displacement in the pumping section.
In the prototype version, it reaches 40 mm. According to the preliminary estimations, this
is sufficiently high for a full dissolution of exhaust gas in the fuel. This aspect is subject
to further research. It is, however, important that the displacement can be modified, as it
equals the dividing diameter of the large toothed wheel in a hypocycloidal gearset.
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2. Jasiński, R.; Galant-Gołębiewska, M.; Nowak, M.; Ginter, M.; Kurzawska, P.; Kurtyka, K.; Maciejewska, M. Case Study of Pollution
with Particulate Matter in Selected Locations of Polish Cities. Energies 2021, 14, 2529. [CrossRef]

http://doi.org/10.3390/atmos12050533
http://doi.org/10.3390/en14092529


Energies 2022, 15, 9163 17 of 18
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