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Abstract: A mathematical model of the working processes occurring in the gas cap has been devel-
oped on the basic fundamental laws of conservation of energy, mass and motion, and the equation
of state, both taking into account the change in the mass of the gas due to phase transitions and the
solubility of the gas in the liquid, and without taking them into account with a dividing element. In
addition, there was developed a mathematical model of the liquid flow from the gas cap through a
pipeline of constant cross section. It was found from the results of a numerical experiment that to
reduce the feed irregularity, it is necessary to increase the length of the pipeline and the crankshaft
revolutions, in addition to the known ratio of the volume of gas in the cap to the working volume
of the pump; an increase in discharge pressure and an increase in the diameter of the connecting
pipeline increases the feed irregularity.

Keywords: piston pump; gas cap; discharge pressure; connecting hydraulic lines; irregularity

1. Introduction

For many centuries, piston pumps have been widely used in industry and in everyday
life, but one of their most important characteristics is the irregularity of pump flow. The
regularity of the pump flow largely determines the regularity of the movement of the
working element of the hydraulic motor, and, consequently, its reliability and efficiency.

The analysis of the scientific literature showed that most of them aimed at reducing
flow, and pressure fluctuations caused by positive displacement pumps are associated with
the geometric optimization of the machine itself. The researchers paid attention to the
design of the inlet of axial piston pumps to ensure a smooth transition of fluid pressure
between the suction and discharge phases, and vice versa [1–3]. In gear pumps, engineers
have used special grooves in the side sleeves to improve machine performance and reduce
pressure pulsations [4–9].

Another way to reduce intake and pressure pulsations is to use external devices in
addition to the pump and hydraulic system [10–12]. These solutions can be divided into
two groups: active damping systems and passive damping systems, which this article is
devoted to.

Active methods involve the use of externally powered, controlled mechanisms. The
method presented in [13,14] consists of high-frequency action on the angle of an oscillating
plate in an axial piston pump through a switching valve, to soften the liquid intake. Various
research efforts are investigating the application of piezoelectric actuators to control pistons,
thereby neutralizing reverse flow by generating an anti-phase flow signal [14–16].

Their advantage is that they give effective results regardless of pressure and RPM
(revolution per minute) settings, but they tend to be complex and expensive.

Passive methods are simpler and cheaper, because they do not require external control
or power and do not need sensors for measurements. Mostly, passive methods dampen
flow pulsations using elastic components that interact with the flow. However, they are
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often designed to provide maximum performance within a certain operating range, beyond
which their efficiency decreases.

Shan’s study [17] demonstrates the above, and it stated where a spring accumulator
is used to reduce the fundamental harmonic of the flow pulsation generated by an axial
piston pump. The mechanism additionally uses the phase characteristics of suction and
discharge flow pulsations, as well as pressure pulsations to improve performance. As an
alternative, there was proposed a separate approach [16] in which the length and stiffness
of elastic pipes are optimized in a hydraulic circuit to reduce pulsations.

This article investigates the potential of gas-filled bladder accumulators as a pas-
sive device to reduce flow and pressure pulsations. The practice of introducing accu-
mulators into hydraulic systems to reduce noise and irregularities carried by the fluid is
widespread [18,19]. By acting as a low-pass filter in a liquid-filled line, the accumulator can
compensate for peaks, both negative and positive, occurring in the flow, by accumulating
or intaking an excess or deficiency of liquid.

Many works devoted to the study of the operation of gas caps are performed on the
calculation and analysis of the operation of air caps and they can be divided into three
groups. The first group implements a mechanical approach; its fundamental work on
the calculation of the gas cap is [4,20]. As the research was carried out when there were
no computers and no development of the version of numerical methods of mathematical
analysis, the author had to use assumptions to obtain analytical solutions. These studies
were reduced to the study of the dynamics of the liquid level in the gas cap under the
assumption that the water column is a material point.

It should be noted that gas caps are also used to dampen oscillatory processes in
connecting hydraulic and pneumatic pipelines. These works include the study and damp-
ing of hydraulic shock [21–23]; the study and damping of oscillatory pressure processes
in pipelines of reciprocating and compressor units [24–26]. An oscillatory approach is
implemented in these works with consideration of resonance phenomena. In most cases,
the solution of these issues was carried out using an analogy with electrical systems [27].

It should be noted that in a real gas cap there are processes of heat and mass transfer
between the gas and the working fluid, and heat exchange processes between the gas
and the cap surface at variable values of the heat transfer coefficient. Moreover, there is
unsteady movement of a viscous fluid in the connecting pipelines, including the turbulent
flow mode. To solve such a complex problem, it is necessary to use an approach based on
the basic laws of thermodynamics, mass transfer, fluid and gas mechanics. This approach is
the third main approach and it brings the mathematical model closer to reality and obtains
the results closest to reality. It is proposed to place a gas cap directly in the pump cylinder,
which will increase the efficiency of its operation while increasing the uniformity of the
pump flow and reducing the weight and size indicators of the pumping unit [28]. Thus, in
this paper, the task is to develop a mathematical model of the working processes of a gas
cap installed on the discharge of a piston pump, based on the general laws of fluid and gas
mechanics, and the theory of heat and mass transfer, to conduct a numerical experiment
on its basis, in order to analyze the influence of the main geometric dimensions (relative
volume of the gas cap, diameter and length of the connecting pipeline), as well as the
number of revolutions and its discharge pressure on the pump flow irregularity.

2. Materials and Methods

In general, when developing a mathematical model of the working processes in the
gas cap of a piston pump, four main objects can be distinguished: the piston pump (1), the
connecting pipeline (2) between the pump and gas cap, the gas cap (3) and the connecting
pipeline from the gas cap (4) (see Figure 1).
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Figure 1. Design scheme of the gas cap of the piston pump.

The piston pump provides liquid supply from the working chamber to the gas cap
through connecting pipeline 2. When performing calculations, we assume that the decrease
in the volume of the delivered liquid due to leaks, underfilling of the working chambers and
compressibility is negligible. Then, the liquid delivered to the cap can be determined as:
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From i-th working chamber
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(3)

In most practical cases, Sh1 = Sh2 = Shi, λ1 = λ2 = λi, ϕ2 = f (ϕ1); ϕi = f (ϕ1).

2.1. Mathematical Model of Working Processes in the Gas Cap

We consider the most general case, when there is no dividing element between the gas
phase and the liquid phase in the gas cap.

The calculation of thermodynamic parameters in the gas phase of the air cap is
similar to the calculation of the change in thermodynamic parameters in the processes of
compression and expansion in a reciprocating compressor with a liquid piston.

Currently, three main approaches are used to calculate the working processes in
reciprocating compressors: polytropic approximation, mathematical models with lumped
parameters and mathematical models with distributed parameters [29].

The gas cap is a stage of a reciprocating compressor with a liquid piston. Mathematical
models with distributed parameters determine the main thermodynamic parameters at any
point in the volume of compressible gas. However, their application is limited by changing
the computational grid at each moment of time, which requires time to implement this
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approach and efforts to compile this program. Due to the low speed of the liquid piston
compared to the speed of sound, with which pressure surges propagate, the resulting
uneven distribution of thermodynamic parameters quickly disappears and, accordingly,
its value tends to zero. For this reason, when calculating the working processes of re-
ciprocating compressors, mathematical models with lumped parameters are used [29].
The developed mathematical model of working processes in a gas cap is based on the
fundamental equations of conservation of energy, mass and motion, and considers many
factors that are not taken into account in other models, namely: first-order phase transitions
(condensation–evaporation), change in the heat transfer coefficient between gas and the
walls of the gas cap in time, and change in the heat transfer coefficient between the liquid
and the walls of the gas cap.

The main assumptions made are considered and their detailed analysis is given in [29].
Among the assumptions made, the following can be distinguished: the working processes
are balanced and reversible, the compressible gas is homogeneous and there is no uneven
distribution of temperatures and pressures in the compressible gas. The mathematical
model with lumped parameters is based on the general equations of conservation of energy,
mass, volume and the equation of state.

Taking into account that the kinetic energy of added and separated masses is insignifi-
cant, the energy conservation equation is transformed into the first law of thermodynamics
of a body of variable mass for an open thermodynamic system in the presence of first-order
phase transitions and gas solubility. Then,

dU = dQ− dL + iphaddMphad − iphodMpho + igrdMgr − iodMgo (4)

The elementary external heat transfer is determined in accordance with the Newton–
Rahman law, as

dQ = αF1
(
Twl − T

)
dτ + αF2(Tw − T)dτ (5)

where F1 = πd2
c

4 + πdclr, (F2 = πd2
c

4 ); Twl =

∫
F1

Twl(F)dF
F1

is temperature averaged over the
surface of the walls in the cap (Twl is determined experimentally [29]).

The determination of the heat transfer coefficient in the cylinders of reciprocating
compressors is carried out experimentally for single-acting reciprocating compressors with
a diameter of (0.1 ÷ 0.22) m; number of revolutions (1000 ÷ 1500) rpm, the Prilutsky–Fotin
formula is widely used in the form [30]:

Nu(ϕ) = ARex(ϕ) + B (6)

where Nu = αdc
λ is Nusselt number; Re = vwdc

µ/ρ is Reynolds number.
The free surface velocity in the gas cap can be determined using the continuity equation

for the liquid phase.

dMw = ∑ dMewi − dMow − dMphad + dMpho − dMgr + dMgo (7)

where ∑ dMewi = ρw·dτ·∑ Qi is the mass of liquid entering the gas cap from the
pump cylinders.

Considering (7), vw is determined as

vw =
dMw

F2dτ·ρw
(8)

The deformation work dL is determined as

dL = pdV (9)
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The elementary change in the volume of the gas phase in the cap over dτ time can be
determined as

dV = −vwF2dτ (10)

The mass of the gas phase in the cap: The change in the mass of the gas phase in the cap
without external leaks through the leaks of the cap is due to condensation or evaporation
of the working fluid (phase transitions of the first order). In this case, mass transfer is
carried out by concentration diffusion, thermal and barodiffusion. Taking into account the
accepted assumption of constant pressure and temperature throughout all of the gas cap,
there will be no thermal nor barodiffusion.

Taking into account that the mutual motion of the phases in the gas cap is negligibly
small, then to calculate the mass flows during concentration diffusion, we use Fick’s
first law:

dMph = βphF2(Cw −C2)dτ (11)

Values Cw and C2 can be determined as

Cw = pelst/(RsTw) (12)

C2 = ps/(RsT) (13)

where pelst is steam elasticity pressure at the surface of a liquid (is a function of the
temperature of the liquid and the curvature of the interface and is determined by the
Clausius–Claiperon equation [31]).

The mass transfer coefficient βph is determined based on [32]

βph =
α

CpρaT/D
(14)

It should be noted that the solubility of gas in liquid is generally described by the
Henry equation and increases with increasing pressure.

Thus, taking into account the above, the equation for the conservation of the mass of
the gas phase in the cap can be written:

dM = dMphad − dMpho + dMgr − dMgo (15)

State equation: It is well known that air follows the equation of state of an ideal gas
up to 10 MPa and temperature up to 600 K. In this case, we have

pV = MRT (16)

and also, taking into account that the specific internal energy and specific enthalpy for an
ideal gas depend only on temperature, we have

dU = d(MCvT) = CvTdM + CvTdM (17)

i = CpT (18)

p = (k− 1)
U
V

(19)

If the pressure in the gas cap is more than 10 MPa, it is necessary to introduce the
compressibility factor into the equation of state and use one of the existing equations of
state for an ideal gas: van der Waals, Berthelot, Dupre, Clausius or Vukalovich–Kirillin.
It must be remembered that for a real gas, u = f (v, T) and i = f (p, T), where v = 1

ρ is
specific volume.
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If there is a dividing element, there will be no mass transfer processes and the system
of equations to calculate changes in thermodynamic parameters will be written as

dU = dQ− pdV
dV = −(ΣdMnwi − dMsw)/ρw

p = (k− 1)U/V
T = pV/(MR)

(20)

Liquid phase: the pressure in the liquid phase is defined as

pw = p + ∆p (21)

Overpressure ∆p is due to the elastic force of the dividing element:

∆p =
Wels
F2

=
Cstf(lw − lw0)

F2
(22)

If there is no dividing element then pw = p.
To determine the temperature of the liquid in the cap, we use the energy conservation

equation, if there is no dividing element.
The studies carried out prove that the pressure fluctuations do not exceed 5% in

the cap [10] from the average pressure in the cap. The liquid enters the gas cap being
compressed in the pump. We calculate the relative change in the volume of a liquid due to
its compressibility. We assume that the nominal pressure at the outlet of the piston pump
is 40 MPa. Accordingly, the increase in pressure in the gas cap will be 2 MPa. Then, the
relative change in volume will be equal to ∆V

V = ∆p
E = 2·106

2·109 = 0.1%, i.e., the relative change
in volume is much less than one percent and can be neglected without loss of accuracy in
the results.

dUw = dQw − pdVwc + ∑ iadwidMwi − iowdM0w + iphaddMphad − iphodMpho + igrdMgr − iodMgo (23)

Taking into account that the liquid compression in the gas cap is negligibly small,
then dVwc = 0 and the deformation work is equal to 0. The total internal energy can be
determined as

Uw = uw·Mw (24)

Consequently,
dUw = d(uw·Mw) = Mwduw + uwdMw (25)

duw is written as

duw =

(
∂uw

∂vw

)
T

dvw +

(
∂uw

∂Tw

)
vw

dTw (26)

Considering that the fluid is incompressible and dvw = 0, Equation (25) is converted to:

dUw = CwMwdTw + CwTwdMw (27)

where
(

∂uw
∂Tw

)
vw

= Cw—specific heat capacity of a liquid.

Taking into account (27), the equation for determining the change in liquid temperature
can be written as:

dTw =
1

CwMw

[
dQw + ∑ iadwidMwi − i0wdM0w + iphaddMphad − iph0dMph0 + igrdMgr − i0dMp0

]
(28)

For a gas cap with a dividing element, Equation (28) is converted to:

dTw =
1

CwMw

(
dQw + ∑ iadwidMwi − i0wdM0w

)
(29)
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In Equations (28) and (29), the specific enthalpies are determined as

iadwi = CwTadi; i0w = CwTw (30)

The elementary external heat transfer dQw is determined as

dQw = αwFw
(
Twl − Tw

)
dτ (31)

The heat transfer coefficient αw for convective heat transfer depends on the flow mode
for a round pipe and is defined as [33] for laminar fluid flow:

αw =
αw

dc

[
0.33Re0.3

w Pr0.43
w (Prw/Prwl)

0.25
]

(32)

and for turbulent flow mode:

αw =
αw

dc

[
0.021Re0.8

w Pr0.43
w (Prw/Prwl)

0.25
]

(33)

where Rew = vwdK
µw/ρw

is the Reynolds number; Prw = µwCw
αw

is the Prandtl number; and Prwl

is the Prandtl number at wall temperature.
The heat exchange surface with a cylindrical shape of the cap is determined as

Fw = lwπdc +
πd2

c
2

(34)

Mass Conservation Equation: if there is no dividing element in the cap, it is determined
by Equation (7); in another case we have

dMw = ∑ dMadwi − dMow (35)

2.2. Mathematical Model of Liquid Flow in the Pipeline from the Gas Cap

Currently, various models are used to describe the flow of liquid in a pipeline, ranging
from the simplest ones based on the energy conservation equation (Bernoulli), both without
taking into account inertial pressure losses and taking them into account, to complex ones
using two-parameter turbulence models: k-ε, k-ω, SST and others.

When developing a mathematical model of fluid flow in a connecting pipeline, we use
the principle of hierarchy and consider the calculation of the flow based on the Bernoulli
equation and the unsteady one-dimensional flow of a viscous incompressible fluid.

In accordance with [4,20], the integral of the Bernoulli equation can be written as

∫
lpp2

∂

∂l

(
z +

p
j
+

v2
pp2

2g

)
dl +

1
y

∫
lpp2

∂vpp2

∂τ
dl + Σ∆hi = 0 (36)

where Σ∆hi =
(

Σξi + λpp2
lpp2
dpp2

) v2
pp2
2g —head losses due to local and hydraulic resistance

along the length.
The solution of this equation was carried out in [34].
Without taking into account the forces of inertia, the equation for determining the

velocity of the liquid in the pipeline is written as:

vpp2 =

√√√√√2g
[(

z1pp2 +
p

ρwg

)
−
(

z2pp2 +
Pd

ρwg

)]
(

λpp2
lpp2
dpp2

+ Σξi

) (37)
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The coefficient of friction along the length λpp2 is a function of the Reynolds num-
ber [35] and, accordingly, vpp2. As a result, Equation (37) must be solved at each time step
by the successive approximations method.

The system of differential equations for describing an unsteady one-dimensional flow
of a viscous incompressible liquid can be written as a system of equations of motion and
continuity [36–38]:

ρw
∂Qwpp2

∂τ + fpp2
∂p
∂x +

λpp2ρw
2dpp fpp2

QwppTP2|QwTP2| = 0
(38)

ρwa2

fpp2

∂p
∂x

+
∂p
∂τ

= 0 (39)

We recommend to solve this system by the method of “characteristics”.
Boundary conditions at the ends of the pipeline are adjacent, on the one hand, to the

gas cap, and on the other side to the consumer of the liquid in the form of pressures: in the
gas cap—pw; at the consumer of the liquid—pd.

Having defined vpp2 or Qwpp2, the value of dMow is determined as

dMow = ρwvpp2 fpp2dτ = Qwpp2ρwdτ (40)

2.3. Verification of the Developed Model

Currently, there are two research methods: experimental and theoretical. Both research
methods have an error in determining the true results. Until now, the experimental method
is believed to correspond to reality most accurately, and the developed models have been
verified on the results of experimental studies. In general, we also consider such an
approach proper if a comprehensive assessment of the error in the determination of results
in the experiment has been carried out. In some cases, the error in experimental studies
exceeds the error in the mathematical models based on the known laws of conservation of
energy, mass and motion. If experimental verification is not available, then the developed
mathematical mode can be verified by the following methods:

1 Compare it with the results of experimental studies of other authors.
2 Compare it with the results of theoretical studies of other authors.

Both approaches are not available in this work. There are no complete results of
experimental studies on the influence of the main design and operational parameters of the
gas cap in the literature, and those that exist are theoretical and experimental results that
correspond to the results obtained in this article (see Bashta, T. M. Displacement pumps and
hydraulic engines of hydraulic systems: textbook for universities/T. M. Bashta.—Moscow:
Mashinostroenie, 1974.—606 p.) [10]. When using the results obtained on other mathemati-
cal models, there is a question of how much the existing developed mathematical models
are closer to real results than the data. In our opinion, they are further from reality, because
mainly they use the theory of oscillatory processes, which do not consider many physical
phenomena (heat and mass transfer, etc.).

3. Results and Discussion

We conducted a numerical experiment to analyze the influence of the main operational
and design parameters on the irregular pump flow and the ongoing work processes in the
gas cap. As a study object we took a single-acting piston pump with the following main
dimensions: piston stroke—0.1 m; piston diameter—0.1 m; the ratio of the piston stroke to
twice the length of the connecting rod—0.2. The piston pump was connected to a gas cap
by a pipeline with a diameter of 0.03 m and a length of 0.5 m. The gas cap had a dividing
element with an infinitesimal rigidity. We chose water and air as the working fluid. The
gas cap was made in the form of a cylinder 0.6 m long. When the volume of the gas cap
was changed, its diameter was changed. The initial height of the liquid level was chosen
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equal to 1/3 of the total height of the tank. To simplify the calculations and due to the
smallness of its change, the temperature of the liquid in the cap was assumed to be 293 K,
and the average surface temperature of the cap walls was assumed to be 300 K. The gas cap
helped to maintain a constant pressure over time (pd) by a pipeline, the inner diameter and
length of which varied, and the value of the roughness of the inner walls remained constant
and equal to 0.000005 m. The preliminary analysis of the impact on the working processes
in the cap and the irregular pump flow established that the crankshaft revolutions of the
pump and the discharge pressure can be taken as independent operational parameters. We
chose as the main geometric parameters: the volume of the gas cap due to a change in its
diameter, and the diameter and length of the connecting pipeline. Thus, we obtained five
independent variables: pd, nrev, dpp2, lpp2,Vg/Vh.

Vg/Vh is the ratio of the initial gas volume to the working volume Vh of the pump.
As response functions, we chose: feed irregularity (∆ = Qmax−Qmin

Qav
), maximum fluid

flow (Qmax), minimum flow rate (Qmin), the average pressure in the cap (pav =
∫ 2π

0 p(ϕ)dϕ
2π )

and the average gas temperature in the cap (Tav =
∫ 2π

0 T(ϕ)dϕ
2π ).

The classical plan with fractional replicas was chosen for the numerical experiment.

3.1. Features of the Implementation of the Mathematical Model

In general, the developed mathematical model is a set of first-order differential equa-
tions of total derivatives. This system does not have an analytical solution and well-known
numerical methods can be used to solve it; for example, Euler, Runge–Kutta (of different
orders of accuracy), Adamson, Monte Carlo, etc. In this article, the Euler method was used
when solving differential equations.

As a base point, we take a point with the following independent variables: Vg/Vh = 64;
lpp2 = 2 m; dpp2 = 0.03 m; nrev = 300 rpm. The calculation starts from the crankshaft
rotation angle ϕ = π; in this case, the pressure and temperature in the gas cap were set
arbitrarily, while the pressure in the gas cap was set not much higher than the discharge
pressure (pd), and the temperature was set equal to the temperature of the liquid. The
instantaneous supply of liquid from the pump cylinder through pipeline 2 to gas cap 3 was
calculated. Then the gas cap and pipeline 4 were calculated. When calculating the pipeline,
an equation was used to determine the fluid flow rate without taking into account inertial
losses. The calculation was carried out with a step according to the crankshaft rotation
angle ∆ϕ = 2π/7200. After the calculation for one rotation of the crankshaft, the initial
and final pressure values in the gas cap were compared. If the difference in the obtained
pressures was less than 1 kPa, the calculation was stopped; if not, the calculation was
started anew, while the obtained final thermodynamic parameters of the gas and liquid in
the cap became the initial ones. In most of the calculation options performed, the number
of iterations did not exceed 25.

When determining the fluid flow rate in pipeline 4, the number of iterations was
limited to 50, while the discrepancy in determining the rate was set to less than 1%. During
the calculation, at each iteration, the value of the maximum flow rate in pipeline 4 during
the crankshaft rotation from 0 to 2π was determined—Qmax, the minimum value of the
liquid flow rate—Qmin, and the average integral value of the liquid flow rate—Qav.

3.2. Analysis of the Influence of the Ratio of the Initial Volume of the Gas Phase to the Working
Volume of the Pump (Vg/Vh)

In accordance with the previously obtained results in [1,4], an increase in the ratio
Vg/Vh leads to a decrease in the irregularity of the pump flow (see Figure 2). The resulting
dependence is hyperbolic in nature. From the presented results, we can conclude that an
acceptable feed irregularity (less than 10%) is achieved at Vg/Vh more than 70%.

The dependences of the minimum and maximum values of the liquid flow in pipeline
4 presented in Figure 3 established that these dependences are parabolic in nature and
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their change decreases significantly, starting from Vg/Vh > 50. Increasing Vg/Vh leads to a
decrease in the average pressure (pav) and average gas temperature in the cap.
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of the initial value of the gas phase volume to the working volume (1—Qmax; 2—Qmin).

Figure 4 presents ∆p = pav − pd and Tav depending on the ratio Vg/Vh. The obtained
dependences are close to linear. Values pav(∆p) and Tav change insignificantly and are
about 5 kPa and about 0.6 K with the increasing Vg/Vh from 16 to 64.

3.3. Analysis of the Influence of the Crankshaft Revolutions

Increasing the crankshaft revolutions increases the amount of liquid entering the gas
cap per unit time. This leads to a decrease in feed irregularity (see Figure 5). The presented
dependence has a clearly non-linear nature, close to parabolic. At a speed greater than
350 rpm, ∆ becomes less than 10%. With the increase in nrev values, Qmax and Qmin increase
almost linearly, and the difference between them decreases. As the number of revolutions
increases, pav(∆p) and Tav increase almost linearly (see Figure 6). Increasing ∆p with an
increase in the number of revolutions from 200 rpm to 400 rpm is 70 kPa, the value of Tav
is even more significant and is about 5 K. An increase in Tav is due to an increase in the
frequency of fluctuations in the liquid level in the gas cap. Thus, increasing nrev leads to a
significant increase in pav and Tav with a decrease in feed irregularity.
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3.4. Discharge Pressure Analysis

With an increase in discharge pressure, the feed irregularity increases linearly (see
Figure 7). This dependence is very significant. So, with an increase in discharge pressure
from 1 MPa to 3 MPa, an increase in the feed irregularity occurs from 13.9% to 36.57%, i.e.,
also almost by 3 times.
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An increase in pressure in the gas cap is equivalent to a decrease in the volume of gas
in it, and this, in turn, leads to an increase in the feed irregularity.

With an increase in discharge pressure, Qmax and Qmin also change almost linearly:
Qmax increases, but Qmin decreases. With an increase in discharge pressure, ∆p increases
very slightly from 51.3 kPa to 54.83 kPa. The average temperature Tav in a gas cap with
increasing pd decreases. This is due to an increase in the gas density, which leads to an
increase in the Re number and an increase in the heat transfer coefficient.

3.5. Analysis of the Influence of the Geometric Dimensions of Connecting Pipeline 4

Increasing the diameter of the pipeline increases the liquid flow rate from the gas
cap, which increases pressure fluctuations in the cap and fluid flow fluctuations from the
gas cap. Qmax with an increase in dpp2 increases parabolically and Qmin also decreases
parabolically (see Figure 8). There is also a parabolic increase in feed irregularity with the
dpp2 increase. It should be noted that the size of the pipeline diameter has a very significant
effect on the feed irregularity (see Figure 9). An increase in the diameter of the pipeline
leads to a decrease in the average pressure in the cap and the average temperature. We
observe a significant decrease pav by almost 100 kPa and temperature by 7.5 (see Figure 10).

An increase in the length of pipeline 4 leads to a decrease in the feed irregularity (see
Figure 11). An increase in the length of the pipeline increases the hydraulic resistance,
which leads to a decrease in the fluid velocity and its flow rate. Thus, an increase in
the length of a pipeline is similar to a decrease in its diameter. The presented results
allow us to conclude that the increase in length does not have a significant effect on the
feed irregularity.

The decrease in feed irregularity is due to a decrease in Qmax and increase in Qmin (see
Figure 12). An increase in the length of the pipeline leads to a linear increase in the average
pressure pav and temperature Tav (see Figure 13). It should be noted that the increase in pav
and Tav is insignificant.
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3.6. Ranking the Influence of Independent Variables on Feed Irregularity

It is important for constructors and designers of positive displacement pumps with
gas caps to know which independent variables to pay attention to in order to obtain the
minimum non-uniformity of the pumping unit. As a result, it is necessary to rank the
influence of independent variables on the feed irregularity of the pumping unit.

The ranking will be carried out in relation to the relative feed irregularity to the
relative independent argument ∆δ

∆x , where ∆δ = δmax−δmin
δav

; ∆x = xmax−xmin
xav

. The results of
the ranking are presented in Table 1.

Table 1. The results of the ranking.

x dpp Vg/Vh nrev pd lpp

∆δ/∆x 3.073 0.955 0.94 0.899 0.371

The presented results allow us to draw the following conclusions:

• The diameter of pipeline 4 has the greatest influence on the feed irregularity;
• The relative initial gas volume Vg/Vh is only the second value, although it is consid-

ered as the main in existing works;
• The crankshaft revolutions and the discharge pressure have approximately the

same effect;
• Pipeline 4 length has the least effect;
• Thus, it is important for developers, designers and those involved in the operation

of pumping units with gas caps to determine the diameter of the supply pipe (this
recommendation is not available in the existing literature), and to determine the ratio
of the initial gas volume in the cap to the working volume of the pump chamber (this
recommendation is in the technical literature).

4. Conclusions

1. We developed a mathematical model based on a thermodynamic approach which
allowed detailed consideration of work processes occurring in the gas cap on the
basic fundamental laws of conservation of energy, mass and motion, and the equation
of state, both taking into account the change in the mass of the gas due to phase
transitions and the solubility of the gas in the liquid, and without taking them into
account (if there is a separating element). To close the developed mathematical model
of working processes in the gas cap and to determine the maximum and minimum
fluid flows from the pump, a mathematical model of the fluid flow from the gas cap
through a pipeline of constant cross section has been developed;

2. It was found on the numerical experiment that to reduce the feed irregularity, it
is necessary to increase the length of the pipeline and the crankshaft revolutions,
in addition to the known ratio of the initial gas volume in the cap to the pump
displacement; an increase in discharge pressure and an increase in the diameter of the
connecting pipeline increases the feed irregularity;

3. The ranking of the influence of the analyzed independent variables on the feed
irregularity proved that the diameter of the connecting pipeline has the greatest
influence, then the ratio of the initial volume of gas in the cap to the volume of the
working chamber of the pump. Regarding operating parameters, the crankshaft
revolutions of the pump and the discharge pressure have approximately the same
influence, and the length of the connecting pipeline has the least influence. The
crankshaft revolutions of the pump and the discharge pressure of the pump have
approximately the same effect on the feed irregularity of the pump. The length of the
connecting pipeline between the gas cap has the least impact.
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Nomenclature
The nomenclature of the paper is shown below:
υn1, υn2, υni 1, 2 and i-th piston speed
fn1, fn2, fni areas of these pistons
ω1, ω2, ωi angular velocities
Sh1, Sh2, Shi full piston strokes
d1, d2, di piston diameters
ϕ1, ϕ2, ϕi angles of crankshafts rotation
λ1, λ2, λi ratio of piston strokes to crank lengths
dU elementary change in the total internal energy of the gas phase in the cap
dQ elementary external heat exchange
dL elementary contour work
iphad specific enthalpy of the added steam due to liquid evaporation
ipho specific enthalpy of the separated steam during condensation
dMphad elementary mass added to the gas phase of the cap due to first-order phase transitions
dMpho elementary mass separated from the gas phase of the cap due to phase transitions of

the first order
igr specific enthalpy of a gas released from a liquid
io specific enthalpy of a gas dissolved in a liquid
dMgr elementary mass of gas released from a liquid
dMPo elementary mass of gas dissolved in a liquid
F1 the heat exchange surface of the liquid
dc cap diameter
lr length of the generatrix of the cylinder of the gas cap in contact with the gas
F2 free surface area of a liquid
Tw liquid temperature
λ gas thermal conductivity coefficient
A, х, B constant coefficients (A = 0.2 ÷ 0.235, х = 0.8 ÷ 0.86, B = 500 ÷ 800)
µ dynamic viscosity coefficient
ρw liquid density
dτ elementary time
dMow mass of liquid separated over time dτ from the gas cap
Cw steam concentration on the liquid surface
C2 average steam concentration in the gas phase
βpg mass transfer coefficient
Rs steam gas constant
ps partial steam pressure
aT thermal diffusivity
CP specific isobaric heat capacity of gas
D diffusion coefficient (is a function of pressure and temperature)
Cst f dividing element stiffness
lw current position of the liquid level

https://rscf.ru/project/22-29-00399/


Inventions 2023, 8, 95 17 of 18

lw0 the initial position of the liquid level (in most practical cases, the liquid occupies 1/3
of the cap)

lpp2 pipeline 4 length
z center of gravity coordinate
j = ρwg liquid specific gravity
g acceleration of gravity
λpp2 coefficient of hydraulic friction along the length
dpp2 pipeline 4 inner diameter
Σξi sum of local coefficients (sudden expansion, sudden contraction, flow turn, etc.)
z1pp2, z2pp2 centers of gravity of control sections
pd fluid pressure
Qwpp2 volume flow of liquid in pipeline 4
fpp2 cross-sectional area of the connecting pipeline
a sound speed

References
1. Harrison, A.M.; Edge, K. Reduction of axial piston pump pressure ripple. Proc. Inst. Mech. Eng. 2000, 214, 53–64. [CrossRef]
2. Manring, N. The Discharge Flow Ripple of an Axial-Piston Swash-Plate Type Hydrostatic Pump. J. Dyn. Syst. Meas. Control. 2000,

122, 263–268. [CrossRef]
3. Johansson, A.; Olvander, J.; Palmberg, J.-O. Experimental verification of cross-angle for noise reduction in hydraulic piston

pumps. Proc. Inst. Mech. Eng. Part I J. Syst. Control. Eng. 2007, 221, 321. [CrossRef]
4. Borghi, M.; Zardin, B. Axial Balance of External Gear Pumps and Motors: Modelling and Discussing the Influence of Elastohy-

drodynamic Lubrication in the Axial Gap. In Proceedings of the ASME International Mechanical Engineering Congress and
Exposition, Houston, TX, USA, 13–19 November 2015.

5. Zhao, X.; Vacca, A. Theoretical investigation into the ripple source of external gear pumps. Energies 2019, 12, 535. [CrossRef]
6. Zhao, X.; Vacca, A. Numerical analysis of theoretical flow in external gear machines. Mech. Mach. Theory 2017, 108, 41–56.

[CrossRef]
7. Zhou, J.; Vacca, A.; Casoli, P. A Novel Approach for Predicting the Operation of External Gear Pumps Under Cavitating

Conditions. In Simulation Modelling Practice and Theory; Elsevier: Amsterdam, The Netherlands, 2014; Volume 45, pp. 35–49.
8. Corvaglia, A.; Rundo, M.; Casoli, P.; Lettini, A. Evaluation of tooth space pressure and incomplete filling in external gear pumps

by means of three-dimensional CFD simulations. Energies 2021, 14, 342. [CrossRef]
9. Corvaglia, A.; Ferrari, A.; Rundo, M.; Vento, O. Three-dimensional model of an external gear pump with an experimental

evaluation of the flow ripple. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2021, 235, 1097–1105. [CrossRef]
10. Bashta, T.M. Displacement Pumps and Hydraulic Engines of Hydraulic Systems: Textbook for Universities; Mashinostroenie: Moscow,

Russia, 1974; 606p.
11. Shcherba, V.E.; Pavlyuchenko, E.A.; Kuzhbanov, A.K. Parametric analysis of the operation of the pump section of a piston

pump-compressor with a gas damper. Chem. Oil Gas Eng. 2014, 50, 23–26.
12. Shcherba, V.E.; Bolshtyansky, A.P.; Kaigorodov, S.Y.; Kuzeeva, D.A. Study of the uneven theoretical supply of multi-cylinder

piston pumps. Bull. Mech. Eng. 2016, 33–36.
13. Casoli, P.; Pastori, M.; Scolari, F.; Rundo, M. Active pressure ripple control in axial piston pumps through high-frequency swash

plate oscillations—A theoretical analysis. Energies 2019, 12, 1377. [CrossRef]
14. Hagstrom, N.; Harens, M.; Chatterjee, A.; Creswick, M. Piezoelectric actuation to reduce pump flow ripple. In Proceedings of the

ASME/BATH 2019 Symposium on Fluid Power and Motion Control 2019 FPMC, Sarasota, FL, USA, 7–9 October 2019.
15. Casoli, P.; Vescovini, C.M.; Scolari, F.; Rundo, M. Theoretical Analysis of Active Flow Ripple Control in Positive Displacement

Pumps. Energies 2022, 15, 4703. [CrossRef]
16. Pan, M.; Ding, B.; Yuan, C.; Zou, J.; Yang, H. Novel Integrated Control of Fluid-Borne Noise in Hydraulic Systems. In Proceedings

of the BATH/ASME 2018 Symposium on Fluid Power and Motion Control FPMC 2018, Bath, UK, 12–14 September 2018.
17. Shang, Y.; Tang, H.; Sun, H.; Guan, C.; Wu, S.; Xu, Y.; Jiao, Z. A novel hydraulic pulsation reduction component based on

discharge and suction self-oscillation: Principle, design and experiment. Proc. Inst. Mech. Eng. Part I J. Syst. Control Eng. 2020,
234, 433–445. [CrossRef]

18. Rabie, M.G. On the application of oleopneumatic accumulators for the protection of hydraulic transmission lines against water
hammer—A theoretical study. Int. J. Fluid Power 2007, 8, 39–49. [CrossRef]

19. Yokota, S.; Somada, H.; Yamaguchi, H. Study on an active accumulator. JSME Int. J. 1996, 39, 119–124. [CrossRef]
20. Chinyaev, I.A. Piston Pumps; Mashinostroenie: Moscow, Russia, 1966; 188p.
21. Zhukovsky, N.E. On hydraulic shock in water pipes. In Classics of Natural Science; GITTL: Spring, TX, USA, 1949; 100p.
22. Khuzhaev, I.K.; Mamadaliev, K.A. Quasi-one-dimensional model and analytical solution of the problem of wave propagation in a

pipeline with a pressure perturbation damper. Probl. Comput. Appl. Math. Sci. J. 2016, 46–59.
23. Arbuzov, N.S. Comparative analysis of the use of a safety valve and a gas cap as protection systems against hydraulic shock of a

marine oil terminal. Territ. Neft. 2014, 56–61.

https://doi.org/10.1243/0959651001540519
https://doi.org/10.1115/1.482452
https://doi.org/10.1243/09596518JSCE208
https://doi.org/10.3390/en12030535
https://doi.org/10.1016/j.mechmachtheory.2016.10.010
https://doi.org/10.3390/en14020342
https://doi.org/10.1177/0954406220937043
https://doi.org/10.3390/en12071377
https://doi.org/10.3390/en15134703
https://doi.org/10.1177/0959651819871775
https://doi.org/10.1080/14399776.2007.10781266
https://doi.org/10.1299/jsmeb.39.119


Inventions 2023, 8, 95 18 of 18

24. Pisarevsky, V.M. Gas Vibration Dampers; Nedra: Moscow, Russia, 1986; 120p.
25. Vladislavlev, A.P. Pipelines of Reciprocating Compressor Machines; Vladislavlev, A.P., Kozobkov, A.A., Malyshev, V.A., Messerman, A.,

Pisarevsky, V.M., Eds.; Mashinostroenie: Moscow, Russia, 1972; 287p.
26. Khachaturyan, S.A. Wave Processes in Compressor Units; Mashinostroenie: Moscow, Russia, 1983; 222p.
27. Zhou, H.Y.; Korolev, A.V. Algorithm for calculating a damping cap for a piston pump. Refrig. Eng. Technol. 2017, 53, 71–75.
28. Shcherba, V.E.; Shalay, V.V.; Tegzhanov, A.S.; Dorofeev, E.A.; Pavlyuchenko, E.A. On the issue of reducing the non-uniformity of

supply in piston pumps. News High. Educ. Inst. Eng. 2018, 6, 68–77. [CrossRef]
29. Plastinin, P.I. Piston compressors. In T. 1. Theory and Calculation: Textbook; Plastinin, P.I., Ed.; Kolos: Moscow, Russia, 2006; 456p,

ISBN 5-9532-0428-0.
30. Fotin, B.S.; Pirumov, I.B.; Prilutsky, I.K.; Plastinin, P.I.; Fotina, B.S. (Eds.) Piston Compressors: Textbook Manual for University

Students; Mashinostroenie: Leningrad, Russia, 1987; 372p.
31. Kushnyrev, V.I. Technical Thermodynamics and Heat Transfer. In Textbook for Universities; Kushnyrev, V.I., Lebedev, V.I.,

Pavlenko, V.A., Eds.; Stroyizdat: Moscow, Russia, 1986; 464p.
32. Kast, V. Convective Heat and Mass Transfer; Kast, V., Krisher, O., Rainike, G., Wintermantel, K., Eds.; Energia: Moscow, Russia, 1980; 49p.
33. Isachenko, V.P. Heat Transfer: Textbook for Universities, 3rd ed.; Isachenko, V.P., Osipova, V.A., Sukomel, A.S., Eds.; Energy: Moscow,

Russia, 1975; 488p.
34. Shcherba, V.E.; Zanin, A.V.; Khrapsky, S.F. Dynamics of Fluid Motion in a Two-Stage Piston Hybrid Power Machine. Chem. Oil

Gas Eng. 2020, 56, 13–17. [CrossRef]
35. Idelchik, I.E. Handbook of Hydraulic Resistance; Book on Demand: Norderstedt, Germany, 2012; 466p.
36. Gimadiev, A.G.; Bystrov, N.D. Dynamics and Regulation of Hydraulic and Pneumatic Systems; Samara University Puublishing House:

Samara, Russia, 2010; 178p.
37. Shcherba, V.E.; Shalai, V.V.; Pavlyuchenko, E.A. A generalized approach to the analysis of feed unevenness in displacement

pumps. Chem. Pet. Eng. 2019, 55, 402–411. [CrossRef]
38. Shcherba, V.E.; Khait, A.; Pavlyuchenko, E.A.; Bulgakova, I.Y. Development and Research of a Promising Pumpless Liquid

Cooling System for Reciprocating Compressors. Energies 2023, 16, 1191. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.18698/0536-1044-2018-6-68-77
https://doi.org/10.1007/s10556-020-00806-8
https://doi.org/10.1007/s10556-019-00637-2
https://doi.org/10.3390/en16031191

	Introduction 
	Materials and Methods 
	Mathematical Model of Working Processes in the Gas Cap 
	Mathematical Model of Liquid Flow in the Pipeline from the Gas Cap 
	Verification of the Developed Model 

	Results and Discussion 
	Features of the Implementation of the Mathematical Model 
	Analysis of the Influence of the Ratio of the Initial Volume of the Gas Phase to the Working Volume of the Pump (Vg/Vh) 
	Analysis of the Influence of the Crankshaft Revolutions 
	Discharge Pressure Analysis 
	Analysis of the Influence of the Geometric Dimensions of Connecting Pipeline 4 
	Ranking the Influence of Independent Variables on Feed Irregularity 

	Conclusions 
	References

