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Abstract: The article presents the theoretical research on hydraulic processes occurring in hydraulic
drives of transport machines. The research analysed the influence of hydrodynamic processes on the
fluid flow characteristics following installation of angular fitting connections in pipeline systems. The
analysis was based on the numerical simulations by Reynolds-averaged Navier-Stokes equations in
3D. The fluid flow in the hydraulic system pipeline connections were investigated for fluid flow rate
up to 100 1/min. For numerical simulation, a mesh independence study was performed. By modeling.
we obtained results of pressure drops, turbulence models, flow coefficients and energy losses at 45°
and 90° angular fitting connections. The article compares the results obtained using the calculation
method based on the standard of equivalent length fitting with the findings presented. The research
conducted indicated that using the equivalent length method is not appropriate for studying angular
fitting connections. It was found that additional investigations are necessary for each type of angular
fitting connection.

Keywords: hydrodynamic; fitting connection; flow coefficient; CFD; energy; fluid pressure losses

1. Introduction

The main tasks of the application of technology and scientific principles to transport
engineering are the planning, design, management, and operation of facilities for any
mode of transportation to provide efficient, economical, safe, rapid, and environmentally
compatible machines. One of the most frequently used power drives in different transport
machines (especially heavy-duty machines) for operating work equipment is a hydraulic
drive. Due to the wide use of hydraulic power in transport machines in various technical
applications, from building machines (excavators, bulldozers, manipulators, etc.) [1] to fire
lorries [2], aircraft [3], and railway vehicles [4], there is an objective need for the analysis
and improvement of its elements in order to obtain more efficient, economical and safe
characteristics.

The hydraulic systems of modern transport machinery include a variety of different
hydraulic elements (cylinders, hydraulic motors, pumps, valves, throttles, etc.) in assem-
blies, and are considered complex dynamic systems where all connections are important
for proper operation of the machines. According to [5,6], different variations in specific
elements (high-pressure hoses, metal pipelines, fittings, etc.) allow the connection of hy-
draulic equipment and modification of the structure of the hydraulic drive. According
to [7], high-pressure hoses and fittings are not only used for the connection of hydraulic
equipment but also to ensure the correct direction of flow inside a hydraulic drive. Due to
the stringent policies of power consumption and strategies of using energy-saving systems
in all kinds of transport machines [8], researchers have shifted focus away from the energy
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consumption of the main elements of a system to that of its subsystems to focus, conse-
quently, on the resulting energy savings. These subsystem (high-pressure hoses, fittings,
etc.) improvements of a hydraulic drive have placed critical pressure on researchers and
manufacturers to analyse carefully all factors contributing to the development of efficient
hydraulic drives.

According to [9], even a low resistance in the fluid flow can have a major impact on
the power consumption of a hydraulic drive. The authors of [10] pointed out that efficient
fluid flow inside a hydraulic drive is a critical factor in obtaining optimal processes of
operation and for influencing the energy characteristic of a drive. Even for correct control of
hydraulic elements, in order to achieve energy savings in a hydraulic drive, linear control
models [11] and nonlinear/adaptive control systems [12] must circumvent any mismatch
of control processes by controlling the fluid pressure, flow and correct direction of the
fluid [9]. As well as different control methods to reduce energy consumption and optimise
hydraulic drive performance, the correct processes of fluid flow and determination of its
characteristics inside a hydraulic drive are deemed to be major research interests.

The hydraulic drive systems of modern transport vehicles are branched and include
more than one or two hundred different fittings and high-pressure hoses [13], as shown
in Figure la. According to EN [14] and ISO [15] standards, hose assemblies must be
clearly and permanently marked, and the correct type of fittings should be used. Different
manufacturing recommendations [16,17] and safety guides [18,19] strongly recommend
avoiding distorting the assembly and installation of high-pressure hoses. The Eaton safety
guide [20] warns that improper installation of a high-pressure hose can result in death,
bodily injury, or property damage caused by spraying fluids or flying projectiles. Proper
hoses installation is essential for satisfactory performance and increased service life of a
hydraulic drive. One of the main recommendations is that straight fitting connections
cannot be used for connecting equipment installed at a different level or plane. In this case, it
is recommended to use 45° or 90° fittings connections to permit adequate flexing and allow
for length changes due to expansion or contraction. Some of these recommendations are
shown in Figure 1b (drawn by the authors according to information in the safety guides).

_ bﬁ

* Select the correct angular fittings
to avoid tight bend

Wrong Right

o

* Avoid twisting the hose assembly when installing
in different plane by using angular fittings

(b)

Figure 1. Composition of a typical hydraulic drive system: (a) part of a machine hydraulic drive
system; (b) recommendation according to high-pressure hoses installation.

In order to avoid serious bodily injury or property damage resulting from improper
installation of a hose and to increase its service life, there are strong requirements regarding
hose installation when using 45° and 90° fitting connections. This is because the high-
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pressure hose and fittings are one solid system. The losses caused by fluid flow friction
inside the hose and sudden changes in the diameter of fittings have a combined effect on
pressure losses in the hydraulic drive. According to [21,22], even changes of fluid flow
by bending the hose or using T-shape adapters, etc. can lead to greater fluid pressure
losses. The normal theoretical studies do not exist for fitting connections. Approximate
characteristics for describing fittings were established experimentally in the 1982 by [23],
which characteristics are too old and require revision. The accuracy of hydraulic calculations
is critical to the proper design, operation and cost of many types of hydraulic drives. One
of the aspects leading to mistakes is the misuse of coefficients characterising the fluid flow.
Given the above and the complex diameter changes in the connections between fittings [13],
there is a requirement to study both fluid pressure losses and the characteristics (resistance
or flow coefficients) of the hydraulic drive angular fittings.

The main problem for current research is that due to changes in the size of the cross-
sectional area of fitting connections and the angular direction of fluid flow inside a hose,
a vortex can form at the fitting connections, resulting in local losses that are significantly
higher in the hydraulic pipeline systems. A significant problem in this case is to find an
effective research methodology to analyse the influence of pressure losses and determine
the resistance and flow coefficients of real angular fitting connection and their effect on the
energy consumption.

2. A Review of Related Research

The wrong installation or selection of fitting connections or adapters has a significant
influence on pressure losses of a hydraulic drive. The more fittings and adapters that are
used in the machine’s hydraulic drive, the greater fluid pressure and drive power losses,
which are negatively related to the energy characteristics of a vehicle. According to [24], the
same type of hydraulic connections, but with differences in diameters or configuration, can
significantly reduce the fluid pressure in a system, because a different amount of fluid is
required for passing through them. According to [25], in order to describe and evaluate the
efficiency of fitting connections, the most used parameters include pressure drop, resistance,
and flow coefficients.

A few existing research methods are commonly used in hydraulic engineering ap-
proaches to find the pressure drop, resistance, and flow coefficients of system elements in
order to describe the efficient use of elements in a vehicle hydraulic system. The classic
method used for describing the effective use of hydraulic elements is the new Crane method,
also known as K method (Crane Co. 1976) [26], based on establishing a ratio of an indexed
resistance constant and the pressure drop by the loss ratio denoted by the Darcy-Weisbach
formula for each local resistance. A more accurate method for investigating the parameters
of hydraulic elements is the two-K method (Hooper, 1981 [27]) where the K method is
complemented by laminar and turbulent flow equations. However, this complementation
does not provide any significant change, because the determination coefficients can be
altered to become a function of the flow after adding some experimental adjustments.

Moraesa et al. (2017) [10] estimate that a pressure drop within fitting elements can be
used for system modelling, according to the method of equivalent length. The equivalent
length (EL) method is based on the technique in which the investigation of losses at fitting
connections can be used as calculation losses by adding the equivalent length of fittings to
the hose (with the same hose inner diameter). To determine the pressure loss caused by
fittings such as elbows and tees, their equivalent lengths can be added together to form a
total length. Through experimentation, it has been observed that dividing the equivalent
lengths of fittings of different sizes by their respective diameters yields a nearly constant
ratio. This means that the pressure drop through a fitting is equivalent to the pressure loss
through a specific length of piping at the same flow rate. In this method, the pressure drop
resulting from each of the fitting connections is constant, depending only on the diameter
of the hose but not taking into account changes in the cross-sectional area of connection
configuration. The main disadvantage of the current method is a lack of information about



Machines 2023, 11, 355

40f17

changes in the cross-sectional configuration of fitting connections and the possible angular
shape of connections for the modelling and main calculation, because a vortex of fluid
inside the fitting connection can lead to turbulent processes.

From another perspective, the evaluation of fitting connections characteristics can
be similar to describing the characteristic of valves, which includes the respective fluid
pressure loss resistance and flow coefficients, according to [24,28]. In the current situation,
the main coefficient for describing the efficiency of an element is the flow coefficient. The
flow coefficient describes the relationship between the pressure drop across an orifice of a
valve or fitting connection assembly and corresponds to the system flow rate. According
to [29], the flow bench test is the most common and accurate method for determining
the flow coefficient and pressure drop in the elements of a hydraulic drive system. The
introduced method provides relatively accurate data on flow condition, which includes
an investigation of the element flow coefficient by measuring the pressure drop and fluid
swirls. The main disadvantage in this case is that it is an experimental investigation and
requires a significant amount of time to perform and specialist test equipment. In this case,
according to Li et al. research [30], the use of computational fluid dynamics (CFD) has the
advantage of time and cost savings for research on fluid flow processes in the elements of a
hydraulic drive system.

CFD (Computational Fluid Dynamics) based on finite elements method (FEM) or
finite volume method (FVM) is a technology commonly used for simulating 3D laminar
and turbulent flow with a high degree of accuracy. According to [31], the numerical
approaches based on time step FEM or FVM and CFD methods are used for many different
complicated cases because various turbulent models can be employed for investigation
purposes. A detailed review of the different turbulent models is presented by [32], which
discloses the closest result obtained by the simulation of different CFD turbulent models
and also the experimental test gated fluid flow pressure drop from the standard k-e¢ model
or Reynolds stress equation model (RSM). According to [13], given the computational time
and resources needed to simulate [something/a fitting/a valve] inside a hydraulic pipeline,
the RSM can be used to investigate hydrodynamic processes of fluid flow through angular
fitting connections.

According to [33] research into the applied equipment and the cost of five different
types of electro-hydraulic power unit, the smaller the pressure drop within the system,
the lower the power cost of hydraulic units. This is why it is relevant to compare and
investigate different types of angular fitting connections inside a hydraulic drive (i.e.,
to increase the efficiency of their use). A significant problem in this case is to find an
effective research methodology to analyse the influence of pressure losses and determine
the resistance and flow coefficients of real angular fitting connections and their effect on
the energy consumption of hydraulic drives.

3. The Research Objects

The structures of pipeline connections in a hydraulic drive include the fittings (a
nipple with a fixing nut or a connecting nipple) in connection with the hydraulic equipment
(pumps, valves, throttles, cylinders, etc.), as shown in Figure 2a. According to [13], the
most popular standards (BSP, British Standard Pipe cylindrical thread made according to
the UK’s National Standard [34]) were selected for the current research. For simulation
purposes, 3D models of the cross-section of angular fitting connections were created, as
presented in Figure 2b. In addition, the following two types of angular fitting connections
were compared: 45° and 90° DKR and DKR K.
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Figure 2. Fittings used in the research: (a) Connection of angular fittings in a hydraulic system;
(b) Cross-section of angular fitting connections in 3D pipelines models.

The main issue is changes in the size and configuration of the cross-sectional area
of the fluid flow in the fitting connections. The model of fluid flow in the connections of
angular fittings in pipelines is shown in Figure 3.

Fluid flow to

equipment or pipeline
Fluid flow in

DKR 45 connection
Fluid flow to
equipment or pipeline

Fluid flow in
DKR 45°K connection

Fluid flow from pipeline Fluid flow from pipeline

Fluid flow to

Fluid flow to
equipment or pipeline

equipment or pipeline
Fluid flow in
DKR 90’K
connection

Fluid flow in
DKR 90°
connection

Fluid flow from pipeline Fluid flow from pipeline

Figure 3. Model of fluid flow in the connections of angular fittings in pipelines.

In the current research, the 08 DASH (1/2” or 12.7 mm) conditional passage type of
pipeline will be used because in [13] disclose that the pipeline standard of 08 DASH diameter
of the conditional passage is one of the most frequently used diameters in hydraulic drives.

4. Fluid Flow Simulation inside Angular Fitting Connections
4.1. Numerical Formulation

The fluid flow inside angular fitting connections is simulated by solving 3D Navier—
Stokes equations using ANSYS® FLUENT®. The fluid is assumed to be incompressible
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and represented by the conservation of momentum. The inlet and outlet flow boundary
conditions are set as mass flow rate and total pressure with the convergence criterion of
residual target as 1075, according to the recommendation from [35,36]. The Reynolds-
averaged Navier-Stokes (RANS) equations in 3D can be presented, according to [35,37], as
the continuity equation:

Vi =0. M)
The momentum equation:
Vu = <20 x0T - VT, @

=, . . . . =, . .
where, u is the relative vector of fluid speed in a 3D environment; r is the radial location;
. . -, . . .

w is the angular speed of fluid near obstacles; T is the viscous stress. The viscous stress is a
tensor quantity and is a combination of the viscous and turbulence viscosity terms:
S 2 . > 3
Tij = 2V - sjj — p - ujilj, 3)
where, v is the fluid viscosity; s;; is the mean strain tensor; p - uju;

; are the Reynolds stresses
in 3D environment space.

4.2. Fluid Parameters and Numerical Model

Multiphase simulation involves a homogenous material, for example, standard min-
eral hydraulic oil (Hydraux HLP 46), that conforms to the German National Standard [38].
The properties of hydraulic oil used for numerical simulation can be found in [39]. Several
boundary conditions are used for solving the incompressible RANS equations. Figure 4a
shows an example of the applied boundary conditions with information about boundary
layers for a wall boundary, an inlet boundary and outlet boundary conditions. The nu-
merical simulation of fluid flow inside fitting connections was done by employing the
ANSYS Workbench.

Wall

Inflation layers Obstacle corner

Outlet
boundary condition
P="Po
(a) (b)

Figure 4. Views of the numerical simulation model for angular fitting connections (1/2): (a) boundary
conditions of the fluid flow for ANSYS fluent simulation; (b) example mesh of the numerical model.

The numerical code was based on the FVM. The investigation area covered a 3D
volume closed from all sides and divided into a mix of tetrahedral and pyramid elements.
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(G1) line

(G3) line

(G5) line

The mesh was refined near changes in the cross-sectional area and around a restrictive place,
as necessary to obtain more accurate results. Close to the walls, boundary layers maximally
affect velocity gradients in the normal direction to the wall. Five to seven inflation layers
(IL) were created with an expansion factor of 1.1-1.5, depending on changes in the diameter
and the shape of connections (see Figure 4b). The model was well validated in research [40]
and was used for the current research. The main working parameters of the research bench
for the validation model include: pressure in the hydraulic system is 2 MPa; the fluid flow
rate is around 24 1/min; pipeline diameters are 1/2” (12.7 mm), which corresponds to
pipeline used in current research.

The grid independence study was conducted through the creation of a different type
of mesh for the angular fitting connection to determine the mesh quality affect on the CFD
simulation results and to limit the maximum element size requirement (Figure 5a). The
number of elements, primarily obtained results, simulation times and main characteristics
of the mesh are shown in Figure 5b.

DKR 45° DKR 45°K

ANSYS

R19.0
Academic

Academic

00 200 a0
)

3500 000 (mr
5 o) 20 000

1750 5250

ANSYS
R19.0
Academic

00 0 80,00 () 0% 000 s
20 5000 n an

Figure 5. Cont.
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Figure 5. Views of the numerical simulation model for angular fitting connections (2/2): (a) mesh
resolution; (b) summarised results from grid independence study.

It is important to note that mesh resolution plays a pivotal role in the final CFD results.
At G4, G5, and G6, the obtained results gave almost the same value. G4 and G6 give a
nearly 3-4% difference in the estimated pressure drop, but the simulation time of the two
meshes had a significant difference. Due to only a slight difference between G6 and G4 and
lower computational costs, G4 was employed for the numerical analysis.

5. Results from the Numerical Simulation

The ANSYS Fluent simulation showed the gated fluid flow pressure drop at different
angular fitting connections. For a better understanding and explanation of the obtained,
the Reynolds number was calculated (see Figure 6). The total pressure profile of the fluid
flow on angular fitting connections and the straight equivalent length are displayed in
Figure 7. The additional results (turbulence processes) of the fluent simulation are provided
in Figure 8. All displayed results were taken from ANSYS Fluent simulations where the
inlet upload fluid velocity was 6.55 m/s (corresponded to the flow by 50 1/min, middle
point of simulated flow rate range).

7000 T T T T T
6000 / i
5 5000 —/ 4
2 =
= 4000 / o |
= -
S 3000 |- =i
=X —FEL
& 2000 ——DKR45 ||
—— DKR 90K
1000 DKR 45K
——DKR 90
O 1 1 | | 1 1 1 | |
10 20 30 40 50 60 70 80 90 100

Flow rate, I/min

Figure 6. The Reynolds number of flow rate for angular fitting connections.
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Figure 7. View of the total fluid flow pressure across angular fitting connections (top—symmetry side;
bottom—wall side): (a) equivalent length method; (b) DKR 45° connection; (¢) DKR 45°K connection;
(d) DKR 90° connection; (e) DKR 90°K connection.
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Figure 8. View of the fluid flow turbulence processes across angular fitting connections (top—
symmetry side; bottom—wall side): (a) equivalent length method; (b) DKR 45° connection; (¢) DKR
45°K connection; (d) DKR 90° connection; (e) DKR 90°K connection.

Pressure losses (power) at angular fitting connections were calculated for the range of
researched flow rates and are presented in Figure 9. The flow coefficient is a relative measure
of flow efficiency at an allowed fluid flow. The flow coefficient for fitting connections, also
called the well-established orifice coefficient, can be found from the equation by [27,41]:

Ci= Q )

Ay 52/28p/p

where, b = d/D b—diameter ratio; D—diameter of the pipeline, m; —main diameter of
fitting connection; Q—fluid flow rate; A—average cross-section area of pipeline before and
after fitting connection; Ap—pressure drop; p—fluid density.
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Figure 9. Fluid pressure losses at the angular fitting connections.

The flow coefficient describes the relationship between pressure drop across the fitting
orifice and the corresponding fluid flow rate, and is a main characteristic when describing
the fitting connection value, as shown in Figure 10. Energy losses at each angular fitting
of hydraulic system are presented in Table 1 (because it is difficult to show the difference
in chart form). The standard relationship between pressure drops and flow rate inside a
hydraulic drive was used to calculate the energy losses.
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Figure 10. Flow coefficient of angular fitting connections.
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Table 1. Energy losses at angular fitting connections.

Flow Rate (/min) Pipeline (W) DKR 90° (W) DKR 90°K (W) DKR 45° (W) DKR 45°K (W)
5 1.52:1073 522.1073 591-1073 3811073 4241073
10 1.22-102 3.84-1072 4.08-1072 2421072 2.98-1072
15 4.21-102 7.76:1072 9.26-1072 5.77-1072 6.29-1072
20 0.125 0.343 0.378 0.241 0.283
25 0.238 0.452 0.498 0.322 0.391
30 0.353 0.597 0.677 0.366 0.413
35 0.558 0.825 0.995 0.632 0.708
40 0.465 1.023 1.237 0.897 0.934
45 1.212 1.598 1.778 1.223 1.409
50 1.367 1.887 2.078 1.573 1.669
55 1.768 2.451 2.642 2.284 2.327
60 2.312 3.207 3.482 2.798 2.988
65 2.671 3.846 3.998 3.562 3.629
70 3.523 4.745 4.955 4532 4.707
75 4.624 5.923 6.073 5.182 5.496
80 5.735 7.121 7.411 6.247 6.724
85 7.989 8.998 9.209 8.273 8.629
90 8.557 10.875 11.342 9.057 9.522
95 10.142 13.517 13.782 11.347 11.808
100 11.177 16.261 16.663 13.438 14.113

As clear from the Reynolds numbers provided in Figure 6, the turbulence of fluid
flow through angular fitting connections started at a flow of ~30 1/min, and for equivalent
length, at a rate of ~55 1/min. This confirms that the equivalent length method cannot be
an accurate technique for calculating losses for angular fitting connections. The research
objects were divided into three groups, for describing the obtained results:

Group Nr. 1—a straight pipeline with a length equivalent to the fitting connection;

Group Nr. 2—DKR 45° and DKR 45°K standard of angular fitting connections;

Group Nr. 3—DKR 90° and DKR 90°K standard of angular fitting connections.

The obtained results (flow coefficients) showed that group Nr. 1 had the most optimal
flow characteristics (flow coefficient range: 0.851-0.903). Group Nr. 2 included the DKR 45°
(flow coefficient range: 0.772-0.879), and the DKR 45°K (flow coefficient range: 0.749-0.85),
which performed worse. Flow characteristics of group Nr. 3 embraced the DKR 90° (flow
coefficient range: 0.572-0.9) and the DKR 90°K (flow coefficient range: 0.512-0.841), which
performed the least effectively due to significant changes in the cross-sectional area and
shapes of the angular fitting connection. Group Nr.1 presented an ideal section of the
pipeline with no changes in the cross-sectional area, whereas groups Nr. 2 and Nr. 3
pointed out changes in cross-sectional areas and shape of fluid flow.

The difference between changes in the cross-sectional areas of standard angular fittings
and their K-type had a significant impact on flow characteristics. The difference between
flow coefficients for standard angular fittings and their K-type was around 10% for group
Nr. 2 and ~15% for group Nr. 3 at the beginning of the chart. Also, a significant difference
in flow characteristics at different flow processes inside angular fitting connections was
observed. Unlike groups Nr. 2 and Nr. 3, other groups had no significant differences in the
processes of the turbulent flow (according to the uploaded boundary conditions). However,
in terms of the turbulence of flow processes, groups Nr. 2 and Nr. 3 had similar flow
characteristics. Research on power losses in group Nr. 1 demonstrated insignificant power
losses (1.52:1073-11.177 W) compared to group Nr. 2 which included the DKR 45° (range,
3.81-1073-13.438 W) and DKR 45°K (range, 4.24-1073-14.113 W) standards. Higher power
losses were observed in group Nr. 3, which had the DKR 90° (range, 5.22-1073-16.261 W)
and DKR 90°K (range, 5.91-1073-16.663 W) standards.

The results of the modelling showed that the equivalent length method cannot be
accepted as an accurate technique for calculating energy losses, flow coefficient, etc. in the
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angular fitting connections. The research disclosed that standard methods for calculating
hydraulic fittings were not accurate and that each type of angular fitting connection requires
additional investigation.

6. Conclusions

This research analysed the influence of hydrodynamic processes on the fluid flow
characteristics following installation of angular fitting connections in pipeline systems. The
analysis was done through numerical simulations using the RANS equations in 3D. The
dynamics of fluid flow in the hydraulic system were investigated by taking into account
the main parameters of a flow rate up to 100 1/min. To simulate fluid flow, six different
mesh independence studies were performed. As a result, pressure drop, turbulence model,
energy losses and flow coefficients for two types of 45° and 90° angular fitting connections
were obtained.

It was found that the turbulence of fluid flow through angular fitting connections
started at a flow of ~30 1/min, and for equivalent length, at a rate of ~55 1/min. This con-
firms that equivalent length method cannot be an accurate technique for calculating losses
for angular fitting connections. Differences between changes in the cross-sectional areas of
standard angular fittings and their K-type had a significant impact on flow characteristics.
There was a difference between flow coefficients for standard angular fittings and their
K-type, which was around 10% for group Nr. 2 and ~15% for group Nr. 3 at the beginning
of the chart. Research on power losses in group Nr. 1 demonstrated insignificant power
losses (1.52-1073-11.177 W) compared to group Nr. 2 which included the DKR 45° (range,
3.81-1073-13.438 W) and DKR 45°K (range, 4.24-10~3-14.113 W) standards. Higher power
losses were observed in group Nr. 3, which had the DKR 90° (range, 5.22:1073-16.261 W)
and DKR 90°K (range, 5.91-1073-16.663 W) standards.

The performed research showed that using the equivalent length method is incorrect
for investigation into angular fitting connections, and that each type of angular fitting
connection requires additional investigations. Thus, a worthwhile investigation for future
research would be into the flow characteristics of a hydraulic connection on backflow,
because fluid moves in both directions of the connections.
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