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Abstract. The article presents the findings of theoretical and experimental research on hydraulic processes occurring in 
the hydraulic drives of transport machines. The paper analyses the influence of hydrodynamic processes on the flow char-
acteristics of fluid considering different hydraulic fitting connections. The performed analysis is based on numerical simu-
lations using Navier–Stokes equations for the velocity field. The dynamics of fluid flow in the hydraulic system has been 
investigated taking into account the main parameters like system flow rate in the range of 5 to 100 L/min, the diameter of 
the pipeline making 1/2” and fitting standards DKOL, ORFS, BSP and JIS. As a result, pressure drop, power losses, resist-
ance and flow coefficients at different fitting connections have been obtained. The article compares the provided results 
with the findings given employing the calculation method for the standard of equivalent length fitting. To simulate fluid 
flow, a mesh independence study and turbulence calculations have been performed. Simulation results have been examined 
conducting physical experiments on measuring pressure losses. Each experimental research includes three measurements 
of connections bearing in mind each fitting standard.

Keywords: pipeline, fittings, hydrodynamics, flow coefficient, minor losses, computational fluid dynamics, fluid pressure, 
energy consuming, pressure losses, resistance coefficient.

Dp – pressure drop;
Dpi – hydraulic loses at the i-th hydraulic ele-

ment of the system;
DQi – flow rate on the i-th hydraulic element of 

the system
∇u – divergence of fluid velocity;

e – second transported variable is the rate of 
dissipation of turbulent kinetic energy;

x – resistance coefficient;
hd – volumetric efficiency of the hydraulic drive;
hp – efficiency of the pump;
m – flow coefficient; 
mt – eddy (turbulent) viscosity;
r – fluid density;

sk, se – turbulent Prandtl numbers for k and e;
t – stress;

txx, txy, txz, 
tyx, tyy, tyz, 

tzz – stress in pointed direction;

Abbreviations:
3D – 3 dimensional;

BSP – British standard pipes;
CFD – computational fluid dynamics;

DASH – diameter across size hose;
DKOL – Dichtkegel O-Ring leicht (in German);

FEA – finite element analysis;
FVM – finite volumes method;
HPH – high-pressure hose;
HTC – heat transfer coefficient;

JIS – Japanese industrial standard;
ORFS – o-ring face seal;

RST – Russo–Susskind–Thorlacius model;
SST – shear stress transport.

Variables:
DN – power cost to overcome hydraulic resistance;
DNi – power cost to overcome hydraulic resistance at 

the i-th hydraulic element of the system;

Notations
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A – average cross-sectional area; 
Cm, C1e, C2e – constants of the k–e turbulence model;

D – pipeline diameter;
d – average diameter of fittings; 

Eij – component of strain rate;
I – identity matrix (unit matrix);
k – first transported variable is the turbulent 

kinetic energy;
m – number of elements in the system;
n – number of fluid flow lines streams; 

NL – power losses;
p – hydraulic pressure; 

p0 – initial hydraulic pressure; 
Q – flow rate;

Re – Reynolds number;
t – time;

u, v, w – velocity components;
u0 – velocity vector normal to the boundary;
ui – velocity component of the corresponding 

direction;
vaverage – the average velocity of fluid flow in fitting 

connection;
Vin – fluid velocity at the inlet of fitting connec-

tions;
x, y, z – coordinates;

xi, xj – coordinates with index location.

Introduction

A hydraulic system of any modern heavy machinery in-
cludes a variety of different assemblies and is considered 
and simulated as a complex dynamic system while apply-
ing multi-criteria methods. A variety of specific elements 
forming the structure of each hydraulic system allows 
connecting hydraulic equipment, HPHs and other parts 
into a single system, i.e. fittings. HPHs and fittings make 
a connection and have the purpose of ensuring the correct 
direction of fluid flow inside the system (Nishimura, Mat-
sunaga 2000). The present improvements to the hydraulic 
drive have been critical and thus have pressured the man-
ufacturers to analyse carefully all factors contributing to 
the development of efficient hydraulic drives. Due to the 
stringent policy of power consumption, researchers have 
shifted focus on the increasing effect of the subsystems 
taking control over the energy consumption process, and 
consequently, the formation of energy saving.

Yan et al. (2019) pointed out that even low resistance 
in the hydraulic drive brought major influence on power 
consumption. Along with stricter control, a reduction in 
energy consumption and the optimization of hydraulic 
drive performance and fluid flow inside the drive have 
deemed as one of the major contributing factors. Accord-
ing to De Moraes et al. (2017), an efficient system of fluid 
flow in hydraulic drives in particular is a critical factor in 
obtaining optimum processes having an effect on power 
consumption. 

HPH and fittings act as two connected objects failing 
to exist in the hydraulic system one without the other and 
are presented in Figure 1a (Karpenko, Bogdevičius 2018). 
Losses caused by fluid friction and sudden changes in the 
diameter of fittings occur in this type of the system and 
affect pressure and power losses in the hydraulic system. 
At the same time, the theoretical studies of the pressure 
losses of fittings normally do not consider their values that 
are approximate and were established experimentally in 
the 1980s by Crane Co (1982). The accuracy of hydrau-
lic calculations is critical to the proper design, operation 
and cost of many types of hydraulic systems in mobile 
machines. One of the aspects leading to mistakes is the 
misuse of coefficients characterizing the flow character-
istics of devices.

The modern hydraulic systems of transport vehicles 
shown in Figure 1b are complex and branching (Karpen-
ko, Bogdevičius 2018). The number of connecting fittings 
and HPHs used in the hydraulic drives of transport ve-
hicles usually reaches more than one or two hundred. 
For example, manipulator Hangcha CPCD 160-GX35  
(http://www.hcforklift.com, manufacturing was discontin-
ued since 2015) contains 178 HPHs with fitting connections. 

The more diverse adapters and connections are used 
in the hydraulic system, the greater are pressure losses of 
the system, which negatively affects energy parameters 
for transport vehicle drives. The wrong selection of con-
nections or adapters has an adverse influence on pressure 
losses. Also, the connections or adapters of the same type 
but different in diameters reduce pressure in the system 
in general, since more fluid is required for passing their 
cross-section plane (Bojko, Kozubková 2018). A significant 
problem is to find an effective research methodology that 
allow analysing influence on pressure losses and determin-
ing the resistance coefficients of real fitting connections 
and their effect on energy consumption of hydraulic drives.

Figure 1. The typical hydraulic composition of a system 
(Karpenko, Bogdevičius 2018):  

a – HPH with fittings; b – part of hydraulics

Inside protrusion in HPH Crimp coupling Fitting

HPH

a)

b)

http://www.hcforklift.com
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1. A review of research on hydraulic  
fitting connections 

The analysis of fluid flow in hydraulic systems indicates 
some parameters used for quantifying the efficiency of 
elements. The most frequently used parameters include 
pressure drop, resistance coefficient and flow coefficient 
(Valdés et  al. 2014). Due to changes in the size of the 
cross-section area, the formation of a vortex occurs at fit-
ting connections. The main vortex generates other smaller 
whirlwinds carried away by the flow and at the same time 
disintegrates into even smaller whirlwinds. Thus, energy 
losses occur in the main vortex and along the length of 
the next section of the flow. As a result, local losses are 
significantly higher in the relatively short pipeline systems. 
Different types of research methods are used in the ap-
proach of investigating pressure drop in hydraulic systems. 
According to De Moraes et al. (2017), a number of meth-
ods estimate pressure drop, for example, the method of 
equivalent lengths, the K or new crane method and the 
2Ks method. These techniques are based on the premise 
that pressure drop resulting from each of the fittings is 
constant depending only on the diameter of that section 
without taking into account changes in fluid flow. De Mo-
raes et al. (2017) explained that for calculating losses at 
hydraulic connections, the equivalent fitting length meth-
od could be used thus adding the length of fittings only 
to the length of the pipeline. The main disadvantage of all 
these methods is that they hardly take into account some 
of liquid characteristics such as viscosity, thermal analysis 
and compression. As for this method, we lack information 
whether it has had a vortex of fluid inside the HPH-fitting 
system and turbulent kinematic energy. 

The evaluation of the characteristic of the fittings using 
the same describing like as valves characteristic what in-
cludes and the respective loss factors resistance coefficient 
and flow coefficient by Bojko and Kozubková (2018). The 
flow coefficient of a device is a relative measure of its ef-

ficiency at the allowed fluid flow. The coefficient describes 
the relationship between pressure drop across an orifice, 
valve or other assembly and the corresponding flow rate.

According to the flow bench test done by Catellani 
et  al. (2016), this is the most common method for de-
termining pressure drop and the flow coefficient in the 
elements of the hydraulic system. The introduced tech-
nique, by fact, provides relatively accurate data on flow 
condition, including the flow coefficient and is used for 
measuring swirl and pressure drop. The main disadvan-
tages cover its experimental investigation into the ongoing 
theoretical research together with CFD only. According 
to Li et al. (2019), the use of CFD has the advantages of 
simulating the investigated fluid flow in the elements of 
the hydraulic system.

According to Gai et  al. (2019), the numerical ap-
proaches based on time step FEA and CFD methods are 
accepted for complicated cases. However, in 3D simula-
tion, model setup and computations are time-consuming. 
CFD based on finite volume technology is used for simu-
lating the 3D turbulent flow with a high degree of accu-
racy. Various turbulent models are employed for investiga-
tion purposes. A review of the above introduced models is 
presented in Table 1.

According to Akin and Kahveci (2019), the closest 
result obtained from simulating different CFD turbulent 
models for pressure drop to experimental research gated 
from standard k–e model. Taking into account time cost 
and resource simulation, the standard k–e model is ac-
cepted for investigating a full turbulence flow rate through 
fitting connections.

To overcome hydraulic resistance, engine power was 
expended and calculated with reference to the equation 
provided by Liu et al. (2020):

m m

i i i
p di i

N N Q P
1 1

1

= =

D = D = ⋅ D ⋅ D
h ⋅h∑ ∑ .  (1)

Table 1. Review of turbulence models 

Model Reference Problem Description 
Standard 
k–e

Pechánek, 
Bouzek (2012)

Calculation of flow velocity, 
pressure drop and HTC in the 
water jacket cooling channel

Standard of the industry and science model. Valid for fully 
turbulent flows and any Reynolds number. Good at being used for 
investigation on fluid flow in pipeline systems

Realizable 
k–e

San Andres 
et al. (2014). 

Design of the hydrodynamic 
process in the cooling system 
using CFD

Performance generally exceeds the standard k–e model. Ineffective 
for near wall-bounded boundary and high Reynolds number flows

Standard 
k–ω

Khalizadeh 
et al. (2019)

Discovering a different effect of 
turbulence simulating schemes 
for wind-driven

k–ω models improve the performance of boundary layers as 
compared to k–e models. Better suitable for near wall-bounded and 
low Reynolds number (i.e. transitional) flows

SST k–ω Savkiv 
et al. (2019)

Optimization of design 
parameters of Bernoulli gripper 
with an annular nozzle

Used for vortex flows without requiring a sublayer and predicts the 
separation flow. Suffers from inherent limitations on the isotropic 
eddy-viscosity model. Good at being used for aerodynamic 
simulations determining the skin-coefficient (best at being used for 
the wall elements of turbulence)

RST Han 
et al. (2014)

RST model for turbulent flow 
and heat transfer mechanism in 
a corrugated tube

Better predicts complex flows than eddy viscosity models, since 
transport equations for Reynolds stresses account for the effects of 
turbulence anisotropy and streamline curvature, but has heather 
time cost



Transport, 2020, 35(1): 108–120 111

According to Liu et  al. (2020) investigation into the 
applied equipment and the cost of five different types of 
the electro-hydraulic power unit, the smaller pressure 
drop occurs in the system, the lower is the power cost of 
hydraulic units.

2. Fitting standards

The structure of fitting connections includes two main ele-
ments: a nipple with a fixing nut and a connecting nipple. 
Karpenko and Bogdevičius. (2018) point out four most 
frequently used standards of hydraulic fitting connections: 
ORFS, JIS, BSP and DKOL. From the left to the right, Fig-
ure 2 presents JIS, BSP and ORFS fitting standards.

According to Karpenko and Bogdevičius (2018), for 
primary research in this article, the most popular stand-
ards have been selected:

 – DKOL connection with a cylindrical metric thread 
made according to the DIN 20066:2016;

 – BSP connection with a cylindrical thread made ac-
cording to the BS EN 10226-2:2005;

 – JIS connection with a 37-degree flare seating surface 
made according to the JIS B 8363:2015;

 – ORFS connection with a face seal made according to 
the SAE J1453/3_201206 (2012).

For simulation purposes, the cross-section standards 
of the created 3D model fitting connections are presented 
in Figure 3.

The main issue is changes in the size and configuration 
of the cross-section area of the HPH with fitting connec-
tions (cut in the connection of HPH and DKOL fittings is 
shown in Figure 4).

The current research has demonstrated that 08 DASH 
(inner parameter) conditional passage HPH will be used. 
Karpenko and Bogdevičius (2020) disclose that the HPH 
standard has a diameter of the conditional pass of 1/2” 
(12.7 mm) and is one of the most frequently used diam-
eters of the HPH.

3. Pre-experimental research

The pre-experimental part of the conducted research in-
cluded the analysis of pressure drop in the pipeline and 
fitting connections. An experimental bench for the pre-
experimental research is shown in Figure 5 and includes: 
1 – a hydraulic tank with fluid and a hydraulic pump (in-
side the tank); 2 – an asynchronous motor connected to 
the pump; 3 – a metal pipeline for connecting the pump 
and the distributor valve with the safety valve; 4 – the dis-
tributor valve and the safety valve; 5 and 7  – electrical 
manometers with output signal; 6 – HPH; 8 – fitting con-
nections; 9 – a throttle; 10 – a computer for data record-
ing from manometers. Pressure in the hydraulic system 
is 2 MPa; flow rate is around 24 L/min; pipeline  – 1/2” 
(12.7 mm); fittings connection standard size – 08 DASH.

Table 2 shows difference in fluid pressure in the out-
let and inlet at different fitting connections. Experimental 
data on each standard of fitting are presented. Three in-
stances have been provided to eliminate data distortion.

Figure 2. View of the standards of fitting connections

Figure 3. Cross-section standards of 3D model fitting 
connections: a – BSP; b – JIS; c – DKOL; d – ORFS

Figure 4. Cross-section cut in the HPH and DKOL fitting 
connection

a)

b)

c)

d)

Figure 5. The experimental bench for investigating pressure 
losses at fitting connections

2 10 8 975

61345

Experimental data on observation have disclosed high-
est pressure losses at BSP fitting connections (~4870 Pa), 
DKOL comes next (~4540 Pa), ORFS makes ~4180 Pa and 
the lowest pressure losses have been found at JIS connec-
tions (~3880 Pa).
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Table 2. Pressure drop at different fitting connections with 
reference to pre-experimental research 

Fitting standard Pressure drop [Pa]

BSP
4860
4890
4870

JIS
3870
3890
3880

DKOL
4500
4580
4550

ORFS
4190
4180
4190

4. Fitting connections simulated applying CFD

4.1. Movement and continuity equations 

Fluid movement is considered to be 3D. All local veloc-
ity is equal to average velocity and remains unsettled. Ve-
locity and pressure depend on coordinates and time. The 
dynamics of the compressible and Newtonian fluid flow 
is governed by Navier–Stokes equations and represented 
by the conservation of momentum. Thus, from mass con-
servation, the divergence of the velocity field is equal to 
zero (∇u = 0) (Rodrigues Santos et al. 2018). Movement 
and continuity equations for a viscous, compressible fluid 
in the pressure pipe have the following form (Foias et al. 
2001):

( ) ( ) ( ) ( )uu u v u w
t x y z

2∂ r⋅∂ r ⋅ ∂ r ⋅ ⋅ ∂ r ⋅ ⋅
+ + + =

∂ ∂ ∂ ∂

xyxx xzp
x Re x y z

1 ∂t ∂t ∂t∂
− + ⋅ + +  ∂ ∂ ∂ ∂ 

;

( ) ( ) ( ) ( )vv u v v w
t x y z

2∂ r⋅∂ r ⋅ ∂ r ⋅ ⋅ ∂ r ⋅ ⋅
+ + + =

∂ ∂ ∂ ∂

xy yy yzp
y Re x y z

1 ∂t ∂t ∂t ∂
− + ⋅ + +  ∂ ∂ ∂ ∂ 

;

( ) ( ) ( ) ( )ww u w v w
t x y z

2∂ r⋅∂ r ⋅ ∂ r ⋅ ⋅ ∂ r ⋅ ⋅
+ + + =

∂ ∂ ∂ ∂

yzxz zzp
z Re x y z

1 ∂t ∂t ∂t∂
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;  (2)

( ) ( ) ( )u v w
t x y z

0
∂ r⋅ ∂ r ⋅ ∂ r ⋅∂r

+ + + =
∂ ∂ ∂ ∂

.  (3)

Computations were carried out employing commer-
cial CFD software Ansys Fluent (https://www.ansys.
com/products/fluids/ansys-fluent). Simulation software 
was configured for a study of the steady-state fluid flow in 

3D geometry, and the standard k–e turbulence model was 
selected to analyse fluid flow. For the application of the 
standard k–e turbulence model, the following transport 
equations for turbulent kinetic energy k and turbulent 
dissipation e are implemented (Launder, Spalding 1972):

( ) ( )i
i

k k u
t x

∂ ∂
r⋅ + r⋅ ⋅ =

∂ ∂
t

j k j

k
x x

  m∂ ∂ m + +   ∂ s ∂  
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i

u
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∂ ∂
t

j jx xe
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( )t ij ijC E E
k1 2e
e
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k

2

2e
e
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t
C k2mr ⋅ ⋅

m =
e

,  (5)

where: C1e, C2e, Cm – constants of the k–e turbulence mod-
el shown in Table 3.

The above default values have been determined from 
experiments on fundamental turbulent flows, including 
frequently encountered shear flows like boundary layers, 
mixing layers and jets as well as for decaying isotropic grid 
turbulence according to the ANSYS Fluent Theory Guide 
(ANSYS 2013). They found to work fairly well for a wide 
range of wall-bounded and free shear flows.

Table 3. The constants of the k–e turbulence model

Cm C1e C2e sk se

0.09 1.44 1.92 1.00 1.30

4.2. The simulation model and fluid parameters 

The study used a mobile hydraulic power unit consisting 
of a gear pump with the fixed displacement driven by an 
electric motor at a constant speed in all measurements. In 
this case, an assumption that mass flow rate at the input of 
the HPH-fittings system is practically stable can be made. 

Multiphase simulation involves a homogenous mate-
rial, i.e. standard mineral hydraulic oil Hydraux HLP 46 
that conforms to the DIN 51524-2:2016, see research by 
Tič and Lovrec (2012). The properties of oil are shown in 
Table 4. 

Table 4. The properties of Hydraux HLP 46 oil

Properties Value

Molar mass [kg/kmol] 300
Density [kg/m3] 874
Kinematic viscosity [mm2/s] 46
Specific heat capacity [J/kg·K] 1966
Reference temperature [C°] 40
Reference pressure [N/mm2] 1·105

Thermal conductivity [W/m·K] 0.292

https://www.ansys.com/products/fluids/ansys-fluent
https://www.ansys.com/products/fluids/ansys-fluent
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Boundary conditions. Several boundary conditions are 
used for solving the compressible Navier–Stokes equations 
where k–e  – turbulence model (Karpenko, Bogdevičius 
2020). Figure 6 shows an example of the applied bound-
ary conditions. Information about boundary layers covers 
a wall boundary condition, an inlet boundary condition 
and an outlet boundary condition.

Inlet boundary condition. For the inlet, a velocity vec-
tor normal to the boundary is specified as:

u u0⋅ =n ,  (6)

where: n is a unit vector having a direction perpendicular 
or normal to the boundary.

Outlet boundary condition. For the outlet, certain 
pressure in the outlet/pressure boundary condition is im-
posed:

p p0= ;

( )( )Tp I u u p0
 − ⋅ + m ⋅ ∇ + ∇ = − 
 

.  (7)

Wall boundary condition. The wall boundary condi-
tion states there are no velocity components perpendicu-
lar to the boundary (due to Newtonian fluid, the velocity 
of fluid near the wall is equal to zero):

u 0⋅ =n  or u 0= .  (8)

4.3. Mesh generation 

The numerical simulation of fluid flow inside fitting con-
nections was done employing the Ansys Workbench. 
The numerical code was based on the FVM. The inves-
tigation area covered a 3D volume closed from all sides 
and divided into tetrahedrons. The dependent variables of 
pressure, velocity and turbulent kinetic energy as well as 
the volume fraction were calculated for each node of the 
flow-element (Biluš et  al. 2005). The mesh refined near 
changes in the cross-section area and around restrictive 
objects, as necessary according to Lisowski and Panek 
(2004), in order to obtain more accurate experimental 
measurements and models shown in Figure 7a. Close to 
the walls, boundary layers maximally affect velocity gradi-
ents in the normal direction to the wall. Thus, ten inflation 
layers were created with an expansion factor of 1.2…1.6 
depending on changes in diameter (Figure 7b).

4.4. Mesh independence study

To establish the accuracy of simulating CFD and to keep 
computational costs low, fitting connections were analysed 
using the standard k–e model at uniform Vin = 3.12 m/s 
and p = 2 MPa, which corresponded to experimental set-
tings. The study of grid convergence was performed by 
developing different types of mesh for every fitting con-
nection to determine how mesh quality affected CFD 
simulation results.

The number of nodes and simulation time using the 
standard k–e model given in Table 5 summarised the main 
characteristics of the mesh thus clarifying that CFD simu-
lation time was highly dependent on the number of mesh 
nodes. The example provided in Figure 8 shows mesh 
generation for each mesh resolution on ORFS standard 
connection.

It is important to note that mesh resolution plays a 
pivotal role in the final CFD results. M5 is the closest to 
the experimental measurement of pressure drop obtained 
from the independent mesh study. M3 and M5 account for 
nearly 1% difference in the estimated pressure drop, but 
the final CFD simulation time required for convergence of 
two meshes has a significant difference. 

From the final CFD simulation results, simulation time 
is particularly subject to the number of mesh nodes. Due 
to a slight difference between M5 and M3 is best regarding 
computational costs and is further employed M3 for the 
numerical analysis carried out in the following research-
ing.

5. The results of simulating ANSYS CFD 

Ansys Fluent simulation shows that pressure drop at 
different fitting connections (Table 6) of fluid flow are tak-
en at a rate from 5 to 100 L/min. For a better understand-
ing and explanation of the obtained simulation results, the 
Re number was calculated (Figure 9). The total pressure 
profile of fluid on BSP/ORFS/DKOL/JIS fitting connec-
tions and the straight equivalent length of the pipeline 
are displayed in Figure 10. The additional results of fluent 
simulation on the DKOL fitting connection are provided 
in Figures 11 and 12.

Figure 6. Boundary conditions of the pipeline-fittings system 
for Ansys Fluent simulation

u = u0

nЧu = 0 or u = 0

nЧu = 0 or u = 0

T(–pЧI + mЧ(Сu + (Сu) )) = –p0

Figure 7. The mesh of the model: a – mesh generation;  
b – inflating layers with the expansion factor of 1.2…1.6

a) b)
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As noticed from the Re number provided in the chart 
(Figure 9), the turbulence of fluid flow through fitting con-
nections started at the flow rate of approximately 35 L/min,  
and that of the pipeline of the equivalent length – at a rate 
of 65 L/min, which confirms that the equivalent length 
method is hardly accepted as an accurate technique for 
calculating losses on fitting connections.

All above introduced results were taken from An sys 
Fluent simulation wherein inlet upload velocity was 
5.291 m/s, which corresponded to the flow rate of 40 L/min.  
The obtained results are presented to show fluid flow tur-
bulence processes inside fitting connections.

The resistance coefficient of fitting connections was 
calculated from pressure losses (the results of calculating 
resistance coefficients are shown in Table 7):

average

p
v2
2 ⋅ D

x =
r⋅

.  (9)

Calculation was done separately for each standard of 
connection at a different flow rate.

Figure 8. Mesh resolution of the mesh independence study:  
a – M1; b – M3; c – M5

a)

b)

c)

Table 5. The results of the mesh independency study

Number of 
the mesh

Mesh  
resolution

Straight 
pipeline

Fitting connection

BSP JIS DKOL ORFS

M1
number of elements 112896 189628 192587 187568 191227
CFD simulation time [h:min] 0:16 0:32 0:28 0:22 0:22
estimated Dp [Pa] 2320 3840 3290 4190 3810

M2
number of elements 157856 264587 241368 212478 210587
CFD simulation time [h:min] 0:22 0:37 0:32 0:28 0:27
estimated Dp [Pa] 2890 3900 3350 4270 3970

M3
number of elements 289536 489632 449632 421236 419587
CFD simulation time [h:min] 0:32 0:46 0:39 0:36 0:34
estimated Dp [Pa] 3690 4490 3860 4360 4160

M4
number of elements 369852 544127 537885 522563 520865
CFD simulation time [h:min] 0:43 1:12 0:51 0:47 0:46
estimated Dp [Pa] 3700 4500 3860 4390 4160

M5
number of elements 508698 785696 747896 731583 730112
CFD simulation time [h:min] 0:58 1:44 1:28 1:17 1:08
estimated Dp [Pa] 3710 4520 3870 4400 4170

Figure 9. The chart of in depending Re number from flow rate 
for different fitting connections
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Table 6. The results of fluent simulation (pressure drop)

Flow rate 
Q [L/min]

Average velocity of fluid flow 
vaverage [m/s]

Pressure drop Dp [Pa]

Pipe BSP JIS DKOL ORFS
5 0.657 198 243 208 233 211

10 1.318 795 970 837 939 842
15 1.974 1777 2166 1871 2097 1878
20 2.6 3079 3748 3221 3633 3234
25 3.28 4898 5396 5084 5105 5093
30 3.95 7096 7520 7335 7356 7348
35 4.61 9661 10127 9894 9945 9911
40 5.291 12713 13207 12982 13033 12996
45 5.923 15888 16489 16232 16287 16268
50 6.55 19358 20088 19839 19906 19873
55 7.234 23587 24447 24186 24267 24226
60 7.89 28029 29065 28755 28860 28804
65 8.57 32981 34233 33925 34040 33944
70 9.2 37948 39384 39075 39206 39097
75 9.92 44074 45764 45380 45558 45430
80 10.55 49719 51615 50709 51441 51370
85 11.238 56298 58534 57508 58337 58272
90 11.9 63061 65596 64448 65376 65303
95 12.54 69990 72801 71219 72436 72476

100 13.25 78140 81232 79470 80647 80870

Figure 10. Total fluid pressure across fitting connections (by fluent simulation): a – BSP fitting connection; b – JIS fitting connection; 
c – DKOL fitting connection; d – ORFS fitting connection; e – straight pipeline of the equivalent length

a) b)

c)

e)

d)
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Figure 11. Additional results from the fluent simulation of the DKOL fitting connection: a – velocity;  
b – turbulence kinetic energy; c – eddy viscosity

The flow coefficient of a device is a relative measure 
of its efficiency at an allowed fluid flow. The coefficient 
describes the relationship between pressure drop across 
the orifice, valve or other assembly and the correspond-
ing flow rate:

Q
pA

b
2

m =
⋅ D

⋅

,  (10)

where: b d
D

4

1– 


= 

 


. 

For different fitting connections, the flow coefficient is 
given in Table 8 and Figure 12. 

Power losses (Table 9) of each standard of the fitting 
connection of the hydraulic system are calculated as:

LN p Q= D ⋅ .  (11)

Research objects are divided into the following groups:
 – Group 1  – a straight pipeline with the equivalent 
length of fitting connections;

 – Group 2  – JIS and ORFS standards of fitting con-
nections;

Table 7. The results of fluent simulation (resistance coefficient)

Flow rate
Q [L/min]

Average velocity of 
fluid flow vaverage [m/s]

Resistance coefficient x

Pipe BSP JIS DKOL ORFS
5 0.657 1.054 1.288 1.103 1.238 1.119

10 1.318 1.048 1.278 1.102 1.237 1.109
15 1.974 1.043 1.272 1.098 1.231 1.102
20 2.6 1.042 1.268 1.090 1.229 1.095
25 3.28 1.041 1.147 1.081 1.085 1.083
30 3.95 1.0408 1.102 1.075 1.078 1.077
35 4.61 1.0403 1.091 1.065 1.070 1.067
40 5.291 1.039 1.079 1.061 1.065 1.062
45 5.923 1.036 1.075 1.0588 1.062 1.061
50 6.55 1.032 1.071 1.0582 1.0617 1.0599
55 7.234 1.031 1.069 1.0576 1.061 1.059
60 7.89 1.030 1.068 1.0572 1.060 1.058
65 8.57 1.027 1.066 1.057 1.0605 1.0576
70 9.2 1.025 1.064 1.056 1.0599 1.057
75 9.92 1.024 1.064 1.055 1.059 1.0564
80 10.55 1.022 1.061 1.0425 1.0576 1.056
85 11.238 1.02 1.060 1.042 1.057 1.0558
90 11.9 1.019 1.059 1.041 1.056 1.055
95 12.54 1.018 1.059 1.036 1.0546 1.054

100 13.25 1.018 1.058 1.035 1.054 1.051

a)

c)

b)
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 – Group 3 – BSP and DKOL standards of fitting con-
nections.

The obtained results showed that Group 1 had the 
most optimal flow characteristics (flow coefficient ranged 
from 0.9 to 0.964). Group 2 included the JIS (flow coeffi-
cient ranged from 0.821 to 0.931) and the ORFS (flow co-
efficient ranged from 0.798 to 0.9) and performed worse. 
Flow characteristics of Group 3 embraced the DKOL (flow 
coefficient ranged from 0.652 to 0.9) and the BSP (flow 
coefficient ranged from 0.602 to 0.892) and performed the 
least effectively, which was due to significant changes in the 
cross-section area of the standards of fitting connections. 
Group 1 presented an ideal section of the pipeline with 
no changes in the cross-section area, whereas Groups 2  
and 3 pointed out changes in cross-section areas.

The difference between changes in the cross-section 
areas of Groups 2 and 3 had a significant impact on flow 
characteristics. Changes in the cross-section areas of 
Group 3 were higher than those in Group 2. Figure 12 
shows difference between flow coefficients, which made 
around 25% for Groups 2 and 3 at the beginning of the 
chart. Also, a significant difference in flow characteris-
tics at different flow processes inside fitting connections 
is observed. Unlike Groups 2 and 3, Group 1 had no 
significant differences in the processes of the laminar or 
turbulent flow (according to the uploaded boundary con-
ditions). Group 3 has the worst characteristics of the lam-
inar flow, which is less than 25% established in Group 2  

Table 8. The results of fluent simulation (flow coefficient)

Flow rate 
Q [L/min]

Average velocity of 
fluid flow vaverage [m/s]

Flow coefficient m

Pipe BSP JIS DKOL ORFS

5 0.657 0.9 0.602 0.821 0.652 0.798
10 1.318 0.91 0.612 0.822 0.653 0.812
15 1.974 0.918 0.618 0.828 0.659 0.822
20 2.6 0.92 0.621 0.841 0.661 0.834
25 3.28 0.921 0.759 0.855 0.848 0.852
30 3.95 0.923 0.822 0.864 0.859 0.861
35 4.61 0.924 0.841 0.881 0.872 0.878
40 5.291 0.926 0.858 0.888 0.881 0.886
45 5.923 0.931 0.865 0.892 0.886 0.888
50 6.55 0.938 0.871 0.893 0.887 0.890
55 7.234 0.94 0.875 0.894 0.888 0.891
60 7.89 0.942 0.876 0.895 0.888 0.892
65 8.57 0.947 0.879 0.895 0.889 0.894
70 9.2 0.95 0.882 0.896 0.89 0.895
75 9.92 0.952 0.883 0.898 0.891 0.896
80 10.55 0.957 0.888 0.920 0.894 0.896
85 11.238 0.961 0.889 0.921 0.895 0.897
90 11.9 0.963 0.890 0.922 0.896 0.898
95 12.54 0.964 0.891 0.931 0.9 0.899

100 13.25 0.964 0.892 0.931 0.9 0.9

and less than 30% determined in Group 1. However, in 
terms of the turbulence of flow processes, Groups 2 and 3 
have same flow characteristics. The difference in the flow 
coefficient, because of flow turbulence, between Group 1  
and Groups 2 and 3 was around 10%. This proves that 
changes in the cross-section areas inside fitting connec-
tions had less influence than the turbulence of the inside 
flow. 

Research on power losses in Group 1 demonstrated 
insignificant power losses (from 1.61·10–3 to 11.041 W) 
compared to Group 2 that included JIS (ranged from 
1.73·10–3 to 13.271 W) and ORFS (ranged from 1.758·10–3  
to 13.505 W). Higher power losses were observed in 
Group 3 that embraced DKOL (ranged from 1.94·10–3 to 
13.468 W) and BSP (ranged from 2.12·10–3 to 13.562 W).  
Even though the difference in power losses between 
Group 1 and Groups 2 and 3 is approximately 50% due to 
laminar flow processes, the difference in turbulence makes 
only 10…20%.

The introduced model shows that turbulent kinetic 
energy grows up to 1.27·10–8 m2/s2 at the inlet of DKOL 
fitting connections and up to 6.84 m2/s2 at the outlet of 
fitting connections, which produces severe turbulence in 
the system at the flow rate of 40 L/min.

The conducted research disclosed that standard meth-
ods for calculating hydraulic fittings were not accurate, 
and each type of fitting connections required additional 
investigations. 
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Table 9. Power losses of each standard of fitting connections 

Flow rate 
Q [L/min]

Average velocity of fluid flow 
vaverage [m/s]

Power losses NL [W]

Pipe BSP JIS DKOL ORFS
5 0.657 1.61·10–3 2.12·10–3 1.73·10–3 1.94·10–3 1.758·10–3

10 1.318 1.32·10–2 1.74·10–2 1.39·10–2 1.56·10–2 1.41·10–2

15 1.974 4.31·10–2 5.41·10–2 4.67·10–2 5.24·10–2 4.69·10–2

20 2.6 0.112 0.134 0.106 0.119 0.1067
25 3.28 0.213 0.232 0.211 0.212 0.211
30 3.95 0.351 0.381 0.366 0.367 0.367
35 4.61 0.562 0.605 0.576 0.579 0.577
40 5.291 0.454 0.892 0.869 0.873 0.870
45 5.923 1.0197 1.248 1.217 1.221 1.220
50 6.55 1.0622 1.677 1.646 1.652 1.649
55 7.234 1.565 2.241 2.215 2.222 2.219
60 7.89 2.111 2.912 2.875 2.886 2.880
65 8.57 2.563 3.696 3.663 3.676 3.666
70 9.2 3.402 4.565 4.532 4.547 4.535
75 9.92 4.511 5.723 5.672 5.694 5.678
80 10.55 5.609 6.871 6.744 6.841 6.832
85 11.238 7.967 8.297 8.143 8.260 8.251
90 11.9 8.462 9.845 9.667 9.806 9.795
95 12.54 10.052 11.511 11.252 11.444 11.451

100 13.25 11.041 13.562 13.271 13.468 13.505

Conclusions

With reference to theoretical research on simulating the 
hydrodynamic processes of different standards of fitting 
connections and straight pipeline, the obtained results 
showed that due to changes in the size and configuration 
of the cross-section area, flow velocity, the separation of 
transit flow from the walls of the channel and the formation 
of vortex occur at fitting connections. As a result, pressure 
drop at different fluid flow rates (from 5 to 100 L/min),  
and hence resistance and flow coefficients are determined. 
The mesh independence study provides that simulation 
time is highly dependent on the number of mesh nodes 
and the difference between M3 and M5 is nearly 1%. 
However, the final CFD simulation time required for the 
convergence of two meshes has a significant difference.

The research objects were divided into 3 groups: 
Group 1 included the straight pipeline with the equivalent 
length of fitting connections, Group 2 embraced JIS and 
ORFS and Group 3 covered BSP and DKOL standards of 
fitting connections. The carried out research demonstrated 
that Group 1 performed in the most efficient way (flow 
coefficient ranged from 0.9 to 0.964) and was followed 
by Group 2 that included the JIS (flow coefficient ranged 
from 0.821 to 0.931) and the ORFS (flow coefficient ranged 
from 0.798 to 0.9) as well as by Group 3 incorporating the 
DKOL (flow coefficient ranged from 0.652 to 0.9) and the 
BSP (flow coefficient ranged from 0.602 to 0.892). This 
is due to significant changes in the cross-section area of 
the standards of fitting connections. Group 1 presented 
the ideal section of the pipeline with no changes in the 
cross-section area. However, Groups 2 and 3 have changes 
in the cross-section areas. According to the research on 
power losses in the pipeline of the equivalent length, fewer 
power losses (from 1.61·10–3 to 11.041 W) compared to 
the JIS (from 1.73·10–3 to 13.271 W) or the ORFS (from 
1.758·10–3 to 13.505 W) were observed. Higher values of 
power losses were calculated in the DKOL (from 1.94·10–3 
to 13.468 W) and BSP (from 2.12·10–3 to 13.562 W). 

Although pressure losses of a single fitting connection 
are not large, modern transport vehicles contain over 200 
different fitting connections that significantly affect the 
resistance and losses of the hydraulic system. The differ-
ence between the data obtained during the simulation of 
the DKOL (pressure drop of 4360 Pa at M3 in the mesh 
independence study) and pre-experimental data (pressure 

Figure 12. A chart of the flow coefficient at a different flow rate 
of fitting connections
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drop of around 4550 Pa at the fluid flow of 24 L/min) 
makes around 5%. 

The research identified that turbulence started in fit-
ting connections at a range of 35 L/min, which explained a 
significant jump in the flow coefficient. As for the straight 
pipeline of the equivalent length, turbulent processes start-
ed following 65 L/min, because changes in the hydraulic 
diameter hardly occurred in the case of the straight pipe-
line of the equivalent length. 

The performed research approved that using the equiv-
alent length method is incorrect for investigation into fit-
ting connections. Thus, for the future research, flow char-
acteristics of the hydraulic connection on backflow would 
be worth investigating, because fluid moves in both direc-
tions of connections.
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