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Highlights

Abstract

* High-pressure hoses and junctions failure influ-
ence to flow parameters were analyzed.

» Comparative analysis between non-repaired and
repaired high-pressure hoses were performed.

* Numerical simulations (CFD) and experimental
measurement applied in the research.

* Pressure drops and flow coefficients at non-re-
paired and after maintenance hose was obtained.

* Research find the insignificant power losses in re-

Reliability and maintenance analysis of transport machines hydraulic drives, basically fo-
cused to power units: pumps, cylinders etc., without taking in to account junction elements.
Therefore, this paper proposes a research analysis on high-pressure hoses and junctions dur-
ing technical maintenance. Comparative analysis of fluid behavior and energy efficiency in-
side non-repaired and repaired high-pressure hoses is presented in this research. Theoretical
and experimental research results for hydraulic processes inside high-pressure hose is based
on the numerical simulations using Navier—Stokes equations and experimental measurement
of fluid flow pressure inside high-pressure hoses. Research of fluid flow dynamics in the hy-
draulic system was made with main assumptions: system flow rate in the range from 5 to 100
1/min, diameter of the hoses and repairing fitting are 3/8". The pressure drops, power losses,
flow coefficients at non-repaired and after maintenance hose was obtained as a result. Simula-

paired hose compared to standard hose.

Keywords

tion results were verified by running physical experiments to measure the pressure losses.

This is an open access article under the CC BY license high-pressure hose, fitting, maintenance, energy, pipeline, fluid flow, numerical modeling,
(https://creativecommons.org/licenses/by/4.0/) [©Z@Z hydraulic system, CFD.

1. Introduction

Due to the wide use of hydraulic drives in machines and mecha-
nisms in various technical area from the transport engineering [3, 16,
17] to aviation engineering [32] and even in industrial sectors [6, 25],
there is an objective need for monitoring the technical condition of its
elements. Modern hydraulic drive of any mobile machine or industrial
system are complex, branch and usually considering from a lot differ-
ent hydraulic elements (pumps, valves, throttles, cylinders and etc.).
For connection all hydraulic elements to one system - using a special
object which is high-pressure hose. High-pressure hoses is metal or
flexible composite pipelines [5, 26, 43] designed to transmit hydraulic
forces and working fluid between units of hydraulic drive. The wall of
high-pressure hoses is multilayer, consisting of rubber and reinforc-
ing layers. The number of reinforcing layers depends on the required
characteristics of high-pressure hose and can vary from one to seven
layers. However, according to [22, 34], the most common in the hy-
draulic drive of a transport-technological machine is the high-pressure
hoses with one and two metal reinforcing layers (Fig.1a).

The composite pipelines and high-pressure hoses is being used as
the main components for hydraulic systems, especially in strong vi-
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bration environments. These exploitation conditions may cause com-
posite pipe fatigue or even long-term damage [30]. In the research
[31] pointed that from a total of 106 flexible pipe failure or damage
incidents 20% of flexible pipes were found to have experienced some
form of damage or failure. 2/3 cases occurred during long-term us-
ing and 1/3 cases during normal period of operation, from this 20%
amount. 32 failures requires replace flexible pipes, rest amount can be
repaired, from these total 106 cases. Hose defects and malfunctions
were extensively studied and discussed by specialists and researchers.
According to [10 and 21], there are two main types of to the high pres-
sure hoses damage, that produce failure:

A) External damage. Caused by environmental influences and
loads or friction of a high pressure hose against a surface shown
at Fig 1b.

B) Internal damage (damage to the inner layers, shown at Fig. 1c).
Caused by high pressures by fluid pulsation inside the hose, by
non-compliance with frequency characteristics or other factors
(e.g. aggressive oil, flexural vibrations of hose, etc.).

External damage of high-pressure hoses is easily diagnosed by vi-
sual inspection, but internal damage diagnosed without special tests
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Fig. 1. Views of high pressure hose: a) high-pressure hose with two metal
braid; b) external damage of high-pressure hose; c) result from inter-
nal damages of high-pressure hose

is impossible, until the hoses are not braked. Failure of
hydraulic hoses is a critical problem, factors associated
with hoses failure are material characteristics [38], hose
geometry [11], environmental conditions [10], internal
or external loadings [27], and manufacturing flaws [8].
The interaction of these factors is very complex to anal-
yses. The high-pressure hose with external and internal
damages could be operated for some time, but dynamic
flow parameters and reliability of hydraulic system will
be reduced. Damage to the external or internal layer of

pressure hose strength. [28]. It is important to find out the cause of
the external defects and understand the destruction process in order to
reduce the risk of injury, equipment failure, energy loses or environ-
mental disaster. The sooner the fact of damage is established and the
high-pressure hose is technically serviced or replaced, the lower the
risk of failure of the entire hydraulic drive and energy losses, the more
reliable the system [29].

Therefore, it is very important, to study fretting fatigue and fail-
ure mechanism of hoses and fittings after maintenance to improve the
reliability of hydraulic hoses system in a future [44]. The evaluation
of maintenance costs of pipelines system should not only take in to
account the present repair cost hydraulic system, but also the value of
future maintenance cost using this repaired system, according to the
[37]. That is why, after repair high-pressure hose and installation back
to the hydraulic drive system there is a need to study the influence of
the repair performance to the fluid dynamic inside the hose, as well as
to the reliability and energy parameters.

2. Repair of damaged high-pressure hose

Repair of damaged high-pressure hoses or it’s segments is a com-
plicated operation which require to remove hose from the hydraulic
drive. Therefore repair actions are performed only in case of defect
that and in special zones during machine maintenance [5]. Usually, if
high-pressure hose is relatively short, it is replaced with the new one.
In case if high-pressure hose is longer than one meter and have an
external damages, it can be repaired and installed back (economically
better solution) [13]. One way decrease maintenance cost is to ap-
ply repairing fitting (hose junction) in the area of high-pressure hose
defect instead of replacing hose with the new hose. This technique in-
volves that the damaged segments can be cutted off and hose repaired
with a hose junction, scheme of high-pressure hose repairing with a
repair fitting is showed in Fig. 2. The main idea of the reinforcement
techniques is to transfer hoop stress [33], caused by the internal fluid
pressure, from the defected area and cutted ends of the high-pressure
hose to the steel sleeves and repair fitting.

The repaired hose should withstand not only internal fluid pressure
but also external interference, such as environment loads, friction and
heat transfer. This is because wide part of high-pressure hose external
damage are the result of damage due hose friction with other surfaces
or environment influences [39]. As a result, the fluid behaviour and it
influence on energy consumption inside the repaired hose with repair
fitting is required determination and compared with the fluid behav-
iour in the non-repair hose, since, the sudden cross-section changes
hoses influence on pressure and energy parameters of the hydraulic
system [19]. Unfortunately, during reviewing of similar researches on
high-pressure hoses the mention problematic doesn’t was found. The
current research is proposes a model for investigation fluid behaviour

Demagéd a:rea »

the high-pressure hose will not only effect on the energy
and reliable parameters of the hydraulic system, but can
lead to accidentally lead to the break of the high-pres-
sure hose during exploitation. The volumetric surface
defects of high-pressure hose appear because of corro-
sion or erosion-corrosion processes in the reinforcing
layer and these areas considerably decreasing the high-

Fig. 2 Scheme of high-pressure hose repairing with a repairing fitting (hose junction)
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inside repaired high-pressure
hoses and it influences on ener-
gy parameter of hydraulic drive
after maintenances.

3. Research objects

In presented research, for
comparing analysis between
flow characteristics inside re-
paired and non-repaired high-
pressure hoses was used two
metal braid reinforced hydraulic
hose (2SN) according to Euro-
pean Standard [9] and repairing
fitting connector (hose junction)

Table 1. Physical and geometrical
parameters of the research objects

Research Inner Outer Max working Weight
object diameter diameter pressure 5
High-pressure | 3/8” or 9.5 19 mm 350 bar 0.63
hose mm kg/m
Repairfitting | 65mm | >/% ®"%* | notindicated | 0.04kg

according to International Standard [15]. The high-pressure hose with
conditional passage 06 DASH (which is equal to the diameters 3/8” or
9.5 mm) and the same size hose junction for repairing is accepted for
research. Parameters of used high-pressure hoses and hose junction in
the research is presented in Table 1.

For numerical simulation, the cross-section of the 3D model of
high-pressure hose with repair fitting is created. The cut in the con-
nection of repair fitting (hose junction) and high-pressure hose is
shown in Fig. 3.

High-pressure hose

Repair fitting (hose junction)

Fig. 3. View of cut in the connection of the repair fitting and high-pressure
hose

The main issue in high-pressure hose with repair fitting con-
nection is changes in the size and configuration of the cross-
section area of the flow stream inside hydraulic line. The length
of high-pressure hoses, used in the current research is 1 meter.
Presented high-pressure hose and hose junction are International
Certificate and are used in the most mobile machinery, vehicle
and aviation hydraulic drives.

Pressure, Pa

4. Pre-experimental part of the research

Pre-experimental part was conducted towards establishing
the evidence of proposed research direction. The pre-experi-
mental part of the current research included the measurement
and analysis of pressure drop inside a high-pressure hose and
high-pressure hose with repair fitting. The obtained results from
the pre-experimental measurements is used for boundary condi-
tions of numerical simulation model.

Hydrauligstation

Fig. 4. An experimental bench for measuring of pressure drop inside a high-pressure hoses

The experimental bench for the pre-experimental research is shown
in Fig. 4. The main parameters in the research bench: fluid pressure
~ 2.5 MPa; flow rate ~ 50 1/min; high-pressure hose is 3/8”(9.5 mm);
length of hoses is 1 meter; hose fittings connection standard and re-
pairing fitting size — 06 DASH. The pre-experimental test performed
via Multiple Measurement Design and based on One-Sample Statisti-
cal Method with Estimating Uncertainty in Repeated Measurements
of data processing by [42].

From obtained measurement, after excluding a pressure drops on
hydraulic tee fitting and hose connections, the actual fluid pressure on
inlet and outlet of high-pressure hoses and high-pressure hose with
repairing fitting is presented in Fig. 5.

Four measurements, for each high-pressure hose type, to eliminate
data distortion (error between measurements) have been provided and
is shown in Table 2.

Table 2. Percentage error between measurements

Error value at at high-

Ne of fluid .
otfiwid pressure pressure hose with

Error value at high-

0,
measurement pressure hose, % repairing fitting, %
1% measurement 1.04 1.28
2" measurement 0.98 1.19
3" measurement 1.14 1.31
4" measurement 1.09 1.07

The nominal fluid pressure different between inlet and outlet of
high-pressure hoses is ~ 0.108-10° Pa for non-repaired high-pressure
hose; ~ 0.151-10° Pa for repaired hoses was obtained. According to
measuring and by graph can be pointed the installation of repair fit-
ting inside high-pressure hose lead to incise the pressure losses inside
a hydraulic drive system.

iy
1]

Non-repaired hose 4p = 0.108-10° Pa

i

ﬁhﬂﬁ”%ﬂmﬁﬂﬁ mwmh#NNMNﬁ

Inlet

Outlet (repaired hose)

QOutlet (non-repaired hose)
I

I
0.2 0.4 06 0.8 1 12 16 18

Time, s

Fig. 5. The fluid pressure inside high-pressure hoses
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5. Numerical modelling of fluid flow inside high-
pressure hoses

Fluid movement is considered in 3D. Velocity (u, v, w) with a pres-
sure depends on coordinates (X, y, z) and time (t). The dynamics of the
fluid flow is governed by Navier—Stokes equations and is represented
by the conservation of momentum. Thus, from mass conservation, the
divergence of the velocity field is equal to zero (Vu = 0) [36, 41].
Movement and continuity equations for a viscous, compressible fluid
in the research high-pressure hoses have the following form [12, 40]:

2
6(pu)+a(l3” )+8(puv)+6(puw):767p+i a’ifr—xhafi
ot Ox oy 0z ox Re| ox oy 0z

2
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(M
o, opu) olpv) olpw) @

ot Ox oy oz

Computations of fluid flow inside high-pressure hoses were car-
ried out employing commercial CFD software Ansys® Fluent®. The
Standard k—¢ 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 dis-
sipation (g) are implemented by [18, 21]:

) ) ) ) ok
2ok + 2 (pku) = — +—L | — |+2uE;E; — pe, 3
6t(P ) ox, (phku;) o, HIJ ijax_,} Mol — pe (3)

b b b os € 2
5 (PE)+ = —(pewy) —Ku +u’j} * G QueEyEy) = Cogp ==

0ox; ox; e )Ox; k

1 =pC k% e. (4)

Cie Cyg, Cy, Oy, 0 — constants for Standard k-¢ turbulence model
(Table 3).
Multiphase simulation involves homogenous material, i.e. stand-

Table 3. Constants for Standard k-¢ turbulence model

Cls CZs Cu Ok O¢
1.44 1.92 0.09 1.00 1.30

ard mineral hydraulic oil Hydraux HLP 46, that conforms to the DIN
51524-2:2016 [14]. The specification of oil, used in simulations, are
shown in Table 4.

Table 4. 0il (HLP 46) specification used in numerical simulation

Properties Value
Molar mass 300 kg/kmol
Density 874 kg/m?
Kinematic viscosity 46 mm?/s
Specific heat capacity 1966 J/kg-K
Ref temperature 40 C°
Reference pressure 1-10° N/mm?
Thermal conductivity 0.292 W/m-K

In the Fig. 6 shows the applied boundary conditions used to solve
the compressible Navier—Stokes equations with a Standard k—¢ turbu-
lence model for fluid flow simulation inside high-pressure hoses.

un=up Wall
boundary condition

/ nu=0,oru=0

Inlet
boundary condition

Outlet

A== boundary condition

Wall
boundary condition

P=D \
[— pl+ /I(Vu +(Vu) )]: -Po

Fig. 6. Boundary conditions of the fluid flow for Ansys® Fluent® simulation

The inlet boundary and specified by a velocity vector what is nor-
mal to the inlet:

un=u. %)

In the figure above and equation # is a unit vector that has a direc-
tion perpendicular to a boundary or normal to a boundary. For the
outlet, certain pressure in the outlet/pressure boundary condition is
imposed:

P=Do

[—p]+,u(Vu+(Vu)T):|=—p0. (6)

The wall boundary condition states that due to fluid flow, the veloc-
ity of fluid near the wall is equal to zero:

nu=0. 7

The numerical simulation of fluid flow inside high-pressure hoses
was developed employing the Ansys® Workbench®. The numerical
code was based on the Finite Volumes Method. The investigation area
covered a 3D volume closed from all sides and divided into tetrahe-
drons. The dependent pressure, velocity and turbulent kinetic energy
variables as well as volume fraction were calculated for each node of
flow-element according to [2]. The mesh refined near changes in the
cross-section area and around restrictive objects, according to [23], in
order to obtain more accurate to experimental measurements. Close to
the walls, boundary layers maximally affect velocity gradients 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 diam-
eter. The mesh independence study was performed according to [19].

Ansys® Fluent® simulation was performed to established pressure
drop (4p) in research objects fluid flow and taken at a rate from 5 to
100 //min. The Re number for both case is provided in the chart of Fig.
7. The total pressure profile of fluid inside repaired and non-repaired
hoses are displayed in Fig.8. The additional results of numerical simu-
lation are provided in Fig. 9.

According to Reynolds number chart, the turbulence of fluid flow
inside repaired hose started at the flow rate (in the inlet of hose) of

9000 T T T T T

8000 - -
7000 -

=

2 6000 -

2 5000 4

4000 - .

3000 —

Reynolds

2000
—e— Non-repaired hose
1000 —w— Repaired hose

I I I I 1 I I I I
10 20 30 40 50 60 70 80 90 100
Flow rate, I/min

Fig. 7. The diagram of depending Re number from flow rate
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Total pressure

[Pascal] 229¢+06 231e+06

2.39e+06

2.41e+06

2.43e+06 2.46e+06 2.48e+06 2.50e+06

Total pressure

[Pascal] 2:26e+06 2.29e+06

2.31et+06

2.34e+06

2.39e+06 2.41e+06 2.48e+06 2.50e+06

Fig. 8. Total fluid pressure inside high-pressure hoses: a) non-repaired hoses, b) repaired hose

a)
P
e

Velocity
[m/s] 0.00e+00

4.24e+00 8.01e+00

10.07e+00

10.24e+00 10.71e+00 11.45e+00 11.81e+00

Velocity

[m/s] 0.00e+00 3.78¢-01 7.23e+00

o=
Turebulent Kinetic Energy
3.18e-02

5.51e-01 0.07e+00

[m2/s2]

Turebulent Kinetic Energy

3.18e-02
[m2/s2]

5.51e-01 1.07e+00

11.45e+00

0.59¢+00

1.59e+00

13.22e+00 13.79¢+00 14.47e+00  14.94e+00

0.77e+00 0.92e+00 0.98e+00 1.09¢+00

3.49+00

2.11e+00 2.63e+00 3.15e+00

Fig. 9. Additional results from the fluent simulation: a) velocity inside non-repaired hose; b) velocity inside repaired hose; c) turbulence kinetic energy inside non-

repaired hose; d) turbulence kinetic energy inside repaired hose

approximately 28 1/min, and that for non-repaired hose — at a flow
rate of 34 I/min, which confirms that the installation of repairing fit-
ting, during maintenance, significant influenced on fluid flow inside
a high-pressure hoses.

All above introduced results were taken from Ansys® Fluent® sim-
ulation where in inlet upload velocity was 11.764 m/s, which corre-
sponded to the flow rate of 50 I/min in the inlet of hoses.

The flow coefficient (p) is a relative measure of high-pressure hose
efficiency at an allowed fluid flow. The coefficient describes the re-

lationship between pressure drop (Ap) across the orifice and the cor-
responding flow rate:

- 0
A ®)

A b41/2Ap/p

where b = d/D, where b — cross section diameter of fluid flow, m;
D — diameter of the high-pressure hose, m; d — diameter of repair-
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ing fitting, m; Q — flow rate, m*/s; 4 — average cross-section area of
hose before and after repairing, m?; Ap — pressure drop, Pa; p — fluid
density, kg/m®.

For repaired and non-repaired high-pressure hoses the funded flows
coefficient is shown in Fig. 10.

Flow coefficient

—&— Non-repaired hose,(R'= 09831
—#— Repaired hose, (R*=0.9672)

I L L L L
10 20 30 40 50 60 70 80 90 100

Flow rate, I/min

Fig. 10. Flow coefficient at a different flow rate for repaired and non-repaired
hoses

The research demonstrated that non-repaired hose performed in the
most efficient way (flow coefficient ranged from 0.91 to 0.962) than
repaired hose (from 0.798 to 0.903). The difference between changes
in the cross-section areas had a significant impact on flow character-
istics. Changes in the cross-section areas of repaired hose were higher
than those in standard hose. Difference between flow coefficients,
which made ~ 14% at the beginning of the chart (laminar processes) is
observed. However, in terms of the turbulence of flow processes, the
two type of hoses have the more close flow characteristics. The dif-
ference in the flow coefficient, because of flow turbulence, between
repaired and non-repaired hoses was ~ 9%. This proves that changes
in the cross-section areas inside investigated hoses had more influ-
ence on laminar flow's processes than on flow’s turbulence.

According to proposed numerical model of the determination hy-
drodynamic processes inside repaired and non-repaired high-pressure
hoses the pressure losses, as well as flow coefficients can be estab-
lished. The obtained results will help for evaluation the power losses
on different flow rate inside investigated hoses.

6. Analysis of the energy efficiency

According to [7] and [24] researches — the less pressure drops exist
in a system, the less power cost of hydraulic units can be obtained.
According to achieved results of pressure losses from numerical mod-
elling, power losses at each type of hoses were calculated by different
flow rates. Power losses (%)) are calculated using equation:

1
Ny=——0Ap;, &)
NpMa

where 4p; — hydraulic loses at the i-4 hydraulic hose of the system;
1, —overall efficiency of hydraulic pump; 7, — efficiency of the pump-
motor drive; Q; — flow rate at the i-th hydraulic hose of the system.

Power losses by using repaired and non-repaired hoses for hy-
draulic drive is presented in Fig. 11a (by one meter of each high-
pressure hose).

Research on power losses in repaired hoses demonstrate insignifi-
cant power losses (from 22.98 W to 160.34 W at flow rate from 5 I/
min to 100 /min) compared to non-repaired hose (ranged from 7.85
W to 131.42 W). Although the pressure losses for one repaired hoses
are not significant, but in modern transport vehicles hydraulic drive
can be over than 100 high-pressure hoses. Even if 10% from all hoses
of the system will be repaired that significantly effects on theresist-
ance and loss in all hydraulic system.

The analysis of the investigated high-pressure hoses energy ef-
ficiency and its influence on the hydraulic system is presented on
example by applied parameters of hydraulic system by experimental
measuring and validated fluent model, by flow rate — 50 I/min (middle
range). The energy flow charts (Fig. 11b) is applicable for illustration
energy transformation visually and quantitatively during replacing
damaged high-pressure hose by repaired hose with junction fitting.
The obtained results showed that the better options for energy saving
in the hydraulic drive could be reached using non-repaired hose (spent
power — 89.9 W), compared to repaired hose (spent power — 125.7 W),
on length one meter. The difference on spent power 35.8 W (28.4%)
compered to whole hydraulic power is a not significant, but taking
in an account the sum of all repaired hoses in the system and time of
machinery operation during the year, from the economical side the
changes of damages hoses on a new can be more rational than repair-
ing hose during a maintenance. For future research, it will be useful to
investigate the compact versions of high-pressure hoses after repair-
ing with expand experimental setup and numerical simulation taking
in account a temperature analysis and hoses vibration, since installa-
tion of repairing fitting influence on hose mechanical behaviour.

7. Conclusion

In the present research, by experimental measuring’s and numerical
simulation, compared a repaired high-pressure hose and non-repaired
hose. As a result of the research, pressure drops at different fluid flow
rates (from 5 to 100 I/min), hence flow coefficients was determined.
Was found that non-repaired hose performed in the most efficient way
(flow coefficient ranged from 0.91 to 0.962) than repaired hose (flow
coefficient ranged from 0.798 to 0.903).

The difference between changes in the cross-section areas had a
significant impact on flow characteristics. Changes in the cross-sec-
tion areas of repaired hose were higher than those in non-repaired
hose. Difference between flow coefficients, which made around 14%
at the laminar processes and around 9% at turbulent processes is ob-
served. The results was identified that turbulence started in repaired
hoses at a range of 28 1/min, which explained a significant jump in
the flow coefficient. As for the non-repaired hose turbulent processes
started following 34 1/min, because changes in the hydraulic diameter
hardly occurred in the case of the straight pipeline.

By the proposed numerical model of the determination hydrody-

namic processes inside repaired and non-
b) repaired high-pressure hoses the pressure

losses was established, what held to evalu-
ate the power losses on different flow rate
inside investigated hoses. Research on pow-
er losses in repaired hoses demonstrated
Hose replacing insignificant power losses from 22.98 W to
during 60.34 W, compared to non-repaired hose,
maintenance ranged from 7.85 W to 131.42 W.

In final it was disclosed that repairing
of the hose with a junction fitting lead to

a)
200 T T T T T
150 ]
B
-
o 100 4
z
o
~
50
—*— Repaired hose
—©— Non-repaired hose
I I | | | | i i
0 10 20 30 40 50 60 70 80 90

Flow rate, 1/min

achieve an increase of power losses and de-
crease hydraulic drive efficiency by replac-

100

Fig. 11. Energy graphs: a) graph of power losses using repaired and non-repaired high-pressure hoses;
b) the energy flow chart when high-pressure hose during maintenance is repaired
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ing a high-pressure hoses on repaired hose, during machinery hydrau-
lic drive maintenance.
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