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Turbulent Two-Phase Flow Modeling of
Air-Coal Mixture Channels with Single
Blade Turbulators

The subject of this work is turbulent two-phase flow through air-coal
channel(s) of complex geometry. The aim of this work is numerical
optimization of fluid flow and coal particle distribution in reconstructed
air-coal mixture channels. The single blade turbulator has been used to
increase turbulence in the vertical section of an air-coal mixture channel.
Standard k- turbulent model has been used for modeling turbulence.
Lagrangian multiphase model has been used for discrete phase (coal
particles) modeling. Although better particle distribution is reached using
single blade turbulators, particle concentration in the evaluation section
(where plasma generators will be built in) still remains anisotropic.
Because uniform coal particle distribution is of great importance for the
proper work of plasma generators, other solutions for achieving this goal

will be the object of the future analysis.

Keywords: computational fluid dynamics (CFD), two-phase flows,
Lagrangian multiphase model, single-blade turbulators.

1. INTRODUCTION

Current fuel consumption for startup and combustion
support in the Electric Power Utility of Serbia is about
100,000 tons per year, with a tendency to increase in the
future due to decline in coal quality. Fifty percent of the
fuel is consumed during startup, and the rest is used for
combustion support when a unit is working with lower
power production or with low quality coal. Existing oil
burner system in Thermal power plant “Nikola Tesla” —
Al, Obrenovac, Serbia, is planned to be supplemented
with a new system for combustion support based on low
temperature thermal plasma. Plasma system for fire
stabilization of pulverized coal combustion on thermal
power plant boilers has already been implemented
throughout the world (USA, Russia, Australia, and
China) [1].

In order to implement advanced plasma system for
pulverized coal thermo chemical treatment on thermal
power boilers, several technological and technical
requirements are to be fulfilled. The most important is
to obtain: desired air mixture flow in the air-coal
mixture channel and desired pulverized coal particle
distribution in the air-coal mixture channel operation
[2].

Based on these requirements, the geometry of the
existing rectangular channels has been changed. Lower
four channels are divided in eight, with new geometry,
in such a way that each existing channel with a
rectangular cross-section is replaced with two new
channels with a circular cross-section as it is shown in
Figure 1.
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Figure 1. Basic Geometry with coordinate system
2. NUMERICAL MODEL
This model is analyzed in the global Cartesian
coordinate system. The centre of the coordinate system

is placed at the inlet (point A, Fig. 1), x-axis is oriented
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in the direction of the horizontal parts of the channels.
Only half of the complete air-coal mixture channels are
used for numerical modeling, due to simplicity.

The main dimensions of the model used for the
single phase flow modeling are: 6.67 m in x-direction,
0.6 m in y-direction and 10.61 m in z-direction. Flow
through the channels of such complex geometry is
expected to be three — dimensional, so 3D model with a
large number of finite volumes is used for numerical
modeling.

Hybrid mesh with the total number of 1,300,000
control volumes and with an average cell dimension of
4 cm is generated for the single-phase flow numerical
simulation. Hybrid mesh with the total number of
350,000 control volumes and with an average cell
dimension of 3 cm is generated for the two-phase flow
numerical simulation. Used hybrid mesh consists of
regular hexahedral (in regions with a rectangular cross-
section) and tetrahedral cells (in regions with a round
cross-section). At the section between the rectangular
and the round cross-section (Fig. 1), the appropriate
faces of transition cells are spited to make interface with
triangular faces of tetrahedral. [3].

Special care is taken to precise geometrical
interpretation of the evaluation section between the
rectangular and the round cross-section in order to
prevent possible numerical asymmetry in numerical
results, not originating from the physical properties of
the fluid flow.

The model is divided in to two computational
domains for cases with a built blade turbulator. The
turbulator is treated as a separate solid domain,
extracted from the surrounding fluid domain. The fluid
domain is divided into two separate sub domains. First
(inner) sub domain encircles the turbulator. Mesh in this
sub domain is changed in different computational cases,
due to changes in turbulator geometry and position.
Mesh in second (outer) sub domain remained the same
for all computational cases with built turbulators, as
shown in Figure 2. The described mesh treatment
enables high accuracy in results comparison. An
average cell size for solid domain is 0.8 cm. and for
outer, fluid, sub domain 3 cm. Mesh for inner, fluid, sub
domain is created using boundary layers. Boundary
layers are used for solving fluid flow around the
turbulator with better accuracy. Five boundary layers,
near turbulator walls, are used with boundary layer
width growth 1.3. Cells in first boundary layer have an
average size of 0.8 cm. Cells at the walls of the inner
fluid sub domain have an average size of 3 cm.
Tetrahedral mesh is used in the inner fluid sub domain.

3. MATHEMATICAL MODELING

Standard k- has been used for turbulence modeling.
This model is a two-equation turbulent model which
includes two extra transport equations to represent the
turbulent properties of the flow. This allows a two-
equation model to account for history effects like
convection and diffusion of turbulent energy.

The first transported variable is turbulent kinetic
energy, k. The second transported variable in this case is
the specific dissipation, w = ¢ / k. It is the variable that
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determines the scale of the turbulence, whereas the first
variable, k£ determines the energy in the turbulence [4].
Standard wall functions are used for the determination
of flow field near the wall (except for turbulator walls,
where boundary layers are used).

Outer sub
domain

Inner sub .
domain 4__T’ Solid

domain

Figure 2. 3D model view with sub domains

SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithm is for pressure-velocity
coupling. The SIMPLE algorithm uses a relationship
between velocity and pressure corrections to enforce
mass conservation and obtain the pressure field. The
approximation of the velocity field is obtained by
solving momentum equation. The pressure gradient
term is calculated using the pressure distribution from
previous iteration or an initial guess. The pressure
equation is formulated and solved in order to obtain a
new pressure distribution. Velocities are corrected and a
new set of conservative fluxes is calculated [5].

Disperse phase is modeled using the Lagrangian
approach. In this approach a discrete phase particle
trajectory (pulverized coal) is predicted by integrating
the force balance on the particle. This force balance
equates the particle inertia with the forces acting on the
particle, and can be written (for the x direction in
Cartesian coordinates) as:

dﬁ:FD(”_”p)ﬁLw- (1)
dr Pp

Here, u is the fluid phase velocity, u, is the particle
velocity, u is the molecular viscosity of the fluid, p is
the fluid density, p,, is the density of the particle, and d,
is the particle diameter. Fp (4 — u,) is the drag force per
unit particle mass. Two-way coupling between disperse
(pulverized coal particles) and fluid phase is included.
This means that momentum transfer from the
continuous phase to the discrete phase is computed by
examining the change in the momentum of a particle as
it passes through each control volume. It has been
assumed that this momentum exchange happens every
30 fluid flow iterations.

The 2500 computational particles are used to
represent physical particles in this paper. It is assumed
then that a parcel of particles moves through the field
with the same velocity and temperature as a single
particle (physical particle). Size distribution effects have
to be included specifying parcels with a specific particle
size. The Rosin-Rammler diameter distribution is used
in this paper (Table 1). Coal particles are injected from
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the inlet surface in the fluid domain with the same
velocity magnitude. Additional data for particle
injection are given in Table 2.

Table 1. Rosin-Rammler diameter distribution

Minimal diameter [m] 0.00018
Maximal diameter [m] 0.002
Mean diameter [m] 0.0004
Spread parameter 3.5
Number of diameters 20
Table 2. Particle injection properties
Velocity component in x-direction [m/s]
Velocity component In y-direction [m/s]
Velocity component In z-direction [m/s] 18
Total flow rate [kg/s] 1.008
The trajectory is obtained from:
dx
—r=v @)
de

The following turbulent model characteristics are

used for all cases:

¢ standard pressure discretization;

e first-order upwind  momentum,
discretization;

e for both cases all flow properties are defined
with residuals less than 1E-5.

e In the used mathematical model the following
assumptions are introduced:

- incompressible flow (p = const);

- isentropic flow (6Q = 0);

- gravity acceleration is set at -9.81 m/s along
Z-axis.

Boundary conditions are set to:

e uniform velocity field at inlet cross-section with
the velocity magnitude of 18 m/s derived
perpendicularly to the inlet cross-section;

e pressure outlets with gauge pressure value 0 Pa;

e o slip is considered.

kL, o

4. RESULTS AND DISCUSSION

One-phase flow through all eight air-coal mixture
channels, with air as working fluid, has been calculated
in the first case. Velocity and static pressure values are
shown in Figures 3 and 4.

It can be seen that obtained values for static pressure
are between — 400 Pa and 200 Pa. Figures 8 and 10.
show negative values of static pressure, which derive
from boundary conditions at channel outlets. Results
pointed out that high static pressure drop exist in the
vertical section of first two channels due to sudden
change in flow direction (more than 90 degrees). This
static pressure drop in vertical sections of other channels
is not that high, because in vertical sections of these
channels, before sudden change at crossing from
vertical in horizontal section, exists small change of
direction (less than 10 degrees ), as shown in Figure 4.

Values of velocity magnitude follow values of static
pressure as can be seen in Figure 7. Values of velocity
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magnitude change between 0 m/s and 26 m/s, as shown
in Figure 3. and its values follow static pressure
distribution, as shown in Figure 4. High velocity
magnitude values, between 16 m/s and 26 m/s are
distributed in upper channel cross-sections. Lower
cross-sections have velocity values up to 10 m/s, and
central  cross-sections  have  velocity  values
approximately between 10 m/s and 16 m/s.

Velocity Magnitude
= [m/s]

Figure 3. Velocity magnitude values at central cross-
section, planey =0
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Figure 4. Static pressure distribution at central cross-
section, planey =0

It is expected that high values of static pressure
values in vertical sections of two lowest channels will
cause higher coal particles concentration in upper
sections at the beginning of horizontal parts of channels.
Plasma generators will be built in these sections, so
uniform coal particle distribution in these sections is of
great importance.

The lowest channel has been chosen for two-phase
flow analysis in order to investigate coal particle
distribution.

Pressure distribution at central cross-section is
shown in Figure 5. Velocity magnitude at central cross-
section is shown in Figure 6. Concentration of coal
particles (in percents) is shown in Figure 7.
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Figure 5. Pressure distribution at central cross-section,
planey =0
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Figure 6. Velocity magnitude at central cross-section, plane
y=0
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Figure 7. Discreet phase (coal particles) concentration at
central cross-section, planey =0

Velocity and pressure values are similar to those in
one-phase flow case. Coal particles are uniformly
distributed in vertical part of channel, with
concentration around 0.5 %. The zone with highly
anisotropic coal particle distribution is located at
evaluation section between vertical and horizontal part
of channel, as it is expected (Fig. 7). This non-uniform
distribution is the result of strong particle inertia. Coal
particles have better distribution in the middle part of
horizontal section. Particles are mainly concentrated in
the lower parts of the channel in the last section of
horizontal part of channel (as it can be seen in Figure 7).
The reasons for this are gravity acceleration and
collision between coal particles and channel walls. Coal
particles reflect from the wall after their collisions with
channel walls.

Uniform distribution of coal particles in evaluation
section between horizontal and vertical part of channel is
of great importance, because plasma generators will be
built in this section. Single blade turbulators are
considered for implementation in vertical section of
channels (Fig. 2). The purpose of these turbulators is to
obtain more uniform coal particle distribution. Turbulator
should give swirl to air-coal flow and in that way increase
mixing between air and coal phase. Particle paths will be
also increased in this way, which will give additional
time for plasma generators to gasify pulverized coal.
Turbulator geometry is given in Figure 8.

Two different single blade turbulator geometries
were considered. The following values were the same
for both cases: turbulator length / = 300 mm, turbulator
thickness 6 = 5 mm and inflection angle a = 45 deg.
Turbulator height was # = 63 mm in normal projection
(equaled to 1/4 of channel height) for the first case, and
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h = 126 mm in normal projection (equaled to 1/2 of
channel height) for the second case (Fig. 10). Turbulator
length was positioned parallel to velocity vectors in inlet
for these two cases.

o
=)
®

Figure 8. Single blade turbulator geometry

Finally, turbulators were rotated for 12 deg. around
x-axis, in positive mathematical direction, and
simulation was repeated for both turbulator heights.

Velocity contours for the first two cases (turbulator
length parallel to velocity vector at inlet cross-section)
are shown in Figure 9. Velocity contours for the third
and fourth case (turbulator rotated around x-axis for 12
deg. in positive mathematical direction) are shown in
Figure 10. Turbulence intensity is defined as

'

u
=—-100% >
U

where u’ is the root-mean-square of the turbulent
velocity fluctuations and U is the mean velocity
(Reynolds averaged). Turbulence intensity, for all five
investigated cases, is given in Figure 11. Total discrete
phase concentration is defined as a mass of discrete
phase per fluid volume, kg/m3. Normalized value of
total discrete phase concentration has been used for
results presentation. Normalized discrete phase
concentration is equal to total discrete phase
concentration divided with its maximum value
(maximum value is equal for all cases). Thus, relative
discrete phase concentration can obtain values between
0 and 1. Values of discrete phase concentration, for all
five investigated cases, is given in Figure 12.

Values of velocity magnitude are similar for all five
cases. Velocity values are around 18 m/s in vertical part
of the channel, and velocity distribution is almost
uniform in this part of the channel. There is slightly an
increase of velocity magnitude around turbulator in
cases in which turbulators are built in. Velocity
increases up to 25 m/s near right channel wall in the
section near sudden change of flow direction (section
between vertical and horizontal part of channel).
Velocity decreases to 12 m/s near the left channel wall
in the same position. Velocity distribution in the
evaluation section, the channel section between
rectangular and round cross-section, differs between
case without turbulator and cases with built turbulators.
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Higher velocity values, around 22 m/s, are concentrated
in the upper parts of evaluation section, while lower
velocity values, around 5 m/s are distributed near lower
parts of evaluation section. This zone with anisotropic
velocity distribution, in case without turbulator (Fig. 6),

-
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Figure 9. Velocity magnitude at central cross-section, plane
y = 0. Turbulator length set parallel to velocity vector at
inlet cross-section. (a) turbulator height h = 63 mm; (b)
turbulator height h =126 mm

(d)

is mainly located in the first half of evaluation section,
and in cases with tabulators (Figs 9 and 10) it spans
through the whole evaluation section. Velocity field
becomes more uniform, approaching channel outlet.
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Velocity magnitude [m/s]
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Figure 10. Velocity magnitude at central cross-section,
plane y = 0. Turbulator length rotated around x-axis for 12
deg. in positive mathematical direction. (a) turbulator
height h = 63 mm; (b) turbulator height h =126 mm
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Figure 11. Turbulence Intensity at central cross-section. (a) case without turbulator; (b) case with turbulator height h = 63 mm,
turbulator positioned parallel to inlet velocity vector; (c) case with turbulator height h = 126 mm, turbulator positioned parallel
to inlet velocity vector; (d) case with turbulator height h = 63 mm, turbulator rotated for 12 deg. around x-axis in positive
mathematical direction; (e) case with turbulator height h = 126 mm, turbulator rotated for 12 deg. around x-axis in positive

mathematical direction
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Figure 12. Discrete-phase concentration at central cross-section. (a) case without turbulator; (b) case with turbulator height h
=63 mm, turbulator positioned parallel to inlet velocity vector; (c) case with turbulator height h = 126 mm, turbulator
positioned parallel to inlet velocity vector; (d) case with turbulator height h = 63 mm, turbulator rotated for 12 deg. around x-
axis in positive mathematical direction; (e) case with turbulator height h = 126 mm, turbulator rotated for 12 deg. around x-axis

in positive mathematical direction

A clearer picture of turbulator influence on flow
field can be obtained from turbulence intensity values.

The case without turbulator is given in Figure 11a.
The zone with very low turbulence intensity, around 1.2
%, is located in the middle section of vertical part of the
channel. The zones with middle values of turbulence
intensity, around 6 %, in vertical part of the channel, are
located near left and right channel wall. Turbulence
intensity has the value around 5 % in the middle of
evaluation section of channel, and high values, around
11 %, are located near the upper and lower walls of
evaluation section of the channel.

The case with turbulator with lower height 2 = 63
mm, set up parallel to velocity vectors at inlet is given in
Figure 11b. The zone with low turbulence intensity,
around 1.2 %, is wider in channel inlet comparing with
previous case, but farther in positive z direction,
turbulence intensity increases, and obtains values
between 3 % and 6 % in the middle of vertical part of the
channel. Turbulence intensity has higher values, around
11 %, near left and right channel walls in vertical part of
the channel, comparing with case without turbulator.
Turbulence intensity distribution and magnitude is also
different in evaluation section, comparing with case
without turbulator. Highest values of turbulence intensity,
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11 %, are located in the middle part of evaluation section,
and near the upper and lower (in very thin layers) walls.
Zones with middle values of turbulence intensity, round 6
%, in evaluation channel section, are located between
zones with high turbulence intensity.

The case with turbulator with higher height & = 126
mm, set up parallel to velocity vectors at inlet is given
in Figure 1lc. Turbulence intensity distribution is
similar to the case with turbulator with lower height,
especially in evaluation section, in which turbulence
intensity magnitude and distribution are almost the same
for these two cases. Turbulence intensity increases in
vertical part of the channel, comparing with case with
lower turbulator height. The zone with low turbulence
intensity is decreased.

Cases with rotated turbulators are given in Figures
11d and e. Turbulence intensity increases (for the same
turbulator height) comparing with cases in which
turbulators were set parallel to velocity vectors at
channel inlet. This increase in turbulence intensity is
especially intensive in the case of turbulator with higher
height. The zone with high turbulence intensity, around
11 %, near turbulator is much wider than in the case
with turbulator of the same height set parallel to
velocity vectors at channel inlet.

FME Transactions



Discrete phase concentration contours for all cases
are given in Figure 12.

The case without turbulator, Fig. 12a, shows very
anisotropic particle concentration in evaluation section
of the channel. Coal particles are mainly located near
the upper wall in first half of evaluation section, and
discrete phase concentration has very high wvalues,
almost 1. Middle values of discrete phase concentration,
around 0.5, are located in the upper and middle part in
the second half of evaluation section. Lowest values of
discrete phase concentration, around 0.08, are mainly
located in the lower part of evaluation section.

Discrete phase concentration for all cases with
turbulator is very similar. Particle distribution in
evaluation section of the channel stays anisotropic, but
this anisotropy is not as intensive as in the case without
turbulator. The zone with very high discrete phase
concentration, up to 1, still exists near the upper wall in
the first half of evaluation section, but its dimensions
are lower. Another zone with high discrete phase
concentration, for cases with turbulator, is developed
near the lower wall of evaluation section, but it is very
thin. Values of discrete phase concentration in biggest
part of evaluation section are between 0.2 and 0.5,
which shows that increase of turbulence due to
turbulators helps in achieving better particle
distribution.

5. CONCLUSIONS

The aim of this work was numerical optimization of
fluid flow and coal particle distribution in reconstructed
air-coal mixture channels in thermal power plant
“Nikola Tesla” — A1, Obrenovac, Serbia, using single
blade turbulators to increase turbulence in vertical
section of air-coal mixture channel. Standard k-w
turbulent model was used for modeling turbulence.
Lagrangian multiphase model was used for modeling
coal particle distribution.

Five different cases have been calculated in total.
One case with two-phase flow in air-coal channel
without turbulator, and two different turbulator
geometries in two different positions have been
analyzed. The analysis of the results shows that there is
no significant change in velocity magnitude when
turbulators are used. However, obtained results show
that turbulators have a great influence in the increase of
turbulence in vertical part of air-coal mixture channel.
Turbulence increases with increase of turbulator height
and increase of rotation angle. The highest level of
turbulence increase has been reached when turbulator
with higher height was rotated around x-axes, for 12
deg., in positive mathematical direction.

More uniform coal particle distribution was
achieved using single blade turbulators. Results show
that there is no significant difference in coal particle
distribution between all four cases in which different
turbulator geometry and position was used. Upon these
conclusions,  technologically  simplest  solution,
turbulator with a low height, can be suggested.

Although better particle distribution has been
reached using single blade turbulators, particle
concentration in evaluation section (where plasma
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generators will be built in) still remains anisotropic.
Because uniform coal particle distribution is of great
importance for proper work of plasma generators, other
solutions for achieving this goal will be the object of
future analysis.

One of new approaches can be changing channel
geometry. Geometry will be changed in the section in
which vertical part of channel evaluates in horizontal.
Channel cross-section area should be increased, and due
to this, it is expected that velocity magnitude will
decrease. Lower velocity magnitude should give longer
time for plasma-generators to completely gasify
pulverized coal.

Better results can be achieved with the use of single
blade turbulators in combination with above mentioned
geometry changes.
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MOJEJIUPABE TYPBYJIEHTHOT
JABO®A3HOI' TOKA AEPO-CMEIIE
CHPAHIEHOTI YI'JbA Y TOPUOHUYKUM
KAHAJIMMA CA JEJHOCTENNEHUM
TYPBYJIATOPUMA

Pactro JoBanoBuh, [lejan L{BeTunoBuh, Ilpeapar
CredanoBuh, Bartosz Swiatkowski

VOL. 36, No 2, 2008 = 73



[Ipeamer oBor paga je TypOyJleHTHO ABO(A3HO
CTpyjalbeé KpO3 TOPHOHHMYKE KaHAJe aepo-CMelle
CIpaIleHOT yIjba KOMIUIEKCHe reomerpuje. Lub oBor
paza je HyMepudka ONTHMH3alHja CTPYjHOT TOKa M
pacnozene YyecTuua CrpaleHor yriba y
PEKOHCTPYHCAaHMM  TOPUOHMYKMM  KaHajauMa. 3a
nosehame TypOyleHIMje, Yy BEPTHKAIHOM JIeIly
TOPHOHUYKOT KaHajma aepo cmeme yrpahern je
JjeTHOCTETIeH! TypOymarop. 3a MOJIEITHPAHEe
TypOyneHnmje  KopumheH je  craHmapaHu k-0
TypOyneHTHH Mogmen. JlarpamkeoB TPHCTYI  je
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KopuinhieH 3a Mojienupame ceKyHaapHe ¢asze (dectuia
crpaieHor yripba). Mako je ynorpedoM jeaHOCTeneHnX
TypOyJjaropa moOCTUTHYTa OoJba pacrojena 4YecTula
COpAIICHOT  yrjba, KOHIIEHTpAallMja  YecTHa Y
npenazHoM ey (y xome he Outu yrpaheHu mnasma
reHepaTopu) ocraje  HepaBHOMepHa. Kako  je
paBHOMEpHA pacrojelia YeCTHLd CIPAIICHOT YIiba Of
SCCHLMjaTHOT 3HAyaja 3a MpaBWIaH paj IUIa3Ma
reHeparopa, Apyra pelieba 3a NOCTU3alke PABHOMEPHE
pacmozene yectuiia he 6utu npeamer Oynyhe ananmse.
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