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The results presented here are a combination of experimental data acquired at KTH Mechanics
during a two month period and numerical simulations using a Mixture Model with a standard k-&
Turbulence model.

- two sizes of glass beads (0.1-0.2mm and 0.4-0.6mm) were added with increasing volume fractions
to a flow loop (Figure 1) where velocity profile measurements where done with both UPV and MRI
apparatus (Figures 2 and 3).

- two different pipe diameters were studied, 34mm and 50mm. With the 50 mm pipe experiments,
only the bigger particles (0.4-0.6 mm) were used In addition to the MRI and UVP data, EIT
measurements (Figure 4) were also conducted to supply information about the solids distribution in

Figure 4 — EIT
Electrodes Ring

Figure 1 — Flow Loop Figure 2 — UPV Probes Figure 3 — MRI apparatus
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Mixture Model o i ¢ - v oo

It is based on the following assumptions:

-> local equilibrium is established over a short spatial length scale;
-> the density of each phase is approximately constant;
- both phases share the same pressure field;

- the relative velocity between phases is determined considering equilibrium between pressure, gravity and
viscous drag.

MOMENTUM EQUATION pue + p(u-V)u=—vp - V- ((pca(1 - o) uspiptisiip) + V - Tom + pg + F

MIXTURE CONTINUITY
EQUATION

m.d
Pc— Pd [V (Ppa(1— cplusrip — DipgVepg) + pdc

+pc(7'u) =0

RELATIVE PHASES D, o
ud—uczucdzu — d
VELOCITY EQUATION SLIP (1 —¢y)

SCHILLER-NAUMANN B % (1+0.15Re,**®”)  Re, <1000
D= P
DRAG CORRELATION 0.44 Re, > 1000
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Standard k-¢
Turbulence Model
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TURBULENT EDDY R
VIScosITY EQUATION Hr=P%u=g

dk 2 2
TURBULENT KINETIC p—+pu- Vk="V- u+& Vk |+ pr(Vu: (Vu+ Vw)T)— = (V-w? |- - pkV-u—pe

a
ENERGY EQUATION t Ok 3 3
TURBULENT

de ur £ 2 2 2

DISSIPATION Pt PU Ve=V" Pt Ve +C£1EﬂT Vu: (Vu+ (|7u)T)—§(V-u)2 _E”kv'u_cszf

RATE EQUATION

TURBULENT EDDY

Dpg = COEFFICENTS
COEFFICIENT por

c 1.44
EQUATION el
C,y 1.92
G 0.09
O'k 10
o, 13
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0.1-0.2 mm Particles
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Normalized MRI, UPV & Numerical Velocity

Profiles for a Pipe Diameter of 34mm

0.1-0.2 mm particles
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Normalized MRIUPV & Numerical Velocity

Profiles for a Pipe Diameter of 34mm © U $4i C© - Uwvessioape De Comera

0.1-0.2 mm particles
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Numerical vs. Experimental Pressure Drop

Profiles for a Pipe Diameter of 34mm © U %fi © - Uwnversmsoe D Comaera
0.1-0.2 mm particles
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Numerical vs. Experimental

Profiles for a Pipe Diameter of 34mm U " -:-: .+ UmveRsioao: Dz ComdsRa
0.1-0.2 mm particles

- The normalized velocity profiles seem to match quite well for both UPV and MRI. The numerical
results reproduce well the experimental data, thus validating the Mixture Model with a standard k-&
turbulence closure as adequate choice for modelling solid-liquid flows for particle sizes of 0.1-0.2
mm, for the concentrations tested;

- The pressure drop profiles seem to agree quite well with the experimental ones. There are some
deviations but nothing significant;
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0.4-0.6 mm Particles

(34 mm pipe)




Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 34mm - U 9 ¢ . Uwmversoape D Comsra

0.4-0.6 mm particles
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Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 34mm - U 9 ¢ . Uwmversoape D Comsra

0.4-0.6 mm particles
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Numerical vs. Experimental Pressure Drop

Profiles for a Pipe Diameter of 34mm © U %fi © - Uwnversmsoe D Comaera
0.4-0.6 mm particles
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Numerical vs. Experimental

Profiles for a Pipe Diameter of 34mm U " -:-: C+ UNIVERSIDADE DE CoTMBERs

0.1-0.2 mm particles

- The UPV profiles seem to deteriorate with increasing particle concentration, becoming reliable
mostly near the pipe wall. This can be attributed to the offset in the angle of one of the probes
but also to attenuation of the probes signal due to the increasing amount of particles;

- The normalized velocity profiles match quite well when MRI and numerical results are
compared;

- The vertical asymmetry resulting from particle settling is also well matched between the
experimental and numerical profiles, which was more notorious for higher particle

concentrations as expected;

- The pressure drop profiles calculated also agree quite well with the experimental ones. There are
some deviations but nothing significant;
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0.4-0.6 mm Particles

(50 mm pipe)




Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 50mm

0.4-0.6 mm particles
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Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 50mm - U 9 ¢ . Uwmversoape D Comsra

0.4-0.6 mm particles
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Numerical vs. Experimental Pressure Drop

Profiles for a Pipe Diameter of 50mm © U %fi © - Uwnversmsoe D Comaera
0.4-0.6 mm particles
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Numerical vs. Experimental

Profiles for a Pipe Diameter of 50mm - u -:-: C + UNIVERSIDADE DE COIMBRA

0.4-0.6 mm particles

- The UPV probes were in a vertical position for most measurements and due to settling of
particles over the bottom probe the profiles seem to become unreliable at the pipe centre. In
this area a lot of noise is present in the profiles. The vertical positioning of the probes did
provide an opportunity to use UPV to recognize the heterogeneous flows, as can be seen with
the sharp variation of the vertical UPV profiles at the bottom;

- The noisy data is still present in the normalized velocity profiles, however with the normalization
most of the profiles seem to match for both UPV, MRI and also with the numerical data;

- The vertical asymmetry resulting from particle settling is also well matched between the
experimental and numerical profiles, after the normalization, being more notorious for the
higher concentrations, although at the pipe bottom there are differences, which can be
attributed to the loss of signal of the UPV probe.

- Since MRI measures the velocity of water, at the pipe bottom there will be a sharper variation
when compared to the numerical profiles, since the settled particles will slow the water velocity.

- The pressure drop profiles also agree quite well with the experimental ones. There are some
deviations but nothing significant.
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EIT Normalized Electrical Conducivity _
Profiles for a Pipe Diameter of 50mm 1 VERSIDADE DE COIMERA

0.4-0.6 mm particles
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Note: here the same limits were used on all images for the colorbar.
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EIT vs Numerical Particle Concentration

Profiles for a Pipe Diameter of 50mm
0.4-0.6 mm particles
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increased values of the normalized
electrical conductivity at the top is likely due
to small air bubbles that were present in the
region of the EIT data acquisition.
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Comparison of EIT Concentration

Profiles fOf d Pie Diameter Of 50mm - U .' ..' | c - UNIVERSIDADE DE COIMERA

0.4-0.6 mm particles
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- As concentration increases there is an increase on the concentration of particles settled in
the pipe bottom;

- At the lowest flowrate the concentration of settled particles at the pipe bottom is larger;

-  For the highest flowrate the concentration of particles settled in the pipe bottom
diminished and more particles are fluidized.
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Numerical vs. Experimental
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- From the numerical data, the Figures seem to show the presence of particle-particle interaction
resulting from the increased flow velocity (larger particles). This can be inferred from the graphs
by comparison for the same flow velocity and different particle concentrations, the fluidization
of particles seeming to increase with particle concentration;

- In general experimental data (particle distribution, velocity profiles and pressure drop), MRI or
EIT, agree well with the simulated results obtained using the mixture model.
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Normalized MRI, UPV & Numerical Velocity

Profiles for a Pipe Diameter of 34mm © U $4i C© - Uwvessioape De Comera

0.1-0.2 mm particles
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Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 34mm - U 9 ¢ . Uwmversoape D Comsra

0.4-0.6 mm particles
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Normalized MRI, UPV & Numerical Velocity
Profiles for a Pipe Diameter of 50mm - U 9 ¢ . Uwmversoape D Comsra

0.4-0.6 mm particles
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Comparison of EIT Concentration

Profiles for a Pipe Diameter of 50mm - U :; j C + UNIVERSIDADE DE COIMBRA

0.4-0.6 mm particles

Normalized Electrical Conductivity

Modified Maxwell Equation

o (2—277(]5()) 5 ~2-2(( +m(ow/050))
sO 0\ 2 + 1 ¢, ap — o5 _ ((1 +77)(Uw/0'50))

Particle Concentration Equation using Area under
Normalized Electrical Conductivity Profile

$(2) =~
g 0o - electrical conductivity of reference

o, - electrical conductivity of the mixture

O 5 - electrical conductivity of homogenous mixture for ¢

¢, - initial solids concentration

¢ qp - apparent distribution of solids by Maxwell

A, - area under the mixture’s electrical conductivity curve
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