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Abstract—This study focuses on a common problem in
suspension plasma spraying called clogging. Different
mechanisms causing that issue are described and a technique
called visco-plastic lubrication is introduced as a solution to this
problem. Numerical modelling has been done using mentioned
technique and effect of viscosity ratio of the fluids on the flow
are investigated.
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1. INTRODUCTION AND BACKGROUND

Coating plays an important role in surface engineering
industries. The aim of coating is to enhance physical and
mechanical properties of the material surface [1]. Among
different spraying processes, suspension plasma spraying (SPS)
is common and popular. In SPS, suspension which carries the
material particles that we desire to coat them on top of a
substrate, is injected into a plasma torch. These particles melt
and stick to the substrate and then they are solidified and adhered
to the surface.

Typical suspensions used in SPS have concentration of about
20 %wt. which means only 20 % of the mass of the suspension
is composed of particles. This relatively low concentration
consumes a lot of energy and time in spraying. One way to
reduce the spraying time is to increase the concentration of the
particles. For instance, if we use 50 %wt. suspension instead of
20%wt., we save time and energy with a factor of 2.5 which is
significant. However, the chance of agglomeration and clogging
that is a common issue in SPS is also raised.

Different ways of clogging occurrence are investigated and
a technique called visco-plastic lubrication is introduced and
modelled numerically as a solution to the clogging issue. In
suspensions, when the concentration of particles is increased, the
interaction between particles and the tube wall grows. There are
two general ways that cause clogging.

Fig. 1 Schematic of (a) Particle-Particle interactions and (b) Particle-Wall
interactions for high concentration suspension inside the tube

Firstly, when the solid particles in the suspension interact
with each other, they may adhere together and make bigger
agglomerates. These agglomerated parts can be trapped in the
carrying tube or injector and cause clogging. A visual
representation of this phenomena is shown in Fig. 1(a).

Secondly, when these particles interact with the tube wall
and injector, they can be attached to the tube and decrease the
passing area gradually to a point that suspension couldn’t flow
throw the tube and clogging would be the result. Fig. 1(b) shows
this phenomena schematically.

For clarifying the problem, possibility of clogging due to the
particle-particle interaction was focused. Suspensions of
Titanium Dioxide (TiO2) with different concentrations of 20,
30, 40 and 50 %wt. were made and analyzed using laser
diffraction system (Malvern Spraytec, UK). Measurement tests
presented in Fig. 3 and Table 1 show no considerable difference.
If the suspension is prepared properly, for concentration up to
50%, there will be no significant change in particle size
distribution. The test indicates the main reason behind the
clogging is interaction of particles with the tube wall which is
shown in Fig 1(b). This conclusion motivates us to implement a
technique for preventing contact of suspension with the tube
wall.
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Fig. 2 Particle size distribution for TiO2 suspensions with concentrations of
(a) 20%wt. (b) 30%wt. (c) 40%wt. and (d) 50 %wt.

Table 1. Distribution parameters of suspended particles

D (10) D (50) D (90)
pm pm pm
20% 0.1793 0.3549 0.7391
30% 0.1784 0.3512 0.7266
40% 0.1782 0.3503 0.7243
50% 0.1798 0.3736 0.8196
Proposed solution to this problem is visco-plastic

lubrication. In this technique, we have a core annular flow where
the core fluid is high concentration suspension and it is
lubricated with a yield stress fluid. The outstanding character of
yield stress fluids is that they are able to flow only if they are
submitted to a stress above a critical value called yield stress of
the material. Otherwise they deform like solids [2]. Utilizing
yield stress fluid prevents the core fluid to get in contact with the
tube wall by preserving an unyielded plug around the core fluid
[3]. Fig. 3 shows a schematic of visco-plastic lubrication.
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Fig. 3 Schematic of visco-plastic lubrication of suspension in (a) side view,
(b) front view and (c) velocity profile of the flow

In this research, 0.3% Carbomer gel used as lubricating fluid
which is a yield stress fluid. Result of the rheology test on the
gel and the fitted curves are shown in Fig. 4. The curves
generated using MATLAB Curve Fitting tool and the equations
of the curves are as follows:

Herschel-Bulkley Model:
T = 44.18 + 13.84 x y02986 @)

Bingham Model:
T=05512+0.80xy )

Where 1 is the stress and y is strain rate. According to (1) and
(2), the yield stresses predicted by Herschel-Bulkley and
Bingham models are 44.18 Pa and 55.12 Pa, respectively. As it
can be understood from Fig. 4, the Herschel-Bulkley model can
predict the behavior of the yield stress fluid more accurately. For
calculation of effective viscosity, slope of predicted curve by
Bingham model is used when the flow begins [4]. Therefore,
0.80 Pa.s considered as the effective viscosity of the 0.3%
Carbomer Gel.

II.  MECTHODOLOGY:

A. Numerical model

All simulations were performed by ANSYS Fluent package.
For modelling the multiphase flow, the mixture model was used.
This model can be used to model multiphase flows where the
phases move at different velocities. The mixture model can
model n phases by solving the momentum, continuity, volume
fraction equations for the secondary phases, and algebraic
expressions for the relative velocities [5]. The governing
equations are as follow:

1) Continuity Equation

9(pm) >
ot + V. (pmVm) =0 3)

Where p,, is the mixture density according to (4) and ¥, is the
mass-averaged velocity according to (5):

Pm = Lk=1%k Pk 4)

s k=1 % PV
Vm = 6))
Pm

Where n is number of phases. Current numerical study is for

a flow of 2 phases. a;, , ppand ¥, are volume fraction, density
and velocity of phase k, respectively. k=1 is representing the
lubricating fluid and k=2 is the core fluid.

2)  Momentum Equation

a - > o - -
E(pmvm) + V. (pmvmvm) =-VP+V. [.um (va + UT’I;I):I
+pmG + F + V. (ke @ prBariBari)  (6)
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Fig. 4 Flow curve of 0.3% Carbomer Gel and fitted curves of Bingham and
Herschel-Bulkley models

Where F is the body force, and u,, is the viscosity of the
mixture:

n
Hm = Zk:1ak H @)

And Vg, is the drift velocity for secondary phase k:

-

Vark = Uk — Uy (8)

3) Volume Fraction Equation for the Secondary Phase

From the continuity equation for secondary phase (k=2), the
volume fraction equation for secondary phase 2 can be obtained:

d
— (azpz) + V. (azp;Vm)
ot (9)

= —V.(azp;Varz) + (g, — 1151)

Where 1, is the mass transfer from phase 1 to phase 2 and
m,4 is the mass transfer from phase 2 to phase 1.

B. Dimensional analysis

According to The Buckingham Pi theorem, groups of
dimensionless numbers are presented in Table 2. This study
concentrates on investigating the effect of viscosity ratio of core
fluid to lubricating fluid on the flow.

Core fluid and lubricating fluid have viscosities of
Ucore aNd Uy , densities of pgore and py, and average
velocities of V., and Vy,;,, respectively . L and D are the
length and diameter of the tube and d; is the interface diameter
of developed flow. 7,, is the yield stress for lubricating fluid and
AP is the pressure drop alongside the tube.

Table 2. Dimensionless groups

m, = pcorchoredi m, = TyD Iy = APz 1, = M
Heore Viub iy PcoreVeore Hiup

Veore Pcore L d;

7 Vi * P 7D L))

According to table 2, I1; is the Reynolds number based on
the core fluid properties. II, is the Bingham number for
lubricating fluid which is the ratio of yield stress to a typical
viscous stress of the flow [4]. I3 is dimensionless pressure drop
based on the core fluid properties, I1, Ils and I1zare the ratios of
core fluid to lubricating fluid properties. I1, and IIg are groups
of the normalized length and interface diameter.

C. Geometry and computational domain

The domain inside the tube that is modeled is a cylinder with
diameter of D and length of L. The grid is made up of
quadrilateral cells. ICEM CFD 14.0 was used for generating the
mesh. Number of cells used in this study is 211,167 and a grid
dependency study has been done to ensure the results are
independent from the mesh.

D. Boundary Conditions:

This study aims to reveal the relation of viscosity ratio to the
flow parameters. Both fluids are injected co-axially to the
domain. The velocity inlet boundary condition is assigned for
inlets of core and lubricating fluids. Core fluid is injected from
the center of cylinder. Pressure outlet used as the boundary
condition at the exit of the flow. The wall boundary condition
with no-slip is assigned to the tube wall.

In the modelling, the flow rate of each fluid kept at a constant
value which results a stable core annular flow. Then, different
values were set to the viscosity of the core fluid. By keeping the
lubricating fluid parameters constant in all the simulations and
just changing the viscosity of the core fluid, different viscosity
ratios obtained and simulation repeated for each of those ratios.

E. Simulation results

Effects of changing the viscosity ratio over dimensionless
groups are demonstrated in Fig. 6. Velocity profiles of the flow
are also presented in Fig. 7. Note that the velocity and position
are normalized by average velocity of lubricating fluid (Vy,;)
and diameter of the pipe (D), respectively.

Contours of volume fraction of core fluid in a cut plane
alongside the modelled tube for different viscosity ratios are
shown in Fig. 8. The tube is long enough to ensure the flow is
fully developed.
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Fig. 5 (a) Geometry and (b) Generated grid
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III. SUMMARY AND CONCLUSION

The simulation results showed that using the visco-plastic
lubrication technique can prevent suspension to get in contact
with the tube wall by forming a solid-like annulus around the
core fluid which in fact it can solve the clogging issue.
Investigating different viscosity ratios of core fluid to lubricating
fluid showed us as the ratio increases, the interface diameter rises
which means there is more core fluid in each cross section of the
tube.
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Fig. 6 Effects of changing the viscosity ratio on (a) dimensionless pressure drop
(b) Bingham number, (c¢) normalized thickness of unyielded plug (Zunyicizea’D)
around the core fluid and (d) normalized interface diameter (d/D) for L=200
mm, D=38.1 mm and Reynolds number of 1392, 110, 6.9, 0.41, 0.03 for
viscosity ratio of 0.00125, 0.0125, 0.125, 1.25 and 12.5, respectively.
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Fig. 7 Velocity profiles for different viscosity ratios

Fig. 8 Contours of volume fraction of core fluid for viscosity ratio of
(a) 0.00125, (b) 0.0125, (¢) 0.125, (d) 1.25, () 12.5

In all the cases, an unyielded plug was formed around the
core suspension. When the viscosity ratio increased, reduction
in the thickness of the plug was observed. As long as there is an
annulus plug around the core, the interfacial instabilities cannot
grow which means the flow is stable. Similar to our expectation,
increasing the viscosity of the core fluid resulted in increasing
the dimensionless pressure drop (I13). In addition, increasing the
viscosity ratio caused reduction of Bingham number.

Since we are interested in maximizing the flow rate ratio of
core fluid to lubricating fluid, the future work of this study will
focus on assigning different flow rates for each fluid in order to
obtain maximum possible flow rate ratio. In addition,
performing experiment in parallel is planned to confirm the
simulation results.
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