Chapter 26 )
Simulation of High-Temperature oo
Solid Particle Erosion of

HVOF-Sprayed NiCrBSiFe

and WC-Co/NiCrBSiFe-Coated Wall

Using CFD

K. Raghavendra Naik, R. K. Kumar, V. Saravanan, S. Seetharamu
and P. Sampathkumaran

Abstract The erosion characteristics of HVOF-sprayed NiCrBSiFe and WC-
Co/NiCrBSiFe coatings made on SS347 grade steel have been investigated for high-
temperature behaviour, especially in the boiler tubes used in thermal power genera-
tion. The computational fluid dynamic model has been adopted to study the influence
of the impingement angle on the erosion properties of the coatings. The self-fluxing
NiCrBSiFe alloys have shown the best erosion resistance of about two times at room
temperature and about four times at 700 °C when compared with a composite pow-
ered coating of WC-Co/NiCrBSiFe. At 700 °C, The WC-Co/NiCrBSiFe undergoes
thermal cracking between nickel rich and WC metallic phases due to low oxidation
and thermal expansion mismatch between them leading to degradation of the coat-
ing; however, at this temperature, the self-fluxing alloy of NiCrBSiFe performed
better when compared to WC-Co/NiCrBSiFe coating. The simulation is done with
turbulence model, namely shear stress transport (SST) model with a base on user-
defined function predicted from the experimental results. The computational fluid
dynamic simulated data obtained from SST model and the experimental results were
compared, and they are in good agreement with each other.
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26.1 Introduction

Solid particle erosion is a serious problem in power plants, which reduces the service
life of the mechanical components operating at high temperature due to impingement
of coal and ash particles [1-3]. For instance, boiler tubes undergo severe degradation
due to impaction of ash particles, containing quartz leading to the forced shutdown
of the plant [4, 5]. The coating has been proven to be one of the advanced methods
employed to set the best erosion resistance due to solid particle impact. There are
several methods of deposition process known, and it is dependent on the type of
application. For example, the coating processes such as weld overlay, thermal spray,
diffusion, laser cladding, etc., adopted in thermal power plants face certain drawbacks
such as very thin coatings are possible in the diffusion process, embrittlement taking
place at the interface due to repeated welding and leading to crack formation in weld
overly and very difficult to repair or refurbish at site. In view of the problem faced in
this process, thermal spray coating gains momentum [6, 7] as they overcome them.

The factors like hardness, velocity, impingement angle, size and shape of the
erodent need to be considered to study the erosion behaviour in detail both at room
and elevated temperature among them; velocity and impact angle play a major role
in selecting the coatings [8]. As per the theoretical predictions, ductile materials
erode more rapidly at shallow impact angle (10°-30°); however, brittle material
erodes more at normal impact angle (70°-90°) [9, 10]. The erosion rate at elevated
temperatures is much higher at shallow as well as at normal impact angles compared
to the room temperature erosion [11].

The high-velocity oxy-fuel (HVOF) process comes under the thermal spray, and
itis being deployed in industries effectively from the point of erosion protection. The
advantages of this spraying process are that it yields lower porosity levels, higher
density, lower oxide content and superior bond strength compared to the conventional
coatings [12].

Self-fluxing thermal spray coating like Ni-base will provide high erosive wear
resistance at low and moderate temperature, and hence, it has received widespread
applications [13]. The distributed hard WC particles in the Ni matrix will increase
the hardness of the coating, thereby improving the erosion resistance at a higher
temperature. The published information on 35% WC with NiCrBSiFe has shown
superior wear resistance up to 500 °C in view of higher hardness and minimal porosity
level achieved [14—16]. In the present study, an attempt has been made on the wear
characteristics evaluation beyond 500 °C.

In recent trends, computational fluid dynamic (CFD) approach has become a
useful tool to assess the erosion rate both at room and high temperature, and many
works have been reported on this to account for the elevated temperature erosion
behaviour of bulk material and coatings. The experimental data, therefore, serves
as a validation tool to predict erosion behavior computationally. Thus, CFD is one
of the advanced methods employed to predict the erosion phenomena for different
flow conditions both at room temperature and high-temperature regimes. The CFD
approach in conjunction with experimental data has been effectively used [17-21]



26 Simulation of High-Temperature Solid Particle Erosion ... 279

to study the wall thinning of pipes in the pulverised fuel system, slurry and silt
erosion, ash erosion in pressure parts, etc., evolving amicable solutions to the critical
problems faced in thermal power plants.

The published information on the topic (up to 800 °C) for plasma-sprayed coating
with lower velocity of about 4 m/s indicates lower erosion of NiCrBSi and highest
erosion of WC-CO/NiCrBSi. However, in the present work, the attempt has been
made with HVOF self-fluxing alloy of NiCrBSiFe and the distributed hard 35% WC
particles in the nickel matrix with high velocity up to 36 m/s, which simulating boiler
environment and compared the erosion rate intensity through CFD modelling.

26.2 Experimentation

26.2.1 Materials and Methods

The SS-347 steel is the substrate material used as this finds extensive applications in
a pulverised coal-fired thermal power plant. The coatings were made with a velocity
of 680 m/s on the SS-347 base material of size 150 x 150 x 7 mm?. The test
samples of size 15 x 15 x 7 mm? were prepared using electro-discharge machining
cutting process for testing and microstructural examination. The regular metallurgical
procedure has been adopted for polishing and etching. The input conditions employed
in the coating process and powder coating details are shown in Tables 26.1 and 26.2.

26.2.2 Erosion Test at Elevated Temperature

An erosion test set-up was designed and built to achieve the real service condition
experienced in boiler involving high temperature as shown in Fig. 26.1. The mor-
phology of erodent, namely silica sand, is shown in Fig. 26.2. The erosion test was

Table 26.1 HVOF spray parameter
Powder: Praxair 1350 VM size: —45 to +15 pm, JPSO0O0HVOF

1 Type of fuel: kerosene @170 PSIG, SCFH 5.8

2 The flow rate of oxygen @210 PSIG, SCFH 1850
3 Distance between nozzle to target, metre 0.381
4 Nitrogen as carrier gas @ 50 PSIG, SCFH 23

5 The velocity of particle pertaining to spray, m/s 680?

6 Per pass thickness of deposit formed 15

7 The feed rate of powder, kg/min 0.09

2Provided by the supplier of the coating
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Table 26.2 Powder coating details
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Code of sample | Chemical composition (weight percentage) of

Range of powder size (jum)

coating

D1 NiCrBSiFe —45to +15
(14.7 Cr-3.21 B—4.35 Si-3.75 Fe-Bal-Ni)

N1 35 WC-Co/65 NiCrBSiFe —45to +15

(30.6 W—4.2 Co-10.4 Cr-47.6 Ni-1.8 B-2.6

Si-2.8 Fe)
3
e
1. Air Compressor 11. Sample holder
2. Air Filter 12. Thermocouple

3. Pressure Gauge

4. Moisture controller

5. Digital Mass flow controller
6. Fluid Heater

7. Nozzle system

8. Particle Feeder

9. Specimen chamber

10. Test sample

Fig. 26.1 High-temperature erosion test rig diagram

Fig. 26.2 Structure of erodent (silica sand)
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conducted with the target sample fixed in a holder, which can be moved to set the
desired impact angle of 15°, 30°, 45°, 75° and 90° which has been on the varying
intensity levels of damage from the leading edge to the trailing edge. This is an
accelerated test with the oil- and moisture-free dry air obtained from a compressor.
Dry air is mixed with silica sand and then made to impinge on the sample to study
the erosion behaviour both at room temperature and high temperature (700 °C). The
particle velocity has been measured using double-disc device [22]. Table 26.3 gives
the input parameters employed in this work.

26.2.3 Microstructure Observations

Figures 26.3 and 26.4 show the microstructure of the typical cross section of the

Table 26.3 Erosion test conditions

1 Abrasive type Silica sand

2 Particle size 70 AFS

3 Particle velocity 36 m/s

4 Feed rate 142 g/min

5 Impingement angle 90° and 30°

6 Test temperature Ambient temperature and high temperature (700 °C)
7 Test duration 7 min

8 Test specimen size 25 x 25 x 7mm

9 Diameter of nozzle 5 mm

Fig. 26.3 Cross section of as-sprayed NiCrBSiFe
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Fig. 26.4 Cross section of
as-sprayed 35
WC-Co/NiCrBSiFe

DI- and N1-sprayed HVOF sample. The purpose of adding WC to the matrix is
to enhance the hardness level. The microhardness and the porosity were measured
for both coatings. D1 coating shows the hardness and porosity level of about 750
HV3 and 2.1%, for N1 coating, hardness of about 1050 HV 3 and 3.0% porosity,
respectively.

The surface morphology of the D1 and N1 coatings is as shown in Figs. 26.5 and
26.6. From the surface morphology of the coating, it is observed that there is a higher
porosity level in N1 coating. The dispersion of WC in the nickel-rich matrix in N1
coating increases the porosity level when compared to D1 coating, which may result
in an increase in stress level around the pores. As the particle interact the surface,
the cracks nucleate and propagate easily and cause the material to come off easily,
thus resulting in higher erosion loss of the coating and also at 700 °C; the hardness

Fig. 26.5 SEM morphology
of surface as-sprayed
NiCrBSiFe
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Fig. 26.6 SEM morphology of surface as-sprayed 35 WC-Co/NiCrBSiFe

decreases and hence results in higher erosion loss; similar observations have been
made by other researchers reported [23, 24].

26.3 CFD Erosion Simulation

The CFD approach has been adopted to identify the critical erosion-prone regions
obtaining low, mild and high erosion regions based on the varied flow conditions,
flow trajectories, varied impact angles keeping the solid burden constant (gram loss
per kg of abrasive used).

The individual model has been developed for five different impact angles of 15°,
30°,45°,75° and 90° to get particle trajectories and averaged particle impact velocity,
but in this work, only the impact angles of 30° and 90° are considered for this study;
following this, the simulation work has been done, and the data have been generated.

26.3.1 Development of Erosion Model for Prediction
of Erosion Rate

In the erosion model, material removal takes place mainly by the impact of erodent
particles on the target material due to the high kinetic energy possessed by the particle
transforming it to potential energy. The erosion phenomena being complex in nature
follow a particular sequence; the erosion loss governs the following equation.

E=K-V)' (" (26.1)
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Table 26.4 Multiple nonlinear regression analysis data

Temperature (°C) Materials K n M
RT/Ambient D1 3.0le—11 1.69 0.334
RT/Ambient N1 8.76e—12 2.52 0.647
700 D1 1.911e—9 0.928 0.283
700 N1 2.586e—9 0.987 0.5547

where

Vp particle impact velocity

K constant reference velocity factor

o impact angle in radian

n, M velocity and angle exponent

m mass flow rate of erodent impacting

Vo reference velocity

Vo (1/7k~1/n)

Erosion rate/.  (V/V,)" ()M

The impact angle is expressed in radians, and it is the angle between the approach-
ing particle track and the wall. The experimental values with velocity, impact angle
and temperature ranges are taken to MATLAB to solve multiple nonlinear regression
analysis and the values of K, n and M are obtained by curve fit as shown in Table 26.4.

The above erosion Eq. (26.1) is implemented in Fortran code, with the help of
Ansys CFX. Fortran subroutine is created in the form of user routine and finally
source code Pt_erosion. F is called for solutions to the erosion equation for each
of the material D1 and N1. A user-defined function is derived to solve the erosion
equation which consists of velocity, impact angle, impact location and temperature
of the target surface.

The sieve analysis is carried out to determine the particle size and its distribution,
and for CFD analysis, the following assumptions have been made

1. The shape factor assumed to be 0.75
2. Particle impact is inelastic in nature
3. Perpendicular and parallel coefficient is considered as one

Also, three different velocities (20, 26 and 36 m/s) are considered in this, and the
gap maintained between the jet and the test sample is 10 mm.

26.3.2 CFD Turbulence Model

Turbulence models are generally considered to predict the flow patterns. The shear
stress transport model (SST) is nothing but two equations model which is more
advanced than zero equation model [25]. The SST model is robust, and accuracy is
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good when compared with the other models like k-€, k-w and SSG Reynolds stress
model. In the present CFD work, SST model has been used in view of possessing a
higher accuracy level.

26.3.2.1 SST (Shear Stress Transport) Model

The SST model is developed by Menter [26] and designed by Wilcox [27]. This
model is a combination of the conventional k-epsilon and k-omega model.

k

w=—=
Vi

In the SST model, turbulence viscosity V is defined as

Cllk

Vi= ——
max (a\w, QF,)

where a; is the 0.30 coefficient; the absolute value of the vorticity €2 is
2
F, =tanh |:[max (2@/0.09 wy, 500 v/wyz)] i|

where y is the distance from the nearest wall, and v is the kinematic viscosity.

26.3.3 Model Description

There is a total mesh of 2,62,317 nodes and 2,80,666 elements. Ansys CFX15 is
used to perform CFD analysis. Ansys-Pre was used to mesh 3D structures, as shown
in Fig. 26.7a. The target surface and near-wall are used to have finer meshes with the
dominant mesh of hexahedron. The hexahedron-based fluid mesh gives good results

Qs

Fig. 26.7 Generation of mesh a domain of control volume b specimen to target surface



286 K. Raghavendra Naik et al.

Fig. 26.8 Geometrical model set-up used for CFD study

Table 26.5 Boundary
conditions adopted for CFD
simulation study

Inflow condition The mass flow rate of erodent and air
velocity

Target surface No-slip conditions

Roughness of wall | As-polished condition

Turbulence model | SST model standard

Outlet condition Atmospheric pressure conditions with
opening boundary

in analysing fluid flow near the target wall, as shown in Fig. 26.7b. The SST model
involving steady state is used to simulate the flow conditions and codes developed
using subroutine in the calculation part of erosion rate where the particle flow is in
the opposite of the Z direction.

Figure 26.8 a and b shows the model with an impact angle of 90° and 30°. The
boundary conditions adopted during CFD simulation are shown in Table 26.5.

26.4 Results and Discussion

26.4.1 CFD Simulation Results

The velocity of the particle to predict the erosion behaviour is 36 m/s and it is arrived
at based on the experiments. The solid particle vectors contours is shown in Fig 26.9.

Figure 26.10 shows the distribution of erosion rate density of the sample of both
D1 and N1 coatings at 30° and 90° impact angle using the SST turbulence model.
The erosion scars from the CFD prediction replicate similar to the experimental test
scar as shown in Fig. 26.11.
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Fig. 26.9 Erosion rate density of contour a 90° b 30° impact angle

0.0000+000
[kg m*-2 5~-1]

(c)

0.000e+000 0.000e+000
kg m*-2 5-1] kg m*-2 £2-1]

Fig. 26.10 Erosion rate density distribution on the target surface of the specimen a D1 b N1 at 30°
impact angle and ¢ D1 d N1 at 90° impact angle at a temperature of 700 °C

26.4.2 Discussion

Erosion Mechanism: The erosion rate of the self-fluxing alloy (single metallic coat-
ing) of D1 and N1 (two-phase materials) coatings with the impact angle of 30° and
90° for room and elevated temperature (700 °C) is shown in Fig. 26.12.

Figure 26.12 gives the erosion rate versus the impact angle. At room temperature,
both coatings D1 and N1 show superior erosion resistance; however, at 90° impact,
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Fig. 26.11 Erosion rates on the target surface of specimen a D1 b N1 at 30° impact angle and ¢ D1
d N1 at 90° impact angle at a temperature of 700 °C
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Fig.26.12 Histogram illustrating the room and high-temperature erosion rate of D1 and N1 coatings
at two different impact angles of 30° and 90°

the erosion is higher for both coatings; this may be due to brittle erosion nature at
normal impact angle.

In the case of D1 coating at a higher temperature of 700 °C, the erosion rate is
decreased at both the shallow and normal impact angle. At shallow impact angle
coating will undergo plastic deformation as the material removal is by cutting and
ploughing mechanisms, whereas at a higher angle of 90°, the erosion damage takes
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place due to the repeated impact of the erodent. In this case, the erosion mechanism
may be a combination of grooving, cratering and microcracking. The microstructure
of the D1 coating has dense and layered structure and the microhardness of the
coating measured is 780 HV. When the coating is exposed to higher temperatures,
the hardness of the coating is reduced to half (430 HV) the value measured at room
temperature. Even though the coating can withstand erosion at high temperatures, it
is likely that there is an improvement in toughness due to the drop in hardness. It is
well known that when the hardness decreases, the toughness increases [24].

In the case of N1 coating at a higher temperature of 700 °C, the rate of erosion is
less at 30° impact and more at normal impact angle which is a characteristic behaviour
of brittle materials. When the WC content in the coatings varies from 0 to 18%, the
coating hardness increases gradually; however, with the increase of WC content, the
porosity level also increases which leads to larger pores. When the WC content is
more (35%), the brittleness as well as the pore size increases predominantly. These
bigger sized pores may provide a path for the fracture and lead to the propagation of
the crack. If the WC content is less than 25%, the pore sizes are smaller resulting in
crack not getting formed as it absorbs a larger amount of impact energy. Further, a
higher amount of WC (35%) with large pores undergoes the higher amount of plastic
deformation with the formation of network cracks and gives rise to ease pathway by
the crack propagation to occur. In the process, surface layer comes off following the
delamination theory. The hardness of the coating by the addition of 35% WC was
1056 HV by exposing to a higher temperature of 700 °C; the hardness of the coating
was reduced to 520 HV (almost half) which causes the highest erosion rate; lower
hardness results in poor erosion resistance.

The erosion rate at an elevated temperature at normal impact angle was nearly 5-6
times higher for both the coating tested. Compared to stainless steel and other NiCr
alloys, NiCrBSiFe coating has been proven to be very promising. WC agreements the
greater wear resistance at room temperature; however, its poor resistance to oxidation
and thermal expansion mismatch restricts its application to a temperature above 450—
550 °C; similar kind of observation has been reported elsewhere [28—30], and the
erosion loss governs Eq. (26.1) which is as per the literature [31].

26.4.3 Assessment of Simulation and Experimental Results

The erosion rate of D1 and N1 coatings for room and high temperature is shown in
Table 26.6. The average erosion rate on the target surfaces of the specimen through
experiments and computer simulation using the SST model is also shown. The SST
model belongs to the family of eddy dissipation model and has been chosen because
of its high accuracy and accurate prediction of flow separation from a smooth surface
at the time of particle impact; similar kind of prediction is reported [25].

In this context, it is worth mentioning here that the work carried out by Kim et al.
[21] has adopted the SST model for solid particle erosion prediction and compared it
with the k-epsilon model and reported that the SST model is much better compared
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Table 26.6 Comparison of experimental and simulation results on erosion

Sample Impact angle (°) | Experimental Numerical data | % error
data (kg/m?s) (kg/m?s)
D1-25 30 3.50e—5 3.89e—5 11.13
N1-25 30 2.78e—5 3.16e—5 13.67
D1-700 30 1.12e—4 1.25e—4 11.60
N1-700 30 4.15e—4 4.54e—4 9.56
DI1-25 90 6.09¢—5 6.83e—5 12.11
N1-25 90 1.11e—4 1.21e—4 9.00
D1-700 90 1.32e—4 1.46e—4 10.98
N1-700 90 5.65e—4 6.28e—4 11.23

to the other models. Hence, in the present investigation, also SST model is used to the
advantage of predicting the erosion rate in WC-nickel target material with minimum
acceptable error. Further, it is seen that the % error (Table 26.6) obtained between
the experiments and SST simulation lies in the range 9—14% which seems to be in
the acceptable range. Thus, it is summarized both the experimental and simulated
results are in close agreement with each other.

26.5 Conclusions

The experimental results pertaining to erosion characteristics at elevated temperate of
self-fluxing NiCrBSiFe alloy and 35% WC-Co/NiCrBSiFe coatings made by HVOF
technique have been investigated and compared with the CFD numerical simulation
model. The CFD data closely match the experimental values obtained. The following
are the important conclusions drawn.

e The HVOF-sprayed NiCrBSiFe-coated samples have shown higher erosion resis-
tance both at room temperature and elevated temperature (700 °C) compared to
35% WC-Co/NiCrBSiFe HVOF-coated sample irrespective of the impact angle.

e Itis desirable to adopt NiCrBSiFe coating for high-temperature erosion application
as it does not seem to undergo oxidation.

e It is preferable to use WC-Co/NiCrBSiFe coating at a shallow angle (20°-30°)
for erosion resistance application at room temperature, but at 90° impact angle,
NiCrBSiFe is preferable.

e The percentage error obtained between the experimental results and CFD simulated
data lies in the range 9% to 14%, which seems to be in the acceptable limits.

e The CFD application with the SST model seems to predict the erosion behaviour
better using Ansys CFX module and the same study may be extended to higher
temperature (greater than 700 °C) regimes.
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