Tribology in Industry
www.tribology.rs

RESEARCH

Vol. 44, No. 1 (2022) 113-122, DOI: 10.24874/ti.1145.06.21.09

Erosion Modeling of Coated Gate Valves
Jong Hyok Ria, Razvan George Ripeanua,*, Alin Dinitaa
aPetroleum-Gas

University of Ploiesti, Blvd. Bucuresti, no.39, Ploiesti, Romania.

Keywords:
Gate valve
Lubrication film
Erosion
Solid particles
Turbulent flow

* Corresponding author:
Razvan George Ripeanu
E-mail: rrapeanu@upg-ploiesti.ro

ABSTRACT
This paper aims to evaluate the erosion wear in coated valves where
multiphase fluids containing oil and sand flow. Analysis models to
evaluate the erosion rate of gate valves coated and uncoated with
Everslik 1301 by using COMSOL Multiphysics 5.4 are presented. Also,
based on these models, analysis results performed compare the erosion
rates of coated and uncoated gate valves and evaluate the effect of the
film thickness on the erosion rate. Finnie and Oka models were used to
evaluate the erosion rate of the valve elements.
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1. INTRODUCTION
Industrial valves are special devices fixed on
pipes, tanks and installations designed for
transport, stoking of distribution of fluids with
the purpose of closing, opening, distribution
fluids flow or to control or adjusting flow
parameters of fluids.
High pressure valves used in petroleum
industry can be eroded by the high pressure of
the fluids and by the sand particles contained
in them during operation. In exploitation
process the friction surfaces of seat rings and
gates are exposed to an intense wear. To avoid
seize phenomenon between seat and gate is
recommended to choose different materials
for friction contact surfaces or to cover friction

surfaces with an antifriction and corrosion
resistant layer [1].
In the gate valve, the lubricant reduces friction
on the contact surfaces and minimizes wear of
parts. It also provides corrosion protection for
the exposed internal components of the valve
[2]. In Figure 1 it is shown the coated gate
valve main elements.
In order for such a lubricant to perform its
functions, it must have a high adhesive
strength so as to withstand the internal
pressure of the valve and the contact force
between the valve accessories. The behavior of
the lubricant in a tribosystem is very
important and special attention is given to
tests and research on it.
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2. CONSTRUCTION MODELLING
2.1. Design of the geometric shape of the gate
valve
The valve model was designed by using AutoCAD
according to the standard and operating conditions
of the gate valve installed in the oil pipeline. The
model of coated gate valves is shown in Figure 2 and
the geometric dimensions are shown in Table 1.

Fig.1. Coated parallel gate valve elements; 1-Bonnet,
2-Bonnet bolting, 3-Body, 4-Seat, 5-Gate, 6-Coating
layer, 7-Seat ring, 8-Stem.

Uzi Zr. and Pinhas B.-Y. (1994) indicated that
through the thermal and stress analysis of coated
exhaust valves by the finite element method,
coatings of ordinary thickness cannot protect a
coated valve operating in an uncooled engine and
presented an exhaust valve with optimal geometry
[3]. Jun Xiao et al. (2009) revealed that through
SEM, EDS, and FTIR analysis of a valve coated with
a MoS2 solid lubricant that cures at room
temperature the lock failure of the valves was
caused by the absence of MoS2 in the surface and
softening and melding of the film due to an
extended electrifying [4]. This study once again
demonstrates the importance of lubricants in
reducing valve erosion rates. Jihai Jiang et al.
(2019) proposed a numerical model for the
cylinder block/valve plate interface, with
consideration of the elastic deformations, the
pressure-viscosity effect and asperity contacts,
based on the elasto-hydrodynamic lubrication [5].
Like this, though plenty of investigations about
the coated valves are admirable, the analytical
model for calculating the erosion rate in coated
valves has been scarce proposed. Therefore, this
paper aims to evaluate the erosion wear in coated
valves where multiphase working fluid contain
oil and sand. To this end, analysis models to
evaluate the erosion rate of gate valves coated
and uncoated with Everslik 1301 lubricant by
using COMSOL Multiphysics 5.4 are presented.
Also, based on these models, analysis results
performed give us the possibility to compare the
erosion rates of coated and uncoated gate valves
and to evaluate the effect of the lubrication film
thickness on the erosion rate.
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(a) 3D model for a fully opened gate valve.

(b) 2D model for a fully opened gate valve [mm].
Fig. 2. Geometric shape of coated gate valve.
Table 1. Geometric dimensions of coated valve model.
Type

Unit

Value

Pipe length from the entrance

mm

1400

Pipe length from the exit

mm

147.5

Valve diameter

mm

52.4

Seat thickness

mm

15.7

Seat diameter

mm

52.4

Thickness of the non-coated gate

mm

44.6

Thickness of the coated gate

mm

38.6

Lubrication film thickness

µm

20

When designing the valve model, the inlet length
of the pipe was calculated using equation (1), [6].

Ltubu = 4.4  D  Re

1/6

,

(1)

where:
Re =
Re 

ρ×v× D
,
μ

(2)

960  20  5.24 102
 59181.18
0.017

Therefore:
Ltubu  4.4  52.4  59181(1/6)  1439.3 , [mm]

To facilitate the discretization of the model, the
length of the pipe at the entrance of the valve was
set to 1400 mm.
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2.2. Discretization

ρ 

ρ U j  0 ,
t x j



Use for the finite elements, the solid elements were
used, and an analysis model was created, as shown
in Figure 3, by the automatic division function.

  ρ Ui 
t






p
ρ Ui U j  

x j
x j







σij  τij  ρ  gi  Sp
x j



(3)



,

(4)

where: ρ is the liquid density, Ui and Uj are
velocity vectors, Pʹ is the average pressure, σ ij
and τij are the viscous stress tensor and the
Reynolds stress tensor, gi is the gravitational
acceleration, and Sp is the particle momentum.
(a) Discretization of uncoated valves.

The solution of these equations depends on the
type of the turbulence model. In this paper, one
of the turbulence models, the realizable k−ε
model was used. The realizable k−ε model is a
turbulence model for analyzing the action
process of a liquid with a relatively high
Reynolds number at the wall boundary surface.
 ρ  k

(b) Discretization of coated valves.

t



Fig. 3. Discretized form of the gate valve.

P  ρ  ε

In general, when the automatic discretization
function provided by COMSOL Multiphysics is used,
the model is composed of only tetrahedral solid
elements. The height of the surface element was
calculated using the y+ method.

 ρ  ε

That is, for uncoated valve, the size of the element
was set in the range of 1.5 to 3.5mm, and for coated
valve, the thickness of the lubrication film is very
thin, so it was set in the range of 0.8 to 3mm. When
the gate is half open, for non-coated valves, the total
number of elements is 3255242 and the total
number of boundary elements is 158562, and for
coated valves, the total number of elements is
6184265 and the total number of boundary
elements is 642782 (the case of the valve coated
with lubricant of 20 µm thickness).
3. MODELING FOR LIQUID FLOW AND
EROSION CALCULATIONS
3.1. Liquid flow modelling
The governance equations used for the CFD
analysis are as follows [7, 8]:

t





 ρ U j  k
x j



 ρ U j  ε
x j




C1  ε  ρ  S  Cε 2  ρ 

μ  k  
 
 μ  t  

x j 
σ k  x j  ,(5)

μ  ε  
 
 μ + t 

x j 
σ ε  x j 
, (6)
ε2

k

 μ / ρ  ε

where: k is the turbulent kinetic energy per unit
mass, ε is the turbulent dissipation rate, and μ is
the liquid viscosity.
When analyzing CFD, the wall boundary condition
was set to the condition of ”No slip wall”.
3.2. Equation of motion of solid particles
The solid particles move by the force of the liquid,
and the velocity of the solid particles influences
the amount of erosion.
The motion of these solid particles can be
expressed as a momentum transfer equation
derived from the force balance equation
[8,9,10]. The BBO (Basset Boussinesq and
Ossen) momentum transfer equation is
assumed as follows:
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d mp  v
dt

F

D  FB  FP  FA ,

(7)

where: FD is the drag force acting on the particle,
FB is Buoyancy force, FP is pressure gradient
force, FA is the added/virtual mass force.
However, the pressure gradient force has a large
effect on the motion of the particles only when
the liquid density is greater than the density of
the particles. Since the particle diameter is very
small, the buoyancy force and the added mass
force were also neglected. In other words, the
basic factor affecting the momentum of a particle
is drag force. Therefore, equation (7) can be
written as:



d mp  v
dt

F

D

,

1
 mp   u  v  ,
p

p 

4 p  d p2

,

3f  CD  Rep

CD 

Rep 

(9)

(10)





24
1  0.15Rep 0.687 ,
Rep
f  u  v  d p
f

,

(11)

Δmi =

Ci  ρ  mp  vi2

rp2 
4 H v 1+ mp  

Ip 



 cos 2  α i  for tan  i  

p
2

(14)

Δmi =

Ci  ρ  mp  vi2


2
2 2
sin  2α i   sin  α i  
p

 p

4 H v 1+ mp  

Ip 




rp2

for tan  α i  

p
,
2

(15)

K

p=

1+ mp 
Ip =

rp2

,

(16)

Ip

2
mp  rp2 ,
5

(17)

where: Δm is the total mass lost due to solid
particle erosion, mp is the mass of solid particles,
ρ is the surface density, rp is the radius of a
particle, vi is the impact velocity of the particles,
Hv is the surface hardness, K is the ratio between
normal forces and tangential forces, Ci is the
fraction of particles that cut in an idealized way.
Next, when the Oka's model is used, the mass lost
due to sand erosion can be calculated using the
equation (12) [12, 13]:

Δm   Δmi  α i  ,

(18)

i

(12)

where: u is the liquid velocity, v is the particle
velocity, μf is the dynamic viscosity of the fluid, τp
is the particle relaxation time, dp is the particle
diameter, mp is the mass of solid particles, ρp is
the particle density, ρf is the liquid density, Rep is
the particle slip Reynolds number, CD is the drag
coefficient given.
3.3. Erosion modeling
Finnie and Oka models were used to evaluate the
erosion rate of the valve. When the Finnie's
model is used, the mass lost due to sand erosion
can be calculated using equation (7) [9,11]:
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(13)

i

(8)

In this paper, the Schiller-Naumann equation
(equations (9)~(12)) built into COMSOL
Multiphysics was used to calculate the drag force.
The Schiller-Naumann equation is used when the
particle Reynolds number is greater than one.
That is, the drag force is calculated as follows :

FD 

Δm   Δmi ,


n   Hv 
Δmi  αi    sin αi  1  1  
1  sin α i  
 1GPa   
 



n2

 
 Δmi  
2

(19)
k

 Hv  1  V 

Δmi    K  

 1GPa    V 
2

  ref 

k2

 dp
 
 d ref





k3

,

(20)

q

 Hv  1
,
n1  S1  
 1 GPa  



 Hv 
n2  S2  
 1 GPa  



(21)

q2

 Hv 
k2  2.3  
 1 GPa  



,

(22)

0.038

,

(23)
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where: Δm is the total mass lost due to solid
particle erosion, V is the impact velocity of the
particles, Hv is the surface hardness, dp is the
particle diameter, Vref is the base rate of speed, dref
is the base diameter particle, k2 is exponent of
velocity and k3 is exponent of diameter, n1 and n2
are the constants of the angle function.
4. CALCULATION RESULTS AND ANALYSIS
4.1. Erosion calculation conditions
In the valve, the liquid and particles were set to
crude oil and sand, and the sand particles
contained in the oil were assumed at 10%. The
particle shape was set spherical. The valve
material was selected by using the material list
provided by COMSOL Multiphysics based on the
drawing design. The physical property values of

the materials according to the gate valve parts are
presented in Table 2 and the values of the
parameters used to calculate the gate valve
erosion are presented in Table 3.
4.2. Comparison of erosion in coated and
uncoated valves
The erosion rate changes of coated and uncoated
valves were observed, dividing the open state of
the valve in 4 cases. In petroleum industry ASME
B16.34 impose the maximum thickness of the
layer to be of 25µm [1]. Therefore, taking this into
account, this paper, set the lubrication film
thickness to 20 µm, and coated both surface of the
gate. First, the liquid velocity and the pressure
distribution according to the open state of the
valve are presented in Figures 4, 5 and 6, and the
calculation results are presented in Table 4 and
in Figures 7 and 8.

Table 2. Physical property’s values of valve element material.
Valve element Density
material
[kg/m3]

Coefficient
Tensile Tensile
Thermal
Young's Poisson's
Hardness,
of thermal
yield
ultimate
conductivity
modulus
ratio
Vickers
expansion
strength strength

Heat
capacity
[J/(kg∙℃)]

[W/(m∙℃)]

[1/℃]

[Pa]

-

[MPa]

[MPa]

[MPa]

1.9∙1011

Gate

7850

475

43

12.2∙10-6

0.29

460

560

288

Seat

7850

475

43

12.2∙10-6

1.9∙1011

0.29

460

560

288

1.9∙1011

0.28

410

580

-

3.2∙109

0.35

-

-

350

Tube

7700

460

30

11∙10-6

Everslik1301

1042

1470

0.18

7∙10-5

Table 3. Values of the parameters used to calculate the
gate valve erosion.
Item

Parameters

Unit

Value

1

Density of liquid

kg/m3

2

Viscosity of liquid

kg/(m∙s)

960
0.017

3

Fluid temperature

℃

20

4

Density of particle

kg/m3

1550

5

Particle Diameter

µm

100

6

Particle velocity at the inlet

m/s

20

7

Percent of sand in liquid

%

10

For erosion analysis, the wall boundary condition
was set as a bounce condition considering the
restitution of particles on the wall. At the inlet,
the mass, density, and velocity of the particles
were set, and the outlet was set as an opening
condition. When analyzing erosion, the operating
time of the particle was set to 3600 seconds and
the time step is 1 second. For the analysis, CFD
analysis was first performed, and then the
amount of erosion was calculated based on it. For
the CDF analysis, the velocity was set to 20 m/s at

the inlet and the pressure was set to zero
gradient, and the velocity to the outlet was set to
zero gradient and the pressure was set at 0 MPa
in consideration of the open condition.

State 1-4

State 2-4

State 3-4

State 4-4

Fig. 4. Changes in liquid velocity according to the
open state of the uncoated gate valve.
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In the Figures above, 1-4 is the valve in which the
gate was opened by only about a quarter, 2-4 is
the valve in which the gate was opened by only
half, 3-4 is the valve in which the gate was opened
three fourths, 4-4 is the valve in which the gate
opened completely.
State 1-4

State 2-4

Table 4. Liquid velocity and pressure according to
the open state of the valve.
Liquid velocity [m/s] Liquid pressure [MPa]
Valve open
Coated Uncoated Coated Uncoated
state
valve
valve
valve
valve

State 3-4

State 4-4

Fig. 5. Changes in liquid velocity according to the open
state of the coated gate valve.

State 1-4

122

123

6.22

6.34

State 2-4

67.5

68.7

1.79

1.94

State 3-4

35.7

34.5

0.362

0.3

State 4-4

22.7

23.1

0.0861

0.078

State 1-4

State 2-4

Liquid velocity [m/s]

140

Coated valve

120

Uncoated valve

100
80
60
40
20
0

State 1-4 State 2-4 State 3-4 State 4-4
Open state of the valve
Fig. 7. Liquid velocity according to valve open state.
State 3-4

State 4-4

7

(a) Uncoated gate valve.

Pressure [MPa]
State 1-4

State 2-4

Coated valve
Uncoated valve

6
5
4
3
2
1

0

State 1-4

State 2-4

State 3-4

State 4-4

Open state of the valve
Fig. 8. Liquid pressure according to valve open state.

State 3-4

State 4-4

(b) Coated gate valve.
Fig. 6. Pressure distribution according to the open
state of the valve.
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The analysis results suggest that the smaller is
the liquid passage area, the faster is the liquid
velocity and the higher is the pressure of the
liquid acting on the inner surface of the valve.
These results have already been confirmed in
literature [8, 14]. Also, as can be seen in Figures
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7 and 8, there was no significant difference
between coated and uncoated valves in terms
of velocity and pressure. In other words, this
suggests that the lubricating film does not
affect the pressure and velocity changes of the
liquid flowing into the valve.
Next, the calculation results for the moving velocity
of solid particles according to the open state of the
valve are presented in Table 5 and in Figure 9.

State 1-4

State 2-4

State 3-4

State 4-4

Table 5. Comparison of particle velocity between
coated and uncoated valves.
Particle velocity [m/s]
Valve
open state

Coated valve

Uncoated valve

Finnie's
model

Oka's
model

Finnie's
model

Oka's
model

State 1-4

90.34

90.34

96.1

96.1

State 2-4

65.92

65.92

82.1

82.1

State 3-4

31.8

31.8

38.9

38.9

State 4-4

22.7

22.7

23

23

Fig. 10. Erosion phenomena due to solid particle
according to the open state of the uncoated valve
analyzed using the Finnie's model.

Particle velocity [m/s]

120

Coated valve
Uncoated valve

100

State 1-4

State 2-4

State 3-4

State 4-4

80
60
40
20
0

State 1-4

State 2-4

State 3-4

State 4-4

Open state of the valve
Fig. 9. Particle velocity according to the open state of
the valve calculated by using Finnie and Oka models.

The analysis results show that although the
difference is not large, the moving velocity of
particles in the coated valve is slightly smaller
than that of the uncoated valve. In other words,
the lubricating film very slightly affected the
moving velocity of the solid particles. Also, as
can be seen in Table 5, the calculation results for
the moving velocity of particles were the same
in both the Finnie model and the Oka model.
Next, the erosion phenomena analyzed by using
Finnie and Oka models are shown in Figures 10,
11 and 12, and the results are presented in
Table 6 and Figures 13 and 14.

Fig. 11. Erosion phenomena due to solid particle
according to the open state of the uncoated valve
analyzed using the Oka's model.

State 1-4

State 2-4

State 3-4
State 4-4
(a) Finnie's model.
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Table 6. Comparison of mass loss between coated
and uncoated valves.
Valve
open
state

State 1-4

State 2-4

State 3-4

State 4-4
(b) Oka's model.

Fig.12. Erosion phenomena due to the solid particle
according to the open state of the coated valve.

Lost mass per unit area
×10-7 [kg/m2]

180
160

Coated valve

140

Uncoated valve

120
100
80
40
20
0

State 1-4 State 2-4 State 3-4 State 4-4
Open state of the valve
Fig.13. Comparison of erosion calculation results by
using Finnie's model (time=3600 s).

Lost mass per unit area
×10-7 [kg/m2]

Uncoated valve

Finnie's
model

Oka's
model

Finnie's
model

Oka's
model

State 1-4

10.2

22.6

165

118

State 2-4

7.59

4.38

32.7

22.5

State 3-4

0.0745

0.202

0.25

1.12

State 4-4

0.0015

0.00147

0.00238

0.00157

The results of the analysis show that the mass
loss due to particle erosion gradually increases
until the fluid passage area is reduced to 3/4, and
then increases rapidly as it began to reduce
beyond that. And, of course, there is a difference
in degree, but the same phenomenon appeared in
both calculation models (Finnie and Oka). Also,
the amount of erosion between the coated and
uncoated valves was not significantly different
until the fluid passage area was reduced to 3/4.
However, as the passage area became more
narrower, the difference became more
pronounced.

Next, the correlation between the lubrication film
thickness and the amount of erosion was
investigated by changing the lubrication film
thickness from 20 µm to 50 µm in increments of
10 µm. The calculation results are presented in
Table 7 and Figures 15 and 16.
Table 7. Calculation results of mass loss according to
the lubrication film thickness.

140

100

Coated valve

4.3. The relationship between the lubrication
film thickness and the amount of erosion

60

120

Mass loss ×10-7 [kg/m2]

Coated valve
Uncoated valve

80
60

40
20

Mass loss , ×10-7 [kg/m2]
Film
Finnie's model
thickness
State State State
[µm]
1-4
2-4
3-4

Oka's model
State
1-4

State
2-4

State
3-4

20

10.2

7.59

0.0745

22.6

4.38

0.202

30

7.15

4.08

0.0759

21.6

2.95

0.177

40

2.39

1.89

0.0388

14.2

2.94

0.156

50

4.07

0.19

0.0253

13.3

0.964

0.221

0

State 1-4 State 2-4 State 3-4 State 4-4
Open state of the valve
Fig.14. Comparison of erosion calculation results by
using Oka's model (time=3600 s).

120

The calculation results showed that the amount
of erosion decreased as the lubrication film
thickness increased in both calculation models.
Also, this effect was more pronounced as the fluid
passage area became narrower.
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a)

Lost mass per unit area
×10-7 [kg/m2]

12
State 1-4
State 2-4
State 3-4

10
8
6
4
2
20

30

40

50

Lubrication film thickness [μm]
Fig.15. Changes in the amount of erosion according
to the lubrication film thickness calculated by the
Finnie's model.
State 1-4

Lost mass per unit area
×10-7 [kg/m2]

b) The lubricating film very slightly affected the
moving velocity of the solid particles;
c)

0

State 2-4

State 3-4

25
20

The lubricating film does not affect the
pressure and velocity changes of the liquid
flowing into the valve;

The lubricating film has a great influence on
the reduction of the erosion rate of the valve,
and the effect is more pronounced as the
passage area of the fluid is small;

d) The amount of erosion decreases as the
lubrication film thickness increased. This
effect is more pronounced as the passage
area of the fluid is small.
Of course, it is true that the accuracy of the
analysis results should be confirmed by an
experimental method, but this analysis method
suggests that applying a lubricant to the valve can
reduce the erosion rate.
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