APPLICATIONS OF

ARQII MODELLING AND SIMULATION

Publication

http://arqiipubl.com/ams eISSN 2600-8084 VOL 4, 2020, 280-289

Forecasting of Erosion Rate in Tee-Junctions for Liquid-
Solid Flow via Computational Fluid Dynamics (CFD)

A.Z. A. A. Jashmady', A. Supee'*", M. D. M. Samsudin? and N. B. Haladin®

'School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, Malaysia
2Energy Management Group, School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi
Malaysia, Malaysia
SLanguage Academy, Universiti Teknologi Malaysia, Malaysia

*Corresponding author: aizuddin@utm.my

Submitted 02 July 2020, Revised 13 August 2020, Accepted 18 August 2020.
Copyright © 2020 The Authors.

Abstract: This work intends to forecast the influence of parameters such as particles size, stream velocities and tee-junctions
diameter towards an erosion rate of a tee-junction in light crude oil (Ci9H30)-solid (sand) flow. A commercially available
ANSYS Fluent 2020 R1 (Academic Version)-computational fluid dynamics (CFD) was used to numerically predict the erosion
rate in tee-junctions. Three different models were applied in CFD approach named as continuous flow modeling, Lagrangian
particle tracking and empirical erosion equation. The ranges of simulated parameters include 100-500 pm particles size, 3-7
m/s stream velocities and 0.0762-0.1778 m tee-junctions diameter. The location of maximum erosion rate for all the simulated
parameters are found to be at the mid-section of the tee-junction. The maximum erosion rate is reduced with the increasing of
the particles size while increased with the increasing of the stream velocities. However, there is no correlation found for the
maximum erosion rate (increased or decreased) with the tee-junctions diameter.

Keywords: Computational fluid dynamics (CFD); Light crude oil-solid flow; Maximum erosion rate and location; Particles
size and stream velocities; Tee-junctions diameter.

1. INTRODUCTION

Transportation of fluid is not something new in the oil and gas industry. From the downstream to the upstream, almost all of
the processes involved fluid transportation. One of the most common fluid transportation in the oil and gas industries is fluids
transportation with entrained solid particles or known as liquid-solid flow. Normally, the fluids which are extracted from the
reservoir and transported to the nearest processing plants will carry together the solid particles across the streamlines of the
pipeline. Complex pipeline with numerous technologies from all over the world implemented in order to boost the efficiency
of an industry in handling or managing these types of flows. This includes the transportation of fluids through piping system
with several fittings such as elbows, tee-junctions, reducers, expanders, bends, couplings, valves, etc. as well as other fluids
handling equipment such as pumps, compressors, heat exchangers, heaters, and boilers. The movement of fluids in the pipeline
system is a dynamic process whereby it involved changes in velocity as well as the directions. Changes in flow direction
creates solid particle's inertia due to deviation from the streamlines of the carrying fluids, and thus, resulting in particles
impingement on the wall of the components in pipeline systems [1]. This phenomenon is called as erosions as it involves metal
removal process caused by solid particles impact [2-4]. The erosion damage may cause pipeline systems failure which
eventually leads to loss of cost and productivity, and requirement to substitute damaged components. Thus, it is essential to
reduce the solid particles erosion effects as much as possible by possessing better comprehension in the physics of particulate
flow.

Tee-junction is one of the susceptible to erosion environment in a pipeline system. Some researchers have elected tee-
junction as the crucial component in pipeline system for their research in order to obtain a clearer insight of erosion
phenomenon involved. Numerous method of erosion prediction in tee-junctions were applied by them such as by experimental
[5-7], empirical correlations and mechanistic models [5], and the computational fluid dynamics (CFD) [8-9]. Chen et al. [10]
studied the effects of the particle rebound model on the particle trajectories as well as erosion pattern in the tee using both the
experimental and CFD studies. They found that the maximum erosion predicted by the stochastic particle rebound model
occurred on the end surface of the tee. Meanwhile, in their different works, they conclude that, the stream velocity affects the
erosion rate and this is due to the multiple impingements of one particle. Both the simulations and experimental results exhibit
that, significant erosion occurred at the end, side and corner regions of the tees using the air flow of 45.72 m/s and the-tee
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diameter of 0.0254 m [5, 10]. However, different location of maximum erosion rate was observed when they changed the
airflows to the waterflows. More particles deviated from the main streamlines and impinge the tee at the joint corner area. This
is caused by the high drag and inertia forces exerted on the particles by water. Erosion in tee-junctions is a complicated process
and depends on a various factor such as the properties of fluid and particles, the production rate for the produced fluid and
particles, concentration of particles, diameter of tee-junctions and as well as the particles size. An increment in particle mass
loading by a factor of 10 results in increased in erosion magnitude (approximately one order of magnitude) in tee [11]. Higher
stream velocity which yield greater particles momentum will cause in higher erosion rate [12]. Meanwhile, the erosion rate
decreases as the diameter of tee-junctions increase. This is due to the velocity of small particles within the region of the tee
dramatically decreases, which then significantly reduces the penetration rate [13].

Despite a lot of work reported on the erosion prediction for the tee-junctions component in pipeline system [5-13], yet,
there is still inadequate information on the forecasting based on the stream velocity less than 10 m/s. Apart from that, current
work applied different fluid type which is light crude oil (Ci9H30) as a liquid as compared to those reported works. In this work,
a commercially available ANSYS Fluent 2020 R1 (Academic Version)-CFD was used to numerically predict the erosion rate
in tee-junctions for a broad range of liquid/solid particles flow conditions. Similar to our previous works for elbows [14], the
erosion rate for the simulated tees was analyzed under three different parameters namely particles size (100 to 500 um), the
tee-junctions diameter (0.0762 m to 0.1778 m) and stream velocity (3 to 7 m/s).

2. SIMULATION

The erosion forecasting was simulated using three different models called as continuous flow modeling, particle tracking, and
application of empirical erosion equation [14]. Continuous flow modeling was commenced by producing the computational
grid and proceeded with specifying the solution preferences such as the conditions of inlet and boundary, the turbulence model,
and the operating conditions. Particles were introduced into the flow after obtaining a flow solution at tee-junctions. Lagrangian
particles tracking method was employed to numerically determine the trajectories of droplets and solid particles through the
flow. The trajectory of particles was determined by taking into consideration the external forces imposed on the particles.
Based on the information on particles impingement on the wall of tees, the mass loss or suitably called as erosion rate, caused
by that impingement, was determined by empirical erosion equation. Prior to simulation work, we performed the manual
calculation of Reynolds number (Rey) for fluid system (light crude oil: C19H30) using an equation of:

174 . .
Re, = PfVrPtee—junctions (1)
f ur

All the values of Ref for our simulated fluid system are prevails within the turbulence range (Re > 4000). This verified
our assumption of turbulence flow inside the tee-junctions and justify the suitability of Renormalization group (RNG) k-epsilon
model (turbulence modeling) opted in this CFD simulation. All the parameters and assumptions involved in CFD forecasting
modeling as well as manual calculation of Reynolds number (prior to simulation work for fluid system) are listed in Table 1.

Table 1. Parameters and assumptions set in CFD simulator and manual calculation of Reynolds number (prior to simulation
work for fluid system)

Parameter Explanation
Turbulence modeling e Renormalization group (RNG) k-epsilon model
e Light crude oil: Ci9H3o
Fluid system e Density: 960 kg/m?
e Viscosity: 0.048 kg/m.s
e Material: carbon steel
Density: 7850 kg/m?
Room temperature: 25 °C
Material: sand
Number of particles: 10000
Shape: spherical
Density: 2600 kg/m?® [15-16]
The flow inside the tee-junctions are turbulence flow
Incompressible and constant properties of fluid
Spherical shape of particles in the particle tracking method
Interaction between solid particles and the effect of particles motion on the fluid flow
are small and can be neglected

Tee-junctions system

Operating temperature

Particles system

Assumptions
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Reynolds
Stream number
(fluid Tee- e of calculation
. . and junctions SIZ? N for fluid
Conditions  Manipulated parameters . . particles
particles) diameter system
velocity (m) (pm) (prior to
(m/s) simulation
work)
Size of particles (um):
100
200
1 300 4 0.1016 - 8128
Simulated flow 288
conditions Stream velocities (m/s):
3 6096
4 8128
2 5 - 0.1016 200 10160
6 12192
7 14224
Tee-junctions diameter
(m):
0.0762 6096
3 0.1016 4 - 200 8128
0.1270 10160
0.1524 12192
0.1778 14224

2.1 The Continuous Phase Model

The conservation equations for mass (continuity) and momentum in addition to the equations representing the turbulence
model were used to forecast the flow pattern of the continuous flow phase and the said equations are as followed [17-18]:

Equation for the mass (continuity) conservation:
g . J - g .
(2) 0t +(32) (05) + () (el = 0 @

Equation for the momentum conservation in i-direction:

() @00+ () (00) + (52) UD = = (2) + s (5 + 52+ 5%) - () T ®)

Equation for the momentum conservation in j-direction:
g o 3 - - a - - J20;  J*U; @ 9%U; a -
() (005) +(5£) (0 00) + (52) (01 ) = = (55) + hesr (Gt + St + 5k) = () (o) &)

Equation for the momentum conservation in k-direction:

20

)G o

( )(PUUk)+< )(PUUk)+( )(pUkUk)_ (;x_i)+ﬂeff(

. J — N . . . .
The momentum equations have the term — (E) (pujui) given in compact stress tensor notation. This term represents the
i

effect that turbulence motion has on the time average known as Reynold’s stresses which are high frequency fluctuating
components of velocity. In i-direction:

(ﬁxil) (pu;u;) expands to — ( ) (puuy) + ( ) (pww;) + ( ) (Puety) (6)

where P in momentum equations (Equations (3) to (5)) is the static pressure and the stresses in tensor notation can be related
as follows:
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P a0;  Iu;\ 2
puU; = pr (;i + ;},) -5 Pkdj; @)
The §j; is equal to 0 if i # j, equals to 1 if { = j and effective viscosity, ury = pr + u where §j; is Kronecker delta and
turbulence viscosity, pr is given by:

ur = p Cu(k?*/e) ®)
with C, = 0.0845.

Equation (8) was acquired by solving both following turbulence modeling equations (Equations (9) and (10)). The kinetic
energy of turbulence:

DN ok = (2| (Fetr) (2= _
() a0 = ()] (L) (Z)] + 6. -pe ©)
The dissipation rate of kinetic energy in turbulence:
I 7 a Ue O 2
() @) = (£)| () ()] + a6 (5)- ot oo (5) (10)

where G, denotes the generation of turbulent kinetic energy owing to the mean velocity gradients and it is given by:

G, = — puju; (%Uj) (11)

The quantities of g, and g, are the effective Prandtl numbers for k and ¢ respectively and C,5 as a function of the k /& are
given by previous researchers [19]. The model values for € and C,, is 1.42 and 1.68.

2.2 Particle Tracking

Generally, earlier researchers utilize Eulerian and Lagrangian methods to numerically determine the trajectories of droplets
and solid particles through the flow [20-22]. Durst et al. [20] compared both the methods in forecasting particulate two phase
flows and deduced that Lagaragian method has some distinct advantages for forecasting the particulate flows with substantial
acceleration. Moreover, it could also handle particulate two phase flows comprising of poly dispersed particle size distribution.
For this work, Lagrangian particles tracking method has been opted in determining the velocity of the particles as well as its
trajectory before any impact towards tee-junctions wall. Solid surface erosion and determination of particle trajectory during
the motion of following impact have been estimated by using this impact velocity data. Based on the well-known Newton’s
second law, governing equations of particles motion suggested by Clift ef al. [23] have been applied in this work and it is
described as follow:

av,

Equation (12) contains of drag force, pressure gradient force, buoyancy force and added mass force:

¢127|Vf _Vpl(Vf_Vp) (13)

Drag force (Fp) = Cppym s

where Cj, is the drag coefficient and it is given by:
Co = (=) (1 +0.15Re27) (14)

and particle relative Reynolds number Re; is defined by:

Res — [pf|Vp_Vf|¢p] (15)
Hf
Pressure gradient force:
Fp = mpav= (16)
Buoyancy force:
3(p _
FB — 7T¢p(PP6 Pf)g (17)
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Added mass force:

_mohppdVp

Fy= 12dt (18)

2.3 Erosion Rate (ER) Prediction

The model accessible in the ANSY'S Fluent 2020 R1 (Academic Version)-CFD for the calculation of the ER have been selected
by considering the parameters such as mass flow rate of the particles (171,), function of particles diameter (C(¢,)), function
of the impact angle (f (@)), relative particles velocity (1},), function of relative particles velocity (b(V})) and the area of the
wall face where the particles strikes the boundary (Af,c.). The empirical erosion equation used is as followed:

ER = ZNparticle mpc(‘pp)f(“)vg(vp)

i=1

19

Aface

3. RESULTS AND DISCUSSION

Three parameters were altered to demonstrate their influence on the erosion rate of the tee-junctions named as particles size
(100-500 pm), stream velocity (3-7 m/s) and tee-junctions diameter (0.0762-0.1778 m). Throughout the simulation, another
two parameters were set to constant for each simulated flow conditions as stated in Table 1. Maximum erosion rate graphs
and visual illustration of erosion rate surface contours have been used to elucidates the influences of flow conditions viz. size
of particles, stream velocity and tee-junctions diameter on erosion rate of the tee-junctions.

3.1 Influences of Particles Size towards Tee-Junctions Erosion Rate using the Flow Condition 1

Erosion rate surface contours for the particles size ranging from 100 to 500 um are shown in Figure 1 to Figure 5. At glance,
similar patterns observed for the maximum erosion rate when the size of particles varied whereby the location of these
maximum erosion rate occurred at the mid-section of the tee-junctions. The justification for the similarity possibly caused by
slight density difference for the carrier fluid at temperature of 25 °C (density of water: 997 kg/m?; density of light crude oil:
960 kg/m?). Thus, the drag force exerted on particles by carrier fluid more less have the same magnitude for both the water
and light crude oil system. After multiple impingements at the mid-section and horizontal area (two outlet) of the tee-junctions,
the deviated particles then follow the streamline again.

2020 R1
ACADEMIC

YS
2020 R1
ACADEMIC

0.400 (m)

kg s’;-1 m*-2]

[kg s*-1 m*-2]

Figure 1. Erosion rate (kg/m?.s) surface contour for 100 pm  Figure 2. Erosion rate (kg/m?.s) surface contour for 200 pm
particles size particles size

2020 R = 2020 R1
ACADENIC B ACADEMIC

[kg $*-1 m*-2] [kg $*-1 mA-2]

Figure 3. Erosion rate (kg/m?.s) surface contour for 300 pm  Figure 4. Erosion rate (kg/m?.s) surface contour for 400 pm
particles size particles size
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Figure 5. Erosion rate (kg/m?.s) surface contour for 500 pm  Figure 6. Maximum erosion rate (kg/m?.s) versus particles
particles size (sand) diameter (um)

&
3
N

879e-10
10
+00 ]
[kg s*-1 m*-2]
Figure 7. Erosion rate (kg/m?.s) surface contour for 3 m/s Figure 8. Erosion rate (kg/m2.s) surface contour for 4 m/s
stream velocity stream velocity

Figure 6 depicts the maximum erosion rate occurred for the tee-junctions with flow condition 1. Maximum erosion rate
was affected by the size of particles and increased in particles size will lead to the decrease in maximum erosion rate. Similar
pattern was also obtained by previous researcher [24]. Particle size of 100 pm results in the highest maximum erosion rate
which is 1.08 x 10 kg/m?.s. This is due to light weight of the particle which results in rapid indentation on the wall of the tee-
junctions. The rapid the indentation, the greater the amount of material removed (higher maximum erosion rate). However, the
greater the size of the particle results in further dispersion of the particles in tee junction due to the bigger mass of particle
results in greater inertia. For this work, the size of particles were set to the range of 100 to 500 um since this is regular size
found in oil and gas industry [25].

3.2. Influences of Stream Velocity towards Tee-Junctions Erosion Rate using the Flow Condition 2

Figure 7 to Figure 11 illustrate erosion rate surface contours for the tee-junctions using different stream velocities. All the
velocities exhibited similarity in term of the location of the maximum erosion rate which occurred at the mid-section of the
tee-junctions. This is possibly because of gravity effects as the inlet flow moves in vertical direction of the tee-junctions. In
horizontal area of the tee-junctions (mid-section to both outlet), the gravity effects are insignificant. In vertical area of the tee-
junctions (inlet), the flow in opposition to the gravity direction and therefore, the particles tend to impinge at the mid-section
of the tee-junctions. Erosion severity is stream velocity dependent whereby an increased in stream velocity resulted in increase
in erosion severity. The momentum and inertia of the particles and fluid will increase as the stream velocity increase and as a
result, the collision between particles and the wall of the tee-junctions also will increase. This statement is verified by Figure
11 whereby high stream velocity of 7 m/s results in severe erosion rate surface contours compared to other stream velocities.

Further graphical illustration on the severity values of the erosion rate caused by the stream velocities is shown in Figure
12. Maximum erosion rate was tremendously increased from 5.29 x 107 kg/m?.s to 1.23 x 10 kg/m?.s with the changes in
stream velocity from 3 m/s to 7 m/s. The pattern obtained also alike with previous reported works [10, 17].
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oo

Figure 9. Erosion rate (kg/m?.s) surface contour for 5 m/s Figure 10. Erosion rate (kg/m?.s) surface contour for 6 m/s
stream velocity stream velocity

1.40E-08
2020 R1

JENRANIC, 1.20E-08 +

1.00E-08 b
8.00E-09 +
6.00E-09 +

4.00E-09 +

2.00E-09 +

Maximum Erosion Rate (kg/mZ.s)

0.00E+00 t t t |
(o] 2 4 6 8
Stream Velocities (m/s)

Figure 11. Erosion rate (kg/m2.s) surface contour for 7m/s  Figure 12. Maximum erosion rate (kg/mZ.s) versus stream
stream velocity velocities (m/s)

2020 R1
ACADEMIC

2020 R1
ACADEMIC

0.0006+00
[kg s"-1 m*-2]

Figure 13. Erosion rate surface contour (kg/m?.s) Figure 14. Erosion rate surface contour (kg/m?.s) for 0.1016
for 0.0762 m tee-junctions diameter m tee-junctions diameter

3.3. Influences of Tee-Junctions Diameter towards Tee-Junctions Erosion Rate using the Flow Condition 3

Erosion rate surface contours for various diameter of tee-junctions are depicted in Figure 13 to Figure 17. Similar patterns
produced as the effects of stream velocity where maximum erosion rate occurred at the mid-section of tee-junctions. Based
on the simulation, 0.1524 m diameter recorded the highest maximum erosion rate in tee-junctions. The plot of maximum
erosion rate versus tee-junctions diameter is depicted in Figure 18. In flow condition 3, there was no specific pattern observed
(increased or decreased) for the maximum erosion rate with increased diameter of the tee-junction. In previous work, the tee
diameter used were from 0.4 m to 0.6 m [13]. Increased in the diameter of those tee results in decreased erosion. They also
conclude that the erosion rate is independent to the tee diameter provided the flows involved particles size greater than 100
um. Their findings matched our flow condition 3 where the maximum erosion rate is independent to tee-junctions diameter
as the particle size used in flow condition 3 was 200 um.
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Figure 15. Erosion rate surface contour (kg/m?.s) for 0.1270 Figure 16. Erosion rate surface contour (kg/m2.s) for 0.1524
m tee-junctions diameter m tee-junctions diameter
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Figure 17. Erosion rate surface contour (kg/mZ.s) for Figure 18. Maximum erosion rate (kg/m?”.s) versus tee-
0.1778 m tee-junctions diameter junctions diameter (m)

4. CONCLUSION

The tee junctions in light crude oil (Ci9H3p)-solid (sand) flow were simulated under three different flow conditions which are
the particles size, stream velocity, and tee-junctions diameter using the CFD software. Based on the work done, it can be
deduced that the maximum erosion rate in the tee-junctions is influenced by particles size and stream velocity. The maximum
erosion rate was significantly decreased (almost 86% reduction) when the size of particles is changed from 100 pm to 500 pm.
On the other side, the changes of stream velocity from 3 m/s to 7 m/s cause in tremendously increased (almost 133% increment)
in maximum erosion rate. However, there is no correlation found for the maximum erosion rate (increased or decreased) with
the tee-junctions diameter as it involved large particle size of sand (200 um). The simulation results possibly will able to assist
in design process for the real field application which possess the same condition and parameters. By having a proper design,
the erosion rate in tee-junctions could be minimized and hence, reduce the cost of maintenance in terms of tee-junctions
replacement.
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APPENDIX
Nomenclature Greek symbols
x space coordinate p density
U time average velocity component U viscosity
P pressure dj; Kronecker delta
u fluctuating component of velocity Ok effective Prandtl number for k
k kinetic energy of turbulence O¢ effective Prandtl number for €
Cy» Ce1,Cep | empirical constants in k-epsilon turbulence model | & rate of dissipation of the kinetic energy
Gy, production of turbulent kinetic energy due to mean | ¢ diameter
velocity gradients
F force 7 partial derivative
m mass
%4 velocity Subscripts
Cp drag coefficient i,j,k | spatial coordinate indices
Rey fluid Reynolds number f fluid
Reg particle relative Reynolds number T turbulence
t time eff effective
g gravity D drag
m mass flow rate P pressure gradient
ER erosion rate B buoyancy
C(9) function of the diameter A added mass
flo) function of the impact angle D particle
\2 relative velocity face | wall face where the particles strikes the
boundary
A area
t time
Superscripts
_ time average
. time rate
b(V) function of relative velocity
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