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U-bends are frequently employed in industries to change the direction of fluid flow. 
Flow Induced Vibrations (FIV) are very prominent due to internal two-phase flow and 
vary with U-bend orientation. Potential possibilities of spatial orientations of a U-bend 
make it impractical to predict these vibrations using an experimental approach. This 
study investigates the two-phase flow-induced vibrations for 0°, 30°, 60° and 90° 
upward flow in a U-bend using CFD. In-plane and out-of-plane directional vibrational 
data was gathered for these four orientations of U-bend. For constant superficial 
velocities with void fraction of 0.5, impact of orientation on slug frequencies was 
observed with Fast Fourier Transformation. In-plane (x-axis) forces applied at the 
outlet bend significantly increase 39% compared to the corresponding forces at the 
inlet bend. Forces at the outlet bend along the y-axis (out-of-plane) were reduced by 
26%, but the forces along the z-axis show a more moderate decrease of 7%. This study 
provides significant data essential to forming a correlation of two-phase flow-induced 
vibrations with multiple upward flow U-bend orientations. 
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1. Introduction 
 

Flow Induced Vibrations (FIV) occur frequently in U-bends with internal two-phase flow [1]. These 
vibrations can cause severe damage and subsequently, fatigue failures leading to safety concerns [2]. 
Predicting these vibrations is crucial to achieve a sustainable and efficient business operation [3]. 
Orientation of the flow conduit is a major factor contributing to FIV [4]. With many possibilities of U-
bends’ orientations for upward flow, it is economically not viable to perform experimental 
investigation. Two-phase flow creates various flow patterns depending on flow characteristics, 
geometric properties, inclination of flow conduit, mechanical properties of fluids and surface 
roughness [5,6]. Flow regime pattern has a significant impact on fluid behavior at bends. Common 
flow regimes depending on the void fraction of phases in two-phase flow are bubbly, slug, churn, and 
annular flow [7,8]. 
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Annular and slug flows were found to have the largest pressure drop amplitudes in U-bend. Power 
Spectral Density (PSD) showed reduction in slug flow frequency but increase in annular flow 
frequency for reversed flow from downward to upward in U-bend [9]. This indicates substantial 
dependence of vibrations on momentum flux at bends. Superficial velocities, pressure fluctuation, 
flow regimes and relative gas-liquid flow properties are some of the influencing factors defining the 
amplitude and frequency of FIV. Numerical and experimental studies performed for horizontal and 
vertical upward two-phase flow provided typical flow regime maps to generate various flow regimes 
with superficial velocities [10-12]. 

Theoretical investigations were carried out for impact of superficial velocities and film thickness 
on pressure drop in two-phase flow [13]. However, these studies did not focus their investigation on 
elbows as U-bend consists of two 90° elbows. This could be due to difficulties in handling complex 
geometry analytically. Abrupt curved shape of elbows generates sufficient Coriolis forces resulting in 
significant pressure drop between the inner and outer curvature radii [14]. Pressure drops in 90o 
bends caused by variation in curvature radius was studied for upward two-phase flow [15]. They 
concluded that as much as 25% loss in pressure is possible. Factors such as pipeline pressure profiles, 
pressure in real time, and liquid holdup were discovered to identify pressure drop at bends [15]. In 
the situation of U-bend, it becomes even more complicated to extract the correlation between flow 
regime and pressure drop. Flow regimes are transformed at bends and mostly stay in intermittence 
state between the elbows in U-bend [9,16]. Orientation of the flow channel plays a very important 
role in dynamic responses of the structure. An inclined pipeline-riser system was investigated 
experimentally and numerically for severe slugging [17]. Wide range of elastic foundation vibrations, 
shearing forces and bending moment at bends were observed. They also indicated the vulnerable 
spots at bends because of severe slugging flow. 

Contemporarily, there is a missing technical gap for correlation of internal two-phase flow 
induced vibrations in U-bends upward flow with respect to orientations. Based on current industrial 
practices, investigating vibrations and peak pressure fluctuations in U-bends with different 
orientations require separate experiments or CFD simulations for each variation [17]. Additionally, 
two-phase flow in U-bends structure can lead to complex flow dynamics, making it challenging to 
accurately predict directional pressure fluctuations [18-21]. By investigating U-bends of constant 
diameter, curvature ratio (R/D), U-bend lengths and phase superficial velocities with variable angular 
positions, this study provides a comprehensive understanding of orientations impact on U-bend 
vibrations. 
 
2. Methodology 
2.1 Geometry 
 

U-bend geometry used in this research had inlet and outlet arm of 1.5 m length with bend arm 
length of 0.5 m. Flow channel had internal diameter of 3 inches and radius to diameter ratio for each 
bend as 1. Figure 1(a) shows three straight fluid bodies that are inlet arm, outlet arm and bend arm 
along with inlet and outlet bends. Phasic volume fraction prescribed at inlet boundary of flow channel 
cross section is shown in Figure 1(b). 
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(a) (b) 

Fig. 1. U-bend geometry (a)U-bend arms and bends, (b) Inlet surface cross sections 

 
Directional deflections experienced by each bend for a duration of 5 seconds were recorded. 

Impulsive momentum change occurred at bends which created maximum pressure drop and thus 
was the optimal location for data collection.  
 
2.2 Mesh Independence Study 
 

Turbulency in two-phase flow increases with inclination angle of the U-bend [22]. Hence a single 
fixed mesh generated for horizontal flow is not appropriate for upward flow. Mesh independence 
study was carried out separately for 0° (horizontal flow) and 90° (vertically upward flow) U-bend 
geometric orientations for this study are shown in Figure 2. This examination is crucial for ensuring 
precision in computations, offering insights into the distinct requirements posed by both extreme 
horizontal and vertically upward flows of U-bend orientations. 
 

 
Fig. 2. Horizontal to vertically upward flow U-bend orientations 

 
2.2.1 Orientation based flow mesh convergence 
 

Flow in U-bend was horizontal when the gravity acted perpendicular to U-bend plane (X, Z) as 
shown in Figure 1(a). Flow was vertically upward when gravity acted in negative X direction. To avoid 
computational instability, element size was selected for tessellation keeping the Courant number 
below 0.5. Longitudinal flow in inlet and outlet arms stayed perpendicular to gravity while rotating 
U-bend from horizontal to vertically upward flow. Fixed mesh body size of 7 mm was selected for 
inlet and outlet arm [23]. The element size of Inlet bend, outlet bend, and bend arm were varied to 
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find number of elements that converge mesh independence study curves. Calculations for the 
expected number of elements were carried out to satisfy the computation limitations. The simulation 
model geometry is intricately divided into five components: Inlet Arm, Inlet Bend, Bend Arm, Outlet 
Bend, and Outlet Arm, as delineated in Table 1. To determine the anticipated number of elements 
for each section, the volume occupied by fluid within the geometry is calculated and divided by the 
corresponding element size. This approach ensures a tailored meshing strategy, allowing for precise 
and efficient simulations of individual U-bend components. The element count increased from 
97,847 to 240,912 employing four mesh densities with element sizes of 3.75 mm, 3 mm, 2.75 mm, 
and 2.5 mm. Table 1 and Table 2 show approximate number of elements calculated for four cases of 
mesh independence study under consideration. 
 

Table 1 
U-bend segregated mesh elements calculation based on element size 
Geometry Volume (m3) Element Size (mm) Number of Elements 

Inlet arm 0.00645 7 18,805 
Inlet bend 0.0005133 3.75 9,734 

3 19,011 
2.75 24,682 
2.5 32,851 

Bend arm 0.00215 3.75 40,770 
3 79,630 
2.75 103,381 
2.5 137,600 

Outlet bend 0.0005133 3.75 9,734 
3 19,011 
2.75 24,682 
2.5 32,851 

Outlet arm 0.00645 7 18,805 

 
Table 2 
Approximate number of elements for each case of Mesh Independence Study 
Geometry Case_01 Case_02 Case_03 Case_04 

Inlet arm 18,805 18,805 18,805 18,805 
Inlet bend 9,734 19,011 24,682 32,851 
Bend arm 40,770 79,630 103,381 137,600 
Outlet bend 9,734 19,011 24,682 32,851 
Outlet arm 18,805 18,805 18,805 18,805 
Total Number of 
Elements 

97,847 155,261 190,353 240,912 

 
The complex interactions between meshing details in the simulation model are depicted in the 

Figure 3. It provides a visual representation of the actual number of elements encountered in each 
mesh independence study instance. Case_01 to Case_04 correspond to mesh configurations with 
98,956, 152,325, 195,232, and 243,692 elements, respectively. This illustration represents the 
dynamic complexities inherent in the meshing procedure. It also highlights subtle variation caused 
by bend features and the careful balancing of mesh elements. 
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(a) (b) 

  
(c) (d) 

Fig. 3. Mesh number of elements selection (a) 98956 elements, (b) 
152325 elements, (c) 195232 elements, (d) 243692 elements 

 
The suitable number of elements for horizontal flow was 150,000 but vertically upward flow curve 

had steep variations at this number of elements. The appropriate number of elements, 195,232, were 
used to achieve the dynamic pressure curve convergence for both extreme orientations of this study 
and shown in Figure 4. 
 

 
Fig. 4. Mesh Convergence Study for 0° Horizontal and 
90° Vertically Upward Flow 
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2.3 Boundary Conditions 
 

Superficial phasic velocities were prescribed at the inlet boundary shown in Figure 1(b) according 
to their respective volume fraction. Inlet vector velocities were configured orthogonal to the inlet 
cross section. Selected superficial velocities of this study maintained void fraction around 0.5 within 
the flow channel [24]. According to the inlet surface area ratio, superficial velocity of water and air 
were fixed at 1.02 m/s and 3.865 m/s respectively. The outlet boundary of U-bend was set with 
atmospheric pressure. Pipe inner-surface was set to fluid solid interface and fluid outer-surface was 
set to wall boundary with dynamic mesh for two-way coupling. A constant 0.072 N/m inter-phasal 
surface tension was prescribed for air and water with densities of 1.225 kg/m3 and 998.2 kg/m3 
respectively. Pipe structure of the model was constrained at both ends with fixed support condition 
(all 6 degree of freedoms were fixed). 
 
2.4 CFD Model 
 

Volume of Fluid (VOF) pressure-based CFD solver with coupled algorithm was used to solve the 
system of momentum and pressure-based continuity equations simultaneously [25]. Continuity and 
momentum equations for this model are shown in Eq. (1) and Eq. (2), respectively. 
 
𝜕𝜌

𝜕𝑡
+  ∇ ∙ (𝜌𝑣⃗) = 0             (1) 

 
𝜕𝜌

𝜕𝑡
(𝜌𝑣⃗) +  ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇p +  ∇ ∙ [μ(∇𝑣⃗ + ∇𝑣⃗𝑇)] +  𝜌𝑔⃗ + 𝐹⃗       (2) 

 
Continuity equation ensures the conservation of fluid mass in a control volume over time. 𝜌 is the 

fluid density, 𝑣⃗ is the fluid velocity at time 𝑡 of fluid flow. Momentum equation shows the conserved 
momentum of fluid in a control volume with respect to time. In this equation 𝑝 represents the fluid 
pressure, fluid viscosity is given by 𝜇. Term ∇μ(∇𝑣⃗) accounts for the viscous stress tensor having ∇𝑣⃗ 

gradient of fluid velocity. 𝑔⃗ is the gravitational acceleration vector and 𝐹⃗ are other external forces 
applied. Turbulence modeling 𝑘 − 𝜀 was used for this study [26]. Equations for turbulence kinetic 
energy and its dissipation are stated as Eq. (3) and Eq. (4). 
 
𝜕(𝜌𝑘)

𝜕𝑡
+  ∇ ∙ (𝜌𝑘𝑣⃗) = ∇ [(μ +

𝜇𝑡

𝜎𝑘
) ∇𝑘] + 𝐺𝑘 + 𝐺𝑏 −  𝜌𝜀 − 𝑌𝑚 + 𝑆𝑘       (3) 

 
𝜕(𝜌𝜀)

𝜕𝑡
+  ∇ ∙ (𝜌𝜀𝑣⃗) = ∇ [(μ +

𝜇𝑡

𝜎𝜀
) ∇𝜀] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) −  𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀      (4) 

 
𝐺𝑘 and 𝐺𝑏 indicate turbulence kinetic energy generated due to mean velocity gradients and 

buoyancy respectively. Contribution of fluctuating dilation to overall dissipation rate is represented 
by 𝑌𝑀, while having 𝐶𝑖𝜀 as constants. Turbulent Prandtl numbers for 𝑘 and 𝜀 are 𝜎𝑘  and 𝜎𝜀  
respectively. User-defined source terms are given by 𝑆𝑘 and 𝑆𝜀 [24]. Volume fraction of gas 𝛼𝑔 and 

liquid 𝛼𝑙  can be computed using Eq. (5) and Eq. (6), respectively. 
 
𝜕𝛼𝑔

𝜕𝑡
+  𝑣⃗ ⋅  ∇𝛼𝑔 = 0             (5) 

 
𝛼𝑙 = 1 −  𝛼𝑔              (6) 
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2.5 Data Collection 
 

CFD simulations were carried out for 0°, 30°, 60° and 90° with two-way coupled U-bend. 
Maximum pressure fluctuations and structural deformations for flow induced vibrations analysis 
were observed at both elbows of the U-bend [27]. Three-dimensional deformations experienced at 
inlet and outlet bend were recorded for the simulation time of 2-5 seconds. Directional Vibrations in 
x and z-axis are in-plane while y-axis is out-of-plane motion for this U-bend as shown in Figure 1. 
Deformation in x, y, and z-axis for all four orientations were processed and transformed to frequency 
domain. Variation in frequency and vibrational amplitude with orientations were analyzed to form 
relationship of orientation with vibration in U-bend. 
 
3. Results and Discussion 
 

Two-phase flow pressure dropped as the flow passes through the bends. Figure 5 shows CFD 
contour results performed for 0° horizontal flow orientation. Velocity selected for this study 
produced annular flow across the inlet arm. From pressure contours it was evident that the initial 
pressure at section (a) was higher and gradually distributed across the cross section of the pipe with 
maximum pressure at the center. Annular flow regime pressure distribution had maximum pressure 
at the center because of higher gas superficial velocity while lower pressures exist at the periphery 
of the flow channel. Pressure is immensely dropped at between section (b) and (c) and minimum 
pressure was observed at section (d). 
 

 

   
 

 

Fig. 5. Annular flow, water volume fraction and pressure drop for horizontal flow 
 

Flow transitions are observed with varying angular position of U-bend. Figure 6 shows flow 
contours for 0o, 30o, 60o, and 90o. As the inclination increased, the flow in the bend arm tends more 
towards annular. In the case of a 90-degree orientation, annular flow was observed in the bend arm. 
The water volume fraction of the outlet arm for 0° shows a similar contour to that of 90°, while the 
outlet arms for 30° and 60° show a more consistent water volume fraction transition. 
 
 

(a) (b) 

(c) 

(d) 
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 Outlet Arm  Bend Arm Inlet Arm 

90o 

 

 

  

60o 

   

30o 

   

0o 

   
Fig. 6. Water volume fraction Flow transition for 0o, 30o, 60o and 90o vertical upward flow 

 
Pressure drop is observed for horizontal flow in Figure 5, as it passes through inlet bend, bend 

arm and outlet bend. Impact at bends is recorded to study the influence of annular flow compared 
to other flow regimes created in inclined U-bend. It was observed that the outlet bends experiences 
more force than the inlet bends as annular flow increases based on pressure contours of these 
inclinations. Impact forces percentage difference analysis is carried out in Figure 9 to display this 
behavior. 

As a result of variation in pressure drop with orientation of the U-bend, directional deformation 
and applied forces on bends surfaces were collected and transformed using Fast Fourier 
Transformation. FFT plots for directional deformation of inlet and outlet bends in x, y, and z-axis were 
plotted for 0°, 30°, 60° and 90° orientations shown in Figure 2. Figure 7(a) and Figure 7(b) shows the 
x-axis (in-plane) deformation frequencies for inlet and outlet bend respectively. Frequencies in x-axis 
observed are 7.87 and 8 hertz for all four orientations. Frequencies below 10 Hz are considered very 
dangerous in fluid industry, however it has high dependence on the superficial velocities. Amplitude 
of x-axis frequencies decreased from 0° to 60° and was increased again for 90° orientation. From 
Figure 7(b) and Figure 7(e), there was a secondary y-axis (out-of-plane) peak frequency observed. 
Peak frequencies observed in y-axis were 6.37, 6.67 and 15.67 Hz. 
 

 
 

(a) (b) 
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(c) (d) 

  
(e) (f) 

Fig. 7. Fast Fourier Transformed frequencies of inlet and outlet bend directional deflections (a) 
x-axis deformation FFT of inlet bend, (b) y-axis deformation FFT of inlet bend, (c) z-axis 
deformation FFT of inlet bend, (d) x-axis deformation FFT of outlet bend, (e) y-axis deformation 
FFT of outlet bend, (f) z-axis deformation FFT of outlet bend 

 
Single deflection peak frequency was observed in z-axis (in-plane) for inlet bend while outlet bend 

had 7.87, 15.74 and 15.667 hertz as peak frequencies for 0°, 30°, 60° and 90° orientations. Forces 
applied on structure bends surfaces were recorded and FFT plots were generated for directional 
fluctuations in each bend as shown in Figure 8. 

Applied forces on the bends surface shown in Figure 8, had at least two peak fluctuations. 
However, peak deflection was observed because of single peak upon comparison with Figure 7. Only 
z-axis (in-plane) deformation in outlet bend had two frequency peaks. The first peak is of 8 Hz while 
the second peak frequency was found to be around 15 Hz. The first peak frequency is because of the 
vibration in x-axis which is the primary axis of in-plane vibration. This observation is crucial as the 
secondary peak forces give rise to deflection in secondary directions. 
 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Fig. 8. Force fluctuations FFT for inlet and outlet bend (a) x-axis force fluctuation on inlet 
bend, (b) y-axis force fluctuation on inlet bend, (c) z-axis force fluctuation on inlet bend, (d) 
x-axis force fluctuation on outlet bend, (e) y-axis force fluctuation on outlet bend, (f) z-axis 
force fluctuation on outlet bend 

 
Directional forces applied at the inlet bend were compared with corresponding directional forces 

at the outlet bend for 0°, 30°, 60° and 90° orientations. Percentage difference for x, y and z-axis 
forces of outlet and inlet bend is shown in Figure 9. 
 

 
Fig. 9. Percentage difference of directional forces between inlet 
and outlet bend for upward flow orientations 
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Consistent variations in applied forces amplitude were observed at bends for varying orientation. 
Amplitudes were decreased by 3% in x and y-axis while 28% reduction in amplitude was observed in 
z-axis for change in orientation from 0° to 30°. From 30° to 60°, x and y-axis vibrational amplitude 
was reduced further by 32% but 25% increase was observed for z-axis. Changing orientation from 
60° to 90°, x and y-axis experienced an increase in amplitude by 60% while z-axis amplitude was 
reduced by 12%. 
 
4. Conclusions 
 

Force applied at the inlet and outlet bends varied with change in U-bend orientation. Similar 
behaviour was shown by direction deformation produced for in-plane and out-of-plane motion. Peak 
vibrational frequencies for in-plane (x, z-axis) vibration were in the range of 7-8 Hz and 14-16 Hz. 
Peak frequencies observed in y-axis (out-of-plane) were 6.37, 6.67 and 15.67 Hz. These frequencies 
were also confirmed by force fluctuations applied on bends surfaces. Flow regime transition from 
stratified to annular flow was observed while changing orientation from 0o horizontal position to 90o 
vertically upward flow. This flow pattern transition resulted in increased impact forces at the outlet 
bend with increase in upward flow angular position. In-plane (x-axis) forces applied at the outlet bend 
show a significant increase of 39% when compared to those experienced at the corresponding inlet 
bend. The forces applied at the outlet bend along the y-axis (out-of-plane) were reduced by 26%, but 
the forces along the z-axis show a more moderate decrease of 7%. Impact of orientation on 
directional vibrations along with relation between forces applied on each is formed in this study. 
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