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A B S T R A C T   

Understanding the force fluctuations in an elbow is critical for piping system design, especially in multiphase 
flow applications. A new experimental facility has been designed and built where flow parameters, structural 
forces, and pressure upstream and downstream of the elbow can be measured simultaneously. The new facility 
allowed the study of the impact of different flow patterns on the phenomenon, with a wide range of liquid and 
gas superficial velocities (vSL 0.1-2.5 m/s, vSG 1-10 m/s). Oil and air have been used to represent field conditions 
better. In-situ liquid holdup and structure or translational velocity instead of mixture velocity are characterized. 
The flow influence as the peak force magnitude was measured on a single elbow (90-degree) oriented in a 
horizontal-horizontal configuration to identify the flow parameters with the most effect on the force. The results 
show that the density and velocity of coherent flow structures are essential to describe the force fluctuation. 
Additionally, pressure fluctuations in the elbow are significant for estimating the force in specific flow patterns.   

1. Introduction 

Intermittent flow, such as slug flow, prevails in the transport of liquid 
and gas in a pipe, where the velocity and density of fluid structures 
change over time, inducing cyclic stresses in the pipe. For slug flow, 
typically, the frequencies are 0.02-10 Hz. Therefore, the frequency of 
these flow stress cycles could be in the thousands or tens of thousands 
per hour, equivalent to millions of stress cycles per year. Understanding 
the nature of these cyclic stresses is vital in determining the fatigue life 
of a piping system. Thus, when design codes are used to define the fa-
tigue life of these systems (i.e., DNV-05-F101, 2013 or ISO 14692), it is 
possible to determine the magnitude of the allowable stress (S) as a 
function of the number of cycles (N). This is done using S-N diagrams (i. 
e., BS 7608:2014+A1:2015, for steel products). Thus, two critical pa-
rameters to determine the fatigue of piping systems due to multiphase 
flow are a) the range of stress or the magnitude of the force peaks caused 
by the impact of such structures on the accessories (i.e., elbows) and b) 
the frequency of fluid structures with higher density and velocity (i.e., 
slug bodies). 

Most of the previous studies of flow-induced vibration (FIV) for in-
ternal two-phase flow in piping systems have some commonalities. The 
experimentation includes the change of mixture velocity and volumetric 

quality (gas void fraction) for a given pressure and temperature. Most 
studies have used water and air as fluids. The main differences are the 
flow direction, type of fitting, type of sensor to measure the structural 
response, and the nature of multiphase flow characterization. A bend 
was studied using force sensors for horizontal direction by modifying 
water surface tension and viscosity, including conductance probes for 
slug flow characterization (Tay and Thorpe, 2004). Bends and T-joint 
were investigated using pressure, force, and optical sensors for flow 
characterization and to determine the amplitude and frequency of force 
pulsations (Belfroid et al., 2010, Cargnelutti et al., 2010). A single bend 
and large structures with multiple bends were investigated using cam-
eras and tomography to measure multiphase flow behavior (Belfroid 
et al., 2016). Vibration for two different span distances was tested in a 
clamped-clamped horizontal PVC pipe (Ortiz-Vidal et al., 2017). Wang 
et al. (2018) investigated the transversal displacement in a horizontal 
pipe, where the two-phase flow parameters were obtained using dif-
ferential pressure transducers. 

Previous studies identified recurring remarks from the investigation 
of FIV in two-phase flow: (a) the maximum magnitudes of the induced 
forces are observed in the slug flow pattern or slug-annular transition, 
(b) the amplitude of the force increases predominantly with the flow 
velocity in intermittent flow, and (c) the predominant vibration fre-
quency increases with increasing liquid fraction for a given an average 
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flow velocity (Yih and Griffith, 1968). 
No significant effects on the forces are observed when water surface 

tension is reduced by 32% or when water viscosity is increased by a 
factor of 2.62 (Tay and Thorpe, 2004). For a given void fraction and flow 
velocity, forces on bends and a tee are similar (Riverin et al., 2006). 
There appears to be no significant effect of the radius of curvature of the 
tested elbows on the excitation forces (Riverin and Pettigrew, 2007; 
Belfroid et al., 2010). However, pressure and gravity might enhance the 
force fluctuations caused by momentum flux (ρv2), the leading cause is 
the impact force between the fluid structures of the liquid phase and the 
elbow (Liu et al., 2012). With regards to a single bend versus U-bend 
structures, no change in force dynamics on the downstream elbows is 
observed; the amplitude is very similar between both elbows, but the 
U-bend does introduce significant changes to the flow structures and, 
therefore, to the amplitude forces (Belfroid et al., 2016). Finally, the 
two-phase damping can be responsible for a lower force response in 
dispersed flow being similar to single-phase excitation (Ortiz-Vidal 

et al., 2017) 
The reviewed literature shows that FIV is related to hydrodynamic 

behaviors of two-phase flow. Thus, by using comprehensive mechanistic 
models of liquid-gas flow, it is possible to predict better flow patterns, 
flow structure velocity (or translational velocity for slug flow), liquid 
holdup, pressure gradients (for slug and film regions), and other flow 
characteristics (Zhang et al., 2003). The present study covers essential 
aspects to facilitate the application of mechanistic models of gas-liquid 
pipe flows in the analysis of fatigue of piping systems due to multi-
phase flow. 

In this study, we used oil with a density of 800 kg/m3 and a viscosity 
of 6 cp at 80◦F as a liquid phase instead of water to better represent field 
conditions. We monitored the in-situ liquid holdup to understand 
further the influence of fluid dynamics on the cyclic forces and used 
structure or translational velocity instead of mixture velocity. The peak 
force magnitudes were measured on a single elbow to identify the flow 
parameters with the most effect on the force. The intermittent flow and 
the predominant vibration force measured frequencies were compared. 
Moreover, time signatures of the upstream liquid holdup, upstream 
pressure, downstream pressure, and structural reaction force were syn-
chronized to evaluate the influence of local pressure fluctuations on the 
force magnitude. 

2. Experimental setup 

This section describes the experimental facility and the instrumen-
tation utilized in the study. 

2.1. Multiphase characterization loop 

The 50.8-mm ID horizontal oil/gas two-phase experimental flow 
loop of Tulsa University Fluid Flow Projects (TUFFP) is used in this study 
(see schematic in Fig. 1). The facility has an oil transfer tank, progressive 
cavity pump (20-hp screw pump), oil heater (20-kW Chromalox, 21- 
60◦C), gas (air) delivering system (20-hp Gardner Denver dry rotary 
screw-type compressor, 1030 CFM at 100 psig), Y-2 type liquid/gas 
mixing tee (gas flows through thin pipes to avoid the formation of pre-
mature slugs), and 18.9-m long clear PVC pipe. 

The instrumentation includes Micro-Motion mass flow meters, 
capacitance probes (CP, two-wire type), resistance temperature de-
tectors, pressure transducers, and differential pressure sensors. One pair 
of CP (CP1 and CP2) is used to analyze the slug characteristics, such as 
the slug length, frequency, and translational velocity. High-quality 

Nomenclature 

PSD power spectral density 
DFT discrete Fourier transformation 
d pipe diameter, m 
μS slug viscosity, Pa.s 
HL in-situ liquid holdup 
vT structure velocity, m/s 
vM mixture velocity, m/s 
vSL liquid superficial velocity, m/s 
vSG gas superficial velocity, m/s 
HLLS slug liquid holdup 
ρs structure density, kg/m3 
A pipe cross-sectional area, m2 
Fx X-direction overall force, N 
Fy Y-direction overall force, N 
HLM in-situ average liquid holdup 
FR resultant force, N 
FH hydrodynamic force, N 
PE elbow pressure, psig 
FHs expected hydrodynamic force, N 
Frange expected force magnitude, N  

Fig. 1. Schematic of the experimental facility.  
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pressure sensors (HQP) are installed to evaluate the pressure influence 
on the force elbow system. 

The force characterization system is installed to evaluate FIV on a 
horizontal elbow at the end of the straight horizontal pipe. After the test 
elbow, there is a return line until the oil tank with a length of around 25 
m. The following section describes the system. 

2.2. Force characterization system 

Fig. 2 shows a schematic of the force characterization system. The 
elbow section comprises two pieces of clear PVC pipes (50.8-mm ID, 0.5 
m long) connected to a 90◦ transparent elbow (radius 50.8 mm, R/ 
D=1.5). The elbow section is loosely attached to the upstream and 
downstream piping by two 0.1 m long flexible corrugated pipes. The 
corrugated pipes allow the measurement of the hydrodynamic force 
without the influence of the piping structure. Although the corrugated 
tubes introduce a small force as a function of system pressure, this 
contribution is determined with single-phase dynamic tests. It is 

discounted during the multiphase flow tests. The force system is cali-
brated using static loading with different known weights in the X and Y 
directions. 

The elbow is fixed to the upper surface of a thin metal plate. Two tri- 
axial dynamic force sensors (TecGihan USL06-H5-500N) are installed 
diagonally under the thin plate. Two smooth rollers are installed under 
the thin plate on the other two sides to allow the plate to move freely. 
The elbow section is fixed at a 0.6 m x 0.6 m support table. The input 
flow direction to the elbow was used as X-axis on the force sensors, and 
the output flow direction from the elbow was Y-axis on the force sensors. 
The axial readings of the sensors are combined to obtain the total X and 
Y force values. 

2.3. Fast response pressure sensors 

Two high-quality pressure sensors (HQP1 and HQP2) are installed 
before and after the elbow to obtain high-speed pressure data and 
characterize the hydrodynamic peak force by subtracting the pressure 

Fig. 2. TUFFP-FIV System: (a) instrumentation, (b) perspective and sensor distance.  
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force from the overall force measurements and evaluate the influence of 
pressure variation ΔP(t) on the magnitude of FIV under the elbow. The 
HQP transducers are located symmetrically at 0.95 m from the elbow. 

2.4. Capacitance sensors 

Two capacitance sensors, based on the dielectric constants of air and 
oil, are installed before the elbow to measure in-situ liquid holdup and 
the velocity of flow structures. The sensors have been calibrated using 
the procedure proposed by Brito (2012). A calibration curve is built 
using a set of quick-closing valves. The calibration curve is utilized to 
convert dimensionless voltages into liquid holdup values. 

2.5. Other instrumentation and data acquisition system 

During the experiments, a data acquisition system monitors pressure, 
temperature, flow rates, output voltage from capacitance sensors, and 
mass gas and liquid flow rates. This system consists of a PC, a multi-
function I/O board, and the LabVIEW™ software package. The output 
voltage from the force sensors is acquired with another data acquisition 
system, including a laptop, an amplifier, and the LabVIEW™ software 
package. All data files have TDMS format with a total test time of at least 
1 minute. The high-speed data acquisition system has a rate of 1000 
samples per second. Instrument systematic uncertainties are included 
for flow rates, densities, temperature, and pressure. 

2.6. Fluid and operational conditions 

Low-viscosity mineral oil was used during the experiments as the 
liquid phase. The oil has a light yellow color, and its viscosity and 
density were characterized using a dynamic rheometer and single-phase 
oil runs in the facility and are presented in Table 1 at 80◦F. The viscosity 
and density are correlated for flow analysis following recommended 
practices (ASTM D341-09, 2015; Gottfried, 1965) 

A flow pattern map was generated for the fluid properties and pipe 
geometry using the Barnea model for predicting flow-pattern transitions 
(Barnea, 1987). A wide range of liquid and gas superficial velocities 
were studied (vSL 0.1-2.5 m/s, vSG 1-10 m/s) The following flow patterns 
were obtained by varying the gas and liquid superficial velocities: slug 
flow (SL, 54 data points), pseudo-slug (PSL, 20 data points), and annular 
flow (ANN or A, 9 data points). Additionally, the transitions to dispersed 
bubble (DB, 3 data points) and stratified (ST or SS, 6 data points) are 
identified (see the experimental test matrix in Fig. 3). The system has 
limitations in exploring additional flow conditions due to the pipe 
design pressure of 15 psig dictated by the acrylic material. All the test 
points were repeated three times to check the precision of the 
measurements. 

3. Experimental results 

The total magnitude of the force peaks was studied; by subtracting 
the time-variant pressure-induced force from the total force, which is the 
hydrodynamic force or momentum flux (ρv2). 

The data collected from the experimental facility is processed using 
two main steps (see Fig. 4). First, signal processing obtains structure 
(translational) flow velocity and peak force parameters (frequency and 
magnitude) acting on the elbow. Second, density characterization pro-
vides the in-situ liquid holdup and the density of the structures (slugs, 
pseudo-slugs, or waves) hitting the elbow. 

This data analysis provides the input variables to calculate the hy-
drodynamic force related to the force peaks’ magnitude. The results are 
compared with force measurements to identify the most relevant 
variables. 

Errors exist in every measurement. Uncertainty analysis provides 
confidence in the quality of the experimental data (Dieck, 2007). This 
analysis includes the estimation of the combined random and systematic 
uncertainties for recorded parameters (pressure, temperature, mass flow 
rates) and the estimation of uncertainty propagation on study variables 
(liquid density, gas density, superficial liquid velocity, superficial gas 
velocity, and mixture velocity). The used uncertainty models are 
explained in Brito (2012). The uncertainty propagated is lower than 2% 
for all the study variables. 

Next are the results ordered in two parts: (1) multiphase flow char-
acterization to validate the flow pattern influence on flow structure 
velocity, structure density, hydrodynamic force, and frequency of flow 

Table 1 
Properties of mineral oil.  

Viscosity, μL Density, ρL Surface tension, σ Color 

(Pa•s) (kg/m3) (N/m) (-) 
6.2 @ 80◦F 798 @ 80◦F 0.023 Light yellow  

Fig. 3. Experimentally observed flow patterns on top of Barnea’s (1987) map.  
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structures, and (2) flow structure signal synchronization with force 
signatures to identify the influence of pressure fluctuation on the 
magnitude of the force peaks. 

3.1. Flow pattern influence 

The characterization of flow structures as slugs, pseudo-slugs, or 
waves is done by monitoring the in-situ liquid holdup (HL), using the 
capacitance probes. These flow structures move at velocity (vT) which is 
measured by determining the time delay between two consecutive CP 
sensors (in milliseconds). Fig. 5 shows a data sample (time interval be-
tween 30.000 - 35.000 milliseconds) of a flow structure monitored with 
the CP sensors for slug flow. 

Fig. 6 shows the flow structure velocity measurements for all the 
experimental repetitions. The data point values represent the mean for 
the repetitions, and the error bars its standard deviation. For low vSL 
values (0.1, and 0.2 m/s), there are some conditions with moderate 
variation (high standard deviation between repetitions). On the other 
conditions with less variation (vSL ≥0.3 m/s), the structure velocity in-
crease linearly with a characteristic slope with the increase of mixture 
velocity. This slope is reduced for a mixture velocity of around 5 m/s. 

The evaluation of the structure velocity is essential to identify the 
transition between the slug, pseudo-slug, and wavy annular flow pat-
terns. For a slug, the translational velocity (vT) is the sum of the drift 
velocity (vD), which is the velocity of a Taylor bubble in a stagnant 
liquid, plus the contribution of the mixture velocity (vM) in the pre-
ceding slug as: 

vT = CovM + vD, (1)  

where Co is a flow distribution coefficient that is approximately 1.2 for 
turbulent flow and 2.0 for laminar flow, based on the slug-body Rey-
nolds number ((ρSdvm)/μS). 

The translational velocity is linearly dependent on the mixture ve-
locity for slug flow; thus, for a given superficial liquid velocity (vSL), by 
increasing the superficial gas velocity (vSG), and consequently the 
mixture velocity (vM = vSL + vSG), the translational velocity will increase 
proportionally (Shoham, 2006). However, as the gas flow rate increases, 
the flow pattern changes from slug to pseudo slug. This flow pattern 
involves a continuous gas passage through the slug body. Pseudo slug 
(PSL) is described as the transition between the conventional slug (SL) 
and segregated flows (stratified and annular) in horizontal or slightly 
inclined pipes (0◦ to 30◦ from horizontal). It could be modeled as a 
segregated flow with very large waves, altering the gas and liquid mo-
mentum exchange (Soedarmo, 2018). 

PSLs exhibit lower flow structure velocity than the expected linear 
increase for SLs. Fig. 6 shows the results of the flow pattern character-
ization using the evaluation of the flow structure velocity. For wavy 
annular flow (ANN) at low liquid (vSL<0.2 m/s) and high gas flow rates 
(vSG>7.0 m/s), the liquid film thickness is low, and liquid is swept up 
and around the pipe, creating a liquid-film annulus. Therefore, PSL is 
validated as a transition between SL and ANN. Finally, at vSL=0.1 m/s, 
the flow is stratified (ST) with some waves moving at low velocities. 

The liquid holdup and the structure density can be obtained from the 
monitoring of dimensionless voltage (V′ ) using the CPs. With this in-
formation and using the oil and gas densities, it is possible to calculate 
the density in the slug bodies or large waves with high average holdup 
values. For slug flow pattern, the structure density includes the slug 
body holdup (HLLS) as follow: 

ρs = ρLHLLS + ρG(1 − HLLS). (2) 

Fig. 7 shows the results of the flow pattern characterization using the 
evaluation of the slug/pseudo-slug/wave densities. The influence of 
flow pattern on the structure density follows two trends depending if the 
flow is intermittent (SL) or separated (ST, ANN). High values of density 
(450-750 kg/m3) represent slug flow conditions, and low values of 
density (<200 kg/m3) represent stratified wavy and annular wavy 
conditions when the mixture velocity goes to high values (vM>4 m/s). 
The main observation is that PSL structure densities are between those 
two trends, with moderate values (150-550 kg/m3). The calculated 
structure density could be predicted using a well know model for the 
estimate of HLLS for horizontal gas-liquid slug flow and is included as a 
reference (Gregory, 1978), 

HLLS =
1

1 +
( vM

8.66

)1.39. (3) 

On the other hand, the multiphase flow characterization to validate 
the flow pattern influence on hydrodynamic force is done by subtracting 
the effect of the time-variant pressure. As is mentioned in Belfroid (2016 
b), "the force in a 90◦ bend is given by a pressure and momentum effect 
(with A, the cross-sectional pipe area) […]. For the transient analysis, 
we take the transient pressure and density". For each direction, the force 
is given by: 

Fx(t) =
[
P1(t) + ρv2(t)

]
A,

Fy(t) =
[
P2(t) + ρv2(t)

]
A (4) 

The quantity related to the hydrodynamic force (ρ(t)v2
(t)A) can be 

Fig. 4. Data Processing Flow Chart.  
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obtained from the overall force and pressure measured on each side of 
the elbow. Fig. 8 shows a sample of force and pressure monitoring to 
characterize the hydrodynamic force. The pressure force to be sub-
tracted is equal to the pressure times area ((P(t)A)), with pipe area A =
0.00203 m2. Figs. 9–12 

Figs. 9 to 13 show the hydrodynamic forces (FHX, and FHY) for 

different gas flow rates (vSG=1.93, 3.62, 5.13, 6.89, and 8.03 m/s), and 
for the same liquid flow rate (vSL=0.70 m/s). For each condition, the 
time of capacitance data (CP1) is shifted to synchronize the flow struc-
ture with the force monitoring. This is done using the distance between 
sensors (3.27 m) and the structure velocity, and this synchronization 
facilitates visualization of the influence of dynamic forces in a horizontal 

Fig. 5. Sample of slug flow structure monitoring (Δt = 5 s).  

Fig. 6. Flow structure velocity (vT).  
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elbow in a gas-liquid system. As vSG increases, there are shorter waves of 
lower density (low average holdup, HLM) and more pronounced peak 
forces. Although the structure density decreases as vSG increases, the 
peak force increases due to the dominant effect of the structure velocity 
in the hydrodynamic force term. 

The influence of the film region over the hydrodynamic force seems 
minimal, with values close to zero and independent of the liquid holdup 
fraction. Conversely, the flow and hitting of slug/pseudo-slugs cause the 

force peaks. Therefore, the force magnitude could be associated with the 
influence of the maximum values of momentum flux (ρsv2

T). 
Fig. 14 shows the hydrodynamic force evaluations for all the 

experimental repetitions. The data point values represent the mean for 
the repetitions, and the error bars its standard deviation. For vSL > 0.3 
m/s, there is more variation in the measured force. For some liquid 
levels, there are maximum values of hydrodynamic force as a function of 
mixture velocity (vM). Fig. 14 also shows the results of the flow pattern 

Fig. 7. Fluid-structure density (ρs).  

Fig. 8. Sample of flow force monitoring (slug, vSL = 0.70, vSG = 1.93 m/s).  
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characterization using the evaluation of the slug/pseudo-slug/wave 
hydrodynamic force. 

The more pronounced structural vibration caused by the hydrody-
namic force occurs in pseudo-slug flow (PSL), the transition from slug 
flow (SL) to annular flow (ANN), with high flow velocity and moderate 
structure density. For liquid superficial velocities vSL>0.4 m/s, the hy-
drodynamic force reaches maximum values around 6 to 8 m/s of mixture 
velocity (vM) in the PSL region. This observation agrees with the findings 
of Yih and Griffith (1968), which mentioned that the maximum fluctu-
ations occur in the transition between the slug and annular flows. Fig. 15 
shows the calculated maximum momentum flux (ρsv2

TA) vs. the 
maximum hydrodynamic force (FH, percentile 97.5) extracted from 
measurements for all the flow conditions. 

The comparison between the calculated momentum flux and 
measured hydrodynamic force shows a fair prediction, mainly for slug 
flow conditions. But it can be found that for pseudo-slug and annular 
wavy, parts of the relative errors exceed 20%. Those conditions maintain 

high force values on the elbow, regardless if they have less density and 
relatively less velocity (consequently less momentum flux) than the slug 
flow patterns. This could be explained by a possible impact force be-
tween the fluid structures of the liquid phase and the elbow (Liu et al., 
2012), and the influence of high fluctuations in pressure. 

Finally, the X and Y-axis force-time signatures were processed to get 
the main frequencies of the peak forces. Force frequency estimation was 
done using power spectra density (PSD) and discrete Fourier trans-
formation (DFT) in the step of signal processing (see Fig. 4). The inter-
mittent flow frequency (excitation) could be similar to peak-force 
frequency (reaction), depending on structural pipe parameters such as 
the damping coefficient (Kaneko et al. 2008). The system has recurrent 
frequencies above 60 Hz, identified using DFT for oil flow tests. Those 
could be related to the system’s natural frequencies, and the excitation 
frequency is expected to be much lower without causing resonance in 
the system. 

For the system evaluated, the flow frequency matches the 

Fig. 9. Hydrodynamic Force (slug, vT = 3.65 m/s, ρs = 617.8 kg/m3, HLM = 0.36).  

Fig. 10. Hydrodynamic force (slug, vT = 5.44 m/s, ρs = 518.1 kg/m3, HLM = 0.28).  
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hydrodynamic force frequency means that there is a direct causal rela-
tionship between them, in which the cause is the flow behavior up-
stream of the pipe bend (see Fig. 16, first main DFT frequencies). 

Since the force frequency follows the flow excitation, Fig. 17 shows 
the results of the flow pattern characterization using the evaluation of 
the slug/pseudo-slug/wave frequency. For lower gas rate in SL flow, 
frequency increases with increasing liquid fraction. For a given liquid 
superficial velocity, frequency changes slightly with increasing gas 
fraction for PSL and ANN. The flow conditions studied with frequency 
until 6 Hz could mean having flow stress cycles in the thousands or tens 
of thousands per hour, equivalent to millions of stress cycles per year. 

3.2. Pressure fluctuation influence 

The time signatures of flow and force were synchronized to under-
stand better the influence of the unsteady flow on the resultant force. 
The expected hydrodynamic force contribution to the resultant force for 

a horizontal-horizontal 90◦ elbow would be: 

FHs = ρsv2
TA

̅̅̅
2

√
. (5) 

Fig. 18 shows that the front of each slug is related to sudden in-
crements of the resultant force acting on the elbow, generating peaks in 
the resultant force. However, the resultant force shows variations in the 
film region, which could be explained by the influence of pressure 
changes. 

Figs. 19 and 20 show the resultant force and the pressure force on the 
elbow for two flow conditions, one for slug flow and one for pseudo-slug 
flow. The pressure force on the elbow would be equal to 

FP = (PE(t)A)
̅̅̅
2

√
, (6)  

assuming the pressure on the elbow PE(t) as the average between P1(t), 
and P2(t). As vSG increases, the intensification of the amplitude of each 
peak force is caused mainly by increasing velocity, which dominates the 

Fig. 11. Hydrodynamic force (pseudo-slug, vT = 6.73 m/s, ρs = 455.7 kg/m3, HLM = 0.25).  

Fig. 12. Hydrodynamic force (pseudo-slug, vT = 8.24 m/s, ρs = 364.8 kg/m3, HLM = 0.24).  
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hydrodynamic force term. 
The pressure force represents an essential component of the overall 

force, being almost the total force during the flow of the film region and 
contributing to the magnitude of the force peaks. In the peak force, the 
pressure changes from a low value to a high local value due to the arrival 
of each slug/pseudo-slug. Therefore, the force magnitude could include 
the hydrodynamic force and the pressure variation in this way: 

Frange = FHs + ΔFP,

Frange =
(
ρsv

2
T + ΔPE(t)

)
A

̅̅̅
2

√ (7) 

Thus, it is possible to include the pressure force effect using the 

difference between extreme percentiles as the P 97.5 and the P 2.5 (see 
example conditions in Table 2). 

Therefore, as a general observation, there are time variations of force 
and pressure on the elbow in slug and pseudo-slug flow, characterized 
by sudden increases in pressure and the generation of hydrodynamic 
force peaks. Thus, the magnitude of the force peaks caused by the impact 
of intermittent flow on a horizontal-horizontal 90◦ elbow is reasonably 
predicted by including the influence of the momentum flux and varia-
tion of pressure force. See Fig. 21 for all the conditions that were studied. 
The comparison between the expected and measured force ranges shows 
a fair prediction (<20%), mainly for high flow force in pseudo-slug and 

Fig. 13. Hydrodynamic force (pseudo-slug, vT = 8.81 m/s, ρs = 288.6 kg/m3, HLM = 0.20).  

Fig. 14. Hydrodynamic force (FH).  
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annular wavy conditions. Thus, pressure fluctuations in the elbow are 
significant for estimating the force in these flow patterns (PSL, ANN). 
Therefore, the multiphase variables required to be modeled besides fluid 
frequency are structure density, structure velocity, and pressure 
variation. 

4. Concluding remarks 

There are concluding remarks of the actual study related to the flow 
influence on the hydrodynamic force in a single elbow (90-degree) 
oriented in a horizontal-horizontal configuration. In terms of flow 
pattern, pseudo-slug flow led to more severe peak hydrodynamic forces, 
which resulted in more pronounced structural vibration. This happens 
during the transition from slug flow to annular flow, with high flow 

velocity and moderate structure density. For intermittent flow, the in-
fluence of film regions seems minimal, with values of hydrodynamic 
force close to zero independent of the liquid holdup fraction. 
Conversely, the flow and hitting of slug/pseudo-slugs are causing the 
force peaks. It is also interesting to observe that while pseudo-slug might 
be harmful due to its higher peak force, the slug flow is the flow pattern 
with the highest frequencies, which might accelerate the fatigue. 

Now, in the case of the pressure effect, the pressure force could be 
seen as the base of the overall force, and its fluctuations influence not 
only the induced force during the flow of the film region but also 
contribute to the magnitude of the force peaks caused by the impact of 
flow structures. For this reason, the magnitude of the force peaks caused 
by the impact of intermittent flow on a horizontal-horizontal 90◦ elbow 
is reasonably predicted, including influences of momentum flux (ρsv2

T), 

Fig. 15. Momentum flux (ρsv2
TA) vs. Hydrodynamic force (FH , P 97.5).  

Fig. 16. Flow frequency vs. Peak-force frequency.  
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and variation of pressure force (PE(t)). 
Finally, for the system studied, the peak-force frequency is directly 

related to the flow-structure frequency upstream of the elbow. For lower 

gas rate in slug flow, frequency increases with increasing liquid fraction. 
For a given superficial liquid velocity, frequency changes slightly with 
increasing gas fraction for pseudo-slug and wavy annular. Therefore, the 

Fig. 17. Flow-structure frequency.  

Fig. 18. Overall force (slug, vT = 5.44 m/s, ρs = 518.1 kg/m3).  
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multiphase variables required to be modeled besides fluid frequency are 
structure density, structure velocity, and pressure variation. 
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