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Flow-induced vibration (FIV) is studied on a horizontal 90-degree elbow in this paper. It was noted that the slugs
and pseudo-slugs on the elbow cause the maximum force. Particularly, pseudo-slug flow in gas-liquid systems
results in higher force amplitude peaks. These high force amplitudes may potentially cause fatigue in elbows due
to the occurrence of flow-induced vibration. Pseudo-slug flow pattern occurs in the transition from slug to
Multiphase flow segregated flows. It was identified that the magnitude of the force fluctuation is influenced by the change in
Flow pattern momentum flux and pressure. Thus, the pressure force can be interpreted as the base from which the hydro-
Slug dynamic forces create the overall force peaks. Analysis of time-varying quantities of the liquid holdup (slug liquid
holdup, 0.18 to 1.00), flow-induced force (force peaks, 10-620 N), and pressure pulsation (pressure fluctuation,
2500-35000 Pa) allowed the study of the separate contributions of momentum and pressure terms on the
magnitude of the force fluctuation (force amplitude, 4-180 N). The findings indicate that pressure fluctuations
within the elbow play a significant role in estimating force magnitude in pseudo-slug flow, whereas they are not
predominant in slug flow. Based on the analysis, a mechanistic model capable of predicting the impacting force

Pseudo-slug
Flow density
Flow velocity

as a function of the flow pattern and operational conditions is proposed.

1. Introduction

Intermittent flow, such as slug or pseudo-slug flow, induces cyclic
stresses in pipe systems. According to Yih and Griffith (1968), inter-
mittent flow is accompanied by fluctuations in interrelated variables
such as pressure, liquid holdup, and momentum flux. Also, under-
standing the nature of these cyclic stresses is vital in determining the
fatigue life of a piping structure. The two critical parameters to deter-
mine 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 or
pseudo-slug bodies).

The influence of different flow patterns on the hydrodynamic force
magnitude and frequency measurements has been studied by Garcia
et al. (2023a) on a horizontal to horizontal elbow. Later, a slug fre-
quency correlation was developed to improve the predictivity in
high-frequency conditions, which are relevant in fatigue analysis
(Garcia et al., 2023b). In the case of the peak force magnitude, the main
observation is the linear influence of the structure velocity (vs) on the
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magnitude of the force peaks as flow changes from slug to pseudo-slug
flow. The velocity of the slug or pseudo-slug body region is the struc-
ture velocity associated with the momentum flux inducing the force
peaks.

The structure velocity is linearly dependent on the mixture velocity
for slug flow; thus, given a constant superficial liquid velocity (vsy),
increasing the superficial gas velocity (vsg), and consequently, the
mixture velocity (v = Vs, + Vsg), will result in a proportional increase
in translational velocity (Shoham, 2006). However, as the gas flow rate
further increases, the flow pattern changes from slug to pseudo-slug. A
continuous gas passage through the slug body characterizes this flow
pattern. Pseudo-slug (PSL) is described as the transition between the
conventional slug (SL) and segregated flows (stratified ST and annular
ANN). PSL flow exhibits lower structure velocity than the expected
linear increase for SL flow.

On the other hand, the film region’s influence over the hydrody-
namic force seems minimal, with values close to zero and independent of
the liquid holdup. Conversely, the flow and hitting of slug/pseudo-slugs,
with structure density (pg), cause the force peaks (Garcia et al., 2023a).
Therefore, the force magnitude could be associated with the influence of
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the maximum values of momentum flux (psvg).

From the experimental observations reported by Garcia et al.
(2023a), the force term associated with the momentum flux (psng)
shows a fair agreement with the hydrodynamic force measured for the
slug flow pattern. However, it can be found that for pseudo-slug flow,
high force values were measured on the elbow no matter if the PSL
bodies have less density and relatively less structure velocity (conse-
quently less momentum flux) than the slug flow patterns (Garcia et al.,
2023a). This could be explained by the influence of high fluctuations in
pressure. Thus, the influence of both momentum and pressure terms is
relevant for pseudo-slug flow.

Tay and Thorpe (2014) have proposed a flow model to predict the
time-dependent forces acting on horizontal pipe bends in slug flow,
including momentum and pressure terms. Their model was validated
with experimental data for air-water slug flow. They noticed that the
force trace increases abruptly when the liquid slug enters the pipe bend.
When the liquid slug exits the bend, the force drops rapidly, although
not as steeply as when it enters the bend. Additionally, a better agree-
ment with the model prediction was observed at the front of the liquid
slug. However, a dip occurred during the transit of the liquid slug body,
where the model predicts an incremental force due to the progressive
pressure increase (Tay and Thorpe, 2014).

Liu et al. (2012) developed a two-phase flow-induced excitation
force model. The impact of liquid slugs could induce instantaneous
shock in micro to milliseconds and impose a pressure impulse on the
elbow. However, it is mentioned that the major force fluctuations should
be caused by the momentum flux fluctuations (Liu et al., 2012). Miwa
and Hibiki (2020) explained those fluctuations by considering possible
water hammer effects (pressure spikes of extremely short duration).

Klinkenberg and Tijsseling (2021) proposed a stochastic mechanistic
model for the slug force acting on a pipe bend. The lengths of individual
slug zones in the train are randomly selected from a probability distri-
bution function. The fluctuating slug flow quantities (liquid holdup and
fluid velocities) are then estimated with a slug model. Force on the bend
was calculated with a momentum balance equation. The prediction
trend was good for all tested pipe diameters and fluid properties, except
for flow cases in the slug-annular transition region (Klinkenberg and
Tijsseling, 2021).

Fig. 1 represents the force on the bend and the contributions of
momentum and pressure based on the model solution (Klinkenberg and
Tijsseling, 2021).

With the arrival of the slug body to the bend, a sudden increase in the
force is expected due to the momentum flux terms. Then, a progressive
influence of pressure causes an additional incremental force through
movement from the nose to the tail of each slug. After the passage of the
slug body, the force trace would be equivalent to the pressure term
returning at low values during the film region flow.

In the present work, the force peak magnitude was measured on a
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single horizontal elbow (90-degree) to identify which flow parameters
affect the force in slug and pseudo-slug flows most. Time signatures of
the upstream liquid holdup, upstream pressure, downstream pressure,
and structural reaction force were synchronized to evaluate the influ-
ence of local pressure fluctuations on the force magnitude. This study
uses mineral oil with a density of 800 kg/m® and a viscosity of 6 cp at
80 °F as a liquid phase to better represent field conditions. Experimental
observations and findings revealed that the magnitude of the force is
influenced by the change in momentum flux and pressure. The results
show that pressure fluctuations in the elbow are significant for esti-
mating the force magnitude in pseudo-slug flow, whereas it is not sig-
nificant for slug flow conditions. The proposed mechanistic model is
based on these observations.

2. Experimental setup

This section describes the experimental facility and instrumentation
utilized for this study. Garcia et al. (2023a) present more details of the
experimental setup. A TUFFP multiphase flow loop, which has been used
for a wide range of liquid viscosity fluids, is coupled with a force system
to evaluate flow-induced vibrations. The setup developed for the present
study could be used for further evaluations with fluids of different
properties.

2.1. Multiphase loop and force characterization system

The 50.8-mm ID horizontal oil/gas two-phase experimental flow
loop of the Tulsa University Fluid Flow Projects (TUFFP) is used in this
study (see schematic in Fig. 2). One pair of capacitance sensors (CP1 and
CP2) is used to analyze the slug characteristics. High-quality pressure
sensors (HQP) are installed to evaluate the influence of pressure on the
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Fig. 2. Schematic of the experimental facility.
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Fig. 1. Total force amplitude and a split into momentum and pressure contribution (Klinkenberg and Tijsseling, 2021).
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forces in the 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
elbow, areturn line, approximately 25 m in length, leads the fluids to the
oil tank. Fig. 3 shows a perspective 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° elbow (radius 50.8 mm, R/D = 1.0). The
use of transparent pipes helps identify flow patterns, and it could be
adapted to apply computer vision techniques in the future. 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.

The elbow is fixed to the upper surface of a thin metal plate. Two tri-
axial dynamic force sensors (TecGihan USL06-H5-500 N) are installed
diagonally under the thin plate. The input flow direction to the elbow
was used as the X-axis on the force sensors, and the output flow direction
from the elbow was the Y-axis on the force sensors.

2.2. Fast response pressure sensors

Two high-speed 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
force from the overall force measurements and evaluating the influence
of pressure variation AP(t) on the magnitude of FIV under the elbow.
The HQP transducers are located symmetrically at 0.95 m from the
elbow.

2.3. 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. The capaci-
tance sensors are located at 3.01 m before the elbow.

2.4. 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 comprises a PC, a multi-
function I/0 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 min. The high-speed data acquisition system has a rate of 1000

. - it
S Force Sensor
~ >
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Fixed Support [iaes :

Table

90° Horizontal Elbow

0.26 m 0.95m 0.95m

Fig. 3. TUFFP-FIV system, perspective, and sensor distance.
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samples per second. Instrument systematic uncertainties are included
for flow rates, densities, temperature, and pressure. Further studies
could include improved experimental setup by using additional FIV
measurement techniques as displacement dials, accelerometers, or
string gauges.

2.5. Fluid and operational conditions

Light yellow low-viscosity mineral oil was used as the liquid phase
during the experiments. Its viscosity and density were characterized
using a dynamic rheometer and single-phase oil runs. Table 1 shows the
oil properties at 80 °F. The viscosity and density are correlated for flow
analysis following the recommended practices (ASTM D341-09, 2015,
Gottfried, 1965).

The flow pattern map was generated for the current fluid properties
and pipe geometry using Barnea’s model (Barnea, 1987), as presented in
Fig. 4. A wide range of liquid and gas superficial velocities were studied
(vsr 0.1-2.5 m/s, vsg 1-10 m/s). The following flow patterns were ob-
tained: slug flow (SL), pseudo-slug (PSL), and annular flow (ANN or A).
The transitions to dispersed bubble (DB) and stratified (ST or SS) are also
identified. All the flow conditions marked in Fig. 4 were repeated three
times.

3. Experimental results

The data collected from the experimental facility was processed to
obtain the velocity and density of the structures (slugs, pseudo-slugs, or
waves) and the peak force parameters (frequency and magnitude). This
data analysis provides the input variables for calculating the hydrody-
namic force related to the magnitude of force peaks. The results are
compared with force and pressure measurements to identify the most
relevant variables.

Uncertainty analysis provides confidence in the quality of the
experimental data (Dieck, 2007). It includes estimating the combined
random and systematic uncertainties for recorded parameters (pressure,
temperature, mass flow rates) and the estimation of uncertainty prop-
agation on study variables (liquid density, gas density, superficial liquid
velocity, superficial gas velocity, and mixture velocity). Brito (2012)
provided more details on the uncertainty calculation. The propagated
uncertainty is lower than 2% for all the study variables.

The following section separates the results into two parts: 1) char-
acterization of flow structure velocity and liquid holdup (quantities
associated with the momentum flux, pv?) 2) synchronization of flow-
structure signal with force and pressure signatures to identify the in-
fluence of pressure fluctuation on the magnitude of the force peaks.

3.1. Structure velocity (vs) and liquid holdup (Hy)

Flow structures, such as slugs, pseudo-slugs, or waves, move at a
specific velocity (vs) calculated by a cross-correlation procedure to
determine the time delay between two consecutive CP sensors (in mil-
liseconds). Fig. 5 shows a data sample (time interval between 30.000
and 35.000 ms) 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 results in the data point represent the
mean value obtained for the repetitions, and the error bars are their
standard deviation. For low vg; conditions (0.1 and 0.2 m/s), there are

Table 1

Properties of mineral oil.
Viscosity, py, Density, p;, Surface tension, o Color
(mPaes) (kg/m>) (N/m) =)
6.2 @ 80 °F 798 @ 80 °F 0.023 Light yellow
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some conditions with moderate variation (high standard deviation be-
tween repetitions). On the other conditions with less variation (vs; >
0.3 m/s), the structure velocity increases linearly with a characteristic
slope with the increase of mixture velocity. This slope reduces for a
mixture velocity of around 5 m/s.

PSLs exhibit lower flow structure velocity than the expected linear
increase for SLs. For wavy annular flow (ANN) at low liquid (vs; <0.2 m/
s) and high gas flow rates (vsg >7.0 m/s), the liquid film thickness is low,
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and liquid is swept up and around the pipe, creating a liquid-film
annulus. Finally, at vs;, = 0.1 m/s, the flow is stratified (ST) with some
waves moving at low velocities. The herein work mainly focuses on
intermittent flow patterns: Slug (SL) and Pseudo-slug (PSL).

The characterization of flow structures such as slugs or pseudo-slugs
is performed by monitoring the in-situ liquid holdup (H.), using the
capacitance probes. With this information and using the oil and gas
densities, it is possible to calculate the density in the slug/pseudo-slug
bodies with high average holdup values. For the slug flow pattern, the
structure density includes the slug body holdup (Hy;s) as follow:

ps=prHus + ps(1 — Huzs) @

The expected hydrodynamic force associated with momentum flux
would be the difference between momentum flux flor slug and film
regions:

Fu= (psvs —psvi)A @

The analysis of hydrodynamic forces has shown that the film region’s
influence is minimal and independent of the liquid holdup fraction
(Garcia et al., 2023a). In addition, Figs. 7 and 8 show the liquid holdup,
density, and momentum flux for slug and pseudo-slug flows. Central
values for these variables of interest in the shown cases are: for the slug
condition: Hys = 0.78, ps = 618 kg/m3, psvEA = 16.7 N; for the
pseudo-slug condition: Hy;s = 0.38, pg = 289 kg/m®, psViA = 454N

The results indicate that pseudo-slugs (Fig. 8) are extremely aerated
structures generated by the gas penetration into the pseudo-slug body,
differently from slug flow (Fig. 7), in which the slug body occupies the
entire pipe cross-section. Based on the time-series liquid holdup data
from the capacitance sensor, PSL shows an inverted V-shape rise that
indicates the amount of liquid present in the cross-section of the pipe.

3.2. Pressure fluctuation influence

The time trace signatures of the flow are synchronized to understand
better the influence of the unsteady flow on the axial forces and pres-
sure. The capacitance data (CS1) is shifted to synchronize the flow
structure with the force monitoring. This is performed by using the
distance between sensors (see Fig. 3, CS1, HQP1, Fx,Fy, and HQP2) and
the structure velocity (vs). This synchronization facilitates visualization
of the influence of dynamic forces in a horizontal elbow in a gas-liquid
system. Fx, Fy forces should be equal if slug momentum has the same
value along the slug; however, the result shows that it could change
along the slug (especially for pseudo-slug flow).

Figs. 9 and 10 show the pressure and force response traces with the
flow structure trace (dimensionless voltage) synchronized at three po-
sitions: 1) at the P1 pressure sensor (HQP1), 2) at the elbow (Fx,Fy), and
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3) at the P2 pressure sensor (HQP2). This is shown for two flow condi-
tions, one for slug flow and one for pseudo-slug flow. These figures
illustrate the response sequence by the flow structures’ travel, causing
pressure increments and force peaks. For the slug condition the force
range is 35 N with pressure fluctuation of 1.03 psi (7080 Pa); for the
pseudo-slug condition the force range is 176 N with pressure fluctuation
of 4.46 psi (30751 Pa).

Figs. 11 and 12 show the film sequence and slug perturbation pe-
riods, combining the force and pressure traces. Pressure is transformed
into force by multiplying the transversal area (P(t)A) with a value of A =
0.00203 m?; thus, the pressure force fluctuation would be 14.4 N for the
slug condition, and 62.4 N for the pseudo-slug condition. Also, the
synchronized flow structure traces are included.

During the film region, the force and pressure have the same trends,
and the performance could be related mainly to the flow downstream of
the test section and changes in the film inventory into the pipe. On the
other hand, the slug perturbation starts with the arrival of the slug/
pseudo-slug body at the P1 sensor and finishes with the departure
from the P2 sensor.

Figs. 13-18 show the progression of the pressure that is expected for
the time of the generation of a force peak for different gas flow rates (vsg
=1.9,2.8,3.6,5.2,7.0, and 8.2 m/s), and for a constant liquid flow rate
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(vsr = 0.70 m/s). The samples are extracted within a timeframe of 1 s.
The expected elbow pressure progression is built graphically (in black),
starting at the time of the beginning of the force peak fluctuation and
following the slope of the observed pressure progression for P1 (in blue)
and P2 (in orange).

The force peak variation (AFy, AFy) and elbow pressure fluctuation
((APg)A) are presented in the graphs. Also, the peak force usually occurs
during the progressive increase of the expected elbow pressure. After the
arrival of the front of the structure at the elbow, or this peak time, the
expected elbow pressure increases a portion (APp) of the total fluctua-
tion (APg). This pressure fraction (APp/ APg) is also presented in the
figures and is related to the pressure influence on the force variation; the
pressure influence will be bigger when the time of the total pressure
progression approaches the time of the force fluctuation. Thus, for the
slug flow conditions (Figs. 13-16) the force peaks occurs in 0.04-0.07 s,
and the pressure changes requires time in around 0.2-0.3 s; for the
pseudo-slug conditions (Figs. 17 and 18) the force peaks occurs in
0.04-0.05 s, and the pressure changes requires similar time in around
0.05-0.07 s.

For low superficial gas velocities, the pressure fluctuations have not
reached their maximum value at the time of the peak of force, demon-
strating that the peak of hydraulic and pressure forces are not syn-
chronized. As superficial gas velocity increases, the slope of the elbow
pressure progression approaches the force signal. For these conditions,
the peak of hydrodynamic and pressure forces occurs almost simulta-
neously. The synchronization on time occurs in the pseudo-slug region.

In slug flow, the force responses have multiple peaks. Usually, the big
fluctuation happens at the time of the first jump when the slug body
arrives at the elbow. At that time, the momentum term had more rele-
vance than the pressure term (compared with Fig. 1). The expected
elbow pressure progression shown in Figs. 13-16 would indicate a low
influence in the pressure term in slug flow (APp/ APg <0.3). However,
for pseudo-slug (Figs. 17 and 18), the pressure term has more relevance

As is mentioned in Belfroid et al. (2016), “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 pres-
sure [Pp(t)] and density [pg(t)]”. To illustrate the momentum and
pressure influence on FIV for intermittent flow (SL and PSL), the force
range (AFg) can be calculated as follows,
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Fig. 13. Elbow pressure progression (slug, vs¢ = 1.9 m/s, psv2A = 18 N).
Fig. 11. Flow-induced force and pressure perturbation in a horizontal elbow

(slug, vs¢ = 1.9 m/s, vg;, = 0.7 m/s).
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Fig. 14. Elbow pressure progression (slug, vsg = 2.8 m/s, pgv2A = 25 N).

Fig. 12. Flow-induced force and pressure perturbation in a horizontal elbow
(pseudo-slug vsg = 8.2 m/s, v, = 0.7 m/s). AFR(t) = (ps(t)vi + APp(t))A\/Q 3
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Fig. 17. Elbow pressure progression (pseudo-slug, vsg = 7.0 m/s, pgV2A =
55 N).

Assuming that Fy ~ (pgvZ)A, with a minimal influence of the film
region (Garcia et al., 2023a). To visualize the pressure variation influ-
ence on data, Figs. 19 and 20 were obtained, with (AP, = 0) and
(APp = APg), respectively. The pressure force fluctuation (APg) was
obtained by averaging the fluctuations of the pressure traces (AP;, AP;)
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Fig. 18. Elbow pressure progression (pseudo-slug, vsg = 8.2 m/s, pgV2A =
64 N).
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Fig. 19. Prediction of the magnitude of the force peaks. Only the momentum
flux term influence.

as the difference between extreme percentiles (P 97.5 and P 2.5) from
P, (t), and P,(t).

Therefore, comparing the amplitude measurements of the force
peaks with the momentum and pressure measured terms suggests the
pertinence of the pressure fluctuation on pseudo-slug flow. Here, the
pressure varies abruptly for the time the pseudo-slug hits the fitting,
adding magnitude at the peak force. On the other hand, the momentum
flux term, without the pressure term, is sufficient to explain the
magnitude of the force range measured in slug flow. The experimental
results agree with previous studies where intermittent flow was
accompanied by fluctuations in interrelated variables such as pressure,
and momentum flux (Yih and Griffith, 1968), and the influence of those
terms on force amplitude (Klinkenberg and Tijsseling, 2021).

4. Model approach and model performance

From this analysis, it is possible to conclude that intermittence of fluid
structures induces pressure variations (APg), characterized by an abrupt
increase, and this has an important contribution to the force peak
magnitude for pseudo-slug flow, leading to higher peak force amplitudes.
Using equation (3), based on Belfroid et al. (2016), it is possible to propose
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Fig. 20. Prediction of the magnitude of the force peaks. Momentum flux and
pressure terms influence.

the next equations for intermittent FIV in a 90° horizontal elbow;

Slug Flow
AFg = (ps2)AV2
Pseudo — slug Flow
AFg = (pgVi + APg)AV2

G

The pressure in the elbow (Pg) increases progressively according to
the movement of the structure body as the front changes to the tail (see
Fig. 21). The pressure progression is proportional to the size of the body
(Ls), and the pressure fluctuation would be the difference in pressure of
the body relative to the film flow (APy = APy).

The pressure variation in the elbow caused by the flow of the
structure body is assumed to consider the difference between the body
pressure gradient and the film pressure gradient. Thus, there is an
average pressure gradient along the whole pipeline.

(A ()
body film

(Ls + Lr) ’
The pressure variation would correspond to the maximum deviation of

)

Position 1
Position 2

Film flow ) 4
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this average line by using the module of
AP

< bod; ) ( ﬁlm)
bod: ) - .
ty

(Ls + Lp)
It accounts for the pressure change throughout the structure length
(Ls)

L aP
APy = ((Ls m))LS( 1 ﬁ> @

where the pressure gradients of the body and the film regions could be
obtained from the mechanistic model proposed by Zhang et al. (2003).
These pressure gradients are obtained with multiphase flow parameters
(friction and gravity) upstream of the fitting (elbow). Instead of Lg,
another equivalent length that could be considered is Lg(Lg /Ls), which
includes the influence of the bend length (Lg)

AP
APy = (-

Ls, (6)

_AP
]

body

AP S . AP S
— — Dhix + [pyHus + pg(1 — Hyrs)|g sin 0, —— —fawse
A U i

+ [pHir +pg(1 — Hip)|g sin 0

TLwSL
A + A

l body

(8

Where Hjs is the slug holdup, Hyr is the liquid film holdup, zgw is the
film gas shear stress, 71 is the film liquid shear stress, 7, is the slug
mixture shear stress, Sg is the gas perimeter, and S;, is the liquid film
perimeter. All flow parameters are obtained using Zhang et al. (2003). S
and A are the pipe perimeter and cross-sectional area, respectively.

The performance of the model approach was evaluated using avail-
able data for pressure variation in the elbow test section (APg < 5 psi)
and using the TUFFP Unified Model, as detailed in Fig. 22. It is worth
highlighting that the inclination angle is zero (0 = 0), resulting in only
dynamic pressure gradients. There is a clear underprediction
(APg < 1.5 psi) although the coefficient of determination is acceptable
(R? = 0.86), showing a fair assessment of the variables selected for the
model (body pressure gradient, film pressure gradient, and structure
length). From the linear regression, the underprediction tends to be one-
quarter of the measured pressure fluctuation in a straight pipe. Based on
this, it is suggested that the maximum pressure fluctuation in the elbow
is estimated as four times the pressure drop in the straight pipe.

The magnitude of the pressure fluctuation could also be related to the
change in the dynamic head (i.e. pv?/2) due to the alternative nature of
slug and film flow; as mentioned by Yih and Griffith (1968), “intermit-
tent flow is accompanied by severe pulsations in pressure, void fraction,
and momentum fluxes; these time-varying quantities are interrelated,
and measurements of the fluctuation in either one of them would lead to

BODY

Pg
Position 1

Flow

FILM

Z uonisod

FILM

m
s}
E\/

Fig. 21. Change in elbow pressure by structure body flow.
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the understanding of the others.” Thus, more analysis is recommended
to understand those interactions better and possibly improve the
modeling of pressure fluctuation.

Other suggestions can be made to improve the model’s performance
in future studies, such as the usage of different friction closures,
consideration of the fitting or bend (L) flow resistance, improvement of
the prediction of the structure length, and/or expansion of the body
pressure gradient by including interfacial shear stress. Most of the
closure relationships has been developed for slug flow, and new con-
siderations need to be included for pseudo-slug flow.

4.1. Magnitude of force peak modeling

The prediction of unbalanced forces is based on the identification of
intermittent flow. Mechanistic modeling is recommended for calculating
flow parameters required in determining momentum flux and pressure
fluctuation. A code based on the Modified Unit Cell Model has been used
(Soedarmo, 2019) for pseudo-slug conditions. The magnitude of the
force peak has been evaluated using FIV force measurements, together
with the TUFFP-slug model (Zhang et al., 2003) and the
TUFFP-pseudo-slug model (Soedarmo, 2019).

The force magnitude prediction considers the findings of the

Table 2
Model predictivity on different flow configurations (oil systems).

Closure Slug Model Pseudo-slug Model
relationships
Wettability Zhang and Sarica ~ Zhang and Sarica (2011)
(2011)
Maximum 0.75 0.75
Entrainment
Entrainment Zhang et al. Zhang et al. (2003)
(2003)
Interfacial Zhang et al. Zhang et al. (2003)
Friction (2003)

Wall Friction
Mixture Friction
Slug Length

Slug Body Holdup

Drift Velocity

Translational
Velocity

Churchill (1977)
Churchill (1977)
Zhang et al.
(2003)

Gregory et al.
(1978)

Zhang et al.
(2003)

Zhang et al.
(2003)

Churchill (1977)
Churchill (1977)
Zhang et al. (2003)
Soedarmo (2019)

Zhang et al. (2003)

Zhang et al. (2003) and structure velocity
correction (Garcia et al., 2023c)
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Fig. 24. Magnitude of force peak (TUFFP Pseudo-slug model). AARE 21%.

modeling effort for structure velocity (vs), structure density (pg), and
pressure fluctuation (APyy). The selection of these closures influences the
results. In this evaluation, the selections for the closure relationships are
provided in Table 2.

The force range of the peaks has been calculated for 53 SL flow
conditions, including only the momentum flux term from the mecha-
nistic model’s results. Fig. 23 presents the performance of the mecha-
nistic modeling to predict force peak magnitude. The results are shown
for different superficial liquid velocities. The average absolute relative
error is 18% for all the SL flow conditions.

For 18 PSL flow conditions, the force range of the peaks, including
the momentum flux and pressure terms, was calculated using the results
of the mechanistic pseudo-slug model. Fig. 24 presents the performance
of the mechanistic modeling to predict force peak magnitude. The re-
sults are shown for different superficial liquid velocities. The average
absolute relative error is 21% for all the PSL flow conditions.

Fig. 25 shows the force prediction using only the momentum term to
illustrate the importance of including the pressure influence for PSL con-
ditions. The performance deteriorates, and the AARE increases from 21 to
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28%.

As previously mentioned, there is room to improve the pressure
fluctuations and the force range for PSL flow conditions (see Fig. 25).
Yet, important developments have been made for multiphase variables
associated with FIV in pipe systems.

The present work proved that it is possible to predict more accurately
one of the critical parameters used to determine the fatigue of piping
systems due to multiphase flow: the range of stress or the magnitude of the
force peaks caused by the impact of fluid structures on the accessories.

5. Concluding remarks

Pseudo-slug flow leads to more severe force peaks, which could
result in more pronounced structural vibration. This happens during the
transition from slug flow to annular flow, with high flow velocity and
moderate structure density. The flow and hitting of slug/pseudo-slugs
are causing the force peaks.

Nomenclature

d pipe diameter, m

Ug slug viscosity, Pa.s

H; in-situ liquid holdup

Hys slug liquid holdup

Vs structure velocity, m/s

VM mixture velocity, m/s

Vi liquid superficial velocity, m/s
VsG gas superficial velocity, m/s
oL liquid density, kg/m>

Pc gas density, kg/m>

Ps structure density, kg/m>

A pipe cross-sectional area, m?

Fy X-direction overall force, N

Fy Y-direction overall force, N

Fy hydrodynamic force, N

Fr resultant force, N

AFg force range magnitude, N

Pg elbow pressure, psig

APg elbow pressure fluctuation, psig
APp elbow pressure portion, psig

10
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Analysis of the elbow pressure progression indicates a low change in
the pressure term for the time of the force peak occurrence in slug flow.
Although, in slug flow, the force responses have multiple peaks, usually,
the big fluctuation happens at the time of the first jump when the slug
body arrives at the elbow. Thus, the momentum flux term had more
relevance for slug flow than the pressure term.

However, for pseudo-slugs, the pressure term has more significance.
Under these conditions, the pressure variation, characterized by an
abrupt increase, has an important contribution to the force peak
magnitude for pseudo-slug flow, leading to higher peak force ampli-
tudes. Therefore, the multiphase variables required to be modeled
related to force peak magnitude are structure density, structure velocity,
and pressure variation.
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