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distribution of abridged versions of SWRI® reports (including excerpts) and also restricts the use
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“SwRI shall not publish or make known to others the subject matter or results of
the Project or any information obtained in connection therewith which is
proprietary and confidential to Client without Client’s written approval. No
advertising or publicity containing any reference to SwRI, or any of their
employees, either directly or by implication shall be made use of by Client or on
Client’s behalf without SwRI’s written approval. In the event Client distributes
any report issued by SwRI on this Project outside its own organization, such
report shall be used in its entirety, unless SwRI approves a summary of
abridgment for distribution.”

SwRI will retain a record copy of the report for a period of ten (10) years. This permits
us to answer questions that may be raised after a report has been mailed and provides a basis for
additional work, if required. The contents of the report and any information that comes into our
possession during the course of a study are held confidential to the company conducting the
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EXECUTIVE SUMMARY

Blowout preventers (BOPs) are devices that are required to be installed on all subsea
wells to provide operators with a means of closing off the well in the event that fluid with a
higher than expected pressure or gas content reaches the wellhead or even the platform. These
so-called “kick” events pose a serious risk to the safe operation of the well. Blowouts have cost
many lives, severely damaged equipment, and adversely impacted the marine environment.

BOP stacks are actually large assemblies comprised of different types of blowout
prevention mechanisms. Blind shear rams are included in stacks for emergency cases requiring
sealing of the wellbore via severing the drill pipe or production tubing. The reliability of the
shear rams when severing drill strings or tubing and effectively sealing the wellbore under all
expected operating conditions is critical for safe, dependable, and environmentally conscious
operations. U.S. government regulations require independent third-party verification of BOP
blind shear ram capability under all expected operating conditions. To date, however, no
uniform methodology for analysis of shear ram performance has been adopted as an accepted
approach to this verification requirement.

Under contract to the Bureau of Safety and Environmental Enforcement (BSEE),
Southwest Research Institute (SwRI) conducted a project to develop a validated methodology for
computing the forces acting on BOP blind shear rams using commercially available software
packages. The overarching objective for this project was to provide a tool that will allow BSEE
to reliably assess BOP ram force requirements under potential flowing conditions.

There are many interacting physical processes that occur during the operation of a shear
ram to sever and seal a drill pipe. The accurate simulation of these processes requires the
combination of a structural finite element analysis (FEA) of the shear rams deforming and
shearing the drill pipe and a computational fluid dynamics (CFD) analysis of the changing fluid
flow field to compute the pressures acting on the pipe and rams. A representative scenario of a
high-pressure, high-flow well in the Gulf of Mexico was used in this project to investigate the
performance of combined FEA/CFD methodologies having varying degrees of complexity.

A methodology of combining commercially available FEA and CFD software packages
was successfully developed that offers high-fidelity simulations that converge to a solution
within a reasonable time frame. The methodology was applied to a set of parametric cases to
investigate the sensitivity of the ram closure forces and axial hydrodynamic pressure forces with
respect to variations in the well pressure, flow rate, ram closure speed, fluid properties, and the
drill pipe size.

Finally, all of the simulation results were collected into a database tool entitled BOP
Shear Ram Simulation Database (BSRSD). The database records include the pertinent operating
conditions for each scenario and the three components of the total ram actuator force
corresponding to the drill pipe shear force, hydrostatic pressure force, and the hydrodynamic
pressure force. The database can interpolate between the operating conditions listed in the
records to estimate the shear ram forces for conditions other than those specifically catalogued in
the database.

It is intended that the FEA/CFD analysis methodology and database tool developed here
serve as the foundation for assessing BOP shear ram closure forces over the complete BOP
designs and operational scenarios found in the offshore oil industry.
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Ram Simulation Database (BSRSD). This database stores simulation analysis results, but has
interpolation capabilities so that the user can estimate BOP actuator force requirements for
conditions not specifically matching those catalogued in the database.

This document describes and discusses all of the work performed in the execution of this
project.

1.1 Technical Approach

The stated objectives for the project were to develop a BOP shear ram FEA/CFD
simulation methodology and provide a tool that allows BSEE to reliably assess the forces acting
on BOP shear rams under their potentially realizable operating conditions. The technical
approach adopted by SwRI for achieving these objectives is summarized as follows.

1. Define a baseline scenario for the composition, pressure, and flow rate of a well of
interest. Specifically, the scenario of interest in this work is the worst-case discharge
(WCD) event that may occur while a well is being actively drilled. Use the baseline
case to perform a finite element analysis (FEA) simulation to analyze shear forces
and deformation of the drill pipe under the loads imposed by shear rams. Use the
baseline case to also perform a computational fluid dynamics (CFD) simulation for
the fluid flowing through the BOP annulus as the shear rams close.

2. Explore a range of potential methods for combining the mechanical shearing
simulations with fluid dynamics simulations. Develop an optimized and validated
methodology to combine the mechanical displacement and deformations from FEA
simulations and hydrostatic and hydrodynamic pressures measured in CFD
simulations to analyze the fluid-structure interaction (FSI) during the BOP closure
event.

3. Use the optimized FEA/CFD combination methodology to explore the effects of a
series of parametric variations of the baseline conditions on the shear ram forces.

4. Compile the results of the baseline and parameter variation simulations into a
database tool with the ability to interpolate the ram force within the ranges of the
different simulated scenarios.

1.2 Document Organization

Section 2 describes the baseline operational case and the investigation into four levels of
complexity for combining structural and dynamics analysis of BOP shear ram forces. The
investigation showed that there is a clearly distinct recommendation for a preferred methodology
for a combined FEA/CFD analysis of the shear ram forces.

Section 3 describes 13 case studies used to investigate the sensitivity of the ram forces to
variations in several of the operating conditions of the baseline case.

The results of the baseline and parametric cases were compiled into the database,
BSRSD, introduced above. Section 4 briefly describes this database. The BSRSD user manual
and a description of the steps required to execute the combined BOP FEA/CFD analysis
procedure are the subject of a separate project document, Database and Resource
Documentation.

Finally, the conclusions of this project and recommendations for possible future work are
presented in Section 5.
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Figure 2-4. Fluid Density and Viscosity for Baseline Crude QOil
The fluid properties for the baseline scenario are based upon a representative Gulf of Mexico crude oil
(API 35, 1,397 scf/sbbl GOR). The fluid properties, such as density and viscosity required by the different
simulations, will be calculated by analytical black oil model forms as a function of pressure and
temperature using the API gravity and GOR as inputs.
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Figure 2-5. Calculated Pressure and Temperature Loss in the Wellbore
For the given flow rate of 100,000 stb/d, a steady-state nodal analysis was performed to estimate the
flowing pressure, temperature, and fluid properties at the BOP stack (depth of 4,248 ft). This analysis
uses the assumed reservoir conditions, rock properties, well trajectory, and analytical fluid property
models to calculate pressure and temperature losses due to flow up the wellbore annulus.
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2.2 FEA Model Development

Tier 1 analyses focus on the FEA modeling of drill pipe shearing without including any
hydrodynamic effects. These simulations provide a baseline for Tier 2-4 analyses, which include
the downhole hydrodynamic effects. These simulations were performed using the LS-DYNA®
FEA code developed by Livermore Science Technology Corporation. LS-DYNA is a
Lagrangian structural FEA code capable of performing explicit, transient FEA analyses of
materials undergoing large deformations, damage, and failure. An overview of the model
development is provided here.

Tier 1 simulations do not include any effects of the surrounding fluid within the drill
string or annulus and, thus, the computational domain was simplified to the two shear rams and a
15-ft section of drill pipe. The simulations were started with the shear rams almost in contact
with the centrally located drill pipe, corresponding to 29.8% area open to flow. An image of the
full FEA domain and computational mesh is shown in Figure 2-6.

Figure 2-6. Images of the Tier 1 FEA Simulation Domain
The Tier 1 FEA simulation domain does not include casing or fluid effects. A refined grid resolution of the
drill pipe can be seen around the region where the shear rams interact with the pipe.

In order to verify the proper operation of the FEA model, a series of solution-sensitivity
tests were performed to determine which numerical parameters had the greatest effect on the
results. An overview of the parameters varied and the final parameter selections are listed in
Table 2.2. For each parameter listed, simulations were performed with different settings to
ensure that the FEA model was functioning properly and that additional model refinement was
not required.
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Table 2.2. FEA Simulation Parameters
A set of FEA modeling options was examined to confirm the proper operation of the simulations. The
final parameters and modeling options selected are listed here.

PARAMETER PRODUCTION RUN MODEL PARAMETER

Drill pipe material model Full Johnson-Cook strength and damage model
Drill pipe boundaries were constrained and not allowed to
translate in the y (transverse) and z (wellbore) axis directions, but
allowed to translate in x direction (axis of shear ram travel).

Drill pipe far-field boundary

conditions Also, drill pipe boundaries were constrained and not allowed to
rotate in any direction.
Length of the drill pipe Total of 15 ft of drill pipe included (7.5 ft on either side of the
included in the model shear rams)
Computation mesh resolution 8 grid cells across the pipe wall thickness:
of the drill pipe Nominally 0.1-inch x 0.14-inch x 0.12-inch grid cells

Computation mesh resolution

of the shear rams Nominally 1-inch x 1-inch x 1-inch grid cells

Two algorithms used (in combination):
Algorithm #1: Eroding surface-to-surface
Algorithm #2: Nodes-to-surface

Metal-on-metal contact
detection algorithms

Computational element

integration method Single-point integration elements

Static friction factor based on normal force at contact points:
= 0.5
Examined range of ram velocities: 0.4667 in/s (1x) to 7.467 in/s
(16x)

Metal-on-metal friction

Ram travel speed

2.3 Drill Pipe Material Model

The choice of material strength and failure models used to characterize the drill pipe was
found to be a particularly crucial aspect of the simulation, and changes to these models could
result in significant variations in shear force computed in the simulations. The material models,
also called the constitutive models, are an essential part of the computer simulations because
they provide the stress in the materials as a function of the deformation. Depending on the
material and the application, the constitutive model might be as simple as a linear elastic material
or a sophisticated model describing the elastic, plasticity, and failure behaviors.

Ideally, the parameters for the constitutive model should come from laboratory
mechanical testing of specimens. A simple model, e.g., elastic or elastic-plastic, can use
information solely from a tensile test of a dog-bone specimen. More comprehensive and
accurate models require testing the specimens in tension, compression, torsion (shear), high and
low temperatures, high and low strain rates, etc. If the constants are properly determined, then
the computer model should be able to predict the behavior of the material under complex states
of stress or pressures, and a range of temperature and strain rates.

When laboratory tests are not available, the constants for the model can come from other
sources: 1) the literature, if available, 2) “tuning” the material constants to a reference
experiment, usually similar to the problem of interest, 3) engineering judgment, or 4) a “smart”
combination of any or all of the above. All of these methods have risks and should be used with
care because the validity of the material constants will be much more restricted. For example, if
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True Strain (%)

Figure 2-7. True Stress—True Strain Curve for S-135 Pipe Material from MCS Kenny (2013)
This figure shows the true stress—true strain curve for the drill pipe as it appears in the BSEE report on
BOP Stack Sequencing and Shear Ram Desigh (MCS Kenny 2013). This information is used to aid the

development of the material model used in this work, but is not directly incorporated verbatim.

Miscow et al. (2004) reported data measured from API S-135 steel pipe samples, see
Table 2.3 in Miscow et al. (2004). The strength measured (149.1 ksi, 1,028 MPa) is very similar
to the one reported by MCS Kenny (2013). The small difference may simply be coincidence as
the accepted range for S-135 pipe ranges from 135-165 ksi (930.8-1,137.6 MPa). On the other
side, the failure strain measured by Miscow et al. (2004) is quite different. Miscow et al. (2004)
also reported the reduction of area of the tensile specimen, which allows for a true strain to be
computed:

A—A4,
rET [2]
where r is the reduction in area, A the final cross section, and Ag is the initial cross section. The
true strain can also be computed as:
4
Errue = In <7) [3]

So, it is straightforward to calculate the true strain given the reduction of area.

The failure model reported by MCS Kenny (2013) is not well documented as it is claimed
that a peer-reviewed journal article by Dzugan et al. (2012) was used for ductile damage
initiation, but no data were found for shear damage initiation. Note that the steel reported by
Dzugan et al. (2012) has very different properties and seems to yield around 43.5 ksi (300 MPa).
MCS Kenny (2013) also reported using aluminum data from a different journal article (Hooputra
2004) because of the lack of data in shear.
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Table 2.3. Comparison of Open Literature S-135 Data
Measured properties of S-135 pipe from different sources have been used to construct a material model
for S-135 pipe.

PARAMETER MCS KENNEY (2013) | MISCOW et al. (2004)
Yield Stress (ksi) 155.3 149.1
Ultimate Tensile Stress (ksi) 164.6 157.8
Longitudinal Failure Strain (%) 19.5 21.0
Reduction of Area (%) Unreported 33

The material model proposed by SwRI for this project is the strength and failure model
developed by Johnson and Cook (1985). The strength part of the model accounts for the
following effects: 1) material hardening because of deformation, 2) high strain-rate hardening,
and 3) high-temperature softening. These effects are decoupled and affect the strength in a
multiplicative way:

Y =[A+Bep][1+C Ine*][1 - (T)™] [4]

where Y is the strength, &, is the equivalent plastic strain, ¢ is the total strain, £ = £* /&g is the
dimensionless strain rate (usually £ = 1 s™), and T'= (T = Tre) / (Tmert — Trer) is the homologous
temperature, T is the current temperature on the material, T is a reference temperature and Teit
is the melting temperature for the material. The five material constants to be determined, usually
with mechanical tests, are A, B, n, C, and m.

The failure part of the model also accounts for temperature and strain rate effects, but,
additionally, accounts for pressure effects on the failure strain; i.e., it is well known that under
high pressures, the strain to failure of a material increases:

e/ = [, + D, P |[1 + D, Iné*][1 + DsT"] [5]

where & is the failure strain, D; through Ds are material constants to be evaluated with the
mechanical tests, o* = 7,/ IS tbe triaxiality (o,, mean stress and & equivalent stress), £* is the
dimensionless strain rate, and T is the homologous temperature, the last two are as defined
above.

There is no “perfect material model,” but it is thought that the Johnson-Cook model
strikes the right balance between complexity, accuracy, and testing volume. Ideally, the ten
constants of the model are obtained directly from approximately 50 to 80 laboratory tests,
including tensile, compression, shear, etc. tests at low and high temperatures and rates. The
Johnson-Cook model does not take into account, for example, the third invariant effect; i.e., that
some materials yield or fail at different stresses in compression and in tension. Similarly, the
model cannot account for coupling effects between strain rate and temperature, very high-rate
effects, etc. The literature is very extensive in modifications to the model to “improve” it, but
the modified models rarely make it to the mainstream simulation codes.

Due to the lack of material tests that could provide the ten constants required for the
material model, a clever combination of literature data, calibration through one of the tests
reported by MCS Kenny (2013), and engineering judgment were used to obtain the Johnson-
Cook constants.
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Figure 2-14. Engineering Stress-Strain Curve for S-135 Model
The yield strength (at 0.2% strain) is a supplied input to the material model, but ultimate tensile strength
and strain-to-failure are not. The simulated tensile strength provides a measure of the ultimate tensile
strength and failure point for comparison with other experimental measurements.

In order to validate the FEA model and material model formulation, simulations were
performed to match the lab-scale experiments performed by MCS Kenny (2013). These
experiments sheared a 3.5-inch S-135 grade drill pipe (0.368-inch wall thickness, 13.3 Ib/ft) in a
13.625-inch Cameron blind shear ram BOP. Images from the final validation simulation are
shown in Figure 2-15. Experimental measurements of the force required to shear the pipe were
obtained by MCS Kenny (2013). Two repeat experiments were performed. Measured shearing
forces of 280,000 and 313,600 Ibs were recorded. Figure 2-16 shows the time history of the
shearing force applied to the shear rams for the current FEA and material model combinations.
The final shearing for this simulation was 295,200 Ibs, which falls between the two experimental
measurement points.
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Figure 2-15. Images of the FEA Validation Simulation
The shearing of a 3.5-inch 13.3 Ibs/ft S-135 grade drill pipe is shown. The color scale indicates local Von
Mises stress on the surface of the drill pipe.
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Figure 2-16. FEA Model Validation Test Results
The red curve indicates FEA and the material model developed in this work. The distance on the x-axis is
measured from the initial contact of the shear rams with the drill pipe. Previous FEA simulations
presented by MCS Kenny (2013), using a simplified elastic-plastic material model, are also shown in
dotted lines. Horizontal dashed lines indicate measured shearing forces from two repeated shear test
experiments.

2.4 Fluid Structure Analysis Methods

The baseline case was investigated with four tiers of complexity in the fluid-structure
coupling to evaluate sensitivity of results to the FEA/CFD coupling methodology. Each
successive tier adds an additional layer of physics to the fluid-structure interaction (FSI)
calculation. However, as the physical fidelity of the model increases, so does the computational
complexity and cost (i.e., simulation run time and stability). The four tiers are described as
follows.

Tier 1: This first tier will serve as a benchmark analysis method, where FEA of the shear
rams and tubing geometry will be considered with no hydrodynamic forces
included. Simulations from Tiers 2-4 will be compared with Tier 1 to determine
the effects and significance of the hydrodynamic forces on the shear ram
operation. It should be noted that this approach should yield results closest to
predictions from simple shear force equations.

Tier 2: The second tier simulation will use the deformed geometry from the Tier 1
simulation. In this analysis, CFD simulations will be run at different points of
shear ram travel. At each predefined point of shear ram travel, the deformed
tubing geometry will be discretized and gridded in preparation for CFD analysis.
CFD simulations will then be used to determine the hydrodynamic forces on the
tubing and shear rams. These forces will then be linearly added to the shear ram
forcing values calculated in the Tier 1 analysis.
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Tier 3: The third tier analysis is similar to the second tier, except that nonlinear
interactions between the hydrodynamic forces and the tubing deformation will be
considered. For this analysis methodology, CFD simulations will be performed to
determine the hydrodynamic loads on the shear rams and tubing. Then, those
loads will be discretized and applied to the FEA model for a set portion of the
shear ram travel. Note that hydrodynamic loads will be held constant during FEA
simulations where shear rams are translating and deforming tubing. At the end of
the FEA simulation, the deformed geometry will be passed back to the CFD
simulations so that the hydrodynamic loads on the tubing and shear rams may be
updated.

Tier 4: The final analysis methodology will dynamically couple the FSI interactions by
fully simulating the shear ram travel, material deformation, fluid flow, and fluid-
structure interaction within a single simulation code.

Thus, the objective of this investigation was to compare the performance of all four of the
proposed simulation tiers for the baseline BOP/shear ram configuration. The metrics of the
comparison included the predicted shear ram force requirement, modeling complexity, overall
computational efficiency, and solution stability for all the simulation tiers. The following
sections describe the result obtained with each FEA/CFD analysis tier.

2.5 Tier 1 Analysis, FEA Modeling

Given the validated FEA and material model described in Section 2.3, a series of
simulations were performed for the baseline geometry. These simulations examined the baseline
shear ram geometry (18.75-inch BOP with approximated ram geometry models) and 6.625-inch
diameter S-135 grade drill pipe with a 0.813-inch wall thickness (nominally 50 Ibs/ft). Images
from these simulations are shown in Figure 2-17 through Figure 2-19. These simulations show
the initial tearing of the pipe at the ram edge followed by a more pronounced failure of the pipe.
As the shear rams close, the crimping of the drill pipe ends can also be seen. This analysis does
not account for any potential elastic recoil of the drill pipe after a shear event and, thus, the
severed ends of the pipe remain in place as the rams move to a fully closed state.

To ensure that the numerical model is fully converged and the measured force does not
depend upon the number of computational grid cells, a series of simulations were performed
using different grid resolutions. These simulations used grids with two, four, and eight cells
across the drill pipe thickness in the region of the shear rams. Also, due to the additional
computational overhead imposed by the full Johnson-Cook material strength and damage model
and the metal-on-metal contact algorithm, the potential to perform simulations with a ram travel
speed faster than Uram = 0.4465 in/s was explored. Simulations were performed at 1x, 2x, 4x,
8x, and 16x the baseline speed of 0.4465 in/s.
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Figure 2-17. Images from the Tier 1 FEA Simulation
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The color scale shows local Von Mises stress on the drill pipe surface. The initial tearing of the drill pipe
before complete failure and separation is visible in the beginning of the simulation. Images correspond to
29.8%, 25.7%, 21.1%, and 16.8% area open to flow remaining.
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Figure 2-18. Images from the Tier 1 FEA Simulation (continued)
The color scale shows local Von Mises stress on the drill pipe surface. Eventually, the weakened pipe
undergoes a rapid failure where the remainder of the connected pipe material fails. Images correspond to
12.9%, 9.4%, 5.6%, and 2.8% area open to flow remaining.
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Figure 2-19. Images from the Tier 1 FEA Simulation (continued)
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The color scale shows local Von Mises stress on the drill pipe surface. The final crimping of the drill pipe
can be seen during the last simulation. Images correspond to 1.2%, 0.9%, 0.5%, and 0.2% area open to
flow remaining.
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Figure 2-20 shows the collection of shear forces measured in the simulations as a
function of FEA grid resolution and ram travel speed. The simulations with only two grid cells
across the pipe wall thickness are under-resolved and provide non-converged, erroneous results.
The simulations with four grid cells and eight grid cells across the pipe wall thickness provide
similar force-time histories and are deemed to be numerically converged. In addition, it can be
seen that the numerically converged results are insensitive to the range of ram travel speeds
examined. The reason for this is primarily due to the lack of strain-rate dependence in the
Johnson-Cook strength and damage model, where material parameters C and D, are zero. This
will allow for future simulations to be potentially run with faster ram travel speeds (e.g., 4x or
16x) and require less wall clock time to complete.
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Figure 2-20. Comparison of Shear Ram Forces for the Baseline Simulation Case
The resulting forces on the shear rams are shown for different ram travel speeds and computational grid
resolutions. The distance on the x-axis is measured from the initial contact of the shear rams with the drill
pipe. Simulations with two grid cells across the pipe wall thickness are under-resolved and not
converged. Simulations with four and eight grid cells across the pipe wall thickness are in agreement.
The model shows the pipe failing after each ram has travelled 1.6 inches after contacting the centered
drill pipe. The spike in forces shown after 2.5 inches of travel is attributed to the crimping of the severed

pipes.

Figure 2-21 shows a small region from Figure 2-20, examining the period of time before
the drill pipe has failed. Only the numerically converged results are shown in this figure. All
results show that the drill pipe is severed after 1.6 inches of shear ram travel, after coming into
contact with the centered drill pipe. The lower resolution simulations recorded peak forces of
633,000-666,000 Ibs, depending on the ram travel speed. The maximum force recorded in the
high-resolution simulation was 626,200 Ibs, which occurred right before the failure of the pipe.
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Table 2.5. Force Breakdown for Tier 1 Simulations
The individual contributions to the total shear ram closing forces are provided at five different points in the
closing process. Hydrostatic and hydrodynamic forces are not included in Tier 1 FEA simulations. The
columns for listing the fluid forces are retained here for direct comparison to data tables in later sections.

Open Area Ram Piston Rod Force (lbs, per ram) Total Axial
P % : . Lateral Total Rod | Hydrodynamic
0 Shearing Hydrostatic Hydrodynamic Force Force
5 37,000 (100%) n/a n/a 37,000 n/a
10 31,500 (100%) n/a n/a 31,500 n/a
129 626,200 (100%) n/a n/a 626,600 n/a
(max shear)
20 466,100 (100%) n/a n/a 466,100 n/a
40 0 (0.0%) n/a n/a 0 n/a
100 0 (0.0%) n/a n/a 0 n/a

2.6 Tier 2 Analysis, Linear Superposition FEA/CFD Modeling

Recall that the Tier 2 methodology is based on one-way coupling of FEA shearing forces
with CFD fluid forces. An overview of the process is as follows. First, the hydrostatic force
from the baseline downhole pressure (11,000 psi) was applied to the pipe and rams from the
Tier 1 FEA setup, and the FEA simulation re-run. This was done because the confinement
pressures generated by the well flowing pressure affect the stress-strain and failure behavior of
the drill pipe material when a full Johnson-Cook material strength and damage model is used.
Geometries from the FEA simulation were then exported at five discrete time points: 100%,
40%, 20%, 10%, and 5% shear ram fraction area opening. These geometries were then exported
to the CFD software ANSYS® Fluent®, where steady-state simulations were carried out to solve
for the hydrodynamic forces on the rams. The hydraulic forces from CFD were then linearly
added to the FEA mechanical shearing forces to compute a combined total force exerted on the
rods driving the rams.

The CFD simulations solved the steady-state, Reynolds-averaged conservation of mass,
momentum, turbulent kinetic energy, and dissipation rate transport equations. The flow in the
vicinity of the BOP stack was assumed to be incompressible (negligible density changes over the
range of pressures within the domain) and single phase. The potential for multiphase flow, such
as the presence of solid rock or sand matter within liquid flow or various combined gas/liquid
flow regimes, was not included in this study. The fluid domain consisted of the annular region
between the inner drill pipe and outer casing and rams. For the simulations where the fluid
volume within the drill pipe remained hydraulically isolated from the annulus, i.e., before the
failure of the drill pipe, it was assumed that the hydrostatic pressure within the drill pipe and
annulus were in equilibrium. For the simulation cases where the rams have sheared, a portion of
the volume within the drill pipe was incorporated in the fluid domain. The fluid within the drill
pipe was considered to be essentially stagnant, i.e., was not actively being driven or pumped.

2.6.1 CFD Grid Structure

Preliminary simulations were first carried out to evaluate the gridding strategy and test
the solution sensitivity, stability, and accuracy with respect to numerical modeling forms and
grid resolution. These first simulations examined the flow through the BOP where the blind
shear rams have completed 50% of their total linear translation (10.5 inches out of 21.0 inches).
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Figure 2-23. Volume Mesh for the CFD Analysis
The computational mesh filling the annular region open to flow shows the domain of interest that is
considered in the CFD simulations.

2.6.2 CFD Turbulence Model Selection

As previously noted, the CFD model solved the steady-state, Reynolds-averaged
conservation of mass, momentum, turbulent Kinetic energy, and dissipation rate equations. The
goal of these simulations is to accurately predict the added hydrodynamic forces exerted on the
rams as they close on flow. In such an event, the local flow in the annulus will accelerate in
order to move through the reduced cross sectional area open to flow. A benchmark validation
case with experimental measurements was selected to confirm that the CFD model is accurately
accounting for the dynamic pressures that arise from flow being diverted around bluff bodies
protruding into an already fully developed turbulent flow in the annulus.

Martinuzzi and Tropea (1993) used flow visualization techniques and surface mounted
pressure probes to experimentally measure the flow and local dynamic pressures that develop as
a turbulent flow is diverted around a bluff body protruding into a fully turbulent flow. A
simulation model of the experiments was constructed to evaluate the ability of the CFD model
and selected turbulence model to accurately predict the flow field and dynamic pressures around
the flow obstruction. Specifically, the experimentally and computationally measured pressures
are compared at different points around the obstacle. Specifically, Martinuzzi and Tropea (1993)
reported the dimensionless pressure coefficient for different blockage geometries. The
dimensionless pressure coefficient C;, is defined:
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Figure 2-24. Domain, Boundary Conditions, and Computational Mesh for Turbulence Model
Validation Case
Fully developed turbulent channel flow provided at inlet boundary. The blockage (blue object) is a cube
where the cube dimension H is half the channel height h. Computational mesh is refined around the
region of interest. Red lines show streamwise (x-axis) and four spanwise (z-axis) locations of measured
dynamic pressures around the blockage.
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Figure 2-25. Streamlines and Pressure Coefficient for Simulation Using Realizable k-¢ Model
Streamlines (top image) show diversion of flow around the obstacle and the formation of a wake region
behind the obstacle. The distribution of pressure coefficient (bottom image) shows a very large positive

pressure on the face of the blockage (red region). A smaller in magnitude, negative, and varying
pressure distribution is observed around the faces that are aligned with the primary flow direction (blue
and cyan colored faces).
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Figure 2-26. Pressure Coefficient Values in Streamwise (x) Direction
In general, all of the turbulence models tested reproduce the pressures leading up to the blockage. The
pressures downstream of the blockage are captured reasonably well. The realizable k-¢ model and full
Reynolds stress model performed the best in the region immediately following the blockage.
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Figure 2-27. Pressure Coefficient Values in Spanwise (z) Direction
Measurement locations are at x/H = -0.18 (top-left), x/H = 0.5 (top-right), x/H = 1.06 (bottom-left), and
x/H = 1.46 (bottom-right), where H is the height of the square blockage and x = 0 is defined by the leading
face of the blockage. Again, all of the turbulence models tested performed reasonably well, with the full
Reynolds stress model showing the best agreement.

2.6.3 Transient Pressure-Flow Conditions at BOP

As the rams begin to close on the pipe, flow through the annulus continues to decrease
until the point at which it stops entirely as the opening is sealed. The flow rate corresponding to
the fractional opening of the rams was simulated using valve models in two separate one-
dimensional (1D) well-modeling programs, SINDA/FLUINT (2011) and OLGA®. Sensitivity to
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Figure 2-31. Pressure Oscillations at the BOP from SINDA/FLUINT Simulations
The SINDA/FLUINT simulations show that the peak pressure rise at the BOP resulting from waterhammer
is estimated to be about 160 psi above the local hydrostatic flowing pressure.

First, these simulations show that results are relatively insensitive to the grid resolution.
Second, the peak pressure achieved after the valve closes slightly decreases as the BOP closure
time increases. Even for a fast closure time of 5 seconds, the peak pressure is about 165 psi
above the steady flowing pressure of about 11,000 psi. This small amplitude of oscillating
pressure will have an almost negligible effect on the pressure forces acting on the BOP shear ram
because these forces are transverse to the flowing direction.

This pressure increase will, however, produce a significant force in the rams in the flow
direction, which will act to force the shear rams against the upper and lower guide surfaces until
the oscillations damp out. These axial hydrodynamic forces are discussed in the context of the
overall detailed CFD/FEA analyses described in Sections 2.7 to 2.9 and Section 3.

The final factor to address with respect to fluid pressure and flow transients is the effect
of multiphase flow. Wellbores can contain a wide range of multiphase flows. Examples are
solids such as sand, gravel, and drill cuttings being transported in a drilling mud; sand
transported with produced oils and water; and gas in bubbly or slug flow with liquids. The
multiphase flow with possibly the most severe pressure effects is a slug flow where a long
section of gas-dominant flow mixture is followed by a slug of liquid. This can produce extreme
forces in the BOP and any other well control equipment.

As was mentioned previously, only single phase oil flow was considered within the scope
of this project. Multiphase flow effects on well control equipment, such as those described in the
preceding paragraph, are left to other research projects.

U.S. Department of Interior, BSEE 2-35 April 20, 2017
Subsea BOP Stack Shear/Seal Capability Modeling Tool SWRI® Project No. 21614






Veloci
Streamline 1

7.180e+000

6.988e+000

6.795e+000

6.603e+000

6.411e+000
[ft 57-1]

| ;
o 1.640 3.281 ify
— I 1

0820 2481

Velocit
Streamiine 1

4.584¢+001 o
3.438e+001 L —
- 2.292e+001

1.146e+001

2.0726-003 =
[ft 5711

X
L3
0 1,640 3281 i#)
— — '

0820 2481

Figure 2-32. Tier 2 Flow Results (Streamlines) from CFD at 40% and 20% Open Area
Flow streamlines are examined following simulations to ensure adequate resolution and domain extents.
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Figure 2-33. Tier 2 Flow Results (Streamlines) from CFD at 10% and 5% Open Area
Flow streamlines are examined following simulations to ensure adequate resolution and domain extents.
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Figure 2-34. Flow Field in Vicinity of Rams
Velocity vectors are shown on the mid-plane in the vicinity of the rams for varying amounts of ram
closure. Images show velocity fields with rams 40% (top-left), 20% (top-right), 10% (bottom-left), and 5%
(bottom-right) closed. As the rams move to a fully closed position, the local fluid velocity around the rams
becomes substantially larger than the nominal annular flow velocity.
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Figure 2-35. Dynamic Pressure on Casing and Drill Pipe
As the rams close, a greater pressure drop across the rams is observed.
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Figure 2-36. Dynamic Pressure on Ram Faces
The local pressures on the ram faces are integrated in the direction aligned with the axis of motion closing
the rams in order to compute the hydrodynamic forces acting on the BOP rods.
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Figure 2-38. Tier 3 Flow Results (Velocity Vectors and Streamlines) from CFD at 5% Open Area
Velocity magnitudes and streamline contours are examined following simulations to ensure adequate
resolution and domain extents.
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Figure 2-39. Tier 3 Relative Pressure Results on Boundaries at 5% Open Area
These figures show the pressure relative to the system absolute pressure (11,000 psia). The spatial
pressure profiles are taken from CFD and applied to the FEA solution at each paused time point.
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Figure 2-40. Tier 3 Hydrodynamic Force Results on Ram Faces at 5% Open Area
This image shows an example of the distribution of hydrodynamic force on the ram faces in the direction
of ram motion.

U.S. Department of Interior, BSEE 2-44

April 20, 2017
Subsea BOP Stack Shear/Seal Capability Modeling Tool

SwWRI® Project No. 21614












