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Summary

A new powerful engineering analysis software for geothermal flow assurance is under development
by Flowphys AS. This software is capable of simulating single-phase and multi-phase dynamic (time-
dependent) flows in complex pipe networks and is based on conservation equations. Part of the
software developmentis carried outin several H2020 projects: GeoCoat, GeoSmart, GeoPro, GeoDrill,
and Eurostars ProCase.

In previous reports D7.1 [1] and D7.2 [2], the 1D multiphase flow assurance and the 1D structural
dynamics simulators were described. In the current report, 3D time-dependent turbulent flow
simulations have been performedtoinvestigate annulus flows thatalsoincludes a rotating drill string.
Moreover, the presented method is general and can be used to calculate pressure drops past tool
joints, sensorassemblies, etc.

This report should be seen as “part 1” and will be amended with additional models and simulations
once experimental datafrom the Geo-Drill testingcampaign becomes available.
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1. INTRODUCTION

To simulate drilling operations requires multi-physics simulations, as it includes fluid flow, heat
transfer, and structural dynamics. Geo-Drill report D7.1, “Geothermal Well Flow Assurance Simulator”
[1], describes the fundamentals of a new 1D FEM Geothermal Flow Assurance simulatorsoftware that
includesannulus flow, non-Newtonian fluids, and a model for the DTH tool. Many other features are
includedinthe software, for example coupling to the computational geochemistry software PHREEQC
[3], simulation of reaction kinetics, devices such as pumps, valves, thermodynamics, heat transfer, and
more. However, the models implemented are incomplete in that they do not include drill string
rotation nor any method for dealing with geometrical differences on the drill string or in the wellbore.
To remedy this, a method for flows in general (also complicated) 3D geometries is shown, with
application to a rotating drill string. Especially, with this approach it is possible to create fast models
(OD/1D or meta-models) suitable forimplementationinto the 1D software.

2. 3D SIMULATION METHOD

In this report the fluids are assumed to be viscous and incompressible. All CFD computations were
carried out with the FlowPhys software, which uses a finite element semi-implicit fractional step
approach to solve for the incompressible Navier-Stokes equations. The time-stepping algorithm
consists of a 4-steps explicit Runge-Kutta algorithm forthe convection terms combined with an implicit
Crank-Nicholson algorithm for the diffusion terms, while the pressure is solved implicitly through a
pressure Poisson equation. For more details of the algorithm, see GeoDrill D4.1 [4] and Kjellgren [5].

Turbulence modelling through LES approach

Large Eddy Simulation (LES) is used for the turbulence modelling. While the software has several
different LES turbulence models implemented, only the constant Smagorinsky coefficient model has
beenused inthis report, as it is the fastestand easiest one to use.

3. 1D & 3D ANNULUS FLOWS

3.1 3D simulations of flows in an annulus

A finite element model of a section of the annulus was created, as is shown in Figure 3.1. The length
of the sectionwas 0.5 m, the inner diameter 100 mm and the outer diameter 150 mm. The turbulent
flow field develops alongthe length of the drill pipe, but rather than modellinga verylong section of
the annulus which would be computationally expensive, periodic boundary conditions have been
used, such that the computational model can be kept small (few nodes & elements) and instead the
flow field develops with time.



Document: D7..3 Report on Drill Monitor Calculator
Version: 1

Date: 5/10/2022

Figure 3.1: Computational mesh of annulus

Computations have been carried out on three different meshestocheck grid-convergence.
Moreover, 5 differentlevels of pressure drop, as summarized in Table 1, have been used.

Table 3.1: 3D simulation cases

Pressure Drop [Pa/m] Flow Regime
0.0097 Laminar
0.0778 Laminar
3.888 Turbulent
15.52 Turbulent
62.208 Turbulent

For laminar flow cases, the transient computations rather quickly stabilize to a steady-state flow
field, see Figure 3.2. For the turbulent flow cases, which all were analyzed using Large Eddy
Simulation (LES), the flow field remains unsteady with fluctuations. Therefore, to make certain that
the flow fieldis fully developed, time-histories of the bulk velocityistracked and flow datais only
sampled after the bulk velocity has stabilized, i.e. aftertimet > 150 s in Figure 3.3.
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Figure 3.2: Velocity contours for laminarcase (domain cut in half for visualization)
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Bulk velocity, Small Mesh, dp/dx=3.89 Pa/m
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Figure 3.3: Time history of bulk velocity. Flow data is sampled after the flow field has stabilized (t>
150 s for this case)

Sample results for the case with a constant average pressure gradient of dp/dx=3.89 Pa/m are shown
in Figure 3.4. Notice that the hydrostatic as well as the average axial pressure gradients have been
filtered outforeasiervisualization of the pressure fluctuations. Moreover, the right-hand figure shows
only half of the domain, also for easiervisualization.
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Figure 3.4: Pressure contours for dp/dx=3.89 Pa/m

Constant velocity contours as well as velocity iso-surfaces are shown in Figure 3.5. Notice that the iso-
surfaces show turbulent structures that are stream wise.

Velocities .
0 01 02 Velocities Y

- o o1 24

Figure 3.5: Velocity contoursand velocityiso-surfaces forthe case with dp/dx=3.89 Pa/m

Similarly, results fordp/dx=15.6 Pa/m and dp/dx=62.2 Pa/m are shownin Figures 3.6-3.7. Notice that
the higher pressure drops leads to higher bulk velocities as well as larger velocity and pressure
fluctuations.



Document: D7..3 Report on Drill Monitor Calculator

Version: 1
Date: 5/10/2022
— r— T '. -

Pressure Velocities
0879 -0.0964 0686 0 02 0.4
| | | . .

Figure 3.6: Pressure contours for dp/dx=15.6 Pa/m
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Figure 3.7: Pressure contours for dp/dx=62.2 Pa/m

3.2 Comparison of 1D and 3D simulations of flows in an annulus
A model forthe pressure loss of flow ina concentric annulus was presentedin D7.1. In this model, the
pressure loss ina circular pipeis calculated as

Lv?
Ap =fp5 (3.1)

where f is the Darcy-Weisbach friction factor, and the pressure loss in a concentric annulus is
calculated is calculated in the same way, but with a correction to the friction factor:

fannuius = kgf (3.2)

where kg is a geometriccorrection factor that is dependentonthe diameterratio Dr=Di/Do, where Di
is the annulus’ inner diameter, and Do is the outer diameter. This model is used to calculate the
pressure lossesin the 1D pipe network simulator software.

For the 3D calculations, because periodic boundary conditions are used, it is necessary to set a
pressure drop to drive the flow. This pressure drop is set as a source term and added to the Navier-
Stokes equations. The viscous shear stresses on the innerand outer surfaces of the annulus will then
balance the forces of the pressure drop. Comparison of the resulting bulk flow velocities for given
pressure drops usingthe 1D and the 3D simulations are shown in Figure 3.8. Different mesh densities
have been used, and as can be expected, the results agree very well for low Reynolds number, while
for higher Reynolds number 3D LES turbulent simulations the mesh density willhave alarger influence
on the accuracy.
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Figure 3.8: Comparison of resultsfor 1D and 3D simulations

4. 1D & 3D ANNULUS FLOWS WITH ROTATING DRILL STRING

4.1 3D simulations of flows in an annulus with rotating drill string

The calculations for the annulus flows in the previous section have beenrepeated but with a rotating
drill string, whichis simulated by moving wall boundary conditions on the annulus’innersurface. Ten
cases with different pressure drops and rotational speeds have been analyzed, with rotational speeds
varying from 5.57 rpm to 44.56 rpm, and pressure drops dp/dx=3.9-62.2 Pa/m.

Results for the largest rotation speed and largest pressure drop (i.e. flow velocity) are shownin Figure
4.1. Notice that the rotating drill string cause the flow field to swirl, with higher velocities on the
outside (wellbore) wall thanonthe inner(drill string) wall. Notice also how the flow structures shown
in the velocity iso-surface plotin Figure 4.2 are clearly shaped by the swirl.

Pressure Pressure
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Figure 4.1: Pressure contours for dp/dx=62.2 Pa/m and rotation 44.6 rpm
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Figure 4.2: Velocity contoursand velocity iso-surfaces fordp/dx=62.2 Pa/m and rotation 44.6 rpm

The rotation causes an increase of the pressure drop, which can be seenin Figure 4.3 and Figure 4.4.
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Figure 4.3: Axial bulk velocity vs. pressure drop
Annulus flow with rotating drill string
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Figure 4.4: Axial bulk velocity vs. rotational speed
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Similarlyto Equation 3.2, itis possible to add the effect of rotation through a modified friction factor:

fannutus_rotation = krotationkgf (3.2)

This rotational friction correction factor has been plottedin Figure 4.5.
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Figure 4.5: Rotational friction correction factor

5. CONCLUDING REMARKS

Laminar and turbulentflow simulations were carried out by 3D time-dependent LES for annular flow
without and with rotation of the drill string. The overall approachwas validated by comparison with
1D models for laminar and turbulent flows (without rotation). The approach forms a base for future
development of models or correction terms such that pressure drops due to rotation, tool joints,
sensor jackets, etc. can be takeninto account. This will be particularlyimportant when includingnon-
Newtonian fluids, as it would be difficult to find relevant correction terms in the literature. It is
important to note that this report will be updated and extended once more Geo-Drill experimental
data become available.
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