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Abstract

Metal-to-metal seals are used in connections of casing in oil and gas wells. This paper describes the
mechanisms of sealing of metal-to-metal seals as investigated using an experimental set-up and a
sealability model. Experiments were conducted for a variety of thread compounds and applied pin/box
surface coatings. The results were used to validate a numerical model for sealability. The stochastic model
couples a contact mechanics model with a flow model and takes the influence of all the surface topography
features into account. Once validated, the model was used together with the experimental results to explain
the sealing mechanisms of metal-to-metal seals.

The sealing configuration is a face seal with an R=80 mm round-off radius pressing against a flat. The
face seal specimens were manufactured from P110 tubing. The used test set-up is designed for
investigating only the metal-to-metal seal of the connection. The set-up can carry out rotary sliding under
constant load to simulate surface evolution during make-up and subsequently perform a leakage test. The
sealing limit is determined by applying 700 bar fluid pressure and then gradually reducing the normal
force until leakage is observed. The data is subsequently used to validate a previously published model.
The results indicate a strong dependence of the type of thread compound used on the onset of leakage.
The thread compound affects the amount of wear and thus changes the surface topography of the
interacting surfaces. It is shown that the sealability model is capable to predict the onset of leakage within
the experimental accuracy. The model shows further that certain surface topographical features improve
the sealing performance. Namely, a turned against a flat surface topography leads to highly localized
contact areas, which in turn yields the best sealing performance.

The combination of experimental data with the validated model leads to much deeper insights for the
sealing mechanisms than what could be obtained using either on their own.



1 Introduction

A (new) casing connection is commonly tested and qualified before it can be used in well construction.
Connection testing is often done as per APl 5C3 or 1SO 13679 [1] standards. The standards define four
Connection Assessment Level (CAL)s indicated with an increasing Roman numeral corresponding to
increasing severity. CAL | is used to qualify connections for wells for which only moderate internal
pressures and axial loads are expected. CAL 1V is used to qualify connections for demanding high pressure
high temperature applications, which pushes the loading to the connection’s structural and sealability
limits. Once a qualification is obtained it is only valid for that CAL or lower and for the specific
tribosystem tested [2,3], i.e. for a specific material grade, connection type, wall thickness, thread
compound and coating. Rules do exist for extrapolation/interpolation to another material grade or wall
thickness. Even when using them, however, at least a single specimen test typically needs to be performed
to prove the integrity of such new combination [1].

The CAL tests entail the simulation of several well scenarios that are imposed on the full-scale connection
by assembly tests in a power tong and by structural and tightness performance tests in a specialized load
frame. The casing connection undergoes combined loading, including internal (p;) or external (p.)
pressure and tensile (Fy) or compressive (F.) axial load, while load, displacement and sealability is
monitored. A failure is defined if any of the following occurs: the metal-to-metal seal shows galling in the
assembly tests, the connection fails structurally (exceeds yield strength) or the connection leaks at a
sustained rate larger than 1.2 ml min [1].

The qualification according to the highest level (CAL IV) comes down to approximately 6 months of
testing and an investment in the order of a million US dollar, if successful. Further, as the test is decisive
on whether the connection can be used in operations, it will steer connection design. Therefore, it is
valuable to have available a method that screens connection sealing performance before the actual
qualification tests are done and thereby avoid unnecessary tests and costs. In addition, such a method can
assist in the design of metal-to-metal seals and connections having an improved performance. This paper
introduces and validates a small-scale test set-up and modelling approach that can do so.

Finite element analysis (FEA) has been applied for screening purposes by calculating, for the metal-to-
metal seal, the ratio of the average contact stress to applied pressure [4,5]. However, the success or failure
of a metal-to-metal seal is governed by other parameters than only contact stress acting between a perfectly
flat and a round surface. Engineering surfaces have a surface topography, often with a certain orientation,
which affects their sealing performance [6-8]. Moreover, several features can often be identified at
different length scales. The hierarchy of scales that will be used in this paper is shown in Figure 1. In this
case, the surface topography can be seen as the sum of out-of-flatness, crowning radius, waviness and
roughness. We note that all these components play an important role in the performance of the seal and
must be accounted for. This means that the addition of surface topography requires a 3D volumetric
computational domain to compute the contact stresses up to scale of the roughness. With FEA, the
computational effort would become prohibitive quite quickly, because of the high resolution needed to
resolve the contact state at the roughness scale.
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Figure 1 Hierarchy of scales defining the surface topography in the context of this paper.

In the modelling approach validated in this paper, the (measured) surface topography is efficiently
considered in the contact model using a semi-analytical boundary element method [9], which enables the
computation of localized contact stresses and displacements of rough surfaces in contact. The addition of
surface topography in the contact simulation allows the introduction of the concept of permeability of the
(deformed) gap between the contacting areas of the pin and box of a metal-to-metal seal [10-14]. This
permits the definition of a leakage criterion based on permeability instead of a contact stress to pressure
ratio, as used in e.g., [4,5]. In addition, it allows the computation of the actual leak rate when combined
with the differential pressure and fluid properties [13].

The fundamental work on the sealability model has been presented in previous papers [10-15]. Starting
with a deterministic [11] and later a stochastic sealability model [12,15], it was shown that the surface
topography and its orientation (e.g. waviness or spiral groove [6], see Figure 1) plays an important role in
the sealability of a metal-to-metal seal. The models were used to compare the seal permeability of a surface
topography resulting from turning with one resulting from shot blasting. The difference in permeability
and thus sealing performance was several orders of magnitude in favor of the turned surface because of
the localized contact stresses [12]. In addition, a substantial hysteresis for the sealing performance for
loading versus unloading was revealed [14].

The surface topography, and thereby sealability, is affected by the influence of coatings and thread
compounds, as these affect the wear process that changes the surface topography during make-up sliding.
It was shown, in [16], that optimal sealing can be achieved for the contact combination of a smooth against
a wavy surface. The smooth surface is obtained by forming a glaze layer with the phosphate coating on
the box [17]. Wear on the bare pin is mild because of the soft coating on the box and the formation of a
tribolayer [18], which leaves most of the waviness intact while polishing the tops of such a profile [16].
Next to that, thread compounds improve sealability because of the addition of metallic, metallic oxide or
non-metallic inorganic particles [19-22].

To investigate metal-to-metal seals and to validate the sealability model, a test set-up was developed
according to the conditions dictated by CAL IV. The conditions were determined using a 9-5/8" casing
diameter: a maximum sliding length equivalent to 3 make-ups and break-outs and a final make-up adding
up to 1.5 m, sliding velocities in the order of 10 mm s? using a 2 RPM rotational velocity [23,24] and



contact stresses in the order of 1 GPa at a contact width of 1 — 3 mm [25-27].

The structure of the rest of this paper is as follows. First, the experimental methods and the Shell Sealing
Mock-up Rig (SSMUR) test set-up, which were used to validate the model, will be presented. Then, a
brief overview of the model will be given. The results obtained with the experimental set-up are discussed
next and used to validate the model. Finally, the experimental and model results are combined to discuss
the factors affecting sealability of metal-to-metal seals and give new insights on the role of thread
compounds in sealability.

2 Experimental methodology

In this paper the investigation is aimed at understanding liquid sealability of metal-to-metal seals. The
work to obtain this understanding entailed the combination of two parts: small scale experimental sealing
tests and the development of a numerical sealing model. In the following, the experimental methodology
is presented, which uses a new set-up called the Shell Sealing Mock-up Rig (SSMUR). The numerical
methodology can be found in the next section.

2.1 Materials and manufacturing of specimens

Specimens were manufactured from thick walled 4" P110 tubing using a lathe. The mechanical properties
of the material are given in Table 1. This material was used for all the SSMUR specimens discussed in
this paper.

Table 1 Measured average mechanical properties of the P110 pipe base material according to 1S06892-1 [28].

Pipe Yield Ultimate tensile Uniform plastic Fracture Surface

ID stress strength elongation elongation hardness
Rp0.2 Rm Ag A5 HV10
MPa MPa % % kg mm™

51876 861 947 6.3 18.8 306

To ensure repeatable surface topography for the test campaign, special attention was given to the metal-
to-metal seal surface. This was achieved by specifying the dimensions of the carbide cutting element (tip
radius 800 um), setting a feed rate (120 pum rev?), setting a depth of cut (5 — 10 pm), and using a new
cutting element for each specimen.

2.2 Phosphating

After manufacturing, some of the specimens were phosphated. For this, the specimens were cleaned,
degreased and water rinsed before they were dipped in the zinc or manganese phosphate bath. The process
was carried out under controlled laboratory conditions to ensure maximum uniformity and repeatability.
The procedure was according to the protocol reported in earlier papers [16—18]. Note that the phosphating
modifies the surface topography by removing the waviness. In addition, the roughness is determined by
the phosphate crystallites [17].

2.3 Lubricants

Thread compound is used in the oil and gas industry to assemble drill pipe or casing connections and is
in the basis a grease. In this work, thread compounds and a base oil were used. The lubricants used for
assembly of the specimens are listed in Table 2. Because of trade secrets, most commercial thread
compounds have undisclosed compositions except for ingredients that need to be stated in the material
safety data sheet (MSDS) or that are stated with a general description on the technical data sheet (TDS).
A typical grease consists of a base oil, a thickener and additives [29]. In a thread compound the additives
are mostly metallic or metallic oxide particles (see Table 2) and are added to improve the assembly



performance and sealability, as discussed in the introduction. The standard thread compound in the oil
and gas industry is APl modified, which is included as the reference compound. Next to that, a selection
of commercially available, environmentally acceptable [30] thread compounds were tested, designated
with YD in Table 2. The base oil was used to assess the influence of the thickener and the additives on
the sealing performance [31].

Table 2 Overview of the commercial base oil and thread compounds used in the sealability tests. Data obtained from TDS and MSDS.

Short Base ol Thickener  Additives based on MSDS  Consistency
hand (particles) Cone penetration (10" mm)
0933 Ondina 933 - -
API Mineral oil Lithium Lead, copper, zinc, graphite 310 — 340
modified stearate
[32]
YD A  Synthetic Undisclosed Calcium fluoride, calcium 290 — 335
polyalphaolefin sulphate, calcium carbonate,
and ester etc.
YDD  Undisclosed Polyurea Undisclosed Undisclosed
YD E Undisclosed Undisclosed Undisclosed Undisclosed
YDF Mineral/Synthetic Lithium Undisclosed 265 — 300
blend

2.4 Shell Sealing Mock-Up Rig (SSMUR)

The surface evolution and sealability tests were performed in an in-house developed test set-up called the
SSMUR, see Figure 2 for a schematic of the specimens and load frame. Table 3 lists the technical
specifications. In this set-up, assembly, micro sliding and sealability can be investigated with scaled
(100 mm diameter) metal-to-metal seal specimens at (gas) pressures up to 1500 bar.

Table 3 Shell sealing mock-up rig technical specifications and limits.

Property Maximum Resolution
(indicated value or better)
Z-movement (specimen dependent) - 0.5 pm
Z-force 120 kN 750 N
Z-torque 1 kKNm 10 Nm
Linear velocity (radius dependent)  0.1-100mms? -
Internal pressure (gas or liquid) 1500 bar 1 bar
Leak detection - 1 mg
Specimen diameter 100 mm -

The set-up and experimental design is aimed at mimicking the conditions during an 1SO13679 CAL IV
test program. The main difference with the CAL tests is that the SSMUR is used to deliberately find the
onset of leakage, whereas the CAL is aimed at qualification for leak tightness. The testing can therefore
include multiple make-up and break-out cycles to modify the metal-to-metal seal through wear and plastic
deformation. In addition, micro-sliding can be imposed to simulate the additional wear caused by the
movement as a consequence of (cyclic) mechanical loads. The impact on the sealability can subsequently
be quantified by a leakage test using gas or fluid pressure. This is done both to validate the models and to
differentiate the performance of different samples. The validated models can subsequently be used to
predict sealability of casing connection metal-to-metal seals.



Two configurations are possible: a load-controlled face seal configuration (Figure 2b, Figure 2c) and a
position-controlled interference seal configuration (not shown). The interference seal configuration can
be a scaled version of a real connection metal-to-metal seal and can be modified to test a wide variety of
seal geometries. Both were designed according to the conditions stated in the introduction. The
experimental data and model validation presented in this paper are focused on the face seal specimen
configuration and will be referred to as the sealability tests for the remainder of the paper. Care has been
taken that the actual conditions in a metal-to-metal seal, as discussed above, are well represented in the
small-scale test. An overview of the test set-up and testing methodology to achieve these goals is given in
the following sections.
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Figure 2 Overview of the SSMUR load frame and face seal specimens. Figure 2a shows the load frame that is used to execute the experiments
with the most important parts indicated. Cross sections on the right show the face seal specimens. Figure 2b shows the top specimen which
has a crowning radius associated with a pin. Figure 2c shows the bottom specimen which is flat associated with a box. The circumferential
line contact locations are indicated with an arrow.

2.5 Face seal specimens

The face seal set-up or ring-on-ring test [16] provides circumferential line contact at equivalent contact
stresses, sliding lengths and sliding velocities as they occur in connection metal-to-metal seals. Assembly
is simulated by rotating the top specimen (representing the pin) concentrically on the bottom specimen
(representing the box) under a constant load. The conditions are equivalent to the assembly of a casing
connector. After "assembly", a sealability test can be performed. The experimental conditions will be
described hereafter and are summarized in Table 4.



Table 4 Summary of face seal experimental conditions.

Geometry

Round-off radius pin 80 mm
Contact line mean diameter 70 mm

Make-up/break-out
Normal load 30 — 60 kN
Contact intensity 136 — 272 kN m™!
Hertzian contact stress (max) 0.25 - 0.36 GPa
Hertzian contact width (max) 1.4 mm

Linear velocity 24 mms’!
Sealability

Maximum normal load 120 kN

Contact intensity 546 KN m™!

Hertzian contact stress (max) 0.5 GPa
Hertzian contact width (max) 1.4 mm

Temperature ambient conditions
Internal pressure (liquid) 700 bar
Pressurizing medium Julabo Thermal HS
Viscosity 55 mm? st

Density 0.96 gcm™

2.5.1 Assembly testing

The line contact configuration is flat against a round-off of R =80 mm. The contact line diameter is
approximately 70 mm and the maximum contact width approximately 1.4 mm. The sliding tests are
performed at a contact intensity (CI) of 136 — 273 N mm™ or a maximum Hertzian contact stress of
0.25 - 0.36 GPa by applying 30 — 60 kN normal force. Figure 3 depicts the Hertzian contact stress as
function of contact intensity. The sliding velocity was 24 mm s™. The total sliding length is normally
1 revolution or 220 mm unless stated otherwise. It is important to mention that, in contrast with the make-
up of a connection, the contact was separated at predefined sliding lengths, to allow taking a replica of the
surface topography and monitor the surface evolution. The lubricant was therefore removed and reapplied
at each of these steps. Note, however, the focus in this paper is on sealability and that the surface evolution
results were presented in an earlier paper [16].
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Figure 3 Maximum contact stress as function of contact intensity for the face seal specimen.



2.5.2 Sealability testing

After assembly, the inside of the specimen was filled with thermal oil (Julabo Thermal HS) and subjected
to a 60— 120 kN normal force corresponding to a 273 —546 N mm™ contact intensity or a 0.5 GPa
maximum Hertzian contact stress. On the outside, the specimen was submerged in a glass leak detection
chamber filled with glycol at ambient pressure which acted as leak detection fluid. The glass leak detection
chamber was connected with a tube to a beaker on a balance to monitor displacement of the glycol by the
thermal oil. An internal fluid pressure of 700 bar was then applied using a pump (Resato BMS). When a
steady state was reached, the normal force was gradually lowered in a stepwise manner and the
displacement of the glycol was monitored for 15 minutes. The steps were repeated until a leak was
observed. The detection of leakage was aided by the density differences of the fluids such that a leak could
also be visually detected as shown in Figure 4. The leak location at the onset of leakage was determined
using the scale (in degrees) applied around the circumference of the specimen. Droplets (indicated by the
arrows) indicate a low leak rate while the foamy streak (encircled) indicates a high leak rate, this was also
observed on the balance.

The measurement uncertainties in the contact intensity during the sealability test were determined based
on the contributions of the measurement uncertainty in: the load cell, the hydraulic area of the inside of
the specimen and the pressure transducer. The result was that measurement uncertainties up 25 N mm
are possible, which will be indicated with an error bar in the results.

Figure 4 Example of leak detection with Julabo Thermal HS in Glycol for set FRS05. Pin and box indicated, and the contact location can
be observed by the dividing line between pin and box. Two types of leak can be observed. Encircled the foamy high leak rate and, indicated
by the arrows, the low leak rate. The leak location was determined using the rotational position in degrees using the applied scale as
shown in the picture.

2.5.3 Test matrix

The tests performed are listed in Table 5. Each set of pin and box were given a unique set identifier starting
with FRS meaning “Face-seal-Running-in-Sealing” reflecting the specimen type and experimental steps.
The pin and box also have a unique five-digit identifier for keeping track of the data. The coating can be
Zinc Phosphate (ZP), Manganese Phosphate (MP) or not coated indicated by the As Machined (AsM) tag.
The lubricants are following the short hand defined in Table 2. Finally, the data from the assembly phase
were summarized by the CI during assembly, the resulting Coefficient of Friction (COF) and the total
sliding length. The rationale was to test a wide variety of combinations of coatings and thread compounds
to obtain insight in the importance of these parameters on sealability and generate a diverse validation
data set for the model.



Table 5 Overview of the experiments performed with the face seal set-up. Sealability tests were performed with Julabo Thermal HS as
pressurizing medium.

Set# Box Coating! Pin  Coating® Make-up Clmake-up> COFave®  Sliding length

lubricant  (N/mm) (mm)
FRS01? 65297 MP 65251  AsM 0933 273 0,15 1543
FRS05 65272 MP 65256  AsM 0933 136 0,15 220
FRS06 65273 MP 65259  AsM APl mod 136 0,15 220
FRSO7 65275 ZP 65267 AsM APl mod 136 0,15 220
FRS08 65276 MP 65264 ZP API mod 136 0,15 220
FRS09 65274 ZP 65260 AsM 0933 136 0,15 220
FRS10 65289 AsM 65266 ZP YD-D 133 0,1 220
FRS11 65284 MP 87935 AsM 0933 136 0,15 220
FRS12 65287 MP 87936 AsM APl mod 136 0,15 220
FRS13 87923 MP 87938 AsM YD-D 136 0,1 220
FRS14 87925 MP 65252  AsM YD-A 136 0,07 220

2 Rotated to failure, galling

1 AsM: As Machined; MP: manganese phosphate; ZP: zinc phosphate
2Cl: contact intensity

8 Coefficient of friction

2.6 Influence of thread compound on sealability by re-using assembled specimens

For specimen sets FRS11 — FRS14, sealability tests were performed with multiple thread compounds. The
first thread compound (listed in Table 2) was used to assemble the specimen and subsequently perform a
sealability test. After the sealability test, the contact was opened while keeping the rotational and center
position the same. The surface was then cleaned, the next thread compound was applied, the contact was
closed again using a contact intensity of 273 N mmt, and another sealability test was performed. This was
done 2 — 3 times with each time a different thread compound.

2.7 Surface topography before and after the test

To track the changes to the surface topography due to plastic deformation and wear during the test, all
specimens were measured before and after the test. The measurements of the surfaces were performed
using a Bruker NP-FLEX over an area of 2x3 mm at locations spaced by 120 degrees over the
circumference marked by A-B-C. From the area measurements, line profiles were extracted using Matlab.
The measurements taken after the test where also used as the topography input for the model.

2.8 Contact stress distribution before and after the test

Prior to and after each face seal test the contact stress distribution was determined using FUJIFILM
Pressure Measurement Film by applying 10 — 13 kN normal force with the film between the contacting
surfaces. This load was chosen to stay within the contact stress range of the film (max 50 MPa). The
resulting distribution was analyzed with the accompanying software to obtain the contact stress in MPa
from the color intensity of the pressure sensitive chemistry. Based on this result the initial flatness of the
contact could be characterized and changes because of wear detected. More importantly, correlations
could be made with the location of the onset of leakage.

3 Sealing model

A short overview of the sealability model is given here. For details, the interested reader is directed to the
previous publications [10-15] as discussed in the introduction. It is important to realize that the sealing
model uses the measured surface topography to compute the contact mechanics and subsequently the
sealability.
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To understand the occurrence of leakage, it must be realized that engineering surfaces are always rough
at a microscopic scale, as discussed in the introduction and shown in Figure 5a. Therefore, when the two
surfaces are brought into contact, as in Figure 5b, the contact will not be perfect. Instead a certain gap will
remain through which the fluid may percolate, Figure 5c. The structure presented in Figure 5 is also the
conceptual way in which the model works. The problem is, however, solved in a two-scale manner (see
the flow representation in Figure 9). This means that the effect of roughness is accounted for through its
permeability, analogous to porous media. For this, the flow through small patches of a rough surface was
studied and the result averaged to compute a local permeability. This permeability will, of course, depend
on the contact stress applied on the small patch. The larger the contact stress, the smaller the gap and thus
the smaller the permeability. Above a certain contact stress, all possible channels are blocked and a seal
created.

Contact patches

Rigid body (transparent) e 90°
S / press Y i
= S el
\ - ‘ =
-
pi>0 4
=
// )
Elasto-plastic rough solid Gaps Loud Load
(a) (b) (©)

Figure 5 Overview of the sealing model. (a) Two surfaces are placed facing against each other. Here, a smooth rigid vs. a rough elasto-
plastic configuration is used, a rough elasto-plastic vs. rough elasto-plastic configuration is also possible. (b) A load is applied between
these two surfaces, leading to contact. This contact is, however, only partial as illustrated by the contact patches. (c) A pressure difference
is applied between an inlet (pi) and an outlet (po). This leads to a certain flow, with a total value Q. Reproduced from [33].

Once the permeability is known, the surface can be considered smooth, i.e. the information of the
roughness scale is now embedded in the permeability. The global contact stress distribution can
subsequently be computed at a larger scale, which will be controlled by the geometry of the seal, i.e. its
crowning radius and out-of-flatness (Figure 1). Then, the permeability at a certain location can be assessed
as a function of the local contact stress or intensity. Once the permeabilities at all locations in the seal are
known, the global flow can be computed by making use of the Darcy flow equations and, from it, the total
leakage can be obtained. The main differences of the present approach with respect to previous ones is
that, although the permeability depends strongly on the contact stress, it also has a random
component [12,15].

In the following, a brief explanation is given of the modelling approach used to compute the permeabilities
and the total leakage. The problem is separated into two components, i.e. a contact mechanics part to
compute the deformed gap left between the surfaces (as in Figure 5b) and a fluid flow through that gap
(as in Figure 5c). To separate these two parts, the assumption is that the surface deformations caused by
fluid pressure are much smaller than the surface deformations caused by the contact stress.

3.1 Contact mechanics

At a given location, the metal-to-metal seal will be subjected to a certain average contact stress. This
contact stress can be computed via a FEA or more efficiently, as in the current model, by using a Boundary
Element Method (BEM) [34]. The underlying assumptions of the model are that the slopes of the surface
topography are small, and that the thickness of the connection is much larger than the typical length of the
contact. Both conditions are usually met for engineering surfaces. The material behavior is assumed to be
elastic-perfectly plastic. It can thus be modelled through the elastic modulus and the surface hardness [9].
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3.2 Permeability of the gap

The contact mechanics model thus gives the gap between the two loaded and deformed surfaces. The flow
through this gap is subsequently computed to obtain the permeability. To do so it is assumed that the size
of the gap is much smaller than the size of the seal, also known as the lubrication approximation. It is
further assumed that the gap only contains the pressure medium, meaning the influence of the lubricant is
not considered. This leads to the Reynolds equation, which allows the solution of a three-dimensional
flow problem while discretizing only the two-dimensional surface [35]. In addition, it is assumed that the
pressure medium is a liquid, and that it can be modelled as incompressible. The total flow can then be
used to obtain the local permeability. Once the permeability for several of these small rough patches is
known, the flow through the whole seal can be computed. This can be expressed by,

Q=K':7—)Ap, (1)

where @ is the total leakage, K is the permeability of the whole seal, based on that of the small patches,
Ap is the pressure differential over the seal, p is the density of the pressure medium and 7 is its viscosity.
The main goal of the model is to compute K [11].

3.3 Leak rates and treating different pressure media

Compressible media can be handled within this framework by deriving an appropriate scaling which also
depends on the absolute pressures at the inlet and outlet as compared to equation ( 1 ). This is especially
relevant in the case of nitrogen, which is commonly used as a pressure medium in CAL tests and which
cannot be considered incompressible. In [13], it was shown that the total leakage of a fairly general type
of fluid can be computed by replacing the pressure difference by a generalized formula that takes into
account the compressibility. For the particular case of nitrogen, which can be modelled as an ideal gas,
the total leakage was found to be,

Po i — s
Mo 2Do
where p; and p, are the inlet and outlet pressure and p, and n,, are the pressure and viscosity of the fluid
at the outlet pressure. The scaling for nitrogen is thus quadratic in p versus linear for incompressible fluids,
as shown above. For other fluids, equally simple, although different, expressions can be found, see [13].

Q=K

)

The relevance of this formulation is that the conclusions presented in this paper, which concerns only a
liquid as a pressure medium, can be readily extended to cases where gas is used as a pressure medium by
using the right scaling. This scaling, however, is very large, making it clear that it requires significantly
higher contact stress to seal a gas compared to a liquid.

4 Results and discussion

The experimental results obtained with the SSMUR set-up will be discussed in the following sections.
After that they will be used to validate the sealability model. The combined results are then used to give
deeper insight in the sealability mechanisms of metal-to-metal seals.

4.1 Correlation of contact stress distribution and leak location

The circumferential contact stress distribution before and after assembly was made visible using
FUJIFILM prescale contact stress sensitive film. For each specimen a normal load of 10 — 13 kN was
applied to stay below the 50 MPa maximum contact pressure for the pressure sensitive chemistry. A
typical result is shown for FRS09 in Figure 6 before and after assembly. The variation in contact stress
distribution is the result of the combined out-of-flatness (in the order of microns) in the pin and box
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specimens. This resulted in local deviation from the mean contact stress. Here a three-lobe pattern was
visible before the test (Figure 6a) that persisted after the assembly tests (Figure 6b). The leak location is
indicated with an arrow in Figure 6b. It was found that in almost all the experiments, to be discussed in
Section 4.2, the first leakage occurred at a location of lowest or lower contact stress relative to the mean.
An exception was FRS12, where the leak occurred at a location of higher contact stress because of
localized damage to the surface, which will also be discussed in the next section. The relative differences
with the mean contact stress were used to include the influence of out-of-flatness in the model.

The results indicated that reduced out-of-flatness would have improved the sealing performance of all
specimens because of a higher mean contact stress. The seal performance is directly related to local contact
stress and will be further elaborated with the model results in Section 4.4. In general, it is therefore
important to have small form errors in a metal-to-metal seal.

3

Whale

Prescale Effective Rate(%)
Pressed Arealmm?2)

fAve Preszure(MPa)

Max PressurelMPa)
Load{M}

Measured Area(mm2)

Prescale Effective Rate(%)
Pressed frealmm?2)
#Ave Pressure(MPa)
Max Pressure(MPa)

Laad(M)

Measured Arealmm2)

2
6230
165
6.3
102840
62890

(b) MPa

Figure 6 Overview of contact stress distribution (in MPa) because of out-of-flatness visualized for set FRS09. FUJIFILM Prescale was
placed between the pin and the box specimen at a normal load of 10 — 13 kN. (a) Before assembly. (b) After assembly, the arrow indicates
the locations of the first observed leaks for each specimen.

4.2 Sealability experiments

The results presented in Figure 7 show the effect of surface topography, thread compound, phosphate
coatings, plastic deformation, and wear on the sealability of the metal-to-metal seal system. A leak
typically started by first expelling the lubricant after which leakage of the pressure medium followed. This
could be observed through the glass leak detection chamber. The sudden removal of the thread compound
indicated its blocking capability up to a certain threshold and is consistent with the results by [20,31]. The
clean mineral oil 0933 does not have this property and was therefore added to the test matrix.

Experiment FRSO1 was preceded by an assembly to failure by sliding 1543 mm. A leak test was still
performed to obtain a worst-case sealability base line. The subsequent sealability test showed leakage at
the highest normal load applied in the test. This was because of the large surface separation or gap created
by the surface damage.

The uncoated turned surfaces (FRS06-07 and FRS09-14) only underwent changes locally, at the peaks of
the waviness, which generally resulted in a better sealing performance. This can be seen most clearly for
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the pins of tests FRS11 — 14 which have identical turned roughness and the local changes are indicated
for FRS11. Comparing the 4 tests, we notice that the line profile of test FRS12 (API modified) shows
damage to one of the peaks. A large scratch was found at this location which removed the peak. On the
box a clear indication of ploughing could be found suggesting a hard particle as the cause of the scratch.
Compared to the other specimens in the series FRS11 — 14, the damage resulted in an earlier onset of
leakage, and the leak did not occur at a location of lowest contact stress. Comparing FRS09 and FRS11,
they differ by the waviness of their turned surface topography. Where FRS09 has less sharp peaks
compared to FRS11.

Experiments FRS05, FRS09 and FRS11 all used the same lubricant, i.e., O933. Despite that, the
performance of FRSO5 is worse compared to both FRS09 and FRS11. The same was observed for FRS08
as compared to FRS06, FRS07 and FRS12, where APl modified was used. The reason for this was
attributed to the fact that FRS05 and FRSO08 did not have a distinct waviness and therefore showed an
earlier onset of leakage with the same lubricant, as discussed in [16].

As a general observation, it was found that the sets assembled with APl modified performed worse in the
sealability tests compared to the environmentally acceptable thread compounds, which is consistent with
the results of [19]. This was mostly because of localized surface damage, as discussed above, likely by
hard particles in the formulation.

Finally, the results presented above suggested that preserving the waviness is beneficial for sealability.
Moreover, the sharper the waviness, the better the sealability of the system. This trend even holds up to
the point that even a clean mineral oil shows good sealing performance. This will be further elaborated
with the model in Section 4.4 after its validation.
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4.3 Overview of influence of thread compounds on sealability

The influence of the thread compound was investigated by reusing the run-in surfaces of the identical sets
FRS11 — FRS14 with another thread compound and performing again a sealability test. Note that in these
tests the capacity of the thread compound to directly contribute to sealing, instead of their contribution
through modified wear conditions, was investigated, as no further make-up was performed. The results
are shown in Figure 8. The first bar in the set is the sealability result (using Clat leak) directly after make-
up with the thread compound indicated. The bars next to the first show the results of the subsequent tests
with the same surface topography (only closing the contact with a normal load after application of the
lubricant) but other thread compounds.

FRS11 showed a relatively good sealing performance in the initial test with 0933 (Figure 7). An
improvement was found when testing with YD-D. The subsequent results with API-modified indicated
reduced sealability performance. The reason for this was that the metallic particles were bearing a
substantial part of the normal load. The result was a relatively large gap between the surfaces leading to
earlier leakage in the test.

When API-modified is used as the initial thread compound in FRS12, the sealability result improved with
respect to FRS11 despite the surface damage (Figure 7) which indicated that API-modified benefits from
the make-up phase by smearing out the soft metallic particles. This reduced the fraction of particles
bearing the load and thereby the gap between the contacting surfaces. The resulting film can also aid in
reducing the roughness of the surface, improving sealability. The performance of this sample was,
however, still the worst in the series, because of the damage (scratch) that occurred in the seal.
Interestingly, the performance was better when using the clean mineral oil (0933) or the environmentally
acceptable thread compound YD-D on the same (damaged) surface. The reason for this is unclear. It can
be speculated that, even though API-modified performs better after make-up, the large particles still
present a detrimental effect. It could also indicate that YD-D provides better blocking of the scratch,
although this would probably imply that cleaning was not complete before applying O933 as no blocking
effect was expected by the oil. Possibly, the improvement could also be related to further plastic
deformation occurring after the first loading-unloading cycle. However, the effect of plasticity is probably
minor after the first cycle. Moreover, this effect should be similar in all four sets in this series and no other
set presents this behavior.

The results of FRS13 show a consistent sealability result for all compounds. When repeating the final test
with the initial thread compound an improvement in sealability was observed. Set FRS14 indicates that
blocking by the thread compound can improve sealing performance to a point where the surface can be
taken “out of contact” with a contact intensity at leak of 0 N mm™ for YD-E.

In general, an improvement is observed when a lubricant is applied, and no make-up sliding is performed.
Except for AP mod and 0933. The improvement was attributed to completely filling the gap with thread
compound because of only applying normal load. The sliding was thought to reduce the lubricant film in
the gap and result in a lower effectiveness in sealing by blocking. FRS13 shows this most clearly where
the first and last test were with the same thread compound. For this case, applying thread compound and
only normal load improved the sealing performance substantially. In addition, differences in consistency
of the compounds in combination with the finite hold time can also affect the sealability outcomes. At the
same differential pressure and gap (permeability) a higher consistency thread compound will show low(er)
leak rates (as indicated by Equation (1)).
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4.4 Modelling results and validation

The measured surface topography (Figure 7) was subsequently used as input in the developed model to
predict the sealability for each experiment. The leak rate as function of contact intensity was calculated
directly for many small patches with the flow model using the applied pressure (700 bar), and the Julabo
Thermal HS fluid properties. The leak rate for the whole seal was then computed by summing the results
for each patch around the circumference.

The leakage prediction methodology will be discussed by analyzing two representative samples. The
corresponding flow patterns are depicted in Figure 9 while the total leakage prediction is shown in

Figure 10. Of these samples, one (FRS08) performed poorly while the other (FRS11) only leaked at a
small contact intensity.

Before discussing the results in general, first the flow patterns are investigated to understand why one set
showed earlier onset of leakage than the other. Focusing first on the flow at very small scales, shown in
the inserts of Figure 9, the effect of having clear peaks of the waviness can be seen, even though they are
partially flattened because of wear. The set FRS08, in Figure 9a, has a surface topography that does not
have clear waviness because of the phosphate coating on both pin and box (Figure 7). Therefore, even if
the flow is channelized due to the small size of the gap (see the insert), many channels are available and
there is no preferential barrier. In contrast, the set FRS11, Figure 9b, has a clear waviness because of the
turned surface topography on the pin and the generation of a glaze layer on the box [16,17] (Figure 7).
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This concentrates the contact on the peaks of the waviness and forms a barrier that almost halts the flow
(see insert). Only a small channel is available to cross the peak, which makes the overall flow very small.
This difference in the local flow has then an impact on the global flow pattern and, therefore, on the total
leakage.
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Figure 9. Representation of the flow pattern as calculated with the model for the sets (a) FRS08 and (b) FRS11. The pressure differential is
applied in the radial direction, which would correspond to the axial direction in most connection geometries. Note also that only a fraction
of the perimeter in the circumferential direction is shown. The pressure across the seal is depicted in a yellow to blue scale in which yellow
indicates the (high) inlet pressure and blue the (low) outlet pressure. The flow rate is indicated by the red arrows, the size of which is
proportional to the flow (note that the scaling is different for each set). Since the model is based on a two-scale separation, each arrow
summarizes a complex local flow pattern. An example of these is presented in the inlet. There, the yellow to blue scale represents, again, the
fluid pressure while the flow is presented in a red scale (again, the scaling is different for each set). The grey spots indicate regions where

the surfaces are in contact.

The global flow for the set FRS08 is mainly radial and the pressure drops constantly from the inlet to the
outlet. The flow for the set FRS11 is, however, totally different. The peaks of the waviness form a clear
barrier that the fluid cannot always cross. Therefore, it is forced to advance long distances in
circumferential direction (even several millimeters) until a channel is found that allows advancing in radial
direction. One such event is, for example, marked with a purple square in Figure 9b. This type of flow,
which was already observed in [6], forces the fluid to go through a much longer distance and thus leads
to a much smaller leakage.
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The resulting leak rates versus contact intensity are shown in Figure 10 and will be referred to as J-curves.
The leakage corresponding to the set FRS08 (Figure 10a) can be seen to be much larger than that
corresponding to FRS11 (Figure 10b). The description of the effect of having the wavy surface topography
explains the experimental observations made in Section 4.2. The sets that preserved the waviness
exhibited onset of leakage at lower contact intensities. It is important to mention that a lower leak rate is
found during unloading because of the accumulated plastic deformation.

Set FRS08 thus exhibits a much larger leakage than set FRS11 at the same contact intensity. The results
of the model predictions were subsequently compared with the experimental results in Figure 7. The
predicted trend matches with the experimental observations, since the set FRS08 performed much worse
in the experiments, as also predicted by the model.

Comparing both sets independently with their experimental result reveals the following. For set FRS08
(Figure 10a), a large leak rate, around 1 ml min*t, was computed even at the highest loads. This leakage
is detectable by the SSMUR and was indeed observed at maximum load (Figure 7). The model result thus
matches the experimental observation. The other case, shown in Figure 10b, is a bit more complex to
interpret. The leakage is much smaller but not zero at the highest load.

To reconcile this result with the experimental observation, it is important to realize that there is a thread
compound between the two surfaces of the metal-to-metal seal. As shown by Inose et al. [20], Murtagian
et al. [31] and discussed in Section 4.3, the thread compound aids with sealing by blocking the gap
between the two surfaces. Recall that the flow occurs only through small channels (Figure 9), especially
in cases such as the set FRS11, in which the predicted leakage is very small. If these channels are small
enough, the thread compound will be able to withstand the pressure and block any leakage through them.
Conversely, if they are large enough (as for the set FRS08), it will be pushed outside, and leakage will
occur.
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Figure 10. Leakage versus contact intensity obtained with the model described in Section 3. Shown are the results for (a) FRS08 and (b)
FRS11.The loading curve, i.e., the leak rate as the contact intensity increases, is shown in black. The blue curve shows the unloading curve,
in which the contact intensity is reduced. The dashed lines indicate the uncertainty in the model prediction, caused by the stochastic treatment

of permeability.

The following hypothesis was formulated based on these observations: there exists a critical channel size,
above which the thread compound can no longer block the flow and leakage is observed in the experiment.
The permeability (and thus the leakage as presented in Figure 9) is a good indicator for this critical channel
size. Therefore, it could also be considered that, above a certain permeability, the thread compound can
no longer block the leakage. Large leakages, like the ones computed for the set FRS08, cannot be blocked
by the compound. It is only the very small leakages as the one computed for the set FRS11 that are



19

expected to be blocked.

The unloading curves in Figure 10 give insight in what happens when thread compound is involved and
can be used to predict the onset of leakage. The leak rate remains almost constant as the contact intensity
reduces. At a certain point, however, it starts increasing much faster. In both cases, this is observed
between 100 — 50 N mm™. As shown in [13], this increase in leak rate is characterized by a very rapid
increase in the size of the gap. According to the hypothesis, the onset of leakage will occur at some point
during this rapid increase. The onset of leakage is thus correlating with the contact intensity at which the
sharp increase starts. Since the increase is so rapid (note that a logarithmic scale is used in Figure 9), this
is done with little loss of accuracy. This point was found following the system presented in [13].

Applying this analysis to the other specimens, a good correlation was found between the predicted onset
of leakage and the observed leakage in the experiments, as presented in Figure 7. In general, the trends
were correctly captured for the variety of conditions tested. Only two exceptions can be identified. One is
the case of FRSO08. In this case the sharp increase occurs as well but starting from an already very high
leakage. Indeed, this set already leaked at the highest contact intensity. It was shown, however, that this
can be identified by the leakage prediction (see Figure 9). The other set for which the prediction is not
very accurate is FRS12. In this case, however, the leakage probably occurred through a scratch, which
was not considered in the model. We can therefore confirm the hypothesis posed early in this section and
conclude that the model here considered predicts leakage in a manner that is consistent with experimental
observations if the seal is not damaged by large scratches (in which case it will probably fail).

5 Conclusions

A sealability model based on the concept of permeability of the rough deformed gap resulting from the
contact of a metal-to-metal sealing element in a casing connection has been successfully validated using
experimental data.

The experimental and model results show that the sealability of metal-to-metal seals is affected by:

1) Surface topography. The waviness of a turned surface gives rise to multiple circumferential spiraling
lines of highly localized contact stress. This improves sealability compared to a non-structured surface
topography such as the combination of two phosphated surfaces. In addition, by having several parallel
line contacts inside the contact, the robustness of the metal-to-metal seal is improved.

2) Thread compound. For the first time the influence of thread compound was determined on the same
surface topography. Two functions of the thread compound where identified:

a) Ensuring low wear during the assembly process and thereby preserving the sharp wavy surface
topography. This ensures the highly localized contact stress.

b) Blocking of channels and thereby increasing the critical gap size needed to allow percolation of
the pressure medium. The blocking property was shown to be even more relevant for gases as
leakage will be much higher for the same surface topography.

3) Form errors or out-of-flatness. The minimum contact stress on the circumference determines the first
onset of leakage. This indicates that out-of-flatness should be at least controlled and, when possible,
reduced to improve sealability of a metal-to-metal seal.

4) Loading - unloading hysteresis. The model showed that pre-loading the seal to a higher local contact
stress than its operating contact stress can improve the sealability of the metal-to-metal seal.

The outcome of this study can be used for the optimization of the design of metal-to-metal seals which
should include a wavy surface topography on the pin against a flat surface topography on the box. Provided
that these surface topographies are retained during the service life of the connection.
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