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Abstract: The magnitude and distribution of contact stress on the metal-to-metal seal interface of
premium connection has been confirmed as a direct factor of the sealing integrity. In this study,
the method of evaluating sealability by measuring contact stress on metal-to-metal seals with the
ultrasonic phased array is investigated. A loading system and ultrasonic phased array measurement
system of cone-cone contact samples were created. The recommended detection method is focusing
-deflection, and the time compensation method is suggested to extract the reflected wave peak of the
sealing surface. The experiments show that the reflected wave peak declines with the rise of the axial
load, with the big end showing the most noticeable reduction. The shift in the reflected wave peak
also reflects the axial movement of the contact interface. The contact stress is calculated according to
the reflection coefficient and compared with the simulation results. The distribution trend of contact
stress is consistent. The sealing index measurement error is less than 15%, and the measurement
error is decreased with the decrease of the sealing surface angle. Then, the nephogram of contact
stress distribution on the sealing surface is formed to visualize the contact stress, which takes on

great significance in engineering.

Keywords: premium connection; metal-to-metal seal; contact stress; sealing index; ultrasonic phased
array; focusing-deflection

1. Introduction

The increasingly severe oil and gas exploitation environment (e.g., high-temperature
and high-pressure ultra-deep Wells) has raised more rigorous requirements for the seal-
ing of tubing and casing [1]. Premium connection with prominent strength and sealing
properties has been extensively employed in the above-mentioned harsh environments [2].
However, premium connection sealing failures remain [3]. Several accident cases have
proved that the main reason for sealing failure is insufficient or discontinuous contact
stress on the sealing surface, which develops into a leakage path [4,5]. Once the tubing
leaks downhole, the repair operation will consume considerable manpower and property,
such that a loss of production is triggered [6]. Accordingly, the sealing integrity of the
tubing should be ensured [7]. The main reasons for the sealing failure of tubing premium
connection are not only the structural design and material selection to meet the operating
conditions, but also the processing and manufacturing of tubing, transportation, and the
quality of tubing makeup [8-12]. In general, the combined effects of the above-described
uncertainties constitute a potential leakage risk [13]. Researchers study the sealing perfor-
mance of premium connections from three directions: analytical theory, finite element, and
experiment [14,15]. To be specific, the most intuitive performance evaluation is reflected
in the experiment process, and the helium leak detection technology is the most widely
used method to examine the sealing of the premium connection [16], whether in the experi-
ment or after the tubing is made up at the field. Helium leak detection technology can be
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considered the last barrier to ensure the seal quality of tubing. However, under the effect
of the large volume of helium leak detection equipment and the complicated operation
process, it is difficult to implement in narrow working spaces (e.g., offshore platforms) [17].
Furthermore, helium leakage detection is an indirect measurement method, such that the
contact condition of the sealing surface cannot be indicated.

The method of ultrasonic stress measurement has been introduced in the sealing moni-
toring of tubing, and it is promising in applications [18]. From the perspective of the sealing
principle, the premium connection adopts metal-to-metal contact sealing, and the size
and distribution of contact stress between the seal surfaces directly determine the sealing
reliability [19]. Therefore, ultrasonic measurement of contact stress on the sealing surface
is the most direct measure of sealing property [20]. In 1973, Tattersall [21] investigated
ultrasonic reflection on the adhesive interface using a quasi-static spring model, i.e., one of
the basic models and theoretical basis for later research on the correlation between contact
and ultrasound and has been cited in numerous studies [22-24]. Ultrasonic signals are
very sensitive to small changes in the interface. Ultrasonic technology has been used to
determine the characteristics exhibited by solid-solid contact interfaces and clarify the
elastic-plastic deformation behaviour of the interface to predict contact properties [25].
Xiao et al. [26] have introduced surface roughness parameters and matrix material proper-
ties into the basic spring model to improve the measurement accuracy of contact stiffness.
Qi et al. [27] quantitatively identified the interface stiffness and characterised the binding
quality of the coating/substrate interface through the ultrasonic stress reflection coefficient
amplitude spectrum. In the study of ultrasonic measurement of contact stress, Du [28]
examined the contact stress distribution on spindle-holder taper interfaces using an im-
mersion transducer and examined how angle error and load affected the contact stiffness
and stress distribution. Wang [29] analysed the effect of rough interface parameters on the
ultrasonic reflection coefficient by the finite element method, provided a relationship model
between the ultrasonic reflection coefficient and the contact stress of the rough interface,
and examined the contact stress of the rubber contact interface. However, it does not
apply to metal-to-metal contact. The contact process between rubber and metal is elastic,
while the contact between metal and metal is a complex elastic-plastic deformation process.
At present, there is no unified relationship model between the metal-to-metal interface
contact stress and the ultrasonic signal, only empirical fitting during the experimental
process. Therefore, a calibration curve needs to be established to define the relationship
between them.

Traditional ultrasound is limited by the measurement angle and probe size and is
inefficient in the measurement of tubing contact stress, which has not been popularised and
applied. Ultrasonic phased array offers the benefits of a flexible and controlled acoustic
beam, high detection accuracy, and high detection efficiency. It has received a lot of
attention recently in the non-destructive testing industry [30-32]. Cao [33,34] investigated
the ultrasonic phased array detection of carbon fibre composites and proposed a method
based on signal correlation to improve the detection accuracy of defects. Zhou et al. [35]
monitored the contact between steel balls and slotted steel plates and nitrile balls and
organic glass plates using an ultrasonic phased array and were able to visualise the contact
stress distribution in two dimensions. The use of an ultrasonic phased array in contact
stress measurement serves as a novel practical approach to assessing the sealing of tubing,
and it is deserving of consideration. Using an ultrasonic phased array to measure the
contact stress of the sealing surface in a full-size tubing test has been tried in a previous
paper [36]. However, the ultrasonic phased array is more for the location and quantitative
identification of defects [37,38]. In terms of the premium connection, the ultrasonic phased
array signal distribution on the sealing surface and the ultrasonic characterisation of contact
stress evolution have been reported on little thus far.

This ultrasonic phased array measurement method includes selecting the measure-
ment mode, extracting the peak reflection wave of the sealing surface based on the time
compensation method to further calculate the reflection coefficient, and a calibration ex-
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periment to determine the relationship between the ultrasonic reflection coefficient and
the contact stress. On this basis, in conjunction with the sealability criterion, the effects of
different axial loads and sealing surface angles on the contact stress distribution and sealing
performance are investigated. The proposed method can be used for diagnosing the sealing
performance of premium connections with different sealing structures, which is helpful for
evaluating the make-up quality in on-site operations and analysing the evolution law of
the sealing state in premium connection performance evaluation testing.

The remainder of this paper is organised as follows. The premium connection metal
seal theory, the ultrasonic phased array signal propagation mode on the sealing surface, and
the ultrasonic propagation mechanism on the rough interface are all introduced in Section 2
of this study. The cone-cone contact sample, loading apparatus, and measuring device are
all provided in Section 3, together with a discussion of the measurement procedure and the
calibration results. Section 4 provides the experimental findings and related discussions
are presented. In Section 5, the paper’s conclusion is drawn.

2. Theoretical Part
2.1. Sealing Principle of Premium Connection

The respective machined surface has some degree of roughness [39], and the primary
mechanism of metal-to-metal contact refers to the pressure-induced mutual extrusion
deformation of two rough surfaces [40]. Figure 1 presents the premium connection seal
interface’s microscopic alterations during the make-up process. The number of micro
convex bodies on the metal surface is higher, and there is a greater surface gap when it is
not made up. When the torque rises throughout the make-up process, the metal-to-metal
seal surface starts to come into contact, and with the contact, stress steadily grows. Under
the effect of contact pressure, the micro-convex body on the rough surface will deform
elastoplastically and progressively flatten. The gap between the contact surfaces narrows
as more of the surface starts to fit, progressively obstructing the gas leakage route. If
the make-up is complete, the metal surfaces are intimately attached to one another and
eventually come together to create a contact stress ring of a specific width, which boosts
fluid leakage resistance and lowers leakage rates. The evaluation index of metal-to-metal
seals sealability is written as [41]:

W, = / PH(L)dL (mm-MPa*4) )
where W, denotes the sealing index, L.s represents the effective contact length, and P

expresses the contact stress. When the limit leakage speed is 0.025 cm?/15 min, the critical
sealing index is [41]:

P 1.177
Wi = 1.843 x ( g“) (mm-MPa1'4) ?)
Patm

where W, denotes the critical sealing index, and Py, is atmospheric pressure (MPa). Since
the data collected in the experiment is discrete, W, represents the average value of the
sealing index on the effective length, and W, expresses the product of the average sealing
index and the effective contact length. Thus, the sealability can be analysed. In terms of
the cone-to-cone sealing structure, a short contact length often necessitates a high contact
stress distribution, whereas a long contact length allows the contact stress to be adequately
lowered [42]. Accordingly, the contact stress on the contact length should be gauged.
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Figure 1. Microscopic contact process of making-up premium connection.

2.2. Propagation of Ultrasonic Phased Array Signals at the Sealing Interface

The ultrasonic phased array linear probe is uniformly arranged by multiple inde-
pendent piezoelectric wafer elements, and each array element can transmit and receive
ultrasonic waves. Figure 2 illustrates the linear array probe layout. The respective piezoelec-
tric wafer element that makes up the ultrasonic phased array linear array probe is evenly
distributed and capable of both transmitting and receiving ultrasonic waves independently.
The main parameters of the probe comprise the number of elements N, element spacing d,
element width w, element length 1, as well as activation aperture n. The activation aperture
is the number of elements simultaneously excited during measurement. The scanning
width is (N-n) d.

N
v

Figure 2. Parameters of ultrasonic phased array linear probe.

When there is a phase difference between the ultrasonic beams emitted by different
elements, they interfere with one another and superimpose the medium to create wave-
fronts with different forms, allowing for the measurement of specimens with different
shapes. For the cone-to-cone metal sealing interface, the ultrasonic phased array probe can
transmit the deflection wave through the linear delay rule [30], and the formed wavefront
is parallel to the sealing interface, as shown in Figure 3a. The sound beams from the sealing
interface will be vertically reflected and received. Another method refers to combining
linear and symmetrical delays to the incident of the focusing-deflection waves vertically at
the sealing interface. The concentrated sound beam produced by a group of elements is
shown in Figure 3b. There are usually multiple sets of such focused acoustic beam scanning
detection objects, and the reflected signals of these beams carry reflected waves from the
sealing surface.

. Excitation signal 1
i 1
Focusing-deflection

'
'
e mmccm e —————

|
4 / BOX BOX|
W
Metal-to-metal Metal-to-metal
seal surface PIN seal surface PIN
(a) (b)

Figure 3. Schematic diagram of ultrasonic phased array signal propagating on the sealing surface:
(a) Incident wave deflection; (b) Incident wave focusing-deflection.
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The ultrasonic phased array probe can be equivalent to the combination of traditional
ultrasonic probes with the same number and size as the element. Ultrasonic propagation at
the contact interface is affected by contact stress, surface roughness, clearance medium, and
other factors [35]. The larger the contact stress is, the smaller the surface roughness is, the
closer the sound velocity and density of the gap medium are to the contact body, and the
more the ultrasonic wave is transmitted at the contact interface, the less the corresponding
reflected wave is. The deformation of the micro-convex body on the rough surface at a
particular contact surface leads to the growth of the true contact area with an increase in
contact pressure [43]. In the contact part, as depicted in Figure 4, ultrasonic transmission
is practically finished, and reflection takes place in the uncontacted part. As the interface
contact stress increases, the reflected ultrasonic energy steadily declines. At present, the
correlation between the contact stress and the reflection coefficient of the interface does not
have a unified model, so it needs to be built by calibration experiments.

Incident Reflectior

Transmission

Figure 4. Ultrasonic propagation at rough interfaces.

3. Experimental Part
3.1. Experimental Equipment and Materials

Design and fabricate the cone-cone contact specimen and loading device referencing
the metal-to-metal seal structure of the premium connection. Figure 5 shows the schematic
diagram of the loading device, and Figure 6 shows the experimental system. The axial load-
ing force is applied by a 500 kN hydraulic jack (stroke is 10 mm), and the load is controlled
by a 350 kN pressure sensor and displayed by a weighing instrument. The experimen-
tal measurement device is CTS-PA22A ultrasonic phased array instrument (GOWORLD,
Guangzhou, China). The linear array probe contains 64 array elements, and the detailed
parameters are shown in Table 1. The wedge of the probe was polished into an arc surface,
which can closely fit with the upper sample. To ensure signal transmission, ultrasonic
couplants are daubed between the probe wedge and the sample, amplitude calibration is
required prior to the use of the probe.

Conical
contact
interface

Samples

Load cell

Hydraulic Jack

Figure 5. Device diagram.
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Ultrasonic phased
array instrument O4-clements probe Hydraulic

\ Loading device \ \ jack

Thin jack

weighing instrument Inner-cone specimen

Figure 6. Experimental system.

Table 1. Parameters of ultrasonic phased array probe.

Frequency Elements Element Element Effective Element
(MHz) Number Spacing Width Aperture Length
(mm) (mm) (mm) (mm)
5 64 0.6 0.5 38.4 10

The lower sample in the contact sample exhibits an outer diameter of 85 mm and is
made of 30 Mn5. In addition, the upper sample exhibits an outer diameter of 108 mm
and is made of 28 MnTiB. The materials employed in the sample are typical for petroleum
pipelines. Figure 7 illustrates the sample’s structure. Cone-cone contact specimens with
sealing surface angles of 5°, 10°, 15°, 20°, and 30° are processed as the sealing surface angle
of the premium connection generally ranges from 0° to 30°. The sealing contact length for
the 30° specimen is 3 mm, whereas it reaches 5 mm for the others. A profile measuring
instrument is adopted to scan the respective specimen, so as to examine the angle and
roughness of the sealing surface. The angular error of the five sets of samples falls in
the acceptable range as defined by the BT standard recommendation, suggesting that the
permitted angular error reaches 20.5”. The five sets of samples’ equivalent roughness range
from 1.4 to 1.6 um. Table 2 lists the specific parameters for the samples.

108mm
L g / // /
. g / 7 ’
Angle )
AR (57 10% 15% 20° 30°) 7

AN

‘A N

W 22

Figure 7. Geometry of the contact specimen.
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Table 2. Seal surface angle and length of specimen.
Actual Cone Length of Seal Equivalent
Samples Angle/(°) Surface/(mm) Ra/(kim) Ra/(um)
] Box 5.15 15 0.99
5 Pin 4.99 5 112 149
] Box 1027 10 1.05
10 Pin 10.07 5 0.98 144
] Box 1527 10 113
15 Pin 15.17 5 1.12 1.59
] Box 19.91 10 1.10
20 Pin 20.14 5 1.09 1.55
5 Box 30.05 5 1.11
30 Pin 29.86 3 0.95 146

3.2. The Selection of Activation Aperture and the Reflection Peak Extraction of Sealing Interface

Deflection and focusing-deflection have different detection effects and vary with the
angle of the sealing surface. Prior to loading, ultrasonic phased array equipment is adopted
to examine the echoes of the upper sample at the angle of 5°, 10°, 15°, 20°, and 30°. The
excitation aperture is set at 1 for deflection and 16 for focusing-deflection. The deflection
angle is regulated by the sealing surface’s angle. Figure 8 presents the ultrasonic signal
from a 10° specimen acquired in focusing-deflection mode, i.e., the signal distribution after
envelope processing. The estimation of the echo arrival time becomes more exact, which is
recognized as a benefit. As depicted in the figure, the reflected signals originate from the
sample’s inner wall and sealing surface.

50 7

Phased array element number

o

Time/(us)
Figure 8. Ultrasonic signal distribution of 10° specimen.

Figure 9 presents the time domain signals for the 5 sets of samples under the excitation
aperture of 1. The X-axis is the element number, and the Y-axis is the time. The ultrasonic
amplitude is greater the darker the hue. As can be observed, both the sample’s inner wall
and the sealing surface’s reflected echo can be received. However, the phenomenon of
sidelobe clutter and ultrasonic energy leaks develop as a result of the large number and
size of ultrasonic phased array elements, interfering with the reflection field. When the
sealing surface angle increases, the effect of the sidelobe clutter grows. Figure 10 displays
the time domain signals for the 5 sets of samples under the excitation aperture of 16. The
strength of the sidelobe clutter is substantially weaker, and the reflected echo energy of the
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inner wall is also significantly reduced in the sample with a larger angle, which makes it
easier to identify the reflected signal from the sealing surface. However, when the angle of
the sealing surface is small, echoes from other interfaces will still be received. Additionally,
it can be shown that while retaining the same amplitude gain, the echo peak of the sealing
surface falls overall with an increase in the angle. To ensure that the sealing surface’s echo
may be successfully picked up when the angle of the sealing surface is larger, the amplitude
gain must be increased. In conclusion, in ultrasonic phased array measurement of the
sealing surface, activation aperture 16, deflection angle equal to the sealing surface angle,
and appropriate gain are considered.

50 10° 150 # 20° 130°

Time

, Wl o e
/\7 \/ NLNT N

60 (Element number )

Figure 9. Test results of different cone structures (excitation aperture is 1).

5 = 10° | 162 | 208 30°

N

=

Time

—— —e——
1 25 49 (Element number )

Figure 10. Test results of different cone structures (excitation aperture is 16).

The reflected wave peak of the sealing surface is the main characteristic parameter to
be extracted. To ensure that the echo from the sealing surface falls within the same time
window, time compensation is applied to the time domain signal that the ultrasonic phased
array receives. A peak profile of the sealing surface is further derived by extracting the
wave peak of the time window. When each element’s signal incident time is constant, the
time difference between adjacent elements receiving the sealing surface’s echo meets the
following relationship:

ti+1) —t(i) = ?sin() 3)

where d is element spacing, ¢ is medium acoustic velocity, and 0 is the angle of the sealing
surface. Therefore, when the time compensation of acoustic beam #49 is 0, the time
compensation of each acoustic beam is:

72(49; i)dsine 4)

tC(i> =

The time-domain signal distribution following time compensation processing is seen
in Figures 11 and 12. The extraction is made easier by the fact that the reflected signals
from the sealing surface fall into the same time window in this time domain. The figure
indicates the sequence number of the array elements that are receiving the echo signal
from the sealing surface, and the examined width is essentially consistent with the sealing
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surface’s length. The outcomes demonstrate the great precision of the ultrasonic phased
array in determining the length of the sealing surface.

[Element
1

/
&

Sidelobe clutte I‘\

Figure 12. Ultrasonic signal processing results (activation aperture 16).

The peaks obtained are normalised, and the peak profiles on the sealing surface are
compared under the excitation aperture of 1 and 16. The result is shown in Figure 13. As
depicted in the figure, the wave peak distribution trend is the same for the deflection and
the focusing-deflection ways of extracting the reflected wave peaks of the sealing surface.
Overall, it shows a convex distribution trend with initial increases and subsequent declines.
A peak flat zone is formed when the number of sound beams with high peaks grows as the
length of the sealing surface increases. The ultrasonic energy concentration was higher at
activation aperture 16 compared with the findings of activation aperture 1, and the wave
peaks on the sealing surface changed substantially less and were noticeably higher than
those on other surfaces. It further exemplifies the high measurement quality achieved with
the focusing-deflection mode.
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Figure 13. Comparison of peak normalisation of seal surface between simulation and experiment.

3.3. Calibration Experiment

To obtain cone-cone interface contact stress, a calibration experiment is designed
to determine the correlation between contact stress and ultrasonic phased array signal
distribution. A thin cylinder with a diameter of 100 mm and a thickness of 20 mm and a
cylinder with a diameter of 20 mm and a thickness of 20 mm are the specimens utilised in
this experiment for contact. The specimens are made of the same materials as the cone-cone
contact specimens. The contact interface exhibited the equivalent roughness of 1.5 um, i.e.,
the average roughness of the cone-cone contact specimens. The load was applied with a
10 KN axial pressure interval, and the contact interface’s ultrasonic signal was recorded.
Figure 14 presents the signal distribution of 49 groups of acoustic beams prior to loading.
Every element simultaneously obtains the reflected echo from the interface, and the echo
amplitude fluctuates slightly. Although gain compensation can improve the differences
between components, it is difficult to completely unify. Therefore, the ratio of the loaded
echo amplitude to the non-loaded echo amplitude is used as the reflection coefficient to
eliminate the difference of each element signal fluctuation.

|
‘ m‘ Reflected waves
at the interface Al

25077111

200 it e 1

[e—
N
(=3

Amplitude
>
o

N
(=]

Time/(us)

Figure 14. Time domain signal distribution of ultrasonic phased array.
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The echo peak at the contact interface under different loading forces is extracted, and
the corresponding reflection coefficient is determined. Figure 15 illustrates the reflection
coefficient profiles with loading force, and the transverse position was determined by the
scanning width of the probe. The reflection coefficients of each acoustic beam do not vary
evenly because of the roughness of the interface, suggesting that the real contact interface’s
contact stress does not have an ideal uniform distribution. The average contact stress of
the interface can be determined by the contact area and loading force. The correlation
between average contact stress and average reflection coefficient can be fitted by exponential
regression. The exponential fitting curve is shown in Figure 16. The correlation coefficient
reaches 0.96, and the result of exponential regression is written as:

, — p—0.00192P 5)

where, 7 is the reflection coefficient and P is the contact stress.

1.2

1.0

Q
0.8\
0.6

0.4+

Reflection coefficient

0.2+

0.0 E T T T T T T T T T
0 5 10 15 20 25
Lateral position/(mm)

Figure 15. Reflection coefficient profiles varying with load.

1.0 *  Experimental data
% Exponential regression
2
g
(o) 0.8‘
Q
o
S
k3]
(5]
‘q:d 0.6
(5]
=)
(]
o}
>
< 0.4
T T T T T
0 100 200 300 400 500

Average contact stress/(MPa)
Figure 16. Average reflection coefficient profiles varying with load.
4. Results and Discussion

4.1. Calculation of Contact Stress

The contact stress distribution of sealing interfaces at different angles should be
calculated to verify the reliability of ultrasonic phased array measurement of contact stress.
The finite element simulation software Abaqus is adopted to create 2D axisymmetric contact
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models of five groups of samples, as illustrated in Figure 17. The elastic modulus is 210 GPa,
the Poisson’s ratio is 0.3, the elastic coefficient is 0.15, and the contact type is hard contact in
the model. By getting the standard specimen ready for the tensile test, one may determine
the material’s yield strength. The lower specimen’s yield strength is 400 MPa, whereas the
upper specimen’s yield strength is 500 MPa. The angle and length of the sealing surface
are consistent with the sample employed in the experiment. The symmetry axis employs
a symmetric boundary, the upper end of the upper sample is fixed, the lower end of the
lower sample pressure is applied, and the total loading force is the product of the pressure
and area.

Axis of symmetry

I Pressure
X

Figure 17. Two-dimensional simulation model.

On the sealing surface of the upper sample, a path is drawn from the big end to the
small end to pick up the contact stress. Figure 18a—e displays the results of the contact
stress profiles for specimens with different conical surfaces. The contact stress at the conical
sealing interface exhibits a U-shaped distribution. There is a clear area of high contact stress
at both ends of the sealing interface, where it is not symmetrical. The contact stress at the
big end of the conical interface is notably higher than in other parts. The contact stress tends
to be increased with the increase of the axial load, and the contact end will first be subjected
to plastic deformation. In the loading process, the interface interferes with contact, and the
position of the contact surface moves to the small end. The correlation between the average
sealing index and the load at the contact interface is depicted in Figure 18f. The average
sealing index is elevated with loading force. The average sealing index is reduced with the
increase of the sealing surface angle. In terms of the 30° sample, the contact length is only
3 mm. Under the same load, the average contact stress is high, but the sealing index is low.
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Figure 18. The simulation results of five groups of samples (Contact stress profiles (a—e), sealing
index (f)).

4.2. Ultrasonic Phased Array Signal of Cone-Cone Contact Surface during Loading

The axial load is applied to a 15° cone-cone contact sample. The ultrasonic phased
array probe is fixed on the outer wall of the upper sample, in which the echo of the sealing
surface can be received. Element #1 is on the large end of the conical contact, and element
#64 is on the small end of the conical contact. The activation aperture of the ultrasonic
phased array is set to 16, a total of 49 acoustic beams are emitted, the incident angle is set to
—15°, and the deflection direction is perpendicular to the sealing surface. An ultrasonic
phased array is utilised to gather signals following each loading, with a loading interval
of 20 KN. The reflected wave peak of the sealing surface is derived following the time
compensation of the collected signal. Figure 19 illustrates how the loading force alters the
reflected wave peak profile. The upper sample’s 10 mm sealing surface length corresponds
to 17 elements, which are represented in the figure as element #16-element #32. The sealing
contact length is 5 mm, and the corresponding number of elements is about 9. The figure
illustrates how the reflected wave peak’s change is not uniform. The most noticeable peak
drop occurs in element #17, located at the contact’s big end. The reflected wave peaks of
the small end tend to decline with the increase of the load. This is brought on by the effect
of inevitable angle machining errors. The big end contacts first throughout the contact
process, and as the interference increases, the small end touches. Another discovery is that
as the loading force increases, the element where the peak drops the fastest moves to the
small end, reflecting the relative axial displacement of the contact and being consistent
with the displacement outcomes seen in the contact stress simulation.
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Figure 19. The measurement results of reflected wave peaks of the sealing surface.

The reflection coefficient of each element is determined. The smaller the reflection
coefficient, the greater the contact stress. Figure 20 shows the calculation results of reflection
coefficients of element #14—element #30 under different loads. In the colour bar, red
indicates values close to 1, with high reflected wave peaks and low or no contact stress.
Light colours indicate values less than 1, corresponding to high contact stresses. When the
axial load is loaded, the reflection coefficient of element #14-element #16 changes slightly,
and the reflection coefficient of element #17-element #26 drops significantly to 0.2. The
reflection coefficient of element #27—element #30 declines to around 0.7. In addition, the
reflection coefficient is not changed synchronously. To analyse the echo change of the
sealing surface, the reflection coefficient curve of element #17—element #26 changing with
load is drawn, as shown in Figure 21. As the axial load increases, the reflection coefficients
of element #19 and element #20 decrease continuously. After 20 KN, the reflection coefficient
of element #17 is reduced from 1 to 0.6 and remains constant, while the reflection coefficient
of element #21 begins to decrease. After 50 KN, the reflection coefficient of element #22—
element #26 begins to decrease, and the reflection coefficient of element #18 flattens out.
Thus, the signal of the ultrasonic phased array will respond to the change of contact
pressure and relative position of the sealing surface during contact.
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Figure 20. Reflection coefficient distribution of sealing surface.
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Figure 21. Variation of reflection coefficient with axial load.

4.3. Contact Stress Measurement of Specimens at Different Angles

Likewise, the contact samples of 5°, 10°, 20°, and 30° are loaded and examined using
an ultrasonic phased array. Figure 22 presents the reflected wave peak profiles. The
horizontal axis is the element number, with element #1 in the direction of the big end. The
reflected wave peaks, similar to those at the 15° sample, indicate the most pronounced drop
at the large end of the contact. It can be distinguished even though the contact length only
reaches 3 mm at the 30° sample. Under the same load, the reflected wave peak tends to be
increased from the big end to the small end. With the increase of the axial load, the reflected
wave peak of the seal interface at different angles declines gradually. The lowest point of
the reflected wave peak moves towards the small end during the loading process, which is
the result of the axial movement of the contact position. Moreover, with the increase of the
sealing surface angle, the displacement declines in the same load range, consistent with the
simulation results.
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Figure 22. Reflection coefficient of contact interface at different angles.
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The reflection coefficient was determined according to the reflected wave peak and
substituted into the fitting formula obtained in the calibration experiment to calculate the
contact stress at the sealing interface. Figure 23 shows the contact stress profiles of the
contact sample with an angle of 5°. This is the comparison of ultrasonic phased array
measurement and simulation analysis results. The horizontal axis is the contact length,
which is determined based on the scanning width of the ultrasonic phased array. As
indicated by the result, the distribution trend of contact stress determined by the two
methods is consistent. The contact stress is increased noticeably at the big end and then
declines progressively. Figure 24 presents the comparison results of the contact stress
of the other four groups of samples. The results are similar to those of the 5° sample,
with high-stress values appearing at the big end. The difference is at the small end of the
contact. Only the ultrasonic phased array measurement results of the 15° sample showed
the contact stress increase at the small end, while the other angle samples did not produce
a stress concentration phenomenon at the small end of the contact. Especially when the
angle is 20°, the contact stress near the small end drops sharply to 0. The main reason for
this phenomenon is the angle error of the sealing surface. Although the error is within
the allowable range, it significantly affects the distribution of contact stress. The angle
difference of the five groups of samples is 0.16, 0.2, 0.1, 0.23, and 0.19. To be specific,
the error of the 20° sample is the largest, and the difference in contact stress at the small
end is the largest. Since the angle is significantly accurate in the finite element analysis,
such that the contact stress distribution is also very ideal. In practice, the difference in
contact stress distribution caused by machining errors is reflected in ultrasonic phased
array measurement. It takes on great significance in practice for measuring and imaging
the real contact stress distribution of the sealing surface.

Angle: 5°, Contact length: Smm
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= 12 _ . : — Ultrasonic(60 kN)
o —=— Ultrasonic(80 kN),
1000 -
2 197 FEA(20 kN)
L O LT N
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g s00d  f/NmoA\\ FEA{}(\SO kN)
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0 I 1 I I I I
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Position/(mm)

Figure 23. Comparison of contact stress between simulation and ultrasonic phased array measure-
ment (5° specimen).



Metals 2023, 13,1032 17 of 21

200 Angle: 10°, Contact length: 5 mm Angle: 15°, Contact length: Smm
FARaS Ultrasonic(20 kN) FEA(20 kN)| T ~— Ultrasonic(20 kN) FEA(20 kN)
i +—— Ultrasonic(40 kN)------ FEA(40 kN) 8001 I Ultrasonic(40 kN)------ FEA(40 kN)
Q J ++—— Ultrasonic(60 kN)------ FEA(60 kN)| < ,I Ultrasonic(60 kN) FEA(60 kN)
& 600+ -+—— Ultrasonic(80 kN) ----- FEA(80 kN) E i : rasoni ------FEA(80 kN)
& % d Ultrasonic(100 kKN¥----- FEA(100 kN]|
< < 6004
\g = ; Ultrasonic(120 kN)----- FEA(120 kN
wn
& 400 e
7] 7 400
- -
E 200 §
g g 200
O O
0 i e 0 a . : . .
0 2 4 6 8 0 2 46 8 10
Position/(mm) Position/(mm)
Angle: 20°, Contact length: Smm c00 - Angle: 30°, Contact length: 3mm
Ultrasonic(20 kN) 7 \‘. —— Ultrasonic(20 kN)
. 1000 4 . +— Ultrasonic(60 kN) _,-' i —— Ultrasonic(60 kN)
< —— Ultrasonic(100 kN) < ,’ Lot —— Ultrasonic(80 kN)
E 800 - —— Ultrasonic(140 kN) E 6009 i} —+— Ultrasonic(100 kN)
< ! FEA(20 kN) ) iy FEA(20 kN) )
E N FEA(60 kN) Y j e FEA(60 kN) A
g 600N\ FEA(100 kN) D00l PG FEASOKN) /|
7 : FEA(140 kN) = RIS e FEA(100 kN) )
s 400 4 - i
g s |
g = 200+ 7
200 S N > AT e N
O ; \ S | (N
0+ T T T T T 0+ —r T T : T
0 1 2 3 4 5 0 1 2 3 4
Position/(mm) Position/(mm)

Figure 24. Comparison of contact stress between simulation and ultrasonic phased array measure-
ment (10°/15°/20° /30° specimens).

4.4. Evaluation of Sealability

The sealing index is determined and compared with the simulation results (Figure 25)
in accordance with the ultrasonic phased array measurement results of contact stress.

The relative errors are 1%, 5%, 10%, 13%, and 14%, respectively, all within the allowable
error range.
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Figure 25. Correlation between contact stress and normalised reflection wave peak.

It reflects that the smaller the angle, the closer the measurement result of the ultrasonic
phased array is to the theoretical value, the more accurate the detection result, and the
better the evaluation effect of the ultrasonic phased array on sealing performance. There
are several possible reasons. To be specific, the measurement result of a smaller angle may
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be closer to the plane contact in the calibration experiment. The larger the angle, the steeper
the sealing surface will be, and the larger the difference between the actual contact length
and the designed length will be. It may also be because, as mentioned in the above test, the
signal energy received by the ultrasonic phased array on the sealing surface with a large
angle declines, thus affecting the detection accuracy. In general, the reflection coefficient
examined by an ultrasonic phased array can indicate the real contact stress distribution of
the cone-to-cone interface, so as to evaluate the seal performance. For a specific example,
as seen in the 5° sample shown in Figure 26, when the loading force is 20 KN, the critical
seal index examined in the indoor environment is 3968.5 mm-MPal#, which can meet the
static seal of 7.8 MPa internal pressure. In sequence, when the loading force is 70 KN, the
critical seal index examined is 28,784 mm-MPal#, which can meet the static seal with an
internal pressure of 83.5 MPa.

%10’
—— Measurement result of 5° sample
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E T ] ]
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B 2
3 60 | ~
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Figure 26. Loading force and sealing gas pressure.

Lastly, the contact stress of the 5° sample is expressed by means of a nephogram.
Figure 27 presents the distribution of circumferential contact stress under both low and
high loads. At low load, the whole sealing torus is in a state of low contact stress, forming
a continuous narrow contact band at the big end of the sealing surface, and the contact
stress at the small end is small or even discontinuous. At high loads, the contact stress
of the big end of the sealing surface exceeds the yield strength, and the contact stress on
the whole sealing surface is continuously and uniformly distributed. The overall contact
stress is at a high level. The contact stress distribution visualisation of the sealing surface is
achieved through the representation of the cloud image, which takes on critical significance
to engineering applications.
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Figure 27. Nephogram of contact stress distribution on sealing surface.
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5. Conclusions

In this study, the ultrasonic phased array is investigated to determine the contact stress

of premium connection metal-to-metal seals.

1.

The measurement effects of deflection and focusing-deflection modes on the sealing
surface with different lengths and angles are investigated. The findings demonstrate
that the sealing surface’s reflected wave peak exhibits a convex distribution and
that the echo energy received declines with the rise of the sealing surface angle.
In the focusing-deflection mode, the number of acoustic beams with a high peak
of the sealing interface is increased, sidelobe clutter is reduced, the interference of
other interface-reflected waves is reduced, and the energy of the acoustic beam is
concentrated in contrast, so the measurement effect is better. The reflected wave peak
of the sealing surface is extracted using the time compensation method.

The reflected wave peak distribution on the sealing surface under different axial loads
was investigated experimentally. The results show that with the increase of the axial
load, the reflected wave peak of samples at different angles all show a decreasing trend,
but not uniform. The reflection of the large end of the contact declines most sharply.
The axial displacement of the contact interface can be seen from the distribution of
the reflected wave peak and the reflection coefficient change trend.

The reflection coefficient of the sealing interface is yielded using the ultrasonic phased
array measurement method, and the contact stress distribution of the sealing interface
is determined in accordance with the calibration results of the contact stress-reflection
coefficient. The finite element 2D model of the contact specimen is built to calculate
the contact stress of the cone surface, and the two are compared. As indicated by
the results, the contact stress distribution trends obtained using the two methods
are consistent, and the ultrasonic phased array measurement method is capable of
sensitively calculating the effect of the reasonable angle machining error of the sealing
surface on the contact distribution.

The sealing index can be adopted to quantify sealability. The sealing index increases
with the increase of axial load, which means that the sealing requirements of higher
gas pressure can be met. Compared with the calculated results of finite elements, the
measurement error of the ultrasonic phased array is less than 15% in the allowable
error range. Moreover, the measurement error will be reduced with the decrease in
the angle of the sealing surface.

Lastly, the contact stress distribution nephogram of the sealing interface under low
and high loads is formed to visualise the contact stress distribution of the sealing
surface, which is promising in engineering applications.
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