BUPOBHWYUIA PO30IN

AERIAL ROBOTS FOR CONTACT-BASED ULTRASONIC
THICKNESS MEASUREMENTS FOR FIELD INSPECTIONS

JITAKOYI POBOTHU30OBAHI KOHTAKTHI YVJIBTPA3BYKOBI
TOBIIMHOMIPH JUUIA TEXHIYHUX ObCTEXEHD
B I[TIOJILOBUX YMOBAX

by Robert (Bob) Dahlstrom

Aerial robotic systems, also referred to as drones, enable the collection of data on a scale and scope heretofore unimaginable.
Field inspections at industrial sites using an aerial robotic inspection system that makes physical contact with a structure or asset
as part of a nondestructive testing (NDT) or nondestructive evaluation (NDE) routine is safer than placing humans at elevation
and enables more data to be gathered in less time. These aerial robotic systems are highly extensible and agile enabling safer,
faster, and better inspections. Robotic inspection systems are forecast to grow exponentially this decade and beyond, as asset
owners and service providers realize their economic value creation, increased data collection, and safety contributions. One
early use case of these aerial robotic systems measures wall thickness (in other words, the thickness of a substrate) with a hand-
held electronic ultrasonic testing (UT) measurement device (see Figure 1). Selected and implemented properly, these systems
positively impact safety, time, analytics, access, and cost. Companies looking to keep personnel out of danger at height or in
potentially hazardous locations can adopt aerial robotic systems. What is measured is known and we can make predictions based
on these measurements. These UT thickness measuring aerial robotic systems enable companies to improve the UT thickness
measurement process and gather data that didn’t exist before, thus adding to the body of knowledge. The systems can also bring
massive efficiencies to the job, including a full auditable data record and information for digital implementation plans, allowing
focus on the overall picture to plan and budget accordingly. Further, they help achieve substantial cost savings, particularly
when they prevent an asset from being taken out of service or enabling an asset to be returned to service sooner. Finally, they
are an elegant safety solution, moving workers from harm’s way and potentially saving lives.

Jlitatoui poOOTH30BaHI CHCTEMH, TAKOXK BiIOMI SIK JIPOHH, 3a0€3MEeUyI0Th MOMKIINBICTE 300py JaHUX ISl KOJIa 3aCTOCYBaHb 1
o0csriB, sIKi 1oci Oy HEeMOXKIMBIMU. BUKOHAHHS TOTBOBHX 0OCTEKEHB IPOMHUCIOBHX 00’ €KTIB 3 BUKOPUCTAHHSM JIITAIOUO]
Ppo6OTH30BaHOI CHCTEMH KOHTPOJIIO, 3/[aTHOT 3a0e3NeunTH (Di3HIHUN KOHTAKT 3 KOHCTPYKII€I0 a00 00’ €KTOM ITijl 9ac BUKOHAHHS
npornenyp HepyitHiBHOTO KoHTpoio (NDT) a6o obcresxens Texniunoro crany (NDT), € 6e3meunimmmM, HiXK po3MilIeHHS
nrozielt Ha BUCOTI, 1 Jo3BouIsie 310paTyn Oinble JaHKuX 3a MeHIINH dac. Lli moBiTpsiHI poOOTH30BaHI CHCTEMH € YHIBEpPCAIEHUM,
PO3IINPIOBAHUMHE Ta THYYKHMH, III0 Ja€ 3MOTY 341 CHIOBAaTH O€3IMeduHINIi, IBUAMNI Ta AKICHINI BUMIpIOBaHHS. Y IbOMY
JECATHPIYYL 1 B MOAANIBIIOMY OUIKYETBCS €CIIOHEHITIabHE 3pOCTAHHS POOOTH30BAHUX CHCTEM KOHTPOIIO, OCKIIBKH BIACHUKI
aKTHBIB 1 TOCTAYAILHUKY ITOCIYT YCBITOMIIIOIOTE iX €KOHOMIUHY PeHTAOCNBHICT, BKIA Ay B PO3MINPEHHs iH(QOpMAaIitHIX
pecypciB, a TakoX y HiABHIIEHHS Oe3nekn. ONUH 3 MepIIMX BUIIAJKIB BUKOPHCTAHHS IIUX ITOBITPSIHUX POOOTOTEXHIYHIX
CHCTEM JIO3BOJISIB BUMIPIOBATH TOBIMHY CTIHKH (TOYHIIIIE, TOBIIHHY ITiIKJIa/IKH) 3a JOIIOMOT'0I0 TIOPTATUBHOTO €IEKTPOHHOTO
YABTPa3ByKoOBOTO BHMiproBaigsHOro npuctporo (UT). Bubpani Ta BipoBakeHi HaJlIe)KHIM YHHOM, IIi CHCTEMHU O3UTHBHO
BIITMBAIOTH Ha O€3IIeKy, 4ac, aHAIIITHKY, JOCTYII Ta BapTicTh. BUMiproBaHHS HAJAIOTh BiJOMOCTI, SIKi € OCHOBOIO HAIINX
nporHo3is. Li moBiTpsHI poOoTH30BaHI cHcTeMH JUTsd BUMiproBaHHS TOBIUHN UT 103BOJISIOTH KOMIAHISM yIOCKOHAIIOBAaTH
nporec BuMiproBanHs ToBuHN UT i 30upatyn naHi, IKUX paHille He iCHyBaso, TAKMM YHHOM JOIIOBHIOIOUH 3HAaHHS. CHCTEeMHU
TAKOX 3/1aTHI MiABUIINTH €(EKTUBHICTE POOOTH, BKIIOYAIOYH ITOBHICTIO KOHTPOJILOBAHI IIPOTOKOJIM Ta iH(GOpMAILIIo s
nudposizanii MIaHiB BIPOBAIIKSHHS, TO3BOJISIIOUN 30CEPEIUTUCS HA 3arajbHil KapTHHI JJIS IIaHyBaHHS Ta BiJIIOBIIHOTO
oromxety. KpiM Toro, BOHM 101IOMararoTh JIOCATTH 3HaYHOT €KOHOMIT BUTpAT, 0COOIMBO KOJIM BOHH 3aI00iraloTh BUBEICHHIO
aKTHUBY 3 €KCILTyaTamii abo CHpPUSIOTH CKOPIIIOMY MOBEPHEHHIO aKTHUBY B eKCIUTyaTalito. Hapemti, BOHH € eJleraHTHIM
pimeHHsM 1mo/10 O6e31eKn, siKe 3aXHUIae MPAIiBHUKIB BiJ HEOE3MEKH Ta IIOTEHIIHHO PATY€ JKUTTA.

Introduction

For corrosion or other engineers to take UT thick-
ness measurements at height they may need to uti-
lize a lift, scaffolding, ladders, inspection trucks with
elevated baskets, rope work, catwalks, or other solu-
tions. Companies looking to keep personnel out of
danger at height or in potentially hazardous locations
can adopt aerial robotic systems. However, as with
many things, choosing the right system for the job is
essential for optimal results.

While NDT field inspection programs can dramat-
ically increase the safety and integrity of assets, ac-

54

ISSN 0235-3474

cess requirements in performing these inspections in
elevated areas introduces risk. Working at height is
dangerous, due to the possibility of falls, as well as
being time-consuming due to access setup. In certain
instances, it may also require taking an asset, such
as a flare stack, offline so it can be accessed to take
measurement readings. Utilizing an aerial robotic
system for UT thickness measurements can mitigate
these risks and potentially eliminate asset downtime.

Drones are commonly used for visual inspections,
but it is rare to find them used for contact-based in-
spections. Researchers have investigated using drones
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for contact-based NDT (Skaga 2017; Mattar 2018), yet
these studies tend to be theoretical and conceptual. The
contact-based UT thickness measurement drone system
presented in this paper is in commercial use and differs
from those in the literature in its computer-controlled
precision flight while making contact with a structure
(using no human pilot/operator), and in that it utilizes
the same handheld UT electronic measurement devices
that a corrosion or other engineer uses in the field inte-
grated onboard the aircraft with the data streamed live to
the engineer or observer on the ground.

Further, because these systems are «flying com-
puter» and data-gathering machines, they collect a
large amount of data for NDT/NDE. This data can
feed NDE 4.0, which is a force multiplier for in-
specting, testing, and evaluating industrial assets
for their safety, operational effectiveness, and effica-
cy. NDE 4.0 uses the tools of Industry 4.0-machine
learning, artificial intelligence (Al), the Internet of
Things (IoT), big data, and so on—to expand and gen-
erate knowledge, insights, and understandings that
turn data gathered from industrial field inspections,
into actionable information to enhance and extend
knowledge-based information-driven decision mak-
ing. These aerial robotic systems help with both the
increasing importance of digitalization of assets and
data and the use of NDE 4.0 by making it easier to
collect information.

Aerial Robotic Measurement Collection
Methodology

Having a computer-controlled heavy-lift multiro-
tor drone outfitted with various sensors and functions

Photo credit: DeFelsko Corp.

Figure 1. An example of a handheld electronic UT measurement
device with a single-element 5 MHz contact transducer.

Puc. 1. [Ipuknan nopTaTHBHOTO €NEKTPOHHOTO BUMipIOBAaJIBHOTO
npuctpoio UT 3 oqHOEIeMEHTHIM KOHTaKTHIM II€PETBOPIOBAYEM
5MI'g
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to allow precisely controlled flight close to structures
is critical in taking contact-based UT thickness meas-
urements (see Figure 2). Manual control of such sys-
tems is unable to accomplish the precise flying and
maneuvers required; thus, software-controlled flight is
crucial. The aerial robotic system in this paper utiliz-
es existing UT electronics and digital probes to gather
measurements. The handheld electronic UT thickness
measurement device onboard the aircraft streams all
the data (not just what is displayed on the LED view
screen) to the computer onboard the aircraft and the pi-
lot and corrosion engineer on the ground.

The system works as follows:

The tethered (for power and data transfer) or un-
tethered (battery power and wireless data) aerial ro-
botic system is located close to the structure where
UT thickness measurements are to be taken.

The corrosion engineer, using a computer tablet,
opens the software interface to begin the test and en-
ters the job information (operator, job name, upper
and lower limits for measurements, etc.) and stand-
ardizes the handheld UT thickness measurement de-
vice that is mounted onboard the aircraft, as per the
definition of standardization provided by ASTM 1316
(ASTM 2021).
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Figure 2. Ultrasonic thickness measurement system in action: (a)
on an in-service aboveground storage tank; (b) on an in-service
active flare stack.

Puc. 2. Pobota ynerpa3ByKoBOi CHCTEMH TOBIIHOMETPIi Ha if0-
4yoMy oOnagHaHHi: (a) Ha3eMHUi pe3epyap; (b) akTuBHA (haKeTb-
Ha TpyOa
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The pilot engages the aerial robotic system’s software
and the system takes off vertically to approximately 2 m
(6.5 ft) in height, hovers, and completes self-checks.

The pilot then uses a standard handheld radio fre-
quency transmitter to manually fly the system close
to the where the UT thickness measurement is to be
taken (the «gate» or «window»). (The radio transmit-
ter is the standard operations control for the aircraft.
Its sole use in this case is for positioning the aircraft
close to the area where the thickness measurements
are to be taken. It is also on standby in case manual
operational flight controls are needed; for example, in
case of a failure of the software).

Once the aerial robotic system is within the «gate»
(~2 m [6.5 ft] from the target part of the structure),
the pilot selects «start» on the software interface.

The system then operates under full computer con-
trol (no manual input). It flies in (while dispensing
couplant gel onto the probe), touches the surface, and
takes a UT thickness measurement reading, typically
taking 1 to 4 s. The aircraft then backs away, and the
pilot repositions the system at the next location and re-
peats the process for additional measurements at differ-
ent corrosion monitoring locations (CMLs).

The corrosion engineer sees the data on their com-
puter tablet in real time.

After landing, the operator has the option to
download the full data record which includes all the
UT thickness readings, high-definition (HD) video,
and additional information such as locational coordi-
nates and weather and environmental data (see Fig-
ure 3). The data is also made available in a secure
data repository accessible via the Internet. The sys-
tem is agile and motile, enabling it to take a lot of
readings in a short amount of time. Depending on the
condition and geometric complexity of the asset be-
ing measured as well as environmental and weather
conditions, the system can take measurements at up
to a few hundred contact locations per hour.

Aerial Robotic System UT Thickness Measure-
ment Technology

UT thickness measurements require the application
of a couplant gel to the measurement probe tip prior to
taking a reading. Thus, the end effector at the termi-
nus of the robotic arm has a mechanism to dispense the
couplant prior to each contact with a structure (see Fig-
ure 4). There is a reservoir of couplant gel on the air-
craft with a pump and motor connected to a small-di-
ameter tube that runs the length of the robotic arm and
attaches to the end effector. The onboard computer,
via the embedded software programming, signals the
pump to push the couplant to the couplant injection
point at a short time interval prior to making contact
with a structure to take a UT thickness measurement.

Onboard the aircraft is also the handheld electron-
ic UT thickness measurement device with a single-
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or dual-element contact transducer capable of tak-
ing echo-to-echo ultrasonic thickness measurements.
The device is plugged into the onboard computer for
power and data transfer. The full data record is trans-
mitted during its use, not just what is set to display
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Figure 3. An example of the screen views that are streamed live
to the computer tablets held by the pilot/system operator and
observer (corrosion engineer or NDT technician): (a) live video
stream; (b) data report.

Puc. 3. Ilpukian CkpiHIIOTIB 3 Bije0 B peanbHOMY 4aci Ha
KOMIT'FOTEPHHX IUIAHIIETax MMij0Ta/0neparopa CHCTEMH Ta CIo-
ctepirada (imxeHep-koposionict abo texuik HK): (a) Bigeo B pe-
*uMi oHaitH; (b) MPOTOKOJI BUMIPIOBaHb
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Figure 4. The robotic end effector that disperses the couplant gel.
Puc. 4. Kinnesa nacaaka po6oTa Juist 110a4i KOHTAKTHOTO TeJIi0
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on the device LED screen. The system uses a Wi-Fi
router to connect with the onboard computer which,
among other things, allows the aircraft to communi-
cate with the pilot and the corrosion engineer on the
ground, enabling it to display data in real time. The
aircraft also has an onboard HD camera and may in-
clude a «gas sniffer», which records concentrations
of various gas levels and notifies the system opera-
tors if certain thresholds of gas are detected. All the
data from the onboard computer is saved to a memo-
ry card/USB flash drive. The data is also made availa-
ble in a secure cloud-based repository with the ability
to create charts, graphs, download data, and so on.

Example Use Case

Recently the aerial robotic system described in this
paper was utilized at an in-service gas refinery in the
southwestern United States. The NDT engineering
company provided guidance as to the areas of concern
where UT thickness measurements were required on
behalf of the asset owner. These CMLs were point-
ed out to the aircraft system pilot by the NDT engi-
neering company personnel. Representatives of the as-
set owner were onsite during the flights. The job was
completed without tethered ground power to the air-
craft. The total time from initial takeoff to final land-
ing, including landings to change batteries, was un-
der 90 min and multiple readings were obtained from
more than 100 separate content monitoring locations.
Weather on the date of testing was partly cloudy with
winds ranging from 5 to 15 mph, generally from the
east/northeast. The system is not recommended for
use in winds over 20 mph (15 knots). The ambient
temperature ranged from 80 to 90 °F (26 to 32 °C)
over the course of the morning. The UT thickness
measurements would have been postponed had there
been weather conditions such as high winds or rain.

A total of 104 CMLs were successfully sam-
pled from 112 attempts. In eight of the 112 instanc-
es, no valid data was obtained, typically because of a
wind gust or other disruption to the flight. In almost
all the successful locations, multiple measurements
were obtained. From the total of 535 measurements
at 104 locations, the minimum (lowest) recorded wall
thickness measurement is reported for the individ-
ual location. Data is stored in the onboard computer
and relayed in real time to the computer tablet of the
engineers on the ground. A separate simplified data
stream is presented to the aircraft pilot. Location data
is tracked using cameras located on the ground and on
the aircraft. During flight, an HD video was recorded
for post-flight analysis and use. Referring to Figure 5
showing an annotated photo of one side of the flare
stack, you will notice there is a cluster of readings in
a section approximately twothirds of the way up and
to the left. This section was an area of concern to the
asset owner and engineering NDT company. It was
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theorized the metal thickness in this area might have
been thinner than the other areas of the stack, indicat-
ing it was corroding more quickly than the asset in
general. Multiple UT thickness readings were taken at
this area. Due to privacy issues, the thickness readings
cannot be shared or published. That said, thickness
measurement data was consistent with previously ob-
tained measurements taken by engineers using hand-
held electronic measurement devices utilizing lifts
while the asset was out of service (Dahlstrom 2020).

The flare is approximately 68 ft (20.7 m) tall with
a catwalk at about 55 ft (16.8 m). Sections from ap-
proximately 8 ft (2.4 m) above the ground to approx-
imately 4 ft (1.2 m) below the catwalk were tested. A
ladder obstructed the ability to take measurements on
the southwest and west side of the stack, and a verti-
cal pipe rack obstructed measurements on the north-
east corner of the stack. During the course of the
flights, the engineers had access to the user interface
that streamed the UT thickness reading measurements
in real time.

S
=
5
=)
(&)
o
Q
©
s
b=
3
(o)
Yt
o
o

T
Woee e @6 S E = 3

Figure 5. An example of the data obtained from a section
of an in-service flare stack (note all numbers and values are
illustrative).

Puc. 5. llpuknazn Bizyamizamii HaHUX, OTPUMAHHUX Ha CEKIIii
nirodoi akTHBHOI (hakenbHOI TpyOH (MpUMITKA: BCl YHCIa Ta
3HAUCHHS € UTFOCTPAaTHBHUMH)
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Additional Data

In addition to the UT thickness data collected dur-
ing the flight of the aerial robotic UT system, HD
video was recorded, as were still photos of the UT
probe tip in contact with the flare stack as the UT
thickness reading was being collected (see Figure 6).

In addition to the snapshot photos taken for each
measurement location from onboard the aircraft and
the snapshot of the aerial robotic system making
contact with the flare stack from the camera on the
ground, a full HD video from onboard the aircraft
was recorded. This video is provided to the client for
their use; for example, to review it for visual areas
of corrosion or to look for surface areas of concern.
Localization data is included; however, as GPS sig-
nals are not accurate, especially when flying close to
structures, it is not precise enough for use to match
CMLs on the physical geometry of the structure.

Data gathered from HD cameras can include visual,
multispectral, and other imaging data. Further, addition-
al information can be collected from sensors and devic-
es placed in physical contact with surfaces. As NDE 4.0
is data driven, industrial inspection robotic systems are
perfect for enabling it and affording its benefits.

Capabilities that these aerial robotic systems make
available for NDE 4.0 include aerographic services
that utilize 3D and other computer vision; various Al,
machine vision, computational geometry, simultane-
ous localization and mapping (SLAM); live 3D point
clouds; stereoscopic real-time video photogrammetry;
and other technology innovations. This would include
mature and emerging technologies such as the use of
Al, machine learning, machine vision, deep learning,
big data and smart data processing and visualization,
cloud computing, augmented/virtual/mixed reality,
blockchains, 5G, quantum computers, special data
formats and data storage, and more (Vrana 2020).

kT-6/CML] ]

These aerial robotic systems excel at gathering the
data needed to unlock the potential of NDE 4.0.

Visual inspection can also enable a look at the air
density and detect gas leakage using optical gas im-
agery camera-based systems. Similar «bolt on» tech-
nologies to robotic systems can enhance the data col-
lection component of NDE 4.0, thereby augmenting
the UT thickness data collected. Outfitting a drone
with an array of multimodal sensory devices collect-
ing a plethora of data and information will enable the
best success and use of NDE 4.0 as these systems
provide more and better data for analysis.

Drawbacks of Industrial Robotic UT Thickness
Measurements and Inspections

The aerial robotic system described in this paper
is not always the ideal solution. In many situations,
the existing inspection regime and methods can be
completed relatively inexpensively and safely. They
provide the requisite data and information for good
operations and knowledge of the current and project-
ed future state of the asset. Aerial robots can require a
relatively high upfront investment (Global Electronic
Services 2021), although on a per-inspection cost ba-
sis, the robotic inspections may cost less.

These systems are aircraft with electronics on-
board and are thus subject to limited operations due
to weather. For example, you could not operate one
in the rain unless it is specifically designed to be wa-
terproof. Wind is also a limiting factor as gusts, the
venturi effect, crosswinds, and low-velocity eddies on
structures all can impact their flight and performance.

As these systems collect huge amounts of data,
they provide a fantastic opportunity to add to or cre-
ate a digital record of industrial field assets.

Additionally, robots do not respond well to many
unexpected situations. Robots are not as versatile as
people and while they may exceed at certain specif-
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Figure 6. An example of flight details: (a) a sample UT thickness measurement reading (UT-6) at condition monitoring location 9
(CML-9) showing the lowest measurement reading out of three readings (N-3); (b) photo of the aerial robotic system making contact
with the flare stack from the post-flight report (note all numbers and values are illustrative).

Puc. 6. [lpuxnan ¢parMeHTiB MPOTOKOTY MONBOTY: (a) pesynpTatu Y3 ToBmMHOMETPII (mmpoTokon UT-6) y toumi 9 (CML-9)
MOHITOPHHTY TEXHIYHOTO CTaHy — MiHIMaJbHE 3HAUCHHS TOBIIMHH 3a TphoMa BuMipaMu (N-3); (b) CKpiHIIOT MPOTOKOIY TOIBO-
Ty — €Tall BCTAHOBJICHHS KOHTAKTy MOBITPSHOT pOOOTH30BaHOI CUCTEMH 3 (haKeIIbHOI TPyOOIo (TIPUMITKA: BCi YKCTIa Ta 3HAYCHHS €
UTFOCTPaTHBHUMH)
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ic tasks—especially repeated programmatic tasks—they
might not be able to adapt in unexpected or unantici-
pated situations. Since the aerial robotic systems are
not human inspectors, they may not discover some
issues that an experienced human inspector might.
Due to this limitation, companies supplement robot-
ic-powered inspections and examinations with ones
completed by people.

When properly selected and utilized, aerial robot-
ic inspection systems can assist with creating safer
workplaces, provide better data to manage assets, and
unlock cost savings. While industrial robotic inspec-
tion systems can be highly effective when properly
used, they do have limitations and, in some cases,
they are the incorrect tool.

Organizational Benefits of Faster, Safer Robot-
ic UT Thickness Measurements

Planned preventative maintenance has long been
practiced as a strategy for keeping industrial field as-
sets operating safely and efficiently. This has led to
the development of standards to help asset owners
maintain the integrity and fabric of their facilities and
to ensure that they remain operationally safe and ef-
fective for their entire life cycle. Transformative tech-
nology such as aerial robotic UT thickness measure-
ment and visual asset assessment systems, such as
those discussed in this paper, allow customers to take
a fresh look at the opportunity for conducting inspec-
tions and data-gathering operations that can help re-
define a planned maintenance regime.

As these systems collect huge amounts of data,
they provide a fantastic opportunity to add to or cre-
ate a digital record of industrial field assets. Invest-
ment in a powerful data-collection system via an
aerial robotic system is fairly simple and can be easi-
ly made purely on a financial footing. Utilizing these
systems makes other visual or data inspections redun-
dant, as the aerial robot collects UT thickness meas-
urement data as well as HD video that can be used
for visual inspection. The benefits have been clearly
shown from the early adopters of this technology.

Conclusion

Given the enormous potential industrial aerial ro-
botic field inspection systems enable, one can easily
envision a future with robotic systems having more
automation, functionality, and capability. This would
enable more inspections as an increased number of
inspection robots are placed in service and as func-
tionality increases.

The systems presented in this paper improve effi-
ciency due to reduced inspection times and increase
efficacy by faster reporting and decision making,
which adds value and creates even more value when
coupled with NDE 4.0 processes. Further, they help
achieve substantial cost savings, particularly when
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they prevent an industrial asset from being taken out
of service or enabling the asset to be returned to ser-
vice faster. And, finally, they are an elegant safety
solution moving workers out of harm’s way and po-
tentially saving lives.

As we move toward a more automated future with
robotic inspection tools becoming more advanced, af-
fordable, and utilized, we will continue to utilize au-
tomation tools that free human inspectors from the
dirty, dull, and dangerous tasks of collecting inspec-
tion data. This will enable them to spend more time
on the higher value components of industrial asset
operation and maintenance.
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