

Abstract—Propeller is one of the most important pieces of

equipment for polar (Arctic and Antarctic) explorations and
transportation, including ice breaking voyage. This paper
developed a couple of design concepts to monitor the health of
the blade structure to detect the ultimate ice loading as well to
obtain measured experimental data from dynamics loading, for
CFRP polar-class propellers by using imbedded FBGs. The
main purpose of this study is to validate the polar-class
propeller design software Rotorysics (formerly Propella), the
ultimate ice load theory and the URI3 of Polar-Class Propeller
Rules by the International Association of Classification
Societies (IACS). These conceptual designs should be also
applicable for aircraft propellers, wind and tidal turbines,
especially impact load-ing via charpy testing.

Index Terms—Arctic and Antarctic navigation safety,
Carbon fiber reinforced polymer (CFRP), fiber Bragg Grating
(FBG), polar class propeller.

I. INTRODUCTION
Highlight There have been subcentral studies on structural

strength and integrity of po-lar-class propellers. Examples
including both numerical simulations experimental tests.
Examples on numerical simulations include: Bose [1]
adopted a panel method for non-contact interaction between
propeller and ice blockage; Liu [2] developed a specialized
propeller code both non-contact and contact ice-propeller
interactions, Propella to prediction unsteady loadings in both
cases along with the impact forces in the 6
degree-of-freedom (6 DoF); Liu et al. [3] presented a
method and predictions on transient loading a surface ice
sheet with a notch in both proximity and contact of ice sheet
to a podded propeller; Liu et al. [4] developed a procedure
and enhanced Propella by complying with the URI3 of the
Polar Class Rules of The International Association of
Classification Societies (IACS) for polar class propeller
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design and optimization. Examples for experimental tests
include: Searle et al. [5] performed an experimental study
for a highly skewed propeller, Caribou, interacting with ice;
Walker [6] performed an extensive experimental study on
the R-Class propeller in both non-contact and contacted
cases, along with cavitation performance in the cavitation
tunnels at both NRC Canada and University of Tokyo.
In all the above-mentioned studies, either experimental or

numerical, the dynamic loadings measured are only the
thrust and torque of the propeller shaft. None of these
studies use fiber optical sensor to measure the loadings of
ice-class.
With the development of fiber optical sensor technologies,

FBGs applications for structural health monitoring and even
local load measurements become possible. With the develop
of CFRP technologies, more and more propellers and
turbine rotors are made of CFRP.
Fiber optical sensors have been widely used for aerospace

and aeronautical applications. Mark and Roger [7] used 3
fiber optical sensors to measure the composite structural
component of helicopter rotor. Tourin [8] used FBGs for a
propfan of an aircraft engine to detect and track the damage
due to impact of foreign object to an airplane engine.
Bergman [9] employed distributed and dynamics fiber-optic
sensors by overcoming some challenges of embedding these
sensors in composite materials. Panopoulou [10] employed
the FBGs technology for aerospace composite structures to
perform structural health monitoring (SHM).
Kandaswamy and Balamuralidhar [11] applied FBGs for
unmanned aerial vehicles and conducted health monitoring
along with failure detection on both electric and structural
components.
Fiber optical sensing technology has been widely used in

maritime engineer-ing fields. Doyle and Staveley [12] used
fiber optic sensors to monitor compo-site-hulled water craft.
Herath et al. [13] utilized fiber optic sensors to predict the
deformation of composite propeller blades with both
bending and twist de-flections. Phillips et al. [14] also
employed arrays of FBGs to measure the load-ing of marine
propeller blades bending and twist along with vibration
characteristics. Seaver et al. [15] reported that they have
embedded FBGs in composite propeller blades, measure the
dynamic strains of the blade in a water tunnel to provide
measured data for unsteady flow hydrodynamics modelling.
Davis et al. [16] also used FBGs, though they are surfaced
mounted, to measure loadings of composite submarine
propellers.
In this work, a concept design is presented to embedded

FBGs for ice-impact and milling loading of polar-class
propellers. This design will be used to deter-mine the
ultimate ice loading theory developed by Bose [17] and
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validate a po-lar-class design and optimization code,
Rotorysics (formerly Propella) developed by implementing
the URI3 rules of IACS [4].

II. CONCEPTUAL DESIGNS

A. Arrangement of FBGs for Blade Structure Health
Monitoring and Dynamic Loading and Vibration
Measurements
Fig. 1 shows the deployment of FBGs for health

monitoring of polar-class propeller. This is then used for
verification of ultimate ice loading and validate the code
Rotorysics and the URI3 rules by ICSA.

Fig. 1. Arrangement of embedded FBGs in a CFRP propeller blade.

In Fig. 2, FBGs are embedded in all the blades to measure
the unsteady hydrodynamic and cyclic loading, especially
with fluctuations of thrust and toque and vibration
characteristics. This FBG array arrangement will be used for
ice contact and milling loads for unsteady hydrodynamic,
ice-blockage proximity, ice-contact/impact loading. The
measured data are useful for validate of modelling tools and
polar-class propeller rules.

Fig. 2. Arrangement of arrays of embedded FBGs in a CFRP propeller.

Fig. 3. Ice impact loading for embedded FBGs (Fig. 2) defined by URI3
and implemented by Rotorysics, for scenario 1.

B. Polar-Class Propeller Ice-Impact Ultimate Loading
Measurements and Nondestructive Testing for the Five Ice
Scenarios
Here are the conceptual design cases for polar-class

propeller ice-impact ultimate loading measurements and
nondestructive testing for the five ice scenarios. Fig. 3 to Fig.

7 show the five ice impact loading scenarios [4]. With the
embedded FBGs in the propeller blades, non-destructive
testing for the ultimate ice impact load could be measured
and the URI3 Rules could be also varied. The polar-class
design and optimization software Rotorysics, with the
implementation of the URI3 ice impact load schemes, can
also be validated.
In Fig. 3, ice impact load case 1 is defined by URI3 rules

as: propeller operates in the 1st-quadrant with ice milling by
blade back (upstream) side enclosed by an area between
0.6R and 1.0R spanwise and from the leading edge (L.E.) to
20% chord chordwise with a uniformly distributed load of
Fb.

Fig. 4. Ice impact loading for embedded FBGs (Fig. 2) defined by URI3
and implemented by Rotorysics, for scenario 2.

In Fig. 4, ice impact load case 2 is defined by URI3 rules
as: propeller operates in the 1st-quadrant, ice block
impacts/collides with the blade back (upstream) side
enclosed by an area between 0.9 and 1.0R in span and the
whole chord with a uniformly distributed load of l=2Fb.

Fig. 5. Ice impact loading for embedded FBGs (Fig. 2) defined by URI3
and implemented by Rotorysics, for scenario 3.

In Fig. 5, ice impact load case 3 is defined by URI3 rules
as: propeller operates in the 1st-quadrant, with ice milling
by the blade face (downstream) side enclosed by an area
between 0.6R and 1.0R spanwise and from the leading edge
(L.E.) to 20% chord chordwise with a uniformly distributed
load of Ff.
In Fig. 6, ice impact load case 4 is defined by URI3 rules

as: propeller operates in the 1st-quadrant, ice block
impacts/collides on the blade face (downstream) side
enclosed by an area between 0.9R and 1.0R spanwise and
the whole chord with a uniformly distributed load of 1=2Ff.
In Fig. 7, ice impact load case 5 is defined by URI3 rules

as: propeller operates in the third-quadrant, i.e., in reverse or
astern motion with ice milling on the blade face
(downstream) side enclosed by an area between 0.6R and
1.0R spanwise and from the L.E. to 20% chord chordwise
with a uniformly distributed load of 0.6Ff or 0.6Fb,
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whichever is larger. The blade trailing edge (T.E.) now
becomes the leading edge (L.E.) and the shaft rotates
inversely.
All these ice impact loading scenarios can be simulated in

the lab by applying an impact load to a location on the blade
corresponding to the impact loading spot specified by URI3
and implemented in to Rotorysics code.

Fig. 6. Ice impact loading for embedded FBGs (Fig. 2) defined by URI3
and implemented by Rotorysics, for scenario 4.

Fig. 7. Ice impact loading for embedded FBGs (Fig. 2) defined by URI3
and implemented by Rotorysics, for scenario 5.

C. Damage Monitoring System Design
The designed monitoring system is shown in Fig. 8. It is

assumed that the sensor network is pre-configured like a
nervous system for determining defects as well as the
condition of a structure on the whole system. The dense
network of optical fibers employed in this work are parallel
to the loading direction.

Fig. 8. Damage real-time monitoring system model.

In addition, every steel structure with CFRP-OFBG plates
is fitted with a sensor data recorder using low-coherence
interferometry [18], of which function is a signal log
database to support automatic and remote operation.
Following this a Log-Based automation detecting
information system (LBDIS) was developed as a web-based
software. The schematic overview of LBDIS and one of the
examples that uses a 4-array embedded OFBG is shown in
Fig. 9.
As it is shown in Fig. 9, data pre-processing of LBDIS is

used to receive data by downloading from onboard data

recorder and to process multi signal such as outlier analysis,
averaging, smoothing and filtering. Feature extraction
includes damage signal extraction and damage analysis.
This extracts necessary feature from collected physical
parameters and modal based criteria. This method
establishes health criteria of normal health status and then
tests for abnormality or random mutations.

Fig. 9. Schematic LBDIS processing.

The description of normal damage features is a very
important part in LBDIS processing system. A general
damage is often divided into five categories, including
matrix cracking, separation of fibers and matrix, deboning,
delamination, indentation, and break of fibers. Among them,
delamination and transverse cracks are by far the most
serious and unique type of internal damage for CFRB
laminates [19], despite there even has no or little visible
crack on the surface.
Damage recognition function is to distinguish different

levels of damage and locate the damage position in
CFRP-OFBG. For the distinguishing function, this work
compared the maximum and minimum averaged sum of
stress values. If the diffidence between the maximum and
minimum stress value is small, it is normal. Otherwise, the
greater the difference the more serious level of damage. A
simple triangulation procedure [20] is adopted and used in
damage locate algorithm (see following subsection). Once
potential differences or anomalies are detected, LBDIS
processing system will finally send message to an
information center as an early warning signal.
In general, this data processing system by using a dense

network of ebbed sensors in a contact-free manner, can be
used for day-to-day inspection for damage monitoring.

D. A Classical Triangulation Procedure for Damage
Location
One of traditional damage location detection algorithms is

a model-based iteration process, which is based on some
known impact locations, using system modelling and
revising coefficient to obtain closer impact locations [21],
[22]. The other algorithms are often used by means of
computer artificial intelligence algorithm, such as, genetic
algorithms, pattern recognition, fuzzy control etc., to
simulate extremely complex relationships between input and
output data [23] and learn to find final object damage
location.
Method proposed here utilizes a classical triangulation
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procedure [13] based on deformed OFPB analysis. The basic
deformed OFBG arrays under delamination is illustrated in
Fig. 10. The procedure chooses a basic triangle that
consisted of A1, A2, A3, according to the size of
CFRB-OFBG plates, for baseline triangle-wave signal test.
For triangular meshes, a more severely distorted mesh
means more serious damage. Trigonometric net deformer
hence can clearly indicate the impact positions and the
degree of damage. Fig. 11 shows the basic idea of
triangulation procedure.

Fig. 10. Part of trigonometric net deformer of OFBG arrays.

Fig. 11. Trigonometric net choice.

Fig. 12. Loading form and impact area and FBG position in CFRP-OFBG.

E. Experimental analysis
The tensile and compression tests were carried out on an

INSTRON 5960 machine. This machine can stand a load of
30 kN and support automatic transducer recognition for load
cells and extensometers [24]. The machine also has a
built-in extensometer that allows the calculation of stresses
and strains automatically and obtain stress–strain curves etc.
In addition, the CFRP-OFBG bars are embedded in a
4-array OFBG in 6 concrete beams to monitor the strain of
the OFRP bars. All the spans of the plates are 2200 mm; the
strength level of the plates is C30. The elasticity of plate is
200 GPa.
Measurements comes from different results of 6 impacts

performed at the top of 6 CFRP-OFBG concrete panel. The
impacts were arranged in different locations including the
left corner (T1), center (T2) and right corner (T3) in order to
obtain different area of impact.
The effects of strain change for T1, T2, T3 are shown in

Fig. 13, including 6 tests in 3 groups have been well
completed detection task and no any failure or strange
response. Fig. 13 and Fig. 14 show:

 For the benefit of hardware, this system is lightweight
and less cabling requirement. In addition, arrays and
distributed OPBG sensors share workflows pressure
compared with the traditional monitoring.

 For the benefit of algorithm, the damaged location can
be approximately localized in a limited area though the
detailed x and y coordinates of microscopic points are
not measured.

In general, results show that the feasibility and robustness
of this damage detection algorithm.

Fig. 13. Effect of strain change on CFPR-OFBG for T1, T3 and T2,
respectively.

III. CONCLUSION
A couple of design concepts were developed, based on

the existing and mature applications of the FBGs for
composite structures, especially for marine propellers. The
conceptual designs will be constructed and deployed for
ice-propeller interactions loading measurements, to
determine the ultimate ice loading on polar-class propellers,
as well the detailed unsteady loading in the case of
ice-milling, ice-impact scenarios, defined according to the
Uri3 rules of ICSA and implemented in to the
propeller-turbine code, Rotorysics. The conceptual designs
are also applicable for wind and tidal turbine blades’
structure health monitoring, ultimate strength determination
and unsteady loading measurements.
CFRP-OFBG can be used for both reinforcement

engineering and performance trace. This work developed a
real-time monitoring system by using distributed and
arrayed OFBG sensors and a classical triangulation
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procedure-based location damage strategy. Test results show
this system meets all designed damage detection
requirements and the system is relatively simple and feasible
for damage detection.
These features suggest it is possible to develop

small-embedded network system to meet the requirements
of large-scale real-time structural health monitoring.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Yiyi Xu wrote the article, Pengfei Liu guided most of the

work by Yiyi Xu and is the corresponding author. Jun
Zhao completed 50% of the conceptual design. Guanghua
He guided Yiyi Xu in the research and writing. All authors
had approved the final version.

REFERENCES
[1] N. Bose, Ice Blocked Propeller Performance Prediction Using a

Panel Method, , Memorial University of Newfoundland, 1996.
[2] P. Liu. “Software development on propeller geometry input

processing and panel method predictions of propulsive performance
of the R-class propeller,” MMC Engineering & Research Report, NL
Canada, 1996.

[3] P. Liu, A. Akinturk, M. He, M.F. Islam, and B. Veitch,
“Hydrodynamic performance evaluation of an ice class podded
propeller under ice interaction,” in Proc. ASME 2008 27th
International Conference on Offshore Mechanics and Arctic
Engineering, American Society of Mechanical Engineers, 2008, pp.
21-29.

[4] P. Liu, N. Bose, and B. Veitch, “Evaluation, design and optimization
for strength and integrity of polar class propellers,” Cold Regions
Science and Technology, vol. 113, pp. 31-39, 2015.

[5] S. Searle, B. Veitch, and N. Bose, “Experimental investigation of a
highly skewed propeller in ice,” Journal of Offshore Mechanics and
Arctic Engineering, vol. 123, no. 4, pp. 191-197, 2001.

[6] D. L .N. Walker, “The influence of blockage and cavitation on the
hydrodynamic performance of ice class propellers in blocked flow,”
PhD thesis, Memorial University of Newfoundland, 1998.

[7] M. Volanthe and R. Casley. “A method of monitoring strain on a
helicopter rotor blade,” U.S. Patent No 20100101335 A1. OH: Patent
and Trademark Office, 2010.

[8] D. Tourin, “Detection and tracking of damage of impact of a foreign
object on an aircraft engine fan,” F.R Patent No. WO 2013/140085 Al.
Organization: Mondiale de la Propriété Intellectual Bureau
international, 2013.

[9] A. A. Bergman, “Distributed and dynamic fiber-optic sensing,”
doctoral dissertation, Telaviv University, 2016.

[10] A. Panopoulou, “Methodology for innovative health monitoring of
aerospace structures using dynamic response measurements and
advanced signal processing techniques,” PhD thesis, University of
Patras, Patras, 2012.

[11] M. Ramakrishnan, G. Rajan, Y. Semenova, and G. Farrell, “Overview
of fiber optic sensor technologies for strain/temperature sensing
applications in composite materials,” Sensors, vol. 16, no. 1, 2016.

[12] C. Doyle and C. Staveley, “Application of optical fibre sensors for
marine structural monitoring,” in Proc. Marine Composites
Conference, Plymouth, UK: ACMC/SAMPE, 2003, pp. 107-115.

[13] M. T. Herath, B. G. Prusty, G. H. Yeoh, M. Chowdhury, and N. St,
“Development of a shape-adaptive composite propeller using
bend-twist coupling characteristics of composites,” in Proc. the Third
International Symposium on Marine Propulsors, Tasmania, Australia:
ISMP, 2013, pp. 128-135.

[14] A. W. Phillips, R. Cairns, C. Davis, P. Norman, P. A. Brandner, B. W.
Pearce, and Y. Young, “Effect of material design parameters on the
forced vibration response of composite hydrofoils in air and in water,”
in Proc. Fifth International Symposium on Marine Propulsors, 2017,
pp. 813-822.

[15] M. Seaver, S. T. Trickey, and J. M. Nichols, Composite Propeller
Performance Monitoring with Embedded FBGs, Naval Research Lab
Washington DC Optical Sciences Div, 2006.

[16] C. Davis, P. Norman, A. Phillips, and A. Nanayakkara, “Measurement
of surface strains from a composite hydrofoil using fibre bragg
grating sensing arrays,” . Defence Science and Technology Group
Fisherman’s Bend (Australia), no. DST-GROUP-TN-1438, 2015.

[17] N. Bose, “Marine powering prediction and propulsors,” Society of
Naval Architects and Marine Engineers, New Jersey, p. 207, 2008.

[18] C. Connolly, “Fibre-optic-based sensors bring new capabilities to
structural monitoring,” Sensor Review, vol. 26, no. 3, pp. 236-243,
2006

[19] M. H.Rafiei and H. Adeli, “A novel machine learning‐based
algorithm to detect damage in high‐rise building structures,” The
Structural Design of Tall and Special Buildings, vol. 26, no. 18, p.
e1400, 2017

[20] R. Seydel and F. K. Chang, “Impact identification of stiffened
composite panels: I,” System developments Smart Mater. Struct., vol.
10, pp. 354–369, 2001.

[21] R. Seydel and F. K. Chang, “Impact identification of stiffened
composite panels: II,” Implementation studies Smart Mater. Struct.,
vol. 10, pp. 370–9, 2001.

[22] F. Kang, J. J. Li, and Q. Xu, “Damage detection based on improved
particle swarm optimization using vibration data,” Applied Soft
Computing, vol. 12, no. 8, pp. 2329-2335, 2012

[23] S.Gres, M. D. Ulriksen, M. Döhler et al., “Statistical methods for
damage detection applied to civil structures,” Procedia Engineering,
vol. 199, pp. 1919-1924, 2017.

[24] X. F. Xie, J. F. Zhu, C. L. Song, D. S. Zhang, and Q. L. Zou,
“Mechanical evaluation of three access devices for laparoendoscopic
single-site surgery,” Journal of Surgical Research, vol.185, no. 2, pp.
638-644, 2013.

Copyright © 2020 by the authors. This is an open access article distributed
under the Creative Commons Attribution License which permits
unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited (CC BY 4.0).

Yiyi Xu received her B.A. in Hunan University of
Science and Technology in China in 2003 and in
2006 received her master’s degree in Huazhong
University of Science and technology, China. Yiyi
has taught in the computer network and
computational thinking for more than 10 years at
Guangxi University of Science and Technology,
China. Her research focuses on computer education
from a computational thinking perspective. She has

jointly published ten articles about this field and obtained two
provinces-level teaching awards.

Yiyi is currently studying at Australian Maritime College, University
of Tasmania, as a PhD student. Prior to her study at University of
Tasmania, she was an associate professor at Guangxi University of Science
and Technology, China. She recently became an IEEE student member.

Pengfei Liu was born in Rongcheng City, Shandong
Province, China. He received his B.Eng. degree from
Wuhan University of Technology (WUT), China,
M.Eng. and PhD in Naval Architecture at Memorial
University of Newfoundland (MUN), Canada in
1982, 1991 and 1996, respectively.

Dr Liu worked as a senior research officer at
National Research Council Canada from July 1999
to Jan 2016. He was an associate professor at

Australian Maritime College, University of Tasmania (UTAS), Australia
from June 2016 to June 2019. He is currently a professor of hydrodynamics
in the School of Engineering, University of Newcastle Upon Tyne.

Professor Liu served as an adjunct professors/researcher at MUN since
2000, China Ocean University from 2002 to 2005, Institute of Mechanics,
Chinese Academy of Sciences from 2005 to 2008, Herbin Ship Engineering
University, China from 2008 to 2010, and UTAS from 2013 to 2016.
Professor Liu has worked intensively for over two decades in the
development of specialty engineering software, teaching undergraduate and
supervision of higher degrees by research. He is a professional engineer of
APEGBC. Professor Liu has co-authored over 120 refereed journal articles
and conference papers in engineering software development, research and
design of hydrodynamic/aerodynamic applications of rotary and oscillatory
wings for propulsion and turbine renewable energy. Professor Liu recently
became a fellow of the Society of Naval Architects and Marine Engineers
(SNAME).

International Journal of Materials, Mechanics and Manufacturing, Vol. 8, No. 3, June 2020

93

https://creativecommons.org/licenses/by/4.0/

