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ABSTRACT  
 
The tidal power is one of the promising sources of the renewable energy to be picked up by the 
tidal stream generators. However, due to continuous operation under the harsh marine 
conditions, such constructions should be periodically tested against the faults. The objective of 
this work is to select the modes of ultrasonic guided waves for inspection of the most critical 
regions of composite components of the hydrofoils used in tidal power plants and to determine 
the parameters of their excitation and propagation along the sample.  
The analysis of the multi-layered structures of the composite components to be inspected using 
ultrasonic guided waves was performed. The geometry, material type, properties and the critical 
regions that should be tested were identified. The dispersion curves of phase velocity of the 
guided waves propagating in the multi-layered composites structures have been determined 
using SAFE method. The propagating modes of guided waves in the multi-layered glass fibre 
(GFRP) structures of the skin and the main spar (CFRP) of the hydrofoils were identified using 
the modelling and the experiments. 
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1. Introduction 
 
The tidal power is one of the promising sources of the renewable energy to be picked up by the 
tidal stream generators. During the last decade various types of the tidal power plant prototypes 
were developed, some of them contain special hydrofoils and hydro-buoys made of composites. 
However, due to continuous operation under the harsh marine conditions, such constructions 
should be periodically tested against the faults. One of the non-destructive testing techniques 
which enable to detect the defects both during manufacturing or in-service inspection is based on 
application of ultrasonic guided waves. The parameters of the Lamb wave modes in composite 
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materials depend on elastic properties of the laminate, plate thickness and thickness of different 
layers, fibre orientation, lay-up and on the presence of internal discontinuities, such as 
delaminations, porosity, ply gaps, foreign matter, and changes in fibre volume ratio [1,2]. The 
basic factors which determine particular mode of Lamb waves and operating frequency to be 
used are the following: dispersion, attenuation, sensitivity, excitability, detectability, selectivity 
and sensitivity to defects [3]. 
In the case of interaction of the Lamb waves with defects present on the propagation path, the 
wave are reflected, scattered and converted into other modes. Also, the attenuation of the guided 
waves in composites is relatively high comparing to the metal plates. Due to these facts, the 
analysis of the received multi-mode signal affected by the internal non-homogeneities becomes 
complicated. The identification of the various guided waves modes in the received multi-mode 
signal is complicated. Usually in order to avoid or at least to simplify these problems the 
measurements are performed in low frequency ranges where only two primary fundamental 
modes A0 and S0 propagate [4,5]. The group velocities of the A0 and the S0 modes are different, 
what enables to avoid overlapping of the signals in time domain.  
The objective of the presented work is to select the modes of ultrasonic guided waves to be used 
for inspection of the most critical regions of composite components of the hydrofoils used in 
tidal power plants and to determine the parameters of their excitation, propagation along the 
sample and to identify the regions of coverage. 

 
 

2. Object under investigation and the expected types of possible defects 
  

The hydrofoil sample was used as the object for investigation. There are three regions of the 
sample possessing different arrangement of the layers. The first type is the leading edge (I). The 
second one is glass fibre skin, thick layer of epoxy glue and the carbon fibre body of the main 
spar (II). The last one is similar to the first one - trailing edge (III). The expected types of 
possible defects inside hydrofoil are the following (Fig. 1) [6]: 

 Delamination between the skin and the adhesive layer; 
 Delamination between the main spar and the adhesive layer; 
 Adhesive joint failure between the skins along the leading and the trailing edges; 
 Internal multiple delaminations or splitting between the layers of the skin and the main 

spar. 
 

 
 

Fig.1: The image of the hydrofoil sample with the regions I, II, III possessing different 
arrangement of the adjacent layers and the expected types of possible defects inside the hydrofoil 

I 

II 

III 
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3. The optimum arrangement of transducers 
 
At low frequencies (below 200kHz) the transducers for excitation and reception of guided waves 
usually possess diameter relatively small comparing to the wavelength of the excited waves. So, 
the shape or geometry of the transducer do not affects essentially the directivity pattern and as 
consequence the focusing cannot be achieved by such a means. The focusing of the beam can be 
obtained just by application of the set of transducers or transducer array. Usually, in order to 
achieve the effect of focusing the elements of the transducer array should be excited with pulses 
of appropriate amplitude and delay time or special spacing between transducers should be used. 
However, for efficient focusing the big number of the transducers and multichannel NDT 
instrument is needed what increase the complexity and price of inspection.  
Therefore, in order to achieve the directivity and the higher amplitude of the excited guided 
waves in structure of hydrofoil, it is proposed to use the small set of transmitters connected in 
parallel. Such arrangement is partially equivalent to the transmitter with wider lateral 
dimensions. However, in order to achieve the sufficient covering of the hydrofoil structure with 
guided waves and the reliable detection of defects it is proposed to use a set of the receivers and 
to perform commutation in appropriate order. The proposed configuration of transducers 
arrangement in the case of the adhesive joint inspection between the skin and the main spar is 
presented in Fig.2a and adhesive joint inspection between the internal layers of the skin along the 
sample is presented in Fig.2b and across the sample is presented in Fig.3. 
The very important fact is that the propagation of guided waves extremely depends on the all 
parameters of composite (the structure, the geometry, thickness of the layer, orientation of the 
fibres, the material and etc.). This means that some times even small changes in the structure or 
parameters of the composite component can lead to essential changes in the parameters of the 
propagating guided waves. This leads to the conclusion that the inspection or monitoring 
technique should be developed and tested on the samples which are as close as possible to the 
real structure of the component under investigation. 
 

 
 

Fig.2. The proposed configuration of transducers arrangement in the case of adhesive joint 
inspection along the hydrofoil: lack of cohesion between the skin and the main spar (a), lack of 

cohesion between the internal layers of the skin (b)  
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Fig.3. The proposed configuration of transducers arrangement in the case of adhesive joint 
inspection across the hydrofoil (lack of cohesion between the internal layers of the skin) 

 
 
4. Modelling of guided waves propagation in the multi-layered composite structure of 
the hydrofoil 
 
At first, the effects of guided waves propagating in the skin of the hydrofoil should be 
investigated and the modes most suitable for inspection should be determined. The overall 
structure of the hydrofoil skin (total thickness 44.5 mm) consist of the three layers of 
differently oriented laminates (Table 1): 

 GFRP (0°/-45°/90°/+45°), thickness of 1 mm; 
 GFRP (90°), thickness of 2 mm; 
 GFRP (0°/-45°/90°/+45°), thickness of 1 mm. 

The overall multi-layered structure of the skin, the thickness of each layer and the appropriate 
orientation angle of the plies in each layer has been taken into account during simulations by 
SAFE method [7,8]. The stiffness matrix has been rotated according to the orientation angle of 
the plies for each particular layer (Table 1). The dispersion curves of the guided wave modes 
propagating along the laminate structure of the skin (direction 0°) are presented in Fig.4a and 
propagating across the laminate structure of the skin (direction 90°) are presented in Fig.4b. 
 

Table 1: Arrangement of the composite layers inside the skin of the hydrofoil 

NUMBER OF 
LAYER ORIENTATION  LAYER THICKNESS, MM 

1 0º 0.25 

2 -45º    0.25 

3 90º 0.25 

4 +45º 0.25 

5 90º 2 

6 0º 0.25 

7 -45º 0.25 

8 90º 0.25 

9 +45º 0.25 
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Fig.4. The dispersion curves of the guided wave modes propagating: a - across (direction 0°) the 

laminate structure of the skin; b - along (direction 90°) the laminate structure of the skin 
 
The main spar is manufactured using unidirectional (direction of fibres is 0°) CFRP composite. It 
is known that ultrasound velocities in the CFRP composites differs essentially from though in the 
GFRP. So, the dispersion curves of the guided wave modes propagating along (direction 0°) the 
laminate structure of solidly glued skin and main spar are presented in Fig.5a. The dispersion 
curves of the guided wave modes propagating across (direction 90°) the laminate structure of 
solidly glued skin and main spar are presented in Fig.5b. 
Analysis of the obtained dispersion curves shows that it is possible to use the fundamental modes 
of guided waves (A0 and S0) for investigation of the main spar segment of the hydrofoil in the 
frequency range below 20 kHz. This is almost out of ultrasound ranges, however at higher 
frequencies, the multiple modes can propagate and waveforms of the received signals will be 
more complicated for analysis. 
 

 
 

Fig.5. The dispersion curves of the guided wave modes propagating along (a) and across (b) the 
laminate structure of solidly glued skin and main spar 
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5. Experimental investigation of the mock-up sample of the hydrofoil 
 
In order to investigate experimentally the guided waves propagating in hydrofoil like structure 
the special flat sample was used. The geometry, structure and dimension of the sample are 
presented in Fig. 6. It consists of shell base (dimensions of 1 m x 1 m, having thickness of 8 mm) 
manufactured from glass fibre (GFRP, laminate orientation +/-45° fibres), beam with shear webs 
of glass fibre (+/-45°, having thickness of 8 mm) and spar cap of unidirectional carbon (having 
thickness of 40 mm) fixed to shell base using the epoxy glue. The experimental set-up for 
investigation of guided waves propagation along the shell base (GFRP) only is presented in 
Fig.6a. The experimental set-up in the case of guided waves propagation along the overall 
structure of the hydrofoil is presented in Fig.6b. The parameters of the experiments for the case 1 
(on shell base) and the case 2 (on spar cap) are summarized in Table 2. 

 
 

Fig.6. The experimental set-up for investigation of guided waves propagation along the shell 
base (GFRP) only (a), and for excitation-reception of the propagating guided waves on the spar 

cap (CFRP) (b) 
 

Table 2: Measurement parameters for the case 1 and case 2  

PARAMETER 

VALUE 

MEASUREMENTS 
ON THE SHELL 
BASE 

MEASUREMENTS 
ON THE SPAR 
CAP 

Distance between transmitter and the edge 
of the object, (mm) 

200 270 

Initial distance between transducers, (mm) 100 100 

Scanning distance, (mm) 300 300 

Duration of excitation pulse, (μs) 11 11 

Excitation voltage, (V) 50 50-70 

Scanning step of the receiver, (mm) 1 1 
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The B-scan images obtained in both scanned areas are presented in Fig.7a and Fig.7c. The 
experimental dispersion curves of phase velocities reconstructed from the B-scan data using 2D 
FFT are presented in Fig.7b and Fig.7d. For comparison on the same images the theoretical 
dispersion curves obtained by the semi analytical finite element (SAFE) method are presented 
also. In general the good coincidence can be observed.  

 
 

Fig.7. Investigation of guided waves propagation: B-scan along the shell base (a), dispersion 
curves of phase velocities along the shell base (b), B-scan on the spar cap (c), dispersion curves 
of phase velocities on the spar cap (d). By circles the theoretical dispersion curves are presented 

 
 
6. Conclusions 
 

 The dispersion curves of phase velocity of the guided waves propagating in the multi-
layered structure of hydrofoils have been determined using SAFE method. The propagating 
modes of guided waves in the multi-layered structure of the hydrofoil skin and in the 
multi-layered structure of the main spar were identified using the modelling and the 
experiments. The frequency range of operation below 200 kHz should be used for 
inspection of the skin and even lower for inspection of the main spar. In these frequency 
ranges mainly two fundamental modes the A0 and the S0 are propagating; 

 The testing of main spar should be performed in longitudinal direction and other parts in 
hydrofoil along perpendicular direction due to special orientation of fibres in the 
composite. 

 The propagating modes in the complicated structure of the hydrofoil (multi-layered, CFRP, 
GFRP) were investigated by numerical modelling (SAFE) and experiments. It was 
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estimated, that in order to use the fundamental modes, the frequency of operation below 
100 kHz should be used for inspection of the skin and even lower for inspection of the 
main spar. 
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