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Abstract 17 

Objectives : Q fever is a zoonotic disease caused by C. burnetii which affects men more than 18 

women (sex ratio men/women: 2.2). Acute Q fever complications are associated with 19 

elevation of anticardiolipin (aCL) antibodies. Here, we investigate the sexual dimorphism of 20 

aCL antibodies during acute C. burnetii infection. 21 

Methods : IgG aCL antibodies were evaluated at the time of Q fever serological diagnosis 22 

with enzyme-linked immunosorbent assay. Results were analysed according to sex. 23 

Results : Among the 1,323 patients with Q fever tested for aCL, 1,013 had acute Q fever (692 24 

men/321 women) and 310 had persistent focalized infection (226 men/84 women). In case of 25 

acute Q fever, men presented a significantly higher proportion of positive aCL antibodies 26 

(351/692, 50.7%) than women (113/321, 35.2%) (p<0.05). In addition, men had significantly 27 

higher aCL antibodies levels than women (p<0.0001). 28 

Conclusions : We highlight a relationship between sex and markers of autoimmunity during 29 

Q fever. Further investigations are necessary to better understand the mechanisms of this 30 

sexual dimorphism. 31 

 32 

Key words: Q fever, Coxiella burnetii, anticardiolipin antibodies, sex, gender, autoimmunity 33 
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Introduction 35 

Viral and bacterial infections have been reported to be associated with autoimmune 36 

clinico-biological manifestations [1]. The elevation of anticardiolipin (aCL) antibodies has 37 

been described in cases of human immunodeficiency virus (HIV), hepatitis B virus, hepatitis 38 

C virus, malaria, syphilis, leprosy, leptospirosis and Q fever [2]. In case of Q fever, the 39 

elevation of aCL antibodies has recently been reported as predictive for acute Q fever 40 

complications, such as acute Q fever endocarditis, haemophagocytic syndrome, alithiasic 41 

cholecystitis and thrombosis [3,4]. Interestingly, an unbalanced sex ratio has been described 42 

during C. burnetii infection, the disease affecting men more frequently than women (sex ratio 43 

men/women: 2.2). Here, we investigated the sexual dimorphism of autoantibodies during C. 44 

burnetii infection with a specific focus on aCL antibodies. 45 

 46 

Methods 47 

Between 1991 and 2016, 2,434 patients with C. burnetii infection were followed in the French 48 

national reference centre for Q fever. Acute Q fever was diagnosed by the association of acute 49 

clinical symptoms (fever, hepatitis and/or pneumonia) with the following serologic criteria: 50 

IgG titers representing phase II (200) and IgM titers representing phase II (50) or 51 

seroconversion within 3 months of the primary symptoms [5]. Persistent C. burnetii infection 52 

was defined by the persistence of clinical symptoms for more than 3 months in addition to a 53 

positive microbiological criteria and to the identification of an infectious focus [5]. 54 

1,323 patients were tested for IgG aCL antibodies assessed by enzyme-linked immunosorbent 55 

assay at first serological diagnosis. A cut-off threshold of 22 IgG anti-phospholipid-binding 56 

units (GPLU) was used to define positive samples. 57 

The study was approved by the local ethics committee of the IHU (Institut Hospitalo-58 

Universitaire)-Méditerranée Infection under the registration number 12-016 [4].  59 
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Statistical analyses were performed using Prism 6.0 (Graphpad Software Inc.) and SPSS 22 60 

Statistics Software. Multivariate models were adjusted for sex and age at baseline [4]. P<0.05 61 

was considered as significant. 62 

 63 

Results 64 

Among the 1,323 patients tested for aCL antibodies, 1,013 patients had acute Q fever and 310 65 

had persistent C. burnetii focalized infection (Figure 1). Nine hundred and eighteen patients 66 

were men (sex ratio men/women: 2.26). The sexual dimorphism was more pronounced in 67 

cases of persistent focalized C. burnetii infection (sex ratio: 2.27) than in cases of acute Q 68 

fever (sex ratio: 2.16) (p=0.07). Eighty four patients with acute Q fever evolved towards a 69 

persistent C. burnetii infection, 70 were men (83.3%), 14 were women (16.7%), and the sex 70 

ratio was 5. 71 

The aCL antibodies levels were significantly higher in cases of acute Q fever (mean 88.2 ± 14 72 

GPLU and median 18 GPLU) than in cases of persistent C. burnetii infection (mean 14.2 ± 73 

2.4 GPLU and median 7 GPLU) (Figure 2A, p<0.0001). In addition, the proportion of 74 

positive aCL antibodies were significantly higher in cases of acute Q fever (464/1,013, 75 

45.8%) than in cases of persistent C. burnetii infection (32/310, 10.3%) (p<0.05). In cases of 76 

acute Q fever, men had significantly higher aCL antibodies levels (mean 113.3 ± 20.3 GPLU 77 

and median 24 GPLU) than women (mean 50 ± 7 GPLU and median 11 GPLU) (Figure 2B, 78 

p<0.0001) and men presented a significantly higher proportion of positive aCL antibodies 79 

(351/692, 50.7%) compared to women (113/321, 35.2%) (p<0.05) for all age groups (Figure 80 

2C). In men, higher levels of aCL antibodies were observed in almost all age groups (Figure 81 

2D). Being a male was associated with a significant risk of positive aCL antibodies, 82 

regardless of age (OR=1.6; [95% CI, 1.3-3.2], p<0.001) [4]. 83 
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Acute Q fever hepatitis affected men more than women (p=0.007) and was associated with a 84 

significant increase in aCL in men (p=0.047). In case of acute Q fever, being male was a risk 85 

factor for acute Q fever to progress to persistent cardiovascular C. burnetii infection 86 

(OR=2.14; [95% CI, 1.17-3.91], p=0.013). 87 

 88 

Discussion 89 

Here, we report that aCL antibody levels are higher in men than in women with acute 90 

C. burnetii infection. This is distinct from the sexual dimorphism observed in the 91 

antiphospholipid syndrome (APS), in which women are more affected by the disease than 92 

men (sex ratio men/women: 1:5) [6]. In addition, the aCL antibodies sexual dimorphism 93 

observed in association with C. burnetii infection is different from that observed in 94 

association with HIV infection, in which aCL antibodies are described as significantly higher 95 

in women compared to men [7].  96 

Our data support the possibility of a hormonal influence on the expression of 97 

autoantibodies in case of C. burnetii infection. It is known that women are described to be 98 

more prone to autoimmune diseases than men, and this increased susceptibility disappears 99 

after menopause [8]. A positive correlation has been shown between elevated aCL antibodies 100 

levels and high estradiol serum concentration in patients with systemic lupus erythematosus 101 

(SLE) and rheumatoid arthritis [9,10]. In addition, hyper-oestrogenic levels in premenopausal 102 

SLE women are associated with an increased risk of APS and cardiovascular manifestations 103 

[9]. In gonadoctemized or intact non-autoimmune male and female C57BL/6 mice, oestrogen 104 

treatment induces the expression of aCL autoantibodies [11]. It has been hypothetized that 105 

oestrogens act as enhancers of cell proliferation and stimulate humoral B cell response [12]. 106 

In addition, the influence of testosterone should not be neglected. While oestrogen 107 

increases the autoantibody production, androgens decrease it [12]. Men with hypogonadism 108 
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are at risk of developing autoimmune diseases of which the Klinefelter syndrome is a glaring 109 

example. This syndrome has been associated with SLE, progressive systemic sclerosis, 110 

polymyositis, mixed connective tissue disease and with an increased frequency of aCL 111 

antibody positivity [13]. Testosterone deficiency may promote autoantibody formation, 112 

however, in cases of C. burnetii infection, testosterone rather appears to favour aCL 113 

autoantibodies production [4]. 114 

Other mechanisms such as chromosomal influence could be involved. In transgenic 115 

SJL mice, the XX sex chromosome was compared with XY, and showed greater susceptibility 116 

to autoimmune encephalomyelitis and SLE [14]. Women with Turner’s syndrome were at 117 

significantly increased risk of autoimmune thyroid diseases and type 1 diabetes mellitus [15]. 118 

 As limitations of this study, we have no data on patient’s hormonal serum levels, we 119 

have not studied the chromosomal influence on autoantibody secretion and we did not 120 

consider the gender impact, i.e. gender-related social habits that could influence the results.  121 

In conclusion, we highlight a relationship between sex and markers of autoimmunity 122 

during Q fever. We noted that acute Q fever induces a higher autoimmune response in men 123 

compared to women. However, the mechanisms of sexual dimorphism are multifactorial and 124 

although age was taken into account, other factors such as hormone levels and chromosomal 125 

impact should be included in future analyses. 126 

  127 
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Figure 1. Study Flowchart  187 

Figure 2.  (A) aCL antibodies levels in patients with acute Q fever and persistent C. burnetii 188 

focalized infection. (B) aCL antibodies levels in acute Q fever according to the sex of patients. 189 

(C) Percentage of patients with positive aCL antibodies in acute Q fever patients according to 190 

the age of patients in men and women. (D) aCL antibodies levels in acute Q fever patients 191 

according to the age of patients in men and women. The results are expressed as mean for 192 

each age group. Mann-Whitney U test were used *p<0.05, ****p<0.0001 193 

 194 



CALIBRATING AND MEASURING WAKES AND DRAG FORCES OF INLAND VESSELS 

IN CONFINED WATER IN A TOWING TANK. 
 

Clément Caplier, Guillaume Gomit, Germain Rousseaux, Damien Calluaud, Ludovic Chatellier and Laurent David, 
Institut Pprime, CNRS - University of Poitiers - ISAE-ENSMA, France. 

 

SUMMARY  
 

This paper gives a review of the experimental methods developed in the towing tank of the Pprime Institute of the University 

of Poitiers, France, for the characterization of ship wakes and drag forces in confined waters. Different waterway configura-

tions in calm water and in the presence of a current are reproduced in the experimental facility and small scale ship models of 

different block coefficients are considered. Stereoscopic optical methods have been developed in the laboratory for the meas-

urement of the free surface deformation around the ship. The full wake generated by the ship is fully characterized and its 

hydraulic and undulatory properties are analyzed in both real space and spectral domain. In addition, a system for the meas-

urement of the ship drag force has been set up and visualizations of the wakes have been performed in parallel with a high-

speed camera, to relate the ship resistance crisis with its visual footprint in the wake. 

 

NOMENCLATURE 
αb  Banks inclination angle (°) 

AFFT  Normalized amplitude of the Fast Fourier 

  Transform of the ship wake (-) 

A1  Normalized amplitude of the transverse 

  waves in calm water (-) 

A2  Normalized amplitude of the transverse 

  waves in counter-current (-) 

B  Beam (width) of the ship hull (m) 

Cb  Block coefficient of the ship hull (-) 

Cd  Drag coefficient of the ship hull (-) 

D  Draft of the ship hull (m) 

Fh1  Critical Froude number (sub.→trans.) (-) 

Fh2  Critical Froude number (trans.→sup.) (-) 

Fh,s  Froude-depth number of the ship (-) 

FL,s  Froude-length number of the ship (-) 

FX  Axial component of ship resistance (N) 

g  Gravitational acceleration (m.s-2) 

H  Height of the ship hull (m) 

h  Water depth (m) 

hb  Height of the inclined bank (m) 

hbottom  Height of the double bottom (m) 

I  Expanded uncertainty (k=2) of the ship 

  resistance measurement (N) 

kx,y  Wavenumber along the x (longitudinal)  

  or y (transversal) axis (m-1) 

Ls  Length of the ship (m) 

Lc  Length of the canal (m) 

L1  Normalized length of the wash zone in 

  calm water (-) 

L2  Normalized length of the wash zone in 

  counter-current (-) 

λt,1  Normalized wavelength of the transverse 

  waves in calm water (-) 

λt,2  Normalized wavelength of the transverse 

  waves in counter-current (-) 

m  Blockage ratio of the waterway (-) 

ρ  Density of water (kg/m3) 

Sw  Wetted surface area of the ship (m2) 

Us  Ship speed (m.s-1) 

uc  Velocity of the river current (m.s-1) 

ur  Velocity of the return current (m.s-1) 

W  Large width of the waterway (m) 

w  Small width of the waterway (m) 

wb  Width of the inclined bank (m) 

X  Longitudinal dimension of the wake (m) 

∆X  Spatial resolution along the X axis (m) 

Y  Transversal dimension of the wake (m) 

∆Y  Spatial resolution along the Y axis (m) 

Z  Vertical dimension of the wake (m) 

∆Z  Spatial resolution along the Z axis (m) 

 

1 INTRODUCTION 
 

When a ship progresses in a confined waterway, such as a 

river, a canal or an estuary, it faces an increase in the ad-

vancing resistance and also experiences various phenomena 

in the waterway. There is a lowering of the water level, com-

bined with the generation of a return current around the ship 

hull. The waves generated in its wake interact with the cur-

rent of the waterway and reflect on the river banks, causing 

erosion and sediment transport issues. To prevent their ap-

pearance in the waterway, for both economical (reduce fuel 

consumption) and ecological (reduce bank erosion) reasons, 

many numerical studies are performed (Linde et al., 2017; 

Pacuraru and Domnisoru, 2018; Razgallah et al., 2018; Ter-

ziev et al., 2018). However, the specific properties of the 

confined water wakes are not completely described numer-

ically or theoretically. Experimental investigations are still 

necessary to understand the generation and the propagation 

of the waves and the flow with respect to the functional and 

geometrical parameters of the ship and the waterway. This 

path of research has been investigated in the past few years 

by the Hydrodynamic and Environmental Flows team of the 

Pprime Institute of the University of Poitiers in France. A 

configuration of confined waterway with a presence of cur-

rent has been reproduced in the towing tank of the labora-

tory. Several experimental methods have been developed 

for the measurement of the ship resistance, the characteriza-

tion of the return current around the hull, the study of the 

wave reflections and the full-field characterization of the 

generated ship wake. To investigate the properties of the 

waves generated by the hulls, a fine characterization of the 

free surface is indispensable to lead the analysis in the spec-

tral domain. On the basis of the theory of the waves gener-

ated by a uniformly moving source established by (Ekman, 



1906) and (Crapper, 1964) and the recent review of the ge-

ometrical properties of the emitted patterns in the real and 

spectral spaces by (Carusotto and Rousseaux, 2013), a spec-

tral analysis method of ship wakes has been developed. 

Such spectral analysis methods have been proposed by 

(McKenzie, 1970) and (Lighthill, 1979). (Griffin et al., 

1996) and (Arnold-Bos et al., 2007) have used them to esti-

mate the velocity of a ship or the shape of its hull from syn-

thetic aperture radar (SAR) images or high resolution opti-

cal images of the wake. However, these methods have never 

been validated experimentally in the field of ship wakes 

measured in the laboratory. In the first part of the paper, the 

waterway configuration set up in the towing tank of the 

Pprime Institute is presented and the small scale ship models 

representative of maritime and river ships are introduced. In 

the second part, the experimental measurement methods are 

detailed and the spectral analysis method is detailed. Then, 

the main results of the studies are presented and finally re-

search perspectives will be exposed with the future project 

of development of the canal. 

 

2 THE TOWING TANK AND THE SHIP MOD-

ELS 
 

2.1 THE WATERWAY 

 

Figure 1 represents the cross-section of the towing tank of 

the Pprime Institute. It is composed of a bottom trapezoidal 

section of small width w=1.10 m and large width W=1.50 m, 

and a top rectangular section of same width. The inclination 

of the banks is αb=45° and their width and height are 

wb=hb=0.20 m. A double bottom of height hbottom=0.38 m 

can be installed in the towing tank to reduce the water depth 

to reproduce a shallow waterway of rectangular cross-sec-

tion of depth h. The water depth has been set up to 

h=0.103 m for the experiments. The rail mounted towing 

carriage displaces the ship hull at a speed Us up to 2.35 m.s-1 

along the canal of length Lc=20 m. The double-bottom gives 

also the possibility to generate a current by placing a circu-

lator in the lower section, and two honeycombs structures at 

the extremities of the canal to laminarize the flow. The cur-

rent can be generated in both directions with respect to the 

ship motion (co- or counter-current). The canal is equipped 

with bottom and lateral windows to perform optical meas-

urements and visualizations. 

 
Figure 1. Transversal section of the towing tank. 

2.2 THE SMALL SCALE SHIP MODELS 

 

In order to compare the experimental results with numerical 

calculations of ship wakes and ship resistance, two generic 

ship hulls of parabolic shape have been considered. They are 

based on the Wigley (1926) hull form with a rectangular 

cross-section, mathematically defined by Eq. (1) with n=2 

for a classical Wigley hull: 

 

� = ���� = �
� 	1 − �����

�
� (1) 

 

As the block coefficient of such a Wigley hull is Cb=0.67, 

another Wigley-based ship hull with an exponent n=8, giv-

ing a block coefficient Cb=0.89, has been considered (Cap-

lier et al., 2016). These two ship hulls noted WH2 and WH8 

because of their n-coefficients are then representative of 

maritime and river ships in terms of block coefficients. The 

ship hulls dimensions are Ls=1.20 m, B=0.18 m and 

H=0.15 m, and their draft is set-up to D=0.075 m for the ex-

periments. They are shown on Figure 2. As regards the ef-

fects of scale, the ship speeds for the experiments are set 

high enough to avoid capillary effects (less than 5%). In this 

range of ship speeds, the effects of the scale on the flow 

characteristics are limited (Gomit et al., 2015). 

 

Figure 2. The WH8 and WH2 ship hulls. 

 
3 THE MEASUREMENT AND THE ANALYSIS 

OF THE SHALLOW WATER SHIP WAKE 
 

3.1 MEASUREMENT OF THE FREE SURFACE DE-

FORMATION 

 

The free surface deformation is measured with a stereo-

scopic measurement method, based on the principle of re-

fraction of light rays through the surface of water that is de-

veloped in our laboratory (Gomit et al., 2013). The setup is 

represented on Figure 3. It is composed of two Dantec 

SpeedSense 1040 cameras that deliver a resolution of 

2320x1726 px, mounted with Nikkor AF 28 mm 1:2.8 

lenses. They focus on the same zone with an opposite angle 

of ±15° with respect to the longitudinal axis of the canal, 

and ±35° with respect to the vertical axis. The common field 

covered by the cameras forms a rectangle of dimensions 



0.75x0.90 m2, corresponding to the half width of the canal. 

The stereoscopic system is calibrated by translating a dotted 

calibration plate and using a distortion model. A speckle-

pattern is placed at the bottom of the canal and its image 

with the water surface at rest is recorded on the cameras for 

the reference. Then the ship is launched and the images of 

the pattern, deformed by the free surface deformations, are 

recorded on both cameras at a frequency of 10 frames per 

second with an exposure time of 10 ms. Each run is per-

formed three times to check the repeatability of the meas-

urement. The image pairs are then processed with a recon-

struction algorithm written in C++ and based on the SLIP 

library (Tremblais et al., 2010) that computes the free sur-

face deformation at each time-step. Then the whole wake is 

reconstructed around the ship hull with a dedicated recon-

struction program, with a spatial resolution ∆X=∆Y=10 mm 

and a precision ∆Z=0.1 mm on the water level. 

 

3.2 ANALYSIS IN THE REAL SPACE 

 

An example of the wakes measured in calm water and in the 

presence of a counter-current with the stereo-refraction 

measurement method are shown on Figure 4 (Caplier et al., 

2015). These wakes are generated by the WH2 hull for a 

ship speed Us=0.45 m.s-1 and a water depth h=0.103 m, giv-

ing a Froude-depth number Fh,s=Us/(gh)1/2=0.45 and a 

Froude-length number FL,s=Us/(gLs)
1/2=0.13. The wake on 

the bottom of the figure is generated in a calm water config-

uration, whereas the top one is generated in the presence of 

a counter-current of velocity uc=0.20 m.s-1, corresponding to 

an effective Froude-depth number in the referential of the 

laboratory Fh,s=(Us+uc)/(gh)1/2=0.65 (Caplier et al., 2015). 

A qualitative analysis of these wakes in the real space shows 

that the transverse wavelength and amplitude are increasing 

in the presence of the counter-current. The waves generated 

by the ship in its wake are convected by the current, that 

results in a widening of the wash zone at the banks of the 

canal. For a quantitative comparison of the wakes, longitu-

dinal or transverse cuts can be made in the wave fields. Fig-

ure 5 represents the longitudinal cuts performed for the calm 

water and counter-current wakes. For the same ship speed, 

the length of the wash zone increases from 0.9Ls to 2Ls 

(Ls=1.2 m is the ship length) with the counter-current, rep-

resenting more than a doubling of its length. The transverse 

waves amplitude and wavelengths at the river banks respec-

tively grows from A1=0.012h to A2=0.059h (h=0.103 m is 

the initial water depth), and from λt,1=0.1Ls to λt,2=0.3Ls, an 

increase of nearly 500% of the amplitude and 30% of the 

wavelength. 

 

 

 
Figure 3. Schematic representation of the experimental setup for the free surface measurement by stereo-refraction. 
 

 
Figure 4. The wakes generated in calm water (bottom) and in the presence of a counter-current (top) by the WH2 hull, 

measured with the stereorefraction measurement method. 



 
Figure 5. Longitudinal cuts in the wakes generated in calm water and in the presence of a counter-current at a trans-

versal position Y/B=3.5. (L1 ; A1 ; λt,1) and (L2 ; A2 ; λt,2) represent respectively the width of the reflection 

zone, and the amplitude and the wavelength of the transverse waves, in calm water and in counter-current. 
 

 
Figure 6. Spectral analysis of a ship wake. The top figure represents the spectrum of the wake generated by the WH8 

hull in a calm and shallow water configuration for a Froude-depth number Fh,s=0.80 and a Froude-length 
number FL,s=0.23. Then the spectrum is filtered to separate the hydraulic and undulatory components of the 

wake, which are reconstructed in the real space by computing the inverse bidimensional FFT. 



3.3 SPECTRAL ANALYSIS OF SHIP WAKES 

 

The stereo-refraction measurement method gives a full, de-

tailed and fine reconstruction of the ship wake. Then, it is 

possible to proceed the analysis in the spectral space by 

computing the bidimensional Fast Fourier Transform (FFT) 

of the wake. The method has been introduced by (Carusotto 

and Rousseaux, 2013), developed by (Gomit et al., 2014) 

for the analysis of ship wakes in deep water and then 

adapted by (Caplier et al., 2016) for the analysis of ship 

wakes generated in shallow water.  

An example of the spectrum of the wake generated by the 

WH8 hull, for a ship speed Us=0.80 m.s-1 and a water depth 

h=0.103 m, giving a Froude-depth number 

Fh,s=Us/ (gh)1/2=0.80 and a Froude-length number 

FL,s=Us/(gLs)
1/2=0.23, is given on the right of Figure 6 (Cap-

lier et al., 2016). The color on the spectrum represents the 

spectral repartition of the normalized amplitude of the FFT 

along the different wave lengths and directions in the wake. 

The high-pass or low-pass filtering of the spectrum and its 

reconstruction in the real space by computing an inverse bi-

dimensional FFT allows to separate the hydraulic and undu-

latory components of the wake (Gomit et al., 2014) (Caplier 

et al., 2016). 

 

3.4 MEASUREMENT OF THE RETURN CURRENT 

 

The stereoscopic system can also be used to measure the re-

turn current generated around the hull, by computing the 

displacements of floating particles placed at the surface of 

the water. The images of these markers can then be pro-

cessed by a stereo-PIV algorithm to calculate the flow ve-

locity (Chatellier et al., 2013). The result is given on Figure 

7 on which the return current is measured around the WH2 

hull for a ship speed Us=0.70 m.s-1 and a water depth 

h=0.103 m, giving a Froude-depth number 

Fh,s=Us/ (gh)1/2=0.70 and a Froude-length number 

FL,s=Us/(gLs)
1/2=0.20. The return current is calculated in the 

whole field around the hull, it reaches its maximum of am-

plitude (30% of the ship speed) at the middle of the hull, and 

extends along the whole width of the waterway. Then its di-

rection alternates between the crests and troughs of the 

transverse waves, and its amplitude decreases slowly. 

 

4 THE SHIP RESISTANCE AND ITS VISUAL 

FOOTPRINT 
 

Resistance trials have been carried out in the towing tank of 

the Pprime Institute. The measurement of the ship drag force 

is performed with a Kistler 9272 multi-component dyna-

mometer installed between the ship hull and the towing mast 

(Figure 8). The six-component piezoelectric sensor 

measures the axial forces in each direction as well as the 

torques. The ship resistance is taken as the axial force FX 

opposed to the motion of the ship. The maximum measured 

amplitude is FX=20 N and the uncertainty is I=0.80 N (Cap-

lier, 2015). Then the non-dimensional drag coefficient Cd 

can be derived with Equation 2, where Sw is the wetted sur-

face area of the ship: 
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Figure 9 represents the drag coefficients of the WH2 and 

WH8 hulls measured in a shallow water configuration 

(h=0.103 m) at different ship speeds (the Froude-depth 

number of the ship Fh,s is between 0.60 and 1.31, and the 

Froude-length number of the ship FL,s is between 0.18 and 

1.38). The evolution of the ship resistance is bounded by the 

critical Froude-depth numbers Fh1 and Fh2 calculated by 

Schijf’s theory (Schijf, 1949). These critical Froude-depth 

numbers are calculated by Equations 3 and 4: 
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They depend on the blockage ratio m (cross section of the 

ship to cross section of the canal). In the present experi-

ments, m=0.0874. A sudden increase of the drag coefficient 

is observed for Fh,s=Fh1=0.64 for both hulls. This increase 

referred as “the resistance crisis” appears at the boundary 

between the sub-critical and the transcritical regime. Fi-

nally, there is a decrease of the ship resistance at the en-

trance in the supercritical regime for Fh,s=Fh2=1.37. Parallel 

visualizations have been made during the resistance trials, 

with a high-speed camera Photron Fastcam SA1 of resolu-

tion 1024x1024 px equipped with a Sigma 28 mm F1.8 DG 

ASP lens (Figure 8). The camera installed on the side of the 

canal, and captures images of the wave amplitudes at the 

window during the passage of the ship at a frequency of 

125 fps. Then a dedicated algorithm assembles the images 

to give a picture-like representation of the wave amplitudes. 

Figure 10 represents the visualizations performed during the 

transition between the subcritical and transcritical regime 

(Froude-depth number Fh,s from 0.60 to 0.85 and Froude-

length number FL,s from 0.19 to 0.22). These visualizations 

highlight an increase of the transverse wavelength and am-

plitude at the boundary between the subcritical and tran-

scritical regimes. A wave breaking is also visible on some 

waves. So when a ship navigates in a confined waterway, it 

experiences a sudden increase of its fuel consumption, and 

the waves that it generates grow, break and reflect on the 

river banks. That process is destructive for the river banks 

and needs to be investigated in a future work, to prevent its 

appearance and to design appropriate bank protections. 

 



 
Figure 7. The return current ur measured around the WH2 hull for a Froude-depth number Fh,s=0.70 with the stereo-

correlation measurement method. 

 

 
Figure 8. Measurement of the ship resistance with a 

multi-component dynamometer and lateral 

visualizations with a high-speed camera. 

 
Figure 9. Drag coefficients of the ship hulls measured in 

a shallow water configuration for different 

ship speeds. The black dotted lines correspond 

to the critical Froude numbers Fh1=0.64 and 

Fh2=1.37 linked to the blockage of the water-

way. 
 

 

 
Figure 10. Visualizations of the wave amplitudes generated by the WH8 hull at the window of the canal in a 

 shallow water configuration (h=0.103 m). Ship speed is increasing from the top to the bottom. 
 

  



5 CONCLUSIONS AND PERSPECTIVES 
 

During the past few years, several experimental studies have 

been made in the towing tank of the Pprime Institute, to in-

vestigate the effects of confinement on ships wakes and drag 

and to understand interaction between the ship and the wa-

terway. Measurement methods have been developed and 

adapted for this topic, to obtain a full and detailed measure-

ment of the ship wake and to determine the drag forces ap-

plying on the hull. These methods give high quality results 

that allow to perform a fine analysis of the wave properties 

in both real and spectral spaces. The hydrodynamic effects 

appearing in the waterway can also be quantified and ana-

lyzed. The comparison of the resistance diagrams with the 

visualizations of the wakes allows to identify the visual foot-

print of the crisis of ship resistance. The towing tank of the 

Pprime Institute is currently under work, and will be length-

ened of one third of its actual length, to reach 30 m. The 

towing carriage and the current generation will also be im-

proved. These great improvements on the facility will open 

the way to future experimental studies, in order to continue 

the investigations on this path of research. 
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