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Abstract 

In international shipping, there are several waterways that are widely viewed as bottlenecks. 

Among these is the Suez Canal, where recent expansions have taken place. Although the Suez 

Canal has a high importance in international shipping, little research has been carried out in 

maximising the number of ships capable of traversing for a set period of time. The present 

study aims to examine hydrodynamic phenomena of ships advancing through the Suez Canal 

in the allowed speed range to determine the relative effects of the canal depth and /or width 

restrictions on the overall ship sailing performance. A rectangular canal is also included as a 

reference to gauge the effects of varying canal cross-section. The present study combines 

experimental, numerical, analytical and empirical methods for a holistic approach in calm 

water. As a case-study, the KCS hullform is adopted, and analysed experimentally, via 

Computational Fluid Dynamics, using the slender body theory, and empirical formulae. The 

results reveal strong coupling between the canal’s cross section and all examined parameters. 

 

1. Introduction 

When a ship enters shallow waters, it has been observed that the distance between the keel of 

the ship and the seabed decreases as the speed increases, and on occasion, the ship has been 

known to strike the bottom. This phenomenon is known as ‘ship squat’ (Constantine, 1960). 

Because of the Bernoulli effect the free water surface around the ship drops. There is a vertical 

motion downwards and trim resulting in a decrease in the under-keel clearance (UKC). Thus 

all vessels squat as they move, even in deep water, although the magnitude of the squat is 

usually small. This phenomenon is a function of the shape of the hull and the forward speed 

through the water (Millward, 1996). 

Ship squat is increased further when a vessel enters confined channels or rivers, since the 

velocity of water must increase due to the greater degree of restriction. Furthermore, a 

significant increase in resistance arises due to this hydrodynamic interaction. A drop in speed 

in the region of 30% can be expected upon entering shallow waters, which and may rise up to 

60% if the ship is advancing through a confined channel such as a river or a canal (Barrass and 

Derrett, 2012). 
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Much research has been devoted to accurately predict ship squat, leading to a plethora of 

methods and approaches to the problem. Some of these are empirical methods, which are easy 

to use, but are reliable only for an early design stage  (Barrass and Derrett, 2012; Rotteveel and 

Hekkenberg, 2015). Empirical formulae can quickly estimate the squat according to the ship 

dimensions, coefficients, speed, and underwater topology. These formulae are typically 

obtained from a series of model tests. Alternatively, analytical methods have been developed 

by researchers that make use of the assumptions inherent in potential flow theory such as 

slender body theory (Tuck, 1966). Namely, the flow is inviscid, irrotational and 

incompressible. Naturally, experimental investigations provide the most accurate results, and 

should be performed if possible (el Moctar et al., 2012; Zeraatgar et al., 2011). However, the 

availability of testing facilities, time required to perform the experiment, and the cost are highly 

prohibitive.  

Finally, numerical, or Computational Fluid Dynamics (CFD) methods have been more recently 

developed and can be easily used for predicting ship squat. Although this approach has its own 

limitations, such as the computational cost, and knowledge required to perform a simulation, it 

is rapidly gaining popularity (Stern et al., 2013). 

The present study combines all methods mentioned above. To elaborate, empirical formulae 

applicable in canal case-studies are used. The sinkage and trim of the ship are also analysed 

via the slender body theory as it is one of the most widely applied methods in this context. CFD 

simulations are also performed to replicate the experimental results and demonstrate the 

versatility of the numerical method. The analysis is performed on the KCS hullform, for which 

experimental data in shallow water is available for the specific case-studies examined herein 

(Elsherbiny et al., 2019b, 2019a).  

This study is organised as follows. Section 2 presents the background of the methods used as 

part of this research. Section 3 contains the specific details relating to the implementation of 

each method. Section 4 is devoted to the obtained results and relevant discussion. Finally, the 

conclusion and recommendations for future work are given in Section 5.  

2. Background  

There are four main parameters influencing ship squat. These are the blockage factor (K), the 

block coefficient (CB), the ship’s velocity (V), draft (T) and water depth (h). The blockage 

factor can be defined as the ratio of the submerged midship cross-sectional area and the 

underwater area of the canal or channel (Fig. 1). This dimensionless parameter is utilised in 

calculating ship squat by empirical formulations, and is shown in Eq. (1): 

𝐾 =
𝐵×𝑇×𝐶𝑀

𝑊×ℎ
                                                                                                                               (1) 
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where B is the ship's breadth, T is the ship’s draft, W is the canal's breadth, CM is the midship 

area coefficient and h is the water depth of the water. 

Figure 1. Ship in a canal 

Michell (1898) developed a thin-body method to predict the wave resistance of a ship moving 

in shallow water. This method, henceforth referred to as the slender body theory, is based on 

fundamental assumption that the ship’s beam is small compared to its length. As a 

consequence, the waves generated are also of small amplitude, which allows the linearisation 

of the free water surface. Later, Joukovski (1903) derived a similar formulation of the problem 

independently. The changes in a ship's wave pattern have been studied by Havelock (1924) for 

a point pressure impulse travelling over a free water surface. Havelock examined the wave 

patterns in shallow water by taking into account the speed of the vessel, and the depth of water, 

which led to the introduction of the depth Froude number (𝐹𝑛ℎ), Eq. (2). 

𝐹𝑛ℎ =
𝑉

√𝑔ℎ
                                                                                                                            (2) 

where V is the speed of the vessel (m/s), g is the acceleration due to gravity (m/s2) and h is the 

water depth. 

The depth Froude number can be thought of as the ratio of the ship’s speed to the maximum 

wave velocity in shallow water of depth h. The well-known Kelvin wave pattern resulting from 

moving objects in water can be observed for Fnh < 0.57 (Tezdogan et al., 2015). As the ship’s 

velocity increases, the angle between the wave pattern and the ship’s centreline theoretically 

approaches 90 degrees until Fnh becomes 1 (Tunaley, 2014), which is called the critical speed.  

When the depth Froude number is greater than one, the angle of the wave pattern begins to 

decrease again. The terms subcritical and supercritical speed are used for vessels propagating 

at Fnh < 1 and Fnh > 1, respectively. Of greater practical interest is the former scenario, namely 

when the depth Froude number is smaller than 1 (Beck et al., 1975). 

Many researchers have investigated ship squat in restricted water. Kreitner (1934) calculated 

ship squat using a one-dimensional hydraulic theory. He showed that the equation for the flow 

velocity in a canal ceases to provide reasonable solutions as the critical speed is approached. 

Constantine (1960) studied the different behaviour of ship squat for various ship speeds 

(subcritical, critical and supercritical), as well as the ratio of midship section to the cross section 

of the fairway. He determined that laterally restricted waterways have substantial effect on the 
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dynamic squat of a vessel. Inui (1954) investigated the effect of shallow water and restricted 

water on the wave-making resistance of ships. He concluded that higher degrees of 

discontinuity in the wave-resistance of a ship are caused by an increase in the restrictions of a 

waterway. This showed that the resistance itself is not a continuous function of depth Froude 

number in the case of restricted shallow waters. Tuck (1966) reproduced Michell’s linearised 

slender body theory and explored the scenario where a ship is travelling in shallow water of 

constant, unrestricted width. Tuck (1966) solved for the hydrodynamic forces in shallow water 

to calculate the sinkage and trim for sub-critical speed (Fnh  <1) and super-critical speed (Fnh  

>1) by using matched asymptotic expansions. He validated the results with model-scale 

experiments which showed good agreement for depth Froude number smaller than 0.7. 

However, the theory fails as depth Froude number approaches 1 because the formulations used 

become singular. Trim is the leading factor in the supercritical range, while sinkage is 

predominant in the subcritical range (Tuck 1966). The method predicts zero wave-making 

resistance in the subcritical range. Tuck (1967a) analysed the effect of restricted channel width 

in addition to depth on ship behaviour. Beck et al. (1975) expanded on the Tuck’s work to 

account for vessels in dredged canals with an unrestricted shallow water region of constant 

depth extending infinitely on either side of the dredged section of the channel.  

Gourlay (2008a) obtained a general Fourier transform method to calculate the sinkage and trim 

of a ship advancing in unrestricted shallow waters, canals and stepped channels as well as 

channels of arbitrary cross-section. He focussed on the subcritical range of motion. Gourlay 

(2008b) extended his modification of the Slender-body theory to calculate the sinkage and trim 

of a fast displacement catamaran propagating through horizontally unrestricted shallow water, 

which was valid for all speed regimes. Then, Gourlay (2008b) showed that trim, resistance and 

sinkage are affected by a change in the spacing between the catamaran hulls. In addition 

Gourlay (2009) used a theoretical method based on the linear superposition of slender-body 

shallow-water flow solutions to predict the sinkage and trim of two moving ships as they pass 

each other, either from opposite directions, or one ship overtaking the other.  

Alderf et al. (2008) developed a new method for the numerical modelling of dynamic squat by 

using a finite element method. They also illustrated the effect of sea floor topology on a ship 

sailing at critical speed. Their model can give results for the dynamic responses of a ship in 

highly restricted canals on any seafloor shape. Alderf et al. (2008) developed their approach to 

validate the stability model as an extension of the method proposed by Janssen and Schijf 

(1953), who predicted the unstable squat positions for ships. Yao et al. (2011) produced and 

tested their theory for a Series 60 hull (CB = 0.6). They calculated the shallow water effects in 

terms of sinkage, trim, resistance and wave patterns for sub- and supercritical speeds on a ship 

by discretising the hull by a panel method. They distributed free and wall surface panels onto 

which Rankine sources of constant strength are mapped. Yao et al. (2011) validated their results 

with experimental data which showed good agreement. 

Calisal and Alidadi (2011) performed a potential flow-based study to predict the squat of the 

Wigley hull. A slender-body theory approach was utilised to convert the three-dimensional 

problem into a series of 2-D cross sections distributed from the bow to the stern at equal 
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intervals. They applied a boundary element method sequentially to each cross section, which 

consisted of a solution to the summation of the disturbance and free-stream potentials. Thus, 

they obtained the velocity potential function expressing the problem at hand. To predict the 

ship squat, the pressure integration approach was used. This consists of integrating the pressure, 

acting on the hull to predict the hydrodynamic forces. To validate their theory, Calisal and 

Alidadi (2011) compared their predictions with experimental data. Interestingly, the 

comparison revealed that the predicted data does not deviate significantly from the 

experimentally predicted values at higher speeds. Instead, agreeable comparison was 

established for a range of depth Froude numbers from 0.2 to 0.4. 

Lataire et al. (2012) conducted an experimental study for a model scale KVLCC2 to predict 

the squat for a wide range of water depths and widths of a canal with rectangular cross section. 

Ji et al. (2012) performed numerical simulations by solving the 3-D Navier-Stokes equations 

along with the standard k-ε turbulence model. They simulated the wave patterns, induced by 

moving convoys composed of one or two barges in restricted waterways in order to predict the 

relationship between geometric and kinematic parameters, as well as the amplitude of ship-

generated waves, and the water plane drawdown. Sergent et al. (2015) estimated the unstable 

equilibrium position of a ship during heave motions as a function of canal and ship parameters 

by using a new mathematical expression from a 2D analytical model. Tezdogan et al. (2016) 

predicted the squat and resistance of a model scale container ship advancing in a canal using a 

numerical method based on nonlinear unsteady RANS simulations. 

Terziev et al. (2018) presented a numerical study to investigate the sinkage, trim and resistance 

of ships by using a scale model of the DTC container ship advancing through restricted shallow 

water in four channels with different cross sectional area and ship speeds. They used 

Computational Fluid Dynamics (CFD), the slender body theory and various empirical methods 

to calculate the trim and squat of the DTC advancing through different channel geometries.  

Elsherbiny et al. (2019) conducted a series of experiments on a model of the KRISO Container 

Ship (KCS). The KCS performance was examined by measuring its sinkage, trim and total 

resistance. A wide range of water depth to ship draft ratios at various ship speeds were 

investigated. Additionally, the blockage effect was studied by varying the canal width. 

Also, the measured model resistance data was used to determine a form factor value for the 

KCS at various water depth to ship draft ratios. The estimation of experimental uncertainty was 

conducted for all tests. Later, Elsherbiny et al. (2019a) presented a series of model tests 

measuring the resistance, sinkage and trim variations with speed, water depth and loading 

conditions under different trim angles at 1:75 scale. This was done to examine the range of ship 

trim for safe and efficient sailing in restricted water in both depth and width, and to detect the 

best trim angle for ships sailing in restricted waters to reduce resistance and therefore fuel 

consumption. 

Based on the above literature, the vast majority of studies focus on rectangular cross section 

canals. However, to the best of our knowledge, the Suez Canal has not been incorporated and 

assessed in any study using empirical, analytical, numerical and experimental techniques. The 

present paper will attempt to fill this gap by modelling the Suez Canal and a rectangular canal 
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for reference. The KCS hull form is modelled to advance through the aforementioned canals. 

To predict the wave resistance and form factor of the ship, CFD simulations are run in both 

multiphase and double body conditions. The details relating to each method are presented in 

the following section sequentially.  

3. Empirical, analytical and numerical methods 

As referred to in Section 1, experimentation has several drawbacks. In an attempt to circumvent 

the use of expensive and time consuming physical model tests, researchers have developed a 

wide variety of tools. Naturally, each of these is associated with a set of assumptions and 

limitations. There assumptions and limitations are discussed in the following sections. 

3.1 Empirical methods 

Empirical methods are typically derived based on a regression technique, employed on a 

dataset. A common problem with this approach is that upon extrapolating variables beyond the 

range contained within the dataset introduces errors. The abovementioned dataset is usually 

experimental (Duffy, 2008). In the realm of ship hydrodynamics, the number of parameters, 

one must account for are high, rendering the problem difficult. A superimposed issue is that a 

slight alteration in any of the modelled (or otherwise) independent parameters induces a 

substantially different case-study than what the empirical method is suited for. For example, 

introducing a slope in the bathymetry changes the flow physics, versus a rectangular canal.  

In the present context, the hullform is also of critical importance. Slight variations in the wetted 

area of the ship can have dramatic consequences in terms of the behaviour and performance of 

a ship (Tezdogan et al., 2016). Coincidently, this is also the main motivation of hull form 

optimisation studies (Zhang et al., 2018a, 2018b, 2017). A change in depth or width also 

invalidates any analysis that was not performed using a similar set-up. This is the main problem 

of empirical methods: their predictions may be excellent for the case-study used in their 

inception, but this is far from the case when applied elsewhere. This drawback stems from the 

range and number of parameters required to describe the flow around a ship. A simple length 

to beam, draught, depth etc. ratio is insufficient to provide information on the actual flow 

characteristics.  For our purposes, the Suez Canal is modelled as shown in Figure 2, and 

explained in the following section (Section 4.2). 

As part of this research, we have employed several empirical formulae derived from 

experimental databases. Naturally, only those applicable to canal case-studies are examined. 

For a complete description of the mathematical background, the reader is referred to Briggs 

(2009, 2006), Briggs et al. (2013, 2009b), and  Terziev et al. (2018). A description of the 

mathematical background of the empirical formulae is given in the Appendix. 

3.2 Slender body theory 

The slender body theory is one of the most successful approaches to computing shallow water 

trim and sinkage. This is particularly true in the low speed range, because viscous effects play 

a secondary role (Dand, 1967). The aforementioned theory, utilising a velocity potential 
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function, renders it unable to compute viscous contributions. As such, low speeds and moderate 

depths are well-suited for predictions using the slender body theory. In the present study, an 

in-house code which solves the equations of Tuck (1966), Tuck (1967), and Beck et al. (1975) 

is used. The debut of the code was presented in Terziev et al. (2019a) for dredged channels and 

canals. The method avoids integration of highly oscillatory integrals, representing the Fourier 

transform of the ship’s cross-sectional area and beam (Gourlay, 2014; Tuck, 1967b) by using 

the convolution form of the governing equations (Tuck, 1967a, 1966). This is done because, as 

stated by Gourlay (2014), the convolution form of the equations is favourable for practical 

applications. The input data for KCS, as modelled for the slender body theory is shown in 

Figure 3 using a scale factor of 1:75. The principal characteristics of the ship are shown in 

Section 5.1. 

The theory begins by supposing that the flow is two dimensional, and satisfies Laplace’s 

equation:  

(1 − 𝐹𝑛ℎ)
𝜕2𝜑

𝜕𝑥2
+
𝜕2𝜑

𝜕𝑦2
= 0                                                               (3)

where φ is used to denote the velocity potential. For the cases examined here (subcritical 

speeds), the solutions of the above equation are elliptical. The boundary conditions are a 

critical component of the theory. The hull is described by 
𝜕(𝑥+𝜑)

𝜕𝑛
= 0                                                                                                                        (4) 

where ∂/ ∂n is the derivative in the normal direction. This also holds for the seabed. To satisfy 

mass conservation, Tuck (1966) arrived at: 

𝜕𝜑

𝜕𝑥
= ±

𝑉

2ℎ0
𝑆′(𝑥)  at 𝑦 = 0 i.e. at the hull                                                                            (5) 

  

where S(x) is the hull cross-sectional area at position x, and prime is used to denote the 

derivative dS/dx, ℎ0 is the interior water region depth, and V is the ship speed. The remaining 

boundary conditions are that  the velocity potential must vanish at an infinite distance from the 

ship. To account for a change in depth, which characterises a dredged channel, Beck et al. 

(1975) split the flow into interior and exterior regions based on the depth: 

ℎ(𝑦) {
ℎ𝑜 ,   |𝑦| < 𝑤/2

ℎ∞,   |𝑦| > 𝑤/2
                                                                                                           (6) 

Where w is the width of the interior region. Splitting the domain thus creates two different flow 

regimes. The interior is characterised by the depth ℎ0 and resulting interior depth Froude 

number 𝐹0 = 𝑉/√ℎ0𝑔, and exterior depth Froude number 𝐹∞ = 𝑉/√ℎ∞𝑔.  

The solution proceeds by defining the functions k(x) and 𝜃 as follows: 

k(x) = [coth
πx

w√1−F0
2
− 1 ] exp(

2θw

w√1−F0
2
)                                                                            (7) 
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𝜃 = 

{
  
 

  
 
arctan(

h∞√F∞
2 −1

h0√1−F0
2
)  for F∞ < 1                        

i × sgn(k)arctan(
h∞√1−F∞

2

h0√1−F0
2
)  for F∞ > 1        

                                                          (8) 

where 𝑖 = √−1 and 𝑠𝑔𝑛(𝑘) is the signum of the Fourier transform variable 𝑘. 

The only change between the open shallow water, dredged channel and canal cases are 

expresed by the 𝜃 parameter and the ratio ℎ0/ℎ∞. When 𝜃 = 0, the above relationships reduce 

to the canal case-studies. Whereas when ℎ0 ℎ∞⁄ = 1, the relationships reduce to their the open 

water variants (Beck et al., 1975).  

The next step is to calculate the force and moment coefficients, which are predicted as shown 

in Eq. (9) and Eq. (10), respectively: 

𝐶𝑓 =
∫𝑏(𝑥)⨍𝑠′(𝜉)𝑘(𝑥−𝜉)𝑑𝜉𝑑𝑥

2𝑤𝐿√1−𝐹0
2 ∫𝑏(𝑥)𝑑𝑥

   (9) 

 Cm =
∫ xb(x)⨍s′(ξ)k(x−ξ)dξdx

2wL√1−F0
2 ∫b(x)x2dx

                                                                                                        (10) 

Where ⨍𝑠′(𝜉)𝑘(𝑥 − 𝜉)𝑑𝜉𝑑𝑥 is the convolution mentioned previously, ⨍  is used to denote 

the Cauchy or principle value integral and 𝜉 is the convolution variable. 

Once these are obtained, the solution requires the definition of two shape parameters, α and 

β (Eq. (11) and Eq. (12)), which are used to predict the sinkage (𝐶𝑆) and trim (𝐶𝜗) coefficients, 

as demonstrated in Eq. (13) and Eq. (14), respectively. 

𝛼 =
∫𝑥𝑏(𝑥)𝑑𝑥

𝐿 ∫𝑏(𝑥)𝑥2𝑑𝑥 
 (11) 

𝛽 =
𝐿 ∫𝑏(𝑥)𝑥𝑑𝑥

∫𝑏(𝑥)𝑥2𝑑𝑥 
 (12) 

𝐶𝑆 =
𝐶𝑓−𝛼𝐶𝑚

1−𝛼𝛽
 (13) 

𝐶𝜗 =
𝐶𝑚−𝛽𝐶𝑓

1−𝛼𝛽
 (14) 

Once the above parameters have been obtained, the sinkage (s) and trim (t) can be calculated: 

𝑠 =
𝐿𝐶𝑆𝐹0

2

√1−𝐹0
2
 [𝑚] (15) 

𝑡 =
𝐶𝜗𝐹0

2

√1−𝐹0
2
  [𝑟𝑎𝑑𝑖𝑎𝑛𝑠] (16) 
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In order to predict the parameters of interest in the modelled Suez Canal, the sloped shape is 

transformed into a rectangular cross-section with equal depth and blockage ratio (Gourlay, 

2008a). This process is depicted in Figure 2a for the Suez Canal. The equivalent canal is 

characterised by a depth of 0.32m, and width equal to 2.89m. Then, the application of the 

abovementioned equations for a canal of constant width and depth are straightforward. This 

study will serve as a validation of the in-house code. For reference, the rectangular canal is 

modelled as depicted in Figure 2b. 

 

 

Figure 2. Case-studies: a – Suez Canal case-study, b – rectangular canal 

 

Figure 3. KCS ship model input for slender body calculations 

 

3.3 Reynolds-averaged Navier-Stokes  

Perhaps the most rapidly developing field in ship hydrodynamics involves the use of Reynolds-

averaged Navier-Stokes (RANS) methods. These solve for the 3D fully nonlinear viscous flow 

around the ship. The rapid development of supercomputers, coupled with the RANS method’s 

ability to resolve complex flow phenomena with good accuracy has meant that many 

researchers have adopted the RANS method in their toolkit.  

0.32 m 

Water surface 

1.6 m 

4.17 m 

Equivalent canal with 

identical blockage 

Water 

surface 
0.32 

m 

4.6 m 

a 

b 
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In this study, the rectangular canal depicted in Figure 2 is modelled. Naturally, the speeds 

examined replicate the model-test parameters. This implies that all ship dimensions and 

parameters follow those, prescribed during the experimental investigation. The commercial 

available RANS solver, Star-CCM+, version 13.02.011 is used in this study. Star-CCM+ is a 

finite-volume based solver, which uses the integral form of the governing equations and divides 

the computational domain into a finite number of adjoining cells. 

For the present investigation, hexahedral cells of minimal skewness are used. This is known to 

provide superior predictions in ship hydrodynamics when compared to tetrahedral cells (Jones 

and Clarke, 2010). The mesh is generated via the automatic facilities of Star-CCM+. To 

accomplish this, the trimmed cell mesher is used to construct all cells outside the immediate 

vicinity of the ship. The near-wall cells are prescribed via the prism layer meshes, which is set 

to ensure a y+<1 over the wetted area of the ship. In doing so, high local wall-based Reynolds 

numbers, which require the use of wall-functions are avoided. This is done in view of the fact 

that wall functions are incompatible with separation and complex phenomena, such as 

stagnation and recirculation (Durbin and Pettersson Reif, 2011). The resulting cell numbers 

can be consulted in Table 1. The generated mesh is depicted in Figure 4 for both case-studies, 

while the resulting y+ values distribution on the hull are shown in Figure 5. 

The depicted mesh is achieved by imposing concentric volumetric refinements in the vicinity 

of the ship. In particular, the location where the Kelvin wake is expected has been refined 

considerably in the rectangular canal case. For the Suez Canal, the refinements are concentrated 

near the lateral extents of the canal. As will be shown in Section 4, the manner in which the 

waves interact with the bottom is important. The mesh density required in these areas is 

increased when compared to other locations. In any case, the mesh in the Suez Canal is 

sufficiently refined to capture the waves everywhere in the domain. Although this implies that 

the cell numbers have increased dramatically, as shown in Table 1, the heightened 

computational effort is considered justified.  

Table 1. Cell numbers 

Case-study Simulation type Number of cells 

Rectangular canal 
Multiphase 1446076 

Double body 1055015 

Suez Canal 
Multiphase 1954292 

Double body 1038586 
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Figure 4. Top view of the generated mesh for the rectangular canal (top half) and Suez Canal 

(bottom half) – not to scale. 

 

Figure 5. Distribution of y+ values in multiphase and double body modes for the Suez Canal 

at 𝐹𝑛ℎ =0.2439. 

 

In terms of numerical set-up, the recommendations of Terziev et al. (2019b) are followed. 

Namely, a 2nd order convection scheme is adopted and the k – ω turbulence model is used, 

which showed reliable predictions over a range of similar case-studies (Terziev et al., 2018; 

Wilcox, 2006). The k – ω turbulence model exhibited good, consistent predictions over a range 

of case-studies, similar to those examined here. The wall time, required per iteration was also 

found to be the lowest of all two equation turbulence models, making it a highly attractive 

choice.  Additionally, the k – ω turbulence model does not require any modifications if applied 

near solid boundaries, when attempting to resolve boundary layer phenomena, which govern 

resistance. The present study will also serve to validate the assertion that the k – ω turbulence 

model provides good predictions over a greater range of case-studies. The expectation is that 

the resistance will be predicted with a small, negative error based on previous experience 
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(Terziev et al., 2019b). The temporal term of the Navier-Stokes equations is discretised via a 

1st order accurate scheme, with a time-step of t=0.0035×L/V, following Tezdogan et al. (2016). 

In the present simulations, the mesh remains constant for all speeds, while the time step is 

varied according to the aforementioned formula. 

To model ship squat, the Dynamic Fluid Body Interaction (DFBI) module is used. This 

computes the normal (pressure) forces and tangential (shear or frictional) forces on the ship 

hull and adjusts its position to achieve equilibrium.  In the examined case-studies, only motions 

in the vertical plane (y – z) are allowed. To dampen the initial shock, resulting from the 

initiation of the simulation, the ship is constrained during the first 10 seconds, which is imposed 

to allow the flow to develop before the ship is allowed to move. Once this time limit has been 

overcome, the solver gradually applies forces and moments on the hull during an additional 10 

seconds. 

The domain dimensions follow the recommendations of the ITTC (2017). While the domain 

bottom, set as a velocity inlet, and side (slip wall) are prescribed to match the experimental set-

up, the domain top is placed at a distance of 1.5×L from the undisturbed water surface level. 

The inlet is also positioned 1.5×L upstream of the forward perpendicular, where a velocity inlet 

condition is imposed. The outlet is located 2.5×L ship lengths downstream of the aft 

perpendicular, and is set to maintain the hydrostatic pressure. To calculate the hydrostatic 

pressure, model current velocities, and capture free-surface deformations, the Volume of Fluid 

method is utilised (Hirt and Nichols, 1981). Domain dimensions and boundary conditions are 

summarised in Figure 6 for the rectangular canal (top) and Suez Canal (bottom). 
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Figure 6. Domain dimensions and boundary conditions in all multiphase simulations. Top: 

rectangular canal, bottom: Suez Canal (not to scale). 

 

If one seeks to demonstrate changes in the components of ship resistance, a multiphase 

simulation is insufficient. As mentioned previously, the RANS solver computes forces as 

normal and tangential. These translate into frictional and pressure resistance coefficients upon 

division by 0.5ρSV2, where ρ=997.561 kg/m3 is the fresh water density, S is the ship’s wetted 

area, and V is the ship speed. On the other hand, the resistance extrapolation procedure, 

endorsed by the ITTC (2017b) decomposes the total differently. Namely, the form factor 

approach is used, suggested by Hughes (1954), which splits the resistance as shown in Eq. (17). 

𝐶𝑇 = 𝐶𝐹 × (1 + 𝑘) + 𝐶𝑊                  (17) 

where 𝐶𝑇 is the total resistance coefficient, 𝐶𝐹 represents the frictional component, (1+k) is the 

abovementioned form factor, and 𝐶𝑊 is the wave resistance coefficient. 𝐶𝑊 and (1+k) are 

assumed constant with scale, while 𝐶𝐹 is predicted via a friction line (Molland et al., 2017). 

Since CFD cannot be used to predict all of these components via a multiphase simulation, one 

may replace the free-surface with a symmetry plane (Kinaci et al., 2016). Essentially, this is 

equivalent to removing 𝐶𝑊 from Eq. (3), since there are no longer any waves present in the 

simulation (Farkas et al., 2017). Doing this renders the VOF method inapplicable. For this 

reason, in double body simulations the velocity is prescribed at the inlet as a constant, while 

the outlet maintains 0 Pa pressure.  
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To ensure the flow is dissimilar only due to the absence of waves, the ship’s vertical position 

is adjusted, according to the result obtained by the multiphase simulation (Terziev et al., 

2019c). Performing double body simulations allows for the calculation of the wave resistance 

simply by subtracting the 𝐶𝑇 achieved in multiphase and double body regimes (Min and Kang, 

2010). Furthermore, the form factor is simply the double body total resistance, divided by the 

double body frictional component. These will enable the prediction of changes in (1+k) and 𝐶𝑊 

with speed as well as bathymetry. For the typical cell numbers, achieved for the double body 

simulations, Table 1 can be consulted.  

The double body approach is primarily adopted in this study to determine the wave resistance 

of the KCS under different conditions. Utilising the resistance decomposition shown in Eq. 

(17), it is possible to circumvent the complexity of wave resistance estimation. To elaborate, 

wave resistance estimation in shallow water is a particularly difficult problem. While there are 

many theories capable of providing an estimate of the sinkage and trim of the ship, resistance 

in the subcritical range has proved elusive (Beck et al., 1975; Tuck, 1967a, 1966). That is, 

although deep-water wave resistance can be estimated with the same theory (Tuck and 

Lazauskas, 2008). Three-dimensional potential flow theories are required to predict ship 

shallow water wave resistance, which are characterised by a substantial increase in 

implementation difficulty. For example, Yuan's (2018) method can be used in this respect. 

However, in the absence of commercially available software, where the above theory has been 

implemented, one cannot apply it in practice routinely. 

The problems associated with wave resistance in shallow water are further magnified by two 

factors. Firstly, shallow water flows are highly three-dimensional. As demonstrated recently 

by Terziev et al. (2019b), the boundary layer of the ship is predicted to come in contact with 

the seabed in very shallow water cases. This brings about the second difficulty, referred to 

previously, namely, non-linear effects. The presence of such phenomena suggests that the vast 

majority of shallow water theories are inapplicable, even if they provide non-zero predictions. 

For instance, the extension of the slender body theory to account for ship-ship interactions of 

Gourlay (2009) can be supplemented by additional non-linear terms, as shown by Yeung 

(1978). In fact, the supplementing terms, introduced in the latter reference have been shown to 

be of similar magnitude as the original terms, formulated by Tuck and Newman (1976). 

Non-linearity and three-dimensional effects are not a distinctive problem when it comes in 

CFD predictions. The RANS equations feature both of the above characteristics. Therefore, 

CFD can provide insight into the phenomenology of the underlying physics without user 

intervention, or knowledge of separate linear/non-linear and 2D/3D effects. These are captured 

automatically in the computational model. In this context, the prediction of the form factor, 

which is typically used to account for 3D effects is trivial in the presence of data from 

multiphase and double body simulations. The prediction of the form factor is of importance 

because of its central role in resistance extrapolation.  

In the likely event where the expected routes the ship will spend the majority of its operational 

lifetime are known, it is of critical importance to predict the full-scale resistance under these 

conditions. The manner in which this is typically done is via the resistance decomposition, 
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shown in Eq. (17). Naturally, the use of this relationship requires adequate knowledge of each 

component on the right-hand side of the equation. As explained previously, wave resistance is 

associated with a distinct set of challenges. The form factor is also an elusive parameter, which 

is not sufficiently understood in shallow waters. Frictional resistance in shallow water is also 

subject to some debate, because as will be shown in Section 4, the ITTC line cannot capture 

shallow water effects. Zeng et al. (2018) provided a basis for a correction based on the depth 

over draught ratio (h/T), but their formulation is applicable for flat ship bottoms. This is 

certainly not the case in the vast majority of cases due to the occurrence of ship squat, and is 

therefore not applied here. 

In the presence of continual debate regarding each component of the resistance decomposition 

shown in Eq. (17), and indeed the relationship itself, it is thought prudent to investigate the 

RANS solver’s performance in predicting these parameters. The availability of experimental 

data to compare our numerical predictions against is used to establish confidence in the 

numerical model where appropriate. To the best of our knowledge, form factor and wave 

resistance studies in shallow waters are few, especially with changing channel cross-section. 

Thus, the present investigation would serve to supplement knowledge in the field by predicting 

the expected changes in all factors discussed above.  

The results and relevant discussions are given in Section 4, while the following Section 

provides an overview of the errors and uncertainties induced as a result of the RANS method.  

3.4 Numerical verification 

As referred to in the previous section, RANS solvers require a time step and grid size to 

discretise the governing equations temporally and spatially, respectively. The set of partial 

differential equations, modelled by the solver (the RANS equations) are thought to represent 

the physics of the problem with sufficient accuracy (Lesieur, 2008). However, this applies to 

their continuum form, which are solvable and can be used for relatively simple flows. In any 

case, analytical solutions to the Navier-Stokes equations in three dimensions are rare, and 

cannot be derived for a problem as complex as multiphase (or double body) flow about a ship 

hull. For this reason, verification procedures are devised to estimate the error, resulting from 

either mode of discretisation, and the corresponding uncertainty by extrapolating the solution 

to a 0 time step or grid size (Roy, 2005). In other words, the solution estimated as if it were 

possible to model the continuum form of the partial differential equations.  

For the present case, the Grid Convergence Index (GCI) method is used, which was devised by 

Roache (1998) as a uniform method to report numerical uncertainty. This method uses 

generalised Richardson Extrapolation (Richardson, 1911), and provides a 95% confidence in 

the computed uncertainty (Roache, 1997). To elaborate, upon estimating the uncertainty, one 

can have sufficient grounds to maintain that the exact solution lies within the bracket, 

calculated as the uncertainty. Therefore, the error is defined as a quantity characterised by a 

magnitude and sign, whereas the uncertainty simple provides an interval, within which the error 

must be located 95 out of 100 times.  
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The first step in the verification procedure is to define a refinement ratio (r), which is used to 

magnify the grid size, or time step. Here, the recommendation of the ITTC (2008) are adopted 

in this respect, namely r=√2. The refinement ratio is used to generate a triplet of solutions, 

which are used to predict the numerical error (Celik et al., 2008). Here, it is useful to define the 

modes of convergence or divergence. These are characterised by the convergence ratio, R, 

whose value defines four possibilities:   

1. Monotonic convergence: 𝟎 < 𝑹𝜿 < 𝟏 

2. Oscillatory convergence: 𝐑𝛋 < 𝟎 ∪ |𝑹𝜿| < 𝟏 

3. Monotonic divergence, 𝑹𝜿 > 𝟏 

4. Undefined error or uncertainty 

Where the subscript refers to the κth input parameter. In the present context, R is defined as the 

ratio of the difference between medium and fine solutions ε21= (φ2 – φ1), and the difference 

between coarse and medium solutions ε32= (φ3 – φ2). Once these are known, the observed order 

of accuracy is estimated as shown in Eq. (18): 

𝑝𝜅 =
ln(𝜀𝜅23/𝜀𝜅21)

ln(𝑟𝜅)
                    (18) 

The next step is to predict the extrapolated value, formulated in Eq. (19): 

𝜑𝑒𝑥𝑡 = (𝑟𝜅
𝑝 × 𝜑1 − 𝜑2)/(𝑟𝜅

𝑝 − 1)                  (19) 

Then, the approximate relative error and extrapolated relative error are calculated as shown in 

Eq. (20) and Eq. (21), respectively. 

𝑒𝑎
21 = |

𝜑1−𝜑2

𝜑1
|                    (20) 

𝑒𝑒𝑥𝑡
21 = |

𝜑
𝑒𝑥𝑡21

−𝜑2

𝜑𝑒𝑥𝑡21
|                   (21) 

Once the quantities estimated by Eq. (18) – Eq. (21) are known, the uncertainty can be 

calculated as expressed in Eq. (22): 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21 = |

1.25×𝑒𝑎
21

𝑟𝜅
𝑝
−1

|                   (22) 

The computed data for this case is shown in Table 2, where grid discretisation uncertainty is 

reported. Table 3 presents estimates of the temporal discretisation-induced uncertainty. The 

procedure has been carried out for sinkage, trim and total resistance. Since the total is simply 

the sum of the pressure and shear, it is not thought necessary to extend the reported results for 

the remaining parameters. The uncertainty analysis presented in this section was performed for 

the rectangular canal for 𝐹ℎ =0.469. This is used as a representative case, providing guidelines 

in terms of uncertainty for the remaining case-studies. 

It is interesting to note that sinkage and trim exhibit super convergence with mesh refinement, 

but are close to the theoretical order of accuracy (𝑝𝑡=2) when subjected to temporal refinement 

(Roy, 2005). The opposite is true in terms of resistance.  
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Table 2. Spatial uncertainty in the rectangular canal, 𝐹ℎ =0.469. 

 Sinkage (m) Trim (°) Total resistance (N) 

 𝑟 (-) √2 √2 √2 

 𝜑1  -0.0052 -0.0675 2.8896 

 𝜑2  -0.0054 -0.0682 2.9559 

 𝜑3 -0.0104 -0.0756 3.0935 

 𝑅 (-) 0.04 0.096573 0.4818 

 𝑝 (-) 9.2877 6.7445 2.1068 

 𝜑𝑒𝑥𝑡
21  -0.005 -0.066831 2.8233 

 𝑒𝑎
21 (%) 

0.0192 0.009 0.021 

 𝑒𝑒𝑥𝑡
21  (%) 

0.08 0.0204 0.0469 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  (%) 7.5321 1.9867 2.463 

 

Table 3. Temporal uncertainty in the rectangular canal, 𝐹ℎ =0.469 

 Sinkage (m) Trim (°) Total resistance (N) 

 𝑟 (-) √2 √2 √2 

 𝜑1  -0.0052 -0.0675 2.8896 

 𝜑2  -0.00517 -0.0674 2.8883 

 𝜑3 -0.005169 -0.0670 2.8823 

 𝑅 (-) 0.41748 0.50193 0.21667 

 𝑝 (-) 2.5205 1.9889 4.4129 

 𝜑𝑒𝑥𝑡
21  -0.0051831 -0.067718 2.8909 

 𝑒𝑎
21 (%) 0.00019 0.263 0.045 

 𝑒𝑒𝑥𝑡
21  (%) 0.059678 0.0111 0.0009 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  (%) 0.077 0.2926 0.0775 

To ensure that the solution has converged sufficiently, the residuals are monitored, requiring a 

minimum drop of at three orders of magnitude, following the recommendations of the ITTC 

(2011). To assess iterative errors, the non-intrusive, a posteriori method of Roy and Blottner 

(2001) is used (Phillips, 2012). The results from this analysis indicate that absolute errors are 

in the range of 10-5 – 10-6. To achieve the here reported levels of iterative convergence, the 

solution is allowed to evolve for a minimum of 200 s physical time. The iterative errors must 

be several orders of magnitude smaller than the discretisation error to enable the applicability 

of the GCI (or any other) discretisation uncertainty estimator technique (Eca and Hoekstra, 

2014). For the present purposes, this condition is thought to have been satisfied.  

 

4. Results and discussion  

In this Section, the results for both case-studies are presented. To facilitate comparison and 

discussion, the data from all methods are presented jointly for each case-study.  



18 

 

 

4.1 Sinkage and trim 

As mentioned previously, sinkage and trim are of great practical importance in restricted waters 

(Ferguson, 1977). While it is well-known that smaller canal cross-sectional area causes greater 

ship squat, the manner in which this occurs requires further investigation. The results shown 

jointly in Figure 8 and Figure 9 demonstrate that the present CFD model agrees well with 

experimental observations in the rectangular canal. Moreover, the assertion that our CFD 

model will have a tendency to provide a small negative error is validated for the entire speed 

range for sinkage in this case-study. In terms of trim, the CFD model has also performed well, 

predicting values within a reasonable margin. The slender body theory is shown to perform 

better for trim than for sinkage, as measured at the ship centre of gravity. In any case, the results 

compare well for low speeds, which is where the slender body theory’s strengths lie (Tuck and 

Taylor, 1970). The apparent disagreement in sinkage for very low speeds is exhibited due to 

the difficulties in measuring displacements smaller than 2 mm experimentally (Elsherbiny et 

al., 2019b).  

For the rectangular canal, the examined speeds range from 0.1 to 0.57 depth Froude numbers. 

Although the high speed range is unlikely to occur in practice, it is interesting to note that the 

disagreements between the CFD and EFD curves in sinkage increase with velocity. On the 

other hand, the differences in trim remain relatively constant. This implies that sinkage is more 

difficult to predict that trim using the present CFD model. It is important to keep in mind the 

experimental uncertainty and its effect on the predicted values. It is important to observe that 

in the region of practical interest (depth Froude numbers smaller than 0.3), the two sets of data 

agree well. 

 

Figure 7. Sinkage for the rectangular canal 
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Figure 8. Trim for the rectangular canal 

 

For the Suez Canal, EFD and CFD simulations up to an equivalent of 9 knots in full-scale, 

which translates to depth Froude numbers between 0.1 to 0.33. This choice is made because 

the maximum operational speed allowed in the Suez Canal is 7 knots (Suez Canal Authority, 

2019). While it is interesting to examine higher speeds for the present case, they cannot occur 

in practice due to legal restrictions. The current legal restrictions limit the allowable speed, 

which restricts the number of vessels per year to approximately 18 000. Therefore, the present 

investigation focuses on practically relevant operational speeds in the Suez Canal. 

Additionally, Elsherbiny et al. (2019b) demonstrated experimentally that a change in h/T 

values within the abovementioned depth Froude number range does not have a significant 

impact. For this reason, the present study focuses on h/T=2.2 (full-scale depth = 24 m) as a 

representative case, which translates into the actual full-scale depth of the Suez Canal.  

Figure 9 and Figure 10 jointly present the sinkage and trim values obtained for the Suez Canal 

via CFD, EFD and the slender body theory. The figures indicate that the present CFD model, 

whose physical modelling characteristics have been carried from the previous case-study, 

performs adequately in the case of trim. Sinkage once again proves more difficult to accurately 

estimate. However, the differences between CFD and EFD are smaller than those exhibited by 

the slender body curves. This may stem from our assumption, that the sloped canal is equivalent 

to a rectangular canal with equal blockage. More research in this direction is left as future piece 

of work.  

The slope and shape of the slender body curves are governed by several parameters. These 

include the depth and width of the canal, as well as the shape of the vessel. Additionally, as the 

depth Froude number approaches unity, a singularity is predicted (Gourlay and Tuck, 2001). 

In other words, the slope of the slender body prediction will increase until the critical depth 

Froude number is reached, where it will attain an infinite value. This is not predicted 
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experimentally or numerically (Elsherbiny et al., 2019b; Terziev et al., 2018), which restricts 

the applicability of the slender body theory to low speeds. 

 

Figure 9. Sinkage for the Suez Canal 

 

Figure 10. Trim for the Suez Canal 
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values for this parameter are overpredicted in the case of the Suez Canal. This pattern makes 

the predictions for the Suez Canal match the measured sinkage in the rectangular canal. 

Conversely, the measured sinkage values in the rectangular canal seem to lie close the Suez 

Canal, especially in the high speed range. The source of these disagreements is not known. 

However, one may speculate that a combination of uncertainty, both experimental and 

numerical, superimposed onto the choices pertaining to the numerics of the CFD model are the 

source of the disagreements observed above. RANS solutions contain many sources of error, 

stemming from sources as diverse as boundary conditions, levels of inlet turbulence, iterative 

and discretisation errors, convection scheme, etc. (Eca et al., 2013; Roy, 2005; Xing and Stern, 

2010). Separating each of these components and assessing their impact (when possible) on 

different aspects of the numerical solution is an ongoing field of research (Eca et al., 2017).  

Figure 11. CFD and EFD comparison of sinkage at the ship’s centre of gravity for all case-

studies 

 

Figure 12. CFD and EFD comparison of ship trim. 
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The trim predictions, shown in Figure 12 exhibit a different pattern than the sinkage (Figure 

11). Although an agreement is observed in the low speed range, the trend is not continued past 

𝐹ℎ = 0.235 for the Suez Canal. The EFD data for trim show the oscillatory patterns discussed 

previously, whereas the CFD predictions follow a smooth path. The two sets of data in the case 

of the rectangular canal show better agreement in terms of trend, but not in the exact location 

along the y – axis. Instead, the CFD method shows a systematic underprediction. However, due 

to the sharp decline in the EFD curve, the two sets of data almost coincide for the highest speed 

examined. That is, although this particular point on the graph (𝐹ℎ = 0.57) is unlikely to occur 

in practice. The sources of error, discussed in the case of sinkage, carry forward to trim as well. 

In fact, it is well known that the two parameters (jointly forming ship squat) are intrinsically 

linked  (Shivachev et al., 2017). 

Figure 13 depicts a comparison of different empirical models for both case-studies. In the 

figure, how the different models compare to each other for the same case have been plotted, as 

well as across case-studies. These reveal that formulae, containing higher powers of the speed, 

tend to massively overpredict values in the high speed range. For instance, Römisch (1989) 

contains more terms involving higher powers of the speed than the remaining empirical 

formulae examined in Figure 13 (Briggs et al., 2009a). The empirical formulae used can be 

found in the Appendix. 

Out of all empirical models compared in Figure 13, only the one due to Ankudinov (whose 

mathematical basis is explained in detail Briggs (2009) and Briggs and Daggett (2009)), is 

capable of predicting whether a ship will squat by stern or by bow. Unfortunately, both CFD 

and EFD methods show that the ship will squat by bow, rather than by stern, which is the 

prediction made by the abovementioned method. This highlights the need for accurate tools 

even in the early design stage. This particular formulation predicts virtually identical squat for 

both case-studies, which make it difficult to distinguish the two curves in Figure 13. 
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Figure 13. Empirical methods comparison for both case-studies. 

4.2 Resistance  

This section examines the resistance values computed via CFD, EFD and their respective 

decompositions into constituent components. The discussion begins with the total resistance 

comparison to establish relative differences between the predicted and measured values.  

Over the entire speed range examined for the rectangular canal, the CFD model compares well 

with the EFD data, as shown in Figure 14. The calculated values show a small underprediction 

over the majority of the speeds, validating the assertion relating to turbulence modelling.  The 

k – ω turbulence model is therefore proven as a good choice for examinations focusing on 

towed calm shallow water predictions. The resistance values are shown to grow in a quadratic 

manner with speed, as expected. When comparing these to the Suez Canal, it is evident that the 
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CFD model does not have a clear tendency to over- or underpredict the EFD data, shown in 

Figure 15. This is in all likelihood due to the complex nature of the problem.  

The CFD method requires the accurate resolution of the free surface to predict the pressure 

component of resistance. In the rectangular canal this is straightforward. However, the Suez 

Canal’s bathymetry is characterised by a slope, which terminates with an intersection of the 

water surface. As the waves, shed from the bow approach the bank, they slow down, grow in 

height and change direction (Lamb, 1932). The manner in which they interact with the 

bathymetry is not limited to the above. A part of the waves will also reflect back onto the ship 

upon reaching the beginning of slope, interacting with the hull. Now, the speeds examined for 

the Suez Canal are low, rendering the waves largely inconsequential near 𝐹𝑛ℎ = 0.1. However, 

as shown in Figure 16, even for a depth Froude number as low as 0.33, the generated 

disturbance is substantial. The interaction between the ship and the waves, shed from its bow 

and stern are significant, making this a highly unsteady case.  

 

Figure 14. EFD and CFD of total resistance for the rectangular canal 

 

Figure 15. EFD and CFD of total resistance for the Suez Canal 
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Figure 16. Generated wave patterns in the Suez Canal for 𝐹𝑟 = 0.33. Mirrored about the 

central plane 

 

Figure 17. Free surface disturbance, generated in the rectangular canal at 𝐹𝑟 = 0.33 

 

In Figure 16, the projection of the beginning of the slope onto the free surface (white lines) 

have been included to enable a better understanding of the underlying phenomena. In particular, 

it seems that the seabed immediately after the beginning of the slope does not interact strongly 

with the waves. This is in line with theoretical predictions, which dictate that the effect on the 

wave pattern depends on the transition in depth. The large waves, appearing with increasing 

distance from the ship centreline seem to decompose into smaller components with larger wave 

heights. According to Newman (1965), the energy within waves vanishes at a rate, proportional 

to the water depth, and wave heights increase accordingly. This is clearly observed in Figure 

16, especially near the banks. No wave breaking is identified in the present case near the lateral 

extremities of the domain. However, one may expect such phenomena to occur and be visible 

if the ship speed were to be increased.  

It is important to keep in mind that shallow water waves propagate at a speed of √𝑔ℎ. This 

explains the observed curve in the shape of the waves as the bank is approached. The 

propagation speed diminishes with distance from the ship and the waves fall behind (towards 
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the outlet) at a greater rate than the remaining wave system. The rectangular canal free surface 

disturbance for the same depth Froude number is shown in Figure 17 for comparison. 

 

Figure 18. Calculated wave resistance coefficients for both case-studies using CFD 

The generated wave patterns induce a wave resistance onto the ship. As explained in Section 

4.3, in the present study the wave resistance coefficient is calculated by subtracting the 

multiphase total from the double body total resistance in CFD. In the rectangular canal, the 

predicted values show a smooth variation, characterised by an initial decrease, which recovers 

with increasing depth Froude number (shown in Figure 18). This pattern repeats in all 

likelihood as one progresses through the depth Froude number range, causing the typical 

oscillatory pattern of wave resistance to emerge (Tuck and Lazauskas, 2008). The Suez Canal 

wave resistance on the other hand exhibits a sharp rise, following which, the pattern of the 

rectangular canal seems to be reproduced. This is not surprising, considering the wave 

disturbance observed in Figure 17. To elaborate, wave effects become more significant as speed 

is increased at a greater rate than in the rectangular canal.  

The wave resistance coefficients presented in Figure 18 show similar behaviour to those 

experimentally estimated by Elsherbiny et al. (2019b). However, our predictions are higher 

than those reported by the abovementioned authors. This can be explained by the choice of 

friction line, which during the experimental stage (in Elsherbiny et al. (2019b)) was the ITTC 

line (ITTC, 2017b). The impact of the choice of skin friction coefficient is illustrated in Figure 

19. Namely, depending on which method to estimate the skin friction of the ship is chosen, the 
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wave resistance may vary substantially, especially during the experimental stage, where there 

is no other choice but to calculate 𝐶𝐹 via a friction line.  

Another interesting property of the results presented herein is that in the rectangular canal, 𝐶𝑊 

does not show signs of decreasing even when the depth Froude number is as low as 0.1. The 

Suez Canal results on the other hand exhibit the aforementioned decline. Thus, the zero wave 

resistance assumption at low speeds may not be valid, depending on the underwater topology.  

 

Figure 19. Frictional resistance coefficients for all case-studies (Eca and Hoekstra, 2008; 

Gadd, 1967; Hughes, 1954; ITTC, 2017b; Katsui et al., 2005; Korkmaz et al., 2019; 

Lazauskas, 2009; Prandtl, 1925; Schlichting, 1979; Schoenherr, 1932; Schultz-Grunow, 

1941; Telfer, 1927; Wang et al., 2015; White, 2006) 

In Figure 19, the double body and multiphase frictional resistance coefficients are presented 

graphically against Reynolds number. Several differences between the case-studies become 

immediately apparent. Firstly, contrary to the deep water cases of Terziev et al. (2019c), the 

frictional resistance coefficient in double body mode is higher, rather than lower than the 

multiphase case for the same Reynolds number in the rectangular canal.  

The frictional resistance coefficients predicted for the Suez Canal exhibit a surprising feature. 

Namely, the double body predictions are either close to, or below the multiphase skin friction 

predictions. This implies that underwater bathymetry has a substantial effect on 𝐶𝐹. To further 

this argument, one may refer to the observed deviation between the frictional predictions for 

the Suez and rectangular case-studies. Here, it is evident that a lateral restriction creates an 
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increase in frictional resistance. Thus, the extension of the ITTC line for shallow waters 

proposed by Zeng et al. (2018), which corrects only the ship bottom, may not be applicable in 

the present case. In addition, the ship bottom must be maintained flat as part of the 

abovementioned authors’ friction line, which was not done in this study. The difference 

between 𝐶𝐹 for all cases shows signs of monotonic decline with increasing Reynolds number. 

This may suggest that free surface effects become negligible at higher speeds or scale factors. 

However, one must remember that in the resistance calculation process, the underwater area 

and speed are used to non- dimensionalise the resistance coefficients. Thus, an apparent decline 

in coefficient form could translate into an increase in dimensional resistance, depending on the 

case. 

Figure 20 shows that the form factor behaves in a manner, opposite to the wave resistance for 

the Suez Canal. That is to say, (1+k) attains a high value of approximately 1.245 for a depth 

Froude number of 0.1. This is followed by a sharp decline, which brings the Suez Canal form 

factor in line with the rectangular canal. In fact, the difference between the two is vanishingly 

small for the highest depth Froude number examined in the present study. This suggests that, 

if one were to accept the present resistance decomposition methodology, three dimensional 

effects decrease in importance with increasing speed. It is also noted that the prediction made 

herein is virtually the same as in Elsherbiny et al. (2019b) for h/T=2.2. In fact, it seems that 

once a speed threshold is passed, the form factor ceases to vary and approaches the 

experimentally determined value. 

 

Figure 20. Predicted form factor for all case-studies using CFD 

The form factor curve for the rectangular case-study shows a smooth behaviour, which is taken 

as an indication of the success of the present CFD model. The fact that the Suez Canal 
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prediction seems to follow a similar path is taken as a good sign in terms of accuracy as well. 

The apparent disagreement between the two curves for the lowest speed suggests that there 

may be difficulty in predicting the underlying physics accurately. This is in line with 

expectations, which dictate that at a very low speed, the waves generated by the ship will be 

very short. These are difficult to capture if the mesh density is not high in the vicinity of where 

the abovementioned waves are expected. Although the generated mesh was progressively 

refined as the bank is approached, this may not have been sufficient for the lowest speeds. 

However, since the experimental method faces equal, if not greater challenges for the lowest 

speeds, it is considered that the results presented herein exhibit sufficient levels of accuracy.  

The fact that the experimentally determined form factor is close to the low speed predictions 

of the present CFD model is encouraging. However, it also brings into question the 

experimental method for determination of the form factor, as applied to canal case-studies. This 

is typically assessed at very low speeds, where the wave resistance is thought to be negligible. 

Our findings, specifically Figure 17, demonstrate that wave resistance is likely the cause in the 

experimental method’s inability to predict the change in (1+k). As discussed previously, wave 

resistance does not decay in the rectangular canal as one might expect. The consequence of this 

is expressed in a contamination of the procedure used to experimentally determine the form 

factor. The results of this study suggest that CFD should be used to supplement the 

experimental determination of (1+k). 

 

5. Conclusion and future work recommendations 

This study presented an experimental and numerical assessment of the effects of bathymetry 

on ship squat and resistance. To demonstrate the practical importance of the work, the Suez 

Canal was modelled and compared to a rectangular canal. Emphasis was placed on low and 

moderate speeds in the Suez Canal, following the legal restrictions imposed on ships in the 

abovementioned waterway. Specifically, the maximum allowed speed is 7 knots.  

In this paper, the numerical results showed best agreement with the experimental data. This is 

likely the case due to the ability of CFD to model complex phenomena without the need to 

individually prescribe each term in suitable manner, as is the case for potential flow. With the 

rapid growth in available computational power, studies such as the one presented here will 

become frequent. More importantly, the RANS method’s ability to provide good predictions 

when compared to experiments reinforces the case for simulation-based design. 

The present investigation focused on changes in form factor, wave resistance and friction 

across case-studies. The results reveal that the Prohaska test, which requires a vanishingly small 

wave resistance is valid for the Suez Canal, but may not be true for the rectangular canal. In 

fact, 𝐶𝑊 vanishes with a reduction in depth Froude numbers below about 0.2. Surprisingly, the 

rectangular canal’s wave resistance showed no signs of decay with low speeds. This suggests 

that a speed in the vicinity of 0.05 depth Froude number may be required to guarantee that 

wave effects are asymptotically negligible. Unfortunately, such case-studies are difficult to 

perform, due to limitations in the sensors used in the course of an experiment. From a numerical 
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point of view, these case-studies are also challenging. The ship produces short waves, whose 

resolution requires a much finer mesh than was adopted here. 

In terms of form factor, the research, reported above indicates a sharp decline with increasing 

speed for both case-studies. Our predictions suggest that as the speed is increased, the 

difference in (1+k), calculated for either case vanishes after 𝐹ℎ = 0.25. In the present cases, 

the form factor’s multiplicative relationship with the frictional resistance coefficient should not 

be ignored. It is also unlikely that three dimensional effects are captured adequately by a linear 

resistance decomposition. To support this claim, changes in 𝐶𝐹 between the Suez Canal, 

rectangular canal, and their double body variants were presented. Surprisingly, the difference 

between multiphase and double body frictional resistance coefficients was shown to be greater 

for the rectangular canal than the Suez Canal. 

The combination of insurmountable experimental and numerical limitations suggests that it 

may be more efficient to shift one’s attention away from extremely low speeds. These low 

speeds are used to predict the ship resistance without the influence of wave resistance. In this 

study, it was demonstrated that this may not be a good approach because wave resistance plays 

an important role even at very low speeds (near 𝐹𝑛ℎ=0.1) Instead, the ability of modern 

computational tools should be exploited to a greater extent, as demonstrated in this study. The 

numerical method can be used to manipulate the physics of the problem to provide the desired 

component of ship resistance. Whether it is physically meaningful to split the total into linear 

components is a disputable matter. In the absence of better extrapolation techniques, one has 

little choice but to accept the above limitations. However, this is only the case if one continues 

to view the problem of ship resistance prediction and extrapolation to full-scale as a problem 

to be approached in a purely experimental way. It is hoped that our study has demonstrated the 

strong applicability of CFD for problems of practical importance.  

The present work could be extended in several ways. The ship’s surface was assumed smooth 

to reduce the complexity of the physics. However, this is rarely, if ever, the case in reality. The 

variations in skin friction and wave resistance will undoubtedly change upon the inclusion of 

such effects. For a sample of the intricacies of the subject, the reader is referred to the work of 

Demirel et al. (2017, 2014), and Song et al. (2019). 

Self-propulsion is also an important topic. The presence of a rotating propeller at the stern of 

the ship causes a complex, unsteady three dimensional pressure field. This affects all aspects 

of the ship’s hydrodynamics (Wang et al., 2017). The shallow water cases examined herein 

amplify the abovementioned effects in a manner that is not well understood. These problems 

should be addressed in subsequent studies. 
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Appendix  

Parameter Symbol Unit Formula Notes 

Bow Squat 

(Barrass, 1981) 

𝑆𝑏 𝑚 𝐶𝑏𝑆2
2 3⁄

𝑉2.08

30
  (7) 

 

Velocity return 

factor 

𝑆2 

 

− 𝐴𝑆

𝐴𝑐−𝐴𝑠
   

Blockage factor 𝑆 − 𝐴𝑠

𝐴𝑐
   

Channel cross-

sectional area 

𝐴𝑐 𝑚2   

Ship cross 

sectional area 

𝐴𝑠 𝑚2   

Bow squat  

(Eryuzlu and 

Hausser, 1978) 

𝑆𝑏 𝑚 
0.113𝐵 (

1

ℎ 𝑇⁄
)
0.27

𝐹𝑑  
1.8 (8) 

 

 

Bow squat  

(Eryuzlu et al., 

1994) 

𝑆𝑏 𝑚 
0.298

ℎ2

𝑇
(

𝑉

√𝑔𝑇
)
2.289

(
ℎ

𝑇
)
−2.972

𝐾𝑏  (9) 

 

 

Correction 

factor 

𝐾𝑏 − 3.1

√𝑊/𝐵
 for 𝑊/𝐵 < 9.61 

 

= 1 for  𝑊/𝐵 ≥ 9.61 

 

For unrestricted 

channels, use 𝑊𝑒𝑓𝑓  

Effective width 𝑊𝑒𝑓𝑓  𝑚 𝐶𝑀𝐵 = [7.7 + 45(1 − 𝐶𝑊𝑃)
2] (10)  

Bow squat 

(Hooft, 1974) 

𝑆𝑏 𝑚 1.96
∇

𝐿2

𝐹𝑛2

√1−𝐹𝑛2 
 (11) ∇ is the volumetric 

displacement  

Bow squat 

(ICORELS, 

1980) 

𝑆𝑏 𝑚 2.4
∇

𝐿2

𝐹𝑛2

√1−𝐹𝑛2 
   

Bow squat 

(Millward, 

1990, Millward, 

1992) 

𝑆𝑏 𝑚 0.001𝐿(61.7𝐶𝑏
1

𝐿/𝐵
− 0.6)

𝐹𝑑
2

√1−0.9𝐹𝑑
2
 (12) 

 

 

Bow squat 

(Römisch et al., 

1981) 

𝑆𝑏 𝑚 𝐶𝑉𝐶𝐹𝐾𝑇𝑇 (13)  
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Stern squat 

(Römisch et al., 

1981) 

𝑆𝑠 𝑚 𝐶𝑉𝐾𝑇𝑇
  (14) 

Correction 

factor  

 

𝐶𝑉 

 

− 
8 (

𝑉

𝑉𝐶𝑅
)
2

[((
𝑉

𝑉𝐶𝑅
− 0.5)

4

 + 0.0625)]  

(15) 

 

For ship speed  

Relevant water 

depth 

ℎ𝑚𝑇  

 

𝑚 ℎ −
ℎ𝑚

ℎ
(ℎ − ℎ𝑚)   

Wave celerity 𝐶𝑚𝑇 

 

𝑚

𝑠
 √𝑔ℎ𝑚𝑇     Based on the 

relevant water depth                

Mean water 

depth 

ℎ𝑚 

 

𝑚 𝐴𝑐

𝑊𝑇𝑜𝑝
   

Channel width  𝑊𝑇𝑜𝑝 

 

𝑚 𝑊 + 2𝑛ℎ  At the water surface 

Correction 

factor for the 

ship’s shape 

𝐶𝐹 − 
(
10𝐶𝑏

𝐿 𝐵⁄
)
2

  
= 1 for stern squat 

 

Correction 

factor 

𝐾𝑇 

   

 

− 0.155√ℎ/𝑇  For squat at critical 

speeds 

Wave celerity  𝐶 

 

𝑚

𝑠
 √𝑔ℎ  Based on the depth ℎ 

Inverse bank 

slope 

 

𝑛  − −  Specified as an 

integer 

Ship critical 

speed 

𝑉𝐶𝑅 

 

𝑚

𝑠
 𝑉𝐶𝑅 = 𝐶𝐾𝑐ℎ  𝑈 configurations   

 

𝑉𝐶𝑅 = 𝐶𝐾𝐶    𝑅 configurations 

𝑉𝐶𝑅 = 𝐶𝑚𝑇 [𝐾𝑐ℎ (1 −
ℎ𝑚

ℎ
+ 𝐾𝑐 (

ℎ𝑚

ℎ
))]  

 

𝐶 configurations 

 

Correction 

factor 

𝐾𝑐 − 0.2306𝑙𝑜𝑔 (
1

𝑆
) + 0.0447   

Wave celerity  𝐶𝑚𝑇 

 

𝑚

𝑠
 √𝑔ℎ𝑚𝑇     

 

Based on the 

relevant water depth   

ℎ𝑚𝑇               

Bow/Stern 

squat 

(Ankudinov et 

al., 1996) 

𝑆𝑀𝑎𝑥  𝑚 𝐿(𝑆𝑚𝑖𝑑 ±

0.5𝑇𝑟𝑖𝑚) (16) 

+ 0.5𝑇𝑟𝑖𝑚 : 

Bow  

1. Bow/Stern squat 

depends on trim 

(+/-). For 𝑭𝒅 ≤ 𝟎. 𝟔 

 − 0.5𝑇𝑟𝑖𝑚 : 

Stern 

Midship 

sinkage 

(Ankudinov et 

al., 1996) 

𝑆𝑚𝑖𝑑  𝑚 (1 + 𝐾𝑃
𝑆)𝑃𝐻𝑢𝑃𝐹𝑑𝑃+ℎ/𝑇𝑃𝐶ℎ1 (17) 2. For 𝑭𝒅 ≤ 𝟎. 𝟔 
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Factor 𝐾𝑃
𝑆 − 0.15   Ships with single 

propellers 

0.13   Ships with twin 

propellers 

Hull parameter 𝑃𝐻𝑢 − 1.7𝐶𝐵 (
𝐵𝑇

𝐿2
) + 0.004𝐶𝑏

2   

Forward speed 

parameter 

𝑃𝐹𝑑 − 𝐹𝑑
1.8+0.4𝐹𝑑   

Water depths 

effect 

parameter 

𝑃+ℎ 𝑇⁄  − 01 +
0.35

(ℎ 𝑇⁄ )2
   

Channel effects 

parameter 

𝑃𝐶ℎ1 − 1   𝑈 configurations 

1 + 10𝑆ℎ − 1.5(1 + 𝑆ℎ)√𝑆ℎ  𝑅 and 𝐶 

configurations 

Water depth 

factor 

𝑆ℎ − 𝐶𝐵 (
𝑆

ℎ 𝑇⁄
) (

ℎ𝑇

ℎ
)  𝑅 and 𝐶 

configurations 

Trim 

(Ankudinov et 

al., 1996) 

𝑇𝑟𝑖𝑚 ° −1.7𝑃𝐻𝑢𝑃𝐹𝑑𝑃ℎ 𝑇⁄ 𝐾𝑇𝑟𝑃𝐶ℎ2   

Trim 

coefficient 

𝐾𝑇𝑟 − 𝐶𝑏
𝑛𝑇𝑟 − (0.15𝐾𝑃

𝑆 + 𝐾𝑃
𝑇)

− (𝐾𝐵
𝑇 + 𝐾𝑇𝑟

𝑇 + 𝐾𝑇1
𝑇 ) 

 

Trim exponent 𝑛𝑇𝑅 − 2 + 0.8𝑃𝐶ℎ1 𝐶𝑏⁄      

Propeller 

parameter 

𝐾𝑃
𝑇 − 0.15  Single propellers 

0.2  Twin propellers 

Bulbous bow 

parameter 

𝐾𝐵
𝑇 − 0.1  Ships with bulbous 

bows 

0  Ships without 

bulbous bows 

Stern transom 

parameter 

𝐾𝑇𝑟
𝑇  − 0.04  Ships with a stern 

transom 

0  Ships without a stern 

transom 

Initial trim 

factor 

𝐾𝑇1
𝑇  − 𝑇𝑎𝑝−𝑇𝑓𝑝

𝑇𝑎𝑝+𝑇𝑓𝑝
      

Trim correction 

parameter 

𝑃𝐶ℎ2 − 1  𝑈 configurations 

1 − 5𝑆ℎ  𝑅 and 𝐶 

configurations 

Bow squat 

(Yoshimura, 

1988) 

𝑆𝑏 𝑚 
[(0.7 +

1.5𝑇
ℎ
) (
𝐵𝐶𝑏
𝐿
) +

15𝑇
ℎ
(
𝐵𝐶𝑏
𝐿
)
3

] 𝑉𝑒
2

𝑔
 

𝑈, 𝑅 and 𝐶 

configurations 𝑔 =

9.81𝑚/𝑠 

Enhanced ship 

speed term 

𝑉𝑒 𝑚

𝑠
  

𝑉

1−𝑆
   

 

The information, presented in this Appendix has been adopted form Terziev et al. (2018). 


