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Guidelines for CFD Escort Tug Performance 

 

■ Section 1 

 Introduction 

1.1  General 

1.1.1  The purpose of this document is to provide guidance to designers intending to use CFD for the estimation of tug performance 
during indirect towing mode. Indirect towing mode may be described as manoeuvring an assisted vessel by applying steering and 
braking forces. The Additional Design Procedure (ADP) is focused on the hydrodynamic performance of the tug only, other concerns 
such as stability are not addressed. 
 
1.1.2      This ADP is not to be considered as a replacement for the Escort Performance Numeral (EPN) notation and it is intended to 
be an additional service offered by Lloyd’s Register (LR) separately. 
 
 

■ Section 2 

 Definitions 

2.1  General 

2.1.1  The following section highlights a number of key parameters that are required to be defined in order to be able to carry out a 
prediction of the tug performance. 

2.2  Operation 

2.2.1 Two forces determine the capabilities of the ship for a given speed and draught: braking and steering force. In indirect towing 
mode, the braking and steering forces are transmitted to the assisted vessel through the towing line. A diagram of the forces and 
moments involved can be seen in Figure 1.2.1. 
 
 

 

 
 

Figure 1.2.1 Indirect tug performance schematic diagram 
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2.2.2 In indirect towing mode, the tug must reach a dynamic equilibrium point where the net result of all the forces and moments 
acting on the tug is zero. The principal forces and moments considered are listed below. 
 
a) Forces: 

• Hydrodynamic forces acting on the hull and appendages (R) 
• Propulsion forces transmitted to the hull from propulsion units (T) 
• Force transmitted to the hull through the staple which will determine the values of braking and steering force to the assisted 

 vessel (Towline force-FT, Steering force-FS and Brake force-FB) 

• Gravity forces (Fg) 

b) Moments: 

• Hydrodynamic moments (MR) 

• Moments generated by the propulsion(MT)  

• Moment induced by the staple transmitted forces (MFT) 

• Gravity moments (Mg) 

2.3  Degrees of freedom 

2.3.1 The tug model has initially six degrees of freedom, reduced to five because of the effect of the tow line. In order to 
unequivocally define the position of the tug while operating, the following variables need to be defined: 

• Horizontal Tow line angle: Angle between assisted ship’s transverse axis and towline (α) 
• Vertical Tow line angle: Angle between the undisturbed free surface and the towline (ϕ) 
• Yaw angle: Angle between assisted ship’s longitudinal axis and tug longitudinal axis (β) 
• Tug pitch angle 
• Tug roll angle 
• Tug heave 
 

2.3.2 In addition to these variables, the relative position of the propulsion and steering system also needs to be defined. For 
example, in the case of an azimuth thruster equipped with controllable pitch propellers, the following information would be required to 
define the position unequivocally. 

• Azimuth angle 
• Propeller pitch 
• Propeller rotation rate 
 

2.3.3 For other propulsion or steering systems, different parameters may be required. The selection of those parameters must be 
linked to specific propulsion/steering system degrees of freedom. 

2.4  CFD definitions 

2.4.1 Mathematical model: Description of a physical system using mathematical concepts and language. This will be a set of 
equations that describe the tug when performing indirect escort operation. 
 
2.4.2 Numerical model: Set of algorithms used for the approximate solution of the equations defined in the mathematical model 
(partial differential, ordinary and linear equations systems). 
 
2.4.3 Mathematical modelling error: Errors associated with the discrepancies between the real physics of the problem and its 
representation through the set of equations defined in the mathematical model. 
 
2.4.4 Numerical error: Errors associated with the solution of the mathematical model using a set of algebraic equations in a discrete 
domain of space (spatial discretization error) and time (temporal discretization error) using iterative methods (iterative error). 

2.5  Coordinate systems 

2.5.1 The following set of the reference frames are recommended. 
 
2.5.2 Global Coordinate System, GCS: The global coordinate system base vectors are associated with the assisted vessel. The 

origin of this system is to be coincident with that of the assisted vessel, as such it should be noted that this reference system moves 
forward at the constant speed of the assisted vessel. 

• X-axis must be defined by the advance direction of the assisted vessel. 
• Z-axis should follow the direction of gravity. 
 

2.5.3 Local Tug Coordinate System, LTCS: This should be coincident with the system defined in the lines plan of the tug. 

• X-axis following the direction determined by the intersection of symmetry plane of the tug and the waterline when the tug is 
not moving.  

• Z-axis following the direction of gravity. 
 
2.5.4 Global Centre of Mass Coordinate System, GCMCS: The axes are coincident with those of the global coordinate system 

and the origin is in the centre of mass of the tug. 
 
2.5.5 Local Centre of Mass Coordinate System, LCMCS: The axes are coincident with those of the Local Tug Coordinate System 

and the origin is in the centre of mass of the tug. 
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2.5.6 Local Propulsion Coordinate System, LPCS: For each propulsion unit, a local coordinate system must be defined in a way 

that retains the features of the specific propulsion system. For azimuth thrusters as follows: 
• X-axis must be normal to the propeller plane. 
• Z-axis must be defined by the steering axis of the thruster. 

The origin of coordinates is given by the intersection point of the previous vectors. 

2.6  Ship and operating conditions 

2.6.1 The escort speed (speed of advance of the assisted vessel) is to be 8 knots or 10 knots. Additional result sets may also be 
calculated and presented although these will be considered as supplementary to the above requirement speed and do not negate the 
need for calculation of results at either 8 or 10 knot escort speed. 
 
2.6.2 The environmental conditions to be assumed are that the tug and assisted vessel are to be operating in calm, still and deep 
water. 
 
2.6.3 The loading condition of the tug is to be representative of the normal working conditions. Also the location of the centre of 
mass must be given in LTCS. The values of all the principal inertia moments referred to the LCMCS are required in order to determine 
the dynamic behaviour of the tug. The location of the staple must also be defined in the LTCS. 
 
2.6.4 A complete description of the propulsion system should be supplied, including type of propulsion and exact location/orientation 
based on the LTCS. The degrees of freedom associated with the propulsion system should also be defined explicitly. The same 
process should be followed for all the steering devices. 
 
2.6.5 It is recommended to include the bilge keels and skegs in the model as the behaviour of the tug will be strongly affected by 
them. Any appendage not modelled should be declared and a justification must be provided. 
 
2.6.6 The total installed power and the maximum available power/propulsion unit are to be stated in the submitted documents. 
 
2.6.7 The yaw angles used in the CFD calculations must cover the tug’s operative range of angles with a maximum of ten degrees 
between incremental steps.  Special attention should be paid to the yaw angles close to the maximum steering and braking conditions 
where the incremental steps should be reduced to at least five degrees. 
 
 

■ Section 3 

 Mathematical Models 

3.1  General 

3.1.1  The appropriate set of equations to use for the definition of the flow around the tug are the Navier-Stokes equations. 
Simplifications to this set of equations are usually made in order to allow the solution of the mathematical model and therefore an 
estimate of the steering and braking forces. This section provides a description of a number of models that may be used in the CFD 
formulation. However, it is down to the user to decide upon and justify the most appropriate approach. 

3.2 Geometry 

3.2.1  The accuracy of the tug geometry must be checked in order to ensure that the virtual model used in the calculations is a good 
representation of the real tug. Special attention should be paid to the propulsion system and lifting surfaces such as rudders and skegs, 
where curvature in the leading and trailing edge should be accurately represented. Tolerances should meet recommendations given in 
[1]. Any simplification in the geometry and the tolerances of the tug 3D representation should be justified by the user. 
 
3.2.2 For the definition of the domain extent, the dimensions should be chosen in a way that the boundaries are far enough from the 
tug that the influence upon the results is minimised. This will be strongly dependent on the mathematical and numerical methods to be 
used. 

3.3 Turbulence 

3.3.1  Due to the characteristics of the flow around the tug when operating in indirect mode, viscous effects play an important role in 
the flow behaviour. However, due to the impracticality of solving the complete set of Navier-Stokes equations through Direct Numerical 
Simulation (DNS), some simplification of the modelling of the turbulence phenomena is usually required. 
 
3.3.2 The typical approach for modelling turbulent viscous flow is to use the Reynolds Averaged Navier-Stokes Equations (RANSE) 
coupled with a closure model (zero, one, two and six equation models), Large Eddy Simulations (LES) or hybrid models like Detached 
Eddy Simulations (DES). 
 
3.3.3 The selection of the closure model will depend largely on the code and the computational resources available. However, it is 
recommended to avoid zero and one equation models due to the specific characteristics of the flow, like strong wakes and detached 
areas for the different yaw angles. 
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3.4 Boundary layer 

3.4.1 The two common ways of solving the boundary layer flow are direct calculation of the boundary profile (which requires a high 
mesh density) and the use of wall laws. 
 
3.4.2 For the direct solution of the flow, the values of y+ should be below unity for the tug, propulsion and steering devices. In case 
of using wall functions y+ must be between thirty and five hundred; these limits may vary depending on the specific implementation of 
the CFD code and the local characteristics of the flow. 
 
3.4.3 The use of direct solution of the boundary layer flow is preferred as adverse pressure gradients are present in the flow field 
and wall laws are not generally capable of accurately capturing this kind of flow behaviour. 

3.5 Fluid-body interaction 

3.5.1 The dynamic character of the forces acting on the hull, leads to changes in the position of the hull for different speeds even for 
the same yaw angle. Because of this, the motions of the hull must be accounted for. It is up to the user to decide which degrees of 
freedom are accounted for in the CFD calculation based on the outcome of the Validation. 
 
3.5.2 The modelling of the motion is intrinsically linked to the spatial discretisation process; there are several methods to do this 
including: Sliding Meshes, Moving Domain, Overlapping Meshes and Mesh Morphing. Each method has benefits and disadvantages 
that need to be considered, but all of them can lead to an accurate solution of the problem. 

3.6 Propulsion system model 

3.6.1 Modelling the propulsion and steering devices is required as the effect of the flow interaction can significantly impact on the 
results. 
 
3.6.2 Not only the effect of the propulsion system on the hull performance should be considered. The effect the hull has on the 
propulsion units may be important and needs to be captured in the model. 
 
3.6.3 Several options are available in order to model the propeller in CFD codes. The preferred method would be to model the 
propeller geometry and simulate the relative motion of the propeller through sliding or overlapping meshes. 
 
3.6.4 However, due to the high computational power required, the effect of the propulsion system can be modelled through 
simplified models (e.g. body forces) that can lead to accurate results if a correct calibration is carried out (through Validation). 

3.7 Dynamic equilibrium criteria 

3.7.1 In order to reach the equilibrium point, the result of all forces and moments acting on the hull must be zero. Bearing in mind 
that the problem is dynamic, the instantaneous net values might not be zero. It is recommended to check the equilibrium through mean 
values of the motions (in case of any being accounted for) and net forces (moments) for at least ten cycles once the response of the 
tug reaches a stable periodic state. 
 
 

■ Section 4 

 Discretisation 

4.1  Grid generation 

4.1.1  The grid generation will strongly depend on the solver and models used to represent the problem. Because of this, a spatial 
and temporal discretisation analysis must be done. The following general guidelines can be given. 

• Try to use hexahedral elements in the free surface and avoid the use of tetrahedral or polyhedral cells close to the free 
surface 

• Use at least 15 points per wave length on the free surface 
• Use at least 10 cells in the vertical direction in the region where the free surface deformation is expected 
• Refinement is recommended in areas of interest, such as around the propulsion system, appendages and in the wake field 

of each one of those elements 
• Ensure that the resolution of the geometry is sufficient to retain the geometrical shape, especially in high curvature areas 

(e.g. leading and trailing edges) 
• Avoid high aspect ratio cells 
• The grid density should be enough to retain the flow characteristics around the tug and the propulsion system, especially the 

detached wake at high yaw angles 

4.2  Convergence criteria 

4.2.1  Due to the complexity of the problem, it is recommended to judge convergence of the simulation on the stability of motions 
and integral values such as forces and moments and not only on the residuals. As the process of reaching equilibrium is dynamic, it is 
recommended to check mean values once the magnitudes reach a periodic response over at least ten cycles. 
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4.3  Numerical uncertainty 

4.3.1  The aim of a numerical uncertainty assessment is to verify the accuracy of the numerical solution of the equations. 
 
4.3.2 The estimation of the spatial discretisation error involves a set of solutions carried out in self-similar meshes with increased 
number of elements to check the sensitivity of the solution to changes in the mesh resolution. The effect will be measured on the 
integral variables (position, forces and moments) related to the indirect performance problem of the tug. 
 
4.3.3 The estimation of the temporal discretisation error should follow the same procedure, but changing the time step size and 
measuring its effect on the integral values to be studied. The difference in size between the different time steps should be enough to 
determine the degree of time-step solution dependency. 
 
4.3.4 A complete description of the estimation of both errors can be found in references [1] and [2]. 

4.4  Modelling uncertainty 

4.4.1  In order to estimate the model uncertainties a comparison between CFD and measured data must be performed. The 
uncertainty can be tested either against full scale or model scale data and not necessarily for the same ship subject to the procedure. 
 
4.4.2 The approach can be through a complete model (where the measured quantities were taken including hull and propulsion) or 
through individual models (one set of experimental data to assess hydrodynamic forces and moments; a second set of measured 
variables to assess the propulsion performance and a third one to assess the hull-propulsion interaction). The experimental data used 
is to be clearly described and the experimental uncertainties stated. 
 
 

■ Section 5 

 Submission 

5.1  Conditions 

5.1.1  A complete description of the ship coordinate systems and ship main particulars in line with Section 3.1 and Section 3.2 must 
be submitted. Water conditions (density and viscosity) used for the simulations and a description of the propulsion system and steering 
devices must also be included. The following should be clearly described. 
 

Table 1.5.1 Particulars and influencing variables 

 
Variable 

Length 

Beam 

Draught 

Speed 

Water density 

Water viscosity 

Yaw angle range 

Towline length 

Assisted ship freeboard 

Towline vertical angle 

Towline angle plane angle range 

Centre of mass location 

Mean draught (calm water) 

Aft perpendicular draught (calm water) 

Forward perpendicular draught (calm water) 

Inertia moments 

Displacement 

Staple location 

Total installed power 

Installed power/propulsion unit 

Sea state 

Propulsion systems location 

Propulsion systems main particulars 

Steering systems main particulars 

Appendages 

Coordinate reference systems 

 
5.2  Mathematical model 

5.2.1  A description of the mathematical models must be included in the submission files. The following information should be 
included. 
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Table 1.5.2 Mathematical model details 

 
Variable 

Tug geometry tolerance 

Propulsion geometric tolerance 

Ship based/ Earth based coordinate system 

Tug model degrees of freedom 

Boundaries definition  
(Location as % of LBP of all boundaries, condition type and values of the fluid variables) 

Boundary layer model 

Range of y+ 

Turbulence model 

Free surface model 

Propulsion degrees of freedom 

Propulsion model (actual propeller geometry/body force/pressure jump / other) 

Steering devices degrees of freedom 

Variables used for the convergence criteria 

Convergence criteria mathematical description 

 
5.2.2  Additionally, all the simplifications to the geometry must be clearly described, as well as the model adopted, in order to 
capture the motions of the tug (if any), propulsion and steering devices. 
 
5.2.3 Regarding the propulsion system, the model used should be clearly defined. Specifically, if the propeller was modelled using 
the actual propulsion geometry, through a body force model, a pressure jump, or other method. The methodology followed to reach the 
equilibrium point must be described. Specifically if the propeller pitch, rpm and azimuth angle are prescribed or balanced through the 
simulation process in order to reach the equilibrium point, or a detailed description of any other methodology intended for this purpose. 
The same applies to steering devices and other propulsion systems. The criteria used for convergence must also be mathematically 
described. 

5.3  Code description 

5.3.1  A description of the code and numerical schemes used for the calculations must be included in the submission files. The 
following information should at least be included. 
 

Table 1.5.3 Code Description 

 
Variable Value 

Code name and version  

Method used for the discretisation of the equations  

Method used for the discretisation of the convective terms  

Order of the convective terms discretisation  

Scheme for the coupling of pressure and velocity  

Method used for the discretisation of the temporal terms (Implicit-Explicit)  

Order of the temporal discretisation  

5.4  Mesh description 

5.4.1  A description of the mesh must be included in the submission files. The following information should at least be included. 
 

Table 1.5.4 Mesh Description 

 
Variable 

Code name and version used for the grid generation 

Type of grid 

Mesh element type 

Conformal/Non-Conformal 

Dedicated boundary layer mesh 

Sliding/Overlapping/Deformed/Fixed 

Total number of cells 

Number of layers in the boundary layer 

Boundary layer growth rate 

 
5.4.2  Additionally a few mesh cut plots should be provided for the maximum steering and brake force cases. 

• Vertical cut of the mesh through the tug symmetry plane including detail views on the refined areas and boundary layer 
transitions 

• Horizontal cuts of each propulsion system with detail views in the refined areas and boundary layer transitions 
• Surface mesh of the tug surface 
• Surface mesh of the propulsion, appendages and steering devices, with detail views of the mesh refinement at leading and 

trailing edges 
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5.5  Numerical results 

5.5.1  A complete set of results must be provided. The results must comprise numerical values of the tug position, motions forces, 
and moments at the dynamic equilibrium state for the different yaw angles considered. 
 

Table 1.5.5 Generalised coordinates in LTCS 

 
Yaw angle Heel angle Pitch angle Heave Towline horizontal 

angle 
Towline vertical 

angle 
Centre of lateral 

resistance 
Staple-CLR 

distance 

        

 
5.5.2  All the components of the hydrodynamic, towline, propulsion, and net forces on the centre of mass of the tug should be 
provided in the submitted documentation and expressed in the Global Centre of Mass Coordinate System- GCMCS for the different 
yaw angles considered. 
 

Table 1.5.6 Forces in GCMCS 

 

Yaw R T FT Net Force 

 x y z x y z Fs Fb z x y z 

             

 
5.5.3  The moments generated by the hydrodynamic, towline, propulsion, and net force around the centre of mass should be stated 
in the Local Centre of Mass Coordinate System-LCMCS for the different yaw angles considered. 
 

Table 1.5.7 Moments in LCMCS 

 

Yaw MR MT MFT Net Force 

 x y z x y z x y z x y z 

             

 
5.5.4  The delivered thrust of each one of the propulsion systems must be presented in a separate table referred to the 
corresponding Local Propulsion Coordinate System-LPCS for each yaw angle considered.  Additionally, the values of torque and power 
must appear as well as the generalized coordinates of the propulsion system used. In the case of an azimuth thruster equipped with a 
controllable pitch propeller, the following should be included. 
 

Table 1.5.8 Propulsion LPCS 

 

Yaw rpm Pitch Azimuth 
Angle 

1-w t T Q  Power 

      x y z    

            

The escort tug butterfly diagram based on the CFD results must also be submitted. 

5.6  Numerical uncertainties assessment 

5.6.1  The numerical uncertainty of the working mesh should be assessed, at least for the maximum steering and braking force 
conditions. 
 
5.6.2 The assessment must comprise a study of the spatial and temporal discretisation errors (SDE, TDE) for the following 
variables. 
 

Table 1.5.9 Discretisation errors 

 
Variable Value SDE (%) TDE (%) 

Heel angle    

Yaw angle    

Heave    

Pitch    

Towline horizontal and vertical angle    

Towline force    

Components of the hydrodynamic force    

Components of the propulsion force associated with each propulsion unit    

Coordinates linked to the propulsion and steering devices:  
• Propeller pitch 
• Propeller rotation rate 
• Azimuth angle 
• Rudder angle 

   

Components of the net force around the centre of mass    

Net heeling moment around the centre of mass    

Net yaw moment around the centre of mass    

Net pitch moment around the centre of mass    
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5.6.3 It is recommended to include a brief description of the methodology used for the estimation of the errors as well as graphs of 
the absolute values of the studied variables plotted against mesh density and temporal discretisation. 

5.7  Visualisation 

5.7.1  For the maximum steering and braking conditions, the following post processed data is required. 
• Contour plots of pressure coefficient, skin friction and y+ on the tug surface 
• Contour plots of pressure coefficient, skin friction and y+ on each of the propulsion units 
• Contour plots of pressure coefficient, skin friction and y+ on the steering devices 
• Contour plots of the boundary layer profiles along the hull and propulsion geometry. At least in five locations in the tug and 5 in 

the propulsion units 
• Stream lines on the hull surface 
• Stream lines on the propulsion system surface 
• Stream lines on the steering devices surface 
• Streamlines around the propulsion units in order to visualize the interaction with the tug 
• Horizontal contour plots of velocity on five planes between the lowest point of the tug and the water surface 
• Top view of the wave pattern elevation 
• Top view of the Courant number distribution on the free surface 
 

5.8  Modelling uncertainty 

5.8.1  A description of the procedure used for the modelling uncertainty estimation must be included in the deliverable items. The 
uncertainties of the measured quantities used for the estimation must appear clearly. Numerical values of the modelling error must also 
appear clearly in the report. 
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