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Abstract 

The development of a fuel filler pipe is based solely on experience and physical experiment. The 

challenge lies in designing the pipe to fulfill the customer needs. In other words designing the pipe such 

as the fuel flow does not splash back on the fuel dispenser causing a premature shut off. To improve this 

“trial-and-error” based development a computational fluid dynamics (CFD) model of the refueling 

process is investigated. In this thesis a CFD model has been developed that can predict the fuel flow in the 

filler pipe.  

Worst case scenario of the refueling process is during the first second when the tank is partially filled. 

The most critical fluid is diesel due to the commercially high volume flow of 55 l/min. Due to limitations 

of computational resources the simulations are focused on the first second of the refueling process. The 

challenge in this project is creating a CFD model that is time efficient, thus require the least amount of 

computational resources necessary to provide useful information.  

A multiphase model is required to simulate the refueling process. In this project the implicit volume of 

fluid (VOF) has been used which has previously proven to be a suitable choice for refueling simulations.  

The project is divided into two parts. Part one starts with experiments and simulations of a simplified fuel 

system with water as acting liquid with a Reynolds number of 90 000. A short comparison between three 

different turbulence models has been investigated (LES, DES and URANS) where the most promising 

turbulence model is URANS, specifically the SST k-ω model. A sensitivity analysis was performed on 

the chosen turbulence model. Between the chosen mesh and the densest mesh the difference of 

streamwise velocity in the boundary layer was 2.6 %. The chosen mesh with 1.9 M cells and a time step 

of 1e-4 s was found to be the best correlating model with respect to the experiments. 

In part two a real fuel filling system was investigated both with experiments and simulations with the 

same computational model as the chosen one from part one. The change of fluid and geometry resulted in 

a lower Reynolds number of 12 000. Two different versions of the fuel system was investigated; with a 

bypass pipe and without a bypass pipe. Because of a larger volumetric region the resulting mesh had 3.7 

M cells.  

The finished model takes about 230 h on a local workstation with 11 cores. On a cluster with 200 cores 

the same simulation takes 30 h. The resulting model suffered from interpolation errors at the inlet which 

resulted in a volume flow of 50 l/min as opposed to 55 l/min in the experiments. Despite the difference 

the model could capture the key flow characteristics. With the developed model a new filler pipe can be 

easily implemented and provide results in shorter time than a prototype filler pipe can be ordered. This 

will increase the chances of ordering one single prototype that fulfills all requirements. While the 

simulation model cannot completely replace verification by experiments it provides information that 

transforms the development of the filler pipe to knowledge based development.   
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1 Introduction 

1.1 Background 

A car manufacturer is today faced with huge requirements on developing cars with short lead times. Cars 

are getting more advanced and are at the same time being regulated by an increasing number of legal 

requirements. If a car manufacturer keeps the same developing pace it would result in longer lead times 

due to the before mentioned aspects. Longer development times will result in releasing cars with outdated 

technology and design on the market, thus losing market shares. Focusing resources towards time 

efficient development is therefore crucial for a car manufacturer in order to be profitable and ultimately 

stay in the market 

For the above reason Volvo Car Corporation (VCC) is focusing on reducing the lead times for the 

development of a new car. One action already in place is the scalable platform architecture (SPA) which 

was released together with the new car model XC90. SPA is a new scalable platform on which most new 

cars are based on. By allowing the platform to scale to different types of car models the development time 

of a new car decreases drastically. While SPA is one piece of the puzzle, actions need to be taken on the 

development of smaller components as well. One of those smaller components is the fuel filler pipe, 

which is the component considered in this project. 

As of today, when a change in geometry is requested on the fuel filler pipe the normal routine is to 

manufacture an acrylic pipe. Physical experiments can then be conducted on the pipe to see if it meets the 

requirements for a successful fuel filling process. When the requirements are not met the loop goes on 

until a solution is found. This is a time consuming and expensive task. VCC would like to reduce time 

and cost of the development of the fuel filler pipe. The need has therefore been raised to predict the fuel 

flow in the filler pipe more quickly by the use of Computational Fluid Dynamics (CFD). 

1.2 Objective 

The objective is to obtain a method which will be able to predict the flow in the filler pipe using CFD. 

The method should in shortest time possible be able to give answers on if a certain shape of the filler pipe 

will be able to transport fuel according to the requirements. A finished model in which one can insert a 

new shape of a filler pipe is preferred where all settings are already filled in to minimize all extra work. 

The required operations when using the method will be to construct a new shape of the filler pipe and 

generate the solution. The method should take less time and cost less than the method used today. 

While the method should act as a tool to see if a certain design on a filler pipe meets the requirements, it 

should also act as a tool to understand what parameters are important to obtain a good design of the filler 

pipe.  

1.3 Methodology 

This project is divided into two parts. The project will start by investigating a simplified fuel system with 

water as acting liquid. The purpose of the simplified fuel system is to have controlled parameters (i.e. 

angles, spray patterns etc.) which can reduce the sources of errors when compared to the numerical 

calculations. The numerical calculations will be compared to the simplified fuel system to investigate grid 

resolution and turbulence model. 
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The second part is to conduct experiments and numerical calculations on a real fuel filling system with 

diesel as acting liquid. The numerical calculation will be set up using the best performing grid and 

turbulence model from part one and will then be compared to physical experiments.  

To obtain a fully operational working method some practical procedures must be found in order to 

quickly go from a CAD-model to start the simulation. This will for the biggest part be about finding the 

most convenient way of wrapping the geometry and creating a mesh according to specifications. From in-

house experience this is a good reason why the choice of software has fallen on STAR-CCM+
®
 [20] 

because its ability to wrap geometries and quickly form a mesh. During this thesis, all computer generated 

calculations are performed in the software STAR-CCM+ 
®
 (Version 9.04 and 9.06). Some preparations of 

the geometries are conducted in the software ANSA
®
. 

The CFD calculations involve multiphase flow modeling because of the two fluids water/fuel and air 

coexist in the domain. This means that an extra model in the software needs to be used. The model that is 

used in this thesis is the implicit approach of Volume of Fluid (VOF) due to its relative simplicity and 

because it has been proven to be a successful multiphase model for fuel flow calculations in previous 

projects [1,2]. 

Turbulence models investigated in the simulations are Unsteady Reynolds Averaged Navier Stokes 

(URANS), Large Eddy Simulation (LES), and Detached Eddy Simulation (DES). More specifically for 

URANS, the SST k- ω model will be used. For the LES simulations, the Smagorinsky sub-grid scale is 

used. For DES simulations the specific formulation is the improved delayed detached eddy simulation 

(IDDES). 

1.4 Filler pipes 

The fuel filler pipe is a part of the complete fuel storage system (Figure 1). The main task of the pipe is to 

transport fuel from the filler nozzle into the tank. Since the fuel system is fairly complex the fuel filling 

process can be somewhat difficult. There are design guidelines and legal demands that need to be fulfilled 

when designing the filler pipe. The refilling of the tank should take as short time as possible without 

soiling the customer or causing a premature shut off. While these requirements need to be fulfilled, the 

challenge lies in designing the pipe to a minimum production cost and such that it will take up the least 

amount of space in the car.  In recent years the inner diameter of the pipe has been decreased to make 

space for an increasing number of details in the car. The smaller diameter affects the refueling capabilities 

negatively and that increases the importance of gaining knowledge about the flow. 
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Since the filler pipe is a part that needs to be designed to fit a specific car, you can seldom use the same 

filler pipe for several car models. By looking at competitors, it is clear that the filler pipe can look very 

different, not only in terms of shape but also the material varies between metal and plastic. To get a 

glimpse of the variety that exist some examples of different fuel filler pipes from VCC can be seen in 

Figure 2. 

 

Figure 2. Different examples on fuel filler pipe designs 

1.4.1 Premature shut off 

A common problem for customers is the premature shut off (PSO). PSO happens when the filler nozzle 

stops feeding fuel before the tank is full. The most common PSO happens just after the flow is initiated. 

This is commonly mistaken by the customers to be an error on the fuel dispenser. Fuel dispensers can 

have varying sensitivity against PSO but the most critical reason is the design of the filler pipe.  

All fuel dispensers on the market have a shut off mechanism in order to stop feeding fuel when the fuel 

tank is full. The shut off mechanism consists of a membrane which is attached to the handle. When the 

membrane is affected by a change in pressure the handle shuts off. The membrane is connected to a thin 

channel which in turn leads both out to the end of the fuel dispenser spout (the sensor) and into the bulk 

flow inside of the spout. The latter connection acts as an ejector creating a low pressure zone in the 

Figure 1. Fuel filler pipe attached to the fuel tank 
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channel sucking air from outside the end of the spout. This sensor is very sensitive and will shut off both 

when a sudden change in pressure occurs and when liquid touch the sensor. The latter is the most 

common cause for PSO. These sensors need to be sensitive in order to prevent fuel from exiting the filler 

pipe and filler head out in the open, also known as spitback.  

PSO occurs more often when filling diesel than petrol. Nozzles feeding diesel have a larger inner 

diameter and a larger flow than petrol. While the larger fluid flow makes the filling process more 

sensitive, diesel also have the ability to create more foam. The foam quickly rises up the filler pipe 

causing a PSO, often when the flow is initiated.  

1.4.2 Sensitivity issues 

There is not a single strict case of the fuel filling process. There are variations in system that affects the 

fuel filling ability. The following list explains some of the different variables affecting the fuel filling 

ability which lies outside the control of the car manufacturer. 

 Angle of fuel filling nozzle 

 Spray pattern of fuel filling nozzle 

 Fuel flow 

 Fuel composition 

 Angle of the car 

 Ambient humidity and temperature 

 Type of sensor on the nozzle  

1.5 Limitations and restrictions 

Since the model should be able to give results more quickly than the present method there are limitations 

on the computational cost. The simulations are conducted at workstations in the office which are equipped 

with 12 cores at 2.0 GHz each. The computational resources are therefore limited as opposed to having 

the ability to run the simulations on a supercomputer or on a cluster. A large challenge with a VOF 

simulation is to reduce the time taken to complete a simulation [21]. 

Combined with using a single workstation and the requirement that the simulations should be conducted 

quickly enough, the simulations cannot be done on the whole fuel filling process. Instead of simulating 

the whole process, the simulations will focus on the worst case scenarios. The focus will therefore lie in 

simulating the first second of the fuel filling process when using diesel. Diesel is the most critical fuel 

since it produces foam and has the highest commercial flow rates of the different fuel types available. 

1.6 Previous work 

Previous work has been conducted on predicting the fuel filling capabilities with the help of CFD. In 

2011 a similar project were made by Johansson M. [3] where it was supposed to compare experiments to 

CFD simulations. The experiments failed and the project continued by investigate a numerical model. 

Simulations where conducted using VOF as a multiphase model and the realizable k-ε URANS as 

turbulence model. Investigations were done on different time steps and mesh types. The study found the 

implicit VOF model to be an appropriate choice for flow calculations in a fuel filler pipe.  

Earlier projects have identified the need of predicting the fuel flow in the filler pipe with the help of 

numerical calculations [4, 5]. A common statement is to not focus on the whole fuel filling process due to 
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the increasing requirements on computational power. This statement has been repeated by Johansson M. 

where the recommendation is to simulate the first 0.75 to 1 seconds of the process [3]. 

A robust refueling study has been investigate by the car company Ford where they concluded that it is 

extremely difficult to optimize filler pipes to all types of fuel dispensers [6]. Optimizing a pipe to a single 

type of fuel dispenser by the smallest details is therefore not relevant. Instead the flow from a larger 

perspective should be considered. For a CFD simulation this means that relevant information could be 

gained with a coarser setup as long as the key characteristics are resolved sufficiently. 

An experimental and numerical study of the spray pattern out from the fuel dispenser has been conducted 

[7]. The typical characteristics of the spray can relatively easily be obtained. In this project a similar 

approach (Appendix B and C) has been used to generate the inlet condition to the simulations of the real 

fuel filling system. Focus has been on creating a visually close match against an experiment. 
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2 Theory 
In this chapter, an explanation of the theory behind CFD and the relevant models will be explained. 

Together with some additional explanations this will give an idea of the fundamentals of CFD and a good 

overview of the methods used in this project.  

2.1 CFD 

CFD use numerical algorithms implemented generally into a software package containing three different 

modules: (i) a pre-processor, (ii) a solver and (iii) a post-processor [8]. All which normally have a 

sophisticated user interface. STAR-CCM+ 9.04 
®
 have all these modules, making it possible to create the 

desired geometry from scratch and end up examining the results of a simulation. 

(i) The pre-processor acts as a setup environment. Here is where the computational domain and 

mesh are defined. The selection of numerical models, fluid properties and boundary condition 

are also defined here. 

(ii) The solver is the actual module that calculates the flow over the domain. There exist three 

main numerical discretization techniques: finite element, finite difference and spectral 

methods. The main technique used in CFD is finite volume, which is a special finite 

difference method [8]. 

(iii) At last the need of a post-processor is required to analyze the obtained solution. The post-

processor allows you to set up monitor points for i.e. investigating pressure. Or if the need is 

to investigate the velocities throughout the domain. The post-processors today are very 

comprehensive and allow you to visually present the result in almost any way. 

2.2 Governing equations 

The equations used for CFD are mathematical formulations based on three known statements; 

Conservation of mass, Newton’s second law and the first law of thermodynamics [8]. This project will 

not consider any heat transfer. The energy equations derived from the first law of thermodynamics can 

therefore be ignored. Secondly, the fluids used in this project will be assumed incompressible since the 

velocities is deemed not be sufficiently large (Ma << 0.3) to motivate the use of calculations of 

compressible fluids.  

The conservation of mass tells us that the rate of increase of mass in a fluid element is equal to the net rate 

of flow of mass into a fluid element. The mathematical formulation of this statement for an 

incompressible fluid is:  

   𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0 

 

(2.1)  

Which is also known as the continuity equation. 

The momentum equations derived partly from Newton’s second law is describes by the Navier-Stokes 

equations. For an incompressible Newtonian fluid with constant viscosity for all three dimensions in a 

control volume the Navier-Stokes equations are expressed as: 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝜈(

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) (2.2) ) 
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𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝜈(

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) 

 

(2.3) ) 

𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝜈(

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) 

 

(2.4) ) 

The above stated equations are the basic fundamental ones to solve regarding incompressible flows 

without heat transfer. 

2.2.1 Segregated flow model 

In order to solve the continuity and momentum equations the finite volume method is used to transform 

eq. 2.1-4 into a form that can be solved numerically [1]. Two approaches can be used; the segregated 

approach or the coupled approach. The most common model which is the one used in this project is the 

segregated flow model. It solves the flow equations separately for each component of velocity and for 

pressure. A linkage is done between the continuity and momentum equations. The formulations of this 

approach are quite comprehensive. It can however be described by combining a SIMPLE-type algorithm 

with a Rhie-and-Chow-type pressure-velocity coupling and a colocated variable arrangement [1]. This 

tool can basically be described as the engine of solving all necessary equations for each iteration. 

In the segregated flow model, an active choice must be made on which convection scheme should be used. 

The convection scheme can be described as a tool to calculate the gradients in each direction of a control 

volume. In other words it is calculating how much the flow is changing in all three dimensions of space 

inside a control volume.  

In STAR-CCM+
®
 you can choose between first and second order UPWIND scheme, Central Differencing 

scheme, Bounded-Central scheme (for LES only) and some Hybrids (for DES only) combining the 

different schemes. These different convective schemes perform differently depending on application. That 

is why different convective schemes are used throughout this project.  

UPWIND differencing scheme is available in both first and second order accurate versions. The second 

order scheme is always as good as or better than the first order accurate version. The drawback with the 

second order UPWIND scheme is that the reduced numerical dissipation can lead to poorer convergence 

of the solution. When convergence can be obtained, it is always favorable to use the second order 

UPWIND before the first order accurate scheme. The second order UPWIND scheme is used in the 

simulations using URANS as turbulence model. 

Bounded Central utilizes three different schemes; Central Differencing scheme, first and second order 

UPWIND. By switching between the schemes it allows for a balance between robustness and accuracy. 

The scheme is used for the simulations with LES turbulence model. 

For simulations running DES turbulence model, which is a combination of URANS and LES, a hybrid 

scheme called Hybrid Second order Upwind/Bounded Central is used.  
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2.3 Turbulence 

Most fluid flows can be described as turbulent, which is a random and chaotic behavior of the flow. This 

occurs more specifically at higher Reynolds’s numbers (eq. 2.5) which is a dimensionless number 

describing the flow dependent on averaged speed (U), length of the flow domain (L) and the kinematic 

viscosity (𝜈). 

𝑅𝑒 =
𝑈𝐿

𝜈
 

 
(2.5) ) 

When the Reynolds’s number is low, typically below 2100 for pipe flows [9], the flow is described as 

laminar which is the opposite of turbulent. Completely laminar flows can be calculated by the equations 

2.1-4, but to solve a turbulent flow you need to introduce a separate model to take account for the random 

and chaotic flow variations. In this project the Reynolds’s numbers will be in the magnitude of 600 000 

(for case 1) which is one of many reasons to use a turbulence model. The following sections describes the 

different turbulence models investigated in this project. 

2.3.1 URANS turbulence model 

Reynolds-Averaged Navier-Stokes (RANS) is a common turbulence model which is a re-formulation of 

the Navier-Stokes equations. The letter U stands for unsteady and describes RANS for transient 

simulations.  

The key feature with RANS is that it uses the Reynolds decomposition.The idea is that any flow variable 

𝜑 can be decomposed into one mean and one fluctuating component: 

𝜑(𝑡, 𝑥) = �̅�(𝑥) + �́�(𝑡, 𝑥) 
 

(2.6) ) 

Where the time average is given by: 

�̅�(𝑥) =
1

△ 𝑡
∫ 𝜑(𝑡, 𝑥)𝑑𝑡

△𝑡

0

 

 

(2.7) ) 

Eq. 2.6-7 applies to both velocity and pressure components. By implementing these equations into the 

governing equations given by eq. 2.1-4 the RANS formulation can be obtained: 

𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥
�̅�2 +

𝜕

𝜕𝑦
(�̅��̅�) +

𝜕

𝜕𝑧
(𝑢�̅�)

= −
1

𝜌

𝜕�̅�

𝜕𝑥
+ 𝜈(

𝜕2�̅�

𝜕𝑥2
+

𝜕2�̅�

𝜕𝑦2
+

𝜕2�̅�

𝜕𝑧2
) − (

𝜕

𝜕𝑥
(𝑢′𝑢′̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(𝑢′𝑣′̅̅ ̅̅ ̅̅ )

+
𝜕

𝜕𝑧
(𝑢′𝑤′̅̅ ̅̅ ̅̅ )) 

(2.8) ) 

𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑣𝑢̅̅̅̅ ) +

𝜕

𝜕𝑦
�̅�2 +

𝜕

𝜕𝑧
(𝑣�̅�)

= −
1

𝜌

𝜕�̅�

𝜕𝑦
+ 𝜈(

𝜕2�̅�

𝜕𝑥2
+

𝜕2�̅�

𝜕𝑦2
+

𝜕2�̅�

𝜕𝑧2
) − (

𝜕

𝜕𝑥
(𝑣′𝑢′̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(𝑣′𝑣′̅̅ ̅̅ ̅̅ )

+
𝜕

𝜕𝑧
(𝑣′𝑤′̅̅ ̅̅ ̅̅ )) 

(2.9) ) 
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𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑤𝑢̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(�̅��̅�) +

𝜕

𝜕𝑧
�̅�2

= −
1

𝜌

𝜕�̅�

𝜕𝑧
+ 𝜈(

𝜕2�̅�

𝜕𝑥2
+

𝜕2�̅�

𝜕𝑦2
+

𝜕2�̅�

𝜕𝑧2
) − (

𝜕

𝜕𝑥
(𝑤′𝑢′̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(𝑤′𝑣′̅̅ ̅̅ ̅̅ )

+
𝜕

𝜕𝑧
(𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)) 

(2.10) ) 

 

Compared to the original momentum equations, eq. 2.8-10 have except for the mean quantities an extra 

term on the right hand side. These additional terms describes the fluctuating parts and are modeled by the 

Reynold’s stress tensor as follows: 

𝑻𝑡 ≡  −𝜌v́v́̅̅ ̅ = −𝜌 [
�́��́�̅̅̅̅ �́��́�̅̅̅̅ �́��́�̅̅ ̅̅

�́��́�̅̅̅̅ �́��́�̅̅̅̅ �́��́�̅̅ ̅̅

�́��́�̅̅ ̅̅ �́��́�̅̅ ̅̅ �́��́�̅̅ ̅̅ ̅
] 

 

(2.11) ) 

 

These quantities need to be calculated in order to provide closure of the governing equations. This can be 

done with two different approaches in STAR-CCM+; by Eddy viscosity models or with Reynold’s stress 

transport models. In this project the Eddy viscosity model is used. Here is the turbulent viscosity 𝜇𝑡 used 

to model the Reynold’s stress tensor as a function of the mean flow quantities. The most common model 

is known as the Boussinesq approximation. Because of incompressibility the Boussinesq approximation 

can be simplified and the stress tensor can be calculated as: 

𝑻𝑡 = 2𝜇𝑡  𝑺  
 

(2.12) ) 

Where the strain tensor S is modeled by: 

𝑺 =  
1

2
(∇𝒗 + ∇𝒗𝑇)  

 

(2.12) ) 

In order to solve these equations, a specific Eddy viscosity model needs to be chosen. This model will 

introduce additional transport equations which will enable the turbulent viscosity 𝜇𝑡 to be derived. 

Shear Stress Transport k- ω model 

The choice for turbulence model is the Shear Stress Transport (SST) k- ω model because of its accuracy 

in the boundary layer compared the k- ε model [10]. One of the critical regions to resolve in this project is 

the wall boundary layer before the first bend in the pipe, which is why this model should be a reasonable 

choice [22].  

The SST model by Menter originated to compute aeronautical flows and is a combination of the k- ε 

model and the k- ω model by Wilcox [10,11]. By the use of a blending function, Menter could formulate 

the SST model to take advantage of the k-ω models ability to resolve the flow in the near wall layer 

[Menter 10 years]. The blending function calculates the distance to the wall, making it possible to 

automatically switch to k-ε in the free stream.   

The SST model adds two transport equations, one for the turbulent kinetic energy k and one for the 

dissipation rate 𝜔 [10]: 
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𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑈𝑖𝑘)

𝜕𝑥𝑖
= �̃�𝑘 − 𝛽∗𝜌𝑘𝜔 +

𝜕

𝜕𝑥𝑖
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑖
] 

(2.13) ) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑈𝑖𝜔)

𝜕𝑥𝑖
= 𝛼𝜌𝑆2 − 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑖
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑖
] + 2(1 − 𝐹1)𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
 

(2.14) ) 

 

A continued formulation of the SST model can be found in appendix A. 

2.3.2 LES turbulence model 

The Large Eddy Simulation (LES) turbulence model is another approach to model the turbulence 

compared to RANS-based models. Turbulence vortices can be divided into large and small scales. The 

large scale vortices have an anisotropic behavior while the small scales can be deemed isotropic [9]. 

While RANS is modeling both large and small scales of turbulence, LES solve the large scale turbulence 

and models the small scales. The large scales are solved directly by the Navier Stokes equations (eq. 2.2-4) 

while the small scales are filtered out using a filtering function. The small scales are then modeled with an 

additional sub grid model.  

In finite volume calculations the filter function of a flow equation 𝜃 is as followed 

�̅�(𝒙, �́�, ∆) = ∫ ∫ ∫ 𝐺(𝒙, �́�, ∆)𝜃(�́�, 𝑡)𝑑�́�1𝑑�́�2𝑑�́�3

∞

−∞

∞

−∞

∞

−∞

 

(2.15) ) 

 

The overbar indicates that the function is filtered instead of being averaged and ∆ is the filter cutoff width. 

The cutoff width is the size of the grid size, making it smaller than the grid is pointless because the 

turbulence would not be resolved if it is smaller than a mesh cell.  

Function G is the Top-hat filtering function defined as: 

𝐺(𝒙, �́�, ∆) = {1/∆3 
0

  
|𝒙 − �́�| ≤  ∆/2
|𝒙 − �́�| >  ∆/2

 
(2.16) ) 

 

The filtered small scale turbulence need a sub-grid scale model to be solved. The filtered equations can be 

rearranged according to the same principle as in RANS (eq. 2.8-10). To calculate the tensor you apply the 

same principle; using the simplified Boussinesq approximation (eq. 2.12).  

The choice for this project is the Smagorinsky sub-grid scale model. It is a simple sub-grid scale for LES 

and therefore not computationally expensive in terms of solving comprehensive equations. With the 

Smagorinsky sub-grid scale model the turbulent viscosity 𝜇𝑡 is calculated as: 

𝜇𝑡 =  𝜌∆𝐿
2|𝑺| (2.17) ) 

Where the only unknown variable is the length scale ∆𝐿 which is defined as: 

∆𝐿=  𝑓𝑣min (𝜅𝑑, 𝐶𝑠𝑉
1

3⁄ ) (2.18) ) 
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Where: 

𝜅 = 0.41 (Von Karman constant) 

𝐶𝑠 = 0.1 

d = Distance to the wall 

In order to get more accurate wall bounded calculations a damping function (𝑓𝑣) is needed. The function 

used is the Van Driest damping function as follows: 

𝑓𝑣 = 1 − 𝑒𝑥𝑝 (−
𝑦+

𝐴
) 

(2.19) ) 

The damping coefficient A has the value 25. The remaining 𝑦+ is the dimensionless wall distance which 

is defined as: 

𝑦+ =  
𝑢∗𝑑

𝜈
 

(2.20) ) 

Where 𝑢∗ friction velocity at the nearest wall face, while the other variable are the kinematic viscosity 

and the distance to the wall. This means that when you get closer to the wall 𝑦+ is lowered, resulting in 

more damping according to equation 2.19. 

2.3.3 DES turbulence model 

The Detached Eddy Simulation (DES) model is a hybrid model that combines LES and RANS into the 

calculations. More specifically the improved delayed detached eddy simulation (IDDES) formulation of 

DES is used. This formulation introduces the delayed DES model described by Spalart et al. [12] which 

improves the use of RANS mode in the boundary layer. Introduced is also the even more hybrid approach 

of using wall-modeled LES near the boundary layer [13]. Closer to the wall boundary layer and non-

rotational flows are calculated using RANS. In this case the same SST model is used for the RANS 

calculations. When the mesh is fine enough and when the flow is rotational LES is being used, even with 

the same basic sub-grid model as described in chapter 2.3.2. The equations are slightly modified to make 

the model able to cope with the change of turbulence model in the flow domain. 

Related to this project, a DES turbulence model would be beneficial in some aspects. The first is the use 

of SST models ability to resolve the boundary layer for relatively coarse mesh grids. This allows having a 

coarser grid in the wall region compared to LES simulations. Secondly, the DES ability to switch into 

LES mode will probably make the modeling of the large scale vortices better than a solid time averaging 

RANS model.  

2.3.4 Wall treatment 

For the majority of the simulations All y
+
 treatment is used. It is a hybrid approach to solve the boundary 

layer at walls where the flow is either resolved by the turbulence model or by a classic wall function. The 

transition between solving the boundary layer with the turbulence model or via a wall function is 

controlled by the local value of y
+
. For y

+
 values above 30 the wall function is used and for values below 

30 the boundary layer is deemed solved by the turbulence model. The wall function for the k- ω model 

computes the velocity, turbulent production and turbulent dissipation in the boundary layer which are 

derived from turbulent boundary layer theory. The wall function for LES turbulence model is the same for 

y
+
 values below 30, but for values above 30 the wall law is equivalent to a logarithmic profile.  
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2.4 Multiphase flow 

The computational domain in this project include both liquid and gas. To be able to calculate these phases 

in the same domain the need of a multiphase model is required. The definition of a multiphase flow is the 

presence of phases with different convection velocity [1]. It can be divided into two different sub-

categories; Dispersed and Stratified multiphase flows. The dispersed flow describes flow like bubbles in 

space or a single particle flow, while stratified flows describe flows with a prominent free surface. The 

majority of the flow in filler pipes can be described as a stratified flow.  

STAR-CCM+ 9.04 provide six different models for multiphase flows: Multiphase Segregated flow (or 

Eulerian multiphase), Lagrangian Multiphase (LMP), Dispersed Multiphase (DMP), Discrete Element 

model (DEM), Fluid Film model and Volume of Fluid (VOF). 

2.4.1 VOF 

The choice for this project is Volume of Fluid because it is a less computationally expensive model and is 

more widely used than the alternatives [2, 21]. The development of VOF the last years has been estimated 

to have increased the efficiency of the model five times [21]. VOF is a multiphase model developed by 

Hirt & Nichols [2] that tracks the interface between phases. This is done by indicating the volume fraction; 

ranging from zero to one. It is most suitable for free surface flows where each phase constitutes a large 

structure in the domain as described by Figure 3. Much like the flow in the fuel filler pipe. There may 

however occur small bubbles in the fuel filler pipe. To avoid small modeling errors the mesh needs to be 

refined to have at least three cells across a bubble [1].   

 

 

Figure 3.  a) Not a suitable type of flow for VOF with actual grid. b) The bubble is in contact with at least three cells in both 

dimensions, which is minimum for VOF. 

The VOF model assumes that both phases present in the domain share velocity and pressure [1]. The 

same set of governing equations is therefore solved regarding mass and momentum for a single phase 

flow. These equations are solved using equivalent fluid properties calculated from the volume fractions of 

each phase according to: 

𝜌 = ∑ 𝜌𝑖𝛼𝑖

𝑖

 

 

(2.21)  
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𝜇 = ∑ 𝜇𝑖𝛼𝑖

𝑖

 

 

(2.22) ) 

𝛼𝑖 =
𝑉𝑖

𝑉
 

 

(2.23) ) 

Where: 

𝛼𝑖 is the volume fraction of phase i 

𝜌𝑖 is the density of phase i 

𝜇𝑖 is the dynamic viscosity of phase i 

Equation 2.6 is expressed in dynamic viscosity while in eq. 2.2 it is expressed in kinematic viscosity. A 

simple calculation makes the implementation possible: 

𝜈 =
𝜇

𝜌
 

(2.24) ) 

When considering a control volume that can contain more than one phase, it is not enough to fulfil the 

conservation of mass. Since these simulations regard immiscible fluids, none of the phases can increase 

nor decrease in a control volume. Therefore you need to have yet another equation for conservation of the 

different phases: 

  

𝑑

𝑑𝑡
∫ 𝛼𝑖𝑑𝑉 + ∫ 𝛼𝑖(𝑣 − 𝑣𝑔)𝑑𝒂 = ∫ (𝑆𝛼𝑖

−  
𝛼𝑖

𝜌𝑖

𝜌𝑖

𝐷𝑡
) 𝑑𝑉 

(2.25) ) 

 

Eq. 2.33 describes the transport of volume fraction 𝛼𝑖 and is the extra equation for the solver to compute 

when using the VOF model. Generally in this these simulations, no source term is needed for the control 

volume, and also because this project deals with incompressible fluids this results in that the right hand 

side of eg. 2.33 can be set to zero.  

An additional equation is introduced to obtain a sharper interface between the phases (eq. 2.10). 

∇ ∗  (𝑣𝑐𝑖
𝛼𝑖(1 − 𝛼𝑖)) (2.26) ) 

Where 𝑣𝑐𝑖
 is defined as: 

𝑣𝑐𝑖
=  𝐶𝛼 ×  |𝑣|

∇𝛼𝑖

|∇𝛼𝑖|
 

(2.27) ) 

Where:  

𝐶𝛼 is the scalar value of the sharpening factor 
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In reality liquid and gas have a sharp interface. In the computational domain VOF use volume fractions 

where everything between zero and one is a mixture between the phases. The transition between the 

phases can be somewhat long and is preferably sharpened. An example of the results of using the 

sharpening factor is given in Figure 4. In this project the sharpening factor of 0.5 was used.  

 

 

With the above mentioned simplifications and the contribution of eq. 2.10, the resulting equation for the 

solver to compute then becomes: 

𝑑

𝑑𝑡
∫ 𝛼𝑖𝑑𝑉 +  ∫ 𝛼𝑖(𝑣 − 𝑣𝑔)𝑑𝒂 = ∇ ∗  (𝑣𝑐𝑖

𝛼𝑖(1 − 𝛼𝑖)) 
(2.28) ) 

2.5 Courant Friedrichs Lewy condition 

A common way of measuring the stability of a simulation is to make use of the Courant Friedrichs Lewy 

(CFL) number [14]. A lower CFL number should result in easier convergence of the simulation. 

Convergence is still possible for higher CFL number but with the risk of losing information about the 

flow between the time steps.  

If you consider a particle in the domain, CFL is the number on how many cells the particle will pass 

through for each time step.  Based on experience, implicit calculations with VOF multiphase model 

should have a CFL number less than 0.5 [20]. The CFL number is calculated as: 

𝐶𝐹𝐿 =
∆𝑡

𝑥
𝑣⁄

 
(2.29) ) 

Where ∆𝑡 is the time step, x is the length of the control volume and v is the velocity through the control 

volume. 

2.6 Convergence 

For all simulations in this project the residuals for continuity (mass imbalance), transport in all directions 

and volume fraction is used as a convergence criterion. The time step is deemed converged at a minimum 

of five iterations and when the largest RMS residual is lower than 10
-4

. 

Figure 4. Visualization of the interface between liquid and gas phase a) Real interface b) VOF 

interface without sharpening factor c) VOF interface with sharpening factor 
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3 Part 1 – Simplified flow case 
The simplified flow case represents a more simple filling system. A controlled inlet condition, shorter 

pipe and a simple bucket as tank. The goal of this case will be to identify the most suitable CFD model to 

implement into the real fuel filling system described in chapter 4.  

To be able to confirm the choice of models and settings for the calculations, a simplified flow case with 

water is set up. The main reason for the simplified flow case is to eliminate the sensitivity issues 

described in chapter 1.4.2. By having control over the angle of the inlet flow and spray pattern it will 

become easier to compare experimental data to the simulations. Another reason for using the simple flow 

case with water is that the experiments can be conducted wherever fluids are allowed and more frequently 

if necessary. When conducting experiments with fuel, which is an evaporative fluid, a controlled 

environment is required. Since this comparison case will involve modular pipes of simple geometries it 

will result in a relatively easy and flexible setup in the software. Comparing this experiment with a CFD 

calculation will allow for an early indication of how well the computer model will perform. 

 

Data collected from the experiments will be from pressure sensors and high speed video footage. While 

the pressure data can be quantified the video footage can reveal some typical flow behaviors.  

In the simulations for the simplified flow case, there will be a comparison against different turbulence 

models, time step and mesh types. The best correlating methods against the experiment will then be used 

in the simulations of a real fuel filler pipe.  

3.1 Method 

3.1.1 Experiment 

 

Geometry 

The modules creating this pipe are made out of 3D-printed amorphous plastics which allow you to see 

through the pipe making it possible to examine the flow. These modules are then attached to each other at 

any preferred angle. Examples of modules together with appendage can be seen in Figure 5. On all 

modules if nothing else is noted the inside diameter is 20 mm. 

 
Figure 5.  Parts needed to assemble the modular pipe. a) Acrylic 

pipe b) Sealing ring c) Alignment pads d) Hose clamp 
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The geometries for this case have been created to be a more simple representation of a real fuel filler pipe 

together with a much simpler tank. Schematic drawings can be seen in Figure 6.  

 

Figure 6. Setup of experiment. Numbered notation of the included modules. Red circle marks the locations of pressure sensors. 

Nine different modules (excl. hose and valve) are put together to form the complete filling system. Table 

A describe what type of module is used in the system according to the numbering in Figure 6. 

Table A. Type designation and size of the modules described in figure 7. 

Module Number Type Size 

1 Bucket  205/255x310 

2 Connection  

3 Straight module  L=100 mm 

4 Curved module  90deg R=80 mm 

5 Curved module  45deg R=40 mm 

6 Straight module  L=200 mm 

7 Curved module  45 deg R=60 mm 

8 & 9 Straight module  L=80 mm 

10 Inlet plug See Figure 7 

 

The connection joining the bucket with a straight module is a custom made part from the end of a real 

filler pipe. A flange is connected to the part making it possible to connect a plastic module. This 

connection is fitted to the bucket with the centerline offset 50 mm from the top of the bucket. 

On the top of the pipe is the location for another custom made part, the inlet plug. This part has been 

constructed to mimic the key characteristics of a real filler head with a filler nozzle inserted. The first and 

most important reason to use this type of plug is the controlled inlet condition which is achieved with a 

solid part. It has an inlet hole tilted five degrees with an inside diameter of 15 mm and a venting hole of 6 

mm representing the leakage of a filler head in a real situation. The schematic drawings can be seen in 

Figure 7. 
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Figure 7. Dimensional drawing of the inlet plug. Distance from the middle of the inlet plug to the centroid of the ventilation hole 

is 13 mm. 

Measurements 

In order to obtain data that can be compared to the simulations two methods of measuring has been used; 

static pressure and high speed video recording.  

Three different sensors where used to record the static pressure throughout the pipe. The sampled 

measuring frequency used is 5 kHz in order to catch the smallest detail in the pressure characteristics. The 

locations of the pressure sensors are marked with a circle in Figure 6. Counted top-down the sensors are 

numbered as sensor 1, 2 and 3 respectively. The sensors are placed strategically to disturb the flow as 

little as possible. Sensor number 1 is the far most important one because of the location. Pressure 

characteristics in the upper region are crucial in order to understand the pressure influence on PSO.  

High speed video recording is done by the use of a compact camera (Casio EX-ZR700) with a resolution 

of 240 x 160 pixels at 480 frames per second. In order to synchronize the pressure measurements with 

characteristics recorded by the camera, a light emitting diode is mounted in the video recorded zone. 

When the light emitting diode is lit, the same software that records pressure will receive a signal.  

The interesting regions that are high speed video recorded are module 7 and up to module 10. These 

regions are the inlet and the first bend. The inlet is studied in order to get information on how the initial 

conditions behave. The first bend is recorded in order to record the characteristics of the splash back.  

Experiment configuration 

The flow for the experiment is initiated by the help of a ball valve as seen in Figure 8. About two meters 

downstream from the ball valve is the inlet plug located. The inlet plug is directed such that the water will 

enter the pipe with a five degree angle in downwards position.  
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Figure 8. Ball valve used to control the flow in experiments of the simplified fuel system. 

With the ball valve fully open the stationary flow was measured to 56 l/min. A ten liter bucket with level 

indication was filled and measured five times in order to obtain the flow rate. Based on the diameter of 

the inlet plug and water at 20 degrees Celsius, the Reynolds number for this case is 90 000. 

For the starting conditions of the experiment it is worth mentioning three things. The first is that the initial 

water level is set at maximum height of the bucket. This will, as earlier mentioned, simulate the partially 

filled real tank. The water stands up the pipe and is acting as a barrier to overcome when initiating the 

flow. The next parameter to control is the initial condition for the water flow. At time zero, the water level 

in the hose rests at a location of about 20 cm upstream from the plug as visualized in Figure 9. This 

configuration will produce the most plug-like flow possible into the pipe. 

 

Figure 9. Upper part of the experimental setup. A red line represent the resting position of the water just before initiation. 

The last starting condition to mention is the speed of turning the ball valve into fully open position. 

Indeed this can never be a precise condition since it is operated by hand. But with the help of high speed 

video recording the opening of the valve could be held closely to 0.1 s for each experiment.  

To obtain reliable measurements the experiment was conducted five times. This will allow easy 

identification of the true characteristics of the flow while randomly occurring events like single occurring 

pressure spikes can be ignored.   
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3.1.2  Simulation 

The experiments are compared to numerical calculations which are described in this chapter. Some 

preparation of the geometry has been conducted in ANSA while all other operations from wrapping the 

computational domain to post processing has been done in STAR-CCM+. 

Geometry 

Compared to the experiment the geometry in the simulations includes the hose for 9.5 cm upstream from 

the inlet plug, Figure 10. This corresponds to five diameters upstream from the inlet plug. Normally one 

would have the inlet further away from the first obstacle in order to get a more correct velocity profile. 

But since the geometries differ between the experiment and simulation and that a longer hose would 

increase simulation time the hose is kept at five diameters. In Figure 10, note that the hose is straight, as 

opposed to bended in the experiments. The experiments where in a late stage revised from a straight to a 

bent inlet. The reason was to reduce the complexity of the inlet flow caused by having the ball valve to 

close to the inlet. Time limitations restricted the revision of the geometries in the numerical model.  

Boundary conditions 

Surface boundary conditions applied can be visually examined in Figure 10.  

 

Figure 10. Computational region of the simplified fuel system. Outlets and the inlet is notated while all other surfaces are no-slip 

walls. 

 

The inlet condition is a mass flow rate defined by a field function. The function used is defined as: 

�̇� = {
𝑡2 ∗ 93.1 , 𝑡 ≤ 0.1
0.931 ,              𝑡 > 0.1

 
(3.1) ) 

The inlet function is in other words an exponentially ramped mass flow until 0.1 seconds. The value 

0.931 kg/s corresponds to 56 l/min. The inlet condition is set to have 100 % water with the default 

turbulence intensity of 1 %.  
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There are two outlets, where both are pressure outlets at atmospheric pressure (101.325 kPa) with 100 % 

air and a turbulence intensity of 1 %. 

All other surfaces are defined as no-slip smooth walls. By examining the interface between the free 

surface and the wall in the experiment, the contact angle could be defined as 45 degrees in reference to 

the free surface. 

The primary phase (air) has the density 𝜌= 1.18 kg/m
3
 and a dynamic viscosity 𝜇=1.86x10

-5
 Pa-s and the 

secondary phase (water) has the density 𝜌= 998 kg/m
3
 and a dynamic viscosity 𝜇=8.91x10

-4
 Pa-s. A 

surface interaction between these phases has a defined surface tension force which is assigned with the 

default value of 0.074 N/m. 

Since the simulation will start from a simulated resting position, all initial conditions except for the water 

level are set to zero. The water level is set to the same height as the bucket (same level as Outlet 1) which 

will result in water standing up the pipe as shown in Figure 11.  

 

Figure 11. Screenshot of the lower part of the pipe. Visualized is the starting condition where the water level can be seen 

standing upstream the pipe.  

Mesh 

The primary mesh type used for this case is a polyhedral mesh together with prism layers. Earlier 

experiences have shown that polyhedral type mesh is suitable for these kinds of simulations [21]. For the 

VOF model it has been shown that prism layers are preferred. Because this project emphasize on creating 

a simulation model that will be reasonably fast, the mesh is held relatively coarse. When using a coarse 

mesh the time step can be held larger, thus decreasing the simulation time drastically. Iteratively a final 

mesh took form containing 900 000 cells (Figure 12). The base size is 1.5 mm and the number of prism 

layers is 15 with a growth rate of 20 %. Average value of y
+
 in the upper region of the pipe is 5. Locally 

where the upper region is water dominant the y
+
 value is 12. The mesh and time step setup results in a 

simulation time just short of 48 hours which is deemed reasonably fast. 
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Figure 12. Mesh of the computational domain. To the left: Mesh of a cut in the axial direction. To the right: Mesh of a cut in the 

radial direction. 

The mesh is regionally controlled, where the bucket (which does not have to be resolved in detail) has a 

lot coarser mesh (Figure 13). The mesh base size for the bucket is set to an arbitrary value of 600 percent 

larger than the rest of the computational domain. The flow in the bucket does not need to be resolved, but 

the effect of having the water as a resisting force is required. The coarse mesh in the bucket will reduce 

simulation time. 

 

Figure 13. Mesh of the bucket containing elements 600 percent larger than the elements seen in the pipe adjacent to the bucket. 

Simulation strategy 

Initial simulations will investigate the use of different turbulence models and compare them to the 

experimental data. Turbulence models simulated are the URANS, LES and DES described in chapter 2. 

These simulations will all use the same mesh and boundary conditions as described above. The time step 

for these simulations is 10
-4 

s which gives a RMS value of the CFL number lower than 0.5 in the upper 

part of the pipe. Both pressure and visual comparisons will be made against the experiments in order to 

decide which turbulence model is most appropriate for this project. When the turbulence model has been 

decided, a sensitivity analysis will be performed on the chosen turbulence model.  
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Mesh sensitivity analysis 

In order to motivate the accuracy of the model a sensitivity analysis need to be performed. Although the 

experiments acts as a reference to the simulations one have to show that the results from the simulations 

are consistently independent of what mesh is used . Different types and size of mesh will be tested and 

different time steps according to Table B. Note that the grid size in the bucket is kept the same for all 

simulations and that Setup 4 is simulated with the use of a wall model for high y
+
 values.  

Table B. Table containing different setups for sensitivity analysis. Values inside parenthesis for y+ describes the value at the 

water dominant region in the upper part of the pipe. Parenthesis for CFL values describes the value in the regionally refined area. 

Setup Original 1 2 3 4 

Mesh refinement None Globally Regionally 
Regionally 

& globally 
Regionally 

Mesh size 0.9 M 1.8 M 1.9 M 3.4 M 1.1 M 

Time step 1E-04 5E-05 1E-04 5E-05 1E-04 

Y+ 5 (12) 4 (10) 5 (12) 3 (8) 50 (80) 

CFLRMS 0.4 0.3 0.5 (2) 0.3 (1) 0.5 (2) 

CPU time/time step (s) 190 300 350 550 250 

1s simulation time (h) 46 150 90 275 60 

      
 

Both global and region based refinements are used. The regions which are refined can be seen in Figure 

14. The areas refined are the first bend together with the diameter contraction in the beginning of the pipe. 

Further downstream away from the first bend the mesh is coarsened to spare computational expenses. The 

regionally refined mesh setups are somewhat punished regarding CFL number. The previous 

recommendation of 0.5 is increased in the refined regions up to 2. Note setup 3 where both regional and 

global refinements are used. Setup 3 is a combination of setup 1 and 2 with the highest count of cells.  

 

Figure 14. The regional refinements are located around the inlet plug and the first bend.  

A visual representation of the different mesh setups are described in Figure 15. 
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3.2 Results and Discussion 

 

Flow and pressure measurements 

In Figure 16 screenshots of the upper region of the pipe is displayed. This visualization describes the flow 

at eight different time stamps. At frame 1 the flow has not been initiated. Frame 2 shows the time when 

the water first enters the pipe. At frame 3 the whole pillar of water enters the pipe. Note that some water 

has already reached the first bend (module 7). Later on, at frame 4, a wake starts to take form in module 8. 

The size of the wake and the location where it starts is largely dependent on what angle the water enters 

the pipe. When the the flow is further developed and completely covers the cross section of module 7 the 

splash back starts to form. The air trapped between module 7 and the bucket needs to be evacuated and 

since it is easier for the air to break through at moduel 7 than down via the bucket the splash back starts at 

module 7. In frame 6 the splash back has its most aggressive form and reaches then its maximum in frame 

7. The splash back may seem smaller in frame 7 than in 6, but at a closer look the splash back is spread 

out and there are some droplets up in module 9. In frame 8 the splash back has been completely dissipated 

and the flow has now reached its steady state. The wake is back and starts at the beginning of module 8. 

Both wakes climbs at the walls and meet up down in module 7 to form a circulating region.  

Figure 15. A radial cut of the pipe showing different mesh types used for sensitivity analysis. Left: Setup 1, Middle: 

Setup 2, Right: Setup 4. 
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It can be confirmed that the air entrainment previously reported [5] is prominent. At the initiation of the 

repeated experiment water residues were forced out the venting hole indicating the initial direction of the 

flow. The flow direction is however reversed at some point indicated by a suction force on the venting 

hole. An indication on when the reversed flow occurs can be seen in Figure 17 where the relative pressure 

changes from positive to negative (from t = 0.23 – 0.32 s). The suction force is a result of entrained air in 

the flow. After the pressure drop the entrainment continues resulting in a stabilised negative pressure. 

(1) (2) 

(3) (4) 

(5) (6) 

(7) (8) 

Figure 16. Images of the first section of the pipe captured from the high speed video recordings. (1): t=0 s, (2) t=0.07 s, (3) 

t=0.09  s, (4) t=0.18  s, (5) t=0.22  s, (6) t=0.24  s, (7) t=0.25  s, (8) t > 0.35  s 



27 

 

 

Figure 17. Experimental pressure measurements of the experiment in the upper part of the pipe. Two pressure peaks are 

identified where the second peak occurring at the same time as the splash back starts to form. The variations in pressure at 0.24 s 

is the effect of the splash back. A characteristic slope of the pressure drop is seen until 0.31 s when the pressure starts to stabilize. 

Turbulence model 

For the turbulence model investigation, both data from the simulations and the experiment regarding 

pressure presented in Figure 18. There were three different positions where the pressure was monitored 

during the experiment. The outcome of these measurements resulted in unnatural behavior of sensor 2 and 

3. Due to that the momentum of the flow forced water climbing up the tubes connected to the sensors; the 

data cannot be compared to the corresponding measurements in the simulations. Sensor 1 is placed in a 

region where the water does not directly affect the measurements and could therefore be used as a 

comparison between the different turbulence models. 

 

Figure 18. Experimental mean pressure compared against predicted pressure measurements from the different turbulence models. 

Red circles marks the initiation of the splash back for both experiment and simulations. The spatial location of the pressure 

measurements are in module 9, seen in in figure 7.   
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A first glance at Figure 18 reveal that the simulations does not seem to correspond for the first 0.3 s. The 

reason for this is the differences in inlet condition. Due to the differences of inlet conditions the splash 

back starts earlier (0.13 s) in the simulations than in the experiments (0.22 s). In Figure 18 the initiation of 

the splash back for simulations and the experiment respectively are indicated by circles. By identifying 

the characteristics of the pressure drop after the splash back some similarities can be found between the 

simulations and the experiment. The splash back occurs at a higher pressure than the experiment for all 

turbulence models. More specifically the simulated pressure at the initiation of the splash back is in the 

range of 2 kPa while for the experiment this number is 1.5 kPa. At the end of the pressure drop (0.25 < t < 

0.35) the minimum pressure for the simulations are ranging between -2 and -3 kPa. For the experiment 

this value is only -1.5 kPa. The low pressure values before it stabilizes in the simulations can be a result 

of having a higher pressure when the splash back is initiated, i.e. a relaxation reaction.  

As mentioned, the similarities in the pressure drop between simulations and experiment are clear. All 

three turbulence models have the similar behavior from the splash back until 0.2 s. At this point the LES 

and DES simulations continue to have the similar behavior as the experiments, while the URANS model 

deviate from the expected characteristics. To obtain a more comparable value, the pressure drop of each 

measurement can be quantified into a coefficient. This coefficient is the mean gradient between the 

initiation of the splash back and the lowest pressure value in the pressure drop. In Table C the values for 

each measurement are presented. Looking at the difference between URANS simulation and the 

experiment the deviation is identified at as much as -25%. The DES and LES simulations predict the 

pressure drop characteristics closer to the measured pressure drop in the experiment.   

Table C. Pressure drop gradient comparison between turbulence models and experiment. Experiment is set as reference.  

Setup Experiment DES LES URANS 

Δt (s) 0,1 0,14 0,14 0,19 

ΔP (kPa) 2,9 4 4,3 4,1 

Gradient coeff. (ΔP/ Δt) 29 28,6 30,7 21,6 

Difference index -1.4 % 5,9 % -25,5 % 

  

After 0.3 s the pressure is starting to stabilize. In the range of 0.5 < t < 1 s the mean stabilized pressure in 

the experiment is -960 Pa. For the URANS simulation the same pressure value is -840 Pa while for DES 

the pressure is -1520 Pa. LES is the most under predicting model at -2520 Pa. The closest prediction is the 

URANS turbulence model at a difference of 8.75 percent compared to the experiment.  

Resolved turbulence in bulk flow 

Due to the high Re numbers of the flow; the turbulence is most certainly affecting the flow. It is therefore 

of great interest to investigate the performance of the turbulence models. To investigate if the turbulent 

structures are resolved for the LES simulations (and LES region of DES simulations) a two-point 

correlation was conducted, Figure 19. A two-point correlation investigates the correlation of velocity 

fluctuations between control volumes according to equation 3.1.  According to L. Davidsson this is a 

good way of estimating the grid quality for LES simulations [16]. If the correlation falls to zero within 
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five to ten cells the largest turbulent structures are reasonably well resolved. While if the correlation falls 

to zero before five cells the turbulent structures are not very well resolved.  

𝐵(𝒙, 𝑡; 𝒓) =  
1

(𝑢𝑟𝑚𝑠′(𝒙, 𝑡))2
〈𝑢′(𝒙, 𝑡)𝑢′(𝒙 + 𝒓, 𝑡)〉 

(3.2) ) 

The correlation was calculated in two different locations in the region; Line 1 is positioned before the first 

bend and in a region which is dominated by air. Line 2 is positioned after the first bend where water is 

dominant. Correlated fluctuations in the streamwise direction for 20 different locations along each line 

were calculated. Velocity data was collected for each time step between 0.5s to 1.5s when the flow has 

stabilized to avoid the effects of initial conditions.  

 

A correlation above 0.1 can be found at 14 cells for the air dominant region. Considering the water 

dominant region one can identify a correlation over 0.1 at a minimum of five cells. The grid size is indeed 

good enough to resolve the largest turbulent structures for the air dominant region, whilst for the water 

dominant region the grid is on the limit of resolving the largest structures. This means that some of the 

turbulent effects on the flow are accounted for, while it should preferably be improved for regions of 

interest.   

Since the URANS turbulence models does not resolve the turbulent structures like LES, A similar way of 

measuring the resolved turbulent structures cannot be applied. However, URANS have recommendations 

in grid size that can be applied. F.R. Menter can from experience conclude that the maximum grid size for 

URANS simulations in the bulk flow should be less than 0.05 x D [17]. This recommendation applied to 

this project results in a maximum grid element size to be less than 1.3 mm or to have at least 20 cells 

across the pipe. The grid used to perform the calculations above has a base grid size of 1.5 mm which is 

slightly more coarse than recommended. 

Resolved boundary layer 

At least as important as resolving the turbulence in the bulk flow, the flow near the wall boundary layer 

must be correctly predicted in order to obtain a good accuracy. Figure 20 and 22 shows the velocities in 

(1) (2) 

Figure 19. Two-point correlation for two different spatial locations. (1): Two-point correlation in the air dominant region upstream the 

first bend. Fluctuating structures reach a correlation of 0.1 at 14 cells. (2): Two-point correlation in the water dominant region 

downstream the first bend. Fluctuating structures reach a correlation of 0.1 at 5 cells. 
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the boundary layer before the first bend in a water dominant region for the different turbulence models. 

The DES and URANS models shows almost identical behavior as expected since they both use the same 

k-ω model in the near wall region.  

 

 

 

The boundary layer profile for LES has the same characteristics as the alternatives but has an overall 

slower velocity in the boundary layer. As a result of different resolved boundary layers, the less velocity 

you have in the boundary layer the more liquid phase will fil up the pipe cross section at the given 

location, Figure 22. This can be an indirect cause of the resolved or rather unresolved boundary layers. 

Figure 20. Boundary layer profile in the pipe 5D downstream at 0.14 s. 

Figure 21. Boundary layer velocity profile in the pipe 6D downstream at 0.18 s. 
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Figure 22. Volume fraction at a radial cut 5D downstream the pipe at 0.14s. Left: DES, middle: URANS, right: LES 

While there is no case that can act as a reference to a correctly resolved boundary layer for these flow 

conditions - comparisons must be made against recommendations. First we need to understand that the 

boundary layer contains three different phases; the viscous sublayer, the buffer layer and the free stream. 

The viscous sublayer is closest to the wall and spans from 0 < y+ < 5 [9]. In order to resolve the boundary 

layer correctly for LES the center of a cell adjacent to the wall must be within this layer, and even so, 

have a distance of y+ = 1 [16]. For the URANS, specifically the SST model, the y+ value of the same cell 

should be less than 2 [10]. The closer to y+ = 0 the better from an accuracy point of view. While the 

above stated is the requirements for the cell quality normal to the wall, some requirements on the 

spanwise and streamwise direction of the cells apply to LES simulations. L.Davidsson reports that the 

spanwise and streamwise directions of a cell should be approximately 100 and 30 viscous units 

respectively [16], i.e. the value of z+ = 100 and x+ = 30. For URANS simulations the spanwise and 

streamwise grid requirements are not as heavily required. However, aspect ratio of the grid elements in 

the boundary layer should not exceed 100-1000 dependent of simulation [23]. In this project, the 

maximum aspect ratio falls within the recommendation by not exceeding 30. In addition, the least amount 

of prism layers recommended in the wall boundary layer is 10. In the simulations the number of prism 

layer used is slightly higher (15 layers). In Figure 20 and 22 one can see that the first 9 grid elements lie 

in the boundary layer where, given by the velocity gradient, it can be seen that the boundary layer 

stretches even further. The requirement of at least 10 prism layers in the boundary layer should be 

fulfilled.  

When these requirements are applied to the simulations an under resolved state can be identified. For all 

turbulence models the y
+
 in the water dominant region before the first bend is 12 (six times higher than 

recommended for URANS SST). When considering LES which in addition have recommendations on x
+
 

and z
+
, both of these values are measured at 615. This value is 6 and 20 times larger than 

recommendations respectively. 

Splashback 

A relevant quantity to measure is the splash back that occurs at the first bend. Indeed this flow feature is 

highly relevant to resolve correctly since the water splashing back at the fuel filler nozzle is one main 

cause for PSO. In Figure 23 the volume fraction of a radial cut (as in Figure 22) is presented in a 

graphical form comparing the different turbulence models. All turbulence models are capturing the splash 

back and are doing so quite similarly. However, some indifference can be seen with the LES turbulence 

model at the beginning and when the volume fraction is stabilized. DES and URANS are very much the 
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same in the beginning and when it has stabilized. Their indifference with LES could be a result of the 

greatly under resolved boundary layer as previously mentioned. 

By computing the average of water volume fraction in the time frame where the splash back occurs a 

quantified measurement can be obtained. From the time 0.15 s to 0.19 when the splash back is being 

transported upstream the averaging tells us about the magnitude. For the different turbulence models these 

values are: DES = 0.4545, LES = 0.3956, URANS = 0.4432. If these numbers should be compared one 

would need a reference value in order to obtain a more true comparison (since there is water in the cut 

that belongs to the bulk flow). Consider the contraction in the inlet plug where the cross section is fully 

occupied by water. If that area is the same cross sectional area of water in the bulk flow, this would result 

in a volume fraction of water by 0.3328. By subtracting this value from the calculated mean quantities it 

can be revealed that both DES and URANS magnitude of the splash back is almost twice as large as for 

LES. More specifically the amount of water belonging to the splash back is: DES = 37 %, LES = 19 %, 

URANS = 33 %.  

 

Figure 23. Volume fraction of water against time for the different turbulence models. Measure at a cross section 5.8xD 

downstream the pipe in the location where the splash back occurs. 

The smaller magnitude of the splash back in the LES simulation can also be seen in Figure 24. Here it can 

also be seen that even though URANS and DES have a relatively similar magnitude of the splash back, 

DES seem to have more physically correct droplets. Looking at the splash back at URANS the droplets 

appear to have a somewhat banana shaped droplets and are not as continuously produced as seen in 

Figure 16.  
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Figure 24. Visualisation of splash back at 0.18 s. From the top URANS, LES, DES. The isosurface is defined at volume fraction 

0.5 together with a scalar which visualize volume fraction of water above 0.5. A transparency is applied in order to get a more 

realistic visualization. 

DES interface 

From the above stated results it is clear that the DES simulation have a mix of characteristics from both 

LES and URANS. Not surprising due to the fact that it uses both turbulence models in the domain. It is 

however important to know where URANS and LES are active in the domain. In Figure 25 the IDDES 

blending function is presented on the upper part of the pipe to understand the spatial locations of active 

turbulence model. Either URANS or LES mode is activated depending on the value of the IDDES 

blending function. In practice this results in having URANS in the near wall region, which allows for a 

coarser grid in that region compared to LES as previously discussed. The inlet and further downstream 

into the pipe is dominated by URANS mode. Further downstream after the first bend small regions of 

URANS mode can be identified on the vortices that appear. This will also be the case in the splash back 

where vortices appear. 

 

Figure 25. IDDES blending function for DES turbulence model at 1 s. 0 indicates LES and 1 indicates URANS. URANS-mode 

can be seen around the inlet, where the speed is increased inside the inlet plug, near walls and in turbulent structures downstream 

the pipe. 
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Mesh sensitivity analysis 

Concluding from the results of the turbulence model investigation the LES turbulence model will not be 

further investigated partially due to its immense requirements on wall grid density. In addition, the DES 

model predicts a closer match than LES to the experiments regarding pressure drop and stabilized 

pressure.  Comparing between URANS and DES they both show promise of being suitable turbulence 

models for this flow case. Except for the visual comparison in the splash back and the pressure drop 

characteristics they show similar behavior. By this time it is not obvious which one of DES and URANS 

is the most suitable turbulence model.  

The sensitivity analysis is conducted according to chapter 3.2. Recall the two point test for the LES region 

and the grid size requirements for URANS of the initial grid. The grid density was on the limit of being 

resolved in the bulk flow. This sensitivity analysis investigates more dense grids in the bulk flow and 

compares differences of results due to the refinement. A coarser grid near the wall is also compared to 

investigate the effects of a wall model (see chapter 2.3.4). 

In Figure 26 the pressure in the upper region for the different URANS setups are presented. The graph 

reveals that the more dense grids are able to predict the pressure drop characteristics more correctly. This 

can be seen for setup 1, 2 and 3 at the range of 0.25 s, while setup 4 is similar to the original mesh. In 

Table D the quantified measures on the pressure drop are presented. Setup 3 with the densest grid is set as 

index when comparing between setups. The closest match between is setup 2 with a difference of -18.8 

percent. The difference in pressure drop characteristic is relatively large and depends on sudden drops in 

pressure, i.e. the comparison is sensitive to where the lowest pressure in the pressure drop is defined. One 

other common factor for all URANS model simulations is that they stabilize closer to the stabilized value 

from the experiment. The averaged value in the time range of 0.5 to 1 s for the initial mesh is -840 Pa. For 

the different setups used in the analysis the values -1490, -917, -1024 and -1046 Pa for setup 1, 2, 3 and 4 

respectively. Recall the mean value from the experiment at -960 Pa. The closest predictions are from 

setup 2 and 3 at a difference against the experiment of 4.5 and 6.7 percent respectively. 

 

Figure 26. Pressure measurements in the upper pipe for URANS sensitivity analysis against experiment mean. 
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Table D. Pressure drop gradient comparison for URANS turbulence model sensitivity analysis. Setup 3 with the densest grid is 

set as index when comparing 

Setup Original 1 2 3 4 

Δt (s) 0,19 0,19 0,16 0,14 0,20 

ΔP (kPa) 4,1 4,6 4,6 5 3,5 

Gradient coeff. (ΔP/ Δt) 21,6 24,2 29 35,7 17,5 

Difference -39,5 % -32,2 % -18,8 % index -51 % 

 

Looking at the pressure measurements from the DES turbulence model in Figure 27 the values have 

different characteristics than for the URANS model. Except for the consistent pressure drop 

characteristics the stabilized values are in comparison to the experiment under predicted. The averaged 

value from 0.5 to 1 s is for the initial grid is -1515 Pa.  For the different setups these values are -2352,      

-1469, -1826 and -1563 Pa for setup 1, 2, 3 and 4 respectively. The trend for a finer grid cannot be clearly 

identified. The stabilized pressure values are sporadically distributed between the different grids. 

Considering the pressure drop characteristics (quantified in Table E) one can see that the DES simulations 

are predicting the pressure drop better than URANS. When comparing the pressure drop against the 

densest mesh one can identify a difference in the range of 10 percent for setup 1 and 2.  

Due to time limitations the following work must consider only one of the options of DES and URANS. 

By this stage it is still not clear which one of the turbulence models is most suitable. A complete URANS 

simulation seems to predict the stabilized pressure better than DES, but the pressure drop characteristics 

are better predicted with DES. The following work will however continue evaluate the URANS model 

due to three different reasons; First reason is the relatively consistent predictions of the stabilized pressure. 

The second reason is that even though DES predicts the pressure drop characteristics better, the finer 

grids of the URANS model are also capturing the characteristics of the pressure drop. At last, a setback 

with conducting mesh analysis with DES simulations is that the model interface between LES and 

URANS mode is very much dependent on the grid. This means that the model parameters need to be 

tuned such to get a correct interface [1].  
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Figure 27. Pressure measurements in the upper pipe for DES sensitivity analysis against experiment mean. 

 

Table E. Pressure drop gradient comparison for DES turbulence model sensitivity analysis. Setup 3 with the densest grid is set as 

index when comparing 

Setup Original 1 2 3 4 

Δt (s) 0,14 0,125 0,13 0,12 0,135 

ΔP (kPa) 4 4,5 4,6 4,8 3,6 

Gradient coeff. (ΔP/ Δt) 28,6 36 35,4 40 26,7 

Difference -28,5 % -10 % -11,5 % Index -33,3% 

 

Note that the performance values presented in Table B are valid for the simulations run with URANS 

turbulence model. However, the values can be considered the same for the DES simulations since the 

differences are negligible. Performance values for DES are not presented since the following work will 

only consider URANS turbulence model.  

Moving on with URANS the splash back is presented in Figure 28. A significantly lower amount of water 

in the splash back can be seen on the simulation with a wall model (Setup 4) compared to the other setups. 

The same simulation seems to overestimate the volume fraction when considering the stabilized values. 

An overall perception for the rest of the simulations is that they more or less capture the effect of water 

splashing back. However, setup 3 with the finest grid tends to have a lower amount of water in the splash 

back with respect to setup 1, 2 and the original mesh. This can be seen when averaging the magnitude of 

the water in the splash back. From 0.15 to 0.19 s (the time range where the splash back is moving 

upstream) the value for the initial mesh is 0.4432. For the different setups these values are 0.4587, 0.4527, 

0.4058 and 0.3417 for setup 1, 2, 3 and 4 respectively. Setup 1 and 2 are very close to the initial grid 

while setup 3 and 4 differ around 10 and 20 percent respectively. 
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Figure 28. Volume fraction of water against time for the URANS sensitivity analysis. Measure at a cross section 5.8xD 

downstream the pipe in the location where the splash back occurs. 

Differences in magnitude of the splash back against the original mesh can be clearly shown visually in 

Figure 29. The water does not climb upstream for setup 3 and 4 as much as for the other simulations. 

Another interesting feature to observe in the figure is the flow in the inlet plug (module 10) in setup 4. 

The wall model predicts unphysical behavior in that region where the whole area should be containing 

water in a complete circular manner. Consider Figure 22 as where the volume fraction of water should be 

completely circular if it would have been a similar cut in module 10. In other words the inlet plug is partly 

occupied by air which is not expected at these high flow rates. This is hard to see in Figure 17 due to that 

the plastic exhibit optical refraction. But observations during the experiments showed that a circular flow 

pattern is expected out from module 10. 
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Figure 29. Visualisation of splash back at 0.18 s when the splash back reaches its maximum magnitude visually.  The 

comparison is for the URANS sensitivity analysis. From the top: Setup 1, 2, 3 and 4 

The requirement of having a fine mesh in the boundary layer has previously been emphasized. The 

Original mesh does not fall within the recommended resolution stated by Menter [10]. While the 

requirement of a wall y
+
 of 2 cannot be fulfilled in this project, some refinements have been made in this 

analysis. Setup 1, 2, 3 and 4 have a y
+
 in the water dominant region of 10, 12, 8 and 80 respectively. Note 

that setup 4 is using a wall model to resolve the boundary layer. Velocities in the streamwise direction in 

the boundary layer are presented in Figure 30 and 32. The position is five and six diameters respectively 

downstream the pipe which is located in the water dominant region before the first bend. While the 

original mesh differs somewhat from the other setups the wall model in setup 4 is clearly underestimating 

the velocities with respect to the other setups. The three setups that are predicting values closely to each 

other are the setups with the most refined grids. Comparing the finest grid setup (3) with the third most 

refined grid setup (2) a small difference is found. More specifically the average difference in the 

boundary layer is 0.7 and 2.6 percent at 0.14 and 0.18 s respectively. 
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Figure 30. Boundary layer streamwise velocity profiles for URANS simulations at 5xD downstream the pipe. 

 

Figure 31. Boundary layer streamwise velocity profiles for URANS simulations at 6xD downstream the pipe. 

With diesel, the formation of foam is experienced to have an influence on causing PSO. Wet foam has a 

volume of typically 10 to 20 percent liquid phase, this means that less amount of liquid will take up a 

significant amount of volume in the space [18]. The creation of foam is triggered by trapped gas in the 

liquid. Except for the entrained air that leaves the refueling nozzle the flow inside the fuel filler pipe will 

contribute the production of foam. Foam itself is not being simulated in this project, but by measuring the 

shear stress in the free surface one could get a relative indication on how much foam is produced in the 

pipe. In Figure 32 the shear stress in the free surface presented. In the time frame where the splash back 

occurs one can expect to see a difference depending on the magnitude of the splash back. Of the two 

simulations that had a lesser magnitude of the splash back one can identify a lower shear stress on setup 4. 

Setup 3 has one of the largest shear stresses in the time frame of the splash back. Even though this value 

could be expected to be low, a finer grid will allow the formation of more bubbles and a more naturally 

formed free surface which in turn will be larger in total. A larger free surface will result in a larger 

integral of the shear stress. After the splash back has occurred, the flow has stabilized and the water and 
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entrained air has reached the top of the bucket (happens at the range of 0.35 s) the shear stress should 

naturally decrease. In Figure 32 similar characteristics can be seen between setup 2 and 3. Similarities can 

also be identified between setup 1 and 4. The general perception from the analysis is that the shear stress 

varies a lot between the setups where the biggest difference can be identified between setup 2 and 4. At 

0.6 s the difference is as large as 100 %. 

 

Figure 32. Shear stress plot in the domain free surface for URANS simulations. 

Model Choice 

Prior to the sensitivity analysis one could conclude that the original setup was in the largest range 

considering mesh size. This could be seen in in the characteristics of the pressure drop in Figure 26 and in 

the boundary layer comparison. Therefore the original mesh is not deemed suitable to be used in the final 

model. Comparing the other setups to setup 3 with the finest mesh one can identify a suitable candidate. 

Setup 2 with the regional refinement at a total cell count of 1.9 M cells has almost has 56 percent of the 

cell count compared to setup 3. The latter has refinements in all areas where the regional refined region 

has a cell base size of 0.5 mm while the globally refined region has a base size of 0.11 mm. Setup 2 only 

have a regionally refined region with the base size of 0.6 mm. Translated into diameter size the element 

size of 0.6 mm corresponds to 0.023xD which is finer than the recommended size of 0.05xD [17]. 

Compared to each other the stabilized pressure difference is 11.7 %. This is the second smallest difference 

of the setups. The smallest difference of 2.1 % is found when comparing the wall model (setup 4) to setup 

3. Since the wall model setup is not performing very well by predicting unphysical results this model is 

excluded. Further on, looking at the boundary layer profiles one can see a difference between setup 2 and 

3 of only 0.7 % and 2.6 % for the different measurements. Setup 2 had the least difference in pressure 

drop characteristics compared to setup 3 with a difference of 18.8 %. In addition, the characteristics in 

shear stress are similar between the two setups. 

However one large difference is found; the magnitude of the splash back is significantly less in the finer 

mesh setup compared to setup 2. The experiments tend to show that the splash back (seen in frame 6 in 

Figure 16) is in the larger range as seen in setup 2. The choice of concluding setup 2 as the most optimal 

model is therefore based on both comparisons to the experiments and the finer mesh setup.   
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4 Part 2 – Filler pipe Verification 
In order to verify the chosen model from part 1 it will be implemented on a real filling system. The 

performance of the models ability to handle different geometries will be revealed. Differences between 

part 1 and 2 except the complex geometries are the change of working fluid and the changed outlet 

condition. Water is changed to diesel since it is the most critical fuel when it comes to refueling 

capabilities. The outlet condition is changed from a large diameter outlet to a small diameter since the 

venting of the tank is made through a valve which leads out to a thin pipe. This will introduce another 

parameter which is the pressure in the tank. 

Two different geometries will be set up for verification, Figure 33.  The difference between the two 

geometries is the presence of a bypass line. As of today, the bypass line is a solution to avoid PSO in the 

filler pipe by transporting the trapped air further down the pipe to the top. 

 

Figure 33. The XC90 diesel fuel filling system. The concept of changing filler pipe is visualized with the filler pipe with the 

bypass pipe. Red circles marks the spots where pressure measurements are recorded both for the experiments and simulations. 

   

4.1 Method 

4.1.1 Experiment 

 

Geometry 

The geometry used in the experiment is the diesel fuel system including filler pipe and tank for VCC car 

model XC90. Compared to the simplified fuel system in part 1 there are some differences like the outlet 

and liquid as previously mentioned. Other differences are the size and the falling height from the filler 

head to the tank. In the real fuel filling system the height is doubled compared to the simplified system. In 

the experiments an acrylic pipe will be used instead of the production part made of metal. This enables 
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visual examination of the flow just as in the simplified flow case. The bypass pipe is connected on the 

lower part of the filler pipe and the other side is connected to the filler head. The fuel filling system is 

attached to a rig which ensures that the system is leveled. 

Experiment configuration 

Seven consecutive runs are made to both configurations (with and without bypass pipe) to strengthen the 

experiment results from a statistical point of view. Flow rate of the filling process is set to 55 l/min at 17 

degrees Celsius fuel temperature. The speed of activating the fuel flow is being done manually by hand 

with a full handle motion at roughly 0.1 s. Pressure measurements configured in exactly the same way as 

in part 1 are monitored both in the top of the filler head and in the tank, Figure 33. 

High speed video recording is upgraded compared to the equipment used in part 1. For part 2 the high 

speed camera records in 500 frames per second with a resolution of 1280x1024. The video recorded part 

of the pipe can be seen in Figure 34.  

 

Figure 34. Experiment setup. Pressure monitors are visible both in the filler head and tank. The upper part of the pipe and filler 

head in front of the screen is high speed video recorded. 

Nozzle Spray 

In addition to the fuel filling process the spray of the fuel dispenser is examined. Recall part 1 where it is 

clear that understanding the inlet condition is of high importance. Experiments are used to visually 

compare with numerical simulations of the spray pattern. The fuel dispenser used in the experiments is 

the OPW-11A. High speed video recording is used to examine the flow. For more details about the fuel 

dispenser experiment, see Appendix B. 

4.1.2 Simulations 

Geometry 

With respect to the actual geometries used in the experiments two significant differences needs to be 

addressed. The first is the difference is the ventilation of the tank. As seen in Figure 35, the ventilation in 

the simulations exists of a pot with two venting spouts attached on either side. The actual component has 
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additional piping leading to each main compartment of the tank. To ease computational expense, these 

pipes have been replaced by a contraction that has been added to the venting spout which is located inside 

the tank.  

 

Figure 35.  Screenshot of the ventilation system of the tank. The dark surface of the spout above the pot is the outlet of the tank.   

The second difference is a simplification of the capless module. It is the module connected to the filler 

head where the fuel dispenser spout is inserted.  All geometries behind the inner front wall of the capless 

module are excluded as is visualized in Figure 36. In the capless module the fuel dispenser spout is placed 

in the same position as in the experiments. In addition, miscellaneous parts like pipes, pots and fuel pump 

inside the tank are removed from the computational domain.  

 

 

Figure 36.  Screenshot of the upper part of the filler pipe, filler head, inserted fuel dispenser and the simplified capless module. 

The dark surface represent an outlet and the inlet is represented by the red surface. 

Boundary conditions 

The locations and shape of the inlet and outlet conditions are visualized in Figure 35 and 36. All other 

surfaces are defined as no-slip smooth walls. A contact angle of 30 degrees is applied to the diesel-air 

interface next to the wall. The angle was obtained from visual examinations. 

The two outlets are defined with air at atmospheric pressure. 
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The introduced the phase of diesel is defined with a density of 𝜌= 840 kg/m
3
 and a dynamic viscosity 

𝜇=0.004 Pa-s. These values correspond to the diesel properties at the temperature 17 degrees Celsius as in 

the experiments. A surface tension between the phases is set to 0.074 N/m.  

Just as in the simplified flow case all initial conditions are defined in a resting position. The fuel level 

inside the tank is set to fill up the primary compartment of the tank as seen in Figure 37. A standing pillar 

of fuel inside the filler pipe is thereby initiated. 

 

Figure 37.  Initial conditions where the fuel fills the primary side of the tank. A pillar of  fuel rests upstream the pipe simulating 

a "worst case" condition for refueling capabilities. 

Nozzle spray inlet condition 

The inlet condition is based on experiments and simulations conducted on the fuel dispenser OPW-11A, 

Appendix B and C. Volume fraction and velocities for each time step was exported into a table. Instead of 

simulating the complete fuel dispenser together with the complete fuel system the exported table is used 

as the inlet condition. Savings is thereby made in simulation time due to the use of fewer cells.   

The nozzle spray simulation needed a very fine mesh to resolve the flow correctly. Roughly 10 000 data 

points with information about volume fraction and velocity was exported for each time step. To reduce 

file size the data points where reduced by ten times. In Figure 38 the distribution of the data points over 

the inlet surface is visualized.  
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Figure 38.  Scatter plot of data points used for the inlet condition. To the left: The distribution of the data points which are reduce 

to 1 000. To the right: The distribution of the 10 000 original amount of data points. 

Mesh 

In part 1, mesh parameters were investigated to find the most suitable mesh for fuel filling simulations. 

The regional refined mesh from setup 2 came out as the most optimal. The same mesh parameters are 

implemented into the complete fuel filling system, Figure 39. Different values of y
+
 where then obtained. 

The reason for this is the lower flow speed as a result of a larger inlet area. Together with different liquid 

properties this resulted in having a y
+
 of 5 in the fuel dominant region and in the air dominant region the 

values are inside the recommendations. Some modifications to the mesh were necessary due to changes in 

geometries. The refined area of the first bend has been increased to capture the flow structures at the 

beginning of the filler pipe. At the inlet (end of the fuel dispenser) there has been a refinement of the 

same magnitude as further downstream (0.6 mm) to better resolve the inlet condition. The filler head has 

been refined from 1.5 to 1 mm, as is the same for the outlet box. In the simulation where the bypass pipe 

is used, prism layers are reduced to 5 due to space limitations. The area around the inlet to the bypass pipe 

further downstream the filler pipe is refined to 1 mm. The final mesh without the bypass pipe contains 3.7 

M cells while the simulation including the bypass pipe contains 3.8 M cells. Compared to the chosen 

setup from the simplified representation the increment in cell count is indeed doubled. 

 

Figure 39.  Grid refinement of the upper part. The refinement starts from the contraction and up until the end of the first bend. A 

refinement can also be seen at the inlet. 

RMS values of CFL are 1.2 and 0.7 for the refined area in the pipe and in the filler head respectively. 

Based on the diameter of the inlet, the Reynolds number is 12 000.  



46 

 

Simulation time has been from the beginning of project a crucial factor. In order to motivate the use of 

CFD as a tool to investigate the shape of a filler pipe the simulations must take less time than ordering a 

physical pipe. In the simulations of the simplified fuel system the simulation time looked promising. The 

chosen setup had a simulation time of 90h at a local workstation with 11 active cores. With the 

introduction of the real fuel filling system the volume of the computation domain increased. As a larger 

volume requires more mesh elements this naturally results in longer simulation times. In addition to the 

larger domain, the implementation of a table as an inlet condition turned out to affect the simulation time 

when test runs where done on clusters. Running the simulation on the local machine resulted in CPU time 

per time step of 900 seconds. For a full 1 second simulation it corresponds to 230 h. On occasions, the 

ability to run the simulations on a cluster was available. The time taken to run the simulations on different 

number of cores is presented in Table F. Running the simulations on a cluster with 200 cores is well 

enough to obtain relatively quick results.  

  

Table F.  CPU time and total time for the simulations of the real fuel filling system. 

Cores 11 200 480 

CPU time/time step (s) 900 2200 3500 

1s simulation time (h) 227 30 20 
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4.2 Results and Discussion 

To investigate the performance of the refueling capability of the filler pipe the visual examination is the 

most important parameter. In Figure 40 screenshots of the high speed video is presented. Treated case 

begins with the fillings system without the bypass pipe. Notation 1 shows the first spit from the fuel 

dispenser. In 2 the significant part of the flow is ejected out from the fuel dispenser. Further on in 3, the 

fuel hits the wall and starts to form a wake. The wake propagates along the pipe in 4. In notation 5 the 

main flow of the fuel hits the wall at the first bend. This part of the sequence is crucial since the trapped 

air downstream is forced upstream creating an air bubble at the inner wall of the bend (marked with an 

arrow). The result of the pushing air is the splash back seen in 6 and 7. In 8 the flow has stabilized and the 

foam at the wall in the filler head is slowly dissolving. 

Corresponding images from the simulations are visualized in Figure 41. Note that the first spit from the 

fuel dispenser does not exist in the simulations. At 0.2 s the flow is ejected out from the fuel dispenser 

and at 0.24 s the fuel starts to form a wake of fuel climbing the walls of the pipe. The crucial air bubble 

seen in the experiments are successfully predicted in the simulations (marked with an arrow) at 0.31 s. As 

a result the splash back can be seen at 0.35 and 0.4 s, yet it tends to have less fuel in the splash back in the 

simulations compared to the experiments. At 0.57 s the flow has completely stabilized while no foam can 

be seen in the simulations.  

In Figure 42 screenshots of the fuel system with the bypass pipe is presented. Compared to the 

experiment presented in Figure 40 the differences start at notation 5. The air bubble previously seen is 

here reduced. The escaping air is re-directed through the bypass pipe resulting in less or no splash back. 

In notation 7 a small splash back can be seen, though significantly less than seen without the bypass pipe.  

Images from the simulations of the fuel system with the bypass pipe can be seen in Figure 43. At 0.31 s 

the flow characteristics reveal some influence of trapped air downstream the pipe, just as in the 

experiment. Although no splash back can be seen in the simulations at 0.35, nor at 0.4 s. 

The simulations, both with and without the bypass pipe, underestimate the magnitude of the splash back. 

One cause of the deviation can be traced to the different volume flow between the experiments and the 

simulations. Recall the volume flow of 55 l/min for the experiments. The same volume flow was defined 

for the nozzle spray simulation. However, the reduction of data points showed in Figure 38 resulted in 

less volume flow at the inlet. See Figure 44 for the actual volume flow at the inlet. In the simulations the 

volume flow is 50 l/min  
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Figure 40. Screenshots from high speed video for the experiment without bypass pipe. Air bubble can be seen in picture 5 

followed by the splash back in picture 6 and 7. Time frames: (1) 0.15 s, (2) 0.186 s, (3) 0.24 s, (4) 0.26 s, (5) 0.28 s, (6) 0.31 s, (7) 

0.35 s, (8) 0.60 s 

 

Figure 41. Screenshots from simulation without bypass pipe. The scene shows diesel phase with a volume fraction > 0.5. Air 

bubble can be seen at 0.31 s followed by the splash back at 0.35 and 0.4 s. 

1 2 3 4 

5 6 7 8 
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Figure 42. Screenshots from high speed video for the experiment with bypass pipe. A tendency for an air bubble can be seen in 

picture 5 followed by a very small splash back in picture 7. Time frames: (1) 0.15 s, (2) 0.186 s, (3) 0.24 s, (4) 0.26 s, (5) 0.28 s, 

(6) 0.31 s, (7) 0.35 s, (8) 0.60 s 

 

 

Figure 43. Screenshots from simulation with bypass pipe. The scene shows diesel phase with a volume fraction > 0.5. A reduced 

air bubble can be seen at 0.31 s. Compared to the experiment no tendency for a splash back can be seen after the formation of the 

air bubble. 

1 2 3 4 

5 6 7 8 
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Figure 44. Fuel flow measured at the inlet of the simulations. A stabilized flow of 50 l/min is observed. 

Pressure measurements where recorded for all experiments. In Figure 45 and 47 pressure measurements 

are presented for experiments with the bypass pipe. Since the experiments without the bypass pipe had 

premature shut off consistently no pressure measurements are valid. The pressure in the filler head shows 

an initial pressure peak of approximately 50 Pa. The stabilized relative mean pressure between 0.6 to 1 s 

is measured at -26 Pa. Although the same characteristics are experienced compared to the simplified fuel 

system, the magnitude of the pressure is significantly less in the real fuel system. The pressure inside the 

tank is not affected until after the pressure peak in the filler head. 

 

 

Figure 45. Pressure measurements with the bypass pipe in the filler head. Seven consecutive measurements are presented 

together with the mean value.   
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Figure 46. Pressure measurements with the bypass pipe in the tank. Seven consecutive measurements are presented together with 

the mean value. 

Predicted pressures in the simulations compared to the mean values from the experiments show similar 

characteristics. Figure 47 show the comparison between simulation and experiment for the setup 

including the bypass pipe. The initial pressure peak in the filler head is more correctly predicted in the 

real fuel system than in the simplified fuel system. A small over-prediction of the pressure can however 

be identified. With respect to the lower volume flow compared to the experiment (50 against 55 l/min) the 

simulations are indeed expected to show a lower pressure compared to the experiment. The lower volume 

flow in the simulations would however explain the delay of the changes in pressure after the first peak 

(included the pressure comparison in the tank). Two main pressure characteristics deviate between the 

simulations and the experiments. First is the tank pressure after 0.6 s where the pressure starts to level out 

whereas the experiment pressure keeps rising. The second characteristic is the stabilized pressure in the 

filler head. In the experiment the average stabilized pressure between 0.6 to 1 s is -26 Pa while in the 

simulations this stabilized value is zero.  

 

Figure 47. Comparison of pressure measurements against predicted pressure with bypass pipe. Simulations predicts a higher 

pressure value in the filler head and goes towards a lower pressure value in the tank. Some delay is experienced in the 

simulations.  

Between both simulations, measurements of the shear stress in the free surface are presented in Figure 48. 

There is less shear stress in the bypass simulations where the splash back occurs for the simulation 
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without the bypass. A larger magnitude of the shear stress is measured for the bypass simulations when 

the flow starts to stabilize. Since a portion of the fuel is climbing up the bypass pipe a larger free surface 

will exist, thus resulting in a larger shear stress.  

 

Figure 48. Free surface shear stress comparison with and without bypass pipe.  
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5 Discussion 
 

In the presented work a CFD model has been constructed to predict the initial flow in a fuel filler pipe. 

The model was compared to physical experiments where it became clear that the inlet condition is the 

most critical feature to model correctly. Results showed that the simulations exhibit physically correct 

flow structures and captures the key characteristics even though time steps used are larger than 

recommended in previous work [3]. The model shows to have a great potential of aiding the design 

process of the filler pipe. There are however some aspects in both part 1 and 2 that needs to be understood 

when using the model. Together with other explanations those aspects are concerned in the following 

discussion.  

Part 1 

Differences of inlet conditions between the experiments and simulations resulted in a non-correlating 

pressure comparison for the first 0.24 s. The forces that where induced by the activation of the flow in the 

experiments where most likely taken up by the flexible hose upstream module 10, resulting in the two 

pressure peaks which were not found in the simulations. Even though the inlet condition was 

unsuccessfully modeled, comparisons could be made against the splash back and the stabilized pressure. 

Uncertainties can rise considering the splash back with respect to the flexible hose. A late hose relaxation 

would accelerate the flow, resulting in a larger splash back. Nevertheless the simulations proved to 

capture the phenomena of the splash back. The most qualitative characteristic to compare was therefore 

the stabilized pressure, which would be the same regardless of inlet characteristics. The stabilized 

pressures prominently revealed for the current setups that the more LES-mode that was used the more 

under predicted values were obtained. It can be argued that the grid was on the limit of being too coarse 

for the bulk flow in all simulations. But refinements used in latter DES simulations pointed towards the 

same conclusion.  

It became clear that LES simulations where under resolved in terms of grid size near the wall. Without a 

wall model it would require immense computational power to resolve the wall boundary correctly. The 

requirements on grid size in the near wall region increase by increasing Reynolds numbers. It is therefore 

unrealistic that LES would be a major element in the near future for industrial CFD calculations similar to 

the flow setup investigated in this project [17]. By taking advantage of the SST models ability to solve the 

boundary layer in the DES model would then be a natural way of facing the problem. But in order to 

obtain a good DES flow prediction, one needs to fine tune the parameters that controls the interface 

between URANS and LES mode [1]. The added complexity of the model together with time limitations 

resulted in continued evaluation of only the URANS model. With that said the DES showed promise of 

being a suitable turbulence model and could still be the most optimal model for this project.  

The original mesh setup was found to be just about too coarse compared to recommendations. In the 

sensitivity analysis all new mesh setups had a resolution in the bulk flow within recommendations 

(Around the interesting regions). When the refinement was done, one could see that the characteristics of 

the pressure drop in Figure 26 was successfully modeled to a closer match against the experiments.  

Time steps for the setups are both kept at 10
-4

 and decreased to 5x10
-5

 in order to keep CFL numbers 

down and allow easier convergence. For the water dominant regions however, the CFL number was 
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registered as high as 2. Even though the CFL number was punished the simulations could easily reach the 

same level of convergence of the residuals as the original setup. The tendency of the simulations show 

that the requirement of a CFL number as low as 0.5 is not completely valid for the flow setup used in this 

project.  

From the sensitivity analysis it is worth mentioning that the wall model failed (setup 4) to predict a 

natural flow. The wall model predicted a separation at the inlet plug – which may have been an indirect 

cause to the deviation of velocity in the boundary layer compared to the other setups. Just as the wall 

model setup, the setup with the finest grid had the lowest prediction of the magnitude of the splash back. 

While the wall model setup had some obvious errors, the setup with the finest mesh predicted a spatially 

later separation (Figure 29) of the water in the first bend. For the SST model, the late separation has 

previously been seen with a finer grid on a curved surface [10]. This indicates that the model might be 

one cause of the prediction and needs need to be kept in mind if this model is used for other filter pipes. 

Part 2 

For the simulations the stabilized value in the filler head is zero (as opposed to the experiment with a 

value of -26 Pa), which tells us that we might not have any entrainment of air like in the simplified fuel 

system or the outlet in the filler pipe is too large for the model to predict the pressure drop. However the 

mean volume flow in the tank outlet between 0.6 to 1 s is 56 l/min which can only depend on entrained air 

in the flow in the upper part of the pipe. This means that roughly 10 percent of the combined flow 

downstream the pipe is air. Further on, the sensor port on the fuel dispenser has an air flow which is 

between 5 and 15 percent of the total flow [4]. More specifically for an OPW-11B fuel dispenser, the air 

flow into the sensor port has been reported for different fuel flows [19]. For fuel flows of 15.1, 26.5 and 

37.9 l/min the air flow was 3.3, 3.9 and 4 l/min respectively. Since both fuel dispenser has the same 

sensor mechanism one can assume that the same flow is present in OPW-11A. The experiments are 

experiencing this suction force and the simulations do not. The air which is sucked up by the fuel 

dispenser is mixed with the fuel flow going down the pipe. This may be an explanation of the leveled out 

pressure inside the tank. Hence the predicted stabilized value of the simulations in the filler head may be 

correct. The total flow down the pipe is the fuel, entrained air in the pipe and the air which is entrained 

already inside the fuel dispenser. The simulations in this project can only model the flow which contain 

fuel and entrained air in the pipe. 

The new flow conditions in part 2 resulted in having a y
+
 of 5 in the fuel dominant region and in the air 

dominant region the values are inside the recommendations. While these low values could not be 

investigated for the simplified fuel system it is unclear if the new y
+
 values are having a large influence in 

obtaining the more accurate predictions in part 2 compared to part 1. The comparison between y
+ 

values 

of 12, 10 and 8 in the simplified fuel system revealed no significant difference in the boundary layer 

(Figure 30 and 32), implying that predictions where good even for higher values of y
+
 than recommended 

values below 2 [10]. 

The model only contains a spray pattern for one type of fuel dispenser (type OPW-11A). To obtain a 

broader view of the performance of the filler pipe design one could have interest in investigate several 

spray patterns. Due to time restrictions both in this project and in the scope of the model this has not been 

possible. If one would simulate four different spray patterns together with the real fuel system it would 

not be time efficient. The time taken to run all simulation might be more than ordering a prototype of the 
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filler pipe and make physical tests. In this case the chosen fuel dispenser is by experience one with a 

critical spray pattern. The need of simulating several spray patterns can also be discussed since refueling 

performance depend on various parameters, refer to chapter 1.4.2. By this it is meant that no matter how 

accurate your CFD model is one could never know all issues that can come present in a refueling process. 

The model can however reveal the large flow characteristics and aid the engineer into judging if the filler 

pipe is suitable or not. If the model is only used to gain information about the largest flow structures it 

might not be necessary to investigate different spray patterns if the patterns differ only slightly. A more 

relevant investigation might be to alternate the angle in which the fuel dispenser is inserted in the pipe. 

Even a lower flow speed might have a negative influence on refueling performance for certain filler pipe 

designs. To some extent the engineering judgment on the flow situation needs to be applied regardless of 

flow situation.  

Simulation time increased from part 1 to part 2 from 90 h to 227 h for 1 second of simulation on 11 cores. 

In order to make the simulation time efficient the use of a cluster is preferred. A simulation time of 227 

hours is close to the time of getting a physical filler pipe to conduct experiments on, thus making the 

simulations less valuable. Running the simulation on 200 cores reduces the simulation time to 30 h which 

is fast enough with respect to the time taken to order and testing a physical pipe.  

From an environmental aspect, this work contributes in making the development of the fuel filler pipe 

more environmentally friendly. By gaining knowledge about the flow in the filler pipe fever physical tests 

needs to be conducted in the long run. Therefore the manufacturing and physical tests with real fuel will 

be reduced resulting in minimizing the CO2 footprint of the fuel filler pipe. 

Future work 

To complete the model the volume flow of the inlet condition should be corrected to the maximum of 55 

l/min from 50 l/min. In order to verify the versatility of the model future filler pipe designs should be 

compared to physical experiments. Verification of flows with larger variance will improve the arguments 

of trusting the results from the model, given that the results are successful. 

Regarding the choice of turbulence model the DES model can still be a suitable option. Future work could 

investigate this option to see whether the end result is more accurate predictions than for URANS. In 

addition, even the LES model could be the choice when considering the long run. Similar to the DES 

(where URANS is the active model in the near wall boundary) a wall modeled LES (WMLES) could be 

investigated. By the time that computational resources reaches the point where a solid LES is indeed 

efficient the transition from a WMLES could be beneficial.  
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6 Conclusions 
The goal of this study was to construct a CFD model that can predict the fuel flow characteristics during 

the refueling process in a car. A URANS SST k-ω model has been developed which has proven to predict 

useful values for two different flow situations. With proven performance on the different flow situations 

the model could also be used on different designs on the filler pipe. The model is based on the time 

averaging URANS turbulence model which is still an overall efficient model for industrial applications. 

Increased complexity with the DES turbulence model and grid requirements with the LES turbulence 

model makes them not yet suitable for the current flow setup. 

The chosen model proves to be able to predict the most critical flow structures seen in the experiments. 

By running the simulations on a cluster, valuable information could be gained in less time than shown in 

previous investigations. Some concern should be raised concerning the magnitude of the back splash. 

Finer grids on the chosen turbulence model might predict a late separation in the first bend. The late 

separation reduced the splash back which is something to be aware about for future use of the model.  

As of now, simulations cannot completely replace the experimental verification. By conducting physical 

experiments a larger variation of the flow characteristics could be obtained. If variations would be 

considered in the simulations, a large number of simulations are needed. Running many simulations 

would be inefficient with respect to time. The CFD tool is though a valuable tools in designing the filler 

pipe due to the unique opportunity to quantify and evaluate the flow data in a completely different way 

than possible in physical experiments. 

The overall achievement with this project is a model that would complement physical testing in an early 

stage. Before moving on to physical testing one would have gained more knowledge of the key structures 

in the flow. This transforms the development of the filler pipe from a “trial-and-error” based development 

to a more knowledge-based development.  
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Appendix A – Continued formulation of SST model 

 

 

In eq. 2.13 a production limiter is used �̃�𝑘to prevent build-up of turbulence in stagnation regions: 

�̃�𝑘 = 𝑚𝑖𝑛(𝑃𝑘 , 10 ∗ 𝛽∗𝜌𝑘𝜔) (A.1) ) 

Where: 

𝑃𝑘 = 𝜇𝑡

𝜕𝑈𝑖

𝜕𝑥𝑗
(

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) 

(A.2) ) 

 

The blending function 𝐹1in eq. 2.14 is zero (k- ε model) away from the surface and one (k- ω) in the 

boundary layer. 𝐹1 is defined by: 

𝐹1 = 𝑡𝑎𝑛ℎ {{𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔
) ,

4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
]}

4

} 

(A.3) ) 

Where y is the nearest distance to the wall and 𝐶𝐷𝑘𝜔 is defined as: 

𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 10−10) 

(A.4) ) 

The coefficients for the SST model are: 

𝛽1 𝜎𝑘1 𝜎𝜔1 𝛽2 𝜎𝑘2 𝜎𝜔2 𝛽∗ 𝛼∗ 

0.0750 0.85 0.5 0.0828 1.0 0.856 0.09 1 

 

Via a blending function the correct constant can be obtained depending on which model (k- ε or k- ω) is 

dominant. An example of the constant 𝛽 is given: 

𝛽 = 𝛽1𝐹1 + 𝛽2(1 − 𝐹1) (A.5) ) 

At last the turbulent viscosity can be calculated as: 

𝜇𝑡 =  𝜌𝑘𝑇 (A.6) ) 

Were Durbin’s realizability constraint [15] is used to calculate the turbulent time scale T: 

𝑇 = 𝑚𝑖𝑛 (
1

𝑚𝑎𝑥 (
𝜔
𝛼∗ ,

𝑆𝐹2
0.31)

,
𝐶𝑇

√3|𝑺|
) 

(A.7) ) 

The Durbins realizability constraint is used to increase the limit of turbulent production as opposed by 

Menter [Menter 10 year]. Here is another blending function 𝐹2 introduced which is defined as: 

𝐹2 = 𝑡𝑎𝑛ℎ (𝑚𝑎𝑥 (
2√𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔
)

2

) 

(A.8) ) 
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Appendix B – Experiment of spray pattern 

 

 

As a validation to simulations in Appendix C the spray pattern from a fuel dispenser was investigated. 

Diesel fuel dispenser OPW-11A was investigated at 55 l/min with high speed video recordings.  

 

Setup is according to Figure B.1. The fuel dispenser rests at a support to stay stable throughout the 

experiment. A ruler is attached to the spout in order to measure the flow speed.  

 

 
Figure B.1 Experiment setup of fuel dispenser OPW-11A. The fuel dispenser is fixed with a support. A ruler is attached to the 

spout to give information about velocity and a bucket collects the diesel. 

The result of the experiment can be seen in Figure B.2. First picture from the left visualize the first spit 

out from the spout. In the second picture the bulk flow has caught up the spit which has been affected by 

gravity. In the third picture the steady state has been reached. In the steady state a portion of the flow is 

directed downwards creating a wider spray pattern. The flow speed at steady state was with the help of 

the ruler estimated to approximately 5 m/s.  

 
Figure B.2  Visual result of the experiment. From the left: First spit from the spout followed by the initiation of the bulk flow in 

the middle. To the right is the stabilized bulk flow where a thin flow plume directed downwards can be seen.   
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Appendix C – Simulation of spray pattern 

 

CFD simulations where conducted to recreate the spray pattern from Appendix B. The geometry used in 

the simulations can be seen in the Figure C.1. Inside the spout a pipe can be seen which corresponds to 

the pipe that transports the fluid from the sensor to the shut off mechanism. In the opening to the right the 

inlet check valve can be seen where also the inlet is applied. 

 

 
Figure C.1 A transparent visualization of the geometry of OPW-11A. The pipe in the middle is the transport channel for the 

sensor. To the right the inlet check valve can be seen. The check valve is fixed in the simulations. 

The inlet is shaped around the check valve as a doughnut where the volume fraction of diesel grows as a 

function of time. Regarding velocity the air phase (notated with the light gray area in the figure C.2) is set 

to zero. Constant velocity applied for the diesel phase (notated with the blue area). When the complete 

inlet is covered by diesel the speed corresponds to a volume flow of 55 l/min. The growth distance x is 

specified by: r
in 

+ (time)
2.5

(r
out

) / (2*0.2
2.5

) for 0 < t < 0.2 s. 

 

 
Figure C.2 Inlet surface around the check valve. The smallest circle has the radius rin while the outer circle has the radius rout. 

Simulation setup is the same as for the simulations of the real fuel system except that the DES turbulence 

model is used. Since the URANS model time use time averaging the DES model would be beneficial in 

order to simulate the instabilities seen in the flow from the experiments. The mesh needed immense 

refinements in the area around the sensor box to capture the downwards directed flow. As a result of the 

refinement the time step was reduced to 2.5e-5. Size of the mesh is 3.6 M cells. In Figure C.3 the mesh 

and computational region is visualized. 
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Figure C.3 Computational domain and mesh of the spray pattern simulation. Finest refinements can be seen around the sensor 

box and around the inlet. 

Results showed that the bulk flow could be resolved reasonably well. Key characteristics as the instability 

of the bulk flow and the downwards directed flow is successfully modeled. Some deviations from the 

experiment is the initial spit out from the spout and the velocity. The velocity is predicted to a maximum 

of 4.5 m/s which is approximately 0.5 m/s less than the experiment. Velocities and volume fraction at the 

end of the spout is exported into a table for use as an inlet condition in the complete fuel system.  

 

 
Figure C.4 Visual results of the simulations. Compared to the experiment the initial spit is not present while the downwards 

directed plume of diesel is successfully predicted in the stabilized flow to the right.  

 
Figure C.5 Contour plot of the axial velocity in the spray. Velocities are seen up to 4.5 m/s 


