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Abstract 
In the vehicle industry today materials are sought that are both light and have a high strength. One 

manufacturing method that can produce parts with both these properties is a method called die 

quenching. During die tool development simulations are used to predict the material properties in the 

final part and there is a continuous strive for improving the simulation tools. The aim of this report is 

to demonstrate how a CFD (Computational Fluid Dynamics) problem and a conjugate heat transfer 

problem can be set up in LS-DYNA and to evaluate how well the simulation results agree with 

experimental results. Simulations of the cooling of the die quenching is a first step towards performing 

a complete mechanical forming simulation that is coupled with CFD analysis in order to predict the 

final part’s material properties more accurately. 

In the thesis two experiments were simulated. To be able to perform such an analysis a conjugate heat 

transfer analysis is needed, in the thesis a heated cube was studied because it had experimental values 

for the temperature available. The flow in a quenching tool is also discussed and the pressure drop in 

the tool is compared with experimental values. Temperatures from the conjugate heat transfer are 

compared with experimental values and sources of errors are discussed in both simulations. The 

conclusion of this report is that the CFD solver in LS-DYNA is a promising tool that can be used to 

determine more accurate material properties of the final parts in a coupled thermomechanical forming 

simulation.  
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1 Introduction 
The environmental requirements are becoming more demanding and this is especially true for the 

vehicle industry. This has led to that the fuel consumption of the vehicles must decrease in order to 

fulfill the environmental requirements and one way to do this is by reducing the weight of the vehicle. 

In order to do that, materials that are both light and have high strength are needed. The strength of the 

material is important since the vehicle has to be safe when an accident occurs and the manufactures 

has both legal and commercial-driven safety requirements to fulfill. To manufacture a steel component 

that is both light and have a high strength a manufacturing method called die quenching can be used. 

Besides being able to produce parts in steel with high strength, the die quenching process is also very 

cost efficient, which has led to a very big interest from the vehicle industry (Holmberg). To develop 

the die quenching process simulation tools are important since it is much cheaper to simulate the 

process compare to manufacturing a test tool to perform testing of the process (Andersson). There is a 

continuous demand for improving the simulation tools accuracy in order to have a numerical model 

that is able to predict any changes to the process design. One way to increase accuracy is by 

introducing CFD to simulate the fluid properties in the cooling channels in the tool during quenching 

and make a coupling to the mechanical (forming) problem using the FSI (Fluid Structure Interaction) 

approach. This is important since the final properties of the material are very dependent on the cooling 

rate and the cooling is done by a fluid that flows through pipes in the tool. This is why an FSI 

simulation is needed to determine the temperature in the tool since it otherwise is hard to know the 

boundary conditions, which approximate the cooling from the fluid, in the cooling pipes with good 

accuracy. CFD can also be used to optimize the cooling rate to minimize the cooling time and if 0.5 s 

can be saved in the cooling process of each part it will mean a lot in series production, which can 

easily be more than 100 000 parts.     

1.1 Aim 
In order to improve the accuracy of the predicted properties of the finished die quenched part the 

simulation method needs to be improved. Since the final material properties are very dependent on the 

die quenching process, knowledge about how the different process parameters affect the result is 

needed. In order to increase the accuracy of the temperature distribution in the tool, an FSI simulation 

in LS-DYNA® is used were the cooling fluid in the tool is modeled with CFD that is coupled with the 

tool and the material, which is both modeled with the FEM. Hopefully, this will improve the 

agreement between experiments and simulations, especially after a number of operations in the die 

quenching when the tool temperature reaches a “steady state” condition. The aim of this study is to set 

up a working model in LS-DYNA for the cooling of a die quenching tool and validate it against 

experimental data so that the final properties of the ultra-high strength material can be predicted with 

better accuracy when a forming simulation is done.    

1.1.1 Scope of this report 

In this study it is shown how both a CFD problem and a conjugate heat transfer problem are setup in 

LS-DYNA. A pre-study is performed to see how the turbulence model in LS-DYNA performs 

compared to ANSYS® Fluent. The CFD results are validated against experimental data and are 

performed on a simplified die quenching tool. Due to lack of time no conjugate heat transfer is done 

on this tool. Instead the conjugate heat transfer study is done on a simple cube that is cooled by a 

cooling pipe with water and heated by four heating elements. Since the CFD solver in LS-DYNA is 

rather new this study is made to show that it produces good results and that it can be used for a 

conjugate heat transfer problem that in further work can be coupled to a mechanical forming 

simulation.   
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2 Background 
In this section a brief explanation of the die quenching process is given and also why simulation tools 

are important to make full use of the process. The material properties are also discussed and how they 

can be predicted with simulations.  

2.1 The die quenching process 
A die quenching process for producing an ultra-high strength steel material can be divided into four 

different main steps where the first step is to cut out a sheet of the material that should be used, often 

the material that is used is boron steel, see step 1 in figure 1. The next step is to heat the sheet of 

material to about 900-950⁰C in order to get an austenitic state in the material and this has to be done in 

a controlled environment to prevent any unwanted geometrical changes of the sheet, see step 2 in 

figure 1. When the heating process is done it is quickly moved into the stamping tool, where the 

material is shaped and cooled, step 3 and 4 in figure 1. The stamping process has to take place very 

fast since the material is in contact with oxygen which can oxidize the material. The cooling of the 

material is very rapid but controlled since the goal is that the material should phase change from 

austenite to martensite and therefore is the cooling process of big importance. After the cooling and 

stamping process the temperature in the material is often 150-200⁰C and the stamping and cooling 

process usually takes 8-10 s. The cooling process is controlled in order to make sure that the final 

products get the correct material properties. The next step is to fine adjust the product by cutting away 

extra material that is unwanted see step 6 in figure 1.  

 

Figure 1 A schematic picture of the die quenching process 

This die quenching process is one of two major die quenching techniques and is called the direct die 

quenching; the other technique is called indirect die quenching. The difference between the techniques 

is that in indirect die quenching a pre-forming or forming to the final shape is used before the material 

is heated to austenite. This makes it possible to manufacture more complex parts and the material can 

also have a Zink surface treatment which is not possible with the other technique. When the surface 

treatment is used a cleaning process has to be performed after the stamping process. The most 

important parameters for the final parts material properties is the cooling time, time in the tool, the 

design of the cooling system and the temperature it has after the die quenching is done. (Holmberg) 
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2.2 Development of the tool 

The tool that is used in the die quenching is unique for each part/components and the development of a 

tool is very complicated. A critical step in the process is the hardening in the tool which demands that 

the cooling process has to be optimized in order to control the hardening process and minimize the 

time. When a new tool is developed today simulations is a big part of the process in order to reduce 

the development times and also make sure that the tool design is correct(Holmberg). Before 

simulations were introduced a tryout tool was manufactured to verify that a certain tool design 

produces parts with the required quality in terms of shape and properties. The reason why a tryout tool 

is used instead of a real tool is that the manufacturing costs is lower since it uses cheaper material e.g. 

Kirksite, but still this is very expensive and also time consuming. Since the real tool is made of 

another material it is not certain that it will produce parts with the same quality as the tryout tool. 

Because of these reasons, simulation tools have taken over and tryout tools are only used in some 

cases to verify the results from the simulations in the end of the design process. Another big advantage 

with using simulation is that it is possible to get input on how the design works earlier in the design 

process (Andersson).  

2.3 Material properties of the final part 
The reason why the temperature and the cooling rate has such a big impact on the final result are that a 

phase change occurs during the die quenching as mentioned in section 2.1. This phase change can also 

be simulated in order to predict the microstructure in the final part. The microstructure of the final part 

determines its material properties and by simulating this, the final parts properties can be determined. 

In the article by (Schill, Hochholdinger and Lorenz), where an advanced material model for phase 

change is used in LS-DYNA such a simulation is performed. In order to be able to control this phase 

change the cooling of the tool is very important. The reason why the cooling rate needs to be high is 

because else other material phases like pearlite and bainite will form in the part and that results in 

lower strength of the material. However, in some cases it is desirable that the final part should have 

different properties in different areas, which are so called tailored properties. This is achieved by 

having different phases in different areas of the part and to accomplish this, the cooling rate in the tool 

must be carefully controlled. With proper control, the microstructure gets a mixture of the phase’s 

ferrite, pearlite, bainite and martensite instead of only martensite in order to get the wanted material 

properties, see figure 2. 

 
Figure 2 A phase diagram with the different phases of a material. The blue and light blue lines correspond to different 

cooling rates and the different phases are shown with the black lines. 
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A popular method for producing tailored properties is to partially heat the tool in specific areas, which 

leads to a lower cooling rate of the part in these areas, and this method is called tailored tempering 

process. In order to predict the phase change of the material the HTC (Heat Transfer Coefficient) 

between the material and the tool has to be determined. This has been done in a study by (Caron, Daun 

and Wells). The next important factor is the tool temperature and its distribution in the tool. To 

simulate the temperature in the tool a coupled thermal-mechanical simulation is used. The tool is often 

cooled with a fluid that flows through channels in the tool and in these channels a convective 

boundary condition is usually used, see e.g. in the study by (Weib, Kolleck and Machhammer). The 

final parts material properties have a strong dependency on the cooling rate and it is controlled by the 

cooling of the tool. Therefore is it so interesting to simulate the cooling by CFD, since when the 

cooling is approximated with a boundary condition it can be hard to get an accurate value on the HTC. 

2.4 The cooling system 
The cooling system of the tool is a pipe system of drilled holes see figure 3. It is built up by one inlet 

section and one outlet section that has the same geometry as the inlet section. Between these two 

sections are nine drilled holes that connect the inlet and outlet sections. These nine drilled holes are 

placed as close to the surface, which is in contact with the hot part, as possible to get a good cooling 

rate. In figure 3 a reduction/expansion in the pipe diameter occurs after the inlet and before the outlet, 

this is where the inlet/outlet pipe is connected. The connecting pipe has the same diameter as the pipe 

with the two T-junctions. The cooling system will look different for each tool since it depends on the 

shape of the final part that is going to be produced and also what kind of material properties it should 

have. In some tools where tailored properties is wanted, heated zones are used and therefore are the 

cooling pipes led past these to avoid that the heated zones are affected by the cooling pipes. The 

cooling fluid is water and the mass flow is constant during the cycle for the inlet but the flow in each 

channel varies because of the geometry. The geometry for the tool that is used in this study is 

described more in detail in section 4.4.1.  

 

Figure 3 Cooling system in the tool 

3 Theory  
In this section the theory about both CFD and thermal calculations is presented. The theory behind FSI 

is also explained and then how the LS-DYNA solver treats the equations and what method it is using.  

3.1 CFD  
The governing equations for fluid flow are based on three conservation laws of physics: 

 The mass of a fluid is conserved 
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 The rate of change of momentum equals the sum of the forces on a fluid particle(Newton’s 

second law) 

 The rate of change of energy is equal to the sum of the rate of heat addition to and the rate of 

work done on a fluid particle (first law of thermodynamics) 

The fluid is regarded as a continuum, which means that the molecular structures and motions are 

neglected. The flow of the fluid will be described in macroscopic properties, such as velocity, 

pressure, density, and temperature. All these properties depend both on the spatial coordinate and the 

time and therefore are their time and spatial derivatives also used to describe the flow of the fluid. The 

smallest element in a fluid whose macroscopic properties is not affected by individual molecules is 

called a fluid particle or point. All properties for the fluid element are calculated per unit volume. If a 

fluid particle is studied with the first law you get equation (3.1) for a compressible fluid. 
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When using the second law the most common way is to use the Eulerian approach which means that a 

fluid element is considered that is fixed in space and the change of a flow property is calculated for 

that element. If the fluid is considered to be Newtonian, this means that the viscous stresses are 

proportional to the rates of deformation. For a Newtonian fluid Newton’s second law can be written 

like equation (3.2-3.4) for a fluid element.  
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Where u, v, and w are the velocities in the x-, y-, and z-direction respectively, and the coordinate 

system used is a Cartesian system,   is the density of the fluid, and   is the pressure. These four 

equations are called the Navier-Stokes (NS) equations with a source term f that includes body forces, 

like gravity. When using the first law of thermodynamics on the fluid particle the energy equation can 

be written like equation (3.5). 
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Here     are the viscous stresses where i=x, y, z, T is the temperature, E is the energy, and    is a 

source term that takes care of the change in potential energy and has the unit energy per unit volume 

per unit time. Equation (3.5) is used to link the temperature, density, and pressure. Together these five 

equations (3.1-3.5) has seven unknowns: pressure, temperature, density, u, v, w, and E. In order to 

solve these equations two more equations are needed and they are called the EOS (Equation Of State), 

e.g. the ideal gas law for a perfect gas. When an incompressible fluid is considered the equations 

needed to solve the problem are equations (3.1-3.4) since the density is no longer an unknown as it is 

not dependent on time or coordinates. The continuity equation can now be written as equation (3.7) 

and in the NS equations (3.1-3.4) the density can be moved outside of the partial derivative.  
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The EOS is no longer needed since with equation (3.7) and equations (3.2-3.4) the system has 4 

equations with four unknowns. The energy equation can now be rewritten into a new temperature 

equation, see equation (3.8), and this new energy equation is no longer coupled with the continuity 

equation and NS. This leads to that it only needs to be solved when heat transfer is of 

interest.(Versteeg and Malalasekera) 
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In order to solve these equations initial conditions and boundary conditions are necessary. The initial 

conditions are usually velocities, pressure, and if heat transfer is used, also the temperature. The most 

common boundary conditions for a fluid problem are called inlet, outlet, and wall. For the inlet it is 

most common to use a prescribed velocity and for the outlet a prescribed pressure is usually used. The 

wall conditions usually have a nonslip condition that means that the velocities along the wall are zero. 

The alternative to a nonslip condition is a free slip condition where only the normal velocity to the 

wall is zero.    

3.2 LS-DYNA 
The solver used for incompressible flows are called the ICFD solver (Incompressible Computational 

Fluid Dynamics) and it uses a projection method to solve the NS equations over time. This method 

stands out from other methods in the way that the pressure and velocity are uncoupled. By using this 

method the NS equations are transformed into four linear equation systems, three for the momentum 

equations (3.2-3.4) and one for the incompressibility equation (3.7). In order to solve this system of 

equations a Fractional Step (FS) method is used. To solve the equations it uses three steps until the 

final velocity is achieved, in the first step a predictor velocity is computed that does not fulfill the 

incompressibility equation. This velocity is then projected into a divergence free vector field in order 

to form a Poisson equation of pressure. By using this pressure to correct the predictor velocity a final 

divergence free velocity is obtained that fulfills the incompressibility equation. The third and last step 

is to move the fluid particles to their new positions. This is done iteratively so that convergence is 

reached when the variables at the nodes do not change. LS-DYNA uses a finite element method which 

means that the uncoupled equations are transformed by multiplying with a trial function and integrated 

over the volume. By doing this a weak formulation is obtained and it is these new equations that are 
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solved by the solver, for details see section 4.3 in the ICFD theory manual (Caldichoury and Del Pin). 

The time derivate in the NS equations is approximated with backward differences of second order and 

the spatial derivatives are calculated by using linear interpolation functions for finite elements.  

3.2.1 Wall treatment 

When it comes to wall treatment LS-DYNA uses a near wall damping factor proposed by Van Driest 

that is used in the turbulent viscosity term, the damping factor is defined as in equation (3.9). 

       
  

   3.9 

 

Where    is the non dimensional wall distance and    is a constant,    is defined by equation (3.10).  

    
   

 
 3.10 

 

Where   is the local kinematic viscosity of the fluid, y is the distance to the nearest wall, and    is the 

friction velocity defined by equation (3.11). 

     
  
 

 3.11 

 

With the shear wall stress    that is defined as in equation (3.12). 

      
  

  
  3.12 

 

Where   is the dynamic viscosity of the fluid. The factor defined by equation (3.9) is added to the 

turbulent viscosity term to capture the laminar sub-boundary layer that exists very close to the wall.  

(Caldichoury and Del Pin)  

3.2.2 Variation Multi-scale Method (VMM) 

The VMM is used to solve turbulent flows but it is not a classical turbulence model that adds more 

equations to the system as the k-epsilon model does. It is a method that is based on that the numerical 

diffusion that is introduced to stabilize the numerical scheme is the same as the physical diffusion that 

happens due to turbulence. The VMM has some similarities with a Large Eddy Simulation (LES) 

model since they are both based on a scale decomposition of the continuous velocity and pressure field 

of the NS equations. Scale decomposition solves the NS equations for the large flow scales and 

models the small flow scales that are not captured by the mesh. The difference between the models is 

how they are performing the separation of the scales. In LES the separation is performed at the 

continuous level and for the VMM the separation takes place in the discretization process. In more 

detail the separation of the scales is made by a projection onto the finite element space. When 

performing the projection two equations are obtained that governs the dynamics of the small scales 

and the large scales respectively. The small scales are given an approximated solution, it is here the 

modeling comes in, and this solution is inserted in to the large scale equation. The reason that the 

small scale solution is inserted into the large scale is to account for their effects on the large scales. 

(Guash and Codina) 
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3.3 Thermal calculations 

The general heat transfer equation for conduction is written as: 

    
  

  
 

 

  

   

  
 

 

  

   

  
 

 

  

   

  
    3.13 

 

With    as a heat generation term and k is the thermal conductivity. It is common that the thermal 

conductivity is constant and equation (3.13) can be rewritten as (Holman): 

    
  

  
  

   

   
  

   

   
  

   

   
          3.14 

 

When the temperature is steady and does not changes with time the left side of equation (3.13) become 

zero. In order to solve equation (3.14) boundary conditions are needed and the different types are 

temperature, heat flux, convection, and radiation. These boundary conditions are applied on surfaces 

and are used in the numerical calculation of equation (3.14). Equation (3.14) is rewritten with a finite 

element method for the numerical solution in LS-DYNA. (Hallquist) 

3.4 FSI 
When performing simulations the aim is to capture the real behavior of the part that is analyzed and in 

order to have a model with good accuracy, accurate boundary conditions is needed. It is often very 

hard to get accurate boundary conditions since the boundary condition can for example depend on 

temperature or the flow of a fluid. One way of investigating the boundary condition is to measure the 

variable needed in an experiment but this is often quit expensive and time consuming. Another method 

could be to use simulation and perform a FSI simulation or a conjugate heat transfer analysis when a 

CFD and thermal analysis is coupled. By performing a FSI simulation two different fields are coupled 

to each other instead of applying a boundary condition. This could for example be when a structures 

movement depends on the pressure from a fluid. This is a good method when the boundary condition 

is not known and increases the accuracy of the simulation compared to if an approximated boundary 

condition is used.  

When solving an FSI problem different connection methods between the different field solvers can be 

used. One of these methods is called the monolithic approach where the fluid and solid is one system. 

This means that the fluid and solid equations are solved together in a coupled way; this approach is 

very expensive when it comes to a computational point of view.  The reason for this is that the 

pressure has to be solved with the other unknowns usually velocities and displacement.  The system of 

equations becomes large and ill-conditioned and therefore another method might be a better choice. 

Instead of solving the pressure equation connected with the velocity equations it can be segregated but 

the fluid and solid equations are still coupled which means that the solid equations needs to be 

implemented in the fluid solver. This is not a practical solution either since then the fluid solver needs 

to have all the capabilities of the solid solver. The third method is to use a partitioned or staggered 

method in order to solve the fluid and solid equations uncoupled. By using this method smaller and 

better conditioned subsystems are solved by respectively field solver. When the partitioned approach 

is used one can either use a strong or weak coupling, see figure 4, and the difference between them is 

that the strong coupling uses an iteration process to converge the variables of the fluid and solid 

solver. This means that both solvers use the same time step during the analysis. When a weak coupling 

is used the solid solver can for example use a smaller time step than the fluid solver and the forces 
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from the fluid solver are interpolated and sent to the solid solver between the fluid time steps. The 

displacements are transferred from the solid solver to the fluid solver, these displacement are taken 

from the closest solid time step after the current fluid time step. (Caldichoury and Del Pin)        

 

Figure 4 Picture of the different FSI couplings 

When the fluid solver is coupled with the thermal solver in LS-DYNA the method that is used is the 

monolithic approach. The coupling is therefore very strong at the fluid structure interfaces and the full 

system includes both temperature unknowns from the fluid and the solid. The coupling is between the 

heat equation in the fluid solver and the thermal solver and the system is solved with a direct solver 

which in some cases may be computer-time consuming. In figure 5 a picture of the vector with all the 

unknown temperatures is shown and in the middle is the interface between the solid and the fluid, this 

is the system that is solved when the thermal fluid solver is coupled to the structural thermal solver 

(Caldichoury and Del Pin).   

 

Figure 5 Picture on how the vector with the temperature unknowns looks like when the energy equation is coupled 

with the energy equation in the solid.  

3.4.1 Mesh interaction 

The mesh does not have to be exactly the same on the fluid and solid surface since the properties can 

be mapped between the two domains. To be able to automatically detect an interface between the fluid 

and solid mesh a parameter d is used see equation (3.15).  
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                3.15 

 

 

Figure 6 Contact between the fluid and solid mesh. H is the size of the solid mesh, h is the size of the fluid mesh and d 

is the distance between a solid node and a fluid node. 

In figure 6 the different variables in equation (3.15) are shown. The IDC term is a factor that has the 

value 0.25 by default and can be controlled under the keyword *ICFD_CONTROL_FSI. This means 

that the distance d has to be less than one quarter of the minimum mesh size. The default value on the 

IDC factor is sufficient to ensure FSI interactions in most cases but may need to be changed in cases 

when the curvature in the fluid and solid differs too much. It is better to adjust the mesh than changing 

the IDC factor, but in some cases it might not be possible to change the mesh and for those cases the 

IDC factor should be changed with care (Hallquist, John O.). 

4 Method 
The setup of a CFD problem in LS-DYNA is explained in this section and after that how a conjugate 

heat transfer problem is defined. In the pre-study it is explained what was done before the whole 

model was used. The geometry of the tool is also described and how the mesh was generated and an 

explanation is given on how the model is set up in LS-DYNA with the different settings. At last the 

conjugate heat transfer problem is described and how the setup is done.  

4.1 Setup of a CFD analysis in LS-DYNA 
In order to create a CFD analysis the first thing to do is to define the surface mesh and this can be done 

with any mesh program that supports output to LS-DYNA, e.g. LS-PrePost. It is also possible to 

define a volume mesh for the fluid if the user wants that, cf. the manual. Before the mesh is created it 

is good to define a part for each boundary condition since otherwise the parts have to be created in LS-

PrePost, which is more complicated. The surface mesh that is created must be watertight and cannot 

have any duplicated nodes since the solver does not support it. At the moment the output mesh files 

has to be modified since the programs on the market has not implemented support for the new ICFD 

solver, but they are working on it. In the mesh output file the keywords *ELEMENT_SHELL and 

*NODE needs to be changed to *MESH_SURFACE_ELEMENT and *MESH_SURFACE_NODE. If 

the output mesh file contains any other cards it is easiest to remove them to have a mesh file that only 

contains information about the mesh.  

The mesh file is then included in the fluid file that is going to have all the ICFD keywords. Each part 

that was defined when the mesh was created is associated to a *ICFD_PART keyword and this card 

requires two other keywords. The first one is *ICFD_MAT, which defines the material properties of 

the fluid, and the other keyword is *ICFD_SECTION, which do not have a purpose but it still needs to 

be defined. Each fluid part is then associated to a fluid volume by the keyword *ICFD_PART_VOL 
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which also needs the material and the section keyword. When these keywords are defined it is time to 

define the boundary conditions for the inlet, outlet and the walls.  

The latter is done by the different *ICFD_BOUNDARY_PRESCRIBED_ keywords and the available 

boundary conditions are pressure, velocity, and temp for the inlet and outlet. For the walls the 

*ICFD_BOUNDARY_ keywords are used and the most common ones are no slip and free slip. The 

*ICFD_CONTROL_TIME is the last ICFD keyword that is needed to run a simulation and it controls 

the end time and the time step of the simulation. The last keyword that is needed is the 

*MESH_VOLUME and it defines the volume that the solver is going to mesh by using the ICFD parts 

as input.  

These above keywords are the necessary ones to run a simulation but to get any outputs the keyword 

*DATABASE_BINARY_D3PLOT and *ICFD_CONTROL_OUTPUT can be useful. The first 

keyword is used to control how often a D3PLOT file is created and the other keyword can be used if 

the results should be printed in another format, for example the VTK-format that is used to post-

process the results with Paraview® (Henderson) instead of LS-PrePost. These keywords are the most 

important ones when creating a fluid problem for the ICFD solver and information about other 

keywords can be found in the keyword manual for the multi-physics (Hallquist, John O.). 

4.2 Conjugate heat transfer setup 
To setup a conjugate heat transfer in LS-DYNA, two different domains are needed: one for the fluid 

domain and the other for the solid thermal domain. For the fluid domain a fluid problem has to be 

defined, see section 4.1, and for the solid domain a thermal problem has to be defined. The coupling 

between the domains is triggered by the *ICFD_BOUNDARY_CONJ_HEAT keyword and it defines 

which part in the fluid that should exchange heat with the solid. The surfaces that are going to 

exchange heat has to match each other but the mesh on the surface can be different but if the 

difference is large the interpolation between the fluid and solid mesh will not work.  

Two more keywords are needed for the coupling to work and they are *ICFD_BOUNDARY_FSI and 

*ICFD_CONTROL_FSI. The first keyword defines which part that has a FSI coupling similar to the 

keyword that triggered the heat exchange and the second keyword controls which type of FSI coupling 

it should be two-way or one-way. In the thermal problem the keyword *CONTROL_SOLUTION is 

needed and should be set to a coupled structural thermal analysis. One more thing is important to 

change and that is that in the keyword *CONTROL_THERMAL_TIMESTEP the time integration 

parameter has to be changed to one. This is because the time integration has to be the same as in the 

ICFD solver that uses implicit time integration. For a conjugate heat transfer analysis the mechanical 

part is not of interest and therefore the material keyword *MAT_RIGID is used. Another card that is 

needed is *CONTROL_TIMESTEP, where the factor DT2MS is set to the same time step as in the 

thermal problem, without this card the solver will not use the time step that is specified in the thermal 

problem. 

4.3 Pre-study 
In order to learn how the software works and to make sure that the model is correct a pre-study is 

performed. This pre-study is done on two smaller geometries that are present in the tool; the 

geometries are one 90⁰ pipe bend and one T-junction of pipes. Both these two models have similar 

geometries as the test tool and are therefore a good start to understand the software and to make sure 

that the results are accurate. The models were created and meshed in the program ANSA® (S.A.)and 

they were then exported to both LS-DYNA and to ANSYS Fluent which was the software used as 

benchmark when comparing results. When the results are compared the same mesh is used to make 
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sure that any differences are not caused by differences in the mesh. The results that are compared are 

velocity profiles at different positions.  

4.3.1 Geometry and boundary conditions 

The dimensions of the models are similar to the tool, the reason why the dimensions are not exactly 

the same is that when this study was performed the exact dimensions of the tool were unknown. The 

geometry and dimensions of the two models can be seen in figure 7. The inlet for the 90⁰ bend is to the 

right in figure 7 and the outlet is to the left. When it comes to the T-junction it has two outlets and one 

inlet, the inlet is furthers down in figure 7 and the two other openings are the outlet. The length before 

and after the T-junction and 90⁰ bend was chosen to approximately eight times the diameter of the 

pipe to minimize the effects from the boundary conditions. This length could have been longer but 

then more elements are needed and the computational time will increase. On the inlet a uniform speed 

of 3 m/s was used and at the outlet a zero pressure condition was used as recommended to increase the 

stability of the solution (Caldichoury and Del Pin). The wall has a no slip condition, which means that 

the velocity at the wall will be zero. These boundary conditions are the same in both models.

 

Figure 7 Dimensions of the two models that were used in the pre-study. The lines show where in the model the velocity 

profiles where taken.  

4.3.2 Solution setup 

Both models are solved as transient in order to compare the results from Fluent and LS-DYNA since 

the latter only has a transient solver. The time step size was 0.01 ms and the end time was 1 ms. Since 

the same mesh should be used when comparing Fluent and LS-DYNA a volume mesh of tetra 

elements was created in ANSA because LS-DYNA only supports tetra elements in 3D. Two different 

meshes were used in order to see how the solvers performed when it comes to scalability and the 

simulation was run on 4 cores in both cases.  

To see how the simulation time is affected by another turbulence model in LS-DYNA a simulation 

was done with the k-epsilon model for both models with the finest mesh. Since the k-epsilon model 

introduces two more equations to the system it takes longer time to solve it, the k-epsilon model do not 

have any wall functions yet and therefore it is only used to compare the solution times. The finest 

mesh for the 90⁰ bend model had 300k elements and the coarser mesh has 129k elements. For the T-

junction model the finest mesh has 192k elements and the coarser mesh has 62k elements. These 

meshes are not perfect and could have been better but since the same mesh is used in both solvers and 

that this is a small pre-study it was decided to not put too much effort into these meshes.  

The results are taken from the finest mesh for the 90⁰ bend model and from the coarser mesh for the T-

junction model. LS-DYNA uses a method called Fractional step (FS) and second order accuracy for 

the discretization and time advancement and these settings were also used in Fluent in order to get a 

fair comparison. In order to use the FS method a Non-iterative Time Advancement had to be used in 

Fluent. These settings are made so that the different solvers uses the same methods when possible, but 
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since Fluent uses the finite volume method and LS-DYNA uses the finite element method they will 

treat the NS equations differently. One other difference is the turbulence models, in Fluent the k-

epsilon model was used and in LS-DYNA the VMM was used. The k-epsilon is a Reynolds-Averaged 

Navier-Stokes (RANS) model, which is a widely used turbulence model. Because of these two 

differences the results may not be exactly the same but they should be close to each other. The 

different models were solved in parallel mode on four CPU cores.   

4.3.3 Fluid properties 

The fluid in the simulations is water and the properties that need to be defined are the dynamic 

viscosity and the mass density of the fluid. These properties are temperature dependent and for these 

simulations the properties were taken at 20⁰ C. The dynamic viscosity was set to            
  

  
 and 

the density to       
  

   (Douglas, Gasiorek and Swaffield). The properties were taken at 20⁰C 

because Gestamp Hardtech said that the temperature of the water in the test tool is 20⁰C.  

4.3.4 Comparison 

The comparison between Fluent and LS-DYNA is based on results in terms of the velocity profile at 

seven different locations in the models. To extract the data from Fluent the program CFD-post was 

used and for LS-DYNA the program Paraview and then the results where plotted in MATLAB (The 

MathWorks). The velocity profiles is a good way to see how the flow looks like and are therefore a 

good way to compare the different solvers. The results were taken at the last time step of the solution. 

The reason why the comparison was made was to see how the two different solvers performed when it 

comes to scalability and to see that the results were fairly similar. Another reason for the pre-study 

was to see how the VMM performed compared to a more classical turbulence model.    

4.4 Test tool CFD analysis 
After the pre-study the CFD analysis of the test tool was performed. The tool is not used in 

manufacturing today but it is similar to tools that are used in the manufacturing process. Gestamp 

Hardtech has used this tool to measure pressure differences in the cooling channels. These 

measurements are later used to validate the simulation results and the simulation is made with LS-

DYNA using its ICFD-solver. This is done to make sure that the CFD simulation is accurate before a 

future coupled thermal CFD analysis is performed (also referred to as a conjugate heat transfer 

analysis).            

4.4.1 Geometry 

The geometry of the test tool is provided by Gestamp Hardtech, the cooling channels are located 

inside the tool and can be seen in figure 8. These channels are made by drilling and herein called 

pipes. The geometry consists of two similar sections that are connected with nine pipes and one of 

these sections contains the inlet and the other contains the outlet. Soon after the inlet the flow is 

divided into two vertical pipes that are connected with a horizontal pipe. After the flow has been 

divided into the two vertical pipes a small pipe reduction occurs see figure 8. At this point the two 

pipes start to tilt a little outwards from the center in order to reach all the small pipes. The biggest 

reduction of the pipe diameter occurs when the flow goes into the 9 small pipes; four of these pipes are 

connected at the top of the two tilted pipes. On each side of the connecting horizontal pipe where the 

intersection with the two tilted pipes occurs one more pipe is located and the three remaining pipes 

connect the horizontal pipes with each other. The reason why the pipes are placed like this has to do 

with the geometry of the tool since one wants the pipes as close as possible to the surface that is in 

contact with the sheet that is going to be shaped by the tool. The inlet of the tool is elongated to get a 

developed flow profile since when the test was performed a long pipe was connected to the inlet that 
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was around 2 m. In the model that is used, the inlet is elongated 8 times the diameter since the 

computational time would be too long if it was elongated more and it was enough to get a developed 

flow profile. Due to the complex geometry no symmetry conditions is present that could be used to 

shorten the computational time.   

 

Figure 8 The geometry of the fluid domain with the elongated inlet to the left, the original inlet looked like the outlet. 

4.4.2 Mesh 

The mesh of the fluid is generated by the automesher in LS-DYNA which needs a surface mesh to 

start with. Two things are important when creating the surface mesh and the first thing is to make sure 

that the mesh is water tight which means that the fluid domain should be a closed domain. The other 

thing is to make sure that no duplicate nodes exist and this is because the automesher will not be able 

to create a mesh if two nodes exist on the same location in space. To create the surface mesh the 

program ANSA was used and the mesh density on the surfaces will determine how fine the fluid mesh 

is. The automesher determines the fluid domain size from a linear interpolation of the surface size that 

encloses the fluid domain. The growth rate from the surface mesh can be controlled by using the 

keyword *ICFD_CONTROL_MESH where the growth rate factor is by default 1.41. The growth rate 

factor can be between one and two, when it is set to one the mesh keeps the same size as the surface 

mesh and when it is set to two it is allowed to have twice the size as the surface mesh. In this case it 

was set to 1.2 to keep the mesh rather fine and not get too coarse in the middle of the fluid domain. 

The region of interest is the cooling pipes and therefore the mesh is finer in these pipes and in the 

region close to the horizontal pipe that connects the two vertical pipes, see figure 8. The mesh is also 

finer in these regions because the geometry of the pipes will make the flow to be very turbulent, 

especially in the horizontal pipe between the two vertical pipes where the flow comes from two 

directions before it is divided into the cooling pipes. It is possible to refine the mesh in two ways and 

one way is to use the *MESH_SIZE_SHAPE keyword that lets you specify a mesh size inside a 

specific zone. In this case a box zone was used and it is important that the shell mesh inside this box 

has a similar mesh size as the mesh size prescribed in the keyword since it does not affect the surface 

mesh. It is also important to gradually refine the mesh in order to maintain the accuracy of the 

simulation because if the growth rate gets to big it will lead to convergence problems or imbalances in 

the solution.  

Another way to refine the mesh in certain regions is to refine the surface mesh and this method was 

used to create the mesh that was used in the simulation. The surfaces were meshed with triangular 

elements and the whole mesh had 521k elements. In figure 9 it can be seen that the mesh size has been 

refined near the horizontal pipe and in the cooling pipes. The mesh is kept coarser in the inlet and 

outlet pipes to save computational time. The mesh at the outlet section has the same mesh density as 

the inlet section, see figure 9, and are therefore not shown. This surface mesh resulted in a volume 
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mesh with 3220k tetra elements. To check that this mesh produced good results without any 

imbalances the flow rate at the inlet and outlet was checked to see if it was a difference. The goal was 

to have a mesh where the difference was below 1 % between the inlet and outlet flow rate. If that was 

not fulfilled the quality of the mesh had to be improved. A mesh study was performed to make sure 

that the mesh used had converged, see appendix A.  

 

Figure 9 The surface mesh that was used, this shows the inlet section 

4.4.3 LS-DYNA setup 

The inlet condition that is used is a prescribed velocity with a velocity that was determined from a 

volume flow of 30 L/min and the inlet area which resulted in velocity of 1.052 m/s. For the outlet a 

prescribed pressure of zero Pa was used since the fluid is incompressible and that the stability of the 

solution gets better due to numerical reasons. For the walls a no slip condition was used and the VMM 

was used to simulate the turbulence, which is the default model so no keyword is needed to activate 

this model. The reason for choosing this turbulence model is because the k-epsilon model does not 

have any wall functions yet and is therefore not an option in this case. The LES models could be used 

but then the calculation times will increase and was therefore not used. The energy equation is 

activated but is not really needed since the walls are adiabatic but it is needed when a coupled thermal 

and CFD analysis is performed. For now when only a CFD analysis is performed the inlet temperature 

is set to 20⁰C and the fluid volume is also initialized as 20⁰ C.  

In order to find a good time step the results were compared to each other and the goal is to have as big 

time step as possible since the calculation time increases with a smaller time step, but it cannot be too 

big because then the CFL (Courant-Friedrichs-Lewy) number gets too high. The CFL equation (4.1) is 

shown below, where   is the characteristic length of the element, u is the fluid velocity, and    is the 

time step. From equation (4.1) a CFL condition can be derived so that the time step fulfills a CFL 

number lower or equal to one see equation (4.2). When the CFL number gets to high one loses 

accuracy of the simulation but LS-DYNA uses an implicit solver so the time step can be a few times 

bigger than the CFL condition without causing numerical instability (Caldichoury and Del Pin).  
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The time step in LS-DYNA can be fixed or automatically computed based on the CFL condition see 

equation (4.2). This is controlled by the keyword *ICFD_CONTROL_TIME which also controls the 

simulation time. When the time step is set to zero in the previous mentioned keyword LS-DYNA 

calculates the time step automatically and the other option is to define a fixed time step. It is also 

possible to define a scale factor that multiplies the calculated time step in order to get a CFL number 

lower or higher than 1. In the simulations both methods were used and evaluated. It was determined 

that the best method was to use the automatically calculated time step with a scale factor of 0.8. 

Because when a fixed time step was used the calculation times increased. The simulation time was set 

to 1 s in order to get a fully developed flow and to minimize the calculation times when testing 

different time steps. To determine when a fully developed flow is obtained both the pressure and the 

flow rate in the pipes was checked. The simulation time was later increased to 6 s for the final model 

to see how the flow changed over time compared to the measured values that was taken during a 5 s 

interval. The simulations were done with the mpp version of LS-DYNA. Both simulations was run on 

a Linux cluster and for the simulation that had an end time of 1s the number of cores where 16 and for 

the simulation with the end time 6 s 24 cores was used. 

4.4.4 Fluid properties 

The fluid is water and the properties in the simulation were given by Gestamp Hardtech. The density 

of the fluid was set to 998.2 kg/m
3
 and the dynamic viscosity was set to 9.982*10

-4
 kg/ms. The thermal 

properties for the fluid that were used are the heat capacity and thermal conductivity. Both these 

properties were taken at 20⁰C since that is the temperature of the water. The heat capacity was set to 

4181J/kgK and the thermal conductivity was set to 0.597 W/mK where K stands for Kelvin (Douglas, 

Gasiorek and Swaffield).  

4.4.5 Post processing 

In order to post process the results in Paraview the *ICFD_CONTROL_OUTPUT keyword was used. 

The results were printed with an interval of 0.01 s for the simulation that had an end time of 1 s. When 

the simulation time was increased to 6 s the output interval was changed to 0.1 s in order to save 

storage space and time when the results would be averaged. To get the pressure drop in the pipes the 

keyword *ICFD_DATABASE_POINTOUT is used to get the pressure at two coordinates in each 

pipe. These results were printed with a period of 0.005 s because that is the same interval that was 

used when the experiment was performed and this interval was kept the same for both simulations.  

4.4.6 The experimental setup for the tool 

The pressure drop is measured during 5 s with an interval of 5 ms and to get the pressure drop in each 

pipe the pressure was measured at two points see figure 10. To be able to measure the pressure inside 

the cooling pipes holes was drilled at the positions in figure 10. It was not possible to drill the holes 

with equal length between the measurement points for all pipes, therefore is the distance between the 

measurement points longer in pipe 1. To be able to drill the holes in pipe 4 and 6 the positions is offset 

closer to the outlet. The measurements were performed by Luleå University of Technology in 2010 

and therefore not all the information about the experiment is available. To get a fully developed flow 

profile at the inlet a long pipe was connected and at the outlet a pipe was also connected but a little 
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shorter than the inlet pipe see figure 10. Before the measurements where taken the flow had been on 

for a while to get a developed flow in the tool. The measurements were taken over an interval of 5s 

and the pressure drop was measured every 0.005 s.   

 

Figure 10 Experiment setup with the distances in mm from the tool edge 

 

4.5 Conjugate heat transfer 

The conjugate heat transfer analysis of the test tool was not made since no experimental results are 

available for the temperatures and because of time limitations. A working model was set up on the test 

tool but the simulation time to reach a steady state condition was too long in order to include the 

results in the thesis. The conjugate heat transfer analysis was therefore performed on a small cube with 

one cooling pipe and heated with four heaters. These four heaters are placed inside the cube in 4 

drilled holes in the upper part see figure 11. To be able to measure the temperature inside the cube five 

drilled holes are used and they are placed between the heaters and the cooling pipe. The temperature is 

measured by using thermocouples and they are placed at the bottom of the drilled holes. The cooling 

pipe is placed closest to the bottom of the cube and the real cube has some diameter changes at the 

inlet and outlet that is used to attach the inlet/outlet pipes. In the simulations these diameter changes 

are neglected, see figure 11. The cube is 0.2 m long and is 0.13 m wide/high.     
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Figure 11 The model for the conjugate heat transfer analysis. 

4.5.1 Nonlinear properties 

At first a model was set up that had boundary conditions that were dependent on the temperature and 

then the nonlinear thermal solver must be used in LS-DYNA, but the conjugate heat transfer analysis 

diverged with the non-linear solver. The models worked separately so something in the connection 

between the solvers made the analysis diverge and it was sent to LSTC for support. Due to time 

limitations was the linear solver used instead and therefore was a steady state analysis performed with 

the temperature dependent properties to see which value should be used for the convection condition 

to the surroundings and the material properties. In this model the cooling pipe surface was set to have 

the same temperature as the water has at the inlet namely 7.7⁰ C. The reference temperature was 

chosen to 272.3 K so that the water temperature is 280 K. The surfaces were between 350 K and 550 

K, the corner closest to the cooling pipe had the lowest temperatures as shown in figure 12. The 

majority of the surfaces has a temperature around 450 K and therefore the heat transfer coefficient at 

this temperature was used to the surroundings. Inside the cube the temperature goes from 7.7⁰C at the 

cooling pipe up to little above 300⁰C at the heaters. As a mean value the material properties were taken 

at 150⁰C because the majority of the cube had a temperature close to this value. The values are 

displayed in the next section. 
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Figure 12 Temperature distribution at the surface for the steady state non-linear model in Kelvin. The legends 

minimum value is adjusted to get a clearer figure.  

4.5.2 Boundary conditions 

For the fluid domain an inlet speed of 5.3 m/s was used and for the outlet a zero pressure was used, the 

inlet is to the left in figure 11 and colored red. The blue part of the cooling channel is the part that 

exchanges heat with the solid and the temperature of the fluid was set to 7.7⁰ C. The fluid properties 

can be seen in table 1 and they are taken at 10⁰C since they cannot be dependent on the temperature.   

Table 1 Fluid properties for the conjugate heat transfer 

Fluid property Value 

Density 999.2 kg/m
3
 

Dynamic viscosity 1.31E-3 Pas
 

Specific heat capacity 4195 J/kgK 

Thermal conductivity 0.585 W/mK 

 

In the solid domain all drilled holes and the bottom side is insulated and on the other faces a 

convection condition is used. This convection condition uses a combined heat transfer coefficient that 

accounts for the radiation and the convection. The value for the heat transfer coefficient was set to 

31.8 W/m
2
K and the ambient temperature was set to 20⁰ C. Since the air temperature and the 

temperature that the surfaces radiate against have the same temperature a combined heat transfer 

coefficient can be used. The heaters are modeled by using a constant heat flux that corresponds to 500 

W per heater and the material properties can be seen in table 2. All these properties were given by 

Gestamp Hardtech.  

Table 2 Solid properties for the conjugate heat transfer 

Solid property Value  

Density 7800 kg/m
3
 

Specific heat capacity 493 J/kgK 

Thermal conductivity 29 W/mK 

  

4.5.3 Solver setup 

The time step that was used is 5 ms and this is a rather large time step for the fluid but since a steady 

state condition is wanted the time step has to be quite large in order to shorten the calculation time. In 

the model the temperature unit that was used was K. The solution from the steady state simulation is 
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used as an initial temperature distribution for the thermal problem in order to save computational time. 

If the cube would have been initialized with a fixed temperature the computational time would be very 

long before a steady state condition was obtained due to the small time step that is needed since the 

thermal problem uses the same time step as the fluid problem. In the steady state simulation the 

keyword *INTERFACE_SPRINGBACK_LSDYNA is used that prints a file containing the nodal 

temperatures. This file is then included in the conjugate heat transfer simulation and becomes an initial 

temperature distribution. The results were printed at every 0.05 s and to see if a steady state condition 

was obtained the temperature at the drilled holes for the thermocouples where used. When they did not 

change with more than 1 unit over 10 s, it was concluded that a steady state had been obtained and the 

simulation was terminated.  

4.5.4 Mesh 

Both the fluid and solid are meshed with tetra elements and for the solid element formulation 10 is 

used. The fluid mesh has 80k tetra elements and is generated by the ICFD solver. The solid has one 

million tetra elements and is generated in the program ANSA. The solid mesh is refined close to the 

cooling pipe and the heaters, and is coarser at the surfaces of the cube. The analysis can be improved 

by creating a better mesh but that was not possible due to time limitations.   

 

Figure 13 Mesh for the solid and the fluid, the fluid is colored red.   

4.5.5 Measured values 

The temperatures are measured when a steady state condition is obtained and therefore the simulation 

should also reach a steady state condition. This is the reason why a steady state thermal problem is 

used as an initial solution, see section 4.5.3. To measure the temperature thermocouples were used and 

they had a diameter of 2 mm. The experiment was performed at Gestamp Hardtech by Yngve Ögren as 

part of a master thesis.  
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5 Results and discussion 
In this section the results will be presented and discussed. First are the results from the pre-study and 

then from the CFD simulation of the test tool. After that the results from the conjugate heat transfer 

analysis of the cube are presented. 

5.1 Pre-study results 
The result shows that the two different solvers produce similar results as can be seen in figure 14 

where the results for the 90⁰ bend is shown. Line 1 is located closest to the inlet in both models and 

line 4 is located in the middle of the bend or the junction for respectively model. That is why the 

velocity is so low at line 4 since here is the cross section bigger than in the rest of the pipe which leads 

to a velocity decrease. The biggest differences are seen at line 4 both for x- and y-velocities and at line 

5, see figure 14. The other velocity profiles show a good agreement and shows that the VMM in LS-

DYNA yields similar results as the k-epsilon model in Fluent. The difference at line 4 and 5 can be 

explained by the fact that the VMM can resolve the turbulence and the k-epsilon model cannot do this 

since it is a RANS model. Therefore the velocity profiles are not as turbulent as the profiles from the 

VMM. These results are instantaneous since they are taken at the last time step of the simulation. 

  

Figure 14 Velocity profiles for the different positions for the 90⁰ Bend model. The solid lines are results from LS-

DYNA and the dashed lines are from Fluent. 

The result for the T-junction model is shown in figure 15 and the two different solvers yields similar 

results for this model also. The biggest difference is at line 4 for the z-velocity the reason why the 

difference is biggest here could be that it is here that the flow has most turbulence since it hits the wall 

and divides into the two outlet pipes. The reason why the velocity is almost zero in the x-direction is 

because of the location of line 4. It is placed in the middle of the junction and here is a stagnation zone 

present and this region forces the fluid to divide into the two outlet pipes and this occurs before line 4. 

Therefore is the x-velocity almost zero at line 4 in figure 15. The conclusion from these results is that 

the VMM in LS-DYNA and the k-epsilon model in Fluent produce similar results. If the results was 

averaged over time they might have been more equal since then the turbulent fluctuations would not 

be as distinct as they are when instantaneous results is used. The velocity profiles from LS-DYNA 

shows a overshoot for some of the positions which indicates that the mesh needs to be improved to 
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resolve the boundary layer. These two models could also have been improved by increasing the length 

of the inlet and outlet sections before the bend and the T-junction; this was not done since the 

simulation times might have been too long if it had been done. The simulation times were not that long 

and the models could have been made bigger but this pre-study could not take too much time since the 

main goal of this pre-study was only to verify that the two different solvers produced similar results. 

 

Figure 15 Velocity profiles for the different positions for the T-junction model. The solid lines are results from LS-

DYNA and the dashed lines are from Fluent. 

5.1.1 Calculation times 

In table 3 and table 4 the different calculation times for the two models are shown. These simulations 

have been done with 4 parallel cores on a computer with Windows 7 for Fluent and a Linux cluster 

was used with 4 parallel cores for smp/LS-DYNA. For the mpp version of LS-DYNA a Linux cluster 

was used with the same number of cores. These results shows that LS-DYNA solves the problem 

much faster than Fluent the difference may not be as big if the solvers where run on the same cluster. 

The reason for using both smp and mpp versions of LS-DYNA were to see the difference in 

simulation time was because the smp version does not split the domain; it uses all cores for the whole 

model. The mpp version splits the model so that each core gets a separate part of the model to analyze. 

Table 3 Simulation times for the 90⁰ bend model 

Number of 

elements 

Fluent smp/LS-DYNA  mpp/LS-DYNA  mpp/LS-DYNA 

k-epsilon  

129k 216 s 135 s 46 s - 

300k 1441 s 365 s 121 s 242 s 

 

Table 4 Simulation times for the T-junction model 

Number of 

elements 

Fluent smp/LS-DYNA  mpp/LS-DYNA mpp/LS-DYNA 

k-epsilon 

62 k 82 s 60 s 30 s - 

192k 316 s 198 s 67 s 124 s 
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It is interesting to see the scalability between the two problems for the two different solvers. The 

difference between the two meshes for the 90⁰ bend is that the finer mesh has a factor by 2.3 more 

elements. The simulation time increases by a factor 2.6 for mpp/LS-DYNA and for Fluent the factor is 

almost 6.7 this shows that the scalability is much better in LS-DYNA than for Fluent since the 

simulation time increases almost three times the increase in elements. When it comes to the T-junction 

the fine mesh has three times more elements than the coarse mesh and the simulation time increases by 

a factor 3.8 for fluent and a factor of 2.2 for mpp/LS-DYNA. Here the difference is not that great 

between the solvers and that may be because the number of elements is lower compared to the 90⁰ 

bend. It should be remembered that if Fluent also were run on the same cluster the difference might 

not be that great, but since this was only a small pre-study it was not possible to do that. 

5.2 Test tool results 
In this section are the results from the CFD analyses on the test tool presented. The first results that are 

presented below are both transient and averaged results. The pressure drops in the cooling pipes are 

compared with the measured values and the differences are discussed. 

5.2.1 Flow rate in the tool and streamlines of the flow 

The results are from the simulation with an end time of 1 s in order to save time when the flow rate is 

plotted over time. The flow rate can be used to verify that the flow is fully developed. In figure 16 it 

can be seen that the flow rate in the big vertical pipes has stabilized after 0.2 s but not in the cooling 

pipes. The flow in the cooling pipes stabilizes after around 0.5 s. The reason why it takes longer time 

for the cooling pipes to stabilize is because of the complex geometry before and after the cooling 

pipes. The geometry generates a very complicated and turbulent flow which has a big influence on 

how much flow that goes into each pipe.  

The difference between the cooling pipes is not that great, they are all within an interval of 0.01 after a 

developed flow is obtained, see figure 16. An interesting thing to notice is the difference between the 

big vertical pipes. At the inlet most of the flow goes through the pipe BPI2 but at the outlet it is the 

opposite, where most of the flow goes through the pipe BPO1. This is because most of the flow from 

pipe 5 and 6 do not take pipe BPO2 instead most of the flow goes through the other pipe. The flow 

that enters pipe 5 and 6 mostly comes from the pipe BPI2 and the reason why more flow goes through 

the pipe BPO1 is most likely because that pipe is closer to the outlet than the other. 
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Figure 16 Flow rate in the tool in different pipes, the flow rate is normalized with the inlet flow. The arrows show how 

the pipes are numbered.  

The cooling pipes that get most of the flow are number 2 and 8 and the reason for this is because of the 

location since the flow that enters these two pipes has not been affected by as much circulation as the 

flow that enters the other pipes. In pipe 4 the flow rate is lower than in the rest and that has to do with 

the flow in the big vertical pipes because majority of the flow goes in pipe BPI2. The cooling pipes 

that are closest to the BPI1 pipe are pipes 1, 2, 3, and 4 since the flow in the first three pipes is similar 

to pipes 7-9 and the flow rate is lower in pipe 4. Since the flow rate is less in BPI1 and that the flow 

rate in pipes 1-3 and 7-9 are quite equal, pipe 4 gets less flow than the rest of the pipes. Some of the 

flow that goes through pipe BPI1 ends up in pipe 5 also but not that much since the flow from pipe 

BPI2 is stronger. 
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Figure 17 Streamlines based on average results at the inlet section, the black streamlines comes from the pipe BPI1 

that is to the right and the blue comes from the pipe BPI2 that is to the left in the figure. Cooling pipe 1 is to the right 

in the figure and pipe 9 to the left. 

Since the flow got stable after 0.5 s the results between 0.6 s and 1s was used to get averaged results 

instead of instantaneous results that only shows how the flow looks at a certain time. In figure 17 the 

averaged streamlines are shown at the inlet section. The black streamlines show the flow that goes 

through pipe BPI1 and the blue streamlines show the flow through pipe BPI2. They show how the 

flow looks like before it enters the cooling pipes and the reason for the different flows in the cooling 

pipes can be seen, as was discussed above. In the horizontal pipe that connects the two pipes BPI1 and 

BPI2 two circulation zones are present, one at each end of the pipe. These regions are formed due to 

the fact that the flow detaches when it enters the horizontal pipe. Since more flow goes through pipe 

BPI2 and the difference between pipes 7-9 and pipes 1-3 is small, see figure 16,  it means that more 

flow enters the horizontal pipe from pipe BPI2 than from pipe BPI1. This explains why the circulation 

region in the horizontal pipe is bigger near the pipe BPI2 and why the majority of the flow in pipe 5 

comes from pipe BPI2. When comparing the streamlines near pipe 1 and 9 it is quite different and that 

is probably because of the difference in the geometry.  
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Figure 18 Streamlines based on average results at the outlet section, the black streamlines comes from the pipe BPI1 

and the blue comes from the pipe BPI2. Cooling pipe 1 is to the left in the figure and pipe 9 to the right. The pipe 

BPO1 is to the left in the figure and the pipe BPO2 is to the right. 

When the flow leaves the cooling pipes at the outlet section the flow gets even more complicated as 

shown in figure 18. This is because in the horizontal pipe the flow that leaves the cooling pipes hits the 

wall and starts to rotate. The flow that leaves the cooling pipes is almost as a jet because of the 

difference in diameter of the pipes. It can be seen that the flow in pipe 5 takes the pipe BPO1 that is to 

the left in figure 18 and also that some of the flow from pipe 6 takes the same way. The flow field in 

pipe BPO2 is also affected by the difference in geometry below pipe 9 as the inlet section was too. The 

flow that leaves the pipes 1-3 and 7-9 do not start to rotate that much since the wall that the flow from 

these pipes hits directs the flow in the direction of the pipes BPO1 and BPO2.   

 

5.2.2 Averaged results 

These results are from the simulation with an end time of 6 s and a result output interval of 0.1s. The 

results are averaged during the interval 1-6 s.  

 

Figure 19 Velocity magnitudes in the inlet section to the left and in the outlet section to the right, the unit is m/s. 

The velocities in the inlet and outlet section are not that high if they are compared to the velocity in the 

cooling pipes see figure 19. The velocity in the outlet section is only high where the flow from the 

cooling pipes exits and in the rest of the section it has a similar magnitude as in the inlet section. In the 
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inlet section a separation of the flow occurs below the first vertical pipe and the reason for this is that 

the pressure is lower in that vertical pipe and therefore does the flow bend upwards. The flow has too 

much potential energy in the forward direction to be able to fully change direction and therefore the 

flow is divided between the two pipes. In both vertical pipes a recirculation region is formed at the 

beginning of the pipes and in the first pipe the velocity is highest near the other wall of the first pipe. 

This is not the case in the second pipe; here the velocity magnitude is not as concentrated. The 

difference between the pipes is how they tilt, in the first pipe it tilts against the flow and in the second 

pipe it tilts away from the flow. This could be the reason why the flow gets concentrated near the wall. 

Another difference is that the flow is not as strong when it comes to the second pipe and therefore the 

transition from a horizontal direction to a vertical direction easier. The recirculation region at the end 

of the inlet pipe can also be a factor that forces the fluid upwards. 

 

Figure 20 Velocity profiles for the x-direction in the inlet pipe to the left and in the Horizontal pipe to the right. They 

are based on average results and the profiles are offset from zero to make the figure clear. A vertical line is used to 

mark the zero velocity line in cases where a negative velocity is present.   

The velocity profiles for the inlet show that the recirculation region that forms after the first vertical 

pipe almost is one quarter of the pipe diameter between the two vertical pipes see figure 20. The 

separation starts below the first vertical pipe and does not attach until it reaches the second vertical 

pipe wall. The two first positions shows that the inlet is fully turbulent and both profiles have a small 

overshot after the boundary layer and the bulk flow is slightly lower than the max velocity. This could 

be because of the mesh and that the boundary layer is not fully resolved, another reason is that the inlet 

might needs to be elongated further but it is more likely that it has to do with the mesh.  

When it comes to the velocity profiles in the horizontal pipe it has two different recirculation regions 

where the recirculation from the second pipe is bigger. This can be seen when looking at position 2 for 

the horizontal pipe in figure 20 where the flow profile is very similar to position 3 but the transition 

between negative and positive velocities is closer to the bottom of the pipe. Position 2 in the horizontal 

pipe is in the middle of the horizontal pipe. By looking at figure 17 and the velocity profiles the 

transition between the two circulations zones can be determined, as can be seen, the transition is 

between cooling pipe 4 and 5. The velocity profiles are a lot more turbulent than in the inlet pipe due 
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to the geometry of the pipes and to the fact that the flow comes from two directions before it is divided 

into the three cooling pipes.  

 

Figure 21 Velocity profiles for the x-direction in the outlet pipe to the left and in the Horizontal pipe to the right. They 

are based on average results and the profiles are offset from zero to make the figure clear. A vertical line is used to 

mark the zero velocity line in cases where a negative velocity is present. The positive velocity direction is forward to 

the outlet to the right in the figure. 

In figure 21 a recirculation region is seen at position 3 in the outlet pipe and when looking at position 

2 the velocity is much higher near the bottom wall of the pipe. The reason for that there is a 

recirculation region soon after the vertical pipe BPO1, which is the pipe to the right in figure 21. The 

region is located at the upper wall of the pipe; it is because of this region that the velocity near the 

upper wall at position 2 in the outlet pipe is lower. It takes some time before a more uniform flow 

profile is developed. The velocity profile close to the outlet is not affected by this circulation region 

and the flow is fully developed and turbulent. 

The velocities in the x-direction in the horizontal pipe in figure 21 are rather small compared with the 

values for the inlet horizontal pipe, see figure 20. One interesting thing is that the only position that 

has a velocity toward the pipe BPO2 is position 3. The flow closest to the walls of the pipe has a 

direction toward the pipe BPO2 and the bulk flow goes in the opposite direction. At position 1 a little 

part of the flow is not going in the direction forwards the pipe BPO1. The velocities at the upper part 

of the pipe are rather low compared to the velocities at the bottom and this is most obvious at position 

2 in figure 21. Here is the velocity almost zero at the upper part of the pipe and this can be explained 

by looking at the same position in figure 22 that shows a jet in the z-direction. The jet does not have 

time to dissipate before it hits the opposite wall and therefore is the velocity in the x-direction close to 

zero in the upper part of the pipe. This shows that the flow is very turbulent and that the main part of 

the flow in the horizontal pipes goes towards the pipe BPO1. 
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Figure 22 Velocity profiles for the z-direction in the horizontal pipe at the outlet. 

In the horizontal pipe at the outlet section the velocities in the z-direction are much higher than in the 

x-direction, see figure 21 and figure 22. The reason for this is because of the flow from the cooling 

pipes; see position 2 in figure 22 which is located right after the middle cooling pipe outlet. The flow 

that comes from the cooling pipes forms a jet and when it hits the opposite pipe wall it bends 

downward since the cooling pipe outlet is placed high up in the horizontal pipe and the pipe wall 

directs the flow due to its circular shape. The other two velocity profiles show the same rotation but 

without the jet since they are taken in-between two cooling pipes.  

 

Figure 23 Streamlines colored with the total pressure in Pa and normalized with the max total pressure. 

The pressure in the tool has a low pressure side in the outlet section and a high pressure side in the 

inlet section see figure 23. The pressure in the different cooling pipes is quite equal but has some small 

variations of course. The biggest pressure drop occurs in the cooling pipes and that is because of the 

big decrease in the diameter of the pipe. Figure 23 shows how the pressure looks in the whole tool and 

that the pressure does not change that much in the outlet and inlet section since the pipe diameter is 

almost the same. The flow in the cooling pipes gets quite structured which is not wanted since it is 

here the cooling is most important but it is still turbulent. To get a more unstructured flow in the 

cooling pipes, contractions in the pipe could be added if it is possible in the manufacturing process. 
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The reason for this can also be that a finer mesh is needed to resolve the turbulence because now it 

seems like the turbulence is modeled but at the moment it is not possible to see if the turbulence is 

modeled or solved by the VMM in LS-DYNA.      

5.2.3 Pressure drop in the cooling channels 

When the pressure drop is plotted the simulation time was increased to 6 s. The pressure drop during 

the first second of the simulation is not plotted to make sure that the flow is fully developed and it is 

then compared with the experimental data over an interval of 5 s.  

 

Figure 24 Pressure drop in the cooling pipes with the raw simulation data, normalized with the max value in the 

experimental data for each pipe. 
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Figure 25 Pressure drop in the cooling pipes but with a low pass (moving average) filter on the simulation data, 

normalized with the max value in the experimental data for each pipe. 

The agreement between the experiment and the simulation values is very good for the majority of the 

pipes see figure 24. For the pipes 3, 4, 5, 6, 8 and 9 the results is almost exactly the same but the 

simulation results have some spikes that have a bigger magnitude than the experiments. The results 

from the simulation have not been filtered so it uses raw data, the experiment data has most likely 

been filtered in some way but since it is not known how the measurements was done it is hard to say 

that this is the case see section 4.4.6. Therefore a low pass (moving average) filter applied to the 

simulation data, see figure 23. When the simulation data is filtered the pressure drop magnitude is the 

same as the experiment. For pipe 9 and 2 the agreement is not as good but in some time intervals are 

the agreement better. The overall characteristic of the two curves are the same but for pipe 2 the 

simulation curve has a slightly lower mean pressure drop than the experiment. It is the same for pipe 9 

where the mean pressure drop from the simulation is slightly lower than the experiment data. For pipe 

1 and 7 the results from the simulation has both a lower pressure drop than the experiment but the 

transient characteristic is captured.  These differences can be because the simulation does not get the 

exact same flow field as the experiment. Several factors are important here and one of them could be 

that the inlet in the simulation needs to be even longer.  

Another factor is the fluid properties that were used since the temperature of the water in the 

experiment is unknown the properties in the simulation might not represent the properties of the fluid 

in the experiment. This can affect the flow in the pipes so that a different flow situation is obtained in 

the simulation. If more information about the measurement was available it might have been possible 

to get an even better agreement between the simulation and the experiment.  

The mesh could be another factor since the mesh sensitivity analysis, see appendix A, only 

investigated how the results were affected by refining the mesh around the cooling pipes. The criterion 
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that was set up in the mesh sensitivity study was not reached for all properties and that could also 

indicate that the mesh can still have an effect on the results. 

Given that it is not known what kind of equipment that was used when the measurements were 

performed it is hard to know what kind of accuracy the instruments have. Both the results from the 

simulation and from the experiment show that the flow is very transient and the simulation results 

have the same overall characteristic as the experiment but two pipes are slightly off when it comes to 

the magnitude. The pressure drop is very time dependent and therefore is it hard to get the exact same 

behavior as in the experiment but the overall characteristic can be captured.  

5.2.4 General discussion and conclusion about the test tool  

The results above show that the flow gets pretty evenly distributed between the cooling pipes which is 

a good thing since it is important to have a uniform cooling rate in the tool. The flow in the cooling 

pipes are rather structured which leads to a lower cooling rate and to improve this, contractions can be 

added to get a more disturbed flow in the cooling pipes. To determine where these contractions should 

be placed CFD simulations can be used.  

The agreement between the simulation results and the experimental results shows that the ICFD solver 

can be used in the development process of a die quenching tool. The calculation time for the analysis 

that had an end time of 1 s was almost 23 hours on 16 cores and it is sufficient to simulate for 1 s since 

the flow gets stable during that time. To get the simulation to be ready over night the number of cores 

could be increased; this is often wanted in the industry because then the engineer can start it before he 

goes home and have the results in the morning.  

If CFD is used in the development of a die quenching tool it will make it possibly to understand the 

cooling of the tool without any testing of the tool. For tools that have a more complex cooling system 

it can be hard to get flow in all pipes and that could then be detected before it is manufactured and in 

that way save time in the development process. The most interesting aspect of using CFD is to perform 

a conjugate heat transfer analysis to be able to control and optimize the cooling rate and by doing this 

shorten the cooling time in the tool. This would save a lot of money in the process because often the 

number of parts is high and if 0.5 s can be saved in the cooling process of each part it will mean a lot 

in series production, which can easily be more than 100 000 parts.  

The conjugate heat transfer analysis could also be coupled to a forming simulation to better predict the 

material properties in the tool but such a simulation will be quite demanding when it comes to 

computational power. Therefore the conjugate heat transfer analysis is most interesting at the moment 

and when more accuracy is wanted a FSI simulation can be performed. The ICFD solver is quite new 

and more features are under development, LS-PrePost is not at the moment in sync with the solver 

when it comes to post processing but that is also under development. The pre-processing can be done 

in LS-PrePost but the meshing is recommended to be performed in another program, e.g. ANSA.  

5.3 Conjugate heat transfer results 
In this section the results from the conjugate heat transfer on the heated cube is presented and 

discussed. The temperatures are compared with the measured values; the reference temperature for all 

the results is 272.3 K instead of 272.15 K.  
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5.3.1 Temperature in the fluid 

 

Figure 26 Temperature distribution in the fluid when a steady state is reached. 

The temperature in the fluid is quite homogeneous and it is only the fluid closest to the wall that gets 

heated, see Figure 26. That has to do with the structure of the flow; no disturbance is present and 

therefore is the mixing of the flow low. The time step is increased in order to reduce the calculation 

times, the fluid simulations accuracy is affected but that is not as important in a conjugate heat transfer 

simulation because it is the cooling that is of interest. The important thing is to capture the overall 

characteristic of the flow and if the flow should be fully resolved the calculation time will be too long.  

5.3.2 Temperature in the middle of the cube 

 

Figure 27 Temperature distribution in the middle of the cube, were the temperature is measured. The locations for 

the temperature measurement are numbered from 1 to 5. To the left is the initial temperature distribution and to the 

right is the temperature distribution at the end of the simulation. 

In figure 27 it can be seen that it is no major difference in temperature between the initial and final 

state. The difference that can be seen is that the cool area around the cooling pipe gets smaller and that 

the temperature in measurement point 1 gets higher. For a case like this it would be fine to 

approximate the cooling with a fixed temperature since the differences are so small. When a more 

complicated pipe system is used which leads to a more complicated flow a conjugate heat transfer 

analysis is needed. This simulation was performed to see how good the temperatures agreed with 

experimental data and therefore a conjugate heat transfer analysis was performed of this cube and to 

show how a conjugate heat transfer model is set up in LS-DYNA. 

5.3.3 Temperature in the measurement points 

The temperature is taken at the bottom of the 5 drilled holes and the position can be seen in figure 27. 

Temperature values from the simulation are an average of the 7 closest nodes to the bottom of the 

drilled holes.  
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Table 5 Temperature values for the different positions in the drilled holes 

Position Measured temperatures  Temperatures from the simulation 

1. 86⁰ C 68⁰ C 

2. 128⁰ C 125⁰ C 

3. 167⁰ C 167⁰ C 

4. 205⁰ C 206⁰ C 

5. 236⁰ C 255⁰ C 

 

When the temperatures are compared in table 5 the middle positions 2-4 have a good agreement. Both 

position 1 and 5 is off by around 20⁰ C. The reason why the difference is that high is probably because 

position 5 is closest to the heaters and is most affected by the boundary condition that approximate the 

heaters. The boundary condition that was used was a heat flux and if that heat flux is higher than the 

actual heat flux position 5 is affected the most. All the surfaces in the drilled holes were treated as 

insulated in the simulation but this is not the case for the real experiment. This could also explain why 

the temperature gets higher than in the experiment. When it comes to position 1 the temperature is 

colder than the measured temperature and it could be because constant material parameters had to be 

used since the coupling with the non-linear solver failed. It is the heat capacity that is mostly 

dependent on temperature, it changes with 43 J/kgK over the interval 23-150⁰ and the cooling pipe and 

its surroundings has a temperature of about 15-70⁰ C. A reason why the temperature is colder can be 

that a finer mesh is needed to capture the temperature gradients. The convection boundary condition is 

also dependent on temperature and to set it to a fixed value affects the heat transport out of the 

surfaces of the cube and can contribute to the higher temperature at position 5.  

5.4 Further discussion  
In this section the results and methods are discussed further. 

5.4.1 Pre-study 

The pre-study that was performed showed good agreement between the different solvers but the 

models that were used could have been better. It is hard to say which solver that is closest to the real 

flow since no experimental results are available. The two solvers used two different approaches to 

solve the NS equations and therefore it would be better to use separate meshes for the different solvers 

since they have different requirements when it comes to the boundary layer. To simulate the 

turbulence the VMM was used in LS-DYNA and in Fluent the k-epsilon model was used but it would 

be better to use a LES model. The VMM is more like a LES model than a RANS model but due to 

time limitations this was not done. It would be interesting to compare the LES turbulence models in 

the different solvers with each other and use the same mesh because when the LES turbulence model 

is used the boundary layer mesh is not as important if the mesh is fine enough. A common benchmark 

case such as the backward facing step could be used for which a lot of experimental data is available. 

To compare the calculation times the solvers should be run on the same cluster which was not the case 

in the pre-study in this report. 

5.4.2 Test tool model 

The model for the test tool could maybe be improved if the fluid properties were changed because of 

the uncertainties when it comes to the experimental conditions. The properties that were used were for 

a temperature of 20⁰C and it would be interesting to see if the results get better for a lower or a higher 

temperature. Another thing that also could improve the results would be to increase the inlet pipe 

length since in the experiment the pipe used was close to 2 m long. By doing that an even more 

developed flow profile in the inlet can be obtained but in this study it was deemed sufficient with the 
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current inlet length. To get a better model the mesh could also be refined so that less of the flow is 

modeled and to capture the boundary layer better in the inlet section. At the moment the results from 

the ICFD solver is best post processed using the free program Paraview but LSTC are continuously 

working on improving LS-PrePost and the developers of µETA (S.A.) have said that they are going to 

support the ICFD results soon. 

The fluid mesh was created by the ICFD solver from the surface mesh of the domain. It was not that 

easy to create a good surface mesh with good transitions between the different mesh sizes as 

mentioned in appendix A. The surface mesh could have been improved by dividing the surfaces in 

section in order to have a better control on the mesh size. If a mesh with good quality should be 

created the surface mesh needs to be of good quality. To get an even better control on the mesh a 

predefined volume mesh could have been created. This predefined volume mesh could then be 

compared with the automatically generated mesh to see if there were some major differences. 

The turbulence model VMM that was used is at the moment most suitable for this kind of flow 

because it is not as computational demanding as the LES models. No comparison was made but 

according to the manual that is the case (Caldichoury and Del Pin). The k-epsilon model cannot be 

used for this case since it will not be able to resolve the turbulence and at the moment it does not have 

any wall functions so it is not suitable for wall bounded flows.     

5.4.3 The Conjugate heat transfer model 

The conjugate heat transfer problem on the cube showed that the temperatures can be captured within 

the cube but close to the heaters and the cooling pipe they are not captured. In the section 5.3.3 the 

main sources of errors in the simulation was discussed but it could also be that the measurements 

could be off. The thermocouple could for example not been in contact with the cube which could 

explain the difference at position 5, see table 5. At position 1 the thermocouple might not have been in 

contact with the bottom of the drilled hole or was in contact with the surface furthers away from the 

cooling pipe. If that was the case a higher temperature would be measured than at the bottom of the 

drilled hole. A simulation with a steady state thermal condition might not give the exact same solution 

as if a conjugate heat transfer analysis was used from a fixed starting temperature. The biggest 

approximation that the steady state solution introduces is that the cooling pipe surface has the same 

temperature as the fluid. The best way might have been to perform the conjugate heat transfer analysis 

until the wall temperature of the pipe has stabilized and take the average temperature of the pipe wall. 

Then the steady state thermal problem could have been redone with that wall temperature to get a 

better initiation for the conjugate heat transfer problem.  

For this kind of problem the best way would have been to perform a steady state solution but that is 

not supported in the ICFD solver. To reduce the calculation time the best way is to do as described 

above. The non-linear thermal solver should work in a conjugate heat transfer analysis but for some 

reason it did not work. This could be because the ICFD solver is quite new and their might exist some 

kind of bug or that the model is not correctly set up. It is most likely the second reason since it is quite 

hard to understand and learn how the model should be setup without more knowledge. To get further 

understanding the best way is to take a course at LSTC or contact the support for help since the 

manual do not include any tutorials or recommendation regarding different problem types. 

For this case the k-epsilon model could have been used since the flow is not as complicated as in the 

test tool. The problem is that the wall functions have to be implemented first, otherwise the solution 

will be wrong since the effect from the walls is not accounted for. The k-epsilon model is only valid 
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for fully turbulent flows and therefore the wall function is needed since the flow closest to the walls is 

laminar.  

For this simulation a sensitivity analysis for the mesh was not performed since the focus was to create 

a working model. The results can probably agree better with the experimental data if the mesh is 

refined. To simulate the flow in the cooling pipe in a better way, a mesh sensitivity study has to be 

performed to get a solution that is not mesh dependent. The time step in the simulation is another 

factor that can be investigated but when the time step decreases the simulation time increases. If the 

simulation times should be kept low the time step for the fluid has to be higher than the CFL number.  

5.4.4 General comments on the ICFD solver 

The ICFD solver is quite new in LS-DYNA and therefore LS-PrePost is not in sync with the solver 

when it comes to post processing. The pre-processing can be performed in the latest version 4.1 of LS-

PrePost because bugs that were present in earlier versions are fixed. It is kind of hard to set up the first 

CFD problem but once that is done it becomes easy to set up another. The reason for this is that 

knowledge about the different keywords is needed and how they should be defined. New features are 

continuously added to the solver and the updates are mostly about post processing the results. The heat 

transfer coefficient is not currently available but it is under development to mention one thing. The 

turbulence models that can be used at the moment for wall bounded flows are the VMM and LES 

turbulence models. The k-epsilon model still needs wall functions in order to produce good results for 

wall bounded flows. More turbulence models needs to be implemented in order to cover a wider range 

of flows. The VMM and LES turbulence models can be used in any flow situation but the LES model 

can be very computer demanding. Depending on the time step size the number of iterations for these 

two models will be large and therefore can they have long calculation times.   

The conjugate heat transfer problem is not something that can be setup by only looking in the manual 

because it does not say what to think about for different cases at the moment. To get the knowledge on 

how to create a conjugate heat transfer problem it is recommended to go a course on the ICFD solver 

or contact the support for help. As the setup is described in section 4.2, a structural time step is needed 

which is quite odd since it is only the thermal problem and fluid problem that should be coupled. The 

same applies on the *ICFD_FSI keywords since no displacement or stress is used these keywords 

should not be necessary but the analysis did not work without these keywords. It could be that the 

coupling is implemented in this way but it seems strange and it would be better if the only keyword 

that was needed to trigger the heat exchange was the keyword *ICFD_BOUNDARY_CONJ_HEAT. 

To see if the solution converge the solver prints out the number of iterations to solve the velocity 

equations and the pressure equation in the thermal window if the maximum output is turned on in the 

*ICFD_CONTROL_OUTPUT keyword. At first it shows the number of iterations for solving the 

velocity equations that do not fulfill the compressibility equation and its residuals. Then it shows the 

number of iteration and the residuals for the pressure equation. After that is the number of iterations 

for solving the divergence free velocities. The residuals are expressed as a L2 error and this is repeated 

for each time step. It can be tricky to understand and get a feeling for how the convergence changes 

because it is not possible to plot the values. The manual does not state exactly what the residuals mean 

and stand for so it is not obvious how to interpret them. Depending on the submission script to the 

cluster it can be tricky to see the residuals after the solution is done when using the mpp version of LS-

DYNA. The residuals are basically only needed to see when a solution diverges and otherwise it is not 

that important because the user cannot control the residual values.    
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6 Conclusions     
The results in this report show that the ICFD solver produces good results that agree with experimental 

data and could therefore be used in the simulation of the cooling in a die quenching tool to reduce the 

development time/cost. The flow in the tool can be described by using CFD simulations and with that 

knowledge the heat transfer coefficient can be improved to get a better cooling rate in the tool. By 

using CFD simulations it is possible to detected design flaws in the cooling system before the tool is 

manufactured. 

The conjugate heat transfer simulation of the cube shows that it is possible to use the ICFD solver to 

simulate the cooling with a fluid but if a steady state condition is wanted it will take a lot of time due 

to the fact that the thermal and fluid simulation uses the same time step. It is better to solve the thermal 

problem in steady state and then use it as an initial temperature distribution when the conjugate heat 

transfer problem is solved. 

To perform a simulation where the conjugate heat transfer problem is coupled to a forming simulation, 

to better predict the material properties of the final part, further improvement of the conjugate heat 

transfer model is needed. It is better to get the non-linear thermal solver to work in a conjugate heat 

transfer analysis before a FSI simulation is performed on the tool. The ICFD solver is a promising tool 

and it can be used in both conjugate heat transfer analysis or if more accuracy is wanted it can be used 

in a FSI simulation in the future. 

7 Further investigations 
A conjugate heat transfer model was created and it worked but due to lack of time no results are 

available from that simulation. The model also needs to be improved when it comes to the mesh 

density for the thermal problem in order to decrease the simulation time. To decrease the number of 

elements a mixed mesh could be used were the mesh closest to the surfaces uses tetra elements and in 

the volume uses hexa elements.  

At the moment it is not possible to calculate the heat transfer coefficient but LSTC are working on 

solving that and that will be very useful for the improvement of the cooling rate in the tool. In this 

report the VMM turbulence model was used and it would be interesting to use a LES model to see 

how it affects the results and the agreement with the experimental data.  

It would be very interesting to do a FSI simulation where the cooling of the tool is coupled to the 

forming simulation to see if it works and how it affects the material properties of the final product. If 

such a simulation is going to be performed the conjugate heat transfer model of the tool has to be 

optimized in order to save computational time because else the simulation time will be long. 
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Appendix 

A. Mesh sensitivity study for the test tool 
When creating the mesh for the test tool the area of interest is the cooling pipes and therefore the mesh 

was refined close to these pipes. The inlet and outlet section was meshed with a mesh size that did not 

create a too high growth ratio when the mesh was refined in the cooling pipes. Three different meshes 

were used in the sensitivity analysis and the properties that were compared were the pressure drop and 

the velocities in the cooling pipes. All three meshes had the same mesh for the inlet and outlet section 

and the refinement was made in the horizontal pipe and in the cooling pipes. 

 

Figure 28 Cross section of the different meshes in the cooling pipes.  

In figure 28 the three different meshes can be seen for the cooling pipes and all cooling pipes had the 

same mesh size. The mesh refinement is only made around the cooling pipes and therefore are the 

properties that are compared taken in the cooling pipes. The first mesh had 2151k tetra elements and 

the second had 3219k elements and the third had 3687k elements. The difference between mesh 2 and 

3 is quite small but all these elements are in the region of interest. The goal was to have around 1000k 

elements between the meshes but it was not possible because then the surface mesh got a too high 

growth ratio. It is of course possible to create a finer mesh if more time was available. One way that 

this could be done is to divide the surfaces into smaller sections so that the mesh can be controlled in a 

better way and not get a too high growth ratio.   
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Figure 29 Pressure drop in the cooling pipes for the different meshes. The pressure drop is normalized with the max 

pressure drop for each pipe taken from the experimental values.  

In figure 29 the pressure drop for the three different meshes can be seen. The difference between the 

coarsest mesh and the two other meshes is very large and it is clear that the first mesh cannot be used. 

The difference between mesh 2 and 3 is quite small which indicates that the second mesh can be used. 

This is further investigated by taking the mean value for the pressure drop and comparing those with 

each other by using RMS (Root Mean Square) and normalizing the values by the max mean pressure 

drop for all the meshes. If the RMS value is below 0.1 it is concluded that the mesh is independent of 

the mesh size. This criterion can of course be lower or higher but in this case it was deemed to be 

sufficient because of the transient behavior in the results. Before that is done the mean pressure drop in 

the cooling pipes was studied to see which pipe that differed and by how much. 

Table 6 Normalized mean pressure values for the different meshes. They are normalized with the max value for the 

three meshes. 

Cooling Mesh 1 Mesh 2 Mesh 3 

Pipe 1 0,993 0,467 0,349 

Pipe 2 0,981 0,469 0,385 

Pipe 3 0,988 0,454 0,354 

Pipe 4 0,916 0,414 0,364 

Pipe 5 0,916 0,442 0,370 

Pipe 6 0,916 0,430 0,360 

Pipe 7 0,975 0,439 0,409 

Pipe 8 1 0,461 0,404 

Pipe 9 0,877 0,430 0,356 

 

The mean pressure values are displayed in table 6 to better show the difference between the meshes. 

By looking at the values the biggest difference between mesh 2 and three occurs in pipe 3 and the 
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smallest difference is in pipe 7. Overall is the difference between mesh 2 and 3 approximately in the 

interval 0.03-0.1, this shows how the mean pressure drop differs in the different cooling pipes. 

The RMS value for the mean pressure rate was 0.507 between the first two meshes and 0.077 between 

the other two meshes. Based on these and the criterion that was used mesh 2 was deemed mesh 

independent when it comes to the pressure. The velocities that were studied was taken at five different 

positions in the cooling pipes see figure 30. The velocity profiles in the cooling pipe direction were 

taken in the middle of the cooling pipes and the RMS value between the different meshes was studied. 

To be able to compare the velocities with each other the results was averaged between 0.6 s and 1 s to 

get the average velocities.    

 

Figure 30 The locations where the velocity profiles where taken in the cooling pipe. 

Table 7 RMS values for the velocity profiles. 

Cooling RMS value mesh 1-2 RMS value mesh 2-3 

Pipe 1 0,107  0,050 

Pipe 3 0,150  0,060 

Pipe 5 0,148  0,102 

Pipe 7 0,170  0,073 

Pipe 9 0,173  0,054 

 

In Table 7 the RMS values are shown for the velocity profile in the z-direction. The values for mesh 1-

2 shows that mesh 1 is not mesh independent but when looking at the values for mesh 2-3 all the 

values are below the criteria except for pipe 5. Because it is only one value that is slightly higher than 

the criterion that was set up is mesh 2 used in the simulations and the results are deemed to have 

converged at 3219k elements.  


