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ABSTRACT 

Modelling condensation of water vapour is important in a number of engineering 

applications, such as nuclear reactor containment, rocket engine nozzles and heat 

exchangers. The current study investigates the possibilities of modelling 

condensation induced by a cold surface in a flow at high velocity and temperature. A 

number of non-condensable gases are present in the flow. The possibilities of 

condensation modelling are investigated in ANSYS CFX and ANSYS Fluent, with 

focus on ANSYS CFX.  A case study is done of a 2D flat plate, with water vapour and 

non-condensable gases at varying temperatures and velocities. The condensation 

models in ANSYS CFX are investigated for a few basic flow setups and the model 

deemed most appropriate for wall condensation is investigated in greater detail.  

 

The wall condensation model in CFX is investigated to a greater extend, and 

compares well with an analytical solution for laminar flow. The complexity of the flow 

is gradually increased to determine limitations and best practise settings for flows at 

high velocity and temperature. For isothermal walls and for a conjugated analysis, 

using a solid with a specified adiabatic wall temperature and heat flux coefficient to 

induce condensation, the wall condensation model works well for grids with a y+ 

above 1. For finer grids, convergence is found to be difficult to achieve. 

 

The choice of material properties for water vapour was found to play an important 

role in terms of stability. Real gas properties to define the water vapour material 

properties are deemed important to avoid unphysical results in terms of the 

temperature. The wall condensation model in ANSYS CFX is deemed to be an 

appropriate choice for future work with respect to validity and reduced complexity. If 

the wall condensation model in ANSYS CFX does not prove adequate, it is 

recommended to investigate an Euler-Euler multiphase model in ANSYS Fluent with 

condensation and the Eulerian wall film model enabled.  
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1 BACKGROUND 

Phase change of water vapour to liquid water (condensation) occurs in a number of 

engineering applications. Condensation of water vapour is in some applications 

desired (e.g. nuclear containment facilities and heat exchangers) and sometimes 

best avoided (e.g. rocket nozzles). Since the phase change affects pressure and 

temperature, both important performance parameters in many engineering 

applications, a lot of work has been done in computational modelling of 

condensation. 

 

Numerous methods exist to determine the effect of condensation in a convective 

flow. Some approaches are best suited to capture condensation that occurs in the 

flow, while others are better suited to capture condensation onto a surface. 

 

Modelling condensation is by no means trivial. The amount of time and money spent 

on investigating the phenomena will depend on its (suspected) effect on the final 

performance on the engineering product. 

2 OBJECTIVES AND GOALS 

The condensation models in ANSYS Fluent and ANSYS CFX are described to give a 

background of the available options to model condensation in these two 

Computational Fluid Dynamics (CFD) softwares. The models in ANSYS CFX are 

evaluated to determine advantages and drawbacks in terms of capturing the effects 

of condensation at a wall. 

 

The model in ANSYS CFX which is deemed to be the most appropriate choice for 

modelling wall condensation induced is selected for a deeper study. In the deeper 

study, the complexity of the flow is gradually increased in terms of larger temperature 

gradients, increased velocities and supersonic flow. 

 

The objective of the study is to determine best practise settings when condensation is 

induced by a cold surface in the presence of non-condensable gases at high 

temperatures and high velocities.  
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3 METHOD OF ATTACK 

Theory on the phenomena of condensation, nucleation and of the different types of 

condensation is reviewed. A background is given on how condensation modelling of 

water vapour has been done in the past in general and in some engineering 

applications. 

 

The theory and the simplifications done in the condensation models available in 

ANSYS CFX and ANSYS Fluent are reviewed. The models in ANSYS CFX are 

evaluated for a flow of a condensable substance over a two-dimensional flat plate 

which is at a temperature below the saturation temperature. One model is selected 

for a deeper study, where the temperature of the free stream is increased, the 

number of species is increased and supersonic velocities are set to determine 

limitations of the model.  

 

The results are discussed and recommendations are made on best practise settings 

when modelling wall condensation in the presence of a non-condensable gas at high 

temperatures and high velocities. 
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4 PRESENT SITUATION 

4.1 Condensation 

A general description of the condensation phenomena and of the different types of 

condensation (homogeneous condensation, surface condensation and direct contact 

condensation) can be found in reference (Incropera & De Witt, 1990) and 

(Kondensation, 1974). Simplifications done by Nusselt to obtain useful results on wall 

film condensation of pure vapour are described in (Incropera & De Witt, 1990). 

Furthermore, examples are given of technical applications of the condensation 

phenomena. 

4.2 Wall Condensation 

An analytical solution to the mass flux into the liquid film formed in wall condensation 

is presented in reference (E. M. Sparrow, 1967). The analytical solution is obtained 

by first simplifying the governing equations by an order of magnitude analysis. The 

mass flux is obtained by solving the resulting equations system with a similarity 

solution and appropriate boundary conditions. 

 

The condensation phenomena and the effect of non-condensable gases on wall 

condensation are described in detail in reference (Karkoszka, 2007). A thorough 

literature review is done of papers published on wall condensation during the period 

1961-2007. A reader more interested in this area is referred to this paper for a 

complete account of the work done in this area. 

 

Numerical modelling of wall condensation of water vapour with a high level of carbon 

dioxide is investigated in reference (Nabati, 2011). Two approaches are used in the 

paper. One approach is based on Nusselt theory and the other on diffusion boundary 

layer theory (Peterson et al., 1992). The diffusion boundary layer theory is concluded 

have the better fit with experimental results in terms of heat transfer. 

 

The effect of small amounts of a non-condensable gas on the condensation heat 

transfer in six different vapours (Freon-12, ethanol, butanol, water, ammonia and 

carbon tetrachloride) is investigated in reference (Denny & Jusionis, 1972). The flow 
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in the liquid film is considered to be laminar and was investigated for different 

velocities of the vapour. A comparison is done of the heat transfer with Nusselt theory 

for a vertical flat plate.  

 

Wall condensation in the presence of a non-condensable gas with and without 

volumetric condensation is evaluated in the software ANSYS Fluent with user-defined 

functions in reference (Das & Basu, 2010). The condensation mass flux (into the 

liquid film) is compared to the analytical solution described in (E. M. Sparrow, 1967). 

An underestimation of the condensation mass flux into the liquid film is predicted 

when volumetric condensation is not considered, and an overestimation of the 

condensation mass flux is shown to be made when it is considered. 

4.3 Pressure Suppression in Nuclear Reactors 

Condensation is very important in containment of nuclear reactors and work has 

therefore been done in the nuclear power industry to model this phenomena. 

 

A study of pressure suppression containment is done with ANSYS Fluent in 

reference (Pättikangas et al., 2010). The investigated facility is the scaled-down 

boiling water reactor known as PPOOLEX. The Euler-Euler two-phase model and a 

user-defined model for wall condensation were used. A transient simulation of 100 

seconds is compared to experimental results. The comparison showed some 

discrepancies, the condensation and heat transfer were found to be under-estimated. 

 

The containment (where condensation plays a large role) of a nuclear reactor is 

investigated in reference (Mimoun et al., 2011). Two modelling approaches are 

investigated, a two-phase flow approach and a homogeneous flow approach. The 

CFD-codes used are NEPTUNE_CFD and Code_Saturne. Both approaches 

compared well with experimental results. 

4.4 Rocket Engine Nozzles 

An overview and theoretical description of the condensation phenomena in rocket 

engine nozzles is given in reference (Hill P. G., 1965). Theory on nucleation and 

droplet growth is compared to experimental results on volumetric condensation in a 
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supersonic nozzle. The droplet size in supersonic nozzle flows is stated to usually be 

below 0.1 µm.  

 

To model condensation in rocket engine nozzles, the European aerospace company 

Astrium use the Navier-Stokes solver Rocflam-II. The software is described in 

reference (Knab et al., 2009) and the approach to model condensation in Rocflam-II 

is described in reference (Manuel, Kniesner, & Knab, 2009). Water vapour and liquid 

water are considered mixed on a molecular level and treated as a continuum. The 

formation of a wall film or droplets in the flow is not captured by this software, i.e. 

interfacial surface tension is therefore not captured. Thermodynamic and transport 

properties are correctly described by the use of accurate pressure-dependant and 

two-phase data. Good agreement was found between experimental data and the 

results predicted by Rocflam-II. 

 

An experimental setup to investigate condensation in a rocket engine nozzle is 

described in reference (Boccaletto, Appolloni, & Schonenborg, 2010). The complexity 

is reduced by using a constant cross-section (quasi-2D) nozzle and not considering 

combustion before the fluid enters the nozzle. The gas used is ethylene, which is 

accelerated to supersonic velocities and condensate along the cryogenically cooled 

nozzle walls. The reduced complexity makes the experimental results appropriate for 

evaluation of CFD condensation models. 

 

General theory on condensation and the development of a condensation flow solver 

is presented in reference (Walpot & Steijl, 1998). The condensation flow solver 

models non-equilibrium homogeneous condensation. Validation of the software is 

done with experimental results for transonic flow over an airfoil and supersonic flow in 

a de Laval nozzle. A mixture of water vapour and air is used as the flow medium. The 

computed results show a good agreement with experimental data in terms of 

pressure distribution. 

 

Condensation that ensues from rapid expansion of flow in a nozzle is investigated 

with a Lagrangian-Eulerian approach in reference (Jansen et al., 2010). The 

expanding gas is described as Eulerian and a Lagrangian approach is used for the 
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nucleation and growth of droplets. The agreement was found to be good at low 

pressures (1.5 – 5.1 bars), and worse at high pressure (8.3 bars). 

5 THEORY 

5.1 Condensation 

Condensation is the process where a change of state occurs from gaseous phase to 

liquid. The phase diagram of water is shown in Figure 1 and will serve to illustrate the 

properties of water, which is the fluid of main interest in this paper. The gas-solid-

liquid triple point (TP) is at a temperature and pressure where the liquid, solid and 

gaseous state can exist in a stable equilibrium. For water the triple point is at a 

temperature of 273.16 K and a pressure of 611.657 ± 0.010 Pa (Wagner & Pruss, 

2002). The critical point (CP) refers to a temperature and pressure above which no 

clear distinction between gaseous and liquid phase can be made. 

 

Figure 1: Water phase diagram. 

Superheated steam is the term used for water vapour above the boiling temperature. 

Condensation of water occurs when the temperature drops below the saturation 

temperature at a given pressure, i.e. the saturation line (red line TP-CP) in Figure 1 is 

crossed in the direction from the domain denoted as V (vapour) to domain L (liquid). 

http://upload.wikimedia.org/wikipedia/commons/e/ef/Water_phase_diagram.svg
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Latent heat is released from the water as the phase change occurs. The latent heat 

released in condensation corresponds to the latent heat absorbed in evaporation.  

 

The process of condensation can be divided into three categories: homogeneous 

condensation, surface condensation and direct contact condensation (Incropera & De 

Witt, 1990).  Condensation that occur when water vapour comes into contact with a 

cold liquid is called direct contact condensation, and will not be treated to any extent 

in this paper. Homogeneous and surface condensation and condensation in the 

presence of a non-condensable gas will be discussed in the following subsections. 

5.1.1 Homogeneous condensation 

Homogeneous condensation is the phenomena where droplets grow in size in 

supersaturated vapour in a free flow. Supersaturation is the term used for water 

vapour at a partial pressure higher than the saturation pressure at the given 

temperature. If small foreign particles exist in the flow, these will serve as nucleation 

sites (heterogeneous nucleation) and condensation begin shortly after the saturation 

line has been crossed. In the absence of foreign particles, or in a supersonic nozzle 

where foreign particles do not play a large role as nucleation sites due to the rapid 

expansion of the flow, nucleation spontaneously occur (homogeneous nucleation) 

when the flow has reached a level of supersaturation (Jaeger, Willson, & Hill, 1969). 

In a rocket nozzle where the static pressure and temperature decrease rapidly as the 

flow is accelerated, the static pressure can be 6-8 times higher than the saturation 

pressure before nucleation ensues (Hill P. G., 1965). The degree of supersaturation 

affects the spontaneous nucleation rate. An increase in the level of supersaturation 

results in a higher nucleation rate. 

5.1.2 Surface condensation 

As water vapour comes into contact with a surface at a temperature below the 

saturation temperature for the corresponding partial pressure of the water vapour, 

droplets start to form on the surface. If the droplets wet the surface, a liquid film forms 

in a process called film condensation. If the droplets do not wet the surface (i.e. the 

surface is made of a hydrophobic material), a liquid film does not form and instead 

the droplets grow in size. This process is called drop wise condensation.  As the 

water condensate on the cooled surface, the latent heat is released onto the surface 
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as the phase change occurs. Film condensation and drop wise condensation are 

shown in Figure 2. 

 

 

Figure 2: Drop wise (left) and film condensation (right) on a vertical copper surface (Incropera 
& De Witt, 1990). A thermocouple probe (1 mm diameter) is seen in the foreground.  

 

The heat transfer can be an order of magnitude larger in drop wise condensation 

compared to film condensation (Incropera & De Witt, 1990).  

 

Consider a flat plate exposed to supersaturated water vapour. Without taking into 

account the effect of condensation, the flat plate is cooled to a temperature Tw where 

Tw is below the saturation temperature Tsat. As condensation ensues, the wall 

temperature is expected to rise due to the release of latent heat onto the surface. 

However, Tw will not rise above the saturation temperature, i.e. Tw < Tsat, since 

condensation will cease and no additional heat will be released above the saturation 

temperature. The temperature increase of a rocket nozzle wall when condensation is 

accounted for is illustrated in reference (Knab et al., 2009). 

5.1.3 Wall condensation in the presence of a non-condensable gas 

As water vapour condensate onto the wall (and is thus removed from the free 

stream), an accumulation of non-condensable gases take place at the boundary to 

the liquid film. Figure 3 illustrates forced convection of a two component gas (a 

condensable and a non-condensable gas) over a horizontal flat plate and the 

formation of a liquid film along the surface. The mass fraction of water vapour (𝜔𝐶
∞) 

is shown to decrease when the boundary of the liquid film is approached from the 

free stream. The accumulation of the non-condensable gas has the effect to lower 
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the condensation heat transfer, as water vapour has to diffuse through the layer of 

non-condensable gas in order to condensate into the liquid film. Less condensation 

at the boundary results in less latent heat being released onto the flat plate. 

 

Figure 3: Wall condensation on a horizontal flat plate at constant temperature in the presence 
of a non-condensable gas (Karkoszka, 2007). 

From the phase change of water vapour to liquid it follows that the molar fraction of 

water vapour is lower close to the surface. As a result, the partial pressure of the 

water vapour decreases close to the surface. The relation between the molar fraction 

𝑛𝑖  and the partial pressure of component i is shown in Equation 1 where p is the total 

static pressure. 

 
𝑝𝑖 =  

𝑛𝑖
 𝑛𝑖𝑖

𝑝 (1)  

This has an effect on the saturation temperature of the water vapour, which in a 

water vapour - gas mixture depend on the partial pressure of the water vapour. 

5.2 Approximation of Wall Temperature with Wall Condensation 

From the theory presented in the previous section, a first approximation can be made 

of the temperature increase when wall condensation occurs. The saturation 

temperature which corresponds to the partial pressure of the water vapour along a 

surface can be compared to the temperature when condensation is not considered. 

As the partial pressure of the water vapour decrease when wall condensation 

ensues, using a pressure distribution obtained when condensation is not considered 

will give a safety margin as it will slightly overestimate the saturation temperature. 
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The temperature along the surface with wall condensation will be below the 

saturation temperature and above the temperature without condensation. If the 

saturation temperature is within the design parameters, no additional study needs to 

be made. If the performance change (not only the maximum temperature) is of 

interest, condensation modelling will be necessary to consider. 

 

A Matlab script was made as a part of this thesis to calculate the saturation 

temperature for a given static pressure. The equations used to calculate the 

saturation temperature have been obtained from reference (The International 

Association for the Properties of Water and Steam, 2007). The Matlab script can be 

found in the appendix, Section 10.1 Saturation Temperature Calculation in Matlab. 

5.3 Condensation Models 

In this section, a description will be given of the models available when modelling the 

condensation phenomena in ANSYS CFX and ANSYS Fluent. It is at this point 

appropriate to explain some of the different terms used to describe the models.  

 

A multicomponent flow consists of two or more gases mixed on a microscopic level. 

For such a flow, a single velocity, temperature and turbulence field is calculated. The 

amount of the different gases, which can vary in space and time, determine the 

properties of the fluid. In a multiphase flow, the fluids are mixed on a macroscopic 

length scale and separate velocity and temperature fields can be solved for each 

fluid. Examples of multiphase flows are sand particles or water droplets in air. The 

two phases interact with each other, e.g. heat and/or mass transfer occurs between 

the phases. 

 

Depending on how the multiphase flow is modelled, the different phases can share a 

single flow field (homogeneous flow) or have separate fields (e.g. for velocity and 

temperature) for the different phases (inhomogeneous flow). Through heat transfer 

terms and interface drag these fields will go towards equilibrium. A homogeneous 

approach can be motivated for use when extremely small particles are present, as 

the surface area to volume ratio of a spherical shaped particle increase with 



21 
 

decreasing radius. Thus small particles rapidly reach equilibrium with the continuous 

phase. The inhomogeneous approach is appropriate for larger particles. 

 

A number of approaches are available in ANSYS Fluent and ANSYS CFX to model 

condensation. The alternatives have been divided into the categories listed below. 

 

ANSYS Fluent 

 Wet steam model 

 Euler-Euler multiphase models with condensation 

 

ANSYS CFX 

 Wall condensation model 

 Equilibrium phase change model 

 The droplet condensation model 

 

In the following subsections, a description will be given for each of these models. 

5.3.1 Wet steam model 

The wet steam model in ANSYS Fluent can be used when superheated dry steam 

undergoes rapid expansion, i.e. experience a decrease in static pressure. The 

temperature of the steam decrease as the pressure decrease. If the temperature is 

decreased below the saturation temperature at the given static pressure of the water 

vapour, condensation will occur. The wet steam model in ANSYS Fluent uses the 

Euler-Euler approach for modelling wet steam; the governing equations are solved 

for the gas-liquid mixture. Two additional transport equations are added to the 

compressible Navier-Stokes equations: one for the number of droplets per unit 

volume and another for the mass fraction of the liquid phase. The droplets form in a 

homogeneous non-equilibrium condensation process (Fluent Theory Guide Release 

14.0, 2011). 

 

The composition in the free stream needs to be pure water vapour; additional species 

cannot be considered using this model. This limits the usability of this model for 

simulations where additional species are present. The default properties of water 
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vapour in Fluent are used which cannot be changed when the wet steam model is 

enabled, and the material properties tab is no longer available. 

 

A number of assumptions are made in the wet steam model (Fluent Theory Guide 

Release 14.0, 2011) 

- The mass fraction of the liquid phase is small; the wetness factor defined in 

Equation 2 should be below 0.2.  

 
𝛽 = 1 −  

𝜌𝑣
𝜌

 (2)  

𝜌𝑣  is the vapour density and 𝜌 is the density of the mixture. 

- The total volume of the liquid phase is negligible. 

- No interaction between droplets occurs. 

- No difference in velocity between droplets and the gaseous phase 

(homogeneous flow). 

5.3.2 Euler-Euler multiphase models with condensation 

Two different Multiphase models are available to simulate condensation: the mixture 

model and the Eulerian model. A description of the two models is given in the 

following subsections. 

The Mixture Model 

The mixture model can be considered a simplified multiphase model compared to the 

Eulerian model. The mixture model can solve for any number of phases in the flow 

and uses a single-fluid approach. The mixture multiphase model solves the 

continuity, momentum and energy equation for the mixture. The mixture model can 

be used to model both a homogeneous and inhomogeneous problem setup. For a 

homogeneous flow, a single velocity field is shared by the different phases. For an 

inhomogeneous flow, the relative velocities of phases are solved by algebraic 

expressions (Fluent Theory Guide Release 14.0, 2011). The relative velocities are 

assumed to be much smaller than the mixture velocity. 

 

Compared to the Eulerian model described in the next subsection, the mixture model 

is a computationally cheap approach to model multiphase flow as fewer equations 

need to be solved. 
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For a complete list of the limitations of the mixture model, the reader is referred to 

reference (Fluent Theory Guide Release 14.0, 2011). 

The Eulerian Model 

The Eulerian multiphase model allows modelling of an arbitrary number of interacting 

phases. The Eulerian model solves the continuity and momentum equation for each 

phase in the flow (Fluent Theory Guide Release 14.0, 2011). The Eulerian model 

treats the flow as inhomogeneous, with separate temperature and velocity fields for 

the different phases. Any combination of solids, liquids and gases can be simulated. 

The limiting factor for this model is complexity; the physics is captured at the expense 

of computational power. Convergence can become to be an issue with increasing 

complexity. 

 

The reader is referred to reference (Fluent Theory Guide Release 14.0, 2011) for a 

complete list of the limitations of the Eulerian model in ANSYS Fluent. 

The Eulerian wall film model 

The Eulerian Wall Film Model (EWFM) is compatible with both the Mixture and 

Eulerian multiphase models (as of Fluent v14.5). The EWFM can model liquid drop 

collection on a surface, film running on a surface (viscous, shear and gravity forces), 

particle stripping and separation, film heat transfer with the wall and the gas, and 

viscous and kinetic heating (Eulerian Wall Film Model. Fluent Release v14.5, 2013). 

The model is also available with the DPM (discrete phase model) in Fluent where an 

Eulerian-Lagrange approach is used to track the water droplets in the flow. When 

using the DPM model, the primary fluid is treated as a continuum and the water 

droplets are tracked individually. Condensation cannot be enabled when using the 

DPM. One of the limitations of the Eulerian wall film model is a restriction to 3D 

geometries. 

5.3.3 The wall condensation model 

The wall condensation model in ANSYS CFX models condensation as a mass sink, 

removing mass that enters the liquid film from the fluid domain. The flow inside the 

liquid film itself is not modelled. The principle simplifications done in the wall 
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condensation model are illustrated in Figure 4 where A is a non-condensable gas 

and B is a condensable substance.   

 

 

Figure 4: Illustration of simplifications done in the wall condensation model (Zschaeck & Frank, 
2012). 

The wall condensation model only allows one condensable component. The model 

assumes that the change of heat transfer resistance induced by the liquid wall film is 

negligible. The concentration gradient of the condensable gas is assumed to be the 

primarily cause for the resistance to heat transfer (CFX-Solver Theory Guide Release 

14.0, 2011). 

 

Laminar and turbulent boundary layers are treated differently in terms of the 

condensation mass flux at the surface (CFX-Solver Theory Guide Release 14.0, 

2011). For laminar flow, the condensation mass flux MB is expressed as shown in 

Equation 3.  

 

 

𝑀𝐵 =  𝑚𝐵 ln 
1 − 𝑥𝐵 𝛿 

1 − 𝑥𝐵 0 
  (3)  
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Where 𝑚𝐵 is the mass transfer coefficient, x is the molar fraction and 𝛿 is the height 

of the boundary layer. The subscript B denotes the condensable component. The 

mass transfer coefficient is calculated as shown in Equation 4 

 

 

𝑚𝐵 =
𝑊𝐵

𝑊𝑚

𝐷𝐴𝐵  𝜌𝑚
𝛿

 (4)  

where 𝑊𝐵 and 𝑊𝑚  is the molecular weight of the condensable and of the mixture (of 

condensable and non-condensable) respectively and 𝐷𝐴𝐵  is the binary diffusion 

coefficient. 

 

Thermal equilibrium for the interface and the liquid film is assumed at the interface to 

obtain the condensable molar fraction (CFX-Solver Theory Guide Release 14.0, 

2011). Thermal equilibrium implies that the partial pressure of the vapour is equal to 

the saturation pressure at the given temperature (the vapour is considered 

saturated). This is a simplification as the vapour at the liquid interface could, for 

example, be supersaturated wet vapour. 

 

For a turbulent boundary layer, the condensable mass flux is calculated as shown in 

Equation 5. 

 

 

𝑀𝐵𝑤 =  −𝑇𝑀
𝑌𝐵𝑃 − 𝑌𝐵𝑤

1 − 𝑌𝐵𝑤
 (5)  

 

Where TM is a wall multiplier decided by the form of the turbulent wall function, 𝑌𝐵𝑃 is 

the mass fraction of the condensable component at a grid point near the wall and 

𝑌𝐵𝑤  denotes the mass fraction of the condensable component at the wall. 

 

The latent heat from condensation is released into the solid boundary. However, if an 

isothermal wall is used, the effect of the release of latent heat is considered negligible 

(CFX-Solver Theory Guide Release 14.0, 2011). Using this model, condensation 

along the surface of a solid can be seen as a heat source for the solid boundary. The 

heat released can be expressed (using the denotation of the condensable mass flux 

for a turbulent boundary layer) as shown in Equation 6. 
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𝑄 = −𝑀𝐵𝑤  𝐻 (6)  

where H is the latent heat released in condensation. 

5.3.4 The equilibrium phase change model 

The equilibrium phase change model models multi-component phase change. The 

equilibrium phase change model assumes local thermodynamic equilibrium between 

two phases (e.g. liquid water and vapour). Condensation occurs as soon as the 

saturation temperature for the given static pressure has been obtained for the water 

vapour in the flow. 

 

Since local thermodynamic equilibrium is assumed, a single temperature field can be 

solved for the mixture. The flow is considered homogeneous, thus a single velocity 

field is solved for the mixture, reducing the computational power needed to obtain a 

solution. 

5.3.5 The droplet condensation model 

When simulating the formation of droplets in a flow in CFX using the droplet 

condensation model, a finite time is needed to reach equilibrium. The model includes 

losses due to thermodynamic irreversibility. 

Depending on the size of the droplets, different models are recommended for the 

modelling of the phase change and heat transfer. For small droplets (below 1 µm), 

the small droplets phase change and heat transfer model is recommended while for 

larger droplets, the thermal phase change model and the two resistance heat transfer 

model should be used (CFX Solver Modeling Guide Release 14.0, 2011). 

The droplet condensation model can be used as a homogeneous model or as an 

inhomogeneous model depending on the configuration set by the user. In difference 

to the equilibrium solution (and similarly to the wet steam model in ANSYS Fluent), 

additional transport equations for the droplet number and volume fractions for all 

phases need to be solved. (CFX Tutorials Release 13.0, 2010). 

Surface nucleation can be modelled if a user-defined nucleation model is used. The 

homogeneous nucleation model which is implemented in CFX is used to model 
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volumetric (homogenous) nucleation in the free stream. The droplet condensation 

model is useful in situations where rapid pressure reduction of e.g. water vapour 

leads to nucleation and droplet formation (CFX-Solver Theory Guide Release 14.0, 

2011). 

When a nucleation model has been selected, a nucleation bulk tension factor can be 

set. In the nucleation model, this factor scales the bulk surface tension values. It is 

recommended to initially use the value 1.0 if the static pressure is below 1 bar and 

the IAPWS database is used for the properties of water. This value can later be 

altered to fit experimental results (CFX Tutorials Release 13.0, 2010).  

The small droplets phase change model 

The small droplets phase change model is recommended for use for small droplets 

(less than 1 µm in diameter) but can be used for droplets of all sizes. The droplet size 

is an important parameter in determining the heat and mass transfer. The effect of 

the Knudsen number on the Nusselt number is taken into account when calculating 

the heat and mass transfer at the interface of the droplets in the small droplets phase 

change model (CFX-Solver Theory Guide Release 14.0, 2011). 

The Knudsen number is defined as shown in Equation 7 

 

𝐾𝑛 =  
𝜆

𝑎
 (7)  

where 𝜆 is the molecular mean free path (average distance between collisions 

between molecules in the flow) and a is a reference length. 

The Nusselt number is defined as 

 

𝑁𝑢 =  
 𝑎

𝑘
 (8)  

where h is the convective heat transfer coefficient and k is the thermal conductivity of 

the fluid. The Nusselt number can be interpreted as the convective to conductive heat 

transfer ratio. 

The growth of droplets from the point of nucleation to much larger droplets induce a 

strong dependency of the Knudsen number on the mass and heat transfer at the 
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interface of the droplets (CFX-Solver Theory Guide Release 14.0, 2011). The droplet 

temperature is estimated to be uniform throughout the droplet when the small 

droplets phase change and heat transfer models are used. 

The thermal phase change model 

The thermal phase change model is used to model volumetric phase change of e.g. 

water vapour in a free stream induced by interface heat transfer. When the thermal 

phase change model is selected in CFX, the two resistance model (which considers 

heat transfer processes on both sides of the liquid-gas interface) is used for heat 

transfer between the phases. The temperature at the interface between the two 

phases (liquid and vapour) is set as the saturation temperature. 

The thermal phase change model is recommended for use when droplets larger than 

1 µm are expected in the flow. 
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5.3.6 Condensation models overview 

The condensation models available in ANSYS CFX and ANSYS Fluent can be 

described by a number of properties which are relevant when choosing condensation 

model. Table 1 has been made to give an overview of the models. 

 

Table 1: Overview of the different possibilities of modelling condensation in CFX and Fluent. 
(*= With Eulerian wall film model turned on. **=Can be set to be modeled as either 

homogeneous or inhomogeneous by the user) 
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Wall condensation model x  x x  

Equilibrium phase change model  x  x  

Droplet condensation model  x  x** x** 

ANSYS Fluent  

Wet steam model  x  x  

Mixture multiphase model with condensation x* x x x** x** 

Eulerian multiphase model with condensation x* x x  x 

 

The table shows the default properties of the models and is not final, e.g. a user-

defined nucleation model can be used with the droplet condensation model to include 

the effects of wall condensation. 
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5.4 Real Gas Properties Table 

In ANSYS CFX, a TASCflow real gas properties (RGP) file can used to specify the 

properties of a material. A user-generated RGP table should be used if the built-in 

equations of state (EOS) fail to provide the desired accuracy over the expected range 

of temperatures and pressure present in a simulation. Furthermore, materials which 

do not exist in CFX by default can be added by the use of an RGP file.  

A TASCflow RGP file contains tabulated material properties (specific enthalpy, speed 

of sound, specific volume, specific heat at constant volume, specific heat at constant 

pressure, partial derivative of pressure with respect to specific volume at constant 

temperature, specific entropy, dynamic viscosity and thermal conductivity) for 

different temperatures and pressures.  

6 CASE STUDY  

A case study has been done to determine the advantages and drawbacks of the 

numerous ways to simulate condensation induced by a temperature gradient at a 

wall. The test case is chosen to be a 2D flat plate. 

6.1 Domain and Computational Grid 

The dimension of the domain is 2.5x1.0 meters. The flat plate has a no-slip wall 

boundary condition. The length of the flat plate is 1.5 meters and it is placed bottom 

centre in the domain. On the top boundary and on the sides of the flat plate, free-slip 

adiabatic walls are placed. Depending on the flow setup, the outlet is set to either an 

average static pressure outlet or a supersonic outlet. The domain is illustrated in 

Figure 5. 
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Figure 5: Case study computational domain. 

 

A structured mesh created in ANSYS ICEM v14.0 is used for all simulations in this 

thesis. To avoid large jumps in the grid size from one node to another in the stream 

wise direction, a hyperbolic function is used to gradually increase or decrease the 

mesh size at the boundary to the flat plate. One version of the computational grid 

used for the case study is shown in Figure 6. 

 
Figure 6: Computational grid for a 2D flat plate. 

 

The first grid point in the free stream normal to the flat plate is calculated for a 

desired y+ target value. y+ is a distance normal to the wall normalized with the inner 

(viscous) length scale of the flow and is defined as shown in Equation 9. 
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𝑦+ = 𝑦

𝜌𝑢𝜏
𝜇

 (9)  

Where y is the distance normal to the surface to the first grid point, 𝜇 is the dynamic 

viscosity, 𝜌 is the density and 𝑢𝜏  is called the friction velocity and is calculated as 

shown in Equation 10.  

 

𝑢𝜏 =  
𝜏𝑤

𝜌
 (10)  

Where 𝜏𝑤  is the wall shear stress. By replacing the friction velocity in Equation 9 with 

the expression in Equation 10, y+ can be written as 

  

𝑦+ = 𝑦
  𝜌𝜏𝑤

𝜇
 (11)  

The distance between the nodes normal to the surface of the flat plate grow by 20% 

for each consecutive node. 

ANSYS Fluent supports the use of a 2D mesh while ANSYS CFX does not. In CFX, a 

quasi-2D mesh is used (one element in width) with a symmetry boundary condition. 

6.2 Analytical Solution 

An analytical solution of the mass flux into the liquid film that forms in wall 

condensation exists for laminar flow of a condensable over a flat plate (E. M. 

Sparrow, 1967). The conservation equations are used and simplified by an order of 

magnitude analysis. The resulting equations are solved using the similarity method 

and applying appropriate boundary conditions. The condensate along the surface of 

the flat plate forms a liquid film which can be calculated in an iterative manner.  

 

The simplifications done in the procedure of obtaining the analytical solution are 

listed below. 

 Convection and inertia in the liquid layer are negligible. 

 The stream wise velocity of the liquid layer at the interface is zero. 
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 The effect of interfacial resistance. A small temperature jump exists between 

the condensate and the adjacent gas. The influence of this jump in 

temperature on the solution has been shown to be negligible (E. M. Sparrow, 

1967).  

 Only considers wall condensation, no volumetric condensation.  

 

The mass flux into the liquid film was evaluated for laminar flow of a water vapour 

and air mixture at a velocity of 1 metre per second. The mass fraction ratio of the 

non-condensable gas is denoted as F and calculated as shown in Equation 12 

 
𝐹 =  

𝜌𝑔

𝜌𝑔 + 𝜌𝑣
 (12)  

where 𝜌 is the density and the subscripts g and v denotes the non-condensable gas 

and the vapour respectively. The non-condensable mass fraction ratio is set as 0.05 

and the temperature of the flat plate is set to 364.81 K. The dynamic viscosity of the 

mixture is calculated using the NASA-developed software CEA (Chemical Equilibrium 

with Applications) and used as an input for the material properties of the water 

vapour and air mixture in CFX.  The remaining properties for water vapour and liquid 

water needed to perform the calculations have been obtained from (Incropera & De 

Witt, 1990).  

 

The details of the calculations will not be presented in this paper, the code for the 

Matlab programme made to calculate the mass heat flux is shown in the appendix 

(Section 10.3 Analytical solution Matlab code). The result of the analytical solution is 

shown in Figure 7. 

 



34 
 

 

Figure 7: Analytical solution of the mass flux into the liquid film for laminar flow at 1 m/s over 
an isothermal flat plate at 364.81 K. F=0.05. 

It is shown in Figure 7 that the mass flux is highest at the leading edge of the flat 

plate and decrease downstream. The decrease seen in the condensation mass flux 

further downstream is due to the build-up of non-condensable gases adjacent to the 

liquid film, which the water vapour has to diffuse through to condensate onto the 

surface. 

6.3 Wall Condensation Model 

The wall condensation model has been developed specifically for modelling of wall 

condensation and is therefore an approach investigated in detail. The complexity of 

the flow is increased gradually to determine limitations and to be able to give best 

practise guidance settings when setting up a complex simulation. 

 

In this section, the simulations run with the wall condensation model are increased 

gradually in complexity in a step-by-step approach. An overview of the investigated 

setups described in the following subsections is shown in Table 2. 
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Table 2: Simulation setups investigated with the wall condensation model. 

Flow velocity 

[m/s]  

Free-stream  

Temp.  [K]  

Turbulence  

model  

Free-stream  

composition  

Condensation 

wall setting 

Other settings 

 

1 373.15 None (laminar) H2O, Air Isothermal wall  

1 373.15 k-ω Menter SST H2O, Air Isothermal wall  

100 373.15 k-ω Menter SST H2O, Air Isothermal wall  

942 373.15 k-ω Menter SST H2O, Air Isothermal wall  

2668 3030 k-ω Menter SST H2O, OH, O2, H2 Isothermal wall  

2668 3032.81 k-ω Menter SST H2O, OH, O2, H2, 

H, H2O2, HO2, O 

Isothermal wall Reactions enabled in the 

flow. 

2668 3032.81 k-ω Menter SST 
H2O, OH, O2, H2, 

H, H2O2, HO2, O 

Interface to solid. Heat flux coefficient and 

adiabatic temperature set 

in solid. 

2668 3032.81 k-ω Menter SST H2O, OH, O2, H2, 

H, H2O2, HO2, O 

Interface to solid. Added cooling channel flow 

and a solid wall interface. 

 

6.3.1 Isothermal wall - 1 m/s laminar flow 

The wall condensation model in ANSYS CFX is setup for a water vapour and air 

mixture flow at a velocity of 1 metre per second over a horizontal flat plate.  

A liquid film forms on the flat plate and the mass flux into this film is evaluated in the 

CFX post-processing tool and is compared to the analytical solution described in 

Section 6.2.  

Simulation setup 

The boundary condition for the inlet is set to fixed velocity and the outlet to an 

average static pressure outlet. The no-slip wall where condensation will occur is set 

to be at a constant temperature (isothermal). 

 

The wall condensation model is setup for the case shown in Table 3. The boundary 

layer formed along the surface is laminar (i.e. no turbulence model is used). 
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Table 3: Wall Condensation Model: Simulation setup for 1 m/s laminar flow with an isothermal 
wall. 

Setting Value 

Inlet velocity [m s-1] 1 

Reference pressure [Pa] 101 325 

Outlet relative average static pressure [Pa] 0 

Inlet static temperature [K] 373.15 

Flat plate temperature [K] 364.81 

F 0.05 

 

The non-condensable gas is chosen as air. The transport properties of the mixed gas 

are obtained from CEA. The saturation line is obtained from tabulated values from 

the International Association for the Properties of Water and Steam (IAPWS). 

Results 

The grid size was refined step-wise until a reduction in grid size only had a minor 

influence on the solution; the initial cell size of the finest grid was set to 0.001m. The 

transfer of mass into the liquid film computed with the wall condensation model in 

CFX is compared to the analytical solution in Figure 8. 
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Figure 8: Condensation mass flux into the liquid film for laminar flow at 1 m/s over an 
isothermal flat plate at 364.81 K. F=0.05. 

The comparison shows an overall good agreement with the simulation data, with a 

slight over prediction of the mass flux along most part of the flat plate in the 

simulation. 

One possible reason for the difference in the condensation mass flux is that the 

simulation was done with a constant kinematic diffusivity, while the influence of the 

kinematic diffusivity is included in the analytical solution with the Schmidt number (set 

to 0.55).  

6.3.2 Isothermal wall - 1 m/s turbulent flow 

The next step in increasing the complexity of the flow is to use a turbulence model. 

The k-ω Menter SST turbulence model is chosen since it can resolve the velocity 

boundary layer down to the viscous sub layer given that grid points are placed in this 

region. Given a fine enough grid, the turbulence model can resolve the thermal 

boundary layer and a grid independent wall heat flux can be obtained.  
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The wall heat flux is determined by the thermal conductivity of the fluid and the 

temperature gradient next to the surface. The equation to determine the heat flux for 

a 1-dimensional case is shown in Equation 13. 

 

 

q′′
x

= −k
∂T

∂x
 (13)  

 

Where q′′
x
 is the heat flux in the x-direction, k is the thermal conductivity and 

∂T

∂x
 is the 

temperature gradient in the x-direction. 

 

The wall normal distance can be measured with a non-dimensional parameter y+. 

The wall heat flux is expected to be converged at a y+ value around 0.1. The 

equation to obtain a local y+ value was shown in Equation 11, repeated again below. 

  

𝑦+ = 𝑦
  𝜌𝜏𝑤

𝜇
 (11) 

 

  

Simulation setup 

The flow velocity is set as 1 metre per second and the k-ω Menter SST turbulence 

model is used. Air is used as the non-condensable. The mass fraction ratio of the 

non-condensable gas is set as 0.05 and is treated as an ideal mixture in CFX. The 

property of the mixed gas is mass-weighed, i.e. directly related to the mass fraction of 

each component. 

 

The ideal gas EOS is used for air and tabulated material properties for water and 

water vapour are used from IAPWS. The settings are the same as shown in Table 3. 

Results 

The wall heat flux along the flat plate is shown in Figure 9 for a variation of average 

y+. The convergence did not pose an issue for this simulation setup. The wall heat 

flux can be shown in the figure to be nearly converged for a y+ around 0.1. 



39 
 

 

Figure 9: Wall heat flux for different y+ values. Free stream velocity is 1 m/s and composition is 
95% H2O, 5% Air. Free stream temperature is 373.15 K, flat plate temperature is 364.81 K. 

6.3.3 Isothermal wall - 100 m/s turbulent flow 

Simulation setup 

The flow velocity is set to 100 metres per second and the k-ω Menter SST turbulence 

model is used. The wall heat flux is evaluated for two temperatures of the isothermal 

no-slip wall: 364.81 K and 340 K. The chemical composition in the free stream is 

varied to investigate the influence of the amount and choice (air and hydrogen) of 

non-condensable gas on the wall heat flux. The domain settings are shown in Table 

4. 

 

  



40 
 

Table 4: Wall Condensation Model: Simulation setup for 100 m/s turbulent flow with an 
isothermal wall. 

Setting Value 

Inlet velocity [m s-1] 100 

Reference pressure [Pa] 101 325 

Outlet relative average static pressure [Pa] 0 

Inlet static temperature [K] 373.15 

Flat plate temperature [K] Varied 

F Varied 

 

Results 

The wall heat flux along the flat plate is shown in Figure 10 for a flat plate 

temperature of 364.81 K. The non-condensable is chosen as air, and the non-

condensable mass fraction ratio is set to 0.05. The ideal gas EOS is used for air, and 

tabulated data from IAPWS is used for material properties of water and water vapour. 

The wall heat flux for a variation of y+ in Figure 10 is shown to be close to converged 

around y+ 0.1. 
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Figure 10: Wall heat flux for different y+ values. Free stream velocity is 100 m/s and 
composition is 95% H2O, 5% Air. Free stream temperature is 373.15 K, flat plate temperature is 

364.81 K. 

 

The mixture ratio of air and water vapour is varied to study its affect on the wall heat 

flux. Figure 11 illustrates the difference in wall heat flux for two non-condensable 

mass fraction ratios: 0.10 and 0.15. 
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Figure 11: Wall heat flux for different air and water vapour contents. Free stream velocity is 100 
m/s. Free stream temperature is 373.15 K, flat plate temperature is 340 K. 

It is shown in Figure 11 that for a lower amount of air, the wall heat flux is increased. 

The result was expected and can be explained by a lower amount of air in the free 

stream resulting in a lower value of the thermal conductivity in the main part of the 

flow. The thermal conductivity normal to the wall 1 metre downstream of the leading 

edge is shown in Figure 12. As a consequence of the lower thermal conductivity for a 

larger amount of air, a steeper temperature gradient exists at the wall. The thermal 

conductivity of air and water vapour is set to 0.0261 Wm-1K-1 and 0.0193 Wm-1K-1 

respectively. The release of latent heat into the boundary from condensation does 

not contribute to the wall heat flux in this simulation, as the effect (see section 5.3.3 

The wall condensation model) is not included when an isothermal boundary is used. 
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Figure 12: Thermal conductivity at different air and water vapour contents. Free stream velocity 
is 100 m/s. Free stream temperature is 373.15 K, flat plate temperature is 340 K. 

 

If hydrogen is used as the non-condensable, a similar behaviour is seen for the wall 

heat flux. A decrease of the amount of hydrogen results in an increase in the 

magnitude of the wall heat flux, illustrated in Figure 13. 
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Figure 13: Wall heat flux for different hydrogen and water vapour contents. Free stream 
velocity is 100 m/s. Free stream temperature is 373.15 K, flat plate temperature is 340 K. 

 

It is shown that the magnitude of the wall heat flux for the water vapour and air 

mixture is larger compared to the wall heat flux for the water vapour and hydrogen 

mixture at the same mixture ratio. This result can be explained by the much lower 

thermal conductivity for air (0.0261 W m-1K-1) compared to hydrogen (0.1809 W m-1K-

1), resulting in a lower overall value of the thermal conductivity in the mixture and a 

steeper temperature gradient at the wall. The temperature profiles perpendicular to 

the flat plate 1 metre downstream of the leading edge of the flat plate for air-water 

vapour and hydrogen-water vapour at the same mixture ratio are shown in Figure 14. 
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Figure 14: Temperature profile perpendicular to the wall for two different non-condensable 

gases (air and hydrogen). Free stream velocity is 100 m/s. Free stream temperature is 373.15 K, 
flat plate temperature is 340 K. 

It is shown that the temperature gradient near the wall is much steeper for the air and 
water vapour mixture. This result was expected from the discussion on the thermal 
conductivity of each non-condensable gas. 
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6.3.4 Isothermal wall - 942 m/s turbulent flow 

Simulation setup 

The next level of increased complexity is to evaluate the convergence using the wall 

condensation model in supersonic flow. The static temperature in the free stream is 

set as 373.15 K and the flat plate is assigned a constant temperature of 340 K. The 

free stream velocity is set to 942 metres per second which correspond to Mach 2 for 

the given conditions. The k-ω Menter SST turbulence model is used to resolve the 

velocity and thermal boundary layer. The general settings done in the domain are 

shown in Table 5. 

 

Table 5: Wall Condensation Model: Simulation setup for 942 m/s turbulent flow with an 
isothermal wall. 

Setting Value 

Inlet velocity [m s-1] 942 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet static temperature [K] 373.15 

Flat plate temperature [K] 340 

F 0.20 

 

The ideal gas EOS is used for air and tabulated values from IAPWS is used for the 

liquid water and for the saturation properties of water. The water vapour is described 

by the ideal gas law and the specific heat capacity is estimated by the NASA format 

polynomial in CFX, with a total of 14 pre-determined coefficients. The error induced 

by using the ideal gas law (instead of using values from the IAPWS table) decrease 

as the temperature in the domain is increased. The maximum deviation is at most 

approximately 2% at the saturation temperature. When the ideal gas law is used in 

CFX, the dynamic viscosity (µ) and the thermal conductivity (k) are constant unless a 

user defined function is used.  
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In the free stream the specific heat at constant pressure is increased as a function of 

the temperature by the NASA-polynomial, while the thermal conductivity and dynamic 

viscosity remain constant. It is shown in Equation 14 that this results in an 

overestimation of the Prandtl number 

 

Pr =  
𝐶𝑝𝜇

𝑘
 (14)  

where Cp is the specific heat at constant pressure. The Prandtl number is a measure 

of the viscous to thermal diffusion rate. The reason for choosing the NASA format for 

the heat capacity despite the induced error, is that as the complexity is increased 

even further to later include reactions in the flow, convergence is much easier to 

obtain. 
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Results 

To determine if the solution is fully converged with respect to heat transfer, the wall 

heat flux is plotted along the flat plate for a number of average y+ values in Figure 

15. It is shown that the wall heat flux appear converged (grid independent) for a y+ 

on the order of 0.1. 

 
Figure 15: Wall heat flux for different y+ values. Free stream velocity is 942 m/s and 

composition is 80% H2O, 20% Air. Free stream temperature is 373.15 K, flat plate temperature is 
340 K. 
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6.3.5 Isothermal wall - 2668 m/s turbulent flow 

Simulation setup 

The next step in increasing the complexity is to consider the products from 

combustion of hydrogen and oxygen in a de Laval nozzle. The temperature and 

combustion products at the exit plane for an area ratio of 2 are specified as the inlet 

boundary conditions. The temperature is calculated using CEA to be approximately 

3030 K at the exit plane and the free stream velocity is set to 2668 m/s which 

correspond to Mach 1.97 for the given conditions. The chemical composition is 

specified to mass fractions of 0.927 H2O, 0.042 OH, 0.017 O2 and 0.014 H2, which 

correspond to the chemical composition resulting from burning a fuel rich 

(Oxygen/Fuel=7.3) mixture. A number of additional species (H, O, HO2 and H2O2) are 

present in reality. However, only the species with the largest quantities were used in 

this simulation and the remaining mass fraction (0.004) was added as water vapour 

so that the total mass fraction of all species sums up to 1. The flat plate is set as an 

isothermal boundary at a temperature of 340 K. The gases used are considered ideal 

gases. The heat capacities for all of the gaseous species are described by the NASA 

format in CFX. The thermal conductivity and dynamic viscosity are constant. 

 

The k-ω Menter SST turbulence model is selected to fully resolve the velocity and 

thermal boundary layers. The general settings done in the domain are shown in 

Table 6. 

Table 6: Wall Condensation Model: Simulation setup for 2668 m/s turbulent flow with an 
isothermal wall. 

Setting Value 

Inlet velocity [m s-1] 2668 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet static temperature [K] 3030 

Flat plate temperature [K] 340 

F 0.073 
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Results 

The static pressure along the flat plate change when the condensation model is 

activated. The pressure along the flat plate with and without wall condensation is 

shown in Figure 16.  

 

 

Figure 16: Pressure distribution along a flat plate at 2668 m/s. The temperature of the flat plate 
is set to 340 K and the free stream has a static temperature of 3030 K. 

 

It is shown in Figure 16 that the static pressure decreases in the flow direction on the 

flat plate when the condensation is not accounted for. When the wall condensation 

model is activated, the overall value of the static pressure is decreased and the static 

pressure increase along the plate in the flow direction. A very similar behaviour was 

seen for the simulation described in the previous section (6.3.4 Isothermal wall - 942 

m/s turbulent flow). 
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The pressure distribution in the domain for the two cases (with and without 

condensation) is shown in Figure 17 and Figure 18 with the same scale used for the 

legend.  

 

 

Figure 17: Pressure distribution at 2668 m/s without wall condensation. 

 

 

Figure 18: Pressure distribution at 2668 m/s with wall condensation enabled. 

When condensation is not considered, the boundary layer growth at the leading edge 

of the flat plate is seen by the onset flow as a wedge, and an oblique shock is 

formed. The static pressure increase over an oblique shock, which is visible at the 

leading edge in both Figure 16 and Figure 17 (the static pressure upstream of the flat 

plate is 101 325 Pa). The static pressure decreases along the flat plate and at the 

end of the plate, the flow expand to the static pressure in the free stream. 
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When the condensation model is enabled, water vapour is removed from the domain 

along the boundary to the flat plate. As a result, the flow experiences an expansion 

when the flat plate is encountered by the onset flow and the static pressure decrease 

as a result. At the end of the flat plate, the static pressure increases over an oblique 

shock to approximately the same value as in the free stream. 

 

The wall heat flux along the flat plate is shown in Figure 19. The discrepancy of the 

wall heat flux of lowering the value of y+ at around 0.1 is shown to be very small and 

it can thus be deemed to be converged with respect to the computational grid. 

 

 

Figure 19: Wall heat flux for different y+ values. Free stream velocity is 2668 m/s. Free stream 
temperature is 3030 K and the flat plate temperature is 340 K. 

 

Another way to illustrate the convergence of the wall heat flux is to calculate the 

integral wall heat flux along the flat plate. This is shown in Figure 20 for the same 
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simulations as shown in Figure 19. It is seen to change very little at the lowest values 

of y+. 

 
Figure 20: Integral wall heat flux along the flat plate. Free stream temperature: 2668 m/s, static 

temperature: 3030K, flat plate temperature: 340K 

 

An increase in the wall heat flux implies a larger temperature gradient at the wall, 

which in this simulation is mainly an effect of the change of the thermal conductivity 

of the gas adjacent to the wall. If condensation is not enabled, the thermal 

conductivity does not change normal to the wall since the composition of the gas is 

unaffected by the boundary layer. 

The condensation mass flux along the flat plate for the solution with an average y+ of 

approximately 0.1 is shown in Figure 21. It is shown that the condensation mass flux 

along the flat plate for the most part is continuous, another indicator of a converged 

solution. 
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Figure 21: Condensation mass flux for an average y+ value of 0.10. Free stream velocity is 2668 

m/s. Free stream temperature is 3030 K and the flat plate temperature is 340 K. 

 

The wall heat flux with and without wall condensation is shown in Figure 22. The 

average y+ is approximately 0.1 along the flat plate in both simulations. It is shown in 

the figure that the wall heat flux is increased by approximately a factor 2 when 

condensation is considered in the simulation. The result is a strong indicator of the 

importance of taking the effect of condensation into account when it is suspected to 

occur.  
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Figure 22: Wall heat flux with and without condensation. Free stream velocity is 2668 m/s. Free 
stream temperature is 3030 K and the flat plate temperature is 340 K. 
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6.3.6 Isothermal wall - 2668 m/s turbulent flow with reactions 

Simulation setup 

The static temperature at the inlet is set as 3032.81 K and velocity is set to 2668 m/s.  

The products of combustion of hydrogen and oxygen are again considered as the 

flow medium. For the simulation described in this section, all the combustion products 

are considered. The mass fractions in the free stream composition are set to 0.92257 

H2O, 0.04232 OH, 0.01736 O2, 0.01383 H2, 0.00295 O, 0.00091 H, 0.00005 HO2, 

and 0.00001 H2O2. The k-ω Menter SST turbulence model is selected. 

 

Reactions are enabled in the flow, and the flat plate is set as an isothermal wall at 

340 K. Tabulated values from IAPWS is used for the liquid water and for the 

saturation properties of water. The water vapour and all other species present are 

described by the ideal gas law and the specific heat capacity is estimated by the 

NASA format polynomial in CFX. The general settings done in the domain are shown 

in Table 7. 

 

Table 7: Wall Condensation Model: Simulation setup for 2668 m/s turbulent flow with an 
isothermal wall and reactions. 

Setting Value 

Inlet velocity [m s-1] 2668 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet static temperature [K] 3032.81 

Flat plate temperature [K] 340 

F varied 
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Results 

A low time step is expected to be required when including reactions in the flow, the 

limiting factor is however not the reactions. When the condensation model is active, 

the condensation model itself requires an even lower time step than the reactions.  

The static pressure and H2O mass fraction in the flow domain is shown in figure 

Figure 23 and Figure 24.  

 
Figure 23: Static pressure distribution in the domain. Free stream velocity is 2668 m/s and the 

flat plate temperature is 340 K. Reactions: enabled 
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Figure 24: Water vapour distribution in the domain. Free stream velocity is 2668 m/s and the 

flat plate temperature is 340 K. Reactions: enabled 

 

Reactions are shown from the distribution of water vapour in Figure 24  to occur as 

soon as the considered chemical composition enters the domain. If Figure 24 is 

examined closely, the amount of water vapour is seen to increase near the flat plate 

despite a build-up of non-condensable gases. This is explained by considering the 

reactions that occur when the temperature is lowered, the reactions result an 

increased amount of water vapour. 

 

The wall heat flux is shown in Figure 25 for an average y+ of 0.14. A small 

discontinuity is shown to be present at the leading edge. The wall heat flux along the 

rest of the flat plate can be considered converged. 
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Figure 25: Wall heat flux for y+ 0.14. Free stream velocity is 2668 m/s and the flat plate 

temperature is 340 K. Reactions: enabled 
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6.3.7 Non-isothermal wall - 2668 m/s turbulent flow 

Simulation setup 

The static temperature at the inlet is set as 3032.81 K and velocity is set to 2668 m/s. 

The free stream mass fractions are set as 0.92257 H2O, 0.04232 OH, 0.01736 O2, 

0.01383 H2, 0.00295 O, 0.00091 H, 0.00005 HO2, and 0.00001 H2O2. Chemical 

reactions in the flow were attempted but not achieved using real gas properties. The 

results in this section are presented for a non-reacting flow. The free stream velocity 

corresponds to Mach 2.12 in the main part of the flow. The k-ω Menter SST 

turbulence model is used to fully resolve the velocity and thermal boundary layer. 

 

Contrary to previous simulations with the wall condensation model, a non-isothermal 

wall is used to include the release of latent heat into the wall when condensation 

occurs in the domain. A solid is added adjacent to the condensation wall boundary 

and an interface is added between the fluid and solid domains. The material of the 

solid is set as steel, with the material properties listed in Table 8. 

Table 8: Material properties of steel 

Material property Value 

Density [kg m-3] 7854 

Specific heat capacity [J kg-1 K-1] 434 

Thermal conductivity [W m-1 K-1] 60.5 

 

The thickness of the solid is 0.0005 m. The face of the solid on the opposite side of 

the condensation wall is prescribed a heat transfer coefficient and an adiabatic 

temperature. The calculations made to obtain the heat transfer coefficient are shown 

in the appendix, Section 10.2 Heat Transfer Coefficient Calculation. 

 

The material properties of water vapour are set in one simulation with the NASA 

format polynomial for the heat capacity and with a constant dynamic viscosity and 

thermal conductivity, and in another simulation with tabulated data from IAPWS to 

determine if any difference can be seen in the result. The general settings done in 

the domain are shown in Table 9. 
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Table 9: Wall Condensation Model: Simulation setup for 2668 m/s turbulent flow with a non-
isothermal wall. 

Setting Value 

Inlet velocity [m s-1] 2668 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet static temperature [K] 3032.81 

Solid (bottom side) heat transfer coefficient [Wm-2K-1] 1 685 591 

Outside temperature (bottom side) [K] 305 

F 0.07743 

 
The solid and fluid domains are connected by the GGI mesh connection in ANSYS 

CFX. 

Results 

The temperature along the flat plate is shown in Figure 26 for simulations with and 

without condensation for an adiabatic temperature of the solid of 305 K and a heat 

transfer coefficient of 1 685 591. The result is shown for the specific heat capacity 

determined by the NASA polynomial, and a constant thermal conductivity and 

dynamic viscosity. 
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Figure 26: Temperature along the flat plate with and without condensation using the NASA 
polynomial EOS. 

The result shown in Figure 26 is surprising and was not expected. Recall the theory 

in Section 5.1.2 Surface condensation, the temperature of the flat plate when 

condensation is accounted for is expected to be above the temperature registered 

when no condensation occurs and below the saturation temperature.  

 

An extensive search for the cause was initiated and it was found that the expected 

behavior of the temperature along the flat plate was achieved by using tabulated data 

from IAPWS (real gas properties) to determine the properties of the water vapor. The 

temperature along the flat plate with and without condensation for simulations using 

the IAPWS table is shown in Figure 27.  
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Figure 27: Temperature along the flat plate with and without condensation using an IAPWS 
table for water vapour properties. 

The saturation temperature is shown in Figure 27, to illustrate that the wall 

temperature never rise above this temperature after condensation has ensued. It is 

deemed important to use real gas properties of the water vapour to ensure correct 

modelling of the release of heat in condensation.  
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Convergence of the solution does however become an issue as the grid is made 

finer.  The condensation mass fluxes for two simulations are shown in Figure 28. 

 

 
Figure 28: Condensation mass flux for two values of y+. 

The small fluctuations in the figure of the condensation mass flux indicate that the 

solution is not fully converged for the average y+ value of 1.5. It proved very time 

consuming to obtain a solution for y+ values below (approximately) 5. When running 

a simulation with a fine grid, a large step can be used initially for the flow to approach 

a converged state. Temperature monitor points in the domain show that the time step 

needs to be reduced as solution proceeds to avoid large jumps in the temperature, 

which cause large fluctuations of the condensation mass flux. 

As the grid size is refined even further to an average y+ below 1, convergence of the 

temperature becomes difficult to achieve along the flat plate. The temperature for a 

number of monitor points along the flat plate are shown as the iterations proceed in 

Figure 29. 
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Figure 29: Temperature as the iterations proceed for a very fine grid (target average y+ below 
1) 

The pressure distribution with a specified adiabatic temperature and wall heat 

coefficient is compared with and without condensation in Figure 30. 
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Figure 30: Pressure distribution along a flat plate at 2668 m/s with and without condensation. 
Non-isothermal flat plate. Free stream static temperature of 3032.81 K. 

It is shown in the figure that the pressure decreases as soon as condensation 

ensues, similarly as the result shown in Figure 16. In Figure 16 the pressure was 

lower along the entire plate. Condensation ensued immediately at the leading edge 

since the plate was isothermal below the saturation temperature.  

A comparison was done of the average y+ value along the flat plate with and without 

condensation for the same grids, to determine how the y+ was affected by 

condensation. The area average value of y+ for three grids, denoted as Grid 1, Grid 2 

and Grid 3, are compared in Table 10. 
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Table 10: Area average y+ with and without condensation 

 Grid 1 
Area average y+ 

Grid 2 
Area average y+ 

Grid 3 
Area average y+ 

No condensation 1.59 5.04 6.79 

Condensation enabled 1.51 4.93 6.81 

 

6.3.8 Conjugated analysis 

An additional flow domain is added to the computation, a cold fluid flow which serves 

to cool the condensing wall to a temperature where condensation can occur in the 

hot gas domain. 

 

The simulation setup thus consists of two separate flow domains, with heat transfer 

through the solid. The simulation setup is illustrated in Figure 31. The thickness of the 

solid is set to 0.0005 m and the material is chosen as steel. The material properties 

of steel used for the conjugated analysis are listed in Table 8. 

 

Figure 31: Overview of domain setup for the conjugated analysis. 
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Liquid hydrogen is chosen to obtain the desired cooling effect. Liquid hydrogen is not 

a default material in ANSYS CFX; instead, the material properties are generated as a 

TASCflow RGP file and imported into ANSYS CFX. 

The flow velocity of the liquid hydrogen is set to the somewhat arbitrary value of 160 

meters per second. To obtain a temperature in the vicinity of 340 K on the surface of 

the solid exposed to the hot flow, the temperature of the hydrogen need to be 

evaluated. The calculations for an example are shown in the appendix (see section 

10.2 Heat Transfer Coefficient Calculation). 

Simulation setup 

The k-ω Menter SST turbulence model is used to fully resolve the velocity and 

thermal boundary layer in the hot gas and in the cold fluid domain. The solid between 

the domains is again 0.0005m. The solid and fluid domains are connected by the 

GGI mesh connection in ANSYS CFX. The interface in the hot gas domain is set with 

an interface, no-slip wall and condensation wall boundary condition. The properties of 

the water vapour are described by tabulated values from IAPWS. The settings in the 

two flow domains are shown in Table 11 and Table 12. 

 

Table 11: Wall Condensation Model: Simulation setup for conjugated analysis. Hot gas side, 
2668 m/s turbulent flow. 

Setting Value 

Inlet velocity [m/s] 2668 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet static temperature [K] 3032.81 

F 0.07743 
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Table 12: Wall Condensation Model: Simulation setup for conjugated analysis. Cold fluid side, 
160 m/s turbulent flow 

Setting Value 

Inlet velocity [m s-1] 160 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 6 894 757 (1000 psi) 

Inlet static temperature [K] 230 

 

Results 

For the conjugated analysis, it was found advantageous to use version 14.5 of 

ANSYS CFX. This version allowed the use of two separate solutions as initial guess 

of the flow field (one guess for each fluid domain).  

Simulations were done with the cold domain separately with an isothermal wall to find 

which y+ value the wall heat transfer could be considered converged. The result 

showed that the wall heat transfer was converged for a y+ of approximately 30. 

A solution of the two domains with heat transfer through a solid was obtained for an 

average y+ of 2.5 in the hot gas domain, and an average y+ of 30 in the cold fluid 

domain. The condensation mass flux along the flat plate on the hot gas side in the 

free stream direction for an average y+ of approximately 2.5 is shown in Figure 32. 
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Figure 32: Condensation mass flux in the free stream direction along the flat plate on the hot 
gas side. 

The temperature along the flat plate was monitored with respect to temperature. The 

temperature was seen to fluctuate with decreasing grid size, requiring a lower time 

step as the calculations proceed to avoid fluctuations in the condensation mass flux. 

A converged solution for a y+ value below 1 was not achieved in this study. 

6.4 Equilibrium Phase Change Model 

The equilibrium phase change model in ANSYS CFX is used to model condensation 

by instantaneous phase change when saturation conditions occur for the water 

vapour in the flow. 

Simulation setup 

The equilibrium phase change model is investigated at a low velocity and a relatively 

low temperature. The general flow setup used for the equilibrium phase change 

model is shown in Table 13. 
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Table 13: Equilibrium phase change model simulation setup 

Setting Value 

Inlet velocity [m s-1] 1 

Reference pressure [Pa] 101 325 

Outlet relative average static pressure [Pa] 0 

Inlet total temperature [K] 373.15 

Flat plate constant temperature [K] 364.81 

F [-] 0 

 

The equilibrium phase change model does not allow simulation of multiple species; 

the mass fraction of water vapour that enters the domain is therefore set to 1.0. The 

k-ω Menter SST turbulence model is used to fully resolve the velocity and thermal 

boundary layers. 

Results 

A target value of y+ lower than 7 resulted in convergence problems which was 

resolved most efficiently by setting a local time scale factor for the energy equation. 

When using the local time scale option, a time scale is calculated from the local grid 

size and flow velocity. The local time scale factor is a multiplier to the calculated 

value (5 = default value).   

Lowering the initial grid size normal to the wall below a certain value was found by 

examining converged solutions, to increase the measured y+ value.  

The increase of the measured y+ value was found to be caused by an increase of 

condensate at the wall with decreasing grid size. With an increased amount of 

condensate, the local density and in turn the value of y+ increases. The increase of 

y+ that follows from an increase of the density can be deduced from Equation 11, 

repeated again here below. 

 

𝑦+ = 𝑦
  𝜌𝜏𝑤

𝜇
 (11) 
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The area average y+ on the condensation wall and the increase of the average mass 

fraction of condensate at the outlet boundary is shown in Table 14 for different initial 

layer heights of the computational grid. 

 

Table 14: Mass fraction of condensate for different grid sizes 

First layer height [m] y+ 
Area average liquid H2O mass  

fraction across the outlet [-] 

0.00186 2.2 0.00365 

0.00149 2.1 0.00488 

0.00112 2.2 0.00688 

0.00074 2.6 0.01106 

A graph of the average mass fraction of water vapour at the outlet for different 

heights of the first computational grid cell is shown in Figure 33. The convergence of 

the solution becomes an issue as the initial layer height is decreased further. Judging 

from Figure 33, the solution does not appear to be converging with reducing grid size. 

 

Figure 33: Average mass fractions H2O at the outlet for first layer heights. 

Figure 34 and Figure 35 show the liquid water mass fraction in the domain for two 

different initial cell heights, with Figure 35 showing the mass fraction for a smaller 

initial cell height than Figure 34. 
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Figure 34: Liquid H2O mass fraction with for an initial cell height of 0.00186 m. 

 

 

Figure 35: Liquid H2O mass fraction with for an initial cell height of 0.00074 m. 

 The layer of condensate is visibly increased in height as the grid size is reduced. 

 

6.5 The Droplet Condensation Model 

The small droplets phase change model and the thermal phase change model are 

investigated separately. 

 

The droplet condensation model cannot be run as a multi-component flow; the 

simulations with the droplet condensation model are therefore done with only water 

vapour in the domain.  
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6.5.1 Small droplets phase change model 

Isothermal wall - 100 m/s, turbulent flow at 373.15 K 

Simulation setup 

The k-ω Menter SST turbulence model is used to fully resolve the velocity and 

thermal boundary layers. The general domain settings are shown in Table 15. 

 

Table 15: Simulation setup using the small droplets phase change and heat transfer model for 
turbulent flow at 100 m/s and 373.15 K 

Setting Value 

Inlet velocity [m s-1] 100 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet total temperature [K] 373.15 

Flat plate temperature [K] 340 

F [-] 0 

 

The flow field is set up as homogeneous, which is a valid assumption when the small 

droplets phase change model is used, as the model assumes very small droplets 

(below 1 µm) in the flow. 

Results 

It proved difficult to achieve convergence with the small droplets phase change 

model for the simulation setup described in Table 15. A solution can be obtained if 

nucleation is not considered in the domain; however, this affects the result in terms of 

not capturing important physics in the flow. A comparison is done of the wall heat flux 

without condensation, and with the droplet condensation model without nucleation in 

Figure 36. 

 



75 
 

 

Figure 36: Wall heat flux along the flat plate without condensation and with the small droplets 
phase change model without nucleation at 100 m/s and a static temperature of 373.15 K. Flat 

plate temperature: 340K. 

 

The difference in the wall heat flux is shown to be negligible. The integral wall heat 

flux along the wall differs by less than 0.1% for the two simulations. 

 

If no nucleation model is chosen, the droplet number in the solution is zero. When the 

droplet number is zero, the droplet radius cannot be calculated and subsequently, 

neither can the mass transfer to the droplets. If a nucleation model has not been 

selected, the solution should thus not differ much from a simulation run without the 

droplet condensation model. 

 
  



76 
 

Non-isothermal wall - 100 m/s, turbulent flow at 3032.81 K 

Simulation setup 

The small droplets phase change and heat transfer model are investigated with a 

non-isothermal wall for the simulation setup described in Table 16.   

 

Table 16: Simulation setup using the small droplets phase change and heat transfer model for 
turbulent flow at 100 m/s and 3032.81 K 

Setting Value 

Inlet velocity [m s-1] 100 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet total temperature [K] 3032.81 

Solid (bottom side) heat transfer coefficient [Wm-2K-1] 11911 

Outside temperature (bottom side) [K] 305 

F [-] 0 

 

The homogeneous nucleation model was used, and the flow field is set to be 

homogeneous. The k-ω Menter SST turbulence model is used. 

Results 

Homogeneous nucleation could now be enabled, and the effect of nucleation can be 

shown. The validity of the results from this simulation will be discussed in Section 7 

Discussion and Conclusions. 

 

The setup described by Table 16 is run without any condensation model and with the 

small droplets phase change and heat transfer model to see how the temperature 

along the flat plate is affected. The temperature along the surface of the flat plate, 

from the leading edge to the trailing edge, is shown in Figure 37.  
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Figure 37: Temperature along a flat plate at 100 m/s using the small droplets phase change 
model. The free stream has a static temperature of 3032.81 K. 

It is shown in Figure 37 that for the investigated setup, there is no apparent change in 

the wall temperature. In fact, the average temperature along the flat plate differs with 

less than 0.05%. Convergence was an issue with condensation enabled for very low 

grid sizes, however the solution was considered converged with respect to 

temperature. The convergence of the temperature was assessed by monitoring the 

temperature in the domain with “monitor points”. 

The number of droplets increases near the flat plate where the water vapour is at or 

below the saturation temperature of the water vapour. A thin layer of condensate 

forms near the surface, as illustrated for a small section of the flat plate in Figure 38. 
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Figure 38: The number of droplets in the domain adjacent to the flat plate. 

The layer with droplets is shown in Figure 38 to have a thickness of approximately 3 

µm. The number of droplets does not appear to affect the wall temperature to any 

considerable degree.  
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6.5.2 Thermal Phase Change Model 

Simulation setup 

The thermal phase change model is investigated for the setup described in Table 17. 

 

Table 17: Simulation setup using the thermal phase change model. 

Setting Value 

Inlet velocity [m s-1] 100 

Reference pressure [Pa] 0 

Outlet relative average static pressure [Pa] 101 325 

Inlet total temperature [K] 373.15 

Solid (bottom side) heat transfer coefficient [Wm-2K-1] 526 

Outside temperature (bottom side) [K] 305 

F [-] 0 

 

The flow field is considered inhomogeneous and the homogeneous nucleation model 

is enabled. The k-ω Menter SST turbulence model is used. The material properties of 

water vapour are described by tabulated values from IAPWS. 

Results 

The thermal phase change model with homogeneous nucleation is found to be 

difficult to obtain a converged solution for wall condensation. If the homogeneous 

nucleation is disabled, results can be obtained but the validity with respect to 

capturing the effect of condensation can be questioned. The droplet number remains 

at zero throughout in the domain (see Figure 36 for a comparison of the wall heat 

flux with the small droplets phase change model without nucleation and a simulation 

with no condensation). 

 

Several additional flow setups with lower velocity and higher free stream temperature 

were attempted. However, convergence could not be achieved with the nucleation 

model enabled for a flow with a near-wall temperature gradient. 
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6.6 Euler-Euler multiphase models with condensation  

6.6.1 Simulation Setup 

The Eulerial multiphase model with condensation and the Eulerian wall film model 

enabled was investigated using a flat plate. A 2D model cannot be used with the 

Eulerian wall film model; therefore a 3D computational domain was used. The 

domain was a cube with dimensions 2x2x2 m. One of the walls of the cube was set 

as an isothermal wall at 340 K. The k-ω Menter SST turbulence model was used, 

with the velocity and temperature of the domain varied at a constant static pressure 

corresponding to 1 atmosphere. 

Setting Value 

Inlet velocity [m s-1] Varied 

Reference pressure [Pa] 101 325 

Inlet relative static pressure [Pa] 0 

Inlet static temperature [K] Varied 

Flat plate temperature [K] 340 

F [-] 0.05 

The mass fraction of water vapour was set to 0.95 in the free stream, with mass 

fractions 0.02 and 0.03 of oxygen and nitrogen respectively as non-condensable 

gases. 

The velocity was varied between 1 and 100 m/s, and the static temperature in the 

free stream was varied between 373.15 K and 3030 K. The objective was to obtain 

knowledge on how to set-up this model and obtain convergence. 
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6.6.2 Results 

Convergence did not pose an issue with the Eulerian multiphase model for the 

investigated setup. The Eulerian wall film model initially diverged for the high 

temperature simulations; a few suggestions on how to remedy this problem are given 

below. 

 Run a simulation with the Eulerian wall film disabled to obtain the distribution 

of condensate in the free stream. 

 Active the Eulerian wall film model and run a simulation without solving the 

momentum and energy equation for the liquid film. Use this solution file as 

initial guess with the momentum and energy equation enabled. 

 Enable adaptive time stepping for the Eularian wall film model. 

 In this investigation, divergence was avoided by reducing the under-relaxation 

factor of the energy-equation from the default value (= 1) to 0.5. 
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7 DISCUSSION AND CONCLUSIONS 

7.1 The Wall Condensation Model 

The wall condensation model in ANSYS CFX shows great potential in modelling wall 

condensation in the presence of non-condensable gases. The model works well for 

high temperatures, high velocities and Mach numbers above 1. The limiting factor is 

convergence for very fine grids, which are needed to obtain a grid independent wall 

heat flux. 

 

With respect to convergence it is recommended to perform a run with zero mass flux 

set for the condensation boundary (i.e. no wall condensation occur). This simulation 

establishes the flow field and gives good convergence behaviour when used as an 

initial guess with condensation enabled. Wall condensation along a flat plate results 

in a lower static pressure compared to a simulation without condensation. Since the 

flow field change when condensation is enabled, it is recommended to initially run a 

simulation with a y+ greater than 30 with wall condensation and use this solution as 

initial guess for the flow field for a finer grid. It has been found advantageous to 

decrease the target y+ gradually, always using the previous solution as the initial 

guess.  

 

The time step required to obtain a converged solution for the complex flow setups 

with the wall condensation model was for very fine grids found to be on the order of 

103 times smaller compared to the same flow with no condensation. The most likely 

cause was unphysical behaviour when wall condensation occurred using the NASA 

polynomial to determine the water vapour heat capacity, and using a constant 

viscosity and thermal conductivity. The unphysical results with respect to temperature 

experienced when using the NASA-polynomial were avoided when real gas 

properties were used to define the properties of the water vapour. 

 

A higher time step was allowed without divergence of the solution when tabulated 

values from IAPWS were used to define the water vapour properties. However, even 

though a higher time step can be used without divergence of the solution, a smaller 

time step is needed as the calculations progress.  Points in the domain which monitor 
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the temperature are often useful to determine when the solution is converged, other 

than the residuals which might stagnate even though the temperature field has not 

settled. A converged solution with y+ below 1 was not achieved for a high velocity 

flow at higher temperature when using a non-isothermal wall to induce condensation, 

since fluctuations of the temperature occurred for very fine grids (see Figure 29). 

 

When using the wall condensation model, it was found to be advantageous to set a 

non-condensable mass fraction of at least 1%. The difficulty of obtaining 

convergence with decreasing amount of non-condensable is deemed to have its 

origin in the build-up of non-condensable gases at the boundary. The thickness of the 

layer of non-condensable at the boundary decrease and the gradient is more difficult 

to resolve. 

As the grid is made finer when using the wall condensation model in ANSYS CFX, 

the temperature can start to oscillate or change rapidly, requiring a smaller time step. 

In such a case, it can be advantageous to lower the temperature damping under 

relaxation factor to enable the use of a higher time step. As the time step is 

increased, the flow field in the domain is replaced in a much fewer number of 

iterations. The under relaxation factor is by default set to 0.2 and is defined by adding 

the following lines using a CCL-file. 

 
SOLVER CONTROL: 
       TEMPERATURE DAMPING: 
              Option = Temperature Damping 
              Temperature Damping Limit = 0.0 [K] 
              Under Relaxation Factor = 0.2 
       END 
END 

7.2 The Equilibrium Phase Change Model 

The equilibrium phase change model in ANSYS CFX was shown to produce 

unphysical results when condensation occurred in near-wall regions. The 

condensation rate in the domain was increased when the computational grid was 

refined. Convergence of the solution became an issue for very fine grids and 

removed the possibility finding a grid-independent condensation rate near the wall. 
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7.3 The Droplet Condensation Model 

The droplet condensation model only allows simulation of single component flow, to 

still be able to model a mixture of gases; a user-defined material could be used. 

 

To improve convergence of the droplet condensation model, it is appropriate to first 

run a simulation without a nucleation model, and use that solution to initiate a 

simulation with nucleation enabled (CFX Solver Modeling Guide Release 14.0, 2011). 

Furthermore, it is advantageous to obtain a solution using a coarse computational 

grid and use this solution as an initial guess for computations on much finer grids. 

 

For capturing the effect of condensation on the wall heat flux or temperature along a 

flat plate, the droplet condensation model with homogeneous nucleation was not 

deemed appropriate. Using a user-defined surface nucleation model instead of the 

homogeneous nucleation model could make this modelling option viable. 

 

It was not concluded by this study, but it is suspected that for very high velocity flow, 

the flow should be modelled as inhomogeneous. Since this modelling option does not 

assume equilibrium of temperature and velocity between the droplets and the 

continuous phase.  

 

A general recommendation for the droplet condensation model was found in a 

deeper study of the droplet condensation model: The temperature at the inlet and 

outlet boundaries should be close (± 5 K) to the saturation temperature (CFX Solver 

Modeling Guide Release 14.0, 2011). Non-physical mass transfer rates will otherwise 

cause divergence of the solution. 

 

Divergence of the solution did not occur for the high temperature (3032.81 K) flow 

investigated with the droplet condensation model in this report. However, non-

physical mass transfer rates could still be present. The recommendation by ANSYS 

that the inlet and outlet boundary should be close the saturation temperature is likely 

to exclude this option for condensation modelling in high temperature flows, 

depending on the static pressure in the flow. 

 



85 
 

8 FUTURE WORK 

The wall condensation model in ANSYS CFX shows great potential for modelling wall 

condensation in high velocity flows at high temperature. The model is recommended 

for further investigation to find appropriate settings to obtain a converged solution for 

very fine grids. 

 

It is recommended to evaluate the wall condensation model in ANSYS CFX with 

experimental results obtained in reference (Boccaletto, Appolloni, & Schonenborg, 

2010). The reference describes an experimental setup where ethylene is accelerated 

to supersonic velocities in a quasi-2D nozzle and condensate along the nozzle walls. 

The reduced complexity of the experiment compared to a hot gas flow with 

combustion makes it appropriate to use for validation of computational tools for 

condensation modelling. A drawback with this experiment is that due to a limited 

supply of ethylene, a stable flow is not fully obtained. A small discrepancy can thus 

be expected when comparing a steady flow simulation with the experiment. A 

comparison could be done with a transient simulation where the start-up sequence is 

included. 

 

The droplet condensation model with a user-defined surface nucleation model is 

recommended for future study. This option needs to be evaluated to determine if it 

can be used to capture the effect of wall condensation with very fine grids more 

efficiently than the wall condensation model. 

 

If the wall condensation model in ANSYS CFX would prove inadequate, an approach 

with fewer simplifications of the physics involved is recommended. ANSYS Fluent 

has an approach to wall condensation modelling which is more detailed than the wall 

condensation model in ANSYS CFX, namely an Euler-Euler multiphase model with 

condensation and the Eulerian wall film model enabled (see Section 5.3.2 Euler-

Euler multiphase models with condensation). The increased accuracy of the solution 

is done at the expense of complexity and computational power required to perform 

the calculations. 
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Another area which can be the target of future investigation is a chemically reacting 

flow with materials defined with real gas properties. This was attempted for a simple 

flow setup with no condensation in this thesis, but was not achieved.  
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10 APPENDIX 

10.1 Saturation Temperature Calculation in Matlab 

function [Ts] = IAPWS_sattemp(p_sat) 
%--------------------------------------------------------- 
%Equations obtained from: 
%The international association for the properties of water and steam 
%Revised release on the IAPWS industrial formulation 1997 
%for the thermodynamic properties of water and steam 
%--------------------------------------------------------- 
Tstar=1; %[K] 
pstar=1e6; %[Pa] 
 
if p_sat < 611.213 | p_sat > 22.064e6 
    sprintf('Static pressure outside the region where saturation can occur.') 
    Ts = NaN; 
    return     
end 
 
%Tabulated values from Table 34 in the reference 
n(1)=0.11670521452767e4; 
n(2)=-0.72421316703206e6; 
n(3)=-0.17073846940092e2; 
n(4)=0.12020824702470e5; 
n(5)=-0.32325550322333e7; 
n(6)=0.14915108613530e2; 
n(7)=-0.48232657361591e4; 
n(8)=0.40511340542057e6; 
n(9)=-0.23855557567849; 
n(10)=0.65017534844798e3; 
 
beta=(p_sat/pstar)^(1/4); 
 
E=beta^2+n(3)*beta+n(6); 
F=n(1)*beta^2+n(4)*beta+n(7); 
G=n(2)*beta^2+n(5)*beta+n(8); 
 
D=2*G/(-F-sqrt(F^2-4*E*G)); 
 
Ts=Tstar*(n(10)+D-sqrt((n(10)+D)^2-4*(n(9)+n(10)*D)))/2; %Eq. 31 in the reference 

 

  



90 
 

10.2 Heat Transfer Coefficient Calculation 

10.2.1 Hot gas side 

The heat flux at the boundary from the hot gas domain (subscript g) to the solid, in 

the solid and at the boundary to the cold fluid domain (subscript c) is conserved and 

can be calculated as shown in Equation 15. 

 

𝑞 = 𝑐 𝑇𝑎𝑤 ,𝑐 − 𝑇𝑤 ,𝑐 =
𝑘

𝑡
 𝑇𝑤 ,𝑔 − 𝑇𝑤 ,𝑐 = 𝑔 𝑇𝑎𝑤 ,𝑔 − 𝑇𝑤 ,𝑔  (15)  

Where q is the wall heat flux, h is the heat transfer coefficient, k is the thermal 

conductivity, t is the thickness of the solid between the two domains, Tw is the wall 

temperature and Taw is the adiabatic wall temperature. 

 

To calculate the heat transfer coefficient on the hot gas side, the adiabatic wall 

temperature is needed. The adiabatic wall temperature can be estimated by Equation 

13. 

 

𝑇𝑎𝑤 ,𝑔 = 𝑇𝑠,𝑔 + 𝑟 𝑇0,𝑔 − 𝑇𝑠,𝑔  (16)  

Where Ts is the static temperature in the flow and r is the recovery factor. The static 

and total temperatures in the flow are obtained from a converged solution of the hot 

gas domain.  The recovery factor is for turbulent flow (Schlichting, 1979) estimated as 

 

𝑟 =  𝑃𝑟1/3 (17)  

The average wall heat flux and Prandtl number were obtained from a converged 

solution with the parameters listed above. The Prandtl number can be interpreted as 

the momentum diffusivity to thermal diffusivity ratio and is calculated as shown in 

Equation 18. 

 

𝑃𝑟 =  
𝑐𝑝𝜇

𝑘
 (18)  

The heat transfer coefficient can now be calculated as shown in Equation 19. 

 
𝑔 =

𝑞

𝑇𝑎𝑤 ,𝑔 − 𝑇𝑤 ,𝑔
 (19)  
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10.2.2 Cold fluid side 

A simulation is set-up with the cold fluid domain and the solid (no hot gas domain) 

where the adiabatic wall temperature and heat transfer coefficient of the hot gas side 

are specified as boundary condition. 

 

The adiabatic wall temperature on the cold fluid side is approximated as the total 

temperature in the cold fluid domain, a good approximation if the velocity is low. The 

heat transfer coefficient on the gold gas side can be calculated as 

 
𝑐 =

𝑞

𝑇0,𝑐 − 𝑇𝑤 ,𝑠
 (20)  

where T0 is the total temperature. A simulation is run of the cold fluid domain with an 

appropriate inlet temperature and a low velocity. For the purpose of the calculation in 

this thesis, the velocity is set to 160 m/s. The heat transfer coefficient on the cold fluid 

side can be calculated from measured total temperature of the fluid, the average wall 

temperature and the wall heat flux. The solution used for this calculation needs to be 

converged with respect to the wall heat flux.  

 

The wall temperature on the cold fluid side can be calculated from Equation 21. 

 

𝑇𝑤 ,𝑐 = 𝑇𝑤 ,𝑔 −
𝑞 𝑡

𝑘
 (21)  

With a value of the wall heat flux coefficient and the wall temperature on the cold fluid 

side known, the total temperature in the fluid domain can be calculated as shown in 

Equation 22. 

 
𝑇0,𝑐 =

𝑞

𝑐
+ 𝑇𝑤 ,𝑐  (22)  
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10.3  Analytical solution Matlab code 

clear 
clc 
close all 
%---------- 
 
%Load tables for saturation pressure at different temperatures from RGP 
load('waterprop.mat') 
load('data.mat') 
 
cfx_simx=condensation_mass_flux_v05_001(:,1); 
cfx_simy=condensation_mass_flux_v05_001(:,2); 
 
h2o_pressure=waterprop(1,:); 
h2o_temp=waterprop(2,:); 
 
%Tabulated data from (E. M. Sparrow, 1967) 
F_table=[0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.60 0.70 1.0 1.5 2.0 3.0 4.0 5.0 6.0 10.0]; 
Rlarge_table=[0.013358 0.036827 0.066008 0.099244 0.13556 0.17431 0.21501 0.25733 0.30098 0.34575 0.43799 0.53298 
0.82825 1.3360 1.8495 2.8759 3.8967 4.9125 5.9244 9.9518]; 
Wratio_table=[0.95073 0.90510 0.86273 0.82332 0.78658 0.75225 0.72013 0.69002 0.66175 0.63517 0.58654 0.54321 
0.43803 0.31857 0.24075 0.14927 0.10047 0.07173 0.05322 0.02161]; 
 
%tabulated data obtained from "Fundamentals of Heat and Mass Transfer", 
%Third edition, Frank P. Incropera, David P. De Witt 
Temp_table=[273.15; 290; 315; 340; 365; 385]; 
Pr_water_table=[12.99; 7.56; 4.16; 2.66; 1.91; 1.53]; 
Cp_water_table=[4217; 4184; 4179; 4188; 4209; 4232]; 
rho_water_table=[1000/1; 1000/1.001; 1000/1.009; 1000/1.021; 1000/1.038; 1000/1.053]; 
mu_water_table=[1750e-6; 1080e-6; 631e-6; 420e-6; 306e-6; 248e-6]; 
h_fg_table=[2502e3; 2461e3; 2402e3; 2342e3; 2278e3; 2225e3]; 
 
rho_vapor_temp=[380 400 450 500]; 
rho_vapor_table=[0.5863 0.5542 0.4902 0.4405]; 
 
Temp_air_table=[250; 300; 350; 400; 450]; 
rho_air_table=[1.3947; 1.1614; 0.9950; 0.8711; 0.7740]; 
 
T_inf=373.15; %free stream temperature 
T_w=364.81; %wall temperature 
W=0.05; %Mass fraction of the non-condensable component 
 
p_v=interp1(h2o_temp,h2o_pressure,T_inf); %saturation pressure at T_inf (from RGP) 
M_v=18.01528; %g/mol, Molecular mass for water 
M_g=28.97; %g/mol, Molecular mass for air 
 
p=p_v*(1-W*(1-M_v/M_g))/(1-W); %Eq. 35 from article 
 
T_i=(T_w+T_inf)/2 %Trial value of interface temperature T_i 
 
for index=1:15 
    p_i=interp1(h2o_temp,h2o_pressure,T_i); %saturaion pressure at T_i (from RPG) 
    W_i=(1-p_i/p)/(1-(p_i/p)*(1-M_v/M_g)); 
     
    %interpolate values at the interface temperature 
    rho_water=interp1(Temp_table,rho_water_table,T_i); 
    mu_water=interp1(Temp_table,mu_water_table,T_i); 
 
    rho_interface=0.5879; %obtained from CAE 
    mu_interface=0.000014009; %obtained from CAE 
     
    mu=1.2901e-5; %obtained from CAE 
     
    R=sqrt((rho_water*mu_water)/(rho_interface*mu_interface)); 
    Pr=interp1(Temp_table,Pr_water_table,T_i); %Pr for water 
    Cp=interp1(Temp_table,Cp_water_table,T_i); %Cp for water 
    h_fg=interp1(Temp_table,h_fg_table,T_i); %latent heat 
 
    sum=R*Cp*(T_i-T_w)/(h_fg*Pr); 
    Wratio=interp1(Rlarge_table,Wratio_table,sum); 
    W_i=W/Wratio; 
    p_i=p*(1-W_i)/(1-W_i*(1-M_v/M_g)); 
    T_i=interp1(h2o_pressure,h2o_temp,p_i); 
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    if index>1 
        disp([index T_i abs(T_i_old-T_i)/T_i*100]) 
    end 
     
    T_i_old=T_i; 
end 
 
F=interp1(Wratio_table,F_table,W/W_i) 
 
rho=0.59776; %obtained from CFD solution 
 
Uinf=1; 
index=0; 
for x=0.01:0.01:1 
    index=index+1; 
    xcoord(index)=x; 
    massflux(index)=0.5*sqrt(rho*mu*Uinf/x)*F; 
end 
 
figure(1) 
loglog(xcoord,massflux,cfx_simx,abs(cfx_simy),'LineWidth',3); 
axis([10^-2 1 10^-3 10^-1]) 
title('Flat plate 1 ms^{-1}: W=0.05') 
xlabel('Distance downstream [m]') 
ylabel('Condensation mass flux [kg m^{-2} s^{-1}]') 
legend('Analytical solution','CFX: Wall Condensation Model',1) 
 
figure(2) 
plot(xcoord,massflux,cfx_simx,abs(cfx_simy),'r--','LineWidth',3); 
axis([10^-2 1 10^-3 0.05]) 
title('Flat plate 1 ms^{-1}: W=0.05') 
xlabel('Distance downstream [m]') 
ylabel('Condensation mass flux [kg m^{-2} s^{-1}]') 
legend('Analytical solution','CFX: Wall Condensation Model',1) 
 
figure(3) 
plot(xcoord,abs(100-100*interp1(cfx_simx,abs(cfx_simy),xcoord)./massflux),'LineWidth',3); 
title('Flat plate 1 ms^{-1}: W=0.05') 
xlabel('Distance downstream [m]') 
ylabel('Difference in %, analytical and sim') 
grid on 
 
figure(4) 
semilogy(xcoord,massflux,cfx_simx,abs(cfx_simy),'LineWidth',3); 
axis([10^-2 1 10^-3 10^-1]) 
title('Flat plate 1 ms^{-1}: W=0.05') 
xlabel('Distance downstream [m]') 
ylabel('Condensation mass flux [kg m^{-2} s^{-1}]') 
legend('Analytical solution','CFX: Wall Condensation Model',1) 
 
figure(5) 
plot(xcoord,massflux,'r--','LineWidth',3); 
axis([10^-2 1 10^-3 0.05]) 
title('Flat plate 1 ms^{-1}: W=0.05') 
xlabel('Distance downstream [m]') 
ylabel('Condensation mass flux [kg m^{-2} s^{-1}]') 
legend('Analytical solution',1) 


