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ABSTRACT 
In steam turbines, insight into the aero-thermal 

interactions within the complex transient 3D multi-phase 

flow must be gained for effective optimization. This goal can 

be achieved by means of efficient and fast computational 

techniques capable of accounting for the appearing 

challenging phenomena like real gas effects and non-

equilibrium condensation. To this aim, we present a density-

based CFD solver library for condensing wet-steam flows 

implemented in the OpenFOAM CFD framework. 

The multi-phase flow is solved by means of two efficient 

mono-dispersed Euler-Euler models. Here, the numerical 

fluxes are computed by the AUSM+ scheme with a 2nd order 

MUSCL reconstruction. For the presented steady state 

calculations, an explicit local time stepping with a 4th order 

Runge-Kutta scheme is used. 

The non-equilibrium condensation effects are modeled 

based on the classical theory of droplet nucleation and 

droplet growth. For highly efficient and accurate 

computations, the thermodynamic properties of steam and 

water are obtained by means of the Spline Based Table 

Lookup (SBTL) method. This tabulation approach is 

optimized for the presented density-based solution methods 

and the potential is revealed comparing to Young's virial 

state equation. Surface tension, molecular viscosity and 

thermal conductivity coefficient are computed based on the 

IAPWS formulation. 

Quasi 3D (q3D) results of the Euler equations are shown 

for three different Laval-nozzle testcases compared to 

measurements. The computational speed of the different 

models and state equations is evaluated, where the source-

term model in combination with SBTL shows best 

performance. On this basis, further laminar and turbulent 

q3D and 3D results are presented for the Moore nozzle 

testcase B. Here, the agreement between numerical 

predictions and experiments is improved, because the 

calculations do account for boundary layer effects which are 

present in the experimental configuration. These 

developments represent the first steps towards high 

performance, high-fidelity simulations of condensing steam 

flows in low pressure turbines by means of large eddy 

simulations. 

INTRODUCTION 
Steam turbines play a central role in industrial processes 

as well as for power production, especially in the context of 

green processes like, e.g., concentrated solar power plants. 

The low-pressure stages are of particular interest as the 

largest portion of power along the machine is transformed 

here, while additional losses occur due to condensation and 

the resulting presence of a second, liquid phase. Because of 

high velocities and expansion rates, the phase-change occurs 

in non-equilibrium metastable conditions, as an energy-

barrier to form liquid droplets in the flow must be overcome. 

Although the modeling of non-equilibrium condensing 

steam flow has been ongoing for several decades [1], the 

recent International Wet Steam Modelling Project [2] 

reviewing the ability of modern computational methods to 

predict condensing steam flows has revealed that yet no 

common modeling standard has emerged; various numerical 

approaches produce a wide spread of results and it is 

currently not possible to achieve reasonable agreement with 

experimental data for the entire range of available test cases 

[2]. The numerical treatment of spontaneous condensation is 

a complicated undertaking, exceptionally sensitive to small 

changes in various parameters. 

In this context, we present a density-based CFD solver 

library in the OpenFOAM CFD framework [3] for 

generalized thermodynamics and its application to 

condensing wet-steam flows. A distinguishing feature of 

OpenFOAM is the underlying data structure, enabling 

researchers to rapidly develop new solution methods, which 

can easily incorporate existing implementations such as, e.g., 

turbulence models, combustion models or radiation models. 

Due to the parallelization and the use of unstructured grids, 
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high-performance calculations of realistic geometries can be 

dealt with relatively easily (linear scalability up to 1000 

cores, if at least approximately 50k cells remain on one core 

[4]). 

OpenFOAM originated from pressure-based segregated 

velocity-pressure correction methods like SIMPLE [5] or 

PISO [6] devised originally for the incompressible Navier-

Stokes equations. These segregated pressure-based solution 

methods have been later extended to compressible flows, 

however, their efficiency and accuracy is in the case of high 

speed flows usually worse compared to density-based 

coupled methods [7]. 

So far, the only density-based solver in the official 

version of OpenFOAM is rhoCentralFoam based on the 

central-upwind scheme of Kurganov and Tadmor [8]. 

Another popular density-based solver library is 

densityBasedTurbo [9] in the extended version 1.6 of 

OpenFOAM, containing the well-known Flux Vector 

Splitting approaches AUSM+ [10] and AUSM+-up [11] and 

the Godunov-type schemes Roe [12] and HLLC [13], 

combined with an explicit Runge-Kutta time-integration 

scheme (similar capabilities are also contained in the 

AeroFOAM package [7]). The densityBasedTurbo solvers 

have been employed to simulate turbomachinery 

configurations [4], [14] with an accuracy comparable to 

commercial codes. In the literature, further extensions of the 

library for all-speed flows [15]–[17] and implicit methods 

[7], [18] are described. Based on that, the density-based 

solver dbnsFoam and dbnsTurbFoam were added to the 

extended version of OpenFOAM starting with version 3.1. 

To utilize the densityBasedTurbo library for wet-steam 

calculations, the structure is extended to account for real gas 

properties (gas models, numerical flux calculation, boundary 

treatment, update process), as all parts of the original library 

are implemented based on the classical assumption of ideal 

gas behavior, by the treatment of the dispersed phase and by 

the calculation of condensation properties. For brevity, 

architectural implementation details are omitted in this paper. 

Two different mono-dispersed Euler-Euler models are 

presented. The numerical fluxes are in both cases computed 

by the AUSM+ [10] scheme. For the wet steam calculations, 

two different equations of states are implemented (SBTL 

[19] and Young’s virial state equation [20]). The long-term 

goal is an optimized implementation in OpenFOAM extend 

with additional numerical schemes and proper testing. 

MATHEMATICAL MODEL 
During the expansion of pure steam through a steam 

turbine, condensation does not commence as soon as the 

saturation line is crossed. With no solid surfaces present in 

the core of the flow to promote the condensation (nucleation 

promoters), a free-energy barrier to form a vast number of 

extremely small liquid droplets must be overcome and the 

steam becomes supersaturated (or subcooled). The 

metastable state is subsequently reversed to an equilibrium 

state via the formation and growth of liquid droplets. This 

process is termed homogeneous nucleation [21], [22]. 

Heterogeneous droplet formation on foreign particles or 

surfaces is also present in the flow, but the required number 

of droplets for a return to equilibrium conditions is only 

obtained through homogeneous nucleation [1]. 

Thus, to describe a non-equilibrium condensing 

transonic steam flow, the “classical” governing equations of 

a single-phase gas flow must be extended to account for the 

appearing liquid phase and generalized thermodynamic 

expressions for the state equations, including the occurring 

metastable and liquid states. 

The classical approach of coupling the Eulerian gas-

phase calculation with an explicit droplet integration in a 

Lagrangian frame of reference suffers when scaling to large 

configurations, because an efficient parallelization is hard to 

achieve [1]. Therefore, development has begun to focus on 

Euler-Euler calculations, where the most general two-fluid 

model, in the context of condensing wet-steam calculations, 

is often further simplified to source-term and even to mixture 

models [23]. Here, the most common approach for modeling 

the droplet size distribution is to assume a single, mean 

droplet size (i.e. mono-dispersed) [2], which provides 

satisfactory results for straightforward nucleating expansions 

with a single nucleation event [24]. All considered testcases 

in this work are of this kind. More sophisticated approaches, 

described e.g. in [24], will be subject of future research. 

In the following sections, mono-dispersed source-term 

and mixture model are presented and compared. The 

equations describing the liquid phase are simplified by means 

of several assumptions specific for the considered 

condensing steam flows: 

• Only homogeneous condensation is taken into 

account, 

• Both phases are at the same pressure 𝑝 ≃ 𝑝𝑔 ≃ 𝑝𝑓, 

• The appearing droplets are so small that they travel 

at the vapor’s velocity, thus only one momentum 

equation must be solved, 

• Droplets do not appear at high mass fractions, 

therefore the volume occupied by the liquid can be 

neglected and 

• The droplet distribution can be adequately 

represented by an equivalent mono-dispersion of a 

mean size. 

Applying these assumptions results in a system of 

equations for vapor phase or mixture density, momentum and 

total energy with two additional transport equations for liquid 

phase mass fraction 𝛼 (wetness) and droplet number per unit 

mass 𝑁: 

𝜕𝑡𝑤 + div𝐹 = 𝑠, (1) 

with the vector of conservative variables 

𝑤(𝑥, 𝑡) ≔ (𝜌, 𝜌𝑢, 𝜌𝐸, 𝜌𝛼, 𝜌𝑁) , (2) 

and the advective fluxes (diffusive fluxes are not shown here 

for brevity) 

𝐹 ≔ (𝜌𝑢, 𝜌𝑢 ⊗ 𝑢 + 𝑝𝐼, 𝜌𝑢𝐻, 𝜌𝑢𝛼, 𝜌𝑢𝑁), (3) 

where 𝐼 denotes the identity tensor and 𝑠 the source-term. 

The coupling of gas or mixture phase with the liquid phase is 
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model-dependent and will be described in the following 

subsections. Assuming spherical droplets with 𝑚𝑝 =
4 3⁄ πρf𝑟

3, in combination with a cell-averaged droplet mass 

�̅�𝑝 ≃ 𝛼 𝑁⁄ , allows to compute an average droplet radius 

�̅� = (
3𝛼

4𝜌𝑓𝜋𝑁
)

1
3

 . (4) 

Mixture Model (MM) 
The Mixture model is the most common model found in 

literature and is also most often employed within [2]. Here, 

system (1) is formulated in terms of mixture quantities and 

the coupling of both phases is realized solely based on their 

definitions 

1

𝜌
=

1 − 𝛼

𝜌𝑔

+
𝛼

𝜌𝑓

 (5) 

𝑒 = (1 − 𝛼)𝑒𝑔 + 𝛼𝑒𝑓. (6) 

Neglecting the volume occupied by the condensed liquid 

droplets, the gas density is given directly by 

𝜌𝑔 ≃ (1 − 𝛼)𝜌, (7) 

and the mixture pressure 𝑝 = 𝑝(𝜌, 𝑒, 𝛼) can be iterated from 

0 = 𝑒 − (1 − 𝛼)𝑒𝑔(𝜌𝑔, 𝑝) − 𝛼𝑒𝑓(𝑇𝑠(𝑝), 𝑝). (8) 

Appropriate source terms are only introduced in the 

wetness and droplet number equations 

𝑠 ≔ (0, 0, 0, �̇�𝑐 , 𝐽). (9) 

The nucleation rate 𝐽 per unit volume of mixture is obtained 

using the classical homogenous nucleation theory corrected 

for non-isothermal effects combined with Young’s droplet 

growth model for d𝑟 d𝑡⁄ . Results confirm that based on this 

combination reasonable agreement with experimental data is 

obtained with adequate calibrations [2]. The theory is 

introduced in a separate subsection. The condensed mass 

flow rate per unit volume is given by 

�̇�𝑐 =
4

3
𝜋𝑟crit

3 𝜌𝑓𝐽 + 4𝜋𝑟2𝑁𝜌𝑓𝜌𝑔

d𝑟

d𝑡
  (10) 

and accounts for contributions due to newly nucleated 

droplet and subsequent droplet growth. 

Overall, the mixture model represents a straightforward 

extension to account for condensing steam flows 

substantiating its popularity. However, due to the additional 

dependence of thermodynamic properties such as the 

pressure on the wetness, care must be taken in the 

implementation, as it has implications on the numerical flux 

calculation, the reconstruction, the boundary treatment and 

the derivation of the Jacobian of the advective fluxes. 

Additionally, the necessary iteration process is cumbersome. 

Source-Term Model (SM) 
A viable alternative to the mixture model represents the 

source-term model. Here, the phases are coupled directly 

through appropriate source terms 

𝑠 ≔ (−�̇�𝑐 , −�̇�𝑐𝑢, −�̇�𝑐(𝐻𝑔 − ℎ𝑓𝑔), �̇�𝑐 , 𝐽). (11) 

I.e., the condensing mass flow and associated losses in 

momentum and energy, where the latent heat release is 

accounted for, are subtracted from the transport equations of 

the gas phase. Thus, system (1) is formulated in terms of gas 

properties, with 𝜌 ≃ 𝜌𝑔 and 𝑒 ≃ 𝑒𝑔 and the pressure can be 

directly calculated from the equation of state 𝑝 = 𝑝(𝜌𝑔 , 𝑒𝑔). 

Overall, the source-term model has the big advantage that the 

wetness has no direct influence on the computation of 

thermodynamic properties of the gas phase and flux 

calculation, reconstruction and boundary treatment must only 

be extended for two additional scalars. 

Classical Nucleation Theory 
The rate of formation of critically sized droplets per unit 

volume of mixture is obtained by the Classical Nucleation 

Theory [21], [22] 

𝐽CL ≔ 𝑞𝑐

𝜌𝑔
2

𝜌𝑓

√
2𝜎𝑔

𝜋𝑚𝑤
3

exp (−
4𝜋𝜎𝑔

3𝑘𝐵𝑇𝑔

𝑟crit
2 ), (12) 

with the non-isothermal correction of Kantrowitz [25] 

𝐽 ≔
𝐽CL

1 + 𝜙
,   𝜙 = 2

𝛾 − 1

𝛾 + 1

ℎ𝑓𝑔

𝑅𝑇𝑔

(
ℎ𝑓𝑔

𝑅𝑇𝑔

−
1

2
). (13) 

Here, the choice of the surface tension influences the 
nucleation rate significantly [2]. The critical droplet radius is 

given by the Kelvin-Helmoltz radius 

𝑟crit ≔
2𝜎𝑔

𝜌𝑓Δ𝐺𝑔

 , (14) 

where the bulk Gibbs free energy change of the gas phase 

Δ𝐺𝑔 ≔ 𝑅𝑇𝑔ln(𝑆) (15) 

is expressed in terms of the supersaturation ratio 𝑆 ≔ 𝑝 𝑝𝑠⁄ . 

The nucleated droplets may grow in the subcooled vapor 

by exchanging mass and energy. In this process latent heat is 

set free and conducted away to the vapor raising its 

temperature and leading to the typical pressure rise. The 

mass and energy balances around a small spherical droplet in 

the surrounded vapor yield 

𝑚𝑝

dℎ𝑝

dt
+ ℎ𝑝

d𝑚𝑝

dt
= 4𝜋𝑟𝑝

2𝛼ℎ(𝑇𝑝 − 𝑇𝑔) +
d𝑚𝑝

dt
ℎ𝑔 . (16) 

Introducing the mass of a spherical droplet 

𝑚𝑝 = 4 3⁄ 𝜋𝑟𝑝
3𝜌𝑓 (17) 

and neglecting the sensible heating of the droplet, which is 

small compared to the convective particle-gas heat transfer 

[1], results in 

d𝑟

d𝑡
=

𝛼ℎ(𝑇𝑝 − 𝑇𝑔)

(ℎ𝑔 − ℎ𝑝)𝜌𝑓

. (18) 
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A surface heat transfer coefficient 𝛼ℎ accounting for 

Knudsen number effects is given by Gyarmathy [26] and 

modified by Young [27] 

𝛼ℎ =
𝜆𝑔

𝑟 (
1

1 + 2𝛽𝐾𝑛 + 3.78
(1 − 𝜈)

𝑃𝑟 𝐾𝑛)
, 

(19) 

with 

𝜈 =
𝑅𝑇𝑠

ℎ𝑓𝑔

(𝛼 − 0.5 −
2 − 𝑞𝑐

2𝑞𝑐

𝛾 + 1

2𝛾

𝑐𝑝𝑔𝑇𝑠

ℎ𝑓𝑔

). (20) 

The choice of parameters 𝛼 and 𝛽 is likely to depend on 

certain aspects of wet-steam modeling such as the equation 

of state [2]. In this work, for all computations 𝛼 = 9 and 𝛽 =
0 is used. Gyarmathy [26] derived following assumption of 

the droplet temperature 

𝑇𝑝 = 𝑇𝑠 − Δ𝑇𝑝 (21) 

with the capillary subcooling of a droplet 

Δ𝑇𝑝 =
2𝜎𝑝𝑇𝑠

𝜌𝑓ℎ𝑓𝑔𝑟𝑝

. (22) 

Equation of state 
Modeling of condensing flows requires properties at 

metastable conditions normally obtained by extrapolation. As 

no experimental data is available, none of the state equations 

are properly validated in this region. In this work, the highly 

efficient and accurate SBTL library [27] is employed. It is 

optimized for the density-based solution methods presented. 

The library is based on the IAPWS 95 state equation but uses 

the gas equation of Wagner and Pruß [28] for the tabulation 

of the gas and metastable phases, because direct 

extrapolation into the metastable region based on IAPWS 95 

shows anomalous behavior [29]. 

To evaluate the computational speed, also Young’s [20] 

state equation for metastable and liquid phase properties has 

been implemented. This is expressed by the virial equation of 

state 

𝑝(𝜌𝑔 , 𝑇𝑔) = 𝜌𝑔𝑅𝑇𝑔(1 + 𝐵(𝑇𝑔)𝜌𝑔 + 𝐶(𝑇𝑔)𝜌𝑔
2), (23) 

the saturation curve 𝑝𝑠 = 𝑝𝑠(𝑇𝑠) and an expression for the 

liquid density 𝜌𝑓 = 𝜌𝑓(𝑇𝑠(𝑝)). 

The additionally needed properties surface tension, 

molecular viscosity and thermal conductivity coefficient are 

computed for both state equations as described in [30]. The 

Influence of the equation of state in combination with the 

additional properties on the condensation calculations has not 

been extensively investigated so far [2] and will be part of 

future studies. 

SOLUTION METHOD 
The governing equations are spatially discretized using a 

finite volume approach [31]. The ordinary differential 

equations are integrated in time employing an explicit 

Runge-Kutta scheme with local time stepping. The advective 

fluxes are discretized by a second order accurate AUSM+ 

scheme. The second order accuracy in space is achieved by a 

piecewise linear MUSCL-reconstruction [32] with the 

Venkatakrishnan limiter [33]. For performance and 

consistency reasons, the variables 

(𝑒, 𝑢, 𝜌, 𝛼, 𝑁) (24) 

are reconstructed for the source-term model, whereas  

(𝑝, 𝑢, 𝜌, 𝛼, 𝑁) (25) 

are used for the mixture model to avoid the iteration of the 

pressure. 

AUSM+ Scheme 
For both models the AUSM+ Scheme [10] is adapted. Its 

big advantage is that no evaluation of the Jacobian of the 

advective fluxes is required, allowing straightforward 

generalizations to arbitrary equations of state. Also, it 

provides low computational costs, high accuracy in capturing 

contact discontinuities and preserves positivity of pressure 

and density. These properties render it very suitable for real 

gas flows [34]. 

In the case of the mixture model, the Jacobian cannot be 

constructed easily, as the pressure 𝑝 = 𝑝(𝜌, 𝑒, 𝛼) is given by 

the implicit function (8) and the derivative with respect to the 

conservative variables must be evaluated. This renders the 

extension of e.g. the Roe Scheme, as presented in [35], 

difficult, which will be subject of future research. The 

derivation of the Jacobian for the source-term model 

however is straightforward, and the Roe Scheme presented in 

[35] is already implemented for this model only. 

The idea of the AUSM+ Scheme is to split the advective 

flux vector in a convective and pressure part 

�̂� ⋅ 𝐹 = �̂� ⋅ 𝑢(𝜌, 𝜌𝑢, 𝜌𝐻, 𝜌𝛼, 𝜌𝑁) + (0, 𝑝�̂�, 0,0,0). (26) 

Therefore, the original scheme [10] can be directly applied 

for the augmented convective part. For real gas flows, 

additional thermodynamic properties are computed from the 

reconstructed interface state (24) by 𝑝 = 𝑝(𝜌, 𝑒), ℎ = ℎ(𝜌, 𝑒) 

and 𝑎 = 𝑎(𝜌, 𝑒) in the case of the source-term model. For the 

mixture model, based on the state variables (25) the enthalpy 

is given by 

ℎ = (1 − 𝛼)ℎ𝑔((1 − 𝛼)𝜌, 𝑝) + 𝛼ℎ𝑓(𝑝), (27) 

the speed of sound being described as 𝑎 = 𝑎(𝜌, 𝑝). 

RESULTS AND DISCUSSION 
In the following sections, results of source-term and 

mixture model in combination with both state equations for 

three different nozzle geometries are presented. The 

calculations are based on the coarse meshes of [2]. All 

computations are conducted using an explicit local time 

stepping scheme with a fixed CFL-number of max. 1 and a 

total of max. 12000 iterations. It is important to keep in 

mind that the accuracy of the radius distribution is only to 

within ±20%. The general structure of a typical nozzle 
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testcase for condensing steam flows is described in [2]. First, 

q3D results of the Euler equations are analyzed. Then 

predictions obtained considering viscous effects in laminar 

and turbulent regime also in a 3D configuration are presented 

for the Moore nozzle testcase B. 

Moore nozzle B testcase (q3D Euler) 
The Moore  nozzle testcase B [36] with inlet stagnation 

conditions 𝑝𝑡 = 25 kPa and 𝑇𝑡 = 358.1 K possesses a 

Wilson Point pressure of about 10 kPa. Although the 

geometry has a relatively large throat area the results are 

influenced by boundary layer effects [37] due to a 

discontinuous nozzle shape in the throat area leading to a 

series of characteristic expansion and compression waves. 

The resulting pressure undulations also potentially influence 

the condensation process along the centerline [2]. 

Figure 1 shows the results of both wet steam models and 

state equations. The measured upstream pressure distribution 

is matched well by all calculations. The predicted pressure 

rise is to steep, as also observed in  [2], which is due to the 

unresolved boundary layer effects in the Euler calculations. 

Downstream another interaction with the shocks is also 

overpredicted for the same reasons. Furthermore, all 

computations match the pressure downstream of the second 

interference well and over-predict the droplet radii, where the 

Young88 state equation yields slightly better results. 

Comparing SM and MM, both provide nearly identical 

results. Only a slight difference in the position of the 

pressure undulations can be noted. 

The evaluation of the computational speed of the 

different approaches followed for this testcase in comparison 

with a corresponding ideal gas computation is shown in 

Figure 2. SBTL and Young88 computations have also been 

evaluated, however without condensation, to separate the 

influence of real gas state equation and condensation. A full 

real gas calculation based on the SBTL resulted to be only 

1.4 times slower than the ideal gas calculation, while using 

Young’s state equation without condensation led to a factor 

10.5 slowdown. Using the SM with the SBTL causes a slow-

down by a factor of 2.5 compared to the ideal gas 

calculation. The SM is about a factor of 2 faster than the 

MM, while yielding equivalent results. Full wet steam 

calculations based on Young’s state equation are 15.3 and 

34.5 slower, when the SM and MM are used respectively, 

than ideal gas computations. This clearly reveals the 

potential of the implementation based on the SBTL method, 

especially in combination with the SM. 

Moses and Stein nozzle testcases (q3D Euler) 
The nozzle configuration of Moses and Stein [38] does 

not suffer from the problems of a discontinuous nozzle 

shape, however boundary layer blockage may be significant 

due to small throat dimensions [2]. In the following section 

results for testcases 252 and 257 are presented. 

For testcase 252, inlet stagnation conditions 𝑝𝑡 =
40.05 kPa and 𝑇𝑡 = 374.3 K result in a Wilson point 

pressure of about 12 kPa. Results are shown in Figure 3. 

Upstream of the condensation zone, all calculations under-

predict the pressure because of the absence of boundary layer 

blockage in the Euler solution. This blockage influences the 

mass flow and, thus, the upstream pressure distribution [2]. 

The onset of condensation is predicted too far downstream 

Figure 1: Pressure and droplet radius for Moore B 
nozzle 

Figure 3: Pressure and droplet radius for Moses 
and Stein testcase 252 

1.00 1.37

10.48

2.53

15.27

5.08

34.48

Figure 2: Computational speed evaluation of 
Moore B q3D Euler computations 
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by all calculations, with the SBTL approach showing a better 

agreement with the measurement. Both equations of state 

lead to under-predictions of the droplet radii, where the 

SBTL again yields better results. 

Comparing SM and MM, for the SBTL no difference in 

the pressure distribution can be noted, however, the droplet 

radii are slightly better predicted by the MM. For Young88 

computations, no big difference between MM and SM is seen 

in the prediction of the radii, but a strange offset to the 

measurement of the pressure after the condensation zone is 

evident. Downstream, all computations show the same 

pressure level in accordance to the measurement data. 

Testcase 257 with inlet stagnation conditions 𝑝𝑡 =
67.66 kPa and 𝑇𝑡 = 376.7 K is characterized by a higher 

Wilson point pressure of about 25 kPa. All computations in 

Figure 4 under-predict the pressure in the downstream 

region. This effect is also encountered in [2] and can be 

explained with the unresolved boundary layer. 

All computations show nearly identical results and 

match upstream pressure and onset of nucleation. The droplet 

radii are over-estimated. Only for the MM in combination 

with SBTL a minor offset in pressure and radius distribution 

can be seen. 

Moore B – further evaluation 
Based on the presented results, further computations of 

the Moore B nozzle testcase with SM and SBTL equation of 

state are conducted to investigate the influence of boundary 

layer effects on the computations. The presence of strong, 

two-dimensional expansion and compression waves means 

that the flow is significantly affected by boundary layer 

growth [2], [37]. 

Figure 5 shows results of q3D Euler, laminar and 

turbulent calculation with the Spalart-Allmaras turbulence 

model, together with a 3D laminar calculation. The upstream 

pressure distribution is matched well by all calculations. As 

the pressure starts oscillating differences arise, due to the 

damping effect of the boundary layers on the pressure 

distribution at the centerline. All calculations resolving the 

boundary layer show similar results for pressure as well as 

droplet radii distributions and match the measurements much 

better than the inviscid calculation. 

Differently from what observed in [37], the q3D laminar 

and turbulent calculations already show a definite 

improvement in preventing the pressure rise to overshoot the 

measured values. In [37] only the 3D calculations resolving 

the boundary layers on all four walls are able to realize this, 

while the q3D computation shows a pressure rise similar to 

the one predicted by the Euler calculation. 

However, both calculations still predict the onset of 

condensation too far downstream. Based on this result, it 

could be argued that a recalibration of the droplet growth 

parameters might lead to better results, but the whole range 

of testcases must be evaluated with adequate resolution of 

the boundary layers. 

CONCLUSIONS 
In this paper a density-based library implemented in the 

framework of OpenFOAM has been presented for efficient 

and accurate computations of condensing wet-steam flows. 

The multi-phase flow is solved by means of two mono-

dispersed Euler-Euler models, where the advantages of the 

source-term model are highlighted. The numerical fluxes are 

computed by a 2nd order AUSM+ Scheme with an explicit 

Runge-Kutta time stepping. The non-equilibrium 

condensation effects are modeled based on the classical 

theory of droplet nucleation and droplet growth. The 

thermodynamic properties of steam and water are obtained 

by means of the SBTL method, optimized for the presented 

density-based solution methods. Its potential is quite evident 

if compared to Young's virial state equation. 

Quasi 3D results of the Euler equations are shown for 

three different Laval-nozzle testcases. The computational 

speed of the different models and state equations are 

evaluated, where the source-term model in combination with 

SBTL is only a factor of 2.5 slower than a corresponding 

ideal gas calculation. The mixture model is about a factor of 

2 slower because the pressure must be iterated. On this basis, 

Figure 4: Pressure and droplet radius for Moses 
and Stein testcase 257 

Figure 5: Calculations of Moore B testcase with SM 
and SBTL 
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further laminar and turbulent q3D and 3D results are 

presented for the Moore B nozzle testcase. Here, the 

agreement between numerical predictions and experiments is 

improved, because the calculations do account for boundary 

layer effects which are present in the experimental 

configuration. 

The presented library represents an excellent tool for 

future wet-steam research, especially for high-performance 

calculations. These developments represent the first steps 

towards high performance, high-fidelity simulations of 

condensing steam flows in low pressure turbines. 

NOMENCLATURE 

𝑎 Equilibrium speed of sound 

𝐵 Second virial coefficient 

𝐶 Third virial coefficient 

𝑐𝑝 Isobaric specific heat 

𝑒 Internal energy 

𝐸 Total internal energy 

𝐹 Flux tensor 

ℎ Enthalpy 

ℎ𝑓𝑔 Equilibrium latent heat 

𝐻 Total enthalpy 

𝐼 Identity tensor 

𝐽 Nucleation rate per unit volume of vapor 

𝐽CL Classical nucleation rate 

𝑘𝐵 Boltzmann constant 

𝐾𝑛 Knudsen number 

𝑚 Mass 

�̇�𝑐 Inter-phase mass flow per unit volume 

𝑚𝑤 Molecular weight of water 

�̂� Outward unit normal vector 

𝑁 Number of droplets per unit mass of vapor 

𝑝 Pressure 

𝑃𝑟 Prandtl number 

𝑞𝑐 = 1 Condensation coefficient 

𝑟 Radius 

𝑟crit Kelvin-Helmholtz critical radius 

𝑅 Ideal gas constant of water 

𝑠 Source term vector 

𝑆 Supersaturation ratio 

𝑡 Time variable 

𝑇 Temperature 

𝑢 Velocity vector 

𝑤 Vector of conservative variables 

𝑥 Vector of space variables 

𝛼 Mass fraction of liquid water 

𝛼 = 9 Constant of Young’s droplet growth model 

𝛼ℎ Heat transfer coefficient 

𝛽 = 0 Constant of Young’s droplet growth model 

𝛾 Isentropic exponent 

ΔGg Gibbs free energy change 

Δ𝑇 Subcooling 

Δ𝑇𝑝 Capillary subcooling of a droplet 

𝜆 Thermal conductivity coefficient 

𝜈 Coefficient of Young’s droplet growth model 

𝜌 Density 

𝜎 Surface tension 

(∘)𝑓 Subscript for saturated liquid 

(∘)𝑔 Subscript for gas (vapor) 

(∘)𝑝 Subscript for droplet properties 

(∘)𝑠 Subscript for saturated gas state 

 

MM Mixture Model 

q3D Quasi 3D (one cell layer in third dimension) 

SBTL Spline Based Table Lookup Method 

SM Source-term Model 

Young88 Young’s 1988 state equation 
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