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Abstract 

In this paper, the impact of existence of wetness in the inflow of stationary cascades of steam 

turbine blades has been numerically investigated. A new mesh generation method based on 

non-uniform rational B-splines (NURBS) has been adopted to reduce the numerical error of 

the wet inflow simulation. Moreover, two common meshing scenarios namely blade-to-blade 

(B-B) and periodic-to-periodic boundary (P-P) are studied and different angle of the grid at the 

trailing edge have been considered. The classical nucleation theory corrected by Courtney–

Kantrowitz model and the Young’s droplet growth model are employed to simulate the 

condensation phenomenon. By validating against experimental data, the results showed that 

implementing the proposed NURBS-based meshing technique decreased the prediction errors 

of static pressure distribution and droplet average radius by 35.64% and 78.44%, respectively, 

in comparison to typical grid generation methods. In addition, it was observed that existence 

of wetness at inlet significantly decreased the supercooling degree and postponed the 

nucleation process. Thus, the nucleation rate could be ameliorated in the case when we have a 

specific amount of wetness fraction in the inflow. 
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1. Introduction 

Condensation, as a nonequilibrium and unsteady thermodynamic phenomenon, is commonly 

occurred in some engineering applications such as supersonic/transonic nozzles or the last 

stages of low-pressure steam turbines. Due to the destructive effects of condensation, this 

phenomenon has been investigated in many studies both numerically [1-8] and experimentally 

[9-13]. During the expansion of steam in the special condition in a low-pressure turbine blade, 

one-phase vapor changes into a two-phase mixture after supercooling and nucleation. The 

liquid phase of the mixture causes mechanical and thermodynamic losses and, as a result, 

reduces the efficiency at the last stages of low-pressure turbines. It is worth mentioning that 

the steam inflow is ideally assumed dry at the inlet of the stationary cascades. Whereas, because 

the upper rotor and stator blades are affected by the erosion damage, the flow may practically 

approach the stationary cascades as wet inflow. As many studies have been tried to model the 

dry inflow through stationary cascades, studying wet at inlet of the steam turbine cascades is 

essential. 
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Nomenclature 

A : area, (m2) Vd : average droplet volume, (m3) 

B : second virial coefficient, (m3/kg)    

C : third virial coefficient, (m6/kg2) Greek symbols   

   𝛽 : liquid mass fraction 

Cl : water specific temperature, (T) 𝛾 : specific heat ratio 

Cp : specific heat of liquid, (J/kg.K) 𝛤 : mass generation rate, (kg/m3.s) 

CV : vapor isochoric specific heat, (J/kg.K) 𝜂 : number of liquid droplets, (1/m3) 

E : total energy, (J) 𝜃 : non-isothermal correction coefficient 

h : static enthalpy, (J/kg) κ : coefficient of compressibility, (1/Pa) 

H : total enthalpy tensor, (J/kg) 𝜇 : dynamic viscosity, (Pa.s) 

I : nucleation rate, (1/m3s) 𝜉, 𝜁 : NURBS parameter 

k : turbulent kinetic energy 𝜉̅ : NURBS knot 

Kb : Boltzmann's constant Ξ : NURBS knot vector 

Kt : thermal conductivity, (W/m.K) 𝜌 : density, (kg/m3) 

mr : liquid mass, (kg) 𝜎 : liquid surface tension, (N/m) 

Mm : molecular mass, (kg/mol) 𝜏 : viscous stress tensor, (Pa) 

Ni,n : 
i-th B-spline basis functions of p-th 

degree 
𝜑 : angle of the grid 

P : pressure, (Pa) 𝜔 : specific dissipation rate, (s-1) 

Pi : control point of NURBS surface    

q : heat flux, (W/m2) Subscript   

qc : condensation coefficient d : droplet 

   i,j : counter 

r : droplet radius, (m) l : liquid phase 

R : gas constant, (J/kg.K) lv : liquid-vapor 

Ri,p : rational B-spline function of p-th degree n, m : number of control points 

Sr : super saturation ratio p, q : degree of NURBS surface 

S(ξ,ζ) : NURBS surface    

t : time, (s) v : vapor phase 

T : temperature, (K) s : saturation 

u : velocity components, (m/s)    

w : wetness fraction Superscript   

wi : weight of NURBS control point * : critical condition 

x, y, z : Cartesian direction, (m)    

Different studies have been performed to offer solutions for improving the accuracy of 

modeling methods in steam turbine blades. In this regard, physical understandings of fluid and 

condensation phenomenon, along with implementing accurate numerical modeling methods 

are the main goals of these studies. For example, correcting nucleation equation, adopting more 

appropriate droplet growth model and considering the slip condition effects and coalescence 

are the most commonly offered solutions. Hagmeijer et al. [14] and Sinha et al. [15] employed 

the Hertz–Knudsen droplet growth model to investigate the wet-steam flow in a convergent–

divergent nozzle. This model defines the droplet growth rate as the ratio of molecules’ collision 

rate with the surface of droplets, to the evaporation rate from the droplets surface. Another 



3 

model to calculate the droplet’s growth rate was proposed by Young [16]. This model defines 

the droplet’s growth as a function of evaporation and condensation coefficients. Also, a semi-

empirical relation was proposed by Bakhtar and Zidi [17] to calculate the droplet’s growth rate. 

Based on this relation, the droplet’s growth rate in the continuum and free molecular regimes 

is calculated by using the kinetic theory of gases. Lakzian and Masjedi [18] investigated the 

impacts of considering the slip condition between vapor and liquid phases on entropy 

generation in a condensing flow. According to their results, applying slip condition in 

computing causes a higher rate of entropy generation. Lakzian and Shaabani [19] modeled a 

condensing flow by considering the coalescence of formed droplets. They showed that taking 

into account the impacts of coalescence could decrease the rate of entropy generation and 

exergy losses. 

Some other solutions, offered to achieve more accurate results, are applying more efficient 

mesh generation methods (e.g., O-mesh [20-22] or quasi grid [23, 24]) in order to reach a better 

agreement with experiments. Bakhtar and Tochai [25] investigated the effect of periodical 

outlet boundaries’ angle in an inviscid wet-steam flow inside the passage between the two 

stationary cascades of blades by using a quasi-grid. However, most studies have been 

performed using the H-type grids. Mirhoseini and Boroomand [26] employed quadrilateral 

cells to investigate a multi-objective optimization of hot steam injection. Francesco et al. [27] 

studied the non-equilibrium condensation inside the cascades using a more efficient grid with 

a zero angle of the grid at the trailing edge and implementing a mixture model approach. 

Vatanmakan et al. [7] studied the effects of volumetric heating in the stationary cascades using 

an H-type grid and an angle of the grid of 64.4°. 

Considering that reaching an analysis-suitable grid by using the above-mentioned 

conventional meshing techniques is generally a difficult and time-consuming process, 

especially when the flow passes through the free-form curved passage between cascades, the 

present paper proposed to employ the non-uniform rational B-spline (NURBS) formulation as 

a meshing technique for such geometries. Based on the fundamental properties of the NURBS 

formulation, the computational mesh with “curved” boundaries, which is well consistent with 

the geometry of the cascade, is inherently generated by geometric modeling of the flow 

passage, aiming at reducing the numerical simulation errors.  Inasmuch as many real-world 

objects have been constructed by free-form curves and surfaces, the NURBS formulation 

appears to be a universal class for curve/surface modeling in computer-aided design, 

manufacture and engineering (CAD/CAM/CAE). The trajectory of a robot [28], geometry of a 

curved structure [29-31], and a multi-axis machining toolpath [32, 33] are common examples 

modeled by NURBS formulation. In addition, NURBS has other advantages in comparison to 

polygonal meshing, e.g., faster generation, and lower processing load. A remarkable number 

of studies have been recently performed by using the NURBS formulation, e.g., for propellers 

[34, 35], optimum design of steam and wind turbine blades [36-38], gas-turbine blades [39] 

and airfoils [40, 41]. The studies carried out using the NURBS technique have shown 

satisfactory agreement with experimental results. 

In this paper, the effect of wetness at the inlet of steam turbine stationary cascades is 

investigated. We numerically show that the nucleation process could be ameliorated when we 

have a specific amount of wetness in the inflow. The main contribution of this work lies in the 

application of the NURBS formulation as a new mesh generation method in CFD problems, 



4 

particularly those concerning the wet-steam flow simulation. The smooth and flexible 

geometry representation of the NURBS formulation not only improves the quality of the mesh 

generation, but also reduces the numerical error of the simulation. Using the NURBS-based 

meshing technique, we model two common meshing scenarios namely blade-to-blade (B-B) 

and periodic-to-periodic boundary (P-P). Additionally, we study the effect of considering 

different angles of the grid at the trailing edge (i.e., the angle between the horizontal axis and 

periodical outlet boundaries at downstream of the trailing edge). In the presented methodology, 

the Eulerian–Eulerian model, as well as the shear-stress transport (SST) k-ω turbulence model 

is used to simulate the two-phase wet-steam flow in the last stages of a low-pressure steam 

turbine. Finally, the classical nucleation model corrected by Courtney [42] and Kantrowitz 

[43], and the Young’s droplet growth model [44] is employed to model the condensation 

phenomenon. 

2. Mathematical modeling 

In the present study, the impacts of existence of wetness at the inlet of steam turbine stationary 

cascades are studied. In addition, the effect of using a NURBS-based mesh generation method 

with the aim of improving the mesh compatibility with the blade cascades is investigated. Then, 

by applying the generated mesh, a non-equilibrium and full turbulent condensing wet-steam 

flow is numerically modeled. The numerical model is based on Eulerian–Eulerian method with 

the SST k-ω turbulence model. For this simulation, the following assumptions are adopted: 

 Wet-steam flow consists of continuous vapor phase (denoted by the subscript v) with 

a great number of liquid droplets (denoted by the subscript l). 

 The droplets form is spherical. 

 The droplets radius is 1μm or less. 

 The volume of condensed phase is negligible. 

 The interaction between droplets is not taken into account since the interacting forces 

are directly related to the radius of the droplets, which is very small (see, e.g.,            

[3, 45]) 

 There is no slip condition between vapor and liquid phases since as studied in [46], 

the velocity of the droplets reaches to the vapor velocity almost immediately after 

the nucleation. 

 The mass fraction of condensed phase is 0.2 or less (see, e.g., [47, 48]). 

 The heat capacity of the fine droplet is negligible compared with the latent heat 

released during the condensation. 

 The temperature and pressure of the vapor are applied to the corresponding amounts 

of the mixture.    

 A set of two-dimensional viscous compressible Navier–Stokes equations are 

employed for the vapor phase. 

 Two transport equations are used for the liquid phase mass fraction and the number 

of liquid droplets per unit volume [7].  

 

In this regard, we review the governing equations of the flow as well as the equations 

representing the NURBS grid generation. As shown in Fig. 1, two different approaches are 
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considered to simulate and investigate the wet-steam flow. The first approach (see Fig. 1a) 

simulates the flow inside the passage between two stationary cascades of blades, designated as 

B-B (blade-to-blade) approach. The second models the wet-steam flow around a stationary 

blade, from midline to midline denoted by P-P (periodic-to-periodic boundary) approach, as 

shown in Fig. 1b. Moreover, the angle of the grid (𝜑) defined as the angle between x-axis and 

periodical outlet boundaries at downstream of the trailing edge is shown in the figure.  

 

 
a b 

Fig. 1: Computational domain a) inside the passage between two cascades from blade to blade (B-B),            

b) around a cascade from periodic boundary to periodic boundary (P-P). 

 

2.1. Conservation equations 

Considering a compressible flow, the conservation of mass, momentum, and energy equations 

could be defined as follows [10]: 

𝜕𝜌

𝜕𝑡
+
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗) = 0 

𝜕

𝜕𝑡
(𝜌𝑢𝑗) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑗
+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 

𝜕

𝜕𝑡
(𝜌𝐻) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝐻) =

𝜕𝑞𝑗

𝜕𝑥𝑗
+
𝜕

𝜕𝑥𝑗
(𝑢𝑖𝜏𝑖𝑗) 

(1) 

where, the viscous stress tensor 𝜏𝑖𝑗 , heat flux vector 𝑞𝑖  and total enthalpy 𝐻, are given by: 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) 

𝑞𝑖 = −𝜅
𝜕𝑇

𝜕𝑥𝑗
 

𝐻 = ℎ +
1

2
𝑢𝑖𝑢𝑖 

(2) 

and 𝑢𝑖 and 𝑢𝑗  are the velocity components. In addition, 𝑝, 𝜏, 𝜅, and 𝑞 correspond to pressure, 

viscous stress tensor, coefficient of compressibility, and heat flux, respectively. Finally, 𝜌 is 

the density of the mixture that is related to the density of the vapor phase as follows: 

Pressure Surface

Suction Surface

Periodic
Boundaries



Suction Surface

Pressure Surface



Periodic
Boundaries

𝜑 𝜑 
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𝜌 =
𝜌𝑣

(1 − 𝛽)
 (3) 

In the above equation, 𝛽 denotes the mass fraction of liquid phase. The conservation equations 

are formulated with regard to the properties of two-phase mixture which can be estimated by 

the following equation [5]: 

𝜙𝑚𝑖𝑥 = 𝜙𝑙𝛽 + (1 − 𝛽)𝜙𝑣 (4) 

where 𝜙 represents the properties such as enthalpy (ℎ), specific heat (𝐶𝑝 and 𝐶𝑣), dynamic 

viscosity (𝜇), and thermal conductivity (𝐾𝑡). 

Two additional transport equations are required in order to model the wet-steam 

condensation flow. The first equation is related to the mass fraction of the liquid phase 

designated as 𝛽  (eq. 5). 

𝜕𝜌

𝜕𝑡
𝛽 +

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝛽) = Γ (5) 

where Γ is defined as the mass generation rate in kg per unit of volume per second which is 

due to condensation and evaporation. The second transport equation estimates the number of 

liquid droplet per unit of volume designated as 𝜂 (eq. 6). 

𝜕𝜌

𝜕𝑡
𝜂 +

𝜕

𝜕𝑥𝑖
(𝜌𝜂𝛽) = 𝜌𝐼 (6) 

where 𝐼 shows nucleation rate in number of generated droplets per unit of volume per second 

and 𝜌 is the density of the humid vapor. Moreover, the number of droplets, 𝜂, is defined as: 

𝜂 =
𝛽

(1 − 𝛽)𝑉𝑑(𝜌𝑙 𝜌𝑣⁄ )
 (7) 

where 𝑉𝑑 denote the average droplet volume that is calculated based on average droplet radius, 

𝑟̅𝑑 [49]. 

𝑉𝑑 =
4

3
𝜋𝑟̅𝑑

3 (8) 

 

2.2. Nucleation rate and droplet growth models 

The condensation phenomenon involves two major processes of nucleation and droplet growth. 

The classical nucleation theory presents the nucleation and formation of spherical droplets from 

a supersaturated condition. Based on this theory, a steady-state homogenous nucleation rate is 

formulated as follows [7]: 

𝐼𝑐𝑙𝑎𝑠𝑠𝑖𝑐 = 𝑞𝑐
𝜌𝑣
2

𝜌𝐿
√
2𝜎

𝜋𝑀𝑚
3  exp (−

4𝜋𝑟∗2𝜎

3𝑘𝑏𝑇𝑣
) (9) 

where 𝑞𝑐, 𝑘𝑏, 𝑀𝑚, and 𝜎 are, respectively, the condensation coefficient, the Boltzmann 

constant, the mass of one molecule and liquid surface tension and 𝑟∗ is the Kelvin-Helmholtz 

critical droplet radius which is given by [50]: 

𝑟∗ =
2𝜎

𝜌𝑙𝑅𝑇 ln 𝑆𝑟
 (10) 

where 𝑆𝑟 is the  supersaturation ratio defined as the ratio of the vapor pressure to the equilibrium 

saturation pressure. Since the expansion of vapor is occurred rapidly, when the state path passes 
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through the saturation line, the process changes into non-equilibrium condition. Therefore the 

supersaturation ratio can be greater than one [7]. 

𝑆𝑟 =
𝑃

𝑃𝑠(𝑇)
 (11) 

A variety of corrections is proposed to apply to classic nucleation theory for non-isothermal 

homogeneous condensation. Among them, the accuracy of the Courtney–Kantrowitz 

correction has been proven by previous studies (see, e.g., [24, 51, 52]). 

𝐼 =
1

(1 + 𝜃)
𝐼𝑐𝑙𝑎𝑠𝑠𝑖𝑐 (12) 

In the above equation, 𝜃 denotes the non-isothermal correction defined by the following 

equation: 

𝜃 = 2
𝛾 − 1

𝛾 + 1
(
ℎ𝑙𝑣
𝑅𝑇
) (
ℎ𝑙𝑣
𝑅𝑇

−
1

2
) (13) 

where ℎ𝑙𝑣, and 𝛾 are the enthalpy of evaporation and the specific heat ratio (≈ 1.32), 

respectively [53]. Based on the classical nucleation theory, the mass generation rate is defined 

as the summation of mass increase caused by nucleation and also due to growth of droplets 

[49]. 

Γ =
4

3
𝜋𝜌𝑙𝐼𝑟

∗3 + 4𝜋𝜌𝑙𝜂 𝑟̅
2
𝜕𝑟̅

𝜕𝑡
 (14) 

where 𝜕𝑟̅ 𝜕𝑡⁄  is the droplet growth rate written as follows [16]: 

𝜕𝑟̅

𝜕𝑡
=

𝑃

ℎ𝑙𝑣𝜌𝑙√2𝜋𝑅𝑇

𝛾 + 1

2𝛾
𝐶𝑃(𝑇𝑙 − 𝑇𝑣) (15) 

The following relation was proposed to determine the droplet temperature in terms of vapor 

temperature, supercooling degree and droplet radius [54]: 

𝑇𝑙 = 𝑇𝑠(𝑝) − [𝑇𝑠(𝑝) − 𝑇𝑣]
𝑟∗

𝑟
 (16) 

It should be noted that the droplet radius is assumed to be 1𝜇𝑚 or less. 

 

2.3. Equation of state 

The relation between pressure, temperature and density of the vapor is expressed in terms of 

the equation of state as follows: 

𝑃 = 𝜌𝑣𝑅𝑇(1 + 𝐵𝜌𝑣 + 𝐶𝜌𝑣
2) (17) 

where 𝐵, and 𝐶 are the second and third virial coefficients (given in m3/kg and m6/kg2 

respectively) defined as follows [7]: 

𝐵 = 𝑏1 (1 +
𝜏𝐵
𝛼𝐵
)
−1

+ 𝑏2𝑒
𝜏𝐵(1 − 𝑒−𝜏𝐵)5 2⁄ + 𝑏3𝜏𝐵 (18) 

𝐶 = 𝑐1(𝜏𝐶 − 𝜏0)𝑒
−(𝛼𝜏)𝐶 + 𝑐2 (19) 

It should be noted that 𝜏𝐵 = 1500 𝑇⁄ , 𝜏𝐶 = 𝑇 647.286⁄ , 𝜏0 = 0.89780, 𝛼𝐵 = 10000,         

𝛼𝐶 = 11.16, 𝑏1 = 0.0015, 𝑏2 = 0.000942, 𝑏3 = −0.0004882, 𝑐1 = 1.722, and                   
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𝑐2 = 1.5 × 10
−6.  In addition, the two above equations are expressed only for the temperature 

range from 273 to 1073 degrees [55]. 
 

2.4. Turbulence modeling 

In this paper, the SST k-ω model is employed to simulate the turbulent wet-steam flow inside 

the passage between two stationary cascades of blades. It should be noted the mentioned model 

was developed by Menter [56] to simulate more effectively in both regions near the wall and 

the far field. Therefore, it is more accurate and more reliable for transonic shock waves flows 

than the other models [7, 57, 58]. Equations for turbulent kinetic energy, 𝑘, and specific 

dissipation rate, 𝜔, are as follows [56]: 

𝜕

𝜕𝑡
(𝜌𝑘)+

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
)+ 𝐺̃𝑘−𝑌𝑘+ 𝑆𝑘 (20) 

𝜕

𝜕𝑡
(𝜌𝜔)+

𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
)+𝐺𝜔 −𝑌𝜔 +𝐷𝜔 + 𝑆𝜔 (21) 

where 𝐺̃𝑘, and 𝐺𝜔, respectively, represent the generation of turbulence kinetic energy due to 

medium velocity gradients and the generation of 𝜔, and 𝑌𝑘, and 𝑌𝜔 denote the dissipation of 𝑘, 

and 𝜔. Additionally, 𝑆𝑘, and 𝑆𝜔 are user-defined source terms, 𝐷𝜔 is the cross-diffusion term, 

and Γ𝑘, and Γ𝜔 are defined as the effective diffusivity of 𝑘, and 𝜔, respectively. Further details 

on the calculation of mentioned terms are described in  [56]. 
 

2.5. NURBS grid generation 

In the present paper, the NURBS formulation has been employed for generating an appropriate 

grid that is more compatible with the geometry of the turbine cascade. More precisely, the 

physical domain of the fluid flow through the passage can be interpreted by a planar NURBS 

surface as a mapping from the bivariate parameter space (𝜉, 𝜁) ∈ [0,1]2 onto the geometric (i.e. 

physical) space 𝑆(𝜉, 𝜁) = [𝑥(𝜉, 𝜁), 𝑦(𝜉, 𝜁)]. This NURBS surface of degree (𝑝, 𝑞) is 

characterized by a bidirectional net of (𝑛 + 1)(𝑚 + 1) control points 𝑃𝑖𝑗 = [𝑃𝑥
𝑖𝑗
 , 𝑃𝑦

𝑖𝑗
] and 

respective weights 𝑤𝑖𝑗 as: 

𝑆(𝜉, 𝜁) =∑∑𝑅𝑖𝑗(𝜉, 𝜁) 𝑃𝑖𝑗

𝑛

𝑖=0

𝑚

𝑗=0

 (22) 

where 𝑅𝑖𝑗(𝜉, 𝜁) is the piecewise rational basis function given by: 

𝑅𝑖𝑗(𝜉, 𝜁) =
𝑁𝑖,𝑝(𝜉) 𝑁𝑗,𝑞(𝜁) 𝑤𝑖𝑗

∑ ∑ 𝑁𝑘,𝑝(𝜉) 𝑁𝑙,𝑞(𝜁) 𝑤𝑘𝑙
𝑚
𝑙=0

𝑛
𝑘=0

 (23) 

and 𝑁𝑖,𝑝(𝜉) and 𝑁𝑗,𝑞(𝜁) are the 𝑖-th and 𝑗-th B-spline basis functions of degree 𝑝 and 𝑞, 

respectively, defined by the Cox–de Boor recursion formula over the non-decreasing knot 

vectors Ξ and Ζ as follows [59]. 

Ξ = [0, 0,⋯ , 0⏟      
𝑝+1

, 𝜉𝑝+1, 𝜉𝑝+2, ⋯ , 𝜉𝑛, 1,1,⋯ , 1⏟    ]
𝑝+1

 

Ζ = [0, 0,⋯ , 0⏟      
𝑞+1

, 𝜁𝑞+1, 𝜁𝑞+2, ⋯ , 𝜁𝑚, 1,1,⋯ , 1⏟    ]
𝑞+1

 (24) 
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𝑁𝑖,0(𝜉) = {
 1
 0

𝜉𝑖 ≤ 𝜉 < 𝜉𝑖+1
otherwise

 

𝑁𝑖,𝑝(𝜉) =
𝜉 − 𝜉𝑖
𝜉𝑖+𝑝 − 𝜉𝑖

 𝑁𝑖,𝑝−1(𝜉) +
𝜉𝑖+𝑝+1 − 𝜉

𝜉𝑖+𝑝+1 − 𝜉𝑖+1
 𝑁𝑖+1,𝑝−1(𝜉)   

(25) 

Fig. 2 demonstrates a bicubic (i.e., 𝑝 = 𝑞 = 3) surface as a mapping from the parameter space 

to the physical space. Based on the different increments of parameters 𝜉 and 𝜁 on the parameter 

space, we can reach different mesh densities on the geometric domain. These “curved” grids 

can then be considered as the computational mesh of the fluid flow for further analysis. The 

more interesting advantage of this meshing technique is that we can easily import degrees, 

control points, weights and knot vectors from the CAD model of the cascade, so that the grid 

is inherently generated without requiring any additional task. 

 
Fig. 2:  A bicubic surface in the physical space (right) and its corresponding domain in the parameter space (left) 

3. Numerical method 

In this paper, the NURBS surface modeling was used to generate the appropriate mesh in 

computational domain of both proposed B-B and P-P approaches with different values of angle 

of the grid, 𝜑. The 2D Reynolds-averaged Navier–Stokes (RANS) equations were used for 

numerical simulation in the compressible, viscous, turbulent, and steady state flow. In this 

regard, an implicit density based Eulerian–Eulerian approach was employed by using the SST 

k-ω model. Also, the Roe’s method [60] was implemented to compute the convective fluxes. 

The conservation equation discretized by using the upwind scheme of second-order accuracy 

in space. In this scheme, the face property value 𝜙 is computed using the following expression: 

𝜙𝑖+1
 = 𝜙𝑖 + 𝜙𝑖

∗ 𝑟𝑖 (27) 

where 𝜙, 𝜙𝑖
∗, and 𝑟𝑖 are, respectively, the cell-centered value in the upstream cell, the correction 

coefficient, and the distance between upstream cell center and the cell face center. The value 

of 𝜙𝑖
∗ can be defined as follows [61]: 
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𝜙𝑖
∗ =

1

𝑉
∑𝜙̃𝑖 𝐴𝑖

𝑁𝑓

𝑓

 (28) 

where 𝜙̃𝑖 and 𝑁𝑓 are the average value of the two cells adjacent to the face and the number of 

nodes on the face, respectively. 

The solutions converged to normalized RMS residuals in the order of 10-6 or less. 

Geometrical specifications of the turbine blade profile are presented in Table 1. In addition, the 

boundary conditions at inlet and outlet are given in Table 2. It should be mentioned that the 

outflow is assumed as a supersonic flow.  

 

Table 1: Geometrical specifications of the blade profile 

Length (mm) Chord (mm) Pitch (mm) Axial chord (mm) Inlet flow angle 

76.00 35.76 18.26 25.27 0 

 

 

Table 2: Boundary conditions of the turbine blade cascade 

𝑷𝟎,𝒊𝒏 (kPa) 172 

𝑻𝟎,𝒊𝒏 = 𝑻𝒔(𝑷𝟎,𝒊𝒏) − 𝟖 (K) 380.66 

𝑷𝒐𝒖𝒕 = 𝟎. 𝟒𝟖𝑷𝟎,𝒊𝒏 (kPa) 82.56 

4. Results 

4.1. Validation 

As shown in Fig. 3, in order to achieve a suitable value of angle of the grid φ, three different 

values were considered. The first considered value of 𝜑 is selected as 0° which is investigated 

in many studies (see, e.g., Francesco et al. [27], Liberson and Hesler [62], and Rueda et al. 

[63]). The second value of 𝜑 is chosen as 64.4° so that the outlet periodic boundary is tangent 

to the pressure surface which has been suggested by some studies in the literature (see, e.g., 

Bkhtar et al. [25, 52] and Vatanmakan et al. [7]). Moreover, the average quantity of mentioned 

angles was determined as the third value of 𝜑. It should be the mentioned that every grid 

consists of three parts namely inlet periodical section, passage section, and outlet periodical 

section. In order to generate the NURBS-based grids in each part, different numbers of control 

points (m and n) and surface degrees (p and q) are needed which were selected based on the 

complexity of the geometry and provided CAD data of the blades. Therefore, the applied values 

of m, n, p, and q at each part are shown in Table 3. In addition, we perform a grid dependence 

study for both B-B and P-P meshing approaches (see Fig. 4). However, since the convergence 

rates for different angles of the grid are very close, herein only the case of 𝜑 = 64.4° is reported 

and the specification of the independent mesh of other grids is described in Table 4. It is 

important to note that since in the B-B grid, the computational domain is considered between 

the suction and pressure sides of two consecutive blades (i.e., the blade walls are the outer 

boundary conditions), the accuracy of the results near the walls is subject to a lower numerical 

error and we can consider almost the same mesh density everywhere. This is a true assumption 

as already investigated in, e.g., [23, 64]. On the other hand, in the P-P approach, the 
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a 

  
b 

  

c 

  
Fig. 3: Computational domain of B-B (left) and P-P (right) approaches with different values of φ for steam turbine 

blade cascade, a) φ=0, b) φ=32.2°, and c) φ=64.4° 
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computational domain is considered from the periodic boundary (acting as outer boundary 

conditions) to the wall boundary on the suction side of the blade, and then from the wall boundary 

on the pressure side up to the periodic boundary. This entails a more complicated domain 

compared to the B-B approach and, therefore, we need a higher mesh density to improve the 

accuracy near the walls (see, e.g., [4]). 

To validate the accuracy of the numerical modeling and investigate the effect of applying the 

NURBS-based mesh generation technique, the numerical results of all proposed grids were 

compared to experimental data conducted by Bakhtar et al. [23]. As seen in Fig. 4, the calculated 

results are well consistent with the experimental data and the location of shock is predicted with 

sufficient accuracy. Additionally, according to Fig. 5b, the estimation of the quantity of droplet 

average radius is improved compared to the conventional H-type grid’s result. This blade-to-blade 

grid with a 30 × 207 mesh is presented in [23]. 

 

 

Table 3: The specification of the NURBS-based generated grids 

Section Inlet periodical Passage Outlet periodical 

Approach B-B P-P B-B P-P B-B P-P 

m 19 2 57 
89 (upside the blade) 

60 (downside the blade) 
25 

7 (upside the trailing edge) 

11 (downside trailing edge) 

n 2 2 10 2 10 2 

p 1 1 3 1 3 1 

q 3 1 3 3 3 3 

 

  

Fig. 4: Grid dependence results for B-B (left) and P-P (right) meshing approaches with φ=64.4° 

 

 

Table 4: Optimum grids for each proposed grid 

φ (°) B-B approach P-P approach 

00.0 35*248 (Fig. 3a, Left) 76*410 (Fig. 3a, Right) 

32.2 35*248 (Fig. 3b, Left) 76*420 (Fig. 3b, Right) 

64.4 38*241 (Fig. 3c, Left) 76*520 (Fig. 3c, Right) 
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4.2. Numerical results improvement by employing NURBS grid 

Distribution of static pressure in the proposed grids of B-B approach is shown by Fig. 5a. As 

it is indicated, the numerical results for each value of φ show a satisfactory agreement with the 

experimental data. According to Table 5, it can be seen that the minimum error of B-B approach 

on the pressure side, suction side, and outlet periodical boundaries for different values of φ 

occur with 3.17% at 64.4°, 5.22% at 32.2°, and 0.55% at 64.4°, respectively (See Table 5). Due 

to the fact that the expansion rate has higher values on the suction side, nucleation is begun 

earlier and, as a result, the shock has more impact on the suction surface. However, the 

prediction accuracy of other boundaries could not be ignored. Therefore, the grid with an angle 

of the grid of 64.4° is selected as the optimum grid of the B-B approach based on the minimum 

average error (2.98%). 

Fig. 5b represents the distribution of static pressure for different quantities of angle of the 

grid in the P-P approach. As shown in this figure, the calculated results of all grids with various 

values of φ, show an adequate agreement with experimental data. The minimum error of P-P 

approach’s grids on pressure and the suction side, and outlet periodical boundaries are related 

to the grids with the angle of the grid of 64.4° by 2.71%, 32.2° by 5.37, and 64.4° by 1.55%, 

respectively (see Table 5). Therefore, the grid with the average error of 3.23% is proposed as 

the optimal grid (φ=64.4°) of P-P approach. Regarding Table 5, the proposed grid of the B-B 

approach (φ=64.4°) with the average error of 2.98% compared to the proposed one of the P-P 

approach of the same angle of the grid with the average error of 3.23%, has better agreements 

with experimental data. Therefore, the B-B approach’s domain with an angle of the grid of 

64.4° is finally proposed and selected to compare with the conventional H-type grid. 

In order to figure out the impact of applying the NURBS technique, in addition to the 

experimental data, the proposed grid was compared with a grid generated by the conventional 

H-type meshing method. In this regard, the error of computed results of the H-type grid, given 

by Bakhtar et al. [23], is represented in Table 5. 

 

  
a b 

Fig. 5: Comparison of the static pressure distribution calculated by a) B-B, b) P-P approach with experimental 

data 
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Table 5: Error of pressure distribution in different values of φ by implementing B-B approach, P-P approach, 

and H-type grid [23] (scaled in %) 

approach B-B P-P H-type grid [23] 

φ (°) 0 32.2 64.4 0 32.2 64.4 - 

Pressure Side 3.21 3.18 3.17 2.86 2.74 2.71 0.80 

Suction Side 5.25 5.22 5.24 5.4 5.37 5.42 5.74 

Periodical Boundary at outlet 8.81 1.54 0.55 9.83 2.59 1.55 7.34 

Average Error 5.76 3.31 2.98 6.03 3.57 3.23 4.63 

 

The comparison of the static pressure distributions of the proposed NURBS-based and H-

type grids with experimental data is represented by Fig. 6a. As can be seen, the proposed grid 

generated based on NURBS method, tracked and predicted the shock closer. Additionally, 

according to Table 5, the H-type grid resulted in a lower error only on the pressure side by the 

value of 0.80% compared to 2.71% of the B-B approach NURBS grid. However, the results of 

the proposed grid generation method showed more accuracy in predicting the location of shock 

and the static pressure distribution on the suction surface and periodical boundaries at the 

outlet. In addition, the average error of the B-B approach is lower than the H-type grid with an 

improvement of approximately 1.65%. Moreover, it can be observed that the proposed NURBS 

grid could carefully capture the two pressure increases at downstream of the trailing edge that 

is due to the shock wave at that region. The first rise is the inflection of the pressure surface 

shock on the suction side and the second one is originated from the suction surface (Fig. 6a and 

Fig. 8a). 

The variation in the droplet average radius on the suction and pressure sides of both 

proposed (B-B approach of φ=64.4°) and the H-type grids is represented in Fig. 6b. It can be 

inferred that the prediction of the droplet average radius at the outlet of the blade cascade is 

improved by applying the NURBS-based grid generation technique. Comparison to the H-type 

grid, the proposed NURBS grid decreased the error of droplet radius prediction by 15.70 % 

and 14.94 % on suction and pressure sides, respectively. 

  
a b 

Fig. 6: Comparison of calculated results by the proposed grid with H-type grid’s result and experimental data 

[23], a) static pressure distribution and b) droplet average radius 
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4.3. Effects of wet at inlet on the condensation phenomenon 

The schematic of wet inflow at the inlet of the stationary cascade of the steam turbine is 

illustrated by Fig. 7. It should be noted that the inflow involves numbers of fine spherical 

droplets. In order to investigate the impacts of wet at inlet, wet-steam inflow with different 

characteristics has been considered which are given in detail by Table 6. 

 

 
Fig. 7: Schematic of wet at the inlet of the stationary cascade 

of the steam turbine blade 

 

Table 6: The characteristics of wet steam inflows inside the passage  

Case  Droplet Average Radius (𝝁𝒎) Average Wetness Fraction (%) Number of Droplets 

1 0.000 0.0 0 

2 0.111 0.5 1×1015 

3 0.139 1.0 1×1015 

4 0.158 1.5 1×1015 

5 0.172 2.0 1×1015 

6 0.188 2.5 1×1015 

7 0.197 3.0 1×1015 

The distribution of the static pressure is shown in Fig. 8. Considering a slight amount of 

wetness at the inlet, significant influences on the condensation zone and the pressure drop are 

observed. Fig. 8a shows that the condensation occurs at x/xc ≈ 0.74 for all cases where 𝑃 𝑃0⁄ =

0.56 for Case 1 and 𝑃 𝑃0⁄ ≈ 0.49 for other cases. Whereas, after the condensation zone, the 

slope of the pressure drop of Cases 2-7 accelerates and causes more pressure drop (this is 

observable in Figs. 8b and 8c). Comparing two illustrated contours of the static pressure, it can 

be stated that existing the wetness at inlet led to more pressure drop in the condensation zone 

while, conversely, the static pressure increases at the trailing edge. 

Wet Inflow
O

u
tflow
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a b c 

Fig. 8: Static pressure distribution a) in different values of wetness, b) in blade cascade for Case 1, and c) Case 7 

 

The Mach number distributions obtained by the proposed grid are demonstrated in Fig. 9a. 

As observed, the Mach number increased gradually, and the shock occurred at x/xc ≈ 0.84 where 

the Mach number has the maximum value (Fig. 9a). In addition, by comparing Figs. 8a and 9a, 

it can be stated that despite more pressure drop, Mach number rises due to considering wetness 

at the inlet. Also, it is an observable lower amount of wetness caused the higher value of Mach 

number. This means that wet at the inlet can increase the flow velocity and, consequently, the 

rate of kinetic energy. As a result, the wet-steam flow reaches with a higher amount of kinetic 

energy to the rotor.  

 

   
a b c 

Fig. 9: Mach Number distribution a) in different values of wetness on suction surface, b) in blade cascade for 

Case 1, and c) Case 7 
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temperature corresponding to the pressure of flow 𝑇𝑠(𝑃)–𝑇𝑣. As can be seen, the diagram of 

the supercooling degree has an increasing trend until the condensation shock occurs on the 

suction side at x/xc ≈ 0.74 and the highest value of the supercooling degree is equal to 33 K at 

the location of condensation shock. Afterward, the supercooling degree rapidly drops which is 

due to a difference in the pressure, and finally, the variation is decreased due to the reduction 

of the difference between the vapor and the droplets temperatures. In addition, it is clearly 

observable that existence of slight amount of wetness at inflow, effectively decreases the 

supercooling degree and consequently deviation from equilibrium condition. Moreover, the 

location of the highest value of the supercooling degree is moved toward downstream, which 

shows retarding the nucleation phenomenon. Comparison between two values of wetness 

represented in Figs. 10b and 10c. 

 

   
a b c 

Fig. 10: Supercooling degree variation a) in different values of wetness on suction surface, b) in blade cascade 

for Case 1, and c) Case 7 

Fig. 11a depicts the droplet nucleation rate computed by the proposed NURBS-based grid. 

As shown, adding wetness to the inflow led to a decrease in the rate of droplet nucleation. For 

Cases 6 and 7, the rate of nucleation on the suction surface is zero while there is still a slight 

nucleation throughout the flow in Case 6. Comparing Figs. 11b and 11c, it can be observed that 

no droplet nucleation has occurred in Case 7. 

Distribution of droplet radius on the suction surface is demonstrated by Fig. 12a. As shown, 

the droplet radius of Case 1 begins to rise when the nucleation rate has the maximum value. 

Afterward, the droplet growth decreases and reaches the constant value at the outlet. However, 

no significant growth of droplet can be seen for Cases 2 to 7 and there is a radius decrease for 

the mentioned cases. In addition, Fig. 12b and 12c show that there is a remarkable difference 

in droplet size between Cases 1 and 7. 
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a b c 

Fig. 11: Nucleation rate distribution a) in different values of wetness on suction surface, b) in blade cascade for 

Case 1, and c) Case 7 

 

   
a b c 

Fig. 12: Distribution of droplets radius a) in different values of wetness on suction surface, b) in blade cascade 

for Case 1, and c) Case 7 

 

The wetness fraction calculated by implementing the NURBS technique is illustrated in Fig. 

13. As shown, the wetness fraction is rapidly increased by beginning the nucleation process. 

Moreover, a decrease in wetness fraction of the flow can be observed which is due to passing 

the location of aerodynamic shock and also the increase of evaporation temperature. Moreover, 

the wetness faction increases by increasing the wetness of inflow. It is worth mentioning that 

existence of higher values of wetness and bigger droplets at inlet can be led to more erosion 

damage and more decrease in efficiency of the blade. Nevertheless, it cannot be ignored that 

wet at inlet is able to stop the nucleation process and also deliver a flow with higher kinetic 

energy to the rotor. 
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a b c 

Fig. 13: Wetness fraction variation a) in different values of wetness on suction surface, b) in blade cascade for 

Case 1, and c) Case 7 

5. Conclusion 

In this paper, the effect of existence of wetness at the inlet of steam turbine stationary cascades 

is investigated. In addition, a NURBS-based technique was used as a new mesh generation 

method in order to achieve a more compatible grid with the geometry of the blade cascade. In 

this regard, two different approaches were adopted and the impact of variation of the angle of 

the grid at the trailing edge was studied. The computed results were also validated against the 

experimental data and compared to the calculated results of the typical H-type gird. Results 

indicated that applying the grid generated by the NURBS formulation is well consistent with 

the experiments and could predict and track the shock locations accurately. Additionally, it was 

observed that using an angle of the grid equal to 64.4°, generated according to the proposed B-

B approach, resulted in the good agreement with the experiment. Therefore, the mentioned grid 

was proposed in order to investigate the wet-steam flow. Compared to the typical H-type grid, 

the proposed NURBS-based mesh improved the prediction accuracy of static pressure 

distribution and droplet average radius. Finally, according to the computed results of the wet 

inflow, it was observed that Mach number rises due to the existence of wetness at inlet. 

Therefore, the rate of kinetic energy increases because of velocity increase. Additionally, the 

supercooling degree was effectively decreased which means the deviation from equilibrium 

condition was reduced. Moreover, it was observed that the nucleation process could be 

alleviated when we have 3.0% wetness in the inflow.  
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