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Abstract: 

Methods for calculating the nonequilibrium phase transformations during the condensation of supercooled steam in the turbine flow path are 

developed. In the process of realization, the development of the classical Zel'dovich-Frenckel’s theory for the case of nonstationary 

nucleation of a new phase with fast extensions of supercooled steam is considered. A numerical-analytical method for calculating 

condensation was designed and implemented in the form of a software package, which consistently takes into account the nonstationarity of 

the process. Numerical studies have shown high efficiency and accuracy of the method. 
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1. Introduction 
Every year, the consumption of electricity increases, which in 

turn is compensated mainly by powerful thermal and nuclear power 

plants. One of the main problems arising in the operation of 

powerful power units is the work of the last stages of the low-

pressure part in the wet steam area. Improvement of working 

processes in the two-phase flow, in which the formation, 

transformation and transfer of moisture has a significant negative 

effect on the characteristics of the stages, is one of the possibilities 

for further improving the economy and reliability of 

turbomachines [1, 2]. 

At the present time, at the modern period of development of 

turbine construction, the problems of the theory of the nucleation of 

moisture are analyzed and solved with taking into account the three-

dimensional flow of steam in the turbine stages, the nonstationarity 

of the nucleation of a new phase and the energy exchange with the 

growth of condensed particles [3 – 5]. To solve the problems posed, 

it is necessary to obtain a system of equations that take into account 

nonstationarity, nonisothermal effects, and those that possess 

universality. 

In this paper, we consider the problems of nonequilibrium 

homogeneous condensation in the expansion of supercooled steam 

in the turbine flow path. These studies are very relevant, since the 

nucleation of drops largely determines the nature of the further 

course of the working fluid. Its detailed investigation and 

description is necessary for the creation of appropriate gas-dynamic 

calculation schemes and for studying complex physical phenomena 

associated with the emergence of "condensation turbulence", the 

intensification of nonstationary processes, as well as the further 

transformation of water-droplets and their influence on working 

processes in the turbine flow path. 

 

2. Fundamentals of the classical theory of the new 

phase nucleation 
The new phase nucleation theory is closely related to the 

basic concepts of statistical physics and uses the fundamental 

results of Gibbs and Einstein. In the modern form it was 

developed by Zel’dovich [6], who received 
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Expression (1) has the form of the Fokker-Planck’s 

equation and represents the basic equation of the new phase 

nucleation kinetics, where 𝑔 is the number of molecules in 

the nucleating droplet ("size"); 𝑗(𝑔, 𝑡) is the flow of nuclei in 

the size space; 𝐷(𝑔) is the diffusion coefficient; 𝑓(𝑔, 𝑡) and 

𝑁(𝑔, 𝑡) are the kinetic and equilibrium distribution functions, 

respectively. 

With time-independent external conditions, the system 

establishes a stationary distribution of droplets in size 
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 is critical region width; KB 

is the Boltzmann's constant. 

The nucleation rate IST, that is, the number of stable 

nuclei formed in the system per unit time, is defined as the 

size-independent stationary flow 
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where 𝑔  is the macroscopic rate of change in the size of the 

nucleus, which can be determined through the diffusion 

coefficient D in accordance with the well-known Einstein’s 

relation 

−
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Concretizing the input quantities in the equation (2) as 

applied to the condensation of supercooled steam, 

Ya. I. Frenckel obtained an expression for the stationary 

nucleation rate (the Zel’dovich-Frenckel’s formula) [7] 

(3)  𝐼ST = 𝛼𝑐𝑊  
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where p is the steam pressure; ρ' is the liquid density; σ is the 

surface tension coefficient; 𝑚M is the molecule mass; 𝑟∗ is 

the radius of the critical nucleus; 𝛼𝑐  is the condensation 

coefficient. 

An analysis of the above theory shows that the 

assumption of stationarity of the nucleation process is 

violated in many practical cases, in particular, with the 

expansion of supercooled steam in the turbine flow path. 

In this connection, it is advisable to consider the 

refinement of the kinetic aspects of nucleation associated 

with the situation noted above, when the steady-state 

approximation for the solution of equation (1) is not 

applicable. It should also be noted the need for detailed 

consideration of heat- and mass-transfer between a separate 

nucleus and steam. 
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3. Development of the classical theory as applied to 

working processes in the stages of wet-steam turbines 
Let us further consider the development of the classical 

theory for the case of a nonstationary nucleation of a new 

phase with fast extensions of supercooled steam. The process 

of the nonstationary nucleation of a new phase is described 

by the Zel'dovich’s equation (1). The nonstationarity of the 

problem is related to the time dependence of the external 

conditions and, consequently, the coefficients of 

equation (1). 

To characterize the nonstationarity level, we introduce a 

certain quantity connecting the relaxation time to the 

stationary distribution 𝜏rel  and the change rate of the 

nucleation barrier 
𝜕

𝜕𝑡
(

𝑊∗

𝐾B 𝑇
), it is the nonstationarity 

coefficient n 
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To describe the initial period of condensation during the 

expansion of steam in the turbine flow path, it is necessary to 

solve the problem of determining the nucleation rate I under 

nonstationary external conditions, taking into account the 

release of heat in the growth of nuclei. The correctness of the 

obtained result is confirmed by the transition of the solution 

to the stationary solution if 𝑛 → 0. The solution of this 

problem for both isothermal (one-parameter) and 

nonisothermal nucleation was considered in [8, 9]. 

For us, the so-called "effect of the presence" of a new 

phase, which occurs only after a significant increase in the 

size of the nuclei formed, is of special interest. For such 

nuclei, the macroscopic growth equations and the change in 

the total number of molecules that have entered the new 

phase 𝑁 ′ are valid, which are described as follows: 
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𝑑𝑁′
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∞
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where 𝐼 𝑡 − 𝑡 ′  is the nucleation rate, which in the general 

case should be determined from the Zel'dovich’s 

equation (1);  𝑔(𝑡 ′) is the number of molecules in the 

nucleating droplet that was formed at the time  𝑡 − 𝑡 ′  and is 

observed at time t. 

The methods available in the literature for an 

approximate analytical study of equations of the type (5), 

together with the drop growth equation, in spite of their main 

advantage, which consists in obtaining closed analytic 

expressions for the total number of nuclei formed, have not 

found universal application. This is due to the use of a 

number of serious assumptions in their implementation, as 

mentioned above. 

An alternative to the analytic description is the rejection 

of all sentences, except for the equations (1), (5) used in the 

derivation of the equations, and the subsequent numerical 

solution of these equations by a computer. This procedure 

was implemented by us to obtain an "exact" solution, which 

is then used to control the results obtained in the work and 

compare it with the results of other authors. However, in 

connection with the cumbersome numerical solution of the 

partial differential equation (1) in conjunction with the 

integral relation (5), the application of the method in 

problems characteristic of turbomachines, where 

condensation is only a part of very complex gas-dynamic 

processes (including multidimensional flow, its 

nonstationarity, turbulence and etc.) or in problems of 

synthesis of the optimal flow path is very difficult. In other 

words, in real calculation schemes, an increase in the 

"dimensionality" of the problem by adding an additional 

coordinate rd is highly undesirable. The way out of this 

situation is to look at the evolution of several initial moments 

instead of the evolution of the distribution function 

Ω𝜈 =  𝑟𝑑
𝜈∞

𝑟∗
∙ 𝑓 𝑟𝑑 𝑑𝑟𝑑 , 𝜈 ≥ 1. 

Such an "intermediate", between analytical and 

numerical, the method has become quite widespread. In this 

method, while preserving the first two assumptions of the 

analytical approaches on the possibility of using the 

stationary expression for the nucleation rate and on the 

independence of the drop growth rate on their size, the 

integral equation (5) reduces to a system of differential 

equations for the moments of the distribution function 

(6)                           
Ω 𝜈 =ν𝑟 𝑑Ω𝜈−1 ,   𝜈=1,2,3;

Ω =𝐼ST .
 

The system (6) is actively used to study condensation in a 

variety of situations [8]. 

At the same time, the rejection of the assumption of 

stationarity of the nucleation process requires the refusal of 

the direct use of the system (6). 

Thus, the problem of creating a sufficiently accurate and 

simple method for calculating the condensation process, 

taking into account the peculiarities of the nucleation of a 

new phase in the case of fast steam expansion in the turbine 

flow path and convenient for inclusion in gas-dynamic 

calculation schemes and in the synthesis of optimal 

constructions for wet-steam turbines, remains very relevant. 

We note here that in carrying out numerical studies it is 

convenient to construct a general system of equations that 

makes it possible to perform calculations uniformly for 

arbitrary values of the coefficient 𝜆, which characterizes the 

heat exchange between the steam and the nucleus. For the 

stage of moisture nucleation, the system of equations in the 

final form is represented as follows: 
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; 

𝑟 𝑑∞  is the growth rate of a "large" droplet (𝑟𝑑 ≫ 𝑟∗); β is the 

collision frequency with a unit surface; Γ is the gamma 

function; S is the degree of supersaturation; 𝑉M
′  is the 

molecular volume; 𝜒 is the cooling rate; 𝑞 and 𝐶M
′  are the 

heat of a phase transformation and the heat capacity of a 

liquid per molecule; 𝑛′  is the nonstationarity parameter, 

determined by the adiabatic expansion. 

For the phase of recondensation, the analogous system of 

equations has the form 

(8)      Ω 𝜈 = 𝜈 𝛼𝑐𝛽𝑉M
′ Ων−1  1 − exp[(μ ∙

𝑟∗Ων−2

Ων−1
− 1)] , ν = 2,3, 
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3

4
 𝛼𝑐𝛽𝑉M
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4. Numerical studies 
In the comparative analysis, the simplest case of 

isothermal nucleation under expansion with constant velocity 

Q is considered 
𝑉 = 𝑉0 1 + 𝑄𝑡 , 

so that the cooling rate equation has the form 

𝜒 =  𝑘 − 1 ∙ 𝑄
𝑉0

𝑉
−

𝑞

𝑡
∙

1

𝑁1𝐶𝜈 +𝑁′𝐶𝑀
′ ∙

𝑑𝑁′

𝑑𝑡
. 

Based on the two models presented in [9], a stationary 

description was made. In the first case, the system of 

equations for the moments of the distribution function is 

considered, and in the second case the initial size of the 

emerging nuclei is assumed to be equal to the critical one, 

and the growth is given by the following equation 

𝑟𝑑 = 𝛼𝑐𝛽𝑉M
′   1 − exp[ln 𝑆(

𝑟∗

𝑟𝑑
− 1)] . 

In the integral equation, the nucleation rate I is replaced 

by the stationary value IST, this method was called the 

"stationary integral", in contrast to the "nonstationary 

integral" corresponding to the numerical experiment [9]. 

In Fig. 1 shows the results of the description of the initial 

period of the condensation process in the form of the time 

dependence of the quantity IST calculated in accordance with 

the process parameters obtained in calculations by various 

methods (the use of IST is related only to the clarity of 

comparison of various methods for describing the 

condensation process). 

 
                  IST·10-22,  m-3 s-1 

 
a) 

                IST·10-27,  m-3 s-1 

 
b) 

                 IST·10-28,  m-3 s-1 

 
c) 

Fig. 1. Dependence of IST on time, determined on the 

basis of various methods: 

a) 
𝑄

𝛼𝑐
 = 1 ∙ 105, s−1;    b) 

𝑄
𝛼𝑐

 = 2,5 ∙ 106, s−1; 

c) 
𝑄

𝛼𝑐
 = 1 ∙ 107, s−1. 

In Fig. 1, curve 1 corresponds to a direct numerical 

solution of the system of equations, curve 2 corresponds to 

the proposed method, curve 3 corresponds to a stationary 

calculation using the method of moment equations and 

curve 4 corresponds to a "stationary integral" method. 

Apparently, the presented method has the best agreement 

with the results of a numerical experiment. 

In Fig. 2 shows the results of a description of the 

condensation process under expansion with a time-periodic 

velocity. The expansion rate is given by expression 

)})(sin{1( 0ttAQQ   , 

where ω is the angular velocity of rotation. 

In Fig. 2, "solid lines" correspond to the numerical 

experiment; "dots" correspond to the calculation by the 

proposed method. 

Apparently, the proposed method well "follows" the 

changes in the flow parameters, which determines its 

prospects when using the calculations for the condensation 

process in conditions of unsteady flows. 

 

 
Fig. 2. Dependence of temperature and nondimensionless 

moments on time for the phase of recondensation at a 

periodic rate of expansion 

)})(sin{1( 0ttAQQ    

 

5. Conclusion 
1. An analytical solution is obtained for the nucleation 

rate of the nucleating droplets, which is valid practically at 

an arbitrary level of nonstationarity; the well-known 

Zel'dovich-Frenckel’s expression follows from it for weak 

nonstationarity. 

2. The developed numerical-analytical method for 

describing the condensation process, based on a consistent 

consideration of the nonstationarity of nucleation is 

practically accurate (within the framework of the basic 

assumptions of the classical theory of nucleation) both in the 

period of nucleation and in the period of recondensation. 

3. The simplicity of the method makes it possible to 

significantly accelerate calculations in comparison with 

numerical experiment (the time of the account is greatly 

reduced). This circumstance determines broad possibilities 

for using it in problems of synthesis of the optimal flow path 

of a wet-steam turbine or in direct research problems, where 
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condensation is only a part of complex gas-dynamic 

processes. 
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