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Abstract. Computational algorithm was developed based on the well-known ANSYS Fluent  software 
package for studying unsteady wave outflow of a saturated liquid from high-pressure pipelines during 
emergency depressurization. The unsteady processes of the outflow of liquid, boiling as a result of 
depressurization of high-pressure vessels, have been investigated. The system of equations for the 
conservation of mass, momentum, and energy in a two-dimensional coordinate system is used in order to 
create mathematical model this process. The features of the formation of jets of boiling liquid at various 
equilibrium initial states of water in a high-pressure vessel under conditions close to the experiments carried 
out by the authors [10] have been studied. The spatial distributions of pressure, temperature and velocity of 
the forming jet are obtained. Numerical results have shown that, over time, the character of the velocity 
distribution acquires a conical shape. With an increase in the initial temperature and pressure, this 
distribution is preserved, and the opening angle increases. The results are in qualitative agreement with the 
experimental data. 

Key words: outflows of boiling liquid, mathematical and numerical modeling, homogeneous mixture, 
depressurization of a pressure vessel. 

 
 
Intraduction 
 
The relevance of studies of the wave process of 

the efflux of a boiling coolant is due to the increasing 
requirements for ensuring the safety of modern 
power plants in emergency operating conditions. 
Establishing the laws of changing the parameters of 
the coolant in time in high-pressure circuits during 
sudden depressurization is necessary for calculating 
additional loads and extreme temperatures in the 
structural elements of the circuits, for designing 
devices for localizing the consequences of an 
accident, etc. In engineering practice, the calculation 
of the emergency outflow of a high-temperature 
coolant is usually carried out within the framework 
of quasi-stationary methods [1-4]. 

An experimental study of the dynamics of a 
superheated liquid from high-pressure chambers was 
carried out in [5, 6]. Numerical modeling of the 
process of depressurization of a pipeline with a hot 
coolant on the basis of a homogeneous model was 
carried out in [7]. On the basis of experiments from 
[5 non-stationary processes of efflux of boiling water 
in a one-dimensional formulation were numerically 
investigated in [8]. The authors generalized the two-
phase model of the boiling steam-water mixture for 
the two-dimensional case with axial symmetry in 
[9,10]. The features of the formation of jets of a 

boiling liquid were studied at various values of the 
initial saturation parameters close to the 
thermodynamic critical point. 

Numerical modeling of the process of formation 
of a jet of a boiling coolant taking into account the 
nonequilibrium of the steam-water mixture near the 
rupture boundary is presented in [8]. The authors had 
used the model of an ideal compressible fluid in the 
quasi-stationary approximation in order to solve the 
problem. The experiments on explosive boiling up of 
water jets as a result of their outflow through a thin 
cylindrical nozzle from high-pressure vessels are 
analyzed in [10]. 

The study of the motion of heterogeneous 
mixtures taking into account the initial structure of 
the mixture and the physical properties of the phases 
is associated with the use of new parameters and the 
solution of equations that are more complicated than 
those with which one has to deal with in the 
mechanics of single-phase (homogeneous) media. In 
addition, a detailed description of intraphase and 
interphase interactions in heterogeneous media is  
extremely difficult. Rational schematization is 
especially necessary here to obtain observable results 
and their understanding.  

The works [5] – [11] are devoted to the issues of 
the expiration of two-phase flows. High values of 
temperature and pressure in containers with water 
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during depressurization lead to its rapid expansion 
and boiling. The initial, unsteady stage of the efflux 
of a boiling liquid is of particular interest both in 
theoretical and experimental terms, since it is 
characterized by significant metastable wave 
processes. 

The problem of emergency depressurization of 
systems with a liquid coolant at high pressure is far 
from well understood. This also applies to the 
mechanical side of the phenomenon of wave outflow 
of a boiling liquid, accompanied by intense phase 
transformations and restructuring of the structure of 
the vapor-liquid flow. It is advisable to carry out 
theoretical research in the direction of analyzing the 
physics of the process, constructing its mathematical 
models and developing methods for numerical 
integration that describe the process of equations. 

 
Formulation of the problem 
 
The main assumptions were used in the 

mathematical formulation of the problem like: 
- the movement of the medium is two-

dimensional, the influence of the design features of 
the pipelines on the outflow process can be neglected; 

- the temperature inside the pipe is identically 
equal to the saturation temperature at a given 
pressure.  

The equations of state of this medium are 
constructed according to the known equations of state 
of the phases using the usual assumption about the 
additivity of thermodynamic functions: 

 
𝑖𝑖�𝑥𝑥𝑥 𝑥𝑥� � �� � 𝑥𝑥�𝑖𝑖��𝑥𝑥� � 𝑥𝑥𝑖𝑖��𝑥𝑥� � 

� 𝑖𝑖��𝑥𝑥� � 𝑥𝑥𝑙𝑙�𝑥𝑥�;     
 

𝑉𝑉�𝑥𝑥� � �� � 𝑥𝑥�𝑉𝑉��𝑥𝑥� � 𝑥𝑥𝑉𝑉��𝑥𝑥�𝑥             ��� 
 

there 𝑖𝑖 и 𝑉𝑉 – specific enthalpy and volume of the 
mixture; 𝑙𝑙 – specific heat of vaporization; indices 1 
and 2 mark the parameters of liquid and vapor, 
respectively. The equations of conservation of mass 
and momentum and the equation of heat inflow for 
two-dimensional unsteady motion of an equilibrium 
vapor-liquid mixture in a channel of constant cross-
section have the following form: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 � 𝑑𝑑𝜌𝜌𝜌𝜌�

𝜌𝜌𝑥𝑥 �  𝑑𝑑𝜌𝜌𝜌𝜌�
𝜌𝜌𝜕𝜕 � 𝑧𝑥               ���  
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   𝑑𝑑 ��

�� � 𝑥𝑥 𝑑𝑑𝑖𝑖𝜌𝜌 𝜌𝜌 � 𝑧                          (4) 
 

Let there be a cylindrical vessel (a piece of 
pipeline) of constant cross-section with a length 𝐿𝐿, 
filled with a saturated liquid with pressure 𝑥𝑥� and 
temperature 𝑇𝑇��𝑥𝑥��.  At the moment of time t = 0, a 
sudden depressurization of the right end occurs 
(rupture of the diaphragm). The liquid in the outlet 
section boils, the forming vapor-liquid mixture starts 
to move and flows out with a pressure 𝑥𝑥�,, much less 
than the pressure 𝑥𝑥�. A rarefaction wave will go 
through the liquid inside the pipe. The problem of 
calculating a non-stationary process accompanying a 
sudden depressurization of a pipeline is to determine 
the laws of change in pressure, velocity, steam 
content and temperatures in time in various sections 
of the pipe. Mathematically, it is a mixed problem for 
the system of partial differential equations (2) – (4) 
with the following initial and boundary conditions:  

 
𝜗𝜗�𝑧𝑧𝑥 𝑧� � 𝑧𝑥 𝑥𝑥�𝑧𝑧𝑥 𝑧� � 𝑥𝑥�𝑥  

     𝑇𝑇�𝑧𝑧𝑥 𝑧� � 𝑇𝑇��𝑥𝑥�� 
 

𝜗𝜗�𝑧𝑥 𝑑𝑑� � 𝑧𝑥    𝑥𝑥�𝐿𝐿𝑥 𝑑𝑑� � 𝑥𝑥�                 ��� 
 
 
Numerical solution technique 
 
ANSYS  software  was  used  for  solving  of  

problem. At first stage, geometry of object was 
created with   the   help   of   built-in   DesignModeler   
editor.    Mesh editor allows sampling computational 
domain. Transition  to  Setup  editor  allows  setting  
initial  and  boundary  conditions  of  task,  and  
choose  solution  method.   (Figure 1). 

The geometry of the computational domain is a 
rectangular section of the pipe, which corresponds to 
the following dimensions: the part of the section 
where the boiling liquid is located: length – 7 cm, 
width – 1 cm, and the medium – air: length. – 14 cm, 
width – 2 cm, the full computational domain is 
rectangular with  length – 21 cm and height 3 cm. The 
algorithm for creating the geometry and mesh of the 
problem, setting the boundary conditions in the 
Ansys software are shown in Figures 2-3. 
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Figure 1 – Ansys project 

 

 
 

Figure 2 – Geometry of the computational domain 
 
 

 
 

a       b 
 

 
c       d 

 
Figure 3 – Boundaries of the computational domain: 

Inlet (a); Outlet (b); Axis (c); Pipe Wall (d) 
 

 
The boundary conditions are set as follows: the 

air velocity in the free volume is 0.001 m / s. The 
relative pressure at the outlet from the pipe is 0 Pa. 
To obtain a solution, we choose a paired calculation 
scheme that combines pressure and speed. 

 
Results and analysis of numerical calculations 
 
We investigated the dynamics of the vapor-liquid 

mixture during depressurization of the pipe under 

various initial conditions inside the pipe. The 
following values were set as the initial values for the 
pressure and temperature inside the pipe: А���� �
�������� 𝑇𝑇 � ����; В���� � �������� 𝑇𝑇 � ����; 
С���� � ��������� 𝑇𝑇 � �������nd 𝑇𝑇 = 300 K in 
outside zone. 

The pressure and velocity profiles are shown in 
figure 4 for various pipe sections after depressuriza-
tion. Numerical results lead that the mixture instantly 
sets in motion: the speed increases, the pressure 
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drops. The closer the discontinuity point is (7 cm), 
the more intense the pressure drop, which is 
consistent with the results of [8]. 

The pressure contours are shown in Figure 5 at 
different times with initial values  
� � ��� ����   � � ����. As a result of depressuri- 

-zation, a fast unloading wave propagates inside the 
pipe, and a spatial outflow of the boiling flow begins, 
in which a radial expansion of the jet is observed due 
to vaporization. 

The velocity profiles acquire a characteristic 
conical shape with changing  time. 

 
 

А 
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Figure 4 – Distribution of pressure (left) and velocity (right) 
under different initial conditions in the pipe: 

А:   � � ��� ����   � � ����; 
В:   � � ���  ���� � � ����; 
С:  � � ���� ���� � � ����� 

 
 
 



44 Numerical simulation of boiling liquid outflows process

Int. j. math. phys. (Online)                                   International Journal of Mathematics and Physics 12, №1, 40 (2021)

The stream of boiling water also has a conical 
shape, and the opening angle increases with 
increasing in the initial temperature and pressure in 

the saturation state to 423 К and 475 kPa, 
respectively (Figure 6) in comparison with the 
previous version. 
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d 

 
 

Figure 5 – Pressure (left) and velocity (right) circuits at different points in time: 
� � ��c��a�; � � ���� � ��c��𝑏𝑏�; �� � ���� � ��c��c�; � � ���� � ��c��d� 

����� � �������������� � ����; 
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Figure 6 – Pressure (left) and velocity (right) circuits 
at different points in time: 

� � ��c��a�; � � ���� � ��c��𝑏𝑏�; �� � ���� � ��c��c�; � � ���� � ��c��d� 
����� � ��������� � � ���� 

 
 
Calculations have shown that a further increase 

in temperature to 473 K leads to a significant increase 
in speed, but the jet opening angle does not exceed 70 
degrees (Figure 7). This result is consistent with the 

experimental data from [10], in which, up to the 
indicated temperatures, the jet also had a conical 
shape with an increase in the opening angle with an 
increase in the initial temperature. 
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Figure 7 – Pressure (left) and velocity (right) contours 
at different points in time: 

� � ��c��a�; � � ���� � ��c��𝑏𝑏�; �� � ���� � ��c��c�; � � ���� � ��c��d� 
for  � � ��������� � � ����� 

  

 
Figure 8 – Pressure outlet from the boiling liquid chamber 

at a temperature of 473K [10]
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The photograph which taken from [9] has been 
shown in Figure 8, where  an experimental jet of 
boiling liquid can be seen at an initial saturation 
temperature of 473K. A comparative analysis of the 
photograph and the results of numerical experiments 
shows their qualitative agreement. 

 
Conclusion 
 
In this paper, we propose a model for the 

dynamics of a two-dimensional vapor-liquid mixture 
in the case of a sudden depressurization of a high-
pressure pipe. The numerical experiments of the 
model was carried out on the basis of the ANSYS 
software package. The features of the formation of 
jets of boiling liquid at various equilibrium initial 
states of water in a high-pressure vessel under 
conditions close to the experiments carried out by the 
authors [10] have been studied. The spatial 
distributions of pressure, velocity and temperature 
fields are obtained. The results of numerical 
experiments have shown that at initial temperatures 
of the state of water saturation below 473 K, the jet 
has a conical shape; a further increase in the initial 
saturation temperature leads to the formation of the 
initial stage of the jet breakup mode, which is in 
qualitative agreement with the experimental results 
of [10]. The results of this work can be used in 
processing the corresponding experimental data and 
creating methods for calculating the processes 
accompanying emergency depressurization of 
complex multi-element high-pressure systems. 
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