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1. Introduction 

The development of the aviation industry, the 
creation of multifunctional aircraft, requiring a large 
complex of research, deep study of gas dynamics 
phenomena for use under development of gas 
turbine engines (GTE) power plants in general and 
its separate components. 

2. Problem formation 

Increasing requirements for power plants, the desire 
to get maximum power and provide the least resis-
tance to external integration of aircraft glider have 
led to the necessity in-depth research of gas dynam-
ics flow in the output devices, which are an essential 
element of power plants. 

Using the ejector jet nozzle (output devices) of 
different purposes creates additional problems 
related to the issues of optimal aerodynamic design 
to improve the efficiency of their application with 
minimal loss of energy and reducing the life cycle 
cost of GTE. 

3. Analysis of research and publications 

The essential three-dimensional flow, the presence 
of turbulent flow and detachable zones, variety of 
gas dynamic and geometric parameters that define 
the type, scheme and low of regulations, don’t allow 
at present time, solve theoretically all problems that 
arise in the development and creation nozzles for 
modern and future aircraft [1]. 

These effects in subsonic gas ejectors with flow 
rotation require providing research to improving the 
possibility of using some finite-difference methods 

of subsonic flow calculation in channels of complex 
shapes and models of turbulent viscosity. 

The basic mathematical model in approaching the 
continuous medium is the system of Navier-Stokes 
equations. Creation of efficient algorithms for 
numerical simulation of flow, incompressible 
viscous fluid and subsonic currents of viscous gas in 
various technical devices by the Navier-Stokes 
equations with the broad changing of parameters is 
an actual scientific task. 

Because of the complexity of determining the 
Navier-Stokes equations in the system with other 
transfer equations (heat conduction, energy conser-
vation and so on.), simulation is possible only 
through the use of numerical methods, in particular - 
finite-difference. Basic approaches to integrating 
Navier-Stokes equations associated with the 
construction methodology of calculation of the 
pressure. There are methods for incompressible 
fluids without calculation pressure [2], where the 
function is excluded introduction of pressure stream 
function, which eliminates the problems associated 
with the calculation pressure, but leads to other 
problems with the construction of the boundary 
conditions for the function of the vortex. Simulation 
of turbulent flows of liquid and gas is also carried 
out on the basis of Navier-Stokes equations, of 
bringing them to Reynolds averaged equations and 
closure of by the semi-empirical theories that are 
suitable only for specific movements [3]. 

The most promising is the direct modeling of 
turbulent flows by the Navier-Stokes equations, which 
requires the presence of a large computer performance 
compared with those that are common today. 
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4. Formation of the research problem 

For one classes of internal problems of fluid flow or 
gas modeling, can be attributed simulation of vis-
cous flows in rotating system with the presence of 
Carioles force. In such flows Carioles force is 
equivalent to the value of external forces, they have 
a complex structure even for simple cases of straight 
boundaries. The most difficult in the process of gas 
flow modeling is calculation of unbalanced flows 
that are based on Navier-Stokes equations together 
with diffusion and mass concentrations of the reac-
tants. At present great practical importance gained 
simulation of gas flow in combustion chamber of 
gas turbine engines. The most important theoretical 
and practical results at the process of flow calcula-
tion with flow separation were obtained with the 
help of viscous liquid asymptotic theory and semi-
empirical methods that are based on the numerical 
and natural experiments [4]. 

Complementing each other, the calculation and 
experiment provide new opportunities for the study 
of complex interdependent processes. The main 
problem of obtaining solutions unsteady Navier-
Stokes incompressible fluid is the difficulty of 
solving simultaneous equations of momentum and 
continuity equations. 

5. Using the finite-difference methods for calcu-
lating flow in channels of complex shape 

In the first phase of development of numerical 
algorithms for solving the Navier-Stokes 
incompressible flows, frequently used variables such 
vorticity - function flow. 

The use of physical variables allows solving two-
dimensional and three-dimensional problem of a 
single algorithm. Basic mathematical problems in 
solving Navier-Stokes equations associated with 
different types of differential equations for the laws 
of conservation of mass and momentum. Different 
ways of overcoming these difficulties that are arise 
during pressure determination of Poisson equation 
for amendments [5], different penalty functions [6], 
add the continuity equation transient member [6], 
regularization matrix factors in determining the time 
derivative. 

An actual problem in the process of numerical 
calculations by solving the Navier-Stokes equations 
is the construction and development of new 
approaches that would reduce the required amount 
of time in modeling at computer. During modeling 
the subsonic flows with decreasing of Mach down to 

zero finite-difference schemes essentially lose 
stability. 

To improve stability possible to use smoothing 
oscillations without reducing order of 
approximations and introduce artificial diffusion in 
areas with large gradients to provide additional 
smoothing numerical result. However, the presence 
of flow turns, detachable and reverse currents, paired 
vortices leads to significant differences of calcula-
tion and experiment, and also in most cases, prevent 
the calculation of the finite-difference method. 

As you know, during the movement of fluid 
along the curved channel velocity of fluid particles 
decreases with the increasing of curvature radius. 
That is why the value of pressure at the inner wall is 
less than the value of the pressure at the other wall. 
So, at the entrance of the curved knees in the inner 
wall is formed confuser type area, and at external - 
diffuser shape of area. However, at the exit from 
curved knees directly into the pipe, vice versa we 
have diffuser form at internal wall and infuser at ex-
ternal wall. 

From the theory of boundary layer known that 
the diffuser boundary layer region is growing very 
intensively becomes unstable and can easily break 
away from the wall. This phenomenon is observed in 
regions of curved diffuser knees. Photos of process 
flow stream in the knee area clearly show location of 
local separation near external and internal walls. 

Schematic view of a flow in knee (fig.) 
 

 
Fig. Scheme of gas flow in turning knee of GTE ex-

haust device 
 

Because at the external wall the value of a pres-
sure is greater than at the inside, than along the side 
wall where velocity is equal zero, will be the over-
flow of liquid or gas from external wall to internal, 
that’s leads to pair vortex. 

This transverse overflow of fluid, usually called 
secondary flows. The secondary flow can be 
observed by measuring the velocity components that 
form vortex doubles. 

In section A-A shown a tangential velocity field. 
Installation of ejector devices at the turning section 
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of a gas flow at exhaust device GTE leads to 
additional energy losses which are caused by the 
presence of paired vortex and reverse flows in the 
second circuit of the gas nozzle ejector. 

Therefore, the structure of flow in curved channel 
is determined by the pressure increase and velocity 
decrease in the direction from the external to the 
internal wall of knees, the presence of local 
boundary layer separation, and finally the formation 
of vortex paired in the knee. These phenomena 
determine the nature of the losses in the knee and 
qualitative changes uniformity of flow that occur in 
the presence of the pipeline knee. 

From the analysis of the physical picture of the 
flow in turn can be concluded that the loss of the 
knee consists of friction losses, losses on the 
formation of paired vortices and losses through the 
presence of local separated flow. The latter are the 
most relative value, and friction losses are the 
smallest share of the total losses. 

Therefore, to reduce losses in the knee, first of 
all, we are necessary to avoid of local aerodynamic 
diffusers, which often lead to local separated flow. It 
is necessary to reduce the intensity of secondary 
currents, which form paired vortices, and only after 
this provide reduction of friction. Besides, the loss 
depends on the geometrical characteristics of the 
knee, namely the radii of curvature of external and 
internal walls, forms cross-sectional area ratio of the 
input and output sections and others. 

Calculation of such complex flows require de-
tailed studies in the direction of definition suitability 
of various finite-difference methods that could be 
considered: the presence of separation areas and re-
verse flow, pressure changing at transverse 
direction, the presence of perturbations up by flow, 
friction on the wall. 

Calculation of gas flow in channels of different 
shapes dedicated a significant amount of work 
performed at the Institute of Mechanical 
Engineering University them. Podgorny and 
Dnipropetrovsk National University them. Oles 
Gonchar. 

For circuiting the system of equations, that are 
describing turbulent flow, turbulent viscosity models 
are used. Selecting the model of turbulence for cal-
culating separated flow is an individual issue. 

Although the substantial progress at modeling 
Large Eddy Simulation (LES) and Detach Eddy 
Simulation (DES) during solving practical problems 
there are widely used models based on the average 
Reynolds number Navier-Stokes equation (RANS). 

With the closure of RANS used algebraic, one- 
and two-parameter model of turbulent viscosity. 
There is a widespread one-parameter model of 
Spalart-Allmaras, which demonstrates a reasonable 
compromise between computational expenses and 
accuracy of the results. 

One-parameter model of turbulence Spalart-
Allmaras (SA) [7] was developed in 1992 y. It is 
designed for solving problems of to meet the chal-
lenges of the external body flow around of a gas 
flow at small angles of attack with existing loose 
areas in boundary layer. The generation of turbu-
lence is determined rotor field of velocity. 

The presence of ambiguity and instability of 
solving the problem of motion of a viscous 
incompressible fluid needs to improve the accuracy 
and efficiency of numerical methods for calculating 
heat transfer and hydrodynamics in domains of 
arbitrary shape. It is particularly important to ensure 
properties conservatism and monotony numerical 
method in any coordinate system. 

This makes it possible to minimize the 
disturbance introduced by the solution due to 
features of difference approximations and curvature 
of the grid lines. 

To achieve this aim the most suitable family of 
SIMPLE algorithm based on the method of 
controlling the volume and type of scheme TVD, 
which are modified to calculate incompressible flow. 

The decision on the use of models of turbulent 
viscosity depends on the presence of certain 
theoretical and experimental research. 

Model of incompressible fluid, typically used to 
describe flows with Mach number is much less than 
one because direct application of methods based on 
the model of the compressed gas becomes 
ineffective due to hardness of the original system of 
equations [8]. Historically it so happened that the 
development of methods for calculating the flow of 
viscous incompressible fluid going in two directions. 

Methods that use transformed variables of vortic-
ity - flow function (ω–ψ), competed with methods 
based on recording original equations for variable 
velocity - pressure (u, v, p) [9]. 

Methods for solving the Navier-Stokes equations, 
written in the transformed variable (ω-ψ), make it 
possible to reduce the number of unknowns in the 
two-dimensional problems, but to calculate the 
number of unknown three-dimensional movements 
significantly increased compared to methods which 
use variable velocity - pressure. 
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In the methods (ω-ψ) there are difficulties with 
the production of physically reasonable boundary 
conditions for vorticity consideration on solid walls 
as well as for function in connections areas. 

Methodology for determining the subsonic flows 
in variable velocity - pressure that are based on the 
model of incompressible fluid, and the idea of 
splitting by physical processes also different. They 
are divided by SIMPLE similar algorithm [9], 
method of artificial compressibility [8] and mixed 
Lagrangian-Euler methods such method of particles 
in cells [10]. 

One of the main problems for both methods (ω-
ψ), and methods for (u, v, p), is the task of 
calculating the pressure field. The source of 
problems is the system of equations of 
incompressible fluid in which no equation for 
pressure. 

In the transition to variable vorticity - function of 
pressure flow is excluded from the calculation, be-
cause the determination of influence on the body as 
part of such methods is problematic. 

In such algorithms SIMPLE, SIMP-LEC [6], 
PISO [10] and the method of artificial compressibil-
ity, actually put an evolutionary task for pressure 
defines. 

From the analysis of the equations of 
incompressible fluid it is stated that the field of 
pressure instantly responds to changes in velocity 
vector fields and massive force and doesn’t depend 
from pressure distribution in the previous moment of 
a time. 

In SIMPLER algorithm realized just such a 
scheme of interaction fields. This caused to notice-
able increasing of efficiency of SIMPLER algorithm 
compare with other methods [4], especially for tasks 
where a decisive influence with massive force, par-
ticularly for temperature and concentration of free 
convection and also flows with twisting movements. 

Disadvantage of SIMPLER algorithm can 
assume that it is implemented only distanced chess 
grid, while both methods of artificial compressibility 
[8, 9] and algorithms SIMPLE, SIM-PLEC, PISO 
could be realized on combined and part combined 
meshes. 

At present, the most popular among ta specialist 
of calculating fluid dynamic is a family of SIMPLE 
algorithms. 

Real geometry of industrial plants separate com-
ponents also gas ejector requires, first of all, the pos-
sibility of using adaptive grids and secondly, inde-
pendence of calculation methods parameters of se-

lected coordinate system. On this point of view the 
greatest flexibility has a finite-element method. 

Despite the latest advances in increasing the 
accuracy of approximation in finite element method, 
finite difference algorithms based on the method of 
control volume [4], exceed the finite element 
method for efficiency and accuracy. 

In the finite-difference algorithms we have easier 
implemented opportunities to increase the accuracy 
of calculations by the use of high-order TVD 
schemes. 

The first problem that arose during the applica-
tion SIMPLE procedures in nonorthogonal coordi-
nate systems associated with the inconsistency fields 
of velocity and pressure with the formation of so-
called chess fields of pressure and velocity [4]. The 
main idea of SIMPLE algorithms is that, for pressure 
calculation used difference equation derived from 
discrete analogues of momentum and continuity 
equations. 

In the output algorithm [4], recorded for the 
Cartesian coordinate system on a chess grid, a 
pressure gradient is calculated using the pressure 
values in the two neighboring nodes. In this case, 
there is no inconsistency between the fields of speed 
and pressure and grid model for pressure includes 
2D+1 node, where D – task dimension. As a result 
on regular grid we have a matrix of equations system 
with 2D+1 diagonal. For solving such systems de-
veloped effective iterative methods. 

If the momentum equation written in projection 
on the basis vectors of the Cartesian coordinate 
system, then going to nonorthogonal coordinate 
systems on the grid close to the orthogonal grid 
system of discrete equations for velocity and 
pressure falls apart into two independent systems. A 
large number of papers devoted to the elimination of 
this effect. 

So, at research [9] proposed partially combined 
grid, where components are stored in the corners of 
volume and pressure and also authors noted the dif-
ficulty in obtaining the solution of which coincides 
through the wall pressure oscillations. 

At research [10] M.P. Lobachev equation of mo-
tion shows in conservative form on partial combined 
grid of different velocity vectors. However, at dif-
ference equation of pressure, part of members 
moved to the right side, which has led to need of 
introduced an internal interactive cycle for solving 
Poisson equation during each global iteration. Con-
sequently, using combined grid impossible to use the 
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algorithm SIMPLER, that according to the effi-
ciency superior to other SIMPLE methods. 

The second problem that arises during the 
transition to curvilinear coordinates is the impact of 
curvature grid lines on the accuracy of numerical 
solution, including the conversion of Galileo for 
discrete equations of motion. 
During recording of a discrete analogue for differen-
tial equations form of output equations and using as 
desired variables or counter covariant velocity 
component homogeneous flow, in general, does not 
satisfy the discrete counterparts. 

 Implementation of a discrete level conversion 
Galileo does not guarantee even for such simple 
currents as linear shear flow Kuetta, accurate 
calculation to not arbitrary orthogonal grid. 

6. Conclusions 

Nowadays there is almost no research that would 
clearly show the benefits of such scheme of TVD 
compared with different scheme for solving the 
problem of incompressible fluid. So, there are the 
tasks to develop a methodology to compare different 
algorithms for that type of task. 

All the mentioned events and factors that occur in 
complex technical devices, one of which is subsonic 
gas ejectors with flow turns of active gas, in most 
cases need to research the possibility of using some 
finite-difference calculation methods of subsonic 
flow in channels complex forms and models of 
turbulent viscosity. 
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Проведено аналіз сучасних математичних моделей турбулентної в’язкості для численного моделювання течії 
в’язкого газу в дозвукових газових ежекторах з поворотом потоку. Розглянуті переваги та недоліки кожного з 
них. Запропоновано до використання кінцево-різницевий метод для проведення розрахунку течії в’язкого газу в 
дозвукових газових ежекторах. 
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Проведен анализ современных математических моделей турбулентной вязкости для численного моделирования 
течения вязкого газа в дозвуковых газовых эжекторах с поворотом потока. Рассмотрены достоинства и 
недостатки каждого из них. Предложено использовать конечно-разностный метод для проведения расчета 
течения вязкого газа в дозвуковых газовых эжекторах. 
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