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Abstract 
 
Processes forcing in power machines accompanies by intensification of aeromechanic, dynamic and 
heat actions on working medium flow. This implies the raising of the constructions heat-strength while 
its cooling organization requires more and more exact simulation and prediction of exchange processes 
in boundary layer. The perspective of modeling and research of targeted formation of disperse phase 
clusters of working media for next-generation environment-friendly technologies of production and 
transformation of energy on organic and synthetic hydrocarbon fuel is discussed in this paper. 
Approach to creation of problem-oriented complex of the theory, the models, knowledge bases as well 
as software-and-informational tools providing in total an opportunity for high-precision simulation, 
working off and prototyping in a computing experiment of the environment-friendly technologies based 
on optimization of disperse phase clusters in working media is considered. In this communication the 
different nature intensive action account problems on boundary layer macrostructure and turbulent 
transfer intensity in it are considered. Boundary layer model at impacts, turbulent transfer models in 
wall boundary layer adequately reflecting the factors of non-stationarity, velocity profile spatial 
reconstruction and pressure field non-homogeneity are suggested. Numerical method for solving of the 
differential equations system describing the turbulent boundary layer at impacts is modified, solution 
stability conditions are investigated. 
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1. Introduction 

 
Power generation is nowadays a key factor in the global economics, so that the 

effectiveness of power generation and consumption processes causes remarkable societal and 
environmental impacts. According to the report of International Energy Agency (2016), if 
the current trend of the energy consumption and its efficiency persists up to 2050, this yields 
a 70% increase in the in the global energy demands and 60% increase in the emissions as 
compared to 2011 respectively. The emissions will result in a long-term global average 
temperature rise of 6°C by 2050, which can result in potentially devastating consequences 
such as climate changes and threat to energy security. International Energy Agency 
suggested an effective scenario named 2DS, which offers a vision for a sustainable energy 
system that maintains the global temperature rise within 2°C by 2050 at the expense of 
limiting the increase in the energy demand by 25% and decreasing the emissions by 50%. 
The implementation of this scenario is considerably coordinated with the improvement of 
existing and the development of new energy efficient heat technologies in energy production 
and conversion of organic and synthetic hydrocarbon fuel.  

The present stage of development of energy and power engineering technologies is 
characterized also by expansion and differentiation of the nomenclature of fuels and heat 
carriers with its modification to the specific conditions (including climatic and 
meteorological) of power engineering equipment operating. More and more the multi-fuel 
and hybrid power stations and heat engines including focused on use of local types of fuel 
(including biofuels, a wastage of agriculture, production and processing industries) and 
connected to the development of a small-scale distributed power generation are widely 
adopted. At the same time the becoming tougher environmental standards already led to the 
significant increase and complication of working (technological) processes, realized in the 
modern power engineering equipment that in most cases is followed by deterioration in its 
technical and tactical characteristics (including the power and efficiency) and is in a conflict 
with requirements of fuel effectiveness. The key element in the resolution of this conflict and 
in scientific and technical justification of perspective power technologies is to solve the 
fundamental scientific problem of knowledge of the regularities of the formation of dispersed 
phase clusters, fluid dynamics, and heat-and-mass transfer in the disperse carrier working in 
power technological process (Kovalnogov et al., 2016; Simos et al., 2017, Tsirkunov, 2001). 
Disperse working media as a gas or liquid with dispersed therein solid or liquid particles of 
condensed phase takes place, for example, in the working chambers and the flow part of heat 
engines and power plants, in paths of cooling and heat recovery systems, in the devices for 
preparation and injection of fuel, for obtaining and separation of mixtures, in systems of 
recycling and neutralization of flue gas and so on.  

In power technology process the cluster formation of a disperse phase of working 
body is complicated by the intensive influence of pressure gradient, factors of a thermal and 
dynamic non-stationarity, phase changes and chemical reactions, and can be carried out as it 
is passive, being the accompanying process, or active (targeted) when additives of solids or 
drops of liquid expressly bring in the working body flow for impact on intensity of exchange 
processes or chemical reactions (Varaksin, 2018). In both cases the presence of disperse 
cluster in the working media significantly complicates the processes of heat-and-mass 
transfer in a flow, and also thermal and dynamic interface with a surface streamlined. At the 
same time when moving a disperse flow in channels and near the surfaces of the irregular 
shape the conditions for transversal movement of particles of a disperse cluster in a boundary 
layer and their inertial loss on certain sites of a surface are created that multiply intensifies 
processes of heat-and-mass transfer and is a significant reserve of increase in fuel 
effectiveness and improvement of ecological indicators of perspective power technologies. 
Nowadays the potential of this reserve grew, thanks to two occasions. Firstly, the rapid 
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development of nanotechnology has provided an opportunity for nanofluids with a unique 
combination of managed properties (Avramenko, 2015, 2016; Singh et al., 2018). Secondly, 
the achievements of technical progress in power-machine building and development of the 
additive technologies of a shaping providing external and internal surfaces of the 
unprecedentedly composite profile has expanded technological capabilities for disperse flows 
impact by means of swirling flows and changeable pressure gradient (Shevchuk, 2016; 
Pakhomov and Terekhov, 2018; Terekhov et al., 2018). 

The main objective of this study is to obtain the solution of the scientific problem 
formulated in the form of the creation of a problem-oriented complex of the theory, models, 
knowledge bases and program and informational tools providing in total an opportunity for 
high-precision simulation, working off and prototyping in a computing experiment of the 
perspective power technologies based on optimization and targeted formation of disperse 
phase clusters of the heat carrier. It will provide a theoretical basis for optimization of 
disperse phase cluster and will create necessary prerequisites for aimed formation of this 
cluster in annexes to creation of perspective technologies of sustainable energy and power 
engineering, development of methods and technical solutions on the advancing ensuring their 
fuel effectiveness and ecological purity. 

This work is divided in three main parts: 
• Overview and analysis of existing approaches to the modeling of disperse flows; 
• Representation of the model of heat and mass transfer in the boundary layer with 

internal sources of heat and momentum as an analytical core for disperse flows 
modeling; 

• Some simulation results obtained on this basis, their discussion and analysis. 
 

2. Materials and methods 
 

2.1. Theoretical foundations and research methods of dispersed flows 
 
In the theoretical plan sections of heat-and-mass transfer and fluid mechanics 

connected to disperse two-phase flows most intensively develop now. According to the 
modern conceptions, the calculation of two-phase flow includes modeling of transfer of mass, 
impulse and heat for each of phases, and also interfacial interaction. The main key 
difficulties arising at model operation of two-phase flows are bound, first, to the turbulent 
nature of movement, and secondly, to specific physical processes as (1) interaction of 
particles (drops, bubbles) with turbulent whirlwinds of a continuous phase; (2) interaction of 
particles of a disperse cluster with each other as a result of collisions; (3) evolution of a range 
of particles of a disperse cluster by the sizes owing to phase changes, coagulation or 
subdivision; (4) influence of turbulent fluctuations on speeds of phase changes; (5) 
interaction of particles with the surface of a flowing part limiting a stream and a deposition; 
(6) inverse influence of particles on turbulence; (7) dispersion, accumulation and fluctuations 
of concentration of particles (Zaichik and Alipchenkov, 2005). 

All variety of the mathematical models of two-phase flows existing today can be 
divided into two classes: double-fluid and Euler-Lagrangian. At the same time shortcomings 
of the first are advantage of the second and vice versa. Advantage of double-fluid models 
consists that numerical models of disperse flows differ from models of the homogeneous 
flow a little. It gives ample opportunities on loan of the numerical methods used for the 
solution of differential equations system. A lack of double-fluid models is significantly their 
smaller informational content concerning movement separately of the taken particle. Detailed 
information on movement of each particle separately in the known field of velocities and 
temperatures of the bearing stream belongs to advantages of Euler-Lagrangian models. But 
there are also a number of restrictions in realization of calculations of this type. At increase 

 313 



 
Bondarenko et al./Procedia Environmental Science, Engineering and Management, 6, 2019, 3, 311-318 

 
in concentration of the second phase extent of influence of particles on parameters of a 
carrying agent increases, and also the probability of collision of particles increases that leads 
to complication of their trajectories. With decrease of particle size computing process as the 
accounting of their interaction with the lesser turbulent whirlwinds of the bearing stream is 
necessary for correct representation of movement of particles becomes complicated. 

 
2.2. Computational model 

 
To implement the model it is necessary to develop, as an analytical core, a two-fluid 

modified model of the boundary layer with internal sources of heat and amount of motion 
using the original model of turbulent transport in the boundary layer, which will adequately 
take into account the impact of external influencing factors. In this case, the direct influence 
of the longitudinal pressure gradient and particles of the dispersed cluster on the profiles of 
averaged velocities and temperatures (and, hence, on heat transfer and resistance) will be 
taken into account in the framework of the boundary layer model by the corresponding terms 
in its differential equations (for example, terms characterizing the intensity of internal heat 
and momentum sources due to the presence of particles) and boundary conditions. The 
indirect influence of external influences can be taken into account by changing the 
coefficients of turbulent heat transfer and the amount of movement. A two-fluid 
mathematical model describing a high-speed boundary layer with external influences is 
presented in the form of differential equations system below. 

Differential equation of motion (Eq. 1): 
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Differential equation of energy (Eq. 2): 
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Differential equation of continuity (Eq. 3):  

 
( ) ( )

0=
∂

∂
+

∂

∂
+

y

v

x

u ρρ

∂τ

∂ρ  (3) 

 
Equation of state (Eq. 4): 

 
RTp=ρ  (4) 

 
Herein u, v are longitudinal (along the axial coordinate x) and transverse (along 

coordinates y) components of the flow velocity, respectively; τ is the time; T is the 
temperature; p is the pressure; R is gas constant; cp is the specific isobaric thermal capacity; ρ 
is the density; λ is the coefficient of heat conductivity; μ is the dynamic coefficient of 
viscosity; λT is the coefficient of turbulent heat transfer; μT is the coefficient of turbulent 
transfer of the momentum. 

The presence of the dispersed phase in the boundary layer is taken into account using 
values representing the intensity of internal sources of heat qv and momentum sv 
(Kovalnogov, 2007) (Eqs. 5, 6): 
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Here αs and cfs are heat transfer coefficient and resistance coefficient of condensed 
particles of dispersed medium; ρs is the density of condensed phase (mass of condensed 
particles, per unit volume of medium); ρp is particle matter density; us, Ts are particle 
velocity and temperature. To determine the parameters of the condensed phase the 
trajectories and parameters of the particles of several selected fractions in a given field of the 
carrier medium are calculated (by successive approximations). Among these fractions 
included a representative fraction with a weight average diameter dsm of the particles. 
Temperature Tsm and velocity usm  of particles representative of the fraction used to calculate 
the complexes A and B (Eq. 7): 

 
( ) ( )uusBTTqA smvsmv −=−= ;  (7) 

 
Complexes A and B change (in the thickness of the boundary layer, in different 

iterations when specifying the flow field of the carrier medium) much weaker than the values 
qv and sv. Therefore, the values of complexes A and B found in the previous approximation 
are averaged over the analyzed cross section of the boundary layer.  

The temperature Tsm and velocity usm profiles of the particles of the representative 
fraction in the cross sections of the boundary layer are approximated by dependences (Eq. 8): 
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Here ϕu and ϕT are the coefficients that preserve constant values in the analyzed 

section of the boundary layer. The coefficients ϕu and ϕT can vary from 0 to 1 and depend 
mainly on the thickness of the boundary layer, particle sizes and the speed of their transverse 
movement. The greater the velocity of the transverse movement of the particle and its 
diameter and the smaller the thickness of the boundary layer, the closer to 1 the values of 
these coefficients. In those areas where the velocity of the directed transverse movement of 
the particles is 0 (the inertial deposition of particles on the wall is absent), the coefficients ϕu 
and ϕT take values close to 0. The computational study in this paper is performed for the 
conditions ϕu = ϕT = ϕs, where the parameter ϕs determines the nature of the relative motion 
of the phases (the presence or absence of inertial deposition of condensed particles on the 
wall). 

After determining the numerical values of the desired coefficients, it is possible to 
calculate the internal sources qv and sv, in the process of integrating boundary layer equations 
using expressions (7) - (8) rather than autonomously by the method of successive 
approximations. The proposed method allows the analysis and calculation of the boundary 
layer under the condition of high-speed flow around the surface of the dispersed flow. 
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3. Results and discussion 

 
Some results of the calculated and experimental study of heat transfer and the 

efficiency of the internal cooling of the nozzle under conditions of inertial deposition of 
particles on the wall are shown in Figs. 1 and 2. Exhaust CO2 flue gas flows are common 
dispersed phase flows. The dimensionless size of the fine particulate matter in the suspended 
state produced by fuel combustion G varies from 10-8 to 10-6 depending on the type of fuel, 
its brand and the organization of fuel combustion. According to (Kovalnogov, 2007) 
dimensionless size defines as ( )2

000 uBG ρµ= , where subscript 0 indicates the scale value 
of the corresponding parameter. Flue gases are rarely directly emitted into the atmosphere, as 
they contain a huge amount of energy in the form of heat. In different types of engines, flue 
gases are used for different purposes, for example: in aircraft gas turbine engines, flue gases 
are used to heat and prevent icing of internal and external components (compressor guide 
vanes, external housing); in power gas turbine engines, flue gases are used to recover thermal 
energy by transferring heat from the flue gases to the air, which is subsequently used to burn 
fuel. It can be noted that a significant part of the energy (kinetic and thermal) of flue gases is 
lost before it is used. In this regard, there is a task to develop and study ways to save energy 
of flue gases, which will improve the efficiency of their use. 
 

  

(a) (b) 
 

Fig. 1. Coefficient of friction resistance (a) and heat transfer (b) in the boundary layer of the dispersed 
flow in the flow: ■ – G = 0.5·10-6; ▲ – G = 0.5·10-8; ♦ – pure gas flowing smooth surface 

 
The presence of the dispersed phase in the flow significantly increases its resistance, 

for the conditions under consideration, the coefficient of resistance of turbulent friction 
increased by 2.7% at G = 0.5·10−8, and when exposed to particles G = 0.5·10−6 increased by 
9.8%. (Fig. 1, a). The decrease in heat transfer in the dispersed boundary layer with an 
aerodynamic coefficient of action of particles G = 0.5·10−8 reaches 24.3%, but with an 
increase in the coefficient of action of particles to G = 0.5·10−6, the effectiveness of the 
action is significantly reduced and reaches 13.6%. The mathematical model allows 
describing the effect of the dispersed phase on the turbulent boundary layer. 

The results in Fig. 2 correspond to the number Re = 0.93x105 (the number Re is 
calculated from the flow parameters and the diameter of the flow part at the inlet to the 
nozzle) and the average concentration of particles in the flux of  0.568. The symbol 0 in 
Fig. 2(a) denotes the heat transfer rate of a homogeneous flow without particles. As can be 
seen from Fig. 2, the calculation of the proposed model as a whole adequately reflects the 
nature of the change in the relative coefficient of heat transfer along the length of the channel. 
The quantitative discrepancy between the experimental and calculated data is due to the 
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gradual accumulation in the wall region of particles incident on the wall, the effect of which 
on turbulent transport in the boundary layer of the carrier medium was not taken into account. 

 

 

 

(a) (b) 
 

Fig. 2. The distribution along the length of the nozzle of the density of the mass flow gs* of condensed 
particles to the wall and the relative heat transfer coefficient (a) and thermal protection efficiency (b): 
 - homogeneous flow;  - disperse flow in the presence of inertial deposition of particles on the wall; 

 - the same in the absence of inertial loss 
 

As can be seen from Fig. 2, the presence of directional inertial flows of condensed 
particles to the surface significantly (up to 2.5) intensifies heat transfer and reduces the 
efficiency of internal cooling by more than twice. The decrease in the efficiency of the air 
curtain is explained by the fact that condensed particles, when inertial moving from the high-
temperature core of the stream to the low-temperature near-wall layer, contribute to the 
additional heating of the latter. In the absence of directional transverse movement of particles 
in the boundary layer, their presence in the flow contributes to an increase in the efficiency 
of thermal protection. The use of these effects creates the prerequisites for improving the 
heat technology equipment, improving its fuel efficiency and reducing the negative impact 
on the environment. 

 
4. Conclusions 
 

The mathematical model and the method of the account of convective heat transfer, 
friction drags and near-the-wall veil effectiveness in a flow of a gas mixture, which 
adequately reflects the influence of the intensive air-dynamical and thermal actions of 
condensed particles under condition of their directional transition in a boundary layer, are 
offered. It is established for the first time, that the condensed particles render essential 
influence on veil effectiveness in a flow of a gas mixture both at presence, and at lack of 
inertial shedding on a wall. Thus the character of their influence appears opposite: at lack of 
directional cross transition of particles in a boundary layer the effectiveness of a veil 
essentially increases, and at presence of such transition – essentially reduces. The influence 
of condensed particles on a convective heat transfer of a gas mixture flow appears significant 
only at presence of inertial flows to the wall.  
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The use of these effects creates the prerequisites for improving the heat technology 

equipment, improving its fuel efficiency and reducing the negative impact on the 
environment. 
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