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ABSTRACT

  Analysis of the uncertainty to have engineering solution of gas-dynamic and hydrodynamic 

problems is based on the comparison the prospective engineering solution with experimental 

result. In this paper, the mathematical model to estimate heat flux along gas-dynamic channel 

wall and the solution sequence are shown. Statistical information and generalizing experimental 

characteristics about gas- and hydro-dynamic channels were applied to the mathematical model.

As the results, it is possible to draw a conclusion that models of the integrated approach, using 

the averaged statistical data of generalizing characteristics for a turbulent flow, without 

consideration of the turbulent mechanism (characteristic pulsations), can predict a nominal 

operating regime for gas-dynamic and hydrodynamic systems. The probable deviation of 

operating regime for newly designed the gas-dynamic channel can achieve 20% from a regime 

predicted on a basis 1-D or 3-D modelling irrespective of a kind of used models.
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1. Introduction

  The object of research was represented by 

system " Ejector-Nozzle-Diffuser" Figure. 1 

which must provide a required level of 

pressure in the vacuum chamber. The 

geometrical dimensions for gas-dynamic 

channel Figure.1 were chosen from a condition 

to keep a required level of pressure in the 

vacuum chamber. The ejection process is 

realized by the following mechanisms:

- difference of pressure between the nozzle 

exit section and the vacuum chamber

- the mechanism of gas viscous capture 

realized by pulsations of a gas flow

- distribution processes of indignations in a 

boundary layer

In a whole the influence of the specified 

mechanisms on the ejection process can be 

estimated only statistically. Hence, the 

stationary state of the gas-dynamic system has 

uncertainty because of a priori unknown 

disturbance. The stationary state uncertainty 

will be to have an influence on estimation of 

hydraulic losses and heat flux for the 

gas-dynamic channel on the basis of the 
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integrated equations of the moments and the 

energy, using the generalized experimental 

characteristics. In this connection the research 

of  the uncertainty for the gas-dynamic state 

(distribution of local performances for gas 

flow)  is significant problem as the state 

uncertainty for gas-dynamic systems directly 

influences on the result of gas-dynamic and 

thermal designing of system " 

Ejector-Nozzle-Diffuser".

2. The computational scheme on the basis of 

integrated model

  At choice of basic geometrical parameters 

for gas-dynamic channel, estimation of 

hydraulic losses and heat flux it is necessary 

to take into account existing experimental data 

for similar ejecting systems. 

Fig. 1. Ejector-Nozzle Diffuser System

  Studying of gas-dynamic processes for a 

supersonic gas ejector is based on modelling 

of exchange processes between a gas flow and 

a solid wall in a dynamic boundary layer. 

The problem of the channel designing  and 

prediction of regime its operating was solved 

on the basis 2D and 3D modelling.

The integrated model of a boundary layer [1] 

was used for a prediction of local 

performances for the stationary average 

movement of gas. 

 

Local performances for gas flow ,

 are functions of gas flow 

parameters. The state of a boundary layer near 

a wall is estimated on the local performances 

of gas flow with use of the criteria equations 

and the parametric approximation. Using 2D 

and 3D approach the supersonic gas-dynamic 

channel Figure. 1 was designed under a 

condition to keep the nominal level of 

underpressure in the vacuum chamber 0.05 bar 

at ambient pressure 1bar. The problem of the 

energy exchange for gas-dynamic channel has 

been solved on basis of the asymptotic theory, 

that supposes for processes of friction and 

heat exchange there are laws as limiting 

formulas for following relations 
[1]: 
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These relations express the asymptotic 

behavior for processes of friction and heat 

exchange for researched gas-dynamic channel 

comparatively processes of friction and heat 

exchange on a plate. The relative law of 

friction and the relative law of heat exchange 

are as function of two major factors (Figure.2):

- Mach number for gas flow : M0 

- Temperature factor : 
*
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Fig. 2. Relative laws

2D and 3D

modelling
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Fig. 3. Computational scheme

  Criterion numbers  ,  should be 

used in cases when it is impossible to 

determine the initial coordinate of 

development for a boundary layer on a wall 

and, hence, it is impossible to use dynamic 

Reynolds number  on the moving 

x-coordinate. The differential models should 

add by semiempirical formulas for 

improvement of a state prediction for the 

gas-dynamic channel (the boundary layer state, 

turbulent performances of gas flow, conditions 

of heat exchange):
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this relative law shows properties of heat 

transfer between gas and channel wall for the 

major factors:

- longitudinal pressure gradient;

- supersonic or subsonic flow;

- variation for gas temperature between 

channel wall and gas flow.

Conditions of heat exchange along wall for 

gasdynamic channel are expressed through 

criterion of Stanton number. It should to 

consider parameters outside of boundary layer 

as specific parameters at which the friction 

factor and Stanton number for a plate are 

experimentally determined as the criterion 

function of 0
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Fig. 4 Friction Factor and Stanton Number

  For the differential model 
[3] was used for 

calculation of the cooling channel 
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Fig. 5. Constructive scheme for cooling channel

Conditions of heat exchange determine the 

trend law of  for wall temperature on the side 

of the cooling channel. Implementation of a 

condition for reliable cooling of a wall  

provides absence of boiling for liquid  in the 

cooling channel [4].

)](T[T water_saturationwater_of_side_on_wall
00 5030 ÷−<  

Heat exchange was taken into account by 

statistics according to the table specified on 

Figure.6

Fig. 6. Heat transfer conditions

  Choice of pressure, temperatures of a 

cooling liquid on an entrance of the channel, 

heights of the cooling channel under condition  

determine the liquid consumption and length 

of individual section depending from the heat 

flux along gas-dynamic channel.

The height of the cooling channel can be 

chosen according to recommendations of 

Figure 7 [11].

  According to these recommendations the 

constancy of hydraulic losses takes place if the 

space of the channel is higher 1,5mm.

Fig. 7. Height of cooling channel
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  The estimation of processes for energy 

exchange between the supersonic gas flow and 

the solid wall was obtained Figure. 8. Also for 

the cooling system Figure. 8 the estimation of 

processes for energy exchange between the 

solid wall and cooling channel was obtained 

Figure 9. 

  The prediction problem of hydraulic losses 

and heat flux successfully are solved on the 

basis of an integrated method. However the 

mentioned above the  uncertainty does not 

allow to obtain the unequivocal engineering 

solution. In this connection in the article the 

reasons bringing to uncertainty of solutions are 

considered on the basis of the analysis at 

comparison of modelling results and 

experimental data.

  The experimental performances used in 

differential models have statistical dispersion 

for stationary states of a gas flow and 

practically never have unequivocal values 

(Figure.2,4,6). 
[1,2,5-10]. 

  In particular, the fact of the dispersion for 

performance of the gasdynamic channel is 

connected with hysteresis process.

Fig. 8. Change of gas parameters 

Fig. 9. Change of water parameters 

3. The analysis of the state uncertainty causes 

for the gas-dynamic channel.

  Approximations of the statistical generalized 

data and the criteria  equations allow 

toestimate only nominal levels for gas-dynamic 

parameters. Hence, engineering solutions will 

contain  uncertainty which is a error of 

designing. Uncertainty of solutions is a result 

of probable combination for:

- constructive factor;

- technological factor;

- non similarity for conditions of different 

experiments

- process of mixing for gases

- the nonlinear mechanism of the structure 

formation for gas flow in the channel;

- non adequacy of 2D and 3D models for 

predictions of gas flow state

- non robustness ofused computational 
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methods, and etc.

  The experimental performance contains the 

information about state of turbulent flows and 

is used for estimation problems of a local 

parameters for newly created gas-dynamic 

channels. In this connection it is necessary to 

pay attention to a problem of structure 

formation for turbulent stationary flows.

  Absolute level of losses and heat flux will 

be the same but discordance of the predicted 

level for pressure will displace the local zones 

of the interaction between oblique shock and 

the boundary layer. In this connection local 

overheating of the channel walls can be 

observed in experiment and consequently there 

will be a necessity to increase of the liquid 

consumption in some cooling sections.

  The basic tendencies of development for 

applied researches and modelling in the field 

of fluid and gas mechanics are connected with 

searching of adequate mechanism of 

turbulence. 3D modelling gives the certain 

opportunities for science developers to execute 

the qualitative analysis of the solution and to 

receive the process visualization. However 
[12] 

« the assumption put in a basis of equations 

Navier-Stokes is completely arbitrary and 

consequently it is impossible to be sure, that 

these equations correctly describe movement of 

a viscous liquid ».The basic inadequate 

postulates which used for development of the 

movement equations in form Navier-Stokes is 

pointed in [12], [14]. It is necessary to know 

the local spatial-time properties for turbulent 

viscosity and turbulent heat conductivity [13] to 

receive the solutions approached to properties 

of real process. Obviously, that the given 

problem is not solved adequately today. 

Therefore Navier-Stokes equations are the 

approximating model of real properties of flow 

and do not describe always successfully  the 

gas-dynamic flows.

  Taking into account the mentioned above 

reasons the integrated form for momentum 

equation and energy equation is the most 

adequate models for the engineering design. 

The integrated form gives result within the 

range of an allowable error (uncertainty) for 

real technical systems, that is conditioned by 

measurement uncertainty and uncertainty of 

states  for flow parameters. Integrated 

methods are satisfied for all field of hydro-gas 

parameters in a whole. The integrated 

approach improves adequacy for the integrated 

equation and gives more reliable quantitative 

result for solving technical problems 
[4].

  The information concerning statistics about 

properties of gas- or hydro- flow is 

characterized by three components:

- The statistical information can be added into 

momentum equation and energy equation;

- representation of the statistical information 

has no constraint about spatially-time 

distribution of flow properties (only change 

for gas properties as function of key 

parameters of flow: temperature and 

pressure).

- prediction accuracy for processes in GDT 

channel  is provided with feasibility 

criterion ratio 

.

-gas viscous of 

flow beyond boundary layer

- gas viscous at wall temperature

Irregularity and changeability are characteristic 

properties for a field of parameters in a 
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turbulent flow. For the gasdynamic channel 

(Figure.1) a experimental tests has been carried 

out. Tests have shown various levels of 

pressure in the vacuum chamber (the allocated 

rectangular area on Figure.10) for various laws 

of change for the total gas pressure in the 

nozzle chamber till the start moment of the 

ejector. The achievable probable level of 

pressure is different according to the 

mentioned above causes. Pressure pulsations 

were analyzed after  start of the ejector which 

was started at the same pressure 8.54 bar in 

all cases. The allocated area on a Figure. 10 

confirms, that there is a concept of plurality 

for turbulent structures (a lot of flow states) 

for processes of turbulence in gas flow at the 

same boundary conditions for average 

parameters 
[14]. 

  The final state of gas flow (the flow 

structure formed in the channel) is defined by 

initial conditions in experiment. Plurality of 

the flow structures is not observed at 

numerical 3D modelling. More precisely 

speaking 3D modelling will not allow to 

generate the adequate irregular movements, for 

which the distributed  states coincides with 

experimental distribution of points on the 

performance of real object. 

Fig. 10. Realizations of flow states 

  The real gas flow has some possible 

equilibrium hydro-dynamic states, which are 

attractors [12]. In particular, the hysteresis 

phenomenon specifies that there are a several 

attractors in gas dynamic system. The possible 

equilibrium states is expressed as dispersion of 

experimental points on the performance of 

gasdynamic object (see a Figure. 9 and 10, 11 
[2]). 

  Processes of energy exchange and mass 

exchange modelled by the integrated equations 

of a energy  and momentum give one of 

probable solutions from domain of equilibrium 

states in the average, considering the 

constructive and technological dispersion, the 

nonlinear mechanism of flow structure 

formation, etc. According to 
[15] the initial state 

(history of process development) of the 

gasdynamic object has some degree of 

uncertainty. 

  The initial state can be set only as function 

of distribution density, specifying a range of 

definition for possible states of the gasdynamic 

object. Hence, it is necessary to set local 

properties of a gasdynamic flow as the 

function instead of a concrete point. Thus, it is 

necessary to consider the integrated method 

using  the semiempirical theory of turbulence 

as the direction of the statistical theory of 

turbulence. 

  It is expedient to involve the mathematical 

statistics for solving the problem of gas 

dynamic design.

Fig. 11. Turbulent Prantdl Number
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Fig. 12. Changes of shape parameter H along 

a wall of supersonic channel

  The flow structure deformation is appeared 

as irregular behaviour of the gasdynamic 

process. The irregularity is the combination of 

joint influence of stochastics (uncertainty of 

random factors) and non linearity of 

gas-dynamic mechanisms. 

  In both cases, methods of probability theory 

and random processes, and also the methods 

of processing for time series and reasonable 

approximation of experimental data are the 

basic tool of research for the nonlinear 

properties in a gasdynamic flow. Therefore the 

gas-dynamic flow can be described by the 

distribution function for purposes of research. 

As model of the distributed state for gas flow 

it is possible to use Levy's distribution  (10) 
[16].
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Levy's distribution is characterized by key 

parameters:

α- Index of stability (statistical indicator of 

fractality) (0<α<2) .

β-skewness (-1<β<1) .

σ-scale parameter (σ>0), standard deviate for 

normal distribution

μ-location parameter, mean of normal 

distribution

  For experimental data it is desirable to use 

distributions which model the limiting 

sequences of distributions for a random 

variable with an any set of parameters of 

Levi's distribution α, β, σ, μ.  

  In this connection, there is an important 

concept α - steady distribution having domain 

of an attraction 
[13] which is characterized by 

steady statistics. The parameter of statistical 

stability α is connected with Hurst's parameter 

by ratio Hurst=1/ α. It should expect existence 

of steady parameter Hurst=1/ α for the 

gasdynamic system " Ejector - Nozzle-Diffuser 

", taking into account limitation of distribution 

domain for probable states of gas flow Figure. 

10.

  The fractal dimension is entered for the 

description of the irregular processes 

properties. The model of the continuous flow 

in which physical process develops, is replaced 

by the model having more complex fractal 

structure. Such model in the greater degree 

corresponds to real physical process with 

prehistory.

  Hurst's parameter can be used as a steady 

measure for comparison of various levels of 

pressure in the vacuum chamber in aggregate 

with other experimentally estimated parameters 

of distribution β, σ, μ 

  Processing of experimental data is shown on 

figure 13. The data are captured at testing 

system " Ejector - Nozzle - Diffuser" Figure. 1. 

Hurst's parameter has been used to specify 

the gas flow structure. From processing 

experimental data follows, that there is 

obviously expressed correlation between 

Hurat's parameter and the average level of 

gas flow pressure at the nozzle exit section 
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Figure. 13a. The estimated correlation depends 

from prehistory of pressure process in the 

nozzle chamber. Points on the Figure. 13a 

correspond to the most probable values of 

distribution functions for stationary pressure at 

the nozzle exit section Figure. 13b.

  Gauss's curves are superimposed on each 

experimental function of distribution to show 

the inadequacy  of normal distribution model 

Figure. 13b. Stationary processes of pressure at 

the nozzle exit section and in the vacuum 

chamber are shown after the moment of 

ejector start on a Figure. 13c and 13d. 

  The trend of Hurst's parameter shows the 

ejecting properties in the anti persistence 

domain for stochastic process of supersonic 

flow. A high level of anti persistence (the 

point 1 corresponds to more often, intensive 

pulsations ofgas flow) forms the lengthy area 

of interaction for the flows moving from a 

supersonic nozzle and from the vacuum 

chamber. The high level of pressure anti 

persistence influences on the level of viscous 

capture and creates higher level of pressure in 

the vacuum chamber.

  From Figure 13а it is visible, that the 

dispersion of experimental points is ~20 %.

The model described above has been focused 

on an average level of pressure 0.05 bar in 

the vacuum chamber and cannot predict a 

possible operating regime for the gasdynamic 

channel.

  It is connected by that neither models of 

turbulence, nor the generalized experimental 

characteristics used in 1D, 2D and 3D models 

do not comprise the information about 

nonlinear mechanisms in a gas flow.

Therefore the concept of uncertainty arises 

during the solving of a design problem for 

gasdynamic channel.

Fig. 13a, b, c, d. Numbers of curves marked on 

figures  correspond to the same process

4. Conclusions

  From above the carried out analysis follows, 

it is impossible to find the designing solution 

in a point which fully corresponds to 

experimental test. The design solutions will be 

to have the domain of uncertainty. The 

uncertainty domain is determined by function 

of probable distribution for states (structures) 

of a gas flow. The design solution is not 

absolutely optimum in a point because of 

nonlinear mechanisms and stochastic factors 

which form the flow structure. The design 

solution will be optimum in the domain of 

probable states for gas flow.

  The given conclusion completely will be 

coordinated with 
[15] "actually the point is the 

idealization instead of density". «Function of 

density reflects a level of our knowledge 

about system: the is more exact knowledge, 

the it is less domain in phase space on which 

the density is different from zero, i.e. that 

domain where there can be a system ».

  The problem of adequate modelling for 

turbulence mechanism is connected with the 

mechanism of occurrence and development for 
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turbulent structures. 

  The considered method of designing for the 

gasdynamic channel should predict only 

geometrical domain where there is some 

engineering solution. The solution domain size 

depends on a spectrum of possible (probable) 

states for hydro-gas dynamic system. 
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