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Abstract

In 2015, 2.5D approximation for numerical simulatiof flows in engine ducts was proposed. It
allows two-dimensional calculations of flows in ¢aigvith arbitrary form of cross-sections. Results o
experimental validation of 2.5D approach are priEskrExperimental data on model combustor with
elliptic cross-sections are used. This combusta@ @esigned within international project HEXAFLY-
INT and was studied at T-131 wind tunnel of TsA@omparison of 2.5D calculations with
experiment for a wide range of flow regimes is givRegimes with several stationary solutions and
with flame oscillations are discussed. An ideahef 2.5D approach improvement is described.

Nomenclature

total energy per unit mass of gas

flux of U in x spatial direction

spatial indices

summary (molecular and turbulent) diffusive flolkparameteain x, spatial direction
mean kinetic energy of turbulence; as index - nunatbéurbulence parameter
index denoting the number of gas mixture component

Mach number

coordinate in direction of unit vector of local eunhormal to the duct wall
quantity of gas mixture components

quantity of differential equations in turbulenoedel

static pressure

total pressure

k-th parameter of turbulence model

summary (molecular and turbulent) diffusive flobheat inx; spatial direction
source term of parametar

time

static temperature

velocity componentsyg =u, U, =V, U3 =W)
vector of conservative variables

subscript corresponding to parameters at novglilb
vector of source terms

Cartesian coordinates(=Xx, X, =y, X3 =2)
mass fraction ofn component of gas mixture
mean rate ok dissipation

equivalence ratio (ER)

molecular viscosity

density

summary (molecular and turbulent) diffusive floixou; in X spatial direction
subscript corresponding to free stream parameter
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1. Introduction

In the previous paper [1], a new approach was @egdor approximate analysis of flow structuretie ducts of
aircraft engines, especially in combustion chamb@alculation of such flows on the basis of full 3LANS
equations for multi-component gas with finite-regactions, closed by differential turbulence mae by model of
chemistry, requires huge volume of computer mensany huge CPU time even in the case of parallel coimg.
Moreover, modern physical models of chemical kioggtiturbulence and turbulence-chemistry interactiom still
either insufficiently accurate or require enormaesnputational resources. As a result, 3D calcuatiprovide
important information about details of flow struabut cannot give accurate predictions of glolbalracteristics of
flow. Comparison of 3D calculations of flows in higpeed combustors, performed within last 15 yéars [2-5]),
shows that there is no progress in predictionsoafl Idistributions along duct walls, and the samzuacy of
prediction may be obtained in 2D calculations. 2&iproximation provides the possibility of multigdarametric
computations of flows in ducts of rather arbitrdoym at the stage of preliminary design. It giveacim more
information about flow structure than simple quaBi-calculations, which are often used at this stage

This work presents the results of experimentaldedion of 2.5D approach. For this purpose, expeantaiedata on
model combustor of high-speed civil aircraft wagdisThis combustor was designed within internatigmaject
HEXAFLY-INT (7th Framework Program, Contract No. R@-GA-2014-620327) [6,7] and was studied at T-131
wind tunnel of TsAGI. Its duct has elliptic crosseions. The fuel (hydrogen) is injected from tvames. In the first
zone, two semi-struts generate jets of fuel digketertically, normal to the stream; in the secondez one central
full-strut produces jets in direction of flow. Desito perform approximate calculations of such flow2D
formulation resulted in creation of 2.5D method. [Ekperiments were performed for a wide range @i ffegimes,
corresponding to cruise flight with Mach number M=& Comparison of numerical simulation of thesgimes in
2.5D formulation with experimental data has allowedalidate the 2.5D technology.

2. Brief description of 2.5D approach

In 2.5D approximation, the real 3D flow in a dustreplaced by a flow with parameters that are eonstlong
coordinate axist. It may be treated as a result of 3D flow averggittongx; axis. Calculation is performed
in (X4; X)) plane, but variable width of duct ig-direction is taken into account.

3D RANS equation system can be represented asviallo

ou, oF, O, OFy o
ot 0% O0x, 0%

Derivation of equations for 2.5D analogue of 3Dl given in [1]. These equations have the follogvstructure:

0 /. 0 (= 0 (= _._axmin _.+axmax _._axmin -, axmax
—(Uh3)+_(':1h3) (F2h3)+(|:1 6?( -F 03 +F 63 -F 63

ot 0%
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Here x3" (x;,X,) and X3 (x,,%,) arexs-coordinates of the duct wallfg(x;, X,) = X5 (X1, Xp) = X5 (%, %,) , Fi*
is the value of flux vector at the duct wall witbardinate x§'*, F.” is the flux value at the duct wall with
coordinatex]™ . Vectorsii, F, andW have the following structure:
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In Eq. (2), the spatial indices and | may take values 1 and 2 (1 correspondsxfoaxis, 2 — tox, axis),
k=1..,Nymp, m=1...,Ng —1. Summation over repeated spatial indices is irdplie

Fluxes through the duct walls in Eq. (15},+ and Ifi‘ (i=123; i =3 corresponds to; axis), are calculated using

special procedure. In determination of wall fluxéise model of 3D flow is used that assumes the ftowbe
consisted of inviscid core, where the pressur@mstant alongx; direction, and of boundary layers, where the flow

is decelerated to zero velocity. Due to the faat the pressure is practically constant across demyriayer, the wall
pressure is taken to be equal px;, x,) - pressure in 2.5D analogue of this 3D flow. Malec diffusive fluxes of

momentum, heat and turbulence parameters in teetitin of the normal to wall are determined by Isteucture of
boundary layer. In 2.5D calculation, boundary layarise only near the duct boundaries with cootdga, = x5

and x, = x;“‘” . Molecular fluxes through the duct side walls {theave form,t.wg—f) are estimated through linear
n

interpolation in x, betweenx)™ and xJ"™®. At that, it is assumed that direction of fluxesincides with local

direction of normal to the duct side wall. Detaiiay be found in [1].
It is worth to note that averaging of flow alongetthird coordinate was previously used for reductid 3D
equations to 2D equations by A.N.Kraiko with cokers [8], but only for Euler equations and for wavrduct.

3. Experimentsin T-131 wind tunnel

At present time in many countries various concegtdigh-speed vehicles for civil passenger transion are
developed for long distances with travel times mieds than could be attained on the existing @intraft. In
framework of the European project LAPCAT-II [9],veeal high-speed passenger vehicle concepts wedéedton
the basis of hydrogen fuelled air breathing engiAés of this work was to assess the technicalibglity of a high-
speed vehicle for civil transportation that couidtd diametrically opposite points (e.g. from Bsats to Sydney) at
cruise speeds ranging from Mach number M= 5 to & Tlaimed performances were verified on the bakis
simulations and on-ground experiments. The next &ehe verification by flight experiment which ame of the
main goals of the international coordinated prof¢EXAFLY-INT.

Two concepts of the Experimental Flight Test VehiEFTV) were proposed for study. A first concephiglider
vehicle, i.e. without any on-board propulsion. Aaed concept is a powered concept, i.e. with saapiopulsion
system. The first concept will evolve into in fligaxperiment while the second concept is studiederically and
experimentally on-ground by Russian entities sueTsAGI, CIAM, FRI and MIPT. Configuration of theFEEV
powered concept having a length e6f3.m developed by European partners [10,11] is shmwthe Figure 1.

Figure 1: Powered concept under study

At T-131 wind tunnel of TsAGI, model of EFTV powplant was tested on the connected-pipe facilitye Todel
consisted of seven sections (see Figure 2). Firsetsections together constituted the connectipg, placed in
tests between the fire heater and the model of EiRf¥r duct. Section 1 is transitional insert betwéhe heater and
the nozzle; section 2 is short interchangeable \wiint round critical section of different area, wisystem of water
cooling; section 3 is expanding part of supersooizzle with transition from round section to eléps
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— Entrance to combustor
i (calculations start here)

Connecting pipe Combustor and nozzle H

/
A

Full-strut ‘
Fuel is injected along
x axis parallel to flow

C 3

2 semi-struts
Fuel is injected along y axis

Figure 2: Model of HEXAFLY-INT power plant duct {&ral view) and geometry of struts for fuel injecti

The rest 4 sections (Fig.2) reproduce the elemehisFTV duct. Sections 4 and 5 have elliptical srgections.
Section 4 contains the first injection section, wehievo short arrow-like semi-struts, inclinated@f? to longitudinal
axis, are mounted at the lower wall. Leading edfesemi-struts has radius 2 mm, trailing edge -M3Hydrogen

is injected in vertical direction through the injea hole with diameter 5 mm, that is placed atehd face of semi-
strut. Injectors are profiled to create fuel jeithvach numbeM = 2. Section 5 is the main part of combustor. It
contains the main full-strut, mounted in longituglisymmetry plane. The full-strut is placed neasdytically and
contains two pairs of injection holes at both sidEse radius of injection holes is 1.4 mm. The-&itut also has
arrow-like form with radii of edges 2 mm (leadindge) and 0.2 mm (trailing edge). Section 6 is egpaninsert
with transition of cross-section from ellipse tacté, and the section 7 (so-called “2D” nozzle)eigpanding
supersonic nozzle with round sections.

4. Organization of calculations and typical flow structure

Preliminary 3D calculation with hydrogen injectidmyt with frozen chemical reactions has shown Yaaiation of
flow parameters along axis is less significant than alozgaxis. Consequently, 2.5D calculations (ig; y) plane

would give picture of fuel-air mixing that would fi#ir principally from 3D calculations. So, it wagaded to
perform 2.5D calculations of the combustion chanibg(x,z) plane [1].

Unsteady Reynolds equations system in approximabib.5D flow (1)-(2) is solved. For the descriptiof
turbulence,g—« model [12] is used. It is original version of T.dakley’s turbulence model with blending function

similar to one used in F.R.Menter's SST model. &fae, the parameteN,,, was equal to 2, and two additional

differential equations were solved fqﬁ =q EJE and for p§ =w=¢/k. Though the hydrogen is used as a fuel,
the inflow at EFTV duct entrance contains prodwftkerosene combustion in fire heater. So, fordbscription of
chemical reactions the simplified kinetic mechanisontaining reactions betweedg, =9 components (HO, OH,
H,0, O,, H,, CO, CQ with inert nitrogen ) [13], is used. Turbulence-combustion interaci®neglected. The duct

walls are considered as heat-insulated; to avoitkme compression of grid near the walls, an oailgboundary
condition of the class “wall functions” (see [12]as used.
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Mathematical model of geometry and computational gre shown in Fig.3. Computational domain is ajgstion
of the EFTV duct sections 4-7 (see Fig. 2)(0nz) plane, with addition of expanding buffer block lwitoarse grid.
The mathematical model contains the section ofraefull-strut; short semi-struts, injecting theefialong y axis,
are not reproduced explicitly. Computational grignsists of 28 blocks and contains 117248 cellsllyptd is

compressed around the central full-strut. Injectmh hydrogen is simulated by adding of sources afssn

momentum, energy, turbulence and mass of fuel énldbations, where the hydrogen injectors are plaoereal
experimental model (Fig. 2).

central full-strut with
locations of fuel sources

fuel sources, corresponding
to semi-struts

¢ sources of fuel

0.5 l 1.5 2 25 X, m

Figure 3: Grid for 2.5D computations inZ) plane and locations of hydrogen sources.
Yellow lines — sections of pressure mesuremenéxperiments

Numerical method of the"2approximation order in all variables is used. Tiisthod includes explicit monotonic
Godunov-Kolgan-Rodionov scheme [14,15] for conwexti fluxes, explicit modified central-difference
approximation [15] of diffusive terms and local ilieft approximation [16] of source terms. Multi-ldlo regular
grids are used in calculations. To accelerate agievey to stationary solution, local time steppjt§] is ised. If
unsteady process should be described correctly, toenputation is accelerated with the use of foaeti time
stepping [15].

In Fig.4 the typical flow structure in model combarsis demonstrated. It corresponds to flight Maaimber
M, =7 and integral equivalence ratip= 0.935. Injection scheme is 43.4%-43.4%-13.2% (it me&as 43/4% of

total mass-flow rate of hydrogen is injected froatle of two semi-struts and the rest 13.2% - froendéntral full-
strut). In this regime, average Mach number atehgance in the inviscid core is close to 2.7. Bondnstrate
details, only part of the duct is shown, and thelesalong the duct width is increased. This fidildwss that oblique
shock waves arise ahead of the fuel jets, injefr@uh the semi-struts. In the place of their intéiat with wall,

small separation of boundary layer arises. Fielteafperature shows that in the supersonic jets emi-struts a
weak heat release proceeds initially only on thiéases of the jets (because of low temperatur@jetied hydrogen
- 163 K).

More intensive shock wave is formed ahead the bllildading edge of the central full-strut. Its ratgion with

boundary layers on the duct walls leads to fornmatibseparation zones of higher size. Oblique shogtoduced by
these separations, intersect with leading shoclevimom central full-strut in the region of passagéets from two

semi-struts, with lower Mach number. As a restilgse shocks intersect irregularly, with formatidriviach disks,

curved due to the flow inhomogeneity in the hydrogets. Behind the Mach disks, there are regionsubisonic
flow. Growth of pressure and of temperature in ghwave structures accelerates the reaction, ancedse of
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velocity in this region lead to longer residencefu#l in the reaction zone. Downstream from thetreérull-strut,
combustion proceeds in regions of subsonic or tnaicflow. Curved leading shock wave ahead of el pylon
and curved Mach disks, and also boundary layerraépas generate vorticity and become strong geoeyaf
turbulence. Growth of turbulence helps to combustiownstream from the central full-strut througé thansport of
heat from combustion zones to cold flow regions #imdugh the transport of reagents to combustiaregoln the
separations on the walls there is no combustiormuse of the absence of fuel. Combustion practicstihyps at
considerable distance upstream from the sectioerevthe duct width begins to grow. This effect @imty due to
the fact that here the duct area starts to grow \{tidth of the duct is still constant, but its Heigtarts to increase
alongx axis). Stopping of the heat release and growthefduct area lead to growth of the Mach number.

2400

2000

1600

1200

Figure 4: Typical flow structure: a) field of samtemperature [K]; b) field and isolines of Machhmher

5. Comparison of 2.5D calculations with experiment

After experiments iT-131B wind tunnel of TsAGI, validation of the usedmerical technology was performed. For
this purpose, experimental runs were simulatecalnutations. Calculated pressure distributions gltre chamber
walls were compared with experiments.

M,=7, M, =74 and M_, =6. At the flight regimeM,, =7, the flow parameters at EFTV entrance Me: 2.6,

P~ 14 atm, air mass-flowG~ 1.55 kg/sec. At the flight regimeM, =74, inflow parameters areM ~ 3,
P~ 12 atm,G = 0.7 kg/sec, and for the regimd , =6 inflow parameters arkl =~ 2.3, P, = 10 atm,G = 1.6 kg/sec.

In addition to inflow regime, experimental runsfdied by the hydrogen mass-flow rate (i.e. by egjaince ratiap).
Central full-strut was used as injector only intpErruns. In one experimental run it was destroygdlame, and in
following runs the hydrogen mass flow rate was dgtiibuted between the semi-struts. In part okrumitator of
central full-strut was mounted at its place, bulimgen was injected only from the semi-struts.

In Fig. 5, an example of the static pressure lomijital distributions is shown. These distributiovere obtained for
the same flow regime as in Fig.4. Upper picturenghthe distributions along central line that iswhan Fig.3, and
the lower picture shows distributions along latdira¢s, which are also shown in Fig.3. Calculatatadalong two
lateral lines coincide. Experimental data, obtairsdng side lines, are shown by different triangtarkers.
Difference between markers, corresponding to theedangitudinal coordinates, characterizes the exmntal data
scatter. Blue curves correspond to cold flow withfme! injection, red curves — to hot flow with mgdjen injection
and combustion.

For this flow regime, 3D calculation of cold flowithwout fuel injection has also been performed (omparable
grid). Results of this calculation are also showirig.5; they differ from 2.5D calculation data hase of difference
in local structure of 3D flow angraveraged flow parameters, which are simulated5DZlow, and also because of
errors that are intrinsic to 2.5D approximatione(seection 8 of this paper). Nevertheless, discreparf 3D
calculation data and experiment is not better thenerrors of 2.5D calculation. It is charactecigtir modern state-
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of-the-art of high-speed combustor flow simulatioModern models of turbulence and combustion stlhnot

provide adequate description of real flows. Frois thewpoint, 2.5D approximation is very good wayetstimate

the real flow characteristics, if one takes into@amt that computational cost of 2.5D approacH@ser by an order
than computational cost of 3D calculations.

Also 2.5D computations in théx,y) plane were performed for this regime. Upper petur Fig.5 shows the

pressure distributions along upper and lower walisthe duct (in its symmetry plane), obtained iresth
computations. One may see that data of calculatiotise (x,y) plane are much further from the experiment than

the data of calculations ifx,z) plane. Therefore, the choice ¢f,z) plane for 2.5D calculations was correct.

0.16 —

M =7, $=0.935, 43.4%-43.4%-13.2%,
centerline
@® @ @OExperiment, no injection
2.5D computation, no injection
3D computation, no injection
® ® ®Experiment, combustion
2.5D computation in XZ plane,

combustion
2.5D computation in XY plane,
combustion, lower wall
2.5D computation in XY plane,
combustion, upper wall

M_=7, $=0.935, 43.4%-43.4%-13.2%,
side lines

¥ ¥ VYExperiment, no injection, right line
A L A A AExperiment, no injection, left line
2.5D computation, no injection
3D computation, no injection
V¥ ¥V VExperiment, combustion, right line
A A AExperiment, combustion, left line
2.5D computation, combustion

|
04 0.8 12 1.6 2

Figure 5: Longitudinal distributions of pressure floe same run as in Fig.M{ = 7,9=0.935)

With the exception of the intervad85< x < 1.0 m at the duct centerline, the discrepancy betvzBb calculation
in (x,2) plane and the experiment is close to experimelatd scatter. It is also necessary to take intowdcthat

the experimental data are local, whereas data5@ 2alculations are averaged along vertical linesspg through
the current point of(x,z) plane. Averaging should smooth the peaks in presdistribution, and one may see this

effect in Fig.5.

For all considered regimes, the same quality ofaiguent between 2.5D calculations and the experimsentitained.
Figure 6a,b demonstrates another examples, obtained/for 7.4, and Figure 6,c,d — fdd,, = 6. These pictures
have the same specific features as in Fig.5.dsgecially important that very different flow regimwere considered
in calculations— from intensive combustion in Figutd in Fig.6,c,d to practically cold flow in Figa6In all cases.
2.5D calculations reproduce correctly the qualitafeatures of pressure distributions.
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Figure 6: Longitudinal distributions of pressure floe experimental runs,
corresponding tdl,, = 7.4 (a 9=0.826, b »=1.142) and tdM,, = 6 (¢ - 9p=1.012, d »=0.763)
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6. Regimes with multiple stationary solutions

In simulation of flow regimes, corresponding to tfiht Mach numberM,, =6, 2.5D calculations did not
immediately yield positive results. For some regirttee combustion practically did not developedaltglation (see
orange curves in the plots for the regime 0.763 — Fig.6,d and the field of temperaturerig.7,b). But in the
experiment intensive combustion was observed. Hmaghat in real 3D flow picture the sufficient-fmymbustion
conditions arise locally, but iraveraged field of 2.5D flow the conditions are swfficient for the flame ignition.

In those regimes the mixture was too lean for gglition. But in the regimey = 1.01 the mixture was close to
stoichiometry, the self-igntion took place, andeimgive combustion appeared — see Figuresad 7a. Pressure
distributions, qualitatively similar to experimehtiata, were obtained. After that an attempt tot stalculation for
the regimeyp = 0.763 from the converged field for the regime 1.01. It allowed to get stationary solution with
developed combustion and to obtain pressure digioibs that were much more close to experimented ¢see red
lines in Fig.6,d and temperature field in Fig. 7,c)

@=1.01, no central full-strut, calculation from field without fuel injection

@ =0.763, no central full-strut, calculation from field without fuel injection

L —

b)

Temperature [K]

d

Figure 7: Fields of temperature fok, = 6 in calculations of experimental runs withoentral full-strut:a - ¢ = 1.01;
b,c,d — converged fields fgr= 0.763, obtained from different initial fields

Hysteresis phenomena (dependence of the statiostatg upon pre-history) are characteristic to flowish
combustion. The most well-know example is solutdbtask about well-stirred reactor [17-18].

Analysis of the obtained flowfield shows that i ttase of calculation start from hot field the dmedion with low
velocity, high temperature and high pressure ig kagt the shock wave in the vicinity of the hydimget flowing
from the semi-strut (see Fig.7,d). After passagiesh combustible mixture through this zone, rieast start in the
mixture and prepare it to self-ignition that takaqe after passage through the second oblique shaek, produced
by another semi-strut. It is possible that somevaraither but qualitatively similar mechanism off4éghition is
realized in reality. Most probably, the stagnatiegion in the semi-strut wake plays the role offtame stabilizing
reactor.



DOI: 10.13009/EUCASS2017-92

Vladimir Vlasenko, Vadim Talyzin

7. Regimes with oscillations of flame

In some regimes, longitudinal oscillations of corsion zone appeared. These oscillations producedngal
variation of the longitudinal force, applied to tuwalls. The flame periodically propagated upstreard reached the
duct entrance. It was a serious problem, becagsedalculations were performed with local time stegLTS, see
[15]) to accelerate convergence to stationary sth&tationary state is not reached, then the filelds, obtained in
calculation with LTS, do not satisfy to conservatiaws. Moreover, when the flame reached the dottece, the
flow near the entrance became subsonic throughodtthe entrance boundary condition with given flzavameters
began to work incorrectly, leading to violation gizen mass-flow rate. So, for the regimik, =7, 9 = 1.101 the
calculation with fractional time stepping (FTS, 4&8]) was performed. The FTS technology allowsd&scribe
unsteady processes correctly. To impose the emtraogndary condition correctly, the entrance sactias moved
into supersonic part of the connecting pipe. In potation, flame oscillations finally became perimdstructure of
oscillations during one period appeared to be wenyplex. In Fig.8 the fields of temperatufe, obtained in the
most characteristic time moments of calculationhwiTS, are shown; Figure 9 shows the fields of itoiinal
velocity u in the same time moments. In Figure 9 the isoline0 is shown; it points to position of recirculation
zones.

In the moment4” in Figures 8-9 the state may be seen, when heasémi-struts the flow structure similar to Fig.4
is realized. Downstream one may see near the tedlsombustion of hydrogen that came to walls &vjmus time
moments. In the beginning of combustion zone atvwih# there is small separation of boundary layére shock
wave, produces by the separation, crosses the ggdriet from semi-strut and leads to start of meb#tase on the
outer surface of the jet. To the next time momébit) (the essential quantity of heat is releasedets, leading to
decrease of velocity and growth of pressure indiet. As a result the separation zone near the gvalvs in size,
resulting in intensification of combustion insideetsemi-strut jet and producing the duct throttliBock wave
before the heat release starts the reverse maopisineam (to the left — see the moment “c”). Sepamatear the wall
follows this shock wave and after some time jointhwrimary separation at the wall (that is prodiidy oblique
shock wave from the semi-strut) - moment “d”. Daaupthrust by the heat release, this separatiowggemd finally
involves the semi-strut hydrogen jet. The jet tuowsards the wall (moment “e”). Fresh cold hydrodienvs inside
the recirculating zone of separation, resultinglimupt increase of its size. The separation shift® the duct into
the connecting pipe (moment “f"). At that, the segtmn appears to be filled with hydrogen, and bieezof absence
of oxidizer the combustion is stopped there, with éxception of mixing layer at the outer boundafrgeparation.
As a result, the size of separation zone decre&smsnstream from semi-struts, new separations afse on the
walls. In the moment “g” the leading separationestops to interact with the semi-strut. Combusitiotihe leading
separation ends quickly, its size continues to ek, and this separation is shifted downstream.s€mi-strut jet
turns to right, directing the cold hydrogen intqaeation zones at the wall (moment “h”). Finalljietleading
separation returns to its initial position in tHaqe, where the oblique shock from semi-strut geets with the wall.
To the right from this place the regions of slowdyating flow, filled by cold fuel, are carried dastream (moment
“i"). Flow structure returns slowly to initial sfmoment “j”). After that the process repeats.

In Figure 10, instant distributions of pressurenglthe centerline and along side lines are shoviwanmoments of
unsteady calculation. Also the distribution, avexdgver the period, is plotted. Scatter betweesdlerves is close
to the experimental data scatter, and agreemes#lofilation with experiment is good almost everyrehe

Also the calculation of this flow with local timeéepping (LTS) was performed. Because of incorrescdption of
unsteady processes, structure of oscillations icutgtions with LTS differs essentially from osaiflons in
calculation with FTS. However, if one averages eagy flow, obtained with LTS, then the averagedvfield and
the averaged pressure distributions appear todse ¢b averaged results of the calculation with FTske orange
curves in Fig.10. Therefore, if one has no timetfer prolonged calculation with FTS, it may be mogended (as
palliative) to perform calculation with LTS up teeniodical state with following averaging. But inighcase the
correctness of the obtained solution cannot beagueed.
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8. Possible way to improve accuracy of 2.5D calculations

Fluxes and source terms in equations (1) are akullusing the same formulas as corresponding tierthe initial
equation system of 3D flow. But parameters of 2fleiv (in fact, zaveraged parameters of real flow) are substituted
into these formulas. Naturally, this approach teadigtion of 3D flow is approximate, because iagsumed that -
averaged fluxes and sources in equation of gasomatn be calculated by usual formulas, wheraveraged gas
parameters are substituted. Average of nonlineaction does ot coincide with value of this function after
substitution of average values of its argument&rétore, fluxes and source terms are determined switne errors.

It is the main reason of the 2.5D approximatiorctaacy.

It is possible to propose the following way to ipe the accuracy of 2.5D calculations. 2.5D comjuta may be
performed inX;y) and &;2) planes simultaneously. Profiles of flow paramgtebtained in one computation, may be
considered as samples for flow averaging alog@xis in another computation. In each plane, coieffits

K = < f (U(xg))>/ f (<U(x3)>) may be determined (here are such parameters as convective fluxes in dresx;,

X, and chemical source terms in RANS equatidhsis the vector of conservative variableg,= z for computation
in (x;y) plane andx; =y for computation inx;z) plane). After that, coefficient&; , obtained in one computation,
may be used for correction <)f> in another computation.

9. Concluding remarks

On the basis of comparison with experimental datal® flow regimes, the validation of new 2.5D noathfor

calculation of flows in ducts is performed. Formgimes, satisfactory agreement of calculatedspresdistributions
with experiment is obtained. Therefore, 2.5D meththdws to predict the most important physical teas of flow

and predicts loads on duct walls with engineeriogueacy, that is enough for multiple parametricakdtions at the
stage of engine preliminary design or at the stdgxperiment preparation.
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