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Abstract

Fast technologies for numerical simulation of higleed flows in ducts, developed in TsAGI, are
described. The examples are presented of the afiplicof experimental data, obtained at T-131 wind
tunnel, for validation of the developed numericathnologies: 1) validation of 2.5D and 3D
calculations of flow in the elliptic combustor wittydrogen supersonic combustion that was studied
within HEXAFLY-INT international project; 2) valideon of 2D and 2.5D calculations of flow in
high-speed model combustor duct with step-like esgf. Preparation of new series of experiments,
oriented on validation of turbulent combustion medes described.

1. Introduction

In the development of perspective aircraft, dethilevestigations of the working process in highespeucts are
necessary. The high cost of experiments, the iityaldl provide complete simulation of flight in grod conditions,
the limited possibilities of using modern measur@giipment for detailed study of combustion proes$s ducts at
characteristic regimes lead to necessity to supghtiiihe experiments with numerical simulation. Hegre modern
possibilities of numerical simulation of high-spetbulent flows with combustion are essentiallyited by two
factors: 1) huge computer costs in the calculatibminsteady 3D viscid gas flows with finite-rateacéons [1,2];
2) low accuracy of the available physical modelsdu® describe flows (models of turbulence, tiehticombustion
and chemical kinetics) [3-5].

Section 2 of the current paper describes high-pedace numerical simulation technologies develdpersAGI to
reduce the computer costs in the calculation ofidsigeed flows in ducts at the stage of prelimirdegign. These
approaches allow the optimal distribution of congputesources to use more accurate physical flowetsod he
experimental validation of the developed numerigadhnologies becomes of great importance. At that31
supersonic test rig (TSAGI) is used, which pernbitgperforms experiments both for the model in tree fflow
(Mach numbers of the ambient flow are M = 5 ..aBy in the connecting pipe regime (M = 2 ... 4xct®a 3 of this
paper describes the capabilities of T-131 test rig.

Sections 4 and 5 give examples of the using theeraxental data obtained in the T-131 for validatminthe
developed numerical technologies: 1) validation2dD and 3D flow calculations in an elliptical constion
chamber with supersonic hydrogen combustion, whiels studied in the framework of an internationadjgct
HEXAFLY-INT; 2) validation of 2D and 2.5D flow caltations in a high-speed model chamber with step
expansion, which was considered within the joimjget of the TSAGI-RAS Center for Computer Modeling

In a number of cases, the numerical simulation doas permit to approach to the correct represemtatf
experimental data. One of the most significantaaador the discrepancy between the calculationeaperiment is
that there is no reliable description of the intdien between the turbulence and chemical king@i€3l). Section 6
of this article describes the results of studiestlm description of TCI on the basis of flamelep@a@aches in
combination with the probability density functiorethod that have been performed in TsAGI. Receatlgboratory
for studies of turbulent flows with combustion Haesen created in TSAGI on the basis of the megagrhitite
Ministry of Education and Science of the Russiaddration (contract No. 14.G39.31.0001). This progmmpares
and adjusts various modern methods for describi@d for high-speed ducts, and a series of detailegsipal
experiments specially designed for validation & tteveloped numerical technologies and physicalefsobdave
been prepared at the T-131 test rig. Section fisftaper describes the geometry of the model cetidsuchamber
chosen for these experiments, as well as resultseopreliminary calculations of this chamber, Wwhallowed to
choose the fuel injection scheme.
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2. Numerical technologiesfor calculation of high-speed flowsin ducts

For a decade after 2000, TsAGI has developed a mcethetechnology for the accelerated calculation of
nonstationary turbulent flows with nonequilibriurnngbustion for practical aerodynamics problems atdfage of
preliminary design of power plants [6]. The caltidias are performed in a 2D formulation based oa filil
unsteady Reynolds-averaged Navier-Stokes (URANSat&mn system for a multicomponent compressiblevgés
finite-rate chemical reactions. The equation systemlosed by the differential model of turbulersxed by the
kinetic scheme of gaseous fuel combustion in airthis paper we describe the calculations perforngidg a
turbulence modeld— & with a blending function (as in SST model), wittking into account the compressibility
effects and with turbulence production correcti@h [n these calculations, a simplified model oénfical kinetics
will be used, including the quasi-global reactidnhgdrocarbon fuel oxidation to CO and® and 11 reactions
between H, O, OH, D, O,, H,, CO, CQ with inert gas N [8] as well as model of the propane burning in dive
[9]. The turbulence influence on combustion is taien into account: the rate of chemical reactisnsalculated
using time-averaged values of the mixture pararmeter

A second-order approximation numerical method isdugor all variables. The method includes an eiplic
monotonic Godunov-Kolgan-Rodionov scheme for cotivecfluxes, an explicit modified central-differemnc
approximation of the diffusion terms, and a locaihplicit approximation of the source terms. Muitock regular
grids are used in the calculations.

To increase significantly the speed of unsteady ft@lculation, while preserving the quality of thdescription, a
methodology that was published in [10] is used. Wethodology includes two main elements: 1) frawidime-
step technique (FTS); 2) the "wall law" boundarpdition on non-slip solid walls.

The calculations are performed on highly non-umifagrids with thickening to solid walls. The maximwalue of
the time step required for explicit scheme stapilit different grid cells can differ by several erd of magnitude.
The FTS method allows to accelerate the calculation the first time, this approach was applieddtculations of
flows with combustion in [11]. In TSAGI an originaérsion of the FTS technique, described in [12))ded.

The calculation is performed with different timeps in different grid cells. In each cell, the tistep is equal to

T =T /2%, wherer,,, is the maximum time step value in the whole compaial domain, and the integer

parameterk is chosen to satisfy the local stability conditiorthe given cell.2 local steps are performed during
one global time step in the current cell. The numdfdocal time steps is different in different lselBut by the end
of the global step, time increases by the sameevaly, in all cells. In addition, during local time steggocesses

in cells with differentr are synchronized by linear interpolation in tindes a result, the development of the
unsteady flow is described correctly.

Depending on the ratio of the maximum and minimimetsteps and on the number of cells with diffetene step
values, the FTS technique can give acceleratian Beveral times to several tens of times.

However, the FTS technique does not allow a calicnain an acceptable CPU time, if a flow with tukbnt
boundary layers is simulated. If an usual no-skyuriary condition is imposed on the solid wallg trid must
resolve the main elements of the near-wall turbtibenindary layer - the viscid sublayer (which deirthe frictional
force and the heat flux on the wall) and the buffene (where the largest turbulence productionstgiace). To
resolve processes in a viscid sublayer, it's nesgs® place 5-10 cells there. As a result, tha-medl cell size is
about 0.01% of the boundary layer thickness. Takility condition for near-wall cells is so strotigat the main part
of the work is done in the depth of the boundaygta, and the FTS does not provide a real accidaraf the whole
calculation.

To eliminate this problem, a "wall law" boundarynddion is used on no-slip solid walls. This is@iginal version
of the widely used method of wall functions (otkersions of this approach are presented, for exanpl[13-15]).

It permits to use grids with substantially largeanwall cells. A typical size of near-wall cells about 1% of the
boundary layer thickness. The "wall law" boundaondition assumes that the flow in a small neighbothof a
solid wall can be described by the same self-smsiddution as the flow in a turbulent boundary lagae a flat plate.
In particular, the dependence of the tangentiabaigl V, on the distance to the wal}f can be represented in a

dimensionless formy* = f(y*) (u" =V, /u,, y" =y/l,, u, =ty /8y . |; =Wy /U, , wherer is the tangential
viscous stressp - density, v - kinematic molecular viscosity, and the index "Wbrresponds to values on the

wall). Substituting the parameters from the neall-egll center into this dependence, one can fimel tangential
viscous stress on the wallry, . The diffusion flux of the turbulence parametgron the solid wall is assumed equal

to Jy(g) = 015r,, . The pressure on the wall is assumed to be equtilet pressure in the near-wall cell center:
py = Py Using these conditions, one can determine theeflwf all the parameters on the wall, which apje#ne
balance equations for the near-wall cell. An imaottoriginal peculiarity of the "wall law" boundacgndition is the



DOI: 10.13009/EUCASS2017-278

COMPLEX NUMERICAL-EXPERIMENTAL INVESTIGATIONS OF COMBUSTON

using self-similar profiles of source terms for tiuebulence parameters in the balance equationthéonear-wall
cell. Details of this boundary condition are giner7].

To provide a possibility to perform calculationsar2D formulation in ducts of an arbitrary shapeyas suggested
in [16] to use the 2.5D flow approximation. In 2.5Ppproximation, the real 3D flow is replaced bylan which
parameters are constant along thaxis. This can be treated as a result of 3D fleeraging alongz axis. The
calculations are performed in thgy) plane, but the variable width of the duct in thelirection is taken into
account. Let’s represent 3D RANS equation systethérfollowing form:

ou +ai+ai+£:v—\'/_

o0 ox ody o0z

Then 2.5D analogue of 3D flow will be describedf@jowing equation system:

0 0 (= 0 (= ~_0Z,, =+02Z ~=_0Z,, =+0Z =y =- ~

—(Oh, )+ —(Fh, )]+ —(F/h, J+| Fy —0n — F 7 —Mmax 4 pm—min _ gt Zmmax L Y F 7 = Wh,.
at( 2 ax(“)ay(“)(xax “ox Yoy Yooy T ‘

Here Zy, (X, Y) . Zyin(X,y) are z-coordinates of duct walls, (X, ¥) = Zyax = Zmin» Fx .Fy ,F, are the values of the

flux vectors at duct wall with coordinate,,,, , Ifx‘,lfy‘ ,F, are the values of these vectors at the duct wiah w

coordinate z,,, . The fluxesF* and F,~ are calculated with the use of a special procedline wall pressure is

taken to be equal to the pressure averaged aovigcid forces are interpolated between the upper lower walls
of the duct.

3. Possibilities of experimental studiesin T-131 wind tunnel

For investigations of high-speed aircraft engineg $AGI, there is a unique high-speed wind tunieéT) T-131
(see detailed information attp://tsagi.com/experimental base/t-)3Ihis is a facility, which consists of two test
rigs now (Fig. 1).
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Fig. 1. Scheme of the T-131V test rig with instdllodel combustion chamber
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T-131B test rig allows testing high-speed ramjetdaies in free flow with a Mach number M = 5 ... &hthe
representation of flight conditions at an altitugeto 35 km. The test part of the test rig hasaanditer of 1.2 m, a
length of 2.3 m, a nozzle exit diameter is 0.4 tme Test rig allows tests in a regime of extermalvfaround a model
up to 2 min length. Examples of tested high-spaaget modules are shown in Fig. 2, a.

T-131V test rig allows to test the models of higlesd ramjet combustion chambers and their elenmantthe
connecting pipe. The tested model is joined toaegdble nozzles of the test rig that has an ergrarass-section
diameter of 0.1 m or 0.148 m. The exit sectiontwf hozzle is rectangular, with dimensions of 0.080rh m;
0.04 nx0.1 m or 0.1 0.1 m. Choice of the nozzle critical section areavigles the Mach numbers of the flow at
the entrance into the investigated model in thgeal =2..4. The model length can be up to 3 m. Figure 2,b
shows photos of the T-131V test rig with mounteddelocombustion chamber and with test rig systentschv
provide its work, including high-pressure air sypplpes, pipes that supply water to the coolingeays, pipes of
fuel supply to injectors, as well as drainage pighes go to the static pressure sensors instahetieo model walls.

Fig. 2.‘ Photos of T-131 wind tunnel: a) -131B tégtand high-spee ramjet modles tested at éisisrig;
b) T-131V test rig with mounted model combustioarmiver and test rig systems that provide its work
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The air flow in both test rigs is heated by a fieater and enriched with oxygen to a compositioseckto the air
composition. It permits to create a flow with aalgtressure up to 11 MPa and a total temperatute 8850 K. This
provides the experimental conditions, which areimaly close to the real conditions of high-spekght.

T-131 test rig is intended to investigate:

—  Combustion chambers of high-speed ramjets and ¢fexinents;

—  Combustion processes in high-speed combustors;

—  Mixing and combustion processes in supersonic flows

—  Combustion processes in the bottom zone of theadiyc

—  Structural materials.

There is necessary infrastructure for performingtstewith combustion in combustion chambers, as sl
determining the thrust characteristics of propulsgystems. The test rigs are equipped with a measand

computing system, television equipment, photo aitltor equipment, Toepler's device for shadow phaioigy.

During the "hot" tests, it is possible to measurespure distributions along the duct walls of thedet and to
measure the temperature of the outer surface séthalls.

T-131 wind tunnel systems allow tests with suppythe hydrogen fuel (mass flow rate up to 0.2 kdiguid

hydrocarbon fuels, products of pyrolysis and cosiger of hydrocarbon fuels (mass flow rate up tok@). During
the experiments, it is possible to use various agstibn ignition systems - from forced ignition bagrtidge-igniter
to the organization of conditions that ensure fielmixture self-ignition due to gas dynamic or tmagical duct
throttling.

Studies of high-speed ramjet and their combusti@amnbers have been performed in T-131 wind tunrreb¥er 30
years. During this period, a wide variety of desgisgere tested - from modules and combustion chasrfbehigh-
speed ramjets [17-20] and their elements to gasdinaombustion stabilizers [21], detonation inibiet [22] and
pulse detonation tubes [23]. High-speed profiledhisostion chambers with different degrees of exmamsivith

different methods of fuel delivery organization wenvestigated. A wide range of gaseous, liquid soiitl fuels
was considered.

4. Validation of 2.5D and 3D calculations of flow in HEXAFLY-INT combustor

In the framework of HEXAFLY-INT European projecttiizFramework Program, Contract No. ACP3-GA-2014-
620327) [24,25], the Experimental Flight Test Véhi(EFTV) is considered. It is a model-demonstratba high-
speed civil aircraft designed for a cruising flighith Mach number valuesM =6...8. The EFTV power plant
flowpath model was manufactured in the CIAM andddsn TsAGI T-131 test rig on the connecting pipbe
EFTV flowpath has elliptical cross-sections. Thare two zones of fuel supply. In the first zonediogen is
injected vertically, normally to the flow, and ihet second zone - in the horizontal plane. The sége® perform
parametric investigations of such power plant leaistb the creation of a 2.5D approximation for description of
3D flows in ducts [16].

The geometry of the EFTV combustion chamber modellze seen in Fig.3. At the entrance into the cleayrbere

is an air flow heated by the firing heater and et with oxygen so that the mass fraction of oryigehe same as
in air. The average Mach number at the entrantieetchamber varies withidl ~ 2.45...3.1. The temperature of the
inviscid core at the entrance is greater than Qdfut it is only 163 K in injected hydrogen jets.

To determine the initial profile of the parametatshe entrance to the EFTV combustion chamber madsD flow
calculations have performed in the transition nezttlat connects the fire heater of the T-131 tigstwith the
combustion chamber model. For this series of erpants, a short Laval nozzle with a rapid changeréa has been
considered. 2.5D calculations have shown thathig ¢ase, estimations of the parameters at thersdrinto the
chamber, which are based on the quasi-1D theoryarttie assumption about the equilibrium gas coitiposare
unsuitable, since there are significant lossesénttansition nozzle due to oblique shock wavesndary layers on
the nozzle walls and finite-rate chemical procegséise nozzle.

Preliminary 3D flow calculations in the EFTV comkioa chamber without combustion have shown that the
cross-sections of the fuel jets are elongated énvertical direction. Thus, the flow parametersyvaiong they-axis
weaker than along the-axis. Therefore, 2.5D flow calculations in the dnrmstion chamber model have been
performed in the(x,z) plane instead ofx;y) plane. Figure 3,a shows typical temperature figidthe stationary

combustion regime. In hydrogen jet from the semitstof the first zone, firstly, there is only aakeheat release at
the outer boundary of the jets due to the low temapee of hydrogen. But before the blunt front edfj¢he central
full-strut in the second zone, an intense shockewev generated. Its interaction with the duct wédlads to
separation of the boundary layer and to formatibMach disks. Zones with reduced speed, increaseticity and
temperature are generated; it promotes hydrogemiing and combustion. That is why downstream frtira
central full-strut, intensive heat release begmsll hydrogen jets. The end of heat release iecés®d with the
beginning of the part with the fast growth of thetheight.
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in (x; z) plane [T | =~ 32 I e |

2 semi-struts  Central full-strut
(injection (injection along x axis)
along y axis)

b) Duct geometry (side view)

Fig. 3. Geometry of the EFTV flow passage and tgfiemperature fields:
a - top view and flowfields in thex@ plane; b - side view. The duct is cropped fromtiight in upper picture.
The arrows show the corresponding sections indpeihd side views

Preliminary 2.5D calculations of flow in the EFT\brobustion chamber described in [16] have permitted
determine the optimal ratio of hydrogen consumpfigected in the first and the second fuel suppines. The
calculations have been performed for the followiragiants: 1) 10%-10%-80% (10% of hydrogen mass fiate

from the semi-struts of the first zone, 80% of teatral full-strut); 2) 20%-20%-60%; 3) 25%-25%-508% 30%-

30%-40%; 5) 33%-33%-34%; 6) 40%-40%-20%; 7) 50%-80% For each variant, the longitudinal force agqbli
to the chamber walls has been determined. Thethasét characteristics have been obtained for tréant 4).

Analysis of the calculated flowfields have pernaitttto explain this result. The core of the outé&s jemains too cold
over the whole length of the combustion chambethévariants 6) and 7), and the core of the cefgtal in the

variants 1) and 2). A compromise is achieved in vheiants 3)-5). In the variant 3), the most unifoheat

distribution along the duct cross-section is achieMn the variant 4), more heat is released ircthral jet. In the
variant 4), the highest fuel combustion efficiemryd the maximum thrust of the chamber are reached.

For three most attractive regimes, 3D calculatioage been performed, which require an order of rbad@ more
time and computer memory. They confirmed that tleeximum thrust is achieved near 30%-30%-40%. At, tthet

combustion efficiency and thrust in 3D calculati@mdy 5% lower, because, in the 2.5D approximatiba fuel jets
are in one plane and "press" each other. It ineeéise heat release rate. Figure 4,a summarizegshéis of the
determination of the EFTV combustion chamber charastics obtained in 2.5D and 3D calculations. Tibhazontal

axis represents the fuel consumption proportiorpkeg from the central full-strut holes. Blue colshows the
obtained values of the chamber thrust, and thecadr shows the combustion efficiency values. Thiaph

demonstrates the correlation between the thrustthadcheat release value in the duct. Figure 4,bpeoes the
pressure distributions along the duct midline otediin 3D and 2.5D calculations with a fuel supptheme of
30%-30%-40%. The agreement of the results is gbathé takes into account that the 3D calculatioapbris

obtained using the local pressure values andgi2t6D calculation, the pressure is averaged gver

The experimental data for 19 different regimesloivfin the EFTV flowpath model obtained at the TtB3test rig
have been used to validate TsAGI's numerical teldgy The longitudinal distributions of the staticessure
obtained in each experimental run have been cordparth the 2.5D calculation results for that flowgime.
Among the experimental runs, very different comlmumstregimes were obtained - from intensive comionstio
practically cold flow, as well as regimes with cambion zone oscillations. For all the consideregimes, the
discrepancy between calculation and experimeribsedo the experimental data discrepancy. A detadlescription
of the comparison is given in the other paper prieskat the EUCASS-2017 conference.
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Figure 4. Comparison of 2.5D and 3D calculationEBTV combustion chamber:
a) the dependence of the combustion chamber ckasditts on the choice of the fuel supply scheme;
b) the pressure distribution along the duct ceimervith a fuel supply scheme of 30%-30%-40%

5. Study of flow in high-speed combustor with step

As part of the project of the TSAGI-RAS Center @omputer Simulation named after OM Belotserkovskoyys in
a model high-speed combustion chamber with a stepydrocarbon fuel have been investigated. Suchsflaere
studied experimentally for many years in T-131M t&3 (TSAGI) in the connecting pipe system. Thentoistion
chamber is a duct with a step that consists ofaat gfart with an expansion angle of 0.5° ("isol&t@nd a long
constant-area part (Figure 5). All cross-sectiohthe duct have a rectangular shape. Fuel is seghplirough the
holes on the side walls of the semi-struts pladatieaend of the isolator. The fuel jets are irgelcsidewise. In 2D
calculations, injection has been simulated by agidmurces of mass, energy, fuel mass and turbulesreeneters to
the balance equations in those grid cells thapkeed at injection hole locations.

The flow regime with the total parameteps= 19 MPa, T; =1100K and the heated air mass flo@;, = 2.45kg/sec

was considered. The fuel consumption correspondettie fuel excess ratigg = 0.75. The Mach number at the

entrance into the combustion chambeMs= 25. To initiate the combustion in the experimengreeumothrottldés
used: during a short time, cross jets of compreageate injected from the holes located at theclowall of the duct
near the exit from the chamber. Because of the dhoking, separation zones in the flow are gendratbere
ignition occurs. A prolonged nonstationary proclesgins, which can result in the stabilization ofmbastion or in
its blowout. Attempts to correctly describe thisogess have resulted in the development of the ricater
technology, presented in the Section 2.
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g/ |
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| T AsTS
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| SN

pneumothrottle

isolator combustion chamber

Figure 5. Geometry of model combustor with step

The static temperature in the inviscid core offthey at the duct entrance is close to 530 K. In ¢lxperiment, the
combustion has been successfully created usinganpathrottle. In the calculations, blowing of coegsed air jet
from the duct walls was simulated directly, but ttmembustion has not occured. It has been found ihatrder to
ignite the combustion in the calculation, it is @esary to use a chemical kinetics model with takibg account the
two-stage ignition of hydrocarbon fuel at low temgtares. For this purpose, a method of switchirmgabnstants in
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the quasi-global reaction of hydrocarbon fuel degosition to CO and D, which was proposed in [9], has been
used. At that, quasiperiodic oscillations of thenboistion zone arise in the calculation. Analysidlofvfields has
allowed to determine the physical mechanism ofdteeillations.

Figure 6 shows the flow development during onellagiin cycle. There are the fields of temperattre(left) and
the fields of the decimal logarithm of heat releeste ¢ [26] (right), which is determined by the formula

_ ZWka
AN =

whereW, is the rate ok-th chemical reactiofimoleln™ 3ec?], Qy is the heat effect of this reactiddiole™],

o -densitya |V | - gas velocity.

T[K] 500 1000 1500 2000 2500 lg#) 6 65 7 75 8 85 9
[— f I i H BT BT .

Figure 6. One oscillation cycle of the flame framthe chamber with a step. The temperature fifddisind the field
of heat dissipation rate decimal logarithm. Thdes@athe vertical direction is increased

At the time moment "a", the pseudoshock takes Xitremme left position in the isolator. At this momeh< 900K in
the inviscid core of the flow near the injectorfiefefore, the combustion begins only in middlehaf tombustion
chamber (where {g> 7), and the region upstream is occupied with fragk. But behind the step there is a
recirculation zone filled by hot combustion produetith a temperature of more than 2500 K. The ewtryesh fuel
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into this zone leads to an increase of its heighe turbulent diffusion transfers the heat upwaadd heats the
inviscid core of the flow. Because of these fagtommpression waves occur above the recirculatiore zand heat
up the gas (moment "b"). As a result, at the tinterrant "c", the flame jumps to the step and spreaitkly to the
whole cross-section of the duct (moment "d"). #de to the duct choking, and the pressure growsrakedozen
times. This explosion generates strong shock wenesng in both directions from the injectors. Thaws moving
to the left interacts with the boundary layers, eyating a new pseudoshock,. It replaces the olddmshock that
slowly retreats to the right - see the moments "' At that, the gas accelerates behind the saeg, everywhere in
the inviscid core of the flow, the gas flow in diten from left to right is established. The ractfan waves interact
with the pseudo-shock and weaken its front. Theptature near the injectors drops, and the flangenbeo retreat
downstream (moments "g", "h"). The zone to thetrighthe injectors is gradually filled with freshidl (moment
"i"). At time moment "}, the flow returns to itsitial state. After that, the same sequence of Bsveepeats
cyclically. The same oscillation mechanism has teso observed with the inviscid core temperatfil@f K.
Non-damped quasiperiodic oscillations have beeainbtl in majority of calculations of the chambettwatep: both
in flat and in 2.5D calculations (the latter alldovtale into account the displacement of the bounligyers growing
on the side walls of the ducts); on the grid refin2 times in both directions; with the use g« and

Spalart-Allmaras turbulence models; with the othel mass flow rate ¢ = 05). It is shown that the stopping of

combustion in the recirculation zone behind the &ads to a blowout of combustion in the chamber.

The presented calculations have been performedthdtlassumption of heat-insulated walls. The radecin Fig. 7
shows the time-averaged pressure distribution althegtop wall of the duct that has been obtainedhis
calculation. The pressure level in the combustimanaber is well predicted. But the pseudo-shocktleigystrongly
overestimated. It has been assumed that when thedpsshock oscillates, the temperature does nat tieme to
equalize across the walls, and the oscillation ggeds influenced by heat fluxes through the dwdtsvThen the
simulation of flow in the chamber with solution b unsteady heat conduction equation in each seoficthe duct
walls has been performed. It has turned out tredict walls do not have time to warm up duringekperiment.
One can approximate that the temperature of tHatwowalls is constant during the "hot" run. Tregeries of 2.5D
calculations with a given temperature of the duatlsvT,, has been performed. For example, Figure 7 shows th

time-averaged pressure distributions obtainedTpr=700K. In this case the the pseudoshock length is ¢sdign
less. But, in the constant-area part behind the, e temperature is in worse correspondence tivrexperiment,
than in the approximation of heat-insulated wallse curve obtained in calculation witfy, = 700K in the isolator

and with the heat-insulated walls in the combustibamber is also shown. In this case, the temperdduel in the
combustion chamber is closer to the experimentth®ipseudo-shock length is higher.

® ©® OExperiment
Calculation, T,, =700 K

Calculation, insulated wall

pressure p/Pentry
w
I

—— Calculation, Tw = 700 K / insulated wall
118 ® ° Calculation for propane,
] Tw = 700 K / insulated wall
0 L L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
x/L

Figure 7. Pressure distributions along the uppdirafidhe duct
for different models of heat exchange and chenkicadtics (p =~ 0.75 mode)
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None of the described calculations could correddgcribe the pressure growth rate in the pseudoksAden the
calculations have been performed with the real dwalbon fuel replaced by pure propangH& In these
calculations the wall temperature in insulaigy = 700K and heat-insulated walls in the combustion chamizre

given. As a result, a stationary solution has baemeved without combustion zone oscillations. Costion was
stabilized in a standing wave of deflagration, @ggting due to turbulent diffusion of heat. The @/atarts from the
step corner and is located across the main flow. Wave front is inclined so that the flow velogitsojection on the
normal to the wave front is equal to the combusticave velocity relative to gas. In that calculatidhe best
correspondence of the pressure distributions alloagipper wall of the duct with the experiment baen achieved -
see the blue curve in Fig. 7. Both the pressureviroate in the pseudoshock and the pressure maximuthe

vicinity of the step has been reproduced. Therettiekinetic scheme significantly influences oa #olution of this
class problems.

6. Studies of turbulent-combustion interaction (TCI)

An essential problem in turbulent combustion sirtiatais correct description of chemical processethé presence
of turbulent pulsations. In real combustors, défgr combustion regimes may occur. Two limiting casee
premixed combustion and non-premixed diffusive costion. In TSAGI an attempt was undertaken to dgveln
original combined method that has advantage td ttd@rent combustion regimes without alteratidnnamerical
algorithm [5,28]. In the case of premixed combustithe contribution of turbulent fluctuations irdwerage rates of

reactions is neglected and the source terlﬁS’:aT) are calculated using parameters of time-averaimad,
substituted into usual Arrenius-like formulas (“laer approximation”). In the limit of diffusive cdmustion, the
turbulence-combustion interactiofTCl) is taken into account using the method basadorobability density
function (PDF) together with some variant fldmeletmodel [27]. It should be noted that PDF methodpslied

only to calculation of source terms in equationstfe reacting gas component§_—Yi - if the limit of diffusion
combustion is locally realized. In this case, sifigd version of formula for calculation d&Y; looks as follows:

sy :j SY ¥ PDE.z,7) |, (1)

0

where z is mixing variable that is equal to 1 irrgpfuel and to O in pure air. PDF function is prasd to be

B-function with coefficients depending updh and o = Z? . For Z ando, additional partial differential equations
are solved. The dependen&¥( 3 is taken from solution of differential equatiorr flaminar flamelet [27]. The

library of gﬁpdf values is precalculated and tabulated with tharpaters set.

The final values of source terms are calculated lsear combination oS_Yipdf and Wam. The method takes into
account non-equilibrium combustion effects andtlghce intermittency effects.
It was found that this method is inapplicable ipdedenceSY( 2 in (1) is taken from the stationary limit of the

laminar flamelet development. The reason for thithat in the stationary limit flamelet developmintinished and
source terms are very small. As a result, in tiifuglon combustion region, where ignition must agdbe flame
was blown out. To avoid this situation, it is nesgry to take into account the transient procesbéiseounsteady
flamelet development, when huge values of sounges@ppear. To accomplish this, one more varialale added -
reaction progress variabte It was taken equal to mass fraction of reactimupct.

Calculations of test problems using the combinedhotk have revealed the strong dependence of solufg@n

determination ofo =72 that is essential parameter in presumed PDF tiefiniThe value of is obtained from
solution of semi-empirical partial differential eafion. This approximate equation may produce tHaegthat do

) . . . —— pdf . . . .
not satisfy to physical constraints. It leads tooimect values oSY’" and to instability of numerical solution. To

g max

avoid this situation it was proposed in [28] to msp additional limitation:c <o,  =c Dmin{iz,(l—_z)z}.

Coefficientc___ <1 should be chosen on the basis of experimental data

The described limitation eliminated the encountearedability. However it's not the best solution ttte problem
because it imposes artificial limitations on thewflfield. A better solution possibly could be tugiof equation for
the value ob but it's beyond the current study.
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For the validation of the combined method, clagstcgerimental data on high-speed turbulent conibrisiere
used, including simulation of Evans-SchexnaydereBe@&xperiment [29] (combustion in axisymmetric jet)
Burrows-Kurkov experiment [30] (combustion in 2Dapé near-wall jet). Figure 8 presents two charetier
examples of the validation results — cross-seqpiarfiles of the reaction product §8) average fraction and their
comparison with experiment. Both profiles - obtaineith “laminar approximation” with no TCl and pilefs
obtained using the described combined method vifiterent values of coefficient,,,, — are shown.

Figure 8 shows that calculations without TCI acdogive incorrect positions and amplitude of extremgn
comparison with experiment). Activation of TCI migad to strong variation of profiles. Nevertheldbg, shape of
profiles remains to be far from experiment fornallues ofc It is important to note that the results obtaiired

the mixing regime without combustion are in goodadance with experiment and calculations of otngthors.
However, when we turn to combustion, it is not¢hse.
Study of the influence of other empirical coeffitie of the model (in particular, influence of Prdrahd Schmidt

turbulent numbers in equations far and o = Z? also has been performed. However, no good agrdewitn
experimental data was obtained. It is quite posditét the results depend also upon correct deéiseripf turbulence
development, inflowing profiles, upflow influenderbugh the boundary layers and also upon 3D effects

I I I I 0.6

YiH,0) Y(H;0) (x/d=15.5)
0.6 - Fe—k—k no TCI (Jaminar®)
/ @ @ @& oxporimont
..... Cor max =0.0 0.5
Crmax =0.1
A} © Cgomax =02
0.5 €7 mzx =03
,;;"" ) Croman 04 g I
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0.4 LK - 1 203
/ \ E
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77y e \ T, . ! |
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Figure 8. Profiles of the reaction product in cresstions of turbulent jet with combustion:
a) Beach et al experiment; b) Burrows-Kurkov experit

7. Choice of geometry and flow regimes for model combustor on propane

The experience described in the previous Sectiowstihe necessity of detailed studies of turbubemhbustion in
high-speed flows. For this purpose, a laboratorytlie physical and numerical simulation of flowghwtombustion
in the engines of perspective aircrafts has beeated in TsAGI under the leadership of the leadicigntist, Prof.
V.A. Sabelnikov (now ONERA adviser, France). Thisjpct has been supported by the megagrant of tinést/
of Education and Science (Russian Federation) @ fltamework of the Decree of the Russian Federation
Government of April 9, 2010 No. 220 (contract Nd. $639.31.0001 of February 13, 2017).

The laboratory will develop and validate modelsvafious combustion regimes in air-breathing engiasswell as
create special software to use it in the cycleasbdynamic design of advanced aircraft power platsessential
element of the project's works will be the validatiof the created physical models and softwarehernbiisis of a
"fire" aerodynamic experiment, specially performedr-131 wind tunnel in the regime of the connegtpipe. For
this purpose, an experimental model of a dual-mmmtabustion chamber (a chamber with supersonic fitwhe
entrance, where a subsonic or supersonic combugigime is realized depending on the inflow param®thas
been designed and will be manufactured in TsAGI.

In design of the combustion chamber, ONERA expegenf investigating a model chamber of similar getrynhas
been taken into account. This chamber has beenedtid the ONERA-LAERTE test rig in the framework o

11
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LAPCAT-II European project [31]. In these experir®enONERA received both subsonic combustion with a
pseudoshock and different supersonic combustiomegy characterized by the interaction betweenjatslinjected
from the walls, boundary layers on the chambersaafid shock-wave structures in the duct.

The geometry of the combustion chamber (Fig. 9) wasigned with taking into account the experien€e o
investigations of high-speed combustion chambeiis 1181 WT (TsAGI). The flow regime with the totahameters

P, = 1 atm,T; = 2100 K and Mach number at the chamber entranee2V6 was chosen. For this regime, the static
temperature in the inviscid core of the flow at tfember entrance is close to 1030 K. The laterdthwof the
chamber is constant and equal to 0.1 m. In thewdalks of the chamber, 4 pairs of optical windowasrmafactured of
quartz glass (thickness is 0.05 m) will be mountmbpaneCsHg is chosen to be a fuel as a simplest pure analogue
of modern aviation hydrocarbon fuels.will be injected through two pairs of holes loed at the upper and lower
walls of the chamber before the isolator end, padjmeilar to the walls (Figure 9). At the end of ttenstant cross-
section part, a pneumothrottle will be mounted lo& hottom wall before the nozzle beginning. As veallin the
ONERA experiments, a wide range of measurementslasned for registration of the flow physical pieu
high-speed schlieren-video; visualization of theiexd OH radical radiation (that allows to deterenthe position of
the heat-release zones); wall temperature measateémehermocouples mounted inside the chambersveaitl on

its outer surface; measurements of both time-aeglpgessure values and pressure oscillations.

400 600 500 400
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70 180 80 70|70 80 ; 80 , 70| 70| 80, 80_, 70| 70 260 70 | 100
y ~\
- - 3 ! 1 4 y
3OJA/ ; 51 93
N i
225 150 150 150 150 150
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Figure 9. Sketch of model combustor geometry witltgs of measurements.
Lengths in millimeters. Blue rectangles — positiohsptical windows

In order to choose the fuel injection schemes Widtprovide both the subsonic and the supersomimlzustion
regimes in the duct, preliminary calculations haeen performed on the basis of URANS equationsafor
multi-component gas with finite-rate reactionshe £.5D approximation. The calculations have shthah propane
self-ignition does not occur with the chosen flogime and, in the case of pneumothrottle usingctmbustion
blows out after the throttle is turned off.

To provide the combustion stabilization, it hasrbdecided to mix hydrogen to propane. Hydrogenasenenergy-
intensive fuel and much more easily ignited. In tase of an oxidizer exceas1.5 with addition of 15% K a
stationary asymmetric flow with subsonic combust®wbtained - see the fields of temperature andhMaumbers
in Fig. 10,a,c. The separation before the jehefupper injector plays the role of the flame stadni. The red curve
in Fig.11 shows the longitudinal distribution oktiMach number averaged by the momentum flux overdilct
cross-sections.

It obvious that the flow becomes subsonic on awegtga part of constant cross-section after asefiescillations.
It is clear now that the flow zone at the p&t5m< x < 1.35m contains shock-wave structures interacting with th

boundary layers, where the transition from supdcstmsubsonic flow takes place. According to thiesgures, this
flow zone can be categorized as a pseudoshock.

At o = 3, with the addition of 30% 41a stationary symmetric flow with supersonic costin near the chamber
walls has been obtained - see Fig. 10,b,d. The ustidn proceeds mainly in supersonic regime inkdbendary
layers on the expanding part of the duct. As theeldurve in Fig. 11 shows, the Mach number averageuat
cross-sections remains supersonic along the detiggh of the duct.

12



DOI: 10.13009/EUCASS2017-278

COMPLEX NUMERICAL-EXPERIMENTAL INVESTIGATIONS OF COMBUSTON

Temperature, K 1000 1200 1400 1600 1800 2000 2200 2400

Mach number 0 0.5 1 1.5 2 2.5

Figure 10. The fields of temperature [K] and Macimber at the end of the calculations dor 1.5 with the addition
of 15% hydrogen (a, c) and far= 3 with the addition of 30% hydrogen (b, d)

—— a= 1.5+ 15%H>, combustion
—— a = 3.0 + 30%H>2, combustion
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Figure 11. Longitudinal distributions of the Machmber averaged over the cross-sections
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