6" EUROPEAN CONFERENCE FOR AERONAUTICS AND SPACE SCIENCES (EUSAS

2.5D approximation
for numerical smulation of flowsin engine ducts

Vladimir Vlasenko* and Anna Shiryaeva*
*Central Aerohydrodynamic Institute named after Prof. N.E. Zhukovsky (TSAGI)
1 Zhukovsky street, Zhukovsky, Moscow Region, Russia, 140180

Abstract

New 2.5D approach to description of 3D flows in @uis proposed. It generalizes quasi-1D theories.
Calculations are performed ixy) plane, but variable width of duct indirection is taken into
account. Derivation of 2.5D approximation equatiogsgiven. Tests for verification of 2.5D
calculations are proposed. Parametrical 2.5D calicuis of flow with hydrogen combustion in
elliptical combustor of high-speed aircraft, invgated within HEXAFLY-INT international project,
are described. Optimal scheme of fuel injectiofoisnd and explained. For one regime, 2.5D and 3D
calculations are compared. New approach is recomeatkrior use during preliminary design of
combustion chambers.

1. Introduction

Turbulent flows of viscid gas in ducts(especialtydircraft power plants) are as a rule essentlly complex,
multi-scale phenomena that can contain boundargréayecirculation zones, mixing layers and jetsnpgression
and rarefaction waves, finite-rate reactions ansteady processes. Calculation of such flows orbéss of full 3D
RANS equations requires huge computer resources ievéhe case of parallel computing. As a resultltiple
parametrical calculations, which are necessaryhenstage of combustor design, are impossible. Bognsimple
engineering estimations, based on empirical relatiand calculations in quasi-1D approximationsodten used for
prediction of combustor characteristics for theiglepurposes. However, quasi-1D approximation catalke into
account some specific features resulting from nbneharacter of flow, e.g. non-uniformity of heatlesse
depending on mixing of fuel with air flow and oretheat turbulent transport across the duct.

To improve accuracy and information capability @peoximate parametrical calculation on the stagelesign,
approximation of 2.5D flow may be used.

The term “2.5D approximation” means that for theat@tion of 3D processes the 2D equations, takitgaccount
flow non-uniformity in third spatial direction, angsed. In this sense, classical equation systeraxisymmetrical
flows is also 2.5D approach for the description3&f flow. But it is applicable only if the task geetry is
axisymmetrical and if assumption about the absefflew twist is acceptable. Literature review te®wed to find
other examples of 2.5D approach to description®fl8ws. Probably the best known is the "methodatfsections”
for the description of flow around infinite sweping - see e.g. [1-4]. 2.5D approach is used noeqfently in
aeroacoustics for the description of 3D sonic warapagation, when the basic aerodynamic flow hasRa&racter
[5-6]. There are works, analogous to method ofdkadtions, for description of stratified flows wigiven character
of flow variation from one layer to another [7-8ut all these approaches cannot be used for theriptisn of flows
in ducts.

In this work, new 2.5D approach to the descriptigrBD flows in ducts is proposed. This approachegalives
quasi-1D ("1.5D") theories. In 2.5D approximatidre treal 3D flow is replaced by a flow, where altgraeters are
constant along axis. It may be treated as a result of 3D flow agerg alongz. Calculations are performed irY)
plane, but variable width of duct adirection is taken into account.

2. 2.5D flow equation system
Flow in a duct of arbitrary geometry is conside(edy. 1). The duct geometry is projected on sonmam@l In this
plane, Cartesian coordinate systgixy) is introduced. Spatial direction of the third odioate axis, z, is

determined using the right-hand screw rule. Praacbf the duct geometry on théx;y) plane is covered by
computational grid - see Fig. 1. Spatial curvelmnduct surface, corresponding to the contour eftict projection
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on (x;y) plane, subdivides the duct surface into two halfé®se halves can be described by functihi, y)

(“front" surface) andz™(x,y) ("back" surface). For each pair of valugsy), z* >z . If the duct is symmetrical

+

about vertical planez" >0, z7 =-z".
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Figure 1: Explanation of 2.5D approximation

Reynolds-averaged Navier-Stokes (RANS) equatioriesysfor multi-component gas with finite-rate reaos,
closed by differential model of turbulence and bgdel of chemical kinetics, is solved. Each equatdiRANS
system can be represented in the following form:

%+£+ai+£:w' D
ot odx oy o0z

Here a is quantity of some physical value (mass, momenemergy, turbulence parameters, mass of the ngacti
mixture chemical component) per unit volume of ggsjs flux of a value alongx, axis (X, =X,X, =y, X3 = 2),

W are local sources and sinks afvalue.
Inner space of the duct is subdivided into follogviglements:

\% =[x—Ax/2, x+Ax/2]><[y—Ay/2, y+Ay/2]><[z_(x, y), 2" (X, y)], )]

where h,(x,¥)=z"(x,y)-z (x,y) is the duct width in lateral direction. One sudeneent, corresponding to
arbitrary cell of computational grid[x—Ax/Z,x+Ax/2]><[y—Ay/2,y+Ay/2], is shown in Fig.1. 2.5D

approximation is obtained, if we assume that floavgmeters in each such element are constant atoraxis.
Characteristics of 2.5D flow in this cell may bedted as the result of real 3D flow averaging alendirection:

Z'(x,y)
[atxy,2)dz. €)
7 ()

aysp(X,Y) =

h,(x,y)
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After that, we integrate (1) over the constant wdu(2), assume flow parameters to be constant afomliyection
and apply Gauss-Ostrogradsky theorem:

%AxAy h, +(Fx(x+Ax/2, y) h,(x+Ax/2,y) - F,(Xx—Ax/2,y) h,(x-Ax /2, y))Ay+

+(Fy 06y + Ay 12) hy(x, y + By 12) = F, (X, y =By 12) hy(x, y ~ By 12) )Ax + 4)
+ (FX‘SX‘ +F S +Fy S, +F/S) +F,; S, + FZ+SZ+)=WAX Ay h,.

Here S* = (S;; S); S;) is a vector of outer normal to the volume elensefintint side (coordinates of this side center
are (x,y,z°(x,y))), and §’=(S;;S;;SZ’) is a vector of outer normal to the volume elensettack side

(coordinates of this side center ame y,z (X, Y)) ). Modules of these vectors are equal to area®wesponding
sides, and modules of components of these vecteregual to areas of projections of these sidesdittions,
perpendicular to coordinate axes. Therefore, S; =FAy Eﬁz*(x+Ax/2, y) -5 (x—Ax/2, y)),

S, ziAxEﬁz*(x, y+Ay/2) -7 (X, y—Ay/Z)), S; =+Ax[Dy . Then we substitute these relations into (4),divit
by Ax[Ay and consider the limiaix - 0, Ay - 0:

9
ot
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This is 2.5D analogue of the equation (1). By wgtiequation (5) fora = p; pu; pv; 0E; poy; Y., , We get the
equation system for 2.5D analogue of 3D flow in thect. Here and belowo is density; u,v are velocity

2.2 _ Ng
v +k + ZYmem(T) is total energy per unit mass of gas;

m=1

py.k=1...N,,, are parameters of the considered model of turicetev,,m=1,...Ng, are mass fractions of the

components along and y axes, accordinglyg = u

reactive mixture components is averaged kinetic energy of turbulence,(T) is internal energy ofm-th
component of gas mixturel, is temperature. In this worlq—« turbulence model [9-11] is considered, for which

Nyrp =2, Pi=Q= \/E is characteristic value of turbulent fluctuatiasfsvelocity, py =w=Z/k is characteristic
frequency of turbulent fluctuations (is average rate of the turbulent kinetic energgigiation). Chemical kinetics
model, consisting oNSp =9 components (H, O, OH,8, O, H,, CO, CQ, N,), is used.

Essential moment in construction of 2.5D analogu@flow in the duct is the way to determine thexés through
lateral sides F~ and F;* that are placed in additional source terms ineftepart of the equation (5). As well as in

construction of quasi-1D ("1.5D") flow theoriesg#e fluxes should be determined taking into accthateal 3D
flow structure near the duct walls.

Vector of fluxes alongx, axis (X, =X, X, =Yy, X3=2) on solid impermeable surface without slipping ¢an
represented as follows:
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Here n is coordinate in direction of unit vector of loaaliter normal to the duct wall &*(X, y) :(n;f; ny; nf);

\A =V [F is tangential-to-wall component of velocity (ditien of 7 vector coincides with limit direction of
velocity vector, when the point approaches to thd)nindex 'W' marks the values of parameters on the duct wall.
Components of the unit outer normal to wafl can be expressed as follows:

SIS _0z7* _oFt
; ; ¥ F i
I ) (AXAY AxDy - AxQy ox ' dy
n'E(n;,n',nZ'): lim

AxAy -0 S;—’ 2+ S; 2+ S;—’ 2_ (021J2+(62J—’J2+1.
(AxAyJ AxAy (AxAyJ 0x ay

Components of unit vector , which is parallel to tangential velocity near lyaan be chosen on the basis of
assumption that projection of the tangential véjoeector on(x; y) plane is codirectional to velocity vector of 2.5D

(zaveraged) flow that has componerix, y),v(x, ¥))): (7,.7,)II(u,v). Let's taker, =u, 7, =v. From condition
=0 we find 7, =—(7,n, +7,n,)/n,. Finally, we normalizer vector and get

5%

S

In determination of wall fluxes, we shall use modé&I3D flow consisting of inviscid core, where thesssure is
constant along direction, and of boundary layers, where the flswlecelerated to zero velocity. Due to the faat th
the pressure is practically constant across boynldaer, we take wall pressure to be equal to pmesin the
inviscid core and ta -averaged value of pressure (i.e. with pressue5D analogue of this 3D flow). In this case
the wall pressurep,, is equal to pressure of 2.5D flow in current slaglement -p(x, y).

Molecular diffusive fluxes of momentum, heat antbtuence parameters in the direction of the nonmakall are
determined by local structure of boundary layer2 BD calculation, boundary layers arise only nggrer and lower

boundaries of the duct. We shall determine molecifllaxes in (6) (they have forrr;q,\,g—f) through linear
n

interpolation iny between upper and lower boundaries of the ducthat, we shall take that direction of fluxes

coincides with local direction of normal to the duall - ii*(x, y) . Therefore, we shall take
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where y*(x) and y~(x) are coordinates of the duct boundaries in thémseot= const .

Other terms of equations (5) will be calculatechgghe same formulas as corresponding terms imiti@ equation
system of 3D flow. But we shall substitute parameetd 2.5D flow (in factz-averaged parameters of real flow) into
these formulas. Naturally, this approach to desionpof 3D flow is approximate, because we assuhz ¥ -
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 argumenteréfore, fluxes and source terms will be determinigti some
errors. These errors, together with errors of ayprate formulas (7), constitute the inaccuracy ob[®
approximation.

The most important target function in simulatiorflofv in combustion chamber is integral longitudif@ce R that
is applied to the duct surface. By definition, tfosce is equal to integral of momenturtcomponent through the
duct surface. Accordingly, this force should becakdted as follows:

R= [(F(and, +F (ahd, )+ [(F(ohd, +F (aphd,)+
Y=y~ (%) y=y" (%)

_ 0z _. 0z"  __ 0z~ _. ®
+IJ(FX (o5~ R (A 5+ Fy (o) = (o)

ZE)-F; (pu)jds(x, ).
y

In this formula F, (ou) is flux of momentumx -component along axis. First integral is calculated over the lower

boundary of duct, second integral - over its ugpauindary. In these integraIsTl = (dlx;dly) is vector with length

equal to the length of the duct boundary elemdris Yector is codirectional with outer normal te thoundary.
h,dl, is projection of the duct surface part, correspogmdio this boundary element, on the plane that is

perpendicular tox axis,and h,dl, is its projection on the plane that is perpendict y axis. In practice, sides of

near-boundary computational cells are used asdhedary elements.
The third integral is taken over the inner parthef duct. In this integralds(x, y) is area of computational domain

element (that is placed i(x; y) plane).aaids, aaids and (—ds) are the components of the vector of the duct
X y

back surface element that corresponds to this eleafecomputational domain. Length of this vecegual to the

+
area of the surface element, and its direction adas with direction of outer normal to surfac{er aa dsj,
X

[—%ds} and ds are the components of the vector of the duct fianface element that corresponds to this
y

element of computational domain. In practice, getls are used as elements of computational domain.

3. Verification of code for 2.5D calculations

New possibility to simulate flows in ducts in 2.5Pproximation has been realized in scientific cBALVER3 [12]
that is intended for calculation of 2D flows of micbmponent gas on the basis of RANS equationsvigusly this
code allowed to calculate only flat and axisymnoetrilows). This section describes the test takks were used to
verify the module of SOLVER3 code, where the neshitmlogy was realized.

The first test is based on the fact that the nepragrh to simulation of 3D flows generalizes thesslical theory of
quasi-1D flows, which is described e.g. in [13].darticular, theory of Laval nozzle is based on d¢lqeations of
quasi-1D flow.
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Theory of Laval nozzle considers a duct with givaw of area variationF(x) . Flow in the duct is assumed to be

stationary and inviscid. Quasi-1D (“1.5D") analogfehis flow can be obtained, if one assume tlmat fparameters
are constant in each cross section of the ductyamytfrom one section to another. In fact, it methmt we average
parameters of real flow over the duct section.

Equations of the Laval nozzle theory can be comsiil@s particular case of 2.5D flow equations T®).deduce

these equations from (5), the 2.5D theory assumpdioout constant flow parameters alomgaxis should be
supplied with assumptions that stationary flow péa@omponent perfect gas is considered in a datttis constant
width Ay=const in (x,y) plane, while its lateral width is changed accogdinto law

h,(x) =z (x) -z (x) = F(x)/ Ay . With the use of these additional assumptionsatgus (5) can be rewritten as
follows:

o 0

d (= -_dz= -,dz" ~ P
&(Fxhz)+[Fx——Fx KJZO’ Fo=| pi®+p |, Fy=F=|pw|-
AUE + pu 0

Taking py = p and h,(x) = F(x)/Ay, after transformations we can obtain the classgalations of Laval nozzle
theory:

du dp u
a-_% F =const, — +—2— " =const. 9
dx  dx A 2 y-1p ©

Ordinary differential equation with two closing agbns (9) can be solved numerically with very higglturacy and
can be used as etalon. Calculation of flow in duith Ay =const, h,(x) = F(x)/Ay on the basis of equations (5)

should give the solution that coincides with thedl@t solution within the approximation errors.
As a second test for the verification of 2.5D coclculations of viscid turbulent flow in axisymimieal duct with
supersonic flow at the entrance have been usatel(x, y) plane, uniform grid, containing 398 cells along thuct

and 70 cells across the duct, have been construdrefbrm flow of air with specific heat ratig = 1.4, with Mach
number M =29, with stagnation parameterg, =15 atm, T,=2150 K and with turbulence parameters
g=16 m/sec, & =2000 Hz. On the duct walls, boundary condition of tiess “wall functions” [12,14] was given

(it allows to avoid extreme compression of gridnm-slip walls). Parameters in the exit sectiontw tluct were
taken from the near-boundary cells.

In Fig. 2, three fields of Mach number in the armsyetrical duct are compared: 1) etalon field, atediby solution
of axisymmetrical flow equation; 2) field, obtaindy averaging of the etalon field aloagcoordinate (see (3));
3) result of the same duct calculation in 2.5D agjmation. One can see that results of 2.5D calicuiaare close to
parameters, obtained by averaging of the etaldd &fong the lateral coordinate. Minor differenadghese fields
are resulted from the presence of 3S stationaryewstkuctures in supersonic flow. Such structuresnct be
reproduced correctly, if flow parameters are cosi®d to be constant alozgaxis Thickness of boundary layer in
2.5D calculation is higher than in axisymmetricalctlation. But averaging of axisymmetrical fielldreg z gives
boundary layer of practically same width as in 2d&dlculation. Figure 3 compares the pressure digidgns along
the duct walls, obtained in these calculationsD2calculation predicts the longitudinal distributiof loads on the
duct walls with good accuracy.
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Figure 2: Fields of Mach number, obtained in caltiohs of axisymmetrical duct:
a) axisymmetrical calculation; b) averaging of axisyetrical calculation alongaxis; c) 2.5D calculation
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Figure 3: Pressure distributions along the wallaxaéymmetrical duct,
obtained in axisymmetrical and 2.5D calculations
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4. Calculations of flow in combustor of high-speed air craft

2.5D approach has been applied to parametricallegions of flow in combustion chamber of scramyath
hydrogen fuel for hypothetic supersonic civil aaftr[15-18], that is studied in TsAGI in the frammk of
HEXAFLY-INT international project. It is a duct vhtelliptical sections with two zones of fuel injiect (Fig. 4). In
the £ zone the hydrogen in injected upwards from tworshylons, while in the ¥ zone — in the flow direction
from several holes in a high pylon, placed in thmmetry plane of the duct. At the entrance to costtruthere is
inflow of air, heated by a flame heater and enrichg oxygen (to get the same mass fraction of omyagin air).
Mach number in the flow inviscid core M~2.6, prassis about 0.5 atm. Temperature in the inviscicecat the
entrance is close to 1200 K, but temperature ofrtjeeted jets of hydrogen it is equal to 163 Kyonl

Hap
g )

Pylons of the 1st zone
of hydrogen injection

Pylon of the 2nd zonc B |

of hydrogen unjection

&
ﬂq

Heated air
M~2.6

Figure 4: Geometry of high-speed combustion chamber

Initially, preliminary 3D calculation has been pmrhed with hydrogen injection, but with frozen cheahreactions.
3D calculations were performed using scientifice@EUS-S3pp that is one component of EWT-TsAGIvsarfe
package [19]. Calculation has been performed ferwariant of fuel injection, where 10% of the tokgidrogen
mass-flow rate were injected through each pylotheff" injection zone, and the rest 80% were injectedghothe
holes of 2 injection zone pylon (scheme of fuel injection9410%-80%). In Fig.5 the fields of oxidizer excess
ratio, obtained in this calculation in several srgsctions of the chamber, are shown. One carhaeerbss-sections
of fuel jets, injected from the central pylon, asdruded in vertical direction. It is resulted frahe fact that injected
hydrogen comes into the wake past the verticalrabpylon. In the case of higher part of mass-flate through the
1% injection zone pylons, cross-sections of jets fitwn £ injection zone pylons should also be extrudedeirtival
direction due to the upward injection of fuel. Téfere, flow parameters vary aloggxis weaker than alormaxis.
Consequently, there is sense to perform 2.5D catiomls in the (x,z) plane instead of(x;y) plane. 2.5D

calculations in(x;y) plane give picture of fuel mixing with air thatfférs principally from the picture obtained in
3D calculations. So, below only 2.5D calculations(k,z) plane will be considered. These calculations Hzeen
performed with activated finite-rate chemical réams.
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Figure 5: Fields of oxidizer excess ration in saleross sections of combustor,
obtained in preliminary 3D calculation without comstion

In Fig.6a the typical Mach number field, obtained in caltigla for the fuel injection scheme 30%-30%-40%, is
shown. To demonstrate details, only part of contyust shown in this Figure, and scale along thet adidth is
increased. This field shows that oblique shock waarise ahead of the fuel jets, injected from thénjection zone
pylons. In the place of their interaction with walimall separation of boundary layer ariggdore intensive shock
wave is formed ahead the blunted leading edgeeotémtral pylon. Its interaction with boundary lesyen the duct
walls leads to formation of separation zones ohéigsize. Oblique shocks, produces by these sémasatntersect
with leading shock wave from central pylon in tlegion of passage of jets from th fliel injection zone, with
lower Mach number. As a result, these shocks iattrisregularly, with formation of Mach disks, cexdrdue to the
flow inhomogeneity in the hydrogen jets. Behind tdach disks, there are regions of subsonic flowrthHar
downstream there are additional subsonic zoneseue to following intersections of shock waves.

Figure 6,b demonstrates for the same calculatierfithd of decimal logarithm of dimensional rgtef heat release
per unit length of streamline [J-kgn’]:

~ \-1 NSP I\Ir
a6 =V D ham > v (10)
k=1 =1

where Ng, is quantity of mixture components\, is quantity of reactions\j is rate ofl -th reaction,v is
stoichiometric coefficient ak -th component in equation df-th reaction, m, is molecular weight of thek -th

component,h, (T) is its static enthalpy (per unit masg), is mixture density,|\7| is module of velocity vector.

Derivation of formula (10) is given in work [20]idfd of this parameter shows that in the jets Bfuel injection
zone a weak heat release proceeds initially onlthersurfaces of the jets (because of low temperatiihydrogen).
Essential heat release starts only downstream frem?“ hydrogen injection zone: growth of pressure and of
temperature in shock-wave structures acceleratesetiction, and decrease of velocity in this redgaa to longer
residence of fuel in the reaction zone. Downstré&am the 2¢ fuel injection zone, combustion proceeds in region
of subsonic or transonic flow. Curved leading shack/e ahead of the central pylon and curved Masksdiand
also boundary layer separations generate vortigitybecome strong generators of turbulence. Grofuirbulence
helps to combustion downstream from tf&t8/drogen injection zone through the transportegfttffrom combustion
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zones to cold flow regions. In the separationshenwalls there is no combustion because of thenalesef fuel.
Combustion practically stops at considerable distampstream from the section, where the duct whdthins to
grow. When the heat release stops, the Mach nusthets to grow, because the turbulent diffusiorriearheat
across the duct and diminishes the average tenperaft flow.

a) Mach number "

b) Decimal logarithm 6.0 6.4 6.8 72 7.6 8.0
of heat production rate [N Il \ \ \ T

Figure 6: Fields of Mach number (a) and (@),
obtained in 2.5D calculations for the fuel injectischeme 30%-30%-40%

To determine an optimal relation between mass-ftates of hydrogen, injected in thé' &and 2° zones, 2.5D
calculations for the following variants have beegrfprmed: 10%-10%-80% (10% of total mass-flow rafe
hydrogen — through the®1zone pylons, 80% - through the central pylon), 2P0%6-60%, 25%-25%-50%,
30%-30%-40%, 33%-33%-34%, 40%-40%-20% and 50%-508640r each calculation the integral longitudinal
force, applied to the chamber walls, was determmetbrmula (8).

The best thrust characteristics have been obtdorettie fuel injection scheme 30%-30%-40% and 3B%34%.
Analysis of flow fields, obtained in 2.5D calculatis, has allowed to explain this result.

In Figure 7, the static temperature fields, obtdiimeall calculations, are shown. Because of lomperature of the
injected hydrogen, in all schemes of fuel injectibe combustion upstream from the central pylopassible only
on outer surface of hydrogen jets, not inside thjetee Core of lateral jets keeps to be too cotthglthe whole
combustor in the scheme 50%-50%-0%, while the ofreentral jet is cold throughout in the scheme 1109%b6-
80%. Beginning from the scheme 20%-20%-60%, coreeottral jet has enough time to start burning. Bulit
development of combustion in the whole core ofdbetral jet becomes possible only in the schemeés30%-40%
and 33%-33%-34%. In the case of scheme 30%-30%-4#@anost uniform distribution of heat across thetds
achieved, and inner thrust of combustor is closmagimum. In the next scheme, 33%-33%-34%, heatsel in the
central jet is less due to lower quantity of fuehd in the scheme 40%-40%-20% the heat releasatéral jets
begins to diminish, too - because of insufficiertrming (thickness of jets increases with the groeftimass-flow
rate).

10
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10% -10%-80%

20%-20%-60%

25%-25%-50%

30%-30%-40%

33%-33%-34%

40%-40%-20%

Temperature, K 1000 1200 1400 1600 1800 2000 2200 2400
I O N |

Figure 7: Fields of static temperature [K], obtairie 2.5D calculations
at different relations between hydrogen mass-flates in 1st and 2nd injection zones
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When in 2.5D calculations the most attractive reggrof flow in combustor had been found, 3D calaoitest of these
regimes have been performed. In Figure the bloakcstre of computational grid for 3D calculationdafelds of
temperature in several cross sections of combastoshown. Figure 9 shows fields of temperatuthéncombustor

sections by horizontal (a) and vertical (b,c) pan€he presented data correspond to the fuel iojectcheme
30%-30%-40%.

1500 1‘750 2‘

1.4e+003

i

Figure 8: 3D view of combustion chamber. Block stawe of computational grid for 3D calculation diedds of
temperature [K] in several cross sections are shown

1500 175
,\,IHHl\

0 2000 2250
w \.!l_,j_,__ll‘,IHHMH\HH\_“

50 s \
T 1.4e+003 2.5e+003 o1

Figure 9: Fields of temperature [K], obtained in &&culation for the fuel injection scheme 30%-30084:
a) one horizontal section; b) vertical section tigibuhe pylon of the 1st injection zone;
¢) vertical section through the pylon of the 2n@étion zone
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Figure 92 demonstrates that it is possible to find horizbstection of the combustor, where the flow field is
gualitatively analogous to fields, obtained in 2.&fdculations. But flow structure in 3D calculatismnaturally more
complex. For example, it is impossible to reprodtie region of slow flow in the wake after the pyoof the 1st
injection zone. Moreover, the injected jets of togkn are placed at different heights. As a resodtximum of
temperature, that can be seen in 2.5D calculatiotihea duct symmetry plane, is absent in horizostation in
Fig.9,a. This maximum is reached on the outer bapndf upper central jet, and it is placed below fHane of
Figure 9a. One can see this maximum on the combustor selsgidhe vertical symmetry plane - Fig.9,c.

5. Concluding remarks

Parametrical study, described in previous sectiayld be impossible in the framework of quasi-1@dhes, and
3D calculations would require too large resourcesamputer time and memory. In addition, physicadlgsis of
flow structure, obtained in 2.5D calculations, isah more simple than in 3D case.

2.5D approach is approximate way of flow analyfiscannot take into account all features of 3D #owBut it
provides much more information about flow physitant quasi-1D calculations. That is why it may bepbremended
for use at the stage of preliminary design of costion chambers. 2.5D calculations can allow to ma@éiminary
choice of most valuable variants of geometry andflefv regime and to diminish essentially the quignof

expensive and prolonged 3D calculations (whichodi@urse necessary at the final stage of combudigtsign).
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