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Abstract: Estimation of reserves of combustion process stability in gas turbine engine (GTE CC) based on artificial modeling of
non-stationary process (NP) excitation in the combustion chambers in temperature-pressure parameters is an actual problem in
engine engineering. An increasing number of aircraft require the use of engines with high gas dynamic stability (GDS) up to 30%
and more, for example, when creating power plants for vertical and short take-off and landing aircrafts, ekranoplans (ground-effect
vehicles) and etc. The use of computational fluid dynamics (CFD) tools for calculating combustion flows in the combustion
chamber of a gas turbine engine is currently an integral part of the design process, since a numerical study, in contrast to a full-scale
experiment, requires significantly fewer material resources providing the ability to model expensive and unsafe cases of aircraft
flight operation that are difficult to implement at the stage of bench tests, such as: crossing a jet distrail or a shock wave front (e.g.,
when an ammunition detonates) in front of the air intake of an air-jet engine, critical crosswind during takeoff leading to flow
separation on the air intake cowl, vertical gusts and atmospheric turbulence, flight at high angles of attack, aircraft evolution (slip,
etc.). The results of numerical simulation are decisively determined by the limitations of the applied models and simplifying
assumptions for the simulated flow. There are many sources of errors in any calculation using computational gas dynamics
methods: accumulated calculation errors, sensitivity to grid size, discretisation, flow extrapolation in grid interfaces of the used
solver (ANSYS.Fluent), errors of turbulence models, assumptions and simplifications applied to the design, etc. This paper
considers the grid effect on the problem of proving the random nature of gas oscillations in the combustion chamber of a gas
turbine engine, which is essential for determining the gas dynamic stability of the engine as a whole.
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K BOIIPpoCaM CE€ETOYHOI'O BIUAHUA B METOAUKE YUCJTICHHOTO
MOAC/IMPOBAHUS HECTANUOHAPHBIX IMPOIECCOB rOPECHUA

1 1
A.T. CaBuyk , JI.B. MockajieHko
"Mockosckuii 20Cy0apcmeeHHbIll MeXHUYeCKUll YHUgepcumem padcoancKoll asuayui,
2. Mocxkea, Poccus

Annotamusi: OrieHKa 3aracoB YCTOMYMBOCTH TIPOLIECCOB TOPEHMSI B KaMepax cropanusi ra3otypounHsix asurareneit (KC I'T/T),
OCHOBaHHasi Ha MCKYCCTBEHHOM MOJIEIMPOBAaHMM B030yxJeHus HectarmoHapHeix mnporeccoB (HIT) B KC, B mapamerpax
TeMIIepaTypa — JIaBJIeHHE TIPEICTABIIET COO0H aKTyaIbHYIO 3a1ady JIBUTaTeIeCTpOeHHs. Bee Gombliee KOMIecTBO JIeTaTeNbHbIX
armapartoB (JIA) TpeOyroT npuMeHeHHs IBHATaTeNe ¢ BHICOKOM rasonuHammuueckoil yeroitunBocteio (I'1Y) Bmtots 1o 30 % u
Oomnee, HampuMep TPH CO3JAHWH CHJIOBBIX YCTaHOBOK IUII CAMOJIETOB BEPTHUKAIBHOIO M YKOPOYEHHOTO B3JIETa M ITOCAIKH,
9KpaHOIUIaHOB U Ap. [IprMeHeHne MHCTpyMeHTapHsl BhIMUCIUTeNbHOM ruaporazoauHaMuky (anria. CFD — Computational Fluid
Dynamics) mms pacuera ropsiumx TedeHnii B KC I'T/] B Hactosimiee BpeMsi SBISICTCS HEOTHEMJIEMBIM JTAIloOM IIpoIiecca
MPOEKTUPOBAHMS, TAK KaK IIPOBEICHHME YHCICHHOTO MWCCICOBAHMsI, B OTIMYHE OT HATYypHOIO O3KCIIEpHMEHTa, Tpeldyer
3HAYUTENFHO MEHBIINX MAaTepHAIBHBIX PECYPCOB, MPEIOCTABISIONINX BO3MOXXHOCTH MOJCIMPOBAHUS TPYAHO pealn3yeMbIX Ha
JTare CTEHAOBBIX MCHBITAHUH JIOPOrOCTOSIMX M HeOe30IacHbIX CIlydyaeB JIETHOH SKciutyataimu JIA, Takux Kak IepecedeHue
peakTHBHOW cTpyH Brepemu Jiersimiero JIA nmmbo ¢poHTa ynapHOH BOJHBI (HAlpuMep, NPU HOJpbIBE OoenpuIiaca) Iepen
BO3/TyX03a00pHHUKOM BO3yIIHO-peakTiBHOrO Jpuraresst (BPJI), kpurnuecknii G0KOBOI BeTep MpH B3NeTe, MPHUBOISIIHHN K CPBIBY

53



HayuyHbiit BectHuk MITY TA Tom 28, Ne 01, 2025
Civil Aviation High Technologies Vol. 28, No. 01, 2025

MOTOKa Ha obevaiike BO3yx03a00pHMKA, BEPTHKAIbHBIC MOPBIBBI U TYpOYJIEHTHOCTh arMocdepsbl, MoJjeT Ha OONBLINX yIiIax
araky, sBoiom JIA (ckonmbkeHuWe M 7p.). Pe3ynbrarhl YMCIIEHHOrO MOJEIMpPOBAHMS PELIAONIMM 00pa3oM ONpeNessIoTCs
Y4YETOM OTpaHHWYECHHH NPHUMEHSEMBIX MOJIEIEH M yNPOIIAIOIMX MPEION0KEHNH UIsi MoaenpyemMoro tedeHust. CylecTByer
MHOYKECTBO HCTOYHMKOB OHIMOOK B JIFOOBIX pacyerax C HCIOJb30BAHHEM METOJOB BBIYMCIUTEILHONW Ta30BOM MHAMUKH:
AKKyMYJIMPOBAaHHBIE OIMMOKH BBIYHCIICHUH, YyBCTBUTEIBHOCTh K Pa3Mepy CETKH, IHCKPETH3ALMH, SKCTPAIOJLUN HOTOKOB B
ceTouHBIX HHTepdeiicax wucnoms3dyemoro comeepa (ANSYS.Fluent), ommOku mozeme# TypOyJIeHTHOCTH, IONYIICHUS U
YIIPOLIEHUS, IIPUMEHsIEMbIE K KOHCTPYKIIUH, U T. 1. B taHHO# paboTe paccMOTPEHO CETOYHOE BIMSHHE HA 3a/1a4y JOKa3aTelbCTBa
ciyJaitHoi mpupons! konebanmid raza B KC I'Tl, nmeromed cyIiecTBeHHOE 3HAUCHHE [UTS OTIPEeNesNieHHs Ta30[HAMIYECKON
YCTOMYMBOCTH JIBUTATEIIS B LIETIOM.

KiioueBrble ¢JI0Ba: BEIYKMCIUTEILHAS T UAporasoJuHaMmKa, HeCTauHOHaprIﬂ Ipouecc, KaMmepa CropaHusi, CCTOYHOC BIIMAHUE.

Jna muruposanmsi: CaBuyk A.T., Mockanenko JIL.B. K Bompocam ceTouyHOro BiMSHHMS B METOAUKE YHCIEHHOTO
MOJICIIMPOBAHUST HECTAIIMOHAPHBIX IponeccoB ropenust / Hayunsnii Becthuk MI'TY T'A. 2025. T. 28, Ne 1. C. 53-66.
DOI: 10.26467/2079-0619-2025-28-1-53-66

Introduction domain will determine the choice of parameters
of the entire computational model of the transi-
tion process. A number of publications [4-9]
provide recommendations and an assessment of
the influence of the specified flow parameters
and the calculation grid with verification of the
obtained results [10—14].

As described in detail in [1, 3], the proposed
methodology is multi-stage and the solution of
the problem passes sequentially through the
stages of stationary and non-stationary calcula-
tions. As a part of the current study, a series of
non-stationary calculations of the model com-
bustion chamber were carried out on grids of dif-
ferent resolutions (coarse, medium, fine) and
equivalent topology and finite element quality
(unstructured grid with tetrahedral finite ele-
ments generated by the standard ANSYS-Mesh
toolbox using the Delano triangulation method
with comparable quality of the grid elements)
were preceded by a stationary calculation until a
stable solution was achieved according to the
criteria of achieving low root-mean-square re-
siduals (about le-2 on primitive variables) and
mass imbalance of incoming and outgoing flows
(no more than 2%). The actual estimates and cri-
teria of the state of the transient process of non-
stationary combustion according to the formal
calculation criteria used below are described in
detail in [4].

This article covers the issues of problem
formulation and assumptions made on the basis
of the computational model of the combustion
chamber on stationary calculation modes (low
throttle, cruising, maximum thrust mode), in its
non-diverging burning transient solution with the
required levels of basic temperature/pressure/ve-
locity mismatches in the outlet section [1], fol-
lowed by artificial excitation of a non-stationary
process (NP) on the overall accuracy, as well as
the required computational resources and stabil-
ity of the resulting solution. Based on the results
of the work, recommendations will be made to
the main investigated parameters of the compu-
tational model, namely, the productive maxi-
mum size of the computational grid.

The created computational grid should satisfy
the minimum criteria of solvers simulating high-
gradient processes occurring in the combustion
chamber, and it should be borne in mind that
with an increase in the number of grid elements,
the computation time increases accordingly. At
the same time, as studies [2, 3] show, there is an
upper limit of the grid size, when the obtained
result does not depend on a further reduction in
the size of computational cells.

When selecting the parameters of the math-
ematical model, the fundamental physical nature
of the flow in the combustion chamber should be
taken into account. When calculating the com-
bustion chamber with the resulting NP, trans-
and supersonic flow zones inevitably appear, the
joint consideration of which with the subsonic
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Fig. 2. Constant ignition region, velocity on the left, absolute pressure on the right

General parameters of the series of
numerical experiments

The computational grid of the minimum
CAD element of the combustion chamber sector
is created adequate to the computational re-
sources (the main limiting factor is the total
computation time of no more than 48 hours) and
to satisfy the minimum requirements and limita-
tions of the applied ANSYS models:

o turbulence k—¢ Standard;

o Discrete Phase Modeling (DPM) ANSYS
Fluent;

o Linearized Instability Sheet Atomization
(LISA);

Non-Premixed Combustionl;

o mechanism of chemical kinetics of com-
bustion of “kerosene + air” fuel pair (Jet-A) [15].

If a fixed time step is used, its maximum val-
ue should not be greater than the time of passage
of both the flow and its disturbance, one layer of
cells in any direction. The use of an adaptive
time step, implemented in ANSYS. Fluent, al-

' CFD EXPERTS Simulate the Future. (2021). Ansys
Fluent Theory Guide, 1069 p. Available at:
https://dl.cfdexperts.net/cfd_resources/Ansys Document
ation/Fluent/Ansys_Fluent Theory Guide.pdf (ac-
cessed: 25.08.2024).
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lows automated calculation of the values of each
time step, taking into account the above-
mentioned limitations both in solutions for
steady flow and in transient processes.

After achieving the stable result of the
steady-state calculation of the combustion pro-
cess of the fuel assemblies in the combustion
chamber (fig. 1), under the following initial con-
ditions, which are the same for all studied calcu-
lation grids, namely: pressure drop in the com-
bustion chamber 0.5 atm, inlet air temperature
300 K, fuel supply 1.5 g/s (kerosene), turbulence
model k—¢ of the 2™ order of accuracy, number
of inflationary wall layers 12, combustion cham-
ber volume 0.266432 litres.

After switching the problem to an non-
stationary solver with an adaptive time step at a
point 10 mm downstream of the constant igni-
tion region of the fuel assembly (a sphere with a
diameter of 2.5 mm and a temperature of
4500 K) (fig. 2).

Using ANSYS software control, an artificial
non-stationary region with a diameter of 5 mm
was created with a temperature equal to the igni-
tion temperature and an overpressure of 25 atm
(fig. 3).

After the NP excitation (fig. 4), the calcula-
tion on grids of different resolution was contin-
ued at the same settings of the adaptive non-
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Fig. 3. Excitation region of the NP, flow velocity on the left, absolute pressure on the right
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Fig. 5. Outlet section on the right, “fire path” on the left

stationary solver, either until the values close to
stable by primitive variables (tempera-
ture/velocity/pressure) and mass flow rate were
achieved in the outlet section of the combustion
chamber Outlet, provided that there is a “fire
path” (having the physical meaning of a cylin-
drical control volume) from the ignition zone to
the geometric centre of the Outlet section
(fig. 5), or until a critical (poor stall combustion
termination) or non-physical result is obtained,
the time step is assumed to be combined (fixed
at the steady stage and adaptive at the transient
stage).
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According to the authors of this article, the
criterion for stabilization of the burning solution
should be as “inert” as possible, i.e. it should not
be subject to instantaneous computational pre-
cessions in different solvers, inevitable when
calculating transient processes in spatial grids,
which leads to the assumption that attempts to
find criteria for formal stabilization of burning
solutions in the area of high gradients of primi-
tive gas-dynamic variables (temperature, veloci-
ty, pressure) and concentration of unstable
chemical components in the combustion front
are unpromising. In view of the unstable nature
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Fig. 6. Fine grid, mass flow on the left, pressure on the right

of the fuel assembly combustion process in the
combustion chamber caused by the discreteness
of the fuel supply modeling, which is reflected in
the real combustion chamber by pressure pulsa-
tions in the fuel supply path to the injectors, the
criteria for stabilization of the non-stationary
calculation are proposed to be the occurrence of
oscillations of the controlled parameters (primi-
tive variables and mass flow rate) having a pro-
nounced random nature from a specific time
point of the calculation until its completion. It is
proposed to determine the determination of the
random nature of instability of measured varia-
bles as the values of the Pearson criterion for the
average values of flow parameters (temperature,
velocity, pressure, mass flow rate) in the Outlet
section, under the conditions of existence of the
combustion process (temperature in the “fire
path” is not less than 1100 K) and restoration of
engine thrust (not less than 98% of the initial
value).

General parameters of generated grids

The study included a series of combustion
chamber calculations on unstructured grids with
tetrahedral elements of different resolutions
(coarse, medium, fine) of equivalent topology
and finite element quality. The grid model was
built in the standard ANSYS. Fluent grid builder
from the boundary layer (with the highest possi-
ble topological quality of the third layer of pris-
matic boundary layer elements, due to the great-
est energy contribution of these layers to the
formation of the turbulence pattern) with further
moderate growth of finite element sizes towards
the geometric centre of the computational do-
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main. To determine the required grid characteris-
tics in the near-wall regions, the Y+ criterion
was determined according to the method [16] in
a series of cold blowdowns of the combustion
chamber for all computational grids; the number
of prismatic layers in all experiments was as-
sumed to be 12 with exponential growth of
thickness.

Calculation results on a fine grid (1.16 million
cells)

The linearly interpolated calculation results,
namely the average integral values of mass flow
rate, pressure, temperature, velocity and CO
concentration in the outlet section are presented
in Figures 6, 7. The solution on the fine grid did
not require adaptation of the steady result for its
subsequent use by the non-stationary solver,
which allowed to excite the non-stationary pro-
cess at the 5™ iteration.

The red vertical line in Figure 8 indicates the
iteration of NP excitation — iteration No. 5.

The correspondence between calculation
time and time steps (iterations) is shown in Fig-
ure 9.

The calculation results show that at the time
of 0.201965 s (iteration No. 325) from the start
of non-stationary calculations until its comple-
tion, the calculation can be considered as having
a tendency towards non-divergence, all fluctua-
tions of primitive variables and mass flow rate
are predominantly random in nature and the
temperature on the entire “fire path” (fig. 10) is
higher than the temperature of stable combustion
of the fuel assembly.
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The results of calculations on a fine grid, pre-
sented above, allow us to conclude that the pro-
cess of combustion of fuel assembly combustion
in the combustion chamber stabilizes within
about 3e-3 s and thrust recovery at the level of
99.6% of the moment preceding the NP excita-
tion. The formal criterion for determining the
iteration from which the process should be con-
sidered non-divergent is proposed to be the itera-
tion where the value of the Pearson criterion for
all observed variables in the range up to the end
of the calculation minus 10 iterations (for the
possibility of fundamental use of the statistical
mathematical apparatus) does not fall into the
region of small positive values (not less
than 0.2).

Pearson's criteria for achieving output flow
stability are shown in Figure 11.

Calculation results on the medium grid
(668 thousand cells)

The calculation results are linearly interpo-
lated, the average integral values of mass flow
rate, pressure, temperature, velocity and CO
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concentration in the outlet section are presented
in Figures 12, 13. The solution on the medium
grid required adaptation of the steady result for
its use by the non-stationary solver (conducting a
non-stationary calculation up to small fluctua-
tions in the residuals of primitive variables at the
level of 1°-3), the conditions for NP excitation
were achieved at the 78" iteration.

The red vertical line in Figure 14 indicates
the iteration of NP excitation, iteration No. 78.

The calculation shows that during the whole
non-stationary calculation (715 iterations), the
calculation has no formal sign of predominantly
random temperature fluctuations according to
the Pearson criterion (fig. 15 on the right) and
mass flow rate (fig. 17), the surge in the Pearson
criterion value temperature around the 700" iter-
ation is due to the small volume of statistical
sample and is not an indicator of stabilization.
The temperature on the “fire path” (fig. 16) is
higher than the temperature of stable combustion
of the fuel assembly from the 450" iteration, but
the observed intermediate data of the flow veloc-
ity abandonment (= 1.5 km/s) and mass flow rate
after NP excitation do not allow us to consider
this result acceptable.
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Calculation results on coarse grid
(333 thousand cells)

The calculation results are linearly interpo-
lated, the average integral values of mass flow
rate, pressure, temperature, velocity and CO
concentration in the outlet section are presented
in Figures 18, 19. The solution on the coarse
grid required a significant adaptation of the
steady result for its use by the non-stationary
solver; the conditions for NP excitation were
achieved at the 878" iteration.

The red vertical line in Figure 20 indicates
the NP excitation iteration, iteration No. 878, the
correspondence between the calculation time and
calculation iterations in Figure 21.
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The calculation shows that the temperature
on the “fire path” (fig. 22) is lower than the
combustion temperature of the fuel assembly
throughout the entire non-stationary calculation,
i.e. the engine does not provide thrust. The in-
termediate data of the flow velocity = 6 km/s and
mass flow rate = 0.14 kg/s, with the mass of air
in the combustion chamber volume = 3.261e-4 kg,
after NP excitation, as well as a significant dif-
ference in the transition point to the range of
significant value of the Pearson criterion for the
most inert and, as a consequence, the most de-
layed fixed physical quantity (temperature) rela-
tive to other variables (fig. 23) do not allow us to
consider the result obtained on the coarse grid
correct and physical.
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Discussion of results

The results of calculations on grids of differ-
ent resolutions:

o fine — 1.16 million cells;

« medium — 668 thousand cells;

o coarse — 333 thousand cells

have shown the possibility of fundamentally
using medium-resolution grids with obtaining
significant results. Coarse-resolution grids pro-
duce non-physical results. High-resolution grids,
as expected, produce results with significant
computational resource costs.

The size of the computational grid for a par-
ticular problem should be determined by a series
of numerical experiments with equivalent initial
conditions and gradual refinement of the grid
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until obtaining slightly different time points of
the beginning of stabilization of the solution by
the values of throws of the controlled parameters
during the simulation of the entire process under
the conditions specified in paragraph “General
parameters of the series of numerical experi-
ments”.

Conclusion

The currently used numerical methods, wide-
ly used for solving gas dynamics problems, al-
low modeling complex multiphysics processes
occurring in burning gas flows. At the same
time, all numerical methods have limitations re-
lated to grid sensitivity, i.e. the dependence of
calculation results on the size and topology of
the grid on which they are carried out. This can
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lead to errors and inaccuracies in the results, es-
pecially if the grid is coarse or its topology does
not correspond to the features of the problem
being solved.

The Pearson criterion is one of the most
common methods of testing hypotheses about
the correspondence of the empirical distribution
to the theoretical one. It allows assessing the de-
gree of discrepancy between the observed and
expected in accordance with the theoretical dis-
tribution.

The proposed computational technique is
critically sensitive to the volume and quality of
the grids used and shows results of sufficient ac-
curacy when using fine and medium grids with
acceptable time cost and using average power
computing resources (19.2 GFlops).
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