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Abstract. The paper presents the results of numerical simulation of fluid flow in a rectangular
room when fluid is supplied from two opposing slotted holes. The Reynolds number (Re) based
on the height of the supply opening was varied from 20 to 140. For the given ratio of the lengths
of the sides of the room, intensive self-oscillations developed due to instability arising when
the supply jets interacted at Re > 50. Already at a value of Re = 100 the flow became chaotic
with a continuous frequency spectrum. The Strouhal number values corresponding to the main
frequency of the oscillations depended weakly on Re and were approximately 3-1073.
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Annoranuga. IlpencraBieHbl pe3yabTaThl YMCIACHHOTO MOICIMPOBAHMS TCUCHUS XKUIKOCTHU
B IIPSIMOYTOJbHOM ITOMEIIEHUU IIPU €€ BCTPEYHOM IMomadye 4yepe3 JBa IUEJEBLIX OTBEPCTHS.
Yucnao PeitHombaca Re, mocTpoeHHOE MO BBICOTE MPUTOYHOTO OTBEPCTHSI, BapbUPOBAIOCH
B auana3oHe oT 20 mo 140. Ijag pacCMOTPEHHOrO COOTHOILLUEHUS JAJIMH CTOPOH TOMEIIEHUS,
npu Re > 50 pasBuBaioTCs WHTEHCUBHBIC aBTOKOJCOAHWS BCJCACTBUE HEYCTOMYMBOCTH,
KOTOpas MPOSIBIISIETCST TIPU B3aMMOICHCTBUY TIPUTOUHBIX CTPYH. YKe Tipu 3HaueHn Re = 100
TeYeHUE MPUOOpeTaeT XaOTUYECKUII XapaKTep CO CIUIOLIHBbIM CIIEKTPOM 4YacTOT. 3HaueHUs
yuciaa Crpyxalisl, COOTBETCTBYIOLIME OCHOBHOI 4acToTe KoyiebaHUM, ciabo 3aBUCAT OT Re u
COCTaBJISIOT ITpuMepHo 10-373,
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Introduction

When turbulent jet flows with a continuous frequency spectrum propagate in confined spaces,
stable, statistically steady large-scale self-oscillations can develop [1]. The interaction of the jets
with each other and with solid walls, including the conditions under which self-oscillating flow
regimes can evolve, have been extensively studied in the context of jet control systems for pneu-
matic automation devices [2]. Low-frequency self-oscillations can also occur when air jets prop-
agate in ventilated rooms. For instance, the behavior of self-oscillations in a ventilation system
designed for a university lecture hall was considered in a combined computational and experi-
mental study [3], analyzing air distribution in a real room whose geometry included a number of
small-scale features, with ventilation provided by four standard fan coil units (a total of 16 supply
sections). For such a complex configuration, it is challenging to analyze the causes of self-oscil-
lations and to draw definitive conclusions.

The literature on this topic includes a number of studies that discuss the possible causes and
conditions for sustaining stable self-oscillations in simplified configurations, with simplifications
made in both geometry and jet supply method. For example, the interaction of free shear layers
with simplified impingement configurations was analyzed in [4]. The experimental study in [5]
reported on the propagation of a plane jet in a rectangular cavity, suggesting that secondary back-
flow plays a significant role in the development of self-oscillations by influencing the jet behavior
in a confined space. Experimental studies of a round jet propagating in a model configuration
typical of casting processes [6, 7], supplemented by subsequent numerical studies [8, 9], led to
certain conclusions about the conditions required for self-oscillating flow regimes. Such a regime
can be achieved with an extended open cavity on the surface of the confined space, providing
some freedom for the fluid to flow in or out of the surrounding environment.

These conditions are, of course, not typical for ventilated rooms. Nevertheless, it was precisely
these conditions in the test experiment described in [10, 11] that made it possible to observe the
development of self-oscillating flow regimes. The model room where the plane jet propagated in the
studies was a rectangular ventilated cavity with extended openings on the end wall. Low-frequency
self-oscillations of a plane jet for this geometric configuration were reproduced and analyzed
in detail using two-dimensional (2D) and three-dimensional (3D) unsteady Reynolds-averaged
Navier—Stokes (URANS) simulations, as well as large eddy simulation (LES) [11—13].

Unsteadiness in jet flow observed for a propagating single jet is even more likely to occur when
multiple jets interact (as demonstrated in our paper [3]). For example, an experimental study
[14] found that the flow generated by two plane jets discharged toward each other in free space
(away from the top and bottom walls of the cavity) was inherently unstable: the pressure field was
periodically rearranged, alternately displacing the jets upward and downward. Stable self-oscil-
lations also occur when two opposing near-wall plane jets are discharged toward each other: the
oscillatory nature of jet interaction was established experimentally and numerically for rectangular
cavities (model rooms) with various geometric parameters (see [15] and [16], respectively).

The interaction of opposing ceiling jets is characteristic for ventilation systems in passenger air-
craft cabins. The flow structure under conditions typical of such ventilation systems was investigated
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numerically and experimentally in [17—19]; pronounced self-oscillations were detected in all
cases. The computational domain in [17, 18] approximated an aircraft cabin model with obsta-
cles, which complicated direct analysis of jet flow. The experimental study [19] adopted several
simplifications (flat walls and no obstacles), but a radically simplified formulation, proposed in
the numerical study [20], appears more suitable for parametric simulations. In that formulation,
two slotted supply openings were placed symmetrically on opposite end walls near the ceiling,
and two slotted exhaust openings were placed symmetrically near the floor in a rectangular room.

The geometry and flow rate through each supply opening used in [20] correspond to the
Nielsen test case, which is well-recognized in ventilation research [21, 22]. According to this test
case, an air jet is supplied from a slot located near the ceiling. The experimental data from the
Nielsen test case are still widely used for validation of numerical results (see, for example, the
2025 study [23]; our 2020 paper [24] provides a fairly comprehensive review of the literature on
this topic, as well as a reference to the open-access experimental database).

The main focus in [20] is on the patterns in the unsteadiness induced by air supply with a
rapidly varying flow rate. However, we can assume based on the results from [15, 16] that the
interaction of opposing jets should excite strong low-frequency self-oscillations due to hydrody-
namic instability even under steady boundary conditions (at a constant flow rate). This important
issue is not addressed in [20].

The goal of the present study is to analyze the conditions leading to the development of
self-oscillations when opposing jets interact in a model room (cavity).

The relative dimensions of the room and the positions of the supply/exhaust openings corre-
spond to the problem formulation adopted in [20].

Problem statement

We consider fluid flow in a rectangular room with the dimensions 3H x H x H (Fig. 1). Fluid
is supplied through slotted openings with the height A, = 0.056 H, located on the two opposing
end walls near the ceiling. Supply ducts of length H are attached to these openings. The fluid
leaves the room through exhaust openings with the height 4, = 0.16 H, placed on the same walls
near the floor. The computational domain also includes exhaust ducts of length H attached to the
exhaust openings. The widths of the supply and exhaust ducts equal the width of the room. The
coordinate origin is at one of the lower corners of the room; the x-axis is directed longitudinally,
and the y-axis is directed vertically.

Uniform profiles of velocity V, are
applied at the inlet faces of the supply ducts
(labeled Inlet-1 and Inlet-2 in Fig. 1). A
pressure outlet boundary condition (a fixed
constant pressure) is applied at the outlet
faces of the exhaust ducts (Outlet-1 and
Outlet-2). All other boundaries are imper-
meable walls with no-slip conditions.

A system of unsteady Navier—Stokes
equations is solved numerically for flow
of an incompressible fluid with constant
physical properties. The flow in the cav-
ity is characterized by Re = &V, /v, con-
structed from the height of the supply slots

Fig. 1. Geometric model of computational domain: and the average inlet velocity. We con-

two isosurfaces of velocity V. > 0 and V, < 0 illustrate  sidered Re numbers from 20 to 140. This

the flow structure at Re = 60; the heights of the supply range allows performing simulations in
openings (/,) and exhaust openings (/,, ) are shown, along  the formulation excluding the uncertainty
with the supply and exhaust ducts (whose boundaries are ~ associated with turbulence models. The
labeled Inlet-1, Inlet-2 and Outlet-1, Outlet-2); range was chosen to be roughly two orders

the outlined arrows mark the directions of the jets of magnitude lower than the Re number

used in [20—22] (Re = 5.5-10%, which

corresponds to full-scale ventilation conditions. Our reduced Re values can be interpreted as
effective Re numbers constructed from the characteristic level of turbulent viscosity generated
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by the turbulence model in the mixing layer at full-scale Re value. We should also note that the
Re number constructed from the room height H takes values in the range of (0.36—2.50)-10° for
the cases considered (for example, H was used to determine Re values in [15]).

Parametric simulations in the considered Re range were performed on a single mesh of 860,000
cells, refined toward the supply and exhaust openings. A mesh sensitivity study was carried out for
Re = 60 (unsteady flow) using meshes of 50,000, 370,000, and 860,000 cells. The time-averaged
fields showed weak mesh dependence already for the 370,000-cell mesh: the distributions of average
velocity obtained on meshes with 370,000 and 860,000 cells were nearly identical. Since the upper
bound of the considered Re range is higher, we chose to use the mesh with the largest number of cells.

The simulations were performed in the ANSYS Fluent CFD package (version 2022R1) imple-
menting the finite volume method. The following numerical options were selected. Convective
fluxes through cell faces were computed using a second-order upwind scheme. An implicit
second-order scheme was used for time advancement. The time step was set to 0.154/V,. To
obtain time-averaged flow parameters, samples were accumulated over durations exceeding
10,000 convective time units (4#/V,). The computations were performed using the resources of the
Polytechnic Supercomputer Center (scc.spbstu.ru).

Computational results and discussion

The evolution of the flow structure with increasing Re is represented in Fig. 2, showing the
distributions of velocity magnitude in the vertical midplane of the room (z = H/2) and the vertical
velocity component in the horizontal midplane (y = H/2).

At low Re (Re = 20 for row I, Re = 40 for row II), the solution in the unsteady formulation
converged to a steady state. The jet throw is small in this Re range: as the jets gradually descend

a) N b)

<|V|=T,
0 0102030405

Fig. 2. Computational distributions of velocity magnitude in vertical midplane z = H/2 (a)
and vertical velocity component in horizontal midplane y = H/2 (b)
(the planes are shown in the schematics above) for different Re: 20 (1), 40 (II), 60 (I1I), and 100 (IV)
The solution is steady for rows I and Il and unsteady for rows III and 1V,
so the distributions are given for time-averaged quantities
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4 Simulation of Physical Processes

toward the floor, they turn 180° at a short distance from the supply opening, and the fluid flows
toward the corresponding exhaust openings. As Re increases, the jets penetrate deeper into the
cavity, but the flow remains steady as long as they do not interact with each other.

Analyzing the data in Fig. 2, we can conclude that steady flow is essentially 3D in both cases,
even though the jets considered are nominally plane. This is evident from the curvature of the
vertical velocity fields in the horizontal midplane. This indicates an extended region of side wall
influence in the spanwise direction due to significant viscous effects. The steady flow is symmetric
in the longitudinal direction about the midplane x = 1.5H.

With a further increase in Re, the jet throw grows gradually; the jets reach the center of the
room and begin to interact. The structure formed by the two opposing jets loses stability and the
flow becomes unsteady. Accordingly, Fig. 2 shows time-averaged velocity fields for Re = 60 and
100 (rows III and IV). Already at Re = 60, a quasi-periodic flow is observed (the structure has
several characteristic frequencies). This is evidenced by the instantaneous velocity fields shown in
Fig. 3, as well as by the time evolution of velocity components at the monitoring points (Fig. 4,a).
All the data presented correspond to the statistically steady regime (the portion of the sample
where the average values are independent of time).

Instantaneous velocity fields for the unsteady regime at Re = 60 are shown in Fig. 3 for four
time points covering one oscillation period T (see Fig. 4,a). The evolution of the velocity fields
over time demonstrates intense interaction between the jets. The opposing plane jets retain a
two-dimensional structure only in the initial stage of motion, deflecting toward one of the two
side walls in the central part of the room. At time ¢ = 7/4 (midplane x = 1.5H), the flow in
the right part moves in the positive direction of the x-axis, while in the left part it moves in the
negative direction (row II in Fig. 3,b). The directions are reversed at time ¢ = 37/4 (see Fig. 4):
the flow in the right part moves in the negative direction, and the flow in the left part in the
positive direction (row IV in Fig. 3,b). The alternating reversal of regions with opposite flow
directions is accompanied by periodic deformation of the downward flow, which rotates about a
vertical axis, as clearly seen from comparing rows II and IV in Fig. 3,a. The upward flow at the
periphery of the room also exhibits strong unsteadiness: the maxima of positive vertical velocity in
the secondary flow periodically shift from one corner to the opposite one (see Fig. 3,a).

a) b) )
R > >
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Fig. 3. Instantaneous distributions of vertical (a) and longitudinal (b) velocity components;
velocity component in three room midplanes (c) at successive times £
0, 774 (1), 772 (111), 37/4 (1V);

T'is the oscillation period; P,—P, are monitoring points; Re = 60
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Thus, the instantaneous velocity fields demonstrate an essentially three-dimensional nature of
the unsteady flow; this is further illustrated by the instantaneous isosurfaces of longitudinal veloc-
ity (see Fig. 1). The time-averaged flow pattern is fairly uniform in the spanwise direction z; the
degree of uniformity increases with increasing Re, as follows from comparing the averaged vertical
velocity fields in the y = H/2 plane for Re = 60 and 100 (see Fig. 2). The jets in the time-averaged
flow collide in the central part of the room, descending toward the floor together, where the flow
is divided again and moves along the floor to the exhaust openings. The time-averaged patterns at
Re = 60 and 100 are a logical continuation of the steady patterns at lower Re.

Fig. 4 shows the plots reflecting the time evolution of the longitudinal and vertical velocity
components at three monitoring points P,—P, for Re = 60 and 100. The points lie at the inter-
section of the vertical midplanes (z = H/2 u x = 1.5H), i.e., along the centerline of the room, at
different heights:

point P, is located at half the distance of the supply opening from the ceiling (y = H — h,/2),

point P, is located at the center of the room (y = H/2),

point P is located at half the distance of the exhaust opening from the floor (y = A /2).

The fundamental oscillation period 7'is taken as the time scale in the plots. The value of T for
each case was estimated from the power spectral density of velocity fluctuations.

It follows from the data in Fig. 4 that the flow regime at Re = 60 can be regarded as quasi-pe-
riodic, with nearly complete repeatability of the velocity fluctuations over successive oscillation
periods, despite the presence of several frequencies. The power spectrum shows a pronounced
fundamental frequency; the corresponding Strouhal number Sh = A, /TV, equals 2.5-107°. Intense
fluctuations are detected at the central point, especially pronounced in the plot for the evolution
of the V_component; the alternating sign of the longitudinal velocity component reflects the peri-
odic reversal of the flow direction along the x-axis. Even though point P, is relatively close to the
ceiling, noticeable fluctuations of the vertical velocity component are detected there. Two max-
ima and two minima occur within one oscillation period 7, indicating the alternating influence
of the jets from opposite supply openings on the flow at that point. The fluctuation amplitude at
point P,, located in the low-velocity region, is about an order of magnitude lower than at points
P and P..

1 The Vélocity fluctuations at the monitoring points become random at Re = 100 (see Fig. 4,b).
The self-oscillations become significantly more intense: the deviation of the longitudinal velocity
component at the central point from its average (zero) value reaches 0.3V. Notably, at this point
the average vertical velocity component V also increases in magnitude, Wthh corresponds to a
narrowing of the central region with downward flow in the time- averaged flow pattern (see Fig. 2).
The fluctuation intensity also increases in the low-velocity region (monitoring point P,).
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VIV, .
0.2 1t
0.1F]|
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> | 1 23t/T 0 1 T2 3 t/T

Fig. 4. Time evolution of longitudinal (V) and vertical (V) velocity components
at three monitoring points P,—P, for Re = 60 (a) and Re = 100 (b)
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The spatial distribution of velocity fluctuation intensity for the same unsteady regimes (Re = 60
and 100) is shown in Fig. 5. The figure presents the root-mean-square (RMS) fields of the V.
velocity component in the vertical midplane z = H/2 and of the Vy component in the horizontal
midplane y = H/2. Both distributions characterize the fluctuation intensity of the velocity compo-
nent normal to the respective plane. It can be seen that fluctuations cover the entire flow domain
even at Re = 60. The local maxima of V and V, in the central part additionally indicate intense
vertical and spanwise oscillations of the downward structure formed by the two jets. Comparable
fluctuation intensities are also observed in the secondary flow region. Comparison of the spatial
distributions confirms the significant increase in fluctuations with increasing Re, already inferred
from the local data (see Fig. 4).

a)

sy, T | T ), T T

o 005 010 015 020 0 005 010 015020

Fig. 5. Distributions of RMS values of velocity components V_ (a) and Vv, (b)
for Re = 60 (I) and Re = 100 (II)

The power spectral density (PSD) of the longitudinal velocity component V /V at the central
point P, for Re = 100 is shown in Fig. 6,a. The flow exhibits an almost continuous frequency
spectrum (the spectrum is discrete for Re = 60) with a pronounced fundamental frequency. The
Sh number corresponding to the fundamental frequency is Sh = 2.6-1073, which is only slightly
different from the value obtained for Re = 60.

Fig. 6,b shows the dependence of the dimensionless fundamental frequency of velocity fluc-
tuations on the Re number for all parametric cases. The vertical dashed line marks the boundary
between steady (I) and unsteady (II) regimes: in all computational cases, the flow is steady for
Re < 40, while self-oscillations develop for Re > 50. The dimensionless frequency remains nearly
constant for the unsteady regimes over the considered Re range. The Sh numbers lie in the range
of (2.5—3.4)-1073.
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Fig. 6. Power spectral density of velocity component V_at the central point of the room P,
for Re = 100 (a); dependence of Sh number on Re number for all computed cases (b)
The vertical dashed line indicates the boundary between the steady (I) and unsteady (II) regimes
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Conclusion

This paper reports on the results of three-dimensional simulations of fluid flow in a rectangular
room with supply through two slotted openings located near the ceiling of opposing end walls, and
exhaust through two slotted openings near the floor of the same end walls. The unsteady Navier—
Stokes equations were solved numerically for Re numbers (defined using the height of the supply
slot as the characteristic length) ranging from 20 to 140.

It was found that the flow generated by two opposing plane wall jets becomes unstable as soon
as the jet throw becomes sufficient for them to interact directly. For the considered aspect ratio of
the room, the flow is steady for Re < 40, while intense self-oscillations develop for Re > 50. The
most intense velocity fluctuations occur in the central part of the room, where the downward flow
combining the two jets rotates about a vertical axis and undergoes periodic deformation.

The fluctuations of the main structure with downward flow extend to the secondary upward
flow. The unsteady flow rapidly becomes chaotic (already at Re = 100), with a continuous
frequency spectrum.

A distinct fundamental oscillation frequency is observed over the range of Reynolds numbers con-
sidered, while the corresponding Strouhal number remains nearly constant at approximately 3-1073.

REFERENCES

1. Moloy N. A., Taylor P. L., Oscillatory flow of a jet into a blind cavity, Nature. 224 (5225) (1969)
1192—1194.

2. Alferov V. V., Vladimirov V. S., Novikov B. K., et al., Struynaya avtomatika v sistemakh upravleniya
[Jet automation in control systems], Mashinostroyeniye Publishing, Moscow, 1975 (in Russian).

3. Markov D., Ivanov N., Pichurov G., et al., On the procedure of draught rate assessment in indoor
spaces, Appl. Sci. 10 (15) (2020) 5036.

4. Rockwell D., Naudascher E., Self-sustained oscillations of impinging free shear layers, Ann. Rev.
Fluid Mech. 11 (Jan) (1979) 67—94.

5. Maurel A., Ern P., Zielinska B. J. A., Wesfreid J. E., Experimental study of self-sustained
oscillations in a confined jet, Phys. Rev. E. 54 (4) (1996) 3643—3651.

6. Lawson N. J., Davidson M. R., Crossflow characteristics of an oscillating jet in a thin slab casting
mould, J. Fluids Eng. Trans. ASME. 121 (3) (1999) 588—595.

7. Lawson N. J., Davidson M. R., Self-sustained oscillation of a submerged jet in a thin rectangular
cavity, J. Fluids Struct. 15 (Jan) (2001) 59—81.

8. Bensider N., Mataoui A., Aksouh M., Control of self-sustained jet oscillations in 3D thin
rectangular cavity, Chem. Eng. Res. Des. 117 (Jan) (2017) 533—541.

9. Zasimova M. A., Ivanov N. G., Krasikova A. D., Control of self-oscillations of a round turbulent
jet propagating in a narrow rectangular cavity, Thermophys. Aeromech. 31 (4) (2024) 791—804.

10. Mataoui A., Schiestel R., Salem A., Flow regimes of interaction of a turbulent plane jet into a
rectangular cavity: experimental approach and numerical modelling, Flow Turbul. Combust. 67 (4)
(2001) 267—304.

11. Mataoui A., Schiestel R., Unsteady phenomena of an oscillating turbulent jet flow inside a
cavity: Effect of aspect ratio, J. Fluids Struct. 25 (1) (2009) 60—79.

12. Denisikhina D. M., Bassina I. A., Nikulin D. A., Strelets M. Kh., Numerical simulation of
self-excited oscillation of a turbulent jet flowing into a rectangular cavity, High Temperature. 43 (4)
(2005) 568—579.

13. Zasimova M. A., Ivanov N. G., Ris V. V., Stepasheva E. D., Numerical modeling of the
propagation of a turbulent jet flowing from a slot into a confined space, Thermophys. Aeromech.
32 (3) (2025) 623 — 635.

14. Denshchikov V. A., Kondrat’ev V. N., Romashov A. N., Interaction between two opposed jets,
Fluid Dyn. 13 (6) (1978) 924—926.

15. Korner M., Shishkina O., Wagner C., Thess A., Properties of large-scale flow structures in an
isothermal ventilated room, Build. Environ. 59 (Jan) (2013) 563—574.

16. Wang C., Li Y., Ding P., et al., Analysis of airflow dynamics and instability in closed spaces
ventilated by opposed jets using large eddy simulations, Build. 15 (10) (2025) 1707.

17. Yang C., Zhang X., Yao Z., He F., The Large Eddy Simulation and stability analysis of flow
field in a generic cabin, Procedia Eng. 121 (Dec) (2015) 1749—1756.

34



4 Simulation of Physical Processes

18. Li J., Liu J., Wang C., et al., PIV experimental study of the large-scale dynamic airflow
structures in an aircraft cabin: Swing and oscillation, Build. Environ. 125 (2) (2017) 180—191.

19. Thysen J. H., van Hooff T., Blocken B., van Heijst G. J. F., Instantaneous characteristics of
interacting opposing plane jets in a generic enclosure measured with PIV, Exp. Fluids. 64 (1) (2023) 19.

20. van Hooff T., Blocken B., Mixing ventilation driven by two oppositely located supply jets with a
time-periodic supply velocity: A numerical analysis using computational fluid dynamics, Indoor Built
Environ. 29 (4) (2020) 603—620.

21. Nielsen P. V., Restivo A., Whitelaw J. H. The velocity characteristics of ventilated rooms,
J. Fluids Eng. 100 (3) (1978) 291—298.

22. Nielsen P. V., Specification of a two-dimensional test case, Aalborg University Publ., Aalborg,
Denmark, November 1990.

23. Buri S., Larkermani E., Georges L., Influence of the inlet boundary conditions on the LES
performance for the cavity flow benchmark, E3S Web Conf. 672 (Dec) (2025) 02018.

24. Zasimova M. A., Ivanov N. G., Markov D., Numerical modeling of air distribution in a test
room with 2D sidewall jet. II. LES-computations for the room with finite width, St. Petersburg
Polytechnical State University Journal. Physics and Mathematics. 13 (3) (2020) 65—79.

CNMUCOK JIUTEPATYPbI

1. Moloy N. A., Taylor P. L. Oscillatory flow of a jet into a blind cavity // Nature. 1969. Vol. 224.
No. 5225. Pp. 1192—1194.

2. Aadepos B. B., Bmagumupos B. C., HosukoB b. K., Crporanes B. II., Macnennukos C. JI.
CrpyiiHas aBTOMAaTHKa B cUCTeMax ympabieHus. M.: MamuHocrpoenue, 1975. 367 c.

3. Markov D., Ivanov N., Pichurov G., Zasimova M., Stankov P., Smirnov E., Simova I., Ris V.,
Angelova R., Velichkova R. On the procedure of draught rate assessment in indoor spaces // Applied
Sciences. 2020. Vol. 10. No. 15. P. 5036.

4. Rockwell D., Naudascher E. Self-sustained oscillations of impinging free shear layers // Annual
Review of Fluid Mechanics. 1979. Vol. 11. January. Pp. 67—94.

5. Maurel A., Ern P., Zielinska B. J. A., Wesfreid J. E. Experimental study of self-sustained oscil-
lations in a confined jet // Physical Review E. 1996. Vol. 54. No. 4. Pp. 3643—3651.

6. Lawson N. J., Davidson M. R. Crossflow characteristics of an oscillating jet in a thin slab
casting mould // Journal of Fluids Engineering Transactions of the ASME. 1999. Vol. 121. No. 3.
Pp. 588—595.

7. Lawson N. J., Davidson M. R. Self-sustained oscillation of a submerged jet in a thin rectangular
cavity // Journal of Fluids and Structures. 2001. Vol. 15. January. Pp. 59—81.

8. Bensider N., Mataoui A., Aksouh M. Control of self-sustained jet oscillations in 3D thin rect-
angular cavity // Chemical Engineering Research and Design. 2017. Vol. 117. January. Pp. 533—541.

9. 3acumoBa M. A., lBanoB H. I'., KpacukoBa A. JI. YmpaBieHMe aBTOKOJEOAHUSIMU KPYTJIOi
TYpOYJIEHTHOI CTPYH, pacIpOCTpaHSIONIeiica B Y3KOM MPSAMOYToNbHON Tojoct // Termodusnka u
aspomexaHuka. 2024. T. 31. Ne 4. C. 771—785.

10. Mataoui A., Schiestel R., Salem A. Flow regimes of interaction of a turbulent plane jet into a rect-
angular cavity: experimental approach and numerical modelling // Flow, Turbulence and Combustion.
2001. Vol. 67. No. 4. Pp. 267—304.

11. Mataoui A., Schiestel R. Unsteady phenomena of an oscillating turbulent jet flow inside a cavity:
effect of aspect ratio // Journal of Fluids and Structures. 2009. Vol. 25. No. 1. Pp. 60—79.

12. Nenncuxuna /1. M., Baccuna U. A., Hukymn /1. A., Crpexen M. X. YuciaeHHoe MomeTMpoBaHue
aBTOKOJIEOAHWIT TypOYJIEHTHOM CTPyM, MCTEKamollell B MPSIMOYTONbHYIO TonocTh // Temmodusmka
BbicOKMX Temiepartyp. 2005. T. 43. Ne 4. C. 568—579.

13. 3acumoBa M. A., Usanos H. I'., Puc B. B., Crenamena E. [I. YnucieHHOe MoaeIMpoBaHUe
pacIpocTpaHeHus TypOYJIeHTHOI CTPyW IPU MCTEYCHUM M3 IEJICBOTO OTBEPCTHUS B OTpaHMYEHHOE
npoctpaHcTBo // Termodusuka m aspomexanuka. 2025. T. 32. Ne 3. C. 507—519.

14. MenmukoB B. A., Konapatbe B. H., PomamoB A. H. O B3auMoaeicTBUM ABYX BCTPEUHBIX
ctpyii // U3Bectus Akagemun Hayk CCCP. MexaHuka xkuakocTu u raza. 1978. Ne 6. C. 165—167.

15. Korner M., Shishkina O., Wagner C., Thess A. Properties of large-scale flow structures in an
isothermal ventilated room // Building and Environment. 2013. Vol. 59. January. Pp. 563—574.

35



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2026. Vol. 19. No. 2

16. Wang C., Li Y., Ding P., Chen H., Zhang Y., Xing Y. Analysis of airflow dynamics and instability
in closed spaces ventilated by opposed jets using large eddy simulations // Buildings. 2025. Vol. 15.
No. 10. P. 1707.

17. Yang C., Zhang X., Yao Z., He F. The large eddy simulation and stability analysis of flow field
in a generic cabin // Procedia Engineering. 2015. Vol. 121. December. Pp. 1749—1756.

18. Li J., Liu J., Wang C., Wesseling M., Msller D. PIV experimental study of the large-scale
dynamic airflow structures in an aircraft cabin: Swing and oscillation // Building and Environment.
2017. Vol. 125. No. 2. Pp. 180—191.

19. Thysen J. H., van Hooff T., Blocken B., van Heijst G. J. F. Instantancous characteristics of
interacting opposing plane jets in a generic enclosure measured with PIV // Experiments in Fluids.
2023. Vol. 64. No. 1. P. 19.

20. van Hooff T., Blocken B. Mixing ventilation driven by two oppositely located supply jets with a
time-periodic supply velocity: a numerical analysis using computational fluid dynamics // Indoor and
Built Environment. 2020. Vol. 29. No. 4. Pp. 603—620.

21. Nielsen P. V., Restivo A., Whitelaw J. H. The velocity characteristics of ventilated rooms //
Journal of Fluids Engineering. 1978. Vol. 100. No. 3. Pp. 291—298.

22. Nielsen P. V. Specification of a two-dimensional test case. Aalborg, Denmark: Aalborg University,
November 1990. 15 p.

23. Buri S., Larkermani E., Georges L. Influence of the inlet boundary conditions on the LES
performance for the cavity flow benchmark // E3S Web of Conferences. 2025. Vol. 672. December.
P. 02018.

24. 3acumoBa ML.A., UBanos H.I'., Mapkos JI. YucieHHOe MoaeIMpoBaHNe IMPKYJISAIIMY BO3IyXa B
MOMELIEHNUM TIpY nojavye u3 rjaockoi weau. I1. LES-pacuers! ais momenieHus KOHEYHOW MPUHbI
// Hayuno-texuuueckue Begomoctu CIIGITTY. ®@usuko-matemaruueckue Hayku. 2020. T. 3 Ne .13.
C. 92—-75.

>

36



4 Simulation of Physical Processes

THE AUTHORS

ADIATULLIN Vladislav R.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
vlad-adia@mail.ru

GALAEYV Sergey A.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
galaev@spbstu.ru

ORCID: 0000-0001-7964-0200

[RIS Vladimir V.|
He dedicated 58 years to serving Peter the Great St. Petersburg Polytechnic University.

ZASIMOVA Marina A.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
zasimova_ma@mail.ru

ORCID: 0000-0002-4103-6574

IVANOV Nikolay G.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russia
ivanov_ng@spbstu.ru

ORCID: 0000-0001-9897-5401

CBEAEHUA Ob ABTOPAX

AJUATYJUIMH Bnamucna PycramoBWd — achupanm, uHiceHep HAYHHO-00pa308amenbHo0
yenmpa «Komnvromephole mexuvonoeuu 6 aszpoounamuxe u mensomexuuxe» Cankm-Ilemepoypeckoeo
noaumexuuueckoco ynusepcumema Ilempa Beaukoeo.

195251, Poccus, r. Cankr-IletepOypr, Iloaurexnuueckas yi., 29

vlad-adia@mail.ru

T'AJTAEB Cepreii AjekcaHmpoBMd — KaHOuOam MeEXHUYECKUX HAYyK, OUpeKmop Hay4Ho-
obpazosamenvHoco yenmpa «KomnvromepHvle mexuosoeuu 6 aspoounamuke u mensomexruke» CaHkm-
Ilemepbypeckoeo noaumexuuueckoeo ynueepcumema Ilempa Beaukoeo.

195251, Poccus, r. Cankr-IletepOypr, Iloaurexnuueckas yi., 29

galaev@spbstu.ru

ORCID: 0000-0001-7964-0200

|PI/IC Baagumup BOJILIleMaI)OBI/I'I| —  KaHOoudam MexHU4ecKux HaykK, omoan CAYICeHUIO
[loaumexnuueckomy yHugepcumemy nsamvoecsam 80Cems Aem.

3ACUMOBA Mapuna AJeKCaHIpPOBHA — KaHoudam @QU3UKO-MamemMamuyeckux Hayk, 0oyeHm
Boicuteir  wikonvt npuxkaadnou mamemamuxu u  ewviyucaumenvrol gusuxu Caunkm-Ilemepoypeckoeo
noaumexuuueckoco ynusepcumema Ilempa Beaukoeo.

195251, Poccus, r. Cankr-IlerepOypr, IToiutexuuyeckas yi., 29

zasimova_ma@mail.ru

ORCID: 0000-0002-4103-6574

37



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2026. Vol. 19. No. 2 >
I

MNBAHOB Huxkoumaii I'eoprueBnd — xarndudam usuxo-mamemamuueckux Hayk, 3a6e0yiouutl Hay4Ho-
uccaedosamensvckoil aabopamopueil eudpoounamuxu, oupekmop Du3uKO-MeXAHUHeCK020 UHCMUMYMA
Cauxkm-Ilemepbypeckoeo noaumexuuueckoeo ynueepcumema Ilempa Beaukoeo.

195251, Poccus, r. Cankr-IletepOypr, Iloaurexnuueckas yi., 29

ivanov_ng@spbstu.ru

ORCID: 0000-0001-9897-5401

Received 07.12.2025. Approved after reviewing 12.12.2025. Accepted 12.12.2025.

Cmamovsa nocmynuaa 6 pedaxyuro 07.12.2025. Odobpena nocae peuensuposanus 12.12.2025.
Ilpunama 12.12.2025.

© Peter the Great St. Petersburg Polytechnic University, 2026

38



