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1. Introduction

Flow detachment is the phenomenon of separating part
of a current from the solid wall of a streamlined body, caused
by the simultaneous action of many factors. Specifically, as
indicated in [1, 2], the classic concept of flow detachment
is related to the viscosity property of a liquid or a gas. The
presence of viscosity forces when a medium flows over a solid
wall gives rise to the emergence of tangent forces that coun-
teract movement and cause the flow to brake near the wall.
Reducing the medium movement speed near the wall forms
a boundary layer a layer of inhibited environment in close
proximity to the streamlined rigid surface.

Therefore, the flow detachment is often referred to as a
detachment of the boundary layer [1]. A positive pressure
gradient in the direction of the current is also a necessary
condition for a viscous current detachment [1]. In the ab-
sence of one of these two conditions, the flow detachment
does not occur. The author of book [3] confirms that the
danger of a border layer detachment always exists in the
regions with increasing pressure, citing an example of the
detachable flow over bodies with a blunt stern. He also notes
the mechanism of the flow detachment occurrence: “due to
the formation of a reciprocal current near the wall there is
a strong thickening of the boundary layer, which entails the
removal of liquid from the boundary layer into the outer
current.” The detachment point location can be determined
theoretically, based on the zero speed gradient level limit in
the direction perpendicular to the wall [3]:
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Flow detachment can turn out to be both the useful and
negative phenomenon, making it difficult for devices and
structures to work. Thus, paper [1] notes that a flow de-
tachment leads to additional energy scattering. At the same
time, it is specified that in the current’s subsonic region the
resistance of the streamlined body grows, the lift force de-
creases, the stagnant zone and return flow zone are formed.
There is also a negative effect exerted by flow detachment
on the internal currents in various hydraulic machines (tur-
bines, pumps, compressors), which is revealed by a decreased
efficiency.

However, the flow detachment might prove, in some sit-
uations, to be a phenomenon that could improve characteris-
tics of a streamlined body. Paper [1] gives an example when
a thin body, designed for high-speed flights, is flown over at
low speeds: the profile is artificially thickened by creating a
flow detachment on the section of its upper surface, followed
by the flow attachment.

2. Literature review and problem statement

A stable flow detachment and the circulating fluid cur-
rent formation are often studied based on the problem about
fluid movement in a cavity with a moving wall. In this case,
the current mechanism is described by the following classic



pattern: when a lid moves, the layer of liquid directly adja-
cent to it becomes movable, the movable layer then involves
ever deeper layers of liquid up to the bottom of a cavity.
Such a statement automatically assumes the directness of a
current line (a plane for a three-dimensional case), connect-
ing the upper corners of the cavity and coinciding, in this
case, with the movable lid. In fact, when the rectangular or
square cavities are flown around, a given current line is not
rectilinear but, according to study [4], is convex towards the
channel over the cavity.

This disadvantage is eliminated in the statement of a
problem about a current in the open cavity, taking into con-
sideration the external flow, whose scheme is given in [1]. As
also indicated in [1], due to the pulsations of the separating
line of current in the interval A near the middle position
the cavity receives a mass of liquid that circulates around the
vortex of compression, it enters a free viscous layer and flows
beyond the compression point.

An overview of studies into the hydrodynamics of de-
tachable currents in cavities up to 2009 could be found in
the [6—8]. The pattern of vortex formation and the mecha-
nism of heat exchange when a medium moves in a spherical
cavity are described in [9] where the status of this issue and
the problems related to solving the problem are detailed.
The authors considered issues regarding the structure of a
circulation movement when spherical excavations are flown
around, and described features of the mechanism that forms
a tornado-like vortex at flow detachment. That review was
a generalization of studies reported in earlier papers by the
author, for example [10], which described results of an ex-
periment to investigate the local heat output from a single
deepening in the spherical shape on the wall of a rectan-
gular channel. The results obtained were also compared to
available data on the intensity of heat and mass exchange
for semi-spherical cavities and cylindrical recesses at the
surface. In this case, there were the unresolved issues related
to determining pressure pulsations in the flow over a cavity
and examining the process of current’s transition to the reso-
nance state. These issues were addressed in work [12], whose
authors conducted an experimental study of the flow around
an isolated small open-type cavity. Pressure pulsations were
measured at the Mach numbers for an unperturbed flow
of 0.3, 0.5, and 0.6 for two cavity models. The pulsation
characteristics of pressure were investigated by the Fourier
transforms, wavelets, and Gilbert transformations. However,
the authors did not address the impact of the geometry of a
cavity’s edge on the current down the flow.

Results from study [12] suggested that the structure
of a detachable current is affected not only by the current
speed, the shape and geometric size of the hole that simu-
lates the cavity, but also the geometry of its edge. The study
notes that when the hole, which has a sharp edge, is flown
around, there forms a massive vortex of toroidal shape, and
its intensity increases with the increase in the depth of the
hole. If the edge of the hole is smoothed, the vortex above it
is almost not formed, and the flow flows along the surface
without interruption.

Of applied character, in solving the conjugated problems
of hydrodynamics and thermal exchange, is the series of pa-
pers that employ a joint solution to the equations of motion
and energy [13 28]. If one examines, in the problem on a
medium’s motion in a cavity, the joint effect of the fields of
speed, pressure, and temperature, a given problem then could
be applied when the heat exchange is intensified. Study [13]

considers some promising methods to increase the intensity
of convective heat exchange in pipes (ribs, pins, holes) and
gives a comparison of their heat hydraulic characteristics.
The authors demonstrated the effect of the specified charac-
teristics on the parameters of a heat exchange apparatus. It
is noted that despite the relatively small magnitude of heat
exchange intensification, the sunken surfaces make it possi-
ble to significantly improve the efficiency of heat exchange
equipment.

Of interest is a study reported in work [14] into the effect
of flow control on heat exchange in a three-dimensional rect-
angular cavity. The authors established patterns in current
lines, isotherms, and identified regions with the maximum
and minimum energy dissipation values. Paper [15] analyzes
the process of thermal stirring in a cavity from the heated
bottom. The highest degree of stirring was found at the max-
imal speed of the lid movement among the examined ones, as
well as when cooling the side wall. The authors of work [16]
consider free convection in a square cavity, as well as near
the hot horizontal cylinder.

The aim of paper [17] was to study numerically the natu-
ral convection heat exchange in a cubic cavity, caused by the
thermally active plate. The influence of the plate size and its
orientation relative to the vector of gravity force on the con-
vective heat exchange and the flow structure inside a cavity
has been studied and highlighted. Work [18] numerically
studies a laminar mixed convection in the cavity at different
configurations of heating of its walls.

All the above studies considered only Newtonian fluids
as an environment. This shortcoming was overcome in
work [19], which investigated the processes of natural con-
vection of nanofluids in a vertical rectangular channel with
a porous filler. Studies into the laminar natural convection
of a non-Newtonian fluid in cavities were reported in pa-
pers [20, 21]. A problem of the joint forced and free laminar
convection for a liquid with variable viscosity was solved
in [22]. A numerical forecast of natural convection in a
closed deep rectangular cavity was given in [23]. The au-
thors of work [24] presented a numerical study of laminar
heat transfer by natural convection in a closed cavity with
two elliptical cylinders at different vertical distributions
relative to each other.

The authors of paper [25] study effect of the geometric
position of a heat source on the character and current in a
cavity by calculating four different configurations of dis-
cretely heated cavities.

In contrast to other studies, work [26] investigated cur-
rent and heat exchange in a cavity with sloping walls. The
structure of the current was found to be affected by four
dimensionless parameters, including the inclination angle of
the cavity walls.

In [27], authors proposed a method of calculating the
free-convective current of a viscous incompressible envi-
ronment in a rectangular cavity. Side walls of the cavity
have the same constant temperature, the upper and lower
walls are thermally insulated, and the ratio of half-width to
height is much less than unity. The decomposition of the flow
region into zones with upward and downward flows made it
possible to formulate and solve analytically an interrelated
parabolic system of linear equations based on the classic
assumptions by Oberbek-Boussinesq. The thermal modes of
deep cavities were simulated in [28].

In addition to the non-Newtonian flow, article [29] per-
forms a numerical analysis of the micropolar laminar flow of



fluid in a square cavity with a lid. The theory of micropolar
fluid complements the laws of classical fluid mechanics, tak-
ing into consideration the influence of liquid’s molecules on
the allocated volume.

Solving a problem on studying control over flow when
cavities are flown around was also addressed in work [30],
whose authors examined the physics of a flow in a cavity
while it was being managed. Two models were considered:
a laminar flow around a square cavity at Reynolds number
Re=7,500 and the turbulent current modes in deep cavities
under a transonic mode. A very good alignment between the
results and experiments was obtained.

The theory of optimal control was also applied by the
author of work [31] to reduce the level of noise emitted by
the cavity when it is streamlined. Typically, a mathemati-
cal model for the problem on studying the emergence and
features of the development of acoustic vibrations when
a cavity is streamlined employs a Navier-Stokes motion
equations for the medium taking into consideration the
compression effects, which leads to large computing costs.
To address this issue, the cited work proposes using a re-
duced-order model (ROM) based on the proper orthogonal
decomposition (POD), which is an adjusted approach to
direct simulation of the system of differential equations.

The above suggests that it is an expedient task to inves-
tigate the hydrodynamics in the flow around open cavities
given the wide scope of possible application of the results
from solving this problem. Thus, study [32] examines a clas-
sic problem on the current in a cavity caused by the shear
stress, with the aim of applying it in the field of two-phase
cooling systems, as well as in the technologies for applying
a surface coating in the form of a thin film. The cited work
numerically explores the effect of cavity geometry on the
three-dimensional field of velocities.

Paper [33] investigated theoretically and experimen-
tally a three-dimensional instability of stationary laminar
two-dimensional currents, which occur in a cavity with an
equilateral triangular cross-section when its lid is moving.

Work [33] studies the development of a laminar blood
flow in a tube with a square and round cross-section under
exposure to a magnetic field. The series of papers [35—38]
also addressed the influence of a magnetic field on the cur-
rent character in cavities.

Specifically, the authors of [35,36] explore a fully
developed laminar flow with the forced convection of
electrically non-conducting viscous biomagnetic fluid in a
cavity. The liquid is under the influence of a point magnetic
source located under the cavity. In [37], authors study a
three-dimensional flow of electricity conductive fluid in a
cubic cavity with the movement of the upper wall and under
the impact of the external magnetic field. It was found that
the magnetic field significantly affects the circulation in
the cavity and changes the shape and location of primary
and secondary vortexes. As the magnetic field tension in-
creases, the center of the main vortex shifts to the upper
right corner.

The laminar magnetic natural convection in a square
case filled with a porous medium is studied in [38] in order
to investigate the effects of viscous dissipation and radiation.
The medium that fills the case is heated from the left vertical
side wall and cooled from the opposite right vertical side
wall. The upper and lower walls of the case are considered
adiabatic. The flow in the square case is exposed to a ho-
mogeneous magnetic field at different angles of orientation.

The author of work [39] reported a numerical simula-
tion of the three-dimensional compressed flow around an
open cavity. The work shows that the detected instability
is hydrodynamic in character rather than acoustic, as it was
assumed, and it arises due to the general instability of the
current associated with the circulation of a vortex flow at
the bottom of the cavity. The author notes an analogy of the
established unstable circulations with similar phenomena
when a step facing backwards is streamlined. The results
obtained are consistent with the data from previous experi-
ments, as well as with numerical studies into the flow around
open cavities.

The series of papers [40, 41] consider basic approaches to
modeling and acoustic patterns in the flow around cavities.
Article [41] gives a detailed overview of the application and
benefits of numerical algorithms for calculating parameters
under a laminar current mode in cavities, as well as turbu-
lent, based on RANS, LES, DES, DNS models. The effect
of cavity geometry on the change in pressure field in its
vicinity was investigated. Some active and passive methods
for suppressing noise fluctuations in the cavity when it is
streamlined were also considered.

An experimental study of the structure of the flow in a
rectangular cavity is reported in work [42]. Measurements
were performed using a wind tunnel with a low degree of
flow turbulence. Based on measurements of static pressure
values in the flow on the cavity wall, as well as sound pres-
sure, the main parameters and features of vibrations in the
flow in different types of resonators at low speed were stud-
ied. The influence of cavity geometry (the ratio of length to
depth as well as width to depth) on the character of current
in the cavity and noise characteristics was also determined.

Thus, as the above review demonstrates, among the many
works published over recent years [6—42], which addressed
current in pockets and cavities of different configurations,
none has dealt with the task of studying the structure of a
viscous flow in an open cavity considering the outer current
in a channel above the cavity. The existence of a channel
above the cavity leads to a complete rearrangement of the
current pattern, it changes the distribution of velocities in
the internal volume of the cavity, pressure and tangential
stresses on its immobile walls compared to the current in a
similar closed cavity without a channel.

Knowing the flow structure in a cavity makes it possible
to apply methods to control the current, by changing the
length and location of detachable zones in order to reduce
the aerodynamic drag. A given task could find application
in a variety of fields of science and technology, including:
the flow around industrial buildings and structures, in rail-
road transport — when the inter-car intervals of a moving
high-speed train are flown around, at a bullet motion in a
multi-chamber silencer, in the operation of a cannon barrel’s
ejector, when an open transition compartment connecting
the stages of a rocket is flown around.

Reliable determination of the structure and parameters
of the current in the internal volume of a cavity and in the
boundary layer on its walls would make it possible to optimal-
ly control a flow in the cavity and reduce the resulting loads.

3. The aim and objectives of the study

The aim of this work is to numerically determine the
structure of a circulating detachable laminar flow of the



viscous incompressible liquid in an open cavity taking into
consideration the outer current. Features in the current
structure determine the distribution of pressure and tangen-
tial stresses on the stationary walls of the cavity.

To accomplish the aim, the following tasks have been set:

— to numerically integrate the Navier-Stokes system
of differential equations under a laminar current mode
by employing the numerical method of finite elements as
a tool;

— to verify the devised procedure using a test problem
about the flow of a viscous incompressible liquid in a cubic
cavity with a movable face;

- to investigate, at the Reynolds’ number value Re=
=3,000, the structure of vortex formation over the entire
estimated area of the cavity current, as well as in the mixing
layer and in the boundary layers on the walls of the cavity;

— to illustrate the resulting current by vorticity profiles,
the thickness of the boundary layer, the constituents of speed
components in different cross-sections of the cavity, in the
boundary layers on the walls, as well as in the mixing layer;

— based on the results, to analyze the detachable current
in the internal volume of the cavity.

tangential stresses along the walls of the cavity, the trajecto-
ries of liquid particles introduced to the cavity in its various
regions. Results from some of the author’s calculations are
reported in [8]. Satisfactory alignment of estimated data
has made it possible to proceed to studying the problem on a
current in the open cavity.

Fig. 1-4 show profiles of the longitudinal and transverse
speed components, as well as vorticity in different cross-sec-
tions of the cavity at Re=3,000; in addition, Fig. 1-4 include
experimental data [44]. The different color of symbols corre-
sponds to different cross-sections of the cavity.

The magnitude Re=3,000 was calculated by analogy to
data from [44] and corresponded to the laminar current of
the assigned input profile in a channel above the cavity.

The shape of curves in the graphs from Fig. 1-4 shows
that the overall current in the inner volume of the cavity
and in the channel above it can be divided into several large
regions. The central vortex forms the main circulation move-
ment in the cavity. The secondary circulation motion in the
cavity is composed of smaller secondary vortexes located in
the lower corners of the cavity. The region adjacent to the up-
per cut of the cavity, which forms following the flow detach-
ment in the upper left corner of the cavity, is a mixing zone.
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The procedure for applying the numerical method of
finite elements to the integration of a system of differential
equation is given in [6].

3. Results of studying the structure of a detachable
movement in an open cavity with the presence of a channel

The built calculation algorithm was tested on the prob-
lem about a flowing viscous incompressible liquid in a cubic
cavity with a movable face. The results obtained were com-
pared with the results reported in [43]. The comparison was
based on the following magnitudes: patterns of current func-
tions, the profiles of the longitudinal and transverse compo-
nents of speed in the central cross-sections of the cavity, the
fields of isolines of speed components. Also compared were
the isobars of static and full pressure, the horizontal and ver-
tical profiles of pressure factor in the cross-section along the
center of the vortex, the distribution of pressure factor and
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Fig. 1. Profiles of velocity components u,=U in different cross-sections of
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0
Re =3 000
L] —‘\“\‘\A\—ﬂ\‘_
0.2 s 0
/A’Q‘NA A
|
0.4 s \K{Aﬂ 0.2
m
P Ny
-0.6 A A x L 0.4
,rl/‘ 5 4 v/V
V.
038 j\‘\*‘}w
-1

0.2 0.4 0.6 0.8 1
x/B
Fig. 2. Profiles of velocity components v,=Vin different

cross-sections of the cavity at Re=3,000 compared to data
from [44]

(=]



°z@f/

A A~

LT
T

y/B

ViR

L€

Loa
0.8 3 v/V
0 0.2 0.4 0.6 0.8 x/B

Pt
0 02 04 UV

Fig. 3. Profiles of velocity components: component U
(cross-section X=0.5) and component V (cross-sections
¥=0.25; 0.5; 0.75) at Re=3,000, £ — [44, 45]

v/V — omega, 1/c
A Lo A\ Re =3 000
0.05 +f& =) 1.0
A \\
4 2 \ 2\
0 A AL A 00
AN
/ ™, \]
A A
0.05 & A -1.0
\V4 AN
—_—
20.10 _I |_ 2.0
[
‘ B
0.15 3.0
0 0.2 0.4 0.6 0.8 1.0
x/B

Fig. 4. Distribution, at Re=3,000, of the transverse
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the bottom of the cavity and located at a distance from it
equal to half its height, /4, & — [44]

Downstream, the mixing zone is expanding; reaching
the right vertical wall, a stream of liquid from the mixing
zone spreads across all the walls of the cavity, forming a
near-wall boundary layer. Fig. 1, 2 show the velocity profiles
in the following cross-sections: the longitudinal (trans-
verse) speed component: X(Y)=0.15;0.35;0.55;0.75; 0.9.
Verification of the results obtained against data from [44]
shows that in certain zones of the examined region there is
some discrepancy between the estimated speed profiles and
experimental data. Specifically, there is a mismatch between
values of longitudinal speed component X along the axis of
the channel over the cavity: the estimated curves indicate
a more intense movement of the fluid in the central part of
the channel than it was recorded in the experiment, and the
degree of divergence increases downwards the flow. There
is also a discrepancy between the values of the transverse
constituent of speed component near the right-hand vertical
wall. In contrast to experimental data, the estimated curves
indicate a much smaller thickness of the boundary layer near
this wall. A given disagreement can be probably explained by
the purely technical inability to acquire high quality mea-
surements near a rigid wall during the experiment.

It should be noted that in determining a Reynolds num-
ber, the authors of work [44] used the width of the channel as
a characteristic linear size, so the Reynolds number specified
in the cited work is much smaller than the Reynolds number
calculated for the width of the cavity, as is the case for the
current study and in most authors of other works.

Analysis of the alignment of estimated speed profiles
with experimental data from [45], shown in Fig. 3, reveals
a more satisfactory coincidence, compared to Fig. 1, 2, of
the transverse velocity component in the central horizon-
tal cross-section near a right-hand vertical wall. This fact,
apparently, can be explained by the exclusion of the impact
exerted by side effects on the structure of a fluid circulation
motion in the cavity embedded in the experimental setup.

Curves in Fig. 4 represent: the profile of a transverse
velocity component in the central horizontal cross-section
of the cavity, as well as a change in vorticity in the same
cross-section in comparison with data from [44]. The vortic-
ity was calculated from the following formula
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Analysis of Fig. 4 confirms the existence, in the center of
the cavity, of a vortex, characterized by the constant vortici-
ty. In the region of a boundary layer near the walls, vorticity
changes the sign to the opposite.

The mixing zone. Fig. 5 shows the profiles of a longitudi-
nal constituent of the speed component in the mixing region
for the following cavity cross-sections: X=0.25; 0.35; 0.55;
0.65;0.75; 0.95. For comparison, experimental data from [44]
are drawn in the respective cross-sections (triangles) and a
Hagen-Poiseuille velocity profile [3], assigned in the channel’s
inlet cross-section over the cavity (circles) as follows
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where 7 is the width of a channel.
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Fig. 5. Profiles of the longitudinal constituent of a speed
component in the mixing zone for several cross-sections at
Re=3,000: x/B=0.25 — curve 1; 0.35 — curve 2;

0.55 — curve 3; 0.65 — curve 4; 0.75 — curve 5;

0.95 — curve 6; —[44]

The figure shows an almost complete match between
speed profiles in all cross-sections of the jet, and, in the
region adjacent to the y/B=0.125 line, which is the axis of
the channel, a match between the estimated profiles and the
Hagen-Poiseuille profile.

The boundary layer. Fig. 6,7 show, respectively, the speed
profile at the outer border of the boundary layer and a
change in its thickness on the stationary walls of the cavity,
as well as the shape parameter A distribution curve along



the longitudinal coordinate. Fig. 6 characterizes a change
in speed on the outer border of the boundary layer (curve 1)
and the magnitude of thickness of the boundary layer on the
stationary walls of the cavity (curve 2). The outer border of the
boundary layer was determined, similarly to [44], based on the
maximum value of the return current speed near the wall. The
ordinate axis of the graph carries relative magnitudes of the
corresponding components of speed (the longitudinal compo-
nent at the bottom and the transverse one on the two vertical
walls of the cavity), the abscissas axis depicts the stationary
walls of the cavity conditionally deployed on the plane.
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Fig. 6. Distribution of speed on the outer border of
the boundary layer and of values for the thickness of
the boundary layer on the stationary walls of the cavity at
Re=3,000, £, & — [44]
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The character of curve change in Fig. 6 shows that the
values of relative magnitudes of velocity in the middle parts
of the front (AB) wall and the bottom (BC) of the cavity
are almost identical. At the same time, curve 1 reaches its
maximum near the angular point D, in the vicinity of which
there is a mixing of liquid from the internal volume of the
cavity with a powerful external jet of the mixing zone.

The minima of curve 1 are observed at the angular
points B and C, where the relative velocity drops to zero.

The reverse character of change is demonstrated by
curve 2, which characterizes values for the thickness of

the boundary layer on the stationary walls of the cavity.
A maximum is reached by curve 2 at the points of a mini-
mum of curve 1 — at the angular points B and C, which is
predetermined by the existence of secondary components of
circulation. In the central parts of the walls AB and BC the
thicknesses of the boundary layer coincide and decrease in
magnitude in comparison with the corresponding thickness
magnitudes in the lower corners of the cavity. A minimum
is reached by curve 2 at point D, which is due to the almost
complete destruction of the boundary layer in this region
when in collision with the external stream of the channel.

By knowing the change in characteristics of the bound-
ary layer, shown in Fig. 6, it is possible to build the shape
parameter distribution along the length of the stationary
walls of the cavity, shown in Fig. 7. The shape parameter was
calculated from the following formula

8 d
-t

that made it possible to determine the effect of the longitu-
dinal speed gradient on the characteristics of the laminar
boundary layer. The procedure for building Fig. 7 is identical
compared to Fig. 6: the ordinate axis maps the examined
magnitude — a shape parameter, the abscissa axis is formed
by the stationary walls of the cavity deployed along a hori-
zontal straight line.

Comparing the resulting shape parameter curves with
the experimental data from work [44] testifies to satisfactory
agreement between the results in the central parts of the sta-
tionary walls. Discrepancies in the magnitudes of the shape
parameter were observed only in the vicinity of cavity’s
corner points A, B and C, where, in contrast to experimental
points, the estimated curves have local extrema.

Fig. 8 shows, in the cavity’s several cross-sections,
the profiles of the transverse constituent of a velocity
component for the thickness of the boundary layer on the
left (Fig. 8, a) and the right (Fig. 8, b) walls of the cavity.
Fig. 9 illustrates the profiles of the longitudinal constituent
of a velocity component for the thickness of the boundary
layer at the bottom (Fig. 9) of the cavity under a laminar
fluid movement mode.

The graphs are built in dimensionless coordinates, as-
signed to the corresponding characteristics of the boundary
layer: the values for speed components are assigned to the
speed at the outer border of the boundary layer, the linear
size — to the thickness of the boundary layer. When building
Fig. 8, 9, the border of the boundary layer was determined
based on the coordinates of the point near the wall, at
which the speed of return movement reached a maximum.
The curves carry experimental data from papers [44, 46, 47],
as well as the theoretical profile by Polhausen for a flat
boundary layer formed on the plate [48].
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where A is the shape parameter derived from formula (6).
The Polhausen profile is mapped not for all speed pro-
files, but only to those that show a satisfactory match be-
tween values. Such profiles are located in the middle parts
of the cavity walls, which confirms the hypothesis about
inapplicability of the Polhausen profile in the diffuser zone,



expressed in the expansion of the flow and a decrease in
speed, which exists in the corners of the cavity due to the
secondary vortexes circulating in these regions.

Fig. 8,9 show that near the lower corners of the cavity
the circulation of secondary vortexes leads to the reforma-
tion of the velocity profile for the thickness of the bound-
ary layer. In this case, the current in the boundary layer
changes from such that is filled over most of the fixed walls
to the detachable one in the vicinity of the lower corners of
the cavity. This is qualitatively consistent with the results
from the Polhausen’s calculation for a flat boundary layer
taking into consideration the pressure gradient.

This proves the fact that the boundary layer, which
develops on the walls of the cavity, is qualitatively differ-
ent from a regular boundary layer on the plate when it is
laminarly flown around; it is impossible to apply the same
methods for its calcu-lation.

Thus, the numerical study of the laminar flow of a
viscous incompressible liquid in an open cavity, taking
into consideration the external flow in a channel above the
cavity, has made it possible to determine the structure of
the circulation movement in it:

1) the central part of the cavity is occupied by the main
vortex, which has a constant vorticity;

2) the secondary current in the

v/ vimax cavity is less long compared to the

central vortex of secondary vor-
texes located in the lower corners
of the cavity;

3) the mixing zone occupies
the upper region of the cavity and
is formed after the flow detaches
from the left horizontal wall of
the channel over the cavity,

4) the length of the mixing
zone increases when approaching
the right vertical wall of the cavity
and it forms a boundary layer first
on the specified wall, and then on
all other rigid walls of the cavity;

5)a boundary layer on the
walls of the cavity is formed when
the liquid flows around from the
mixing zone, it is characterized by
an opposite sign change in vortic-
ity compared to the main circula-
tion current.

0 02 0.4 0.6 08  x/dela

Fig. 8. Velocity profiles for the thickness of the boundary layer on the cavity’s vertical
walls at Re=3,000: a — left wall: y/B=0.10 — curve 1; 0.25 — curve 2; 0.50 — curve 3;
0.70 — curve 4; 0.75 — curve 5; 0.80 — curve 6; 0.85 — curve 7; b — right wall:
y/B=0.35 — curve 1; 0.45 — curve 2; 0.50 — curve 3; 0.60 — curve 4; 0.70 — curve 5;
0.75 — curve 6; /& — [43], —+— —[46, 47]
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Analysis of the structure and
character of fluid movement in a
cavity with a channel has made it
possible to establish the following
patterns:

1) the greatest degree of fluid
mixing in the cavity is noted in
two regions. A first region is the
vicinity of the right corner point

y/ delta
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0.4 1

of the cavity, where the developed
current from the mixing zone in-
teracts with the main current of
A the cavity. A second region is char-
acterized by the movement of fluid
A from the boundary layer near the
right vertical wall of the cavity,
which leads to the almost complete
destruction of the boundary layer
near the right upper corner of the
cavity;

2) the least degree of mixing is
implemented in the regions of cur-

Fig. 9. Profiles of the longitudinal velocity component for the thickness of the boundary layer
at the cavity’s bottom at Re=3,000: x/B=0.15 — curve 1; 0.20 — curve 2; 0.35 — curve 3;
0.55 — curve 4; 0.65 — curve 5; 0.75 — curve 6; £ — [43], —+— —[46, 47]
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rent with the maximum thickness
of the boundary layer —in the lower
corners of the cavity, characterized
by the developed secondary cur-
rent, represented by angular circu-
lation vortexes.
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6. Discussion of results from studying a detachable
laminar current in an open cavity taking into
consideration the external flow in the channel

In order to integrate the system of Navier Stokes equa-
tions, an algorithm based on a finite element method was
constructed; it was verified using a test problem about the
flow of a viscous incompressible liquid in a cubic cavity
with a movable face. Difference between own estimated
data and those found in the scientific literature did not ex-
ceed 5 % for numerical solutions and 15 % for experimental
works, which can be explained by features in numerical
modeling as an approximate technique, as well as by the
human factor and errors in the equipment during experi-
mental studies.

The structure of vortex formation in an open cavity has
been investigated, as well as in the mixing layer and in the
boundary layers on its walls, at Reynolds number Re=3,000.
The resulting current was illustrated by the profiles of vor-
ticity, the thickness of the boundary layer, the constituents
of speed components in the various cross-sections of the
cavity, in the boundary layers on the walls, as well as in the
mixing layer. An analysis of detachable current in the inter-
nal volume of a cavity has been performed, given in the main
text of this paper.

The benefits of solutions obtained are due to the versa-
tility of a finite element method as a numerical method, as
well as to the detailed treatment of calculation parameters
resulting from numerical modeling.

Within the framework of the study described in the
current work, the structure of the main and secondary circu-
lation currents in an open cavity, taking into consideration
the outer current in a channel above it, has been determined.
This eliminates the rectilinear character of a current line
connecting the upper corners of the cavity the drawback in
the statement of a problem about liquid motion in a closed
cavity with a movable wall. Another advantage of this study
worth considering is the procedure application of the nu-
merical method of finite elements, which makes it possible to
study in detail the structure of a flow in the boundary layers
directly on the walls of the cavity, which is difficult techno-
logically when performing field experiments.

The established flow structure and a vortex formation
system make it possible to control jet currents inside the
internal volume of a cavity, and, consequently, to optimize
the aerodynamic forces acting on the cavity. Specifically, it is
possible to reduce the aerodynamic drag of the cavity, which
acts on its rigid walls when they are flown around. The ap-
plied aspect in implementing the obtained scientific result is
the possibility to use it to the flow around industrial objects:
buildings, inter-car intervals in a railroad train, etc.

The research in this field is continuation of previous
numerical experiments involving numerical study into the
hydrodynamics of detachable flat and spatial currents when
the industrial facilities and their elements are streamlined.

The resulting numerical solution, visualized with the
help of constructed graphs, makes it possible to establish
with the necessary degree of accuracy the structure of a vis-
cous laminar detachable current in an open cavity with the
presence of an external current above it, as well as to detail
vortex flows into the main, secondary vortex regions, a mix-
ing zone, and a current in the boundary layer. The reliability
of results obtained has been confirmed by verification and
can be explained by a rather small error of the numerical

method, which, in turn, is achieved by a detailed computa-
tional grid at numerical modeling.

When applying the results obtained here to practical
tasks, it is necessary to take into consideration the two-di-
mensional statement of the set problem. This means that its
consideration implies an open cavity, for which its length in
the direction perpendicular to the plane of the current far
exceeds the width/height of the wall.

The disadvantages of the current study worth noting are
the lack of a study into the effect exerted on the structure of
current by different speeds of the outer flow in a channel over
the cavity and the lack of influence exerted on the structure
of current by the ratio “width/height” of the cavity.

The methodology of this study can also be extended to
solve three-dimensional problems about detachable currents
in cavities of different configurations.

7. Conclusions

1. A numerical integration of the system of Navier Stokes
differential motion equations under a laminar current mode
has been performed using a finite element method: a calcula-
tion algorithm has been built.

2. The built algorithm was verified by solving a test
problem about the laminar motion of a viscous incompress-
ible fluid in a cubic cavity with a movable face, with the
result confirming the reliability of the algorithm used. Com-
parison between the following estimated data and known
results reported by other authors was performed: patterns in
current functions, profiles of the longitudinal and transverse
components of speed in the central cross-sections of the
cavity, fields of isolines of speed components. Also compared
were the isobars of static and full pressures, the horizontal
and vertical profiles of pressure factor in the cross-section
along the center of the vortex, the distribution of pressure
factor and tangential stresses along the walls of the cavity,
the trajectories of liquid particles introduced to the cavity in
its various regions.

3. A numerical calculation of the laminar viscous current
at Re=3,000 in the open cavity has been carried out, taking
into consideration the external flow in a channel above the
cavity. The calculation results acquired were visualized by
patterns in current, velocity and vorticity profiles, the thick-
ness of the boundary layer in the entire estimated current
region of the cavity, as well as in the mixing layer and in
the boundary layers on the walls of the cavity. The resulting
graphic information has made it possible to analyze the flow
structure in an open cavity and to represent in detail the
patterns in its development.

4. An analysis of the flow structure has revealed the
existence, length, and location of vortex streams in an open
cavity with the presence of a channel above it.

5. Based on the analysis of the laminar viscous current in
an open cavity with a channel, the structure of the current
in it has been determined, the regions with the main and
secondary circulation movement have been defined, as well
as the boundary layer and the mixing zones. The main vortex
movement in an open cavity is formed by a central vortex,
occupying the bulk of the cavity, and located in the region
of its geometric center. The secondary vortex movement
is formed by circulations of less intensity, compared to the
central vortex, and located in the lower corners of the cavity.
The mixing zone is formed as a result of flow detachment



from the left vertical wall of the cavity and expands when ap-
proaching the right vertical wall. The current in a boundary
layer is opposite to the main current in the cavity.
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