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Abstract: The applicability of the solution of the unsteady Reynolds-averaged Navier–Stokes equa-
tions (URANS) for the numerical simulation of the periodic quasi-switching regime of vortex gener-
ation and heat transfer in a deep conical dimple with a slope angle of 10◦ on the wall of a narrow
channel is substantiated. To calculate the turbulent regime, the model of shear stress transfer by
Menter 2003, modified taking into account the influence of the curvature of streamlines within the
framework of the Rodi-Leshziner-Isaev approach, is used. At Reynolds number Re = 104, the oscilla-
tion period of the transverse Rz and longitudinal forces Rx, as well as the total heat transfer Numm to
the control section of the heated channel wall with a dimple, is set equal to 60, which corresponds to
the Strouhal number St = 0.0167. Computer visualization of swirling jet-vortex flows demonstrates
focus-type sources on the side faces of the dimple. In the self-oscillating mode, a two-cell vortex
system is formed with different intensities at the oscillation period Rz. Periodic changes in friction,
Nusselt numbers and temperature are recorded in the longitudinal and transverse median sections of
the dimple and reflect the oscillations of the vortex structure from left to right and from right to left.
The formation of a fan jet is shown, which oscillates relative to the plane of longitudinal symmetry,
causing a redistribution of power and thermal loads.

Keywords: jet-vortex generation; heat transfer; conical dimple; channel; simulation; URANS;
quasi-switching mode

1. Introduction

The problem of modeling self-oscillating modes of unsteady separated flow around
objects with periodic vortex formation is one of the actual problems of hydromechanics.
Self-oscillations of vortex structures are accompanied by periodic changes in local charac-
teristics, as well as local and integral force loads on objects. Positive experience has been
accumulated in the numerical prediction of the characteristics of turbulent flow based on
the solution of unsteady Reynolds-averaged Navier–Stokes equations (URANS) [1–6], mod-
eling by Large Eddy Simulation (LES) [7–10] and Direct Numerical Simulation (DNS) [11].
The calculation results are in good agreement with the data of physical experiments [12,13].
It is important to note that using URANS it is possible to identify the process of the forma-
tion of unsteady spatial jet-vortex structures and determine the effect of the height of the
protrusion on it.
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The alternating descent of vortices from the side faces of a cube is similar to the forma-
tion of a vortex street behind a circular cylinder in the case of a periodic two-dimensional
flow (see [14]). As the height of the protrusion increases, the vertical swinging of the vortex
structures intensifies.

Spatial internal flows with periodic vortex formation in channels with a transverse
circular cavity are characterized by a lower intensity of return and secondary flows in
comparison with external cyclic flow around the ridges [4]. A circular cavity on the wall of
a narrow channel induces longitudinal transverse oscillations of vortex structures in it. The
lateral load on the side wall Rz conform a close to sinusoidal law from time to time.

As shown by experimental studies [15], when flowing around a hemispherical dimple
on a plate, periodic jet-vortex structures are formed in it, alternately forming on the side
slopes of the dimple. The same switching modes are recorded in narrow channels with a
spherical dimple with a sharp edge [16]. The use of the LES methodology made it possible
to numerically reproduce the periodic regimes of vortex formation in a deep spherical
dimple on the channel wall [17].

This study is a continuation of the numerical study of the flow around a conical dimple
on the wall of a narrow channel when the slope angle changes from 10◦ to 60◦ [18] with an
emphasis on modeling the quasi-switching regime.

2. Problem Statement and Solution Method

The configuration of a narrow plane-parallel channel with a conical dimple on the
bottom wall, as shown in Figure 1, that has been tested in a number of studies is considered.
It is a computer analogue of the channel of experimental stands [16–18]. As characteristic
parameters, the dimple spot diameter D the mean bulk velocity U, and the D/U ratio (unit
of time) are chosen. The slope angle of the dimple is set equal to 10◦, i.e., and the dimple is
close to cylindrical in shape. The relative depth of the dimple is quite large and amounts
to 0.233. The height of the narrow channel is taken to be 0.33, and the channel width is
2.5. The turbulence intensity is set close to the experimental one (1–5%), and the scale of
turbulence is taken on the order of the characteristic size. The relative radius of rounding
of the edge of the dimple is 0.025. The Reynolds number in the stabilized section of the air
flow in the channel is taken equal to 104. The Prandtl number is 0.71.

The computational domain covers the space bounded by the walls of a narrow channel
with a length of 6.7, as shown in Figure 1. The inlet flow boundary with the profiles of
the characteristics of a fully developed turbulent flow is located at a distance of 1.4 from
the projection of the dimple center onto the plane of the bottom wall, which is taken as
the center of the Cartesian x, y, z coordinate system. In the outlet section of the channel,
“soft” boundary conditions are set—conditions for the continuation of the solution to the
boundary [19]—and no-slip conditions are set on the washed channel walls.

To solve the problem, a multi-block computational grid is used, containing about one
million cells [20]. For its composition, the grid consists of four different-scale fragments,
Figure 1b:

1. a rectangular channel (with a minimum step along the longitudinal coordinate—0.08
and along the transverse coordinate—0.07) mesh with thickening towards the wall,
designed to display the flow within the channel;

2. detailed region, designed for detailing the flow in the near wake of the dimple,
a Cartesian grid covering the vicinity of the dimple with dimensions of 3.3 × 0.1 × 1.7
(with the front boundary at a distance of 0.44 from the center);

3. a cylindrical, curvilinear, elliptical mesh, adjacent to the irradiated wall, matched to
the surface of a spherical hole, thickening towards the wall;

4. an oblique mesh covering the axis of a cylindrical hole mesh—patches 0.2 × 0.2 in
size (see [18]).
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(a) (b)

Figure 1. Section of a plane-parallel channel with a conical dimple on the heated wall (a) with the
Cartesian x, y, z coordinate system and multi-block grids in the vicinity of the dimple (b). 1—channel
grid (CG); 2—refined Cartesian grid (wake grid—WG) covering the dimple; 3—O-shaped grid Ring
inside the dimple; 4—Rec grid-axial p̈atch. The upper wall of the channel is removed. Reproduced
from [20], published by MDPI 2021.

The wall step is chosen equal to 10−4. The channel mesh contains 83 × 69 × 87 cells, and
the detailed rectangular mesh surrounding the spherical hole contains 132× 31× 59 cells. For
detailed region 2, the minimum values of the longitudinal and transverse spacing are 0.03.
The cylindrical elliptical mesh, matched to the hole, contains 108 × 53 × 103 cells, and the
oblique mesh covering the axis contains 21 × 53 × 21 cells.

The acceptability of URANS for calculating spatial separated flows is substantiated
in a number of numerical studies, including calculations of the flow around a cube in a
channel [13].

The thermal problem is solved separately from the hydrodynamic one (in this case, the
effects of natural convection are not taken into account). A fully developed air flow in the
inlet section of the channel is assumed to be isothermal with a characteristic temperature
Tre f = 293 K. The lower washed-out dimpled channel wall is heated and maintained
at a constant heat flux q. The heat flux q is recalculated into a dimensionless form by
the formula

q =
q

λPrReTre f /D
(1)

and is taken to be of the order of 3.408 · 10−5.
Here λ is the thermal conductivity of air. The side walls of the channel are adiabatic,

and the upper one is isothermal with the temperature Tre f taken as the dimensionless scale.
At the outlet of the channel, soft boundary conditions are set for T.

Numerical solution of unsteady Reynolds-averaged Navier–Stokes equations (URANS)
and energy is based on the concept of splitting into physical processes [19] and uses the
SIMPLEC pressure correction procedure and multi-block structured grids with their partial
overlap [4]. The equations of motion are closed using a semiempirical modified shear stress
transport (MSST) model, which was proposed in 2003 by Menter [21,22], taking into account
the influence of the curvature of streamlines. The approach of Rodi–Leschziner–Isaev [23] to
the 2003 MSST correction consists of introducing a correction function fc = 1/(1+Cc × Rit)
into the eddy viscosity coefficient µt, where an additional constant Cc = 0.02, and the
product fc × Cµ is superimposed limitation 0.02 < fc × Cµ < 0.15 (in the standard k − ε
model [24,25], the semiempirical constant in the expression for the vortex viscosity is
Cµ = 0.09). It is of fundamental importance to determine the turbulent Richardson number
for spatial flows (for two-dimensional flows, it depends on the local flow velocity and the
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radius of curvature of the streamline, as shown in [25]) and modify it for three-dimensional
flows, as shown in [26,27].

The developed methodology is parallelized in relation to cluster (multicore and multi-
processor) systems and generalized to the case of unstructured grids. Like [4], the general-
ized transport equation is written in increments of the dependent variables. The explicit
part of the equation is discretized according to second-order approximation schemes (up-
wind scheme with Leonard’s quadratic interpolation [28] for convective terms of the equa-
tions of momentum; TVD scheme [29] for convective terms of equations of turbulence char-
acteristics; a central difference scheme for diffusion terms). The implicit part is represented
using a one-way difference upstream scheme. The use of centered grids with the place-
ment of dependent variables in the centers of the computational cells leads to the need to
monotonize the pressure field due to the introduction of the Rhie–Chow correction [30,31].
The method for solving algebraic equations is the preconditioned BiCGSTAB [32] with
an algebraic multigrid accelerator from the Demidov library (amgcl) [33] for the pressure
correction and ILU0 for the remaining variables. The developed VP2/3 (Velocity-Pressure,
2D/3D) package uses multiblock computing technologies (MBT) described in [4]. They
are based on a set of multi-scale, tiered and intersecting structured grids, consistent with
the structural elements of the physical problem of the corresponding scales. In two rows
of near-boundary cells of each of the overlaping or overset grids, the parameters are
determined using linear interpolation [4].

Thus, when integrating the equations, a method of the second order of approximation
in spatial variables and of the first order in time with dimensionless time step of 0.02 is
used. For the initial state of the air flow in the channel with a conical dimple, the velocity
field on the stabilized section of the plane-parallel channel is taken. In this case, at t < 0, it
is assumed that there is no air movement inside the dimple. The computational process
ends when the periodic mode of changing the local and integral parameters, including the
shear force Rz, acting on the control section with a dimple 2.5 × 1.5 in size with a center
shift downstream by 0.5, is reached. In this paper, local and integral characteristics are
analyzed for the period of oscillations Rz.

3. Analysis of the Obtained Results

Figures 2–7 shows some of the results.

(a)

(b)

Figure 2. Time dependences of the maximum increments of the longitudinal ErrU and transverse ErrW

components of the velocity, turbulence energy Errk, enthalpy (a) acting on the control section with a
dimple of transverse Rz (5) and longitudinal Rx forces, as well as the total heat transfer Numm (b).
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(a) (b)

(c) (d)

(e) (f)

Figure 3. Patterns of spreading (a,b), pressure fields (c,d) and jet-vortex structures (e,f) at times t = 258 (a,c,e) and 291 (b,d,f),
corresponding to Rz = Rzmin and Rzmax , respectively.
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Time evolution t∗ on the oscillation period T of the transverse force Rz of the distributions
of dimensioned friction f (a,b), Nusselt number Nu (c,d) and dimensioned wall temperature Tw (e,f)
in the median longitudinal (a,c,e) and transverse (b,d,f) cross-sections.

Figure 5. Dependence on t∗ of extreme values −Umin, Wmax, −Wmin.
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(a) (b)

Figure 6. Comparison of temperature distributions of heated walls of plane-parallel (a) and dimpled (b) channels.

(a)

(b)

Figure 7. Dependences on t∗ of the thermal efficiency Numm/Nummpl (a) for the control section with
the dimple (index C), the section in the wake behind the dimple (index W) and the section bounded
by the dimple contour (index D), as well as (b) for the relative hydraulic losses in the channel in
the control section (index C), the area in the near wake behind the dimple (index W) and the area
bounded by the contour of the dimple (index D).



Fluids 2021, 6, 385 8 of 11

The time dependences of the maximum increments of the dependent variables in the
considered computational domain in the self-oscillating mode, as well as the integral force
and thermal characteristics on the control section of the channel wall with a 2.5× 1.5 dimple
with a downstream center displacement of 0.5, shown in Figure 2 show the yield of
aeromechanics processes and heat transfer in the dimpled channel for a periodic mode
of change.

The periodicity of the change in the increments of the dependent variables in Figure 2a
is reflected in the cyclicality of geometric figures shaded with different colors in the time
interval from 300 to 400. This interval corresponds to the self-oscillatory nature of the
change in the transverse and frontal forces acting on the control section with a dimple,
as well as the total heat transfer Numm. It is interesting to note that the release of the
self-oscillating mode takes a rather long period of time—about 200–250 times from the
state of rest in the conical dimple.

The period of oscillations that the periodic process of changing the vortex pattern and
heat transfer in a channel with a deep conical dimple reaches is about 60, which corresponds
to a Strouhal number of about 0.016. It is interesting to note that the extreme values of the
shear force Rz acting on the control section in the self-oscillating mode turn out to be of the
order of 5 × 10−5, and the longitudinal force Rx and integral heat transfer Numm, referred
to the average values over the period of Rz change, perform periodic oscillations in the
range 0.005.

Figure 3 compares the patterns of air spreading over the surface of the heated wall of
the channel with a conical dimple, the static pressure field, dimensioned by double velocity
head ρV2 and the jet-vortex structures in the dimple corresponding to two times at which
Rz takes extreme values.

The pictures reflect the extreme phases of the self-oscillating hydrodynamic process
with the left- and right-sided flow structures in the dimple. The patterns of air spreading
in Figure 3a,b are displayed during computer visualization of streamlines in the near-wall
layer of computational cells with a thickness of 10−4, indicating the direction of movement
of liquid particles in the same way as it is done in [1–6]. As is known, such computer
patterns correspond to the patterns of physical visualization of a near-wall vortex and
separated flows obtained using soot-oil coatings, such as, for example, in [12,13].

The pictures presented in Figure 3 demonstrate two-cell vortex structures. On the side
slopes of the dimple and on the bottom in the spreading patterns, special points such as foci
are formed, in which tornado-like swirling jet streams are generated. The outer channel
flow enters the dimple on the windward slope and spreads along the side slopes. In the
case of Rz = Rzmin, the zone of increased static pressure with a maximum equal to 0.12 is
located to the left of the median plane of symmetry of the dimple, and when Rz = Rzmax,
it is to the right (Figure 3c,d). In the first case, when the air spreads, its transfer from the
left half of the dimple to the right is noted. In the second case, on the contrary, when the air
spreads, it moves from the right half of the dimple to the left. It should be emphasized that
the zone of negative pressure with a minimum of −0.22 in both cases is located behind the
edge of the dimple in the vicinity of the median longitudinal plane of symmetry.

Visualization of a jet tornado-like swirling flow in the dimple is performed by intro-
ducing a tape formed by labeled liquid particles in the vicinity of special points, such as
foci on the left (red) and right (blue) slopes of the conical dimple (Figure 3e,f). In the case
of Rzmin , a jet is generated in the dimple, spreading at an angle of 45◦ from left to right,
with the flow out of the dimple on the windward right slope. For Rzmax , the generated jet is
inclined at an angle of 45◦ from right to left, and the air flow swirling in it comes out on
the left windward slope of the dimple. Thus, the two-cell vortex structure in the dimple is
periodically rearranged with a change in the inclination of the transported swirling flow
from left-to-right to right-to-left and back during the half-period of the self-oscillating
flow regime.

It is interesting to note that the pattern of air spreading over the bottom of the dimple
is consistent with the structure of swirling jet streams in the dimple.
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The distributions friction f (made non-dimensional by twice the velocity head, rhoV2),
Nusselt number and temperature Tw (non-dimensional with respect to Tre f ) in the longitu-
dinal and transverse median sections of the conical dimple are compared at an oscillation
period Rz equal to 60 (Figure 4).

The curves are plotted in 10 steps in time. The self-oscillating nature of the flow
around the conical dimple is illustrated, first of all, by the cyclic changes of the considered
characteristics in the middle cross-section. Extreme values of dimensioned friction, Nusselt
numbers and dimensioned temperatures periodically shift from right to left and back. It is
interesting to note that the oscillating zone of intense reverse flow with minimal friction is
rather narrow and is characterized by absolute values 2.5 times greater than the friction in
the adjacent areas of the dimple bottom. It should also be emphasized that the maximum
values of friction and Nusselt numbers are achieved in the near-edge windward zone of
the dimple and in the area of conjugation of the bottom and the windward slope of the
dimple at t∗ = 10 and 50.

At the same time, the temperature decreases in the region of the windward edge and
slightly increases at the point where the bottom meets the leeward slope.

The oscillation of the local extreme values of the velocity components of the return and
secondary flow in the conical dimple at the oscillation period Rz is shown in Figure 5. It is
interesting to note that −Umin changes insignificantly (in the range of 0.369–0.373), while
Wmax and −Wmin are inferior in magnitude by 1.5−2 (the range of fluctuations is from 0.205
to 0.25).

Comparison of the temperature distribution on the smooth wall of the plane-parallel
channel and the temperature averaged over the oscillation period Rz on the dimpled wall
in Figure 6 shows the formation of temperature fields symmetric with respect to the median
longitudinal section of the channel. The maximum temperature values on the surface of
the dimple are significantly higher than the maximum temperature in the plane-parallel
channel (about 2%). The zones of maximum temperature are located on the side slopes of
the dimple in the vicinity of the centers of generation of tornado-like jet-vortex structures.

Figure 7 compares the results on thermal efficiency for a rectangular control section
with a conical dimple, a square section in the wake behind the dimple with a size of
1.5 × 1.5 and a section bounded by the contour of the dimple, as well as the results for
relative hydraulic losses in the channel in the control section, a section in the near wake
behind the dimple and the area bounded by the contour of the dimple at the oscillation
period Rz. The hydraulic losses in a narrow channel with a conical dimple are calculated
according to the method presented in [34].

The evaluation of the thermal efficiency of the dimpled channel in relation to the
heated wall of a smooth plane-parallel channel demonstrates a periodic change in
Numm/Nummpl in time over the period of oscillations Rz. The thermal efficiency values are
fundamentally dependent on the heated wall section. On the control plot with a dimple,
the range of variation of the relative Nusselt numbers is rather narrow and amounts to
1.035–1.041 (about 4% increase). It is interesting to note that in the near wake behind a
conical dimple in a square area, the thermal efficiency significantly (about 19%) increases
and changes in the range 1.189–1.1935. At the same time, in the area inside the conical
dimple, the thermal efficiency is much less than unity and varies within a small range of
0.5955–0.604.

The relative hydraulic losses in the control section in the channel with the dimple
are quite significant in comparison with the thermal efficiency and vary in the range
1.1525–1.154. In the area of the flat wall in the near wake behind the dimple, the relative
hydraulic losses are small and vary in the range 1.0237–1.0246. It is interesting to emphasize
that the thermal-hydraulic efficiency of the area in the near wake behind the dimple
significantly exceeds 1 and averages about 1.16. The relative hydraulic losses of the channel
section surrounding the conical dimple are large and vary in the range 1.324–1.3275.
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4. Conclusions

Numerical modeling of the periodic quasi-switching regime of vortex generation and
heat transfer in a deep conical dimple with a slope angle of 10◦ on the heated wall of a
narrow channel was carried out on the basis of solving the unsteady Reynolds-averaged
Navier–Stokes equations (URANS). When calculating the turbulent regime of the periodic
one, the Menter 2003 model of the transfer of shear stresses, modified by taking into
account the influence of the curvature of streamlines within the framework of the Rodi–
Leshtsiner–Isaev approach, was used. Setting the fully developed air flow in the channel
and the absence of air movement in the dimple as an initial approximation, the unsteady
problem of reaching the self-oscillating flow regime in the dimpled channel with a periodic
change in the local and integral characteristics of the flow and heat transfer, in particular,
with a cyclic change in the transverse load Rz, was solved. Computer visualization of
patterns of air spreading over the dimple surface did not demonstrate the formation of
foci-type sources on the side faces of the dimple and the switching nature of the flow
around the bottom. The identification of swirling jet-vortex flows inside the dimple by the
method of tagged particles shows that a two-cell vortex system with different intensities
of inclined swirling jet flows at the oscillation period Rz is formed in the self-oscillatory
mode. In this case, the angle of inclination of the jets changes in the range of +/ − 45◦. At
Re = 104, the oscillation period of the transverse Rz and longitudinal forces Rx, as well as
the total heat transfer Numm to the control section of the heated channel wall with a dimple,
was set equal to 60, which corresponds to the Strouhal number St = 0.0167. Periodic
changes in friction, Nusselt numbers and temperature were recorded in the longitudinal
and transverse median sections of the dimple and reflect the oscillations of the vortex
structure from left to right and from right to left. The formation of a fan jet is shown, which
oscillates relative to the plane of longitudinal symmetry, causing a redistribution of power
and thermal loads. In general, fluctuations of local extreme and integral characteristics
during the period of self-oscillations were small. There was also a zone of high thermal
efficiency behind the conical dimple, the growth of the total averaged heat transfer in
which it reaches 20%, while hydraulic losses increase extremely insignificantly and do not
exceed 2%.
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