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The influence of the Reynolds number on the patterns of separation laminar and turbulent flows around a
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on the basis of the solution of the differential mass- and energy-conservation equations, the Navier–Stokes
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Introduction. Methodical interest in the numerical analysis of the convective heat transfer in a flow around an
isolated spherical hole on a plate has increased in the past few years in many respects because of the renewal of sys-
tematic physical experiments on new stands (Germany, Australia, Ukraine, and Russia) with the use of modern (PIV)
means for diagnostics of vortex flows, gradient transducers of heat flows, and heat-resistant coatings (see, e.g., [1]).

The identification of jet-vortex structures formed in a separation laminar flow of an incompressible viscous
fluid around a spherical hole, made in [2–5], lends support to the pattern of this flow obtained earlier as a result of
its experimental visualization [6]. It has been shown that, in the case of such a flow around an isolated hole with
rounded edges, two symmetric vortex cell are formed on the side surface of the hole and in them there arise self-or-
ganizing swirling tornado-like jets interacting in the symmetry plane. From the map of flow regimes obtained in [5]
it follows that, as the Reynolds number Re increases from 100 to 2500, a laminar flow without separation around a
plane wall with a deep hole (0.2 in fractions of the hole-spot diameter) is changed for the separation one. In this
case, a characteristic of the regime of flow without separation is the fluid spreading on the curvilinear wall in the
form of smooth continuous tracks of fluid particles deviating into the concavity due to the effect of drawing of fluid
into the decreased-pressure zone. The separation of the flow from the rounded edge at Re of the order of 200–300
leads to the formation of local thin bubbles at the lee side of the hole; these bubbles are filled with a practically re-
tarded fluid and initially occupy a very small part of the hole. In the bubbles there arises a weak reverse flow with
tracks of particles moving to meet the incident flow. The external flow perceives the bubbles as barriers and bends
around them smoothly.

As Re increases to �700, the motion of the fluid in the separation zone intensifies, and this zone itself be-
comes thicker and occupies an ever-growing part of the hole. In this case, the reverse flow in the central region of the
hole is almost two-dimensional in character, i.e., the streamlines in the neighborhood of the symmetry plane are prac-
tically parallel. A Π-shaped vortex is formed in the spherical hole, and in it there arises a mass transfer from the sepa-
ration zone of the hole through its side windows between the separation line and the line of reattachment of the flow
at the windward side of the hole.

Three-dimensional effects arise in the flow at Re of the order of 103 when focus-like singular points appear
in the pattern of the fluid spreading on the side surface of the hole. At these points there arise spouts in the form of
tornado-like swirling jets that initially build into the Π-shaped vortex and then, because of the unwinding of the flow
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and the decrease in the pressure at the center of the hole, begin to thread the space inside the hole and interact in the
symmetry plane. At a later time the separation zone and the windows close (at Re of the order of 1500) and the Π-
shaped vortex is transformed into a system of two symmetric vortex cells. At Re = 2500 [3], in a deep spherical hole
there arises an intense separation three-dimensional flow with characteristic flow-forming elements: interacting swirling
jets passing through the flattened toroidal vortex rings. The paths of fluid particles in the rings represent closed spirals
beginning at the center of the hole and running to its periphery along the outer radius and in the reverse direction
along the inner radius. It should be noted that, in the above-described numerical investigations of a laminar flow
around a spherical hole on a plane, attention was centered on the analysis of the vortex structure formed in a deep
(Δ = 0.2) hole with a rounded edge (of the order of 0.1) and problems on the intensification of heat transfer in this
flow were practically not considered. Moreover, these investigations were limited by the range of Re numbers (not
larger than 2.500) and were carried out on the assumption that the thickness of the boundary layer remains unchanged
throughout the depth of the hole.

In [7–20], methodical numerical investigations of a turbulent flow of an incompressible viscous fluid around
a spherical hole were carried out for hole depths and Reynolds numbers varying in wide ranges with primary consid-
eration for the intensification of convective heat transfer in the hole. In these investigations prominence was given to
the improvement of the computational procedure based on the factorized finite-volume algorithm of solving the
Navier–Stokes equations averaged by Reynolds and the substantiation of the choice of the semiempirical model of tur-
bulence. In one of the first works [7] carried out by us jointly with experimenters from the N. E. Bauman Moscow
State Technical University, turbulent flow around a shallow spherical hole on a plane plate was calculated with the use
of a fairly coarse multiblock grid and a two-parameter dissipative model; it should be noted that the predicted values
of the extremum pressure were in fairly satisfactory agreement with the corresponding measurement data. It has been
established that even a small concavity on a wall influences substantially the pressure field and gives rise to the for-
mation of a large low-pressure zone into which the fluid from the area surrounding the hole flows.

A further substantial increase in the quality of the numerical simulation of flows was attained due to the de-
velopment of original multiblock computational technologies realized with the use of the specialized VP2 ⁄ 3 package
(velocity–pressure) in the two-dimensional and three-dimensional versions and the model of shear-stress transfer pro-
posed by Menter [21, 22]. The use of intersecting multiblock grids of simple topology made it possible to determine
and correctly represent different-scale structural elements of a vortex flow and the temperature field in it. A significant
result of the numerical investigations carried out in [9, 10, 18] is establishment of the fact that the vortex structure of
a turbulent flow in a deep (Δ = 0.22) hole can experience bifurcation in the case where, depending on the prehistory
of the flow, in the hole there arise two symmetric vortex cells similar to the cells formed in the above-considered
laminar flow around a spherical hole or an asymmetric single-tornado structure with a transverse flow of fluid from
one half of the hole to the other. The bifurcation of a separation flow around a spherical hole is in essence evidence
that this flow has a hysteresis nature. The change of a symmetric flow around a spherical hole for the asymmetric one
leads to an intensification of the secondary vortex-jet flow and, as a consequence, to a jump-like increase in the heat
transfer in the hole and in its neighborhood [13–15]. The disclosure of this effect stimulated the development of asym-
metric oval holes inclined at an angle to the incident flow and possessing a higher heat transfer and a better thermal-
hydraulic efficiency as compared to the spherical analogs [1, 16, 20, 21].

In a number of works [1, 6, 12, 17, 19], the VP2 ⁄ 3 package and multiblock computational technologies were
verified and the choice of the Menter’s model of shear-stress transfer modified with account for the curvature of the
flow lines within the framework of the Rodi–Leschziner approach with introduction of an additional constant to the
function correcting the vortex viscosity [22] was substantiated.

The map of regimes of turbulent flow around a spherical hole [14] illustrating the influence of the depth of
the hole on the fluid spreading is by and large analogous to the map of laminar-flow regimes realized at increasing
values of Re. However, a significant feature of the turbulent regime of flow is that between the separation and attach-
ment flow lines there arises a window through which fluid flows to the separation zone, i.e., the hole entraps a fluid
mass from the incident flow and transfers it through the internal jet flows.

In the present methodical investigation, a uniform flow around a plate heated to 100oC with a spherical shal-
low hole having a sharp edge (Δ = 0.13) is considered. Unlike the earlier works, prominence is given to the analysis
of laminar separation flows with Re > 2500, the comparison of laminar and turbulent flows around the indicated plate
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for the purpose of determining the role of the hole as a vortex generator, and the estimation of the thermal-hydraulic
characteristics of the plate.

Formulation of the Problem and Method of Its Solution. Unlike [12], where a boundless plate with a
spherical hole of depth 0.13 was considered and the thickness of the boundary layer at the input of the computa-
tional region was prescribed, in the present work, to avoid the difficulties associated with determination of the input
boundary conditions, especially in the laminar regime of flow, the conditions corresponding to a uniform air flow
with u = 1 and v = w = 0 are set at the right boundary of the computational region. In this case, the characteristics
of turbulence are formulated, as in [12], so that they correspond to the conditions of an aerodynamic experiment: Tu
= 1% and the scale of turbulence is of the order of the characteristic size — the diameter of the hole spot d. The
Reynolds number selected in accordance with the parameters of the incident flow and the characteristic size varies
from 3⋅103 to 2⋅104.

A hole is positioned on a plate of size 3.77 × 3.4 symmetrically relative to its sides, and the center of the
hole is at a distance of 1.53 from the leading edge of the plate (Fig. 1a). The origin of the Cartesian coordinate sys-
tem x, y, z coincides with the projection of the center of the hole on the plane, and the coordinates of the hole center
are 0, −0.13, 0.

The computational region has a height equal to 5. The symmetry conditions are set at the side and upper
boundaries of the computational region, and the soft boundary conditions (the conditions of continuation of solution)
are set at its output boundary [21]. The adhesion conditions are set at the wall around which the fluid flows.

As in [12], the lower wall is held at a constant temperature T = 1.273, and, as the characteristic temperature,
a temperature of incident flow equal to 293 K is selected.

The laminar air flow around the plate with a hole and the convective heat transfer in it are calculated at Re
numbers changing within the range 3⋅103–9⋅103 on the basis of solution of the steady-state Navier–Stokes equations for
an incompressible viscous fluid and the energy equation by the finite-volume method. For comparison, the turbulent
heat transfer near the plate with a hole is calculated at Re = 2⋅104. In this case, the steady-state Navier–Stokes equa-
tions averaged by Reynolds and the energy equation are solved. The formulation of the problem is described in detail
in [21].

Fig. 1. Plate with a shallow spherical hole with separation zones (a), hole
without separation of edges (b), and multiblock grids (c): 1) rectangular grid
in the computational region on the plate; 2) oblique grid in the areal of the
spherical hole.

849



The conception of splitting by physical processes forms the basis for the SIMPLEC computational procedure
of pressure correction developed for solving the problems on convective heat transfer with the use of partially super-
imposed multiblock grids.

For decreasing the numerical-diffusion effects, caused by the errors in the approximation of the convective
terms of the momentum equation, Leonard’s scheme with an upwind quadratic interpolation is used.

The original multiblock computational technologies are realized with the use of the specialized VP2 ⁄ 3 pack-
age [21, 22].

The problem is solved with the use of a multiblock computational grid containing cells of the order of 500
thousand. The grid is composed of two different-scale fragments: 1) a rectangular grid with a bunching of nodes to a
wall for representation of the flow near the wall; 2) a curvilinear grid adjacent to the wall with a spherical hole, co-
ordinated with the surface of the hole and bunching to the wall (a scalene grid with vertical lines perpendicular to the
upper boundary of the computational region). By analogy with [17, 21], the edges of the spherical hole are not sepa-
rated and a fairly fine grid is constructed in the neighborhood of the hole. This approach seems to be well suited for
solving the problem being considered, even though the passage from the spherical surface to the plane wall is not
smooth (Fig. 1b).

The subregion in which the grid surrounding the spherical hole is constructed has a length of 3.35 (the center
of the hole is at a distance of 1.49 from its input boundary), a width of 2.56, and a height of 0.4. Grids 1 and 2
differ by the spacings between the grid lines, which is determined by the resolution of the structural elements of the
flow and the temperature field. The minimum pitches in the longitudinal and transverse directions are taken to be
equal to 0.1 for grid 1 and 0.02 for grid 2. The near-wall pitch is equal to 10−4.

The multiblock grid consists of an outer grid containing 39 × 56 × 31 cells, into which a scalene grid with
117 × 42 × 91 cells surrounding the hole is built (Fig. 1c).

Analysis of Results. Some of the results obtained are presented in Figs. 2–6 and in Tables 1 and 2, where
data on the local and integral characteristics of the convective heat transfer, including the velocity components, the tem-
perature, the drag Cx, and the heat transfer Num averaged over the area of a separated region of the wall, are collected.
The distributions of the relative values of the heat transfer along the longitudinal and transverse coordinates Nu

___
 ⁄ Nu

___
pl

averaged over the transverse and longitudinal strips of the separated region with a spherical hole are compared. The
distributions of the relative values of the local heat transfer Nu/Nupl over x and z are also compared. 

Of particular interest is the evolution of vortex structures in a shallow hole and their correspondence to the
physical analogs. As in [6, 9, 10, 16, 21], computer visualization of elements of the vortex-jet structures is performed
with the use of the TECPLOT package on the basis of the representation of the spatial trajectories of marked fluid
particles passing through definite points of the space.

Before the visualization of the spatial structures of a flow, we constructed the lines of fluid spreading on the
surface by analogy with application of a soot-oil coating on the wall around which the fluid flows.

The patterns of fluid spreading in the neighborhood of the shallow hole, shown in Fig. 2, supplement the map
of flow regimes presented in [5]. Of course, in this case, a correction for the influence of the depth of the hole (Δ =
0.22 in [5]) should be made; however, in the present work the range of change in Re is much wider.

As was noted above, in the patterns of fluid spreading on the side surface of a spherical hole there arise
focus-like singular points, and at Re = 3⋅103 these points are inside the zone bounded by the line of flow (Fig. 2a).
At Re numbers smaller than 5⋅103 (Fig. 2b) the separation laminar flow in the shallow hole is symmetric in character,

TABLE 1. Influence of the Reynolds Number on the Extremum Characteristics of the Flow

Characteristics
Re

3000 5000 9000 20 000

umin –0.163 –0.178 –0.196 –0.220

umax 1.09 1.076 1.07 1.061

wmin –0.089 –0.144 –0.103 –0.143

wmax 0.089 0.144 0.209 0.143

vmin –0.04 –0.043 –0.079 –0.060

vmax 0.117 0.123 0.179 0.262
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while at Re = 9⋅103 (Fig. 2c) the symmetric flow in the hole changes to an asymmetric one similar to the turbulent
flow in the deep (Δ = 0.22) hole [13–15]. It should be noted that in the experiments carried out at the indicated
Reynolds number (Re = 9⋅103) in a hydraulic channel [23] an analogous regime of laminar flow around a sharp-edge
hole with a close depth Δ = 0.1 was detected. A characteristic of a turbulent motion of an incompressible fluid along
a wall with a shallow hole, as was shown in [11, 12], is the fluid spreading with the formation of two symmetric vor-
tex cells (Fig. 2d).

It is interesting to analyze how the sizes and the characteristic boundaries of the separation zone change
with increase in the Reynolds number. The separation lines on the lee side of the hole are practically coincident
with its edges shown by the dashed lines in Fig. 2a–f throughout the range of change in Re. As Re increases from
3⋅103 to 5⋅103, the line of flow attachment at the windward side approaches the trailing edge of the hole, i.e., the
sizes of the separation zone increase. Note that at large Reynolds numbers the attachment line has a spiral end.

From Fig. 2g, where the profiles of the longitudinal-velocity components at the center of the hole are com-
pared, it follows that the reverse flow in the hole intensifies, the u(y) profile becomes more filled, and the maximum
velocity of the separation flow increases by more than 10% (Table 1) with increase in Re. It is significant that the
pattern of fluid spreading on the side surfaces of the hole changes cardinally in this case (Fig. 2e and f). As was ear-
lier noted, windows are formed between the separation and attachment lines. At Re ≤ 3⋅103 the windows are opened
downwind and fluid is carried out through them from the separation zone (Fig. 2e). The focus-like singular points are
inside the zone bounded by the attachment line. At Re = 5⋅103, on the contrary, the windows are opened to meet the

TABLE 2. Influence of the Reynolds Number on the Integral Thermal-Hydraulic Characteristics of the Separated Regions

Re Num Cx Num/Num.pl Cx
 ⁄ Cxpl HHE

1.5 × 1.5 (region in the wake of the hole)

3000
10.61
11.42

0.0092
0.0095

1
1.076

1
1.032

1
1.043

5000
13.54
14.7

0.0068
0.0071

1
1.086

1
1.044

1
1.040

9000
18.00
19.7

0.0049
0.0049

1
1.094

1
1

1
1.094

20,000
48.69
57.19

0.0060
0.0062

1
1.175

1
1.033

1
1.138

1.5 × 1.5 (region surrounding the hole)

3000
14.26
10.52

0.0123
0.0105

1
0.738

1
0.854

1
0.864

5000
18.2
13.1

0.0092
0.0082

1
0.720

1
0.891

1
0.808

9000
24.2
17.5

0.0066
0.006

1
0.723

1
0.909

1
0.795

20,000
47.86
58.6

0.0058
0.0148

1
1.223

1
2.55

1
0.480

Note. The values in the numerator were determined at Δ = 0, and the values in the denominator — at Δ = 0.13.
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incident flow; fluid flows through them into the hole and, in doing so, intensifies the circulation flow (Fig. 2f). In this
case too, the singular points represent the ends of the separation line.

As Re increases, the sizes of the input windows increase, though, in the asymmetric-fluid-spreading pattern
(Re = 9⋅103), one window is closed (Fig. 2c) and fluid flows into the hole predominantly from the opened window
(positioned on the left side in Fig. 2c). In this case, in the spherical hole there occurs an intensive transverse fluid
flow, and a part of the fluid flowing into the hole is drawn in the neighborhood of the singular point found on the
right side surface of the hole. By and large the flow in one of the vortex cells becomes more intense than the flows
in the other cells, and the sizes of this cell increase significantly.

Fig. 2. Patterns of fluid spreading (with separation of edges of the hole) and
profiles u(y) (g) and T(u) (h) at the central point of the hole at Re = 3000 (a,
e; curves 1, 5 — g, h), 5000 (b, f; 2, 6 — g, h) 9000 (c; 3, 7 — g, h), and
2⋅104 (d; 4, 8 — g, h). The dashed lines 1–4 in Fig. 2g and h correspond to
the plane plate.
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In the case of a turbulent flow around a shallow hole (Re = 2⋅104), as in the case of laminar flow at
Reynolds numbers smaller than 5⋅103, the fluid spreading is symmetric (Fig. 2d) with a substantially smaller separa-
tion-flow zone. The height and length of this zone is smaller than that for laminar flow (Fig. 2g). At the same time,
the input windows on the incident-flow side are much wider and the focus-like singular points are positioned on the
lee side of the hole near its edge (Fig. 2d).

The tendency for intensification of a circulation laminar flow in a hole with increase in the Re number, re-
vealed in [5], is retained at Re ≥ 3⋅103 (Table 1). Of special note is the increase in the intensity of the secondary flow
in the hole (wmax changes from 0.14 to 0.21 with increase in Re from 5⋅103 to 9⋅103, and wmax in absolute value is
two times larger than wmin and is equal to the maximum, in magnitude, velocity of the reverse flow umin). Not only
the transverse-flow velocity, but also the velocities of the downflow and the rising flow, increase in this case. Note-
worthy is the fact that, when Re increases, the profile of the velocity of the incident flow changes (Fig. 2g), with the
result that the thickness of the boundary layer on the plate decreases markedly, which also influences the intensifica-
tion of the reverse flow.

As was shown in [21], the asymmetric laminar flow around a spherical hole is much more intense than the
symmetric one. At the same time, even though the intensity of the secondary flows decreases (Table 1), the maximum
velocity of the reverse turbulent flow in the hole is somewhat higher than that of the laminar flow. Undoubtedly the
field of the variable vortex viscosity has a predominant influence on the transfer processes and intensifies them. It was
noted in [21] that the hole operating in the turbulent regime plays the role of a turbulence generator influencing, first
of all, the heat-transfer processes. As follows from the temperature distributions in the hole, shown in Fig. 2h, turbu-
lization of the flow around the hole cardinally changes the temperature field, with the result that the whole inner re-

Fig. 3. Influence of Re on the evolution of the vortex-jet structure in the shal-
low spherical hole: Re = 3⋅103 (a), 5⋅103 (b), 9⋅103 (c), and 2⋅104 (d).
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gion of the hole (and not only the separation zone) is rapidly heated and the heat flows are significantly increased. In
this case, the temperature gradient inside the hole is comparable to the temperature gradient at the corresponding point
on the plane wall, while this gradient is much smaller for the laminar regime.

As follows from the patterns shown in Fig. 2, the fluid spreading on the side surface of the spherical hole
includes singular points. The fluid concentrated at these points flows out from them in the form of swirling jets.
Therefore, it is desirable that the given points of the visualization trajectories of marked particles are in the neighbor-
hood of the singular points positioned above the wall. For the patterns shown in Fig. 3 these points have the following
coordinates: (−0.062; −0.068; �0.346), (0.062; −0.03; �0.346), and (−0.45; −0.03; 0) at Re = 3⋅103, (−0.084; −0.058;
�0.36), (−0.084; −0.03; �0.36), and (−0.45; −0.03; �0.002) at Re = 5⋅103, (−0.074; −0.118; 0.138), (0.029; −0.09;
0.281), (0.029; −0.03; 0.281), and (−0.55; 0.002; −0.3) at Re = 9⋅103, (−0.11; −0.022; �0.44) and (−0.11; −0.022;
�0.22) at Re = 2⋅104.

In Fig. 3, on the axonometric projections of the patterns of fluid spreading on the surface of a shallow hole,
considered earlier, the spatial tracks of marked particles visualizing the vortex-jet structures of the three-dimensional
separation flow around this hole are imposed. In the computer visualization of flows, prominence is given to the for-

Fig. 4. Influence of the Reynolds number on the distribution of the local char-
acteristics at the longitudinal and transverse middle sections of the plate: Cp(x)
(a), Cf

 ⁄ Cfpl(x) (b), Nu ⁄ Nupl(x) (c), Cp
 ⁄ Cppl(z) (d), Cf

 ⁄ Cfpl(z) (e), Nu ⁄ Nupl(z)
(f); Re = 3⋅103 (1), 5⋅103 (2), 9⋅103 (3), and 2⋅104 (4).
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mation of tornado-like structures, the centers of which are focus-like singular points in the fluid-spreading patterns. In
the case of a symmetric flow in the hole, the jets interact in the symmetry plane and, in doing so, generate a fan jet
in its neighborhood. The flow patterns change substantially with increase in Re. As Re increases from 3⋅103 to 5⋅103,
the axes of the swirling jets in the hole incline at an increasing angle to the incident flow (Fig. 3a and b), and at Re
= 5⋅103 the axis of the jet flowing from a singular point is practically beyond the symmetry plane. It is interesting that
marked particles from different regions of the incident flow enter a swirling jet and visualize it. For example, at large
Re of the order of (5–9)⋅103, particles from the near-wall region of the hole, into which they arrive from the shear
layer, enter the swirling jet. The space trajectories of particles in the near-wall layer follow the fluid-spreading lines
on the curvilinear wall (Fig. 3c). In the case of an asymmetric flow, the marked particles are carried with a shift from
the middle plane of the hole, and in the highly intensive fluid motion in the hole there arises a vortex ring observed
earlier in the deep holes at smaller Reynolds numbers [3, 4].

The pattern of a three-dimensional turbulent flow in the hole at Re = 2⋅104 is similar to the pattern of a lami-
nar flow at a moderate Re number of the order of 103. In any event the axes of the interacting jets are inclined at a
small angle to the incident flow. The motion of particles in the turbulent flow, unlike that in the laminar flow at Re
= 9⋅103, is ordered in character, i.e., the curvilinear surfaces formed by the paths of the rotating particles are enclosed
into each other. It should be noted that a three-dimensional vortex flow of fairly complex topology is realized in the
very narrow layer near the wall of the hole, which predetermines the difficulties of its experimental analysis.

The distributions of the local characteristics of a flow and the heat transfer in the longitudinal and transverse
cross sections of the shallow hole on the heated plate are presented in Fig. 4. In the case of uniform laminar or tur-
bulent flow at the input of the plate, in the initial region of this gradient-free near-wall flow there arises a zone with
a sharply decreasing pressure (Fig. 4a). The distribution Cp(x) in the region of the hole depends substantially on Re
and the character of the flow; however, it has typical features. Upstream and downstream of the hole there are low-
pressure zones; the pressure in the separation zone is practically constant, and it increases fairly sharply at the wind-
ward side.

The negative-friction zones represent the boundaries of the separation zones (Fig. 4b). In a laminar flow, the
boundaries of these zones remain practically unchanged when Re increases within the range being considered. When
passing to the turbulent regime, the separation zone decreases substantially and its intensity increases. In the vicinity
of the trailing sharp edge, Cf experiences a discontinuity: Cf

 ⁄ Cfpl increases sharply to 6 at the windward side of the
hole, and a local separation takes place on the plane-wall side. In any regime, the flow upstream of the hole acceler-
ates and the differential pressure increases by 1.5–2 times.

The local relative heat transfer Nu ⁄ Nupl(x) at the middle cross section of the plate with a hole decreases
sharply within the hole and increases analogously in the wake of it (Fig. 4c). As Re increases, this quantity initially

Fig. 5. Influence of Re on the patterns of relative-heat-transfer isolines includ-
ing fluid-spreading lines: Re = 3⋅103 (a), 5⋅103 (b), 9⋅103 (c), and 2⋅104 (d).
The lines to which numerical values are assigned correspond to Nu ⁄ Nupl = 0.2
(1), 0.6 (2), 1 (3), 1.2 (4), 1.4 (5), 1.8 (6), and 2.2 (7).
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decreases in the regime of symmetric laminar flow around the hole and then, in the regime of asymmetric flow, in-
creases sharply. In the case of turbulent flow around the hole, the relative heat transfer at the lee side of the hole is
somewhat increased, even though its maximum value in the region of the trailing edge is lower than for the laminar
regime at Re = 9⋅103.

At the transverse middle section of the hole, the differential pressure Cp
 ⁄ Cppl has a local maximum in the re-

gion of the side edges (Fig. 4d), the relative friction Cf
 ⁄ Cfpl decreases strongly when passing from the laminar regime

of flow to the turbulent one (Fig. 4e), and the relative heat transfer Nu ⁄ Nupl(z) increasing by a certain value in the
region of the edge (by approximately 8%), in the central region of the hole, and in the laminar regime of flow differs
strongly from that in the turbulent regime, even though it retains a local maximum in this region (Fig. 4f). As Re in-
creases, the minimum values of Nu ⁄ Nupl decrease gradually and approach zero, at Re = 9⋅103 the distribution
Nu ⁄ Nupl(z) becomes asymmetric, and in the turbulent regime of flow the maximum value of Nu ⁄ Nupl reaches unity.

As is seen from Fig. 5, in the laminar regime of flow the zone of minimum relative heat transfer in the hole,
bounded by curve 1, increases with increase in Re. In the case of turbulent flow around the hole, only in its central
region does a fairly narrow region arise with an increased value of Nu ⁄ Nupl. In the other regions the heat transfer ex-
ceeds that for the plane wall. In the vicinity of the trailing edge there takes place a peak of Nu ⁄ Nupl, and this peak
increases gradually with increase in Re. However, the zone most productive for intensification of heat transfer is in the
wake of the hole. When Fig. 5 is analyzed, it is easy to see that, as Re increases, the zone of increased heat loads
(e.g., the zone bounded by curve 4 with Nu ⁄ Nupl = 1.2) widens gradually. It is especially large in the turbulent re-
gime of flow (Fig. 5d).

The last-mentioned group of results concerns the integral characteristics of the flow and the heat transfer near
the separated region of size 2.5 × 1.5 with a hole (Fig. 6). Analogous results for the region of size 1.5 × 1.5 in the
wake of the hole and for the region surrounding the hole (Table 2) were also analyzed.

Fig. 6. Influence of Re on the longitudinal (a) and transverse (b) distributions
of the Nu

___
 ⁄ Nu

___
pl values averaged over the transverse and longitudinal strips of

the control region with a hole: Re = 3⋅103 (1), 5⋅103 (2), 9⋅103 (3), and
2⋅104 (4), and on the integral thermal-hydraulic characteristics of this region
(c): 5) Num

 ⁄ Num.pl; b) Cx
 ⁄ Cxpl; 7) heat-hydraulic efficiency (HHE).
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As in the case of relative local heat transfer in the laminar regime of flow, the value of Nu
___

 ⁄ Nu
___

pl(x) averaged
over a transverse strip of the region being considered decreases gradually within the hole and, on the contrary, in-
creases in the region of the sharp edge with increase in Re (Fig. 6a). In this case, in the wake of the hole the distri-
butions of Nu

___
 ⁄ Nu

___
pl(x) for different values of Re are similar. A turbulization of the flow changes the form of

Nu
___

 ⁄ Nu
___

pl(x) and leads to a fairly large increase in the total relative heat transfer in the near wake.
Averaging over the longitudinal strips gives a better representation of the intensification of the vortex heat

transfer in the region with a hole (Fig. 6b). In the laminar regime of flow the value of Nu
___

 ⁄ Nu
___

pl(z) in the vicinity of
the middle section of the hole decreases progressively with increase in Re, and this decrease ceases only when an
asymmetric flow is realized. However, one can see a region of decreased summarized heat loads on the side of out-
flow of fluid from the hole (i.e., to the right of the symmetry plane) that cancels, in fact, all the advantages of the
heat-transfer intensification in the near wake. The local increase in Nu

___
 ⁄ Nu

___
pl(z) in the strip of the hole edges is small

(of the order of 10%). In the case of turbulent flow around the hole, the maximum value of Nu
___

 ⁄ Nu
___

pl reaches 1.3 at
a bell-shaped distribution of the averaged relative heat transfer (Fig. 6b).

Integrating the local force and heat characteristics in the region with a hole, we obtain their average values
and determine the heat-hydraulic efficiency of the heat transfer intensification method being considered. As follows
from Fig. 6c, these characteristics remain practically unchanged and do not exceed unity in the laminar regime of flow
in a wide range of change in Re. In the case of turbulent flow around the hole (at Re = 2⋅104), the value of
Num

 ⁄ Num.pl reaches 1.18, while Cx
 ⁄ Cxpl increases to 1.43. Thus, the heat-hydraulic efficiency is smaller than unity

and is equal to 0.8.
It is interesting to analyze the reasons for such behavior of the average characteristics with change in Re. For

this purpose we will consider the data presented in Table 2. It may be suggested that the separated region of size 1.5
× 1.5 positioned in the wake of the hole and making contact with its edge has a minimum aerodynamic drag. At the
same time, as already noted, it is in this region that the zone of increased heat loads is located. As a result, as Re
increases in the laminar flow, Num

 ⁄ Num.pl increases monotonically from 1.08 to 1.09 and Cx
 ⁄ Cxpl does not exceed

1.03–1.04. Thus, a fairly moderate intensification of heat transfer takes place, and the heat transfer increases ahead of
the aerodynamic losses. In the spherical hole, on the contrary, Num

 ⁄ Num.pl does not exceed 0.72–0.74 and Cx
 ⁄ Cxpl

changes in the range 0.85–0.91. Thus, the hole gives rise to a significant cooling effect along with a decrease in the
aerodynamic losses.

The increase in Num
 ⁄ Num.pl in the wake of the hole in the turbulent regime of flow is larger than that in the

laminar regime and is equal to 1.18 at a small increase (of 1.03) in the relative aerodynamic load. The increase in
Num

 ⁄ Num.pl within the hole is larger than that in the zone positioned in the wake and is equal to 1.22, and Cx
 ⁄ Cxpl

increases by a larger value — by 2.55 times. It is precisely this circumstance that explains the low thermohydraulic
characteristics of the region of the plate with a shallow spherical hole.

Conclusions. A comparative numerical analysis of the vortex dynamics and the heat transfer in the uniform
laminar and turbulent air flows around a plate heated to 100oC with a shallow spherical hole has been carried out.
Prominence was given to large Reynolds numbers changing within the range from 3⋅103 to 9⋅103. The map of flow
regimes was widened and the vortex-jet structures in the hole were identified. It has been established that the symmet-
ric fluid spreading on the side surface of the hole is transformed when the Re number increases from 3⋅103 to 5⋅103:
the focus-like singular points that are initially on the line of attachment of the separation flow then become the ends
of the separation line. As a result, windows are formed. Through these windows the air from the near-wall layer flows
to the hole and, in doing so, intensifies the circulation flow. At Re = 9⋅103, the fluid spreading becomes asymmetric,
and the intensity of the secondary flows caused by the transverse motion of the medium in the hole increases substan-
tially. In the turbulent regime of flow at Re = 2⋅104 the length of the separation-flow zone in the hole decreases sub-
stantially and, in it, a symmetric vortex structure is formed once again. Even though the intensity of the circulation
flow in the hole increases insignificantly as compared to that in the laminar regime of flow at Re = 9⋅103, the zone
of increased relative local heat loads inside the hole and in the areal surrounding it increases substantially, which
points to the fact that the hole plays an important role as a vortex generator. By and large, in the case of laminar flow
around the region with a shallow hole, the heat transfer from this region does not increase and aerodynamic losses do
not arise. The relative local heat losses inside the hole are very small (close to zero). In the turbulent regime of flow
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around the region with a hole of size 2.5 × 1.5, the relative heat transfer from this region increases moderately (by
approximately 18%), with the result that the total drag increases ahead of the losses to 1.43.

This work was carried out with financial support from the Russian Foundation for Basic Research (projects
No. 07-08-00635, 08-08-00065, and 08-01-00059) and DFG HA 2226 ⁄ 11-1.

NOTATION

Cf, coefficient of friction; Cp, pressure coefficient; Cx, drag coefficient of the plate region with a hole; d,
diameter of the spherical-hole spot, m; Nu, Nusselt number; Re, Reynolds number, Re = ρUd ⁄ μ; T, temperature in
fractions of 293 K; U, velocity of the incident flow, m ⁄ sec; u, v, w, longitudinal, vertical, and transverse compo-
nents, in fractions of U; x, y, z, longitudinal, vertical, and transverse coordinates, in fractions of d; Δ, depth of a
spherical hole, in fractions of d; μ, coefficient of dynamic viscosity, kg ⁄ (m⋅sec); ρ, density, kg ⁄ m3;  HHE �
(Num

 ⁄ Num.pl)
 ⁄ (Cx

 ⁄ Cxpl). Subscripts: 
_
 , quantities averaged over the separated strip; av, separated-strip size over

which the averaging is performed; min, max, minimum and maximum quantities; m, parameters averaged over the
area of a region; pl, plane wall.
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