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a b s t r a c t

The article is devoted to the analysis of vortex heat transfer enhancement due to the use of oval-trench
dimples. The main role in the understanding of this process is associated with the application of the tech-
nologies developed in engineering practice thanks to design decisions. As a result, prevailing interest has
been paid to a spherical dimple when a spot diameter is chosen as a characteristic size, whereas hydraulic
losses depend on the dimple-to-device size ratio. Progress in vortex heat transfer enhancement due to the
use of oval dimples is connected with the explanation of the mechanism of generation of both vortex
structures in dimples and spiral vortices behind them. An abrupt increase of heat transfer in the vicinity
of the spherical dimple due to the restructuring of the flow structure in the dimple with two vortices to
that in the dimple with one spiral vortex made it possible to propose a new shape of a surface vortex gen-
erator – an oval dimple located at an angle of inclination to the incoming flow and consisting of two
spherical dimple halves separated by a cylindrical insert. The generation of vortex structure in this case
is rather stable and intense in comparison to spherical dimple. The numerical results for vortex heat
transfer enhancement in the turbulent water flow in the rectangular narrow channel with spherical,
10�-truncated conical and oval dimples of the same spot area and depth at the heated wall are presented.
In the article, central attention is given to the mechanism of secondary flow restructuring and heat trans-
fer enhancement due to increase in a relative length and width of an oval dimple followed by the forma-
tion of a long spiral vortex in it. The change in the length of the oval dimple (in terms of its width) from 1
to 6.78 allowed one to rationally mount spiral vortex surface generators in the narrow channel with high
thermal and thermal-hydraulic efficiencies, significantly exceeding the identical characteristics of chan-
nels with spherical and conical dimples. In this case, moderate hydraulic losses in the channel with an
oval-trench dimple, when its length is increased to 6.78, are comparable to those in the channel with
a basic spherical dimple.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The topic of heat and mass transfer enhancement due to surface
vortex generators – dimples in a remarkable way combines the
fundamental and applied aspects of research. Growing interest to
this topic is primarily the result of achieving the effect of increas-
ing heat output coefficient at low (as compared to surface protru-
sions) hydraulic losses. Moreover, it features a wide range of
practical applications characterized by a variety of scales (from
micro to macro), flow regimes, geometric shapes, and determining
sizes of objects under study. Of extreme importance for this topic is
the technology of making dimples that in fact predetermine the
selection of simple-topology cavities in effort to investigate geo-
metric shapes. Not by chance, the overwhelming majority (more
than 90%) of the publications is devoted to heat transfer enhance-
ment due to spherical dimples. The fundamental aspect of vortex
heat transfer enhancement is also connected with the fact that it
serves as a polygon both for testing the developed and modified
semi-empirical turbulence models and for developing the efficient
methods of numerical simulation. Over several decades of solution
of the dimple problem the way has been passed from industrial
design to complex aero-thermophysical design of surface reliefs
with the implication of the principles of organization of vortex
structures. It has appeared that spherical dimples are not high-
performance vortex generators since maximum secondary flow
velocities generated by them do not exceed 30–40% of the bulk
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Nomenclature

b width of an oval dimple, in terms of spot diameter d
Cp pressure coefficient, Cp = 2(P � Pref)/qU2

Cc, Cl semi-empirical constants
cp heat capacity
d spot diameter of a spherical dimple (m)
f friction, f = sw/qU2

fl correction function
h height of a narrow channel, in terms of d
L cylindrical insert lengthening of an oval dimple, in

terms of d
k kinetic turbulence energy based on U2

Nu Nusselt number, Nu = ad/k
Nus Nusselt number integrated over the dimple region
P pressure (N m�2)
p pressure based on qU2

Pr Prandtl number, Pr ¼ lcp=k
q dimensionless surface heat flux
_q surface heat flux (Wm�2)
Re Reynolds number, Re = qUd/l
Rit turbulent Richardson number
s coordinate along the longitudinal middle cross section

of an oval dimple, in terms of d
T temperature, in terms of 293 R
t coordinate along the transverse middle cross section of

an oval dimple, in terms of d
THE thermal hydraulic efficiency
U bulk velocity (m/s)
u, v, w longitudinal, vertical, and transverse velocity compo-

nents, in terms of velocity U
V
!

local velocity vector, in terms of U
x, y, z longitudinal, vertical, and transverse coordinates, in

terms of d
x
!

radius-vector

Greek symbols
a heat transfer coefficient based on the spot area, _q/(Tw -

� Tbulk) (W m�2 K�1)
D dimple depth, in terms of d
f hydraulic loss coefficient
k thermal conductivity (Wm�1 K�1)
l dynamic viscosity coefficient (kg/(m s))

m kinematic viscosity coefficient, in terms of Ud
n dependent variable
q density (kg/m3)
s stress (N m�2)
v oval dimple lengthening, in terms of width b
x specific dissipation rate, in terms of U/d

Subscripts
bulk local bulk temperature
extr extreme value
f friction
m quantity averaged over the wall section strip
min, max minimum, maximum quantities
n quantity averaged over the projection area of the dim-

pled section
no quantity averaged over the area of the dimpled section
pl plane wall
ref reference value at the inlet
t turbulent
w local wall
‘ fluctuation characteristics
1 parameters determined over the 3 � 2 section with the

dimple center at the distance of 1 from the front bound-
ary of this section

2 parameters determined over the section surrounding
the dimple

Abbreviations
AMG algebraic multigrid accelerator
BiCGStab biconjugate gradient stabilized method
ILU0 preconditioner
QUICK quadratic upwind interpolation for convective kinemat-

ics
RANS Reynolds-averaged Navier-Stokes equations
RLI Rodi-Leschziner-Isaev
SIMPLEC semi-implicit method for pressure-linked equations

(convenient)
SST model shear stress transfer model
TVD total variation diminishing
VP2/3 velocity-pressure, 2D/3D version
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velocity. This fact exerts an influence on an attainable heat output
value on the windward side of the dimple and in its wake. More-
over, on the inner surface of the spherical dimple weak separated
flow zones are characterized by decreased heat transfer in compar-
ison to the plane wall. Therefore, to impart high thermal efficiency
to reliefs, very densely packed spherical dimples have been used.
As an alternative to spherical dimples, the following approach
has been proposed, which was actively developed in effort to
design asymmetric oval-trench dimples with a ‘spot area’ of oval
shape. These dimples consist of two spherical dimple halves sepa-
rated by a cylindrical insert. Dimples are located at an optimal
angle of inclination of about 45� to the incoming flow in the narrow
channel. The preliminary results have shown that oval dimples are
capable of producing secondary flows with maximum local veloc-
ities of about 80% of the characteristic bulk velocity in the channel.
This permits one to consider them as high-performance vortex
generators for heat transfer enhancement. This work analyzes the
results of vortex heat transfer enhancement and the choice of a
rational shape of an oval dimple located at the heated (q = const)
wall of the narrow channel. Terekhov’s experimental setup is cho-
sen as a test facility. It is a 2 � 0.33 rectangular channel, whose
wall is provided with oval dimples having a different-length insert
and a fixed ‘spot’ area, as in the case both of the basic spherical
dimple (the spot diameter is equal to 1) and of the 10o-truncated
conical dimple, whose shape is close to cylindrical, at a depth of
0.13 (in terms of ‘spot’ area diameter). The lengthening of the oval
dimple is varied from 1 to 6.78 in terms of its width. The Reynolds
number defined through the spot diameter d of the spherical dim-
ple and the water flow bulk velocity U is taken as equal to 104.
2. Heat transfer enhancement in channels with oval dimples

As known [1], one of the promising means to enhance heat
transfer in power equipment plants, including in heat exchangers,
is to organize discrete roughness on streamlined surfaces. How-
ever, when periodic protrusions are located, for example, at the
channel wall, a considerable increase in heat output is accompa-
nied by an advanced growth of hydraulic losses. Sometimes this
requires that extreme total pressure drops be assigned. It has
appeared possible to decrease hydraulic losses when protrusions
have been replaced by depressions. It is of importance to note that
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the discrete roughness relief at the wall was mainly predetermined
by the technology of its making. The early studied cylindrical cav-
ities formed by dimpling [2–4] were most ease to manufacture.
However, the hydraulic losses, when heat carrier was flowing in
the channel with such cavities, appeared to be very substantial.
Another rather simple shape of a cavity was a hemispherical dim-
ple made by pressing a sphere against a deformable wall. At first,
the experimenters [5–8] paid attention to such cavities, although
later they often considered segment-spherical dimples of a relative
depth of less than 0.5 (in terms of spot diameter). For example, the
self-oscillatory regime [5] was revealed in the cavity where vor-
tices were alternately formed on its sides.

An important contribution to the understanding of the physical
mechanisms of vortex heat transfer enhancement on reliefs with
spherical dimples was made by Kiknadze, who proposed the con-
cept of self-organizing vortex flows [9] for dimples with smoothed
edges, and by Ligrani [10]. Works [11,12] should be mentioned
among the pioneer experimental studies of turbulent convective
heat transfer at the plane wall with shallow spherical dimples,
both single and in ensembles, in particular in the narrow channel.
Also, the retrospective analysis of the available works was based on
Terekhov’s fundamental publication [13] combining the traditional
methods for pressure and heat load determination and the laser
Doppler measurements of mean and fluctuation velocities in the
narrow channel with a single dimple. Ten years later, the results
of this work were used as a prototype for investigation of flow
characteristics in the narrow channel with spherical dimples in
Rostock (Germany) [14].

A large series of experimental works on vortex dynamics and
heat transfer on dimpled reliefs was carried out at the beginning
of the century [15–20]. Later, these works were supplemented
[21–23]. Here, it should be noted that heat flux gradient sensors
and original pressure pulsation detectors found use.

Computational studies of spherical dimples started in the early
90s of the last century. First of all, the works based on solving the
Reynolds-averaged Navier-Stokes equations closed by the two-
parameter dissipative turbulence model should be mentioned.
The interesting ‘vacuum cleaner effect’, when a medium is being
pumped from the surrounding into the shallow dimple region
[24], was revealed. The patterns of separated flow around single
dimples on the surface with increasing Reynolds number [25–32]
were obtained. Dimples and trenches were compared [33]. Heat
transfer enhancement in channels with single spherical dimples
was examined [34–40] and was influenced by restructuring the
structure with a symmetric vortex to that with a spiral vortex.
Flow of heat carrier (air, water, oil) and heat transfer in channels
with a set of spherical dimples located at the wall were numeri-
cally simulated [41–48]; in a number of works, the Fluent code
with unfounded boundary conditions (unjustified symmetry con-
ditions at the side boundaries of the computational domain) was
applied. Much attention was given to the numerical simulation of
turbulence within the framework of the LES/DNS approaches [49–
51].

The subject matter of this study focuses on finding a rational
shape of dimples, especially asymmetric ones. Retrospectively,
work [52] dealing with a set of conical dimples at the walls of con-
verging and diverging channels should be mentioned. Work [53]
analyzed the dimples having a different shape of a spot. An attempt
was made to optimize the dimple shape using the experiment
planning methods [54] and the genetic optimization algorithms
were applied [14]. Also, it was advisable to organize some bulge
at the bottom of the spherical dimple. Unfortunately, the cited
works did not use the flow control concept for determining a
rational shape of a dimple, namely: for designing a streamlined
contour of a dimple with regard to the formation of a preferable
vortex flow structure in it.
The growth of heat transfer from the wall is largely caused by
increase in the secondary flow intensity in the near-wall region.
One of the pioneer works on numerical simulation [55] attempted
at realizing asymmetric flow around the spherical dimple. To do
this, a short splitter was placed on its side to prevent a medium
flow into the interior of the dimple with a low-pressure zone
developing in it. Later, the idea appeared to vary the rounding off
radius of an edge by changing the circumferential coordinate, as
well as by connecting the side half of the elliptical dimple with that
of the spherical dimple [56].

However, the concept of a surface spiral vortex generator
recessed into the wall – the analog of the vane-type protrusion
shaped as an oval dimple consisting of two spherical dimple halves
connected by a cylindrical insert proved to be more effective. Such
a dimple can be turned at an inclination angle relative to the
incoming flow. Emphasis is made both on the intense vortex struc-
ture forming in the dimple and on the vortex flow in the dimple
wake. If in the large-depth spherical dimple, the periodic flow
regime is realized when vortex structures are transported left to
right and right to left [14], then the oval dimple generates a spiral
vortex of stable orientation. The first experiment-calculated study
was made in [57] and continued in [58–64].

These works revealed that oval dimples are preferable in ther-
mal efficiency as compared to spherical ones, especially in strongly
viscous media. However, most works considered oval dimples of
moderate lengthening (about 2–3 in terms of width). In addition,
it was not taken into account that different dimple shapes should
have been compared under the condition of a fixed spot area.
The present work, as well as work [64] is dealing with oval dimples
of relatively large lengthening (up to approx. 7 in terms of width).
Of special interest is the analysis of the influence of increase in the
relative lengthening of the dimple on the restructuring mechanism
of the vortex structure forming in it, as well as on the enhancement
of secondary flow and heat transfer. The computer model of the
narrow channel, whose heated wall is provided with an oval dim-
ple of variable lengthening at a fixed depth (0.13) and a fixed spot
area at Re = 104, corresponds to the test facility in Terekhov’s
experimental setup [13]. Numerical simulation of convective heat
transfer in the dimpled channel is made, as is done in [38,40] when
the boundary condition of the wall temperature T = const is
replaced by that of the heat flux q = const and when air hear carrier
is replaced by water one. The basic spherical and 10�-truncated
conical dimples of the same spot area and depth are compared in
detail.
3. Problem statement, models, methods, computational grids

Convective heat transfer is studied in the 2.5 � 0.33 rectangular
narrow (in terms of spherical dimple diameter) channel, at whose
inlet the velocity profile of a fully developed turbulent flow of
incompressible liquid is assigned. No-slip conditions are satisfied
at the streamlined walls. The profiles of the longitudinal, vertical,
and transverse velocity components u, v, w, as well as the turbu-
lence characteristics (energy k, specific dissipation rate x, vortex
viscosity lt) are defined when solving a special task about the flow
in the periodic section of the considered channel at the Reynolds
number equal to 104. The bulk velocity U, the spot diameter d of
the basic spherical and 10�-truncated conical dimples, the density
q, and the viscosity l of heat carrier – water (Pr = 7) are assigned as
dimensionalization scales. Dimples of the moderate (according to
the classification [38]) depth equal to 0.13 are located at some dis-
tance (about 3) from the channel inlet taken under the provision of
their insignificant influence on the inlet conditions. The center of
the Cartesian (x, y, z) coordinate system is in the longitudinal mid-
dle plane of the channel at the point of the dimple center projec-



Table 1
The cylindrical insert length, the width of oval dimple
and its relative lengthening in width fractions.

L b v

0.5 0.731 1.68
0.625 0.678 1.92
0.675 0.659 2.02
0.75 0.631 2.19
0.9 0.58 2.55
1 0.549 2.82
1.25 0.482 3.59
1.5 0.429 4.50
1.75 0.383 5.57
2 0.346 6.78
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tion onto the section coinciding with the bottom plane wall (Fig. 1).
The rounding off radius of the dimple edge is taken as equal to
0.025. When the spot area of the oval dimple is kept equal to that
of the basic spherical dimple, its width b is varied from 0.731 to
0.346 and the dimple length based on the width – from 1.68 to
6.78 (Fig. 1 and Table 1).

Outflow boundary conditions are assigned at the channel outlet
of length 7.

The heat task is being solved separately from the fluid dynamics
one (natural convection effects are not taken into consideration).
At the channel inlet the flow is isothermal and has Tref = 293 K.
The streamlined bottom wall of the dimpled channel is heated
and the supplied constant heat flux q is re-calculated in dimension-
less form by the formula

q ¼ _q=½k Pr Re Tref =d� ðof the order of 3:4 � 10�5Þ:
Here, k is the thermal conductivity of water. The side walls of

the channel are adiabatic and the top wall is isothermal and has Tref
taken as the dimensionalization scale. The outflow boundary con-
ditions are predetermined for T at the channel outlet.

3.1. Turbulence models

As in [38,40], to solve the problem on convective heat transfer
in the 3D steady-state fully turbulent flow of incompressible liquid
in the plane-parallel channel with a single dimple at the heated
wall, the mathematical model based on the system of the
Reynolds-averaged steady-state Navier-Stokes (RANS) equations
and the energy equation is used.

For these equations to be closed, the shear stress transfer (SST)
model (2003) [65] modified with the consideration of the stream-
line curvature within the Rodi-Leschziner-Isaev (RLI) approach was
adopted. As most semi-empirical models of differential type, this
model includes the tensor module of strain rates S in the expres-
Fig. 1. Narrow channels with spherical (a), 10�-truncated conical (b) and o
sion for vortex viscosity. It is of significance to emphasize that
the semi-empirical models are mainly verified through near-wall
flows; as a result, there is a need to verify them through separated
flows with high rate. The Rodi-Leschziner-Isaev (RLI) approach for
vortex viscosity correction means that the vortex viscosity is
affected by the correction function fl = 1/(1 + Cc � Rit); the constant
Cc = 0.02 [66] is taken from the condition for the best agreement
between numerical predictions and experimental data for numer-

ous examples of separated flows. Here, Rit ¼ 1
Clx

� �2
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!
Þ�

V
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is the turbulent Richardson number. The correc-

tion value is within the range 0:02=Cl < f l < 0:15=Cl where
Cl = 0.09 [14,24].
3.2. Methodology of calculations

There is no doubt that the application program packages based
on the solution of the Reynolds-averaged Navier-Stokes equations
val dimples of width b = 0.731 (c), 0.549 (d), 0.429 (e), and 0.346 (f).
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with the implication of the catalog of semi-empirical models have
become a powerful tool to predict flow parameters and turbulence
characteristics. The present study uses the multiblock computa-
tional technologies [67] realized in the original research VP2/3
code (velocity-pressure, 2D/3D). The computational algorithms
realized in this code are based on the concept of splitting into
physical processes and on the application of grid methods for solu-
tion of the governing equations.

The use of the concept of splitting into physical processes
allows the system of partial differential equations to be divided
into blocks containing the momentum equations in natural vari-
ables (including Cartesian velocity components for incompressible
viscous liquid flows), the pressure correction equation (SIMPLEC
[68]) replacing the continuity equation, as well as the equations
for their closure (from the chosen turbulence model).

The system of stationary equations in discrete form is thus
being solved block by block at each time step during the global
iteration process (about 10–20 iterations), when at each time step
for one iteration in the course of solution of the momentum equa-
tion, several (about 10–15) iterations are being performed in the
pressure correction block and about 4–6 iterations – in the turbu-
lence and energy blocks.

The specific features of the used algorithm are: (1) based on the
concept of splitting into physical processes, the pressure correction
procedure SIMPLEC [68] together with Rhie-Chow’s monotone
approximation for a given centered computational block [69,70];
(2) the approximation of the convective terms in the explicit
hand-side of the momentum equation by the one-dimensional
Fig. 2. Asymmetric spherical (a) and 10�-truncated (b) inserts into multiblock structure
(f and g) dimples of different topology and width: c, d, f,g – view from the heated wall
analog of Leonard’s quadratic upwind scheme [71] to reduce the
influence of numerical diffusion specific for the considered type
of separated flows and by Van Leer’s scheme [72] for the equations
of turbulence and energy characteristics; (3) the representation of
the convective terms in the implicit hand-side of the transport
equation by means of the upwind scheme with one-sided differ-
ences, which allows the stability of the computational procedure
to be improved; and (4) the application of methods with precondi-
tioners for solution of difference equations [73].

The method for solution of algebraic equations is the precondi-
tioned BiCGStab containing the AMG preconditioner taken from
Demidov’s library (amgl) [74] for pressure correction and the
ILU0 preconditioner for another variables.

The multiblock computational technologies realized in the
VP2/3 code are outlined elsewhere in [67,75]. The essence of these
technologies lies in introducing a set of difference-scale, tier, and
structured overlapping grids around solvable structural elements
of the physical problem of relevant scales. In the two rows of the
near-boundary cells of each of the overlapping or overset grids,
the parameters are determined through the linear interpolation
[67,76] in the manner, as done in [77]. The use of this approach
is more effective since it is based on the application of adaptive
unstructured grids and it requires less computational resources.
This approach also provides a proper computational accuracy with-
out refining grids since it automatically resolves the identified
structural features of flow.

Computation from grid to grid with the use of the multiblock
computational technologies involving linear interpolation is a
d grids in the narrow channel with single spherical (c and e), conical (d) and oval
side; e – middle cross section of the channel; f – b = 0.731; g – 0.346.
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source of errors; however, the test calculations of steady circula-
tion flow in the cavity with a moving cover [76] showed that the
error values are quite acceptable.
3.3. Computational grids

The present study deals with solving the tasks about vortex
enhancement of convective heat transfer in the narrow channel
having a single dimple with the use of multiblock overlapping
structured grids of different scale (Fig. 2). The grid structures sim-
ilar in topology to those used in [38,40] are considered, but are
densely packed and have a large number of cells. A rectangular
channel is covered with a Cartesian grid densely packed to the wall
(the grid step is varied from 10�5 to 10�4) and to the dimple (the
minimum value of longitudinal and transverse grid steps is ranged
from 0.04 to 0.08). The total number of cells in the channel is
700,000–1,500,000. Near the dimple there is a detailed, close to
uniform, grid meant for resolving the structural features of flow
in the near wake (the minimum grid step along and across the flow
is varied from 0.015 to 0.03 in different variants). The height of the
sub-domain with a detailed grid is 0.13 and the width is varied
from 1.6 to 2.1 depending on the dimple size. The length of the
sub-domain is about 3.

In the case of spherical and conical dimples, the detailed grid is
Cartesian; in the case of oval dimples, it is curvilinear and matched
with the streamlined bottom wall of the channel.

The area around spherical and conical dimples is divided by the
cylindrical grid matched with the channel wall (Fig. 2a and b); to
prevent the density of nodes in the near-axis zone, the additional
grid close to the rectangular one (‘patch’) is introduced. The mini-
mal grid step near the edge is 0.002. For oval dimples, a special
edge grid is introduced to describe high-gradient zones of deter-
mining parameters.

The total number of multiblock grid cells is about 1.5–3 mln
cells.

Fig. 3a illustrates the multiblock computational grid in the
axonometric projection for an oval-trench dimple. The color shows
the channel grid having rather coarse cells and covering the dimple
Fig. 3. Multiblock grid for the narrow channel with the oval-trench dimple
involving a dimple with a detailed grid in the dimple region and the selection of
edge grid (a), 3 � 2 section with a dimple (b) and the rectangle-selected vicinity of
the oval dimple (c). The channel cross sections A–B serve for determination of
hydraulic losses.
with a refined detailed grid in order to reflect both the curvilinear
surface of the dimple itself and in detail vortex flow and heat trans-
fer in the dimple wake, as well as the near-edge grid to resolve flow
and heat transfer characteristics in high-gradient zones.

3.4. Data processing

The integral characteristics of flow and heat transfer in the nar-
row channel with single dimples are calculated using the selected
channel sections surrounding the dimple. As in [38,40], the
hydraulic losses in the channel were determined between assigned
cross sections A–B in Fig. 3. Since oval-trench dimples were ana-
lyzed, it was necessary to increase the sizes of the channel section
(in comparison to [35,38,40]) in order to assess relative heat trans-
fer and to take them equal to 3 � 2 for the dimple center at the dis-
tance of 1 from the front boundary of the channel section (Fig. 3b).
In the present work, the thermal efficiency of the oval dimple was
for the first time determined over the channel rectangular section
surrounding the dimple at an angle of inclination of 45� (Fig. 3c).

Local dimensionless and relative characteristics of flow and
heat transfer, including static pressure, friction, temperature, and
Nusselt number, are analyzed as the functions of longitudinal
and transverse coordinates over the middle cross sections of the
channel and the dimple at the bottom, heated, and isothermal
top wall. The Cartesian velocity components, turbulence energy,
and the vortex viscosity normalized by the Reynolds number are
compared as the profiles along the vertical coordinate in the dim-
ple centers.

The fields of the wall temperature and the Nusselt number are
supplemented by the streamlines. Vortex structures formed in
dimples, obtained by computer visualization with the use of the
observation method of labeled liquid particles, are also considered.
4. Results and discussion

In the present study, main attention is focused on assessing the
influence of oval dimple lengthening on fluid dynamics and heat
transfer in the narrow channel with a dimple of fixed spot area,
as well as on comparing the oval dimples having conical depres-
sions with spherical and conical dimples. The study has been
aimed at choosing an oval dimple that will be best in thermal/
thermal-hydraulic efficiency. The work done embodies the concept
of flow control by vortices during the efficient generation of spiral
vortices due to oval-trench dimples to enhance secondary flow in
the channel.

Figs. 4–17 and Tables 2 and 3 contain some of the obtained
results.

4.1. Pressure distribution

Fig. 4 analyzes the static pressure distributions over the middle
longitudinal and transverse cross sections of the channel at the
heated bottom wall with a single dimple and at the opposite plane
wall. The zero static pressure is assigned at the channel inlet. As
seen from Fig. 4a and c, the pressure in the dimpled channel
decreases and generally obeys the law close to the linear one. In
the vicinity of the dimple, the pressure drops are seen; they can
be sufficiently substantial for large-width dimples. The first group
of dimples (curves 1–3) is selected. Among them are a 10�-
truncated conical dimple, a spherical dimple, and also an oval dim-
ple of width b = 0.731. This group is characterized by maximum
static pressure values on the windward side of the dimple that
exceed those at the channel inlet. And last but not least, it is impor-
tant to note quite significant minimum pressure values in the near
wake, much exceeding those in the plane-parallel channel.



Fig. 4. Comparison of the dependences of static pressure over middle longitudinal (a and c) and transverse (b and d) cross sections of the channel at heated bottom (a and b)
and isothermal top (c and d) walls for single conical (1), spherical (2) and oval (3–7) dimples of different width: 3 – b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346. 8 –
plane-parallel channel.
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The oval dimple of width b = 0.549 with the cylindrical insert
length L = 1 is intermediate between the oval dimples of small
and large length (curve 4). It is characterized by increase in static
pressure values in the dimple edge region on the windward side;
however, there is no rarefaction behind the dimple edge. One more
difference from the behavior of the pressure distribution of the first
group of dimples is observed in the zone in front of the dimple. As
seen from Fig. 4a, large-width dimples are characterized by the
pressure drop in this zone, as compared to the pressure level in
the plane-parallel channel. At the same time, on the contrary, for
oval dimples the pressure increases in front of the dimple over
its middle cross section.

The lengthening and the narrowing of the oval dimple are
accompanied by decrease in maximum pressure values in the dim-
ple edge region on the windward side; for the dimple of width
b = 0.346, this process practically vanishes (curve 7). However,
for the last dimple, the low-pressure zone again occurs behind it.

It is also of interest to note that the pressure in front of the oval
dimple slightly grows at a width of 0.383 (curve 6) and then drops
again at a width of 0.346 (curve 7).

Fig. 4b demonstrates the transverse static pressure distributions
at the dimpled heated wall. The relatively smooth pressure distri-
butions for symmetric dimples (curves 1 and 2) are strikingly dif-
ferent from the pressure distributions for oval dimples of moderate
length and large width (curves 3, 4, and 5 are the cylindrical insert
length equal to 0.5, 1, and 1.5, respectively). The above oval dim-
ples are characterized by maximum pressure values in the edge
region; the largest values are observed at the dimple width
b = 0.549; with a further narrowing of the dimple, maximum pres-
sure values decrease, almost vanishing at b = 0.346. It is of interest
to note that at b = 0.549, a minimum local pressure value arises
behind the trailing edge of the dimple and it is absent at another
width of the oval dimple. As the width of the oval dimple is
decreased and its length is increased, the maximum local static
pressure value on its left (leading) edge gradually decreases, tend-
ing to the pressure value over the same cross section of the plane-
parallel channel (curve 8 in Fig. 4d). The pressure on the inner sur-
face of the dimple also decreases as the width of the dimple is
decreased and its length is increased.

Over the dimple middle cross section at the smooth top wall of
the channel above the dimple, the local pressure (Fig. 4c) has a
maximum value that is greatest for the spherical dimple. As men-
tioned, curves 1–3 for the first group of dimples are pretty close. As
the width of the oval dimple is decreased and its length is
increased, the maximum pressure value decreases and is seen
upstream.

The transverse pressure distributions over the middle cross sec-
tion of the isothermal top wall for the first group of dimples: con-
ical and spherical dimples, and the oval dimple of moderate
lengthening are symmetric, although over the oval dimple of width
b = 0.731 the pressure attains a constant value; it is of interest to
emphasize that maximum pressure values for spherical and oval
dimples are pretty close and are much larger than those for the
conical dimple. The remaining oval dimples are characterized by
the two-mode pressure distribution; as the dimple width is
decreased, the pressure value decreases and at b = 0.346, the pres-
sure value at the top wall is close to that in the plane-parallel
channel.



Fig. 5. Comparison of the dependences of relative friction over middle longitudinal (a, b, and e) and transverse (c, d, and f) cross sections of the channel at heated bottom (a–
d) and isothermal top (e and f) walls for single conical (1), spherical (2) and oval (3–7) dimples of different width: 3 – b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346. b
and d – fragments of the dependences in enlarged scale.
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4.2. Friction

Figs. 5 and 6a and b analyze the distributions of relative friction
at the bottom and top walls over the middle cross sections of the
narrow channel and the dimple. Over the dimple middle cross sec-
tion (Fig. 5a and b) at the bottom wall of the channel there is a
group of dimples found in the earlier works: conical and spherical
dimples and also an oval dimple of moderate lengthening. This
group is characteristic of the developed separated flow forming
in the dimple with the zone of substantial negative relative friction
values. Here, it should be noted that the length of the separated
flow zone is large for the conical dimple in comparison to the
spherical one.

On the edge of the first-group dimples on the windward side,
flow is sharply accelerated; maximum relative friction values
appear to be close and high (of the order of 5–6). As the oval dim-
ple length is increased, the maximum relative friction value on the
dimple edge on the windward side monotonically decreases and at
b = 0.346 (the cylindrical insert length is equal to 2) it practically
drops and the ratio f/fpl appears to be close to 1. The behavior of
the dependence f/fpl (x) for the oval dimples with the cylindrical
insert length L of more than 1 is radically different from that of
the similar dependences for the first-group dimples. Only in the
vicinity of the dimple on the windward side the negative friction
zone of small length is formed; maximum relative friction values
in this zone are less than those for the first-group dimples. The oval
dimple with L = 1 is also characterized by the formation of the neg-
ative friction zone of small length on the leeward side. In the center
of oval dimples, friction is positive, i.e., the flow separation in the
vicinity of the center of oval-trench dimples is not observed. The



Fig. 6. Comparison of the dependences of relative friction (a,b), Nusselt number (c), wall temperature(d) averaged over transverse (e) and longitudinal (f) strips of the section
surrounding the dimple, over middle longitudinal (a–e) and transverse (f) cross sections for single conical (1), spherical (2) and oval (3–7) dimples of different width: 3 –
b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346. b – fragment of the dependences in enlarged scale.
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character of the dependence f/fpl (x) for dimples with L = 1 and 1.5
is slightly different from that of the dependence for dimples with
L = 1.75 and 2. The two-mode dependence is replaced by the
one-mode dependence and is shifted along the coordinate to the
edge of the dimple on the leeward side.

Flow in front of the first-group dimples is noticeably acceler-
ated. Such flow acceleration for oval-trench dimples is not seen;
in the dimple itself the ratio f/fpl does not exceed 1, although at
L = 1.75 and 2 the maximum relative friction value appears to be
close to 1.

It is of importance to emphasize the relative friction behavior in
the dimple wake. As mentioned, in the case of the first-group dim-
ples, flow in the edge region is sharply accelerated (the maximum
relative friction value substantially exceeds 1), but in the case of
symmetric dimples (for the oval dimple with L = 0.5 the decrease
is slightly less – up to 0.9), flow is fast decelerated and the ratio f/
fpl decreases within 0.5–0.7. For oval dimples with L = 1 and 1.5,
the relative friction value also does not sharply decrease; after a
maximumrelative friction value has been attained on thewindward
side of the dimple, it monotonically decreases, remainingmore than
1. For oval-trench dimples with L = 1.75 and 2, the behavior of the
friction distribution slightly changes. First, flow in the dimple wake
is decelerated and then undergoes slow acceleration. At that, the
value of the ratio f/fpl at a distance of 1 remains less than 1.



Fig. 7. Comparison of the dependences of relative local Nusselt numbers (c and d), and wall temperature (e and f) averaged over transverse (a) and longitudinal (b) strips of
the dimpled section over middle longitudinal (a, c, and e) and transverse (b, d, and f) cross sections of the channel at the heated wall for single conical (1), spherical (2) and
oval (3–7) dimples of different width: 3 – b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346.
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Over the channel middle cross section passing through the dim-
ple center (Fig. 5c and d), the friction distribution behavior for
symmetric dimples differs from that for oval ones. For symmetric
dimples, maximum relative friction is practically absent on the
side edges, whereas for oval dimples, such maximum friction is
clearly defined, especially on the dimple edge on the windward
side. As the oval dimple width is decreased, the maximum friction
value increases, reaching 5 at b = 0.549 (L = 1). It should be noted
that over the transverse cross section, it is higher than that over
the longitudinal middle cross section for this dimple. As the dimple
width is further decreased, the maximum friction value also
decreases, but at b = 0.346 (L = 2), it exceeds by a factor of two
the friction value at the plane-parallel channel wall (over the lon-
gitudinal middle cross section, the ratio f/fpl is close to 1).

On the inner surface of symmetric dimples, the wall friction
dependence is symmetric in character. The developed separated
flow zone practically covers the inner surface of dimples over the
transverse cross section. The maximum relative friction value
decreases to 0.6. For the oval dimple of moderate lengthening
(L = 0.5), the friction distribution is asymmetric in the transverse
z-coordinate and the friction value changes sign on the windward
side of the dimple; however, the separated flow zone occupies the
inner surface of the dimple, and the backflow velocity is approxi-
mately the same as in the case of the conical dimple.

Flow and friction distributions undergo radical changes on the
inner surface of oval-trench dimples (curves 4–7). As the dimple
width is decreased over the transverse middle cross section, the
changes in the plots are of the same type as those over the longi-
tudinal middle cross section. However, if the two-mode behavior
of the ratio f/fpl is kept at L = 1, then at L = 1.5, it also looks like
the single-mode one at L = 1.75 and 2. The maximum local relative
friction value at L = 1.5 and 1.75 is close to 1, and at L = 2 it is
approx. 0.8. In the narrow zone, on the oval-trench dimple edge
on the windward side, the friction value is negative; at L = 1.5



Fig. 8. Comparison of streamlines (a and c) and vortex structures (b and d) for spherical and oval (of width b = 0.731) dimples.
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and 1.75, the minimum value of the ratio f/fpl is comparable to the
same value for the symmetric dimple.

For the oval dimple wake, the dependences f/fpl (z) are very
interesting. Starting with L = 1, from the right of the dimple edge
there is a region of almost constant value in the distribution of rel-
ative friction of the order of 1.3–1.5; at that, behind it the relative
friction value fast decreases to 1. The length of this region increases
as the width of the dimple is decreased and its lengthening is
increased (at L = 2 it reaches approx. 0.8). Undoubtedly, the pres-
ence of such a region of increased friction in comparison to the fric-
tion region at the plane-parallel channel wall gives an impetus to
heat transfer enhancement in this region. It should be emphasized
that such regions are not observed for symmetric dimples.

The pressure growth at the top plane wall of the channel above
the first-group dimples (Fig. 4c) is accompanied by deceleration
and subsequent acceleration of flow in this zone (Fig. 5e); at that,
the maximum friction value is seen downstream from the dimple
center by 0.5, whereas the minimum friction value is in the dimple
center. As the oval dimple width is decreased (b is ranged from
0.731 to 0.429), the minimum and maximum local relative friction
values reach 1, i. e., the dimple influence on flow near the top wall
fast decreases. The minimum relative friction value in this case is
observed upstream to the dimple center. However, the behavior
of the dependences ftop/fpl(x) is the same. A transition to the oval-
trench dimples of length L = 1.75 and 2 is reflected in the variation
of the dependences; at that, the maximum relative friction value is
shifted upstream to the dimple center and continues decreasing in
magnitude.

The symmetric relative friction distribution along the trans-
verse coordinate for symmetric dimples (Fig. 5f) corresponds to
the static pressure distributions (Fig.4d); in what follows, the
spherical dimple influence on flow deceleration at the top wall is
more substantial (the ratio ftop/fpl = 0.8) in comparison to the coni-
cal dimple (0.86). For the oval dimple of moderate lengthening
(L = 0.5), the relative friction distribution becomes asymmetric,
but the extent of the influence on flow deceleration near the wall
is approximately the same as in the case of the 10�-truncated con-
ical dimple (0.78).

As the oval dimple width is decreased and its length is
increased, the minimum relative friction value increases, reaching
0.97 at L = 2. However, of most interest is the formation and
growth of the maximum local relative friction value in the dimple
center, staring with L = 1. At L = 1.5, it becomes practically equal to
1 and then increases to 1.07 at L = 1.75 and slightly decreases to
1.06 at L = 2. At that, the last maximum friction value is attained
in the channel middle and corresponds to the oval-trench dimple



Fig. 9. Comparison of streamlines (a and c) and vortex structures (b and d) for oval dimples of width b = 0.549 and 0.429.

Fig. 10. Comparison of the variations of the relative Nusselt numbers at the heated wall with spherical (a) and conical (b) dimples, and also oval dimple (b = 0.731) with the
streamlines.
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center. The relative friction distribution for an actually oval-trench
dimple with the lengthening of 6.78 (in terms of width) at a depth
of 0.13 (approx. 39% of the channel height) with a maximum fric-
tion value along the coordinate to the channel center is indicative
of the fact that flow in the narrow channel with the dimple at the
bottom wall becomes in character peculiar to jet flow.



Fig. 11. Comparison of the variations of the relative Nusselt numbers at the heated wall with oval dimples of width b = 0.549 (a), 0.429 (b), 0.383 (c), 0.346 (d) with the
streamlines.

Fig. 12. Relative Nusselt number variations in the vicinity of the conical dimple prepared in three views.
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Fig. 13. Influence of the width b on the extremal characteristics of flow n extr. 1, 7 –
(umin); 2, 8 – (�vmin); 3, 9 – vmax; 4, 10 – (�wmin); 5, 11 – wmax; 6, 12 – 10
kmax. 7–12 – conical dimple.
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It is of significance to analyze the influence of the width of the
oval dimple on the relative friction dependence f/fpl(s) over its cen-
tral cross section where the s-coordinate is taken from the leading
edge of the dimple (Fig. 6a and b). For comparison, this plot also
presents the relative friction distribution over the middle cross
section of the channel with spherical and conical dimples
(Fig. 5a and b). The curves in Fig. 6a and b illustrate the observed
change of the separated flow in the first-group dimples into the
vortex flow when the separated flow zone is most clearly seen in
the vicinity of the leading edge.

The first-group dimples including the oval dimples of moderate
lengthening are characterized by the formation of a scale separated
flow zone that covers almost the entire inner surface of dimples. As
already mentioned, the minimum relative friction value is equal to
�0.6 and a sharp increase in friction is seen on the trailing edge of
dimples. However, the maximum friction value for the oval dimple
of width b = 0.731 is not high and is equal to 2.

When the length of the oval dimple is increased and its depth is
maintained, the narrowing of this dimple results both in a gradual
localization of the separated flow zone and in the backflow aug-
mentation in it. Moreover, the separated flow zone is followed by
the flow acceleration region with a maximum local relative friction
value of the order of 0.3–0.4. The oval dimple with L = 1 can be con-
sidered intermediate since the values of the separated flow zone
length and minimum relative friction in it are still far from the
steady-state values. Starting with L = 1.5, the separated flow zone
and the minimum relative friction value in the oval dimple are sta-
bilized and rather slightly depend on its width and length,
although, as seen from Fig. 6b, when the oval dimple width is
decreased, the separation point is slightly shifted to the leading
edge. It can be stated that the separated zone length in terms of
dimple width is constant for oval-trench dimples. The separated
flow rate in oval-trench dimples appears to be noticeably higher
than in the first-group dimples. The minimum relative friction
value is of the order of �1.5.

In the middle of the oval-trench dimple with L = 1.5–2, it is pos-
sible to select the flow acceleration zone; at that, the relative fric-
tion dependences f/fpl(s) are close. Further, the decelerated flow
zone is formed in oval-trench dimples with L = 1.75–2. In the vicin-
ity of the trailing edge, the maximum relative friction value
increases, monotonically reaching 3.5 as L is ranged from 0.5 to
1.5 and then it gradually decreases up to 2 at L = 2.

Behind the trailing edge, the decelerated flow zone with the
minimum relative friction value (0.7–0.8) is observed and comes
to an end when the friction attains the friction level at the plane-
parallel channel wall.

Unlike the earlier considered curves in Fig. 5, the flow region
near the leading edge of the oval dimple (Fig. 6) is characterized
by flow acceleration and two-fold increased relative friction.

4.3. Local and integral Nusselt number distribution. temperature fields

Figs. 6c–f and 7 demonstrate the linear distributions of the rel-
ative temperature, the local relative Nusselt number and the strip-
averaged Nusselt number, as well as the temperature and the rel-
ative Nusselt number on the streamlined surfaces over the middle
cross sections of the narrow channel and dimples, and also the
streamlines. The investigation methodology was developed on
the basis elsewhere described in [38,40] and extended to oval dim-
ples, whose contour was assumed to be surrounded with a rectan-
gular control region and to be treated in the manner done in the
analysis of the characteristics of the rectangular region around
the spherical dimple. Fig. 6c and d plots the ratios Nu/Nupl and
Tw/Twpl over the longitudinal middle cross section of the channel
with spherical and 10o-truncated conical dimples.

The distribution of the relative local Nusselt number over the
middle cross section of the oval dimple in Fig. 6c shows that for
symmetric and oval dimples with the cylindrical insert of length
L = 0.5, the length of the zone of decreased relative heat loads is
large enough; at that, for the conical dimple the ratio Nu/Nupl
decreases up to 0.3 and does not exceed 1 practically within the
entire dimple space. In the case of spherical and oval dimples, rel-
ative heat transfer increases only on the edge of the dimples on the
windward side. It should be noted that in the symmetric dimple
wake, there occurs the zone of moderate heat loads, exceeding
those at the heated wall of the plane-parallel channel. Behind oval
dimples such long zones are not seen and the ratio Nu/Nupl very
fast becomes equal to 1.

As the oval dimple width is decreased, the relative Nusselt
number distribution changes. Similarly to the maximum relative
friction growth (Fig. 6a), the maximum value of Nu/Nupl increases
in the vicinity of the trailing edge of the oval dimple with L ranging
from 0.5 to 1.5 and then decreases from 1.9 to 1.5 (at L = 2). It is
surprisingly interesting to see a substantial increase of the relative
Nusselt number in the separated flow zone (the relative friction
value is less than zero). In the region of the leading edge on the lee-
ward side, the maximum value of Nu/Nupl reaches 2; it is being
known that the region of the increased Nusselt numbers much
(approximately two times) exceeds the length of the separated
flow zone. As in the case of the relative friction distributions, the
distributions Nu/Nupl(x) at L = 1.5–2 are rather close.

In oval-trench dimples, the enhanced heat transfer area adja-
cent to the leading edge is followed by a small region where the
value of Nu/Nupl is low (less than 1) and then the narrow region
of low elevated heat loads is again followed by a very long region
where the value of Nu/Nupl is low; it extends to the trailing edge of
the oval dimple. It should be noted that at L = 1.75, the minimum
value of Nu/Nupl in the vicinity of the trailing edge is approx. 0.3.

In many ways, such a behavior of the Nusselt number is defined
through the wall temperature (Fig. 6d). So, the marked minimum
value of heat loads corresponds to the maximum value of Tw/Twpl

equal to 1.055. Attention is drawn to the fact that high wall tem-
peratures in the conical dimple and in the oval dimple of moderate
lengthening correlate with the low level of heat transfer in sepa-
rated flow zones. At the same time, the supercooling of the surface
of the dimple, i.e., a decrease in its temperature below the level
characteristic of the plane-parallel channel wall, is accompanied
by the heat transfer growth; for example, it is seen in the vicinity
of the region of the trailing edge on the windward side and in
the near-wake region.



Fig. 14. Comparison of the profiles of longitudinal (a and b), vertical (c) and transverse (d) velocity components, temperature (e) in the centers of single conical (1), spherical
(2) and oval (3–7) dimples of different width: 3 – b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346.; 8 – plane-parallel channel; b – fragment of the dependences in enlarged
scale.
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As the oval dimple cylindrical insert of length L is more than 1,
the value of the ratio Tw/Twpl for the separated flow zone becomes
less than 1. The region of dimple supercooling coincides with that
of enhanced heat transfer, whereas the regions of increased tem-
peratures, vice versa, correspond to those of low heat transfer.

As mentioned in [38,40], the relative Nusselt number (Num/
Numpl) averaged over the transverse (Fig. 6e) and longitudinal
(Fig. 6f) strips of the region surrounding the oval dimple gives an
idea of the physical mechanism of thermal efficiency of a surface
vortex generator.

For the symmetric dimples and the oval dimple of width
b = 0.731, the low heat transfer regions are largely compensated
by the high heat transfer ones; however, the thermal efficiency is
low.
As the width of the oval dimple is decreased and its length is
increased, the dependences Num/Numpl(x) demonstrate the
increase in heat transfer practically within the entire region of
the dimple, starting with L = 1.5, the ratios Num/Numpl appear to
be close to those within the region of the length of about 1.4.
The maximum value of Num/Numpl reaches 1.9. About the half of
the oval-trench dimple is effective when increasing heat transfer.
The long region adjacent to the trailing edge is characterized by a
relatively low value of Num/Numpl, but exceeding 1. It should be
noted that there exist the narrow regions with a low value of
Num/Numpl.

The variations of Num/Numpl in the transverse t-coordinate
demonstrate the extreme heat transfer nonuniformity across the
oval dimple. On the windward side of dimples, relative heat trans-



Fig. 15. Comparison of the profiles of turbulence energy (a and b) and normalized vortex viscosity (c and d) in the centers of single conical (1), spherical (2) and oval (37)
dimples of different width: 3 – b = 0.731; 4 – 0.549; 5 – 0.429; 6 – 0.383; 7 – 0.346; 8 – plane-parallel channel; b and d – enlarged fragments in the vicinity of the dimple.

Fig. 16. Influence of the oval dimple width b on thermal (1, 2, 6, and 7) and
thermalhydraulic (4, 5, 9, and 10) efficiencies, as well as relative hydraulic losses (3
and 8); 6–10 – conical dimple; 2, 5, 7, and 10 – with regard to the area of the dimple
inner surface over the 3 � 2 section and the shift of the dimple center by 1 from the
front boundary.

Fig. 17. Influence of the oval dimple width b on thermal (1 and 2) and thermal
hydraulic (5 and 6) efficiencies, as well as relative hydraulic losses (3 and 4); 2,6 –
with regard to the area of the dimple inner surface; dashed curve (4) – Table 3 data.
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fer grows three times. However, on the leeward side, its level is
very insignificant. About the third of the dimple width does not
participate in the process of heat transfer enhancement. Neverthe-
less, oval-trench dimples of large lengthening are more preferable
in thermal efficiency in comparison to the first-group dimples.

Fig. 7 analyzes the distributions of thermal characteristics over
the longitudinal and transverse middle cross sections of the chan-
nel at different shapes of dimples and at different widths of the
oval dimple.

The dependences of the relative Nusselt number averaged over
the transverse and longitudinal strips are built for the 2.5 � 2 rect-
angular section when the dimple center is located at a distance of 1
from the front boundary (Fig. 7a and b). Of the dimples considered,
the conical dimple (curve 1) is characterized by the largest maxi-
mum value among the maximum values of Num/Numpl over the lon-
gitudinal middle cross section of the channel: it is equal to 1.7 and
its position corresponds to the trailing edge of the dimple on the
windward side. As previously mentioned, heat transfer from the
conical dimple bottom is extremely low and total heat removal is
provided by the side walls in the windward region. For the spher-
ical dimple, very moderate (of the order of 1.3) maximum relative
heat transfer occurs due to the position of the dimple on the wind-
ward side. The oval dimple of width b = 0.731 insignificantly differs



Table 2
The comparison of the refined extremal characteristics of flow and heat transfer in the narrow channel with single spherical, conical and oval dimples of variable width at
constant depth and spot area.

b v umin vmin vmax wmin wmax kmax mtmax Twmax

Cone 1 �0.234 �0.141 0.395 �0.167 0.167 0.0643 0.00231 1.104
1 1 �0.258 �0.055 0.264 �0.214 0.214 0.0570 0.00234 1.054
0.731 1.68 �0.228 �0.117 0.349 �0.341 0.180 0.0497 0.00194 1.062
0.678 1.92 �0.275 �0.137 0.345 �0.429 0.180 0.0500 0.00207 1.053
0.659 2.02 �0.309 �0.147 0.336 �0.470 0.178 0.0494 0.00206 1.053
0.631 2.19 �0.349 �0.163 0.330 �0.531 0.190 0.0481 0.00202 1.053
0.58 2.55 �0.396 �0.192 0.340 �0.622 0.217 0.0440 0.00187 1.053
0.549 2.82 �0.424 �0.236 0.368 �0.676 0.236 0.0465 0.00185 1.053
0.482 3.59 �0.453 �0.289 0.427 �0.756 0.273 0.0439 0.00162 1.053
0.429 4.50 �0.475 �0.329 0.477 �0.794 0.346 0.0402 0.00147 1.053
0.383 5.57 �0.472 �0.337 0.508 �0.818 0.377 0.0405 0.00142 1.085
0.346 6.78 �0.452 �0.343 0.509 �0.802 0.391 0.0432 0.00141 1.086

Table 3
The comparison of thermal and thermal-hydraulic characteristics of two sections of the narrow channel with single spherical, conical and oval dimples of variable width at
constant depth and spot area.

b Nun1/Nunpl1 f1/fpl1 (Nun1/Nunpl1)/(f1/fpl1) Nun2/Nunpl2 f2/fpl2 (Nun2/Nunpl2)/(f2/fpl2)

Cone 1.147 1.121 1.023 1.378 1.289 1.069
(1.085) (0.968) (1.076) (0.835)

1 1.063 1.061 1.002 1.138 1.16 0.981
(1.054) (0.993) (1.083) (0.934)

0.731 1.099 1.072 1.025 1.258 1.18 1.066
(1.084) (1.011) (1.155) (0.979)

0.678 1.112 1.084 1.026 1.327 1.145 1.158
(1.096) (1.011) (1.205) (1.051)

0.659 1.122 1.079 1.040 1.372 1.166 1.177
(1.105) (1.024) (1.240) (1.063)

0.631 1.137 1.088 1.045 1.455 1.15 1.265
(1.118) (.028) (1.304) (1.134)

0.58 1.159 1.086 1.067 1.562 1.151 1.357
(1.138) (1.048) (1.400) (1.216)

0.549 1.172 1.093 1.072 1.616 1.165 1.387
(1.149) (1.051) (1.408) (1.209)

0.482 1.197 1.088 1.100 1.758 1.159 1.517
(1.167) (1.073) (1.48) (1.277)

0.429 1.209 1.092 1.107 1.829 1.145 1.597
(1.172) (1.073) (1.484) (1.296)

0.383 1.222 1.082 1.129 1.884 1.144 1.647
(1.177) (1.088) (1.464) (1.280)

0.346 1.243 1.069 1.163 1.981 1.104 1.794
(1.190) (1.113) (1.477) (1.338)
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from the spherical one. The mentioned group of dimples is charac-
terized by the low values of the relative averaged Nusselt number
because of the developed separated flow formation and the high
temperature value on the leeward side of the dimple. It is interest-
ing to note that in the wake behind this-group dimples, heat trans-
fer decreases, remaining slightly higher than heat transfer at the
plane-parallel channel wall.

As the width of the oval dimple is decreased and its length is
increased, the dependence Num/Numpl (x) undergoes changing. First
of all, total heat load is leveled in the vicinity of the dimple and the
value of Num/Numpl becomes constant. The maximum value of the
relative averaged Nusselt number reaches 1.45 at L = 1.75. The
curves for Num/Numpl at L = 1.5, 1.75, 2 are gradually shifted
upstream; it is true that a sharper decrease in heat transfer is seen
for the last oval-trench dimple. Moreover, at L = 1.75 and 2, the
minimum and maximum local values of Num/Numpl appear.

Fig. 7b shows the re-construction of the symmetric depen-
dences of Num/Numpl for the conical (curve 1) and spherical (curve
2) dimples into the asymmetric dependences for oval dimples
(curves 3–7). Curve 3 for the dimple of width 0.731 covers the
curves with two symmetric maximum values for symmetric dim-
ples; however, there is the strip-averaged longitudinal low relative
Nusselt number region that passes through the vicinity of the trail-
ing edge of the dimple. The maximum value of the dependence
Num/Numpl (z) exceeds the similar maximum value for the conical
dimple and is seen to the right of the dimple center.

Subsequent curves 4–7 represent the dome-shaped depen-
dences with increasing values shifting to the right of the center;
the maximum value of Num/Numpl increases up to 1.55 for L = 2.
With increasing the dimple length, on the left edge the maximum
local value of Num/Nump appears, grows and is shifted to the right,
leaving the narrow zones of low relative heat loads (for L = 1.75
and 2) near the left edge.

It is interesting to consider the relative local Nusselt number
over the longitudinal and transverse middle cross sections of the
channel (Fig. 7c and d) in combination with the relative friction
dependences (Fig. 6a–d) that have already been analyzed. The
revealed earlier selection of the group of symmetric dimples added
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with the oval dimple of width b = 0.731 is justified in this case.
Maximum relative heat loads in the vicinity of the trailing edge
on the windward side are over the range 1.8–2.8; in the low heat
transfer zone, the minimum values of Nu/Nupl vary from 0.3 to
0.7. The maximum relative friction value for these dimples ranges
from 5 to 6.5 and is largest for all considered dimples. For oval dim-
ples with L = 1 and 1.5, the maximum value of Nu/Nupl in the edge
region appears to be noticeably higher than that for the first-group
dimples and reaches 3.3. It is of interest to note that in this case, a
maximum local value appears in the vicinity of the dimple edge on
the leeward side. It should also be emphasized that the low relative
Nusselt number regions exist in the center of oval dimples. In pass-
ing from L = 1.75 to 2, the maximum values decrease on the right
edge and increase up to 1.5 on the left edge.

Over the transverse cross section of symmetric dimples the Nu/
Nupl variations are very small in comparison to oval dimples. The
maximum relative Nusselt number value grows from 2.2 to 3.8
with increasing L from 0.5 to 1.5, then it decreases to 2.8 for the
oval-trench dimple with L = 2. In the vicinity of the left edge on
the leeward side at L = 1.5–2, the maximum local value of heat load
grows to 1.5, and at L = 2 in the dimple center there occurs the
region of the low values of the relative Nusselt number with its
minimum value equal to 0.5.

The values of the dependences Nu/Nupl(z), described by curves
4–7, in the right part of the selected vicinity in the oval dimple
wake slightly change up to the range of z = 1.25–1.5 and then shar-
ply decrease. As the oval dimple width is decreased, the regions of
the decreased values of these dependences are shifted to the right.

Fig. 7e and f compares the longitudinal and transverse distribu-
tions of the relative wall temperature over the middle cross section
of the dimpled channel.

The relative temperature value at the conical dimple bottom
near the leading edge increases up to 1.05, whereas for the spher-
ical dimple the superheating value at this very place is much less
and is equal to 1.01. For the oval dimple of width b = 0.731, it is
twice as large (1.02). In the vicinity of the right edge on the wind-
ward side, the wall is supercooled, and the relative temperature
value ranges from 0.986 to 0.99 for the dimples mentioned.

The increase in the oval dimple length from L = 1 to 2 radically
changes the dependence Tw/Twpl(x). The low temperature zone (the
minimum local value at L = 2 is equal to 0.992) is formed on the
leeward side. In the dimple center, there appears a maximum local
relative temperature value increasing from 1.003 at L = 1 to 1.03 at
L = 2. In this case, on the windward side and in the dimple wake the
ratio Tw/Twpl < 1. A minimum local relative temperature value in
this zone first decreases to 0.983 at L = 1.5 and then increases to
0.992 at L = 2.

In the transverse direction, the variation of the dependence Tw/
Twpl(z) is slightly less than in the longitudinal direction. The maxi-
mum relative temperature value on the side edge of the conical
dimple does not exceed 1.012 and the supercooling value in front
of the edge is 0.998. On the left edge of the oval dimple of width
b = 0.731, the maximum relative superheating value is 1.012,
whereas on the right edge it is 0.989, i. e., it is much larger than
for symmetric dimples. The decrease in the oval depth width and
the increase in its length while maintaining its depth changed
the behavior of the dependence Tw/Twpl(z). At L = 1, two maximum
local values and two minimum local values of the dependence
appeared; the first maximum value and the last of the minimum
values evolved from the maximum and minimum values of the
dependence Tw/Twpl(z) at L = 0.5. It is interesting to note that the
first maximum value vanished with a further growth of L. As the
dimple width was decreased, the first minimum local value
decreased to 0.992 at L = 1.5, and then slightly increased to
0.993. The maximum value in the dimple center monotonically
increased from 1.005 to 1.017 and was shifted to the right (L
increased from 1 to 2). The second minimum local value decreased
to 0.983 at L = 1.5 and then increased to 0.986 at L = 2, gradually
shifting to the left.

In the zone behind the dimple, on the right side the low relative
temperature zone is expanding. As relative local heat transfer, the
temperature also slowly ranges within 0.992–0.995 and then shar-
ply decreases.

The computer visualization of 3D vortex structures in oval dim-
ples is madewith the use of themethod of labeled particles, as done
in [38,40]. Particles are injected in the vicinity of source- and sink-
type singularities that are defined through the streamlines over a
dimpled curvilinear surface. The trajectories of liquid particles are
calculated with the use of the Cartesian velocity components deter-
mined from the solution of the fluid dynamics problem.

As known, in the case of flow around the moderate-depth
spherical dimple, at the narrow channel wall, the symmetric pair
of vortices is formed in the separated flow zone (Fig. 8). On the side
edges of the dimple, the focus-type singularities (Fig.8a) are
located, in the vicinity of which the vortex flows interacting in
the symmetry plane are generated. As shown in Fig. 8b, the stream-
lines enter the dimple from the incoming flow. As a result, a radial
jet issuing in the vicinity of the symmetry plane is formed.

In the case of flow around the oval dimple of width b = 0.731, in
the vicinity of the leading edge of the dimple the streamlines
(Fig. 8c) also have a focus-type singularity, in the vicinity of which
the vortex is generated. In Fig. 8d it is shown how it is formed from
the particles entering the dimple from the incoming flow. The vor-
tex flow is issuing in the vicinity of the trailing edge of the dimple.
Near the wall, the flow inside the dimple is reciprocal-circulation
in character.

From the streamlines over the surface of the oval dimple with
the cylindrical insert of length L = 1, it is seen that the larger part
of the inner surface of the dimple is streamlined without flow sep-
aration (Fig.9a). Fig. 9b shows the trajectories of the labeled parti-
cles that have been injected in the vicinity of the focus-type
singularity on the leading edge and have entered the dimple from
the external flow. They demonstrate several configurations of vor-
tex structures consistent with the streamlines at the wall inside
the dimple. So, it is interesting to consider a small-diameter spiral
vortex adjacent to the edge of the dimple on the windward side. As
a whole, the system of vortices is issuing in the vicinity of the trail-
ing edge.

For the dimple with the cylindrical insert of length L = 1.5, the
main feature of the streamlines (Fig. 9c) is the vortex flow issuing
through the part of the oval dimple on the windward side, not
reaching the trailing edge of the dimple. The location of the issuing
flow is associated with the concentration of streamlines on the
dimple surface. The visualization of spiral structures showed
(Fig. 9d) that the trajectories of labeled particles are concentrated
in large quantities in this zone.

The variations of temperature fields and streamlines with
decreasing oval dimple width should be added together with the
comparison of relative Nusselt numbers fields. For oval and conical
dimples, Figs. 10–12 show these variations in different scale and in
different color and the streamlines.

According to the classification, the dimples of the first group
combining symmetric dimples and oval dimples of width
b = 0.731 cannot be considered effective from the viewpoint of
increase in heat transfer from the dimpled heated wall of the nar-
row channel. As seen from Fig. 10, the increased relative Nusselt
number regions are rather narrow and short. In addition, the low
heat transfer areas are peculiar to such dimples. They are especially
long for 10�-truncated conical dimples (Fig. 12). However, it is of
importance to note that heat transfer is enhanced in them on the
side edges of the dimple, although, as will be shown, hydraulic
losses in channels with such dimples are very high.
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The oval-trench dimples with the cylindrical insert of lengths
L = 1, 1.5, 1.75, 2 (Fig. 11) are undoubtedly more promising; in this
figure the red color shows the regions located not only in the dim-
ple wake, but also inside the dimple. Although in the vicinity of the
trailing edge, the low heat transfer areas exist, growing with
increase in relative dimple lengthening, their development is to
certain extent compensated by expanding the enhanced heat
transfer area on the side edge of the dimple on the windward side
in the vicinity of the trailing edge.

4.4. Velocity distributions

Figs. 13 and 14 and Table 2 present the results on the extreme
local Cartesian velocity components and turbulence characteristics
in the narrow channel with the 10o-truncated conical and oval
dimples of different width at a depth of 0.13 and a fixed spot area.

The plots of the behavior of extreme turbulent flow characteris-
tics in the channel and the data of Table 2 largely explain the
advantage of oval-trench dimples. As the width b is decreased, sec-
ondary flow in the dimple first defined by the maximum and min-
imum values of the transverse velocity component (curves 4 and 5)
is dramatically augmented; at that, other extreme velocity compo-
nents also grow in absolute magnitude. Of course, it is necessary to
take into account the increase in the relative dimple depth defined
by the ratio of the fixed depth (0.13) to the constantly decreasing
width and the ratio value reaching 0.39 at L = 2.

The reciprocal-circulation flow velocity estimated by the mod-
ule of the minimum separated flow velocity um increases from
0.23 to 0.475 as the oval dimple length is increased from L = 0.5
to 1.5; at the stage of completing and localizing the separation
zone at L = 0.9, the magnitude |um| = 0.4. When the length L is
increased by a factor of more than 1.5, the value of |um| slightly
decreases to 0.45 at L = 2. It should be noted that in the spherical
dimple, the value of |um| appears to be much larger (0.26) than
in the oval dimple of width b = 0.731 (0.23), whereas in the case
of the conical dimple, practically there is no difference as com-
pared to the considered oval dimple.

The behavior of ascending flows is often indicative of the
restructuring of the separated flow. Here, it should be noted that
there is a minimum local value of vmax = 0.33 between L = 0.75
and 0.9. Just over this range of the cylindrical insert length the sep-
arated flow zone is stabilized in the case of the oval dimple. It is
interesting to emphasize that in going from the spherical dimple
to the oval dimple of width b = 0.731, the value of vmax rather shar-
ply increases from 0.26 to 0.35. As the oval dimple width is
decreased, the increase in vmax is stabilized and reaches 0.51 at
L = 1.75–2. The maximum value of the descending flow velocity
(�vmin) gradually increases from 0.06 (L = 0) to 0.34 (L = 2); at that,
there are no jumps in going to oval dimples. For the conical dimple,
the values of (�vmin) and vmax appear to be much higher than those
for the spherical dimple: 0.14 and 0.4, respectively.

One of the most important results of this work is the revealed
effect of a sharp increase in (�wmin) for oval dimples with the
cylindrical insert of length of more than 1.5. The negative mini-
mum value of the secondary flow velocity increases almost four
times (in comparison to the spherical dimple) and reaches 0.81
of the bulk velocity in the channel.

In what follows, the maximum transverse velocity component
wmax slightly changes at the stage of restructuring the separated
flow in the case of the oval dimple (from L = 0.5 to 0.9), remaining
at a level of 0.18. Further,wmaxmonotonically grows to 0.39 at L = 2.

Of big interest are the maximum temperatures at the dimpled
heated wall (Table 2). In fact, for all dimples, except the conical
and oval dimples with the insert of lengths L = 1.75, 2, they are
the same and are likely not realized in the dimples. In the conical
dimple, the maximum value of Tw appears at its bottom in the
vicinity of the leading edge of the dimple on the leeward side,
whereas in the oval-trench dimple, a very long spot with a high
temperature Tw is formed in the vicinity of the trailing edge.

In Fig. 14, the profiles of the Cartesian velocity components and
the temperature in the dimple center reflect the evolution of flow
and temperature field in the dimple as its width is decreased.

The first-group dimples are characterized by the formation of
the separated flow with a negative component u1/2. The maximum
value of the backflow velocity for the conical dimple (0.25) exceeds
the similar maximum values for the spherical dimple (0.2) and the
oval dimple of width b = 0.731 (0.12) (Fig.14a and b). It is also of
interest to note that in the channel, descending flows from the
top wall and from the shear layer are formed above these dimples
and inside them, i. e., these dimples capture the liquid from the
space around them. The temperature inside the vortex core in dim-
ples slightly changes, but its level for the conical dimple much
exceeds the levels for the oval dimple of width b = 0.731 and the
spherical dimple.

Upon the flow restructuring in the oval dimple with the insert
of length L = 1, as the width is decreased, the positive longitudinal
velocity u1/2 grows; at that, for L = 2 it has a maximum local value
of the order of 0.3 that is substantially higher than the same max-
imum value equal to 0.1 when the insert length is close to L = 1.75.
It is worthy to note the change in the deformation of the profile of
u1/2(y) in the flow core in the narrow channel that is most notice-
able for L = 1.75 (curve 6) with its strong deviation from the profile
of u1/2(y) in the plane-parallel channel. However, the profile of u1/2
(y) for L = 2 also differs from other S-shaped profile inside the dim-
ple and in particular in its strongly marked minimum local value
equal to 0.08.

As the oval dimple width is decreased, the descending flow is
changed to the ascending one (Fig. 14c); at that, the largest maxi-
mum value of v1/2 equal to 0.21 is attained inside the dimple of
length L = 1.5 and then it pretty quickly falls to 0.09 at L = 2.

As the oval dimple width is decreased from 0.731 to 0.429
(Fig. 14d), the minimum value of the transverse velocity compo-
nent w1/2 gradually grows in absolute magnitude and its coordi-
nate is shifted from the dimple bottom, reaching a value of 0.6 at
L = 1.5. In what follows, the maximum local value of w1/2 first
increases to 0.15 at L = 1, then it decreases to 0.1 at L = 1.5 and is
shifted to the top wall. The profile of w1/2(y) in the flow core is pos-
itive and close to a constant value, consequently, the velocity vec-
tor above the oval dimple oriented to the left is slightly inclined to
the right. For the oval-trench dimple with the insert of length
L = 1.75, the minimum value of w1/2 gradually decreases in abso-
lute magnitude, the maximum value of w1/2 also decreases and is
shifted to the top wall. The profile for the dimple with L = 2 quali-
tatively and quantitatively differs from that with L = 1.75. There is
no inclination of the velocity vector in the flow core above the dim-
ple. Instead of the maximum value of w1/2, the second minimum
local value appears, and the first minimum value of w1/2 is equal
to �0.25. The dynamics of the profiles of the Cartesian velocity
components, when only one central dimple is considered, illus-
trates the fast changes in the vortex flow field in oval-trench
dimples.

Such a conclusion is to a certain extent confirmed by the pro-
files of the temperature T1/2 (Fig. 14e). If at L = 1 and 1.5 (curves
4 and 5) the temperature in the vortex flow core in the dimple
decreases, then at L = 1.75 it starts increasing slightly and at L = 2
it grows in the near-wall zone, which is undoubtedly due to the
changes in the profile of w1/2(y).

4.5. Turbulent parameter distributions

Table 2 and Fig. 15 contain the turbulent flow characteristics in
the narrow channel with conical and oval dimples.
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Attention is paid to a monotonic decrease in the maximum
value of turbulence energy when the dimple width b is decreased.
This is indicative of the fact that the vortex flow in the oval dimple
has a tendency to linearization. In the case of the conical dimple,
the maximum turbulence energy value appears to be higher than
the similar value in the case of the spherical dimple, and the max-
imum value of generated vortex viscosity turns to be almost the
same for the both dimples. The maximum value of vortex viscosity
for oval-trench dimples decreases by a factor of more than 1.6 in
comparison to symmetric dimples.

In Fig. 15, the comparison of the profiles of turbulence energy
and Re-normalized vortex viscosity as a whole is consistent with
the conclusions obtained on the basis of the analysis of the consid-
ered maximum characteristics.

The maximum value of turbulence energy for the spherical dim-
ple significantly exceeds the similar maximum values for the con-
ical dimple and the oval dimple of width b = 0.731 (0.055–0.035
and 0.04, respectively). After the separated flow has been restruc-
tured for the oval dimple with L = 1, the local minimum appears in
the profile of k1/2(y) and the second maximum larger in magnitude
is shifted to the zone above the dimple. As the oval dimple width is
decreased, the second maximum gradually decreases; at L = 1.75
and 2 (of order 0.02) it is not too different from the maximum of
k1/2 in the plane-parallel channel (0.012).

Normalized vortex viscosity is as a whole consistent with the
behavior of turbulence energy. Its maximum value for the spherical
dimple far exceeds the similar maximum values for the conical
dimple and the oval dimple of width b = 0.731 (20–13 and 16,
respectively); at that, the dependences Remt1/2(y) for the conical
dimple already has a second maximum along the periphery at
the dimple boundary y = 0. As the oval dimple width is decreased,
the maximum values for the conical dimple in the dependence
Remt1/2(y) decrease and are substantially lower than those for the
channel flow core. The normalized viscosity level near the wall at
L = 1.75 and 2 does not exceed 5, i.e., 4 times lower in comparison
to the spherical dimple.
4.6. Analysis of integral thermal-hydraulic characteristics in the
channel with conical and oval dimples of variable width and fixed spot
area

The assessment of the influence of the oval-dimple width b on
integral characteristics of flow and heat transfer is the central
objective of this study. As the width b is decreased, the dimple
lengthening increases (from 1 to 6.78) and, hence, the dimple
impact on flow in the near wake. The region-averaged total Nusselt
number Nun is calculated over the 3-long and 2-wide rectangular
section surrounding the dimple (shifted by 0.5 relative to the cen-
ter downstream), not considering and considering the increase in
the curvilinear surface of the dimple (Nuno). Fig. 16 and Table 3
illustrate the ratio of the total Nusselt number Nun over the section
(denoted by 1 in Table 3) of the dimpled wall to the equivalent
characteristic Nusselt number Nunpl for the plane channel. As
described in [38], hydraulic losses are determined by averaging
over the boundaries of the control region of the dimpled (f) and
plane (fpl) channels (Fig. 3). The thermal-hydraulic efficiency
(THE) is calculated as the ratio of the total thermal efficiency
Nun/Nunpl over the selected section to the relative hydraulic losses
f/fpl at the boundaries of the section. Fig. 17 considers the integral
thermal and thermal-hydraulic characteristics of the rectangular
section (denoted by 2 in Table 3) surrounding the oval dimple at
an angle of inclination of 45� to the incoming flow as the dimple
width dependences (Fig. 3). Relative heat transfer from the dimple
with regard (in brackets) and no regard (without brackets) to the
dimple surface area is also analyzed.
The results on the distinctive features of integral thermal-
hydraulic characteristics in the dimpled channel are summarized
in Conclusions.

5. Conclusions

1. The consideration of oval dimples consisting of two halves of
the spherical dimple connected by a cylindrical insert of length
L and located at an angle of inclination of 45� to the incoming
flow in the channel identified the lack of attention to oval-
trench dimples with the length-to-width ratio of more than
3–4.
Methodically, it was important to fix the spot area of the dimple

and its depth for one and the same channel. The problem was sta-
ted for convective heat transfer in the narrow channel with the
width of 2.5, the height of 0.3, and the length of approx. 7 in terms
of spot diameter of the equivalent spherical dimple at the heated
wall for q = const. As in the previous numerous tests, the side walls
were thermally insulated, the top wall was isothermal and kept at
a ‘room’ temperature at the channel inlet. Water served as the
working medium. The Reynolds number was 104, and the depth
of the dimple was moderate and equal to 0.13 (0.389 of the chan-
nel height). It should be emphasized that the depth of the oval
dimple in terms of width was ranged from 0.13 to 0.375 (at a
length increase of 6.78).

2. The methodology of solving tasks is associated with the use of
original multiblock computational technologies based on
simple-topology different-scale structured overlapping grids
with a special region near the dimple and with a wake behind
the dimple meant for solving RANS equations – steady
Reynolds-averaged Navier-Stokes equations. In the present
work, the multiblock computational technologies are imple-
mented in the VP2/3 code, and the turbulence models and the
boundary conditions for heat transfer are tested. The complex
is debugged and the data processing is described.

3. A detailed study of fluid dynamics and heat transfer in the nar-
row channel with a variable-width oval dimple and a compara-
tive analysis of 10o-truncated conical and basic spherical
dimples allowed the following conclusions to be made.
3.1. The first group of dimples is selected. These dimples have

similar characteristics and among them are the conical and
spherical dimples and also the 0.731-wide oval dimple
with the cylindrical insert of length L = 0.5. This group of
dimples is characterized by a common separated flow
zone formed on the entire inner surface of dimples. These
dimples exert a substantial influence on flow in the chan-
nel and, in particular, near the opposite plane wall.

3.2. Oval dimples with the insert of the length ranging from
0.625 to 0.9 are considered. In the dimples, separated flow
is gradually restructured, the separated flow zone is local-
ized behind the leading edge and backflow is augmented
in it. The dimple becomes non-stagnant and separated as
a whole.

3.3. For the oval dimples with the insert of the length ranging
from 1 to 1.5, the vortex flow undergoes restructuring
with the steady position of a vortex braid leaving the dim-
ple on the trailing edge of the dimple on the windward
side.

3.4. Oval-trench dimples with L = 1.75 and 2 are structured
with two zones having different thermal efficiency: a)
the inlet region of a dimple with a short separation zone
and flow acceleration is characterized by powerful heat
transfer both inside and behind the dimple; b) the outlet
region adjacent to the trailing edge has low heat transfer
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on the inner surface of the dimple and peak heat loads in
the vicinity of the thin edge. For the most narrow (0.346)
and long (6.78 in terms of width) dimple, the relative
depth in terms of width has appeared to be largest and
equal to 0.39 and the best thermal and thermal-
hydraulic characteristics have been obtained. Hydraulic
losses in the considered channel with this dimple slightly
differ from those in the case of the basic spherical dimple.

3.5. The main advantage of oval dimples in comparison to
symmetric ones lies in secondary flow augmentation in
the dimple. If for the first group of dimples the maximum
values of the secondary flow velocity are equal to 0.2–0.3,
then for the oval-trench dimple with L = 2 the maximum
values are 0.8.

3.6. Flow dynamics of oval-trench dimples has the following
feature: the positive friction region of a long dimple
(approximately the diameter of the spot area of the spher-
ical dimple) is formed over the longitudinal middle cross
section located directly behind the intense separation
zone, but not covering the long dimple.

3.7. The analysis of local and integral heat transfer in the nar-
row channel with oval-trench dimples involving the aver-
aging over the longitudinal and transverse strips of the
chosen control region has shown that

– it is somewhat paradoxical, but in the leading edge zone of
dimples, including in the intense separated flow zone, there
occurs the region of low temperatures and high heat transfer
in comparison to two-fold heat transfer from the plane wall
practically having a constant length (0.9 of the characteristic
size – the spot diameter of the spherical dimple, which is
equivalent to 2.6 in terms of width of the longest dimple);

– maximum transverse strip-averaged heat transfer in this
intense heat transfer region reaches a value of 1.9;

– on the windward side of the oval-trench dimple, longitudi-
nal strip-averaged heat transfer has increased by a factor
of 3 in comparison to that from the plane wall. However,
the leeward side of the dimple half is characterized by an
insignificant change in heat transfer (0.9–1.3); at that, the
longest dimple has a narrow zone with decreasing heat
transfer.

3.8. Distinctive features of integral thermal-hydraulic charac-
teristics in the dimples channel.

3.8.1. As the oval dimple insert length equal to 6.78 (in
terms of width) is increased, the thermal-hydraulic
characteristics of the rectangular section of the dim-
pled channel are radically improved in comparison
to the spherical analog: the thermal hydraulic effi-
ciency is from 1.162 to 1.002; at that, for the latter
with the consideration of increase in the streamlined
wall section, the obtained thermal hydraulic effi-
ciency is less than 1.

3.8.2. For the rectangular section with oval-trench dimples,
the rate of increase in the thermal efficiency is signif-
icantly ahead of the growth of hydraulic losses. The
thermal efficiency of the dimple of length L = 2 is 6
times higher than that of the spherical dimple with
no regard to the inner surface of the dimple and is
preferable 4 times with regard to the streamlined wall
section (Nun/Nunpl = 1.243–1.063 and 1.19–1.054,
respectively).

3.8.3. Hydraulic losses over the section with the oval dimple
of width of b = 0.549 (the cylindrical insert of length
1) have a maximum value. For the spherical dimple,
this magnitude 1.5 times exceeds the value of hydrau-
lic losses. Hydraulic losses over the section with the
narrow oval-trench dimple (L = 2) have appeared to
be lowest and only by 13% exceed hydraulic losses
over the section with the basic spherical dimple.

3.8.4. The 10�-truncated conical dimple has significant ther-
mal efficiency exceeding 2.3 times that of the spheri-
cal dimple. However, bearing in mind this, the conical
dimple is 1.65 times worse than the narrow oval-
trench dimple. With allowance for increase in the
streamlined surface section, the conical dimple
insignificantly (1.35 times) exceeds the spherical dim-
ple, but it is even more interior to the oval-trench
dimple (L = 2) than without regard to the inner sur-
face – 2.9 times.

3.8.5. The comparison of the thermal efficiencies of oval and
basic spherical dimples shows the 7.1-fold advantage
of the narrow and long oval dimple (with allowance
for increase in the inner surface section – 5.75). This
is indicative of the fact that the oval dimple increases
1.98 times heat transfer from the wall in the dimple,
exceeding heat transfer from the equivalent section
of the plane-parallel channel (with the consideration
of increase in the streamlined surface section of the
dimple this value is lower – 1.48).

3.8.6. The maximum value of hydraulic losses for the area
surrounding the oval-trench dimple (L = 2) is of the
order of 1.175 and some scatter of predictions is seen
after this value, but the tendency for decrease in rela-
tive hydraulic losses with decreasing dimple width is
clear. It should be noted that these losses substan-
tially exceed the similar ones for the first section with
the oval dimple; these losses are 1.5 times less than
those for the spherical dimple, which is substantially
higher than for the first section.

3.8.7. The thermal-hydraulic efficiency of the oval-trench
dimple is very high – 1.79 (1.34 with regard to the
dimple surface increase). For the spherical dimple,
this parameter is equal to 0.98 (0.93). The thermal-
hydraulic efficiency of the conical dimple is equal to
1.07 (0.84).

In general, it can be stated that the oval-trench dimples are dra-
matically superior to the symmetric analogs primarily because
they are more efficient vortex generators.
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