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ABSTRACT

Vortex mechanism of heat transfer enhancement in a nar-
row channel with dimples has been investigated numerically
using LES method. The flow separation results in a forma-
tion of vortex structures which significantly enhance heat
transfer on dimpled surfaces conducted by a small increase
of the pressure loss. The heat transfer To get a deep insight
into flow physics LES is performed for single phase flow in a
channel with a spherical dimple. The instantaneous vortex
formation and separation are investigated inside the dimple
area. Considered are Reynolds numbers (based on dimple
print diameter) Rep = 20000 and Rep = 40000 and the
depth to print diameter ratio of A = 0.26. Frequency anal-
ysis of LES data revealed the presence of two dominating
frequencies in unsteady flow oscillations.
of the flow field revealed the presence of coherent vortex
structure inclined to the mean flow. The structure changes
its orientation in time causing the long period oscillations
with opposite-of-phase motion. Three dimensional proper
orthogonal decomposition (POD) analysis is carried out on
LES pressure and velocity fields to identify spatio-temporal
structures hidden in the random fluctuations. Tornado-like
spatial POD structures have been determined inside dim-
ples.

Direct analysis

INTRODUCTION

Vortex enhancement of heat transfer caused by turbu-
lators is currently used in modern heat exchangers.
case of using dimples as turbulators the hydrodynamic and
thermodynamic properties of exchangers become optimal in
comparison with other heat transfer enhancement methods
like ribs and fins. Especially with respect to the pressure
loss this innovative cooling method shows major advantage
as compared with existing conventional methods. Basically
the physics of the flow inside the dimple is complicated and
it is still not completely understood. Main attention of pa-
pers published in the literature has been paid to the heat and
mass transfer effects averaged in time whereas the unsteady
processes and their role in the heat transfer enhancement
have not been thoroughly investigated. The structure of
vortices created within dimples remains not quite clear es-
pecially when the flow is highly unsteady at large depth to
diameter ratio of the dimple. Since the form of the vortex
has a strong impact on the heat transfer the deep under-
standing of physics inside of the dimple is important for the
further improvement heat exchanger efficiency.

The first investigations of unsteady effects were performed
by Gromov et al. (1986) who presented the picture of vor-
tex formation in a single dimple. More detailed investigation
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was performed by Terekhov et al. (1997) who documented
periodical outbursts of vortices from downstream rim using
hydrogen bubbles. Transverse oscillations of the outbursts
with low (w < 1Hz) and high frequency (w > 1Hz) were
observed at the Reynolds numbers up to Rep = 40000.
Analysis of instantaneous pictures of the flow revealed a
consequent process of generation of regular vortices in the
recirculation zone, their shedding downstream resulted in
the formation of staggered rows of vortices. Unfortunately,
these first valuable observations have never been quantified
properly and analyzed in the further investigations using
modern nonintrusive measurement techniques and advanced
numerical technologies like LES and DNS. The most detailed
experimental study of unsteady flow characteristics on dim-
pled packages has been performed by (Mahmood et al., 2000;
Ligrani et al., 2001; Won et al., 2005). Flow visualisation
by smoke patterns revealed a primary vortex pair generat-
ing periodically in the center of the hole. Additionally to the
primary vortex pair two secondary vortices arise at the span-
wise edges of each dimple. Furthermore for dimples with a
depth to diameter ratio of t/D > 0.22 a significant augmen-
tation of heat transfer is documented, when dynamic vortex
structures with transversal oscillations occur around dimple
area. In fact, at present there exists no generally accepted
point of view regarding the vortex formation both in a sin-
gle dimple and on dimple packages. Different scenarios are
published in the literature.

The vortex flow within a dimple is definitly highly unsteady
and a single steady coherent vortex structure doesn’t ex-
ist. The flow reveals the presence of two dominant modes
whereas one of them changes the position at low frequency.
The reason for such a flow behaviour is still not clear. Since
the form of the vortex has a strong impact on the heat trans-
fer the deep understanding of physics inside the dimple is
important for the further improvement of dimple exchanger
efficiency.

In this study, LES is used for numerical investigation of vor-
tex formations in a single dimple. From LES calculations a
detailled insight is given for spatially resolved pressure distri-
butions and instantaneous flow structures inside and around
the dimple.

NUMERICAL METHOD

The LES equations are obtained by filtering the continu-
ity equation, the Navier-Stokes equations and the transport
equation for the temperature T at the filter width A:

u;

ox;

=0, (1)
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The unclosed subgrid stress tensor

Tij = Uity — Uiy,

and the subgrid contribution to the scalar dynamics

JSGS = Tu; — T, (5)
are modeled in terms of the filtered quantities u; and T.
The unclosed stress tensor 7;; is modeled using the dynamic
mixed model (DMM) (Zang, 1993). To ensure the numerical
stability of DMM calculations a clipping procedure derived
from a rigorous mathematical analysis based on Taylor se-
ries approximation is applied (Kornev, 2007).

LES has been performed using the parallelized object ori-
ented software OpenFOAM based on a 3-D finite volume
method for arbitrary non orthogonal grids. The filtered
transport equations are solved on a non staggered Cartesian
grid, the discretisation in space and time of the transported
and transporting quantities at the cell faces is of second or-
der using central differencing scheme.

The molecular Prandtl number Pr was set to 0.7, whereas
in LES the turbulent viscosity p; and the Prandtl num-
ber Pr are determined dynamically within the DMM. The
Reynolds number based on the averaged bulk velocity U,
and dimple print diameter D was equal to Rep = 20000
and Rep = 40000.

COMPUTATIONAL GRID AND BOUNDARY CONDI-
TIONS

The computational domain is shown in Figure 1 and was
chosen to match conditions of experiments of Terekhov et.
al. (Ly = 15mm, L, = 115mm). The diameter D of the
dimple with a sharp edge was kept constant at D = 46mm,
whereas the dimple depth ¢ was set to t = 0.26D. Periodic
boundary conditions were applied in homogeneous spanwise
direction. No slip boundary conditions were enforced on
the lower and the upper channel walls. LES inlet conditions
were specified using the precursor method and synthetic gen-
eration of turbulent fields by the method of Kornev et al.
(2007) called inflowgenerator. For the precursor method a
quasi periodic channel flow was calculated in front of the
computational domain. The fluctuations and the mean ve-
locity of the channel flow were used as inlet conditions of
the computational domain.
tain velocity U, the overall losses within the channel were
calculated and simply added as the driving force to the mo-
mentum equation. To reduce the amount of computational
costs the inflowgenerator is also applied at the inlet. The
integral length scales, needed for inflowgenerator, are taken
from DNS by Moser et al. (1999). Since the inlet signal
is correlated both in space and in time and the statistical
properties are reproduced up to the second order, the tran-
sition area behind the inlet is relatively short.

In order to establish the grid independence of the LES model
a series of calculations were carried out. On its base a block
structured curvilinear grid consisting of 1°496’000 cells was
chosen for further investigations.
side the dimple was 9000, which is quite enough to resolve

To drive the flow with a cer-

The number of cells in-
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Figure 1: Computational domain of the channel with a
single spherical dimple inserted at the lower wall.

the main vortex structures arising from the dimple surface.
The stretching of grid cells was set to satisfy the condition
ytT =5 for the fist grid point. The maximum values y* =5
take place at some grid points at the downstream side of the
dimple, whereas at all other locations y* is much less than
five. Therefore, the first grid points were always located
inside of the laminar sublayer.

RESULTS

The present numerical study is aimed to investigate vor-
tex development in turbulent flow over a single dimple in
a flat channel. The ratio of dimple depth to dimple print
diameter is ¢/D = 0.26 whereas the ratio of channel height
to dimple diameter H/D is 0.326. Numerical results include
validation using experiments and DNS, vortex freqency anal-
ysis, flow visualisations and POD (proper orthogonal decom-
position) analysis.

Validation

The inflow generation methods have been validated for
the channel flow for a Reynolds number of Re,; = 395.
Time and spatially averaged results, especially the shear
stress u/v’ and transversal stress w’w’, show very good
agreement to DNS data from Moser et al. (1999) for both
inlet conditions.
Further numerical results are compared with experimental
data published by Terekhov et al. (1997) for a smooth
channel with a single dimple. Figure 2 shows the profile of
normalized mean velocity obtained from LES and experi-
ments along the y-axis at «/H = 0.0 and z/H = 0.0 at the
center of the dimple. The data obtained for the Reynolds
number of Rep = 40000 are normalized by the maximum
velocity Up determined in the center of the channel flow
at y = H/2,z = 0 far upstream from the dimple. The
dividing surface between the dimple and the channel
passage is located at y/H = 0. Numerical results show good
agreement with experimental data. Small discrepancy with
measurements can be observed in the near wall region inside
the cavity. The most probable reason for the discrepancy
between theory and experiment in this region might be
typical LDA measurements problems in close proximity to
the wall. The strongest velocity gradients are detected at
the channel walls and on the dividing surface. Furthermore,
the dividing surface separates areas of positive and negative
time averaged axial velocities. With the other words, the
dividing surface y/H = 0 is the time averaged border of
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the recirculation area arising inside the dimple. Strong
vortices generated on the border of the recirculation zone at
y/H ~ 0, due to instability of the shear layer development,
produce significant pulsations.
the channel height is shown in figure 3. A discrepancy
between numerics and measurements is observed in location
LES predict the
largest fluctuations exactly on the dividing surface whereas
the measured maximum of u-rms lies inside the dimple.
However, it should be noted that the numerical results seem
Indeed, the maximum pulsations occur
in the area of the strongest velocity gradients which is in
accordance with well tried turbulence closure models.

The fluctuations across

of the maxiumum of the u-rms value.

to be reasonable.
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Figure 2: Mean velocity profile across the channel height at
z/H = 0.0 obtained from LES with different inlet
conditions in comparison with experiments of Terekhov et

al. (1997).
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Figure 3: Distribution of the normal stress in axial
direction across the channel height in the center of cavity
z/H = 0.0 in comparison with measurements of Terekhov

et al..

Finally the distribution of the dimensionless pressure co-
efficient C,

o, = L) ©)
pU; /2

along the centerline in streamwise direction in flow direction
at the dimpled wall is shown in figure 4. Py is the pressure
calculated at position /D = —1. In front of the dimple
edge at the downstream side of the cavity the pressure coef-
ficient experiences a high increase. This effect is caused by a
stagnation of the main channel flow which collides with the
windward dimple side. A dramatic pressure loss happens
further downstream where the flow is passed over the rear
sharp edge of the dimple.
The results presented in Fig. 2, 3, 4 show that LES is ca-
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Figure 4: Distribution of the pressure coefficient C} along
the centerline in streamwise direction at the dimpled wall
for Rep = 40000.

pable of predicting the flow in a dimpled channel with a
satisfactory accuracy.

Flow Structure

The distributions of mean velocities presented in figure
2 shows clearly the creation of a large recirculation zone
within the dimple. The time averaged profile occupies about
90% of the cavity. The core of the reverse flow is located
slightly downstream with respect to the cavity center. The
most interesting physical phenomenon of the dimple flow is
the presence of auto oscillations described in experiments by
Kiknadze et al. (1990), Terekhov et al. (1997) and Won et
al. (2005).

Self-sustained oscillations in dimple. The appearance of
organized self- sustained oscillations is a typical phenomenon
for flows with a massive separation.
similarities there are significant differences in formation of
structures responsible for such oscillations depending on the
geometry and Reynolds number. Terekhov et al. (1997) ob-
served visually transversal oscillations of the flow inside the
dimple with the depth to diameter ratio of ¢/D = 0.26 using
hydrogene bubbles. These oscillations have low-frequency
and high-frequency components. The low frequency oscilla-
tions occur as aperiodical outbursts with an angle of o = 45°
with respect to the mean flow direction. Streamlines from
early URANS (Isaev, 2003) simulations indicate the pres-
ence of an asymmetric vortex structure inclined to the mean
flow direction at the angle of approximately a = 45°.
contrast to experimental observations the asymmetric struc-
ture gained from URANS is steady and can be detected in
time averaged flow pattern. LES results also reveal the for-
mation of asymmetric structures but in contrast they are
unsteady. Since instantaneous flow snapshots from LES look
very chaotically the analysis is performed for characteristics
averaged locally in time. Figure 5 shows streamlines aver-
aged within three sec of real time at differtent time instants.
Streamlines indicate the asymmetrical vortex structures in-
clined to the mean flow. The coherent vortex structure is
switched nearly periodically from the position o« = +45° to
the position o = —45°. Therefore, for a hole with a depth to
diameter ratio of ¢/D = 0.26, numerical results confirm the
generation of unsteady asymmetric monocore vortex struc-
tures with a predominant transversal direction. As seen from
instantaneous streamlines patterns, the fluid flows directly
from the channel into the dimple and rotates within the
recirculation zone and finally flows out at the dimple end.
The presence of the vortices is also clearly confirmed in the

In spite of many
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(b)

Figure 5: Vortex structures obtained from LES velocity
field averaged over averaged three sec realtime for different
flow periods . Rep = 40000.

pictures of the pressure iso surfaces showing low pressure
areas inside of the dimple inclined to the mean flow. How-
ever, the flow averaged over a sufficiently long time period
is nearly symmetric. In this context LES results and quali-
tative measurement observations contradict to URANS ones
which predict the asymmetry even in the averaged flow pic-
tures. The switching is also reflected in the time history of
longitudinal velocity uz recorded at two symmetric points at
z/H =0,y/H = 0,z/H = +0.66 (figure 6). Two following
conclusions can be drawn from the diagram analysis. First,
the presence of long period self-sustained oscillations is ob-
vious. Second, there is a sort of opposition-of-phase of the
flow. Once the flow is accelerated at the point z/H = —0.66
it is decelerated or even changes the direction at the point
z/H = 0.66. This effect can be explained by consideration
of the mutual position of the vortex structure and the se-
lected points. The vortex is inclined both in horizontal and
vertical directions. The vortex inlet is located deeply inside
of the dimple whereas the outlet is above the dimple edge
downstream. Such a vortex induces both positive and nega-
tive longitudinal velocities depending on the point location.
At the position a = +45° (figure 5a) the point z/H = +0.66
lies above the vortex core which induces the positive velocity
resulting in the flow acceleration. The point z/H = —0.66
can be located either under the vortex axis, above or close
to it. In the first case we have negative induced velocity, in
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Figure 6: Time history of longitudinal velocity us; recorded
at two symmetric points at
z/H =0,y/H =0,z/H = £0.66 at Rep = 40000.

the second case the induced velocity is lowered. The situa-
tion is changed when the vortex position is switched. The
flow acceleration takes place at z/H = —0.66 whereas the
flow at z/H = 0.66 is decelerated. In both cases the prod-
uct of pulsations at both points is negative. As a result the
autocorrelation function

Ruu(n) = ulz(xv Y, Z)’U,/z(ﬁﬁ, Y,z + ﬂ)/u; (xv Y, 2)2

calculated at these two points changes its sign in transversal
direction (figure 7).
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Figure 7: Samples of two point correlations R, across the
dimple crosssection z/D at /D = 0.0 Rep = 40000.

In experiments of Terekhov et al. (1997) oscillations with
frequencies varying from 0.05H z to 0.2H z were detected. To
prove this fact the time history of the longitudinal velocity
containing about 50000 time steps was recorded from LES
and statistically evaluated at two spatial points with coor-
dinates z/H = 1.0, z/H = 40.66 (point 1) and z/H = 1.0,
z/H = —0.66 (point 2). Figure 8 presents the normalized
frequency spectrum. A clear peak in the frequency spectrum
around f = 0.48Hz for the point 1 and f = 0.23Hz for the
point 2 can be observed at Rep = 40000. For the case
Rep = 20000 a peak at f = 0.23Hz is documented at both
points. Analysis of streamline patterns and frequencies in-
dicates the presence of periodic outbursts near the back side
of the dimple. The second dominating frequency of about
10H z is observed only at the point 1 for Rep = 40000. This
fact underlines again the unsteady flow asymmetry although
the averaged flow seems to be symmetric.

Main
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Figure 8: Normalized frequency spectrum at point 1 and
point 2 for Rep = 40000.

POD Analysis.

The main goal of the POD procedure is the structure
recognition in a certain unsteady field of different quanti-
ties. POD technique originally proposed by Lumley (1970)
for turbulent flows is based on the Karhunen-Leove decom-
position. This technique is very usefull for identification of
spatial structures and estimation of their contributions to
the total energy of the flow field. The field is represented in
the form of series of products of space dependent functions
@g") (x) and time dependent coefficients a(™) (t).

N

wix,t) = a2 (x)

n=1

(7

The turbulent field w;(x,t) is taken from numerical sim-
ulations. For application of POD the snapshot method
proposed by Sirovich (1995) is used for decomposition of
high dimensional fields like the velocity field u(x,t). The
POD procedure is especially efficient if a restricted number
of first modes contain the most of the overall energy. The
POD results presented below have been obtained using 1100
samples of the velocity and pressure fields. At the time step
of At = 0.01 this sampling corresponds to 11 sec of real
time. The energy contribution of different modes decreases
rapidly within the first 25 modes. The first 40 modes repre-
sent about 25% of the energy at Rep = 4 - 10* whereas 51
modes at Rep = 2-10%. The presence of dominating modes
is most pronounced for Rep = 4 -10%. In this case the
modes n = 1 and n = 2 play a dominant role in the energy
budget. Also at Rep = 2-10* the first two modes are dom-
inant. However, the superiority of their contributions is less
in comparison with case of Rep = 4-10%. It is in accordance
with the concept that the turbulent fields show tendency to
formation of strong concentrated structures unevenly dis-
tributed in space when the Reynolds number increases.

Since the streamlines for Rep = 2 - 10* look similarly to
Rep = 4 -10* they are not presented. Figure 9 shows the
streamlines of first and second spatial functions ®(!) and
&) for Rep = 4 -10%. The structure corresponding to the
first eigenflow arising close to the end of the dimple looks
like a “tornado” taking its origin inside the dimple and pen-
etrating into the channel. This structure can be interpreted
as the tornado-like structure or the so called mono cell struc-
ture analogously to the structure described by Isaev (2003).
The structure is centered at the midpoint of the cavity and
rotates around the y-axis. It transports the fluid from the
dimple into the channel at an angle of approximately o = 45
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Figure 9: Streamlines of the first ®(1) (a) and second ®(2)
(b) spatial modes obtained from POD of the velocity field
at Rep =4-10%.

deg measured from the main flow direction. The streamlines
coming into the dimple from adjacent plate surface indicate
clearly that the structure has a significant impact not only on
the flow inside the dimple but also on the flow on the plate
around the dimple. Obviously it causes an increased heat
transport. Also two structures corresponding to the second
mode are tornado like spatial structures. In contrast to the
second mode structure they are symmetric about the cen-
terline. From the temporal coefficients a(1)(t) normalized
by its maximal value agzw versus time for the first POD
mode, a drastic alternation from negative to positive values
can be observed for both Reynolds numbers. Physically, the
sign change of a(!)(t) means that the first mode structure
steadily changes their rotation direction. To a certain ex-
tent, the results are consistent with results obtained from
the direct analysis of structures presented in the previous
subsection. Periodical change of the rotation direction of
the second mode is an additional explanation of long period
oscillations with the opposition-of-phase mentioned above.
This leads to periodic transversal fluctuations and outbursts
at the back side of the cavity observed in measurements.
However, it should be noted that such structure is not seen
in the flow pattern pictures. The so called tornado like struc-
tures widely mentioned in the literature seem to be a fiction
rather than a really existing coherent structures. The sec-
ond mode structures reflect a collective action of vortices of
different size and orientations producing the self-sustained
oscillations conducted with the opposition-of-phase motion.
The iso-surfaces of POD structures of the pressure field are
shown in figure 10. For both Reynolds numbers the first spa-
tial mode structure of the pressure field indicate the vortices
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arising in the shear flow separating the main flow and the
recirculation zone in the dimple. The iso-surfaces are almost
symmetric with respect to the longitudinal symmetry plane
of the flow.

Figure 10: Iso-surfaces of the first spatial mode obtained
from POD of pressure field at Rep = 4 - 10%.

Conclusion

Comparison of numerical results with experiments of
Terekhov et al. (1997) shows that LES models are capable
of predicting the averaged flow in a symmetry plane of a
dimpled channel with a satisfactory accuracy.
LES reveal the presence of oscillations with dominating
frequencies inside the flow over a single dimple. The same
conclusion has been drawn in many measurements on
dimples. At selected points inside of the dimple these oscil-
lations have low-frequency and high-frequency components
whereas at other points only a dominating low-frequency
component can be distinguished. Analysis of flow structures
using instantaneous streamlines and pressure iso-surfaces
shows clearly the presence of the coherent vortex structure
which is inclined with respect to the incoming flow. The
vortex orientation is changed nearly periodically in time
causing long-period oscillations with the opposition-of-phase
Although the instantaneous flow is asymmetric,
however, the flow averaged over a sufficiently long time
period is nearly symmetric. In this context LES results
contradicts to early URANS simulations which predict
the asymmetry even in the averaged flow pictures. Since
the experimental averaged field is also symmetric, LES
reproduces the flow physics more correctly than URANS.
POD analysis revealed formation of tornado like spatial
structures inside the dimple. The first POD mode corre-
sponds to a mono structure steadily changing its rotation
in time. Most probably this structure is responsible for
periodic fluctuations and outbursts at the back side of the
cavity. The second mode corresponds to a twin structure
located symmetrically inside the dimple.

motion.
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