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Numerical investigations of the flow pattern and heat transfer enhancement in supercritical grooved-channel
and communicating-channels flows are presented. For Reynolds numbers above the critical one, R, =0(100),
these flows exhibit laminar self-sustained oscillations at the plane channel Tollmien-Schlichting frequency.
These ordered, very well-mixed flows require significantly less pumping power than the random fluctuating
turbulent flows to achieve the same transport rates. Comparing different heat transfer augmentation schemes in
grooved channels, it is shown that the best enhancement system regarding minimum power dissipation corre-
sponds to passive flow modulation in the range of low Nusselt numbers. However, spontaneous supercritical
flow destabilization becomes competitive as the Nusselt number is increased. It is found that on an equal
pumping power basis, the heat transfer in communicating channels flows is up to 300% higher than the one in

flat channel flow.

Nomenclature

=groove depth (Fig. 1)

= computational domain

=pressure gradient

=half-channel height (Fig. 1)

=thermal conductivity

=periodicity length

=groove width (Fig. 1) _

u  =Nusselt number, q{ h/kAT

= pressure

= Prandtl number, »/o

=flow rate

=heat flux per unit area

=heat flux per projected area

= Reynolds number, (3/2) Vh/»

= temperature

=time

=velocity components in the x- and y- directions,
respectively

=time-mean, channel-averaged velocity

=vector velocity

=thermal diffusivity

=time- and space-averaged temperature difference
between wall and mixed mean fluid temperatures

=boundary of D

=nondimensional pumping power defined by Eq. 12

=periodic temperature

=kinematic viscosity

= periodicity index

= dynamic pressure

= density

=decay rate

=vorticity

= angular frequency
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Subscripts
a = adiabatic

c = critical

h =heat flux

p =periodic

K =solid wall

TS = Tollmien-Schlichting
t = time derivative

I. Introduction

PPLICATIONS such as cooling of modern electronic
A components, mass transport in biomedical devices, and
heat transfer in compact plate-finned heat exchangers have
created an increasing interest in transport enhancement
schemes in small size systems with moderate Reynolds number
flows. The evaluation and comparison of different augmenta-
tion schemes must consider, in addition to.the increase in
transport rates, the penalty associated with the increase in
dissipation and pumping power. .

An important aspect of transport enhancement is the mixing
produced by hydrodynamic instabilities. Systems that exploit
this feature require a separated flow region that produces
inflexional velocity profiles susceptible to inviscid destabiliza-
tion which, in turn, lead to significant convective motions
responsible for the transport enhancement. These separated
flow systems are capable of subcritical destabilization either
by imposing externally an oscillatory flow (active modula-
tion)"? or by inserting eddy promoters (passive modulation).*
In the first case, the flow is modulated at the system least-sta-
ble natural frequency in order to get resonant behavior. How-
ever, supercritical destabilization is achieved naturally in peri-
odic inhomogeneous geometries when the separated flow
system operates above a certain critical Reynolds number R,.
In this regime, the flow presents a time-periodic behavior with
laminar self-sustained oscillations at a well-defined frequency.
The R, for the onset of oscillations, which depends strongly on
the geometric parameters,’ is typically lower than the Rey-
nolds number for transition to turbulent flow.® This is in
agreement with the nonrigorous application of Squire’s theo-
rem, according to which the first instability to set in is two
dimensional.” .

In this study, we analyze two different periodic configura-
tions; the grooved-channel geometry (Fig. 1a) as a model for
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Fig.1 Typical geometries, periodic in the streamwise x direction and
infinite in z direction: a) grooved channel b) communicating channels.

an array of chips located on a circuit board® and the communi-
cating channels geometry (Fig. 1b) as representative of com-
pact plate-finned heat exchangers with perforated or slotted
fins.? 10 Heat-transfer surfaces, periodically interrupted along
the streamwise direction, have been widely used to improve
the performance of heat exchange devices and therefore re-
duce their sizes. Such an arrangement may be viewed as a
succession of colinear plate segments aligned parallel to the
flow, with gaps between successive plates (Fig. 1b). Each gap
enables the interruption of the thermal boundary layer where
the highest resistance to the heat flux occurs and the restarting
of a new one with lower thermal resistance. Furthermore, it
promotes very good mixing of the flow with self-sustained
oscillations when the system is operating above critical condi-
tions.

Along with the augmentation of the heat transfer coeffi-
cient, there is an increase in pressure drop because of 1) the
higher skin friction associated with the successive boundary
layer restartings and 2) the creation of separated flow regions.
Therefore, the evaluation of the overall performance should
take into account the pressure drop and pumping power as
well as the enhanced heat transfer coefficient.

In an enhancement problem formulated as follows: ‘‘For a
given fluid, channel height and a required value of Nusselt
number, determine the flow Reynolds number and geometric
parameters that would yield minimum pumping power,” it
can be shown by applying the classical Reynolds’ analogy!!-12
that in well-mixed flows, viscous dissipation scales linearly
with the Nusselt number and quadratically with the Reynolds
number. This implies that a flow that achieves a given trans-
port rate at lower Reynolds number will have less viscous
dissipation requiring less pumping power. Therefore, from the
preceding optimization criterion, ‘‘an optimal heat transfer
system is equivalent to a more unstable system, i.e., a system
with lower critical Reynolds number R.,”’” where R, refers to
the Reynolds number for the onset of laminar oscillations.

In this paper, the incompressible flow in periodic grooved-
channel and communicating channels is investigated by direct
numerical simulation. The conclusion drawn with the use of
the classical Reynolds’ analogy is also verified, showing that
these very well-mixed, oscillatory, but still laminar flows re-
. quire less pumping power than turbulent flows to - achieve
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comparable transport rates. In Sec. 11, the mathematical prob-
lem is formulated, and the numerical technique is: briefly
described. In Sec. III, solutions for subcritical steady-flows
are presented, that provides a baseline to which the supegcriti-
cal flows can be compared. In Sec. IV, the flow patterns for
self-sustained oscillatory flows in grooved-channel and com-
municating channels are analyzed. Finally, in Sec. V, pumping
power and the Nusselt number for supercritical flows are
computed. Comparisons are made with the results forplane
channel flow, eddy promoters, and externally modulated
flows.

II. Mathematical and Numerical Formulation

The geometries to be considered (see Fig. 1) are periodic in
the streamwise x-direction and infinite in the spanwise z-direc-
tion. The flow is assumed to be fully developed in x, and
independent of z.

The governing equations for incompressible flow are the
Navier-Stokes, mass conservation, and energy equations writ-
ten in primitive variables as

vi=wxw— VII+R -V, in D ¢))
v-.v=0, in D )
T, + V -(vT)=(R.Pr)~'v2T, in D A3)

where Il = p + lv12/2 is the dynamic pressure. The flow is
also governed by the geometric parameters a, £, and L. This
problem is nondimensionalized by scaling the velocities by
3/2V and the lengths by one channel half-height /2. The tem-
perature is nondimensionalized by g ”h/k, where ¢ ” is the
uniform flux imposed at the wall.

The fully developed boundary conditions for the velocity
field are

v(xy,t)=0 on 3D, (4a)

v(x + {L,y,1) = v(x.,1) on 4D, (4b)
corresponding to no-slip and periodicity of the fully developed
flow in the x direction where { is an integral periodicity index.
The pressure can be decomposed as follows

ey, = - L O + iy, (5a)

MG + ¢L,y,1) =T(e,t) (5b)

where dp/dx(¢) is the driving pressure gradient, which is
determined indirectly by the imposed flow-rate condition,

0= Su(x:O,y,t) dy =4/3 ©)

The linear pressure term in Eq. (5a) is consistent with periodic-
ity of the velocity of Eq. (4b), since only the gradient of the
pressure appears in Eq. (1).

The thermal boundary conditions are uniform heat flux and
adiabatic surface,

vT -n=q”"/k on 8D, (7a)

vT-n=0 on aD, (7b)
where 7 is the outward normal on the domain boundary.
For periodic, thermally developed :domains, the tempera-

ture can be decomposed into a linear part and .a periodic
contribution,

T(x,y,t) =0(x,y,t) + vx (8a)

0(x+§‘L,y,t)=0(x,y,t) (8b)
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wherey=¢q’/R Pr Q L and ¢’ is the total heat transfer rate
into:the domain. In order to obtain the appropriate periodic
condition for 6, a linear term is subtracted to compensate for
the gise in mixed-mean temperature because of the net heat
flux:input. '

Numegical Method

Thée numerical approach followed here is that. of direct
simulation, in which the system [see Eqgs. (1-8)] is solved using
dnitial . value solvers. In particular we find steady states
throuwgh time evolution, we calculate the linear stability of
these steady or unsteady states, and we follow the nonlinear
evolution and saturation of the resulting flows, using the same
type of initial value solvers.

The temporal discretization of the governing equations is
performed using a multistep fractional scheme.!* The convec-
tive nonlinear term is marched in time using a third-order
Adams-Bashforth scheme, and the pressure and diffusion con-
tributions are treated implicitly applying the Euler Backward
or Crank-Nicolson schemes.

The spatial discretization of the computational domain pro-
ceeds using the spectral element method.!%!* This is a high-or-
der, weighted-residual technique that exploits both common
features and the competitive advantages of low-order finite-
element methods (generality and geometric flexibility) and the
Dp-type spectral techniques (accuracy and rapid convergence).
In the spectral element discretization, the computational do-
main is divided into general quadrangular macro-elements.
Within each element, the dependent and independent variables
are represented in terms of high-order, tensor-product polyno-
mial expansions through Chebyshev collocation points. Mixed
variational and collocation operators are used to generate the
discrete equations with interfacial continuity constraints im-
posed naturally via variational statements; this approach re-

a)

b)

)

Fig. 2 Grooved-channel steady flow at R =250 a) streamlines b)
du/dy, the dashed lines indicate the x location of the plot as well as
the ‘zero reference for du/dy, c) instantaneous streamlines of the
decaying least-stable perturbation mode.
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sults in a weak coupling between the dependent variables in
adjacent elements and relative sparse matrices, making the
method efficient and easy to implement. Spectral methods
have proven to be a very powerful tool for analyzing fluid
flows and heat transfer because of their ability to represent
accurately the thermo-fluid variables and resolve high local
gradients with fewer grid points. Using spectral element meth-
ods, we have simulated accurately highly unsteady two-dimen-
sional laminar flows with heat transfer."'® Therefore, this
technique is well suited for the purpose of this work.

II. Subcritical Steady-State Flows

The numerical results presented here are obtained by direct
simulation of Egs. (1-8) iterating in time for arbitrary initial
conditions until a stable steady or periodic state is found. The
base geometries, shown in Fig. 1, have a nondimensionalized
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Fig.3 Velocity vectors of the steady communicating channels flow
at R =80. (Two counter-rotating vorticities are aligned and confined
in the groove.) ’
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Fig. 4 Phase plane portrait of v vs  as it is approaching a limit cycle,
at R =400.
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t=27/5

Fig. 5 Instantaneous streamlines at six times during one cycle of the
self-sustained oscillatory flow at R =400.

periodicity length L/h =5 and groove width ¢/h = 3. The ratio
of the groove-to-channel height is a/h = 1.68 (see Fig. 1a), and
the nondimensionalized separation between channels, is 2a/
h=1.0 and 1.68 (see Fig. 1b).

A. Grooved Channel

The streamlines for the grooved-channel steady flow at
R =250 are presented in Fig. 2a. They show a separated flow
region with a large-scale recirculating vortex which is responsi-
ble for the creation of a strong velocity inflexion point. This is
clearly seen in Fig. 2b by a plot of the steady du/dy profiles at
different x locations of the grooved channel, where the inflex-
ion point corresponds to the maximum of du/dy. This con-
trasts with plane Poiseuille flow whose parabolic ‘‘laminar”’
profile is inviscidly stable due to the lack of inflexion point.
The critical Reynolds number for the onset of unsteadiness in
grooved channel is much lower than that for plane Poiseuille,
although it depends strongly on the relative dimensions of the
grooved-channel geometry.?

However, in spite of this low critical Reynolds number and
strong inflectional point, the stability modes are similar to
traveling channel Tollmien-Schlichting waves (TS) as shown in
Fig. 2c, by a plot of stable linear perturbation streamlines at
R =250; moreover, any perturbation imposed to the steady
flow decays with a frequency very close to that corresponding
to the least stable plane Poiseuille mode.5

B. Communicating Channels

For the communicating channels geometry, the steady-state
field is shown in Fig. 3 in the form of velocity vectors for
Reynolds number R =80. Two counter-rotating vortices are
aligned and confined in the groove. There is almost no com-
munication between the groove and core flows. This is clearly
seen from the velocity profile in the channel part which is very
close to a parabolic plane-Poiseuille-flow profile.

A time-asymptotic result for the convergence of the stream-
wise velocity to its steady-state value at R = 100 shows that the
least stable mode is oscillatory with a decay rate and angular
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Fig. 6 Instantaneous streamlines at eight times during one cycle of
the self-sustained oscillatory flow at R = 700. The groove vortex is seen
to be ejected during the cycle.

frequency of o= —0.01439 and w =0.653, respectively, where
the frequency is nondimensionalized by the convective time.
Notice that for a plane channel wave corresponding to the
same wave number, the decay rate and frequency are
ors= —0.1682 and wys=0.652. Therefore, the frequency of
the decaying'mode is very close to the Tollmien-Schlichting
frequency corresponding to the same spatial structure of one
channel, whereas the decay rate indicates the destabilizing
effect of the channel communication.

IV.  Supercritical Self-Sustained Oscillatory Flows
A. Grooved Channel

Above a critical Reynolds number R,, the flow becomes
exponentially unstable to small disturbances. However, non-
linear effects stabilize the disturbance at some fixed ampli-
tude. A stable solution of the nonlinear equations is found in
the vicinity of the critical conditions for the onset of linear
instability. The flow bifurcates from a steady-state to a time-
periodic secondary self-sustained flow; this primary bifurca-
tion occurs at R, =320 for the base grooved-channel geome-
try. The velocity exhibits an oscillatory behavior approaching
a limit cycle as it is shown in Fig. 4, in a phase plane plot of
v vs u. The phase shift between the two components of the
oscillatory velocity induces a Reynolds stress (—pu‘v’) re-
sponsible for the increase in momentum diffusion, converting
energy from the basic mean flow to the oscillatory flow and
sustaining it. The velocity power spectrum shows a dominant
frequency that coincides with the Tollmien-Schlichting fre-
quency corresponding to the least stable Orr-Sommerfeld
mode for plane Poiseuille flow.’
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Figures 5 and 6 show a sequence of instantaneous streamline
plots during one period 7 of self-sustained oscillation at
R =400 (1.3 R;) and R =700 (2.2 R.) respectively. At slightly
supercritical Reynolds number flows (see Fig. 5), there is no
significant interaction between the groove and outer flows.
However, the mixing as well as the amplitude of the oscillatory
velocity and the waviness of the flow increase as the Reynolds
number is increased. The mixing between the groove and bulk
flow is clearly seen in the streamline pictures of Fig. 6 by the
bulging of the groove vortex into the channel. The flow pat-
tern and vortex ejection mechanism for these self-sustained
supercritical flows show a very close resemblance with the one
corresponding to subcritical grooved-channel excitation.!? In
the former, the flow achieves the oscillatory behavior natu-
rally, whereas in the latter, the flow is modulated at the
frequency of the least stable channel mode.

B. Communicating Channels

The critical Reynolds number for the two-dimensional pri-
mary instability is R, = 110 for the basic communicating chan-
nels geometry. In order to quantify the destabilizing effect of
the channel interactions, the bottom wall in the grooved-chan-
nel geometry is removed, which allows communication be-
tween two channels. It is found that the critical Reynolds
number is reduced by a factor of three in the basic geometry,
due to the destabilizing effect of the counter-rotating vortices
as well as the interaction between channels.

The evolution of the flow structure in terms of the instanta-
neous velocity vectors is shown in Fig, 7, in a sequence of six
time frames within one flow cycle (0 <¢ <7) for R = 1.3R,.
The flow is slightly supercritical, and there is weak interaction
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Fig. 7 Instantaneous velocity vectors at six times during one cycle of
the self-sustained oscillatory flow at R =1.3 R, (two moving counter-
rotating vortices are confined in the groove).
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between the groove and channel flows. The two aligned coun-
ter-rotating vortices of the steady flow of Fig. 3 become now
an unstable configuration, shifting their positions and
strengths during one period of oscillation. In this two-vortex
regime, one vortex becomes stronger and moves toward the
downstream wall, dissipating rotational kinetic energy; then,
the weaker vortex moves upstream and gives place to the now
stronger, second vortex to follow the same pattern.

Taneda et al.!8 also found that two counter-rotating vortices
constitute an unstable configuration in the cases of impulsive
start of flow over a flat plate and a cylinder. Initially, a
symmetrical pair of standing eddies is formed; though it will
later breakdown into an oscillating vortex street despite the
symmetric conditions. This, in turn, is indicative of a repulsive
force experienced by the pair of vortices rotating in opposite
directions. This force has the same origin as the attraction
force existing between vortices rotating in the same direction,
which results in the vortex-pairing process and roll-up found
in free shear layers.!®

For higher Reynolds number flows, the viscous forces are
not strong enough to keep the vortices confined in the groove.
A new flow regime is established in which the vortices in the
groove are ejected alternatively to the upper and lower chan-
nels producing strong mixing between the groove and bulk
flows.!® The vortex-dynamics is synchronized with the wavy
character of the flow which, indeed, corresponds to in-phase
traveling Tollmien-Schliichting waves in both channels. As the
Reynolds number is increased further, similar flow patterns
are obtained, although the mixing is much stronger. The flow
in the channel boundary layers becomes reversed and sepa-
rates from the wall.

V. Heat-Transfer Results

In this section we present heat-transfer results for the
grooved-channel geometry with uniform heat flux at the bot-
tom wall and adiabatic conditions at the top wall and for the
communicating channels with all surface uniformly heated.
The Nusselt number is defined as the heat removed from the
wall per unit temperature elevation,

Nu = ®

AT ="t — " (10)

K
Dy,

where /Dy, is the heated region and g ¢ is the heat flux from
one groove periodicity length per channel divided by its pro-~
jected area in the streamwise direction; for the grooved chan-
nel, g§ =q”(L + 2a)/L and for communicating channels,
q6 =q"[2(L +a)—1£)/L. The periodic part of the mixed-
mean temperature, defined at x = 0, is:

1
g <u(x =0,y,t):-0(x =0,y,t)>d(y/h)

6, = (1)

1

X <u(x =0,y,t)y>d(y/h)
-1

where < > refers to a time average.

A. Heat Transfer in Grooved Channels

A broad range of augmentation schemes have been pro-
posed to enhance convective heat transfer. In this work, we
investigate supercritical heat-transfer enhancement and com-
pare this technique with the following two methods of trans-
port enhancement by flow destabilization 1) active flow modu-
lation by imposing externally an oscillatory flow,? and 2)
passive flow modulation by placing small cylindrical eddy
promoters at the lip of the groove.®* Our interest is to deter-
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Fig. 8 Time- and space-averaged Nusselt number as a function of the
Reynolds number for the self-sustained oscillatory grooved-channel
flow. For highly unsteady laminar flows (R = 600), the heat transfer is
increased by almost four times compared to the steady flow, R =250.

mine which is the best enhancement technique as regards
minimization of the power dissipation for a given Nusselt
number.

We begin' by calculating the steady-state heat-transfer char-
acteristics to provide a baseline calculation to compare the
effects of self-sustained oscillations on the heat transfer. The
steady isotherms plots for R = 250 and Pr = 1 show a pattern
corresponding to a recirculation flow in the groove region; the
effect of the groove vortex does not extend to the channel part
of the flow where the thermal solution is like that in a laminar
fully developed plane-channel flow. The corresponding Nus-
selt number is Nu = 1.18 compared to Nu =1.35 for the
one-wall heated plane channel flow. This difference is due
mainly to the increase in the conduction length associated with
the groove depth.

The Nusselt number increases significantly for sufficiently
supercritical flow because of the Reynolds flux generated by
the unsteady motion. This is shown in Fig. 8, where the time-
and space-averaged Nusselt number is plotted as a function of
the Reynolds number. For 250<R <600, the heat transfer
augmentation is about fourfold compared to the steady
grooved-channel flow solution. This implies that the

- Tollmien-Schlichting waves are good heat transporters and
their natural excitation results in substantial enhancement of
heat transport. Since not all systems are susceptible to super-
critical destabilization, it is important to note the role of the
groove geometric inhomogeneities. The grooves introduce pe-
riodic disturbances that closely match the least stable
Tollmien-Schlichting wavelength, sustaining the oscillatory
flow.

In active flow modulation, excitation of normally damped
Tollmien-Schlichting waves is obtained by external modula-
tory forcing of the subcritical flow under resonant conditions.
Greiner et al.! and Ghaddar et al.?° found that resonant oscil-
latory forcing at 20% flow rate modulation of the otherwise
subcritical flow results in doubling the heat-transfer coeffi-
cient in a particular grooved-channel geometry (L/h = 6.66,
¢/h =222, a/h =1.11). The enhancement parameter as a
function of the forcing frequency is shown in Fig. 14 of Ref.
20, where a peak resonant augmentation in heat transfer is
observed. A similar resonance phenomenon with transport
enhancement is obtained by imposing an oscillatory flow on a
cylinder at a frequency near the natural vortex shedding fre-
quency (Fig. 4 of Ref. 2).

In passive flow excitation, small stationary cylinders are
inserted in the grooved channel to act as flow excitors. The
matching between the cylinder and channel flow patterns re-
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Fig.9 Power dissipation & as a function of Nusselt number for
grooved (0,0, e,”) and plane (—) channel flows. Heat flux is pre-
scribed on the bottom wall, while the top wall is adiabatic.

sults in similar strong mixing of the flow.>* Therefore, signif-
icant heat-transfer enhancement occurs as in the case of self-
sustained oscillatory flows presented in this work, in which the
groove inhomogeneity creates the flow structures that destabi-
lize the channel Tollmien-Schlichting waves, even in the ab-
sence of the external forcing or passive flow modulation.

We compare next the three methods of heat transfer en-
hancement in grooved channels in terms of pumping power
and Nusselt number, where the dimensionless pumping power
is defined as

3 _dp_ vn
‘I’:Z<E§>F (12)

The power dissipation $ as a function of the Nusselt num-
ber Nu for passive modulation, active modulation, and self-
sustained oscillatory flow in grooved channels is shown in Fig.
9. In all systems, the Nusselt number increases significantly
for sufficiently unstable flows. However, the optimal heat-
transfer enhancement system regarding minimum power dissi-
pation corresponds to the passive flow modulation by insert-
ing eddy promoters. Although the friction losses due to the
cylinder drag are not directly recoverable as heat-transfer en-
hancement, this system performs better mainly because the
instabilities originated at the cylinder shear layers further
destabilize the flow. Unsteady states at lower Reynolds num-
ber are achieved in this way. The critical Reynolds number is
125 compared with 320 for spontaneously occurring self-sus-
tained oscillatory flows.!2

At higher Nusselt numbers, flows with passive modulation
and supercritical self-sustained oscillations are competitive.
These augmentation methods have proven to be better than
subcritical resonant heat-transfer augmentation not only in
pumping power requirements but also because they are inher-
ently more reliable, not requiring a precise frequency tuning,
away from which almost no enhancement is obtained.

Experimental investigations of the performance of mi-
crogrooves and microcylinders in turbulent regime have been
performed recently.?!22 They suggest that flows should be
stabilized at their naturally stable spatial scales of motion in
order to achieve a better transport enhancement, i.e., global
flow destabilization for laminar flows and viscous sublayer
destabilization for turbulent flows.
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Fig. 10 Power dissipation ¢ as a function of Nusselt number for the
communicating channels (*, o) and plane channel flows (e ,—); heat
flux is prescribed on all of the surfaces.

B. Heat Transfer in Communicating Channels

At the onset of large-scale mixing produced naturally at
R >R, not only the heat transfer but also the pressure drop
increases significantly. Traditionally, in the heat-transfer liter-
ature, it is the increase in pressure drop that is usually consid-
ered as a measure of the penalty associated with heat-transfer
augmentation. However, another important measure is the
pumping power (pressure drop times flow rate) since a more
unstable system can achieve the same Nusselt number at a
much lower Reynolds number, that is, at a smaller flow rate,
although with a higher pressure drop. Therefore, in this work
we consider the penalty in the pumping power as well as the
enhanced heat-transfer coefficient to evaluate the overall per-
formance of a system.

We now study the effect on the heat transfer of the sponta-
neously occurring, self-sustained oscillations in communicat-
ing channel flows and compare with the heat transfer in
straight channel flows on an equal pumping power basis.
Figure 10 shows the pumping power & as a function of Nusselt
number Nu for the base geometry L/h =35, #/h=3 and for
separation between communicating channels 2a/h =1.0 and
2a/h =1.68. The critical Reynolds number for these ge-
ometries are 110 and 290, respectively. In addition, data for
laminar and turbulent flat channel flow?? with both walls
uniformly heated are indicated in Fig. 10. It is seen that at
® =2 x 105, the flat channel operates in the laminar regime and
gives Nu =2.06, whereas, the least stable communicating
channels geometry yields Nu = 5.76. Therefore, the heat trans-
fer is increased by almost three times for the same power
dissipation in communicating channels flows compared to flat
channel solutions.

The relatively thin boundary layers created by the inter-
rupted surfaces, the large-scale mixing due to self-sustained
laminar oscillations, and the communication between chan-
nels are the key factors on the high heat-transfer performance
of these surfaces. The mixing in these flows is responsible for
the heat-transfer enhancement as it is in turbulent flows. How-
ever, the ordered self-sustained oscillations in laminar super-
critical flows have less viscous dissipation than the random,
chaotic, fluctuation of turbulent flows, therefore requiring
less pumping power to reach the same transport rates.

We now compare the power dissipation for the two commu-
nicating channels geometries with R? = 110 and R = 290 in
Fig. 10. To obtain Nu = 2.25, the pumping power required by

SELF-SUSTAINED OSCILLATORY FLOWS 245

the more unstable system $° is approximately eight times
smaller than the one required by the more unstable system ®*.
The ratio between the. pumping powers ®°/®* is roughly the
square of the ratio between the Reynolds numbers (R°/R *)2.
This numerical experiment verifies that & is proportional to
Nu - R? and a more unstable flow, i.e., a flow that achieves
same Nusselt number at lower Reynolds number, requires less
pumping power. This figure also shows that very well mixed,
laminar self-sustained oscillatory flows require up to one or-
der of magnitude less pumping power than turbulent plane
channel flows to achieve the same transport rates.

The strong mixing induced by the self-sustained oscillations
and the interaction between channels suggests that this aug-
mentation scheme has potential for further application in
viscous sublayer destabilization in turbulent flows. The geo-
metric parameters in the communicating channels systém must
be chosen to guarantee, first, supercritical conditions and,
second, a self-sustained oscillation frequency higher than the
expected burst frequency. This could generate significant
transport enhancement by

1) local mixing due to the self-sustained oscillation in the
sublayer region in the time between consecutive bursts, and

2) promoting interchannel communication and allowing a
single burst to affect both sides of the heated surface.

VI. Conclusions

Numerical simulations of separated flows in grooved and
communicating channels show that above certain R,, these
flows exhibit laminar self-sustained oscillations at a frequency
very close to the least stable channel frequency. These oscilla-
tory flows not only increase significantly the transport rates
but also are optimal as regards pumping power. The pumping
power is proportional to the square of the Reynolds number
for a given Nusselt number. Thus, reduction of a flow’s criti-
cal Reynolds number increases its transport on an equal
pumping power basis. An optimal heat-transfer system is
equivalent to a more unstable system, i.e., a system with lower
R, for the onset of laminar oscillations.

The heat transfer increases as much as three times for the
same power dissipation in supercritical communicating chan-
nels flows when compared to flat channel solutions. The heat-
transfer effectiveness of these systems is due to the strong
mixing produced by the self-sustained oscillations, the interac-
tion between channels, and the decrease on the thermal resis-
tance in the restarting boundary layers.

Large-scale mixing produced by spontaneous supercritical
flow destabilization as well as the increase in the Reynolds and
heat fluxes are responsible for the heat-transfer enhancement
as it is in turbulent flows. However, ordered laminar self-sus-
tained oscillations yield less viscous dissipation than the ran-
dom, chaotic, turbulent fluctuations, therefore requiring less
pumping power to reach the same transport rates.
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