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Navier-Stokes simulations of three-dimensional flow and augmented convection in a flat
passage downstream from a fully developed channel with symmetric, transverse grooves
on two opposite walls were performed for 405⭐Re⭐764 using the spectral element technique. Unsteady flow that develops in the grooved region persists several groove-lengths
into the flat passage, increasing both local heat transfer and pressure gradient relative to
that in a steady flat passage. Moreover, the heat transfer for a given pumping power in the
first three groove-lengths of the flat passage was greater than the levels observed in a fully
developed grooved passage. 关DOI: 10.1115/1.1418371兴
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Introduction

Three-Dimensional Simulations
of Enhanced Heat Transfer in a
Flat Passage Downstream From
a Grooved Channel
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Engineering devices frequently employ enhanced heat transfer
surfaces 关1兴. Fins are typically used to extend surface areas while
offset strips are commonly used to promote thin boundary layers.
In recent years, a number of configurations that increase fluid
mixing by triggering flow instabilities have been considered.
Transversely grooved channels 关2– 4兴, passages with eddy promoters 关5,6兴 and communicating channels 关7兴 all contain fairly
large features whose sizes are roughly half the channel wall to
wall spacing. These structures are designed to excite normally
damped Tollmien-Schlichting waves at moderately low Reynolds
numbers.
The current authors have presented a series of articles on heat
transfer augmentation in rectangular cross section passages with
transverse grooves cut into the walls. Flow visualizations in a long
contiguously grooved passage exhibit two-dimensional waves at a
Reynolds number of Re⫽350, followed by a rapid transition to
three-dimensional mixing 关8兴. Heat transfer and friction factor
measurements using air show that both the Nusselt number and
friction factor are greater than the corresponding values for a flat
channel with the same minimum wall to wall spacing 关9,10兴. A
significant result is that fully developed heat transfer is enhanced
relative to laminar flat channel flow by as much as a factor of 4.6
at equal Reynolds numbers and by a factor of 3.5 at equal pumping powers. Three-dimensional numerical simulations for
Re⭐2000 give results that are in good agreement with experimental measurements 关11,12兴. Moreover, two-dimensional simulations
were inadequate to capture the transport processes in these configurations for Reynolds numbers greater than Re⫽570.
Investigations of external flow heat transfer on flat surfaces
downstream from disturbances have also shown favorable performance characteristics. For example, measurements made on a flat
plate downstream from different turbulence-generating grids show
that the ratio of heat transfer to friction factor increases linearly
with increasing turbulence intensity 关13兴. Maciejewski and Moffat
关14兴 measured heat transfer from a flat plate subject to very high

levels of free-stream turbulence. Their measured heat transfer coefficients, along with that of Blair, increase linearly with the maximum turbulence intensity of the flow.
Experimental measurements in a flat passage downstream of a
grooved channel were performed to determine the effect of decaying unsteadiness in an internal flow for the Reynolds number
range 1500⭐Re⭐5000 关15兴. These measurements show that the
heat transfer coefficient remained high for a substantial distance in
the flat region. The pressure gradient, on the other hand, dropped
back to the flat passage value much more rapidly, especially for
Re⬎2500. As a result, the heat transfer for a given pumping
power was even greater in the first five hydraulic diameters of the
decay region than in the grooved passage itself. Moreover, this
uncoupled heat/momentum transport behavior suggests that intermittently grooved passages, in which flat regions separate contiguous grooved sections, may have significant advantages in engineering heat transfer devices.
The current work is a numerical investigation of heat and momentum transport in a flat plate passage downstream from a fully
developed, symmetrically grooved channel with constant temperature surfaces. This simulation employs two different threedimensional sub-domains. The first represents one periodicity cell
of a continuously grooved passage. It has periodic inflow/outflow
boundary conditions in order to simulate fully developed flow.
The second subdomain consists of a single groove cell coupled to
a flat passage at its downstream end. The inflow conditions to the
grooved/flat sub-domain are taken from the outflow of the fully
developed domain. The variations of centerline velocity unsteadiness, heat transfer coefficient and pressure gradient with axial
position are presented for the Reynolds number range
405⭐Re⭐764. Heat transfer results from the current work are
directly compared to experimental data 关10,16兴. Finally, the heat
transfer versus pumping power performance of the first few
groove lengths of the flat passage is compared to that of a fully
developed groove channel.
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Numerical Method
Computational Domain. Figure 1 shows the pair of threedimensional sub-domains employed in this work. The upper and
lower boundaries are solid walls, and the fluid flows from left to
right 共in the positive x-direction兲. The domain shown in Fig. 1共a兲
represents one periodicity cell of a long, symmetrically grooved
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Fig. 1 Spectral element mesh. „a… Periodic groove domain. „b… GrooveÕflat domain. The
z -direction width of both domains is W .
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channel. The groove depth b⫽1.2 cm, groove length L G
⫽2.4 cm, and minimum wall-to-wall spacing H⫽1.0 cm are the
same as those used in earlier experimental work 关10,16兴. These
dimensions are chosen to be compatible with the wavelength of
the most slowly decaying Tollmien-Schlichting waves of the outer
channel flow 关2兴. This domain uses periodic inlet/outlet boundary
conditions to model fully developed flow. Our earlier numerical
simulations show that a single groove cell with periodic boundary
conditions is sufficient to model heat transfer and pressure gradient to within 20 percent of experimentally measured values 关12兴.
The sub-domain shown in Fig. 1共b兲 consists of a single groove
coupled with a flat region at its downstream end. The flat region
wall-to-wall spacing is H⫽1.0 cm and its length is L F ⫽5L G . The
conditions at the outlet of the periodic groove sub-domain 共Fig.
1共a兲兲 are used as the inlet conditions to the groove-flat domain.
The outflow boundary condition for the groove-flat domain is the
standard Neumann condition on velocity, du/dx⫽0. This condition produces a minimal flow-direction boundary layer having
thickness and amplitude O(1/Re) near the outlet. The grooved
portion of the groove-flat domain is included so that the simulation models elliptic 共upstream兲 effects caused by the flat passage.
We refer to this region as the ‘‘final’’ or ‘‘last’’ groove since it
represents the last groove before the flat passage. Periodic boundary conditions are imposed in the spanwise direction of both computational domains, for which the domain extent is W⫽2.0 cm.
The computational grids in both sub-domains consist of four
levels in the z-direction. Each level of the periodic groove domain
contains K P ⫽196 hexahedral spectral elements while the grooveflat domain has K GF ⫽560 elements in each z-level. In the spectral
element method 关17,18兴, the solution, data and geometric mapping
are expressed as tensor-product polynomials of degree N in each
spatial direction, corresponding to a total grid point count of
roughly 4(K P ⫹K GF )N 3 . Numerical convergence is achieved by
increasing the spectral order N.
The present simulations use consistent approximation spaces
for velocity and pressure, with pressure represented as polynomials of degree N⫺2 关18,19兴. The momentum equations are advanced by first computing the convection term, followed by a
linear Stokes solve in which the velocity field is projected onto a
divergence-free space. The scheme is second-order accurate in
time. Further details on this method can be found in 关19兴.

tions follows the analysis of Patankar et al. 关21兴. The energy equation, and associated initial and boundary conditions are

T
⫹Ū•ⵜT⫽ ␣ •ⵜ 2 T
t

(1a)

T 共 x,y,z,t⫽0 兲 ⫽T init共 x,y,z 兲

(1b)

T 共 x,y,z,t 兲 ⫽0 on the walls

(1c)

T 共 x⫽L G ,y,z,t 兲 ⫽e

⫺cL G

T 共 x⫽0,y,z,t 兲

(1d)
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Equation 1共d兲 corresponds to the fully developed and periodic
condition where the temperature profile is self-similar from one
cell to the next, i.e., T(x⫹L G ,y,z,t)⫽e ⫺cL G •T(x,y,z,t) for all
(x,y,z,t), where e ⫺cL G ⫽C. The constant c is unknown and is a
parameter to be determined as part of the computation. The fact
that each cell independently satisfies the homogeneous Eq. 共1兲 and
that we are considering fully developed solutions that are independent of T init implies that the solution to 共1兲 for each cell would
yield the same value of c. Hence, c cannot be a function of x.
Moreover, it is readily demonstrated from energy arguments that,
under fully developed conditions, c cannot be a function of time
even when the flow is itself unsteady.
Any function satisfying the above self-similar condition has the
unique decomposition T(x,y,z,t)⫽e ⫺cx  (x,y,z,t), where  (x
⫹L G ,y,z,t)⫽  (x,y,z,t) is a periodic function. Thus, the computation of T is reduced to the computation of a periodic function ,
and the constant c. Substituting this decomposition into Eq.共1兲
yields
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 共 x,y,z,t⫽0 兲 ⫽  init共 x,y,z 兲

(2b)

 共 x,y,z,t 兲 ⫽0 on the walls

(2c)

 共 x⫽L G ,y,z,t 兲 ⫽  共 x⫽0,y,z,t 兲 .

(2d)
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T 共 x⫽L G ,y,z,t 兲 ⫽CT 共 x⫽0,y,z,t 兲 ,
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The Periodic Domain. In the periodic domain the flow is
driven from left to right by a time-varying body force per unit
mass f x . This force is determined so that the mass flow rate
through the domain is invariant with time 关20兴. The thermal problem for the periodic domain requires careful treatment. If one
simply specifies zero-temperature conditions on the walls then the
solution eventually decays to zero. To produce the desired spatially fully developed state requires that the temperature profiles at
the inlet and outlet be self-similar, i.e.,



⫹Ū•ⵜ  ⫺ ␣ •ⵜ 2  ⫽ 共 ␣ •c 2 ⫹uc 兲  ⫺2 ␣ •c
t
x

Since the fully developed solution is independent of the initial
condition we may arbitrarily set  init⫽1. Equation 共2a兲 is solved
using a semi-implicit time-stepping procedure similar to that for
our Navier-Stokes solver. The diffusive terms are treated implicitly while the convective terms are treated explicitly. In addition,
all terms on the right of Eq. 共2a兲 are treated explicitly using the
latest available value for c. To avoid excessive time step restrictions, the diffusive terms are treated implicitly, while the convective terms are treated explicitly.
In the steady state case (  /  t⫽0), Eq. 共2兲 constitutes an eigenproblem for the eigenpair (c,  ). The constant c corresponds to the
decay rate of the mean temperature in the x-direction. As such, a
larger value of c implies more rapid decay and more effective heat
transfer. In the convection-dominated limit where the Peclet number U a D h / ␣ is large, Eq. 共2a兲 becomes a linear eigenvalue problem. In this case standard iterative methods for computing the
Transactions of the ASME
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lowest value of c 共corresponding to the most slowly decaying
mode in x兲 can be used even when the nonlinear (c 2 ) term in Eq.
共2a兲 is not identically zero. We find that this method accurately
computes the decay rate and Nusselt numbers for steady flows in
square and round ducts 关22兴.
For steady periodic flows with period , the temperature is periodic in time, implying T(x,y,z,t⫹  )⫽T(x,y,z,t). Since c is
independent of time, this implies that  (x,y,z,t⫹  )
⫽  (x,y,z,t). If the value of c is not chosen correctly, this condition will not be satisfied. Unfortunately,  is not known a priori
but is a result of the hydrodynamic part of the calculation. A
robust approach to compute c and  is obtained by multiplying Eq.
共2a兲 by , integrating over a single cell ⍀, and simplifying to
yield:
1 d
2 dt

冕

⍀

 2 dV⫽

冕

⍀

关共 ␣ c 2 ⫹uc 兲  2 ⫺ ␣ ⵜ  •ⵜ  兴 dV.

(3)
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While we do not expect the time derivative of the average temperature 共represented by the left-hand side of Eq. 共3兲兲 to be identically zero, it will in general be less than the time derivative of 
at any one point in the domain. Moreover, if we integrate the
right-hand side of Eq. 共3兲 from time t to t⫹  , the resultant quantity must be zero due to the temporal periodicity.
This suggests a two-tier strategy for computing c in the unsteady case. Initially, we determine c such that the right hand side
of Eq. 共3兲 is identically zero at each time step. This will permit a
relatively coarse but quick determination of c and . Subsequently, once  is well established, we use this value of c to
advance  for one or more periods, and monitor the decay or
growth of 兰  2 dV. At the end of each trial period, we adjust c until
convergence is attained. Typical values of cL G over the range of
Re considered are 0.1039 to 0.1127, corresponding to 9.87 to 10.6
percent drops in mean temperature over a single groove length.
The periodic groove simulations were initialized using results
from our work on contiguously grooved passages at Reynolds
numbers of Re⫽405, 509, 640, and 764 关12兴. To initialize the
groove-flat computations, the periodic groove data was copied to
the final groove, and plane Poiseuille flow of the same mass flux
was used in the flat region. The combined simulations were then
run for a sufficient length of time to flush the groove-flat region
several times before collecting transport data.
The time and z-direction averaged temperature, velocity and
pressure at each x,y-location are calculated after initial transients
decay by averaging backwards from the final time t F over successively longer intervals until the result converged. For example the
average temperature field is

sults at Re⫽500 were not sensitive to the use of a wider domain
(W⫽3 cm). The results for Re⭓500 were assumed to be insensitive to the use of wider domains since the dominant flow modes
were expected to decrease in size with increasing Reynolds numbers.
The domain width of W⫽2 cm was also used in the current
study because it is twice the minimum wall-to-walls spacing H.
However, due to the very large number of grid points and long
time integrations involved in the current calculation, computational resources were not available to conduct a domain-width
sensitivity study. This is unfortunate since the lowest Reynolds
number of the current work 共Re⫽405兲 is less than the value at
which the width sensitivity analysis was performed in our earlier
work. Moreover, small eddy structures exiting the grooved domain may possibly coalesce into larger structures as they move in
the flat passage. However, the simulations at Re⫽509, 640, and
764 共Fig. 2兲 predict that the most energetic 共most slowly decaying兲 structures have z-dimensions that are half the passage width
or less.
The simulations were performed on P⫽8, 16, 32, and 64 processors of a 96 processor SGI Origin 2000. Each processor is a
MIPS R10000 running at 250 MHz and shares 24 GB of memory.
A typical three-dimensional simulation requires approximately
fourteen seconds per time step (⌬t⫽0.00005) for the groove ( P
⫽16) and for the groove-flat ( P⫽64) simulations. The groove
and groove-flat simulations were run concurrently with the outflow data from the groove used as the inflow boundary condition
data of the groove-flat simulation.

Velocity. Figure 2 shows the v -component of velocity in the
passage center plane (y⫽H/2). These surfaces represent typical
snapshots at four Reynolds numbers, Re⫽405, 509, 640, and 764.
In this work the Reynolds number is Re⫽UmDH /, where the
average velocity through the minimum channel cross section is
U m ⫽Q/WH, the minimum channel hydraulic diameter is D H
⫽2H,  is the fluid kinematic viscosity, and Q is the volume flow
rate passing through the domain. The results in Fig. 2 are from the
groove-flat sub-domain shown in Fig. 1共b兲.
Studies of transversely grooved passages have shown that
Kelvin-Helmholtz instabilities of shear layers that span the groove
openings destabilize two-dimensional Tollmien-Schlichting waves
at Re⫽350 关2兴, and that three-dimensional flow structures develop
as the Reynolds number increases 关9兴. Figure 2 shows that at
Re⫽405 two-dimensional waves 共with essentially no variation in
the z-direction兲 travel through the groove region and decay downstream. At Re⫽509, the flow is three-dimensional with regular
variations in the z-direction. This variation is much less regular as
the Reynolds number increases to Re⫽640 and 764. Careful examination of the downstream edge of the surfaces at Re⫽509,
540, and 764 show that the most slowly decaying modes have two
waves in the z-direction. Disturbances in flat passage flows generally decay for Reynolds numbers less than Re⫽2800 关23兴. We
see that unsteady flow structures that develop in the grooved regions dissipate in the flat section for all four Reynolds numbers
considered in this work.
Figure 3 shows the unsteady component of fluid speed S rms
versus axial position and Reynolds number at the channel center
2
2
⫹ v rms
plane (y⫽H/2). This unsteady speed is S rms⫽(u rms
2
1/2
⫹w rms) where u rms , v rms , and w rms are the root mean squared
averaged deviations of the x- and z-components of velocity from
their respective mean values. In Fig. 3, S rms is normalized by the
fully developed centerline velocity in a parallel plate passage,
U p,c ⫽1.5U m . The region 0⭐x/L G ⭐1 represents results from the
periodic groove domain 共Fig. 1共a兲兲. The region 1⭐x/L G ⭐2 corresponds to the groove portion of the groove-flat domain, referred
to as the ‘‘last groove.’’ The region 2⭐x/L G ⭐7 represents the flat
section.
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In this expression t l is a time after the flow has flushed through
the domain several times but early enough so the results do not
depend on its value.
The polynomial degree is N⫽7 for all calculations in this paper, corresponding to a grid point count of approximately 106 .
Our earlier work on contiguously grooved passages 关11,12兴 established that N⫽7 and 9 give the same heat transfer and pressure
gradient results at Re⫽950. Since the size of the smallest flow
structures increase as the Reynolds number decreases, the results
for Re⬍950 with N⫽7 were assumed to be spatially resolved and
insensitive to higher spectral orders. Moreover, since the maximum Reynolds number for the current study is Re⫽764 there is
no reason to believe that the current geometry contains smaller
structures than the ones found in the earlier work. No additional
spectral order sensitivity analysis was therefore seen as necessary
for this geometry.
Our earlier work for a fully developed grooved channel used
periodic boundary conditions in the z-direction and a domain
width of W⫽2 cm 关12兴. That work showed that the transport re-
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Fig. 2 Surfaces of v -velocity at y Ä H Õ2. „a… ReÄ405. „b… ReÄ509. „c… ReÄ640. „d…
ReÄ764.

of the flat passage. At the higher Reynolds numbers, however,
unsteadiness is still present five groove-lengths after the end of the
grooved passage.
Figure 4 is a plot of time average velocity in the channel center
plane U c versus axial position. This velocity is normalized by the
fully developed centerline velocity in a parallel plate passage,
U p,c . Once again, while the profile shapes are similar in the two
grooves, the flat passage does affect the centerline velocity in the
downstream three-quarters of the last groove. We see that the
centerline velocity experiences a substantial acceleration near
x/L G ⫽2. This acceleration is caused by the development of
boundary layers on the surfaces of the flat region. For Re⫽405 the

HR

J
01

12

01

We see that the level of unsteadiness in the grooves increases
from roughly 8 percent at Re⫽405 to over 16 percent at Re⫽764.
At each Reynolds number the profile shapes in the two grooves
are similar. However, the values in the downstream three-quarters
of the last groove 共x/L G ⫽1.25 to 2兲 are somewhat different than
those in the periodic groove 共x/L G ⫽0.25 to 1兲. This is an elliptic
effect caused by the presence of the downstream flat passage.
The unsteadiness that develops in the grooved regions dissipates in the flat section for all four Reynolds numbers, as discussed in connection with Fig. 2. The rate of axial decay is steep
near x/L G ⫽2 and then decreases further downstream. At Re
⫽405, the unsteadiness decays to essentially zero before the end

Fig. 3 Centerline unsteady velocity versus location and Reynolds number.
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Fig. 4 Centerline velocity versus axial location and Reynolds
number
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Fig. 5 Centerline Nusselt number versus axial location
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centerline speed reaches the flat passage fully developed value at
x/L G ⫽7. For higher Reynolds number however, the centerline
speed does not reach the fully developed value before the end of
the computational domain. Finally, comparing the profiles of average centerline velocity in Fig. 4 with the rms profiles in Fig. 3,
we see that regions of accelerating flow (dU c /dx⬎0) generally
correspond to regions of rapidly decreasing unsteadiness
(dS rms /dx⬍0).

and numerical results in the periodically fully developed grooved
channel (0⭐x/L G ⭐1). However, the numerical results decay
more rapidly in the flat region than is expected from the measurements. We do not currently understand why this difference exists.
We note that while the numerical Nusselt number profile in the
last groove (1⭐x/L G ⭐2) has a different shape from that in the
fully developed groove (0⭐x/L G ⭐1), the regionally averaged
values for these two grooves 共horizontal dashed lines兲 are roughly
equal. The average heat transfer over the first groove-length of the
flat passage (2⭐x/L G ⭐3) is somewhat larger than value in the
groove regions. Subsequent regionally averaged values decrease
as distance from the last groove increases. Finally, we note that
the simulation that used steady inlet conditions at x/L G ⫽2 共thinner solid line兲 gave a Nusselt number profile that is roughly 20
percent below the results from the unsteady simulation. We see
that at this Reynolds number, unsteadiness from the grooved
channel increases the flat passage heat transfer for at least five
groove-lengths.
Figure 6 shows local bulk Nusselt number versus axial location
for 405⭐Re⭐764. The bulk Nusselt number is defined as NuB
⫽q ⬙ D h /(⌬T B k), where ⌬T B is the local, time averaged difference between the surface and bulk fluid temperatures. The bulk
temperature at any axial location x and time t is defined as
T B (x,t)⫽( 兰 uTdA)/( 兰 udA), where both integrations are taken
across the entire cross sectional area at the given x-location.
We see that the heat transfer level throughout the domain increases with Reynolds number. In the grooved region, the local
peak heat transfer due to impingement of the vortices becomes
more prominent with increasing Re. Moreover, while the Nusselt
number profiles in the two grooves are similar, the local maximum
is more prominent in the last groove than it is in the periodic
groove. In the flat region, the Nusselt number is very high at the
inlet and drops off in the axial direction. These Nusselt number
values approach the value of a fully develop flat channel for large
x/L G . However, the decay rate decreases as the Reynolds number
increases.
Figure 7 shows the log mean bulk Nusselt number versus Reynolds number and location. Each line represents a different region
in the passage. The log mean Nusselt number is defined as
NuB,LM ⫽qR D h /(⌬T B,LM k), where ⌬T B,LM is the log mean
⬙
bulk temperature difference across each region, and q R⬙ is the total
heat flux to the region divided by its total projected surface area.
The fully develop bulk Nusselt number for a flat passage is shown
using a dashed line.
The log mean Nusselt numbers in the periodic groove region
共open squares兲 and the final groove 共x-symbols兲 are essentially
identical for all four Reynolds numbers considered in this work.
At Re⫽405, the heat transfer coefficient in the groove region is
actually lower than the level in a flat passage. The thermal resistance of the slowly turning groove vortices causes this. Even
though the flow field is unsteady at this Reynolds number 共see
Figs. 2共a兲 and 3兲, the level of enhanced mixing is not sufficient to
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Transport. Figure 5 shows measured and calculated centerline Nusselt numbers NuC versus axial position. The centerline
Nusselt number is defined as NuC ⫽q ⬙ D h /(⌬T C k). In this expression the heat transfer to the fluid per unit projected surface area is
q ⬙ ⫽⫺k(dT A /dn) wall /m, where T A is the time and z-averaged
temperature, n is the direction normal to the wall, m is the wall
surface direction cosine, and the temperature gradient is evaluated
at the wall. The direction cosine in the flat region is m⫽1, while
it is m⫽0.7071 in the grooved region. The fluid thermal conductivity is k, and ⌬T C is the local, time and z-averaged difference
between the surface temperature and the fluid temperature at the
centerline of the passage T A (y⫽H/2) 共rather than the bulk fluid
temperature兲. The holographic measurement technique used in the
experiments was better suited for measuring local centerline temperatures than it was for measuring bulk values 关10,16兴.
Measurements made in a fully developed grooved channel at
Re⫽800⫾57 共the reported uncertainly limit has a 99 percent confidence level兲 are shown using x-symbols 关16兴. Measurements in a
flat passage downstream from the groove channel at the same
Reynolds number are shown using up-pointing triangles 关10兴. The
99 percent confidence level uncertainty limits on the flat passage
measurements are shown using error bars. Directly comparable
center point Nusselt numbers calculated from the current simulation at Re⫽764 are shown using a heavy solid line 共the value
Re⫽764 was used so that the simulation could be initiated using
earlier results from a fully developed groove passage simulation
关12兴. The thinner solid line is from a simulation that used steady
inlet temperature and velocity profiles at x/L G ⫽2. Those profiles
were equal to the time average profiles from the unsteady simulations at Re⫽764. Horizontal dashed lines represent arithmetic
average values of NuC in the regions 0⭐x/L G ⭐1, 1⭐x/L G ⭐2,
2⭐x/L G ⭐3, etc. A dashed-dot line shows the fully developed
center point Nusselt number for a laminar flat channel.
The experimental measurements in a fully developed groove
show that the heat transfer on the downstream 共windward兲 surface
(0.5⭐x/L G ⭐1) is significantly higher than the heat transfer on
the upstream 共leeward兲 side (0⭐x/L G ⭐0.5). This is due to the
direction of the re-circulating vortex flow in the groove. The upstream surface exhibits a local peak at x/L G ⫽0.3 due to the impingement of the vortex at that location. The experimental results
in the flat passage show that the heat transfer is at least 25 percent
higher than the fully developed flat passage value for x/L G ⬍11.
Figure 5 shows excellent agreement between the experimental

Fig. 6 Bulk Nusselt number versus axial location
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Fig. 7 Regionally averaged Nusselt number versus Reynolds
number and location
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overcome this resistance. At Re⫽509, the level of three dimensional mixing exhibited in Figs. 2共b兲 and 3 is sufficient to slightly
overcome the thermal resistance of the grooves. As the Reynolds
number is increased to Re⫽640 and 764, the highly irregular
three-dimensional mixing discussed earlier substantially increases
heat transfer compared to a flat passage.
In the first groove-length of the flat passage 共2⭐x/L G ⭐3, solid
circles兲 the average heat transfer exceeds the grooved channel
value for all Reynolds numbers considered. This increased heat
transfer is due to the absence of the thermal resistance of the
groove. The heat transfer decreases in each subsequent region and
eventually approaches the fully developed flat passage value.
Figure 8 shows the local dimensionless pressure gradient f versus axial location and Reynolds number. The dimensionless gra2
dient is defined as f ⫽(⫺dp A,c /dx) 关 D h /(2  U m
) 兴 , where p A,c is
the time and z-averaged pressure in the center plane (y⫽H/2) and
 is the fluid density. The profiles of f are in many ways similar in
shape to the Nusselt number profiles seen in Fig. 6. However,
while the Nusselt number profile represents the heat flux 共temperature gradient兲 at the wall, the pressure gradient is a combination of wall shear stress 共velocity gradient兲 and the axial gradient
of the momentum flux. The converging and diverging regions of
the grooved sections, as well as the developing boundary layer
flow in the flat passage, cause the velocity profiles to vary in the
axial direction. This variation may cause the axial gradient of the
momentum flux to be significant.
The pressure gradient profiles in the two grooves are similar to
each other. However, the flat passage affects the pressure gradient
in the downstream three-quarters of the last groove. The pressure
gradient at x/L G ⫽2 is substantially greater than the value at
x/L G ⫽1. This is due to the acceleration of the flow at x/L G ⫽2,
discussed in connection with Fig. 4.
Figure 9 shows the average dimensionless pressure gradient

Fig. 9 Regionally averaged
Reynolds number and location

pressure

gradient

versus

across different regions of the passage versus Reynolds number
and location. The average gradient is defined as
f A⫽

1
x 2 ⫺x 1

冕

x2

f dx⫽

x1

p A,1⫺p A,2 D h
2 ,
x 2 ⫺x 1 2  U m
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where p A,1 and p A,2 are the time and z-average centerline pressures at locations x 1 and x 2 , respectively. Each line corresponds
to the average across a different region in the passage 共0⭐x/L G
⭐1, 1⭐x/L G ⭐2, 2⭐x/L G ⭐3, etc兲. A dashed line shows the fully
developed Fanning friction factor for a flat passage ( f ⫽24/Re).
The dimensionless pressure gradient across the periodic groove
共open squares in Fig. 9兲 increases with Reynolds number. At Re
⫽405, this pressure gradient is actually smaller than the gradient
in a flat passage. This is because the grooves effectively relax the
no slip boundary conditions at y⫽0 and H. While the flow is
unsteady at this Reynolds number, the level of mixing does not
overcome the decrease in drag due to the grooves. As the Reynolds number increases to Re⫽509, the flow exhibits three dimensional mixing that brings the pressure gradient in the periodic
groove to the same value as a flat passage. The pressure gradient
increases beyond the level in flat passages at higher Reynolds
numbers.
Unlike the heat transfer, the pressure gradient across the last
groove is substantially larger than that across the periodic groove.
This is partially due to the acceleration of the flow as it enters the
flat passage. The dimensionless pressure gradient reaches its highest values in the first groove-length of the flat passage (2⭐x/L G
⭐3) and rapidly drops back to the fully developed flat passage
values further downstream.
Figure 10 is a plot of the log mean bulk Nusselt number for
different regions of the passage versus the dimensionless power
required to pump fluid through the region. The dimensionless
pumping power per unit length is
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Fig. 8 Local dimensionless pressure gradient versus axial
location and Reynolds number
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Fig. 10 Regionally averaged Nusselt number versus pumping
power
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Department of Energy under Grant number B341495 to the Center
on Astrophysical Thermonuclear Flashes at University of Chicago, and by the University of Chicago.
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In Fig. 10, different lines are used for the periodic groove 共heavy
line with open squares兲, the last groove 共x-symbols兲, and regions
that include the last groove and different lengths of the flat passage 共i.e., 2⭐x/L G ⭐3, 2⭐x/L G ⭐3, etc.兲. The horizontal dashed
line shows the performance of a fully developed flat passage. The
purpose of this plot is to compare the performance of flat regions
downstream from a fully developed grooved passage to the performance of the grooved passage itself. The last groove is included with the flat passage because the flat region always affects
its performance.
The results for the fully developed groove 共open squares兲 show
that the heat transfer increases with the pumping power. Heat
transfer in laminar parallel plate flow, on the other hand, is constant. Moreover, the curvature of this line indicates that at low
pumping power levels, small increases in pumping power lead to
large increases in heat transfer. However, the increase in heat
transfer for a given increase in pumping power diminishes as the
initial pumping power level increases. The final groove 共xsymbols兲 gives lower levels of heat transfer for a given pumping
power than in the fully developed groove. This is because the heat
transfer levels in the two grooved regions are the same but the
pressure gradient in the last groove is higher than that in the fully
developed groove.
For the region that includes the last groove and the first groovelength of the flat passage 共solid circles兲, the heat transfer for a
given pumping power is roughly 5 percent higher than that in the
fully developed groove. Alternately stated, the pumping power
requirement for a given heat transfer level is decreased by approximately 25 percent. As the flat region length increases, its
performance approaches that of a fully developed flat passage and
its average heat transfer decreases. However, configurations with
flat regions up to three groove-lengths long still exhibit higher
heat transfer for a given pumping power than a fully developed
grooved passage.

Nomenclature
b
LG
c
Dh
f
fx
H
k
K
N
Nub
Nuc
Pr
Re
t
T
Tb
Tc
u, v ,w
Um

groove depth, Fig. 1
channel periodicity length, Fig. 1
decay constant
minimum hydraulic diameter, 2H
fanning friction factor, (dp/dx) 关 f x /(2  U 2a ) 兴
fluid body force per unit mass in the x-direction
minimum channel wall to wall spacing, Fig. 1
fluid thermal conductivity, 0.0263 W/m°C
number of spectral elements
spectral element order
bulk Nusselt number based on projected area
center point Nusselt number
fluid molecular Prandtl number, 0.70
Reynolds number, U m D h / 
time
temperature
bulk temperature
center point temperature
velocity components in the x, y, and z directions
mean x-velocity at the minimum channel crosssection
V ⫽ volume
Q ⫽ volume flow rate, V r ⫽(1/L) 兰 ⍀ udV
W ⫽ width of the computational domain, Fig. 1

Greek
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period of local time variations
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Navier-Stokes simulations of three-dimensional flow and augmented convection in a flat passage downstream from a fully developed channel with symmetric, transverse grooves on two opposite walls were performed for 405⭐Re⭐764 using the spectral
element technique. Unsteady flow that develops in the grooved
region persists several groove-lengths into the flat passage, increasing both local heat transfer and pressure gradient relative to
steady flat passage flow. Moreover, the heat transfer for a given
pumping power in a flat region up to three groove-lengths long is
even greater than the high levels observed in a fully developed
grooved passage.
This work suggests that the performance of intermittently
grooved passages, in which flat regions separate contiguously
grooved sections, may offer favorable heat transfer versus pumping power performance in engineering devices. However, the development of unsteady flow in short grooved regions and the decay of non-fully-developed grooved channel unsteadiness in flat
regions must be investigated before these designs can be optimized 关24,25兴.
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