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Abstract

Local heat transfer and ~ow behavior are investigated for laminar and transitional ~ows in sinusoidal wavy passages[
The experimental geometry consists of a channel with a 09 ] 0 aspect ratio bound by two wavy walls[ The walls are from
01 to 03 wavelengths long\ and the wave amplitude\ phase angle\ and wall!to!wall spacing are varied during the
experiments[ Using visualization methods\ the ~ow _eld is characterized as steady or unsteady\ with special attention
directed toward detecting the onset of macroscopic mixing in the ~ow[ The location of the onset of mixing is found to
depend on the Reynolds number and channel geometry[ Instabilities are manifest near the channel exit at low Reynolds
numbers "Re ½199# and move toward the channel entrance as the Reynolds number is increased^ the entire channel
exhibits unsteady\ macroscopic mixing at moderate Reynolds numbers "Re ½799#[ The onset of macroscopic mixing is
directly linked to signi_cant increases in local heat transfer[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A amplitude of side!wall of wavy passage "see Fig[ 0#
Amin minimum free!~ow area in channel ~ow "see
Fig[ 0#
Dh hydraulic diameter\ 3Amin:P
G mass ~ow rate
hx local heat transfer coe.cient\ qý"x#:"Ts−Tm#
Havg average separation distance between wavy walls
"see Fig[ 0#
Hmax maximum separation distance between wavy walls
"see Fig[ 0#
Hmin minimum separation distance between wavy walls
"see Fig[ 0#
k thermal conductivity of ~uid
L spanwise depth of passage
Nux local Nusselt Number\ hxHmin:k
P wetted perimeter in channel ~ow
qý wall heat ~ux
Re Reynolds number\ G:"mL# � VmaxHmin:n � VHaug:n
ReD Reynolds number based on hydraulic diameter\
VDh:n

� Corresponding author[ Tel[] ¦0106!222!0544^ fax] ¦0106
222 0831^ e!mail] t!newellÝuiuc[edu

Tm local mixed!mean temperature of the air
Ts local surface temperature of channel wall
V average velocity of channel ~ow
Vmax velocity at minimum channel free!~ow area
x streamwise distance from entrance of wavy passage
x� dimensionless distance\ x:Hmin:Re[

Greek symbols
8 phase shift between sidewalls of wavy passage
l wavelength of sidewall of wavy passage
m dynamic viscosity of ~uid
n kinematic viscosity of ~uid
r density of ~uid[

0[ Introduction

Liquid!to!air and two!phase!to!air heat exchangers are
used in a broad array of thermal management and process
applications[ In these systems\ the air!side heat transfer
resistance of the heat exchanger is usually much larger
than the liquid or two!phase resistance[ For this reason\
a range of air!side enhancements is used to improve heat
exchanger performance[ Most air!side enhancements are
based on two main strategies] restarting the thermal
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Fig[ 0[ Schematic of wavy passage con_gurations and the de_nition of important geometric parameters "depth of channel is L into
page#] "a# 8 � 9> phase shift^ "b# 8 � 89> phase shift^ "c# 079> phase shift[

boundary layer and using bulk ~uid mixing[ Devices such
as louvers and o}set!strip _ns restart the thermal bound!
ary layer and may induce vortices to provide mixing[
Destruction and restarting of the boundary layer causes
an increase in heat transfer by producing a boundary
layer that is thinner on average than the uninterrupted
boundary layer[ Vorticity in the ~ow can enhance heat
transfer through bulk ~uid mixing which reduces tem!
perature gradients in the core ~ow*concentrating ther!
mal gradients in the near!wall region[ Such mixing can
be e}ected using delta!wing vortex generators\ surface
bumps or other techniques[ Jacobi and Shah ð0Ł provide
a review and analysis of air!side heat transfer enhance!
ments and discuss these strategies[

The use of wavy _ns to enhance air!side heat transfer
has been considered for some time^ however\ researchers
have recently revisited this geometry with the hope that
the mixing bene_ts associated with self!sustained
unsteadiness might be obtained in wavy passages "see ð1Ł
and ð2Ł#[ An example wavy!_n geometry is shown in Fig[
0[ In contrast with louvers and vortex generators\ the
wavy channel does not use protruding ~ow manipulators
to cause mixing[ Instead\ mixing in the wavy!channel
~ow is accomplished through shear!layer instabilities and
the formation of spanwise vortices[ Exploiting these

mechanisms for mixing might lead to improved thermal
performance in heat exchanger applications[

As shown in Fig[ 0\ there are a number of geometric
parameters important to characterizing the wavy channel
con_guration[ With a 8 � 9> phase shift\ the two channel
walls are in!line with each other\ and there is a constant
spacing between the channel walls[ At the other extreme\
the 8 � 079> phase shift corresponds to the walls being
shifted exactly one half wavelength with respect to each
other[ The cross!sectional area is not constant when the
phase shift is nonzero[ The following dimensionless vari!
ables can be used to characterize ~ow in channels with
sinusoidal wavy walls] phase shift "8#\ relative amplitude
"A:Hmin#\ relative wavelength "l:Hmin#\ and Reynolds
number "Re#[

0[0[ Literature survey

A large body of technical literature is available on
wavy!channel ~ow and heat transfer\ and thorough
reviews have recently become available ð1Ð3Ł[ A survey
of the germane literature will be provided to place the
current work in context[

Goldstein and Sparrow ð4Ł studied corrugated channels
with {triangular waves|[ Although this geometry is some!
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what di}erent from sinusoidal waves\ many ~ow features
are common to both\ and Goldstein and Sparrow were
among the _rst to provide detailed data in this related
geometry[ Their experiments in laminar\ transitional\ and
turbulent ~ows used the naphthalene sublimation
method and two corrugation cycles "two wavelengths#[
They concluded that corrugated channels are an e}ective
heat transfer device only at turbulent Reynolds numbers[
They found that heat transfer rates improved by a factor
of three over a straight channel\ but there was an even
greater penalty in pumping power[ There have been sev!
eral more experimental and numerical studies of the tri!
angular corrugated geometry ð5Ð00Ł\ with the same gen!
eral conclusions] at low Reynolds numbers there is not
much heat transfer enhancement\ but at a su.ciently high
Reynolds number "generally greater than 0499#\ there is
evidence of ~ow separation\ recirculation\ and re!
attachment with signi_cant heat!transfer enhancements[
Unfortunately\ there is usually an even greater increase
in friction factor[

One way to reduce the pressure drop penalty of the
triangular corrugated channel is to round the corners of
the channel[ For sinusoidal wavy channels with 8 � 9>\
a great deal of experimental research has been done by
Nishimura and co!workers ð01Ð03Ł[ Using ~ow vis!
ualization techniques\ they observed ~ow separation and
recirculation zones in the wave troughs at low Reynolds
numbers[ As the Reynolds number increased above a
critical value "less than 0999#\ these recirculation zones
interacted with the core ~uid through a shear!layer insta!
bility*near!wall ~uid was exchanged with core ~uid\
and macroscopic mixing occurred[ Using mass transfer
experiments\ Nishimura and co!workers found that inter!
actions between the recirculation zones and core ~ow
lead to an increase in the heat transfer[ Using a channel
with nine!wavelengths\ they concluded that the ~ow
becomes three!dimensional at Re ½ 099\ with spanwise
and streamwise vortices[ Asako et al[ ð04Ł numerically
examined a similar geometry for Re from 099Ð0999\ and
they concluded that this geometry had lower friction
factors and Nusselt numbers than triangular channels[
Heat transfer enhancement was strongly dependent on
~ow conditions and channel geometry[ Later\ Garg and
Maji ð05Ł numerically investigated 8 � 9> wavy channels[
Their calculations showed the local Nusselt number to
be proportional to Re and to vary sinusoidally in the ~ow
direction[
Nishimura et al[ ð06Ł also conducted early experimental
work on the 8 � 079> geometry^ their study revealed
large recirculation zones in the troughs of the channel[
These ~ow structures were much larger than the sep!
aration bubbles forming in the 9>!phase!shift geometry[
As with the 8 � 9> geometry\ at low Reynolds numbers
"Re ³ 299#\ the core ~uid was una}ected by these recir!
culation zones[ At higher Reynolds numbers "Re ½ 249#\
the ~ow became unsteady as these trapped vortices inter!

acted with the core ~ow[ In later work ð07Ł\ mass transfer
rates were measured and found to increase when the
~ow became unsteady[ The highest local mass transfer
occurred where the ~ow cross!sectional area was a
maximum[ Nishimura et al[ ð08Ł concluded that both
8 � 9> and 8 � 079> wavy channels increase mass trans!
fer\ but they give rise to markedly di}erent interactions
between the recirculation zones and the core ~ow[
Recently\ Nishimura et al[ ð19Ł studied a sinusoidal wavy
channel and a channel comprising a series of circular
arcs[ For their particular geometry\ they concluded that
the circular!arc channel undergoes a transition to tur!
bulent ~ow at a lower Reynolds number than the sinus!
oidal channel*this behavior corresponded to a mass
transfer enhancement[

In recent numerical simulations\ Guzma�n and Amon
ð10Ł solved the conservation equations for a fully
developed\ two!dimensional ~ow in a two!wavelength
domain using spectral elements[ They chose one of the
wavy!channel geometries used by Nishimura and co!
workers[ Their numerical results indicated that the critical
Reynolds number for ~ow separation was about 19[ They
concluded that the ~ow becomes chaotic at Re ½ 649[
The ~ow was classi_ed into four regimes] laminar\
periodic\ quasiperiodic\ and turbulent[ The periodic and
quasiperiodic regimes are characterized by self!sustained
oscillatory ~ows with spanwise vortices that form in the
troughs of the wavy walls and a}ect the core ~ow[ Their
work has been supported by a more recent three!dimen!
sional study ð11Ł[ These numerical studies showed stream!
lines with the characteristics observed by Nishimura and
co!workers^ furthermore\ the numerical work dem!
onstrated that stable three!dimensional e}ects do not
in~uence the transitional Reynolds numbers[

Wang and Vanka ð12Ł provided numerical simulations
of the 8 � 079> wavy channel geometry[ They solved
the full time!dependent\ two!dimensional NavierÐStokes
equations on a curvilinear grid with periodic boundary
conditions[ They found the same ~ow features for this
type of geometry that were described earlier[ Above a
critical Reynolds number of 079\ self!sustained oscil!
lations destabilize the laminar momentum and thermal
boundary layers and cause an interaction between the
near!wall ~uid in the troughs of the channel and the core
~uid[ In this transitional ~ow regime\ the heat transfer
was enhanced by a factor of about 1[4\ and the friction
factor was nearly double that of a ~at channel[

A signi_cant body of research on ~ow and heat transfer
in wavy channels is available in the literature "see ð1Ð3Ł
and also ð13Ð15Ł#[ However\ most work addressing the
onset of mixing*whether through laminar unsteadiness
or turbulence*considers only fully developed\ periodic
~ows[ Results for the onset of mixing in developing wavy
channel ~ows are limited\ with no clear characterization
of the e}ects of _n spacing\ wave amplitude\ wavelength\
and phase angle[ Nevertheless\ in order to properly
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exploit the wavy!channel geometry in heat exchanger
design\ these e}ects must be understood[ The purpose of
this paper is to provide ~ow visualization and heat trans!
fer data that extend the current understanding of develop!
ing wavy channel ~ows[ Particular attention is directed
toward geometric in~uences on the onset of macroscopic
mixing in the ~ow\ and the impact of macroscopic mixing
on local heat transfer[

1[ Method

Flow visualization experiments were performed in a
water tunnel using twelve di}erent geometries in the lami!
nar ~ow regime[ The experiments revealed the complexity
of these ~ows and disclosed the e}ects of phase shift
"8#\ relative wavelength "l:Hmin#\ and relative amplitude
"A:Hmin#[ A wind tunnel was employed to measure the
heat transfer in wavy channels\ and the experiments were
used to associate ~ow behavior with heat transfer per!
formance[

The closed!loop water tunnel used for the ~ow vis!
ualization experiments is shown schematically in Fig[ 1[
Most of the water tunnel was constructed using clear
acrylic to provide visual access[ Upstream of the test
section\ the ~ow was conditioned using a honeycomb and
screens[ Immediately upstream of the test section\ the

Fig[ 1[ Schematic of water tunnel used for ~ow visualization experiments[ "a# water reservoir^ "b# pump^ "c# ~ow!control valves^ "d#
~ow conditioning section with honeycomb and screens^ "e# 09 ] 0 area contraction^ " f# dye injector^ "g# test section^ "h# viewing mirror^
"i# graduated ~ow measurement reservoir[

~ow passed through a 09 ] 0 area contraction designed
to provide a uniform\ low!turbulence!intensity approach
velocity[ The volumetric ~ow rate through the test section
was measured to within 20[4) using a simple bucket
and stopwatch technique[ Taking geometric and property
variations into account\ and using standard error analysis
techniques\ the overall uncertainty in Reynolds number
was estimated to be approximately 3[7) "see ð3Ł for
details#[

A total of twelve test sections were constructed^ the
geometric parameter space is summarized in Table 0[ For
Re ³ 0999\ experiments were conducted with l:Hmin from
1[2Ð4[5\ and with A:Hmin from 9[13Ð9[42\ for 8 � 9\ 89
and 079>[ Each test section was constructed by heating
an acrylic to its thermal set point and pressing it into a
mold[ Channels were constructed to have 01Ð03 wave!
lengths[ During the experiments\ ~ow in the test section
was visualized by injecting dye at the ~ow contraction*
multiple dye streaks were used to provide better vis!
ualization[ In order to validate the apparatus and
methods\ a straight test section was initially placed in
the water tunnel\ and the transitional Reynolds number
based on hydraulic diameter was found to be approxi!
mately 1499\ in agreement with the literature[

The heat transfer experiments were performed in the
open!loop wind tunnel\ shown schematically in Fig[ 2[
The mass ~ow rate was determined by using a smooth\
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Table 0
Geometric parameter space used in ~ow visualization exper!
iments

Hmin "mm# l:Hmin A:Hmin 8 "degrees#

01[9 4[5 9[37 079
02[2 4[3 9[36 9
01[3 4[4 9[40 89
00[4 3[7 9[42 079
02[5 3[6 9[36 9
09[2 3[8 9[41 89
12[4 1[3 9[15 079
11[9 1[4 9[15 9
13[9 1[2 9[13 89
12[5 1[8 9[14 079
13[9 1[8 9[14 9
14[9 1[7 9[13 89

29 cm long\ drawn copper tube with an inside diameter
of 5[8 mm[ The pressure drop across the tube was
measured with a manometer\ and the mass ~ow rate was
calculated using the Colebrook equation ð13Ł[ The uncer!
tainty in this measurement was determined using stan!
dard methods to be 2[0)[ The design of the wind tunnel
was similar to that of the water tunnel[ The ~ow was
conditioned by a honeycomb and set of screens upstream

Fig[ 2[ Schematic of wind tunnel used for heat transfer experiments] "a# supply!air _lter^ "b# pressure regulator^ "c# drawn!copper ~ow
measurement tube^ "d# manometer^ "e# ~ow conditioning section with honeycomb and screens^ " f# 09 ] 0 area contraction^ "g# upstream
thermometer^ "h# test section^ "i# downstream mixing station^ "j# downstream thermometer^ "k# variable transformer\ heater control[

of test section[ The ~ow passed through a 09 ] 0 area
contraction into the 09×0 cm ~ow area of the test section[
Upon exiting the test section\ the ~ow was mixed with a
series of ba/es[ The upstream and downstream mixed!
mean temperatures were measured with ASTM mercury!
in!glass thermometers[ The thermometer upstream of the
test section had a smallest division of 9[90>C\ and the
thermometer downstream of the test section had a
smallest division of 9[0>C[

The test section walls for heat transfer tests were made
by placing a _berglass cloth with embedded nickelÐchro!
mium wires between two thin "9[3 mm thick# corrugated!
steel sheets[ The outside of the test section was heavily
insulated\ and the inside walls formed a wavy passage[
The walls had a wavelength of 60 mm\ an amplitude of
4[6 mm\ and the channel length included a total of nine
wavelengths[ Using this basic geometry\ two test sections
were constructed] each channel had l:Hmin � 4[4 and
A:Hmin � 9[49\ but two di}erent phase shifts were tested\
8 � 9> and 8 � 079>[ These test sections were similar to
the _rst two test sections listed in Table 0*the small
geometric di}erences were due to di.culties in manu!
facturing heat transfer test sections[ The power supplied
to the nickelÐchromium wires was controlled with a vari!
able transformer\ allowing a prescribed iso~ux boundary
condition on the channel walls[ Wall temperatures were
determined by placing 10 thermocouples\ at various axial
locations\ between the nickelÐchromium heater and the
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inside steel sheet[ Thermocouples were placed along the
channel centerline at every peak and trough of the wall^
two wavelengths had additional thermocouples at 89 and
169>[ The greatest source of uncertainty in determining
the Nusselt number came from the measurement of the
wall temperature\ which had an estimated uncertainty
of 29[14>C[ Considering the temperature uncertainties\
and uncertainties in ~ow properties\ geometry\ and power
"heat ~ux#\ the average uncertainty in the local heat trans!
fer coe.cient was estimated to be 28[6)[ The largest
uncertainty in the local heat transfer coe.cients was
207[4)[ The average and largest uncertainties in the
local Nusselt number were 200[2 and 219[0)\ re!
spectively[ As with the water tunnel\ initially a straight
test section was installed in the wind tunnel and the results
were compared to the tabular data of Hwang and Fan
ð14Ł[ Results from the apparatus described above agreed
with those of Hwang and Fan to within 01) for the
entire test range "ReD up to 0799\ and x� from 1×09−2

to 6×09−1^ see ð3Ł for details#[ As an additional pre!
cautionary measure\ heat transfer experiments were con!
ducted with the test section installed in several di}erent
orientations*accomplished by exchanging the inlet and
outlet\ and by rotating the test section 89> about the
horizontal axis[ Test section orientation did not a}ect the
results[

2[ Results and discussion

2[0[ Flow visualization

Typical ~ow visualization results for one channel
geometry are shown in Fig[ 3\ where the onset of mixing

Fig[ 3[ Typical ~ow visualization results and example data interpretation[ Flows in regions above or to the right of the curve exhibit
macroscopic mixing\ while ~ows below and to the left do not[ These data are for l:Hmin � 3[6^ A:Hmin � 9[36^ 8 � 9>[

is plotted as a function of Reynolds number[ The ~ow
was deemed {mixed| when macroscopic mixing between
the core ~uid and near!wall ~uid was manifest\ as shown
in Fig[ 4[ Although some judgement was required in
determining the wave location of this onset\ a relatively
clear demarcation was possible by focusing on whether
~uid from the steady recirculation zones in the wave
troughs was exchanged with core ~uid[ Repeated exper!
iments demonstrated that\ in almost all cases\ the demar!
cation of the mixing onset was determined to within the
experimental uncertainty in Re[ This accuracy is dem!
onstrated in Fig[ 3 by the narrow overlap occurring when
the onset of mixing moves one wavelength[ In Fig[ 3\ and
in the discussion below\ the Reynolds number at which
the mixing onset jumps from one wavelength to another
is called the transitional Reynolds number*{transitional|
in this case does not necessarily imply turbulence[ The
_rst wavelength*counting in the streamwise direction
from the inlet*where mixing was observed was taken as
the location of the onset of mixing[ At very low Reynolds
numbers\ the ~ow was steady throughout the channel[ At
some critical Reynolds number\ which depended on the
phase shift and other geometric parameters\ the ~ow
became unsteady and mixed at a wavelength near the end
of the channel[ As the Reynolds number increased\ the
wavelength at which the ~ow _rst became mixed moved
upstream[ Eventually\ at a high enough Reynolds
number\ the ~ow was unsteady in the _rst wavelength[
These features are captured in the diagram of Fig[ 3[ All
test sections yielded results similar to those shown in Fig[
3*the di}erences will be discussed below[ Furthermore\
experiments were conducted by starting at a low Re and
increasing the ~ow rate and by starting at a high Re and
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Fig[ 4[ Typical images from the ~ow visualization study[ Flow for] "a# Re � 357^ 8 � 079>^ l:Hmin � 4[5^ A:Hmin � 9[37^ "b# Re � 222^
8 � 89>\ l:Hmin � 4[4^ A:Hmin � 9[40[

decreasing the ~ow rate\ and no hysteresis in the results
was observed[

The streakline patterns near transition for the 8 � 079>
geometry di}ered markedly from the patterns observed
in the 8 � 9> and 8 � 89> test sections\ suggesting that
di}erent mechanisms are important[ When the ~ow is
steady in a 8 � 079> channel\ trapped vortices occupy
nearly the entire trough of the wave as shown in Fig[ 4a[
The onset of mixing is accompanied by small oscillations
in the core ~ow and the formation of roller vortices in
the free shear layer[ Once roller vortices form and are
advected downstream\ this shear!layer!driven exchange
of ~uid results in macroscopic mixing[ This process also
results in ~ow three dimensionality\ as shown in Fig[ 5[
Mixing in the 8 � 9> and 89> channels appears to occur
through a di}erent mechanism[ When the ~ow in these
channels is steady\ the core ~uid must turn to pass
through the channel[ Trapped recirculation zones exist\
but they are smaller than in the 8 � 079> channel\ as
shown in Fig[ 4b[ Flow mixing occurs when the core ~ow
undergoes large oscillations\ resulting in large changes in
the position of the reattachment point of the free shear
layer[ When the reattachment point moves far enough

upstream\ the core ~ow impinging on the wall {injects|
free!stream ~uid into the separation bubble^ this injection
is accompanied by an {ejection| of ~uid from the sep!
aration bubble into the core ~ow[ This dynamically
driven exchange of ~uid results in macroscopic mixing[
Three dimensional ~ow was also observed for the 8 � 9>
and 8 � 89> channels at the onset of mixing[

Because the overall ~ow behavior depends strongly on
8\ it is not surprising that transitional Reynolds numbers
depend strongly on 8[ This dependence is shown in Fig[
6\ where results are presented for channels with nearly
identical values of l:Hmin and A:Hmin but with three
di}erent values of 8[ The 8 � 9> and 8 � 89> channels
become unstable at lower Reynolds numbers than the
8 � 079> channel[ This result was found throughout the
parameter space of the study^ however\ for the largest
values of A:Hmin\ the transitional Reynolds numbers were
only weakly dependent on 8[

The relative wavelength\ l:Hmin\ also a}ected the tran!
sitional Reynolds numbers[ For the 8 � 079> channels\
decreasing the wavelength by 19) made the ~ow less
stable*the onset of mixing occurred at lower Re for a
_xed position\ or nearer the channel entrance for a _xed
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Fig[ 5[ Flow visualization results showing the onset of mixing and a corresponding change from two! to three!dimensional ~ow in a
wavy passage[ Re � 410^ 8 � 079>^ l:Hmin � 4[5^ A:Hmin � 9[37[

Fig[ 6[ Typical transitional Reynolds number data for three di}erent phase shifts "8# at _xed l:Hmin � 4[4 and A:Hmin � 9[37[
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Re[ These trends were more pronounced for large values
of A:Hmin[ For the 8 � 9> and 89> channels\ l:Hmin did
not signi_cantly in~uence the onset of mixing^ however\
increasing the wavelength by 19) had a small stabilizing
in~uence at all values of A:Hmin[ This behavior is shown
in the example data provided in Fig[ 7\ where the e}ect
of relative wavelength on the transitional Reynolds num!
ber is quanti_ed[

The e}ects of A:Hmin are complex[ For all three phase
shifts\ a large value of A:Hmin caused an initial onset of
mixing to occur at lower Reynolds numbers[ As A:Hmin

decreases\ the Reynolds number range required for the
mixing onset to move from the channel exit to the channel
entrance is markedly decreased[ This narrower range of
transitional Reynolds numbers causes the larger relative!
amplitude channel to become unstable in the _rst wave!
length either before or at about the same Reynolds num!
ber as a test section with a smaller A:Hmin[ Example data
are provided for two di}erent sets of test sections in
Fig[ 8[

A _nal noteworthy observation is that the separation
zones were very small or nonexistent over the entire Rey!
nolds number range for the channel with 8 � 079>\
l:Hmin � 1[3\ and A:Hmin � 9[15[ There was little evi!
dence of macroscopic mixing in this channel for all Rey!
nolds numbers less than 0999[

2[1[ Heat transfer

There are two important factors a}ecting heat transfer
in wavy channels] conventional ~ow development and
wavy!channel e}ects[ Local Nusselt number results for
the 8 � 9> and 8 � 079> channels are shown in Fig[ 09[

Fig[ 7[ Typical transitional Reynolds number data for 8 � 9> with l:Hmin � 3[6 and 4[3^ and for 8 � 079> with l:Hmin � 3[7 and 4[4[
For every case shown\ A:Hmin � 9[37[ These results show the e}ect of l:Hmin at the extreme in 8[

The heat transfer data are plotted as a function of dimen!
sionless distance from the channel inlet for a range of
Reynolds numbers[ It is useful to note that the Nusselt
number based on plate spacing for fully developed lami!
nar ~ow in a straight duct is 2[24*with the 09 ] 0 aspect
ratio taken into account[ At low Reynolds numbers\
where ~ow development occurs but macroscopic mixing
does not occur\ the heat transfer data show that the wavy!
channel heat transfer is close to that of the straight duct[
This behavior is evident in Fig[ 09a at Re � 097 and Fig[
09b at Re � 142 for the 9 and 079> channels\ respectively[

For all Reynolds numbers and all channel geometries\
the heat transfer coe.cient is high near the channel
entrance as clearly demonstrated in Fig[ 09[ For low
Reynolds numbers*below the critical Re for the onset
of mixing*this e}ect is solely due to thermal devel!
opment[ At the channel entrance the thermal boundary
layer is thinner than under fully developed conditions\
and the Nusselt number is therefore higher[ If the wavy
channels behaved as straight channels\ then all the Nu
data would collapse to a single curve at low Re^ however\
this collapse does not occur because in addition to devel!
opment e}ects\ wavy!channel heat transfer is in~uenced
by macroscopic mixing in the ~ow[

The e}ects of mixing are easiest to discern by exam!
ining the Nusselt number behavior near the channel exit
for the 8 � 9> channel[ At the lowest Reynolds number
of 097\ the ~ow visualization results did not show the
presence of mixing^ cf Fig[ 6[ Nevertheless\ even at this
low Reynolds number\ the local Nusselt number increases
in the last wave of the channel[ This increase is probably
due to unsteadiness in the ~ow that occurs at Reynolds
numbers just below the onset of mixing[ At Re � 057\ it



T[A[ Rush et al[:Int[ J[ Heat Mass Transfer 31 "0888# 0430Ð04420449

Fig[ 8[ Typical transitional Reynolds number data for four geometric con_gurations] "A# 8 � 079>\ A:Hmin � 9[37\ l:Hmin � 4[5^ "B#
8 � 079>\ A:Hmin � 9[14\ l:Hmin � 1[8^ "C# 8 � 89>\ A:Hmin � 9[41\ l:Hmin � 3[8^ and "D# 8 � 89>\ A:Hmin � 9[13\ l:Hmin � 1[2[

appears as if the last waves in the channel are enhanced
through macroscopic mixing^ the local Nusselt number
shows a sharp increase near the channel exit[ As the
Reynolds number is increased\ the onset of mixing occurs
at locations further upstream\ and the Nusselt number
increases at locations nearer to the channel entrance[ At
the highest Reynolds number of 677\ mixing was evident
throughout the channel in the ~ow visualization studies\
and the Nusselt number is increased by mixing through!
out the ~ow length[ As a result\ the Nusselt numbers are
increased even in the developing ~ow region very near
the channel entrance\ and the Nusselt number data do
not collapse to a single curve^ a family of curves in Re is
required to describe the Nusselt number behavior[ It is
interesting to compare the 8 � 9> data of Fig[ 09a to the
8 � 079> data of Fig[ 09b[ It is di.cult to establish the
location of the onset of mixing from the local heat trans!
fer data*the location where an enhancement is observed
may be slightly upstream or downstream from the onset
of mixing[ Nevertheless\ the general impacts of mixing
are the same] mixing enhances heat transfer near the
channel exit at low Reynolds numbers "near the _rst
transitional Re#\ and as the Reynolds number is
increased\ the e}ects of mixing become important at
locations closer to the channel entrances[ Above some
Reynolds number "½599 for 8 � 9> and ½0099 for
8 � 079>#\ mixing occurs throughout the channel and its
impact is important through the entire ~ow length[ At
some higher Reynolds number\ the ~ow will become tur!
bulent^ however\ experiments were not conducted with
turbulent ~ow[

It should be noted that the local Nusselt number data
for Re ³ 199 should be considered with caution[ At low!

est Reynolds numbers\ the local Nusselt number uncer!
tainty was high "approximately 19)#^ at higher Reynolds
numbers the uncertainty was lower\ and the average Nu
uncertainty was about 00)\ as stated earlier[

3[ Conclusions

The heat transfer experiments con_rm that instabilities
observed in the ~ow visualization experiments cause a
heat transfer enhancement in the wavy channels[ This
enhancement has been locally quanti_ed in the exper!
iments reported in this paper\ and it has been related to
the onset of macroscopic mixing[ The onset of mixing
begins near the channel exit at a relatively low Reynolds
number and moves toward the channel entrance as the
Reynolds number is increased[ The Nu enhancement is
likewise _rst manifest near the exit and moves toward the
channel entrance with increasing Reynolds numbers[

The ~ow visualization and heat transfer results provide
a basis for the following conclusions]

"0# Even when the approach ~ow is steady and uniform\
~ow is unsteady and unstable in wavy channels in
the laminar ~ow regime[ Unsteadiness _rst appears
at the end of the channel and eventually moves
upstream to the _rst wavelength with increasing Rey!
nolds number[

"1# In the 8 � 079> geometries\ the ~ow separates from
the channel walls at very low Reynolds numbers and
vortices are trapped in the troughs of the channel
when the ~ow is steady[ The ~ow becomes unsteady
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Fig[ 09[ Local Nusselt number\ Nux\ vs x� � x:"HminRe# for] "a# 8 � 9>\ A:Hmin � 9[4\ and l:Hmin � 4[4^ and "b# 8 � 079>\ A:Hmin � 9[4\
and l:Hmin � 4[4\ for a family of Reynolds numbers[

when the shear layer between the trapped vortices
and the core ~uid becomes unstable[

"2# In the 8 � 9> and 8 � 89> geometries\ the ~ow also
separates from the channel walls at very low Rey!
nolds numbers and standing vortices form in the

channel[ Macroscopic mixing occurs when the oscil!
lating reattachment point moves upstream and the
impinging ~ow {injects| ~uid into the trapped vortex[

"3# Phase shift plays an important role in the stability of
the channel ~ow[ For a given Reynolds number\ the
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8 � 9> and 8 � 89> geometries are unsteady farther
upstream than the 8 � 079> geometry[

"4# In the range of parameter space studied "l:Hmin

between 1[2 and 4[5#\ relative wavelength\ l:Hmin did
not signi_cantly in~uence the onset of mixing in the
wavy passage[

"5# Relative amplitude\ A:Hmin plays an important role
in the stability of the wavy channel at low Reynolds
numbers[ A larger relative amplitude delays the
initial onset of instability in the channel[ At higher
Re\ the e}ect of relative amplitude diminishes sig!
ni_cantly[

"6# There is a heat transfer enhancement due to the
geometry of the wavy passage for laminar ~ow[ The
location of the onset of this heat transfer enhance!
ment is a function of Reynolds number^ as the Rey!
nolds number is increased the location of wavy!chan!
nel heat transfer enhancement moves closer to the
entrance of the channel[

"7# At high enough Reynolds numbers to move the
location of the onset of unsteadiness near the
entrance of the channel\ the heat transfer enhance!
ment due to the geometry of the wavy channel aug!
ments the enhancement due to normal development
e}ects[

The parameter space in wavy!channel ~ows is extensive
and needs to be explored more thoroughly before an
optimum geometry for speci_c conditions can be deter!
mined[ Furthermore\ pressure!drop data were not rec!
orded in this study\ and such data are needed to determine
the overall thermal bene_t of a particular wavy channel in
a speci_ed application[ It may be desirable to undertake
thermal performance testing of wavy channel heat
exchangers in full!scale experiments*such experiments
are needed to account for the geometrical complications\
manufacturing\ water retention\ frosting\ and fouling
e}ects commonly encountered in application[
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