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Abstract

The paper describes the detailed transition mechanism from steady to unsteady ¯ow in a multilouvered ®n
geometry. The initial instability appears in the wake of the exit louver at a Reynolds number of 400 with a

characteristic non-dimensional frequency (based on in¯ow velocity and louver pitch) of 0.84. Between a Reynolds
number of 700 and 800, power spectra in the interior of the array indicate an increase in energy in the vicinity of
the ®rst harmonic of the initial exit wake instability. By a Reynolds number of 900, free shear layer or Kelvin±

Helmholtz type instabilities develop on the leading edge shear layers of louvers near the exit. These instabilities have
a characteristic non-dimensional frequency of 1.7. As the Reynolds number increases further, instabilities move
upstream into the array. By a Reynolds number of 1300, most of the louvers exhibit unsteadiness, except for the
entrance louver and the ®rst two louvers following it. By this Reynolds number, the ¯ow in the downstream half of

the array exhibits a chaotic behavior. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

During the past two decades, much e�ort had been

made to understand the ¯ow phenomena and perform-
ance characteristics in louvered ®n arrays. Two kinds

of ¯ow regimes have been observed in ¯ow visualiza-
tions [1,2]. At low Reynolds numbers the ¯ow is nearly

parallel to the axial direction (duct ¯ow) whereas at

high Reynolds number the ¯ow is in the direction of
the louvers. These two regimes have been found to

have a profound impact on the heat transfer character-

istics. The duct ¯ow regime has been found to be re-
sponsible for the ¯attening characteristics of the

Nusselt number at low Reynolds numbers [2]. Another

mechanism, which has a profound e�ect on heat trans-

fer is the onset of unsteadiness. Transition to unsteadi-

ness results in the presence of large scale vortical

structures which considerably enhance heat transfer

[3,4]. A better understanding of the onset and propa-

gation of instabilities in a multilouvered ®n array has

potential applications in the design of more e�cient

and application speci®c multilouvers. This is particu-

larly relevant in light that for most applications the

transitional regime is present for a large part of the

operating range of the heat exchanger.

In spite of the importance of understanding the tran-

sitional nature of the ¯ow in louvered ®n arrays, there

have been very few studies devoted to this aspect.

There are scattered references in the literature to the

onset of unsteadiness in louvered ®n arrays, most of

which are based on experimental ¯ow visualization

[5,6]. Recently, Springer and Thole [7] have performed

hot wire measurements in a multilouvered array and

identi®ed the onset of unsteadiness and the character-

istic frequency. On the other hand, most compu-
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tational studies of louvered ®ns have been con®ned to
the laminar ¯ow assumption [8±12] and the use of the

RANS approach with turbulence models to model
unsteady motions [13]. While experimental studies have
some inherent di�culties is studying spatial transition

and propagation, numerical studies, which are well
suited for this exercise, are mainly limited by com-
putational resources. To capture the transition with

accuracy mandates that both temporal and spatial
scales be resolved with accuracy. Fortunately, in the
early stages of transition the ¯ow can be assumed to
be intrinsically two-dimensional without compromising

the important physics.3 For developing ¯ow in a multi-
louvered array, even two-dimensional calculations over
a range of geometries and ¯ow parameters can be

quite challenging and requires the use of state-of-the-
art computational hardware and associated software
infrastructure.

Three possible mechanisms could potentially con-
tribute to the transition to unsteadiness in the multi-
louvered ¯ow geometry. The ®rst instability

mechanism is the wake instability as observed in vortex
shedding from square and circular cylinders, and from
rectangular cylinders similar to louvers. This instability
occurs in the presence of two shear layers, which are

primarily responsible for vortex shedding [14]. The
unsteadiness is characterized by the classical Von
Karman vortex street [15]. The second potential

instability mechanism is the Kelvin±Helmhotz insta-
bility or the free-shear-layer instability as observed in

the separated and reattaching ¯ow on a blunt ¯at
plate [16±18]. In the current context, these instabilities
could develop at the leading edges of individual lou-

vers. For Reynolds numbers (based on approach vel-
ocity and plate thickness) greater than 350, the ¯ow
®eld is observed to be unsteady with the formation of

spanwise vortices in the separated shear layer. These
vortices subsequently coalesce to form larger vortices,
which are then shed periodically from the reattach-
ment region. Finally, the third potential instability

mechanism is the impinging shear-layer instability
(ISLI) as observed in the vortex shedding from
elongated rectangular cylinders [19±22]. This instability

di�ers from the Kelvin±Helmholtz and the wake
instability in that the separated shear layers from the
leading edges impinge on the trailing edges and

become unstable. One distinct characteristic for this
¯ow is the stepwise variations of Strouhal number vs
the chord (length)-to-thickness ratio when the

Reynolds number is above a critical value. Usually,
this instability is characterized by plotting the Strouhal
number, based on length, as a function of length-to-
thickness ratio of the rectangular cylinder for ®xed

Reynolds number. The observed step changes in
Strouhal number which occur at length-to-thickness
ratio of 6, 9 and 12 are related to the number of vor-

tices along the length of the rectangle.
In this paper, our objective is to identify the type of

instabilities which occur, their characteristics, and

spatial propagation within the multilouvered array.

Nomenclature

~a
1
, ~a

2
contravariant basis vectors

b ®n thickness
f characteristic frequency���
g
p

Jacobian of transformation
gij contravariant metric tensor
p pressure

t time
u, v Cartesian velocity in x- and y-directions
x, y physical space

F ®n pitch
L louver pitch
Lx basic computational unit length in x-direc-

tion

Ly basic computational unit length in y-direc-
tion

Pr Prandtl number

Re Reynolds number
Sui source term in momentum equations

ST source term in energy equation
S1, S2 entrance/exit and redirection louver dimen-

sions

T temperature
U, V contravariant ¯uxes in x- and Z-coordinates

Greek symbols

a louver angle
n kinematic viscosity
x,Z transformed coordinates

Superscripts
� dimensional quantities

Subscripts
in based on inlet

3 Neglecting three-dimensional geometry e�ects.
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Fig. 1. (a) Cross-section of multilouvered ®n. The dashed lines show the basic computational unit. (b) Multi-block structure with

entrance and exit bu�er regions. (c) Typical mesh surrounding a louver in a computational block (96 � 96 cells).
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2. Governing equations and mathematical formulation

To calculate the ¯ow and thermal ®elds in the array,
we map the Navier±Stokes and energy equations from
physical �~x� to logical/computational space �~x� by a

boundary conforming transformation ~x � ~x�~x�, where
~x � �x, y, z� and ~x � �x, Z, z�: Based on the nomencla-
ture of Thompson et al. [23], the transformed non-

dimensional time-dependent incompressible Navier±
Stokes and the energy equations in computational
space are written in strong-conservative form as:

Continuity:

@

@xj
� ���

g
p

U j � � 0 �1�

Momentum:

@

@ t
� ���

g
p

ui � � @

@xj
� ���

g
p

U jui � � ÿ @

@xj
� ���

g
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The governing equations for momentum and energy
conservation are discretized with a conservative ®nite-

volume formulation. Both, convection and viscous
terms are approximated by second-order central-di�er-
ence schemes. The computational domain, shown in
Fig. 1(a), consists of one entire row of the louvered ®n

geometry allowing for the inclusion of entrance and
exit e�ects in the ¯ow direction. Periodic boundary
conditions are applied in the transverse direction while

Dirichlet boundary conditions are speci®ed at the
entrance to the array. To facilitate the calculation of
the whole array, we use a structured multi-block for-

mulation in the streamwise direction with overlapping
boundaries for the application of inter-block boundary
conditions. Eqs. (1)±(3) are non-dimensionalized by a
characteristic length given by the louver pitch L�, a

characteristic velocity scale given by the inlet velocity
to the array (u �in) and a temperature scale given by
(T �f ÿT �in), where T �f is the speci®ed ®n surface tem-

perature. The non-dimensionalization results in a
characteristic Reynolds number Re � Rein � u�inL

�=n,
with Dirichlet boundary conditions uin=1,Tin=0 at

the entrance to the computational domain. The
Prandtl number is ®xed at 0.7 for air. At the ®n sur-
face, no slip, no penetration boundary conditions for

the velocity ®eld, and Tf=1 for the temperature ®eld
are applied. Due to the recovering nature of the ¯ow

at the array exit, convective boundary conditions of
type

@f
@ t
�U j @f

@xj
� 0 �4�

are used at out¯ow boundary nodes, where f is the
convected variable. More details about the time-inte-
gration algorithm, treatment of boundary and louver

surface conditions, and validation of the computer
program can be found in Tafti et al. [24].

3. Computational details

The con®guration used in these calculations consists
of an entrance and exit louver with four louvers on
either side of the center or redirection louver. The non-

dimensional geometric parameters are ®n pitch F = 1,
louver thickness b = 0.1 and louver angle, a=308. For
the entrance and exit louvers, S1=1, and for the center
redirection louver, S2=1. Fig. 1(b) shows the compu-

tational domain which is resolved by 16 blocks, one
for each louver, two each for the entrance, exit and
redirection louver, and an entrance and exit domain

which extend approximately 5.5 non-dimensional units
upstream and downstream of the array, respectively.
Each block is resolved by 96 � 96 ®nite-volume cells.

Fig. 1(c), shows a typical mesh distribution in a block
surrounding a louver. The pressure equation is con-
verged to 1 � 10ÿ5 based on the average L1 norm of

the residue. Each calculation in the unsteady regime
required about 60 h of wall clock time on 16 pro-
cessors of the SGI/Cray Origin 2000.
In this paper we present results for a Reynolds num-

ber range (Rein) of 100 to 1300 in increments of 100.
The calculations were started at the lowest Reynolds
number, which provided the initial conditions for the

subsequent Reynolds number. Each calculation was
carefully monitored through pressure drops across
blocks, heat transfer, and ®eld variables to determine a

stationary state. Stationarity was assumed when time
series data of ®eld variables showed a near constant
mean value from one run to the next. For the unsteady
cases, time averaging was initiated once a stationary

state was established. Typically, the unsteady calcu-
lations were integrated between 100 and 150 non-
dimensional time units. Further, time series data was

collected at 64 spatial locations in the computational
domain for further analysis. Time series data was col-
lected halfway in the vicinity of the top and bottom

surface of each louver, and two locations in the wake
of each louver. Based on the time step, the lowest and
highest resolved non-dimensional frequencies varied
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between 0.1388±0.042 and 555±167, respectively, in the
Reynolds number range Rein=400±1300.

4. Development and propagation of instabilities

The development and propagation of instabilities in
the louvered ®n array were studied through a combi-

nation of ¯ow visualization of instantaneous vorticity
and streamline contours over typical shedding cycles
and through extensive frequency and time signal

analyses. Fig. 2 summarizes the results of this study
and shows the sequence of events in the louver array
which lead to the transition from a steady laminar
¯ow to laminar unsteady and subsequently to chaotic.

The ®gure only characterizes the initial appearance of
features. Although these features persist as the
Reynolds number increases, that aspect is not repro-

duced in the ®gure for the sake of clarity. It should be
stated that Fig. 2 was composed mostly by visual
examination of instantaneous ¯ow ®elds and in some

cases by studying animations of vorticity, and hence
by de®nition is qualitative in nature. However, extreme
care was taken in producing Fig. 2, with a high degree

of con®dence in the conclusions made on the spread of
instabilities upstream into the array. We attribute a
high level of con®dence to the classi®cation of the in-

itial instabilities that appear in the interior starting at
Rein=900. It is only after Rein > 1000 and 1100 that

the classi®cation of instabilities as they move upstream
becomes di�cult. We say this to caution that once
unsteadiness is established for Rein > 1000 in the

array, the ¯ow ®eld is quite complex and the exact
characterization of type of instability which occurs on
individual louvers is rather di�cult. The cause and

e�ect of louver wake and louver leading edge instabil-
ities become di�cult to characterize. Fig. 3 character-
izes the complexity of the ¯ow by showing plots of

instantaneous vorticity at di�erent Reynolds numbers.
At a Reynolds number of 100, small recirculation

regions are found to exist in the wake of all the
louvers. The wake recirculation bubbles become stron-

ger and larger as the Reynolds number increases. At
Rein=200, steady recirculation zones brought about by
separation and reattachment are found to exist on the

top upstream side of the redirection louver and bottom
upstream side of the exit louver. At Rein=300, the
shear layers on the leading back sides of louver 1 and

louver 5 separate and reattach to form additional recir-
culation zones. In addition, a recirculation zone also
appears on top of the exit louver. As the Reynolds

number increases to Rein=400, we ®nd that the wake
of the exit louver becomes unstable with clear evidence
of the Von Karman vortex street. Fig. 4 shows the in-

Fig. 2. Development and propagation of instabilities in the multilouvered geometry. Only the initial appearance of instabilities is

shown.
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stantaneous vorticity contours in the wake, together
with a representative time signal of temperature and

the corresponding frequency power spectrum.4 We
note that although there is a massive separation zone
on the top surface of the louver, there is no vortex

shedding from the leading edge and it is only in the
wake that two shear layers interact and become un-
stable. However, an interesting aspect is that the

instability is caused by the interaction of the leading
edge separated shear layer on the top of the exit louver
with the trailing edge separated shear at the bottom.

In most symmetric blu� body wakes, depending on the
after-body from the leading edge, wake interactions
are between leading edge or trailing edge shear layers
as the case may be. The time signal is periodic with a

characteristic non-dimensional frequency, based on
louver pitch and the inlet velocity, f � f �L�=u�in �
0:84, with a ®rst harmonic at f1=1.68. Nakamura et

al. [22], performed experiments of uniform ¯ow over
blunt rectangular plates of di�erent aspect ratios
(thickness to length ratio) at low Reynolds numbers

(200±600 based on approach velocity and plate thick-
ness). They observed a wake Strouhal frequency
between 0.5 and 2.0 for plates with aspect ratios vary-

ing from 2 to 16 at a Reynolds number of 200. We
note that the exit louver geometry and the ¯ow con-
ditions are quite di�erent from the experiments. The
wake instability generated at the exit louver would

e�ectively be similar to that generated by plates of
small aspect ratio. Besides the wake instability, at this
Reynolds number, an additional recirculation zone

appears on the bottom of the redirection louver as
shown in Fig. 2.
As the Reynolds number increases further, visual

examination of the ¯ow ®eld does not indicate any
other instabilities developing in the array. However,
examining frequency spectra in the array indicates that
the instability generated in the wake of the exit louver

gradually moves into the array. At Rein=600, the
characteristic wake frequency increases to f= 0.92,
with well-de®ned harmonics established at 1.84, 2.76

and so on. We also ®nd the low amplitude presence

(1 � 10ÿ6) of the fundamental wake frequency and its
®rst harmonic in the wakes of louvers 6 and 7 and 8.

At Rein=700, the in®ltration of the wake instability
(now f= 0.94 and f1=1.87) into the array increases
and moves further upstream. It is also observed that

the ®rst harmonic ( f1=1.87) starts to dominate over
the fundamental exit wake frequency in the array in-
terior. However, the typical amplitudes are still of the

order of (1±2 � 10ÿ6). We also note that as the
Reynolds number increases, the primary wake instabil-
ity moves closer to the trailing edge of the exit louver.

As the Reynolds number increases to Rein=800, the
spectral characteristics inside the array, exhibit a dis-
tinct shift from that of the exit wake. The fundamental
mode inside the array now exhibits a characteristic fre-

quency of 1.7. Fig. 5 shows the frequency spectra at
di�erent locations in the array for Rein=800.5

Although the exit wake retains the same spectral

characteristics as at Rein=700 ( f = 0.94, f1=1.87), the
spectra in the interior of the array, as far upstream as
the inlet louver, lock on to a frequency of 1.7 and

show a marked increase in amplitude. In spite of the
observed shift in the spectral characteristics, ¯ow visu-
alization does not indicate any obvious new instability

mechanism developed in the array. However, a close
look at the exit louver indicates the initial stages of the
Kelvin±Helmholtz shear layer instability at the leading
edge shear layers of the exit louver. Fig. 6 shows a

time sequence of vorticity contours at the exit louver
over one typical cycle corresponding to a characteristic
frequency of 1.7. Although very weak, there is evidence

of vorticity (identi®ed by + in the ®gure) being shed
from the leading edge shear layers. During this time
the wake instability goes through little over half a

cycle based on f= 0.94.
As the Reynolds number increases to 900, the lead-

ing edge free shear layer instability establishes itself
near the exit of the array. Fig. 7 shows the spatial

characteristics of frequency power spectra for
Rein=900. The characteristic frequency in the array
still maintains its value of 1.7, but ¯ow visualization

shows clear evidence of leading edge vortex shedding.
The shear layers at the leading edges of louvers 5, 7
and 8 experience a Kelvin±Helmholtz instability, by

virtue of which they become unstable and result in the
shedding of spanwise vortices. This is seen in Fig. 8(a).
Curiously, louver 6 does not exhibit vortex shedding at

this Reynolds number. Louver 5 exhibits the instability
only on the leading edge of the back surface,6 while
louvers 7 and 8 exhibit vortex shedding on both faces.7

This is because, the ¯ow coming out of the redirection

or middle louver is not well aligned to louver 5 and
impinges on the front surface preventing a strong
shear layer from forming at the leading edge. By the

time the ¯ow comes out of louver 5, it is nearly paral-
lel to the louver direction, and facilitates the formation

4 The peak magnitude of the power spectrum is an indi-

cation of the order of magnitude of ¯uctuations about the

mean.
5 Although we show the frequency spectra in the louver

wakes, equivalent spectra near the louver surface exhibit the

same general spectral characteristics. This is true for all

Reynolds numbers.
6 Front surface is used to denote the face which faces the

¯ow vs back surface, which does not face the oncoming ¯ow.
7 However, in general the vortices on the back surfaces of

the louvers are always stronger than those on the front sur-

face.
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of leading edge shear layer instabilities on both sides
of the louver.

In uniform ¯ow over blunt plates [25], the Kelvin±
Helmholtz instability is preceded by massive but steady
separation and reattachment. However, an important

facet to the observed transition in this study is the
complete absence of any separation and reattachment
on these louvers at prior Reynolds numbers. This, and

the observed propagation of the exit wake instability
into the array, leads us to conclude that the Kelvin±
Helmholtz instability is in¯uenced and accelerated by

the original wake instability at the exit louver. The in-
itiation of vortex shedding in louvered ®n arrays at
this Reynolds number has been observed in the ¯ow
visualization experiments of Howard [6]. In agreement

with the present simulations, Howard [6] also found
that the vortex shedding was initiated at the exit end
of the array and the instability progressed upstream as

the Reynolds number increased. Similar observations
were reported by Mochzuki et al. [26] in their ¯ow
visualization studies of o�set-strip ®ns, in which they

found that the onset of vortex shedding moved
upstream into the array from the trailing edge.
Further, frequency measurements by Springer and

Thole [7] in a multilouvered ®n array, also showed
that vortex shedding was present in the array at
Rein=1000, but was not evident at Rein R 900. Their
measured fundamental frequency based on louver

thickness and local mean ¯ow velocity parallel to the
louver of 0.17 agrees well with the current computed
value. Normalizing the characteristic frequency with

louver thickness and maximum mean ¯ow velocity in
the array (¯ow area corrected for obstruction caused
by projected louver thickness), the characteristic fre-

quency for the leading edge instability reduces to the
value of 0.16. Zhang [27] has also obtained character-
istic frequencies ranging from 0.14 to 0.17 in his nu-
merical studies of in®nite arrays of inline and

staggered parallel ®ns. The corresponding character-
istic frequency observed in the reattachment zone of
blunt rectangular plates is 0.1 (based on approach vel-

ocity and plate thickness) by Tafti and Vanka [17] at
Re= 1000, 0.12 by Kiya and Sasaki [28] at
Re= 26,000, and 0.14 at Re= 32,000 by Cherry et al.

[29].8

At Rein=900, leading edge vortex shedding is visibly
established at the exit louver. The original wake

instability still persists at the exit louver but now the

fundamental and ®rst harmonic in the wake assume
values in synchronization with the Kelvin±Helmholtz

instability in the interior. There is a distinct shift in the
characteristic exit wake frequency from f= 0.94 to
0.86 and from f1=1.84 to 1.70 between Rein=800 and

900. This is captured very clearly in ¯ow visualization
over one typical shedding cycle of the wake instability
and in the frequency power spectrum on the top and

bottom surface of the exit louver. Fig. 8 shows instan-
taneous vorticity contours and the power spectra for
locations near the top and bottom surface of the exit

louver and the wake. At the exit louver, in addition to
the leading edge vortex shedding, a wake vortex at the
trailing edge is also seen. The spectral characteristics at
the locations on the exit louver (1 and 2 in Fig. 7(a))

are dominated by the Kelvin±Helmholtz instability
occurring at the leading edge, as in the interior of the
array, and it is only in the wake that we ®nd the

presence of f= 0.86.
As the Reynolds number increases to 1000, the

classi®cation of instabilities as they move upstream

into the array becomes di�cult. At this Reynolds num-
ber, the wake of louver 4 and the re-direction louver
exhibit a wavy character. At the same time, leading

edge free shear layer instabilities develop on both sides
of louver 6 with the initiation of vortex shedding.
Further, we also ®nd a small recirculation zone form
on the bottom leading edge of the redirection louver.

The characteristic frequencies in the interior and the
exit wake do not exhibit any change from their values
at Rein=900. As the Reynolds number increases to

1100, the instability moves further upstream and in-
itiates vortex shedding at the redirection louver on
both, top and bottom faces. Further, a small recircula-

tion zone forms at the front leading edge of louver 4.
The spatial distribution of frequency spectra is shown
in Fig. 9. Once again, we observe a change in the
characteristic frequencies throughout the interior of

the array and the exit wake. In the interior of the
array, the characteristic frequency changes from 1.7 to
1.82, and correspondingly the wake frequency from

f = 0.86 to 0.9 and from f1=1.7 to 1.82. Curiously, at
this Reynolds number the time signals and correspond-
ing spectra are very well de®ned, with sharp spectral

peaks, which is in contrast to the spectral distributions
at Rein=900 and 1000. At Rein=1200, we observe ad-
ditional recirculation regions, albeit quite small, at the

entrance louver, on the front leading edge of louver 2,
and the back leading edge of louver 3, as shown in
Fig. 2. Fig. 10 shows the spectral distribution at
Rein=1200. The ¯ow in the exit wake has transitioned

to a near chaotic state as evidenced by the absence of
any strong spectral peaks. As the Reynolds number
increases further to Rein=1300, leading edge insta-

bilities with vortex shedding develop on both sides of
louver 3 and on the front surface of louver 4. Fig. 11

8 For louver directed ¯ow, the comparison with blunt rec-

tangular plate leading edge instability in a uniform ¯ow is

somewhat justi®ed. However, we note that in uniform ¯ow,

the instability arises at a much higher Reynolds (350 based on

plate thickness) than in the current calculation (90 based on

plate thickness).
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shows the spectral distribution in the array. We again

observe a discrete change in the characteristic fre-

quency from 1.84 at Rein=1200 to 2.14 at Rein=1300

and the ¯ow tends towards a chaotic state in the

downstream half of the array.

We note that in the range of Reynolds numbers

studied, which is fairly typical of real applications,

once the initial instability is established there is no

clear demarcation between steady laminar, unsteady

laminar and chaotic ¯ow. In fact, there is a strong case

to be made that all three regimes co-exist in the array.

This observation has important implications on the use

of the RANS approach with turbulence models.

Although sophisticated models can account for these

e�ects in an averaged sense, their universality and ac-

curacy have limitations. Further, we also note that in

our study we could not di�erentiate the impinging

shear layer instability (ISLI), which was identi®ed in

the introduction as one the potential instabilities which

could exist in the array. In the previous study of

Nakamura et al. [22], the ISLI instability appeared at

Re= 250 based on plate thickness, which is much

higher than the equivalent maximum Reynolds number

in this study. It is also not clear how this instability

would manifest itself in the current study, in which the

length-to-thickness ratio is ®xed (at 10) and the

Reynolds number varies. In the current setting, even if

the instability were present it would not manifest itself

with characteristic step changes in Strouhal number

but an increase in Strouhal number vs Reynolds num-
ber. For instance, from Nakamura et al. [22], the

Strouhal number varies between 1.5 and 2 for a
length-to-thickness ratio of 10, between Rein=2500
and 10,000. Although, the current range of Reynolds

numbers is much lower, the frequencies found in the
interior are comparable. However, we suspect that the
ISLI instability does not play a major role in the

multi-louvered array.

5. Grid dependency study

The above calculations were repeated on a coarser
grid of 64 � 64 per computational block. The intent
was to study how closely the coarse mesh reproduced

the results on the ®ne mesh. A close match between
the two, would indicate the adequacy of the 96 � 96
mesh presented in this paper. Fig. 12 summarizes the
transitional characteristics observed on the coarse

mesh. On comparison with Fig. 2, we ®nd that there
are no major discrepancies between the two that would
cast doubt on the veracity of the results on the ®ne

mesh. The development and propagation of the main
instabilities in the array are captured faithfully by the
coarse mesh. The initial wake instability appears at

Rein=400 with a characteristic frequency of 0.8125 (vs
0.84 on the ®ne mesh). The propagation of this
instability into the interior of the array follows a trend

Fig. 12. Development and propagation of instabilities in the multilouvered geometry with a grid resolution of 64 � 64 per compu-

tational block. Only the initial appearance of instabilities is shown.
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similar to the ®ne mesh. There are some di�erences
between the two meshes during the initiation of the

Kelvin±Helmholtz instability in the interior of the
array. On the coarse mesh, the initiation of the
instability is slightly delayed than on the ®ne mesh.

However, the actual instability appears at the same
Reynolds number of Rein=900 on louvers 7, 8 (vs
louvers 5, 7, 8 on the ®ne mesh) and the exit louver.

The initiation of leading edge vortex shedding from
louver 5 is delayed till Rein=1000 on the coarse mesh.
Similarly, the initiation of vortex shedding on the re-

direction louver is also delayed till Rein=1200 (vs
Rein=1100 on the ®ne mesh). The characteristic fre-
quency of vortex shedding at Rein=900 is observed to
be 1.875 vs 1.7 on the ®ne mesh. Besides these minor

di�erences, we did not observe any major discrepancies
in the basic mechanism of the propagation of insta-
bilities, which would warrant that a grid ®ner than

96 � 96 per block be used.

6. Conclusions

The paper describes the detailed transition mechan-
ism in a multilouvered ®n geometry. The initial
instability appeared in the wake of the exit louver at a

Reynolds number of 400 with a characteristic non-
dimensional frequency of 0.84. It was found that the
initial wake instability propagated inside the array as

the Reynolds number increased. For Reynolds num-
bers between 600 and 700, power spectra in the interior
(near the exit) of the array indicated an increase in

energy near the ®rst harmonic of the initial exit wake
instability. By a Reynolds number of 900, free shear
layer or Kelvin±Helmholtz type instabilities had devel-
oped on the leading edge of louvers near the exit.

These instabilities had a characteristic non-dimensional
frequency of 1.7. Once this happened, the exit wake
switched frequencies in sympathy with the upstream

Kelvin±Helmholtz instability. Similar, discrete changes
in characteristic frequencies were observed on two
other occasions as the instability moved upstream into

the array. It was also observed that there existed a
single characteristic frequency on all louvers at a given
Reynolds number irrespective of whether vortex shed-
ding was present on the louver.

We conclude by observing that this is the ®rst study
of its kind which has identi®ed the transition in such
detail. However, more studies are needed to study the

e�ect of geometrical parameters, particularly the ratio
of ®n pitch to louver pitch and louver angle. For
example, how would transition proceed if the louver

geometry induced vortex shedding near the entrance to
the louvered array? What scaling laws do the charac-
teristic frequencies follow? These are questions which

can only be answered by studying the transition pro-
cess in other louver geometries.
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