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Abstract

The effect of fin pitch, louver angle and thickness, and flow depth on the onset, propagation, and characteristic
frequencies of instabilities in multilouvered fins is investigated. The initial instability appears in the wake of the exit
louver. Subsequently, instabilities are established in the interior of the louver bank which spread upstream as the
Reynolds number increases. It is shown that the interior instabilities are completely independent of the exit wake in-
stability. On the other hand, the exit wake instability is not only dependent on the exit louver geometry but also on the
internal geometry of the louver bank. Increasing louver thickness and angle increases the propensity of the flow to
become unstable. Increasing fin pitch, louver angle, and thickness enhances the propagation of instabilities into the
louver bank. It is shown that the characteristic frequencies in the interior of the louver bank, scale with the fin pitch
rather than the louver thickness or louver pitch. The exit wake frequencies, on the other hand scale with the projected
length of the exit louver in the flow direction. A simplified model for estimating the onset of instabilities in the interior

of the louver bank is proposed. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Air-side heat transfer augmentation through the use
of multilouvered fin finds wide spread use in compact
heat exchangers in the automobile and HVAC industry.
Three factors influence the heat transfer coefficient and
heat capacity of multilouvered fins. First among them is
the predominant flow direction in the louver bank.
When the bulk of the flow in the louver bank is aligned
with the streamwise direction, it is referred to as duct-
directed flow. This was first recognized by Davenport [1]
and studied by other researchers in the field [2]. Duct-
directed flow has a detrimental effect on the heat ca-
pacity and heat transfer coefficient, since a small fraction
of the fluid flows between louver passages. On the other
hand, louver-directed flow has a large positive impact on
the heat transfer coefficient. High Reynolds numbers,

*Corresponding author. Tel.: +1-217-244-7385; fax: +1-217-
244-2909.
E-mail address: dtafti@ncsa.uiuc.edu (D.K. Tafti).

large louver angles, small fin pitches, and large louver
pitches are conducive to louver-directed flow. Because of
the compactness of multilouvered banks, thermal wake
interference also has a significant impact on the heat
capacity [3]. Zhang and Tafti [4] classified two types of
thermal wake effects. Intra-fin interference occurs be-
tween louvers in the same fin, and is dominant when the
flow is duct directed. Inter-fin interference occurs be-
tween adjacent rows of fins when the flow is louver di-
rected. Both intra- and inter- types can have a large
effect on the total heat capacity of the fin, whereas the
latter does not have a large effect on the heat transfer
coefficient. Finally, the development of self sustained
flow oscillations, which lead to large scale vortical
structures in the louver bank, has the effect of aug-
menting the heat transfer coefficient [5,6].

Our objective in this paper is to study the compre-
hensive effect of multilouver geometrical parameters on
the onset and propagation of instabilities, and on the
characteristic frequencies observed in the louver bank.
In addition to heat transfer augmentation, the unsteady
aspects of the flowfield have important applications in
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Nomenclature
b non-dimensional fin thickness (b*/L;)
f non-dimensional  characteristic  frequency

"Ly /)

F, non-dimensional fin pitch (F;/L;)

Fy non-dimensional flow depth (£ /L;)

Ly dimensional louver pitch (characteristic length
scale)

Rei,  Reynolds number (u;,L;/v)

Re;  Reynolds number (u's*/v)
S1,8> non-dimensional entrance/exit and redirection
louver dimensions

s dimensional distance along flow path traversed
T temperature
uj, dimensional inlet velocity (characteristic

velocity scale)

ut dimensional velocity component in flow
direction

Greek symbols

o flow angle

0 louver angle

v kinematic viscosity

Superscript

* dimensional quantity

Subscripts

c critical Reynolds number, based on Re;,

f based on fin

i pertaining to interior of louver bank

in based on inlet

w pertaining to exit wake of fin

understanding noise generation in heat exchanger cores.
There are a few isolated studies in the literature which
have studied the onset of flow instabilities in heat ex-
changer cores. Mochizuki and Yagi [7] experimentally
investigated the effect of different flow depths in model
offset strip fin like cores. They investigated the onset of
instabilities on single confined plates in a channel up to
18 columns with multiple rows of fins in a staggered
arrangement, which is more representative of a real heat
exchanger core. They found that instabilities always
appeared in the wake of the array which then moved
upstream into the array. They found multiple charac-
teristic frequencies present in arrays with less than 8§
columns, while found a single characteristic frequency as
the number of columns increased beyond 8, thus indi-
cating that flow oscillations in a large array are influ-
enced by factors other than individual flat plates. The
single characteristic Strouhal number of 0.13 was inde-
pendent of the Reynolds number and the number of
columns. Dejong and Jacobi [8] have also speculated
from their flow visualization studies that instabilities
first appeared at the trailing edge of the last row of
plates, which then propagated upstream. The same au-
thors observed a similar pattern in multilouvered arrays
[9]. Springer and Thole [10,11] have measured the
characteristic frequencies in three louver geometries with
different fin pitch to louver pitch ratios. Tafti et al. [12],
used high fidelity numerical simulations in a single lou-
ver geometry to map the onset of instabilities, spatial
propagation and characteristic frequencies. In agree-
ment with experimental studies they found that the ini-
tial instability appeared in the wake of the exit louver,
which then spread upstream into the interior of the
louver bank. They also found that the unsteadiness in
the louver bank was characterized by a single charac-

teristic frequency. Curiously, once established, the
characteristic frequency was also present in regions of
the bank where no large-scale unsteadiness was ob-
served.

In this paper we extend our earlier study to multiple
louver geometries. We study the effect of fin pitch,
louver angle, louver thickness, and flow depth on the
initial instability, its propagation and characteristic fre-
quencies. We also propose a model to estimate the onset
of instabilities in a louver bank and introduce relevant
length and velocity scales for scaling characteristic fre-
quencies. Finally, we perform numerical experiments to
estimate the extent to which the exit wake instability
affects the instabilities in the louver bank, and conversely
the effect of the interior louver geometry on the exit
wake instability.

2. Governing equations and mathematical formulation

To calculate the flow and thermal fields in the array,
we map the Navier-Stokes and energy equations from
physical to logical/computational space by a boundary
conforming transformation. The governing equations
for momentum and energy conservation are discretized
with a conservative finite-volume formulation on a non-
staggered mesh. Both, convection and viscous terms are
approximated by second-order central-difference
schemes. The computational domain, shown in Fig. 1(a),
consists of one entire row of the louvered fin geometry
allowing for the inclusion of entrance and exit effects in
the flow direction. Periodic boundary conditions are
applied in the transverse direction whereas Dirichlet
boundary conditions are specified at the entrance to the
array. To facilitate the calculation of the whole fin, we
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Fig. 1. (a) Geometry of multilouvered fins; (b) typical calculation domain resolved with multiple computational blocks. Also identified

are measurement locations in the wake of each louver.

use a structured multiblock formulation in the stream-
wise direction.

The governing equations 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;,) and a temperature scale given by (7{ — T;}),
where 7; is the specified fin surface temperature. The
non-dimensionalization results in a characteristic
Reynolds number Re = Re;, = ui, Ly /v, with boundary
conditions u;, = 1, T,, = 0 at the entrance to the com-
putational domain. The Prandtl number is fixed at 0.7 for
air. At the fin surface, no slip, no penetration boundary
conditions for the velocity field, and 7; = 1 for the tem-
perature field are applied. Due to the recovering nature of
the flow at the array exit, a convective boundary condi-
tions is used at outflow boundary nodes. More details
about the governing equations, time-integration algo-
rithm, numerical discretization, treatment of boundary
and louver surface conditions, and validation of the
computer program can be found in Tafti et al. [13,14].

3. Computational details

The basic configuration used in all calculations con-
sists of an entrance and exit louver with four louvers on
either side of the center or redirection louver. For the
entrance and exit louvers, S; = 1, and for the redirection
louver, S, = 1 were fixed in all the calculations. Table 1
summarizes the different louver geometries studied.
Cases 1-4 have a fin pitch ratio (F,) of 1.0, whereas cases
5-8 have a fin pitch ratio of 1.5. Four louver angles (6)
ranging from 15° to 30° in increments of 5° are investi-
gated for each fin pitch. The nominal louver thickness
ratio (b) and flow depth (Fy) are 0.1 and 19, respectively.
Effect of louver thickness ratios of 0.05 and 0.15 are
studied in cases 1(a)~(b) and 3(a)~(b) for F, = 1.0 and
0 = 30° and 20°, respectively. The effect of increasing
flow depth is studied in case 5(a), in which the number of
louvers are increased from 8§ to 12.

Fig. 1(b) shows the computational domain which is
resolved by 15 computational blocks, one for each
louver, two each for the entrance, exit and redirection
louver, and an exit domain which extends approximately
5.5 non-dimensional units downstream (or about 55

Table 1
Summary of non-dimensional geometrical parameters for the
cases investigated

Cases F 0 b Fy
1(a) 0.05

1 1.0 30 0.1 19
1(b) 0.15

2 1.0 25 0.1 19
3(a) 0.05

3 1.0 20 0.1 19
3(b) 0.15

4 1.0 15 0.1 19
5 1.5 30 0.1 19
5(a) 23
6 1.5 25 0.1 19
7 1.5 20 0.1 19
8 1.5 15 0.1 19

louver thickness units) of the exit louver. Temporal data
for velocity and temperature were measured at four lo-
cations in each block. Fig. 1(b) identifies the locations
which were used in this paper to represent the frequency
spectra. The pressure equation was converged to
1.0 x 10~ based on the average L; norm of the residue.
Each block is resolved by 96 x 96 finite-volume cells. In
Tafti et al. [12] we compared results on grids of 64 x 64
and 96 x 96 per computational block to find that there
were some minor differences in the characteristic fre-
quencies (<5%), and the onset and spread of instabilities.
To further establish grid independency for the results
reported in this paper, which use 96 x 96 cells per block,
we conducted an additional, completely independent
calculation on a 128 x 128 grid per computational block
for F, = 1.5 and Re;, = 1000. Figs. 2(a) and (b) compare
the time averaged flow field on the entrance louver and
louver number 5, which is downstream of the redirection
louver. The 96 x 96 grid calculation reproduces the re-
circulation regions with accuracy and the results are
identical to the fine grid calculation. In addition, there is
excellent agreement in characteristic frequencies '

! The peak magnitude of the power spectrum is an indica-
tion of the order of magnitude of fluctuations about the mean.
Only amplitudes larger than 1 x 107 are visible in the plotted
power spectrums.
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Fig. 2. Grid independency: (a) comparison of mean streamlines on the entrance louver and louver 5 behind the re-direction louver;
(b) comparison of frequency spectra and characteristic frequencies.

calculated at the two resolutions. These are shown in 4. Onset of instabilities
Figs. 2(c) and (d) at two locations in the multilouvered
array. The time averaged heat transfer coefficient on the In our earlier study [12] for £, = 1.0 and 0 = 30°, it

96 x 96 grid is within 1% of the fine grid calculation. was found that the initial instability appeared in the
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Fig. 3. Formation of the exit instability, time signal of temperature and frequency spectra for two louver geometries: (a)

F,=10, 0=30°b6=0.1;(b) F, = 1.5, 0=30°, b=0.1.

wake of the exit louver at Re;, = 400. Subsequently,
additional instabilities were established in the interior of
the array near the exit. There was evidence of infiltration
of the characteristic exit wake frequency into the interior
before any instabilities appeared in the interior. The
interior instabilities manifested themselves as leading
edge shear layer or Kelvin—-Helmholtz type instabilities
and louver wake instabilities. With an increase in Rey-
nolds number the instabilities then propagated up-
stream. A similar sequence of events was found to occur
in all the cases studied in this paper.

Figs. 3(a) and (b) show the formation of the exit
wake instability for a louver angle of 30° and F, = 1.0
and 1.5 at Re;,, = 400. In both cases, the shear layer from
the top leading edge interacts with that formed at the
bottom trailing edge and becomes unstable in the
wake. > Fig. 3 shows the corresponding time signals and
frequency spectra for the two cases with characteristic
peaks exhibited at 0.87 and 0.7, respectively.

Fig. 4(a) plots Re.,, the critical Reynolds number at
which the exit wake becomes unstable to the nearest
hundred. The fin pitch ratio does not have a large effect

2 We define the initial appearance of this instability when
the characteristic Von Karman vortex street is visible within the
calculation domain. In a larger calculation domain, the
instability would develop further downstream earlier than
reported in this study.

on Re., except at a louver angle of 15°, at which the
smaller fin pitch exhibits an earlier onset of flow oscil-
lations in the wake. On the other hand, louver angle has
a large effect on the onset of the wake instability — it
occurs as early as Re.,, = 400 at 0 = 30° but is delayed
to Rec = 1200 for 0 = 15°.

Fig. 4(b) plots the onset of the wake instability as a
function of louver thickness for F, =1.0 and 0 = 30°
and 20°. An increase in thickness decreases Re., for
both louver angles. However, the effect is much stronger
for the smaller louver angle as evidenced by the larger
slope for 6 = 20°. For b = 0.05, the wake remains stable
up to a Re;, = 1200, which was the maximum Reynolds
number calculated. It is conjectured that as the fin pitch
increases, fin thickness will have a smaller effect on the
onset of transition.

On the appearance of the exit wake instability, the
characteristic frequency from the exit wake is found to
penetrate the interior of the multilouvered array. Figs.
5(a) and (b) show examples of this for F, = 1.5 and
6 = 30°. On the appearance of the exit wake instability
at Re;, = 400, flow oscillations of the same characteristic
frequency, albeit of smaller amplitudes, are found to
penetrate the interior of the array as shown in Figs. 5(a)
and (b) for Rey, =500 and 600, respectively. At
Re;, = 700, however, there is a distinct shift in the
characteristic frequency, which now changes to 1.25.
At this point, interior instabilities either as louver
wake instabilities or louver leading edge shear layer
instabilities, which are quite distinct from the exit wake
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Fig. 4. Exit wake critical Reynolds number: (a) effect of fin pitch and louver angle; (b) effect of louver thickness.

instability, start establishing themselves. * This is shown
in Fig. 5(c). Interestingly, even though the instability has
established itself only on louvers near the exit, its effect
can be felt throughout the louver bank as evidenced by
the penetration of the characteristic frequency all the
way upstream to louver 1.

The critical Reynolds number for the interior insta-
bility is plotted in Fig. 6(a) for the two fin pitches and
louver angles. Similar to the trends in Fig. 4(a), it is
found that the fin pitch does not have a large effect on the
onset, whereas a large louver angle exhibits much lower
Re.; . For 0 = 15°, the interior instability does not appear
till Re;, = 1200, the largest Reynolds number calculated.
An increase in fin thickness lowers Re.; as shown in Fig.
6(b) for 0 = 30° and 20°. However, unlike its effect on the
wake instability, both louver angles exhibit similar
slopes. For 0 = 20° and b = 0.05, the flow was stable up
to Rey, = 1200. Fig. 6(c) plots the effect of increasing flow
depth on the wake and interior instability. It is found that
increasing flow depth hastens the development of both
instabilities. The wake instability appears at Re;, = 300
versus Re;, = 400 for the smaller flow depth and the in-
terior instability appears earlier at Re.; = 600 compared
to Re;, = 700 for the smaller flow depth.

An early transition with increasing flow depth indi-
cates that the onset of instabilities is dependent on the
distance a fluid element travels in the array. To quantify
this effect, we define a Reynolds number based on the
flow distance traversed by a fluid element and a velocity
parallel to this direction. By doing this we shift our focus
from individual louvers to a collection of louvers, which

3 The Reynolds number at which we observe the character-
istic shift in frequency is taken to be the critical Reynolds
number for the internal instabilities.

form a flow conduit or duct as illustrated in Fig. 7(a).
Each louver is akin to a large roughness element, which
perturbs the flow. The degree of perturbation is a com-
plex function of louver geometry. As a fluid element
traverses through the duct, the cumulative effect of these
perturbations causes the flow to develop instabilities at
some downstream location in the duct. The instability
manifests itself around a single louver in the form of a
leading edge shear layer instability or as a louver wake
instability. This view of the transition mechanism is
consistent with the fact that in arrays of fins, the initial
instability is always found to start at the downstream
end of the array, which then propagates upstream as the
Reynolds number increases. This has been seen in ex-
periments of staggered plate arrays [7,8], and multi-
louvered arrays [9] and also in our computations.

To construct a simple predictive model for estimating
the onset of instabilities we assume that the flow angle is
a constant and the fluid element traverses the sides of a
triangle as shown in Fig. 7(a). We define a Reynolds
number based on s*, the flow distance traversed as:

* *

Res:Reinxu—jxs—*, (1)
in Lp

where

s* 2n

L+ cos p @)
p

and by conservation of mass
* F*

us p (3)

E:FP*COS[))—b*'
Here n is an integer value corresponding to the number
of louver lengths from the end of the entrance louver to
the mid-point of the re-direction louver. For the two
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Fig. 5. Penetration of exit wake characteristic frequency into interior of louver bank for F, = 1.5, 0 = 30°, b = 0.1: (a) Re;, = 500; (b)

Rei, = 600; (c) onset of interior instability, Re;, = 700.

flow depths studied, n = 5 and 7, respectively. The flow
angle f§ could be taken as the actual average flow angle
calculated from the flow efficiency or the louver angle
(0). Since we want to use the above expression as an
estimation tool for the onset of unsteadiness in the ar-

ray, we prefer to use the louver angle. Applying the
above expression to Reg; = 700 and 600 for the two
cases with varying flow depths, we obtain values of
Re; = 10000 and 12 000, respectively. However, we note
that low amplitude oscillations are present in the interior
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at Rej, = 500 for the larger flow depth, which subse-
quently would give Re, = 10000, the same as the smaller
flow depth. Hence, knowing the onset of internal array
instabilities for a given geometry and flow depth, we can
make use of the above equations to estimate the onset in
terms of Re;, when the flow depth is either increased or
decreased.

We extend this model to other geometries by which
we obtain a critical Reynolds number based on the flow
path traversed for the onset of internal array instabili-
ties. Fig. 7(b) plots the calculated Re, versus louver angle
for the different geometries tested. We find that the
critical Reynolds number increases as the louver angle
decreases. This should be expected because as the louver
angle tends to zero, the flow geometry approaches a
smooth developing channel flow. For louver angles be-
tween 20° and 30° and thickness ratios greater than or
equal to 0.1, the onset of interior instabilities occurs
between Re, = 10,000 and 12,000. For louver angles less
than 20°, transition is delayed till Re, = 14,000. Low-
ering the louver thickness to 0.05 delays transition be-
yond Re, > 17,000.

Also shown in Fig. 7(b) is the onset of transition as
measured by Dejong and Jacobi [9] in different multi-
louvered geometries. Their geometries are characterized
by a larger flow depth (n =8, L; =11.9 mm) than in
our study. The three geometries which they studied had
a thickness ratio of 0.1 with F, =1.09, 0 =18; F, =
1.2, 0 =22; and F, =1.09, 0 =28, respectively. The
critical Reynolds numbers (based on louver pitch and
flow velocity at minimum cross-sectional area) which
they cite (their Figs. 4 and 6) are quite different when
compared to Re; for similar louver geometries in our

calculations. However, when cast in terms of Rey, there is
very good agreement in the general trends although their
values are somewhat higher than the ones observed in
this study. Since their observations were based on dye
injection and flow visualization, it is possible that they
sensed transition later than the numerical calculations.

We extended the same estimation criterion to the
onset of instabilities in an array of staggered plates.
Dejong and Jacobi [8] found the onset of instabilities in
their 8-stage array at a Reynolds number (based on plate
thickness and flow velocity at minimum cross-sectional
area) of 100, whereas Mochizuki and Yagi [7] in a 18-
stage array found the onset of instabilities at the exit of
the array at a similarly defined Reynolds number of 50.
For reference, £, = 0.5, b = 0.125, in [8] whereas in [7],
F, =133 and b = 0.133 (non-dimensionalized by chord
of plate). However, when converted to Re,, both Dejong
and Jacobi [8] and Mochizuki and Yagi [7] exhibit similar
values of 6550 and 6750, respectively. This result indi-
cates that a staggered plate array is more prone to in-
stabilities than a louvered array and a shorter flow depth
is required by the former for the onset of instabilities.

The use of Re, to calculate the onset of instabilities in
fin arrays is a simplification of the complex flow dy-
namics. However, as illustrated, it can provide a
reasonably good tool in estimating the onset of insta-
bilities.

5. Propagation of instabilities into louver bank

Once the interior instability is established near the
exit of the multilouvered array it propagates upstream

)

N
o

Fig. 8. Instantaneous vorticity contours illustrating rate of propagation of instabilities into interior of louver bank for 6 = 30°,

b=0.1, and F, = 1.0 and 1.5.
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into the louver bank. The rate of propagation is de-
pendent on the louver geometry. For example, Fig. 8
plots the instantaneous vorticity contours for F, = 1.0
and 1.5 and 6 = 30°. At Re;, = 400, the exit wake Von
Karman vortex street is visible for both geometries.
However, at Re;,, = 800, the flowfield in the interior of
the array exhibits large differences between the two fin
pitches. For the larger fin pitch, the instability has pro-
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Fig. 9. Summary of rate of propagation of instabilities into
louver bank: (a) effect of fin pitch and louver angle; (b) effect of
louver thickness; (c) effect of flow depth.

gressed all the way to the upstream end of the louver
bank as evidenced by the wavy wakes behind louvers
near the entrance. On the other hand, for the smaller fin
pitch, the flow is quite stable except for some wake
waviness on louvers near the exit. The faster propaga-
tion of instabilities for the larger fin pitch can also be
surmised from the measurements of Springer and Thole
[11], in which they found an earlier onset of unsteadiness
in the interior of the louver bank with an increase in fin
pitch.

The rate of propagation of instabilities for different
louver angles is summarized in Fig. 9(a). The horizontal
axis depicts the louver number to which the instability
has propagated for a given Reynolds number. The exit
louver depicts the initial exit wake instability. A hori-
zontal line indicates infinitely fast propagation while a
vertical line depicts an infinitely slow propagation. For
0 = 30°, the instabilities propagate upstream much
faster for F, =1.5 than for F, =1.0. As the louver
angle decreases to 25°, the initial rate of propagation in
the downstream half of the array is faster for £, = 1.5,
but is comparable to F, = 1.0 in the upstream half of
the array. As the louver angle decreases to 20°, the rate
of propagation is similar for both fin pitches. An in-
crease in fin thickness not only initiates the interior
instability earlier but also increases the rate of propa-
gation upstream into the array. This is shown in Fig.
9(b). For 0 = 30°, instabilities are established much
more rapidly in the downstream half of the array for
the thicker fins whereas the rate of spread is slower for
the thinner fins. The same observation is made for the
20° louvers. Fig. 9(c) shows the effect of flow depth on
the spread of instabilities. Interestingly, although the
initial appearance of instabilities occurs earlier with an
increase in flow depth, the spread of instabilities up-
stream is very similar in both cases. For example, at
Re;,, = 700, the instability in both cases has moved up to
louver 7-8 and to louver 1 by Re;, = 800. This obser-
vation lends credence to our assertion in the previous
section that the transition mechanism is a strong func-
tion of Re.

6. Characteristic frequencies

Figs. 10(a) and (b) plots the effect of fin pitch and
louver angle on characteristic frequencies in the wake
of the exit louver and the interior of the array. The
frequencies are non-dimensionalized by the inlet
velocity and the louver pitch (f =f*L;/u). For
the wake the non-dimensional frequencies range from
0.7 to 1.2 and the interior frequencies range from 1.2
to 2.1. Also plotted in Fig. 10(b), are measured fre-
quencies from Springer and Thole [11] for
b=0.08, 0 =27°, and F,=0.76,091, and 1.52, re-
spectively.
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Fig. 10. Characteristic non-dimensional frequencies from computations and experiments of Springer and Thole [11]. Effect of fin pitch

and louver angle: (a) exit wake; (b) interior of louver bank.

Curiously, for F, = 1.5 and 0 = 30°, we find that up
to a Reynolds number of 900, the flow exhibits a char-
acteristic frequency of 1.35 with superharmonics at 2.7,
4.05 and so on. Between Re;, = 1000 and 1200, the flow
develops an additional subharmonic (period doubling),
which establishes itself firmly at Re;, = 1300. Fig. 11(a)
shows the frequency spectra at different locations in the
array for Rey, = 1000. In the upstream half of the array
(for example see louver 2), the temperature signal flip-
flops between two states, one at a frequency of 1.4 and
the other at half this value. Between Re;, = 1100 and
1200, the subharmonic component establishes itself in
the downstream half of the array and finally reaches a
stable state throughout the louver bank at Re;, = 1300,
which is shown in Fig. 11(b). Hence in Fig. 10(b) we
represent both frequencies for Re;, > 900 for this ge-
ometry. We also note that at Re; = 1000, the flow is
approaching a chaotic state in the downstream half of
the array. Once the subharmonic component establishes
itself at Re;, = 1300, the time signals once again exhibit
an ordered state with characteristic peaks in the fre-
quency spectra.

For both the wake and the interior we find that
louver angle has a weak effect on the characteristic fre-
quencies. The effect of increasing louver angle is some-
what discernable for the smaller fin pitch of F, = 1.0
where it reduces the characteristic frequency. There is no
discernable effect for the larger fin pitch. On the other
hand, fin pitch has a much more substantial effect on the
characteristic frequencies in the interior of the array and
a smaller effect on the wake frequency — an increase in
fin pitch decreases the characteristic frequencies. This
result is consistent with the measurements of Springer

and Thole [11], in which they observe a similar trend, *
although in general their measured frequencies are
higher than those observed in our study. Figs. 12(a) and
(b) plot the variation of wake and interior frequencies
with Reynolds number for different fin thickness. In-
creasing thickness, decreases the wake frequency by a
small amount, whereas it increases the frequency in the
interior. For the 20° louvers there is no effect of
thickness on the interior frequency. From Figs. 12(a)
and (b) it is clear that both the wake and interior
characteristic frequencies have a very weak dependence
on fin thickness, which is contrary to conventional
wisdom for single bluff bodies. As expected, increasing
the flow depth does not have a substantial effect on
either the wake or the interior frequencies as seen in
Fig. 12(¢c),

7. Frequency re-scaling

Since individual louvers are responsible for the pri-
mary instabilities that occur, it is often construed that
the characteristic frequencies should scale based on
some characteristic length pertaining to individual
louvers, whether it be the louver length or louver
thickness or some combination of the two. In previous

4 Their non-dimensionalization is based on a characteristic
local mean velocity at the measurement location. Thus their
non-dimensional frequency increases with fin pitch. Re-scaled
based on our definition, the non-dimensional frequency de-
creases with fin pitch.
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studies, the louver thickness or more generally the fin quencies on fin pitch ratio in the interior clearly suggests
thickness has been used as the characteristic length scale. that the fin pitch has to be taken into consideration to
However, the strong dependence of characteristic fre- devise a more general non-dimensionalization for the
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louver thickness: (a) exit wake; (b) interior of louver bank; (c)
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frequency. Fin pitch potentially has one or both of two
effects in the non-dimensionalizing of the frequency. It
can be used as the characteristic length and/or its effect
can be introduced in the characteristic velocity scale as
in Eq. (3). Using Eq. (3) to reformulate the characteristic
velocity but keeping the louver pitch as the characteristic
length does not provide a better scaling law for the

frequency. Hence, it is clear that the effect of fin pitch
has to be introduced into the non-dimensionalization as
a characteristic length scale. Physically, using the fin
pitch as the characteristic length scale makes sense if one
takes a view that the interior characteristic frequency is
not a function of a single louver in isolation but rather a
collection of louvers. For large fin pitches, a disturbance
generated at one louver would have to travel further
downstream before it interacts with another louver and
hence the resulting global frequency would be lower,
than if the louvers were closer as it would be for a
smaller fin pitch. By re-formulating a non-dimensional
frequency based on this distance (F,/cost) as the
characteristic length and u as the characteristic velocity
(f = f*F;/cos0/u;) provides a much narrower spread
of interior characteristic frequencies — between 1.5 and
1.9 with a mean value at approximately 1.7. This is
shown in Fig. 13(a) for all the geometries calculated. The
above non-dimensionalization is also consistent with the
effect of fin thickness on dimensional frequency. We note
that the data of Springer and Thole [11] agrees very well
with our re-scaled results, except for Re = 1000 and 1400
for F, = 1.52, for which their re-scaled frequencies are
much higher.

To develop a better scaling law for the wake fre-
quencies we follow a slightly different tactic in defining
the characteristic length. In doing so it is implicitly as-
sumed that the exit wake instability, which occurs out-
side the louver bank, is fundamentally different from the
interior instabilities. As illustrated earlier, the wake in-
stability is a result of interactions between shear layers
formed at the top leading edge and bottom trailing edge.
Based on this observation we use the projected area of
the exit louver in the flow direction as the characteristic
scaling length, L;=25"+L;sinf and characteristic
velocity, u; . The re-scaled wake frequencies are plotted
in Fig. 13(b). The re-scaled values appear in a narrow
band between 0.3 and 0.5.

Both scaling laws provided are based on observation
and physical reasoning. A perfect scaling law may be
very difficult if not impossible to find because of the
complexity of the flow encountered and the sensitivity of
the frequency to these factors. Obviously as the fin pitch
increases beyond a range when two adjacent fins cease to
influence each other, the interior scaling law will not be
relevant. Similarly, when the exit louver departs con-
siderably from the one used in this study, such that the
formation of the wake instability changes fundamen-
tally, the characteristic length scale may no longer be
valid.

8. Numerical experiments

Since in all cases, the interior louver instabilities
follow the exit wake instability, it would be worth
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Table 2
Geometrical parameters and Reynolds numbers used in numerical experiments
Set F}, 0 Oexil Rein
1 1.0 30 No exit louver 400, 700, 800, 900, 1000, 1300
1.5 400, 700, 800, 1000, 1300
2 1.5 30 15 600, 700, 800, 1000

20 30

400, 500, 800, 1200

investigating whether the onset of interior instabilities is
influenced by the exit wake instability. If this were in-
deed true, then one could use the exit louver to control
the onset of instabilities in the interior of the array.
Equally important is the knowledge of what effect, if
any, does the exit louver have on the interior propaga-
tion of instabilities and on the characteristic frequencies.
Conversely, albeit secondary in nature, is the effect of
the interior louver geometry on the exit wake instability.
We answer these questions by doing a series of numer-
ical experiments at selected Reynolds numbers, which
are outlined in Table 2. In the first set we completely
eliminate the exit louver in cases 1 and 5 from Table 1.
In the second set, we vary the angle of the exit louver —
from 30° to 15° for case 5 in Table 1 and from 20° to 30°
for case 7.

9. Effect of exit wake instability on internal array
instability

This is best answered by considering the two cases in
which the exit louver is removed from the calculation. In
the base calculations with exit louver included, exit wake
instabilities appeared at Re;, = 400 and interior insta-

bilities began to appear at Re;, = 700. However, in the
numerical experiments without the exit louver, no in-
stabilities developed at Re;,, = 400 in the wake of the fin
and the flow remained stable for both cases. In spite of
this, interior instabilities were found to develop at the
same Reynolds number of Re;, = 700 for both cases. In
addition, the characteristic frequencies and the propa-
gation of instabilities into the interior were identical to
the base cases. These results establish without any doubt
that the internal array instabilities are completely inde-
pendent of the exit wake instability.

10. Effect of interior louver geometry on exit wake
instability

For case 7 (F, = 1.5, 6 = 20°), the exit wake insta-
bility appears at Re;, = 800 followed by the interior in-
stability at Re;,, = 1000. If the exit wake instability were
only dependent on the exit louver geometry, then
changing the exit louver angle from 20° to 30° would
initiate the wake instability at Re;, = 400. We observe
that the wake instability develops at Re;, = 500, which,
in fact shows a strong dependence on the exit louver
geometry. Conversely, in case 5 (F, = 1.5, 0 = 30°), the
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exit wake instability appears at Re;, = 400 with the in-
terior instability following at Re;, = 700. For 15° louvers
(case 8, F, =1.5), the corresponding wake instability
appears as late as Re;, = 1200. By changing the exit
louver angle to 15°, the wake instability is only delayed
to Rey, = 600, which shows a strong preference for the
internal louver geometry. Hence, in this case the effect of
louver geometry upstream of the exit louver has a much
more dominant effect on the initial appearance of the
wake instability. In spite of the wake instability ap-
pearing later at Re;, = 600, the interior instability ap-
pears at 700 as in the base case, which confirms our
earlier observation that the exit wake instability has no
effect on the interior instability.

11. Summary and conclusions

The paper describes the transition mechanism in
multilouvered fin geometries by studying the effect of fin
pitch ratio, louver angle, fin thickness ratio, and flow
depth on the onset, propagation and characteristic fre-
quencies. Instabilities are always found to develop first
in the wake of the exit louver, which then spread up-
stream into the louver bank. In spite of this, it is shown
through numerical experiments that the interior louver
bank instabilities (initiation, propagation and frequen-
cies) are completely independent of the exit wake in-
stability. Conversely, the exit wake instability is not only
dependent on the exit louver geometry, but also on the
upstream geometry of the louver bank.

Based on these observations, we provide a simplified
technique for estimating the onset of internal instabili-
ties in the louver bank. It is assumed that the flow
through the louvers is similar to a duct flow with louvers
acting as roughness elements, which perturb the flow till
it becomes unstable. This is quantified by defining a
critical Reynolds number based on the flow distance
traversed.

Louver angle and louver thickness have the largest
effect on the onset of the exit wake and internal louver
bank instabilities — large angles and thicker fins exhibit
an earlier onset of instabilities. The effect of fin pitch on
the onset is weak. However, the rate of propagation of
instabilities into the louver bank is much higher for large
fin pitches and large louver angles. Increasing the louver
thickness ratio also enhances the propagation of insta-
bilities.

We show that the characteristic frequencies in the
exit wake and internal to the louver bank scale on dif-
ferent length scales. The frequencies in the exit wake
scale on a characteristic length scale pertaining to the
projected length of the exit louver in the flow direction,
whereas the internal array frequencies scale better with
fin pitch rather than characteristic length scales per-
taining to individual louvers.
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