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Abstract

This study presents computational results in a complex three-dimensional louver geometry. The three-dimensionality
occurs along the height of the fin, where the angled louver transitions to the flat landing and joins with the tube surface.
The transition region is characterized by a swept leading edge and decreasing flow area between louvers. The results
show that for Re, = 1100, the flow on the angled louver is dominated by spanwise vortex shedding, which is weakly
three-dimensional. On the other hand, the flow in the transition region exhibits strong three-dimensionality. A high-
energy compact vortex jet forms in the vicinity of the louver junction with the flat landing and is drawn under the
louver. The top surface experiences large velocities in the vicinity of the surface and exhibits high heat transfer coef-
ficients. Although the flow slows down at the flat landing, the large induced velocities on the top surface increases the

heat transfer coefficient on the tube surface.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Multilouvered fins are used extensively in the auto-
mobile and heating, ventilation and air-conditioning
(HVAQ) industries for enhancing air-side heat transfer
in compact heat exchangers. They can be manufactured
by high-speed production techniques and are more eco-
nomical than other interrupted fin geometries. Research-
ers from universities and from the HVAC and automotive
industries have published considerable amount of experi-
mental visualizations and measurements, empirical cor-
relations, and numerical simulations in this area. A
review of past experimental and computational work
can be found in Tafti et al. [1,2].

The heat transfer in multilouvered fins is influenced
by three factors: (a) duct versus louver directed flow
[3,4]; (b) thermal wake interference [5]; (c) flow insta-
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bilities and transport of coherent vorticity in the vicinity
of the louver surface [6]. These three phenomena can be
captured with good precision in two-dimensional un-
steady simulations. Factors (a) and (b) are primarily
dependent on the two-dimensional geometrical param-
eters. The onset of unsteadiness is primarily a two-
dimensional phenomenon, which can either be classified
as a wake or Kelvin—-Helmholtz instability [7], and can
be resolved with accuracy in the initial stages of devel-
opment. However, there is evidence [8-10], that as the
Reynolds number increases beyond Rep, (based on hy-
draulic diameter) of about 2000-2500, secondary three-
dimensional instabilities may be important. The intrinsic
three-dimensionality, which develops in the flow field,
cannot be resolved with two-dimensional simulations. It
has the effect of reducing the coherence of the vortical
structures, hence reducing their effectiveness in enhanc-
ing heat transfer.

Other than the intrinsic three-dimensionality that
could develop at high Reynolds numbers, additional
three-dimensionality is inherent in the multilouvered
geometry near the junction of the louver with the tube
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Nomenclature

b non-dimensional fin thickness (/L)

f non-dimensional characteristic frequency
Ly )

F; dimensional fin pitch

F non-dimensional fin pitch (£ /L;;)

Jj Colburn factor j = Nu/Re;, P4

Ly dimensional louver pitch (characteristic
length scale)

Nu Nusselt number, Nu = (Lyq" /(T — Try))/x

Pr Prandtl number

q" heat flux

Re, Reynolds number (u;L; /)

Re, Reynolds number (u;L; /)
Rey, Reynolds number (V'L /v)

Ty surface temperature

T reference temperature, integrated mixed mean

T n;)n-dimensional temperature, 7 = 7*/(¢" L, /
K

t non-dimensional time, ¢ = t*u* /L;

ut friction velocity

u bulk velocity

v maximum bulk velocity based on nominal

flow area in louver bank
X, ¥,z non-dimensional coordinates, x =x"/L,
y=y/L,z=2/L;

Greek symbols

o thermal diffusivity
K thermal conductivity
v kinematic viscosity
fluctuating  non-dimensional  tempera-

ture about the mean

Superscript
* dimensional quantities

surface, along the height of the fin in flat tube heat ex-
changers. The angled louver transitions to a flat landing,
which extends to the tube surface as shown in Fig. 1.
The extent of the transition region is estimated to be
0.5L; [11]. A consequence of the manufacturing process
is that the leading and trailing edges of the louver in the
transition region, instead of being normal to the flow
direction, exhibit a “sweep’ angle to the flow direction.
In addition to this effect, the open flow area between two
subsequent louvers is restricted as the louvers approach
the flat landing.

The objective of the present study is to perform high-
resolution time-dependent simulations in the three-
dimensional louver geometry by explicitly taking into
account the transition region from louver to the tube
surface, and to identify to what extent this junction af-
fects the flow field and heat transfer, both locally and
globally. In corrugated fins, the flow in this region is also
important from the point of view of condensate man-
agement and carryover [12].

The paper is organized as follows: in the next section,
a brief description of the numerical and computational
method is given, followed by validation of the compu-
tational results. The results are presented by first intro-
ducing the unsteady dynamics of flow and heat transfer,
followed by the mean time-averaged effects.

! In corrugated fins, the “flat landing” in not flat but curves
at the junction with the tube. For current purposes we assume
that the landing is flat.

2. Numerical formulation and computational details

The governing flow and energy equations are non-
dimensionalized by a characteristic length scale, which
in this case is taken to be the louver pitch, Ly, the friction
velocity, ut = /Ap}/p as the velocity scale, and q”*LI*) /K
as the temperature scale. Here, Ap} is the mean pressure
gradient in the streamwise direction, ¢"" is the specified
dimensional constant heat flux on the louver and tube
surface, and « is the thermal conductivity of the fluid.
The above non-dimensionalization results in a Reynolds
number based on the friction velocity Re, = w;L; /v, and
Prandtl number Pr = v/a, where v and o are the kine-
matic viscosity and thermal diffusivity of the fluid, re-
spectively.

For computational purposes, fully developed flow
and thermal conditions are assumed in the multilou-
vered fins. The louvered fin geometry is approximated
by an infinite array of louvers in both streamwise and
cross-stream directions, which results in a simpler sys-
tem with periodic repetition of the basic unit. The fully
developed flow and heat transfer regime is experimen-
tally observed to be attained by the second row in the
streamwise direction for parallel-plate fins [13], and by
the third or fourth row for louvered fins [14]. The unit
computational domain for the base louver geometry has
a dimension of 1 (normalized by louver pitch L) in
streamwise (x) direction, fin pitch 1 (in this particular
case, fin pitch £ is same as L;) in cross-stream (y) di-
rection, and 2.5 in spanwise (z) direction, as shown in
Fig. 1(a). Along the spanwise direction, the louver can
be divided into three parts: angled louver (length is 1.75),
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Fig. 1. (a) Computational domain consisting of one louver representing an infinite array of louvers put together in the streamwise and
cross-stream directions; (b) computational mesh in a z-plane; (c) grid distribution in the spanwise direction along the fin height, more
grid points are distributed at the junction between the angled louver and transition region, and between transition region and flat
landing; (d) temporal evolution of the spatially averaged Nusselt number. The flow has adjusted to the mean pressure gradient and
reached a statistically stationary state; (¢) comparison of calculated j-factors with CW correlation. Re;, = 1200 corresponds to the
calculation reported in this paper.
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transition part (length is 0.5), and flat landing (length
is 0.25). A linear transition profile is prescribed be-
tween the angled louver and the flat landing [15].
The thickness of the louver is 0.1 with 25° louver
angle.

Periodic boundary conditions for velocity, modified
pressure and temperature are applied in the streamwise
and cross-stream directions since the flow is assumed to
be both hydrodynamically and thermally fully developed
without any entrance or exit effects. The application
of periodic boundary conditions in the streamwise
direction requires that pressure and temperature be re-
formulated as in Patankar et al. [16]. No-slip, no-pene-
tration boundary conditions for velocity and constant
heat flux conditions are enforced on the louver surface
and the tube surface. Along the fin height at a distance
of 2.5 from the tube wall, it is assumed that the flow is
sufficiently removed from the extrinsic three-dimen-
sional effects of the transition region and is nominally
two-dimensional. This facilitates the application of
symmetry boundary conditions. Our results show that
this assumption is well justified.

The governing equations for momentum and energy
are discretized with a conservative finite volume for-
mulation using a second-order central difference scheme.
A non-staggered grid topology is adopted. The Carte-
sian velocities, pressure, and temperature are calculated
and stored at the cell center, whereas contravariant
fluxed are stored and calculated at the cell faces. For the
time integration of the discretized continuity and mo-
mentum equations, a projection method is used [17]. The
temporal advancement is performed in two steps, a
predictor step, which calculates an intermediate velocity
field, and a corrector step, which calculates the updated
velocity at the new time step by satisfying discrete con-
tinuity. The energy equation is advanced in time by the
predictor step.

The computational mesh consists of 98 zones in ¢-
and n-directions, respectively, and 128 zones in {-direc-
tion along the fin height. The grid is clustered in the
vicinity of the louver, in the transition zone and tube
wall region for better resolution. The mesh is partitioned
into 16 blocks in the spanwise direction. Each block
(98 x 98 x 8) is assigned to a processor in a distributed
programming environment. The calculations are per-
formed on 16 processors of SGI-Cray Origin 2000. The
Reynolds number, Re,, is 400, which gives a bulk Rey-
nolds number Re,, based on the calculated bulk velocity
and louver pitch, of approximately 1100. This lies at the
high end in typical applications. The time step used in
the computation is 5 x 107>, Initial conditions are ob-
tained from an analogous two-dimensional simulation
over the angled louver. The two-dimensional solution is
replicated in the spanwise direction along the height of
the fin. Since the flow rate adjusts to the imposed pres-
sure gradient, it is much more economical to run a

separate two-dimensional simulation, which gives a
fairly good estimate of the bulk flow velocity to begin
with, than to simulate the same transient process in the
three-dimensional calculations.

The flow at this Reynolds number is also time-
dependent. Hence the flow not only has to adjust to the
mean pressure gradient but also reach a statistically
stationary state. Time series data of field variables are
carefully monitored and stationarity is claimed when
these data show a near constant mean value or a quasi-
periodic fluctuation in time. Fig. 1(d) shows the sta-
tionary time evolution of the spatially averaged Nusselt
number calculated on the louver surface for the last 9
time units of the simulation. Stationarity is well estab-
lished with a mean value around 20 with a maximum
fluctuation within 5% of the mean value. Unless other-
wise noted, all mean quantities are obtained by averag-
ing over the last three non-dimensional time units (from
time ¢ = 6-9).

To characterize the heat transfer, we define a local
instantaneous Nusselt number. The surface-averaged
Nusselt number is obtained by integration over the
louver surface. In this paper, reference to the surface-
averaged Nusselt number refers to the entire louver
surface (excluding tube surface), whereas locally surface-
averaged Nusselt number refers to the average Nusselt
number in each computational block.

More details of the numerical algorithm, treatment of
the boundary conditions, verification of the computer
program and domain decomposition for parallel com-
puting can be found in Tafti et al. [1,2].

3. Validation of numerical results

Numerical accuracy and resolution are crucial issues
in time-dependent calculations in complex geometries.
More often than not, quantitative validation of the
calculation is challenging because of the lack of detailed
three-dimensional experimental data, the expense and
inability to perform grid independency studies, and by
the lack of a-priori knowledge of the flow field. The
three-dimensional louver geometry has the potential for
generating highly complex and three-dimensional flow
and thermal fields. Hence, a-priori, the grid must be
designed intelligently such that energetic eddies are ap-
propriately resolved. To do this we have drawn on our
experience with two-dimensional unsteady simulations
[6], where we have established through grid refinement
studies, that a mesh resolution of 96 x 96 computational
cells in the z-plane surrounding a louver is sufficiently
fine to capture all the important dynamics of flow os-
cillations. Fig. 1(b) shows the computational mesh in a
z-plane in the angled louver portion. The grid is clus-
tered in the vicinity of the louver with the first grid point
above the louver surface at 0.0019 (in non-dimensional
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unit), which falls between 0.1 and 0.3 in local wall units >
based on the local shear stress. In the region with the
highest shear stress (in the transition region), there are
five grid points within 10 wall units normal to the sur-
face, with the first one at 0.3. Attention has also been
given to the grid distribution in the streamwise and
spanwise directions. Along the streamwise direction, the
grid is nearly uniform with spacing of 5-7 wall units.
Along the fin height or spanwise direction, the mesh
distribution is clustered in the transition region and the
tube surface. Fig. 1(c) shows the spanwise grid distri-
bution Az versus z. The mesh is coarsest in the two-
dimensional region of the geometry with the maximum
spacing of 60 wall units and finest at the beginning and
end of transition, and near the tube wall with the spacing
around 3 wall units. This gives us confidence that the
boundary layers on the louver and tube surface are very
well resolved. Since most of the energy is adequately
resolved, there is no need to use any subgrid-scale stress
models.

Another validation is to check the force balance on
the louver. In the current simulation, a mean pressure
gradient is imposed in the streamwise direction to drive
the flow. Consequently, this pressure force should be
balanced by the sum of the form (pressure) drag force
and friction drag force from the louver surface and the
friction drag force from the tube surface. The form drag
acting on the louver surface is nearly three times the
friction drag, which is fairly typical of louver geometries.
The force balance between the imposed force and the
forces from the louver and tube surface is verified (with
an error at 0.6%). This validates the numerical formu-
lation and the adequacy of the time averaging sample
size.

Finally we compare the calculated overall Colburn j-
factor (louver + tube) with the correlation of Chang and
Wang [18] (CW). This is a general correlation developed
from experimental data available for different types of
louver geometries. The following geometrical values are
used in the correlation (all lengths are normalized by
louver pitch): F, =1, 0=25° b=0.1, fin height =
tube pitch = 5, tube depth = 15, and louver length =
4.5.3 Fig. 1(e) plots the j-factor for three calculated
Reynolds numbers, from which the largest corresponds
to the calculation reported in this paper. Also plotted

2 This is calculated a-posteriori by extracting the time mean
wall shear stress from the calculation. For reference, a fully
turbulent channel flow calculation is adequately resolved by the
current procedure with five grid points within 10 wall units
normal to the wall, and a resolution of approximately 30 and 10
wall units in the streamwise and spanwise directions, respec-
tively.

3 Tube depth is used in the same context as flow depth. In
our calculations, the flow depth is infinity. So a typical value of
15 is used.

are upper and lower bounds of the experimental data
from which the CW correlation was derived. The cal-
culated j-factors are well within experimental scatter,
and in fact compare quite well with the correlation.

4. Results

The imposed pressure gradient of unity and Re, =
400, give a calculated bulk Reynolds number Re;, of
approximately 1100. In general the flow is unsteady
with self-sustained flow oscillations. The flow oscilla-
tions manifest themselves as spanwise vortices, which
are nominally two-dimensional in nature with weak
three-dimensionality across the fin height. In the tran-
sition region, the flow exhibits strong three-dimensio-
nality with additional unsteady phenomena. For the
most part, the flow encountered at this Reynolds num-
ber, lie in the unsteady laminar to chaotic regimes.

First, the unsteady phenomenon governing flow and
heat transfer are discussed and then their effect on the
mean flow and thermal fields is presented.

4.1. Coherent vorticity dynamics

To characterize the unsteady nature of the flow and
the associated vorticity dynamics, the Vu [19] vortex
identification technique is used. The method has been
used by a number of researchers in extracting coherent
vorticity [10,20]. This frame-invariant method identifies
vortical structures as regions of large vorticity, where
rotation dominates over strain to cause the rate-of-
deformation tensor Vu (velocity gradient tensor) to
have complex eigenvalues (one real and two conjugate
complex eigenvalues). The complex eigenvalues imply
that the local streamline pattern is closed or spiral, thus
correctly eliminating near-wall shear layers. This
methodology can also be separately applied in the x-, y-,
or z-planes in order to identify streamwise, cross-flow,
and spanwise vortices [10], respectively. The strength of
the vortex is measured in terms of the imaginary part of
the eigenvalue of the velocity gradient tensor and is
denoted by /4. The strength of its three subsets,
streamwise, cross-flow, and spanwise vortices is mea-
sured in terms of the imaginary part of the eigenvalue
of the velocity gradient on the x-, y-, and z-planes, re-
spectively, and is denoted by Ai,, 4i,, and /., respec-
tively.

Fig. 2 displays the temporal evolution of spanwise
vortices represented by 4;, contours in the z-plane at the
angled part of the louver at z = —1.46. For presentation
purpose, the vortices are labeled by letters, and a “+”
sign implies vortices shed from the bottom surface of the
leading edge and a “—” sign implies those shed from the
top louver surface. The numbers denote the magnitude
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Fig. 2. Temporal evolution of coherent spanwise vortices represented by /;. contours in the z-plane at z = —1.46. Contour levels are in
steps of 2 ranging from 0 to 40. Vortices shed from the leading edge, combine with wake vortices and also interact with upstream shed

vortices.

of 4. at the vortex center. At time ¢ = 0.00, Fig. 2(a),
vortex shedding from both top and bottom surface at
the leading edge is clearly evident, in spite of the flow not
being completely aligned with the louver. Near the
leading edge, vortex A~ and /T have the same strength

and It is about to shed another vortex. However,
comparison of the strength of vortices shed from the top
and bottom surface (vortex B~ and J*, vortex C~ and
K™) show significant differences. The vortices shed from
the top surface are a factor of 2-3 stronger than those
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shed from the bottom edge. * We also see strong inter-
actions between leading and trailing edge vortices. The
trace of vortex K™ in Fig. 2(a—), J* in Fig. 2(d-f), and
C~ in Fig. 2(b-e), suggests that vortices shed from the
leading edge shear layer, merge with vortices at the
trailing edge and pick up strength before convecting into
the wake.

Because of the periodicity, vortices leaving the do-
main, re-enter the domain again (see vortex D", H~, G~
and K*). The corresponding spatial interpretation of
vortex trajectories shed from a louver is shown in Fig.
3(a). In the snapshot at t = 0.0, the immediate wake of
the louver is represented by the alternating vortices (K™,
L™, M, H™), which convect further downstream to be-
come (D, E~, F*, G7). The vortices have a spatial life
span of approximately 3—4 louver pitches from the time
they are generated at the leading edge.

Vortex—vortex interactions are also observed on the
top surface of the louver. At time ¢ = 0.05, Fig. 2(b),
vortex I'" is shed from the shear layer on the bottom
surface. Vortex B~ begins to interact with vortex E~
(from the wake of a previous louver) as both move
downstream. As they approach the trailing edge, at
t = 0.20 in Fig. 2(e) they separate again. Similar inter-
actions can also be observed in Fig. 2(f) between A'~ and
H~. We also take note of the fact that a vortex is always
shed from a leading edge shear layer in the presence of a
vortex of opposite sign from the wake of a previous
louver. For instance, vortex 4~ is shed in the presence
of D', whereas I'" is shed in the presence of G™.

The vorticity dynamics observed in Fig. 2 is present
throughout the angled portion of the louver, which is
dominated by the periodic shedding of spanwise vor-
ticity. Fig. 3(b) plots contours of 4, in the z-plane at
z = —0.122, just before the louver starts its transition, at
one instant in time, ¢ = 0.00. The vortices are much
more diffuse and weaker in this region. However, in spite
of this there is a good correlation with Fig. 2(a), and the
flow is still preferentially two-dimensional with weak
three-dimensional effects.

Fig. 3(c—d) shows the time history and corresponding
frequency spectrum, respectively, of the temperature
signal at the angled louver close to the plane of sym-
metry. The monitoring location is above the top louver
surface and at the middle of the louver. The time signals
exhibits a nearly periodic pattern, which is consistent
with the periodic vortex shedding from the leading edge
on the louver top surface observed from the flow ani-
mations. The frequency spectrum shows a clear peak at
f =~ 5.2, which corresponds to the frequency of vortex
shedding observed in Fig. 2. Based on louver pitch and

4 The vortices shed from the leading edge of the bottom
surface are weak and are difficult to sense without isolating
them from the background vorticity.

the bulk velocity, the characteristic non-dimensional
frequency is 1.87. This value compares well with the
value of 2 obtained in previous two-dimensional calcu-
lations [6] of developing flow and heat transfer in mul-
tilouvered fins.

There is considerable evidence in Fig. 2 that vortex
shedding from a louver does not proceed in isolation but
is influenced by other louvers as well, until a charac-
teristic “louver bank™ frequency is established. This
agrees with the experiments of Mochizuki and Yagi [21]
and also our two-dimensional numerical studies [6].
Mochizuki and Yagi [21] in their experiments with
staggered fin arrangements, found that multiple fre-
quencies were observed for arrays which were less than
eight columns deep, however, once the depth of the
array increased beyond this point, single characteristic
frequencies were found, thus indicating that vortex
shedding in large arrays was influenced by factors other
than individual plates. Tafti and Zhang [6], in two-
dimensional developing flow in multilouvers also reached
similar conclusions. They found that the characteristic
frequencies did not scale with louver thickness, as it
would in the case of isolated plates, but scaled with a
length scale associated with the fin pitch, and postulated
from this that the interaction of convecting vortices
played a major role in fixing the characteristic frequency.

The flow takes on added complexity in the transition
region. It is strongly three-dimensional and the flow
dynamics are quite different. To illustrate this, Fig. 4(a)
plots the distribution of volume averaged Zi.,. as a
function of fin height at an arbitrary instant in time.
Only the volumes with non-zero eigenvalues are in-
cluded in the volume averaging. On the angled louver, /;
essentially maintains a constant value, with a dominant
contribution from spanwise vorticity. However, in the
transition region, /; increases, with increasing contri-
butions from streamwise and cross-stream vorticity,
with a drop in contributions from spanwise vortices. /;
reaches a maximum in the center of the transition region
and then decreases as the louver approaches the flat
landing and the tube surface.

Fig. 4(b) plots the surface contours of 4; = 30 at the
bottom of the louver in the transition region. This in-
cludes all components of coherent vorticity. An ag-
glomeration of coherent vorticity is found at the leading
edge of the louver at all time instances. This is mostly
spanwise vorticity which is formed by the interaction of
the flow with the leading edge. The elongated zone of
vorticity near the junction with the flat landing mostly
consists of contributions from streamwise and cross-
stream vorticity and is the coherent core of a “vortex
jet” which forms in this region. The decreasing flow area
between two adjacent louvers, adds considerable trans-
lational energy to the flow between louvers. Part of the
flow accelerates over the top surface, while the remain-
ing part is drawn underneath the louver. The sweep
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Fig. 3. (a) Trajectory of vortices shed from a single louver as derived from Fig. 2; (b) contours of ;, at time # = 0.00 in the z-plane at
z = —0.122, just before the start of the transition region. Vortices are diffuse and weaker than at z = —1.46; (c) temperature signal and
(d) frequency spectrum at plane z = —1.46 in the angled louver portion. The monitoring location is near the middle of louver and is
0.065 in normal distance from the louver top surface; (e) temporal evolution of temperature on the top and bottom surface of the
louver corresponding to the vortex shedding cycle shown in Fig. 2.

angle of the leading edge in turn adds rotational energy
to the flow which is drawn underneath the louver. This
results in a region of concentrated streamwise vorticity,
which forms the core of the vortex jet. In general the
vortex jet follows a trajectory away from the tube sur-

face and towards the angled louver. It also moves away
from the louver surface. We also observe that the core,
which is made up of the elongated zone of vorticity,
periodically forms and detaches from the leading edge
on a time scale of about t = 0.2.



J. Cui, D.K. Tafti | International Journal of Heat and Mass Transfer 45 (2002) 5007-5023 5015

8 7‘ L LI T T L . . ‘7

6 - ;
<4 ;
i [ N

il ) /-il \‘\ 5

: s ":.":\f ’r AN

L e m === ¥ J

0 L, T B Tl N (ST S A N S BEN L b

15 1 05 0 05

z (a)

time ¢ = 0.00 t=0.05 t=0.10 t=0.15 (b)

=
((
(IS
Fig. 4. (a) Volume-averaged vortical strength distribution along the fin height at an arbitrary instant; (b) surface contours of 4; = 30 at
the bottom of the louver in the transition region. There is periodic formation and detachment of vorticity from the leading edge region;

(c) instantaneous streamtubes injected near the leading edge of the louver near the junction with the flat landing, seen from louver
bottom.
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Fig. 4(c) plots a snapshot of instantaneous stream
tubes injected in the leading edge region of the louver. A
region of intense rotation can be identified near the
leading edge. In spite of the small spatial extent of the
core, the intense rotational energy entrains fluid from
the surroundings it grows and quickly loses its coher-
ency within half a louver length.

Fig. 5(a—d) plots the time signals of temperature, and
the respective spectra at two locations in the transition
region. One location is in the middle of the transition
region at z = (0.243 and the other nearer the flat landing
at z = 0.424, both on the top surface of the louver. The
signals are more chaotic and exhibit a higher energy
content than their counterparts in the vicinity of the
angled louver. There is no clear indication of a charac-
teristic frequency as in Fig. 3. However, at both loca-
tions there is considerable low frequency energy in the
signal. The strong low frequency content is quite pro-
nounced in Fig. 5(c-d) at the location near the flat
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landing, at a frequency of approximately 0.3. This is also
present in Fig. 5(a-b), but is not as well defined. Similar
observations are made at the bottom of the louver, for
both temperature and velocity fluctuations. The discus-
sion on the cause of the low frequency oscillation and its
dynamics and effect on heat transfer is deferred to the
next section.

In summary, the periodic shedding of spanwise vor-
tices dominates the flow field on the angled part of the
louver. Because the flow is nearly aligned with the louver
direction, vortices are shed from both the top and bot-
tom leading edges, however, the vortices shed from the
top are 2-3 times stronger. There is considerable inter-
action between vorticity shed from the leading and
trailing edge of louvers, and also between louvers. The
dynamics of vortex shedding in this region is nominally
two-dimensional. In the transition region, the flow is
strongly three-dimensional. It is dominated by an un-
steady vortex jet, which flows underneath the louver,
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Fig. 5. Signal analysis at plane z = 0.243 near the middle of the transition region: (a) temperature signal (b) temperature frequency
spectrum. The monitoring location is near the middle of louver and is 0.060 in normal distance from the louver top surface; similar
signal analysis at plane z = 0.424 near the flat landing; (c) temperature signal (d) temperature frequency spectrum. The monitoring
location is near the middle of louver and is 0.052 in normal distance from the louver top surface.
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and strong flow acceleration. The region is characterized
by nearly equal contributions from all three components
of coherent vorticity, with a net increase in overall
magnitude. Time signals and spectral plots indicate a
quasi-periodic low frequency oscillation in this region.

4.2. Unsteady heat transfer characteristics

Here we evaluate the effect of the unsteady flow field
on the instantaneous heat transfer on the louver surface.
On the angled louver, the heat transfer is dominated by
the impinging flow on the bottom of the louver surface
and the spanwise vortices on the top surface. It has been
established in previous studies [10] that spanwise vorti-
ces act as large-scale mixers. The augmentation in heat
transfer depends on the strength of the vortex and its
location with respect to the surface [10]. Vortices em-
bedded at the edge of the boundary layer, through their
rotational energy bring in free-stream fluid in the vi-
cinity of the heat transfer surface. The induced fluid
mass then picks up heat from the surface and is ejected
back into the free-stream. Fig. 3(e) plots the temporal
evolution of temperature on the top and bottom surface
of the louver corresponding to the vortex shedding cycle
shown in Fig. 2. The measurement locations are located
at z = —1.46 near the middle of the louver and are
shown in Fig. 2. The temperature variation with time
corresponds to the passing of vortex B~ and then A~ on
the top surface and vortex J* and I'* on the bottom
surface. On the downstream side of the vortex, free-
stream fluid is induced towards the louver, resulting in
the low temperature valley at ¢ = 0.15 corresponding to
vortex A"~. As the vortex convects downstream of the
measurement location a peak in temperature results as
the heat carrying fluid is ejected out back into the free-
stream. This occurs at ¢ = 0.10 after the passage of
vortex B~. The passage of vortices on the bottom surface
do not have a large effect on heat transfer.

Fig. 6 plots the temporal evolution of local surface-
averaged Nusselt numbers from z = 0.25 to 0.5 in the
transition region near the flat landing. Both, the top and
bottom surface of the louver show large quasi-periodic
variations in Nusselt number at intervals of approxi-
mately 2-3 non-dimensional time units. The Nusselt
number on the top surface is characterized by short
bursts of intense activity in the region near the flat
landing, with relatively long periods of calm. Activity is
more frequent and less intense on the louver bottom
surface. The events which lead to the fluctuations in
Nusselt number occur around the same time on both the
top and bottom surface indicating that the two are
correlated.

To understand what causes the large increase in the
local Nusselt number on the top surface, Fig. 7(a—d)
plots the instantaneous velocity vectors and temperature
contours on the top surface in a z-plane (z = 0.424) near
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Fig. 6. Temporal evolution of surface-averaged Nusselt num-
bers from z = 0.25 to 0.5 in the transition region near the flat
landing. The low frequency events on the top and bottom
surface are correlated.

the flat landing. The vectors are plotted at three loca-
tions along the length of the louver. Atz = 3.5, when the
Nusselt number on the top surface is high, the flow ve-
locity in the vicinity of the louver is very high, which
significantly reduces the thickness of the thermal
boundary layer and leads to very high heat transfer. The
resulting effect on the temperature of the louver surface
is shown in Fig. 7(b). A low temperature zone exists
(high heat transfer) in the region near the flat landing,
which extends throughout the length of the louver.
Whereas at 1 = 4.5, the flow velocity is not as energetic
and subsequently its effect on louver heat transfer is not
quite that strong. We note that even in its non-energetic
state, the high velocities near the top surface provide
enhanced heat transfer compared to the angled portion
of the louver.

The dynamics of Nusselt number fluctuations on the
bottom surface is related to the dynamics of the vortex jet
and its effect on the flow. Fig. 8(a—f) plots instantaneous
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Fig. 7. (a) Instantaneous velocity vectors and (b) temperature contours on the top surface in a z-plane at z = 0.424 in the transition
region near the flat landing at time ¢ = 3.5; (c) instantaneous velocity vectors and (d) temperature contours at the same location at time
t = 4.5. The accelerating flow on the top surface increases heat transfer. Arrow shows scaling of vectors.

surface contours of 4; = 30 in the transition region at
t=1.5 and 4.5, corresponding to a peak and valley,
respectively, in Fig. 6. At ¢t=4.5, the vortex jet is
dominant in the leading edge region and its proximity to
the surface induces a recirculation zone underneath it in
the leading edge region. Hence during this state the jet
has a detrimental effect on heat transfer which can be
surmised from Fig. 8(f). A region of high surface tem-
perature and low heat transfer correlates roughly with
the location of the vortex jet. On the other hand at
t = 1.5, the vortex jet has detached from the leading
edge region and the core that remains attached has a
different spatial location and orientation. Again, we find
that the instantaneous temperature contours on the
surface correlate with the location of the jet. However,
unlike at ¢+ = 4.5, the temperatures are much lower, not
only in the vicinity and underneath the jet but also in the
vicinity of the trailing edge of the louver. The substan-
tially lower temperatures near the trailing edge is due to
increased flow velocity, which is caused by the formative
vortex jet at the leading edge of the louver downstream.

We postulate a scenario in which the dynamics of the
vortex jet underneath the louver affects the movement of
fluid on the top surface of the louver or vice versa. The
location, state, and strength of the vortex jet affects the

trajectory of fluid on the top surface. From the evidence
we have seen, it seems that a strong attached vortex jet
at the bottom pushes the high velocity fluid on the top
surface away from the louver surface and limits the heat
transfer augmentation. When the vortex jet destabilizes,
detaches and starts forming again, high velocity fluid on
the top surface is drawn to the vicinity of the louver
surface which results in high heat transfer. At the same
time, the detached jet and its subsequent formation also
increases heat transfer on the bottom surface. In addi-
tion to this occurring on a long time scale (¢t = 2-3), the
jet also destabilizes and forms on a much shorter time
scale of t = 0.2-0.3, as seen in Fig. 4. Correspondingly,
the extent of the high velocity region in the vicinity of
the top louver surface also oscillates. This can be clearly
discerned from flow animations. However, the fast time
scale variations are not as strong and sustained as the
long time scale variations.

4.3. Mean flow and heat transfer

Fig. 9(a—d) shows the time mean velocity vectors at
four z-planes. At the angled louver part (Fig. 9(a)), the
vectors are quite parallel to the louver surface, indicating
the flow is essentially louver-directed at this Reynolds
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Fig. 8. (a) Side view and (b) bottom view of instantaneous surface contours of 4; = 30 in the transition region, and (c) the temperature
contours on the louver bottom surface at time z = 1.5; (d) side view and (e) bottom view of the instantaneous surface contour of 4; = 30
in the transition region, and (f) the temperature contours on the louver bottom surface at time ¢ = 4.5. The heat transfer on the bottom

surface is closely related to the dynamics of the vortex jet.

number and louver angle. Near the leading edge on the
louver top surface, a mean recirculation zone can be
identified which is a result of the separated shear layer at
the leading edge. Away from the surface, the flow re-
covers quickly and a velocity overshoot represents the
separated shear layer. At the middle of the louver, flow
reattaches to the louver surface and a boundary layer
starts to develop. The boundary layer grows as the flow
moves downstream toward the trailing edge. At this
location, the vectors far away from the louver surface
show a downward motion as the flow approaches the
leading edge of the downstream louver. On the louver
bottom, the flow remains attached and the boundary

layer grows as the flow proceeds downstream. The wake
of the upstream louver is visible at the first two locations
and recovers gradually as the flow moves further
downstream.

In the transition region, the flow field is quite differ-
ent (Fig. 9(b)). This z-plane is at the middle of the
transition zone and the louver angle has decreased from
25° in the angled louver part to 10.4°. Although not
represented in Fig. 9(b), the flow is three-dimensional
with substantial momentum transport occurring along
the fin height or spanwise direction. On the top surface,
near the leading edge and at the louver middle, the ve-
locity distribution appears to be nearly uniform with
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Fig. 9. Time mean velocity vectors at four z-planes: (a) on the angled louver; (b) at the middle of the transition region; (c) near the flat
landing; (d) on the flat landing. The acceleration in the transition region is clear. Arrow shows scaling of vectors.

large defects in the vicinity of the louver. At the last
station, the velocity profile has recovered, most likely
from spanwise and cross-stream momentum transfer, as
the flow near the louver is drawn down into its wake. On
the other hand, flow away from the louver surface flows
over the leading edge of the downstream louver. The
first profile on the bottom of the louver captures the
initial core of the vortex jet before it moves out of
the plane. As explained in the previous section, the jet
forms as a consequence of the translational and rota-
tional energy imparted to the fluid in this region. The
strong shear layer of the jet produces a recirculation
zone underneath it on the louver surface.

Fig. 9(c) shows similar profiles at a location near the
flat landing at z = 0.424. Large fluid velocities are evi-
dent on the top surface of the louver particular in the
region immediately following the leading edge. This
plane is in the region where the shear stress reaches a
maximum and the velocity profiles are closest to that in
a turbulent flow over a flat plate. In this region, the flow

area between louvers narrows considerably. Hence flow
from the top surface of the louver is not drawn under-
neath in its wake. Consequently, it impinges on the
leading edge of the following louver and accelerates over
the top surface. The flow at the bottom of the louver
also moves in the streamwise direction at the trailing
edge and impinges on the bottom surface of the down-
stream louver as seen in Fig. 9(c).

On the flat landing (Fig. 9(d)), as we approach the
tube surface at z = 0.716, the velocity decreases consid-
erably as it is engulfed in the boundary layer on the tube
surface. However, we find that the velocity in the vicinity
of the top surface is higher than at the louver bottom.
This is due to the residual effect of the strong flow ve-
locities in its vicinity. Although, the profiles imply that
the flow is laminar and steady, flow animations show
that the boundary layer on the tube surface, although
laminar, is not steady and undulates on a long spatial
and temporal wavelength in response to the flow dy-
namics adjacent to it in the transition region.
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Fig. 10. Mean thermal fields in four z-planes: (a) on the angled louver portion; (b) at the middle of the transition region; (c) near the

flat landing; (d) on the flat landing.

Fig. 10(a—d) shows thermal fields at the angled lou-
ver portion, transition zone, and flat landing. One of
the consequences of the louver flattening out is that the
thermal wake of the louver starts interfering with the
bottom surface of the louver immediately downstream
of it. Hence in this region, the combination of the
thermal wake effect and the recirculation zone induced
by the vortex jet reduces the heat transfer coefficient on
the lower surface of the louver. On the other hand, the
high velocity on the top surface and its close proximity
to the louver surface increases the heat transfer coeffi-
cient. This can be surmised by the relatively thin thermal
boundary layer on the top surface in the transition re-
gion. In the angled part of the louver, the thermal
boundary layer on the top surface is thicker than that on
the bottom surface of the louver. Generally, the effect of
the large-scale vortices is to shorten the mean recircu-
lation region and enhance heat transfer downstream of
it. On the bottom surface, because the oncoming flow
impinges near the leading edge, the thermal boundary
layer is thinnest in this region and increases downstream.
At the flat landing, temperatures are much higher since

the flow is engulfed in the louver as well as the tube
thermal boundary layer. However, we find that the
thermal boundary layer on the top surface is much
thinner than that on the lower surface.

Fig. 11(a-b) plots the time mean thermal field on the
top and bottom surface of the louver. A high surface
temperature implies low heat transfer. On the top sur-
face of the angled louver, the temperatures are lowest in
the leading edge region, and increase as we travel
downstream up to the mean reattachment line which
occurs at about x = 0. Downstream of the mean reat-
tachment line, the temperatures decrease due to the en-
hancement provided by spanwise vortices. On the lower
surface, the temperatures are lowest in the vicinity of the
leading edge and increase downstream. In the transition
region, the mean temperatures follow the major un-
steady flow features, outlined in the previous section.
The high heat transfer region on the top surface near the
flat landing is caused by the flow acceleration in the vi-
cinity of the louver surface. On the other hand, a low
heat transfer region is formed on the bottom surface due
to the presence of the vortex jet. The low heat transfer
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region near the leading edge is a result of a mean re-
circulation zone formed underneath the jet. On the flat
landing, near the tube surface, the mean heat transfer is
much higher on the top surface than the bottom surface.

Fig. 11(c) plots the variation of local mean Nusselt
number across the fin height. The results are averaged

from ¢ = 4.5 to 9. The Nusselt number is fairly constant
on the angled louver up to the beginning of transition.
As expected, in this region the Nusselt number is higher
on the bottom surface, because of flow impingement and
the absence of a mean recirculation region. In the
transition region, the Nusselt number drops gradually
on the lower surface but increases sharply on the top
surface to more than twice its value. On the flat landing
the Nusselt number drops to 4.1 and 7.3, respectively, on
the bottom and top surface of the louver near the tube.

The mean Nusselt number integrated over the part of
the louver simulated in the current study was found to
be 20. On the tube surface the corresponding mean
Nusselt number was calculated to be 7.2. Although, the
transition region does provide some augmentation of
heat transfer on the louver surface, its overall impact on
louver heat transfer is limited because of its small spatial
extent. However, the transition geometry does have a
positive impact on tube heat transfer. In a separate
calculation, which extended the angled louver to the
tube surface, and which excluded the transition and flat
landing, found that the Nusselt number on the tube
surface was lower by a factor of 1.5.

5. Conclusions

The flow and heat transfer in a three-dimensional
geometry of a multilouvered fin is studied. The geometry
includes the angled part of the louver and its transition
to the flat landing along the fin height. Although the
results shown here correspond to one Reynolds number
for a given geometry, we believe that qualitatively the
flow and heat transfer will show similar characteristics
for other geometries as well.

The flow on the angled louver is characterized by
spanwise vortex structures which are shed from the
separated shear layers on the top and bottom surface of
the louver. The flow is nominally two-dimensional with
weak three-dimensionality. There is considerable inter-
action between vorticity shed from the leading edge of
the louver and that formed in the wake of the louver.
There is also strong evidence of interactions with vorti-
ces shed from upstream louvers. Vortices shed from the
leading edge have a spatial life span between 3 and 4
louver lengths before they dissipate.

In the transition region, the flow is strongly three-
dimensional and unsteady. It is characterized by strong
streamwise flow velocities in the vicinity of the top
louver surface near the junction with the flat landing and
the formation of a vortex jet underneath the louver.
There is evidence that the temporal evolution of the two
are correlated. Both the high velocity region and the
vortex jet oscillate on a short as well as a long time scale.
However, the long time scale or low frequency oscilla-
tions are much stronger and persist for a longer time. It
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is suspected that both time scales are related to the
formation and detachment of the vortex jet from the
leading edge region. The flow characteristics isolated in
the transition region will play a potentially important
role in condensate carryover because of the high induced
shear stresses.

In spite of the high heat transfer in this region, the
overall effect on louver mean heat transfer is small be-
cause of the small spatial extent of the transition region.
But, the strong acceleration near the junction with the
flat landing does improve tube surface heat transfer by
over 50% when compared to a geometry in which the
angled louver extends all the way to the tube surface.
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