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Abstract

The study classifies and isolates the effects of thermal wake interference that occurs in multilouvered fins. Inter-fin
interference occurs between adjacent rows of louvers and is dominant at high flow efficiencies when the flow is louver
directed. Intra-fin interference occurs on subsequent louvers of the same row or fin and is dominant at low flow ef-
ficiencies or when the flow is predominantly duct directed. It is established that thermal wake effects can be expressed
quantitatively as functions of the flow efficiency and the fin pitch to louver pitch ratio. While the heat transfer capacity
of multilouvered fins increases unconditionally when thermal wakes are eliminated, the heat transfer coefficient either
increases or decreases depending on the relative location of thermal wakes in the vicinity of louvers. Experimental
procedures, which neglect thermal wake effects in determining the heat transfer coefficient, while not introducing large
errors at high flow efficiencies, can introduce errors as high as 100% at low flow efficiencies. © 2001 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Multilouvered fins find widespread use in the heating,
ventilation and air-conditioning industries. Three im-
portant factors affect the heat transfer capacity in
multilouvered geometries; they are the dominant flow
direction, the presence of flow unsteadiness and associ-
ated large-scale structures, and thermal wake inter-
ference.

The importance of the predominant flow direction
was recognized early in the design of multilouvers [1-3].
Two types of flow regimes were identified: louver di-
rected flow, and duct directed flow. In the former, the
predominant flow direction is aligned with the louvers,
and in the latter the predominant flow direction is
streamwise. This effect is quantified by defining a “flow
efficiency”, which is the ratio of the flow angle to the
louver angle [3-5]. The heat transfer coefficient is

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

affected favorably by louver directed flow. High Rey-
nolds numbers, large louver angles, small fin pitches,
thin louvers, and large louver pitches are conducive to
louver directed flow.

Recently, Zhang et al. [6,7], Tafti et al. [8,9] have
investigated the effect of self-sustained flow oscillations
in the form of large-scale vorticity on the heat transfer
coefficient. Tafti et al. [9] studied the transition from
steady laminar to unsteady flow and its spatial propa-
gation in a multilouvered fin array. The flow instability
first appeared in the wake of the exit louver. Instabilities
were then initiated in the downstream half of the array
near the exit, which subsequently spread upstream into
the multilouvered fin array as the Reynolds number in-
creased. The onset of unsteadiness has a marked effect
on the heat transfer coefficient, which increases due to
the enhanced mixing provided by the large-scale vor-
ticity in the vicinity of the louver surface. Large louver
angles, high ratios of fin pitch to louver pitch, and thick
louvers are conducive to the onset of unsteadiness. On
the other hand, these same conditions can result in large
recirculation zones at lower Reynolds numbers and de-
crease the heat transfer coefficient.
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Nomenclature

b fin thickness

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

k thermal conductivity

L dimensional louver pitch

(characteristic length scale)

Nu'  non-dimensional heat flux

Nu?>  non-dimensional heat transfer coefficient

Pr Prandtl number

q non-dimensional heat flux

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

S1,8> non-dimensional entrance/exit and redirection
louver dimensions

T temperature

u,v  non-dimensional Cartesian velocity in x-, and
y-direction, respectively

U dimensional inlet velocity
(characteristic velocity scale)

Greek symbols

o flow angle

0 louver angle

v kinematic viscosity
Superscripts

* dimensional quantities
Subscripts

f, fin based on fin

in based on inlet

louv  based on louver

out based on outlet

mean based on mixed mean
log  based on log mean

Although thermal wakes can be expected to have a
very large effect on the heat transfer capacity of louvered
fins, there has been no study devoted to this aspect. Our
objective in this paper is to classify the thermal wakes
and quantify their effects with the goal that a better
understanding can lead to effective wake management
techniques. This is done through numerical experiments,
which are quite amenable to the manipulation of field
quantities to simulate different scenarios.

The paper is organized as follows: First we give a
brief description of the numerical procedure and the
non-dimensional parameters used in characterizing heat
transfer. This is followed by the classification of thermal
wakes and the sensitivity of the heat transfer coefficient
to their proximity to the louver surface. Then we selec-
tively eliminate the different types of thermal wakes and
quantify their effect on heat transfer. Finally, we use our
results to estimate the experimental errors committed
when thermal wake effects are neglected in determining
the heat transfer coefficient.

2. Computational details

The governing equations for momentum and energy
conservation are solved in a general boundary con-
forming coordinate system. They are discretized with a
conservative finite-volume formulation. Both, convec-
tion and viscous terms are approximated by second-or-
der central-difference schemes in a non-staggered
arrangement. The computational unit, shown in Fig.
1(a) by the dotted lines, consists of one entire row of the
louvered fin geometry allowing for the inclusion of en-
trance and exit effects in the flow direction. Periodic
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Fig. 1. (a) Cross-section of multilouvered fin array. Dotted
lines show the basic computational unit; (b) multi-block do-
main decomposition.

boundary conditions are applied in the transverse di-
rection, while Dirichlet boundary conditions are speci-
fied at the entrance to the array. The application of
periodicity in the transverse direction allows the inclu-
sion of thermal wake effects between successive rows of
fins.

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 (uf) and a temperature scale given by
(Tf — T), where T} is the specified fin surface temper-
ature. The non-dimensionalization results in a charac-
teristic Reynolds number Re = Re;, = u;‘nLr*)/v, with
Dirichlet boundary conditions wu;, = 1, T}, = 0 at the
entrance to the computational domain. The Prandtl
number is fixed at 0.7 for air. At the fin surface, no slip,
no penetration boundary conditions for the velocity
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field, and 7y = 1 for the temperature field are applied.
Due to the recovering nature of the flow at the array
exit, convective outflow boundary conditions are applied
at this boundary. Details about the time-integration al-
gorithm, treatment of boundary and louver surface
conditions, and validation of the computer program can
be found in Tafti et al. [8,10].

The configuration used in these calculations consists
of an entrance and exit louver with four louvers on either
side of the center or redirection louver. For all the cal-
culations in this paper the louver thickness is fixed at
b =0.1. For the entrance and exit louvers, S; = 1, and
for the center redirection louver, S, = 1. Fig. 1(b) shows
the computational domain which is resolved by 15
blocks, one for each louver, two each for the entrance,
exit and redirection louver. The exit domain extends
approximately 5.5 non-dimensional units (or 55 fin
thicknesses) downstream of the array. Each block is re-
solved by 96 x 96 finite-volume cells (a total of 138,240
cells). A grid independency study was performed at a
resolution of 128 x 128 cells in each block (a total of
245,760 cells). The time mean Nusselt number calculated
on the 96 x 96 grid was within one percent of the fine grid
calculation for F, = 1.5 and Re;, = 1000. All results re-
ported here are for 96 x 96 grid per block resolution. For
the unsteady cases, time-averaged values are presented.

3. Characterization of heat transfer

We first define the relationship between dimensional
and non-dimensional parameters used to quantify the
heat transfer. The non-dimensionalization above results
in two Nusselt numbers, one which is representative of
the average non-dimensional heat flux, and the other of
the non-dimensional heat transfer coefficient. The di-
mensional heat flux on the louver surface is defined as

T+
g = kg = (T} - T, (1

where n* is measured along the normal to the louver
surface, and T}, is a reference temperature. The above
equation can also be expressed in terms of dimensional
and non-dimensional parameters as
k or
q =—(I7 = T) - =1 (1 = Ter)(Ty = T3y). 2)
LP mn an mn
Rewriting Eq. (2) we can define the non-dimensional
heat flux and Nusselt number as

WL, T /on gL or

—__pr_ I __ 7’ o _
M= =it ™ iy W
3)

When T, = T, = 0, we define a local Nusselt number
on the louver surface as

Nu' =q=——. (4)

Further, an average Nusselt number on each louver
o Z q@QlouV Z(@T/@n)@(llouv

1 —_
<Nu >louv N Qlouv N Qlouv (5)
and for the whole multilouvered fin
qO0Q, (0T /on)0Q,
(i) = 2240 __ 2 OT/00) ©
fin fin

can also be defined, where Q denotes the heat transfer
surface area. We note that for T, = Tj,, the calculated
Nusselt number is identical to the non-dimensional heat
flux. Another Nusselt number based on a reference
temperature

_ WL, _ —ar/on

2
N = = =)

(7)
can also be defined, where T,; can either be given by the
mixed mean temperature

ZFp.LP orFy |u|T Ay Ax

Tret = Trean = 8
! e ZFPLP orFy |u| Ay Ax ®)

or the log-mean temperature !
Toul - T;
ln{(l - T;n)/(l - Toul)} '

Based on the above definition we define two additional
Nusselt numbers, one for each individual louver,
(Nu?),u» and the other for the whole multilouvered fin,
(Nu?)... For the former, Tyean, Tow, and T, are calcu-
lated based on the computational block or blocks sur-
rounding the louver, and in the latter they are calculated
for the whole multilouvered fin (based on the flow depth
Fy).

The definition of Nu' is not only a function of the
geometry and the fluid mechanics, but also that of the
temperature potential. Hence, although it is the single
most important value in quantifying the heat transfer for
a given louver geometry, because of its dependence on
the temperature potential it cannot be used effectively to
compare the performance of different louver geometries.
For example, if we consider two identical geometries,
except for one having more louvers than the other,

Tref:Tlogzl_

©)

! The mixed mean temperature and log-mean temperature
are identical for linear variations. In this study we use the mixed
mean temperature as the reference temperature. The difference
between the two is negligible when applied on a louver-by-
louver basis. Across the whole fin, the difference increases when
the variation of T in the flow direction departs from a linear
variation. This is often the case for low Reynolds numbers
when the reference temperature saturates after the first few
louvers.
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because the average temperature potential is different in
the two cases, so will Nu!. On the other hand, the defi-
nition of Nu? based on a reference temperature, removes
the average effect of the temperature potential. By re-
moving the mean effect of the temperature potential on
heat transfer, Nu’ is representative of the heat transfer
coefficient and is much more suitable for the compara-
tive evaluation of different louver geometries. However,
it is not an absolute quantity and has to be used with Ty
to obtain the heat transfer capacity of the fin. Our dis-
cussion in this paper will focus on both the heat flux and
the heat transfer coefficient.

4. Classification of thermal wakes

Table 1 lists all the cases which are studied. Cases 1-5
have a fin pitch ratio of 1.0, whereas cases 6-8 have a fin
pitch ratio of 1.5. Most of our discussion will focus on
cases 1-5, which capture the essential elements of this
study. The final results are summarized for all cases. The
cases selected were primarily governed by the flow ef-
ficiency (1), which ranges from near complete louver
directed flow to near complete duct directed flow. The
flow efficiency is calculated as oy, /0, where o is the flow

angle and 0 is the louver angle. The flow angle for each
louver is calculated based on o = tan!(m,/m,), where
m, = [v dx and m, = [u dy are the average mass flow
rates calculated at the top and left face of the compu-
tational block surrounding each louver, respectively. An
average value of a based on louvers 2-5 and 7-10 (the
entrance, redirection, and exit louvers are not included)
is used in calculating the flow efficiency for the fin. This
procedure for calculating flow efficiency differs from
experimental techniques, which usually use dye injection
at the inlet to obtain the flow efficiency. For cases 1 and
2, the flow is primarily louver directed with very high
flow efficiencies. Case 5 has the lowest flow efficiency for
F, = 1.0, whereas cases 3 and 4 exhibit intermediate flow
efficiencies. The flow efficiencies for F, = 1.5 range from
0.57 for case 6 to 0.14 for case 8. The flow efficiencies
together with the geometrical information are listed in
Table 1.

Fig. 2(a)—(d) plots the mean temperature contours for
cases 1-4. Because of the periodicity in the transverse
direction the calculations include the effects of thermal
wakes. For cases 1 and 2 the temperature contours
predominantly follow the louver direction, whereas for
case 4 the predominant direction is the x- or streamwise
direction.

Table 1
Summary of calculations performed

Case Er /Ly Re;, 0 n (Nuyg, Tinean (Nu?) g,

1 1.0 1000 30 0.94 With thermal wake effect 13.45 0.313 19.77
No inter-fin wake effect 19.45 0.068 21.02
No wake effect 19.91 0.042 20.91

2 1000 25 0.88 With thermal wake effect 14.53 0.348 22.19
No inter-fin wake effect 18.68 0.085 20.5
No wake effect 19.57 0.042 20.52

3 700 15 0.74 With thermal wake effect 11.37 0.414 19.34
No inter-fin wake effect 14.18 0.181 17.24
No wake effect 15.99 0.055 16.98

4 100 15 0.52 With thermal wake effect 2.45 0.672 7.65
No inter-fin wake effect 3.83 0.341 5.72
No wake effect 8.23 0.127 9.57

5 50 15 0.31 With thermal wake effect 1.26 0.78 6.31
No inter-fin wake effect 2.76 0.375 4.38
No wake effect 7.29 0.154 8.79

6 1.5 500 30 0.57 With thermal wake effect 9.96 0.348 14.79
No inter-fin wake effect 12.62 0.105 14.21
No wake effect 13.24 0.039 13.84

7 200 15 0.38 With thermal wake effect 4.08 0.377 6.57
No inter-fin wake effect 4.35 0.25 5.88
No wake effect 9.06 0.051 9.61

8 50 15 0.14 With thermal wake effect 1.56 0.545 3.48
No inter-fin wake effect 1.87 0.343 2.88
No wake effect 6.92 0.092 7.69
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(c) Case 3, m=0.74

(d) Case 4, mn=0.52

Fig. 2. Mean temperature contours with thermal wake effects.

From Fig. 2, we classify two primary mechanisms by
which thermal wakes interfere with downstream louvers.

(a) Intra-fin interference. In this mode of interference,
wakes of upstream louvers interfere with louvers
downstream in the same fin. There are two types of in-
tra-fin interference. The first type is dominant in duct
directed flow, in which the thermal wakes of upstream
louvers interfere with successive downstream louvers.
This type of interference is dominant at low flow ef-
ficiencies as seen in Fig. 2(d). The second type can be
more clearly identified in louver directed flow at higher
flow efficiencies (however, it is also present in duct di-
rected flow), in which the wakes of upstream louvers
impinge on louvers downstream of the re-direction
louver in the same fin row. We consider this as having a
secondary effect, since the thermal wake is considerably
diluted and weakened by the time it interferes with any
louver. This type of interference is present for large fin
pitches, and small louver angles.

(b) Inter-fin interference. Inter fin interference is
present in both duct directed and louver directed flows,
although it is best illustrated in louver directed flow,
when thermal wakes between fin rows interfere with
each other. In louver directed flow this is the dominant
form of wake interference and is quite well illustrated in
Fig. 2(a) for 30°. Suga and Aoki [11] assuming a linear
wake trajectory, and 100% flow efficiency, gave the fol-
lowing expression for estimating thermal wake effects.

2
Lytan(0) " (10)

Values of n close to an integer value (2,3, ...) signal
wake interference, whereas values of (1.5,2.5...) indi-

cate little or no interference. The interference gets
weaker as the value of n increases. We have found that
using the actual flow angle (o) instead of the louver
angle gives much better prediction accuracy. For ex-
ample, for cases 1 and 2, the calculated average flow
angles are 28.2° and 22°, respectively. Using these values
the predictions are much more in agreement with what is
observed in Fig. 2(a) and (b). For the 30° louvers
(n=1.88), there is much greater thermal wake inter-
ference than for the 25° louvers (n = 2.48).

Fig. 3(a) plots variations in (Nu'),, or non-di-
mensional heat flux on a louver-by-louver basis. For
predominantly duct directed flow (cases 4 and 5) there
is a sharp drop in the heat flux immediately after the
entrance louver. The flux decreases further in the first
five louvers and only a small fraction of the total heat
transferred is from louvers downstream of the re-di-
rection louver. This is a result of the low Reynolds
number (low mass flow rate), and the duct flow re-
gime. The former induces thermal saturation, whereas
the latter encourages high intra-fin thermal wake in-
terference. At higher Reynolds numbers and larger
flow angles, the flow is louver directed. Hence, for
cases 1 and 2, the drop in heat flux is not monotonic
and not as dramatic but more gradual. The non-mo-
notonicity is primarily caused by the presence or ab-
sence of thermal wakes in the vicinity of louver
surfaces. It is interesting to note that a difference of 5°
in the louver angle (between cases 1 and 2) has a
significant effect on the heat flux distribution. The
average heat flux for the whole fin or (Nu') is listed
in Table 1 for each case.

Fig. 3(b) plots the distribution of Ty, On a louver-
by-louver basis for the three cases. The effective Tpye,, for

fin
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Fig. 3. (a) Louver-by-louver distribution of average heat flux;
(b) variation of mixed mean temperature; (c) louver-by-louver
distribution of heat transfer coefficient.

the whole fin is listed in Table 1. The distribution of
Tinean 18 dependent on the heat transferred from upstream
louvers. For cases 1 and 2, Ty, increases linearly into
the array and reaches a value near 0.5 at the exit louver.
On the other hand, for cases 4 and 5, Tyean INcCreases
rapidly in the first half of the array and then increases

gradually thereafter to a near asymptotic value at the
exit louver.

5. Sensitivity of the heat transfer coefficient to thermal
wakes

In this section, the sensitivity of the heat transfer
coefficient or Nu? to the mixed mean temperature is il-
lustrated. We compare two cases, one in which the heat
flux or (Nu'),,,, and Ty are different but the resulting
heat transfer coefficient or (Nu?), .. is the same. In the
second case, we study a situation in which the heat fluxes
are nearly the same but the resulting heat transfer co-
efficients are different.

To first-order the heat transfer coefficient is a func-
tion of the hydrodynamic field surrounding each louver.
For example, a louver experiencing unsteady flow os-
cillations in the vicinity of its surface will in general
exhibit a higher heat transfer coefficient than its coun-
terpart with steady laminar flow. Louvers 4 and 9 in case
4 exhibit different heat fluxes and different mixed mean
temperatures (see Fig. 3(a) and (b)). However, the hy-
drodynamics in the vicinity of both louvers is similar
and the application of Eq. (7) eliminates the difference in
temperature potential and results in the same heat
transfer coefficient (see Fig. 3(c)). This is also reflected in
the normalized temperature contours plotted in Fig. 4(a)
and (b) as (7 — Tiean)/(1 — Tinean), Which exhibit very
similar distributions and gradients in the vicinity of the
louver. Here Ty 1S calculated based on the fluid sur-
rounding the louver.

The heat transfer coefficient is also sensitive to the
location of thermal wakes. For louvers with the same
hydrodynamics and the same heat fluxes, the calculated
heat transfer coefficient is dependent on the location of
thermal wakes with respect to the louver surface. To
illustrate this effect we use louvers 4 and 5 from case 2.
The flow field for the two louvers is very similar with
recirculation zones in the leading edge region of the top
surface. However, thermal wakes from upstream louvers
are in closer proximity to the bottom surface of louver 4
than in louver 5, where instead cold free-stream fluid
passes in the vicinity. From Fig. 3(a), the heat flux on
louver 5 is larger than louver 4 by 6%. However, the
calculated heat transfer coefficient is 18% higher (see
Fig. 3(c)). Contours of (7 — Tiean)/(l — Tiean) in Fig.
4(c) and (d) show the higher temperature gradients in the
vicinity of the bottom surface of louver 5.

Hence, the heat transfer coefficient is not only sen-
sitive to the hydrodynamics of the flow field around the
louver but also to the presence or absence of thermal
wakes in the vicinity of the louver surface. Fig. 3(c)
plots the mean heat transfer coefficients on a louver-by-
louver basis for cases 1-5. For cases 4 and 5, the hy-
drodynamic field and thermal wake effects are quite
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Fig. 4. Comparison of (7 — Tiean)/(1 —
louver heat transfer coefficient.

uniform and homogeneous around each louver, and
hence the heat transfer coefficients are quite symmetri-
cal about the redirection louver, in spite of large dif-
ferences in the heat flux. Louvers 5 and 10 in case 2,
exhibit very high heat transfer coefficients. This pri-
marily results from the inhomogeneity in the thermal
field surrounding the louvers. Cold free-stream fluid
flows in the vicinity of the louvers, increasing the heat
flux. At the same time the presence of thermal wakes
away from the louver results in high values of Tpean.
These effects combine to produce high heat transfer
coefficients. Conversely, in case 1, louvers 3 and 8 ex-
hibit low heat transfer coefficients because of the pres-
ence of thermal wakes in the vicinity of the louvers.
Also unsteady flow oscillations and vortex shedding in
the downstream half of the array, cause the mean heat
transfer coefficients to be higher in the downstream half
of the fin array in case 1.
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Tnean) surrounding different louvers to establish effect of hydrodynamics and thermal wakes on

The mean heat transfer coefficient, (Nu?)g, for the fin
is listed in Table 1 for all cases. It is found that in spite of
the higher flow efficiency exhibited by case 1, case 2 has
the higher heat transfer coefficient. This is a result of less
inter-fin thermal wake interference in case 2.

6. Quantification of thermal wake effects on heat flux and
heat transfer coefficient

In this section we evaluate the effect of the intra- and
inter-fin thermal wakes on heat flux and the heat
transfer coefficient. In order to isolate these effects, two
additional numerical experiments are performed for
each case. In the first, the inter-fin wake is eliminated.
This is done by artificially setting the temperature to the
free-stream temperature (7 = 0) for any fluid leaving the
calculation domain at the top and bottom boundaries of
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Case 1, N1=0.94
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No inter-fin thermal wake effect
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Fig. 5. Temperature contours on removal of inter-fin and intra-fin thermal wakes.

the calculation domain. Admittedly by doing this, we
also eliminate part of the intra-fin wake, in which louver
wakes upstream of the redirection louver impinge on
downstream louvers of the same fin. However, as stated
earlier this type of interference is secondary and will
have a marginal effect. To a very good approximation,
these experiments isolate the effect of inter-fin thermal
wakes on heat flux and the heat transfer coefficient.

In the second set of experiments, the intra-fin wake is
eliminated by setting the temperature to zero for fluid
leaving the streamwise block boundary downstream of
each louver 2. Hence, in these set of runs all thermal
wake effects are eliminated, and they represent the
maximum possible or idealized heat flux for the given
geometry and flow conditions.

Fig. 5(a) and (b) characterizes the elimination of the
inter-fin and intra-fin wake for cases 1 and 4, which
represent the two extremes of louver and duct directed
flows. On comparison with Fig. 2, elimination of the
inter-fin wake has a large effect on the temperature dis-
tribution for case 1, whereas it does not have such a
dominant effect on case 4. On the other hand, further
removal of the intra-fin wake has a negligible effect on
case 1 but a much larger effect on case 4.

Fig. 6(a)-(d) compares the louver-by-louver distri-

bution of (Nu'), ,, or heat flux for cases 1 to 4. For all

2 In a numerical framework the order of wake elimination is
important. A little reflection will show that eliminating the
intra-fin wake first would also eliminate a large part of the inter-
fin wake.

cases the effect of thermal wakes is much stronger in the
downstream half of the array as evidenced by the large
increase in heat flux 3. On elimination of thermal wakes,
the heat flux is much more representative of the hydro-
dynamics. For example, cases 3 and 4 exhibit the same
trends and numerical values on either side of the redi-
rection louver, whereas case 1 exhibits higher values in
the downstream half because of the flow unsteadiness.
Removal of the inter-fin wake has a much larger effect
on cases 1 and 2, whereas removal of the intra-fin wake
has a larger effect on case 4. Both wakes have an equal
effect on case 3.

The results for the fin are summarized for all cases in
Table 1. Fig. 7(a) plots the percentage change in heat
flux as the inter-fin wake and intra-fin wake are suc-
cessively eliminated. Early on in this study, it was de-
duced that the effects pertaining to louver angle, fin
pitch, and flow conditions could be lumped together in
the flow efficiency to provide a single parameter to
quantify the trends in the effect of thermal wakes on heat
transfer. However, as we proceeded with the study, it
was found that differences in fin pitch could not be
reconciled by lumping its effect in the flow efficiency. We
will expand more on this aspect later in the section. For
now, we plot the results against the flow efficiency sep-
arately for the two fin pitch ratios. Both, inter- and

3 Because of the numerical removal of the intra-fin wake, the
heat flux increases near the trailing edge of the entrance louver.
The increase is highest for case 5 and decreases rapidly for the
other cases.
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Fig. 6. Louver-by-louver distribution of average heat flux on removal of inter-fin and intra-fin thermal wakes.

intra-fin thermal wakes have a smaller effect on the heat
transfer capacity of the fin for the larger fin pitch ratio.
Overall, the increase in heat flux ranges from 50% at
high flow efficiencies to nearly 500% for low flow ef-
ficiencies. Hence it is clear that for high heat capacity
fins, the flow efficiency has to be made as high as pos-
sible to approach the maximum possible heat transfer.
The values plotted in Fig. 7(a) are a function of the
number of louvers or flow depth, hence are not absolute.
A much better representation of the effect of thermal
wakes on the heat transfer capacity is given by plotting
the fraction

— (M)
(Nu)

1
<Nu >ﬁn7 no inter fin thermal wake

(Nu)

fin, with thermal wake

o=

fin, with thermal wake

(11)

fin, no thermal wake

which defines the fractional increase in heat flux when
the inter-fin wake is eliminated. The fraction 1— ¢
characterizes the fractional increase on elimination of
the intra-fin wake. This is plotted in Fig. 7(b). At low
flow efficiencies, the inter-fin thermal wake has a small
effect on the heat transfer capacity of the fin, whereas the
intra-fin wake has a large effect. The trends are gradually

reversed as the flow efficiency increases; at high flow
efficiencies the inter-fin wake is nearly completely re-
sponsible for the reduction in heat capacity. For
F, = 1.5, the effect of inter-fin wake is weaker at low
flow efficiencies, but increases rapidly as the flow ef-
ficiency increases to 0.57. Beyond n > 0.45, the inter-fin
thermal wake has a larger effect on the fractional in-
crease in heat flux for F, = 1.5 than for F, = 1.0, which
is contrary to the general expectation.

By progressively eliminating thermal wake effects, the
heat flux or Nu' increases, whereas Tjnea decreases. De-
pending on the magnitude of the changes in these two
quantities, the heat transfer coefficient or Nu? can either
increase, decrease or remain the same. Consider Eq. (7)
written in a modified form as:

N KL _ Nub e + ANu!

wake
nowake ~ k 1

)
- (T;neanwkc - ATmean)

(12)

where ANu' and AT, are positive quantities and rep-
resent the increase in heat flux, and decrease in mixed
mean temperature, respectively, when thermal wake ef-
fects are eliminated. Subtracting Eq. (12) from M2,

and some algebraic manipulation lead to the following
three conditions:
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If ANu' /AT pean < Nu?

wake?

then Ni . > Nu? (13a)

wake nowake’

If ANu'/ATpean > Nii2 then

wake?
Nul o < Nuj, (13b)

nowake?

If ANu'/ATpean = Nii2 then

wake?
2 _ 2
Nuwakc - Nunowakc .

(13¢)

The last condition for the equality of the two heat
transfer coefficients states that on the removal of ther-
mal wake effects the increase in heat flux should be
proportional to the decrease in mixed mean tempera-
ture, with the proportionality constant given by the heat
transfer coefficient. Physically, this condition can only
be realized when the temperature field surrounding the
louver is uniform with no spatial variations with and
without thermal wakes. In reality though, this is never

realized because the presence or absence of thermal
wakes leads to spatial variations or inhomogeneities in
the temperature field.

The first and second conditions can be directly re-
lated to the inhomogeneity of the temperature field by
considering two limiting cases. The first condition (Eq.
(13a)) physically represents the case when the thermal
wake is strong but the trajectory is between louvers and
does not influence the heat transfer at the surface. As a
result when the wake is eliminated, the reduction in the
mixed mean temperature is disproportionately larger
than the increase in the heat flux. Hence the heat transfer
coefficient decreases in the absence of the thermal wake.
The second limiting condition (Eq. (13b)) occurs at the
other extreme — when the thermal wake engulfs a louver,
on its removal the increase in the heat flux is dispro-
portionately larger than the reduction in the mixed mean
temperature. In such instances, the heat transfer coeffi-
cient increases when the thermal wake effect is removed.

Fig. 8(a)—(d) compares the calculated heat transfer
coeflicients on a louver-by-louver basis in the presence of
thermal wake effects, on the removal of the inter-fin
wake (only intra-fin wake effects) and finally on the re-
moval of the intra-fin wake effects (no thermal wakes).
We note that louvers 5 and 10 in case 2, exhibit a de-
crease in heat transfer coefficients when the thermal
wakes are removed. Going back to our discussion per-
taining to Fig. 4(d), the scenario for these two louvers
adheres to Eq. (13a). On the other hand, louver 3 in case
1, which is engulfed in the thermal wake of louver 1,
exhibits an increase in the heat transfer coefficient on the
removal of thermal wakes as per the condition in Eq.
(13b).

Table 1 summarizes these results for the fin. Fig. 9
plots the percentage change in the heat transfer coef-
ficient as the inter- and intra-fin wakes are successively
eliminated. Thermal wake effects on the heat transfer
coefficient are minimal at high flow efficiencies (within
+15%), but increase as the flow efficiency decreases.
Eliminating the inter-fin thermal wake reduces the heat
transfer coefficient (within —30%), and the effect is much
larger for the smaller fin pitch. When both the inter- and
intra-fin wakes are eliminated, the heat transfer coef-
ficient increases. The increase is quite rapid for the larger
fin pitch (+120% at # = 0.14), while more gradual for
F,=1.0.

It is interesting to note that “high” flow efficiency is
relative for the two fin pitches. Even though the flow
efficiency is only 0.57 for F, = 1.5, the behavior exhib-
ited in Figs. 7 and 9 is the same as that exhibited at a
flow efficiency of 0.94 for F, = 1.0. Our calculations for
0 =15,20,25 and 30° louver angles for the two fin
pitches show that for F, = 1.5, the flow efficiencies as-
ymptote to a value near 0.6 in the vicinity of Rej,
= 1200, whereas for F, = 1.0, the asymptotic values are
much higher, near 0.98. Hence a better representation of
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Fig. 8. Louver-by-louver distribution of average heat transfer coefficient on removal of inter-fin and intra-fin thermal wakes.
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Fig. 9. Percentage change in heat transfer coefficient on re-
moval of inter- and intra-fin wakes.

Figs. 7 and 9 would be to normalize the flow efficiencies
by their asymptotic values for the two fin pitches. The
curves for F, = 1.0 will remain nearly the same, whereas

those for F, = 1.5 will be shifted to the right (the nor-
malized values will be 0.95, 0.63, 0.23 for cases 6, 7 and
8, respectively). However, this procedure still does not
completely reconcile the distinct difference between the
two fin pitches. Hence, it can be concluded that flow
efficiency is not a sole indicator of thermal wake effects;
it has to be used with the fin pitch to louver pitch ratio.

7. Relationship of numerical experiments to laboratory
experimental studies

In experimental investigations of louvered fin heat
exchangers, there are two general approaches used. In-
vestigations at the system level, in which heat exchanger
cores are studied, use either the LMTD method [12] or
the e-NTU method [13,14] for deducing the heat transfer
coefficient. These methods, though extremely useful in
analyzing full system level performance, do not provide
any insight into the fundamental mechanisms of fluid
flow and heat transfer occurring in the heat exchanger.
The other approach, more fundamental in nature,
models multiple rows of louvered fins by either using a
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Table 2

Actual and measured heat transfer coefficients when thermal wake effects are neglected

Case Actual heat transfer coeff. (Nu?),;, Measured heat transfer coefficient Measured heat transfer coefficient
with one row heated with one louver heated
1 19.77 19.45 19.91
2 22.19 18.68 19.57
3 19.34 14.18 15.99
4 7.65 3.83 8.29
5 6.31 2.76 7.29
6 14.79 12.62 13.24
7 6.57 4.35 9.06
8 3.48 1.87 6.92

mass transfer analogy [15] or by heating the louvers [16].
The multiple rows provide the same hydrodynamic effect
as an infinite array of louvers encountered in real heat
exchangers. However, in most instances, either a single
fin (or 1 row) in the array, or in some instances only
single louvers are coated with naphthalene or heated to
obtain the mass or heat transfer coefficient. Further, the
mass/heat transfer coefficient is obtained by assuming a
zero mean concentration of naphthalene in the vicinity
of the fin or the louver *. This procedure implicitly as-
sumes that thermal wake effects on mass/heat transfer
coefficient are minimal and can be neglected. We ex-
amine these assumptions by using the results of our
numerical experiments.

In the numerical experiments, the case in which the
inter-fin wake is eliminated corresponds to the exper-
imental scenario in which only a single row provides an
active heat or mass transfer surface. This row does not
feel the effects of thermal or mass wakes from any other
fin, but only feels the effect of its own (intra-fin) thermal/
mass wake. On the other hand, the numerical case in
which all wake effects are eliminated corresponds to the
experimental case in which only a single louver provides
an active heat/mass transfer surface. This louver does not
feel any thermal wake effects. Further, in both experi-
mental scenarios, by assuming that the reference tem-
perature is the same as the inlet temperature (mass
concentration of zero), what is being measured as the
heat transfer coefficient is in actuality the heat flux or Nu'.

Table 2 examines the two cases; when a single row of
louvers provides the active heat/mass transfer surface,
and when one louver provides the active heat/mass
transfer surface. The second column shows the actual
calculated heat transfer coefficient (Nu?);, with all
thermal wake effects included. The third column is the
measured experimental heat transfer coefficient with one
row heated, which in actuality is (Nu')y, with the inter-
fin thermal wake eliminated. For the scenario in which a
single louver provides the active heat/mass transfer

“In the case of heat transfer experiments, the inlet
temperature is used to obtain the heat transfer coefficient.

100 _—
-=-- Fp: 1, single row heated

80 | —B— F =1, single louver heated

60 | --©-- sz 1.5, single row heated

| —<— F = 1.5, single louver heated

percentage errors in heat transfer coefficient

0.4 0.6 0.8 1
flow efficiency

Fig. 10. Percentage errors in experimentally determined heat
transfer coefficients when thermal wake effects are neglected.

surface, experiments measure the heat flux or (Nul)g
with no thermal/mass wake effects as the heat transfer
coefficient. This is shown in column 4 °.

Fig. 10 summarizes the resulting errors that occur
when using these procedures. When a single row pro-
vides the active heat/mass transfer surface, the measured
heat transfer coefficient is underpredicted. The under-
prediction ranges from <20% for high flow efficiencies
(>0.8 for F, = 1.0, >0.5 for F, = 1.5) to about 50% at
low flow efficiencies. The errors are less severe for the
larger fin pitch. For the case in which a single louver
provides the heat/mass transfer surface, the resulting
measurements overpredict the heat transfer coefficient
except in the high range of flow efficiencies where it is
underpredicted (within —20%). The overprediction is
much larger for the larger fin pitch ratio (up to 100% at
low flow efficiencies), whereas less severe (<20%) for the

5 In presenting this result it is assumed that experimentally
the average heat transfer coefficient for the whole fin is obtained
by averaging the measured heat transfer coefficient for each
louver weighted by the area of each louver.
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smaller fin pitch. These results also indicate, quite con-
trary to expectations, that using single louvers (versus a
row) as the active surface provides a better approxima-
tion to the actual heat transfer coefficient for the larger
fin pitch. Whereas, for the smaller fin pitch, a full row as
the active surface provides the better approximation.

8. Conclusions

The study classifies two types of thermal wake in-
terferences that occur in multilouvered fins. Inter-fin
interference occurs between adjacent rows of louvers
and is dominant at high flow efficiencies when the flow is
louver directed. Intra-fin interference occurs on subse-
quent louvers of the same row or fin and is dominant at
low flow efficiencies or when the flow is predominantly
duct directed. It is shown that thermal wake effects can
be expressed as functions of the flow efficiency and the
fin pitch-to-louver pitch ratio.

While the heat transfer capacity of multilouvered fins
increases unconditionally when thermal wakes are
eliminated, the heat transfer coefficient either increases
or decreases depending on the location of thermal wakes
in the vicinity of the louver. The increase in heat flux or
heat transfer capacity is larger for small pitch ratios. On
the other hand, the heat transfer coefficient decreases on
elimination of the inter-fin thermal wake and increases
with the elimination of all thermal wakes. The increase is
much larger as the fin pitch increases.

Finally, we relate the numerical calculations to ex-
perimental studies which neglect the effect of thermal
wakes in determining the heat transfer coefficient. It is
found that these procedures do not introduce large er-
rors when the flow efficiency is high, but can introduce
errors as high as 100% at low flow efficiencies. Surpris-
ingly this study shows that for large fin pitch ratios,
better experimental approximations to the heat transfer
coefficient are obtained when single louvers instead of a
row (or fin) provide the active heat transfer surface.
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