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Abstract

The paper studies the effect of Reynolds number, fin pitch, louver thickness, and louver angle on flow
efficiency in multi-louvered fins. Results show that flow efficiency is strongly dependent on geometrical parameters,
especially at low Reynolds numbers. Flow efficiency increases with Reynolds number and louver angle, while
decreasing with fin pitch and thickness ratio. A characteristic flow efficiency length scale ratio isidentified based on
geometrical and first-order hydrodynamic effects, which together with numerical resultsis used to develop ageneral
correlation for flow efficiency. Comparisons show that the correlation represents more than 95% of numerical
predictions within a 10% error band, and 80% of predictions within a 5% error band over a wide range of

geometrical and hydrodynamic conditions.
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Introduction

Compact heat exchangers are used in avariety of automotive, residential air-conditioning and refrigeration
applications. For air-side heat transfer augmentation, multilouvered fins are quite popular. Beauvais [1] was the first
to conduct flow visualization experiments on the louvered fin array. He demonstrated that louvers, rather than acting
as surface roughness that enhanced heat transfer performance, acted to realign the airflow in the direction parallel to
themselves. Davenport [2] performed flow visualization experiments identical to those of Beauvais and further
demonstrated two flow regimes, duct directed flow, and louver directed flow. In general, the flow direction follows
the path of least hydraulic resistance. Under certain conditions, one of them being low Reynolds number, the flow
has a propensity to move straight through between fins, rather than align itself to the louvers. At low Reynolds
numbers, thisisaresult of the high flow resistance between louvers brought about by the thick boundary layers.

The flow direction has profound implications on the overall heat capacity of the fin by virtue of its strong
effect on the heat transfer coefficient. It is particularly crucial for low Reynolds number applications (Re < 500), in
which the natural tendency for air isto flow straight through the fin and not over the louvers. Hence, it isimportant
to be able to quantify and predict the flow direction.

Flow efficiency (h) is used to describe the percentage of the fluid flowing along the louver direction. A
100% efficiency representsideal louver directed flow while 0% represents complete duct directed flow. In the past,
two kinds of definitions of flow efficiency have been used. In experimental dye injection studies[3-6] flow
efficiency is defined as the ratio of actual transverse distance (N) traveled by the dye to the ideal distance (D) if the
flow were aligned with the louver.

In numerical simulations, because the flow angle can be easily obtained for each individual louver, flow efficiency is
defined to be the ratio of mean flow angle (amean), Which is obtained by averaging flow angles through out the louver

bank (inlet, redirection and exit louvers are not included), to louver angle (q) as follows:

a

h - mean

q

In the present paper, the average velocity ratio (the average normal velocity across top boundary to that

across the left boundary) is used to define flow anglein an individual block surrounding alouver, as follows®:

L oax/ L
(udy/Fp

a =tan

L - -
! The flow angle (a) has also been defined as the ratio of massflowrates: @ , = tan'1® VdX/Q udyg. This

definition isinconsistent for Fp 1 1. For example when the flow is louver directed (v = utan(q)),

eL u
a, =tan'léF—Pta1(q)Q1 q.
ep u



For asmall louver angle (q<30), the difference between h, , and h issmall?.

Webb and Trauger (hereafter referred to as WT) [3] experimentally studied the flow structurein
multilouvered fin geometries for six fin pitch ratios (0.7 to 1.5), one thickness ratio (0.0423) and two louver angles
(20 and 30 degrees). Reynolds number (based on louver pitch) ranged from 400 to 4000. Their results showed that
flow efficiency increased with increasing Reynolds number until acritical Reynolds number was reached,

.-034

Re, . =828¢—= 1
W,c e90g ()

Before the critical value, flow efficiency depends on, and increases with Reynolds number, louver angle, and

decreases with fin pitch ratio.

,.0.44 03

o o
h, = 0.091Re °¥¢ = 0 2)
Fog €9g
Beyond the critical value, flow efficiency is only affected by fin pitch ratio.
- ,.0.23
Do = O.95<é—pj (3)
Fo g

The above flow efficiency is not continuous at the critical Reynolds number. To remedy this deficiency,
equation (2) was modified by Sahnoun and Webb (hereafter referred to as SW) [4] to keep the flow efficiency

continuous at the critical Reynolds number:

..023 , 034 Jd1 ..-135 061
a0 e 6 ua 0 a6 o
h, =0.9%—= - 000003717 &82&—+ -Rej &—I ¢—= . lItisinterestedto
Fog 8 €eP o o eFy €epPo

note that in SW’s correlation, the critical Reynolds number depends only on louver angle while the flow efficiency
beyond this Reynolds number depends only on fin pitch ratio.

Achaichiaand Cowell (hereafter referred to as AC) [7] used numerical calculations to model the flow
through a simplified two-dimensional louver array. The louvers were assumed to be infinitely thin, and the flow to

be fully developed. From their numerical simulations, the following correlation for flow efficiency was given:

F
h, = (0.936- 243/Re- 1.76L—p +0.995q)/q 4)
p
As Reynolds number tends to infinity, flow efficiency in equation (4) approaches an asymptotic value depending on

fin pitch ratio and louver angle:

F h
h g mec = (0.936- 1.76L—p +0.9957)/q . The critical Reynolds number for - A_=095is:

p A, max

Zhexp :% - tm(a mean) » amean :h

tan(q) q




4860
Re,.= .
" (0.936- 1.76(F, / L, )+ 0.995q)

In 1996, Bellows (hereafter referred to as B) [5] conducted flow visualization experiments and investigated

the effect of fin pitch ratio and louver angle on flow efficiency. Using AC'’s correlation as a starting point, and

taking into consideration developing flow effects, ageneral correlation was developed as:

F
hg =(-5- 300/Re- 1OL—p+1.34q)/q (5)
p
The asymptotic flow efficiency as Reynolds number tendsto infinity is:

F h
hgma = (-5- 1OL—p+1.34:])/q and the critical Reynolds number for —2— =0.95 is:

p B, max

6000
Reg. = .
" (-5-10(F,/L;)+1.349)

To summarize, flow efficiency is afunction of Reynolds number and geometrical parameters, fin pitch ratio

and louver angle at low and intermediate Reynolds number. Flow efficiency increases with increase of Reynolds
number and louver angle, and decreases with fin pitch ratio. As Reynolds number increases, flow undergoes a
transition from duct directed flow (low efficiency) to louver directed flow (high efficiency). There exists a critical
Reynolds number beyond which the flow efficiency isindependent of Reynolds number. All previous correlations
agreein predicting the general trends. However, substantial quantitative differences exist.

Figure 1 (a) plotsthe critical Reynolds numbers from previous correlations. SW’s val ues are much higher
than that of AC’sand B’, especially at large louver angle. On the other hand, the difference between B and AC is
small. Fin pitch ratio has a small effect on critical Reynolds number at large louver angle. Figure 1 (b) plotsthe
asymptotic flow efficiency from these correlations. B’ s results show the strongest dependence on both fin pitch ratio

and louver angle, whereas the least is shown in SW’sresults. Asfin pitch increasesto 2.0, the flow efficiency in

SW’sresults can be more than 8 times larger than that in B’s at ¢ =20. In Figure 1 (c), contrary to other results, flow
efficiency in WT’ s experiments shows a near linear increase in flow efficiency with the Reynolds number (concave
curve with log scale), during the transition from duct to louver directed flow. Figure 1 (c) also shows that, before
modification, WT’ sresults show better agreement with others at very low Reynolds number, whereas results of SW

and WT agree better beyond Reynolds number 50.
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Figure 1: Previous correlation results, (a) critical Reynolds number versus louver angle; (b) asymptotic value of
flow efficiency versusfin pitch ratio; (c) flow efficiency versus Reynolds number. Note the large qualitative as
well as quantitative discrepancies between the correlations.

Animportant omission in all previous correlations (both numerical and experimental) is the effect of fin
thicknessratio. Thefin thickness ratios are completely different in these studies. Thicknessratioin AC’s numerical
calculationsis zero, in B’s experiments, it varied from 0.089 to 0.106, while in WT’s experimentsit was fixed at
0.0423.

Our objectivein this paper isto use over 200 high resolution numerical simulations done over the past three

to four yearsto develop abroader and consistent relationship between flow efficiency and multilouver geometry and



Reynolds number. We study the effect of fin pitch, louver angle, fin thickness, and flow depth on flow efficiency to

obtain a mathematical model, which is then used to develop a correlation for flow efficiency.

Numerical method and computational geometry
The governing equations for momentum and energy conservation are solved in ageneral boundary

conforming coordinate system. They are discretized with a conservative finite-volume formulation. Details about the
time-integration algorithm, treatment of boundary and louver surface conditions, and validation of the computer
program can be found in Tafti et al. [8]. The base configuration used in these cal cul ations consists of an entrance
and exit louver with four louvers on either side of the center or redirection louver. Figure 2 shows the base fin
geometry and the corresponding computational domain which is resolved by 15 computational blocks, one for each
louver, two each for the entrance, exit and redirection louver. The exit domain extends approximately 5.5 non-
dimensional units downstream of the exit louver. Periodic boundary conditions are applied in the transverse

direction, while Dirichlet boundary conditions are specified at the entrance to the array.
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Figure 2: Geometrical parameters of louvered fins and multi-block computational domain. The domainis
resolved into 15 blocks, one for each louver, two each for the entrance, exit and middle louver. An exit domain
(containing no louver), which extends approximately 5.0 non-dimensional units downstream of the array, is
added to ensure that the fully developed boundary condition can be applied at the exit.

All results reported in this paper are for aresolution of 96x96 cells per block (total resolution of 138,240

cells). For the unsteady cases, time-averaged values are presented. The average momentum, energy, and mass

residues are of the order of 1” 10°® at each time step.

Table 1 summarizes the base geometrical parameters studied in this paper. Two fin pitch ratios (1.0 and
1.5) are studied withvariationsin louver angle (15, 20, 25, and 30 degrees), and three thickness ratios (0.05, 0.1 and
0.15) are chosen. Reynolds number based on louver pitch is nominally varied from 50 to 1200.



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

Case Fp q b Fa Rein
1-a 0.05 50
1 30 0.1 100
1-b 0.15 200
2 1.0 25 01 300
3-a 0.05 13 400
3 20 0.1 500
3-b 0.15 600
4 15 0.1 700
5-a 30 17 800
= 900
6 15 25 0.1 13 1000
: 20 1200
8 15 1300

Validation and evaluation of the current numerical method
A grid independency study was performed at aresolution of 128x128 cellsin each block (atotal of 245,760

cells). Asshown in Figure 3, the time averaged mean flow angles at most of the louvers are identical. Both, non-
dimensional heat capacity and Nusselt number cal culated on the 96x96 grid are within one percent of the fine grid
calculation (not shown).

30—
Z
- g
25 —
- E
a [
20 —
- Fe=15 0 96x96
15— q=30° @ 128x128
1 2 3 4 m 5 & 7 8
10 ] ] ] ] ] ] ] ] ] ]

Louver

Figure 3: A comparison of louver by louver distribution of flow angles at Reynolds number of 1000 for two
mesh resol utions per computational block.
To further validate the numerical procedure, we have simulated the multilouvered geometry used in the
experiments of DeJong and Jacobi [6]. They performed flow visualization experiments to obtain flow efficiencies

together with mass transfer experiments to quantity the heat transfer coefficient. In the experimental setup, theratio



of fin pitch to louver pitch is 1.09, thicknessratio is 0.1, and louver angle isset to 28 degrees, with 7 louvers on
either side of the redirection louver. Results from the numerical simulations on an identical geometry are shownin
Figure 4(a-d). Figure 4(a-b), compares the experimental dye path with streamlinesinjected at the inlet plane of the
louver bank (flow is from right to left) at a Reynolds number of 400. The dye, injected between the first and second

rows, traverses to the fifth row at the redirection louver. The experimental flow efficiency is*:

hexp =—=————— =0.797. The streamline pattern obtained from the numerical simulationsis nearly

D 9L, tan(28%
identical to the experiments. The average flow angle for the upstream louversis 22.76 degrees, whereasit is 22.98

A, 22.87°

g0 = 0.81, which
q

degrees for the downstream louvers. The calculated flow efficiency is:h =

agrees very well with the experiments (within 2%).

Figure 4 (c) compares the numerical versus experimental flow efficiencies for three Reynolds numbers. In
general, the numerical flow efficiencies are predicted slightly higher than the experiments. Figure 4(d) plots the
experimental and numerical Nusselt numbers. The Sherwood number in DeJong'’ s report for the whole louvered fin
is 23.5* at the Reynolds number 400, which corresponds to a Nusselt number of 15.76. This compares well with the
numerical value of 15.77. Similar good agreement is obtained at Reynolds numbers = 150, 700 and 990.

3 In DeJong and Jacobi’ s report, it was 0.77.
* The Sherwood number in DeJong’ s experiments for this geometry is only available at Re=270 and 600.
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Figure 4: (a-b) Comparison between calculated streamlines from numerical simulations and dye flow trace from
experimental tests. Flow isfrom right side and is nearly parallel to louver direction at the Reynolds number 400;
(c) comparison of flow efficiency; (d) the comparison of the Nusselt number.



Results

Effect of fin pitch ratio and louver angle
Figure 5 (a) plots flow efficiency versus Reynolds number for different fin pitch ratios and louver angles

for developing flow in the louver bank. Results show a strong dependency on both these parameters. Generally, flow

efficiency increases with increase in Reynolds number and louver angle, and with decrease in fin pitch ratio. At
Re,, = 50, flow efficiency increases by 90% after reducing the fin pitch ratio from 1.5 to 1.0 for 30 degree

louvered fins, whereas a more than 130% increment is found when louver angle is increased from 15 to 30 degrees

for the same fin pitch ratio of 1.0. It isfound that the asymptotic value of flow efficiency depends on fin pitch ratio
aswell aslouver angle. For the small fin pitch ratio, Fp, = 1.0, the asymptotic value varies from 0.75 for 15 degree

louversto 0.94 for 30 degree louvers, whereas smaller variations are present for the larger fin pitch ratio studied. It
is observed that the effect of louver angle is stronger for smaller fin pitch ratio. The rate of increment of flow
efficiency in the transition region from duct to louver directed flow decreases rapidly with increase of Reynolds
number, which is consistent with the results of AC and B, and contrary to the results of SW where nearly a constant
rate of increase was found.

Figure 5 (b) plots the critical Reynolds number versus louver angle. Critical Reynolds number is based on
the Reynolds number at which the flow efficiency reaches 95% of the maximum flow efficiency. The critical
Reynolds number decreases with increase in louver angle, and decrease in fin pitch. Hence at low Reynolds number,
small fin pitch ratio and large louver angles are favorable for high flow efficiency. Thistrend is consistent with
previous correlations of AC and B. For afin pitch ratio of 1.0 and 15 degree louvered fins, the critical Reynolds
number in the current study is around 350, which agrees well with 360 in AC and B’ sresults, whereasin SW’'s

results the critical Reynolds number is almost as high as 1500.
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Figure5: (a) Flow efficiency versus Reynolds number with different fin pitch ratios and louver angles; (b)
critical Reynolds number (at which the flow efficiency reaches 95% of the asymptotic value) versus louver angle
for two fin pitch ratios.



Effect of thickness ratio and flow depth
In previous experimental and numerical work, the effect of fin thickness on flow efficiency has not been

studied, nor hasit been included in correlations of flow efficiency. Figure 6 (a) plots the flow efficiencies with three
different thicknessratios (0.05, 0.1, 0.15) at two louver angles, 20 and 30 degrees. The results show the clear

dependency on thickness ratio: thicker louvers lower flow efficiency for both louver angles; the deterioration of flow
efficiency with thickness is more severe at small louver angles. At low Reynolds number (Re;, = 50), morethan a

55% increment is found on reducing the thickness from 0.15 to 0.05 in 20 degree louvered fins, whereas only a 13%
increment isfound in the 30 degree geometry.

It is observed that for thicker fins (b=0.15), adrop in flow efficiency isincurred as the Reynolds number
increases beyond a certain value, followed by arecovery. At small louver angles the drop in flow efficiency occurs
earlier than with large louver angles. Aslouver thicknessincreases, the open flow area between adjacent louversis
reduced. The percentage reduction in the flow areais larger for smaller louver angles. As Reynolds number
increases, thicker louvers are more prone to devel op large recirculation zones on the louver surface. The
recirculation zones further block the flow path between louvers, hence decreasing the flow efficiency. Asthe
Reynolds number increases further, the separated shear layer becomes unstable, with subsequent vortex shedding.
This partially frees up the flow passage between louvers, and | ets the flow efficiency recover to ahigher value. This
isseen in the distribution of flow angles at individual louversinFigure 6 (b). The flow angles are higher at Re,, =
500, than at 1000 when recirculation zones dominate the flow field around louvers.

The effect of flow depth on flow efficiency was investigated by performing additional numerical
calculations for the louvered fins with two more louvers on either side of the redirection louver for a 1.5 fin pitch
ratio, 30 degree louver angle and 0.1 thicknessratio. The increase in flow depth has very little effect on flow
efficiency, as shown inFigure 6 (c). For Reynolds number less than 300, two more cal culations were also made for
louvered finswith a1.41 fin pitch ratio, 20 degree louver angle, and 0.15 fin thickness ratio. One configuration had
12 louvers (6 louvers on either side of redirection louver) and the other 14. At Reynolds number 50, flow efficiency

for the twowas identical.
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Figure 6: (a) Flow efficiency versus Reynolds number for different thickness ratios and louver angles; (b) flow
angles at two Reynolds numbers, 500 and 1000; (c) effect of flow depth on flow efficiency (n denotes number of
louvers on either side of redirection louver).

Model for Predicting Trends in Flow Efficiency
The accurate prediction of flow efficiency requires that all geometrical and nonlinear hydrodynamic effects

be taken into account. In this section we develop asimple model for predicting flow efficiency based solely on
geometrical information and its first-order effect on the hydrodynamics. Using this model and the database of

calculated flow efficiencies, we then develop a general correlation for flow efficiency in the next section.
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For a given fin geometry and Reynolds number, air flow through the louver bank follows the path of least
resistance. The incoming flow can be decomposed into two fluid streams: one that flows between two fins or duct
directed flow, and the other which flowsin the louver direction as shown inFigure 7 (a). If Ug isthe bulk flow
velocity in the direction parallel to the fin, and U, the bulk velocity parallel to the louver direction, then using the

decomposition in Figure 7 (b), the following relationship is satisfied:

U, dgn
tana :(L—q) (8)
U, +U cosg
In the small to medium angle limit, Eqn.(8) can be simplified to obtain an expression for flow efficiency as:
a U r U
h=—=( L )= ,where I = —= 9)
q Ug+U "~ 1+r U.

Equating the pressure loss for the two fluid streamsin a parallel flow circuit, the following equation is
satisfied:
fF Fd,FUE _ fLFd,LUE
Dh,F Dh,L

(10)

Here f, Fd , Dn isthefriction factor, flow depth, and hydraulic diameter, respectively. To first order, the hydraulic
diameter of the two flow paths can be approximated by the channel widths between fins (dg) and that between

louvers (d.), as shown in Figure 7 (b), and the flow depth ratio as Fd'F / I:d'L = C0s(q . Both friction factors can be
assumed proportional to a negative power of Reynolds number, f =c/Re®. Assuming that the constant ¢, and

exponent e are equal for the two fluid streams, theratio -/ f = (U Ld /Ucd )e. Hence, from equation (10),

U, /U =r=(d_/d.)™?*® cos"®?q . substituting in equation (9), an expression for flow efficiency

follows as:
g @aze
hu cosHC 2 ¢ +d FOEe ’ 11
_d _ sn(q)- b . . - _
where d =— = - isthe characteristic flow efficiency length scaleratio.
d. F,-dn(q) - beos(q)

The above formulation reveal s the relationship between the flow efficiency and fin pitch ratio, thickness

ratio, and louver angle. Astheratio d ® 0,h ® O; conversely asd ® ¥ ,h ® 1. Inreality though, for typical

louver geometries, 0 < d <1.Eqn. (11) relates the trends in flow efficiency to geometrical parameters, and it can
be shown from equation (11) that h |1 d , i.e, h isamonotonic function of d.
Theindividual effect of the three geometrical parameters, fin pitch ratio, thicknessratio and louver angle

on flow efficiency can be studied by evaluating their effect on theratiod, The derivatives of functiond with respect

to the three variables are written as:



d. = 1
(F- dn(q) - beos(@))”
g = Feos@)-b- bcos(q) +bsn?(q)
! (F - sn(q) - beos(@))*

g =" F+dn(q) +bcos(q) +sn?(q) - bs'n(q)l
° (F - sn(q) - beos(q))?

(b)

Figure 7: Schematic plot of flow in multi-louvered fins. The channel bounded with solid lines represents the
actual flow path, the channel with dash lines representsideal louver directed flow, whereas dash-dot channel
represents duct directed flow. In the analytical model, the actual flow passage is decomposed into the two ideal
flow passages: duct directed and louver directed channels.
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To verify the relevance and importance of ratio d, we compare predicted trends in flow efficiency with
known results and also validate some unexpected trends predicted by d. It can be seen that d F is always less than

zero, so that increasing fin pitch ratio always has a negative effect on flow efficiency. Increasing louver angle has a
positive effect on flow efficiency almost in all parameter ranges, except under some very unusual conditions, such as

fin pitch ratio less than 1.0, louver angle larger than 70 degrees and thicknessratio larger than 0.4 to satisfy the

inequality F cos(q) - b- bcos(q) + b?sn(q) <. Increasing thickness ratio has a negative effect on flow

efficiency for large fin pitch ratios, and small louver angle. Conversely, for small fin pitch ratio (less than 1.0), and
large louver angles (larger than 40 degrees), increasing thickness, increases the flow efficiency.

Figure 8 (a) shows iso-surfaces of d at d=0.32, 0.74 and 1.55. Generally, high values of d (and flow
efficiency) arelocated in regions of large louver angles and small fin pitch ratios. Conversely, low values of d exist
in regions of small louver angles and large fin pitches. Hence, the trendsind indicate that large louver angles can
compensate for the loss in flow efficiency brought about by large fin pitches.

Figure 8 (b) shows contours of d at three louver angles, 10, 30 and 40 degrees. At alouver angle of 10
degrees, ratiod is very small. Both fin pitch and thickness ratios have a very slight effect ond, and d decreases
slightly as fin pitch and thicknessratio increase. At alouver angle of 30 degrees, the effect of fin pitchand thickness
ratio becomes more apparent. Aslouver angle increases to 40 degrees, fin pitch has asignificant effect ond. We

note that the thickness ratio has two completely opposite effects at small and larger fin pitch ratios. For fin pitch

ratioslessthan 1.1, d (flow efficiency) increases with increase of thicknessratio; at F, =1.1,d is not affected by

thicknessratio; and for F, >1.1, d decreases with an increase in thicknessratio.

Figure 8 (c) plots the effect of louver angle and thickness ratio ond for three fin pitch ratios, 1.0, 1.5 and
2.0. It isfound that louver angle has a strong effect ond at small fin pitch ratios, whereas the sensitivity of d to
louver angle decreases as fin pitch increases. However, larger louver angles do compensate for high fin pitches by
increasing d. We again note the trend reversal of the effect of thickness ond at large louver angles and small fin
pitches. The normal trend, which is present for moderate to high fin pitches, and moderate to low louver angles, isa

decrease ind and flow efficiency with an increase in thickness. The trend reversal can be seen clearly inFigure 8 (b-
oa Fp, = 1.0, when the slope of constant d-lines change at around 40 degree louver angle. Although, counter-

intuitive, the result is reasonable because for large louver angles, the percentage reduction of the fin gap caused by
an increasein thickness ratio is smaller than the corresponding reduction of the gap between two louvers. Thisleads
to conditions more favorable to louver directed flow. However large louver angles and thick louvers are prone to
develop large recircul ation zones on louvers at relatively low Reynolds numbers, which lowers the effective d, and
subsequently the flow efficiency.

Finally, Figure 8 (d) plotsthe effect of louver angle and fin pitch ratio on d on planes of constant thickness.
Consistent with previous results, flow efficiency (proportional tod) is higher for larger louver angles and smaller fin

pitch ratios. The effect of fin pitch ratio and louver angle is more significant at larger fin thickness.
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@ (b)

(©) (d)

Figure 8: Predicted trends from model. High values of d indicate high flow efficiency: (a) combined effect of
three parameters on flow efficiency at three levels, d=0.4, 1.0 and 1.6; (b) effect of fin pitch ratio and thickness
ratio at three louver angles; (c) effect of louver angle and thickness ratio at three fin pitch ratios; (d) effect of fin
pitch ratio and louver angle at three thickness ratios.

General correlation for flow efficiency
In the previous section, afirst order relationship between flow efficiency and geometrical parameters was

introduced inequation (11). In this section, equation (11) is used as the foundation for developing a general
correlation for flow efficiency. Wefirst use equation (11) to set the value of flow efficiency based solely on trends
predicted by geometrical information (given by h,). This establishes the correct base trendsin flow efficiency, and
further corrections are added to match the absolute values. In the next step, an additive factor (given by h,) is
introduced to match the asymptotic value of flow efficiency for a given geometry. Finally, h; adjusts the asymptotic
value by introducing a Reynolds number dependency. All, hy 3 are functions of the louver geometry, whereas, only

h3 has a Reynolds number dependenceinit.
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To obtain areasonable value of the exponent e in equation (11), predicted trends with different values of e

are compared to trends in asymptotic values of flow efficiency for different geometries (or different values of d).

These are plotted in Figure (9). It is found that € ® O givesthe best representation of the trends seen in the

asymptotic flow efficiencies. It is worth noting, that the exponent € ® 0, represents the limiting case for fully

rough channels in which thereis no or very little Reynolds number dependence of friction factor. Hence, the final

form of the correlation is given by:

h=h,+h,+h,
where,

d1/2

' dY2+1/cos’?(@Q)
- 0357 (E)(Fp_o_g)
(Fb)* "q

70b
Re(o.ssl Flt+002q)

in

d, sn(q)- b

2

and h, =-

where d = =

d.  F, - sn(q)- beos(q)

intherange
0.794< F, < 2.0;
15 <q < 50°
0.05<b<0.2;
50< Re,, <1200
0.1<d<109.
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d(l+ C)] /(Z-e)/(cos(q)ll(ez) + d(1+ e)/(2-e))

Figure 9: Comparison of the trends in asymptotic flow efficiency from numerical simulations with predicted
model trends for different values of d. The exponent, e = 0 shows the best agreement.

Figure 10 shows the comparison of flow efficiencies obtained from the above correlation and numerical
calculations on which the correlation is based (casesin Table 1). The errorsin the correlation are larger at low

Reynolds numbers, small louver angles, and large fin pitches.

]
600 900 1200

(a (b)

Figure 10: Comparison of flow efficiencies obtained by equation (12) and numerical results. (a) geometries with
different louver angles and fin pitch ratios at athicknessratio of 0.1; (b) geometries with different thickness ratio

at fin pitch 1.0 and louver angles 20 and 30 degrees.

We further test the accuracy of the correlation by using it to predict flow efficienciesin louver

configurations not used to construct the correlation. Thisis shown inFigure 11. In these cases, fin pitch ratios vary
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from 0.794 to 2.0, louver angle from 20 to 40 degrees, with different thickness ratios. The number of louvers,
geometry of inlet, exit, and redirection louvers are also different from the geometries used to construct the

correlation. The correlation predicts the flow efficiency with good accuracy.

F=1175
B b50125
) e
n=7 g=20°
1 A F =141
——————— n=6 b=0.15

F =0.881 =245 -

b20.0938 Q
04 S ————
=30
d o
03 ¢=20°  F=0794
b=0.0938 ~ p—
02 Fp—l.058 v
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50 100 150 200 250 50 100 150 200 250
Rei n in
(a (b)

Figure 11: Comparison of flow efficiency obtained from equation (12) with numerical calculations over alarge

range of fin pitch ratio (from 0.794 to 2.0) at different louver angles. These data points were not used to

construct the correlation.

Additional comparisons are presented for extreme conditions of high louver angles and thick louvers. One

set isfor louvered fins with large louver angles (40, 50 and 60 degrees) at two fin pitch ratios, 1.5 and 2.0, with a
thicknessratio of 0.1, the other isfor fins with two thickness ratios (0.1 and 0.2) at alarge louver angle (40 degrees)
and afin pitch ratio of 1.0. The complete geometrical parameters are described in Table 2. Figure 12(a-b) plots the
predicted flow efficiency versus the numerical calculations. Even for the extreme louver geometries, the correlation
shows a high degree of accuracy in predicting the numerical data, up to q=50 degrees. The correlation does not
predict the drop in flow efficiency for g>50 degrees, which isaresult of blockages between louver passages caused
by massive flow separation. Figure 12 (b) tests the prediction capability of the correlation at large thickness ratios.
For small fin pitch, and high louver angle, the ratiod predicts an increasing trend in flow efficiency with thickness.
Thisis countered by recirculation zones which are more prevalent for thick louvers. Both these effects combine to

give anear constant flow efficiency.
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Table 2 The geometrical parameters of the numerical experiments for larger louver angles and thickness ratios.

Fp b q Re Fd
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15 40 50
50
0.1 60 13
25
40 50
2. 1
0 50 00
60
1.0 0.1 40 100
0.2 400
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Figure 12: Comparison of flow efficiency obtained from equation (12) with numerical calculations for different
louver angles, fin pitch ratios, and thickness ratios.
A comparison between the current and previous correlationsis plotted in Figure 13, for F, = 1.0 and 1.5,
louver angle 30 degrees, and thickness ratio of 0.1. For Fp = 1.0, current results agree well with AC, whereas large
differences are observed at F, = 1.5. B’s correlation gave the lowest values for both fin pitch ratios. The trends

exhibited by SW’s correlation are opposite to the other correlations.
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Figure 13: Comparison of flow efficiency predicted by equation (12) and previous correlations.

Finally, Figure 14 (a) and (b) plot the prediction error of the current correlation. Results show that more
than 95% of the calculation results are represented by the correlation within 10% error, with 80% of calculation

results represented within 5%. The larger error at the Reynolds number of 100 in Figure 14(b) is caused by the

inclusion of the cases with large louver angles(50 and 60 degrees).
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Figure 14: Ratio of flow efficiency predicted by equation (12) to calculated flow efficiencies. Error within
+ 10% is bounded by dashed lines; (a) for the basic cases on which the correlation was based; (b) for all the

other cases.

20

(b)



Conclusions

Flow efficiency has a strong effect on the heat transfer capacity in multilouvered fins. A review of past
correlations has shown considerable differencesin their ability to predict flow efficiency consistently and accurately.
The present paper presents ageneral correlation for flow efficiency with the aid of alarge database of high fidelity
numerical simulations. Results show that flow efficiency is strongly dependent on geometrical parameters,
especialy at low Reynolds numbers. Flow efficiency increases with Reynolds number and louver angle, while
decreasing with fin pitch and thicknessratio. Compared to fin pitch, louver angle has a stronger effect. Louver
thickness effect on flow efficiency is also significant for small louver angles. A relationship for the trend in flow
efficiency is developed based on geometrical and first-order hydrodynamic effects. The relationship is then
supplemented by numerical results to develop ageneral correlation for flow efficiency with a geometrical
dependence on fin pitch, louver thickness ratio, and louver angle. Comparisons show that the correlation represents
more than 95% of numerical predictions within a 10% error band, and 80% of predictions within a 5% error band

over awide range of geometrical and hydrodynamic conditions.
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