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Abstract

A detailed study of flow, heat transfer, and pressure drop for louvered fins is presented. Louver-by-louver mass

transfer data are acquired for Reynolds numbers from 130 to 1400. Pressure-drop data are obtained using a low-speed

wind tunnel and local flow structures are visualized using dye injection in a water tunnel. Particular attention is placed

on the role of vortex shedding in heat transfer enhancement. In contrast to recent studies for similar offset-strip arrays,

vortex shedding is found to have less impact in louvered-fin arrays. Several practical implications for heat exchanger

design and analysis are discussed.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In many compact heat exchanger applications, in-

terrupted-fin surfaces are used to enhance the air-side

heat transfer performance. Interrupted surfaces restart

the thermal boundary layers and, since the average

boundary-layer thickness is smaller for short plates than

for long plates, the average heat transfer coefficient is

higher for an interrupted surface than for a continuous

surface. Furthermore, above some critical Reynolds

number, interrupted surfaces can cause vortex shedding

which may enhance heat transfer. One common inter-

rupted-surface design is the louvered-fin surface (Fig. 1).

Only in the last two decades has much research on

contemporary louvered-fin designs been reported in the

open literature. Much of the existing research has fo-

cused on full-scale testing [1–5] and the development of

numerical simulations or semi-empirical models [6–11].

Although somewhat counter-intuitive, prior studies have

firmly established that the flow through louver arrays is

duct-directed at very low Reynolds numbers; that is, it

passes through the ducts created by neighboring fins as

shown in Fig. 1. At higher Reynolds numbers, the flow

becomes more louver-directed and follows the louvers

rather than remaining in the ducts [6,12,13]. In the

technical literature related to louvered-fin performance,

the degree to which the flow follows the louvers is called

flow efficiency (see Fig. 2). Several studies have shown a

dramatic reduction in heat transfer performance when

the flow efficiency is low [1–3,14]. The overall, macro-

scopic flow and heat transfer behavior––the flow effi-

ciency and its impact on heat transfer––are fairly well

understood, and thorough reviews of the literature are

available [14,15]. However, localized and transient flow

features and their effect on heat transfer are not very well

understood. There has been numerical progress (see re-

views [16,17]), with very recent numerical work showing

the importance of local and transient effects [18–20].

However, other than a recent study of the entry region
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provided by Springer and Thole [21], and a much earlier

study by Aoki et al. [22] giving experimental heat

transfer data on a louver-by-louver basis, no experi-

mental information on these effects is available. Springer

and Thole [21] provide only velocity information, and

Aoki et al. [22] limit their heat transfer study to

Re6 450, where unsteadiness and vortex shedding are

not manifest.

The goal of this paper is to present a more complete

experimental description of flow and heat transfer in

louvered-fin arrays, with a focus on the physics impor-

tant to thermal–hydraulic performance. A better un-

derstanding of flow and heat transfer interactions is

possible through complementary experiments that pro-

vide louver-by-louver convective data, overall heat

transfer behavior, pressure drop, and detailed flow vi-

Nomenclature

Af naphthalene surface area on fin specimen

Dna mass diffusivity of naphthalene in air

dt measured transverse distance traveled by a

streakline (see Fig. 2)

d 0
t ideal transverse distance traveled for per-

fectly louver-directed flow (see Fig. 2)

Eu Euler number (see Eq. (4))

Fp fin pitch (see Fig. 1)
�hh average heat transfer coefficient
�hhm average mass transfer coefficient (see Eq.

(2))

k thermal conductivity of air

Lg louver gap (see Fig. 1)

Lp louver pitch (see Fig. 1)

Nu average Nusselt number, �hhLp=k
Pr Prandtl number, m=a
Re Reynolds number (see Eq. (1))

Sc Schmidt number, m=Dna

Sh average Sherwood number based on louver

pitch (see Eq. (3))

Uc average velocity immediately downstream

from the leading edge of the inlet louvers

Greek symbols

a thermal diffusivity of air

Dm change mass due to sublimation

DP pressure drop across louver array

Dt specimen exposure period to sublimation

g flow efficiency (see Eq. (6))

m kinematic viscosity

h louver angle

q mass density of air

qn;v mass density of saturated naphthalene vapor

qn;1 mass density of naphthalene in the free-

stream

Fig. 1. Schematic of a louvered-fin array showing duct- and louver-directed flow.
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sualization. Attention will be focused on vortex shed-

ding and its effects on heat transfer. Although vortex

shedding has been noted to occur in louvered-fin arrays

[13,23,24], 1 its influence on the thermal–hydraulic per-

formance of these arrays has been largely ignored, and

an assessment of its heat transfer and pressure-drop ef-

fects has not been previously reported for louvered-fin

arrays. The reason for our interest in vortex shedding is

that it has been shown to be very important to heat

transfer enhancement in a closely related offset-strip

array [26–29]. Understanding the impact of vortex

shedding on louvered-fin performance could be impor-

tant in developing improved designs.

2. Method

Exploiting the heat and mass transfer analogy, mass

transfer experiments were conducted to measure louver-

by-louver convective behavior. The naphthalene subli-

mation technique was used, and thorough reviews of this

method and its application have appeared in the litera-

ture [30,31]. In addition to naphthalene sublimation and

pressure-drop experiments performed in a low-speed

wind tunnel, a complementary flow visualization study

was conducted in a water tunnel. Further information

on the apparatus, instrumentation, specimen prepara-

tion method, and experimental procedures used in this

study can be found in [15] and [29].

2.1. Apparatus and instrumentation

The wind tunnel used in the mass transfer and pres-

sure drop measurements provided an approach velocity

that was flat to within approximately 2% with a turbu-

lence intensity of about 0.5% [15]. The test section was

constructed of clear acrylic and had movable side walls,

creating a flow cross-section 7.1 cm high by 15.2–24.3

cm wide, depending on the location of the side walls. In

this way, test arrays of different widths could be ac-

commodated. The dimensions of the arrays tested are

given in Table 1. The results of DeJong [15] showed flow

in the center of the twelve- and fifteen-fin arrays to be

periodic in the transverse direction, i.e., the wind tunnel

walls had a negligible effect on flow in the center of a

large array. The fin span (Fig. 1) was 7.06 cm, and the

louver pitch was 1.19 cm for all samples. An array was

placed in the test section, and platinum RTDs and static

pressure taps were located upstream and downstream of

the test array. Louvers in the center of the array were

coated with naphthalene, and the rest of the array was

constructed of dummy (uncoated) louvers. It was de-

termined that when a proper driving potential was used

in data interpretation, the mass transfer coefficients did

not depend on whether dummy or naphthalene-coated

louvers were used upstream of a given louver specimen.

An identical finding was reported by DeJong et al. [32]

for related offset-strip arrays. 2 Furthermore, DeJong

[15] reported this finding for several three-fin louver

arrays, and Aoki et al. [22] reported the same conclusion

for a louvered-fin sample. At the Reynolds numbers of

this study, the species (thermal) wakes have little or no

effect on the mass (heat) transfer coefficients of down-

stream louvers. Thus, the presence or absence of naph-

thalene on upstream louvers has no discernible effect on

convection downstream in the array (to within the 5%

uncertainty of the measurements). The experiments re-

ported here were sometimes conducted without a full

array of naphthalene-coated louvers, and the results are

expected to be independent of whether dummy louvers

or coated louvers were used upstream of the test speci-

men. Naphthalene was only placed to cover the middle

third of the specimen span, but the coating extended

from the leading to the trailing edge on both sides of

each specimen. The edges of the fins (across the t ¼ 1:2
mm face) were treated so that no sublimation occurred

from these faces. These precautions in specimen design

1 Antoniou et al. [25], also reported vortex shedding;

however, their study used a seven-fin array, and the results of

DeJong [15] and Springer and Thole [24] indicate that such a

small array may not be representative of the periodic conditions

of a large array.

Table 1

Parameters of samples tested

h (degrees) Fp=Lp Number of fins

18 1.09 12

28 1.09 12

22 1.2 15

2 An offset-strip geometry consists of a staggered array of

louvers at a zero attack angle to the approaching flow. This

approach does not contradict the findings of Zhang and Tafti

[19], in which the importance of the thermal wake is established.

Thermal wake effects are experimental modeled as species-wake

effects.

Fig. 2. Here flow efficiency is defined as g ¼ dt=d 0
t where dt is

the transverse distance traveled by the flow and d 0
t is the

transverse distance the flow would have traveled if it immedi-

ately became completely aligned with the louvers.
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ensured that the wind tunnel wall effects and geometric

distortion of the specimens were minimized. The maxi-

mum (spatially averaged) sublimation depth was always

less than 5% of the louver thickness.

For the complementary flow visualization experi-

ments, a water tunnel of a construction similar to the

wind tunnel was used. The flow was visualized by in-

jecting dye into it and recording the resulting images

with standard photographic equipment. The same model

fin arrays were used in both the wind tunnel and the

water tunnel experiments.

2.2. Experimental procedure

For the mass transfer experiments, the naphthalene-

coated test louvers were first weighed individually using

an analytical balance. The specimens were then placed

in the test array and exposed to a controlled air flow.

Following exposure in the tunnel, the specimens were

weighed again. During each run, upstream and down-

stream temperatures were sampled every 5 s and av-

eraged over the period of the test. The core pressure

drop, pressure drop across an ASME standard orifice

plate (to determine flow rate), relative humidity,

barometric pressure, and exposure time were also re-

corded.

Flow visualization was performed by injecting ink at

various locations approximately 3 cm upstream of the

inlet louver. Flow velocities were determined from the

average transit time required for an ink flow marker

to pass through a longer open section upstream of the

array.

2.3. Data reduction and interpretation

The Reynolds number for flow through the test sec-

tion was defined as

Re ¼ UcLp=m ð1Þ

where Uc is the flow velocity at a cross-sectional plane

just downstream from the leading edges of the inlet

louvers. Davenport [1,2] found his data to be correlated

better by louver pitch than by hydraulic diameter, and

thus it has become conventional to base the Reynolds

number for the louvered-fin geometry on louver pitch.

The average mass transfer coefficient was determined

through

�hhm ¼ Dm=ðAfðqn;v � qn;1ÞDtÞ ð2Þ

where Dm is the change in mass of the specimen, Dt is the
exposure time, qn;v is the naphthalene vapor pressure at

the fin surface, and qn;1 is the local free-stream (or

mixing-cup) concentration. The local value for qn;1 was

found by accounting for any mass transfer from up-

stream specimens (see DeJong [15] for further details).

The average Sherwood number was calculated using

Sh ¼ �hhmLp=Dna ð3Þ

The core pressure drop, DP , was interpreted using the

Euler number. Since the geometries studied have differ-

ent hydraulic diameters but equivalent flow lengths, it is

easier to understand the pressure-drop behavior using

the Euler number rather than the friction factor.

Eu ¼ 2DP=ðqU 2
c Þ ð4Þ

Heat transfer data can be inferred from the mass

transfer data by employing the heat and mass analogy:

Nu ¼ ShðPr=ScÞ0:4 ð5Þ

For interrupted surfaces such as the louver array, taking

the value of the exponent as 0.4 in the analogy is ap-

propriate at intermediate values of Schmidt number [33].

Although alternate definitions have been proposed,

for the purposes of this paper the flow efficiency of the

louver array is defined as follows (refer to Fig. 2):

g ¼ dt=d 0
t ð6Þ

2.4. Uncertainty

Uncertainties in the reduced data were estimated

using standard methods [34]. The uncertainties in Re for

the wind tunnel and water tunnel were less than 2% and

10%, respectively. The uncertainty in Sh was 5%. The

uncertainty in DP decreased as the Reynolds number

increased because the pressure measurement uncertainty

was fixed. Therefore, uncertainties in DP ranged from

approximately 50% at very low Reynolds numbers to

0.2% at high Reynolds numbers. Above a Reynolds

number of 1000, the average uncertainty in DP was 1%,

leading to an average uncertainty in Eu of about 4%.

Based on the photographic and image-analysis resolu-

tion and repeated measurements at various locations

throughout the array, g is estimated to have an uncer-

tainty of less than 10%.

3. Results

3.1. Flow visualization and pressure-drop results

As discussed earlier, at very low Reynolds numbers

flow through louvered-fin arrays can be characterized as

duct flow whereas at higher Reynolds numbers it be-

comes a louver-directed flow. The flow follows the path

of least resistance––the path corresponding to the lowest

overall pressure drop. The total pressure drop is due to

contributions from two mechanisms: friction drag and

form drag. Bodoia and Osterle (see [35]) report that for a

fixed average velocity, the pressure drop for developing
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flow in a flat duct (friction drag) decreases as the duct

diameter increases. So we expect friction drag to be

lower in duct flow than in louver-directed flow for the

usual case of Fp > Lg. The form drag for flow over a flat

plate aligned with the flow is less than the form drag for

flow over an inclined plate. So we expect form drag is

lower for louver-directed flow (where the flow has a

nearly zero angle of attack to the louvers) than for duct

flow (where the flow has a non-zero degree angle of at-

tack to the louvers). Therefore, with friction drag fa-

voring duct flow and form drag favoring louver-direct

flow, these two mechanisms compete to establish the

flow efficiency. At low Reynolds numbers the first effect

dominates, and the flow is largely duct-directed. How-

ever, as the Reynolds number increases, the friction drag

increases at a slower rate than the form drag, and

eventually louver-directed flow is favored.

Flow efficiency versus Reynolds number for three

different arrays is provided in Fig. 3. Completely louver-

directed flow has a flow efficiency of ‘‘1’’ whereas com-

pletely duct-directed flow has a flow efficiency of ‘‘0’’.

Bellows [13] performed flow visualization for similar

louver arrays and reported similar results. These new

data and those of Bellows show a maximum flow effi-

ciency of 0.77 for the geometry with h ¼ 28� and

Fp=Lp ¼ 1:09. For all the arrays, Fig. 3 shows that the

flow efficiency asymptotically approaches its maximum

value as the Reynolds number increases; i.e., above a

certain Reynolds number the flow efficiency is approxi-

mately constant, its value depending on the array geo-

metry.

Fig. 3 also shows that as the louver angle increases

(from 18� to 28�) the flow becomes more louver-directed.

Two mechanisms are at work here. First, as Fig. 4 shows

in a somewhat exaggerated fashion, the duct diameter

effectively decreases with an increase in louver angle.

Thus, the friction drag for flow through the duct in-

creases, and the path of least resistance passes through

the louvers to a higher degree. Second, as the louver

angle increases, there is a greater pressure-drop penalty

due to form drag associated with duct-directed flow, and

the path of least resistance becomes more and more

louver-directed. Pressure drop and flow efficiency are

intimately related. Fig. 5 shows that as the louver angle

increases, the total pressure drop increases as well. While

an increase in the louver angle will result in an increase

in the pressure drop, an increase in Fp=Lp can offset this

effect, as the Eu results for the geometry with h ¼ 22�
and Fp=Lp ¼ 1:2 indicate. Flow through a geometry with

a larger louver angle becomes louver-directed at a lower

Reynolds number. For the present case with Fp=Lp ¼
1:09, the flow efficiency for the geometry with h ¼ 18�
approximately doubles from Re ¼ 134 to 254. The flow

efficiency for the geometry with h ¼ 28� shows a similar
increase but from Re ¼ 79 to 104. There are not enough

Fig. 5. Plot showing the effect of louver angle on pressure drop.

Fig. 3. Flow efficiency versus Reynolds number for three dif-

ferent arrays.

Fig. 4. Schematic showing how the duct width decreases and

louver gap size increases when the louver angle increases.
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data presented here to clearly show the effect of fin- to

louver-pitch ratio on flow efficiency, but Webb and

Trauger [12] show that as this ratio increases, the flow

efficiency decreases. The data in Fig. 6 confirm that as

Fp=Lp decreases, the total pressure drop through the

array increases. For a complete discussion of the causes

of these changes in flow efficiency with geometry, see

DeJong [15].

The flow visualization results shown in Fig. 7 further

illustrate the effect of Reynolds number on flow through

louver arrays (All white horizontal and vertical lines in

the flow visualization photographs are supports that do

not extend into the flow and can be ignored.). A com-

parison of Fig. 7a and b shows that as the Reynolds

number increases, in this case from 260 to 670, the flow

efficiency increases. Additional increases in Reynolds

number, while not affecting the flow efficiency, cause the

flow to become unsteady. In Fig. 7c, where Re ¼ 1130,

the flow in the downstream half of the array has become

unsteady.

The Reynolds number at which a given row of lou-

vers begins to shed vortices from their leading edges is

Fig. 7. Flow through an array with h ¼ 18� and Fp=Lp ¼ 1:09 at (a) Re ¼ 260, (b) Re ¼ 670 and (c) Re ¼ 1130.

Fig. 6. Plot showing the effect of the fin- to louver-pitch ratio

on pressure drop through a louvered-fin array.
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shown in Fig. 8 (see Fig. 7 for louver numbering). At low

Reynolds numbers the flow is steady and laminar. Then

as the Reynolds number is increased, small-scale peri-

odic transverse velocity fluctuations generated upstream

propagate downstream, and louvers downstream of the

turnaround louver start to shed small spanwise vortices.

Previous studies [29,36] showed the onset of vortex

shedding in the offset-strip geometry to depend on

Reynolds number and position in the array. In that

geometry, like the louvered-fin geometry, the flow is

steady and laminar at low Reynolds numbers. As the

Reynolds number is increased, the furthest row of fins

downstream begins to shed vortices, and as the Rey-

nolds number is increased further, the onset of vortex

shedding moves upstream. In the offset-strip fin geo-

metry, the vortices are clear and distinct, and the Reynolds

number of onset is fairly easy to determine. For louvered

fins, the flow becomes unsteady gradually; the vortices

are smaller, and it is difficult to determine an exact

Reynolds number at which a given row of louvers begins

to shed vortices. Thus, two Reynolds numbers are given

for most positions in Fig. 8––the Reynolds number at

which small, weak vortices are first noted, and the

Reynolds number at which larger vortices are clearly

present. The uncertainty of these values is roughly 11%.

This estimate includes the uncertainty of the Reynolds

number (10%) and the 5% scatter in the data acquired

for a given row. These findings are in agreement with

trends reported in the numerical study of Tafti and

Zhang [20], and although unsteadiness onset is experi-

mentally observed at somewhat higher Reynolds num-

bers than numerical predictions (see [18]), the differences

are probably due to the limitations of a localized dye

streak––in contrast to full field information from nu-

merical studies.

Flow through a louvered-fin array is similar to flow

through an offset-strip array; however, in the louvered-

fin array the distance along a streamline from one louver

to the next is longer relative to the louver size than in the

offset-strip array (note the flow visualization in Fig. 7).

Thus, small-scale periodic transverse velocity fluctua-

tions generated by upstream louvers are more likely to

die out in the louvered-fin geometry before reaching

downstream louvers. This geometrical feature explains

why there is a larger Reynolds number range between

the onset of unsteadiness in fin wakes and the shedding

of discrete vortices from louvers. As the louver angle

increases and the flow efficiency with it, the flow distance

between louvers decreases, and the array begins to shed

vortices at a lower Reynolds number (cf. h ¼ 28–18� in
Fig. 8).

The data in Fig. 8 show that downstream of the

turnaround, the onset of vortex shedding has little spa-

tial dependence within the array. In contrast to the off-

set-strip array, a streakline passing by a louver in the

downstream half of the louver array did not necessarily

pass by every upstream louver on that fin. Thus, the

number of upstream interruptions, and thus the extent

of perturbation, depends on the flow efficiency, which in

turn depends on the geometry and Reynolds number.

Whereas the onset of shedding in an offset-strip array

depends strongly in location in the array, this depen-

dence is small in the louver array. This behavior is a

direct result of the flow-directing properties of the lou-

vers. Louvers in the first two rows of the array (up-

stream of the turnaround louver) were not noted to shed

vortices from their leading edges in the Reynolds num-

ber range of operation. The flow approaching the first

two rows was not in the wake of any upstream louvers,

and thus the flow was steady and laminar. However,

louvers in row 2 were noted to shed vortices from their

trailing edges. This finding is consistent with observa-

tions of flow in offset-strip arrays.

Fig. 9 shows the unsteady flow features more closely.

These photographs are of flow through a geometry with

h ¼ 28� and Fp=Lp ¼ 1:09, but similar flow structures

were noted in each of the geometries tested. At a Rey-

nolds number of 660 (Fig. 9a), small transverse vortices

are shed periodically from the leading edges of louvers

downstream of the turnaround. The flow upstream of

the turnaround is steady and laminar except for small

vortices being shed from row 7 (not shown in the figure).

At Re ¼ 730, shown in Fig. 9b, discrete vortices can be

seen in the flow passing by rows 5–7 (upstream of the

turnaround). Downstream of the turnaround the flow is

characterized by extensive mixing. Fig. 9c shows small

vortices being shed from the leading edge of row 3

(upstream) at Re ¼ 920. The flow downstream (not

Fig. 8. The Reynolds number at which a given row of louvers

in an array begins to shed vortices from their leading edges.

Below that Reynolds number the flow is steady and laminar at

that location within the array. The clear symbols indicate the

Reynolds number at which very weak, small vortices are noted.

The dark symbols indicate the Reynolds number at which larger

vortices are clearly shed (refer to Fig. 7 for louver numbering).
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Fig. 9. Flow through an array with h ¼ 28� and Fp=Lp ¼ 1:09. (a) At Re ¼ 660, small vortices are being shed from the last row up-

stream of the turnaround louver, and larger vortices are being shed downstream. Further upstream the flow is steady. (b) By Re ¼ 730,

several rows of louvers upstream of the turnaround are also shedding vortices. The flow downstream of the turnaround louver is

characterized by extensive mixing. (c) At Re ¼ 920, vortices can be seen shedding from the third row of louvers (upstream of the

turnaround louver). (d) At Re ¼ 270, the flow is steady.
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shown in the photograph) shows more mixing. Fig. 9c

can be contrasted with Fig. 9d which shows steady flow

past a louver in the same geometry at Re ¼ 270.

3.2. Mass transfer results

Louver-by-louver mass transfer results are presented

in Fig. 10 for three different arrays. Row 1, upstream of

the turnaround louver, follows the inlet louver, and the

exit louver follows row 7, downstream of the turnaround

louver. Themass (and hence heat) transfer coefficients are

approximately constant throughout the array except near

the turnaround louver. As discussed earlier, thermal

wakes aremostly recovered as the flowpasses from louver

to louver. Therefore, downstream fin heat transfer coef-

ficients are not discernibly affected by upstream louvers.

The turnaround louver shows a significantly lower

mass transfer coefficient than the other louvers. Note

that the length scale used for the Sherwood number of

the turnaround louver is the same as the length scale

used for the other louvers (Lp ¼ 11:9 mm). The average
boundary-layer thickness on the turnaround louver is

larger than on the other louvers because the turnaround

louver is three times as long. Similar to the results of

Aoki et al. [22] data for the h ¼ 18� geometry as well as
the data for the h ¼ 28� and 22� for Re < 600 show a

‘‘recovery length’’ consisting of one to three rows of

louvers downstream of the turnaround louver, depend-

ing on the geometry and Reynolds number. In this re-

covery length, the mass transfer coefficient increases

from the mass transfer coefficient of the turnaround

louver to the value of the rows upstream. At the

downstream edge of the turnaround louver, the velocity

boundary layer is thick. This thick boundary layer,

which passes through the louver gap between the turn-

around louver and the adjacent louver downstream,

decreases the flow rate through this louver gap, and thus

the local flow efficiency is decreased just downstream of

the turnaround. This effect is shown by the asymmetry

of the streamline in Fig. 11. Hence, the velocity must be

lower, and the mass transfer coefficient is decreased just

downstream of the turnaround. This decrease is larger

for small louver angles and low Reynolds numbers. At

low Reynolds numbers the boundary layers are thicker

and occupy a larger percentage of the louver gap than at

higher Reynolds numbers. In the same way, the louver

gap is smaller for lower louver angles, so at a particular

Reynolds number the boundary layers take up a larger

percentage of the louver gap.

Fig. 12 shows the array-averaged mass transfer re-

sults for three different geometries. As expected, an in-

crease in the louver angle increases mass transfer. An

increase in the louver angle results in a longer flow path

and a higher flow efficiency. With a larger flow effi-

ciency, a larger percentage of this longer flow path is

spent between the louvers rather than in the duct be-

tween fins. The heat transfer coefficient for developing

flow in a narrow duct (such as between louvers) is higher

than that for a wider duct (see the results of Huang and

Fan [35]). Here, increasing the louver angle by 10� in-
creases mass transfer by approximately 25–35% (how-

ever, the pressure drop increases by approximately

100%). The earlier onset of unsteady flow for the geo-

metry with h ¼ 28� does not cause a discernible in-

crease in mass transfer. The difference in Sherwood

numbers between the h ¼ 28� geometry and the h ¼ 18�
geometry is approximately constant throughout the

Reynolds number range. The difference does not in-

crease for those Reynolds numbers where the flow in the

h ¼ 28� geometry is unsteady whereas the flow in the

h ¼ 18� geometry is steady. While an increase in louver

angle increases the mass-transfer coefficient, an increase

in fin pitch decreases the mass-transfer coefficient. Al-

though the current study does not provide enough data

to prove that effect, Chang and Wang [5] show a weak

dependence of Colburn j factor on Fp=Lp ()0.14 power).
Previous studies of offset-strip fins show a distinct

increase in heat transfer when fins began to shed vortices

[29]. The onset of vortex shedding is clear and fairly

abrupt, and as a louver begins to shed vortices from its

leading edge, its heat (mass) transfer increases signifi-

cantly in the offset-strip array. However, as discussed

earlier, the onset of vortex shedding in the louvered-fin

geometry is much more gradual. Unsteadiness increases

over a Reynolds number range, and the resulting vorti-

ces are small. Thus, it is difficult to determine the effect

of vortex shedding on heat transfer in this geometry. For

the geometry used in Fig. 10b––the geometry that

showed the strongest vortex shedding––the rows down-

stream of the turnaround louver shed vortices at a

Reynolds number of 610 while the rows upstream were

not shedding vortices. At a Reynolds number of 710,

many of the upstream rows were also shedding vortices.

Therefore, if vortex shedding had a significant effect on

heat transfer, the Sherwood numbers of the upstream

rows should have increased significantly from a Rey-

nolds number of 610–710. However, Fig. 10b shows the

Sherwood numbers to be identical within the 5% un-

certainty of the measurements. The mass-transfer be-

havior appears much the same throughout the Reynolds

number range even though at low Reynolds numbers the

flow was steady while at high Reynolds numbers it was

definitely unsteady. The percentage difference between

the array-averaged Sherwood numbers for the h ¼ 18�
and 28� geometries presented in Fig. 12 remains ap-

proximately constant throughout the Reynolds number

range even though flow through the h ¼ 28� geometry
became unsteady at a much lower Reynolds number. If

vortex shedding increased mass transfer significantly,

this difference would have increased for the Re ¼ 610

and 990 cases when the flow in the h ¼ 28� geometry

exhibited periodic vortex shedding but the flow through
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Fig. 10. Sherwood numbers shown on a louver-by-louver basis for three different geometries over a Reynolds number range of 75–

1400. Row 1, upstream of the turnaround louver, follows the inlet louver, and the exit louver follows row 7, downstream of the

turnaround louver. (a) h ¼ 18�, Fp=Lp ¼ 1:09, (b) h ¼ 28�, Fp=Lp ¼ 1:09 and (c) h ¼ 22�, Fp=Lp ¼ 1:2. The lines are simple smooth curve

fits to the data.
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the h ¼ 18� geometry was steady and laminar. In addi-

tion, at Re ¼ 610 for the geometry used in Fig. 10b and

Re ¼ 990 for Fig. 10c, the downstream louvers were

shedding vortices while most of the upstream louvers

were not. Yet the heat transfer coefficients of the

downstream louvers were the same as the heat transfer

coefficients of the upstream louvers. For the highest

Reynolds number cases (Re ¼ 1400 in Fig. 10a, Re ¼
1380 and 990 for Fig. 10b, and Re ¼ 1380 for Fig. 10c),

there is no discernible increase in mass transfer from row

2 (where vortices were not shed from the louver leading

edges) to row 3 (where vortices were shed from the

louver leading edges). Therefore, it is concluded that

vortex shedding has a very small effect on mass (heat)

transfer under these conditions.

4. Summary and conclusions

In this paper, flow efficiency, pressure drop, and heat

transfer behavior in louvered-fin arrays have been dis-

cussed. Louver-by-louver mass-transfer results (which

are analogous to heat transfer results) have been pre-

sented for three arrays over a Reynolds number range of

130–1400. Mass (heat) transfer coefficients were noted to

be fairly constant though the array except for low mass-

transfer coefficients on the turnaround louver and in a

recovery zone just downstream of the turnaround louver

in some cases. The low mass-transfer coefficients were

related to low velocities between the louvers caused by

thick velocity boundary layers on the turnaround, which

resulted in the deflection of streamlines into the inter-fin

duct. Vortex shedding caused only very small increases

in mass transfer (within the 5% experimental uncer-

tainty.).

The results presented in this paper have practical

implications. Designers might consider methods for

minimizing the heat transfer penalty associated with the

recovery zone and the turnaround louver. It may be

possible to increase the size of the louver gap just

downstream of the turnaround by increasing the louver

angle of the first row or two downstream of the turn-

around to minimize the recovery zone. It is desirable to

keep the displacement thickness on the turnaround

louver to less than approximately 30% of the louver gap.

Decreasing the length of the turnaround louver will also

decrease the size of the recovery zone and increase av-

erage heat transfer on the turnaround louver. Short inlet

and exit louvers are also desirable. However, even for a

low louver angle of 18�, the decrease in average heat

transfer due to the recovery zone reached a maximum of

7% at a Reynolds number of 130. A large increase in

manufacturing cost may not be justified by the limited

benefit of reducing or removing the turnaround (which

is currently used to ease manufacturing). It should be

noted that removing the turnaround in small heat ex-

changers with less than 100 fins could have an adverse

impact on thermal performance through increased wall

effects on the array (see [15]).

Finally, in contrast to the offset-strip fin, vortex

shedding in the louvered-fin geometry causes only small

increases in heat transfer (and pressure drop) over the

Reynolds number range of interest. Designers need not

Fig. 11. Here at Re ¼ 260 for h ¼ 18� and Fp=Lp ¼ 1:09, the flow is not symmetric around the turnaround louver. An additional

streamline (which is not shown) passes over the turnaround louver. The local reduction in flow efficiency downstream of the turn-

around louver causes the ‘‘recovery zone’’ shown in Fig. 10.

Fig. 12. Array-averaged Sherwood numbers plotted versus

Reynolds number for three different arrays.
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strive to operate the louvered fin in the transitional re-

gime where fins shed vortices. Furthermore, since vortex

shedding has much less impact on the thermal–hydraulic

performance of louvered-fin arrays, steady-state com-

putational models of louver arrays may be expected

provide accurate predictions of flow and heat transfer

over a wider Reynolds number range than in other in-

terrupted-fin arrays.
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