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ABSTRACT
Louvered fin and round tube heat exchangers arelwid

used in air conditioning devices and heat pumpghi study
the effect of punching delta winglet vortex generstinto the
louvered fin surface in the near wake region ofhetabe was
investigated. Numerical simulations were perfornad the
compound design and the thermal and hydraulic chexiatics
were evaluated. It was found that the delta wirsglean
significantly reduce the size of the wake regidrss results in
an enhanced heat transfer. Further, it was shovat tine
vortices do not propagate far downstream. Due to fibw
deflection they are destroyed in the downstreanvdoupank.
For the configuration studied, the pressure dropalte of
adding vortex generators was also significant,datiing that an
optimization is necessary to select a compoundgdesiith
improved overall performance.

INTRODUCTION

When exchanging heat with air, the main thermaktasce
is located on the air side of the heat exchangam (ontribute
up to 85% of the total heat transfer resistance)iniprove the
heat transfer rate, the air side heat transferasarfarea is
enlarged by adding fins. When a high compactnedssgable,
complex interrupted fin surfaces are preferred,abse they
prevent the formation of thick boundary layers grdmote
unsteadiness. Figure 1 represents an interruptewisef the
louvered fin surface between the tubes. Louvered fire
frequently used in air conditioning devices andthgamps.
This fin type consists of an array of flat platdse(louvers) set
at an angle to the incoming flow. The characteripirameters
of the louvered fin geometry are also indicatedFigure 1.
Numerous studies have been performed on this fisigde
focussing on the flow deflection [1-3], onset okteadiness [3-
5], thermal wakes behind the louvers [6-7], etce Titerrupted
section of Figure 1 needs to be connected to thestto form
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the heat exchanger. In modern heat exchangersisthi®ne
through a transition of the angled louvers to & fila surface
(the so called landing), which is then connectedh® tubes
through mechanical or hydraulic expansion [8].
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Figure 1. Louver array with geometrical parameters

The major drawback of the interrupted fin designthat the
associated pressure drop is significant. In cohtoamterrupted
fin patterns, plain fins with longitudinal vortexegerators
enhance the heat transfer rate with relatively pamalty of the
pressure drop. The generated streamwise vorticesider
swirling motion to the flow field which causes antdnse
mixing of the main flow with the flow in the walegions. They
also reduce the thickness of the thermal boundaygrs and
encourage flow destabilization. This results ireahanced heat
transfer. Among the different types of longitudinabrtex
generators, delta winglet pairs are very attractias
enhancement technique, when taking heat transfevetisas
pressure drop into account [9]. An appropriate gaent and
orientation of the delta winglets reduces the poeat transfer
region in the tube wake. To this purpose, the comitow
down configuration, shown in Figure 2, is frequgntsed. The
delta winglet pair is placed downstream the tubehim near
wake region in order to introduce high momentunidfieehind
the tube and improve the poor heat transfer inntake region
[10].
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Figure 2. Common flow down orientation of winglet pairs
on the fin of a round tube heat exchanger

Tiwari et al. [11] studied a single tube in a recfalar duct
with delta winglet vortex generators in a commamwfldown
configuration. Numerical simulations were carriedt dor
isothermal fins and laminar flow conditions. Insed
spanwise Nusselt numbers upstream and downstreartulbie
were found, due to the formation of horseshoe eestiand a
reduction of the wake zone respectively. Pressuop desults
were not reported. Fiebig et al. [12] tested inlamel staggered
tube bundles consisting of three tube rows anddeilhglets in
common flow down orientation behind each tube.tRerinline
arrangement the heat transfer increased by 55-65&otlae
friction factors increased by 20-45% for the ran§é&eynolds
numbers from 600 to 2700 (based on the inlet vBlaoid two
times the channel height). For the staggered agrargt a heat
transfer augmentation of 9% was found accompanyjed 8%
increase in friction factor for the same Reynoldsber range.
The optimal common flow down position of the deltanglet
pair was experimentally determined by Pesteei .€tl&]. The
best thermal hydraulic performance was found fottade
winglets located af\x = 0.5D andAy = 0.5D (D is the outer

tube diameter andx andAy are respectively the streamwise

and spanwise distance between the tube centerhengaint
where the leading edge of the winglet intersectth whe fin
surface). Increasing the angle of attack resultbdtter heat
transfer because stronger vortices are producedhwéiihance
the fluid mixing. Unfortunately, also the flow retnce (and
thus the pressure loss) increases with the angi¢taxtk. Fiebig
et al. [14] found that the best heat transfer perfoce is
achieved for an angle of attack equal to 45°.

The next generation of enhanced fin surfaces coesbin
known enhancement techniques, resulting
compound designs [15]. The aim is that the compadegign
results in a higher performance than the individeahniques
applied separately. Examples are the combinationandy fins
and vortex generators [16-17] or offset strip fensd vortex
generators [18-19]. To the authors’ knowledge, oalyfew
studies on compound designs with louvered fins aodex
generators can be found in literature. Joardar Jawdbi [20]
tested a louvered fin heat exchanger with flat subefore and
after adding leading edge delta wings on the hzehanger

face. By adding delta wings the average heat teansf

enhancement was 21% under dry conditions and 234dér
wet surface conditions for inlet velocities betwdeand 2 m/s.
The associated pressure drop penalty was aboutJ6&dar
and Jacobi [20] believe that further improvements @ossible
by optimizing the wing geometry and placement. Lawsand
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in so aalle

Thole [21] stamped delta winglets into the flat danys
between the louvers and flat tube of a heat exavaagd they
evaluated the tube wall heat transfer augmentatorm
associated pressure drop. They found an enhancaméumbe
wall heat transfer up to 47% with a correspondimgspure
drop penalty of 19%.

As louvered fins are frequently used in many apgpions
(such as heating, ventilation, air conditionindrigeration, car
radiators, etc.), it is believed that a mixed desid louvered
fins and vortex generators — with a better perforoeathan the
individual techniques operating separately — mighte a wide
applicability. However, only a few studies on thigd of
compound design were found in literature and tHefoaused
on flat tube heat exchangers (typically for autdweot
applications). Hence, the objective of this worktds study
compound designs of louvered fins and vortex geoesaor
round tube heat exchangers. Preliminary numeriesllts are
reported in this paper.

NOMENCLATURE
A [m?] External heat transfer surface
A¢ [m?] Fin surface
B [m] Base of the delta winglet
[N [J/kgK] Specific heat capacity
De [m] Outer tube diameter
F [ Correction factor used in the LMTD method
Fp [m] Fin pitck
H [m] Height of the delta winglet
he [W/m2K]  External convection coefficie

i [ Colburn j-factor

Ly [m] Louver pitch
m [ka/s] Mass flow rate
Ap [Pa] Pressure drop
Pr [ Prandtl number
Q [w] Heat transfer rate
Rey, [ Reynolds number based on the louver pitch ded t
velocity in the minimal cross sectional flow area
s [m] Fin spacing = difference between fin pitch dind
thickness
T K] Temperature
t [m] Fin thickness
A [m/s] Velocity in the minimal cross sectional flow a
X [m] Longitudinal tube pitch
X [m] Transversal tube pitr
Special characte
a [°] Angle of attack of the delta winglet vortex gaator
Ne [ Surface efficiency
N [ Fin efficiency
A [W/mK]  Thermal conductivity
0 [°] Louver angle
o [ Contraction ratio of the minimal cross sectibflaw area
to the frontal area
Subscripts
1 Upstrear
2 Downstream
m Mear

COMPUTATIONAL DOMAIN AND PROCEDURE

Figure 3 shows the three-dimensional
domain of the louvered fin geometry with vortex getors.
Three tube rows in a staggered layout are congidddelta
winglet vortex generators are punched out of thesfirface in a

computational



common flow down arrangement behind each tube.oBieri
conditions are applied on both sides of the doraaiwell as on
the top and bottom. The height of the computatiaiwethain is
equal to the fin pitch and the width is equal engversal tube
pitch. The geometry is located in the middle withifra fin
spacing above the fin surface and half a fin sgabelow. The
entrance length upstream of the fin equals 5 tithedin pitch
and the domain extends 7 times the tube diametgnstoeam
of the fin. The geometrical parameters are listedable 1. The
louvered fin geometry was selected based on thabdae of
Wang et al. [8]. The geometry of the louver eleradrgtween
the tubes is shown in Figure 1. Each louver elernensists of
an inlet and exit louver and two louvers on eitbele of the
turnaround louver. Each louver transitions fromaagle® into
a flat landing adjoining the tube surface. The spse
dimensions of the flat landing and transition paere chosen
as in Cui and Tafti [5] and Tafti and Cui [13],.i@&25L, for the
minimum flat landing (between the turnaround louaed tube)
and 0.5l, for the transition part. The delta winglets have a
angle of attack of 35° and a height equal to 90%hef fin
spacing. Their base to height ratio is 2 in thetfand second
tube row. In the third tube row, however, the b&sdeight
ratio is only 1.5 due to space restrictions (B = @bés not fit
on the fin). Each delta winglet pair is located\at= 0.50, and
Ay = £0.3D0, (with D, the outer tube diameter, see Figure 3b).
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Figure 3. (a) Three-dimensional computational domain, (p) to
view showing the delta winglet location

Table 1.Geometry of computational domain

Parameter Symbol Value
Outer tube diameter dmm) 6.75
Fin thickness #t((mm) 0.12
Louver pitch L, (mm) 1.5
Louver angle 0 (°) 35
Fin pitch R (mm) 1.71
Transversal tube pitch Xmm) 17.6
Longitudinal tube pitch X(mm) 13.6
Angle of attack a () 35
Delta winglet height H (mm) 1.43
Delta winglet base B (mm) 2.86; 2.15

The mesh was generated using Gambit©. The solid fin

material as well as the air domain were meshedlimutate the
conjugate heat transfer. The quality of the mesh vaefully
assessed during the meshing. The computational idowes
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divided into several subdomains. The fin materiaswneshed
with quad elements. Most of the air subdomains wae®
meshed with quad elements. Only the subdomains thi¢h
transition zone between the angled louver andldiading and
the subdomains surrounding the delta winglets weeshed
using unstructured tetrahedral elements. Boundaygrs were
applied on the fin surface.

The commercial code ANSYS Fluén12.0.16 is used for
the simulations. The flow is assumed to be lamimdrich is
acceptable in the considered Reynolds rangg,(®&10 — 915)
[22]. At the inlet a uniform velocity parallel tdhe fin was
imposed and the air temperature was set to 293Khébutlet
the static pressure was set to 0 Pa (pressuret dadiendary
condition). A constant tube wall temperature of B2®as
applied in the three tube rows. The double precisiegregated
solver was used to solve the standard Navier-Stegaations.
The energy equation was turned on to compute maasfer
through the fin material and in the air. Convergermciteria
were set to 1®for continuity, velocity components and energy.
Setting smaller values for these criteria did reguit in any
notable differences in the flow field and heat #fan
predictions. Second order discretization was used i
combination with the SIMPLE algorithm to couple ssere
and velocity. The air density was calculated as #&r
incompressible ideal gas, the specific heat andrnthe
conductivity were set to constant values £c1006 J/kgKA =
0.02637 W/mK ) and the dynamic viscosity was caltad with
the Sutherland approximation. The fin has a thermal
conductivity of 202.4 W/mK. The mass-weighted agera
pressure drop and outlet temperature were monitduedg the
iterations to determine if the simulations had @nged.
Unsteady simulations were performed and the dats wa
averaged out over the time interval an air particéeds to
travel once the length of the computational domAweraging
out over a longer time interval did not result inyanotable
differences in the simulation results.

DATA REDUCTION
The heat transfer rate Q at the air side was d@techas:

Q =My R:p,air [qTair,out : Tair,in) (1)

The air side (or exterior) convection coefficientasv
calculated using the LMTD (logarithmic mean tempera
difference) method:

he = Q
® oA FOLMTD

A is the total exterior heat transfer surface am@rmg is
the surface efficiency. The correction factor Fedgal to unity
[23]. The logarithmic mean temperature differersexpressed

as:
(Twall - Tair,out) B (Twall - Tair,in )

In Twall 'Tair,out

(@)

LMTD =

(3)

Twall - Tair,in



The surface efficiencyn. was calculated with the fin
efficiencynjy:
Ag
e :1'A— fL-ny)

e

(4)

And the fin efficiencyn; was obtained using Schmidt's
approximation [23], Egs. (5)-(11):

e = tant(m[r[(/) 5)
f m
2[h,
= 6
pAY (6)
De
=— 7
r== (7)
R
@= req —1J 1+ 035[n %} 8)
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Xm =" (10)
2
X, :% (%) +X? (11)

Because the fin efficiency is dependent on the reate
convection coefficient (Eq. (6)), the exterior cention
coefficient i (Eq. (2)) resulted from iterative calculations.€Th
exterior convection coefficient is represented digienless as
the Colburn j-factor:

= 12)
ple, Ve

V. is the velocity in the minimum cross sectionaliflarea
and Pr is the Prandtl number. The friction fac®icalculated

as:
+,,z)[E& _
P2

¢~ Ac (20 Dp _
Ae P Gcz
The subscripts 1 and 2 refer to the inlet and butle

conditions, respectively, arais the ratio of the minimal cross
sectional flow area to the frontal area.

1J (13)

RESULTS AND DISCUSSION

Figure 4 shows the Colburn j-factor as function tbé
Reynolds number Rg for the geometries with and without
delta winglets. The Reynolds number Rés based on the
louver pitch and the velocity in the minimum crasectional
flow area. The simulations are performed for siffedent
Reynolds numbers (Rg= 100, 220, 315, 430, 670 and 860).
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By adding vortex generators the heat transfer laeoed over
the considered Reynolds range. The maximal increfgbe
Colburn j-factor is 14.6%. However, when designegeat
exchanger not only the heat transfer has to bentak®
account, but also the pressure drop. The frictamtolr for both
geometries is plotted in Figure 5. The addition wvafrtex
generators results in a strong increase of thdidnicfactor.
The maximal increase in friction factor is 34.9%hisl high
pressure drop penalty is due to the blockage caugdide delta
winglets.
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Figure 4. Colburn j-factors as function of the Reynolds nemb
Re, for the configurations without and with delta wieks
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Figure 5. Friction factors as function of the Reynolds numbe
Re, for the configurations without and with delta wieig
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Figure 6. Temperature distribution in a plane parallel with
fin surface at a distance 00.2[s above the fin (Rg = 468):
(a) without delta winglets and (b) with delta wietd in

common flow down orientation behind each tube
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flow direction
Figure 7. Temperature distribution in a plane parallel with
fin surface at a distance 00.2[s under the fin (Rg = 468):
(a) without delta winglets and (b) with delta wietd in
common flow down orientation behind each tube

A black box approach is very valuable to deterntireeheat
transfer and friction correlations. However, theyrt provide
any information on the flow physics inside the heathanger.
As the thermal hydraulic behaviour of a heat exgeanis
strongly related to its flow behaviour, understagdihe flow
physics is very important for optimization purpases

Figure 6 shows the temperature distribution in anel
parallel with the fin surface at a distance 0f2[s (s = fin
spacing) above the fin for a Reynolds number, Re468. If no
delta winglets are present (Figure 6a), the wakeegdehind
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the tubes are very pronounced. The air temperatuthese
zones is very high which indicates that these egéons of poor
heat transfer. By punching delta winglets in a camnflow
down configuration behind each tube, the size & wake
zones is significantly reduced (Figure 6b). The gemtures
behind the tubes are lower and thus there is aerbéitat
transfer. The temperature distributions in a plpamllel with
the fin surface at a distance @2[(s under the fin for Rg =
468 are shown in Figure 7. Also here there is@ngtreduction
in wake size if delta winglets are used. Howevee, shape of
the wake zones is different in Figure 6b and 7lgufé 7b
(closely under the fin surface) shows that the fleawrows the
wake and the wake seems more closed, while Figlxre 6
(closely above the fin surface) suggests that tbe dir is
removed from the wake and mixes with the main flowis is

in accordance with the vortex effect of the deltaglets on the
wake zones. To illustrate this, a plane parall¢hithe inlet at a
distanceAx = 0.5[s behind the delta winglets of the first tube
row is defined. This plane is indicated with (a)Rigure 8.
Figure 9a shows the velocity vectors in this plahRe, = 220.
The rotation direction of the longitudinal vorticgsnerated by
the delta winglets is such that the air in betwéss vortex
cores flows down towards the fin surface. This deash
region explains the name “common flow down” of tielta
winglet configuration. The inflow closes the wakeng under
the fin surface and removes hot air from the wdl@va the fin
surface. Figure 9a also shows that besides the wwatex a
smaller counter-rotating vortex is formed. In Figu® four
more velocity planes are shown at a downstreanamistAx =

s, 15[s, 2[s and 3[s, respectively. The vortex strength
reduces rapidly withAx and the vortex cores move towards
each other. The downstream distafloe= 15's corresponds
with the entrance of the louver bank in the sectuie row.
Further downstream the longitudinal vortices are loger
present. They are destroyed by the upward air flelich
follows the louvers. Thus, the vortices do not pggte far
downstream due to the flow deflection which is eloteristic
for louvered fin heat exchangers. Also note thengrflow
acceleration in Figure 9e in the transition zoneveen the flat
landing and the angled louver. This acceleratiodus to the
smaller cross sectional flow area closer to thieldllading.
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Figure 8. Indication of the planes parallel with the inlehind
the vortex generators used in Figure 9 for visa#lin of the
velocity vectors
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Figure 9. Velocity vectors in a plane parallel with the inde a
distanceAx behind the delta winglets of the first tube rdwg(,
=220): (a)Ax = 05(s, (b)Ax =s, (c)Ax = 15[s,
(d)Ax = 2[s and (e)Ax = 3[s

FUTURE WORK

More simulations will be performed to study the aap of
five geometrical parameters: two louver paramefirs louver
pitch and the louver angle) and three delta wingktameters
(the angle of attack, the winglet height and thaghét base to
height ratio). To aim is to find a compound desigth a better
thermal hydraulic performance than the correspandin
geometry without delta winglets.

VALIDATION OF NUMERICAL RESULTS

The grid independency was checked using two diftere
mesh sizes. The coarse mesh consists of about,20DGells
and a fine mesh counts 3,500,000 cells. No sigmtic
differences were found between the colburn j-factand
friction factors calculated with both mesh resalns.

A scaled-up model of the geometry of Table 1 isngei
made and this aluminum model will be tested in adatunnel
to evaluate its thermal hydraulic performance. Thikws
experimental validation of the numerical resultgeit though
the results of the validation experiment are natilable yet at
the moment of writing this paper, it is believedittlthe heat
transfer and pressure drop predictions obtainel thi¢ coarse
mesh are accurate as the average cell size obdreemesh is
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smaller than the average cell size of the threesdsional
model used by Perrotin and Clodic [22] (their ageraell size
equals the fin thickness) and the minimum cell sized by
Atkinson et al. [24] (their minimum cell size egsiahe fin
thickness). Both studies reported a good to verypdgo
agreement between the experimental data and theerieah
predictions of pressure drop and heat transfeouvdred fin
flat tube heat exchangers if 3D simulations areluse

CONCLUSION
A numerical study was performed of a round tubet hea

exchanger with louvered fins and delta winglet ewrt
generators. The delta winglets, placed in a comfitam down
configuration in the near wake region of each tujenerated
longitudinal vortices which significantly reduceetlkize of the
tube wakes. This results in increased Colburn tefac The
vortices do not propagate far downstream as theylastroyed
in the downstream louver bank. The addition of twdta
winglets also results in a large pressure drop Ipenidence,
the configuration studied here did not result in earhanced
thermal hydraulic performance compared to the loedein
design without vortex generators. Investigationhef influence
of several geometrical parameters is the subjeftttofe work.
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