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transfer enhancement.

Abstract—This paper presents a numerical study on surfage he Ghaddar et al. [4] numerically studied two dimensio

transfer characteristics of laminar air flows irrgeel-plate dimpled

channels. The two-dimensional numerical model ievigied by

commercial code FLUENT and the results are obtafoed¢hannels

with symmetrically opposing hemi-cylindrical cae onto both

walls for Reynolds number ranging from 1000 to 250¢e influence

of variations in relative depth of dimples (thewaif cavity depth to

the cavity curvature diameter), the number of trerd the thermo-
physical properties of channel walls on heat t@nehhancement is
studied. The results are evident for existencenad@imum value for
the relative depth of dimples in which the largestl heat flux and

average Nusselt number can be achieved. In additi@nresults of
conjugation simulation indicate that the overafliance of the ratio
of wall thermal conductivity to the one of the fluon heat transfer
rate is not much significant and can be ignored.

Keywords—cavity, conjugation, heat transfer, laminar aimflo
Numerical, parallel-plate channel.

|I. INTRODUCTION

ORCED convection laminar flows

channels have been widely studied in recent decdds
problem is encountered in applications such as ecmpeat
exchangers and electronic equipment packages that
involved with space or weight limitations.

In most parallel-plate channels, the flow is lamidae to
small channel dimensions and low fluid velocitiesl aas a
result heat transfer coefficient is very low. Aitggd method to
enhance this insufficient heat transfer rate is intstall
transverse ribs normal to the main flow. These nitterrupt
the hydrodynamic boundary layer periodically, addface
area, generate secondary flows and vortexes, anelbise flow
velocity by decreasing the channel width. It isacl¢hat the
enhancement in heat transfer rate is extremely rdigye on
the arrangement of the ribs and to some extent,then
geometric properties of them. Related studies i® fiald are
accomplished by Kelkar and Patankar [1], Lazarj@is and
Cheng and Huang [3] who numerically investigated lieat
transfer characteristics of periodic fully develdpflows in
parallel-plate channels with normal fins locatedtba walls
and studied the effect of relative position of fires on heat
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incompressible isothermal cyclic flows in channeisth

integrated circuits protrusions. Their results skdva critical
value for the Reynolds number above which cycliowfl
oscillations are observed. Ghaddar et al. [5] us$ed
dimensional  incompressible  non-isothermal
simulations and showed that there is a potentiaingiroving

heat transfer by the use of the unsteadiness adxseénvtheir
previous work.

The inward protruding elements generally increasssure
drop drastically. Thus, in recent years, in desigrthermal
systems, there has been an increasing tendenttath arrays
of transverse cavities pointing outward onto thellsvaf
parallel-plate channels. The reason is that theease in
undesirable pressure drop in dimpled channels rergdy
lower compared to the ribbed ones and this is durdre self-
structured motion of the fluid in cavities. Heatrisfer in these
dimpled channels is enhanced due to periodic up¢ions of

in parallel-platethermal boundary layers and also improvement imrdat

mixing by disruption of the shear layer, separatibhe bulk
flow, formation of recirculating flows, and thusstabilization
af the transversal vortices in the dimples.

There are plentiful studies on fluid flows and heansfer
characteristics in the parallel plate channels \pighiodically
dimpled parts. Farhanieh et al. [6] performed nuca¢rand
experimental studies on laminar fluid flow and heansfer
characteristics in a duct with a rectangular graowall. The
results indicated enhancement in the local Nussethber
compared to a smooth parallel plate duct due to
establishment of thermal boundary layers and fdonaof
recirculating flows inside the grooves. They al$mwed a
relatively high pressure drop increase accompanyimg
enhancement. Moon et al. [7] investigated the @fee of
channel height, and showed that when this vall@riger than
the dimple depth, the dependence of heat transfeareement
on channel height can be ignored. Chyu et al. {&fied the
cooling passages for turbine blades with circutad geardrop
shaped dimples and compared their performance geitteral
turbulence promoters like broken ribs. Their resutidicated
that both heat transfer enhancement and pressom ahe
lower in dimpled channels. Ligrani et al. [9] stedithe
combined effect of dimples and protrusions on ofiposalls
and showed that protrusions increase heat traasféfriction

numerical
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coefficients due to increased mixing and vortegtstring.

with rectangular grooves.

Herman and Kang [10] investigated the heat transfer Although abundant studies have been accomplishehisn

performance in grooved channels with curved vaidmy

showed that heat transfer is increased by a fauftdr.5-3.5

due to increased flow velocities in the groovediaegvhen

compared to the basic grooved channel. Howeverrebelts
also showed that there is a significant increashénpressure
drop penalty.

Ridouane and Campo [11] performed a numerical sardy
laminar air flows in dimpled parallel-plate charmalsing
finite volume method. They studied two configuratip one
with symmetrically opposing cavities onto the bottand
upper walls and another with non-symmetric or staed
cavities onto the two parallel walls. They showéattthe
staggered arrangement makes insignificant differenc heat
transfer enhancement and pressure drop when cothpare
symmetric configuration. Their results also showleat there
exists an optimum value for the ratio of cavity tefo cavity
print diameter in which the largest heat transége from the
wall is achieved.
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Fig. 1 Schematic of the channels interior sect{aj3-cavity
channel, (b) 6-cavity channel, and (c) 12-cavitsrahel

Won and Ligrani [12] and Park et al. [13] numerigal
investigated the turbulent air flow in channelshwiimples
placed on the bottom wall using the- &£ turbulence model
under the platform of the commercial code FLUENTe et
al. [14] experimentally studied the heat transfed driction
characteristics of fully developed turbulent awfin grooved
tubes with three different geometric groove shapHseir
results showed that the maximum heat transfer exama@nt in
comparison with smooth tubes is obtained for theesuwith
circular grooves, then the ones with trapezoidal &nally

field of research, but there are not many papeas tave
investigated the effect of channel wall conducfivitn heat
transfer characteristics. In this paper, conjugétedt transfer
of air flow in parallel-plate dimpled channels ianmerically
simulated and the influence of Reynolds numberatired
depth of cavities, the number of cavities, and thktive
thermal conductivity of channel walls to the oneta fluid is
investigated.

II. NOMENCLATURE
Cp [J/kgK] Fluid specific hea
D [m] Cauvity curvature diameter
Dn [m] Hydraulic diameter

[m] Channel Height

K [W/mK]  Fluid thermal conductivity
Kw [W/mK]  Thermal conductivity of channel wall
L [m] Dimple projection lengt

Length of each channel wall plus perimeter of ¢asibn

L [m] it

N [-] Number of Cavities on each channel
Nu [ Nusselt number

P [Pa] Fluid static pressure

o [Wim?  Wall heat flux

R [m?Ks?]  Gas constant

Re [-] Reynolds number

Ti K] Fluid temperature at channel ir
Tw K] Wall temperatur

t [m] Wall thicknes

w [m] Channel widtl

v [m/s] Velocity vector

0 [m] Cavity depth

U [kg/ms] Fluid viscosity

p [kg/m®  Fluid density

Ill.  CHANNEL GEOMETRY AND BOUNDARY CONDITIONS

Three channels containing series of 3, 6 and Iixswerse
cavities symmetrically located on each wall areligtd in this
paper. All channels are 120 cm long and 4 cm hiyh their
walls are 1 cm thick. The projection length (ompidiameter)
of the cavities is 2 cm. The distance between thsties in
three cases is not equal, considering the conktagth of the
channels. The schematic of channels under consicierand
the geometric properties of cavities are illusulateFig. 1 and
Fig. 2, respectively.

Fig. 2 Dimple geometry

Laminar incompressible air flow, with a density bf25
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kg/m3, viscosity of 1.7894x10-5 kg/ms and specifeat of
1006.43 J/kgK, enters the duct with a uniform vijoat
constant temperature of=R80 K. No-slip condition is applied
to the channel walls that are at constant temperabf
Tw=320K. At the outlet the gauge pressure is seeto as the
boundary condition.

IV. GOVERNING EQUATIONS ANDNUMERICAL METHOD

The governing equations are the continuity, momanand
energy equations. The flow is studied under théofohg
assumptions: steady-state, constant fluid progerded no
natural convection and body forces. With these rapsions
the governing equations as well as the ideal gasitem of
state can be written as follows:

0.(ov) =0 (1)
0.(owW) = -0Op + 0.(u0v) )
0pc,vT)=0(0kT) ®)
p=poRT 4)
The commercially available computational package

FLUENT, is used for the numerical model. In thidtware,
the partial differential equations governing thelgem are
reduced to a system of algebraic equations usiig frolume
procedure. The discretization of the convective diffilisive
fluxes across the control surfaces is modeled usi@e@QUICK
scheme and the pressure-velocity coupling is handith the

clockwise vortex is formed in each dimple on thetdm
wall). The significant vortex effect on the tempera
contours, especially at the trailing edge of cau#iynoticeable.
Fig. 3(b) shows velocity vectors and velocity magtée
contours for the same case. As can be seen ifighi® the
local velocity magnitudes in the cavities are mimher than
average velocity in the channel.
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0.035 =

TR NI R

T T T I NI B
0. 415 0.42

|
0.4 0. 405

X (m

SIMPLE method. Quad cells are used to discretize th Fig. 3(a) Streamlines and temperature distributioninside a

problem domain with a structured mesh. Grid poiate
distributed in a non-uniform manner
concentration near the walls due to higher variapbeients
expected in these locations. The convergence iorités that
the residual variations of the mass, momentum ametgy
conservation equations become less thah 10

To study the effect of grid fineness on the sohtithe
process of mesh refinement is repeated progregsivetil
insignificant changes in the field variables happen

The numerical model is validated by solving theoeéy
and temperature fields in a parallel plate chamitl smooth
surfaces, constant inlet velocity and equal wathgeratures.
For a fully developed condition the asymptotic ealof

Nu,, = 754 were found which is in good agreement with the

Nusselt number reported in [15].

V.RESULTS AND DISCUSSION

Flow patterns, heat transfer characteristics, aresgure
drop magnitudes have been studied numerically fows
through parallel-plate channels containing symroatrarrays
of hemi-cylindrical cavities of variable depth dreir opposite
walls. The results are compared to those for a reddawith
smooth surfaces.

Fig. 3(a) shows the streamlines and temperatutgtditon
inside a dimple on the 3-cavitiy channel in Re=100be
cavity has a relative depth of 0.5. It is locatedtbe upper
wall and is the closest one to the inlet. As carséen in Fig.
3(a), a counterclockwise vortex is generated indimeple (a

with a higher

dimple with3/D=0.5 on the 3-cavity channel

0.02 0.06 0.1 0.14 0.18 0.22 0.26

Y (m

Fig. 3(b) Velocity vectors and velocity magnitudstours (m/s)
inside a dimple witts/D=0.5 on the 3-cavity channel

By increasing the Reynolds number to 2500 all vidkx:in
the domain increase and as result the strengthodExes
increases. However, vortex structure remains theesa each
dimple.

Temperature distribution, streamlines, velocity tees and
velocity magnitude contours inside a dimple withredative
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depth of3/D=0.2 on the 3-cavitiy channel in Re=1000, argarallel plate channels, the average values of hedit flux

illustrated in Fig. 4(a) and Fig. 4(b). The cauiylocated on and Nusselt number should be computed in eachgroafion.

the upper wall of the channel and is the closesttorthe inlet. The average wall heat flux is computed by the fuilg
equation:

_ _1
oy m 9= Jau(9dx ®
0.05 — | 280 284 288 292 296 300 304 308 312 316 320 wall
B Where g,,(x)is the wall heat flux and is defined based per

- unit area of the wall and L is the total lengthtloé channel
wall.

0. 045
In a parallel-plate channel with smooth surfaceall Wweat
= flux has a maximum value at the inlet and decreakmgy the
Ny wall in an exponential manner as the hydrodynamid a
0.04 thermal boundary layers develop. Variations of vat flux
in dimpled channels, as presented in the followfigyres,
have a more complex trend and for each dimple wakp are
0. 035 = observable. The maximum local heat flux happenghat
downstream of each dimple which is due to largdicities in
these zones.
0.03
200 —
Fig. 4(a) Streamlines and temperature distribuifOninside a r
dimple with$/D=0.2 on the 3-cavity channel i
r N
. L E
0.05 — 0.02 0.06 0.1 0.14 0.18 0.22 0.26 S
i I
[ T
B £
0. 045 g
E
>
0.04
0 \\HH\HHM\HMH\MH\\HH\HH\
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Fig. 5 Variations of heat flux along the bottom halthe 3-cavity
0 03 channel in Re=1000. Circlé/D=0.5, Delta:3/D=0.2

0.4 0. 405 0.41 0.415 0.42

X (m Fig. 5 illustrates the variations of heat flux ajahe bottom

Fig. 4(b) Velocity vectors and velocity magnitudyours (M/s) 3| of the 3-cavity channel for two different réle depths of
inside a dimple witl/D=0.2 on the 3-cavity channel dimples §/D=0.2 and 0.5). In this case, the Reynolds number

equals 1000 and the variations are plotted ontpéndimpled
region closest to the inlet. Larger amounts of heamnsfer
enhancement i6/D=0.2, which is noticed in Fig 5, are due to
formation of stronger vortexes.

Similar results are obtained for the 12-cavity ctednand
are presented in Fig. 6. The bottom wall heat fRiplotted
along the first three cavities closest to the infet expected,
gimples with relative depth of 0.2 outperform thees with
relative depth of 0.5. As can be observed in Fighé increase
in heat transfer in the cavities closer to the tirile more
significant.

As can be seen in these figures, the vortex dirnessare
smaller in this case than the case with relatiyethdef 0.5, but
the velocity vectors are larger and as a result \tbeex
strength is of greater value. In other words, as riblative
depth decreases from 0.5 to 0.2 the vortex strengtbases.

Comparing Fig. 4(a) and Fig. 3(a), one can stdtasinh the
second case®(D=0.2), the wall heat flux is larger than the ffirs
case §/D=0.5) due the thinner thermal boundary layer an
larger temperature variations near the wall.

To study the heat transfer characteristics of tbev fin
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Fig. 7 indicates that there is an increase in Nussenber
as the Reynold number increases. This trend is tue
formation of stronger vortexes in cavities and alge
reduction in thermal boundary layer thickness.

As it is presented in Fig. 8, the average Nussgbrer is
enhanced with an increase in the number of cavitiethe
cases with5/D=0.2; however, a different trend is observed in
the cases witla/D=0.5. Whiled/D=0.2 will be regarded as an
optimum value for the relative depth in the follogisections,
it can be concluded that increasing the numberawgities has
an amplifying effect on the average Nusselt number.

300

250

200

150

Wall Heat Flux (W/m”2)

100

50 —=—relative depth of0.5

—&—relative depth 0f0.2

1
0.15 0.2 0.25 0.3 0.35
X (m)

Fig. 6 Variations of heat flux along the bottom Walthe 12-
cavity channel in Re=1000. Circl&/D=0.5, Delta:3/D=0.2

Fig. 7 shows the variations of the average Nusesttber as
a function of Reynolds number in the 3-cavity chelnwith
two different relative depths of dimple¥=0.2 and 0.5).

The average Nusselt is computed by the equation:

Nu = qW[Dhj (6) !

Where k is the Fluid thermal conductivity aml is the 0 1 2 3 4 5 6 7 8 9 10 1l 12

Hydraulic diameter and is computed by. N

D, =4A/P=2HW/(H +W), where H is the channel height  Fig. 8 Variations of Nusselt number as a functibthe number of

and W is the depth of channel which is assumed to by imi cavities in Re=1000

this study because of the two dimensional problem. 0.03
11 [
I —#—dimpled channel - relative depth of 0.5
| —=— dimpled channel - relative depth of0.2 P 0.025
10 | —*smoothchannel _
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1000 1500 2000 2500 Fig. 9 Variations of static pressure along thedrottvall of the 3-
Re cavity channel with dimples of relative depth 0rRRe=1000

Fig. 7 Variations of Nusselt number as a functibReynolds

number in 3-cavitiy channel One of the consequences of an increase in the nuaibe

cavities is pressure drop. Static pressure in aoimochannel
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decreases with a constant slope along the maindioection,
though increasing the number of cavities resultsalmupt
static pressure drops in cavity locations. Thisedffis
presented in Fig. 9, which shows the variationsstidtic
pressure along the bottom wall of the 3-cavity ctedrwith
dimples whose relative depths are 0.2, in Re=1000.

Another important factor in pressure drop increase¢he
Reynolds number augmentation. Fig. 10 shows thati@ns
of pressure drop with Reynolds number in channeideu
consideration with dimples whose relative depthed®)0.2. As
illustrated in Fig. 10, the pressure drop in therotel is
amplified with an increase in the Reynolds numbertte
number of cavities.

0.25
——standard
i —&—3 dimples
0.20 i —— 6 dimples \
—&—12dimples ]
0.15
0.10
0.05
0.00 b
1000 1500 2000 2500

Re

Fig. 10 Variations of pressure drop as a functibReynolds
number in channels with dimples of relative depth O

Considering the results presented in previous@esiit can
be concluded that as the relative depth of the tieavi
decreases, the heat transfer enhancement incréé®asyver,
as this value decreases to zero we have the samé@ions as
the smooth channel which has the lowest amount eaft h
transfer compared to dimpled channels; therefdreret must
be an optimum value for the relative depth of diesplTo
obtain this optimum value, Nusselt humber is comgufor
different values of relative depth (0.1, 0.2, @3}, and 0.5) in
the 3-cavity channel in two different Reynolds nemth The
results are illustrated in Fig. 11(a) and 11(b).

As it is clear in these figures, the optimum vabieelative
depth in which the maximum heat transfer is actdei®about
0.2. In this value, the average Nusselt numberniplified
between 10 to 12 percent compared to the case raflgla
plate channel with flat wall$(D=0.0).

The last effect studied in this paper is the inflee of heat
transfer conjugation. In our simulations, the owerfaces of

channel walls are at constant temperature of 328n# the
inner ones are in coupled thermal interaction i flowing
air (heat is removed from these surfaces by foomu/ection
due to the flowing air and it flows from outer sagés to them
by conduction in the solid wall). With these thethaundary
conditions, the study of conjugation effects is giole. The
results of this study for the 3-cavity channel witimples of
relative depthd/D=0.2 are illustrated in Fig. 12. This figure
shows the variations of wall heat flux with theioaaf thermal
conductivity of channel walls to the one of thewfing fluid.
To realize the metals which correspond to the wlue the
horizontal axis in Fig. 12, Table | is presented.

Nugy,

0 0.1 0.2 0.3

Relative Depth (6/D)

Fig. 11(a) Variations of average Nusselt numbex asiction of
dimple relative depth in the 3-cavity channel ir-R@00

0.5

9.6
9.5 F
94
9.3
9.2

Nugy,

3 Y SN —
0 0.1 0.2 0.3
Relative Depth (6/D)

04

Fig. 11(b) Variations of average Nusselt numbea Asction of
dimple relative depth in the 3-cavity channel inr-R@00
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As can be noticed in Fig. 12, wheg/lkkis smaller than 250, thermal conductivity to the one of the fluid incsea, while
an increase in this parameter results in a sligtitease in the this ratio remains smaller than 250. Though atdasglues of

wall heat flux. However, the values of/k smaller than 250, this ratio, namely 10and higher, the dependence of wall heat

do not correspond to any common used metal intyealiflux to the ratio becomes negligible. However, @aa states
Moreover, the figure shows that when this ratitaiger than that the overall effect of this ratio on wall hdlix is trivial
10 the steep of the plot becomes almost zero. Thergifocan and can be neglected.

be stated that the overall influence of this ratio wall heat
flux is trivial and can be neglected. As a restlig other
possible cases are not presented in this study.

109 40

109.35

109.30 . .

109.25 A

109.20 1

109.15

109.10

109405 A

109.00

105895

10590 : ! : :
[ 7 8

tn

3 4
Ik, /k+107

Fig. 12 Variations of the wall heat flux with thatio of thermal
conductivity of channel walls to the one of thedlin the 3-cavity
channel with dimples of relative depifD=0.2 in Re=2000

VI. CONCLUSION

Laminar airflows in parallel plate channels withviti@s
located on both walls are numerically studied. \¢#joand [1]
temperature fields are computed to study the effeftthe
number of cavities and their relative depth on letaucture of [
the flow and the heat flux distribution. Three difint cases
with 3, 6 and 12 hemi-cylindrical cavities located®!
symmetrically on both channel walls are studiedR&ynolds
number ranging from 1000 to 2500. [4]

The results showed an increase in strength okexest in
cavities as the relative depth approaches to thesvaef 0.2.
Because of the formation of these vortices, an megraent in  [5]
the local wall heat flux is observed especially the
downstream of each dimple. This effect causes ahdec fluid
move from central parts to the hotter zones of domi@ser to  [g]
the channel walls. This phenomenon is intensified ttae
relative depth approaches to its optimum value ianteases
the wall heat flux to its maximum value. [7]

The results indicated that the mean Nusselt number
increases as the Reynolds number increases. Marethee i8]
simulations showed an increase in the wall heat #a the
number of dimples is increased. In addition, thesults
depicted that the wall heat flux increases as #ti® of wall

TABLE |

VALUES OF THERMAL CONDUCTIVITIES FOR A NUMBER OF COMON METALS

T k
Metal (oC) Wi(m K) kw/k
20 204.3 8440
Aluminum, pure 93.3 214.6 8870
204.¢ 249.2 1030(
Aluminum Bronz 20 76.2 3141
Carbon Steel, max
0.5% C 20 53.7 2217
20 36.4 1502
Carbon Steel, maX —4oc 32. 135¢
) 120( 29.4 121¢€
Cartridge brass
(UNS C26000) 20 120.1 4964
41.544 - 1716 -
Cast Iron, gray 21.1 131.¢ 5437
Chromiun 20 90.( 372C
Cobal 20 69.2 2861
20 386.0 15951
Copper, pure 300 368.7 15236
60C 353.1 1459:
Copper bronze
(75% Cu, 25% SI 20 26.0 1073
Copper brass (70%
Cu, 30% Zi) 20 110.8 4578
Iron, pure 20 72.7 3004
Silver, purt 20 406.¢ 1680¢
Stainless Ste 20 204.% 844(
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