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Numerical Analysis of Air Flow and Conjugated
Heat Transfer in Internally Grooved Parallel-
Plate Channels

Hossein Shokouhma , Koohyai Vahidkhal, Mohammad A. Esmae

found a critical value for the Reynolds number abathich

Abstract—A numerical investigation of surface heat transfecyclic flow oscillations are observed. Ghaddar lef2] used

characteristics of turbulent air flows in differeparallel plate

grooved channels is performed using CFD code. Tdslts are
obtained for Reynolds number ranging from 10,008a®00 and for
arc-shaped and rectangular grooved channels. Theence of

different geometric parameters of dimples as welthe number of
them and the geometric and thermophysical propexfechannel
walls are studied. It is found that there existsoptimum value for
depth of dimples in which the largest wall heakfean be achieved.
Also, the results show a critical value for theaaif wall thermal

conductivity to the one of fluid in which the depemce of wall heat
flux to this ratio almost vanishes. In most casgaméned, heat
transfer enhancement is larger for arc-shaped gaahannels than
rectangular ones.

Keywords—dimple, heat transfer
optimum value, turbulent air flow.
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|. INTRODUCTION

two dimensional incompressible non-isothermal nuicagr
simulations to show the possibility of improvingathéransfer
using the unsteadiness observed in their previau&.wAmon

and Mikic [3], and Amon [4] extended the studiedln2] by

investigating heat transfer enhancement for airfl@ove the
critical value of Reynolds number.

Farhanieh et al.
investigated laminar fluid flow and heat transfer
characteristics in a duct with a rectangular graowell. Their
results indicated enhancement in the local Nusseihber
compared with a smooth parallel plate duct due d@o r
establishment of thermal boundary layers and faonaof
recirculating flows inside the grooves. They alkowed that
this enhancement is accompanied by a relativelly pigssure
drop increase.

Bilen and Yapici [6] studied the effect of orientet angle

[5] numerically and experimentally

NHANCEMENT of the thermal performance of heatof the turbulence promoters located on the chawaélon the
transfer devices is attempted in many engineeri@a-t transfer. They showed that the hlghest haa’?ﬂﬁr rate is
app“cationS, such as Compact heat exchangerS,ingomaChIeVEd when the promoter orientation angle |de§rees.

systems for electronic equipments and nuclear oeaxires,
as well as biomedical and aerospace applicationsndyical
and experimental studies have shown that the haasfer in
dimpled channels is enhanced with respect to smoo#s,
due to periodic interruptions of thermal boundayelrs and
also improvement in lateral mixing by disruptiontb& shear
layer, separation of the bulk flow, formation otireulating
flow, and thus destabilization of the transversatices in the
dimples. This enhancement is achieved with pressinop
penalties that are usually small when comparedheranore
invasive types of turbulence promoters.

There are abundant studies on fluid flows in thealpel
plate channels with periodically dimpled parts. dAlshere
have been numerous investigations on heat
characteristics of such flows. Ghaddar et al. [@ijnarically
studied two dimensional incompressible isothermgptlic
flows in channels with integrated circuits protarss. They
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Herman and Kang [7]
performance in grooved channels with curved vafdmir
results showed an increase in heat transfer bygtarfaf 1.5—
3.5 due to increased flow velocities in the groovedion,
when compared to the basic grooved channel. Howéweas
also found that there is a significant increase tie
accompanying pressure drop penalty. Tanda [8] tigeted
the effect of rectangular and V-shaped ribs demloye
transverse to the main flow direction with an angfié5 or 60
degrees relative to it and also studied the effécontinuous
and broken ribs. The effect of roughness with Vpsaribs
on the heat transfer and friction coefficient farth forward
and backward flows in a rectangular channel wasstigated

transfdy Chang et al. [9]. Wang and Sunden [10] investidahe

heat transfer and friction characteristics in aasquduct
roughened by various-shaped transverse ribs omvatie

Ridouane and Campo [11] numerically analyzed laméa
flows in parallel plate channels with hemi-cylinghi cavities
on both walls using finite volume method. Their ules
showed that there exists an optimum value for #ité rof
cavity depth to cavity print diameter in which tlaegest heat
transfer rate from the wall is achieved.

Won and Ligrani [12] and Park et al. [13] numerigal

investigated the heat transfer
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investigated the turbulent air flow in channelshwtimples
placed on the bottom wall using the-¢& turbulence model
under the platform of the commercial code FLUENTeB et
al. [14] experimentally studied the heat transfied driction
characteristics of fully developed turbulent aivik in
grooved tubes with three different geometric groshapes.

Ly=10 cm (so the middle part of the channel is thapikd
section with the length of 14 cm). The other gecimet
parameters are variants in different cases andiguoations
studied. The outer surfaces of channel walls areoastant
temperature of 320 K and the inner ones are in ledup
thermal interaction with the flowing air (heat emmoved from

Their results showed that the maximum heat transféhese surfaces by forced convection due to theifigwir and

enhancement in comparison with smooth tubes israddeor
the tubes with circular grooves, then the ones tipezoidal
and finally with rectangular grooves.

Although plentiful studies have been accomplishedhis
field of research, but not many papers have beétighed to
investigated the effect of channel wall thicknessd dts
thermophysical properties on heat transfer chaniatitss. In
this paper, conjugated heat transfer of air floyamnallel-plate
grooved channels is numerically simulated and tiikiénce
of effective parameters, namely Reynolds numbespggric
properties of channel and cavities, number of @it
thickness of channel walls, and the effect of redathermal
conductivity of channel walls to the one of theidluis
investigated.

Il. NOMENCLATURE

G [J/kgK] Fluid specific heat

Horizontal deviation of upper wall cavities frometh
d [m] y . :

bottom wall ones (in staggered configuration)
Dn [m] Hydraulic diameter
E [J] Fluid total energ
G [kg/ms] Generation of turbulence kinetic energy due tortiean

velocity gradients

h [m] Depthof dimple

H [m] Height of channel

k [m?/s] Turbulence kinetic energy

ks [W/mK]  Thermal conductivity of flui

Kw [W/mK]  Thermal conductivity of channel wall
| [m] Dimple projection length

L [m] Distance between two subsequent dimples
Lg [m] Exit length

Lt [m] Length of channel

Ly [m] Entrance length

Nu [ Nusselt number

p [Pa] Fluid pressure

Pr [ Prandtl number

G [W/m?  Wall heat flux

Re [] Reynolds number

T [m] Channel wall thickness

Ti K] Fluid temperature at channel inlet
Tw K] Wall temperature

Ui [m/s] Fluid velocity along

vV [m/s] Velocity vector

w [m] Channel widtl

X; [m] ith Cartesian axis direction

€ [m?/s] Turbulence kinetic energy dissipation rate
u [kg/ms] Fluid viscosity

i [kg/ms] Turbulent (or eddy) viscosity

p [kg/m?] Fluid density

I [] Turbulent Prandtl number fde

[ Turbulent Prandtl number far

S

Ill.  CHANNEL GEOMETRY AND BOUNDARY CONDITIONS
The channel under consideration is a two dimensiduet

with a total length of £=34 cm and a height of H=2 cm. As

can be seen in Fig. 1, the entrance and exit length L=

it flows from outer surfaces to them by conductionthe solid
wall). Turbulent incompressible air flow, with ardgty of
1.225 kg/m3, viscosity of 1.7894x10-5 kg/ms andc#jme
heat of 1006.43 J/kgK, enters the duct in hydrodyindully
developed condition (with parabolic velocity prejil at
constant temperature of 280 K. At the outlet, threasnwise
gradients of all variables are set to zero as atfloou
boundary condition.

(a)

symmetry line

inlet outlet
H2
—— £ \ J t wall thickness) —
) ) e
L N/ g\T/“ \k N L
L
(b)
—>{d
inlet
H outlet
t(wall thickness)
[
P
T — [k o
—

L

Fig. 1 Channel geometry (a) symmetric configuratieith arc-
shaped grooves, (b) staggered configuration wittargular grooves

TABLE |
EFFECTIVE PARAMETERS
Parameter Definition Values
hH the ratio of cavity height to H=20 mm,

channel height h=0,2,2.5,3,3.5,4,4.5,5,6 mm

the ratio of cavity projection
o length to the distance between L=4 cm, 1=0.5,1,1.5,2 cm
two subsequent cavities

the ratio of horizontal
deviation of upper wall

d/l .
cavities from bottom wall ones
to the cavity projection leng

I=2 cm, d=0,0.5,1,1.5,2 cm

the ratio of channel walls H=20 mm, t=0,0.3,0.5,0.7,1

UH thickness to channel height  mm
the ratio of thermal kf=0.0242 w/mK, kw=2.02,
kw/kf conductivity of channelwalls  6.07, 14.17, 25.3, 50.6, 101.2,
to the one of the fluid 151.8, 202.4, 404.8 w/mK
N the number of cavities N=4, 7,10, 13

As it is shown in Fig. 1, two configurations forngdled
channels are studied, one with symmetrically opmpsi
cavities onto both walls and another with staggeedties. In
each configuration both rectangular and arc-shapiegples
are considered (in the case of arc-shaped groeweh, dimple
is a part of a circle or an arc with projectiondén of | and
depth of h). The effective parameters, that thefluence on
heat transfer enhancement is investigated in thizep are
listed in Table. I.
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IV. GOVERNING EQUATIONS

The governing equations are the continuity, mommngand
energy equations. The flow is studied under théofohg
assumptions: steady-state, constant fluid proeréied no
natural convection and body forces. With these rapsions
continuity and momentum equations can be writtefoldsws:

O.(oV) =0 (1)
0(pw) = -Op + D{,u((l]v +0OV" )—%D.\?I ﬂ @)

Quad cells are used to mesh the problem domaintend
grid points are distributed in a non-uniform manméth a
higher concentration near the walls due to highaeriable
gradients expected in these locations.

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

VI. VALIDATION OF NUMERICAL MODEL
The numerical model is validated by simulating &atc

The standardk —£model is used to simulate the turbulentconvection heat transfer in fully developed turlntiléow in

fluid flow in the channel. This semi-empirical méde based

on model transport equations for the turbulenceticrenergy,

k, and its dissipation rateg, and is valid only for fully

turbulent flows. k and ¢ are obtained from the following
transport equations:

F) ) i) ok
— | )= — +— |—|+G, —pg
o u)= o Ku kaax} =P

J
d d 4 ) ok £ £?
o)== u+ L | E v S0, -C, 05 D)
(o) K# o—ejax,} e G~ CaP™
In these equations,G,_ represents the generation of

®3)

turbulence kinetic energy due to the mean velogigdients
and K, the turbulent (or eddy) viscosity, is computed by

combining k and & in the equatiow, = oC, k°/¢. C,, and

C2£
numbers fork and &, respectively. These model constant:
have been determined from experiments with airaatgr for
fundamental turbulent shear flows:

C, =144 C, =192 C,=009 o, =10, g, =13
Turbulent heat transport is modeled using the goihoé
Reynolds' analogy to turbulent momentum transfere TF

"modeled" energy equation is thus given by thieviong:
0

5B 5 luoe )]

:aﬂkf
0x;

+Uu %4.% _E %5
i| Mes ox 6Xj Slueff o i

Where E is the total energy and the term that is multgblie
by the temperature gradient term is called effectivermal
conductivity.

are constantsg, and o, are the turbulent Prandtl

()

. cputJ ot

Pr )ox;

V. NUMERICAL METHOD

smooth circular tubes and comparing the resultsNosselt
number with correlation of Dittus-Boelter [15]. Thesult is
shown in Fig. 2. The Dittus-Boelter correlatiordisscribed by
the following equation:

Nu, = 0023Re"® Pr*

In this equationNu, and Re are computed as follows:

(6)

D VD
Nu, = A —h | , Re= AVD, (7)
(Tw _Tl) kf H
90
80 | >
70 | o
60 |
[a]
=]
Z -
40 [
;// — Dittus-Boelter's correleation
30 F O numerical results
20
10 15 20 25 30
Rex103

Fig. 2 Comparison between numerical predictionsemngirical
correlation for Nu as a function of Re in smootteglar tubes with
turbulent fully developed fluid flow

Where ¢, is the wall heat flux at the thermal fully

developed zoneT, is wall surface temperaturey, is the

temperature of the inlet fluid, and is the mean velocity of
the fluid at the inlet. In the case of circularéub, is equal to
tube diameter, whereas for the case of parallekpthannel
we haveDh =4NP= 2HW/(H +W), where W is the depth

The commercially available computational packageyf channel which is assumed to be unity in thisigtbecause

FLUENT, is used for the numerical model. In thidtsare,
the partial differential equations governing thehjem are
reduced to a system of algebraic equations usimg frolume
procedure. The discretization of the convective diffilisive
fluxes across the control surfaces is modelled gudime
QUICK scheme and the pressure—velocity couplinggaisdled
with the SIMPLE scheme.

of the two dimensional problem. Good agreement that be
seen between numerical results and the empiricaéletion
in Fig. 2 ensures the validation of the numericaldel for the
study of different configurations of parallel plagrooved
channels.
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VII. RESULTSAND DISCUSSION

Flow patterns and heat transfer characteristice Hmen
investigated numerically for different configurat®
mentioned in Fig. 1.

The streamlines and temperature distribution thinotrge
domain are presented for two sample symmetric dasEgy.
3. In these two cases there are four cavities endimpled
section of the channel with these geometric charistics:
I/L=0.5, h/H=0.15, and t/H=d/I=0. The Reynolds nwenhs
equal to 10,000 and the channel has arc-shapededirmpthe
first case and rectangular ones in the second ddeeeffect
of recirculation and vortices formed in the cawtien the
temperature contours that causes heat transfeneaiment is
clearly observed in this figure. Also it can bersdeat in the
second case (rectangular cavities) two clockwisgiogs are
formed in each dimple on the bottom wall, whereathe first
case (arc-shaped cavities) there is only one ih dawple.

ZB0 284 288 292 296 300 304 308 312 316 320

L(a)
el v e v e b e v b e b Ly
0.15 0.16 0.17 0.18 .18 0.2

0.14

[(b)
T T T T T T T T T T T T T [
0.14 0.15 0.1 0.17 0.1 0.138 0.z
X

Fig. 3 streamlines and temperature distributiortiar sample cases
with N=4, Re=10,000, I/L=0.5, h/H=0.15, and t/H=d1 (a) arc-
shaped grooves, (b) rectangular grooves

Fig. 4 illustrates the variations of the mean Nligsember
as a function of Reynolds number for three différemannel
configurations; First with arc-shaped grooves, adcavith
rectangular ones, and third without dimples (smadtannel).
In all these cases we have symmetric channels foitin
cavities in dimpled section and I/L=0.5, h/H=0.1&nd
t/H=d/I=0. This figure shows that the mean Nusseimber
increases as the Reynolds number increases.

ratio of thermal conductivity of channel walls teetone of the
flowing fluid for four different cases with N=4, R&0,000,
I/L=0.5, h/H=0.15 and d/I=0. In the first two casimples are
arc-shaped and in the second two they are rectandoleach
geometric condition two values for t/H is consiakr®.025
and 0.050. As presented in this figure, wheplkkis smaller
than 250 as it increases the wall heat flux sigaiitly
increases. Though when the ratio is larger thartH®steep of
the plot becomes almost zero. This value can bardeg as a
critical value for k/k; in which the dependence of wall heat
flux to this ratio vanishes.

245
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—a&— arc-shaped grooves
—&— rectangular grooves
—— smooth channel

Nupy,

[
4

10 15 20 25 30
Rex103

Fig. 4 Variations of the mean Nusselt number whth Reynolds
number for three different cases with N=4, I/L=h8;1=0.15, and

t/H=d/I=0
3.3
3.25
—— # 2
3.2 1
&
£
2 3.5
N —a— arc-shaped grooves, t/H=0.025
;; 31 —a— arc-shaped grooves, t/H=0.050
c —B—rectangular grooves, t/H=0.025
—&— rectangular grooves, t/H=0.050
3.05
3

The mean Nusselt number is obtained from (7) but or 0 1 2 3 4 5 6 7 8
should substitutel,, in this equation with mean wall heat flux

. . . KyarKpuig X103
which can be computed by integratifig along the wall and

dividing the value of integration by the lengthtbé channel
wall (including the length of cavities).

The effect of heat transfer conjugation is illusthin Fig.
5. This figure shows the variations of wall heatxfwith the

Fig. 5 Variations of the wall heat flux with theicaof thermal
conductivity of channel walls to the one of thadléor four different
cases with N=4, Re=10,000, I/L=0.5, h/H=0.15 arida/

The variation of the wall heat flux as a functiohl/. is
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illustrated in Fig. 6 for four different symmetraases. In all
cases N=4, h/H=0.15 and t/H=d/I=0. As can be olezkin
Fig. 6 the heat transfer rate from the wall istdligincreased
as l/L increases.

6.00
5.50 W
5.00
P —a— arc-shaped grooves, Re=10,000
g 450 | —a— arc-shaped grooves, Re=30,000
(g —8—rrectangular grooves, Re=10,000
;i 4.00 —&— rectangular grooves, Re=30,000
G
3.50 |
m y
3.00 f
2.50
0.125 0.250 0.375 0.500

[
Fig. 6 Variations of wall heat flux with the ratx cavity

projection length to the distance between two syleet cavities for
four different cases with N=4, h/H=0.15 and t/H=@/|

The effect of variations in d/l and t/H on the wiadlat flux
was also investigated for arc-shaped and rectanguteved
channels with N=4, Re=10,000, h/H=0.15 and l/L=Gbce
the effect of these two parameters in both caseeduout to
be negligible the results are not presented here.

Q\A\s

9,103 (W/m?)
w
=)

3.05 |

—a— arc-shaped grooves

3.00 5 —8— rectangular grooves
[ 1]
295 |
2.90 L - : - -
0.10 0.15 0.20 0.25 0.30
h/H

Fig. 7(a) Variation of wall heat flux with the ratof dimples depth
to the channel height. N=4, I/L=0.5, and t/H=d/estd Re=10,000

Fig. 7(a) and Fig. 7(b) show the effect of dimpkpth on
heat transfer
numbers. In all cases presented in these two figi\e4,
I/L=0.5, and t/H=d/I=0. Same trends are observedtha
figures for the two different Reynolds numbers. dAlst is

enhancement for two different Reyolc

obvious that there exists an optimum value for WRvhich

the largest wall heat flux can be achieved. Fohbynolds
numbers this optimum value for rectangular dimp$e6.125
and for arc-shaped dimples is 0.225. It is alsepled that for
lower values of h/H (smaller than 0.13) the rectdag
dimples are more efficient than the arc-shaped dnesat
larger values of h/H arc-shaped -cavities show bette
enhancement in heat transfer.

6.10

6.00 &

590 [ I
Ng 5.80 |
2 >
™
=
< 570 |
=

5.60 | —a— arc-shaped grooves

—&— rectangular grooves
5.50 |
5.40
0.10 0.15 0.20 0.25 0.30
h/H

Fig. 7(b) Variation of wall heat flux with the ratof dimples
depth to the channel height. N=4, I/L=0.5, and @H=0 and
Re=30,000

Fig. 8 illustrates the variation of the wall helatxfwith the
number of dimples for four different cases. Thesses are the
same as the ones presented in Fig. 6 and in atherh
h/H=0.15,I/L=0.125, t/H=d/I=0. The dimples have teame
geometry and the number of them is increased wihi&
channel has a constant length of dimpled sectibis figure
shows that the heat transfer rate from the chamadl is
decreased as the number of cavities increases.

5.60
5.10
—~ 460 !
S
E —a— arc-shaped grooves, Re=10,000
S 4.10 —a&— arc-shaped grooves, Re=30,000
—
X; —8— rectangular grooves, Re=10,000
= L
3.60 —&— rectangular grooves, Re=30,000
3.10
fm
N
260 b i v —
4

5 6 7 8 9 10 11 12 13
N

Fig. 8 Variation of the wall heat flux with the nber of dimples
for four different cases with h/H=0.15,l/L=0.128+d/I=0
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VIIl. CONCLUSION

The effects geometric properties and number of thmps
well as thermophysical properties of channel wall leeat
transfer enhancement in turbulent air flow in pataplate
channels were numerically investigated. The resoftdhe
present study can be summarized as follows:

1) The mean Nusselt number increases as the Reynolds
number increases and at equal Reynolds numbers,

generally arc-shaped grooved channels have lagjaes

of mean Nu with respect to rectangular ones and as
expected, the mean Nusselt number for both dimpleg,

channels is larger than the one of smooth ducts.
2) The wall heat flux significantly increases as théa of
wall thermal conductivity to the one of the fluitcreases

when this ratio is smaller than 250. Though at darg
values of this ratio, namely 103 and higher, the

dependence of wall heat flux to the ratio is nebley
3) The effects of geometric parameters d/l, t/H, ahdoin

heat transfer enhancement are negligible. Although,

according to the results one can states that vest flux
slightly increases as I/L or d/I increases and ekses
trivially as t/H increases.

4) There exists an optimum value for h/H in which the

highest heat transfer enhancement can be achigisal.
for lower values of h/H the rectangular dimples @r@re
efficient than the arc-shaped ones but at largkregaof
h/H arc-shaped cavities are more efficient.
Wall heat flux decreases slightly as the numbedinfples
increases in the dimpled section of the channellewttiis
length and geometry of the dimples are held cotstan
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