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ABSTRACT

A mathematical study has been carried out to exanperiodic laminar flow and heat transfer
characteristics in a three-dimensional isothermell eircular tube with 45° in-line V-discrete baff. The
computations are based on the Finite Volume Metfl®dM) and the SIMPLE algorithm has been
implemented. The fluid flow and heat transfer chteastics are presented for Reynolds numbers based
the diameter of the circular tube ranging from 1001200. To generate main streamwise vortex flows
through the tested section, V-discrete baffles withattack angle of 45° are mounted in tandem inine
arrangement and pointing downstream (V-Downstreiasgrted in the middle of the tested tube. Effefts
different Blockage Ratio (b/D, BR) and Pitch Raf®dD, PR) on heat transfer and pressure drop ituthe
are studied. It is apparent that the main vortewdl can induce impinging flows on a wall of theeitaffle
cavity leading to extreme increases in heat tramafe over the circular tube. In addition, theiiis the BR
and reduce of PR results in the increase in thes@&lusumber and friction factor values. The comipurtal
results show that the optimum thermal enhancenaetarfis around 2.5 at BR = 0.15, PR = 1 and R2G91
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1. INTRODUCTION performance evaluation. Almost investigators regubrt
that the use of turbulators and VG lead to theease in
Several designs of heat exchangers are widelyinsed heat transfer rate but also increase in pressuss, lo
many industrial fields such as chemical industries, depended on various parameters of turbulators &hd V
aerospace industries, refrigeration applicationsd an The investigations are divided into two methods;
electronics cooling. The improvements of heat ergka  experimental and numerical. This subject is use
performance are in order to save energy and coieof numerical method to study heat transfer and flow
system. The turbulators and Vortex Generators (#@) behavior causes of this method can show the daihils
used to increase heat transfer rate and thermabehavior which are effecting for thermal performanc
performance in the heat exchangers. Therefore, the Shapes and types of turbulators were studied. For
investigations of the effect on both turbulatorsl afG example, V-baffle and inclined-baffle were studiey
have been interested. The turbulators and VG arbest (Promvongeet al., 2012a; 2010a). The 45° V-baffle and
in term of heat transfer behavior, flow structuneda 30° inclined-baffle were placed on both the upped a
Corresponding Author: Withada Jedsadaratanachai, Department of MechaBitgiheering, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabar@angkok 10520, Thailand

////4 Science Publications 339 IMSS



Withada Jedsadaratanachai and Amnart Boonloi / dbofrMathematics and Statistics 9 (4): 339-348,20

lower walls of the square duct with in-line arramgmt. by (Promvongeet al., 2011). They claim that the
The Reynolds numbers in range from 100 to 2000,numerical result and measured data were found reeag
Blockage Ratio (b/H, BR) about 0.10-0.30 and Pitch well. The numerical results reported that the fully
Ratio (P/H, PR) of 1.00-2.00 were reported. Thaynfb developed periodic flow and heat transfer profiles
that the V-baffle and inclined-baffle provide higtteeat ~ found at x/D = 7-11 and thermal performance (TEF) i
transfer rate, pressure loss and thermal enhantemer@round 1.8 for the rib with BR = 0.0725 where tleath
factor than the smooth square duct for all cases.ransferrate is about 4.0 times above the smooch at
Additionally, the maximum thermal enhancement facto '0Wer Reynolds number. o

of V-baffle and inclined-baffle were found to bepand Most of previous investigations of flow have
4.00 on both cases. Promvonge al. (2012a) also con5|dere_d the heat tran_sfer chgractenstlcs foiloua _
studied 45° Z-shaped baffle in the channel on bothPaffle height and spacing ratios for porous, solid
experimentally and numerically to turbulent region, ransverse or inclined baffles and V-discrete nb i
Re = 4400-20,400. They reported that the numericalSduare duct only. Investigators reported that the af
results are found in good agreement with experialent turbulators and VG lead to the higher not only heat

data. They also showed that the maximum thermaltransfer rate but also incregse in large pressqse.l
enhancement factor about 2.2 at the lowest Re for B | nerefore, the study on V-discrete baffles (withaze
-01and PR =1.5. thickness) in a circular tube with the main aim to

reduce the pressure loss of the test section hasyra
been reported. In the present work, the numerical
computations for three dimensional laminar periodic

The heat transfer characteristics in a three
dimensional isothermal wall fluxed square ductefitt
diagonally with 30° angle finned tapes or 30° ineti- . . : X
baffle were presented by (Sriromreetral., 2012). They tu_be flows over a 45_ V-discrete baffle msertedha
showed the different position to install of turtiols; the ~ Middle of the tube is conducted for changes in the
30° inclined-baffle in (Promvonget al., 2010a; 2010b) flow structure and 'Fhermal performance |mp_r0\_/e_ment.
placed on both the upper and lower walls while3pe 1 he use of the V-discrete baffle placed periodics|
inclined-baffle in (Sriromreunet al., 2012) fitted expected to generatg _Iongltudm_al vortex flows over
diagonally of the square duct. They also explaittet N tube to better mixing of fluid flows among the
the square duct fitted diagonally with 30° angienéd core and the_ wall regions resulting in a higherthea
tapes give the maximum thermal enhancement factoff@nsfer rate in the tube.
about 1.95 at the lowest Re. o

The concept of periodically fully developed flowsva 1.1. Flow Description
introdu_ced by (Promvonget al., 2012a) to in\_/e_st_igate 1.1.1. Baffle Geometry and Arrangement
numerically the heat transfer and flow charactiessn a
duct. Since then, the periodically fully developiéalv The system of interest is a circular tube with 445
condition has been widely used to study thermaldiscrete baffle pair inserted in the middle of tested
characteristics in staggered baffled channels withtube in tandem for in-line arrangement and pointing
different baffle heights and spacing. downstream (V-Downstream) as shownFiig. 1. The

Sripattanapipat and Promvonge (2009) numerically fiow under consideration is expected to attain Bopkc
studied the laminar periodic flow and thermal beta  flow condition in which the velocity field repeaitself

in_ a two dimensional channel fitted with staggered from one cell to another. The concept of periodycal
diamond-shaped baffles and found that the diamafiteb ¢y, qeveloped flow and its solution procedure baen
with half apex angle of 5-10° performs slightly teethan described in Promvongst al. (2012a). The air enters the
the flat baffle. Promvonget al. (2010b) also examined tube at an inlet temperature, &nd flows over a 45° in-
numerically the laminar heat transfer in a squévanoel line V-discrete baffle pair whnere b is the baffleidht, D
with 45 degree angled baffles placed on one wadl an set to 0.05 m, is the tube diameter and b/D is kr;aw

reported that a single streamwise vortex flow osamd . . . .
P g the blockage ratio, BR. The axial pitch, L or dista

induces impingement jets on the wall of the intéftba _ . : )
cavity and the BTE sidewall, between the baffle cell is set to L = D in whictDLis

The numerical research on turbulent periodic flow defined as the pitch spacing ratio, PR = 1 and Lcb.
and heat transfer characteristics in a three dimeas  investigate an effect of the interaction amonglbaffthe
square-duct with inline 60° V-shaped discrete thios flow blockage ratio, BR is varied in a range of BR
placed on two opposite heated walls was also preden 0.05-0.20 fora = 45° in the present investigation.
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Fig. 1. (a) Tube geometry and computational domain ofgoiéciflow and (b) details of V-discrete on a plate

/

1.2. Boundary Conditions *  The flow is laminar and incompressible

- . i *  Constant fluid properties
Periodic boundaries are used for the inlet andebutl | Body forces and viscous dissipation are ignored

of the flow domain. The constant mass flow rateaif «  Negligible radiation heat transfer

with 300 K (Pr = 0.7) is assumed in the flow direot

rather than constant pressure drop due to peritmlic Based on the above assumptions, the tube flow is
conditions. The inlet and outlet profiles for thelacities governed by the continuity, the Navier-Stokes eiquat
must be identical. The physical properties of tindhave and the energy equation. In the Cartesian tenssiesy
been assumed to remain constant at average bulkese equations can be written as follows.

temperature. Impermeable boundary and no-slip wall Continuity Equation (1):

conditions have been implemented over the tube agll

well as the baffle. The constant temperature ofttie

wall is maintained at 310 K while the baffle plate i(pui):O (1)
assumed at adiabatic wall conditions. X
2. MATERIALSAND METHODS Momentum Equation (2):

The mathematical model for fluid flow and heat a(puu) 9p o[ (ou oy,
transfer in a circular tube was developed under the ™ 5. — = 5 "o | M 67+& )
following assumptions: ! ' ! !

» Steady three-dimensional fluid flow and heat transf Energy Equation (3):
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P) oT where, Ny and § stand for Nusselt number and friction
=0x.[ ax] (3) factor for the smooth tube, respectively.

! ! The computational domain is resolved by regular
where, I' is the thermal diffusivity and is given by Cgrtesian eleme_nts. For this tube flow, how_evegulm _
Equation (4): _gnd was applied throughout_ the domain. A _ grid
independence procedure was implemented by using the
Richardson extrapolation technique over grids with
different numbers of cells. The characteristicsfair
) _ ) grids; 53,200, 122,000, 180,400 and 321,000 cals,

Apart from the energy equation discretized by the ysed in the simulations for using the Grid Convaoge
QUICK = scheme, the governing equations were nqey (GCI) (Roache, 1998). The variation in Nu dnd

discretized by the second order upwind scheme, o i ); :
; X X . values for the 45° in-line V-discrete baffles at BR.15
decoupling with the SIMPLE algorithm and solvedngsi and Re = 800 is less than 0.25% when increasing the

a finite volume approach (Patankar, 1980). Thet&snis .

were considered to be converged when the normalizedmbper of cells from 180,400 to 321,000, thus there

residual values were less than L@ all variables but N0 such advantage in increasing the number of cells

less than 10 only for the energy equation. beyond this value. Considering both convergent tme
Four parameters of interest in the present work aresolution precision, the grid system of 180,400cetas

the Reynolds number (Re), friction factor (f), Nelss adopted for the current computational model.

Number (Nu) and Thermal Enhancement Factor (TEF).

The Reynolds number is defined as Equation (5): 3. RESULTSAND DISCUSSION

r=H

= @

Re=puD/u (5) 3.1. Validation of Smooth Circular Tube

The friction factor, f is computed by pressure drop Validation of the heat transfer and friction faadd the
' Sl smooth circular tube without baffle is performed by
Ap across the length of the periodic tube, L as omparison with the previous values under a similar
Equation (6): operating condition as shown ifig. 2a and b,
respectively. The current numerical smooth tubeailtes
(4p/L)D (6) is found to be in excellent agreement with exact
$pU° solution values obtained from the open literature
(Incroperaet al., 2006) for both the Nusselt number and
The heat transfer is measured by local Nusseltthe friction factor, less than +0.28% deviation.eTh

f=

number which can be written as Equation (7): exact solutions of the Nusselt number and theifnct
factor for laminar flows over smooth tube with ctarg
NU. = h,D % wall temperature are as follows (Incropetal., 2006)
<k Equation (10 and 11):

The average Nusselt number can be obtained byNu, =3.66 (10)

Equation (8):
L f,=64/Re (11)
Nu = XI Nu,0A (8)
3.2. Flow Topology

The The_rmal Enhancement Factor (TE.F). is defined The flow structure in the tube with V-discrete hexf
as the ratio of the heat transfer coefficient of an.

inserted in the middle of the circular tube can be
Zﬁgemﬁgredu;urifce,ocv:r) ;2? (i)\];ei Sbm?EOtE a?;:)r;aé;g?th displayed by considering the streamline plots gsatied
quat pumping p ¢ yEq ' in Fig. 3-6. Here the streamline in the transverse plane
with temperature contour and streamline of impiggt
=(Ny Nu)/( /)" 9) at various zones for the V-discrete baffle modudes
P presented at Re = 600 and BR = 0.15.

TEF=N
h,

Nu

pp 0
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Fig. 2. Verification of (a) Nusselt number and (b) frictitactor for smooth circular tube
BN DA
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(b)
Fig. 3. Streamlines in transverse planes with temperaton¢our for (a) PR = 1 and (b) PR = 1.5 of V-disereaffles at Re = 600
and BR =0.15
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Fig. 6. Streamlines of impinging jet on both first and setoows and between module for V-discrete baffteRea= 600, BR = 0.15
and PR=1
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Figure 3a and b show, respectively, the streamlines because it can induce better fluid mixing betweles t
in transverse planes at different locations with wall and the core flow region, leading to a high
temperature maps superimposed for the V-discrdfieba temperature gradient over the heating tube walle Th
pointing downstream (called V-downstream) for PR = higher temperature gradient can be observed winere t
and 1.5. It is visible inFig. 3a that there are four flow impinges the tube wall. The impinge region wiso
longitudinal vortex flows in the tube. Similar two that low temperature gradient occurs. However, the
counter-rotating vortices appear on the upper dml t temperature fields for all two cases are seen tsirbéar
lower parts due to baffle symmetry as depictedlame and almost distributed uniformly in the entire flow
Al to A5. This vortex flow pattern is similar fon¢ PR indicating excellent mixing of the fluid flow.
= 1.5 case, plane B1 to B5 Kig. 3b but different in Local Nu, contours of the circular tube wall with
helical pitch range. A closer examination exposest t the V-discrete baffles at Re = 600 and BR = 0.1& ar
the V—downstream produces two counter-vortex flows presented inFig. 7a and b for PR = 1 and 1.5,
having a rotating direction up to the inserted gdat respectively. In these figures, it appears that the
called “common-flow-up”. The appearance of the @rrt higher Ny values over the wall are seen in a larger
can help to increase higher heat transfer in tranmocél area, except for a small region on the wall where
because of highly transporting the fluid from trenial attached to the plate of the baffle installed. Ppleaks
core to the near-wall regimes. are observed in the impingement areas on the wall o

The plots for streamlines of impinging jet on the the interbaffle cavities. This indicates a merit of
plate that installed V-discrete baffle betweentfaad employing the V-discrete baffle over the smooth
second row at each module for one zone and twocircular tube for enhancing heat transfer.
zones are shown iRkig. 4a and b, respectively. The The variation of the average Nu/pNuatio with
streamline between two modules (joint of the mojlule Reynolds number values at different BRs and PRs is
is displayed, respectively, iRig. 5a and b for one  depicted inFig. 8. It is worth noting that the Nu/Nu
zone and two zonestigure 6 shows the impinging  yajye tends to increase with the rise of Reynoldsiver
zones on both each module and among two modulestyr 4| cases. The higher BR value results in tieédase

In the figures, it is found that the streamline of j, he Nu/Ny value. The PR = 1 gives the highest heat
impinging jet occur periodically for all plotted mes. transfer rate than PR = 1.5 for all BRs. Thus, the

The helical vortex flow moves along the baffle dgvi generation of vortex flows from using the V-diseret

.to the V-tip and roIIs_up to Impinge on the wallttér baffles as well as the role of better fluid mixiagd the
impingement, the jet splits over the wall and . . : . "

. : : impingement is the main reason for the augmentation
recombines into two helical streams at the nearbyheat transfer of the tested tube. The use of tlksbrete
baffle end to create vortex flows again. The hélica _ ’ : :
pitch length of the main vortex flow is about 3D baffle with the BR and PR range studlgd yields heat
before impingement and becomes shorter (about 2D)ransfer rate of about 1.4-8.1 times higher thae th
after impingement. This means that the helical esort SmOth circular tube with no baffle.
flow passes three baffle modules from V-tip to the 3 4 Pressurel oss
other BLE side before impingement. This behavior is
identical on both the upper and lower parts so two Figure 9 presents the variation of the normalized
streamwise vortices with non-uniform helical pitish friction factor ratio, f/§ with Reynolds number values for
formed throughout the tested tube. various BRs and PRs of V-discrete baffle. In tigpurfe,

L it is noted that the f{ftends to increase with the rise of

3.3. Heat Transfer Characteristics Re and BR values and with decrease PR for all dmffl

Figure 3a and b also present the contour plot of The use of the V-discrete baffle leads to a comalile
temperature field in transverse planes for PR ad ;5, increase in friction factor in comparison with thkin
respectively, of V-discrete baffles at Re = 600 &mi= tube with no baffle. The decrease in the BR valives
0.15. The figures show that there is a major chamgiee rise to the reduction of friction factor. Thegfifalue for
temperature field throughout the circular tube. sThi both the V-discrete baffles are found to be abobit36
indicated that the vortex induces impingement flow times over the smooth tube depending on the BRamR
provides a significant influence on the temperafiekl, Reynolds number values.

////4 Sdence Publications 345 JMSS



Withada Jedsadaratanachai and Amnart Boonloi / abofriMathematics and Statistics 9 (4): 339-348,320

Nusselt number

30
27
24
| 21
18
15
12
9

6
3
0

Nusselt number

30
N
Bt 24

2!
18
15

2D m

(b)

Fig. 7. Nu, Contours for (2) PR = 1 and (b) PR = 1.5 of V-dist®iffles at Re = 600 and BR = 0.15
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3.5. Performance Evaluation

Figure 10 exhibits the variation of Thermal
Enhancement Factor (TEF) for air flowing in the fleaf
tube. In the figure, the enhancement factor of to¢hV-
discrete baffles tends to increase with the rideeofialues.
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Fig. 10. Comparison of thermal enhancement factor at various

BRs and PRs

All cases of the V-discrete baffles provide the hiesgt
enhancement factor at the highest Re, Re = 120)TH#
values of both the V-discrete baffles are seeretaliove
unity for all BRs, PRs and vary between 1.0 and 2.5
depending on the BR, PR and Re values. The maximum
TEF is found to be in cases BR = 0.15 at PR = 1.

4. CONCLUSION

Laminar periodic flow and heat transfer
characteristics in a circular tube fitted with 492
discrete baffle elements in tandem, in-line

arrangements on the wall have been investigated
numerically. The vortex flows created by using the
45° V-discrete baffles help to induce impingement
flows on the wall in the interbaffle cavity leading
extreme increases in heat transfer in the circtube.
The order of augmentation is 1.4-8.1 time over than
smooth tube for using the V-discrete baffles witR B

= 0.05-0.20 and PR 1-1.5. The pressure loss is
ranging from 2.5 to 36 times above the smooth tube.
Thermal enhancement factors for both the V-discrete
baffles are found to be in a range of 1.0-2.5 amal t
maximum TEF is found at BR = 0.15 and PR = 1. The
PR = 1 give on both heat transfer rate and frictass
higher than PR = 1.5 for all BR and Re values.
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The investigation of the turbulent flow regime and Promvonge, P., W. Changcharoen, S. Kwankaomeng and
heat transfer enhancement for in-line 45° V-disret

baffle in a circular tube is presented in a futtggearch.
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