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Abstract

In this researchthe convective heat transfer in turbulent water fluid flow
alternating oval tubes is studied using computational fluid ihjeega The purpose
of this_study is to analysis the heat transfer enhanceamehsecondary interne
flows”under ‘the different alternate angle&lso, comparingthe effectof two

schemes for the domain discretization to usetire solution variablégradientson

simulationresuls are investigatedhe secondary flow causes to increase in
numbes of multi-longitudinal vorticeSMLV) by changing the angle of pitche
These phenomena permit the cold fluid flow to stream in more pathséotarto

tube wall and better condition for mixing of fldadConsequently, the heat transt
enhances by usinghe alternating oval tubes. However, formirtge multi-

longitudinal vorticesausean increase ipressure dropAlso, byraisingthe angle
of pitches, the friction factor and the averagfeNusselt number a@mplified It is

also observed thah¢ average heat transfer coefficient in the transition rang
more‘than in the other ared$e meaMussult numbers of this kind of tubes in t
anglesof 40J, 60J, 80J, and 90J improved 7.77%, 14.6%, 16.93%nd 24.42%,
respectively in comparison witheroundtube.The performance evaluation criter
(PEQ for all alternating ovaltubesunder theconstantinlet velocity boundary
conditionindicatedthat the highest valuePEC=1.09) had beenobtainedat the

lowestReynolds humberRe=10,0®) in the alternating oval tutg0°.

Nomenclature

A Area n? u Turbulent velocity fluctuationsn st
G Specific heat, J k§K? X; Cartesian coordinates, m

Dy, Hydraulic diameter, m y* Non-dimensionalvall distancey*

f Friction factor,f (a® Dy) (é Judyk) WivYig

g Gravitational acceleratiom s2 Y Closestdistancefrom thewall, m
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h Heat transfer coefficient, W #K1 z Axial distance frontheinlet, m
K Thermal conductivity, W m K1
k Turbulent kinetic energy, fis? Greek symbols
L Total length othetube mm G Kroneckerdelta
Nu Nusselt numbefNu (q D)/ (K(Tw Tp) ) 0 Turbulent dissipation rate,3s?
P Pressure, kg rhs? € Laminar dynamic viscosity, kg s
P Pitch lengthmm €, Turbulent dynamic viscosity, kg #s?!
P Mean pressure, kg #s? g Kinematic viscosity, rhs?
Q Generatiorof turbulent kinetic energy, kg #s?3 ) Density, kg 17?
Pr Prandtl number® r € Cy/K B Turbulent Prandtl number &f
g’ Heat flux, W n? g TurbulentPrandtl number o
Re Reynolds numbeR e J uDy/e 9 Stress tensawkg 1t s2
T Temperature, K
Ty Averageof bulk temperature, K Subscripts
T Mean temperature, K avg Average
T Turbulenttemperature fluctuations, K e f f Effective
Ui Velocity, m st s Base tube
Ui Mean velocitym s?! w Wall
1. Introduction The rate of heat transfer increasing by

Improving the heat transfer in differefeat

exchangers is very important for industrial

applications, likehepetroleunindustry, vehicle
indugry, chemical engineering, etc.

Several techniques ithe improvementof
heat transfeare presented tancreasethe heat
transfer of heating devicessuch<as reducing

creatingheMLYV in theturbulentflow of theAO
tube Considering thelatest studies[4-6], all
analyseswerenly.done vithin AO tube withthe
angle of ' 90. So, n this researchthe forced
convectiorheat transfeof turbulentflow in AO
tubes are investigatednumericdly in various
alternating angleFirst, the least squaresell-
based(LSCB) and the green gauss ndabsed

pressure loss and boosting the performance by (GGNB) scheme were compared with each

optimizing heat transfer ratelFor instance,
changing the geometry
for improving the heat transfer is one ob#e
techniques whiclwve canuse[1].

Meng et al. [2]investigated the alternating
oval (AO) tube with water.as the working fluid
experimentally They analyzed convectiveheat
transferwithin a wide rang&00 <Re< 5 10"
Furthermoretheyobservedhatthe heat transfer

of the alternating oval tubes is more than that of
the twisted elliptical and the corrugated tubes for

equal pumping powerTheir analysisrevealed
that the multi-longitudinal vortices (MLV),
whichtheycreatedy changing the crossection
in the AO tubescauseto improving theheat
transfer

Sajadi et al. [3analyzedlow resistanceand
heat transfeof oil flow in a circular, flattened
and AO tubes numerically and empirically.
Their simulation outcomes illustrated that
increasing thepitch length and aspect ratio
increasedflow resistanceand heat transferin
addition, theyrealizedthat AO tubes performed
better tharcircularor flattenedtubes.

other forthe domain discretizationf solution

vafiableggradientsn xumereakgapsis dren, t ub e s

some factors of the convective turbulenflow
were comparedvith the AO tubeunder the
different alternative anglesin the end for
studying on the overall thermchydraulic
performance of theAO tubes, the average
NusseltinumbenNuayg), friction factor(f) and the
performance evaluation criterioPEC) for the
same given pump powerereinvestigated

2. Mathematical model
2.1 Geometry ofmodel

The alternating ovaltube can beappied to
improving heat transfer [7]. The AO tube

consists of alternate sections whose cross

section isoval and their axes hav®°, 60°, 80°,
and 90°rotation between each othdpr each
tube Between these alterngtarts thetransition
sections make linking with them. Figure 1
illustrationsthe geometcal constructionof the
AO tube for al angles used in theurrent
resarch. In addition,the inlet and outlet of the
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AO tube have a round crosssection with a
diameterof d and length of & According toFig.
1,the parameter df representshelength of the
transitionsection, P is the length of pitches-
showsthe angle between thmain axesof the
oval section andparameters of and B signify
the main and secondaryaxesmeasurementef
the oval section respectively Table 1 shows the
value of these parameters fime AO tubesin
this table the parameters di andL definedfor
the numbes of alternating @al section and the
full lengh of the AOtubes, respectively

2.2 Theoretical formulation

In thecurrentresearchthe numericaanalysisof
the convectiveturbulent flowwasimplemented
by the FV method The Reynoldsaveraged
Navier Stokes (RANS) equatiomgereintended
for numerical computation The continuity,

momentum, and energy equations of the

turbulence are considered as follows,
respectivel\{8]:

Continuity equation:
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Momentum equation:
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Energy equation:
JCuOT O KOT JCuT 3)
P la a a pHi
u g e

It should be notedhat the viscous dissipation
term is considered at the end of thaergy
equationwhich is written as follow:

Q, Qy 2

. Qy .
L"Jl'eff“:eftT(i &J

§8e f&ui i (4)

The standarck-U equationswere used for
modeling turbulent flow. Theformulatiors of
two. turbulent parameters k and U were
calculated from théollowing formulations[9]:
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AO tube 90°

,. 12— AO tube for
P/ 0=40°,60° & 80°

Fig. 1. Constructionof the alternating oval tubés the present study

Table 1. Thevalue ofgeometrical parameters of the AO tabe

A(mm) B(@mm) P (mm) C(mm)

d (mm)

Ly (mm) N L (mm)

20 13 34 6

16.5 34 11 514
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where g, representshe dynamic viscosityof

turbulent andPy is the generationof turbulent
kinetic energywhich is defined as:

(7)
(8)

St JCSTJ

e
J U LIJ- a
The model constants have the following values

[9]:

CyF1.44 Cy1.92 C,=0.09 =1 andiiF1.3

Pk

For modelingthe manner of fluid flow near
the tube wall, theenhanced wall treatment
methodwas usedTwo length scale§b and/k)
in this modelaredefined theturbulent viscosity
(€) anddissipatiorrate(J) nearthewall domain
which the wurbulent kinetic energy has been
alreadycalculated10]:

3j 2

g, JCJbk and U — 9)

where

b yG'1 e xpRgdA (10)

Ty AYC \1_ e X pRg Ay (11)

Re Jyvik (12)
€

The constarg valuesof Wolfshteinmodel[11]
were considered as follows:

C.=0.09, C'=aCY* A.=70, AF2C| and o=
0.4187

In addition, one of theeriouglimitations in
this study was mesh generation strategy for
enhanced wall treatment methodror low
Reynolds number boundarayer, the aspect
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ratio and skewnessf grids neathe wall should
be justifed as thecrosssectionis rotated To
overcome this drawbackye finer mesh is used
in the transition zones.

2.3 Explanation of boundary conditions

The velocity inlet and outflow boundary
conditionswere considered for the input and
output ofthe circular crosssection ofall tubes,
respectively The uniform_velocity profile,
which had beenconsidered normal to the
boundary was defined for the inlet baundary
condition of the AO. tubesin all numerical
computatios, thednlet velocityswas calculated
from the input Reynolds numbeand the inlet
temperaturavas constant which it wasqual to
295 Kelvin, according to Ref[12]. The naslip
boundary conditiorsituation was applied othe
wall of the'tubeln additionthewall temperature
boundary._ conditionwas constant and it was
equal to 325<elvin.

3. "Numerical solution

Numerical results of thérced convectionheat
transfer of turbulent flovinad beertalculated by
applying the FV method. The SIMPLEC
algorithmwas applied for th@ressurevelocity
coupling of equations[13, 14] The solution
variable$ gradientsin cell ceners of elements
for theturbulence and energljscretizationwere
set bythe LSCB [15] andthe GGNB [16, 17]
schemes, respectiveljhereforethe RANS and
turbulenceformulatiors were initially solved.
Afterward the energy parameters were
calculated while all variables of flow were
freezing In calculativethe pressuref cell-faces,
the standard schenié5] was used Also, to
discretize allequations theecond order upwind
[18] scheme was applied Furthermore to
capture thgphenomena of boundary layer near
the tube wall the enhanced wall treatment
method [19] was used.In this method the
dimensionlessfactor of y* for the initial cell
cenerfrom thetube wallwasnearly ora smaller
amount ofone. The variableshad been stored
with the double precisiorAlso, the calculation
of all solution variables wasontinueduntil the
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residuals of parameters for all equations were

1
lower than 16. Ny g C (14
0

L q' :
a v Qh Qa
K Tw(@ T2
3.1 Grid independencetudy whereap and T(2) representhe difference in
total pressuralong the tubeandthe averageof

To selecta suitable grid numbefor numerical :
bulk temperaturgespectively.

simulatiors, five different grids had been
compared with each other for the AO and
circular tubs (base tube)Figure 2 illustrations (2
the mesh layoutf the AOtube 90°, 60°, and the Ay v
base tubewhich has beenused inthe current

numerical simulatiom Theelementé number s o
of five differentmeshegor the AO tube 90are Table 2. Variations of theaverage Nusselt number
shownin Table 2 In this Table, he value of the versus the number elgment3

uTdA (15

Nuavg hadbeen calculatetbr the AO tube90° at Mesh (number oélements N gy, g UGN U

Re=40,000underthe boundary conditionsited Meshone(1,444,60% 280.9442 -

in part2.3. Thefriction factorof turbulerce and Meshtwo (1,932,800  339.2751 -58.3309

the averageof the Nusselt number were “&izwfgffgggfggg gjg-gg% _ff;(?z

calculated from the following equations: Meshfive(4,646.340 = 346.0065 -0.9832

f & Dn (13 As mentioned priorto select a suitable grid
%4 Uiyl number five different meshes numbewere

comparedFrom Table 2, it can be found that the

Fig. 2. Meshdomainof the AO tubes for various angkeof pitches(a) —=90J, (b)—=60J and(c) thecircular
ones.



