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ABSTRACT

This paperreports anumerical investigation the effect afclination angle of the vertical face o&
backwardfacing step on the heat transfer performance utilizing Nanoftaid laminar flow. Al203 is
the nanoparticle used in this investigaticand water is the base fluidhe finite volume technique is
used © solve the momentum and energy equation in 2D backward facing step myeomitet an
expansion ration of 1.5The effect of Re on Nu is investigatédr the Reynolds numbers 40, 100 and
150 and for different volume fractions of the nanopartisleof 2%, 4% and 6%or all simulations.
Nusselt number distribution at the bottom wall is computed.resdtire loss also reported for
different Renolds numbers ancntropy is studied for a range of yRelds numbers and for differén
volume fractios of Nanofluid. The results a validated with available literatureFour angles of
inclination of the vertical step is investigated °@¥.5,105 and 118. The effect of the inclination
angle on the heat transfer showed that the Heatsfe was enhanced with a dease in the
inclination angle
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INTRODUCTION

Separations in flowslue to the adverse pressure gradient can be encountered in mansiaindpplications
such as electronic cooling, passage of turbine blades, combustormaapceat exchange®ackwad facing
step is one of thbasic configurations whefow separation takes plac€he separation and reattachment of the
flow play a vital role indeermining the flow structurand affect the heat transfgrerformance A significant
amount of high fluid energy occurs in the reattachment region of these siéMiege are several ways to
enhance heat traresf one of which is to employ nanofluids. Nanofluids are formed by disygenanopatrticle in

a base fluid; the base fluid could be water, ethylene glycol orThé. application of nanofluids in many
industrial application are investigated by many redearcsince the first research 6ghoi and Eastman, 1995)
There were many studies focused on the flow separation and reattachrttemtpeist decades, and the BFS
geometry received much attentigrmaly et al., 1983orducted an experimental work on backward facing
step to investigate the reattachment len@@swas et al., 2004hvestigated Lanmar backwareacing step flow

for a wide range of Reynolds numbers and expansion ratibso and threedimensional simulations. The
finding was thathis primary recirculation length increases non linearly with irgingaexpansion ratio(Abu-
Nada, 2006)presented a numerical study of entropy generation over a 2QvaatKacing step with varis
expansion ratiosnd the results showed th&ttal entropygeneration inreaseswith the increase in Baolds
number. (Mohammed et al., 201Ktudied the effect of Nanofluids on heat transfer performance innBadk
facing step and founthat there is a primary recirculation region for all nanofluidsrizkthe step and the skin
friction coefficient is sensitive to the recirculation flonour and Nassab, 2018as numerically studied the
convective flow of nanofluids with different volume fraction®oa BFS under bleeding conditiorhey found
that the recirculatiorzones and the reattachment length increase as bleed coefficiexatsas{Togun et al.,
2014)investigated numerically the effect of volume frantn the heat transfer rate using nanofluid, the results
showed thathe recirculation flow as created by the backwiaaing step enhanced heat transfgrturk, 2008)
presented a comprehensive numerical work of iz eady incompressible backwdeting step flow, the
results showed that, for the backwdiading stepflow an inlet channel that is at least five step heights long is
required for accuracy, he also found that the size of the recirculating segiows almost linearly athe
Reynolds number increasg¢kan et al., 200) reported the effect of aspect ratio and the Re number on the flow
and the heat transfer performance and showed that the effect of Re omtheati@chment is minimal in the
range of the parameter@lohammed et al., 201%arried out Numerical simulation of laminar and turbulent
mixed convection hedtansfers of narftuid flow over backward facing step placed in a horizontal duct having
baffle. They reported that Nusselt number and velocity distribution increasstuajly by increasing the
Reynolds number of laminar and turbuldéoivs. (Kherbeet et al., 2014a@nd (Kherbeet et al., 2014b¥tudied
numerically and experimentally the heat transfer characteristic of laghtdminar flow over themicroscale
backward facing step.hByalso carriecut a simulation of three dimensional laminar migedvection testudy

the effect of step height on the flow and heat transfer characteristiey. found that the Nusselt number
increasewith increases volume fractioWater-SiO2 nanofluid showed a higher enhancement of the average
Nusselt number in comparing to the puratev and waterAl203 nanofluid The finding was alscevealed that
the increasing of the step height increases the reattachment length and tbels iNusber, the size of the
sidewall reverse flow region(Chen et aJ 2006)presented simulationsf threedimensional laminar forced
convection adjacent to inclined backwdating step in rectangular duct, the finding what thefriction
coefficient inside the primary recirculation region increases with trea® of the step inclination angle

The aim of the present work is to investigate the effect of the inclinafitime facing step on the heat transfer
performance in the backward facing step geomesing Al203/water as a workinguid and investigate the
entropy generation.



DESCRIPTION OF PROBLEM

The problem geometry considered in this work is shown in Figutechannel witha backward facing stepith
length L1 is considered filled with AI203 /watenanofluid. The fluid is assumed to be Newtonian,
incompressible and there is no slip velocity between the particle and the baseTh&dhermal properties of
the nanoparticle and base fluid are presented in Tallkelstep size of backward facing stefnisnd channel
height H and expansion ratio(H/h) equal to 1.5and the bottom length is LAt the inlet of thechannel, a
velocity Uand a uniform temperaturg@ € 300K) are imposed. The downstredemgth starting from the edgf
the step to the exit dhe channel i20H to ensure that the flois fully developed flowThe downstream bottom
surfaceof the backward facing step msaintained af =274 K, while the other walls of the channel @gsumed

to be adiabatic, the outlet is assumed to be outlet boundary conditiese boundary conditions have been
previously used by other authors and the present work is an extensina with those workd.1=1300 mm

L2=800 mm and h=20 mm
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Figure 3 Detailed flow feature of the backward facing flow(K ostas et al.)



Table 1 Thermophysical properties of the base fluid and nanoparticle

Physical property Base fluid ( water) Al203
Heat Capacity(J/Kg K 4179 765
Density (Kg/m) 997.1 3970
Thermal conductivity (W/m K) 0.613 40
Thermal diffusivity o x 107 (m?/s) 1.14 131.7

GOVERNING EQUATIONS AND THERMOPHYSICAL PROPERTIES OF NANOFLUID
The governing equatior@e continuity, momentum equation and energy equation and can be written
as follows

Continuity equation

aa’f + V. (pv) (@] (1)
Momentum equation
a(gv)+v(pv)v ~Vp+V.r)+pg+F @
Energy equation
a(”E)w( (PE+P)=Vke VT =3 h J, +(c7)) ®3)

ot

The thermophysical properties of the nanofluid are expressed as

The Nanofluid density

Pre = (1_¢)pf +¢ps (4)

The specific heat of the nanofluid

(l_ ¢)(pcp )f + ¢(pCp )5 (5)

The effective thermatonductivity was modelled agCorcione, 2011)

10 003
Klzatlc 1+ 44Re04 PrOGG[ T J [KSJ ¢0.66 (6)

f f

Wherek, andk, are the thermal conductivity of base fluid and particle respectively




Re - 2A%T (7)
'nf ﬂ'/,lfzd ,

k,=1.38066x 10%J/K is the Boltzmann’s constangp is the particle diametePr is the Prandtl number for
base fluid and expressed as:

pr = A1 ®

T, is the freezing temperature for the base fluid

The viscosity was modelled §Zorcione, 2011as

Hy 9)

d -03
1-34, .87(p] $'
d,

Wheredp is the nanoparticle diameter,isl the equivalenliameter of the base fluid and given by:

d, —o1_M (10
N7zp,,

WhereM is the molecular mass weight of the base fluids fhe Avogadro numberp, , is the mass density of
the base fluid calculated at T=293 K

Hrssic =

he 9 (11
(TH _Tc)
g is the heat flux
his the heat transfer coefficient
h.L
k
Re_ YD (13)
)7

Where D is the hydraulic diameter and H is chaa®the hydraulic diameter in this calculations



The entropyis modelled agMahian et al., 2013)
2 2 2
g ///:£ (a-rjz i al +£ 2 (51/)()2 + avy 4 81/)( 4 avy (14)
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NUMERICAL PROCEDURE

In the present work theonservation equation ( 1 to &ne solved numerically using finite volume scheme, the
AnsysWork bench b package was sued. $durce code written in C language was developed to introduce the
thermophysical preerties of the nanofluids as a user defined function. The geomasigreated using ANSYS
Workbench design modelethe mesh created using ANSYS MesExplicit relaxation factor 0.75 for
momentum and pressutandardor pressure spatial discretizatioh convergence criterion of 1X10s chosen
for continuity, xvelocity and yvelocity, refined mesh is adopted in the near wall regi®ah@wn in Figure 2.

A grid independence test was rad outand 241200 grid, 36 x 1385 grid and 48x 1620 weréested. The
average Nu for these cases was 4.89, 4.92 and 4.93. Hence the final cafcwlat®nbtained with 36X 1385

SIMULATION VALIDATION

This simulation is validated by comparing the present results withimgrgal results from Armaly for Re=800
and other numericglublished results as shown imfle 1. The present resulave good agreement with the
other numericalresults. However,most of the numerical published works, including the present work,
underestimate the reattachment length. AccgrdinArmaly etal theflow at Re = 800 has three dimensional
features this features arises when using Reynolds number equal to or greaie4G0.The reason for the
underestimatiorof x; (as shown in Fig. 3) and, xvhich are the reattachment lengths for first and second
circulation zones respectivelis the assumption of the twdimensionalassumption bwll numerical published
data.

Table 2 Simulation Validation

Authors Work Type X1 X2
Armaly Experimental 7.2 5.3
Vradis Numerical 6.13 4.95
Pepper Numerical 5.88 4.75
Abu-Nada Numerical 6.03 4.81
Present simulation Numerical 5.94 4.79




RESULTSAND DISCUSSION

The effect of inclination angle of the face step using nanofluid is investigated numerically and thesresul

this effect is shown in Figure, four angles of facing step is investigated, ®¥.5, 105 and 118. The increase

in angle of the face step was founddiecreaséNu number and hence the heat transfer rate, the angle 90 was
found 4%higher,it is clearly seen that on the bottom wall Nu numbees the peak value at the teatmentof

Nu is in the separation regiowhere the generated recirculation flohhe flow in the separating region is
impinged on the stepped wall and it is responsible for develdbipgeak values Nusselt number. As a result

of adding the nanoparticle to the base fluid the thermal conducigvitcreaseand this isthe reason for the
reduction in temperature gradient tite bottom wall, developing in thermabnductivity is accompaniedby
developing in thermadiffusivity. The surface Nu number on the bottom wall increases linearly from zero (just
before the bottom wall) up to a peakuwalwhich lies in the circulation zone( coincide with the point of
reattachmenf)after this point the value of Nu decreases due to the temperature gradient deltrisadesrly

seen that the four angles 90, 97.5, 105 and 115 have identical varidiaruaiber in the bottom wall except in
the circulation zone, where 9ngle of face step has the highar number. The reason for this is the change of
the shear stress in this area as well as the thermal diffusivity is picetbin the circulation zone
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Figure4 effect of inclination angle on the heat transfer rate



The entropyis also investigateébr Re number 40, 100 and 150 for 0=90° and volume fraction 2%. & results
are presented in Fig. Bs shown in equatiofil3) entropy isa functionof thermalconductivity and viscosity,
these two thermal properties are the most impompampertiesamarg nanofluid thermal propertieEntropy
generation determines the level of the gained irreversibilities during maherocess. Therefore, entropy
production can be employed as a measure to evaluate the performance of engiredcasy Fbr proper
optimization of engineering systems in termsdperation andlesign,the entropy has to be minimized well

as maximizinghe heat tansfer It is clearly seen that the increase in Re number results in decrease in entropy,
this change is in a good agreement with results in Figure 5 (will besdisd later) which implies that increasing
Re number has an advantage of enhancingehetransfer rat&ke number 150 has minimum entropy compared
with Re 40 and 100, the minimum value of the entropy is noted in theaticcukzone the entropy decreases
with Re number up toirculation zone and has tih@nimumvalue at 0.352 m from theorner of the geometry,
i.e. coincides with the reattachment point. The same trend applies to 100 &sdMOnbers, the only change is
the point of the miimum entropy, the explanation for this is that decreasing Re number witliredecreasing
thereattachment length whichasone of the findings from(Armaly et al., 1983gxperimental work.
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Figure5 effect Re on the entropy on the bottom wall



The effects of the Re number on the surface &lussmimber in the bottom surface for the lamiremges are
depicted in Fig 6. fie increase in Re number increases Nu number along the bottom surface, thueebBes

are investigated 40, 100 and ]15there the substantial compression of thermal bourdgey exist(Kumar et

al 2014) the Nu number has a maximum vallrcreasing Re number results in increasing in inertia force and
increase in thermal conductivity and subsequently an enhancement in NurnBeleimber is also increased
by minimizing theviscous forces, using nanofluid may result in increasing the vigadshe fluid, the increase

is very small compared to the develop in the thermal conductivity amcehthe inertia force amplifying is the
pronounce.

The increase in the Re number laapeak value of Nu umber in the reattachment point and then decreases
linearly, along the bottom wall, as the reattachment length increases with the intreRee( as discussed
previously) so the Peak value of Nu number for Re= 100 lies at a point befdoeation of the peak of Nu for
Re=150
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Figure6 Variation of Nu number for different Re number

The effect of volume fraction on the pressuoeféicient is shown in Figure. he results show that increasing
the volumefraction leads to a slight pelbyain the pressure coefficient, the pressure coefficient decreases linearly
to the point in which the circulation zone exist, after which the cumeeedses until the flow passes the
circulation zone and drops linearly aftbat the circulationthe negative sign arisesi@ to the outflow bawdary
condition at the outlet. In order to ensure the flow is fully dgwedl and to prevent ifposed. his boundary
condition is assumefdr from the reattachmepbint wherethe diffusion flux for all flow variables in theutlet
direction are zerolt is also noted that the three volume fractions 2%, 4% and 6% are afl@ostal trend
before the reattachment point in whidietshear stress changes, d&udfrom the circulation zonéhe more
evident the change of these volume fractions.
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Figure 7 Variation of Pressure coefficent vs viume fraction

The effective thermal conductivity increase of the nanofluid due to thepagimbe dspersing is presented in
Fig. 8 A comparison of théindings with those of the baflaid (water) is also presentetietresults shows that
the increase in the volume fraction of the nanoparticle will increase theatheomductivity of the nanofluid
This increase is due to the high thermal conductivity of the nanoparticleacechto the base fluid as stated in
Tablel. This increase in thermal conductivigythe main cause dhe increase in the heat transfer rate in the
system, it is evident that thranofluid has a higher thermal conductivity than the flag which is waterj.e.
decreasing the volume fractio@sults in decreasing in thermal conductivity which is expressed &atieqy6)
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Figure 8 Thermal conductivity enhancement for different volume fractions



NOMENC

a

Subscripts

LATURE

Area [nf]

Theraml conductivity [W/rfK]
Nusselt number

Heat flux [W/nfK]

Specific heat at constar
pressure [Kj kg K™

Prandtinumber
Viscosity [kg m's?]
Inclination angle of facing step

Downstream channel heigt
[m]

Density [Kg m]

Volume fraction

Entropy [L K]

Heat transfer rate [W]
Reynolds number
Temperature®K]

Heat Transfer Coefficient
length [m]

Thermal diffusivityk/(ocp)]

effictivt
fluid
particle
nanofluid
Hot

cold



CONCLUSION

The effect ofinclination angle onhe heat trasfer of laminar AlOs/water nanofluid flow over a backward
facing step was numerically studiethree nanofluid volume fractior®%, 4% and 6% were consideraian
expansion ratio 1.5 and Reynolds numbers 40,1001808dor the laminar regime at a uniform temperature on
the wall. Four iclination angles were tested°997.5, 105 and 1185. . The results showed that the increase in
the angle decreases the heat transfer rate, 4% enhancement in angls fa@ind.
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