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Advanced electronic devices need ultrahigh performance cooling techniques. One such technique is
jet impingement cooling. This study numerically investigates the thermal performance and flow be-
havior of an array of alumina oxide—water nanofluid impinging jet systems under crossflow. The
Reynolds number of the jet array ranges between 4000 and 20,000 with a normalized distance be-
tween the jet’s outlet and target plate (Z/ D) equal to 3. The target wall is roughened with micro-pin
fins for surface enlargement. All of the computations are done in ANSYS-FLUENT using the shear
stress transport k-w turbulence model. The paper reports numerical predictions matching satis-
factorily well with the empirical data. However, more research in the context of turbulence models
solely for turbulent nanofluid modeling is recommended for future studies. The influence of volu-
metric concentrations ¢ = 0%, 0.2%, 0.7%, 1.5%, and 3% of Al,Os nanoparticles is explored.
It is inferred from the simulations that the addition of the nanoparticles does not influence the ve-
locity field with the simplified method used in the current work. It can also be inferred that the
increasing values of the nanoparticle concentration would cause a rise in the nanofluid equivalent
thermal conductivity leading to a reduction in the Nusselt number, whereas the average convective
heat transfer coefficient would improve. About 72% improvement in the heat transfer coefficient
(h) of the nanofluid is observed while the Nusselt number is reduced by about 30% at volumetric
concentration & = 3%. The addition of pin fins would help in further heat transfer improvement.

KEY WORDS: multiple impinging jets, Al,Os—water nanofluid, confined jet, surface
enlargement, micro-pin fins
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NOMENCLATURE

A area of the target plate Z distance between jet's

c width of pin (duct and rib dimension) outlet and the target

C,  specific heat plate (duct and rib

D jet diameter dimension)

Ext. extended surface of z coordinate perpendicular
the domain to the target wall

GCIl grid convergence index 2t dimensionless distance

H convection heat transfer normal to target wall
coefficient

h height of pin Greek Symbols
(duct and rib dimension) D kinematic viscosity

k turbulent kinetic energy A thermal conductivity

Nu  Nusselt number n absolute viscosity

P pitch between pins p density
(duct and rib dimension) 0] volumetric concentration

Pr Prandtl number w specific dissipation rate

Q heat flux

Re Reynolds number Subscripts

S spacing between jets avg projected area averaged
(duct and rib dimension) b base fluid

T jet temperature j inlet jet

1% jet velocity at the inlet n nanoparticle

X streamwise distance nf nanofluid
(duct and rib dimension) t turbulent

Y spanwise distance w target plate
(duct and rib dimension) w,avg effective area averaged

1. INTRODUCTION

Practical systems using impinging jet—based coolingihgas one of the effective heat trans-

fer methodologies typically used for significant heat reaidkom electronic chips, gas turbine
blades, metal components, etc. Although the techniqueite gld and well established, it is

still an area of intense research for additional augmemntati the thermal performance of the

impinging jet. There are several proven approaches for suphovements. This paper is fo-

cused on two approaches, namely, surface enlargementamadaphysical property alterations
of the base fluid. Guo (2019) provided a review of heat traresfibancement studies carried out
in 2018. It has been reported that out of about 17,000 astigléblished in 2018, about 4600
articles were related to heat transfer enhancement. Thigssthe level of active research being
conducted in the area of heat transfer enhancement.
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The overall performance of an impinging jet system depenmd$aotors such as the jet's
Reynolds number (Re), geometry of the nozzle, nozzle di@ant®Y), distance between the jet’s
outlet and the target wallA), target surface, etc. Zuckerman and Lior (2006) discudgézient
parameters affecting the performance of jet impingemestesys. They also reviewed applica-
tions, different empirical correlations, and numericahteiques used to model impinging jets.
The pros and cons of different modeling techniques of te@mujet impingement systems are
also discussed in this paper.

The impingement of multiple jets is used in a variety of indias$ applications. Single jet
impingement flow is itself highly complex. The interactiogtiveen different jets of the array of
a jetimpingement system and the presence of crossflow, alithghe axial flow, make multiple
impinging jets extremely complex. Zuckerman and Lior (200&artin (1977), and Weigand and
Spring (2009) have provided detailed reviews describififigidint parameters affecting the per-
formance of the array of jet impingement systems. Xing e{26110) experimentally inspected
different configurations of multiple impinging jets withrais the working fluid over a flat plate.
The influence of the distance between the jet and target wdltlze Reynolds number was in-
vestigated under different crossflow configurations bygiginD = 3, 4, and 5 and Re = 15,000,
25,000, and 35,000. Xing et al. (2010) reported that highrRd@awerZ/ D values with an inline
arrangement of jet arrays give the best heat transfer padioce. They also showed that numer-
ical techniques have the potential to give results closéhéoexperimentally measured ones.
Caliskan et al. (2014) experimentally studied circulactaagular, and elliptical nozzle geome-
tries with different aspect ratios (0.5, 1, and 2) in an agf&ynpinging jets. It was found that the
elliptical-shaped nozzle provided greater heat tran$fen the rectangular and circular nozzle
exit geometries. The increasing values of the aspect ratioght a rise in thermal performance.
The heat transfer coefficient improved about 6%—16.8% ddipgron different combinations of
the impinging jets. A numerical analysis was also done tgetighe experimental findings and
to understand the flow structures.

The thermal characteristics of impinging jet systems caartteanced by surface roughening
of the target plate. Ribs, fins, dimples, etc., are commosdgias surface enlargement elements.
They increase the heat transfer area and also induce floatistes of different length scales
that ultimately affect the turbulence of the flow. A numbersofentists have investigated im-
proving the performance of impinging jet systems by usirggaforementioned method. Spring
et al. (2012), in a combined experimental and numericalystcmmpared inline and staggered
arrangements of ribs. The thermal performance was found tetier with a staggered arrange-
ment of ribs. These authors emphasized that a wetted swafaaeshould be considered when
comparing the heat flux with and without surface enlargerakamhents. Xing et al. (2011) used
micro-ribs as surface enlargement elements and investighe ribs’ effects at Reynolds num-
bers Re = 15,000, 25,000, and 35,000 and normalized disttesen the jet’s outlet and the
target wall atZ/D = 3, 4, and 5. The distanc&/D = 3 gave the best heat transfer results.
Furthermore, micro-ribs were found to give better therneafgrmance than the flat target wall
in all cases. These authors also concluded that numerataligpues can be used to complement
experimental results, especially in rib-roughened imjpigget cases. The heat transfer charac-
teristics of a micro-W—shaped roughened target plate werdbesl at Reynolds numbers in the
range of 15,000-30,000 by Rao et al. (2016). Up to 9.6% imgr@nt in the area-averaged heat
transfer with negligible pressure drop was observed. Waih ¢€2015) performed numerical in-
vestigations using a cubical pin-fin roughened target platiein multiple impinging jets with
different rib arrangements &/ D = 3.0. They observed about 34.5% improvement in the ther-
mal performance in comparison to the flat plate with a 3% des@én the discharge coefficient.
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Brakmann et al. (2015) studied the impact of a square miaroqughened target plate on the
thermal performance and pressure losses within multipf@riging jets. The study was con-
ducted atZ/D = 3-5 and Re = 15,000-35,000 with different crossflow confitoma. The
surface enlargers improved the effective surface areaeofaiget plate by about 150% com-
pared to the flat plate, causing about 142% enhancement hetitdlux. It was also found that
the numerical study with the shear stress transport (S0 Yurbulence model gave predictions
that agreed well those obtained with the experimental datat al. (2018) experimentally in-
spected the effects of the shape and height of micro-pin fiRea= 2000-10,000 and/D =
0.75-3. About 30%-120% improvement in the thermal perforceacompared to the flat target
plate was observed with a similar discharge coefficient.SHape of the micro-pin fins exhibited
no impact on the thermal performance.

Basic fluids such as water, oil, etc., which are commonly usethgineering applications,
have low thermal conductivity. Thus, other than surfacghmning through ribs, fins, etc., an ap-
propriate method for thermal augmentation in impingingjettems would be to modify the fluid
properties by adding nanopatrticles. The combination obeiaed particles and fluids yields a
heat transfer medium with much better thermal conductiaraitteristics (Pourmehran et al.,
2018). Numerous recently published research studies haestigated the impact of different
nanoparticles on the performance of heat pipes, solaratoitgs microchannels in heat sink de-
vices, disc-type heaters with pool and convective boilingditions, heat exchangers, noncon-
ventional enclosures, and helically coiled tubes and arfiBatafraz et al., 2016, 2019; Sarafraz
and Safaei, 2019; Sarafraz and Arjomandi, 2018; Nandaiaislet al., 2018; Salari et al., 2015,
2017; Khanlari et al., 2019; Abbood et al., 2018; Fard et24119; Fathian et al., 2020). Simi-
larly, several review articles have discussed in detaifltive dynamics and effectiveness of heat
exchangers, solar water heaters, and porous media witHln@iso(Guo, 2020; Molana, 2016;
Mabhian et al., 2013; Kasaeian et al., 2017). A few experiadearid numerical studies in which
nanofluid-based impinging jet systems were examined haeelsen carried out. Zeitoun and
Ali (2012) conducted an experimental investigation to datee the thermal characteristics of
an impinging jet with A}Os—water nanofluid at volumetric concentrationsdof= 0%, 6.6%,
and 10% over a horizontal circular disk. At the same Re vamprovement in the thermal per-
formance was observed with increasing values of the coratént of nanoparticles. However,
an increase in the size of the disk resulted in a decreasesithédrmal performance. Barewar
et al. (2019) performed an experimental study to investigiarmal enhancement with the in-
clusion of ZnO nanoparticles in a free surface water impigget over a heated copper plate.
The experiments were performeddt= 0.02%, 0.04%, 0.06%, and 0.1%; Re = 2192-9241;
andZ/D = 2-7.5. About 51% improvement in the thermal performance etserved ath =
0.1% andZ/D = 3.5. Naphon et al. (2018) carried out an experimental inyatbn to study the
thermal performance of Ti@water nanofluid jet impingement over a microchannel haat si
The work showed that convective heat transfer was improvigdincreasing nozzle diameter,
decreasing distance between the jet's outlet and the tamjétand increasing concentration
of nanoparticles. About 18.56% enhancement in convecta transfer ath = 0.015% was
observed.

Among numerical studies, Allauddin et al. (2018) perfornmeginerical validation of the
Zeitoun and Ali (2012) experimental work and observed nucatpredictions very close to the
experimental data. The numerically predicted local Nug®#l) numbers were found to vary
considerably with the Reynolds number. The proportioriati@n was shown to be Nox Re/3.
Lorenzo et al. (2012) investigated laminar slot jet impimgat, in a confined configuration, with
a mixture of water and AD; nanoparticles. The bulk temperature of the nanofluid wasased
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due to arise in the effective thermal conductivity by theuctibn of nanoparticles. About 32%
improvement in the thermal performance was observdd-at5% andZ/W = 8 with pumping
power about 3.9 times more than that of the base fluid. Semkialarii (2015) conducted a joint
experimental and numerical investigation using air angD&+water nanofluid. The nanofluid
jet impingement showed greater heat transfer performdraaethe air impingement.

The current work presents a numerical study of a unique coatioin of multiple impinging
jets, micro-pin fins, and nanofluids under crossflow condgideveral researchers have shown
that they all show improved heat transfer when used indaligiuTo the best of the authors’
knowledge, the available literature lacks investigatiofitie unique combination of a nanofluid
with multiple impinging jets on a micro-pin fin roughenedger plate. In the current work, the
thermal performance and the fluid flow characteristics witim array of jets with water—A03
nanofluid under maximum crossflow configuration over a mjgrofin roughened target plate
are investigated. Table 1 tabulates the different casadaied in the current study.

2. GOVERNING EQUATIONS

The following set of transport equations is solved usingradafdimensional (3D) steady, in-
compressible Reynolds-averaged Navier—Stokes (RANS)adatith the SSTk-w turbulence
model proposed by Menter (1994):

oU;
T 0 1)
8(DUJUZ) _ oP 0 8UZ an T
8xj - 8171 + (()"Ij K 8xj + 8:01- pUin (2)
a(pUT) 0 [, 0T S
“on,  ox [’“ oz, POUT ®)

whereU, represents the mean velocity component inthelirection; U/ represents the fluc-
tuating component of velocity;; T is the temperaturef” is the fluctuating component @f;
P is the pressurg) is the fluid density; Pr denotes the Prandtl numidgsrepresents the spe-
cific heat; andu is the dynamic viscosity. In the current work, the modelifighee nanofluid

TABLE 1: Summary of different cases simulated in the current work

Number Case Description Reynolds
Number
Jet impingement with air Impingement from mult|ple_jet5;_ 4000: 10,000:
1 on a smooth target plateon a smooth target plate with air 20.000
(for model validation) as the working fluid '

Jet impingement with air Impingement from multiple jets
on aroughened targeff on a micro-pin fin roughened| 4000; 10,000;

plate (for model target plate with air as the 18,000
validation) working fluid
Impingement from multiple jets
3 Jet impingement with | on a micro-pin fin roughened| 4000; 10,000;
nanofluid target plate with nanofluid at 18,000
¢ = 0%—3%
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is done with the assumption that the nanofluid is considerdakta single-phase mixture. The
thermophysical properties of the nanofluid are also assumbd constant in this method. The
single-phase assumption allows the governing equatiorteeopure fluid flow to be directly
used for nanofluid modeling. The thermophysical propegiescalculated with some empirical
correlations. Kakac and Pramuanjaroenkij (2016) providedview of around 100 numerical
studies that used a single-phase modeling method for namflBeveral researchers have re-
ported that the single-phase assumption is adequate fdicfing different characteristics of
nanofluid systems.

Different turbulence models are available in the commeéoades. Several researchers have
reported very good accuracy with the comparatively low cotaponal cost of the SSE-w
model for the impinging jet case (Caliskan et al., 2014; 1gp#et al., 2012; Xing et al., 2011;
Rao et al., 2016; Wan et al., 2015; Brakmann et al., 2015; Zl.e2009). Peng et al. (2014)
found accurate performance of the S&Twv model in predicting the thermal characteristics of
nanofluids in the jet impingement case. Recently, Allaudgtiml. (2018) employed the SST
k-w model for numerical prediction of the thermal and velocigtdicharacteristics of jet im-
pingement cases on a flat surface with and without nanofesti€he predictions made with the
SST k-w model were found to match very well with the validation datherefore, all of the
simulations performed in the present study were executtidthe SSTk-w turbulence model:

Ok ok . 0 Ok
ar Uige = Pem Brho+ 5 [(V — OxVe) axj] )
ow dw 5 , 0 ow 1 0k Ow
ok

max (o, w, SFy)

2.1 Closure Coefficients and Auxiliary Relations

2
2VE 500U
F, = tanh { lmax (m, o )] } @)

P, = min (Tij%, 10[5*k:w> (8)
’ 8Ij
4
) 2VE 500U \ 40 .2k
F} = tanh {mln lmax (B*wy’ o ) CDkwyZ] } 9
B 10k 0w | 49
0= 01F1+ 02 (1~ F1) (11)

Whereocl = 5/9,0(2 = 044,[51 = 0075,[52 = 00828,6* =0.09,00,1 =0.85,0000 = 1, X1 =
1.0, andx,» = 1/0.586. With the single-phase assumption, Eq. (6) diyagitles the turbulent
eddy viscosity ¥;) for the nanofluid as for the pure fluid.
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3. THERMOPHYSICAL PROPERTIES OF THE NANOFLUID

The nanofluid was prepared by mixing highly conductive namtigles into base fluids such as
water, ethylene glycol (EG), etc. In the current work,®4 was used as the nanoparticles and
water was utilized as the base fluid. The ®4—water nanofluid was modeled as an incompress-
ible, Newtonian, single-phase fluid with constant thermgidtal properties. The AD;—H,0
nanofluid, with a nanoparticle concentration of less tha¥1Behaved as a Newtonian fluid in
the temperature range of 0—-90°C (Sahoo et al., 2009). Thetphysical properties of the alu-
mina oxide nanoparticles and water (which was used as tteeflogd) at 298 K are summarized
in Table 2.

The correlation developed by Bhattacharya et al. (2004)utiized to estimate the equiva-
lent thermal conductivity of the nanofluid,{;):

where subscripts f, b, andn represent the nanofluid, base fluid, and nanoparticlesecesp
tively. The Brownian dynamics simulation technique codpAéth the equilibrium Green—-Kubo
method was used to develop Eq. (12). The method showed thatéldicted equivalent thermal
conductivity values of the alumina—E@ & 0%—-5%) and copper—-E@(= 0%—-0.6%) nanoflu-
ids agreed well with the experimental data. Jain et al. (260 used a similar technique to
investigate the effect of various parameters on the eguitahermal conductivity. Equation
(12) was used to predict the, ; values for the volumetric concentration, particle sizel sem-
perature, which ranged from 0.5% to 3%, 15 to 150 nm, and 282MK, respectively. The
method showed that the predicteg, values matched well with the experimental data.

The correlation established by Brinkman (1952) was utilitecalculate the equivalent vis-
cosity of the nanofluidy, s):

Hr
Wn s (1 _ (1))2'5 (13)

Equation (13) is valid for volumetric concentratiofis< 4%, as established from the pio-
neering Einstein formulaw,,; = py(1+ 2.5¢). Brinkman's correlation has more acceptance
than Einstein’s formula, which is valid for low volumetriorcentrations ob < 0.02% (Mah-
bubul et al., 2012).

The correlations developed by Pak and Cho (1998) were edilie compute the equivalent
density ¢,,y) and specific heat{,, ,) of the nanofluid:

Cpoy = (L=0)Cyp, +$C,, (15)

Pnf
Equations (14) and (15) are a linear combination of the théconductivity/specific heat
of the nanoparticles and base fluid. The correlations aredhan the simple rule of mixtures
proposed by Pak and Cho (1998). The properties of the nadddtuiifferent values ob are

summarized in Table 3.

TABLE 2: Thermophysical properties of AD; and water

Fluid p (kg/m3) | A(W/mK) | p(Pas) | Cp (IKkgK)
Water 996.24 0.6158 0.0008206 4179
Al,O3 (Saini and Agarwal, 2016 4000 30 — 880
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TABLE 3: Thermophysical properties of #Ds—water nanofluid for
different values of volumetric concentratign
¢ (%) | p (kg/m3) | A (W/m-K) u (Pa-s) Cp (IkgK)
0 996.24 0.6158 0.00082060 4179.0
0.2 1002.24 0.6747 0.00082470 4172.4
0.7 1017.30 0.8215 0.00083496 4158.9
15 1041.30 1.0560 0.00085137 4129.5
3 1086.40 1.4973 0.00088214|  4080.0

4. COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

Figure 1 presents the computational domain employed inthreist work along with the bound-
ary conditions. Table 4 tabulates the dimensions of the edatipnal domain. The computa-
tional time and effort are reduced by reducing the compartatidomain to a single row of eight
jets by using the symmetry boundary condition in the spaawlisection. Figure 2 shows dif-
ferent views of the computational domain. The micro-pin finghened target plate can be seen
in Fig. 2. At the inlet, the constant Dirichlet boundary ciiwh for the velocity was applied
with 5% turbulence intensity and a temperature of 298 K. Téleaity was computed based
on the Reynolds number of the corresponding case. The pavali boundary condition with

a fixed heat flux of 11,000 W/frwas used at the targeted wall. The outlet was modeled as the
zero pressure gradient boundary condition with atmospfgauge pressure. The other end of
the channel (opposite to the outlet) was modeled with thelipoadiabatic wall boundary con-
dition, which created the crossflow in the domain. The chitmpawvall excluding the jet's inlets
was also modeled with the no-slip adiabatic wall boundamndamn. The effect of the outlet

Adiabatic Wall

Constant /S

Flux

Extended

Surface
Pressure

Outlet

FIG. 1: Computational domain with all of the boundary conditions
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TABLE 4: Dimensions of the computational domain

Par ameter Value (mm)
Jet diameterD 4

Jet-to-jet spacing$ 20
Jet-to-plate spacing; 12
Pin side lengthg 0.4
Pin height,h 0.8
Pin-to-pin spacingp 1.2
Targeted impinging plate length 300

S ext.

FIG. 2: Different views of the computational domain

boundary conditions at the impingement and jet flow regioas mreduced by moving the outlet
8D away from the last impinging jet. The extended region redube divergence problems and
also eliminated the effects of the outlet conditions at tle@mflow. The residual limit was set
to be 10°° as the convergence criterion for the continuity, momentenergy, and turbulence
model’'s equations.

5. NUMERICAL SETUP

The ANSYS Fluent computational fluid dynamics commercialqage was used to carry out a
3D steady, incompressible study with the RANS method. Tkentlal and velocity fields were
numerically predicted for the cases of multiple impingieggsjof air, water, and ADs—water
nanofluid with micro-pin fins as the surface enlargement el@mThe pressure-based solver
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without body forces was used. All of the governing equatiwege discretized with the second-
order upwind discretization scheme. Pressure velocitpliogiwas done using the semi-implicit
method for pressure-linked equations algorithm. The wiidlotss were modeled using a low
Reynolds number technique in which the near wallvalue is set as less than one. The turbu-
lence modeling was done using the S&Ww model. The SST model uses thaw turbulence
model inside the boundary layer in the low Reynolds numbgioreand switches to thie-¢ tur-
bulence model in the free-stream region. As elaborateddti®@e?, the SS&-w model predicts
the thermal and velocity fields in jet impingement systenitequell.

The impinging jet Reynolds number is calculated as follows:

pvD
o

Re= (16)

whereV and D represent the jet inlet velocity and jet diameter, respelsti The projected
area—averaged Nusselt number {N)is calculated as follows:

Q D

NUgyg = m Y (17)
while the effective area—averaged Nusselt number,(Ng) is calculated as follows:
_ @ D
NU,, avg = Aw,avg(Tw T;) oy (18)

where( is the total heating power supplied to the target pléids the jet diameter7,, is the
temperature of the target platg; is the jet inlet temperaturé is the thermal conductivity of
the fluid at the jet inlet temperaturd;is the total projected area of the target plate; dnchyg is

the effective area of the target plate with the surface gelaent elements. This same parameter
(Nuy, avg) is referred to as the wetted area—averaged Nusselt numban et al. (2015). This
definition of the Nusselt number represents the zone on thjettavall influenced thermally by
the incoming jet.

6. GRID INDEPENDENCE STUDY

A computational grid with insufficient refinement can resalsignificant errors in numerical
modeling. These errors are called discretization errdns. Well-established grid independence
study method based on the Roach (1997) work was used in thentstudy to reduce the dis-
cretization errors. The grid convergence index (GCI) metlsdased on the Richardson extrap-
olation technique. However, this method cannot accourgffiars caused by improper boundary
conditions or modeling techniques. Three systematicaifined unstructured grids with tetra-
hedral elements having a constant refinement ratio of 1.2 wexde. For near-wall modeling,
inflation layers were used on the target wall. The numberftdtion layers used in the grids was
22 with prism elements and a growth rate of 1.2. The size ofitsiegrid cell in the wall normal
directionz* was set to be less than one for all of the grids. A schematig wfehe fine grid is
presented in Fig. 3. The grid refinement done at the targétisvalso shown in Fig. 3. A grid
convergence check was performed for the multiple impinggtgin the micro-pin fin roughened
target plate case with air at Re = 18,000. The details of tlis@nd Ny, . Obtained at these
grids are summarized in Table 5. The GCI for the fine grid wasfbto be 1.77%, which shows
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Seee
S
==y
e

FIG. 3: Schematic view of the fine grid

TABLE 5: Summary of the grid Independence study at Re = 18,000

Case Number Grid Number of Elements (Millions) | z* | NUy avg
Coarse 2.94 0.22| 66.46

2 Medium 3.93 0.23| 70.83

Fine 5.34 0.26| 7231

that grid independence was achieved. Figure 4 presents pac@on of the centerline local Nu
distributions with the three systematically refined grighkijle Fig. 5 shows extrapolated GClI er-
ror bands. The GCI values were quite low, apart from some maoel@eaks near the stagnation
regions, suggesting that a mesh independent solution vissvad. Therefore, all of the other
simulations in the paper were done on the fine grid.

The effect of the crossflow was at its maximum at the downstread of the channel. The
effect of the crossflow was observed from the second impqgthand its magnitude started
increasing toward the downstream end of the channel, asrshod/further explained in Section
8.1. Flow acceleration was also observed in this regionaiit foe inferred that, due to the in-
creased complex nature of the flow in the downstream regitiarehces were observed among
the predictions made with the three grids when the normaiiizect lengthX /D was 24-28, as
shown in Fig. 4. Second, in the validation study, as shownexpdined in the next section, it
was observed that the numerical results were under-peedithis under-prediction would be
higher with coarse and medium grids since lower values oNtlgselt numbers were predicted
in the X/ D range of 24—28 compared to the fine mesh. Thus, it can be aetthhat the fine
grid gives more accurate results.
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3507 —=— Center line Nu distribution for fine grid
300_' —e— Center line Nu distribution for medium grid
—— Center line Nu distribution for coarse grid

250 -
200 -
S ]
Z 1501

100

50+

0 4 8 12 16 20 24 28 32
X/D
FIG. 4: Comparison of centerline Nusselt number distributiongiftierent grids at Re = 18,000

600 -
—— CenterLine Nusselt Number Distribution
Extrapolated GCI Errorband

500

400

300

Nu

200

100

0 -

-100 T T T T T T T T T 1
-4 0 4 8 12 16 20 24 28 32 36

FIG. 5: GClI values along with the centerline Nusselt number distidn for the fine grid at Re = 18,000

7. MODEL VALIDATION

In the current work, the experimental database of Lu et &1182 was used to validate the nu-
merical results. First, the case of multiple impinging aisjon a smooth target plate was simu-
lated. The projected area—averaged Nusselt numbers wererizally predicted in the Reynolds
number range of 4000 to 20,000 and validated with the coomedipg experimental data. A com-
parison is presented in Fig. 6, were a very good match betdeenumerical predictions and
the experimental data is observed. In general, the Nu valcreased with increasing Re val-
ues. This trend was predicted well in the numerical simaieti Second, the Ny, values were
calculated for the case of multiple impinging jets at Re =@QD,000, and 18,000, where the
target plate was roughened with micro-fins and air was th&iwgifluid. A comparison of these
values with the corresponding experimental data is givéign 7, where it can be seen that the
numerical values are generally under-predicted but theasing trend of Nayg with increasing
values of Re is captured very well. The deviation from theegkpental data presented in Lu
et al. (2018) was higher in the case of the target plate rauggh&ith micro-fins compared to
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FIG. 6: Comparison between the numerically predicted values ofptiogected area—averaged Nusselt
number and the experimental data of Lu et al. (2018) withmapihgement on the smooth surface
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FIG. 7: Comparison between the numerically predicted values ofptiogected area—averaged Nusselt
number and the experimental data of Lu et al. (2018) withrapgingement on the roughened target plate

the smooth plate. Keeping in mind the complex nature of the flae to the presence of the
micro-pin fins, the errors between the numerical predictiand the experimental data can be
considered acceptable.

A comparison between the projected area—averaged Nusseliar (Nu,g) based on pro-
jected aread and the effective area—averaged Nusselt numbey, (M based on effective area
A avg IS shown in Fig. 8. The comaprison is shown for the case ofipleltmpinging jets on
a target plate roughened with micro-fins having air as waykiaid at Re = 4000, 10,000, and
18,000. The micro-pin fin roughened target plate had abod¥d §reater surface area than the
flat plate. This enlargement of the surface area producdugherates of heat transfer in the case
of the micro-pin fin roughened target plate. It can be obskind-ig. 8 that the Ny .4 values
are much lower than the Ny values. This shows that the enhancement in thermal perfaena
was mainly due to the amplification in the surface area of &nget plate by the micro-pin
fins.
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FIG. 8: Comparison between the numerical results of the projects-averaged Nusselt number and the
effective area—averaged Nusselt number with air impinge:mme the roughened target plate

The previous comparisons show the reliability of the curmumerical model. The heat
transfer results predicted by the current numerical moaeiragood agreement with the exper-
imental data in the Re range of 4000-20,000. In the follovéiections, the performance of the
impinging jet cases was investigated with the inclusion 503 nanoparticles using the same
model. The study shows improvement in the heat transferymedi using nanoparticles along
with surface enlargement of the target plate.

8. RESULTS AND DISCUSSION

In this section, the heat transfer and fluid flow charactessif the target plate roughened with
micro-pin fins and impinged with nanofluid will be discussed.

8.1 Flow Field

Figure 9 shows a comparison of the velocity field at differemicentrations of nanoparticles
for the case of the target plate roughened with micro-pindinRe = 18,000. The streamlines
are also shown in Fig. 9. The comparison of the velocity fidtth@ with the streamlines is

done on the central plane. The high-velocity regions argvahuy the red color contours. The
velocity distributions are not affected by the increasingalues. All of the jets exhibit similar

behavior, in that the axial flow velocities remain the sami@jet region. They strike the target
plate, stagnation regions are formed, and the axial flow ivexed into the wall jet flow. The

vortex structures are also formed in the first four impingjes near the stagnation regions.
With the increasing distance from the second impingingtfet, impact of the crossflow can
be observed, after which the impinging jets start to be deftetoward the downstream end
of the channel. The flow is accelerated in the downstream éideochannel and the vortex
structures are also removed. The increasing values of themetric coefficient increase the
effective density and viscosity of the nanofluid, as showfahle 3. The velocity at the jet inlet
needs to be slightly decreased to keep the Re value conatiaict) can be observed in Fig. 9.
For duct lengthX/D < 12, low-velocity regions including high-velocity impingj jets can be
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FIG. 9: Comparison between the velocity distributions on the lardjnal central plane for different con-
centrations of nanoparticles at Re = 18,000

observed. FoX /D > 12, the effect of the crossflow starts to become visible agidne of high
velocity can be observed to dominate the flow domain. ThegeWwelocity regions show the flow
acceleration produced due to the increasing effect of thesfiow with increasing distance in
the downstream direction of the flow. The flow acceleratiavdprced in the downstream region
due to the crossflow also affects the heat transfer trendiesetregions, which will be discussed
in detail in the next section.

8.2 Heat Transfer

Figure 10 shows a comparison of the lvalues for the case of multiple impinging jets with
a micro-pin fin roughened target wall at different conceidres of nanoparticlesd{ = 0%—
3%) for Reynolds numbers ranging between 4000 and 18,000nverse relationship can be
observed between Ny and¢ as the Ny,g values decrease with an increase in ghealues.
This behavior is due to the rise in the effective thermal cmtigiity of the nanofluid. The Nu
value can be defined as the ratio between convective and ctweltneat transfer. The high
values of effective thermal conductivity eventually inase the conductive heat transfer, thus
the Nu,g value decreases as tipevalues increase.

The effects of nanopatrticles on the heat transfer coeffigiad the target wall temperature
were also determined. Figure 11 shows a comparison of thalbegeraged heat transfer coef-
ficient (havg) based on the projected area of the target plate for the daseltple impinging
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FIG. 10: Projected area—averaged Nusselt number over a micro-piofghened target plate for different
nanoparticle concentrations
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FIG. 11: Projected area—averaged heat transfer coefficients osenitro-pin fin roughened target plate
for different nanoparticle concentrations

jets on a micro-pin fin roughened target plate at differemcemtrations of nanoparticle$ (=
0%—3%) for Reynolds numbers ranging between 4000 and 18l06@n be observed that the
averaged heat transfer coefficient values increase witiea@stg values of the volumetric con-
centration of nanoparticles at Reynolds numbers rangimg #000 to 18,000. Table 6 shows
a summary of the comparison betweer, /h;, and Nu,r/Nu, for different values ot at Re
= 18,000. About 72% enhancement in the heat transfer camffidgs observed ap = 3%.
In general, theh,,g values increase when the Reynolds number is increased mdthwéhout
nanoparticles.

Figure 12 shows a comparison of the local Nu contours for #ee ©f multiple imping-
ing jets on a micro-pin fin roughened target plate at diffe@ncentrations of nanoparticles
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TABLE 6: Comparison of area-averaged heat transfer

characteristics of at Re = 18,000

(0] (%) hnf/hb Nunf/Nub
0.2 1.05 0.962
0.7 1.19 0.895
15 1.37 0.801
3.0 1.72 0.705

YD

Nusselt Number

FIG. 12: Comparison between the local Nusselt number contours beemtcro-pin fin roughened target
plate for different nanoparticle concentrations at Re 908,

50

$=0%

$=0.2%

$=0.7%

¢=1.5%

$=3.0%

383

(b = 0%—-3%) for Reynolds number Re = 18,000. The local Nu contofitise target wall are

shown. The red color contours show the high Nu values. Intdgnation region, the Nu values

are significantly higher compared to the other regions. Rercase of multiple impinging jets
of pure water, the region having maximum Nu values is greiatsize and is obtained in the

middle portion of the channel. In the downstream end of trenakl, the Nusselt number val-
ues decrease due to flow acceleration. The effects of theeotmation of nanoparticles on the
thermal field are also seen in Fig. 12. The local Nusselt nuwddees decrease with increasing

values of the concentration of nanoparticles. Figure 12vshbat the inclusion of fins would
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be less effective if distanc&/ D is less than 8, since low values of the Nusselt number are ob-
served. The high values of the Nusselt number are observed thieX /D ratio is between 10
and 24. In thisX/ D range, the maximum effect of impinging jet cooling is preasés X/D is
further increased (i.eX/D > 24), the Nusselt number values start to decrease due to the flo
acceleration.

9. CONCLUSIONS

A numerical investigation was conducted to study the heatsfier enhancement and velocity
field characteristics of a micro-pin fin roughened targeteplaith multiple impinging jets of
Al,Oz—water nanofluid. The values of Re = 4000-20,000+ 0%—3%, andZ/D = 3 under
maximum crossflow conditions were used. The experimenta ftam Lu et al. (2018) was
used to validate the numerical predictions of the curremkwbhe following conclusions can be
drawn from the present study:

1. It was observed that the simplified method of dealing withrianofluid does not capture
the real features of the velocity field of the nanofluids aredftbw field is not affected by
the addition of nanoparticles. However, since thermopafgiroperties were included in
the simulations using the correlations, the heat transfarlts were found to validate the
experimental data. The current study is still useful in ustéanding the thermal augmen-
tation resulting from the addition of nanopatrticles.

2. The flow acceleration decreased the local Nu values omtpmgement plate. The effect
was further enhanced by an increase in the volumetric caratam of the nanopatrticles,
since this increased the conductive heat transfer. AboUt Bfluction in the Nu value
was observed at volumetric concentratipn= 3%. An increment in the heat transfer
coefficient values was observed with increasing valuese¥titumetric concentration of
the nanoparticles. About 72% improvement in the heat teartsfefficient of the nanofluid
was observed at volumetric concentratipr= 3%.

3. The modeling of the turbulent eddy viscosity was not Miw&kplored, and more research
within the context of turbulence models solely for turbuleanofluid modeling is needed
in the future. The real effect of nanoparticles on the nambflow field also needs to be
investigated with more complex modeling techniques inreigtudies.
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