ANALELE UNIVERSIT ATII
“EFTIMIE MURGU” RE SITA
ANUL XXII, NR. 2, 2015, ISSN 1453 - 7397

Mohadeseh Miri, Farhad Vahidinia, Navid Bozorgan

A Review on Natural Convection in Nanofluid Flow

The Heat transfer is performed in three forms including conduction,
convection and radiation. Convection is one of the major modes which
classifies into three categories: natural, mixed or forced convection. In
recent years, much attention was given to the use of natural
convection with nanofiuid in engineering application, satellite, cooling
system, solar collector etc. and many studies were conducted in this
area. This paper reviews some results of numerical, experimental and
theoretical studies in the field of natural convection heat transfer with
nanofiuid and application of natural convection. Finally, some
suggestions are given for future studies in this area.
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1. Introduction

One way of increasing the heat transfer is adding metal solid particles such as
water, oil, and ethylene glycol to the base fluid that is Maxwell’s idea [1]. Choi [2]
also proposed the addition of the nanoscale solid particles to the base fluid. Since
the topic of nanofluid was raised, scientists conducted extensive numerical and
experimental studies. Most of the scientists believe that heat transfer improves
with the addition of solid nanoparticles (diameter less than 100nm) [3-5]. Natural
convection is an important heat transfer mechanism induced by density
differences. It has received substantial attention in recent years due to its broad
range of engineering applications such as domestic heating, solar ponds, solar
collectors and food storage to name a few [6].

Engineering application of natural convection requires solving combined
problems of heat transfer and fluid mechanics which depend on several
parameters among which the geometry and the local values of the thermal and
physical properties of the convected fluid. The relative position of active flow
sources with respect to the gravity field also plays an important role in determining
the nature of the flow. Each application thus requires a specific analysis [7]. Many
researchers studied the natural convection [7-12], so far This paper reviews some
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studies on natural convection with nanofluid. In this paper, a number of
parameters are investigated, namely application of natural convection with
nanofluid and heat transfer enhancement and Nusslet number. Finally some
suggestions are provided for future researches.

2. Natural convection in Enclosure

Natural convection in cavities has many important engineering applications,
including electronic cooling devices, heat exchangers, MEMS devices, electric
machinery, solar energy collectors, and so on [13]. Enclosures have different
shapes. Abdallaoui et al.’s research [14] is one of the studies on the cylinder
enclosure in which they carried out a numerical study on natural convection
between a decentered triangular heating cylinder and a square outer cylinder with
pure water or a water-silver nanofluid using Lattice Boltzmann method. As can be
seen in Figurel, the inner heating triangular cylinder is maintained in a constant
and uniform temperature, while the vertical / (horizontal) sides of the external
cylinder are cooled in a constant temperature / (considered adiabatic). By
changing the Rayleigh number, they calculated the effective thermal conductivity
and viscosity of nanofluids in a constant Prandtl number (Pr=7) by using Maxwell-
Garnetts (MG) and Brinkman models, respectively.
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Figurel. (a) Sketch of studied configuration and (b) Lattices positions at the
triangle faces for the D2Q9 arrangements [14]

Their results revealed that the heating cylinder position influenced highly on
the characteristics of heat transfer and fluid flow. They discovered that the
bottom/ (top) position of the block becomes the most/ (least) desirable to heat
transfer in dominating natural convection regime. Considering the effect of
inclination angle in enclosures on the heat transfer is one of the subjects which has
considered in recent year. Moradi et al. [15] studied experimentally the natural
convection heat transfer of two Newtonian Al203 and TiO2 / water nanofluids in a
cylindrical enclosure. They examined changes of Nusselt number by changing the
Rayleigh number, concentration of nanofluid, and inclination angles of the

208



enclosure (6 = 0,30,45,60,90) in different configuration and orientation of the

enclosure. Their results indicated that the addition of nanoparticles to water has
insignificant or adverse effect on natural convection heat transfer of water: natural
convection heat transfer of AlI203/water is slightly increased, while natural
convection heat transfer for TiO2/water nanofluid is inferior to that for the base
fluid. Also, their results showed that the probability of increasing natural
convection heat transfer at low Ra is more than at high Ra: at low Ra, natural
convection heat transfer is more significantly affected by the inclination angle,
aspect ratio of the enclosure, and nanoparticles concentration than that in high Ra.
Mansour et al. [16] also examined the natural convection in an inclined trapezoidal
enclosure or a heat source in the presence of Cu/ water nanofluid. Assuming that

Kuwaiti three sides are adiabatic while its smaller side which makes & angle with
the horizon, is at the low temperatureT _,, . By changing the Rayleigh number

parameters, enclosure rotation angle, and Hartmann number, they investigated the
changes of flow lines, isotherm lines and average Nusselt number in the heat
source of the enclosure larger side. Based on the results, by increasing Hartmann
number, diffusive heat transfer increases even with increase of Rayleigh number;
and likewise the buoyancy force enhances by increasing inclination angle
regardless of the effect of viscous force. Also, in the left inclined surface, once the
inclination angle equal 45 the flow invokes the supremacy of convection heat
transfer.

Another study on the inclined rectangular enclosure in steady laminar natural
convection in enclosure with sinusoidal temperature distribution was carried out by
Bouhalleb & Abbasi [17]. In their study, the horizontal walls are thermally insulated
and the left vertical side wall is heated by a spatial temperature distribution in the
examined enclosure. They studied changes of Nusselt number, flow lines, and
isotherm lines by changing the parameters of the inclination

angle(é’ =0 —90°) ,aspect ratio, while the values of Rayleigh and Prandtl number

was constant (Ra=10°,Pr =7.02). They made a conclusion that first the heat
transfer increases and then decreases by increasing the inclination of the enclosure
for aspect ratioAr 21 and increases by increasing the inclination angle
for Ar <1, In addition, by increasing aspect ratio, the Nusselt number decreases
and the heat transfer maximum was in 8 =90".

The effect of nanoparticles shape on the heat transfer in different areas has
also been the interest of the authors. Ooi & Popov [18] focused on the effect of
Cu-Water nanofluid shape (spherical and spheroidal nanoparticles ((NPs) on the
natural convection flow in square cavity. To solve the equations, they used radial
basis integral equation (RBIE) method and plotted the velocity profile in the
geometrical center of the cavity for different naoparticles volume fraction at
different Rayleigh numbers. They found that the different nanoparticles shapes
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and sizes have different effect on the thermal conductivity and viscosity of
nanofluid. They proposed that the accumulation of the nanoparticles may result in
enhancement of the different levels of heat transfer. Their results revealed that the
oblate spheroid with aspect ratio of 10 created the greatest enhancement of the
entire heat transfer characteristic. Cho [19] examined the impact of natural
convection heat transfer on a square cavity with partially-heated wavy surface
which filled with AL203 nanofluid. He changed the volume fraction of particles,
Rayleigh number, the amplitude and wavelength of the partially-heated wavy
surface to check the changes of entropy, Nusselt number, and Bejan number.
Based on the results, with increasing the volume fraction of nanoparticles in a
given Rayleigh number of fluid, the average Nusselt number increases and the
entropy decreases. Also, by increasing Rayleigh number, Nusselt number increases
and entropy decreases in a constant volume fraction. Increasing the amplitude and
wavelength of a wave surface decreases the average Nusselt number and
increases the total entropy.

Cho et al.'s [20] study is one of the studies which carried out on natural
convection heat transfer on the wavy wall enclosure. As shown in Figure 2,
enclosure has wavy vertical wall and flat upper and lower surface where the left
wall is fed by a constant heat source and the right wall has a constant low
temperature and the top and bottom walls are insulated. The governing equations
are modelled by assuming bosinesq approximation. They examined the Nusselt
number by changing wavy-wall geometry parameters, Rayleigh number, and type
of nanoparticles. According to the results, by adding the volume fraction of
nanoparticles in the overall range of Rayleigh numbers, the Nusselt number
increases and the entropy generation decreases. So, Cu-water nanoparticles have
the minimum entropy generation among the three nanoparticles including: Cu-
water, Al203-water, and TiO2-water. They also claimed that wavy-wall geometry
can be proposed for certain nanoparticles that have the optimum state (i.e. the
Nusselt maximum and the entropy minimum).
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Figure 2. Schematic illustration of wavy-wall enclosure. Note that g indicates the
gravitational acceleration [20]
Parvin & Chamkha [21] investigated numerically natural convection, heat
transfer, and entropy generation in an odd-shaped cavity which is filled with Cu-
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water nanofluid. The inner wall temperature is held constant at Th and the outer
wall temperature is maintained at the temperature Tc while the other two sides are
insulated. The governing equations were solved using penalty finite element
method and Galerkins weighted residual technique. In this study, they focused on
changes of natural convection, Rayleigh number, and volume fraction of the
particles. According to their results, with increasing the Rayleigh number, the
Nusselt humber and Bejan number increase.

In 2014, Oztop et al. [22] also conducted a review of the natural convection in
the enclosures which were under the localized heating with or without nanofluids.
They investigated the effect of type and region of the applying local heat on the
enclosure and also the effect of Kuwaiti different shapes and boundary conditions
on the Kuwaiti fluid flow and heat transfer and evaluated separately the heat
transfer in Kuwaitis with one heat source and two or more heat sources. They also
brought into account the heat transfer in porous enclosures that were partially
heated. In all of the above, they compared the results of experimental studies with
two-dimensional and three-dimensional numerical studies and investigated the
relationship between the heat transfer and wall heating conditions in the enclosure
especially with the use of nanofluids.

3. Natural convection in Microchannle

In recent years, design and fabrication of micro-electromechanical systems
(MEMS), such as micro-heat exchangers, micro-reactors and micro-engines, and
biomedical applications, such as drug delivery, DNA sequencing, and bio-MEMS,
have attracted remarkable research interest on micro-flow in order to understand
the fluid flow and heat transfer in micro-geometries [10]. Kuppusamy et al. [23]
conducted an interesting study on thermal and hydraulics characteristic of
nanofluid in the triangular grooved microchannel heat sink (TGMCHS). By changing

grooves characteristics such as angle (@ =50-100'), depth(d,, =10-25um),

and pitch, they evaluated the thermal performance, fluid flow and TGMCHS
including Nusselt number, maximum of temperature difference, velocity profile,
pressure drop, and increase of overall heat. They used water, ethylene glycol, and
engine oil as the base fluid and also utilized Al203, CuO, SiO2, ZnO nanofluids.
The flow is three-dimensional, laminar, steady state, and incompressible; the
channel wall is smooth in terms of hydraulic. The single-phase model is considered
for nanofluid and the velocity is zero along all other solid boundaries.

By considering an optimum groove pitch, they found that TGMCHS thermal
performance increases with increasing the depth and angle of the groove. The
results were the following:

1) The characteristics of nanofluid flow and heat transfer within the TGMCHS

principally ascribe to the redeveloping hydraulic and thermal boundary lay-
ers, vortices generation, and the enhanced heat transfer surface at the
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groove area. This phenomenon increases significantly the heat transfer but
it augments the pressure drop.

2) Increment of @ and d increases considerably the entire performance as a
result of the increment of the surface area as well as larger vortices gen-
eration. It is deduced that to supply enough space for the boundary layer

redevelopment, an optimum value of p,; is needed. The best geometrical

configuration of TGMCHS isa =100, d, = 25nm and p,; =450um.

Salman et al. [24] conducted a review of heat transfer and fluid flow on
microchannle and micro tube using convectional fluid and nanofluid. They
discussed on the parameters of geometrical specifications, boundary conditions,
and type of fluids; their main purpose was to provide equations associated with the
Nusselt number. They also examined the effect of the techniques using nanofluid,
shape and type of nanoparticles, base fluid, thermal conductivity, and the stability
of the suspension on the heat transfer ,mechanism of heat conduction ,and
rheological behavior of nanofluids.

another review were published regarding the microchannels by Asadi et al.
[25]. They worked on single and two-phase flows in the micro-channels. By
evaluating heat transfer and pressure drop in the microchannels, they compared
used method and equations to predict the heat transfer, pressure drop in the
channel based on the geometry and flow regime.

4. Natural convection in Pipe

Today, natural convection in the pipe by using nanofluid has many application
in different industry equipment. One of its important use is in solar energy system
such as evacuated tube collector; it also uses in satellites. We know that heat pipe
as one of the most reliable efficient heat exchanger, is often used to provide
suitable thermal conditions for space application. It's another application is in loop
heat pipes which used in the server computers and etc.

Mashaei & Shahryari [26] were among those who worked on heat pipe. As can
be seen in Figure 3, they investigated the effect of nanofluid on thermal
performance of cylindrical heat pipe with two heat sources. The examined heat
pipe was a part of satellite equipment cooling. The effect of particle diameter

(dp =10,20,40nm) on the local wall temperature, heat transfer coefficient,

thermal resistance, and the size of the heat pipe were also investigated. They
discovered that the better wall temperature uniformity can be obtained making use
of nanofluid which leads to lower temperature difference between evaporators and
condenser sections. Their results showed that applying small nanoparticle
increases heat transfer coefficient considerably by reducing thermal resistance.
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Figure 3. Schematic of a cylindrical heat pipe with two evaporators [26]

Due to the simplicity of geometry, more experimental studies are carried out
on the heat pipe. One of those was the study of Wan et al. [27] which was about
thermal performance of a miniature loop heat pipe (mLHP) using water. They used
Cu-water nanofluid with an average diameter of 50 nm and changed the contact
angle, the evaporation rate of nanofluid with deionized water. They also discussed
on the thermal performance comparison of the mLHP operating with Cu-Water
nanofluid and with deionized water. Their results revealed that the evaporator wall
temperature and total thermal resistance reduce 12.8% and 21.7%, respectively,
while the evaporator heat transfer coefficient (HTC) enhances 19.5% when
replacing the nanofluid with 1.0 wt% of deionized water at a heat load of 100 W.
Using the nanofluid, improvement of the mLHP thermal performance results from
the reduction of the contact angle, the enhancement of boiling heat transfer, and a
deposited nanoparticle coat on the boiling surface.

Another experimental study was conducted by Goudarzi et al. [28] on the
thermal efficiency of the cylindrical solar collector along with the helical pipe
receiver by changing mass flow rate of fluid, nanoparticle mass concentration, and
SDS (sodium dodecyl sulfonate).

Their result showed that the maximum thermal efficiency is enhanced 25.6%
for 0.1 wt% nanofluid in 0.0083 kg/s mass flow rate of fluid. Furthermore, by
using nanofluid with SDS as surfactant the maximum collector efficiency is
increased by 24.2% in comparison with the situation without surfactant. By
increasing mass flow rate of fluid, the efficiency is enhanced for low values of
decreased temperature differences parameter. And in the case of higher
temperature ranges, the efficiency becomes reverse.

Shahi et al. [29] studied numerically the steady natural convection heat
transfer in a 3-dimensional single-ended tube with non-uniform heat input. They
are assumed that the sealed end of tube to be adiabatic and also the tube opening
to be subjected to copper—water nanofluid. They investigated the effect of
dimensions and inclination angle of the solar tube, as well as the maximum heat

flux100<(q,, <700 on the flow patterns and temperature distributions on
different cross sectional planes and longitudinal sections, when the tube is
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positioned at different orientations. Their analysis of the impact of the inclination
angle showed that the maximum total average Nusselt number is obtained at
y=35° (inclination angle), while the maximum output mass flow rate is enhancing
function of the inclination angle. In addition, they obtained that the maximum
output mass flow rate as well as the Nusselt number are increasing function of
solid concentration, however the existence of nanoparticles is more effective at the
smaller inclination angles.

5. Natural convection in Flat Plate

The fluid flow and heat transfer on a flat plate have very important
applications in engineering process, including packed-bed catalytic reactors,
geothermal reservoirs, drying of porous solids, thermal insulation, packed-bed
storage tanks, petroleum resources, gas production, grain storage, etc. [30]. The
conducted studies on flat plates have more different circumstances. Considering
slip condition which is ignored to simplify the calculation in most studies and also
taking non-Newtonian as a fluid for the calculation are among them.

Singh and Kumar [31] studied mass transfer in magneto hydrodynamic (MHD)
flow of alumina water nanofluid over a flat plate by taking the slip conditions. They
assumed that slip flow an incompressible, electrically conducting, viscous and
steady flow of alumina water nanofluid in the presence of magnetic field over a flat
plate. To solve the governing equations, they used Runge-Kutta method with
shooting technique. They examined the impact of solutal Grashof number as well
as Schmidt number on velocity distribution profile, concentration profile, shear
stress and concentration gradient. They discovered that by increasing value of
solutal Grashof number, the concentration increases and concentration gradient
decreases. In addition, the concentration decreases by increasing Schmidt number.
Hatami & Ganji [32] studied also natural convection of sodium alginate (SA) non-
Newtonian nanofluid flow between two vertical flat plates. They selected Sodium
alginate (SA) as the base non-Newtonian fluid and then added copper (Cu) and
siver (Ag) as nanoparticles. Least Square Method (LSM), Differential
Transformation Method (DTM) and fourth-order Runge-Kutta numerical method
(NUM) were employed to solve the problem. They examined the effect of Prandtle
number, nanoparticles materials and nanoparticle volume friction on non-
dimensional velocity and temperature profiles. As result indicated, Cu as
nanoparticles makes larger velocity and temperature values for nanofluid
compared to Ag. They concluded that velocity profiles and temperature values
increased meaningfully with an increase of Prandtle number.

Khan & Aziz [33] investigated the natural convection flow of a nanofluid by
considering uniform surface heat flux over a vertical flat plate. They utilized the
transport model which includes the effect of Brownian motion and thermophoresis.
The considered boundary conditions can be seen in Figure 4. They plotted the
graphs of velocity, temperature and concentration of nanoparticle that are
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dependent on boundary layers, besides the Prandtl and Lewis numbers, on three
additional dimensionless parameters, namely a Brownian motion parameter Nb, a
thermophoresis parameter Nt, a buoyancy ratio parameter Nr, respectively. In
addition, they obtained an equation for the Nusselt number and Sherwood number
with the study of these parameters on the boundary layer flow characteristic which
predicted the results of numerical studies with maximum error of 5.5% and 3.2%
for reduced Nusselt number and reduced Sherwood number, respectively. Their
result revealed that for fixed Lewis number, as the Brownian motion parameter
and thermophoresis increases dimensionless skin friction increases but decreases
as the buoyancy ratio parameter increases, and, for a fixed Lewis number, by
increasing Prandtl number, the reduced Nusselt number increases but it decreases
as the Brownian motion parameter, the thermophoresis parameter and the
buoyancy ratio parameter increase. In addition, the reduced Sherwood number
increases as the Lewis number and the Brownian motion parameter increase for
fixed values of Prandtl number and the buoyancy ratio parameter.

Boundary layer edge
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Figure 4. Vertical plate with a constant surface heat flux [33]

6. Natural convection in Annulus

The convection heat transfer within concentric and eccentric annulus have
many applications in science and engineering, including completion of an oil
source, electrical motor and generator, heat transfer in heat exchanger device,
cooling of electrical and electronic components, solar collectors, nuclear reactor,
thermal storage system and electrical transmission cables.

In 2015, Dawood et al. [34] conducted a review of heat transfer and fluid /
nanofluid flow in annulus. They considered three flow regime, namely natural,
mixed and forced convection to study the experimental and numerical literature
and analyzed the enhancement of the thermal performance in heat exchanging
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equipment.They also discussed on how to change the parameters such as the
effect of heat lenghth, Darcy, Prandtle, Reynolds, Grashof and Rayleigh numbers
on the heat transfer in concentric and eccentric annulus tube in the horizontal,
inclined and vertical direction of tube. Considering these two articles, one can
compare the two mode in the annulus. The first mode is the concentric annulus
and the other is eccentric annulus. Alawi et al. [35] studied natural convection heat
transfer in horizontal concentric annulus between outer cylinder and inner flat tube
using nanofluid. They regarded a constant heat flux in horizontal flat tube and
conducted a numerical study in the range of hydraulic radius ratio (5, 7.5, and 10)
at orientation angles from 0° up to 90°. Their results indicated that the average
Nusselt number enhances with hydraulic radius ratio, orientation angles and
Rayleigh number and also enhancement ratio for Nusselt number is 24.87% at
orientation angle 90° and hydraulic radius ratio 7.5.

Matin & Pop [36] investigated the eccentric annulus mode and studied
numerically the laminar natural convection flow and heat transfer in an eccentric
horizontal annulus filled by CU-Water nanofluid. First they extracted the governing
equations in terms of stream function-vorticity formulation in polar coordinate
system for eccentric physical domain and then transferred them to the rectangular
domain to have better accuracy of the solution near the boundaries. By changing
the Rayleigh number, eccentricity, radii ratio, they examined changes of Nusselt
number, streamline and isotherm and concluded that with increase of Rayleigh
number heat transfer enhances linearly. Furthermore, they discovered that the
concentric form of the coaxial cylinder leads to the better condition in transferring
the heat from the inner to the outer cylinder for high value of the Rayleigh number

—_ 6
(Ra—lO ). Also Sourtiji et al. [37] studied the horizontal triangular-cylindrical
annulus which was a combination of two different forms in creating annulus, so
annulus radius ratio (RR = 2.5,3,4,5) was one of the important parameters which

was examined. They investigated the inner circular cylinder at constant high
temperature of T, while the outer triangular cylinder was maintained at constant

low temperature of T and also examined the effect of Rayleigh number on fluid

flow and temperature. Their results showed that by increasing the radius ratio at
higher Rayleigh numbers, the average Nusselt number increases while it decreases
at lower Rayleigh numbers. Furthermore, percentage of heat transfer
enhancement due to the nanofluid is more considerable at lower Rayleigh
numbers. Also, Seyyedi et al. [38] studied natural convection heat transfer under
constant heat flux in an annulus filled by Cu-water nanofluid. By changing Rayleigh
number, angle of turn for boundary condition, and aspect ratio, they investigated
the Nusselt number and stream lines plotting. Their final result showed that
increment of the aspect ratio as well as Rayleigh number at high Rayleigh
enhances the value of average Nusselt number. Furthermore, while the angle of
turn for boundary condition of the inner cylinder enhances, the value of average
Nusselt number on the heat source reduces. Soleimani et al. [39] performed a
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study on natural convection heat transfer in a Cu-Wter nanofluid filled semi-
annulus enclosure. As Figure 5 shows, the inner and outer semi-circular walls were
maintained at constant temperature while the two other walls were thermally
insulated. They used Maxwell-Garnetts and Brinkman models to calculate the
thermal conductivity and viscosity of nanofluid. They examined changes of Nusselt
number and flow lines by changing the Rayleigh number and angle of turn for the
enclosure. Their results indicated that there was an optimum angle of turn in which
the average Nusselt number is maximum for each Rayleigh number. Furthermore,
the minimum values of local Nusselt number was corresponding to existence of
thermal plumes on the top surface of the inner circular wall of the enclosure.

e

Region of sipport Control Vohume

i 05 0 05 1 15 2

(a) (b)

Figure 5. (a) Geometry and the boundary conditions with (b) the mesh of semi-
annulus enclosure considered in this work. [39]

7. Conclusion

A review of natural convection heat transfer and flow nanfluid was conducted
in various geometry. In this paper, the parameters of the flow, heat transfer,
Nusselt number and distribution of flow function in natural convection were
studied. Most studies considered the water as base fluid and Al203 and Cu-Water
as nanofluid. Considering radiation along with natural convection with nanofluid
which are applied in solar collectors and satellites can be useful. It also
recommended that pay more attention to the study of natural convection heat
transfer in microchannles in the future since limited study has been done in this
area. Studying natural convection in transient phase at various geometry and
considering changes of thermophisical properties temperature will be beneficial to
increase the accuracy of the results.
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