Available online
European Journal of Advancesin Engineering and Technology, 2015, 2(1): 12-20

gt *:'m“

Research Article ISSN: 2394 - 658X
o
Numerical Analysis of Flow through MINI Channels

Anooplal B, Binoy Baby and C J Joseph

Department of Mechanical Engg, St Joseph’s ColtE#fgéngg &Tech., Palai, India - 686579
anooplalb@gmail.com

ABSTRACT

Overheating of components and devices in electrsggtems led to the application of mini and miceoutel
technologies. The aim is to eliminate as fast assjide the maximum heat quantity from these systemsler to
ensure an increased reliability and functional stiyp Analysis of a laminar flow through a mini-ahnel has
been done by a numerical model method by consigi¢hia surface irregularities. The process has beamied
out as three phases and comparison is made on dhiation of temperature on different cross-sectidre
objective of the work is to investigate fluid flewd temperature variation of regular cross-sectigith that of
irregular cross-section. The result for the channéth surface irregularities is compared with thosea smooth
channel with regular cross section shape and gepmdirom the investigation, we obtain that the attu
prediction of flow and heat transfer characteristiof channels of small cross-section requires thesitlerations
of surface irregularities while performing the numeal computations.
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INTRODUCTION

Electronic cooling is required to remove the walk&at produced by electronic components, to keepinvit
permissible operating temperature limits. Composénat are susceptible to temporary malfunctiopermanent
failure if overheated include integrated circuitscls as CPUs, chipset, graphics cards, and hard dfisks.
Components are often designed to generate asHatée as possible, and computers and operatingragsinay be
designed to reduce power consumption and consedpeating according to workload, but more heat nidyte
produced than can be removed without attentionamlicg. Use of heat sinks cooled by airflow reduties
temperature rise produced by a given amount of. lkeats are very widely used to reduce temperatyrachvely
exhausting hot air. There are also more exoticeattileme techniques, such as liquid cooling.

Integrated circuits (e.g., CPU and GPU) are thmergenerators of heat in modern computers. Hearggon can
be reduced by efficient design and selection ofaiieg parameters such as voltage and frequendyltionately

acceptable performance can often only be achieyeddsepting significant heat generation. In operatithe

temperature of an electronic component will riséiluhe heat transferred to the surroundings isaé¢ the heat
produced by the component, i.e., thermal equilibria reached. For reliable operation, the tempeeatust never
exceed a specified maximum permissible value fehemomponent. For semiconductors, instantaneougiqum
temperature, rather than component case, heataigimbient temperature is critical.

Cooling can be hindered by:

» Dust acting as a thermal insulator and impedinfioait thereby reducing heat sink and fan perforneanc

e Poor airflow including turbulence due to frictiomainst impeding components such as ribbon cables, o
improper orientation of fans, can reduce the amairdir flowing through a case and even createlioed
whirlpools of hot air in the case.

* Poor heat transfer due to poor thermal contact &dtmcomponents to be cooled and cooling devices. CEm
be improved by the use of thermal compounds to ewtisurface imperfections, or even by lapping.
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Until today the microprocessor industry has managgedeep pace with Moore’s law of increasing tratwi
density on a single chip. However, as more and nramesistors are being packed in a given chip ateaheat
dissipation density of a typical chip has risenndatically. High heat density leads to high chip pemature, which
adversely affects the chip performance and raiseserns about thermal reliability of electronicindgde phase
liquid cooling for microprocessors has been longpgmized as an effective method to replace conweatiair-
cooling to handle the increasing heat densitiexwfent and future microprocessors. The liquid bssted
thermally for single-phase cooling is water duetsohigh specific heat and thermal conductivitywal as high
availability and environmental friendliness.

Heat sinks with micro-channels are now establishgdan effective approach to implement liquid caplfor

electronics. A maximum power dissipation density780W/cm2 with a thermal resistance of’@Xnf/W but a

high pressure drop of 2 bar was measured. Followhigy experimental and numerical studies havestigated

the flow and heat transfer characteristics of mitannel heat sinks. Fedorov and Viskanta reportednaerical

study of a manifold micro-channel heat sink andlym#® the complex thermal transport inside a 3Draiic
channel. Their results supported the idea of uaimganifold micro-channel heat sink due to higheatheansfer
coefficients near the channel inlets. Lee et akfpHied heat transfer in rectangular micro-chasmaetd concluded
that conventional numerical analysis can be usedddel thermal performance of micro-channels.

Apart from effective cooling of high heat dissipagfielectronic chips, an additional important issfieoncern is

the increasing energy consumption by large computiystems such as data centers. Direct electricity
consumption by data centers had already reachedfli¥te total world electricity consumption by 208&e to
increased demands for IT (Information Technologg)ated services such as internet and telephony. The
introduction of the Green 500 list for supercompsitemphasized that performance can no longer besdle
motivation for development of microprocessors andt tperformance per unit energy consumption isntioge
appropriate metric for better computing. Today, theergy for cooling conventional air-cooled datantees
comprises almost half of the total energy consuomptdf such systems. This portion of energy use loan
significantly reduced by switching to liquid coolinibhis is because the much lower thermal resistarteerent in
liquid use enables cooling above the free coolimit thus eliminating the need for coolant chillers

Additionally, and perhaps more interestingly, ift eater in the temperature range ofG0- 70C is used to cool
electronic chips, direct utilization of the colledtthermal energy becomes feasible, either usingrgies with
district heating or specific industrial applicatioia doing so, irrespective of the cooling systeging used,
thermal reliability of the electronic chip must gearanteed. This requires maintaining the chip tatpire below
certain upper limits as the thermal reliability tbe chip reduces exponentially with chip tempemtdrhere are
two classes of parameters that influence the pedoce of a cooling system for electronic chips. Tits set of
parameters, which are directly related to coolipgtem, include inlet flow rate and temperature aflaot fluid,
the design of heat transfer surfaces in the he&t the nature of the coolant fluid (liquid or gasid the nature of
flow (single or two phase). The other category ofap@eters lies outside the envelope of cooling systad
belongs to the design of the electronic systemsg&lmarameters include chip power dissipation, thergliability
of chip, net wiring length on an electronic boatd e

LITERATURE REVIEW

Several investigation both experimental and thézakhave been reported on the flow and heat tearisthavior
of micro and mini-channel and compact passagegthperforming theoretical studies, or in making pamisons
with experimental studies, often it is assumed theannel have regular geometry with perfectly defisurfaces.
In fact, the surface irregularities produced by fddarication technique make the channel geometfifergint from
assumed perfect geometries, so that the assumpfigrerfect geometry does not predicts the perfogman
correctly in an analysis, unless the realistic dongmanalyzed.

Experimental investigation conducted by Binoy Bamd C B Sobhan [1] to investigate the fluid flondameat
transfer characteristics of a compact passageimwébular geometry surface profiles used as thentlaties of the
domain. In this study the coefficient of frictiondaNusselt number for the channel with irregularssrsection are
observed to be lesser than those for channel wijnlar smooth surface geometry. The result obtafred this
experiment is used to validate the result that éllobtained from CFD simulation. The calculatians performed
using finite difference method on a compact passsgeiming fully developed laminar flow, and bencted
using experiments on the channel with the sameaserftructure using interferometric measuremente T
computational model has been used for the anabfsisni-channels and micro-channel flow, where dations in
flow and heat transfer from conventional correlasi@ould be of significance, due to surface irragties.
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Many investigators have reported that flow and hesatsfer parameters are very sensitive to chacnosk section
profile and other geometric factors. Experimentatiis by Jiang et al [2] on the laminar flow afuid in silicon
Micro channels with different cross sections hasashthat, for non-circular ducts the value@®f are smaller than
that of conventional values. Experimental investayes were conducted by Wu and Cheng [3] to meatuze
friction factor of laminar flow of water in smootiMicrochannels of trapezoidal cross section withydrhulic
diameter in the range 25.9-291um. It was obsertadl the coefficient of friction of these Microchai was
greatly influenced by the cross sectional aspetib.rébilva et al [4] investigated the influence siirface
phenomena on micro-scale flow using micro-partichage velocimetry (MPIV). Experimental study of an
micro-channel of hydraulic diameter 637um with rbwgalls having relative roughness 1.6% and a veggular
cross section shape showed that Poiseuille nunthfesed by 11%with respect with those with smoaetalls.
This emphasized the need to account for wall roeghrin micro flows. Most of the investigation reves by
Garimella and Sobhan [5] pointed out that the ifsitctfactor and heat transfer measurement do nateagith the
conventional theories. The flow was found to be hst®ngly affected by the hydraulic diameter asgeat ratio
of the channel. It was summarized that researchimgie phase flow in Microchannel has to be focusedhree
aspects. (i) Effect of channel geometry, dimensidnflow and heat transition (i) Reynolds numbeiij) (
Correlation in terms of fluid properties and Michaainel geometry. The friction factor and Nusselhbar can be
expected.

The objective of the work is to investigate fluldw and temperature variation of regular crossiseawith that of
irregular cross section. The result for the chamwigh surface irregularities is compared with thadea smooth
channel with regular cross section shape and gegmet

NUMERICAL ANALYSISOF MINI-CHANNEL

Computational fluid dynamics, usually abbreviatedGFD uses numerical methods and algorithms toesahd
analyze problems that involve fluid flows. Compstare used to perform the calculations requiresirntlate the
interaction of liquids and gases with surfacesrefiby boundary conditions. With high-speed supemders,
better solutions can be achieved. Ongoing resegiglds software that improves the accuracy and dpefe
complex simulation scenarios such as transoniarutent flows. Initial validation of such softwaieperformed
using a wind tunnel with the final validation comim full-scale testing, e.g. flight test.

Mini-channel in micro-technology is a channel wighhydraulic diameter below 3 mm. These are usefiuid
control and heat transfer. They are tiny channeisugh which fluid is directed in some types of Hjgower
electronic cooling systems. A channel serves tagod fluid into intimate contact with the channdlls and to
bring fresh fluid to the walls and remove fluid gnwfeom the walls as the transport process is acdisimgy.

A number of investigation have been undertakeménrecent past to understand the fundamentalsiiof flow in
a mini channel, as well as to compare the heastearcharacteristics to those in conventional cb&This work
has been driven in large part by the very high Ireaisfer rates that can be achieved with micraebhheat sinks
for electronics cooling and other applications. Mielectro-mechanical systems (MEMS) based deviodstheir
applications in a wide variety of emerging techiyiés, ranging from the micro actuators, micro sesismicro
reactors to the micro-channel heat sinks and taertb-mechanical data storage systems, to hame.al fesvmini
channels considered ranged in width from 4mm wligh ¢hannel length being nominally 12cm. The sinmoifat
was conducted with de-ionized water, with the Régmmumber ranging from approximately.

M eshing Theory

Meshing is the task of partitioning a spatial domaito simple geometric elements such as trianle2D) or
tetrahedrons (in 3D). Meshes typically have to oomfto boundaries. Furthermore, for many applicetithere
are quality criteria that need to be met, suchresieng that angles are not too small. Meshinglisige industry,
with dozens of companies selling meshing softwhrtmdreds of companies using software, and a divezsef
applications, including graphics, geographic infatibn systems, computer vision, and air flow andictural
simulations.

In the past decade there have been many impohantdtical advances in algorithm design for meshéaigted
problems, but only some of these have made it inéshing software. The goal of this PROBE is to duail
stronger link between the theory and practice olmreg. The hope is both for the algorithms commutuatbetter
understand the needs of applications and for agmics community to more rapidly integrate algaritb ideas
into their software. A key step of the finite elamenethod for numerical computation is mesh gemaraOne is
given a domain (such as a polygon or polyhedronienmealistic versions of the problem allow curveaméin
boundaries) and must partition it into simple ‘etats’ meeting in well-defined ways. There should few
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elements, but some portions of the domain may rspeall elements so that the computation is more rateu
there. All elements should be ‘well shaped’ (whitleans different things in different situations, Iganerally

involves bounds on the angles or aspect ratio efelements). One distinguishes ‘structured’ andturctured’

meshes by the way the elements meet, a structuesth 3 one in which the elements have the topotufgg

regular grid. Structured meshes are typically easi€ompute with (saving a constant factor in nme) but may
require more elements or worse-shaped elementdrudhged meshes are often computed using quas, toedoy

Delaunay triangulation of point sets, however thare quite varied approaches for selecting the tpdim be

triangulated.

PROBLEM FORMULATION

The CFD problem discussing in this paper is the mamison of flow parameters and temperature progedf a
rectangular mini channel with its modificationsshapes. The application of these mini-channelsliysinzlude
liquid cooling systems used in cooling of IC chigsyvers etc. In reality, a sheet of these minialeis, which
containing usually water, are placed over the I@€lor server where the cooling is required, aredfkiid flow is
produced by external methods which will absorbhbat and cooling is produced. In this paper weeatanmating
the properties of the flow and heat transfer in #iove mentioned shapes by utilizing the applicatid
Computational Fluid Dynamics (CFD) based softwdiles Fluent, Ansys etc. At first, the Fig. of eaphase is
drawn with the help of designing software CATIA. érhthis Fig. is exported to the Workbench for farth
evaluation of the problem in a flow simulating sedte Fluent. And after a number of iterations thsuft graphs
are obtained.

The analysis of the problem is being conductedhiae phases or stages as mentioned above. Astige, we are
doing the analysis in a perfectly rectangular carad the results were obtained for the same. Iméxt phase the
inner rectangular surface has been modified, atidbeiof irregular shape and contains zigzag pta@es which
will increase the area of contact of the flow. Aird stage, a real surface property is being evatua

DESIGN AND ANALYSIS

Thelnvestigation of Flow in Rectangular Duct
The flow investigation in a rectangular duct is daat the first step. The Fig. 3 shows the varioiesvs of the
assembled solid and liquid domains in the CATIAtwafe interface.
The rectangular duct has the following dimensions.

Inner rectangular duct =4 mm x 4 mm x 120 mm

Outer rectangular duct =8 mm x 8 mm x 120 mm
The inner rectangular duct is called as fluid domzgcause it is the region in which the fluid flaatually taking
place. The outer rectangular duct is called asdsdbmain because it is made of aluminum metal for o
consideration. The solid portion at the bottomhaf Fig. is where a constant heat flux is given,clwvhin practical
our IC’s heat is given.
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Fig. 1 Different viewsin CATIA interface

Thelnvestigation of Flow in a Modified Surface with Irregularities

In this stage, as mentioned earlier the flow thtowg modified rectangular surface is being evaluafdte
modification of rectangular surface mainly includbs presence of projections in the surface inagmanner.
The Fig. 2 gives the idea of the modified surfatlee dimensions of the Fig. 2 are the same as thidiiecabove
case. Boundary conditions and heating surfacesharsame. The fluid domain here represents the ipath at
which the fluid is flowing and the solid domaintie outer metal body made of aluminum. The maifecéhce of
this case from the previous case is the presengeopécted surfaces which will help the heat transhte by
increasing the surface area.
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Fig. 2 Different viewsin CATIA interface

Thelnvestigation of Flow in an Actual Surface

There are always a considerable difference betwleemctual possible rectangular channels that wecag in a
metal and the ideal rectangular channel that we ltawnsidered in the first stage. By giving the spicconsider
the actual difficulties that we have to face inartb cut a rectangular duct in a metal, we canrassgeometry
with a random profile as shown below, as actuag¢ adsiuct. In this figure the geometry’s inner lildomain has a
dimension within the limits than that of the ficgise. The outer solid domain has the same dimeasitimat of the
first case. All the boundary conditions and thetimggvalues remain constant as that of the previoases.
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Fig. 3 Different viewsin CATIA interface

Boundary Conditions
Following are the boundary conditions defined foe simulation:

Inlet temperature =28®

Mass flow rate at inlet = 1L/h.

Inlet pressure =101325 bar

Wall = No slip wall

Fluid = Incompressible fluid

When a real fluid flow past a solid body or a salidll, the fluid particle adheres to the boundamyg @ondition of
no slip occurs. This means that the velocity oidflclose to the boundary will be same as that efdbundary.

Assumptions
The assumptions based on which simulation is foaedl are the following:

» Velocity is considered to be zero at all boundagiesept at channel inlet and outlet.
» There are no radiation effects.

* The flow is unidirectional.
» Buoyancy effect is neglected.
» Cavitation effects are ignored.

» The flow is incompressible and hydro dynamicallg éimermally fully developed.
» Steady state analysis.
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The buoyancy effect is neglected as forced convedieat transfer characteristics are being invatstdy Since the
majority of the length of the mini-channel is iretfully developed condition. The process of heatdfer can only
take place when different points in a body havdediint temperatures. Temperature field are defamedither
steady or transient (unsteady). If in a heat flawbfem the temperature at each point is constarnims, it is
referred to as steady state, here temperaturduaction of space coordinate. Fluid used for sirmafais water,
hence it is incompressible. Cavitation is the faioraand then immediate implosion of cavities iticuid i.e.
small liquid-free zones (‘bubbles’) — that are ttensequence of forces acting upon the liquid. ttallg occurs
when a liquid is subjected to rapid changes of qunessthat cause the formation of cavities wherepitessure is
relatively low. Cavitation is a significant causeveear in some engineering contexts. When entdrigh pressure
areas, cavitation bubbles that implode on a metdhse cause cyclic stress through repeated imgiodihis result
in surface fatigue of the metal causing a type eamalso called ‘cavitation’

RESULTS

The following results are obtained from the anayadter completing the calculations in the FLUENTese results
are obtained with the help of CFD-POST. The redoltgach phase of analysis are shown below.

Phase 1

The following results are obtained through CFD wgsial of phase 1.The outlet temperature is founthe06-7

degrees higher than inlet temperature. The imafjgeeaesults are shown below. The figure showsdheperature
distribution along the length. The flow is simuldtalong the Z axis and the above figure shows tosed view

along the length. The left end is the inlet andrtbt end is the outlet of the channel. The botfmrtion comprises
the heating surface. We observe a temperatureofigbout 6 to 7 degrees for the fluid. This imapevss the
temperature variation on the cross-sections atgwiats along the length. This Fig. represents tbe behavior

inside the fluid channel.
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Fig. 4 Temperaturedistribution along the length
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Fig. 5 Temperaturevariation along length

The variation of Nusselt number along the lengtipligted in the above graph. From analyzing theiltesit is
found that the Nusselt number value was very higtha beginning and it reduces as the length pase€he
Nusselt number varied from a value about 500 ab#ginning and the value reaches a minimum of ateuand
after that the reduction diminishes and the numéerains almost a constant value. These are thiéseduained by
the CFD analysis conducted in the first case prable
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Fig. 6 Nusselt number v/s Distance

Phase 2

In the second phase we are evaluating the flowutitrahe zigzag surface. In this evaluation theofeihg results
are obtained. There is a temperature differenee®tlegrees is observed between inlet and outhesd results are
plotted from the CFD-POST after completing the gktions in the FLUENT. The following Fig. showseth
temperature distribution along the length. The flmasimulated along the Z axis and the above Higws a
sectional view along the length. The left end s itlet and the right end is the outlet of the cte@nThe bottom
portion comprises the heating surface. We obseavesmperature rise of about 4 to 5 degrees fofltie This
image shows the temperature variation on the @estens at two points along the length. This Fegresents the
flow behavior inside the fluid channel. The flowinsthe direction away from the observer.
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Fig. 7 Temper ature variation along length
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Fig. 8 Temperature variation in a cross section
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The variation of Nusselt number along the lengtiplatted in the above graph. From analyzing theiltesit is
found that the Nusselt number value was very htgheabeginning and it reduces as the length pdx€ekhe value
reaches a minimum of around 6 and after that tHaatéon diminishes and the number remains almasirstant
value. The value of Nusselt number is found greatenpared to the first case, so we could expectteebheat
transfer for the second case because of the Nusselber variation. These are the results obtainethé CFD
analysis conducted in the second case problem.
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Fig. 9 Nusselt number v/s Distance
Phase 3
In phase 3, we are evaluating the flow through @ oeoss section channel. From the analysis a teahpe
difference of 1-2 degree is observed between atet outlet. The Fig. 10 shows the temperatureiligton along
the length. The flow is simulated along the Z aaisl the above Fig. shows a sectional view alondethgth. The
left end is the inlet and the right end is the etutif the channel. The bottom portion compriseshibating surface.
We observed a temperature rise of aboutégdiees for the fluid. This image shows the tempegavariation on the
cross-sections at two points along the length. Tibige represents the flow behavior inside thédfichannel. The
flow is in the direction away from the observereTihlet of the channel is marked in blue color.
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Fig. 10 Temperature variation along length
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Fig. 11 Temperature variation in a cr oss-section
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The variation of Nusselt number along the lengtiplatted in the above graph. From analyzing theiltesit is
found that the Nusselt number value was very htghebeginning and it reduces as the length paseEhe value
reaches a minimum of around 5.5 and after thatetlaction diminishes and the number remains almastnstant
value. The obtained values of the Nusselt numbfausd to be lesser than the values of the secbadeq) therefore
we can expect a lesser heat transfer than the d@ame. These are the various results obtainedtfieranalysis of
the third phase.
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Fig. 12 Nusselt number v/s Distance
CONCLUSION

Analysis of a laminar flow through a mini-channelshbeen done by a numerical model method by camsigdéne
surface irregularities. The process has been daotg as three phases and comparison is made osatiadion of
temperature on different cross section. The floarabteristics and heat transfer of irregular csesgion channels
are compared with smooth cross-section channelgrendeviations are studied. From the investigaties obtain
that the actual prediction of flow and heat transflearacteristics of channels of small cross-sactéguires the
considerations of surface irregularities while perfing the numerical computations. The comparisdn o
experimental results with computational resultsebdasn an assumption of regular surface geometraagddnoften

be mistaken as actual deviations which could bengisointerpreted as due to fundamental differenceflow
behavior in small cross-section channels.
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