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Abstract

In this thesis, a stacked doulléger flat plate oscillating heat pipe charged with
degassed DI water watkesigned fabricatedand characterized under different operating
conditions(orientation, system or cooling water temperature and heat Idaelpscillating
heat pipe was designed to dissipate 500 W within a footprint of 170 x 160 Tine
oscillating heapipe had a total of 46 channdB3 channels per layewith a nominal
diameter of 2 mmTests were performed to characterize the performance of the oscillating
heat pipe for (i) axial heat transfer and (ii) as a heat spreHaestacked oscillating he
pipe showed distinctive featurén that it overcame the absence of the gravity effdan
operated in dorizontal orientation The thermal performanceas found to be greatly
dependent on the operational paramefEng oscillating heat pipe was able to dissipate a
heat loadyreaterthan 500 Wwithout any indication oflry-out. An increase in the cooling
water temperature enhamlde performancand wasaccompanied with an increase in the
on/off oscillation ratio The lowest thermal resistance of 0.06 KiM&s achievedt 500 W
with a5 0 c o o | itemperatwrawitie & correspondinggvaporator heat transfer
coefficient of 0.78 W/cmK. The oscillating heat pipe improved the heat spreading
capability when locally heatl at the middle and end locations. Thermal performance
wasenhaned by27 percentand 2 percentyespectively whencompared ta plain heat

spreader.

Keywords: Flat plate oscillating heat pipe; Stacked; Theimydrodynamics;
Orientation; Heaspreading.
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1 Introduction

Thermal management has been and continues to be a major challergsydifferent
applications anéhdustries suchas in energyenewable andtorage systems, refrigeration
cycles,power electronics and theutomotive industry. For exampléhere is a growing
need for high performance heat dissipation systems for batteries and the advanced power
electronic deviceas the automotive industry moves towards fully electric vehiclesre
is also a growing tendency towards more compactpater electronic devices that leads
to the need for heat transfer devices that have much higher heat flux capacities. Typically,
the heat generated in battery and power electronic devices need to be transferred to a
different location for dissipation to thendient due to space constraints. This is done by
coupling theheat spreader plates at the sowrith a heat exchangéor dissipation to the
ambientusing an active (e.g. forced liquid cooling) or a passive heat trasygtemHeat
pipes are passive heat transport devices that have been used extensively in such systems.
In heat pipes, a working fluid is evaporated at the hot end and the vapor travels to the colder
end where it is condensed due to heat transfer. Therseaeal mechanisms used to
transport the condensed liquid back to the heated end. In the simplest case, the condensate
is returned via gravity (thermosyphons) and in other cases an internal wick along the wall
is used to return the liquid through the capillacgion (wicked heat pipes). There are also

several other variations that include rotating and revolving heat pipes. Due to-hiecse
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heat transport mechanism, these devices have a high heat transport capacity with very low

thermal resistance comparedother methods.

There is growing interest in the use of oscillating heat pipes in many applications.
Oscillating heat pipes have several advantage over traditional heat pipes: (i) there is no
need for wickstructures to transport the fluid, (ihesimpe structure and low fabrication
cost, (iii)theycan be fabricated in very small sizes due to its small inner diameter and (iv)
they can work in different orientations efficiently compared to traditional heat phoes.
Oscillating heat pipe (OHP) or Putsay heat pipe (PHP) consists of a long meandering
capillary tube typically made of copptratis vacuumed and then filled with a working
fluid with a specific filling ratio. A train of vapor bubbles and liquid slugs is forohgeito
the surface tensiorsashown in Figre 1. At the evaporator section, the liquid slugs are
evaporated, increasing the volume of the vapor as well as its pressure. This increase forces
the fluid to be pushed to the condenser section where cooling is applied, and the vapor
concenses and the pressure decreases. The continuous vaporization and condensation of
the fluid creates the oscillatory motion of the fluid. The higher the heat flux, the greater the
oscillatory motion which leads to higher heat transfer performarioe.heattransfer is
through forced convection (oscillatory motion) and phase change (latent heat), so it has a

higher heat transfer capacity than traditional heat pipes.
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Figure 1-1: Oscillating heat pipe (OHP) structure.

Despite the progress that has been made during the past decades on development of
heat transfer devices (heat exchangers, heat sinks and heat pipes), there are still challenges
in thermal management that needs membancement in their performance, particularly
when dealing with hot spotdue to local heat generation. One method of allevidtivtg
spotsis to embed heat pipes on the heat spreader plate to transport the heat away from the
hot spots and provide a moisothermal heat spreader condition. An example of this is
shown in the heat spreader plate manufactured by MERSEN (Hig2)revhere wicked
heat pipes are embedded in the heat spreader plate. Oscillating heat pipes provide an

attractive alternative to hepipes because its geometry is well suited for such applications.
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Figure 1-2 Mersen® heat spreader with embedded heat pipes.

The focus of this thesis is on power electronics cooling which generates a high heat
flux, which is of interest to our industrial parther MERSEN. In particular, the key objective
is to investigate the feasibility of a flat plaiscillating heat pip&o transport heat powers
greater than 400 Watts with an evaporator wall temperature not exceeding Tbére
have beerseveralstudies of thisonfigurationand these are reviewed in the nelxapter
However,to the authdd &nowledge thereare no guictlinesor estimated heat transfer
coefficiens to aid in designingoscillating heat pipes for use in heat spreader plates for

different applicatiorconditions.
The specific objectivesf this studyare:

(1) To experimentally investigate the therhypdrodynamicperformance ofa flat
plate oscillating heat pip@nd investigate its performance at different opegati
conditions In addition the advantages of stacked flat plaseillating heat pipe

over single layer onesre considered
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(2) To investigate the capdity of the fabricated oscillating heat pipe functionas a
heat spreader to eliminate hot spots on power electronics cooling system,

specifically replacing the embedded heat pipes on MERSEN® heat spreaders.

This thesis consists of five chapters. Chapi® present a literature review pertinent
to this study that includes the design and operation paramEmghasis is placed on
oscillating heat pipethat deal with high heating power. Chapter three discusses the design
methodology and manufactwf the Oscillating Heat Pipe, the experimental facilities, and
data analysis. The results and discussion are summarized in chapter four and finally the

conclusion and recommendations from the study are presented in chapter five.



M.A.Sc. Thesisi Mohamed Abdelnabi McMaster Uni- Mechanical Eng.

2 Literature Review

Oscillating heat pipgconssting of a closed continuous loop ofdhapedevacuated
channelghat are partiallyilled with a working fluid wereinvented byAkachi[1] in 1990s
to transport heat passively with a low thermal resistance. Widr&ing principle of
oscillating heat pipes based on the oscillation$ the working fluid which is preseir
thechannels in théorm of a train ofwater slugsand vapour plugsthe thermodynamics
behind the oscillations wamitially explained by Karimi[2]. The pressure enthalpy
diagram is shown in Figure®, where the working fluid initiallys at point Aand oscillates
between point B angoint C. The heating at the evaporatndresults inthegrowmh ofthe
vapour plugs dut the liquidevaporation antbrces point A to move to point B ahigher
pressure, temperature, and qualBymultaneouslythe cooling at the condenser section
leads to shrinkage in the vapour plugs because of condensatigimg point A to point C
atalower pressure, temperature, and quality. In thig tha system is ianon-equilibrium

state whichresults inthe oscillating motion.

The channels ianoscillating heat pipe hasdefined hydraulidiameterand it can be
constructed out of copper tubimg be machined on a flat plaéadare called flat plate
oscillating heat pipg Many experimentdave beeronducted to understand the working
principle of oscillating heat pigand its performancenderdifferentoperatingconditions
with different designsTheparameterghatcan affect the performance of ascillating heat

pipe can be divided into three categoriésa( et al3]): (i) geometric parametersj)



M.A.Sc. Thesisi Mohamed Abdelnabi McMaster Uni- Mechanical Eng.

physical properties of the working fluid anid X operational parameters. The geometric
parameters define the physical geometrysdillating heat pipgand include the iner
hydraulicdiameter, number of turns and areshafevaporator and condensgrctionsThe
physical properties othe working fluid can significantly affect the performance and
include the surface tension, latent heat, specific heat capastgsity, and thermal
conductivity. Finally, the operational parameters or operating conditions will define the
charging ratio, bat flux,andinclination angleln most applications that usscillating heat
pipes, the challenge is to design tbscillating heat pipéo transport a given heat flux over

a given geometric footprint while maintaining the temperature difference betiveen

evaporator and condenser sectidrs and cold regiongto within the allowable range.

Expanding | -
Bubble |- ~

Figure 2-1 Pressure enthalpy diagram of a working fluid during the operation of the
oscillating heat pipg2].
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This chapterreviewspreviousstudies on oscillating heat pmestarting with the
different parameterthataffect the performancd he effect of each parameter is presented
with a summaryon its effect on the design of oscillating heat pipes. The limitations on
oscillating heat pipeare then discussedhd chapteconcludes wittprevious work done

on investigating the performanoéoscillating heat pipeas a heat spreader

2.1 Parameters that affect the performance oDscillating Heat Pipes.

2.1.1 Channel dimensions.

The dimensions of the channel have a significant effect on the performance of
oscillating heat piped.he appropriate channel hydraulic diameter is determined based on
the fluid propertiesspecifically the surface tension to maintain the presenteediquid

slug and vapor plug trasnThe Bond numbe(6 § expresseas

6 —— 2-1
is used to define the suitable range of the hydraulic diameter. It is a dimensionless number
that characterizes the ratio of the gravitational force to the surface tension forces. The
appropriate maximum diameter is determined when the capillary forceh vglaifunction
of the surface tensiainof the fluid is almost equal to the gravitational fofd¢. Based on
the studyby Qu et al[5], theBond number should be therange between 0.49 andchid

given as
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Thus, i t tfhoel Idoiwasmettheart s houl de qhuea LiB)d ot Hea vrea n |

the appropriate slug and plug trains.

T o 2.3

An analytidabvetmhoideid . [eBlcapr edi ct of hceh a nonveelr |
di améterThe effect of different parameters
't is found that the ninnnoruem sdd ainre ttahre | muwemk
overcome the incr eaBye ionfc rtaehaescilfriigoatt ireefs i & @ln
to °@OWorizortral cal ), the minimum di ameter

i ncreasitme molienasation gets closer to the

The crosssectional shape of the channelsoaffects the thermal performance of
anoscillating heat pipelt has an important role the slug and plug train distribution and
flow pattern transitionAngled corners can have a significant effect on the flow pattern.
Mehtaet al.[7] experimentd) investigatedhreeoscillating heat pipg two of themhaving
the same hydraulic diametef 2 mmwith different crosssectional shams one with a
square crossection and the other with a circular crsggtion and the third onavith a
squaresectiorwith 5 mm hydraulic diametefhesquarecrosssectionachannel hd better
thermal performance compared to the circular chawnil a decrease ithe thermal
resistance by about Zfercent.This is because of theeiting film created by the squa
channel around the vapour plugs which connects both parts of the liquid abdyel@amd
the vapour plugresulting in higher rising velocity compared to the circular chajgjel

The larger square channel oscillating heat pipe also performed better than the smaller

9
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circular channel oscillating heat pigghou and QU9] concluded for an experimental study
thatoscillating heat pipgwith triangular channels perform thermally better tharsovith
rectangular channels. Lee et [dl0] performed a study on micro chanmaicillating heat

pipes with different channeggeometry. It was found that the square chacoeipared to
circular channels exteredthe power limitation and shad better thermal performance.

The liquid film thicknesshatwasvisualized by a higlspeed camenaas found talecrease

with anincrease of the heat load in contrast to the circular channels which is constant with
the heat load. The same was concludedibg et al[11] in their study on the effect of

channel geometry on the performand¢@scillating heat pipes

Theeffect of theevaporator section lengttas considered iMeena et al12], who
conducted experiments to study the effect of evaporator length on the critical hdat flux
different working fluids It was bund that for theange of their studythe critical heat flux
increasedas the evaporator lengtivas reducedSimilar conclusios were madeby
Rittidechet al[13], wherethe maxmum heat flux decreasdrom 7646 to 4506 W/Awith
anincrea® inthe evaporator lengtirom 50 to 150 mm for R123 as the working fluid
Charoensawan anterdtoon[14] studiedthe effect of theevaporator length with different
working fluids, filling ratios and hydraulic diameteHaving a smaller evaporator length
enhancd the thermalperformancefor all the configurationsPrevious studiehave
concluded that it idetter to have aondenser lengtlonger than the evaporator length

[15],[16].

There ae no clear guidelinesof determining the optimal condenser lengthe

numerical investigation done by Wang eff&¥] foundashorter condenser lengtbsulted

10
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in a higher the thermal performance, but the study was done feked condenser
temperature of 27 . Kim et al [18] reported that other parametegsarticularly the
temperatureaffect the selgn of the condenser length. Thetudied the effect of the
condenser length at different conditions and fouhdt a higher condenser section
temperature need alonger condenser lengtRor example, an optimum condenser length

of 10 mmwas foundsuitable when theondenser temperatuneaslower than 30 but a
condenser length of 50 mm was requiredcfandenser temperatwigigher than 60 . The

results showhat the condenser length and its temperature is linked which means that each

condenser teperature (cooling water temperatuaifects the condenser length selection.

2.1.2 Number of turns

The number of turns is one of the most important parameters that greatly influence
the thermal performance ofcillating heat pipgand determine its heat flimitations.
Increasing the number of turns enhances the thermal performance, as the perturbations
inside theoscillating heat pipare increasedndthis enhancsthe pressure disturbargse
which consequentlyncreasegshe motion of the working fluid19]. In addition to the
enhancement in the thermal performarnseijllating heat pipgwith ahigh number of turns
tend towork betterat differentinclination angle [20]i [23]. It has been shown that the
higher the number of turns the lower the gravitational effect, and thusffiet of
orientation o theoscillating heat pipePast a certain number of turoscillating heat pipe
work efficiently in horizontal orientationhoughnotas thesame as iavertical orientation

wheregravity assists the fluid circulatio@haroensawan et §R4] demonstrate thatan

11
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oscillating heat pipavith the number of turns greater than 16 opedasemilarly for all
inclination anglse. The results shoadthata 23-turn oscillating heat pipélled with water

in the horizontal orientation transped about ® percentof the heat that could be
transportedn the vertical positionwhile a 7-turn oscillating heat pipdilled with water
transported lesthan 20percentof the maximum headbad On the other handseveral
studies support that there is a critical number of tuthandekar et al25] showed that
increagng theof turns past a critical value leadsadegradation in thermal performance
caused by the reduction in pressure difference insideosieédlating heat pipelt is
commonly concluded that the number of turns affects how much heat can be dissipated but
there is no correlation found to link it withe thermal performance and what is the critical

number of turns.

2.1.3 Working fluid

The working fluidproperties gurface tension, latent heaiscosity,and thermal
conductivity) affect the performance of tbgcillating heat pipand needs to be considered
in its design.Using fluids witha large surfacéensionwould lead toanincrease in the
critical diameter accordin eq. @-3) andresult in a lowfriction resistance. However, the
capillary resistance which effects the contact angle hysteresis is proportional to the surface
tension[26]. Hence, there is @dmpromise to have a fluid with optimal surface tension to
maintain the presence of the liquid slugs and vapor plugs train and at the same time to have
the lowest flow friction.The katent heaplays a key role in determining the working fluid

based on thbaeat flux. Fluids with low latent heat is better and desirable for low heat flux

12
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applications, as it minimizes the excess temperature néedstartup of the oscillating

heat pipeFor high heat flux applications, fluids with a high latent heat woeldédeded

[27], [28]. Fluids with lower dynamic viscosity is better foscillating heat pipe Low
dynamics viscosity leads to loweiscous damping which hinders the fluid motion and
reduces the shear stregssulting in a decrease in the pressure. This leads to minimize the

heat flux needed tmaintainfluid motion[26], [29].

Experimentshave beenperformed to investigate the effect of working fluid
properties on the performance oscillating heat pipge Wang eal. [30] conductedan
experimental study using three different working flujdster, ethanol an&141B). The
oscillating heat pipe withvater perforred better than theother two fluids havingthe
largestmaximum heat flux and wider range in operating temperature differences. This is
due to its high latent heat and specific heat capacity relative to thewathétowever, the
oscillating heat pipélled with waterexperienced aelay in the startip as itrequiredmore
heat toinitiate the oscillatons due to its higkr latent heatThese results were similar to
those obtained byseng el al[31]. At low heating powex(less than 6@/), the fluids with
low specific heat and latent heat perfed better as they experierdte lower thermal
resistancend an earlier stattp. Waterwas found tovork much better for higher heating
powes. Finally, the working fluid selection is mainly based on the applicatraidry-out
limitations which will be discussed later in thchapter ancheeds to be considered in

selecting thevorking fluid.

13
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2.1.4 Fluid chargeratio

The darge ratio is the volume of the working fluid the total volume of the
oscillating heat pipehannels. Ascillating heat pipeare filled undera vacuum, the
charge ratio definethevapor to liquid ratio which influensghe thermal performancét
zerocharge ratio, the heat is transferred purely by conduction througisthiating heat
pipe walls which hasa relatively high thermal resistancat low charge ratis, thereis
insufficientliquid to contribute tdhe sensible heating mode and the tendency to reach the
dry out limit is morelikely to occur On the other handgery high charge rat®meanthe
presence omore liquid whichcanobstrict the oscillating motion as there are not enough
vapor suigs which areresponsible fothe driving force. At 100percentcharge ratio, the
oscillating heat pipdecomes a singlphase heat transfer device. Different experiments
have beeronducted to investigate the optimal charge natiderdifferent conditions, and
it is concluded thathe charge rati@epend on different parameters like working fluid,
heating power and orientation. Han et[8] reviewed experiments done on the charge
ratio, and summarizetiat theoptimal range isypically from 35percento 65percentand
in mostcasedeterminedhat a chargeatio of 50 percent wasptimal for higher thermal
performance.The optimal rangereported in[3] is for the conditions wherethese
experiments were don@&he charge ratio, howeves,not onlya function of one parameter
but a combination of the parametdvehta et al[32], conducted an experiment to study
the effect of the chaggatio on the performance for a verticalcillaing heat pipeharged
with acetone. The performance enhahegth anincrease of the chagegatiotill a charge

ratio of 60 percentbefore deteriorating with a further increas@e thermal performance

14
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with different working fluids at 7@ercent chargeatiowas found tajive different thermal
performancavhich mearthe optimal charge ratidepends on the working fluid and other
operating conditions. Khandekar et[83] found thatthe sensitivity of thehargeratio to
the performancevas not significant witlin the range of 3% 70 percentfor water as a

working fluid

2.1.5 Cooling water temperature

The temperature of the cooling watéfects the performance of oscillating heat
pipes. By increasing the temperature of the cooling water the overall thegrfaimance
increases and it enharstbe stadup conditions by decreasing the power needed for steady
startup as found by Chao Hua et[&ll]. Several studi¢f0], [34], [35] were done to
investigate the effect of the cooling water temperature thadkey finding is that by
increasing its temperature the thermal performaiscenhancd. Kun Xie et al[36]
performeda study on an oscillating heat pipe with different cooliraertemperaturg in
the range of 2680 . A higher cooling water temperaturesulted in dower thermal

resistance.

2.1.6 Orientation (inclination angle)

Experiments have been performed to study tieceof the orientation on the
performance obscillating heat pigs [20], [37], [35], [38]. The vertical orientationvith
bottom heatingjives the best performance due to the gravitational effect. The gravitational
force helps ilfmoving thefluid backto the evaporator sectipavercoming the resistance
forces represented ithe buoyancy forceCharoensawan et gR4] carried out various

experimets to study the effect of orientation tre maximum heat transfer aiscillating

15
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heat pips. The results showvthat for different working fluidsthe oscillating heat pipe
performance degrades as the orientation tends tootiieontal positionln order b predict
the thermal performance okcillating heat pipeat differentorientationsHudakorn et al.
[39] formulated a correlation to predict the relationship between the inclination angle and

the critical heat fluxas

. 8
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The above correlation is developed for a siflgieeredoscillating heat pipeMulti-layered
or stackedscillating heat pipgperform differently at low angle orientatigrrheeffect of
orientation is significantly reduced for stacked oscillating heat pipes, Winerapson et

al. [40] found similar thermal performance for both vertical and horizontal orientations.

2.1.7 Number of layers(stacked/threedimensional)

Most previousresearclhhas been on the performancesioigle layeoscillating heat
pipes. More recently, there have been studies to investigatthénmal performancef
multi layered orstackedoscillating heat pipgewhich casist of more than one layer of
channels connected to create a closed .ld8fackedoscillating heat pipe have an
advantage ovesinglelayeredoscillating heat pipgas itreduceghe problemsf operating
in a horizontal orientatioby reducing the effa of gravity. Stackedscillating heat pipe
have lower thermal resistance than sindggered oes withbetterstartup conditions.Qu

et al.[41] conducted a study to investigate the effect of increasing the numlageos for

16
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both vertical and horizontarientations The results showed thay increasing the layers,

the thermalresistancalecreasa, and themaximumheating power range increasdy
increasing the number of layers, the thermal resistance in both the horizontal and vertical
orientations were very similaBmod and Ma[42] investigated the number of layers on the
thermal performance of oscillating heat pipesicompared the thermal performance when

the number of lagrswas increasedinglelayer, doubldayer and tripldayer oscillating

heat pipes were tested in both horizontal and vertical orientafibesresults shoed an
increase in performance wieimincrease in number of layers and the gravity influenas
significantly reduced as the number of layers waseasedIn summary,an oscillating

heat pipdor horizontal operationrequiresa specificmumber of turnsA stacked oscillating

heat pipe provides an attractive design alternative for compact applications and can also
avoid difficulties instartup and instabilitiesassociated with operation in therizontal
position In vertical operation, the performansamproved due to the increased number of

turns due to the layers

2.1.8 Heat transfer coefficients

One of the most complex phenomenasgtillating heat pipeis the heat transfer
mechanism in the evaporator and condenser seclioissa twophase convective heat
transfer where convective evaporation occurs in the evaporator section and convective
condensation in the condenser sectiimere have been sevestlidiesto understand the
heat transfer processes in the evaporator and condenser ségtsmmee studiept3], the

heat transfer coefficientare calculatedising the measured evaporator, condenser and

17
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adiabatic or internal fluid temperaturds other studies, thieeat transfer coefficientre
estimatedusing twephase flowcorrelationsMa et al[44] used theChen correlatio45]
for convective flow to describe the heat transfer in the evaporator sectiorChEme
correlation combines aucleate boiling term@ - microscopic) with a bulk convective

term to account for the oscillating motio® ( - macrascopiq as

Q 1Q Q 0.5
Chen developed a model for the nucleate boiling heat transfer term as

08 8 » 8
’”, ~ - v 5 8 5 - 5 8 o
Q rBtnpc\S‘s,,Qs,,s Y Y U 0 Y (0] Y 2.6

The forced convection term caused by the oscillating motions is modeled using the

Martinelli parameter as

Q Ow Q 2.7
whereh; is the liquidphaseheat transfer coefficient and expressed as
Qs 2-8

0 n&cqa YPOi8

Cheng et aJ20] suggested usintine Shah correlatiorj46] for film condensation inside a
pipe for the condenser heat transfer coeffici€he Shah correlation igivenas
Q g 03B 88p « 8@ 2.9

o o P 5io ®
where0 andv are the absolute pressure and the critical presduttee working fluid,

respectively.
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Most previous workhat used measured temperatwes the adiabatic temperature
instead of the actual fluid temperaturecalculatethe heat transfer coefficienin the
evaporator and condenser sections.dstly leads to errors ithe heat transfer coefficient
asshownby Monroe et a[47], where he compared the internal and external temperature
measurements for the adiabatic sectibimeyfound that the conduction through the walls
damps the frequency of the temperatlgading to errors irthe temperature readings
wheraasthe internal measurements can capture higher amplitude and frequencies of the

temperature.

Instaling sensors withithe channels fanternal measurements obtainthefluid
properties tocompue the heat transfer coefficienis challenging Gonzalez et al[48]
installed pressure transducers and internal thermocouplesaiothe fluid properties. The
saturation temperature calculated from the saturation pressureatatampared to the
fluid temperature at thevaporator and condenssections The fluid atthe evaporator
sectionwas found to batthe saturation state batt the condenseit was in thesubcooled
state. This leads nunderestimabn ofthe heat transfer coefficient at the condemgesn
using the saturation temperature instead of the kfitid temperaturePrevious studies
[49]i [53] concludedirom different mathematicalnd numericamodelsthat the sensible
heat transfer is the dominameat transfer modandnot the latent heatAn experimental
studyby Jo ¢ al. [54], howevershowed that the latent heat transfer is the nrajmie due
to theannular flowbeing dominantThe fluid temperature in the thin film region is higher
thanthesaturation temperatusnd the opposite in the condenser sectiontlans lead$o

overestimabn and underdsnaton of the heat transfer coefficients time evaporator and
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condenser sectiongespectively by assuming the fluid to be at the saturation temperature
The error, however,was found to not exceei8 percent in Jo et aj54]. Hao et al[34]
reported that the heat transfer coefficiemtthe evaporator contribudemore to the
oscillating heat pipe heat transfer tharthe condenser but the adiabatic temperature was
used instead of the internal fluid temperature this case Several other studies
[55],[56],[57] haveusedthe evaporator and condenser wall temperattwesomputethe
convective heat transfer coefficient of oscillating heat pipgthout any internal
measuremest Suwn et al.[43] concluded thainternal measurements are more accurate for
computing the heat transfer coefficientbut could affect the flow pattern and local

nucleationsites

2.2 Non-condensable gases in oscillating heat pipes

In general, the presence aimcondensable gases (NCi&pne of thekey issuesin
theoperation of heat pipes. It affects the performance negatively as they accumulate at the
condenser section améhdersthe condensation process. The same was foufiaBhy[59]
for oscillating heat pipes. It is found that in additiomatversely affectinthe condensation
process, inegativelyaffects the oscillatory motions leading to higher mhalr resistance.

The effect of the nogondensable gas can be minimized through good vacuuming and

degassing of the fluid during the charging process.
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2.3 Limitations

Several studieBave been performdd determine the limitations afscillating heat
pipes. Yin et al[60] proposedh limitation foroscillating heat pipgwhere the massspring
system disappears wi¢he flow changed to annular flow because of high heat fiix
high heat flux, thencreasd flow velocitiescan lead tdhe vapr penetrang the liquid
slugsandforming anannular flow. The operation limitatiaa defined by the critical heat

flux given by

0" Q0 .
n ) 2-10

Khandekar et §b61] proposed a correlation to predict the maximum heaffluascillating
heat pips with filling ratio of 50 percentThe correlation fit 280 data point with a standard

deviation of+30% ands given by
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Several researchers use¢he Kutateladze numbeto determine the thermal
performance and the critical heat flukhe Kutateladze numbeis commonly usedto
identify theperformance limitationsf heatpipes ands the ratio between the input heat

flux to thecritical heat flux for pool boilingnd is given by
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Qo 212

Qu et al [62] formulated a correlation forthe critical Kutateladzenumber based on
experimental data aihe basis othenondimensional numbets £ 0 £, 0 iandamodified

Jacob numbebd dn addition tothetwo ratios Oj0 and 0 j0O as
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The correlation predivonwendbdrhewimah i anusant anmd ar
about 28 percent for wvertical single | ayer
r a tRittilechet al.[13] derived a correlation fathe criticalKu number foroscillating

heat pipsin horizontal orientation with standard deviation of F#&f@centas
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Two other correlations were delopedby Katpradit el al[63] for both horizontal and

vertical orientations expressed as equatibihd] and -16], respectively.

8

] 0 Cw i
Q0 voomE B ¢ 215

22



M.A.Sc. Thesisi Mohamed Abdelnabi McMaster Uni- Mechanical Eng.

108 ” 8 8
fols) n8tn18{)r & e HeEB8p —

2-16

The correlationsire validfor working fluids R123, ethanol, water anfdP39 and limited
to the following range
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High heat flux oscillating heat pipes.

Power electronicsypically generates high heat flux that nedugh-performance
heat transfer devieeDifferent studies investigated the ability of oscillating heat pipes to
handle high heating poweiSmoot et al[42] tested a stacked oscillating heat pipe of three
layers for a power range of -BD00 W. The results did not show any-tuyt Karthikeyan
et al.[64] investigated a single layered oscillating heat pipe for 500 W heating power. The
performance increadavith anincrease of the power addd not show any evidence dify-

out. The experimenbf Hao et al[34] showedsimilar conclusions

Table2-1 presentshe findngs ofprevious workdoneon oscillating heat pipélled

with water as a working fluithatoperate fohigh heat powerangegyreaterthan 100 W
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Table 2-1 Previous studies done on oscillating heat pipe performance with high heat load.

Investigator Type  Working No. Of Heat Key findings
fluid layers load
(w)
Karthikeyan | Copper Water Single 30 1. The thermaperformanceéncreases
et al.[64] | tubing layer,8 500 with the increase in heat power whick
turns affect thedynamics of thénternal two
2 mm phase flowfluid.

2. Different flow patterns were identified
and the oscillatory motion is the
dominant mechanism.

Smoot et al.| Flat water Stacked 10- 1- Stacked oscillating heat pipe perform
[42] | plate layers 8000 similarly in horizontal and vertical
orientations.

2- Stacked oscillating heat pipe with
water as a working fluid can handle
more than 8 kW heating power.

3- The increase ipowerdoesnot affect
the performance of the triplayer
unlike the singldayer.

Chang et| Flat Water, 3d 100 1. Vertical bottom heating has the be
al.[20] | plate Acetone, staggered, 8 350 thermal performance compared

Nano turns, horizontal and vertical top heatin

fluids 1.7*1.175& which has theworst performance, bu

1.175*1.175 they all show almost the same

performance has high power (350w)

2. The rectangular channels 1.7*1.1
shows better thermal performan
compared to square channe¢
1.175*1.175.

3. Increase the coolingater temp. (20c tc
60c) enhance the performance by ab
65%

4. Using diamond/acetone nanoflu
extended the power limito 360 w
compared to pure acetone of 140

power limit.
Hao et al. | Flat Water Single 30 1. Increasing the cooling  wate
[34] | plat layer, 400 temperature decrease the power nee

6 turns, for startup.
2% 5. The evaporator section contribut

more to the heat transfer process tt
the condenser section as it has hig
heat transfer coefficient.

Abraham et| Copper Water Double 20- 1. Increasing the cooling  wate
al. [35] | tubing layer,16 240 temperature leads to decrease in
turns, thermal performance.
circular
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ChaoHua
et al[11]

Kun Xie et
al. [36]

Copper Water
tubing

Chrome Water
coated

al

tubing

2.4 Heat spreader

In many applications, such as in power electronics, the heat generation is not

2 mm

Single
layer,

10 turns,
4*%4

6 turns,
2 mm

80-
360

20
200

For horizontal cases, the bottom heati
mode shows better performance th
the double and top heating modes.
The 80% filling ratio fits with the
horizontal orientations which exter
the power limit to 240v compared to
120 w power limit for other filling
ratios.

At high heat load120 w to 240 w)the
vertical orientation does not show mu
change in thermal performance with t
increase in the filling ratio from 40% t
80%

Increasing the starting power leads
smootherstartup.

The thermal resistance decreases
increasing the power as it leads to me
oscillations.

The thermal resistance decreases as
power increase.

Increasing  the cooling  water
temperature decrease the temperat
difference between the evaporator a
condenser sections and enhances
thermal performance.

The thermal performance of the coat
tubing is consistence with the operati
for several days while the pertnance
of the uncoated one deteriorathse to
the reaction between water and al.

uniform and results in local hot spots that can significantly affect therpeafwe of such

devicesEliminating thesehot spots is aignificantchallengesince these can lead to failure

Usually solid copper or aluminum plates are usedresatspreadeo reducethe hot spots

For high heat flux applications, other solutions have been developed such as embedding

heat pipes within the heat spreader as shoviguare2-2.
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Oscillating
heat pipe
—

Cooling

Figure 2-2 Heat spreader configuration

Mansouri et al[65] conducted a study to compattee thermal performance @f heat
spreader vih and without embedded heat pipes. fEheasa significah enhancement using
the heat spreader with embedded heat pipéh, the average wall temperature of the

heating blockeducedoy about25 percent compared to the heat spreader without the heat
pipes.

There are several studies on usirsgillating heat pipgto eliminate hot spots and

to be used as a heat spredu@rmost of themveretested for heating power less than 250

W. Lu et al.[66] compared the performance of a copper heat spreader with one embedded
with an oscillating heat pipe for heating powierthe range of 56600 W. The maximum
temperaturavasreduced when using theeat spreader with trembedded sxillating heat

pipe Lin et al.[23] tested deat spreader with a 10 tuoscillating heat pipeTheresults
showed thatheheat spreader wittheembeddedascillating heat pipperformedthermally

better than the basic heat spreattemadri et al[67] comparecheat spreders made with

different materialsEmbeddng anoscillating heat pipe oanaluminum heat spreaderca
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no significant enhancement bshowed a significant improvement in the thermal

performancevith amild steelheat spreader.

Table 22 presents theertinentliteratureon usingoscillating heat pipgasa heat

Spreader.

Table 2-2 Previous studies done on oscillating heat pipe performance as a heat spreader.

Investigator Working No. Ofturns  Heat Key findings
fluid load
(w)
Lin etal. | Acetone 10 40- 1- The heat spreader with embedded OHP perfol
[23] 120 thermally better than the basic heat spreader

2- It shows better results than the one with
embeddedonventionaheat pipe below 80 W
otherwise the conventional heat pipe performs

better
Thompson| Acetone NA 100 1- The oscillating heat pipe can operate with mid
et al.[68] 3D 240 heating (as a heat spreader)
Doublelayer 2- The thermal performance was enhancedbnua
10-15% compared to the copper slab.
Khandekar | water 11 1200 1- Theheat spreader with embedded oscillating F
et al[69] 250 pipe does not make that significant change in
performance.
Lu et al. | Acetone 40 25 1- Compared to copper heat spreader, the |
[66] 500 spreader with the embedded oscillating heat

shows reduction in the max. system temperatt

2- Increasing the cooling water flow rate delayi
the starup but at the same time enhance tl
overall thermal performance.

Thompson| water Quadlayer 5-50 1- A significant enhancement of the thern
etal.[70] (additive performance of about 500% compared to em
manufactured) one.
2- Below 20 W, the horizontal orientation shows
oscillating.

3- At higher power, the vertical and horizonts
almost show the same performance

Hemadriet | Water 11 50- 1- No significant enhancement when compar|
al. [67] | Ethanol 150 between al plate and al plate with embed:
oscillating heat pipe due to the high thern
conductivity of the aluminum

2- For the mild steel, the performance enhance
significantly.
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3 Experimental facility

An Oscillating HeatPipe (OHP) was designed and manufactured to characterize its
thermaehydraulic performance and validate the design methodology that was developed for
the oscillating heat pipe. An experimental test facility was desigremd builtto: (i)
characterize the @slating Heat Pipe performance and (ii) investigate the effectiveness of
using the Oscillating Heat Pipe as a heat spreader to reduce hot spots. The experimental
facility included instrumentation to measure temperature, pressure, power, and flow rate to
characterize the Oscillating Heat Pipe performance. This chapter presents the Oscillating
Heat Pipe design methodology and the manufacture of the Oscillating Heat Pipe. It then
provides details of the experimental facility and methodology and the dataioaduc

techniques.

3.1 Design of Oscillating Heat Pipe

The objective here was to design an oscillating heat pipe that fits \aitbotprint
of 170x 100 mn? that couldbe embedded on a heat spreader of 18 mm thickness and
capable of dissipating 500 Watts.elavaporator length for theeatspreader application
was 40 mm, and the condenser occupie®itteesurface. Thaelesigntemperaturef the
evaporator sectiowasnotto exceed 108C. The working fluid in this design was selected

as water as it is a goadndidate for high heat loads up to 8 K¥¥] because of its high
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latent hedR6], [29]. The hydraulic diametedetermined from th&ond numberto fall

betweerD.7 to 2asproposed by Qu et #] was 2 mm.

The minmum number of channelgequiredwas obtained fronequation 8-1). The
internal heat transfer coefficients fibile evaporator and condenser sections were assumed
to be the same asdbe inKarthikeyan et al[64] for a single layer oscillating heat pipe
with the same working fluid, hydraulic diameter and heat load. The internal fluid
temperature and wall temperature measurements in addition to the thermal resistance
calculated were used titainthe heatriansfer coefficients. A relation between the number
of turns and the temperature difference between the hot and cold sidaséslidased on
heat transfer principles as shown in equa{i8+l). For the current design constraints,
setting the condensemigthto bequadruple the lengtbf the40mmevaporatotength, the
relation between the temperature difference and number of turns for a heat load of 500 W
is shown inFigure 1.From this figure, it is seen that to maintain a temperature difference
smallerthan80 , the number of turns must be greater than 20.

J o + _
4 0 ey faroa 31
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Figure 3-1 Temperature difference with tlequired number of channels at 500 W.

For the application under consideration, the oscillating heat pipe would need to
operate in the horizontal orientation.séacked oscillating heat pipe was foundeduce
the effect of inclination on its performance as outlined in the literature review. Thus, in this
instance a stacked oscillating heat pipe was chosen. This configuration alsofailaws
greater number of channels for the same area when calinpaaesingle layer oscillating
heat pipe.Machining 2 mm channels spaced by 2 mm results {itufi (23 channels) for
each layein the allowable surface arebhe thickness limitation of 18 mm allows fiovo
layers of channel3 here areseveraddesignsn the literature to connect the two layers. The

mostcommon ardhe two designs introduced by Thompson €72l,[40]. The first has
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the channels of the two layers in paralighile in the second it has the chanrstégygered.
To havea high-density of channels, the parallel design is choden this study The
machining option has one more advantage as the-seati®n of the channetgesquare
and it was found thatsquare crossection shows better performarthan a circular cross

section[7], [10].

There are severatudies to determine the best cleargtio, which varies with the
working fluid and operating conditionas outlined in thditeraturereview. Khandekar et
al. [33] determined thathe sensitivity of thechargeratio to the performance is not
significant within the range of 36to 70% for wateras a working fluid. In our desigm
70 percent chargeatio was selected he final design parameters for our oscillating heat

pipe are summarized ifable3-1.

Table 3-1 Design parametersr the oscillating heat pipe

Term Value
Evaporator length 40 mm
Inner diameter 2 mm

Filling ratio 70%

Working fluid Degassed DI Water
Number of turns 23 turns (46 channels)
Number of layers Two layers

Channel cross section Square
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3.2 Fabrication of Oscillating Heat Pipe

Two option were considered for the fabrication of the Oscillating Heat Pijpe: (i
coppertubing for the channels and (ii) dirgctmachining the channels on an aluminum or
copper plate. The first option was not feasible since maintaining the recommended bending
radius (6mm in this instance for an outer tube diameter of 3mm) would result in a very
limited number of turns over the Okating Heat Pipe footprint of 175mm x 100mm. This
would require a mulistacked Oscillating Heat Pipe to achieve the required number of

turns, which would not be possible to fit within the 18 mm thickness of the heat spreader.

Y ¢z0O 3-2
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Figure 3-2 Bending radius of a copper tube.

As such, the Oscillating Heat Pipe was fabricated by machining 2 mm channels at a spacing
of 2 mm and #ength of 153 mm to obtain 11 turns (23 channels) over the 175mm x 100mm
area as shown in Figure33 To meet the required number of turns, a stacked configuration

of two layers was chosen by machining the channels on both surfaces of the plate that
resuted in 23 turns. The channels are aligned parallel and interconnected by drilling a 2
mm hole on each channel to connect it to the corresponding channel on the other side as
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illustrated in Figure-4A. This connection is made to create a complete cloggddnd to

allow the working fluid to traverse between the two sides. On each end, six holes-with 10
32 UNF thread are drilled. The first hole in each end is for the filling and vacuuming and
the resof theholes are for internal measurements. Each halengected to the channels

through a smaller hole of 2 mm.
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Figure 3-3 Engineering drawing of Oscillating Heat Pipe
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The second stage of the manufacturing process is to braze cover plates on the machined
plate to fully seal the oscillating heat pipe. Here, 2 mm plates were brazed on each side as
shown in Figure3-4B, to achieve a total thickness of 10.35 mm and keeplawbthe

allowable thickness for the heat spreader.

i

4
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Figure 3-4 (a) 2 mm connecting holes between the two lay@rs¢rosssectional view of
Oscillating Heat Pipe with the brazed plates.

Prototypeoscillating heatpipes were manufactured-house using both an aluminum

and copper plate. The machining of the channels on the aluminum plate using a CNC mill
(Figure 3-5) was successful; however, the brazing of the aluminum sheets proved

challenging. Aluminum brazing needs to be done in a vacuum or inert gas oven, which was
not available iFhouse. Several attempts were made to braze using alternate techniques
which proved usuccessful. Copper was considered as the cover plates could be soldered
onto the machined plate instead of brazing. The machining of the channels on the copper
plate was more problematic and the surface finish was not as good as on the aluminum

plate (Figire3-6). The machined channels were sand blasted to achieve the desired surface
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finish. Copper tubes were soldered to the openings for the internal measurements and the
other end to Swagelok fittings as shown in Figg#& The soldering was found to bet
sufficiently good to maintain a vacuum, and threaded holes were made directly on the

machined plate for direct connection.
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Figure 3-6 The soldered copper Oscillating Heat Pipe with the Swagelok fittings.

Finally, a third prototype was manufactured by MERSEN France. MERSEN France
has excellent aluminum brazirfgcilities, in addition to experience in machining such
devices. A full detailed shop drawing was sent to MERSEN France with the necessary
instructions and the protypes fabricated by MERSEN France was found to withstand a

vacuum wellandwasused for thigesting

3.3 Experimental Facility

The oscillating heat pipe was tested in the test facility shown schematically in
Figure 3-8. Two heating and cooling configurations were used(i) studythe therme
hydrodynamics performance of the Oscillating Heat Pipe for axial heat transfer and (ii)
study the performance of the Oscillating Heat Pipe as a heat spreader. The heating unit in
both was a heater block with two 300-240 V heating cartridge$t was machined i
house from aluminum with dimensions of 100 mm x 40 mm x 8 mm as shown in Bigure
7. Two holes with 6.35 mm diameter were drilled for the heater cartridges. The holes were

machined first with a one size smaller drill bit and then a 18bstraight flute reamer to
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achieve an accurate size with a good surface finish. TECHSPRAY® thermal compound
was applied on each heat cartridge to minimize the contact resistance before placing them
in the holes on the heater plate. The cooling unita aexies of ofthe shelf cold plates of
100mm x 40mm x 12mm as shownHigure 3-7. They are made of aluminum and have

two U-tube channels. A single plate was used for the thdmyoaulic system while four

were used in series for the heat spreader fia¢Higure3-7).

The two test facilities have the same componemd equipment, but they have
different cooling and heating configurations. The first test facility has heatiogeend
using two heating blockene on eachkide andhas coolingpn theotherendalso usingwo
cold platesone on each sidas shown inFigure 38A. The secondcconfigurationhas
cooling all over the back side using four cold plates and one heater block on the front side
as shown on Figure-8B. All the heater blocks and cold plates are attached firmly to the
Oscillating Heat Pipe using-imousemetal clampsTECHSPRAY® thermal compound is

applied between the contact surfaces to minimize the contact resistance.

The heater cartridges are connected to a VARIAC® variable transformer to control the
input heating power, arapower transducer is used to measure the power input. The power
transducewascalibrated using a high accuracy multimeter (Equati@h Ihe calibration

data and the resulting calibratioarve

00 @GO 0Ip wIT pOU & & oI C X 3-3
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is shown in Figure3-9A. The cooling water was provided by a water chiller for cooling
water temperatures below 30and a thermal bath for water temperatures 36 50 . A

turbine flow meter is connected to the outlet port of both the water chiller and thermal bath
to measure the flow rate of the cooling water. The turbine flow meter sensor was calibrated
usingahigh accuracy Proline® Promass 80E Coriolis flowm@&tke calibrationdata with

the resulting calibration curve given by

@000 @& Yudb é & omst wy 34
is shown in Figure3-9B. The cold plates are connected to have one water inlet and one
wateroutlet, and eacport is instrumented with a 0.5 mm thermocouple to measure the

inlet and outlet water temperatures.

The surface temperature at different locations of the oscillating heat pipe and the water
inlet and outlet temperatures were measured @ith mm grounded Omega®-type
thermocouples. For the surface temperature measurements, 1 mm wide and 0.5 mm deep
grooves were machined on both surtaakthe oscillating heat pipe as shown in Figdre
10. The lengthwise grooves correspond to the interdaannel locations. The
thermocouples were placatbngthese grooves, so they did not interfere with the contact
between the heater block and cold plates with the oscillating heat pipe body. The first
configuration shown in Figur8-8A has a total of sixhermocouples for the evaporator
section (three for each heater block) and a total of six thermocouples for the condenser
section (three for each cold plate). Two thermocouples were also placed on the adiabatic

section, one on each side. The second cordtgur has a total of twelve thermocouples for
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the cooling side. These are placed along four rows, with three thermocouples in each row.
Five thermocouples were placed on the heating side underneath the heater block. The
thermocouples were calibrated agaias RTD temperature sensor using a thermal water
bath for temperature range from %0 90 and for higher temperature ranges up to 150

in an oil bath. The temperature calibration equations for each thermocouple are directly

entered to the recording sofive.

The internal pressure is measured using a Validyne® diaphragm pressure transducer
connected to the middle hole on thetivgpend. It was connected through the3Rthread
throughalB2 to 1/ 80 male to femal e dedaopaler . A
threads with vacuum grease to prevent any leakage. The pressure transducer is calibrated
for vacuum pressure readings ussigflAMETEK® is33 pressure calibratorhe pressure

calibraton equation

0 QO® p@MXWL & & O pap 35
and the calibration graph is shown in Fig8s@C.
The measured saturation pressure data is used to calculate the satemgtienature.
The pressure transducer measures the gauge pressure and the absolute pressure is needed
for the saturation temperature calculations. The data recorded for the houdgpdteric
pressure and temperature at Hamilton airport, CajTajlare used to calculate the absolute
pressure and the elevation differeac®etween our lab location and Hamilton airport is

taken into consideration through equatior6)3
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0 5 fane @ 0 O 3-6
wherel is the air specific gravity and is calculated using EES® with Hamilton airport,
Canada data, ais)the calibration slope and is voltage at zergauge pressure before the

charging process of each test.

The thermocouple data is collected through Measuring Computing® tempelatiare
acquisitionboard andrecorded using their own software at a sampling rate of 3 Hz. A
second datacquisitionboard(Nl USB- 443]) is used to record and collect the voltage data
of the flow meter, pressure transducer and power transducer at sampling rate of 1000 Hz.
A LabView® code was used to record and monitor the data and the data was down sampled

using LabView® to matchthe temperature sampling rate.

A gas thread seal tape was applied on all fittings and valves thread and a vacuum grease
is applied on the tape to avoid any leaks. A fiber glass insulation is used to insulate the test

rig to ensure a good energy balance and minimize heat loss.

sy g
@ (b)

Figure 3-7 Dimensions of (a) Heater block and (b) cold plate dimensions.
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Figure 3-8 Schematic drawing of the test setup (@ythermehydrodynamic
performance an(b) performance as a heat spreader.
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Figure 3-10 Groove geometry on surface of oscillating heat pipe for placement of
thermocouples.
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3.4 Charging of Oscillating Heat Pipe.

The oscillating heat pipe was vacuumed and charged with water using thiestnging

ports on opposite ends. AFEIFFERR Pascal 2015 VYacuum pump is used to vacuum the

air out of the oscillating heat pipd. is a twostage rotary vane pump withinimum

pressure of 5xI®kPa. The pump is connected to the bottom end through fittings with a

ball valve and a liquid nitrogen cold trap is connected midway to prevent any water vapor

entering the pump as shown in Fig8¢8. The charging is done using a 30 ml syringe with

a Luerlock fitting connected through an adapter with a ball valve to the top first hole.

Distilled water is used, and it is degassed first by boiling for about three hours. The

vacuuming and charging process followed the procedure given:below

Remove all watefrom the channels (in case it has been used before) by passing
pressurized air through the channels for at least 30 minutes.
Heat he entire oscillating heat ppo 3C°C.
Use the vacuum pump to vacuum the oscillating heat pipe.
Remove any gases trappaukide the charging valvby connecing the fitting
shown in Figure3-11 while vacuuming anthenopen and close the valve a few
times ThereafterJeave it open for about five minutes and thigally close the
valve and detach the fitting.
Use the syringevith a thin needle filled with degassed water to fill the charging
valve to minimize the gases in the system.
Attach the syringe and open the charging valve to inject 3 ml of water to purge all
the gases in the passage between the syringe and the inkemiaéls.
Turn off the vacuum pump for 30 mins thtem it on again andontinue vacuuming
to suck all the fluid within the oscillating heat pipe for one hour.
Close the vacuuming valve and open the charging valve to inject the desired amount
of workingfluid corresponding to the desired charging ratio.
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Once the charging process as described above is completed, the oscillating heat pipe is

ready for testing.

Figure 3-11 Degassing process by boiling on the left and the fitting to remove trapped air
in the charging valve on the right.

3.5 Modelling Effect of Non-Condensable Gases

The presence of nenondensable gases will affect the calculation ofdatiration
temperature from theneasured pressur&hus, he saturation pressure is computed by
subtracting the partial pressure of arpn-condensablgas fromthe measured pressure.
The massof any noncondensable gas the oscillating heat pipeas estimated for the
measurement dhe startof the tesbefore heat was appliedrhenon-condensable gas is
assumed to be fully mixed with the working fluid vapor so thatvttlame of thenon-
condensable gas assumedo bethe volume ofthe devicenot filled with liquid working
fluid or p 1 1T %0 Where%ois the filling ratioby neglecting the mass of the working fluid

vapour
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Firstly, the device is lmughtto thermal equilibrium by using the cold plates and the
heater blockUsing the average temperature at this initial condittbere™Y Y o is
assumeand assuming ideal gas behavior, the mass of the NCG is estimated by assuming

a partial presured initial valueof 0.1 kPa.

4 v 37
wéEa 'Y
The saturation pressute is calculatecby subtracting th® from0  themeasured

pressureequation 8-7),

5 0 0 38
The™Y s obtainedusing EES® software,
y a5 39
andthe non condensable gases presBure is obtained as
- S { 310

0 —
WEé
This isiteraiedby substituting the newalue ofd  for the initial0 in equation (36) till

an error less thap 1t is obtainedwhere

"y y 311

and-<is air gas constant,

: b v 31 2
¥ € 3y U
& U X5gy;
and w € & as mention before is the volume occupied by the NCG inside the channels

which is assumed to be a percentage of the total channels valéme .
313

WEA P % WEd
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The final equation used for the pressimarporatingall the corrections is equatiod-14)

65 0 5 O  Yagae o O r o o 14

3.6 Data Analysis

Averaged quantities are computed ovénee interval of 1000 sec and 600 sec for the
first test rig and second test rig, respectively. An energy balance between the power input
and the heat removed by the cooling water was performed to qualify the tept aed
ensure there are no large lesgo the ambient. First the inlet and outlet temperatures and

the flow rate of the cooling water are averaged over the specified time ir{esyuation 3

15to0 3-17)
B"Y N
y ’ 315
a
B"Y N
y ’ 316
a
: B & 317
& —
a
The output power is calculated using equatigk83vhere” is the density of water at
ambient conditions andl is the water heat capacity at ambient conditions
0E0QI & 7 8 YooY 318

while theinput power is obtained from the power transducer as
B0 £ 0 Qi 319

0 € 0 Qi
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A representative energy balance for the case with cooling water at 30°C is shown in Figure

3-12. Typically, the energy balance was within £10 percent for all cases.
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Figure 3-12 Energy balance example for 30C vertical case.

The thermalresistance fothe different sections, heat transfer coefficients and total

thermal resistancevere computed as followsThe first test rig has thresections:

evaporator, adiabatic and condenser as showirignre 3-8A. The averagedwall

temperature of each section is calculatemn the thermocouples designated for each

section. The saturation temperature is computed from the measured saturation pressure

usingthe followingcorrelation[74],

0 ® @pp 320

pdwpd P
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and then the average saturation temperature over the time interval is calasllated

B Y 321
o

The temperature difference of each sectalative to the saturation temperatigeised to

oy

calculate thehermal resistance

yY Y Y 322
VY Y Y 3-2 3
VY Y Y 3-2 4

The average thermal resistance of the evaporator and condenser in addition to the total

average thermal resistanisecalculatedas

9

IRA 325

VEOLQI

Y'Y i
Y . 326

LEL QI

Y'Y i
Y 327

LEL QI

The heat transfer coefficients for each section are based on the lateral area of the channels

in each section. In this test rig the condenser area is the same as the evaporator area

o 5 b ¢ 328

® 5Qi &b ¢ 329

49



M.A.Sc. Thesisi Mohamed Abdelnabi McMaster Uni- Mechanical Eng.

whered "Qis éhe circumference of the channel

6Q ©® O 330
whereO is the hydraulic diametety and0 are the evaporator and condenser lengths
respectively, and the and& are the number of channels exposed to the heating and

cooling, respectively. The heat transfer coefficients for each section are calculated as

0 - P 331

Q- P 332

The same procedure is used for the second test rig except that the second one has different
cooling and heating locations and areas and does not have an adiabatic section which leads
to changein the area calculated for each section in addition to having more thermocouples

for each section as shown in figua8B.

3.7 Uncertainty analysis

The temperature is the main measuyadntity on which the performance is based
The thermocouple are calibrated againsin RTD sensor accurate ta0.01 . The
saturation temperature is calculated using the measured saturation pressure. The Validyne®
pressure transducey calibrated against Ametek® pressure calibrator atthincertainty

of £0.25% ofthe pressure reading for vacuuhie input power is measured using a power
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transducer that hdseen calibrated against a multimeiéth currentaccuracy of 8.7% of

thecurrentreadingandvoltage accuracy af0.4% of the voltage reading.

Most of the properties that determine the performance in this study are not directly
measured but calculated from another measured properties. The error of each measured
property isconsidered using the resumsquare method according kéoffat [75] to get

the propagated uncertainty

333
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According to this method the propagated uncertainty of the different calculated properties

is summarized in Tablg-2.

Table 3-2 The propagate uncertainty.

LOW POWER HIGH POWER
PROPERTY Value Uncertainty Value Uncertainty
Saturation temp 49 +0.59 82.4 +0.16
Thermal resistance 0.197 /W +0.002 /W 0.052 /W +0.0004 /W
Heattransfer coeff 2682W/m? +152.15 W/ 6659W/m? +191.82 W/nd

The calculations ofuncertainty of theéheat transfer coefficient is presented as an
example to show how the propagated uncertainty is calculated. These calculations are at

high heating power

6
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where the valueand the uncertainty of each parameter are as following,

0 ¢ wdPo - L& @
Y Oy s - P 3
Y ya&s - ™ ¢ 3

Using equation 33,

i o Y Y o Y Y o Y Y
- p i qra v

therefore, the heat transfer coefficient at these conditions is,

Q oL WP Fa 0
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4 Results and Discussion

This chapter presents and discusses the results for the thgdraulic performance
of the oscillating heat pipe for axial heat transfer and its performance assatteesater. In
the first section, the effect of orientation (vertical and horizontal) and the cooling water
temperature for the horizontal orientation on the thenydrodynamic performance are
presented for axial heat transfer. In the second sectionetf@mpance of the oscillating
heat pipe for a heat spreader application for different orientations, heating locations and

cooling water temperatures are presented.

Section 1: Axial heat transferi Thermal Hydraulic Performance.

The thermal hydraulic penfmance of the oscillating heat pipe wasaracterized
with the stacked oscillating heat pipe in both the horizontal and vertical orientations. The
horizontal orientation was tested at three cooling water temperatures of30 and
50 and the vertical orientation at cooling water temperature of .3or each case, the
input power was incremented in steps of 100 W, from 100W to 700rale 4-1

summarize the test matrix.

Table 4-1 Axial heat transfer thermal hydraulic performance test matrix.

| Horizontal \ Vertical
10°C | N
30°C N N
50°C | N
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4.1 Effect of Orientation on Thermal Hydraulic Performance.

A comparison of the transients of teenperatures on the oscillating heat pipe in the
vertical and horizontal orientations for a cooling water temperature of @@ shown in
Figure4-1. In the vertical orientation, the temperature traces (Figpdw®), including the
saturation temperatureh@w evidence of fluctuations at 100 W suggesting that the heat
pipe is active with oscillations at this heat input. The fluctuations, however, vary in
magnitude with time suggesting that the operation is intermittent. The results at 200 W
show evidence adome variation in the fluctuations over the experimental time though not
as large as at 100 W. The temperature fluctuations for 300 W and higher are more consistent
with a small increase in the amplitude which suggests a full activation of the oscillating
heat pipeAs the heating power increases the temperatures of each section incrahse and
results do not showvidence ofiry-out at 700 W whichwould be reflected in dramatic

increase in the evaporator temperature.

The results for the oscillating heaipe in the horizontal orientation (Figu4elB)
show much larger variations at 100 W. The results suggest that there is intermittent start of
oscillations aseen in the larg#uctuations, but in the absence of the gravitational force
the oscillations i@ not sustained. At 200 W the fluctuations are more regular béulhyot
consistent as for the higher power in the vertical case. The fluctuations are consistent at
heat inputs greater than 300 W as in the vertical case, buawititrease in amplitudes
the power increasesuggesting that the oscillation is activihe temperature of each
section increases with the heat load, as observed with vertical case, but the results do not
show anysigns ofdry-out at high heating power.
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Figure 4-1 Temperature traces in the different sections for (a) vertical and (b) horizontal
orientationsat a cooling water temperature of 30°C
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The change in the average temperature of the different sections with heat transfer
ratesfor the two orientationsire comparedn Figure4-2. The average is taken for each
power setting overl000 secondsnce steady state is reaché&tie results show that the
average wall temperatigén the condenser section are approximately similar for the two
orientations The average wall temperature in the evaporator section for the horizontal
orientationis higher,jndicating a higher thermal resistané@esaturation temperatureas
higherfor the horizontal section indicating theame of the effect is due to the condenser
performance. The average evaporator wall temperature initially decreases with power at
the lower power for the horizontal orientation. This corresponds to the period ef larg
fluctuations in the evaporator wall temperature transients in Fglinghere the behavior

appeared intermittent.
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Figure 4-2 Change in the time average temperature of the evaporator and condenser wall,
and saturation temperature with the heating power for vertical and horizontal orientation.
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The change in the total thermal resistance with heat transfer rate is shown in Figure
4-3. The results show that the total thermal resistance of the oscillating heat pipe decrease
with the heat transfer rate for both orientations. At 100 W and 200 W, the oscillating heat
pipe in the horizontal orientation has lower thermal performance itihdhne vertical
orientation This corresponds to tlegh temperaturéuctuationsand spikes at low power
As the heating power is increased, the difference in the thermal resistance between the two
orientations decrease and the thermal resistance in the horizontal orientation is
approximately 14 percent larger than in the vertical orientationtofakhemal resistance
can be divided intthethermal resistances for the evaporator and condenser seati@ns

the resistance isased on the average saturation temperature, i.e.,

vy 40

The resulting resistances for the evaporator and condenser are included od-Bidre
condenser sectioresistance is the dominathitermal resistance in both orientatiofite
device in the horizontal orientation has a higher condenser resistangeared to the
vertical orientation thais responsible for much of the difference in the total resistemce
the two orientationsThe heat transfer coefficient tifeevaporatoand condenser sections
calculatedbased on the surface adahe channelsorresponding to each sectiongagen

in equations -31) and (3-32) areplotted in Figured4-4. The results show aignificant

differencein the heat transfer coefficient betwebe two sectiog the evaporator section
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shows ahigher heat transfer coefficient of 5 and 6 times that of the condenser section
the vertical and horizontal orientations, respectiveljhe device in the horizontal
orientation has dower condenseheat transfer coefficient asompared to the vertical
orientation with anaximum difference in the heat transfer coefficienalobut24 perecnt
at4.75Wi/cn?. The evaporatoheattransfer coefficients similar for the two orientations,
exceptat 100 W with a 11perecnincrease in the evaporator heat transfer coefficient for
the vertical case where large fluctuations in temperature were observed for the horizontal
case. The heat transfer coefficients are significantly larger than the redcligted from

the data in Karthikeyan et 464] for a singlelayer oscillating heat pipe.
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Figure 4-3 Change in the thermal resistance with hegpiogyer for vertical and horizontal
orientation.
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Figure 4-4 Change in the heat transfer coefficient of evaporator and condenser section with
heat flux for vertical and horizontal orientation.

The transients of the temperatures measured in the different sections show that there
are changes in the instantaneous performance of the deviggscal transients of the
temperatures for heating powers 200 W, 300 W, and 5@ded8hown in Figureg-5to 4-

7 respectively. Two modes were observed from the transients. The first mauate is
intermittent oscillation mode, which is characterized by a slow increase in the saturation
temperature followed by a sudden drop in the saturation temperature witlyseritse
oscillations in this temperatur&he increase in the saturation temperature is accompanied
by an increase ithe evaporator temperatueed adecrease in théemperature in the
condenser sectiaresulting inan increasé thethermal resistance alecreasén the total

thermal performance. Thelecreasein the saturation temperaturand subsequent
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oscillations suggeghe oscillatios in the heat pipe aractiveandare accompanied by a
decrease in the evaporator temperature and increase in thensendemperature
suggesting an increase in thermal performadaeng this phaseThe intermittent
oscillation mode is observed at 200 W for the horizontal case as shown in4&gRiuré&he
second mode is continuous oscillation mode where themperatureoscillatiors are
present at all time§ his mode is observed the vertical orientatiofor heating powersf
200 to 500 Was shown in Figure4-5A, 4-6A, and4-7A, but witha higher frequeng as
the heat input increasekhe resultsdr the horizontal orientatiocat a heating power of 300
W in Figure 4-6B show evidence of both modeshd intermittent oscillation modes
shorter, and the oscillation mode is more dominant as shBwth.orientatiors show a
fully oscillation mode with alrst the same frequencies at 500 Wsesnin Figure4-7.
The early onset of the continuous oscillation mode for the vertical orientation subgésts

gravity assigin maintaining a continuous oscillation
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The effect of théneat transfer rate on the transieperationcanbe characterized by
the difference in the minimum and maximum temperdtréhe evaporator secti@mown
in Figure4-8. The oscillationrmodesare highlighted by different symbol§he magnitude
of the evporator temperature variations increhsath heating power for the vertical
orientation but decreadewith heating power for the horizontal orientati@s the
intermittent mode is less promineiihe temperature fluctuation fahe two orientatiors

shows a similar maximumtemperature fluctuatioat 700 W
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Figure 4-5 Transients of the temperatures of the evaporator wall, satu(kfoaxis
and condenser waltight axig at 200 W a) Vertical and b) Horizontal.
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Figure 4-8 Evaporator temperature fluctuations at differieeating power for vertical and
horizontal orientation.

The boiling or dryout limit of the oscillating heat pipe is typically characterized by
theKutateladze number (Ku) number definedtasratio between the input heat flux to the

critical heat flux for pool boiling

4-3

The change iKutateladze numbewith the saturatiomemperatures show in Figure}-9.
The results areomparedwith the correlations for the maximum Kar a vertical single

layered oscillating heat pipe by Qu e{é]
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and the correlation for horizontal singldayered oscillating heat pipe by Rittidech et
al[13]
08p 8 "8 8

Theresults show that the vertical case does not exceed the max Ku number proposed by

Qu et al[62]. This agrees with the temperatures transient datatiggiest thathe vertical
case does naxperience drput For the horizontal caséhe correlation byRittidech et

al[13] can not predict thdry-out limitationwith the present data having a significantly

higher Ku number than that predicted by the correlation, even though there is no evidence

of dry-out. The correlatiorwas developetbr a singlelayered oscillating heat pigndis
clearly not valid for a steked oscillating heat pipan the horizontal orientationlt is
apparent that stacked oscillating heat pigen handle much higher heat Isgidansingle-

layered onsbefore reaching the digut limitation.
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Figure 4-9 Different correlation for maximum Ku compared to Ku number.
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4.2 The effect of cooling watetemperature.

The effect of the cooling water temperat(i®°C to 50°C)on thetemperature
transient®f thehorizontaloscillating heat pipe under different heating powers is shown in
Figure4-10. The results in most cases show an increase in the evaporator and adiabatic
temperature when the heat transfer was increased except at low heat transfer rates and
condenser wallemperatures. For examplehnve n t he cool i ng water te
the temperature traces show no evidence of temperature fluctiatidhe heating power
of 100 W.Temperaturelfictuations appedor the powenf 200 Wwhen the cooling water
was10 and thecondensemwall temperaturevas approximately20 . The evaporator
wall temperature in this case was lower than at the power of 100 W. The adiabatic and
saturation temperature in this case were at 50 to 6tat wassimilar tothetemperaturg
for the experiments when tleeoling water temperatukeas3 0 , despite the much lower
condenser wall temperature. Teeaporator wall temperature and saturation temperature
show large spikes for dlleating powes upto 700 W where the datppears teshowmore
consistent oscillationsThe results for thecooling water temperaturef 50 show
temperature fluctuationat 100 Wthat appear tde evidenceof oscillations,but the
oscillatiors are not fully sustainedThe temperature fluctuationdecreases the heating
power increase andare consistentbeyond200 W. In all three cases, the temperature
oscillations are consistent at the highest power of 700 W with no dramatic inevhase

indicates that it is operatirgelow the dryout limit.
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Figure 4-10 Comparison of the transients of tleriperature measured on the horizontal
oscillating heat pipe farooling water temperature$a) 10 , b) 30 and c) 50 .

The change in the average temperature of the evaporator wall, the condenser wall,
and the saturation temperature of the oscillating heat pibeneating power for different
cooling water temperatures are shown in Figltiel. The change in the condenser wall
temperature is much mesignificantcompared to the evaporator wall temperature when
the cooling water temperature is chang@t.50 , the temperaturemcreasewith an
increase in the heating powdie resultdor 10 and 30 casesshow high evaporator
temperatureat 100 W This evaporatotemperatures in thesases decreasetil 300 W
and start increasing after that withe heating power This lowpower high evaporator
temperatures correspond to the instabilities and fluctuations seen in4id0réor 10

and 30 . At higher heating gwers which is of interest for power electronics cooling,
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despite the big change in the condenser temperature, the evaporator temperature does not

exceed 100 .
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Figure 4-11 Temperature of the evaporator and condenser section, and the saturation
temperature vs the heating power for 1080 and 50 cooling water temperature.

The change itomponent antbtal thermal resistance of therizontal oscillating
heat pipe for thedifferent cooling water conditionss shown in Figure4-12. The
correspondingheat transfer coefficient®r the evaporator and condensgectiors are
shown in Figuret-13. The total thermatesistance ofite oscillating heat pipdecreases
with the heating powen all cases.The oscillating heat pipeesistance for a given heat
transfer rate decreases the cooling water temperatused condenser wall temperature
increases as found in the literat2®], [34]i [36]. The large values of the total thermal

resistance fothel0 and 30 coolingwaterat 100 W correspond tbeconditions with
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extenekd periods withoubscillationsasshown previously in Figuré-10. The condenser
section makes the larger contribution to the ttitarmalresistance in all caseghe heat
transfer coefficient of thevaporator sectiom Figure4-13 was similar for the case where
the water temperature w&s0 a n d Thé évaporatoheat transfer coefficient was
lower for thecoolingwater temperature a0  that leadto a higher evaporator resistance
The heat transfer coefficient for the condenser was smallest far éhethatlead to the
highest total thermal resistan@nd inceased significantly when the cooling water
temperature was increased leadingatdecrease in the condenser and total resistance.
Comparing the three cases to the sidglered OHRested byKarthikeyaet al [64], the

stackedbscillating heat pipghows much better performance from all aspects.
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Figure 4-12 Total resistance vs heating power for 1030 and 50 cooling water
temperature.
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Figure 4-13 Heat transfer coefficient for evaporator and condenser section at30
and 50 cooling water temperatures.

The change in the heat transteefficient in the condenser appears to be associated
with a change in the oscillatienn the heat pipeA more detailedcomparison of the
transients of the temperatures of the evaporator wall, saturation and condenser wall for 200
W, 300 W and 500 W faithethree cooling water temperatures are shown in Figites
4-15 and 416. Theresults suggest there are again periods of intermitaritiatiors and
periods of steady oscillation¥he results fothe 1 0 showthe intermittent oscillation
mode is @minant at lower heating powarore so thambserved previously fahe 30
case. The transi ent sshoivewidenbeldf a,continnoustobclatiant h e r
mode for the three presented heating peweth similar amplitude. The cases show

eviderce of a continuous oscillation mode at 500 W but with a difference in the amplitude
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where the 30 shows the minimum and 10 shows the maximumn addition to short
periods of intermittent oscillation mod€hislikely explainsthe higterthermal resistance
fort he 10 Theclasge in the magnitude of the fluctuations in the evaporator
temperature for the three cooling water temperatare shown in Figurd-17 that also
shows thalifferent oscillation mode#t acooling water tempeature ofL 0 , drdme r e

fluctuations at 100WT he fluctuations increase with an increase in the pow&®0W and
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Figure 4-14 Transients of the temperatures of the evaporator wall, saturatior
condenser wall at 200 W a) 10 , b) 3
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then decreases with a further increas¢hm power, indicating stable operation of the
oscillating heat pi pe. Whe ductuatiohsedecieas®@ith i n g we
increasing power as discussed in the previous section. The fluctfatiadhe evaporator
where the cooling water temperar e was 50 i's conswhicht witfF

represerdgthe continuous oscillation mode
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Figure 4-15Transients of the temperatures of the evaporator wall, saturation and condenser
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Figure 4-17 Evaporator temperature fluctuations at different heating power for, 30
and 50 cooling water temperature.

The Kutateladze number (Ku) for the three cases which is calculated by equation
(4-3) is compared with thenaximumKu correlation byRittidech et a[13] (equation (4
6)) in Figure4-18.

'O 8n 8 ” 8 8

" V" o8 & 4-6
Qo rﬁrnwv&‘ 8+ a i

TheKu numberfor thethree casess higher than that frorthe carelation especially at the
higher saturation temperatur@$e correlation for the singlayeredoscillating heat pipe

is notvalid for astackedscillating heat pipand it is apparent that stackestillating heat

pipe can handle muchigherheatloadthana singlelayered one beforeeachingthe dry

out limitation. A new correlation is needed to be developed to capture the advantages of
the stacked OHRAIl the threecaseslo notexceed the correlation proposed by Qu et al.

and the stacked oscillating heat pipe overcomes the lack of gaagigtance
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Figure 4-18 Ku Correlations compared to Ku number.
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Section 2: Heat Spreader Thermal Performance.

In this section, the performance of the oscillating heat pipe as a heat spreader is
presented. The results gneesented in two subsections. The first considers the efféwt of
orientation for different heating locationghile the second one consideng teffect of the
cooling water temperaturéor different heating locations=or both parts, tests were
performed forthree different heating locations, middle heating and two end heating with
different cooling water flow direction. Cibow where the coolig water travels from the
heater position and countbow where the cooling water travels to the heater posifibe.

test matrix is presented in talzle2.

Table 4-2 Heat spreader thermpérformancedst matrix

Horizontal Vertical
Middle Coflow  Counterflow  Middle Co-flow C‘?I‘érxe"
30°C N N N N N Y
50°C N N N
450 W N N N

Figure 4-19 Heating locations for the heat spreader test rig.
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4.3 Effect of orientation on the performance with different heating

locations.

Transientsof the temperatureon theheater block wallthe cold plates, andhe
saturation temperatufer thehorizontaland verticabrientatiorswitha 30 cooling water
temperaturare presenteith Figures 420 and4-21 respectively. Other cases presented
in the appendixThe results for the end heating show that there is no oscillation at 100 W
for both orentations ashown inFigure4-20. Thevertical orientations results show low
amplitude oscillationsstarting from 200 W heating poweuntil 400 W where a high
amplitude oscillation started accompanied with a significant decrease satilm@tion
temperatureThislead toadecrease in the heater block wall temperatwethe horizontal
orientation, the results show memperaturescillationsurtil 300 W where the oscillations
beginbut arefollowed by a noroscillating periodhatwasaccompanied with increase in
the saturation temperatuend the wall temperaturebelow the heater blockA non
oscillation mode ipresentagain when the power is increased to 400MMé temperatures
resume oscillationat 500 Wwith a noticeabl&ropin saturation temperature atite heater
block wall temperature. When the heater was in the middéion the transientas shown
in Figure 421 do not showoscillationsuntil 400 W and 500 W for the vertical orientation
where therare lowamplitudeoscillations Theresults for théhorizontal orientation show
a small periodf oscillation at the transition betwedf0 Wand500 W heating powers.

The saturation temperature for the vertical orientation is almost the same as the condenser
temperaturdor powers up to 300 Wxceptfor smallincreassat400 W and 500 W where

the oscillationsoccurred.The saturation temperatunecreasegelative to the condenser
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wall temperaturevith heating powefor the horizontal orientatiariThe results sbw that

the heater block hagdower wall temperature in the middle heating case compared with the

end heatindor the two orientationfor the same condenser temperature.
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The horizontal caseslo not show evidence afontinuousoscillatiors and the
vertical middle heating case shows lamplitude oscillationsso the effect othe start up
was alscstudiedby stepping the heating poweirectlyto 400 Wor 500 W with cooling
water t e mp e rfoahothn oreentabohsTHe @emperature transients for the end
heatingfor thehorizontalorientationrand the middle heatirfgr both orientationare shown
in Figure4-22. The results show continuous oscillations at the two heating powers for the
end heating unlike whatasseen inFigure4-20b. Thus,alargepower step ugppears to
initiate oscillationdor the end heating caséheresults for themiddle heating showow
amplitude oscillation with a low saturation temperature near to the condenser temperature
for the vertical casand the horizontal case resudtdl shov no oscillationssimilar to the

result inin Figure 421.
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The temperature differences between the averadjeemperaturéelowthe heater
block and thecooling blocksare presented in Figure23 for the two orientationsThe
temperature differenceacreasewith anincrease in the heating power fali casesThe
middle heating cases show the lowest temperature differgriites mean better thermal
performanceAt low heating powersf 100 W to 300 Wboth orientationshow the same
temperature difference with a small deviation at 300 W. Starting from 400 W, the vertical
case shows lower temperature differen@®mpared to the horizontal casehich
corresponds to the low amplitude oscillations shawtiné transients in Figure2lla.The
endheating for the both cooling water directsdco-flow and countefflow) showalmost
the same results at the same orientation except at 40th&\fesultswith the co-flow
cooling water directiofor the horizontborientationhasalarge increasa the temperature
differencethatcorresponddto the noroscillation mode shown in Figure2Db.At 500 W
both casesshowthe same temperature difference. Thsults forthe endheatingin the
vertical orientationhave lower temperature differensecompared to the horizontal

orientationexcept at 100 Wivhereall cases have the samsnperature difference.
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Figure 4-23 The temperature difference between the heater block wall and condenser
temperatures with the heating povier vertical and horizontal cases

Thetotalthermal resistans®f bothheating locations for theertical and haeontal
orientationarepresented ifrigure4-24. The open symbols flect the noroscillation mode
and the solid ones represent the oscillation mode. Thesaltation mode has a thermal
resistance of 0.1 K/Mibr theend heating with both cooling waidirectionsand0.045 k/W
for themiddle heating positioatall heatingpowers. The thermal resistancés the middle
location are essentiallythe same as the thermal resistanc¢éhefnonchargedor empty
oscillating heat pipéndicatingthat the heat is transferretainly through pue conduction
despite the preser of the working fluid. The middle heating locatidvas thelowest
thermal resistancm these cases and lower than the end heating for the cases considered
evenwhenthe oscillation modeoccurs. When the oscillating heatpe shows oscillation,
the thermal resistance decreas#h the heating poweil heresults for middle heatingjd
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not show any oscillainsfor the horizontalorientationbut did for hie verticalorientation
staring at 400 W and this resulted in decreae in the thermailesistance a400 W and
500 W. Forthe endheating the verticabrientation has lower resistance except at 100 W
that didnot showoscillations.The results for this heating locations shewwilar thermal
resistance for the two cooling watedirectionsexceptfor the horizontal case at 400 W
whereoscillationsoccurredor the counterflow cooling water directiotbut notfor theco-
flow direction. Theresultsat300 Wthathadtheoscillation modeatthebeginningfollowed

by the noroscillation mode(in Figure 4-20b) showsthe improvement inthe thermal

performancevith oscillations
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Figure 4-24The change irtotal thermal resistance with the heating pofeeithe cooling

water temperature of 30 for middle and end heating the( ) horizontaland ( ) vertical
orientations. Sold symbols indicaiscillaing mode
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The temperature distribution of each orientafimnend heatindor the evaporator
section and condenser section are shown in Fig2feahd Figure 26, respectivelyThe
results show a more uniform temperature distribution oeaporator side for ehvertical
orientation compared to the horizontal one as shown in Figu5.4The maxmum
temperaturen the vertical case wa&7.8 compared to the horizontatientationwhich
shows 75.4 . For the condenser side the two cases show almost the sameatenaper
distribution as shown in figure-26, but a higher max temperature at the cofoethe

horizontal orientation.
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Figure 4-25 Temperature Distribution of the evaporator side for (a) horizontal and (b)
vertical orientationsvith end heating
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Figure 4-26 Temperature Distribution of the condenser side for (a) horizontal and (b)
vertical orientationsvith end heating

4.4 Effect of cooling water temperature on the performance

The effect of the cooling water temperature on the performance for different heating

locations was studied and will be discussed in this secfldre performance fomiddle

and end heatinm the horizonal orientation for cooling water temperatures @r@D50C
wereconsideredTypical transients of théemperatureare shown in Figuse4-27 and 4

28. Other cases amgresented in the appendior end heatingvith a50 cooling water
temperature, oscillatiorere evidenfor the heatingpowers excepat 100 W unlike results

at 30 thatshow oscillatios only at high heating powers ahown in Figure €8. The
oscillationsfor the 50 caseare not fully developed at 200 Wt start to be steadier at

300 Wandreach consistéroscillations at 400 W and 500.Whe 50 casewith middle

heating onlyshowsoscillation starting from 400 W while the 30casedoes not show any
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oscillations The middleheatingcasa results showower heater block wall temperatures

conmpared to corresponding results with end heating
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Figure 4-27 Temperature transients fend heatingat horizontal orientation for cooling
water temperature of 80 and b)50
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The temperature differences between the avervegje temperaturedelow the
heater block and the condenser are presented in HeRifeThe temperature differences
increasewith the increase in the heating power for all the caBes.middle heating cases
show the lowest temperature differences. At low heating poefer80 W to 300 W, the
30 and 50 cases show the same temperatureedifice with a small deviation at 300
W. Starting from 400 W, thBO case shows lower temperature difference compared to
the 30 casewhich correspond to the oscillations seen in the transient with the Bhe
two end heating cases show almost the saswdteeat the same cooling water temperature
All the end heating cases show the same temperature difference at 100 W. Starting from
200 W, he 50 case shows lower temperature difference than the 3fases and they
reach almost the same temperature difiee as the middle case at 3@ooling water
temperaturat high heating powerof 400 W and 500 WThe 30 case with end heating
as discussed previously, shows high temperature difference with a big spike shown with
the coflow cooling water direction wich correspond to the nascillating mode shown

in Figure 425a.
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Figure 4-29 The temperature difference between the heater block wall and condenser
temperatures with the heating po@r30 and 50 cooling water temperature cases

Figure 428 presents the total thermal resistafarethe 30 and 50 cooling
water The open symbols represent the 1uscillation mode and the solid ones represent
the oscillation modeThe nonroscillation mode has a thermal resistancapgroximately
0.1 K/W for the end heatingwvith both cooling water directionand 0.045 k/Wfor the
middle heating positionThe results for the end heating at 100 W did appear to vary
modestly with cooling water temperatuMhen oscillatios were presentthe thermal
performance improves with the heating pow&he 30 case does not show any
oscillations and hasnearly the same thermal resistance as the empty case. Oscillations
accompanied with low thermal resistance are observed abbigh heating powers. The

oscillations improve the performance with about 19% aB#l at 400W and 500 W
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respectivelyFor the end heatingh¢ 50 results show lower thermal resistartban the
30°C resultseven once the oscillations occurred in that caseiureacha almost the same

thermal performance as the middle heating er8p¥¢ case at 400 W and 500 W.
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Figure 4-30 The total thermal resistance with the heating power including an oscillation
mode magor 30 and 50 cooling water temperature cases

The temperature distribution contourghéfilled andunfilled oscillating heat pipe
at 5 0 midalaheéating for the evaporator and condenser seséimnshown in Figure
4-31 and Figure 82, respectively. The regsl show a more uniform temperature
distribution on theevaporator side for the filled om®mpared to the unfilled case, which
showsa hot spot in the middlevith a temperature ohpproximatey 85.5 . A similar
observation can be made on tomdenser sidas shown irFigure4-32, where thenfilled
one experienceahigh temperature region correspargito the location of the heating

block while the filled one dissipat¢he heat more uniformly.
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The effect of the cooling water temperattoethehorizontal orientationvas also
considerecht a heating poweof 450 Wasthe coolingwatertemperature wascreased
from 30 to 50 . The transients of the temperatures are presented in the app&hdix.
change in theaverage temperature difference betweael below theheater block and
below thecondenser witlthe condenser wall temperatuaee shown irFigure4-33. The
results forendheating shova decrease in the temperature differeamress the deviogith
anincrease in the condenser wall temperatutgile the middle heating case iigtially
nearly constat before decreamg. The middle heating case has lower temperature
difference than theend heatingcases in addition to having lower condenser wall

temperatures at the sam@olingwater temperatures.
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Figure 4-33 The temperature difference with the condenser wall temperature at 450 W for
different heating locations
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The change inthermal resistance of the three cases and the oscillation mode
observed from the temperatuteansiens are shown inFigure 4-34. The thermal
performance improves withn increase in the condenser wall temperature fortiwee
heating locations. The end heating casfdsoth cooling water directiorshow oscillations
along the test anc similar thermal performanceThe middle heating case shows
oscillatiors only atthehigh condenser wall temperature of about 5and this agrees with
the previous resultsThe middle heating cadeas the lowest therrhaesistance for all
conditions, even when there are no oscillatiditse thermalperformance improved by

about 20% when the oscillation moddurned on
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0.07 -
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o o
o o
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I I
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Figure 4-34 The total thermal resistance with the condenser wall temperature at 450 W for
different heating locations including an oscillation mode map
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5 Conclusions and recommendations

The performance o& stacked doubldayer flat plate oscillating heat pipgas
designed, fabricated ardsted to investigate its thernhgdraulic performance for axial
heat transport and to investigate its capabilities to work lasat spreadeunder local
heating conditiong-or thethermohydraulicperformance, two differersiets of experiments
were performed to (8tudy the effect of the orientatiah the oscillating heat pipand(ii)
to studythe effect of the change of the cooling waiesystememperature. For the heat
spreading capabilitytwo different heating locationsereinvestigated: (imiddle heating
and(ii) end heatingvith the cooling waterin aco-flow andcountefflow direction These

experiments were performéar different orientations and cooling water temperatures.

Part 1. Axial heating performance.

The overall thermdnydrodynamic performance analyshowsthatthe designed
stacked oscillating heat pimpeas capable of transporting 500W with the avemaggorator
wall temperaturdoelow 100 for all axial heattransport case®ven in the horizontal
orientation The oscillation frequency increaswith the heating power and wigomore
damped amplitudeyhichenhancd the convective heat transfer and leétower thermal

resistance at high power.
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The evaporatoheat transfer coefficient is significantly higher thiat in the
condenserThe condensaepesentshe major portion othetotal thermal resistancand
more research is needed to lnederstand the condenser heat transfer and methods to
improve it.The heat transfer coefficient values are considetabdyer at the same heat flux
compared withthe data measured W¥arthikeyan et alor asignatlayered oscillating heat
pipe indicating the superior performance of a stacked oscillating heatTpipeffect of
orientation on theoverall thermal performanceas small, with the vertical orientation
showing an improvement in thermal performance of about 14% over the horizontal
orientationat 500W and30 cooling water temperaturd his is consistent wh the
findings in theliteraturethat stacked oscillating heat pip&ggely eliminate the effect of
gravity. The effect of the condenser temperature was investigated by performing tests at
three cooling water temperaturesl@f , 30 and 50 . The lowest thermal resistance
wasat a cooling water temperaturesf# with a total thermal resistance of 0.06 K/W at
500 W. Despitean increasdn the cooling water temperature by 20 the average
evaporator temperature increased only from about @90 at 500 W Increasing the
cooling water temperaturesulted in aimncrease in the condenser heat transfer coefficient
as well as of the evaporator sectidine change was significant as the temperature was
changed fromi 0 to 30 , but mor eafuriedirciedse freBOt fand 50

cases.

Three different oscillation modes were edt (i) nonoscillatihg mode, (ii)
continuous oscillatig mode, and(iii) intermittent oscillathg mode. The nooscillating

modewas observed only at 100 W for the 1Qcooling water temperature case which leads
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to adelayin the startup of the oscillating heat pipe till 200 W. The continuous osailigati
mode wagpresenfor the entirepower range for the vertical orientation and the horizontal
orientation withthe50 cooling water temperature ca3ée continuous oscillation mode
results in arenhancement in both the condenser and evaporator heat transfer coefficients
The intermittenpscillating pattern was the domingaat low power for the 10 and 30
cooling water temperature cases arahsitioned to the continuous oscillating pattern as
the power was increasethis affects the total thermal performance as the oscillating heat
pipe experienceahigher thermal resistanaetheintermittent oscillatig situatiorand sets

a threshold for the start up power for each cBemvious correlations used to predict the
maximum Ku number for singlayered oscillating heat pipaverefound to underpredict
the current datexceptfor the correlation by Qu el dbr singlelayered vertical oscillating

heat pips.
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Part 2: Heat spreader.

The heat spreading capacity of the oscillating heat pipe wasdtesing local
heating at the middle and at the ewith the cooling water in both @-flow and counter
flow direction with respect to the heating location in the latter Gdeeze is no significant
difference in theheat transfeperformance between the-low and countefflow cases.
The coflow and countefflow caseshad alow thermal resistance at high power where the
oscillating heat pipeshowedoscillations The lowest thermal resistance achieved @45
K/W at 500 W forthe 50 cooling watercase. At lover powes below 300 W the
oscillating heat pipdid notshowoscillations and héha similar thermaperformance of an
unfilled oscillating heat pipe-or the middle heatingcase there is no improvement in the
heat transfer or la spreadingapacity over an unfilledscillating heat pipe excep for
high power at 50 in thehorizontalorientationand 30 in thevertical orientation. The
thermal performancevas improvedoy 27% and 13%respectively for these two cases
whencompaed to thaunfilled case An oscillation on/off map was developed based on the
temperature and pressure transients and on the thermal resistance toodelitiens under
which the oscillations are effective and result in an improved perform@heescilating
heat pipe functions well as a heat spreader for local end heating for all powers and for

middle heating at higher powers.
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Part 2: Recommendations and Future Work.

Based on thpresentvork of this thesis andnpvious workreportedn the literature,

recommendationfor future work include:

1 Investigation of lhe effect of the condenser and evaporator lengththethermal
performanceespecially orthe heat transfer coefficients.
Investigate the effect dilling ratio for the stackd oscillating heat pipe.
Investigate the effect of the number of channels on the thermal performance. For
example, the current configuration can be changed to have a space of 1 mm between
channels, instead of the current 2 mm which will result in a higin@ber of channels
over the sam@&otprint

1 Investigate thdong-term performance of the oscillating heat pipe, particularly when
using water as the working fluid to avoid degradation in performance.

1 Improve the instrumentatiotdo measure internal pregse and temperature to obtain
more accurate results.

1 Investigate the heat spreader capacity using smaller heating zones to better represent

local hot spots in the applications.
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6 Appendix

Therestplots of transients for the heat spreader cases for the heater block, condenser
and saturation temperaturttsit are not presented in the results chagrepresented here

in this chapteas following:
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(b)

(c)
Figure 6-7 Temperature profiles for0 W with an increase in the&ooling water
temperature at horizontal orientation for end heating with djoeoand b) counteflow
cooling water direction and c) middle heatin
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