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ARTICLE INFO ABSTRACT

Article history: In this study, a CFDmodel was built to simulate tiwe-phase flow and heat trans
Received 26 July 2016 inoscillating heat pipe. Water was used as the ingrRuid with filling ratio equal o
Accepted 21 September 2016 50%. The volume of the fluid (VOF)method in ANSYSHENT was used in th
Published 30 September 2016 simulation. The evaporatiotendensation processes were dealt with by addingg-

defined function (UDF) to the FLUENT code. The slationresults where compar
with experimentatiata obtained at the same condition. The simulatias successfuli
Keywords: reproducing the heat and mass transfer processt® inscillating heat pipe. Fair
Oscillating heat pipe, volume of fluid agreement was obtained between CFD results andiqueal dat:
VOF, two phase flow with FLUENT.

INTRODUCTION

Oscillating heatpipes (OHP’s, also called Pulsating heat pipes B) are an importar heat transfer
devicesworking without wickA common design for OHP is a capill-sized tube forming a closed, continuc
flow loop and containing a liquid and its vapor,igfis heatd at one end (evaporator), while cooled at
opposite end (condenseas shown irFig.1. If the capillary diameter is not too large, thed distributes itsel
into an arrangement of liquid slugs separated Ipowéubbles (often referred to plugs). During operatior
heat input to the evaporator expands existing lagbahd/or nucleates new bubbles, driving liquid lamlobles
toward the cooler condenser region, where vaporblesbcontract or collapse via condensation.
evaporation/condengan cycle provides the motive force for the cortisac motion, though heat is main
transferred sensibly by the movement of hot ligfiimm evaporator to condenser. These devices ated
“pulsating” heat pipes because the evaporecondensation prass happens as a requilibrium chaotic
process, whose continuous operation require-equilibrium conditions to exist in some, but notessarily
all, of the parallel channels at any given instartime (Fasula, C., 2009).

The parameters affectinthe operation of OHPhave been summariby (Nagvase, S.Y. and P.
Pachghare, 2013) as: internal diameter, workingl fiotal tube length, length of condenser, evamorand
adiabatic sections, number of turns or loops anliniation angle

The most inportant parameter that affecting the performanc®MdP is the internal diameter, becaus
contains the condition for discrete bubbles andidicslugs sustained in the tube when the fluidati@nary anc
thus determines whether confined bubbles eduring the twophase flow in a channel. The internal diam
must be less than a critical valieegenerate the pulsating effect (Khandekar, S.NnGroll, 2003)

Several researchers have been studied the efféloé éfbove operation parameters, amthem; Zironget
al (2013) studied the heat transfer mechanism of miniabgillating heat pipes (MOHPs) and pre the heat
transport capability of MOHPs.Both evaporation gectand condensation section length were 20 mm
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internal diameter was Di=1.3 mm. Water was useth@svorking fluid. The volume of fluid and mixtureoctel
in FLUENT were used for comparison in the simulasio
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Fig. 1: Oscillation heat pipe[1]

The phase change process in a MOHP was deal withdding a user-defined function source term in each
phase. The continuum surface force model was wsedrtsider the effect of surface tension. The tehwwed
that the mixture model was good to simulate the-pvase flow in a MOHP, but did not visualize theemal
phenomena of evaporation condensation and phasgehaside the MOHPs.The simulation with unsteady
model was successful in reproducing the two-phlase frocess in a MOHP, including the bubble genenan
evaporator section and the oscillations causethéytessure difference.

Mathematical and physical model of OHP was builMgngaet al (2012), to simulate the process of flow
and heat transfer in vertical bottom heating oatiil heat pipes. The four-turn OHP was selecteal typical
shape. Pure water was used as working fluid. Tleeadipnal orientation was vertical bottom heatingde Two
types of copper tubes with outer diameter Do= 25 amd 3mm, inner diameter Di= 1.3 mm and 1.8 mmewer
used.The filling ratio was controlled around 50+5ke length of evaporation section was 20 mm, #mesas
the condensation section; and the condensatioiosestis cooled by water 25+0.05°C. Mixture modekwa
used for flow and heat transfer simulation. Ther ukined function was added to calculate massearsigy
transport, in order to achieve heat transfer pmoégvaporation and condensation. The result stidtet the
numerical simulation was successful to reprodueehtbhavior of the internal flow of OHP, includingpor
generation in evaporation section, oscillation mimeena caused by the pressure difference and laeafdr due
to oscillation. Comparing with the experimentakseshe simulation results agreed fairly well.

Xiangdonget al(2014),investigatedathree-dimensional numericathan vapor-liquid twophase flow and
heat transfer performance in a flat plate oscilatheat pipe FP-OHP. The FP-OHP is fabricated omialum
plate as a meanderingclosed loop (square crossisertmm x 2 mm) with dimensionof 110 mm x 140 niin.
is set vertically and contains three parts:evaporabndenser and adiabatic section. It was changgbdethanol
as the working fluid with filling ratio 30%, 50%nd 70%, respectively and for differentheat loachider to
verify the mathematical model, anexperimental ¥&atfon was conducted to investigate thermo-hydnaaiyics
phenomena inside the FP-OHP. The condenserwasdctglea cold aluminum blocksupplied with cooling
water, and the inlet cooling water temperature Wagt at 20 + 0.4C.It was indicated that the dispersed
bubblesin FP-OHP are generally produced by theeabel boiling in evaporator and the condensation of
shortvapor plugs in condenser. The short plugs umaally formed by the self-growth and coalescence
ofdispersed bubbles. Additionally, the long plugscwr due to further coalescence of the short plugs.
Theproportion of dispersed bubbles decreases amditisreases with increasing heat load, and theagesize
of total bubbles is inversely proportional to tiienfg ratio. The optimal filling ratio for the thenalperformance
of FP-OHP is determined by most adequately combitiie advantages of the sufficientbubbles pumpatiga
for driving the heat transport along with the motwf working fluid, and thesensible heat transfethe liquid,
which is shown around 50%.

The purpose of the present study is to developa @Bdel to cover the details behavior of two phitse
and heat transfer accompanied the operation of ldR @ith water as a working fluid, especially theapé
change inside the OHP, which did not visualizedbeef

Model Geometry and Computational Mesh:

Two dimensional model was built to simulate the {plmse flow and heat transfer phenomena in
oscillation heat pipe, the total length is 2050 simaped as two turns with 500mm length, for each, fits set
verticallyand including three sections evaporatathw200 mm length, adiabatic with 100mm length and
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condenser with 200 mm length. Theinside diametehefcapillary tube is 3mmand outside diameter 6iaen,
shown in Fig.2.The working fluid is water and tlirfg ratio 50%from the total volume of the OHP.

Condense!l
200 mm
)

Adiabatic
100 mm

Evaporator
200 mm

N/ B
Fig. 2: Schematic of Oscillatidfig. 3: Mesh of Oscillation Heat Pipe.
Heat Pipe with its Dimension.

The geometry was constructed and meshed using AMBET grid generationSoftware, The fluid regions
contain 153,525 Quad cells, as shown in Fig.3.

CFD Model:

A two-dimensional physical model was developeditaugate the internal flow and heat transfer in OIHP.
this model, the commercial code ANSYS FLUENT 14t&l dahe volume of fluid (VOF) method has been
applied.VOF is used for more than two immiscibleds, where their interface position is of impodeuit has
only one set of momentum equation and single eneggption for the entire system.The only disad\gmia
that requires fine mesh.The VOF model relies onfaélcethat each cell in the domain is occupied by phase
or combination of the two phases. In other wordyg i§ a volume fraction of liquid andg, is a volume fraction
of vapor, the following three conditions are pokesib

* ;=1 the cell is fully occupied by liquid

* ;=0 ; the cellis fully occupied by vapor

e 0O<a;<1;the cellis at interface between the liquid aapor phases.

When the third condition occurs, the volume fractid all phases sum to unity (Bandar Faehil., 2013).

Governing Equations for VOF Model:
The governing equations of the VOF formulations \@apor-liquid flows with phase change are as

follow(ANSYS FLUENT, 2010):

0 | 5 yq = _m
at+v.Vocl— o (1)

Wherep is the densityy is the velocity and is the timeg,, is the source term of mass used to calculate the
masstransfer during evaporation and condensation.
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2 (pth) + V. (pTitl) = pg — VP + V. [M(vﬁ +ViT) = 2 V. ul] + Fogp )

Whergj is the acceleration of gravit®, is the pressure, arids the unit tensor.

The forces acting in the fluid are gravitationa¢gsure, friction and surface tension. In orderatosaerthe
effect of surface tension along the interface betwthe twophases, the continuum surface force (Q&ieel
has been added to the momentum equation:

Frop = 20y, alPleV‘:lJ: ‘::Pvclval (3)
wherey,, is the surface tension coefficient afids the surface curvature.
The energy equation for the VOF model:

2 (pe) + V. (pet) = V. (k.VT) + V. (PT) + S (4)

WhereS; is the energy source term used to calculate that heansfer during evaporation and
condensation.A user-defined function (UDF)has hesad with the existing FLUENT codetocalculate thesm
and heat transfer betweenthe liquid and vapor ghedseng the evaporation andcondensation procdgses.
source terms in thegoverning equations, particpl#tte continuity and energyequations for this UDBRsw
proposed by De Scheppet,al. (2009)

It is assumed that the phase change occurs aagatutemperatuf®,,. Therefore the mass source term
iscalculates as follow:

T1—Tsat
—-0.1 p;a ifT; > T. )
Smiov ={ Pr l Tsat /T e Evaporationprocess (5)
0ifT; < Tgae
TSllf_T‘U .
0.1 p,« ifT, <T. .
Sm,,,_>l={ Py = s fTo ®* Condensationprocess (6)
0if T, > Tgus

wherd,andT, are the liquid and vapor temperatures, respegtialda;,anda,, are the volume fraction of
the liquid and vapor phases, respectively.

Energy sourcesgSn the energy equation used are determined byiphyiftg the calculated mass sources in
Eqg. (5) and Eg. (6) by the latent heat of evaporatdr the working fluid, and can be expressediews;

SEl = m,l-v .LH (7)
SEZ = Sm,v—>l .LH (8)
Where LH is the latent heat of evaporation.

Boundary and Operating Conditions:

The heat flux in evaporator section depended orptweer input; a constant temperature is definethat
wall boundaries of the evaporator section (hot-wallzero heat flux is defined as boundary condite the
adiabatic section (adiabatic-wall). The condengmtisn is cooled as a result of heat released wiagor
condenses. It is assumed that the condenser i®eddnl water, applied constant temperature along the
condenser section (cold-wall) (Richard, Et,al., 2014).According to the experimental data, Figotss the
details of boundary conditions.Thetime step isesptal to 0.0001.The time step has been selectex lmasthe

global courant numbetpurantnumber = “Tjt ), whereAt is the time stepix is the space between the cell and
u is the velocity. For VOF models, the maximum Caotinaumber allowed near the interface is 250. Fiima

step that been selected, the Courant number isHars3.

Water vapor is defined as the primary phase (vapnd water liquid is defined as the secondary phase
(liquid),the liquid density is given as polynomi@kiangdong Liu, Yongping Chen, 2014)
py = 859.0083 + 1.252209T — 0.0026429 T2 (9)

The effect of surface tension was considered usiedollowing equation;

01 = 0.09805856 — 1.845 x 10757 — 2.3 x 1077 T2 (10)

In all cases, the continuum surface force (CSF)ehaas used for analyzing the effect of surfacsitam



200 Wahid S. Mohammad and Israa S. Ahmed, 2016
Australian Journal of Basic and Applied Sciences,d(14) September 2016, Pages: 196-206

7 N
Condenser-walls
D= % T=312K
Adiabatic-walls
Zero heat flux
Evaporator-walls
% T=323K
U —0
=i
~ U
Fig. 4: Boundary conditions of OHP. Fig. 5: Solution initialization of OHP

In the model solution, the pressure—velocity coyphivas SIMPLE. The relaxationfactors of pressum an
momentum were set to 0.3. Under pressure intelipalachemewas set to PRESTO; momentum and energy
changed to Geo-Reconstract.The initialized ligulting ratio was 50%, as shown in Fig.5.The numlric
computation is considered to have converged wherstlled residual of the mass component and vliscit
less than 16and energy less than 1,0as shown in Fig.6.
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Fig. 6: Convergence history for continuity, momentum, anergy.
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RESULT AND DISCUSSION

In order to understand the heat transfer processglthe OHP operation, the phases and temperature
contours at different times have been recorded camdpared with the experimental results in the foiig
paragraphs:

Experimental flow visualization:

In the visual observation, the two-turn OHP witlatieg power of (95.0 W) was selected for comparison
At the beginning, most liquid slugs located in thattom of channels in vertical mode due to graeitfect.
When the heat is added to the evaporator sect®fidld began to move up till reach the condensetian, as
shown in Fig.7(a), where its condensed and batkea@vaporator section.Here the oscillating moisbegan,
as the temperature of evaporator section increteetubbles began to generate, as shown in Fig.aibl) the
flow began to oscillate in the channel and cirmadain an anticlockwise direction, as shown in Hig.7
¢).Fig.7(d), show the flow back from the conderssstion in a fast movement due to two forces capilplus
gravity. The flow inside the channel is liquid slagd vapor bubble, as shown in Fig.7(e). As the fincreased
the flow began to change from bubble flow to sllayvfas shown in Fig.7(f).The bubble pumping actjbays
an important role in driving the circulation of ifinside oscillating heat pipe, which is dependent
theformation of vapor bubbles and liquid slugspdlse sensible heat transferof liquid has an ingutrtunction
in the total heat transfer inthe OHP, the circolatdf flow inside the heat pipe showed in Fig.7(g-i

irn;-ﬂan'!-egﬂnmgﬂ 1 mbn’:m
e o the op of e CHE g
(2] Tome25 0
The flow began & The Sow ek from
| oudilless inthepipa condomer section
C — ey St ket cold
/ ot v Sized
i Tome=150y
The flow change |
from bubble flow
to dug flow |
iz =223 T35 363

Fig. 7: Internal flow visualizationwith heating power =.05N.
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Fig. 7: Continue.

¢ Flow visualization of CFD simulation:

In the simulation case, the two-turn OHP with sasizes of the visualization case was selected tiol g
two dimensional model. The heating power was 95.008/shown in Fig.8 and 9, the contours of tempeeat
and phase change in OHP operation had been recomtiézh indicated the process of heat transfer mads
transfer. As shown inFig.8 the region of high terapare in evaporation section expanded, correspgndi the
accelerated growth of bubbles Fig.8 (0.1 s). Agtintreased the bubbles jetted across the evapasattion to
the condenser section in Fig.8(1s). As shown in8F{@ s), the hot and cold region exchanged. Tigh-hi
temperature region appeared in the condenser seatibile the evaporation section was cooled down,
corresponding to bubbles condensed into liquichendondenser section. With the help of gravity eagillary
forces, the condensed liquid returns to the evdporsection. By then, one cycle of heat transfemmfr
evaporator section to condenser section was fidisAfter that, a new cycle began, and the stabtg&zature
oscillation occurred. The cycle period of the sujusnt oscillations became smaller.

A

11

‘i)
\\7_//

Time (5) 0.0 01 L-*

Fig.8: Temperature contours at different times in OHP afi@n process.
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Fig. 8: Continue.

Fig. 9show the volume fraction contours in the OH®&, a heating power of 95.0 W. A red color
illustratesvapor volume fraction = 1,while a blugar illustrates the liquid phase, vaporvolume fi@t = 0.At
the beginning ofthe process, the liquid pool filledlf of the OHP. Whenthe liquid reached the bgili
temperature, the liquid starts toevaporate andgpbhange occurs. Thiscontinuous evaporation ofdigesults
in a decrease in the liquidvolume fraction andramdase in vapor volume fraction. Atthose positiohere the
liquid evaporates, bubbles are formedand transpddeards the top region of the liquid pool.Follogithe
above process, the vapor is transported upwardtoctimdenser. As the vapor reaches the condensalfs w
cooled; the vapor condenses along the coldwallsthBcevaporation-condensation process proceededhand
oscillation process occursand the working fluidie OHP oscillates.

Numerical Simulation Compared with Experimental Results:

Fig.10 show theexperimental record of temperataréation in evaporator and condenser sections o OH
with time at input heating power 95.0 W. The twenperatures start from the ambient temperature hed t
began to increase as the heat added to the evapseation. The temperature increased until the-sgapoint
and then the oscillating motion in the heat pipgdme The system reaches a steady state with a tetape
between 52 °C and 48 °C after certain time. Thdlagon in temperature that recorded at any peiith time
at evaporator and condenser sections caused bwaper bubbles and liquid slugs oscillation in each



204 Wabhid S. Mohammad and Israa S. Ahmed, 2016
Australian Journal of Basic and Applied Sciences,d(14) September 2016, Pages: 196-206

sectionsdue to the pressure difference in the systhat preventing the system from reaching a dy-o

condition.
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Fig. 9:Contours of volume fraction in OHP at several times



205 Wahid S. Mohammad and Israa S. Ahmed, 2016
Australian Journal of Basic and Applied Sciences,d(14) September 2016, Pages: 196-206

'I'ulnlll.*rwll.ru {c™}
&

Pi]

a0
| Enlargement part :D a0 40 80 80 10

/ . —

55
50
a5
a0
35
30
25

20
0 S0 100 150 200 250 300 350 400 450 500 550 600
Time (1)

T

Temperature (¢®)

Tc

Fig. 10: OHP experimental temperature at 95.0 W.

Fig.11show the2D simulation record of temperatwgation in evaporator and condenser sections o OH
with time at input heating power 95.0 W. The sintiola time is limited to 60 second, because of the time
step 0.0001 that has been chosen for convergestectien by courant number value. The computatiore of
than 60 second is about 3 months of CPU time.

As can been seen in Fig.11 the temperature osuilladnge was consistent with the experimentalnego
Fig.10. Theaverage values of the experimental amdlation temperatures in the evaporator secti@aasut
(50°C) and (56C) respectively; while in the condenser sectionsdiaut (36C), for both of them. Hence it can
be said that the comparison of both results artyfgood.

Conclusion:

Anumerical and physical model was built to simulédte internalflow and heat transfer inside an testidin
heat pipe. Waterwas used as a working fluid witkeSidling ratio. The following was the major conslon
points:

*  The volume of fluid (VOF) technique in FLUENT wascsessfully model the complex tow phase flow
inside the OHP.

e The simulation withunsteady model was reproduceoiherationof OHP, including vapor generation,
vapor bubbles, liquid slugs and the oscillationm@maena caused by the pressure difference.
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The numerical simulation was found to agree faiwgll with experimental data carried out for similar
cases.
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Fig. 11: Temperature record for OHP 2D simulation at 95.0 W
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