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Pool boiling with high heat flux enabled by a porous artery structure
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A porous artery structure utilizing the concept @ihase separation and
modulatior? is proposed to enhance the critical heat @dipool boiling. A series
of experiments were conducted on a range of test aticlewhich multiple
rectangular arteries were machined directly into the top ceurdd a 10.0 mm
diameter copper rod. The arteries were then covered by an2iQthickness
microporouscopper plate through silver brazing. The pool wall was fabricate
from transparent Pyrex glass to allow a visualizatiody and water was used as
the working fluid. Experimental results confirmed that the psrartery structure
provided individual flow paths for the liquid supply and vapor veptiand
avoided the detrimental effects of the liquid/vapor coufitew. As a result,a
maximum heat flux of 610 W/chover a heating area of 0.78 €mias achieved
with no indication of dryout, prior to reaching the heater design te mperémit.
Following the experimental tests, the mechanisms respoisiftie boiling CHF

and performance enhancement of the porous artery strugémeanalyzed.

As one of the most efficient heat transfer modes, ntehbailing, provides very high heat
fluxes, with a relatively small superheat on the égaturface. As a result of this excellent heat
transfer performance, nucleate boiling has been appliedvideavariety of areas, including the
thermal management of advanced high power electronicangarflthe nuclear power reactprs
thermosyphon heat exchangers and spacecraft thernedIc&fHowever, the critical heat flux
(CHF) limitation, beyond which the temperature of theté@aurface will rise sharply with

corresponding significant decrease in the surface heat flaxth& heat flux increases for
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nucleate boiling on a flat surface, more and more bubbdegenerated. These bubbles begin to
coalesce to form a stable vapor blanket, which preventfiqtind replenishmenbf the heatd
surface. Because the thermal conductivity of the vapaery low, the vapor blanket forms a
thermal barrier between the hedtsurface and the liquid/vapor interface, resulting in the so
called “heat transfer crisis In real engineering applications, once the surface heat#ceeds
the CHF, the failure of nucleate boiling will lead to rapid butref the devices to be cooled. For
this reason, it is essential to enhance the CHF of amacloiling in order to further expand the
range of application areas and guarantee safe and oostimperation.

In general, an entire nucleate boiling consists primarily of three preess liquid
replenishment to the hemtsurface, vapor venting from the hedisurface and efficient heat
transfer from the heatl surface to the liquid/vapor interface. These three presease not
independent, and there is strong mutual interaction antemg.tOnce any one single process is
interrupted the other two will also be affected, resulting in ultim@édure of the nucleate
boiling process. Any method used to enhance the CHF of nucleditey lxhould therefore,
necessarily focus on the improvement of one or more of these processes.

The passive measures previously utilized to enhance thHe @@Hhucleate boiling can be
generally categorized into two types: First is through changd® ithermophysical properties of
the boiling fluid, such as the additiaf different surfactants or the employment of different
nanofluids?” and second is through modifications to the édaurface. In this latter case,
variety of methods have been proposed, such as the fabmicatiommano- or micro-scale
functional structure&!? deposited nanoparticle layeisi® atomic layer depositioH,2°
micro/nano porous coatingfs?®® and hybrid wettability treatmert§:2 Significant progress has

been made in the area of CHF enhancement. In particula€GHReof nucleate boiling for a



smooth surface was enhanced by a factor of three througls¢hef a modulated microporous
coating applied directly @m the heatd surface?®

In order to further increase the CHF, the current ingastin explores the use of a porous
artery structurebased on the concept of “phase separation and modulation”. The porous artery
structure can actively formulate the flow paths for ligneidle nishment and vapor venting, while
helping to maintain the liquid/vapor interface in the porougtire, immediately adjacent to the
heaed surface. Experimental studies are performed to validegeconcept, and are reported in

detail below.
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FIG. 1. Schematic of the experimental system FIG. 2. Schematic of the porous artery structure

Figure 1 illustrates the experimental test facility zéiti in the current investigation, which
was compised of a visulization system, a boiling pool, a porous asteugture, the heat source
and the temperature measurement and data acquisition sy&tgme 2 illustrates a schematic of
the porous artery structure and the temperature measurdooations. As shown in Fig. 2,
multiple rectangular arteries were machined directly theotop surface of a small copper rod

with a diameter of 10.0 mm. These were then covered imcroporous copper plate with a



thickness of 2.0 mm by silver brazing, to form the porousyastucture. Table 1 presents the
basic parameters of the porous artery structure.

TABLE 1. Basic parameters of the porous artery structure

Item Parameters
Porous plate thickness{}Amm 2.0
Porous plate pore size range/mm 0.25-0.38
Artery width(Wy)/mm 1.0
Artery depth(H)/mm 15
Fin width(Ws)/mm 1.2
Distance g, s1, 2/mm 10.0, 10.0, 10.0

The boiling pool had an inner diameter of 15 cm ameight of 15cm and was directly open
to the ambient atmosphere, so the boiling fluid, i.e. deidniater, was always subject to the
atmospheric pressure. The wall of the boiling pool was nawddigansparent Pyrex glass to
provide an opportunity for the visualization study, and the bottbthe boiling pool was made
of stainless steel with a thickness of 1.0 mm. A througb h@s located at the center of the
bottom plate with an inner diameter of 12 mm, so that the small copgheould pass through it
to heat the water directly. The gap between the copper rod anaitiiess steel plate was filled
with silicone grease to provide a positive seal and alsood thermal insulation between the
copper rod and the plate. An electromagnetic induction heateed as the heat source, avhi
could be adjusted continuoudhy altering the AC powemput over the range of 0-10 kW. A
maximum heat flusof ~ 600 W/cm could be achieved on the top surface of the small copper
rod, limited only by the melting temperature of copper.

High temperature thermal insulation materials wered uge insulate the electromagnetic
induction heater, in order to reduce the heat loss t@amhigient suroundings. The temperature
measurement and data acquisition system was composed of sgpeidithermocouples and an

Agilent 34970A Data Acquisition System linked to a PC for daspldy and storage. Three



thermocouples werarmly attached on the side surface of the small copper radi&tance of
10 mm, as shown in Fig. 2 (a).
Through the temperature data obtained from the thermoexupbke heat flux (q), superheat

(aT) and evaporation/boiling heat transfer coefficient @r) be calculated as follows:

— k(Trc3—Tres)
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where T is the saturation temperature of the working fluidy isTthe wall temperature, and Kk is
the thermal conductivity of copper.

A comprehensive uncertainty analysis was conduatadg a standard approach as follows:
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The uncertainty of the temperature measurement asrdessr by the thermocouples;, was
approximately = 0.53C, and the uncertainty of the distance between two adjdbemnocouple
locations,o,, was determined to be + 0.20 mm. Using these values and eqiBtidor a heat
flux greater than 100 W/cnthe relative uncertainty is less than 2480

In the experiment, the criterion for judgement of @idF is a sudden continuous temperature
rise of the heated surface. Meanwhile, the heated susfamampletely covered by a vapor layer
through visual observation. The experimental test fgoiids calibrated, first by measuring the

pool boiling characteristics om10.0 mm diameter, smooth copper surface. The experimental



resuls were then compared with both the experimental andy@call data available in the
literature. Figure 3 and Table 2 present a comparisoneofidita obtained using the current
facility and those reported from other investigatios illustrated in Fig. 3 and Table 2, the data
obtained in the current study are very close to the @rpetal results of Li, et al. and the
theoretical resultsfdvioissis and Berenson, but are slightly higher than the resuftstfie other
investigators.This variation may be the result of the relative roughidsthe heating surface
coupled with the small size of the heater, i.e., 0 in diameter, which is much smaller than
the Taylor wavelength of 15.7 mm for water at 100 °C. The teestithe current investigation,
however, exhibit good repeatability, indicating that it canubed to provide high quality and

repeatable results in the study of the boiing charatiteri of the porous artery structure.
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FIG. 3. Superheat dependence of heat flux for smooth surface and porous tauenyes
Figure 3 illustrates the superheat dependence of the heatfithefporous artery strucure. As

shown in Fig. 3, for boiling in the porous artery structure, kat flux initially increases slowly

with the increasef the superheat. Once the superheat exceeds approximat€lythi® heat flux



begins to increase more quickly unitlreaches about 400 W/énthen it begins to increase
relatively slowly until the attainment of 610 W/&nit is clear that for the boiling in the porous
artery structure, no real CHF was observed in the expetsnand the maximum heat flux of
610 W/cm is still far smaller than the actual CHF. A better heatergies$iat can sustain higher
temperatures should be considered to achieve even higheffibean further studies. @
summarize, two important conclusions can be obtained from Figirs3, tre use of the porous
artery strucutre, allows very high levels of heat flube achieved, i.e., 610 W/énwhich in the
current investigation was limited by the maximum hea¢sigh temperature; second, the boiling
heat transfer performance is much better than thatiqugly observed foma smooth surface,
especialy when the heat flux for the porous arterctirg is greater than 100 W/&m

TABLE 2. Comparison of CHF of water boiling on a smooth copper surface

Authors CHF Heatedsurface area
Zuber (Model§° 110.8 W/cm N/A
Moissis and Berenson (Mod#l)  152.4 W/cm N/A
Lienhard and Dhir (Modelf 126.9 W/cm N/A
Auracher et al. (Test dafd) 139.0 W/cn? ®35mm
Chenli, et al. (Test dat) 149.7 W/cm 8mmx8mm
Wu, et al. (Test datdj 1210W/cn? 10nmmx10mm
C.H. Lj, et al. (Test dat4) 141.3 W/icm 8mmx8mm
Present study (Test data) 156.8 W/cm ®10mm

Figure 4 illustrates the liquid/vapor distribution and bubble mogetnin the porous artery
structure at different superheat values as observeleiexperiments. fillustrated in Fig. 4,
there is no bubble generation on the top of the poroustste; instead, bubbles always coming
out from the arteries at both sides, then flow upwantts the pool. In addition, the larger the
superheat, the higher the bubbles can reach at thefaki arteries. At a very high superheat
L.e.,> 30°C, continuous vapor columns appear at the outlets of theeartdihese arteries appear

to be unstable and swing violently back and forth as the bubddes rihe boiing pool.



FIG. 4. Liquid/vapor distribution and bubble movement in the porous arteryustelat different superheat:
(a) AT=10C; (b) AT=20C; (c) AT=30C; (d) AT=40C.
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bubble movement at high heat fluxes inside the porous structure at high heat fluxes

Figures 5 and 6 help to illustrate how the porous artery steucan enhance the CHF of pool
boiling. It is well known that liquid pumping and vapor blocking are treliasic functions for a
porous structure in most two-phase heat transfer appinsativhere a capillary pressure can be

developed at the liquid/vapor interface, as expressed by eq(iAtion

APy = 22022 (7)




At high heat fluxes, this capillary pumping helps to continlpreplenish liquid directly to the
liguid/vapor interface through the porous structure. Due d@octpillary pressure developed in
the porous structure, vapor generated at the liquid/vapoifaicgels prevented from flowing
upwards directly to the pool, and instead it escapes thrtegmultiple arteries to the pool, as
shown in Fig. 5. Consequently the mutual impedimentgaid/vapor counter flow, which is a
very severe issue for nucleate boiling on a flat setfas inhibited and effectively reduced
Meanwhile, compared to film boiling where a vapor blanket sepaifagdse atd surface and the
liguid/vapor interface, in the porous artery structure ingattd here, the liquid/vapor interface
is always located in the porous structure very adjacent to treutégice of the fins. Between the
heaed surface and the liquid/vapor interface is a very tayet of porous strucutre with a much
higher effective thermal conductivity than that of vapar,tise heat transfer rom the hedt
surface to the liquid/vapor interface can always proceed \erg efficient manner, thereby
minimizing the causes of boiling crisis. Furthermore, the mal@pteries machined directly into
the top surface of the copper rod not only provide flow patlvdpor venting, but also increase
the surface area of the heater. Both phase separatioentanged heated surface area contribute
to the enhancement of the boiing CHF and heat transfeficieref

Note that, it is difficult to evaluate precisehe role of “phase separation and modulation” in
pool boiling CHF enhancement without the effect of extendedetesurface area, through
additional experiments with smooth surface + porous structureviimarteries structure without
porous structure, as analyzed below. First, the mechanisms incligiioigvapor movement and
phase distribution for pool boiling in the three structuresofgh surface + porous structure
arteries structure without porous structure and poraesyastructure) are much different from

each other. Second, for pool boiling CHF enhancement, the f@HRe porous artery structure



is far larger than those for the smooth surface + postrusture and for the arteries structure
without porous structure, and even the sum of CHFs folattes two structures.

In addition, another important mechanism, i.e., the entrainnfdiofuid droplets by the high
velocity vapor flav in the arteries, as shown in Fig. 6, also contributes tdidiely efficient
boiling heat transfer in the porous artery structure. tginoan approximate calculation of the
highest vapor velocity in the arteries by assuming that theflogeor all the arteries is uniform,
the vapor velocity in the arteries may become very lardegdt heat fluxes, ie., > 50 m/s at a
heat flux of 600 W/c# and under such a condition, it is easy to cause thaimment
phenomena.

As shown in Fig. 3, the boiling heat transfer performaincéhe porous artery structure is
much better than that on a flat surface especiallygit heat fluxes. This is possible only when
the liquid/vapor two-phase heat transfer occurs on this whihe arteries; otherwise the thermal
conduction through the fins requires a temperature éiffex of several tens of degrees at high
levels of heat flux. The entrainment of liquid is a comnphenomenon in conventional heat
pipe operation, which will impede the liquid return from tdeendenser to the evaporator, and
degrade the heat transfer performance of the heat piperedth in this application, the
entrainment effect helps to carry multiple liquid droples wet the hot walls of the arteries
which significantly benefts the boiing heat transferfgrenance of the porous artery structure.
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