Pumpless Loop for Narrow
Channel and Micro-Channel
Boiling

A compact cooling system is examined which capitalizes upon fluid density differences
between two vertical, parallel, interconnected tubes to achieve a pumpless cooling loop. A
heat-dissipating device is incorporated into a boiler at the bottom of the hot tube. The

Swaraj Mukherjee large density differences between the two tubes produces a substantial nonequilibrium in
hydrostatic pressure, drawing liquid downwards through the cold tube as a two-phase
Issam Mudawar mixture is released upwards in the hot tube. Cooling with this pumpless loop is funda-

mentally different from, and far superior to, pool boiling thermosyphons because of the
Purdue University International Electronic former’s ability to separate the path of replenishment liquid from that of the released
Cooling Alliance (PUIECA), vapor. Experiments were performed to explore the effects of boiler gap (separation dis-
West Lafayette, IN 47907 tance between the boiling surface and opposite insulating wall) on cooling performance
and critical heat flux (CHF) for water and FC-72. The gap, which is the primary measure
of boiler miniaturization, was varied from 0.051 to 21.46 mm. For large gaps, CHF
showed insignificant dependence on the gap for both fluids. However, small gaps pro-
duced CHF variations that were both drastic and which followed opposite trends for the
two fluids. Decreasing the gap below 3.56 mm produced a substantial rise in CHF for
FC-72. For water, CHF was fairly insensitive down to 0.51 mm, below which it began to
decrease sharply. These trends are shown to be closely related to the small surface tension
and contact angle of FC-72 producing very small bubbles which can easily pass through
narrow gaps in FC-72, while much larger bubbles in water obstruct liquid replenishment
in narrow gaps. A numerical model is constructed to determine how the gap influences the
various components of pressure drop, velocities, coolant flow rate, and hence system
response to heat inpufDOI: 10.1115/1.1602708

Introduction edented dielectric properties, making them ideal candidates for

Several cooling schemes have been developed in recent yea ||E80t-|mmer5|on cooling of glectronlc _dewf:es. Unfortunately,
combat the large increases in heat dissipation from electronic a4 thermal transport properties are far inferior to those of water,
power devices. Air-cooled heat sinks are presently found in mo¥pich greatly compromises their cooling effectiveness. _
personal computers, but are rapidly approaching accepted industriicro-cooling devices are especially popular because their
limits for noise and vibration. In addition, the poor thermal patemall size is well suited for electronic devices, let alone their
between the device and air stream produces unacceptably higimiscule coolant inventory requirements. Liquid flow in micro-
device temperatures when dissipating high heat fluxes. Liquidolers is typically laminar, which results in a heat transfer coef-
cooling can alleviate those concerns by greatly reducing the théicient inversely proportional to the hydraulic diameter. Thus enor-
mal resistance between the device and coolant, especially whedus heat transfer coefficients can be realized simply by reducing
the device is fully submerged in the coolant. The heat is dissipatBgdraulic diametef5]. Unfortunately, micro-cooling devices are
first to th_e coolant and ultimately rejected to an air stream viajgdown to produce enormous pressure drop when dissipating high
remote high-performance heat exchanger. heat fluxes. They are also plagued by large stream-wise tempera-

Liquid cooling can be implemented in a broad range of cony o jncreases in both the coolant and the heat-dissipating device.

T'gu.fa“ons* including natural_ convection, channel .ﬂOW’ J'et'_l'hose increases are often detrimental to temperature-sensitive de-
impingement, and spray cooling. There is ample evidence that

phase change of a liquid coolant greatly enhances cooling perf jces such_as Com_puter processors. -

mance relative to single-phase systeffis Two types of liquid By g_llowmg partial or t_otal consumption of the liquid coolant
coolants are commonly used for dissipation of concentrated h&%; Poiling, two-phase micro-channel coolers can greatly reduce
loads. Water is inexpensive, widely available, and possesses lant flow rate requirements relative to single-phase systems
attractive thermal transport properties. However, its poor dielek8]. They also help maintain stream-wise temperature uniformity
tric properties preclude its use in intimate contact with currenpy capitalizing on latent, rather than sensible heat transfer. But
carrying components. Hence water is used only in indirect coolitige single-phase micro-channel coolers, they can produce exces-
configurations, buffered from electrical components, and whes@se pressure drop when dissipating high heat fluxes. Much atten-
extremely high heat fluxes are encountered, such as in fusion fién is now being focused on the development of micro-pumps for
actor blanket$2,3] and x-ray device$4]. The other type of cool- miniature cooling loops. Thus far, micro-pumps have failed to

ant are fluorochemical liquids that are available with a broagk|iver adequate coolant flow rates, and their reliability remains
range of boiling points to suit different cooling needs. They iny sive.

clude DuP_ont’s Freon_refrigerants_and 3M's Fluorinerts. The Iatterlronically, the increase in electronic device heat dissipation,
are a family of chlorine-free liquid coolants that have UNPTeGEhich is requiring increasingly complex cooling solutions, is tak-

, , : o ~__ing place as the computer industry is facing shrinking profit mar-
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jet-impingement and sprays. What the industry is presently afte
@ Bleed Valve

are liquid cooling schemes that are thermally effective, reliable
compact, and low cost.
Condenser J L

Heat pipes, which are presently used in notebook computers, ¢ 8
Fan

satisfy the size, cost, and reliability requirements. However, it is
widely acknowledged in the computer industry that heat pipes ar
no longer able to handle anticipated heat dissipation requiremen
of advanced processors. A key limitation of heat pipes is the
miniscule liquid flow rate possible with capillary forces. Thermo-
syphons are better suited where gravity can be effectively utilize
within the confines of an electronic housing. The heat-dissipatin Reservoir
device is submerged in a boiler, where pool boiling releases vapc 91
that rises by buoyancy to an elevated air-cooled condenser, retur
to liquid state, and drips back to the boiler below. Thermosyphon:
are far less expensive than other cooling schemes because they
pumpless, self-contained, and therefore maintenance free. Tw
key thermal limitations of thermosyphons utilizing dielectric cool- | Hot Tube
ants are incipient boiling temperature drop and relatively low a
critical heat flux (CHF) [7]. The incipient boiling temperature
drop is the result of the low contact angle of dielectric coolants | P>
enabling the liquid to flood surface cavities, precluding the cap-
ture of large vapor embryos. The few small embryos remaining ir
cavities require unusually high surface temperatures to nucleat
But once a cavity begins to nucleate, vapor is deposited intt T,
neighboring cavities, which are quickly activated as well. A nucle-
ation front propagates very rapidly across the surface. In the prc
cess, an appreciable fraction of the surface undergoes a sudd
transformation from single-phase natural convection to nucleat Ball
boiling, resulting in a large temperature drop and potential dam  Tin @ VaTve
age to the device by thermal shock. N~

The second obvious limitation of thermosyphons is the rela: Jg)
tively low CHF associated with pool boiling. A single occurrence
of the sudden, unsteady rise in surface temperature associggds pumpless loop cooling concept and experimental setup
with CHF can lead to permanent device damage. Without surface
augmentation, the Zuber et al. modé&] predicts that CHF for
saturated pool boiling in FC-72 is 15.24Wch and
110.4 Wcem 2 in water. However, these predictions assume an o . . .
infinite pool of liquid. The geometrical confines of the miniatur omplex gravitationaldensity driven, frictional, and accelera-

boiler required for electronic cooling are likely to interrupt liquidiona Pressure drop interactions, dictated solely by the heat input

replenishment of the device surface during vigorous boiIinE?Z the hot tube. Cooling with this pumpless loop is fundamentally

hence greatly compromising CHF from the above indicatéde'ent from pool boiling thermosyphons. The latter relies on
values. Iquid penetration between departing vapor masses to replenish

This paper explores a new cooling system specifically tailoréd® heated surface, and any reduction in the size of the liquid pool
to compact, high-flux electronic cooling systems. Key design r&an interrupt the liquid replenishment. The present pumpless loop
quirements of this new concept af® pumpless coolant circula- concept completely separates the path of the replenishment liquid

; : ; ol from that of the released vapor.
tion, (2) cooling effectivenesg3) compactnesg4) reliability, (5) .
maintenance-free operatioi) use of a dielectric coolant, and) Interestingly, the concept of coolant flow between cold and hot

low cost. This new cooling system is also intended to circumveﬂf"{ﬁ‘”etl)tl.’lbeS 'Sf by no n:_eanf new. For exaerIe, Ilt ;erlvlzountered
the thermal limitations of its thermosyphon predecessor, nam e boilers of conventional power generation pldi®s Many

PP " Oiler designs consist of a large number of vertical parallel tube
incipient boiling temperature drop and low CHF.
P g P P bundles that carry water between two large headers, and heat re-

Pumpless Loop Cooling Concept. The system examined in leased from the combustion process boils the water gradually
this paper utilizes fluid density differences between two verticadlong each tube. Lack of uniformity in the combustion process
parallel tubes to achieve coolant flow. As shown in Fig. 1, the twesults in somécold) tubes receiving less heat than the ottiest)
tubes are connected at the top to a free-surface reservoir, whicluiges. This creates appreciable two-phase density gradients be-
connected to a condenser above, and the heat dissipating devideveen tubes, which often leads to downflow in the cold tubes. This
incorporated into a boiler in one of the tubes, the “hot tube.” Thehenomenon is highly undesirable in power plants, and several
principle involved is that when liquid in the hot tube is heatedontrol measures are adopted to prevent it, since it can greatly
beyond the saturation temperature, bubbles will form which asmmpromise cycle efficiency. The same form of instability is used
driven upwards by buoyancy. The vapor production greatly dadvantageouslin the present system to set up the desired cooling
creases the mixture density in the hot tube, while the other “coldop. The present pumpless loop concept also capitalizes upon the
tube” maintains a fairly constant liquid density. The large fluicheat transfer augmentation effects of flow boiling in narrow gaps.
density differences between the two tubes produces a substantialhe present cooling concept constitutes a “smart,” self-driven
nonequilibrium in hydrostatic pressure which, in the presence olgstem. The term smart is used to designate a class of systems that
free interface in the reservoir, produces a higher pressure at ta respond passively to enhance performance without external
bottom of the cold tube compared to the hot tube. This sets ugantrol input, such as a variable speed pump, to respond to the
clockwise cooling circuit, where liquid is drawn downwards fronheat input. As the heat input increases in the present system, cool-
the reservoir through the cold tube as a two-phase mixture ast flow is initiated by density differences between the cold and
released upwards in the hot tube. Once the cooling circuit is deit tubes. For small boiler gaps, increasing heat input increases
into motion, the coolant flow will adjust itself in response to thé¢he void fraction in the hot tube, which both increases the density
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Fig. 2 Details of (a) housing, (b) sectional view, and (c) heater of test module

difference between the two tubes, and the velocity of the twdhose cover plates where machined with a projecting face, the
phase mixture within the boiler, thereby increasing the coolingepth of the projection corresponded to the desired decrease from
capacity even more. 9.5 mm. For flow gaps greater than 9.5 mm, the cover plate con-
In this paper, the performance of this pumpless cooling systesisted of a universal cover plate fitted with a spacer that provided
is explored and compared for FC-72 and water. Experiments wehe required increase in thickness above 9.5 mm. Coolant leaks
performed to(a) demonstrate the validity of the concefit) vi-  between the cover plate and spacer were prevented by an O ring.
sualize the vapor-liquid interactions for FC-72 and water, @d A total of 13 polycarbonate cover combinations were machined,
examine the influence of boiler gdgey miniaturization param- providing gaps ranging from 0.051 to 21.46 mm.
etep on cooling performance. A numerical model is then con- Figure 2() shows a sectional view of the test module, includ-
structed to determine how the boiler gap influences the varioligy the detailed construction of the test heater. The square boiling
components of pressure drop, velocities, and coolant flow ratedarface exposed to the coolant simulated a computer processor or
the cooling loop, and hence system response to heat input.  other high heat flux source. The boiling surface was lapped after
machining to ensure complete flathess and smoothness. The heat-
Experimental Facility and Methods ing block was fabricated from high purity oxygen-free copper,
. which was square along the coolant side and cylindrical on the
_Test Module. As shown in Fig. 24), the test module con- gpposite end. A shoulder in the square portion allowed a snug fit
sisted of a rectangular G-10 fiberglass plastic housing, to whichugth the G-10 housing. As shown in Fig. @ the cylindrical
vertical heated surface was attached, and a transparent cover pgigiion contained 16 Hotwatt cartridge heaters rated to dissipate
The square boiling surface was flush mounted in a raised platfo{{g 1o 120 W at 120 V each.
in the cavity of the housing. The primary purpose of the raised Three K-type thermocouples were used to measure the thermal
platform was to produce a step in the flow, ensuring a fair degrg@rformance of the system. One was inserted into the heater block
of turbulence in the liquid prior to flowing over the boiling sur-j,st heneath the boiling surface, and from which the boiling sur-

face. Constructed from optically clear polycarbonate plastig;e temperature was determined. The other two were inserted

(Lexan), the cover was designed to vary the flow gap between thg, the coolant flow from the side of the boiler housing. One

was sealed off with high-temperature silicone rubber. ; o

Since the depth of the boiling surface was 9.5 mm from theemerglng from the boiling surface.
housing surfacésee Fig. 24)), the gap could be either increased System Hardware. As shown in Fig. 1, the test module was
or decreased according to how the cover was machined. A sepannected to the reservoir via both the hot and cold tubes. Any
rate cover plate was fabricated for each gap of less than 9.5 mrapor produced in the hot tube simply bubbled through the reser-
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Table 1 Geometrical parameters of study Table 2 Thermophysical properties of saturated FC-72 and
water at one atmosphere

Parameter Parameter
L, 045 m d 0.00635 m Parameter Water FC-72
L, 0.06 m L 0.0213 m Pg 0.59 kg/n? 13.13 kg/m
Ls 0.04m As 0.000455 rf pi 958.4 kg/nt 1594 kg/m
H 0.05m vy 1.69 ni/kg 0.0762 rilkg
v 0.0014 ni/kg 0.000627 kg
Vig 1.693 ni/kg 0.0755341 ritkg
hrg 2,257,900 J/kg 95,020 J/kg
voir liquid, and was released to a fan-cooled Lytron condenser.  #t 0.000279 N s/rh 0.000436 N s/rh

The condenser was situated directly above the reservoir, where the  “ 0.0589 N/m 0.00841 N/m

vapor condensed to liquid that dripped back into the reservoir. The
condenser was bled to the atmosphere by means of a ball valve,

which was kept slightly open to maintain atmospheric pressure @ions over a broad range of heat fluxes up to CHF for different
the free interface of the reservoir. A tee junction at the loweghps. Tests were also performed with a select number of gaps to
point of the cold tube led to a liquid supply flask. The flask progapture bubble formation, coalescence, and departure at different
vided a pre-calibrated mass of coolant into the cooling loop befofat fluxes in pursuit of a mechanistic understanding of the dif-

the flask was sealed off using a ball valve. A pressure gauge Wagences in boiling behavior between the two fluids.
connected to the lowest point of the cold tube in the liquid supply

flask line. The hot and cold tubes were constructed of translucenExperimental Results. A total of 13 gaps were tested in
PTFE tubing and connected to the other components of the app&-72 and 12 in water. These gaps ranged from 0.051 to 21.46
ratus via brass compression fittings. Table 1 lists all the key ge®m. Figures 3¢) and () show the variation of CHF with boiler
metrical parameters of the test apparatus. gap for FC-72 and water, respectively. Overall, CHF values for
A Hewlett Packard 3497A data acquisition/control unit, interEC-72 were smaller than for water because of the relatively poor
faced to a Dell PC, was used for reading the three boiler moduRermophysical properties of the former. For relatively large gaps,
temperatures using Labview software. The test apparatus includeldF showed insignificant dependence on boiler gap for both flu-
two 12-amp, 0-140-V Staco variacs. One variac was used igls. However, small gaps produced changes in CHF that were both
modulate power feed to the cartridge heaters, and the other ghastic and followed opposite trends for the two fluids. Decreasing
condenser fan. A Yokogawa WT 200 digital power meter, with e gap below 3.56 mm produced a substantial rise in CHF for
precision of 0.02 percent, measured the power supply to the ckf-72, reaching a maximum fd= 0.13 mm, before beginning to
tridge heaters. decrease for smaller gaps. For water, CHF was fairly insensitive
Pictures were taken using a Nikon FM-2 camera with an asso#own to 0.51 mm, below which it began to decrease sharply.
ment of close-up lenses. A continuous high-intensity light source Figures 4&) and (b) show boiling curves for three representa-
or a strobe flash from a 1538A Strobotac were used for illuminéve gaps for FC-72 and water, respectively. Remarkably, the boil-
tion, depending on bubble size, velocity, and coolant. ing curves for FC-72 show no signs of the incipience temperature
) ~ drop commonly encountered in pool boiling systdmk The boil-
Experimental Procedure. The hot and cold tubes were firsting curves for each fluid overlap in both the single-phase region

filled with liquid from the supply flask until the reservoir wasand lower portion of the nucleate boiling region, leading to a
partially filled with liquid. The supply flask ball valve was then
closed and condenser fan switched on with the condenser valve
slightly open. Power was supplied to the heater in small incr ®
ments and measured by the power meter. The waiting period 1
ensure that the boiling surface temperature reached steady s *f [rez ]} 120 Lo ]|
varied according to heat flux at which the reading was beirg 1
taken. In general, the waiting period for FC-72 and heat flux<§ e
below 35 percent CHF varied from 30 to 85 min, decreasing to>
min near CHF. The waiting period was shorter with water tha®
with FC-72, given the superior thermal transport properties of tt | ]
former. The power was switched off once CHF was detected. o1
Repeatability of the data was confirmed by performing thre ;45 ""% " T T
separate tests for select gaps. CHF values were repeatable gap (mm) gap (mm)
within 2.2 percent for FC-72 and 1.6 percent for water. The acc @ ®
racy in measuring the boiler temperatures was better than 1°C.
Heat loss from the heater to the surroundings was less tharfig- 3 CHF variation with boiler gap for  (a) FC-72 and (b) water
percent of the supplied electrical power.
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Results and Discussion ﬁ e e
Experiments were carried out on a flat vertical boiling surfac~ ’ P AL EE L8
using water and FC-72. These two fluids possess drastically ¢& _ | % £ o
ferent thermophysical properties, as indicated in Table 2 for sa® g
rated conditions at one atmosphere. Most notably, both the lat® ap (mm|CHF (Wor®) v
heat of vaporization and surface tension are one order of mag o | o5t | e
tude greater for water than for FC-72. Additionally, FC-72 i R
known to produce vanishingly small contact angless than 1 ' - o o " t
deg with most surfaces, compared to much greater contact ang 1,-1.00) 1Ty 0)
for water that are sensitive to both surface material and surfa ® ®

finish.
All experiments were performed at atmospheric pressure ap@. 4 Boiling curves for different gaps for (a) FC-72 and (b)
saturated conditions. Tests were performed to explore boiling comater
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Fig. 5 Photos of boiling surface in FC-72 at different heat fluxes for (a) 0.51
mm, (b) 1.27 mm, and (c) 12.32-mm gap

different CHF value for each gap. Close inspection of the FC-Zaneously at incipient boiling. A few groups of neighboring
boiling curves reveals a few degree enhancement in the nuclebtdbbles quickly coalesced into larger bubbles that spread laterally
boiling region for§=0.51 mm relative to 1.27 mm. In what fol- after making contact with the transparent cover. The enormous
lows, photos of the boiling surface are discussed for different hdateral growth of these large bubbles at 50 percent and 97 percent
fluxes and representative gaps to help explain the unusual CBRF greatly inhibited liquid replenishment for small gaps, which
trends. reduced CHF relative to larger gaps. For the two larger gaps, Figs.
Figures 5a)—(c) show for all three gaps boiling commences(a) and (b), no appreciable contact with the transparent cover
along the vertical edges of the boiling surface. At these conditiors;curred; bubbles coalesced locally and grew normal to the sur-
fluid motion is dominated by temperature-induced gradients in tif@ce rather than spread laterally. CHF values therefore remained
liquid density. The liquid motion is highest near the middle of théairly constant for gaps greater than 0.51 mm. Comparing incipi-
boiling surface and suppressed near the vertical edges. This leads boiling conditions for the three gaps shows bubble size in-
to both warmer fluid and weaker drag forces along the edgeseased with increasing gap. In general, the bubbles formed in
conditions that are favorable for early bubble nucleation. At 5@ater were uniformly distributed over the boiling surface, while
percent CHF, Figs. &) and () show vertical isolated columns bubbles in FC-72 followed preferential paths.
of vapor forming towards the middle of the surface, where liquid For both fluids, the two-phase mixture exiting the boiler exhib-
velocity is highest, while more crowding of vapor columns isted a periodicity that was more easily distinguishable in water
evident near the vertical edges. Interestingly, even with a sm#ian in FC-72 due to the much larger size of bubbles generated in
gap of 0.51 mm, bubbles at 50 percent CHF still could grow tavater. The period of vapor release decreased with increasing heat
their departure size without interacting with the transparent covélux, becoming barely noticeable at very high fluxes as the vapor
Visual observation confirmed that these vertical columns starteglease became fairly continuous.
forming at about 30 percent CHF. More columns were generatedFigure 7@) shows temporal plots of the boiling module tem-
at higher fluxes until 70 percent CHF, when the proliferation gferatures at CHF (condition leading to CHFin FC-72 for three
bubbles columns along the entire surface both precluded the fgaps. These temperatures include the boiling surface temperature,
mation of any additional columns and signaled the onset of cog;, the inlet fluid temperature below the boiling surfatg,, and
lescence of bubbles from adjacent columns. At 97 percent CHRe outlet fluid temperature above the boiling surfatg,. For
small bubbles formed along the upstredower) edge of the sur- the smallest gap of 0.51 mm, Fig. &)(shows cyclical tempera-
face for all three gaps. These bubbles coalesced downstream tot@ fluctuations in all three temperatures. The three temperatures
larger bubbles whose size increased appreciably for larger gapscreased very slowly until a short, rapid increaseTip (about
Figures 66)—(c) depict boiling behavior for water corre- 0.2°C) occurred, following which the three temperatures dropped
sponding to three representative gaps. For the 0.13-mm gap, Blarply in unison before repeating the thermal cycle once again.
6(a), a large number of bubbles emerged from the surface similhe cyclical temperature drops coincided with cyclical drops in
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Fig. 6 Photos of boiling surface in water at different heat fluxes for (a) 0.13
mm, (b) 4.32 mm, and (c) 12.32-mm gap
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Fig. 7 Temporal records of boiler temperatures at CHF  — for different gaps for (a) FC-72 and
(b) water
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Table 3 Bubble departure diameter for FC-72 and water based in FC-72. Table 2 shows the surface tension of water is seven
on the Fritz correlation  [10] times that of FC-72. In addition, FC-72 is a highly wetting fluid,
maintaining a contact angle of less than one degree with most
surface materials and finish€g]. Table 3 shows the drastic dif-

Contact anglef

ind d .
(in degreex b (mm) ferences between the bubble departure diameters for FC-72 and
FC-72 1 0.015 water according to the Fritz Bond number correlatjaf],
50 2.60 5
Wat 70 3.64 g(ps—py)d
o 90 468 BOE%=4.33X 1074 62, 1)

where 6 is the contact angle in degrees. A contact angle of 1° is
the reservoir liquid levelexplained below which was more pro- assumed for FC-72 compared to a range of 50—-90° for water,
nounced with smaller gaps, and virtually nonexistent for all gapshich is known to have high sensitivity to both surface material
exceeding 3 mm. Interestingly, this cyclical drop was observeahd surface finish.
only as CHF was approached. Figureay §hows a dampening of The small departure diameter in FC-72 means bubbles will re-
temperature drop with increasing gap; cycling was virtually normain in close proximity to the surface, allowing replenishment
existent for6=12.32 mm. Thermal cycling for the 0.51-mm gapliquid to flow unobstructed even in very small gaps. On the other
consisted of high-frequency excursions superimposed on mdrand, vapor bubbles in water are several orders of magnitude
dominant, large frequency drops. greater, meaning for small gaps they will grow and interact with

One peculiarity about FC-72 was the fluctuation of liquid levethe transparent cover before spreading laterally to fill a significant
in the reservoir above 70 percent CHF; liquid level was fairlportion of the area available for the replenishment liquid flow.
constant below this heat flux. This was not sporadic but occurr@HF is therefore greatly compromised in water for small gaps.
at regular intervals, synchronous with the boiler inlet temperature While the bubble diameter values in Table 3 help explain why
variations indicated in Fig. &). This phenomenon was not easilysmall gaps greatly decrease CHF for water and not for FC-72, this
discernible with water. simple bubble departure criterion does not explain why CHF in-

At high heat fluxes, the liquid level in the reservoir startedreases appreciably in FC-72 with decreasing @gepting ex-
dropping steadily in FC-72 as the inlet temperature increased. Tihemely small gaps below 0.13 mnRecall that the present sys-
liquid dropped to its minimum level near the bottom of the resetem sets up a flow loop, with liquid constantly reentering the
voir just as the inlet temperature reached a maximum. The drophiniler to compensate for the two-phase mixture being released
liquid level was marred by slight fluctuations concurrent with thepward from the boiler. Comparing the drag force exerted by the
smaller ripples in the inlet temperature. The level remained stealityuid flow on a bubble and the surface tension force responsible
for the next 20—70 s as the inlet temperature began to drop. Tioe bubble attachment to the surface proves the departure diameter
liquid then began to rise quickly to its initial level once the inletn flow boiling is inversely proportional to the square of liquid
temperature recovered from its drop. Interestingly, the temperatwedocity. Decreasing flow gap will increase flow velocity, which
of the boiling surface exhibited negligible cycling for all heatreduces both the departure diameter and the flow blockage due to
fluxes below 90 percent CHF. As the flux was increased furthehe bubbles. Hence CHF increases in FC-72 with decreasing gap.
the period of fluctuation in both inlet temperature and liquid levelhis enhancement is possible until the gap is less than a critical
started to diminish. However, the lowest liquid level in the resexalue, at which point flow blockage will occur even in FC-72 and
voir remained constant irrespective of heat flux, and was impeZHF begins decreasing. This is precisely what is observed in Fig.
vious to the initial liquid level, as long as the reservoir was ini3(a).
tially at least half full. The enhancement effect resulting from decreasing the gap is not

Figure 70) shows temporal plots of the boiling module tem+ealized in water since the increase in liquid velocity is apparently
peratures for water. Comparing those with the FC-72 tempotalo weak to clear the bubbles obstructing the liquid replenishment.
plots, Fig. 7@), shows cyclical temperature changes occurreigure 6 ) shows CHF for water decreases significantly starting
with water as well, albeit with far less uniformity. More impor-at a gap of 0.13 mm. This is due to the fact that the water bubbles
tantly, both the thermal cycling and reservoir liquid level fluctuacannot form freely and are impeded by smaller gaps. This is quite
tions were far more pronounced for the larger gaps in water bapparent in Fig. 64), where, even at incipient boiling, a signifi-
smaller gaps in FC-72. This again points to drastically differemtant number of bubbles are being squeezed by the transparent
behavior for the two fluids. cover.

These unusual trends seem to be closely related to bubble defo illustrate the merits of the pumpless loop relative to pool
parture diameter. The vast differences in both surface tension dmalling, the experimental apparatus was modified by disconnect-
contact angle between the two fluilsoth properties being much ing the cold tube entirely, reducing the system to a simple pool
smaller for FC-72 than for wateproduce much smaller bubblesboiling thermosyphon. Table 4 compares the measured pool boil-

Table 4 Comparison of measured CHF for pumpless loop and pool boiling for FC-72 and water and different gaps

FC-72 WateP
Measured Measured Ratio of Measured Measured Ratio of

pool boiling pumpless pumpless pool boiling pumpless pumpless
Gap CHF loop CHF loop to pool CHF loop CHF loop to pool
(mm) (Wecm?) (Wecm?) boiling CHF (Wecm?) (Wem?) boiling CHF
0.13 10.1 45.0 4.46 27.0 110.5 4.09
0.51 12.1 42.6 3.52 34.3 145.6 4.24
1.27 13.6 36.2 2.66 34.3 146.3 4.26
3.56 13.6 255 1.88 34.3 145.8 4.25
12.32 13.8 255 1.85 34.9 145.8 4.18

3Pool boiling CHF for FC-72 according to the Zuber et [&]) correlation is 15.24 W ci?
®Pool hoiling CHF for water according to the Zuber et [&l] correlation is 110.4 W ci?
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P17P2:APFY1A21 4

Po—P3=APg, +piOls, ®)
Reservoir

N P,—Po=APg, +APg, )

Adding Egs.(3)—(7), and rearranging,

Ps—P,=APp  +AP,  +APG, (6)

L i B

A P* :pfg(H + Llf L3) = (A PF,OH1+ APF,14.2+ A PF,2~3)
+A PF,3ﬂ4+ APFY‘HO-‘:- APABHA-‘:- A PG,:JH4+ APG,FU'

8)

Flow L The left-hand-side term of E@8) is the total pressure drop due to

1 the liquid head only, which has to balance the two-phase gravita-
tional and accelerational pressure drops in additional to the fric-
tional pressure drops across the entire loop.

Frictional Pressure Drop. The frictional pressure drops re-
sulting from single-phase flow at flow rate inside the plastic
tubing of diameted can be combined into one term,

5 4 -
L — pfl[  m Ly+Lyo+Lsg
L 9" —||Boiler AP, TAPe, ,+APE, = f[? = da_ )
X 3 pr
L N 2
!3 Y where[11]
2

1 = 2% for Rey<2000 @)
=—— for Re ,
PLZ"I Rey

— =1/4
Fig. 8 Nomenclature used in pressure drop model f=0.316Rq for 2000<Rey=2x 10, (%)

f=[0.79INnRg—1.64 "2 for 2X10*<Re;<5x10°.

(9d)
ing CHF data for both fluids to the pumpless loop data; also in- . ) .
cISded are CHF predictions based gn tk?e Zuberpet al. mi@el 1he Petukhov correlatiofi2], Eq.(9d), is actually valid for Rey-
for pool boiling, nolds numbers from 3000 to>510°. However, it is used here
only for Re>2x10 since Eq.(9c) is better suited for the lower
range of the turbulent region.

The homogeneous equilibrium moddé,13] is used to deter-
mine the two-phase frictional, accelerational, and gravitational
Bomponents of pressure drop. The Drift-flux mo@i#d] is also

aed to improve the accuracy in modeling the two-phase gravita-
onal pressure drop. A key advantage of the homogeneous equi-

o(pi—
q;’ﬂ—o.lsnpghfg[("f—fg)g
Pg
Notably, the pool boiling data in the confined boiler configuratio
are smaller for FC-72, and much smaller for water, than predict
by the Zuber et al. model. This also implies that, for confine,
boilers, the present pumpless lo@ produces great enhancementiniym model s its ability to provide analytical expressions for
in CHF compared to pool boiling, ar(d) far greater enhancement, two-phase pressure drop components.
in CHF is realized with the small gaps required in miniature elec- There are two distinct two-phase regions in the present loop.
tronic cooling systems. . . The first is a two-phase heated regi(8+4) associated with the

It is difficult to draw any quantitative conclusions on the effecfyjjer jtself, which is followed by an adiabatic two-phase region

of flow gap on CHF without understanding the various forceg _q At the boiler outlet(4), the thermodynamic equilibrium
influencing the liquid flow into the boiler. The next section WI”‘W"""W is expressed as

explore this issue using a pressure drop model of the entire flo
loop. q"As

XL =5,
Pressure Drop Model. Figure 8 shows the nomenclature - Mmhyg

adopted in the pumpless loop model. Pressure drop in this system

is comprised of frictional, accelerational, and gravitational conf he.:%AS is the latrea_ ofl_the kl)ondlng sudrfacte. S(ljncte therlmod)t/ﬁamlc
ponents; accelerational effects are only encountered in the boi%‘ﬂu" rium qualityx 1S linéarly dependent on distanz&iong the

1/4

)

(10

where phase change takes place. Several assumptions are us 81.|Wg surflflce, the two(;phase frictional pressure drop across the
the model, including negligible pressure losses due to the tu QIIEr can be expressed as

bends as well as the boiling module and reservoir inlet and exit 401 i\ 2 (wD)

effects. APF%ff EfTP(A_) (vf+xvfg)T dz
Starting with a constant datum pressitg, corresponding to ' c 77

the free liquid surface in the reservoir, the pressure drops between 4

points 0 and 1 can be represented as follows: L
D (11)

—2f (m)z 14 2L Oig
Po—P1=APg,  —pig(H+Ly), 3) T A 2 vy
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whereA. is the flow area associated with the boiler gBpis the The average void fractiof, ) is a function of volumetric flow

boiler's hydraulic diameter, anfk is the two-phase friction fac- fraction(g), superficial velocityj), weighted-mean drift-flux ve-

tor, which is set equal to 0.0033]. locity Ug;, and distribution parameteZ,; the last two are dic-
Sincex is constant € x, ) along the adiabatic two-phase regiontated by the two-phase flow patteriv],

the two-phase frictional pressure drop form 4—0 can be expressed

as (a)= B -, (20)
o(1 Mmoo\ 2 (wD) Cot =%
APe, = J; Sfre| —— gz | witxvig) 52| dz %
Pt~ 4 where
m 2 Uig|[L1—Lg—L X, m
:ZprUf 2 :I.‘i‘XLﬂ L} L_
™ vl @ (By= (21)
P17y xm (I=x)m”
(12) Pg Pt
Two-Phase Accelerational Pressure DrogSincex is a linear xm (1-x.)m
function of distance along the boiling surface, the accelerational on + N
pressure drop across the boiler can be expressed as (j)= % (22)
m 2 4 m 2 ¢
APA,3—>4:[ A_C) (Uf"rXUfg)} 3:Ufg(A_c> XL . (13) fOI‘ Slug ﬂOWCO:l.Z, and
L g(pfipg)d 2
Two-Phase Gravitational Pressure DropThe homogeneous Ugi=038———| . (23)
equilibrium model yields the following relations for the two-phase P
gravitational pressure drop across the boilg-4) where x is Equation(8) was used to ascertain the effects of boiler gap on
linearly dependent oa, and the adiabatic sectio@—-0 where he various components of pressure drop for each fluid. The pa-
X=X_, respectively: rameters examined include the thermodynamic equilibrium qual-

v ity at the boiler exitx, , the void fraction at the module exi, |,
1+x, ﬂ] (14) the mass flow rate induced in the loap, the liquid velocity at
Ut the inlet to the boiling surfacey;,, (=m/(p¢A.)), and the veloc-
ity of the two-phase mixture exiting the boiling surfaas, ,
which is given by

4 L
APg :J 9 dz= 9 In
34 3 Uf+XUfg UngL

0 H+L;—Ls—L
APG,MOZ L g }dz: g( 1~ L3 ).

Vit X Ugg

One weakness in the homogeneous equilibrium model is its UL_(A_C)(Uf+XLUf9)' (24)
inability to account for velocity differences between the two
phases. The drift-flux model represents a more powerful methdfie loop performance calculations were repeated for different
to accounting for these velocity differences based on a more &giler heat flux levels under saturated conditions corresponding to
curate determination of void fraction. It is also well suited fopne atmosphere. Equatiqa9) was used instead of Eq15) to
modeling the adiabatic two-phase regi@h-0), where slug flow determine the gravitational pressure drop between 4 and 0.
was observed exiting the boiler. Figures 96) and (b) show the pressure drop model predictions

According to the homogeneous equilibrium model, the voitpr FC-72 and water, respectively, corresponding to measured
fraction « in the two-phase adiabatic region can be related directfyHF for each gap and fluid. Variations of the key parameters can
to the thermodynamic equilibrium quality by assuming equdle clearly referenced to trends in the CHF data, which are pro-

phase velocities. Applying the two-phase mixture density relatiofided in the bottom plot of each figure. Some of the predicted
trends are shared by both FC-72 and water. The thermodynamic

equilibrium quality and void fraction are fairly constant for large
gaps but increase appreciably for small gaps. The coolant flow
ratem is fairly constant for large gaps but decreases sharply for

(15)

Uf+XUfg

P apgt (L= )=, (16)

a=

yields the following expression for void fraction: gaps below 4 mm for both fluids, which lends credence to the
1 suitability of the pumpless loop to miniature electronic cooling
. — (17) systems demanding low coolant inventory. The liquid velocity at
pg(1—X the inlet to the boiling surfacey, , first increases with decreasing
1+ E(T) gap, reaching a maximum at about 2 mm for both FC-72 and
water, below which liquid velocity decreases in accordance with
which can be combined with Eq10) to express void fraction the decrease in mass flow rate. The two-phase velocity at the exit
from 4 to 0 in terms of the boiler heat flux, of the boiling surfacey, , shows a monotonic increase with de-
creasing gap culminating in very large velocities for the smallest.

a = i 1 . (18) Figures 9@) and (b) also show that si_gnificant ch_anges in
pg Mhig  pi—pg pressure drop components begin to occur in concert with the large
E q"As + Py increases in void fraction and thermodynamic equilibrium quality.

For both FC-72 and water, decreasing the gap increases the accel-
The drift-flux model, on the other hand, relies on flow area avegrational pressure drop across the boiling surface, and for FC-72,
aging of phase velocities and void fraction to determine an avene frictional pressure drop. At the peak point in the accelerational
age void fraction{a, ) which can be used to more accuratelypressure gradient, corresponding to about 0.50 mm for both FC-72
calculate the gravitational pressure drop from 4 to O, and water, the accelerational pressure gradient completely domi-
nates the total pressure dragP, and Eqgs.(8) and (13) can be
APg, =[{a)pgt(1=(a))pd(H+Li=Ls=L). (19) compined to yield the following approximation:
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. Like pool boiling thermosyphons, the present system is self-

sustaining and relies on density differences to ensure liquid
replenishment of the boiling surface during severe boiling.
But unlike pool boiling thermosyphons, the pumpless loop
completely isolates the path of the replenishment liquid from
that of the vapor exiting the boiler.

. The pumpless loop completely eliminates the incipient boil-

ing temperature drop common to low contact angle coolants
and reduces overall thermal cycling to negligible levels.

. While pool boiling in small gaps greatly reduces CHF com-

pared to an infinite liquid pool, small gaps actually increase
CHF with the pumpless loop. CHF multiples as high as 4.5
and 4.2 were realized relative to pool boiling with identical
gaps for FC-72 and water, respectively.

. For both fluids, CHF shows little dependence on boiler gap

for large gaps. However, small gaps produce CHF variations
that are both drastic and follow opposite trends for the two
fluids. Decreasing the gap below 3.56 mm produces a sub-
stantial rise in CHF for FC-72. For water, CHF is fairly
insensitive down to 0.51 mm, below which it begins to de-
crease sharply.

. The CHF trends with boiler gap are closely related to the

small surface tension and contact angle of FC-72 greatly
reducing bubble departure diameter. Very small bubbles can
therefore be passed through narrow gaps in FC-72, while
much larger bubbles obstruct liquid replenishment in narrow
gaps for water.

. Small gaps cause large increases in the accelerational and, to

a lesser extent, frictional pressure components of pressure
drop across the boiler itself in FC-72. High CHF is possible
with small gaps due to the large acceleration of the two-
phase mixture across the boiling surface. The same effect is
not possible in water due to the blockage caused by large
bubbles.
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Fig. 9 Pressure drop model predictions for
m

wate
( C
/\

Introducing the definition of thermodynamic equilibrium quality,
Eq. (10), and recalling thaf,=L.5 andA,=L?, reduce Eq(25)
52

to
- s
Um
Thus the loop’s mass flow rate for small gaps is proportional to
the square of the gap and inversely proportional to CHF.

Figures 96) and (b) clearly illustrate two key advantages of a
smaller gap:(a) small coolant inventory requirements, afio)
enhanced CHF due to high acceleration of the two-phase mixture
across the boiling surface. Since the pressure drop model does not
account for blockage of the replenishment liquid in the case of
water, it can be concluded that the model is valid for FC-72 but
not for water. In other words, the growth of large bubbles in water
will cause virtually complete blockage of the flow, greatly reduc-

2
) X =pig(H+L;—Lj). (25)

Pfghfg(H"‘Ll_'—s)} (26)

Ufg

DE-FG02-93ER14394 A7

Nomenclature

A. = Flow area associated with boiler gap adjacent to
boiling surface,s.L
As = Heated area of boiling surfack?
Bo = Bond number defined in Eql)
o = Drift-flux distribution parameter
D = Hydraulic diameter associated with boiler gap ad-
jacent to boiling surface, A./p
d = Inner diameter of tubing used in cooling loop
d, = Bubble departure diameter
f = Single-phase friction factor
frp = Two-phase friction factor
g = Acceleration due to gravity
H = Height of liquid in reservoir
h;, = Latent heat of vaporization
(jg = Superficial velocity defined in Eq22)

Square dimension of boiling surface

ing the liquid flow rate and two-phase mixture velocity for wate B X . 2 = -
cogmpare?j to the model predictigns. y |’_1,L2,L_3 = Lengths of tublr_wg sections indicated in Fig. 8
m = Mass flow rate induced in loop
) P = Pressure
Conclusions p = Perimeter of boiler gap, 2(+ 9)
This paper explored a pumpless cooling system specifically tai- AP = Pressure drop o
lored to compact, high-flux electronic cooling systems. Experi- AP, = Total pressure drop due to liquid head alone

ments were performed on a flat vertical boiling surface with water
and FC-72 using different boiler gaps. A pressure drop model was
constructed to determine how the gap influences the various
forces in the system, and hence system response to heat input.
Below are the key findings from the study.
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P, = Accelerational pressure drop
P = Frictional pressure drop

Pc = Gravitational pressure drop
g” = Heat flux

Om = Critical heat flux

Transactions of the ASME



Re; = Reynolds number associated with liquid flow in
tubing, 4m/(wdw;)
T = Temperature
U;, = Liquid velocity at inlet to boiling surface
u_. = Two-phase mixture velocity at exit from boiling
surface
Ug; = Weighted-mean drift velocity defined in E@®3)
v = Specific volume
vig = Specific volume difference between vapor and
liquid
X = Thermodynamic equilibrium quality
X. = Thermodynamic equilibrium quality at exit from

boiling surface
Greek symbols

a = \oid fraction
a = Void fraction at exit from boiling surface
(ay = Area-weighted void fraction
(B) = Area-weighted volumetric flow fraction defined in
Eq. (21
8 = Gap thickness
# = Contact angle
p = Density
o = Surface tension
Subscripts
0,1,2,3,4= Reference points in cooling loop defined in Fig. 8
f = Liquid
fg = Difference between vapor and liquid
g = Vapor
i—] = Between points andj, i=0—-4,j=0-4
in = Inlet to boiling surface
L = Exit from boiling surface(point 4 in Fig. 8
m = Maximum, CHF condition
out = Exit from boiling surface
sat = Saturation

Journal of Electronic Packaging

w = Wall
z = Distance along direction of fluid flow
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