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Capillary Pumped Loop Startup: Effects
of the Wick Fit on Boiling Incipience
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The onset of boiling in a capillary pumped loop evaporator is experimentally studied. The evaporator of the
system contained a porous material in which the working � uid (n-pentane) was vaporized. The system was started
up with the evaporator completely � ooded, and boiling was initiated by application of a heat load. A speci� c
� at plate evaporator was designed where the distance between the heating plate and the wick can be controlled.
The two parameters studied were con� nement and power applied (600 W maximum). The superheat needed to
initiate boiling was strongly dependent on the quality of the contact between the heating plate and the wick and
on the power applied. The initial superheat played a decisive role in the behavior of the system at startup. From
the beginning, there were strong couplings between the physical phenomena occurring in the evaporator and the
reservoir.

Nomenclature
e = con� nement, ¹m
Lv = latent heat of vaporization,J ¢ kg¡1

M = molecular weight, kg ¢ mol¡1

P = pressure, Pa
Q = power, W
R = universal gas constant, J ¢ mol¡1 ¢ K¡1

r = pore radius, m
T = temperature, ±C
¾ = surface tension, N ¢ m¡1

Subscripts

c = critical
cond = condenser
evap = evaporator
hp = heating plate
i = incipience
in = inlet condition
isol = isolator
l = liquid
out = oulet condition
p = pore
res = reservoir
sat = saturation
sec = secondary � uid
vap = vapor phase

Introduction

H EAT � uxes generated by electronic chips in telecommunica-
tions satellites and orbital stations are constantly increasing,
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and the distancesbetweentheseheat sourcesand the radiativepanels
are also growing. These considerationshave encouraged the space
industry to develop capillary pumped loop (CPL) technology1 to
replace the conventional thermal management systems (heat pipes,
etc.). CPLs allow large heat loads to be transferredbetween sources
that can be tens of meters apart.

These systems need no mechanical pumping; they use the prop-
erties of the liquid–vapor phase change phenomena inside a porous
wick to move the � uid and, thus, to transport heat. Such systems
havebeen intensivelystudiedsince the 1980sand are now becoming
available for practical use. For instance, in the French demonstrator
satellite Stentor, a CPL provides thermal control2 for the transmit-
ting active antenna.

The behavior of a CPL in steady state is well known. There-
fore, researchersare now investigatingthe transient regime of these
systems, in which most of the problems come from hydrodynamic
oscillations and the evaporator startup. At startup, the loop is com-
pletely � ooded with liquid, and heat � ux is applied to the metallic
body of the evaporator. The temperature of the liquid rises until it
reaches the boiling incipience superheat value1 1Tsat;i . Published
works on CPL startups are limited. Table 1 summarizes the incipi-
ence startup superheat values available in the literature.3¡13 When
1Tsat;i was not speci� ed in the reference, it was taken from the
evaporatorbody temperature curves. In the same way, when not in-
dicated, the heat � ux applied at startup was calculated from the heat
power applied and the geometricalcharacteristicsof the evaporator.

Cullimore14 notes the various problems that can arise when a
CPL is started up in the � ooded state. In particular, he analyzes
the onset of boiling and the reaction of the reservoir to the arrival
of liquid during the � rst few moments, as well as the in� uence of
gravity.The incipience superheat in the evaporator1Tsat;i is always
greater than that observedunder steadyconditionsand has a random
character. The greater the superheat, the more sudden the emptying
of the vapor grooves is. Cullimore suggests that each evaporatorhas
a maximum incipience superheat value, above which the system
deprimes. Hoang and Ku15 point out that the effects of inertia and
pressuredropsin the lineswhen theevaporatorempties couldexceed
themaximumcapillarypressuredifference.Inmicrogravity,menisci
in the evaporator grooves disturb the vapor line surge.16

Ku17 has reviewed the state of the art for NASA CPLs startup.
The incipience superheats lie between 0 and 6 K for liquid-� ooded
cylindricalevaporators.He shows that there are two types of startup
(Figs. 1a and 1b). The � rst (Fig. 1a) is “smooth” and occurs with
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practicallyno superheating;the evaporatoris primedeverytime.The
second (Fig. 1b) occurs when superheating is high and is followed
by a pressure spike which generally results in depriming.Maidanik
et al.18 describe similar behavior in loop heat pipe startup. No ex-
planation is given for the cause of this difference in behavior. Any
method that can reduce the incipiencesuperheatincreasethe chance
of a successful startup.1

Ku17 compares the startup behavior of three evaporators differ-
ing only by their inner diameters (30, 16, and 14 mm). The small-
diameter evaporators showed high superheat at startup, which con-
sistently led to depriming. Surface treatments applied to the inside
walls of these evaporators did not reduce 1Tsat;i . The 30-mm-diam
evaporators started up smoothly. Ku deduces that evaporator size
in� uences the superheat at the incipience of boiling. Pohner and
Antoniuk,19 on the other hand, assert that boiling only depends on
microscopic variables and that the problem is more likely to be
due to the presence of noncondensable gases. Mo et al.13 showed
a startup time reduction in a CPL enhanced by an electrohydrody-
namic (EHD) technique, for small heat � ux. Our own experienceat
LESETH20 has previously shown that, for identical evaporators, a
tightly � tting wick consistently led to depriming, whereas the prob-
lem could be avoided with a looser � t. To solve these operating
problems, a capillary starter pump has been developed at NASA.1

It is a self-priming evaporator that is used to clear out the liquid
present in the vapor grooves and lines of the main evaporator.Such
a solution seems to be effective, but it increases system complexity
and reducescompactness.The time necessaryto start the loop is also
signi� cantly increased.13 Another solutionto increase the reliability
of CPLs is to assist startup with mechanical pumping.6;7

The study presented in this paper was performed with the in-
tention of identifying and understanding the physical phenomena
connectedwith the incipienceof boiling in the CPL evaporator and
its in� uence on the control reservoir. We chose to pay particular at-

Table 1 Observed values of surperheat and depriming ratio
at startup

Device Year Fluid ’, kW/m2 1Tsat;i , K Check Reference

CPL breadbord 81 R-11 3–22 Yes 3
CPL1 84 NH3 2–9 1/12 4
CPL/GAS 85 NH3 2–8 1–3.5 Yes 4
CPL2 85 NH3 2–9 No 4
CPL/Hitchiker 86 NH3 6–27 4/7 5
Model M2 90 NH3 Yes 6
CAPL-1 94 NH3 58/84 7
WCHP 94 NH3 2–6 Yes 8
Dornier 95 NH3 1.8 4.5 9
CAPL-2 96 NH3 0.6–7 1–6.7 No 10
BFDPT 96 H2O 11.2–56 0–4.5 9
BFDPT 97 R-134a 2–14 3–8.5 11
CAPL-3 97 NH3 3.6 7 No 12
EHD CPL 99 R-134a 0.3–1.6 0.2–0.8 No 13

a) b)

Fig. 1 Two types of CPLs startup in fully � ooded conditions (Ku1).

tention to the role of the con� nement, which represents the distance
separating the wick from the metallic body of the evaporator. A
special � at plate evaporator was designed to study the few seconds
after the boiling incipienceinstant.The material used, as well as the
elementary geometry of the region between the heating plate and
the wick, were expected to be representative of those of an opera-
tional CPL evaporator.The design of this evaporator is not suitable
for operationaluse as discussed in the “Results” section.A possible
explanation for the two kinds of startup behavior will be given.

Experimental Apparatus
A � at plate evaporator was designed and manufactured in which

the distance between the upper surface of the wick and the grooved
surface of the heater plate was controlled (variable con� nement).
Particular attention was paid to the visual display. Visualization
constraints and the possibility of movement of the wick have in-
volved an important oversizing and an increase of thermal mass
of the evaporator. As shown in Fig. 2, the CPL components were
the plane evaporator, a condenser, an isolator, and a control reser-
voir linked together with either rigid or � exible transparent pipes.
As working � uid, n-pentane was chosen to compare results with
previous boiling incipience studies.21

Flat Plate Evaporator

The evaporator, symmetrical under revolution, was designed
around a porous disk that constituted the wick (Fig. 3). The liquid
entered the evaporator through the liquid inlet area 1, i.d D 150 mm,
h D 60 mm, then crossed the wick, where it was vaporized. The
vapor was guided by squared striations and eight rounded grooves
toward the vertical outlet, the outlet bend, and the vapor line. The
heater plate could be considered as 1024 aluminium alloy disk. Its
diameter was 154 mm and its thickness 15.4 mm. The grooves and
striations network was machined in the heating plate (Fig. 4).

It formed the upper part of the body of the evaporator. Its top
face was in contact with the heating element (Fig. 3), which was an
electrical resistance providingup to 600 W of power. To reduce the
losses, the heater was insulated on the top. The evaporator was in-
strumentedwith 17K-type 0.5-mm thermocouplesarrangedparallel
to the radius of the heater plate (perpendicularto the thermal gradi-
ent). Thermocouple uncertainty was 0.2±C. A differential pressure
transducer gave the pressure difference 1Pevap between the evapo-
rator inlet and outlet (Fig. 2). Its measuring range was §5000 Pa
with an accuracy of 25 Pa.

Porous Wick

The wick (Fig. 3) was a � at porous disk, 120 mm in diameter and
6.4 mm thick, composed of sintered Pyrex® particles. The material
choice criteria were the mechanical rigidity, planenessof the face in
contactwith the heatingplate, small dispersionof pore sizes around
the average (uniformity), and low thermal conductivity. The aver-
age pore radius, determined by mercury porosimetry, was 8.5 ¹m



140 DUPONT ET AL.

Fig. 2 Schematic of the CPL, between brackets: outer and inner diameters of the lines, in millimeters.

and the permeability · was 4 £ 10¡13 m2. The support-wick as-
sembly formed a porous piston, which was � xed to a vertical rod
10 (Fig. 3) that moved with a micrometer screw. The piston could
move a maximum distance of 2 mm. The variable distance e be-
tween the upper surface of the wick and the lower surface of the
heater plate, at the base of the striations and grooves, was the main
parameter of this study. There was some play in this device that
was dif� cult to estimate and that led to a variation in e over the
contact area. In particular, the wick upper surface was not perfectly
� at and has undulations of an amplitude of 70 ¹m. For this rea-
son, only two extreme positions (0 and 1400 ¹m) are presented.
Of course, a con� nement of 1400 ¹m is not representative of the
wick � t in an operationnalCPL evaporator; this value was taken for
demonstration purposes only.

Control Reservoir

The 2.5-liter reservoirwas composedof a horizontalhollow, steel
cylinder (i.d. 110 mm and length 240 mm), immersed in a bath
at an operational temperature set (close to 41±C) to within 0.1 K
by a thermocryostat. The liquid–vapor interface in the reservoir
� xed the saturation conditions in the CPL. Three thermocouples
measured the temperatures in the vapor phase, reservoir inlet, and
thermostatedbathwith anuncertaintyof0.2±C.An absolutepressure
sensor measured the vapor pressure Pres with an accuracyof 250 Pa.
The vertical location of the liquid surface in the reservoir varied
during startup. The elevation difference between this liquid surface
and the main horizontal plan of the loop varied from 0 to 20 mm.

Condenser

The condenserwas composed of two coaxial tubes. The working
� uid circulates in the inner tube and cooling water circulates in
the opposite direction in the secondary circuit. The countercurrent
water � ow rate in the secondary circuit was set at 256 l ¢ h¡1 and
the temperatureat 18±C. The condenserwas oversized(6 m long) to
ensure good liquid subcooling. The inlet and outlet condenser axes
were in the same horizontalplane as the lower surface of the heating
plate.

Test Procedure
Nucleation in a superheated � uid creates strong dynamic phe-

nomena in the loop, which necessitate the use of a fast acquisition
system.In the studiesreviewedin the Introduction,such fast systems
were not used because the technology was not available or experi-
ments were made over long times (orderof magnitudeof 1 h). In the
present study, acquisition was performed at a rate of 100 samples/s
averaged over 10 samples, thus giving 10 acquisitions/s. All of the
results reviewed in Table 1 were obtained with a too slow acqui-
sition speed (several minutes), unsuitable for the accurate study of
the boiling incipiencephenomena.The two controlparametersstud-
ied were the applied power Q and the con� nement e. This was not
a parametric study but rather an attempt to demonstrate the in� u-
ences of the con� nement and thermal load on system behavior.The
relatively random behavior associated with boiling incipience22¡24

obliged us to make 4–30 tests per pair of parameters e and Q.

Results
Figure 5 shows the time variation of the heating plate superheat

for applied powers of 200 and 600 W and con� nement values of
0 and 1400 ¹m. The Fig. 5 curves have been time shifted to ob-
tain the same origin at boiling incipience. This particular time was
determined by the � rst slope change in 1 of the 17 temperature
evolutions of the thermocouples placed in the heating plate. Video
camera observationscon� rm the relationbetween slope change and
fast bubble formation in the groove.

For the sake of clarity, the temperature of the heating plate is
illustratedby the variationsof a single representativethermocouple
1Tsat;i D Thp ¡ Tsat; the saturation temperature is the temperatureof
the vaporphase in the reservoir(»41±C). Heating plate temperature
evolution during the startup was similar to the descriptions1;13;14;17

in previousstudiesfor cylindricalevaporatordesign.At t < 0 s, there
is a transient conduction regime in the fully � ooded evaporator, the
temperaturesincreasesare nearly linear, involving liquid superheat-
ing. At t D 0 s, the boiling incipience superheat 1Tsat;i is reached,
and a vapor phase appears suddenly in the evaporator. The boiling
process takes a considerableamount of energyfrom the plate,which
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Fig. 3 Cross-sectional view of the evaporator: 1) liquid inlet area, 2) wick (sintered Pyrex), 3) striations (0.5 ££ 0.5 mm2), 4) groove, 5) vertical outlet
(PTFE), 6) vaporoutlet bend (copper), 7) heatingplate (AU4G), 8) heating element (brass), 9) wick suport (PTFE), 10) translationrod, 11) micrometric
screw, 12) quadrilobe sealing (Viton), 13) transparent tube (Pyrex), 14) window (Pyrex), and 15) con� nement e.

Fig. 4 Striations and grooves pattern of the downward face of the
heating plate, with the location of the thermocouples and observation
windows (A’A view of Fig. 3).

explains the slope change. The phase at t > 0 s corresponds to the
liquid purge from the grooves and “vapor line.” Phase change phe-
nomena increase heat transfer inside the evaporator, and the plate
temperature drops.

Two types of behavior can be distinguished,directly determined
by the con� nement value.

For e D 1400 ¹m, the heating plate superheat at the onset of
nucleateboilingisover10±C; the followingtemperaturedrop is large

Fig. 5 Plate superheat evolution with Q at 200 and 600 W and e at 0
and 1400 ¹m.

and so the instantwhen the slopechangeoccurs is easy to determine.
The scallopedaspectof the curves (Fig. 5) is directlyconnectedwith
wetting–drying events observed visually in the grooves. Because of
the thermal resistanceof the vapor layer, for such con� nements, the
evaporator should deprime quickly. However, the wetting–drying
events caused by oscillations in the loop maintains stable operation
for a few minutes.

For e D 0 ¹m, incipience superheat values are within the 2–4±C
range, and the slope change (Fig. 5) is less marked. For a
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large con� nement value, incipience occurs successively in various
nucleation sites. This behavior leads to greater dispersion and un-
certainty on 1Tsat;i . Because of this relative dispersion, the min-
imum, 1Tsat;i;min, and maximum, 1Tsat;i;max, superheat values for
each single startup test are noted rather than a mean value. These
two representative types of startup are comparable to the smooth
and violent startup described by Ku1 (Fig. 1). In our con� guration,
con� nement could explain this behavior as will be discussed.

In the curves (Fig. 5), one could note a rise of the temperature of
the heating plate after the boiling incipience. In fact, in both cases
the evaporatordeprimes several minutes after the beginning (vapor
appearance under the wick). The particular design of the evapora-
tor could explain this behavior. The main possible reasons for the
deprime of the present study loop are the high values of the thermal
inertia of the heating plate and of the important amount of liquid
under the wick, as well as the penetration of vapor in the sealing
between the support of the wick and the porous media. Remember
that only the value of the boiling incipience superheat and the loop
behavior in the few seconds after incipience were studied; other
works in the literature1;14;17 had already proved the link between
high boiling incipience superheats and deprime.

Con� nement In� uence

Figure 6 is a plot of the averagemaximum superheatingat boiling
incipience vs e parameter for Q D 200 W. Each point, e and Q, is
the average of 4–30 single startup tests. The error bars correspond
to 95% con� dence intervals calculated from Student statistic law.
The error bars show the dispersionand take the number of samples
into account. (The large error bars for 1000 ¹m are due to a small
number of experiments.) Two types of incipience superheat can be
seen, directly related to con� nement:

e > 1000 ¹m : 1Tsat;i;max > 10:1±C

e < 500 ¹m : 1Tsat;i;max < 4:2±C

There is a con� nement threshold, of the order of 1 mm for this
evaporator,which marks the limit between the two typesof behavior.
The same conclusions can be drawn from the minimum superheat
values.

Heat Flux In� uence

Figure 7 is a plot of the variations of the mean maximal and
minimal incipience superheat vs Q, for values of e equal to 0 and
1400 ¹m. Each point is the mean of 5–21 tests. The error bars
correspond to 95% con� dence intervals (Student law). The quality
of the contact between the porous wick and the inside wall of the
evaporatorhas a major in� uence on the level of superheatingwhen
boiling occurs. Two clearly separated groups of boiling incipience
superheat appear:

e D 1400 ¹m : 7:4 K < 1Tsat;i < 15:8±C

e D 0 ¹m : 1:8 K < 1Tsat;i < 5:2±C

Fig. 6 Incipience boiling superheat vs con� nement, at 200 W.

Fig. 7 Incipience boiling superheat vs heat � ux.

Fig. 8 First pressure spike vs maximum incipience superheat: ¥,
e = 1400 ¹m; , e = 1000 ¹m; ¤, e = 500 ¹m; §, e = 200 ¹m; 4,
e = 150 ¹m; , e = 80 ¹m; and N, e = 0 ¹m.

This behavior is consistent with the existence of a con� nement
threshold.The curves (Fig. 7), in particularfor e D 1400 ¹m, show a
certain dependenceof 1Tsat;i on the appliedheat � ux: the maximum
superheatis nearlydoubledwhen the powergoesfrom100 to 600W.

Temperature Variations Under the Wick

As Cullimore14 notes, at the onset of boiling, the liquid leaves
the evaporator by the vapor outlet but also through the wick and
out of the “liquid inlet.” In our apparatus, this was expressed by
an abrupt rise in the temperature under the wick, Twick , followed
by a fall corresponding to the sucking of cold liquid into the wick.
The maximum increase in Twick at incipience was between 0.3±C
for e D 0 ¹m and 4 K for e D 1400 ¹m. We never observed visually
bubble formationunder the wick at startup; Twick never reached Tsat,
even for the highest superheats. The wick was thick and not very
permeable, and the vapor front never managed to cross the porous
medium in the way suggestedby Cullimore. For thinner wicks such
as thoseused in small-diametercylindricalevaporators,this crossing
is a possibility.

Differential Pressure Variations at the Evaporator

Followingtheonsetofnucleateboiling,two-phase� owoccursbe-
tween the evaporator and the condenser.Mass � ow rate and 1Pevap

oscillations characterize this transient phase. Figure 8 shows the
variation of the amplitude of the � rst differential pressure spike
1Pevap1 vs 1Tsat;i;max for various con� nement values. The results
correspond to approximately 100 startups. Because the measure-
ment range of the pressure sensor was restricted to 5 kPa, the results
of the most violent tests are truncated. The envelopes correspond
to tests using extreme values of con� nement (e D 1400 and 0 ¹m).
Although there is some dispersion of the values, it is clear that the
initial pressure spike tends to increase when the superheat required
to start boiling increases. Our results agree with Cullimore’s14 and
Ku’s17 analyses, which associate the intensity of the strongly dy-
namic regime with the superheat values at incipience. Notice that,
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Fig. 9 Pres vs t for con� nement values of 0 and 1400 ¹m and power
values of 200 and 600 W.

if the porous body is not able to absorb this abrupt pressure spike,
the evaporator could deprime.

Figure 9 shows the time variation of Pres for four representative
tests corresponding to con� nement values of 0 and 1400 ¹m and
powers of 200 and 600 W. Consequent to incipience of nucleate
boiling, liquid is forced out of the evaporator toward the reservoir
by the vapor expansion.The con� nement value determines the type
of Pres.t/ behavior.

For e D 0 ¹m, there is practically no reaction in the reservoir,
and the startup is smooth. For e D 1400 ¹m, Pres is seen to rise by
about 100 Pa for 0.8 s, which corresponds to the arrival at the reser-
voir inlet of the liquid contained in the immersed coil, at Tsat. In a
second phase, Pres falls by 16 kPa before rising asymptotically as
the reservoir returns to its reference temperature.The arrival of cold
liquid from the pipes that were initially at ambient temperature or
from the condensercreates a cold shock.This phenomenonchanges
the saturation conditions in the system as a whole. Note that the
liquid–vapor system in the reservoir is at the saturation conditions,
Pres D Psat .Tvap res/, even during the strongly transient phase. De-
priming due to the cold shock was not observed in our system. The
heat and mass transfers between the reservoir and the rest of the
loop at startup cannot be dealt with here. Nevertheless, this exam-
ple illustrates the harmful consequences of high superheats when
boiling starts in the evaporatorand the coupling that exists between
the evaporator and the reservoir in the � rst few seconds of CPL
operation.

Discussion
The activationprocessof boiling,homogeneous,heterogenous,or

by nucleationof preexistingvapor nuclei, is driven by microscopic-
scale phenomenain superheatedliquid,which is associatedwith the
notion of boiling incipience superheat. In the CPL evaporator, boil-
ing starts from preexisting vapor nuclei trapped in surface cavities
or cracks: the nucleation sites. These sites exist on every solid wall:
the heatingplate 1 and the porous wick 2 (Fig. 3). A site can be acti-
vated if it is able to trap and keep a vapor embryo during the phases
before startup when the evaporator is fully � ooded and subcooled.
Reservoir-typecavitiessuch as a sphericalcavity (Fig. 10a) best sat-
isfy the equilibrium condition and stability criterion.25 Because of
their high wettability, cooling � uids easily � ll cavities having large
diametersand/or openingsover wide angles.Only vapor embryosof
small radius are likely to be activated. The activation superheat of
a site depends on its geometry and the thermophysical properties
of the � uid and the wall. For each site there is a critical radius rc

for the vapor embryo above which its growth will be unstable. If
the superheat is small by use of Clapeyron’s relationship and the
assumption that the vapor is a perfect gas, the superheat and critical
radius can be shown to be determined by the equation22

1Tsat
»D .2¾ =rc/.R=Lv M /

¡
T 2

sat

¯
Pl

¢

For example, in the case of a spherical cavity, rc is the pore mouth
radius.25 In practice, incipience boiling superheat on real surface

Fig. 10a Vapor nucleus trapped in a spherical cavity.

Fig. 10b Temperature pro� le in the evaporator during startup.

is dif� cult to predict because of the diversity of microgeometry,
hysteresis in the contact angle,23 and the in� uence of the thermal
history of the plate before activation.

The preceding results show two startup types, smooth or violent,
directly correlated with boiling incipience magnitude, an observa-
tion consistent with thoses of the literature.1;14;18 In our case, the
difference in behavior, controlled by incipience boiling superheat,
was essentiallyconnectedto the con� nement value. That the behav-
ior was speci� c to each evaporatorencouragesus to link smooth and
violent startup types to the onset of boiling in the porous medium
and on the body surface of the evaporator, respectively (Fig. 10b).
The porous wick had a structure obtained by sintering particles that
create easily activatable reservoir-type cavities. Incipience super-
heats associated such a structure are moderate, of the order of 1±C.
The metal heating plate surface presented smaller cavities than the
wick and 1Tsat;i ¼ 10±C. As shown by Fig. 10b, when heat load
was applied on the external evaporator wall, a transient conduc-
tion regime occurred in the various layers of the evaporator and,
possibly by convection, in the grooves and the gap. For e D 0 ¹m,
boiling started on the upper face of the wick. When the wick and
plate were slightly separated, heat transfer through the thickness of
the superheated liquid still allowed boiling incipience on the wick,
but beyond a certain threshold thickness, boiling appeared on the
heating plate with a high superheat.This scenario is consistentwith
the experimental con� nement threshold and with previous results
found in a study on boiling incipience in an elementary horizontal
con� ned space21 made with the same materials and � uid. This study
clearly shows that the two types of startup are related to nucleation
sites location and/or their ability to be activated. This conclusion
could explain the failure, pointed out by Ku,17 to reduce 1Tsat;i by
means of the usual surface treatments (sanding or corrugation) ap-
plied to the heating plate. The superheat values (Table 1) indicate
that nucleation occurs on the wick in the NASA cylindrical evap-
orator and decreasing 1Tsat;i would depend on an improvement of
the vapor trapping and holding capabilities of the wick. This goal
could be reached by creating reservoir-typecavities with a suitable
mouth radius and/or decreasing wick material wettability [with a
PTFE (Te� on®) layer for example].This wick surface enhancement
would not have to be applied to the whole porouswick becausethere
is a risk of increasing the depriming sensitivity of the evaporator.
You et al.24 and Liang and Yang26 propose solutions to reduce su-
perheat at boiling incipience,but these appear dif� cult to use in the
case of a CPL evaporator. The EHD effect on incipience superheat
is not yet clear.13

The dependence of 1Tsat;i on the heat � ux is rarely mentioned
in the literature and cannot be explainedby the conventional theory
of boiling.24 It seems that there is a delay time of about 1 s in the
boiling process activation for strongly dynamic regimes, and this
entails an increase in the superheat at incipience. This dependence
has been demonstrated by Nghiem et al.27 for heterogeneous boil-
ing con� gurations, but the origin of the delay remains unexplained
for nucleate boiling for the time being. In a practical sense, this
dependence cannot be neglected.
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In our experiments, the presence of a variable gap was only mo-
tivated by the determination of the localization of the vapor nuclei
activatedat startup. In other studiessuch a gap, of 10 ¹m of orderof
magnitude,was recommended9;19;20;28 to lower vapor pressuredrop
in the wick. The presence of this liquid layer between the wick and
the heater plate has several effects: It increases the superheatneces-
sary for boiling incipience, it increases the volume of superheated
liquid in which the vapor front develops, and it plays a role in the
organizationof the � ow when liquid is expelled from the evaporator
(pressure drops and inertia). The onset of boiling in a large volume
of superheated liquid is explosive and is expressed by an abrupt
pressure rise. This rise is moderate when the liquid is con� ned in
the porousbody; the menisci press on the solid structureof the wick,
thus, tempering the violence of the vaporization.

The differential pressure1Pevap measures pressure drops and the
effect of acceleration of the liquid and/or vapor in the wick and the
grooves and also any capillary pressure jump resulting from front
penetration in the wick. The maximum capillary head developed
by the wick with n-pentane as the working � uid was 3200 Pa. The
variations of 1Pevap can be seen to be greater than this maximum
pressure jump, which tends to con� rm the penetration of the vapor
into the porous medium. An analysisof the movement of the � uid in
the vaporizationarea followingboiling incipiencewould necessarily
require � ne modeling of these phenomena.

Conclusions
This study has highlighted the importance of boiling incipience

superheatrelatedwith the con� nementbetween the porouswick and
the heaterplatewhen a CPL starts up under fully � ooded conditions.
The in� uence of heat � ux has been studied at the same time.

A speci� c experimental setup has been presented that allows the
space between the heating surface of a plane evaporator and the
porous wick to be varied. The experimental results show that
the nucleation starts in two different ways.

One is smooth and corresponds to low superheats at boiling in-
cipience (1.8 < 1Tsat;i < 5:2±C). This occurs when con� nement is
strong (e D 0 ¹m). In this case boiling starts on the wick.

The other is violentand correspondsto high superheatsat the start
of boiling(7.4 < 1Tsat;i < 15:8±C). Thisoccurswhencon� nement is
weak (e D 1400 ¹m). In this case boiling starts on the heating plate.

The two typesof onset of boilingcorrespondto thoseobservedfor
cylindricalevaporators,but the localizationof the nucleationsiteson
theporouswick is a new step in theunderstandingof theCPL startup.
This study shows that wick � t is a new parameter to take intoaccount
in the analysis of the CPL startup. Through its in� uence on 1Tsat;i ,
con� nementplayed a particularlyimportant role in the startupphase
of our device. One important conclusion is that a too loose � t of the
wick in the evaporator body could lead the CPL to deprime.

The heat � ux has a nonnegligible in� uence on the boiling incip-
ience superheat in the capillary evaporator, but for reasons that are
yet unclear. Particular attention should, therefore, be paid to how
the thermal load is applied to the evaporator when the system is
started up.

Thus, it would appear wise to choose a porous medium in which
the side in contact with the heater plate is the most capable of trap-
ping and holding vapor embryos. This characteristic may possibly
be in contradictionwith the constraintson pressuredrop in the wick.
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