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Abstract

wWe present experimental results and theoretical
considerations on the low-pressure boiling mechanisms in
a closed two-phase thermosyphon and, in particular, on the
transition between intermittent-boiling and fully-devel-
oped bothing.

e classify the boiling regimes on the basis of the
frequency uof bubble nucleation and the ratio of bubble di-
ameter to device diameter. A criterion for the intermit-
tent/fully-developed boiling frontier is based on the ratio
of the bubble-nucleation waiting time and the bubble
growth time. From this criterion we obtain a correlstion
between power throughput, werking-fluid pressure and nu-
cleation critical superheat. Experimental deta on oper-
ating congitions, temperatures, and nucieation frequencies
are 1n good agreement with the proposed correlation.

Nomenclature

liquid thermal diffusivity (= K¢/pece)

thermal boundary layer thickness

bubble growth constant (m=1 or 0.75)

liguid specific heat

z coerficient of term grouping inertial and friction
errects

D device diameter

r nucieation frequency {=1/(Ty+Tg) )

hg  vaporization hentalpy

Ja Jakob adimensional number (= prcr8/pg hyg)

ke liquid thermal conduttivity

pr liquid pressure

Pg vapour pressure

Pg,ads Pressure of gas or vapour entraped in a cavity
Ap*  critical pressure difference at bubble intertace
q thermal flux

R bubble radius

Re contact area radius between bubble and surface
R4,  bubble radius at detachement for the static limit
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R¢,  bubble radius at detachement for the dynamic limit
Tq vapour temperature

8 liquid superheat

By liquid superheat at the wall

8% critical superheat

g density

a surface tension

Ty  bubble growth time

Tq,  bubble growth time for the static limit

Ty, Dubble growth time for the dynamic limit

Ty  hucleation waiting time

3 contact angle between bubble and heated surtace
Introduction

The purpose of this work is to study experimentally
and theoretically the beiling mechanisms in a closed two-
phase thermosyphon for medium and large fillings, in order
to define the frontiers between the main regimes and, in
particular, the frontier between intermittent-bething and
fully~deveioped-boiling.

Closed two-phase thermasyphons (or wickless heat-
pipes) can operate in two different ways depending on fluid
filling: the “falling film eveporation™ mode for little fill-
ings (liquid volume less than about 108 of the evaporator
volume), and “pool boiling™ for medium and large fillings
{from 30% to100% and over). In the falling-film evapora-
tion mode all the thermosyphon walls are wetted by a con-
tinuous liguid film which, however, Tor most fluids is sta-
ble only at very low thermal fluxes. In the pool-boiling
mode, instead, the thermesyphon evaporstor is flooded,
boiling is sustained over a wide range of opersting fluids
and conditions, and the power throughput is much greater.
Therefore, pool-boiling is the mode of operation of tech-
nological interest. However, there are many boiling
regimes characterized by different degrees of steadiness,



which affect differently the thermosyphon performance.

In the last fifteen years the fluid dynamic phenom-
ena related to mass, momentum and heat transfer between
evaporstor and condenser have been extensively studied in
order to determine the operating limits; Imura et a. (1983)
reviewed about ten different relations for the flooding
limit. The boiling phenomena in the evaporator have been
almost always overiooked, even 1n some new theoretical
models (Dobran, 1985; Reed and Tien, 987), although in-
stabilities and unsteady regimes have been known for a
long time (Larkin, 1971; Bezrodnyi et a., 1977) to depend on
the details of the boiling mechanisms. Casarosa and La-
trofa (1983) have clearly shown experimentally the ex-
istence of also strongly intermittent boiling regimes.

To optimize the performance of a closed two-phase
thermosyphon, the designer must avoid such regimes and,
therefore, be aware of the causes of the unsteady behavior.
Unsteady regimes cause large-amplitude gscillations in
many characteristic variables, such as the evaporstor wall
temperature that can exceed the design values. Moreover,
for evaporator fised-temperature boundary conditions, the
operation may result blocked when not expected. However,
no correlations for the frontier between the intermittent-
boiling and the fully-developed-boling regimes are avaii-
able in the literature.

In this paper, we first review the boiling regimes
and the causes of unsteady operation; then, we propose
criteria for classifying the main regimes and obtain an
analitical correlation for the intermittent-boiting /fuily-
developed-boiling frontier; finally, we discuss the ex-
perimental results and & diagram where the frontiers are
plotted.

Boiling Regimes

If the thermosyphon is initially isolated, the liguid
is at rest in the evaporator and is in thermodynamic equi-
librium with its vapour that fills the remaining volume of
the device. The temperature is imposed by the heat sink, in
contact with the thermosyphon through the condenser. At
time tg we begin to power the heat source, the liquid
starts to superheat. Eveporation begins from the free
surtace. Boiling, instead, starts when the liquid reaches a
critical superheat, i.e., a critical value of temperature
greater than the saturation tempersture corresponding to
the pressure in the device. The critical superheat for bub-
ble nucleation depends on the heated surface characteris-
tics (roughness, adsorbed gases or vapours) and the ther-
modynamic properties of the fluid (vapour density and en-
thalpy of vaporization).

Depending on the extent of the critical liquid super-
heat, boiling may be characterized by quite a wide spec-
trum of nucleation frequencies and bubble dimensions. The
nucleation frequencies can range from less than 6.01 Hz to
more than 50 Hz. Clearly, the lower is the nucleation fre-
guency, the more uneven and unsteady becomes the opera-
tion of a closed two-phase thermosyphon. Low nucleation
freqguencies (less than 0.1 Hz) are reiated to high liquid su-
perheats that cause the formation of large bubbles (with
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respect to the device diameter). Thus long perieds of lig-
uid quietness (up to several hundreds of seconds) alternate
with sudden and almost explosive vapour nucieations. The
nucleation is generally followed by strong boiling that
quickly goes out giving way to a new period of quietness.
High nucleation freguencies (higher than 10 Hz) bring about
the fully-deveioped boiling regime: thick jets of small
bubbles (1-2 mm diameter) detach from one or more active
cavities on the heated surface, making strongly turbulent
the fluid in the evaporator. For frequencies between 0.1 Hz
and 10 Hz we have transition regimes characterized by in-
termediate bubble growth rates and bubble dimensions.
According to these observations, we classify the different
regimes based on the nucleation frequency and the ratio of
bubble diameter to device diameter.

The boiling process consists of the sequence of the
processes of bubble nucieation, growth and detachment.
Experimentally we observe that nucleation in our ther-
mosyphons always occurs on the wall. This is because the
heated surface has a some roughness -- cavities and
scratches of various size that become active if some gas
or vapour is entrapped. Nucleation occurs at an active
cavity when the liquid reaches the criticel superhest

8% 4}

S NV T -
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where Ap* is the difference between vapour pressure and
liquid pressure when the nucleus reaches the critical di-
mensiocns (we assume a hemispherical critical nucleus
with a radgius equal to the mouth cavity radius R; as sug-
qgested by Griffith and Wallis, 1965) and pg a¢s 1S the pres-
sure of the gas or vapour entrained in the cavity. Relation
| is valid for the case of uniform liquid superheat. Since
this hypothesis is not actually verified, we further assume
{as suggested by Hsu, 1962) that the critical superheat 8%
is reached by s liguid layer of thickness b near the heated
wall. For b we assume the value 1.5 R proposed by Han and
Griffith, 1965. From Relation | we sae that, for a given
roughness and adsorbed gas or vapour, the lower is dp./dT
the higher is the critical superheat. For example, for wa-
ter dp./dT decreases by a factor of 50 between 120 and
20°C and, therefore, the superheats needed for nucieation
at 20°C are 50 times higher than at 120 °C.

We define the waiting time T, as the time needed to
attain the critical superheat 8% in the layer of thickness b.
The waiting time ends and the growth time T, begins when
the vapour nucleus, after reaching the critical dimension,
starts to grow quickiy. The growth time ends when the
bubble detaches from the heated surface. The inverse of
the period of a whole cycle, i.e., of the sum of the waiting
time and the growth time is defined (Han snd Griffith,
1965) as the nucleation frequency

(2)



For 7T, much longer than T, the nuclestion frequency ob-
viously coincides with the inverse of the waiting time.

Intermittent vs Fully-Developed Boiling Frontier

We say that boiling is “fully developed™ when the
waiting time T, is much shorter than the growth time Ty,
whereas boiling is “intermittent™ when the waiting time
Ty 1S much longer than the growth time T, Thus, the
transition frontier between the intermittent boiling
regime and the fully developed boiling regime is deter-
mined by the criterion

Ty~ Ty (3)
In order to derive from Criterion 3 a relation between fluid

thermodynamic properties, geometric characteristics and
system boundary conditions, we need to estimate <, and Tg.

Determination of T, The waiting time T, can be
determined by the general nucleation criterion

B(R-D,z,,T,, ) = 8% (4)

where 8(r,z,t} is the relation describing in cilindrical co-
ordinates the liguid superheat as a function of the distance
r from the evaporator axis, the height z, in the evaporator
of the nucleation site, and time t. The liquid superheat
near the heated surface is determined by three contri-
butions: (a) the thermal boundary layer; (b) the bulk heat-
ing of the liquid in the evaporator; and (c) the cooling of
the vapor 1n the condenser which reduces the vapor tem-
perature and, hence, the saturation pressure and tem-
perature. However, the characteristic times of the three
superheat mechanisms are quite different: the boudary-
tayer characteristic time is in the order of 0.1 s and is
much shorter than the characteristic times of the other
tywo mechanisms (Niro, 1987) which are of the order of 10
5. Since the bubble growth time Tq I8 always shorter than
200 me and the waiting time ©, at the transition frontier
is of the same order of magnitude of <, (Criterion 3), we
can consider only the thermal boundary layer contribution
g8, and neglect the other two mechanisms. |f we express
8y more conveniently in cartesian coordinates, ie,
8,=8,(r,2,t) where x is the distance from the heated wall,
and further assume that it depends weakly on height 2z,
Relation 4 becomes

8,(b,t,) = 8% (3)

Assuming a purely conductive heat transfer mechanism in
the Tiguid near to the heated wall, the waiting time may be
approximated by the relation

Ty hg W 8%
w =g l |+ ?F] keog iy """qz =¥

L Fy

T
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obtained by linearizing the conductive solution for semi-
infinite geometry and fixed thermal flux boundary condi-
tions.

Determination of To- To determine the growth
time we need the bubble growth law and the force balance
that controls bubble detachment from the heated surface.
Al the detachment instant, the force balance is

Fp = Fg + Fyj + F (7

i.e., buoyancy (Fy) balances surface adhesion forces (Fs),
liquid inertia (Fj;) and viscous drag (F;). We observed ex-
perimentally (by a high speed camera) that the shape of the
growing bubble is nearly spherical (alss for high su-
perneat). Thus, the Balance 7 may be written as

-~

4 . 4 . -
3RS = 2MORsING + T TRZRZg, 4 %{TTRzRZQf (8)

#here R is the contact radius between bubble and surface
(assumeq to be constant and independent of the bubble ra-
dius R). R is the bubble detachment velocity (the bubble is
assumed to be tangent to the heated surface), Cy IS an em-
pirical coefficient, as the friction forces are not suffi-
ciently known. The angle ¢ would be the contact angle
between bubble and heated surface for a horizontal surface.
Here we assume that ¢ includes also a geometric factor,
taking into account that our surface is vertical. The iner-
tial term 1s derived from the Witze (1968) solution, ob-
tained for a spherical bubble growing tangent to the sur-
face in semiinfinite liguid and for inviscid and irrotational
flow. The assumption of semiinfinite liquid implies that
Balance 8 holds only for small bubbles with respect to the
device diameter. This assumption is further discussed
later. Since inertial forces and viscous forces have the
same functional dependence from R and R, they may be
grouped in a single term c3wR2R2g, .

Determining the bubble growth law as & function of
liquid superheat and thermodynamic properties is a hard
problem. For small superheats and a pressure not much
lower than atmospheric, the growth is wholly controlled by
the heat transfer mechanisms (negligible liquid inertia) we
find the so-called ‘asymptotic solution’

R=¢; Jaat (97

Where Ja 1s Jakob's dimensionless number, Ja= (s cf 874
hrg), and & the liquid™ diffusivity, a= Ke/prce.  Appendix A
discusses the range of validity of Equation 9.

When the inertial effects are not negligible, Equation
9" ceases to hold and the bubble growth law becomes com-
plex (Mikic et a., 1970; Van Stralen et a., 1975- Zijl et a.
1979). Since we need an anelytical expression, we use the
empirical growth reiation proposed by Cole and Shuiman
(1966) - '

R= Co7s JGOJS \{g{ (9')
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Appendix A discusses the range of validity also for Equa-
tion 9°. Both Equations 9" and 9~ can be written in the form

R= ¢pda™ at (10)

lJsing Equation 10 in Balance 8, we obtain the growth time
ay2 m 3gR,sind 273

Ty = [cmc3 (gz] Ja + Zorgo B Jamal s (i

The first term within brackets is the ratio between dy-
namical Torces (liquid inertia and viscous drag) and buocy-~
ancy; the second term is the ratio between surface adhe-
sion force and buoyancy. Relation 11 has two interesting
limit solutions

3gR.sing\2/3 1 (12)
1:[ 209 | Cp2Je?ma
2313 (2/3m

Ty, = (Cncs) (;!g] a (13)

Equation 12, that we call the static solution, holds when
adhesion forces prevail over liquid inertia, i.e., when

30R.sind
2gfgcm3J83mal 5

ayt/2
—J «

m
CnCz Ja
ms [92

or, equivalently,

3oR.sind g

20301g%n* &7 ()

Ja <<[ = Ja

}1/4m -
Eguation 13, that we call the dynamic solution, holds when
liquid inertia prevails over adhesion forces, i.e,, when

Ja > Ja (147

Intermittent/Fully-Developed Boiling Frontier
Relation. Substituting Relations 6 and 11 in Criterion 3,

and assuming that the term (bg/k8*) in the Relation 6 is
negligible, we find the relation

AT eReCr

2

“

9: SoRene yE o)

a 12 4
[CmCS [g—f} Ja g 5 Jaimal 5

that describes the transition frontier between intermit-
tent boiling and fully developed boiling.

In the dynamic limit (Ja >> Ja) and the static limit

{Ja « JB), Relation 1S can be simplified, respectively, to
yield

, VT

) 2(('20_73C3)l 3

(gkf)lB (%)5/12 590'75 T025

(16)
p
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30R;sind| 37

where p’ denotes dp,/dT. Relations 16 and 17 are obtained
using, respectively, Relations 9 and 9', and replacing in
the Jakob number Relation | and the Clausius-Clapeyron
equation, i.e., the relation

.3_1’. €075 KilrCy

q: {7

0¢C¢

(18)
0gNtg

Ja

D’

[t 1z interesting to point out that the functional de-
pendence of the thermal flux g from the superheat 8 ~ 1/p’
ranges fram q ~ 895 to g ~ 8% depending on whether the
bubble growth is dominated by dynamic forces or static
forces. If dynamic forces dominate, bubbles are not fre-
quent and not small enough to yield fully-developed bgiling;
thus the functional dependence between q and 8 is not what
we have in boiling.

Criteria For The Other Frontiers

The regimes are characterized not only by the nucle-
ation frequency f=1/(T,*+T,), but sisc by the bubble di-
mensions with respect to the device diameter. For the
same nucleation frequency we may have different regimes
depending on the device diameter, according to the three
criteria
Dd/D\'(], Dd/D>>I, Dd/D"I (19)
Substituting Equations 11, 12 and 13 in the growth law
Equation 10, we get the bubble radius at detachment, re-

spectively, for the general case and the two limit solutions
{(static and dynamic }, ie,,

' 4 (82)  4m 3aR.sindyi/3
_ S P — (2
Ry = {‘c.mcé [g] Ja ¢+ 208 } (20)
3gR sindyt/3 ~
Ry, = (-——-%f—g—] Jawda (200
173 4737173 (4/3m ~
R4, = Cm C3 (55] 8 Jaryda  (207)

For R;= R4, sin® , Relation 20" becomes the known Fritz-
Hende relation.

IT Relations 20 and 18 are put in Criteria 19, we ob~
tain three interesting conditions. Criterion D4/D<«<1 iden-
tifies bubbles that are very small and corresponds to the
fully-developed boiling regime. Criterion Dy/D>>1  identi-
fies very large bubbles and corresponds to a low-frequency
boiling regime. Criterion Dyg/D~1 identifies bubbles with
dimensions that are comparable with the device diameter,
and corresponds to a siug flow regime. Clearly, the use of
Relation 20 in the criteria Dy/D>>1 and D4/D~1 would yields
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Liquid and vapour temperature in a low-frequency boiling
regime. {D=12 mm, water, Pr= 10" 4and Q= 13 %)
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Fig. 1

only qualitative resuits because Relation 20 implies the
assumption Dy4/D<<1.

Experimental Results

The experimental study is aimed to gather informa-
tion about the boiling regimes and the transition frontier
between intermittent boiling and fully-developed boiling.
To this end, we studied the trend of nucleation frequencies
as 8 function of pressure and power throughput.

The experimental results are obtained with a
specifically designed facility equipped with transparent
pipes of 12 and 30 mm internal diameter and 1000 mm
length. Evaporator, adisbatic section and condenser are re-
spectively 306 mm, 400 mm and 400 mm length. The evap-
orator is electrically heated by a Nichel-Chrome ribbon
externally wound around it. Liguid and vepour temper-
atures are measured by thermocouples directly exposed to
the fluid and placed respectively at S0 mm from the evap-
orator bottom and 300 from the condenser top. The input
and output power and the fluid pressure are also measured.
Errors on temperature measurements are less than 0.1°C.
Errors on measurements of input power, output power and
pressure are respectively 158, 5% and 0.5%. The relatively
high error on the input power measurement is due to the
lack of thermal insulation around the evaporator. All mea-
sures are sampled automatically by an on-line computer at
8 maximum rate of 10 Hz. A video-recording of the ther-
mosyphon operation is also performed by a video~camera
and a stroboscope (the camera recording freguency is 50
Hz, but each frame is exposed for only10 us).

The thermosyphons are operated vertically. Most
tests are run with water as the working fluid, some are run

with acetone. The liquid filling corresponds to 80% of
evaporator volume. To span the transition between inter-
mittent and fully-deveioped boiling, the operating condi-
tions are varied so that the fluid pressure, expressed as
reduced pressure, ranges between 10~ and 10-2. The tests
are grouped in sequences carried out by changing the power
throughput while holding the pressure st a fixed constant
value different for every sequence.
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Fig. 2" Liquid and vapour temperature in a low-frequency boiling

regime. (D= 12 mm, water, Pr= 10" %and 0= 32 W)

A wypical trend of liquid temperature (higher graph)
and vapour temperature (lower graph) in a low-frequency
boiling regime (about 0.01 Hz) is shown in Figure 1, where
the waiting phase and the boiling phase can be clearly rec-
ognized. Dumng the waiting phase, evaporator and con-
denser are weakly coupled. The liguid at rest in the evap-
orator 1s superheating, and the vapour in the condenser 1s
cooling. The liquid temperature at the bottom of the evap~
orator rises almost linearily, whereas the vapour temper-
ature in the condenser falls almost exponentially, as shown
by Figure 2, with a measured characteristic time of
about10 s, approaching the condenser wall temperature.
wWhen the cntical superheat is achieved, vapour nucleation
occurs. Due to the high available superheat, the bubble
growth rate and its dimensions are so large that the liquid
above the nucleation site is suddenly and vigolently ejected
into the condenser. This causes a sharp rise of the con-
denser temperature. The final vapour temperature is lower
than the measured liquid temperature becsuse this is mea-
sured at the bottom of the evaporator where it is higher
due to stratification built up during the waiting time. Af-
ter the first burst, nuclestion continues with decreasing
intensity, stimulated by pressure perturbations. The liquid
temperature decreases due to the mixing of liguid remained
in the evaporator with the cocled liquid returning from the
condenser. As the pressure perturbations weaken, boiling
dies out and a new wailing phase begins. The dynamically
controlled nucleation, in fact, unlike thermally controlled
nucieation is not stable. The pressure in the thermosyphon
remains always very close to the saturation pressure cor-
responding to the temperature of the vapor.

As the power throughput is increased, the critical
superheat is attained in a shorter time and the waiting
time between two successive bursts decreases, i.e, the
burst frequency increases. As the burst freguency in-
creases. nonlinear phenomena such ds pressure pertur-
Dations appear. These phenomena favour the nucleation and
cooperate to further increasing the average nucleation fre-
quency, as shown in Figure 3. The trend of liquid and
vapour temperatures in fully-developed boiling is shown in
Figure 4. The temperatures still experience fluctuations,
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but these are restrained 1n 0.5 °C for the liquid and 0.8 °C
for the vapour. These fluctuations, which remain also at
high nucleation frequencies. are due to the intrinsicaily un-
steady nature of boiling.

The thermosyphon operation is steady only “on aver-
age”, i.e, for a given pressure and power throughput, we do
not have a single nucleation frequency, but a spectrum of
frequencies which are related to phenomena such as stim-
ulated nucleation and random operation decoupiing. Thus,
for each test we need to recognmize a charateristic nucle-
ation frequency. We canjecture that information about nu-
cleation frequencies may be inferred by a spectral analysis
of liguid or vapour temperatures. In this respect, ¥e note
that the vapour conditions are much more uniform than the
liguid conditions and thus the vapor temperature is more
suitable for this kind of analysis.

The estimate of the longer waiting times (T,210 g),
such as for the traces in Figure 2, i3 done as follows. The
vaiting period starts when the measured vapor tempera-
ture begins to fall exponentially, 1.2, when the evaporator
and the condenser decouple. The waiting perod ends when
the vapor temperature, after failing below a low~threshold
value predetermined for each run on the basis of & visual
and a statistical analysis of the traces, has a jump greater
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Fig.S  Dependence of the aversge waiting time on power throughput.
(D= 12 mm, water, Pr= 10-4,Q(0)= 250 ¥; r=0.996)

than a threshold amplitude. ‘When this occurs, a boiling
burst couples again the condenser to the evaporator. The
low-threshold temperature 1s chosen as the temperature
below which the vapar stays Tor 573 of the test time. To
estimate the shorter weaiting times (T,<10 s but greater
than or equal to 0.5 s that is the minimum signmficative
time interval consistent with aur sampiing rate), such as
for the traces 1n Figure 3, only temperature nsciilations of
amplitude smaller than a threshold amplitude are con-
sidered, i.e.,, we do not consider the longer random opera-
tion decoupiings. For each test, we determine the average
value and the variance of the waiting time. Elimination-

inclusion procedures have been aiso performed in order to
minimize the variance.

Figure S shows the dependence of the average wait-
ing times T, on power throughput Q in a semilogarithmic
scale; the graph refers to a given value of the pressure.
Extrapolation of these data to zero waiting time yields a
value of power throughput that we take as indicative of the
minimum power needed at the given pressure for the onset
of fully-developed boiling . The values of power throughput
determined in this way are given in Table 1. The data show
a strong dependence on 1/Yp’, specifically, the same func-
tional dependence as our Equation 16 for the intermit-
tent/fully-developed boiling frontier in the dynamic limit.
Assuming that Ap* is constant for all runs and that the
variations of properties o, ;. k; with temperature are
negligible between 20 and 80°C, then Equation 16 may be
writien as

T025
qu\{E

As shown in Figure 6, the experimental data correlate lin-
eraly with T9025//p' with a correlation coefficient of
0.976 and a scstter of about 25%. For the constant G we
find the vaiue of G = 89670 (all variables in S units). The
assumption that Ap¥® is constant is reasonabie because all
runs are performed on devices with the same surface
roughness and the same clearness degree, but it could not
be checked experimentally. Using the values given in Ap-

(21)
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pendix A for the constants cy s € Cz, we get Ap® = 670 Pa
from the constant G. Using this value we estimate the
Jakob numbers given in Table 1.

Figure 7 shows the experimental data and Rela-
tions16 and 17 on a p'-q diagram. The two relations refer
to the transition frontier in the dynamic and the static
limit, respectively. The intersec{.‘ion point of these two
limit solutions occurs for Ja = Ja = 30 (for water). At
that point the power is overestimated by oniy!7%
compared to that given by the complete solution (Relation
15).  Thus, the two limit solutions give a good
approximation of the frontier between the intermitient and
fully-developed boiling regimes.

The criteria Dy << D and Dy = D, are also plotted in
Figure 7. The values for these two curves are obtained by
substituting Relations 15 and 18 in the criteria. The lo-
cation of the Dy = D boundary (dotted line) is only qualita-
tive because it is obviously inconsistent with the as-
sumption Dy << D used in deriving the relation for the de-
tachment diameter Dy.

Py T T g‘? ; Ja q q I‘STZ-E Hotes
leol w | eGnim | | (wed b
10-4 19; 292 |38i 508 | 250 | 3.316+10% | 0.351 | D12-H20
10-4¢ 19 292 138; 508 | 230 | 3.050:104 | 0.351 | DI2-H0
10741 191 292 138 | 508 | 700 | 3.714:104 | 0.351 | D30-H0
3410-41 381 311 359'; 70| 150 | 1.989104 | 0.221 { D12-Hp0
34074} 38 | 3114 359 Q 70| 400 2.122+10%| 0.221 | D30-H0
1031 62 335 995@ 8| 100] 1.326:104{ 0.136 | D12-Hp0
10-3 621 335 995] 8 700 1.592+104| ©8.136 | D30-H0
i !
s-m~3§ 20| 293 mssi 4| 120] 1544104 o129 | D22

1 =Y The Jakob numbers are estimated using the value AP=670 Pa.

Tab.!  Data on intermitient/fully-developed boiling frontier
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Fig. 7 Frontiers between the main boiling regimes
(1)  Intermittent boiling
{1}  Deveioped boiling with slug regime

{11} Fully-developed boiling

in summary, three regions are defined in the p'-q
plane. In Region | we have intermittent boiling (the farther
we operate from the frontier the lower is the nucleation
frequency). In region Il we have developed boiling, but the
bubbles have dimensions comparable to the device dimen-
sion (slug regime). In region i1] we have fully-developed
boiling, characterized by thick jets of small bubbles. Of
course, the three regions are bounded in the upper part by a
fourth region, not plotted, where the thermosyphon cannot
operate due to the onset of some critical condition or oper-
ating limit. It is noteworthy that the p'-g plane is
pertectly equivalent to 8 p-g or pr-g plane, since the
saturation pressure is a monotone and convex function of
temperature. Here, we have chosen the variable p' rather
than p so as to avoid empirical or numerical relations in
Equations 16 and 17.

Conclusions

Especially at low-pressures, the performance of a
closed two-phase thermosyphon with medium and large
filting, is characterized by unsteady operation. Our analy-
sis and experimental data show that the reason for such
unsteady operation is to be found in the beiling mecha-
nisms. Boiling may occur with a wide spectrum of differ-
ent nucleation frequencies and bubble dimensions depend-
ing on liquid superheat, vapor density and other thermody-
namic properties.

we classify the boiling regimes on the basis of the
frequency of bubble nucleation and the ratio of bubble di-
ameter to device diameter. A criterion for the intermit-
tent/fully-developed boiling frontier is based on the ratio
of the< bubble-nucleation waiting time and the bubble
growth time. From this criterion we obtain a correlation
betyreen power throughput, working-fluid pressure and nu-
clealion critical superheat (Relations 16 and 21). This
correlation explains the known empirical observation that
intermittent boiling regimes are related to low operating
pressures.

An experimental analysis performed on transparent
devices using mainly water as the working fluid yields the
dependence of nucleation frequencies on power throughput



and operating pressure. The data are in good agreement
with the proposed relation (in the dynamic limit, Equa-
tion16) for the frontier between the intermitient-boiling
and fully-developed-boiling regimes. More data spanning a
broader range of operating conditions and, perhaps, in-
cluding measurement of local cuperheat, are needed to
further validate our theoretical considerations. Also, data
on bubble growth in constrained geometries are needeg In
order to better determine the bubble dimensions at de-
tachment and extend the validity of our resuits. Finally,
work is needed to evaluate the usefulness of power spec-
trum anailyses and phase-plane analyses to better charac-
terize the bubble nucleation frequencuy.
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Appendix A

During bubble growth, the vapor pressure is related to the motion of
the higund-vapor 1ntertece and the mMass and energy tlux through 1t. for a
spherical bubble growing on & surface in a uniformly superheated liquid at
temperature [fw and pressure py, the mementum and energy equations are
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b b (R 8 i 28 Pg - B 20
2{RR+R*)In —]coa-—+2R‘cos‘r-=j—-——-——- {
[_P-o( 5 5 o o A1)
gabrg , = - \
Tiw T = 7 st R (A.2)

Equation A.1 i3 that derived by Witze (1968) for inviscid and irrotational
tlow. Unlike the case of bubble growth 1n 1nfInIte geometry, the vapor
pressure depends on the angle at center ¢ and hes a maximum at bubble top
{4=0). The vapor, for 1ts high diffusivity, may be assumed to be at sat-
uration conditions, i.¢., P = ps(Tg). Assuming

20/pR <« 1 (A3}
the right hand side of Eqation A.1 becomes
0qg - 0
pHS = -QT_f -
f

1
=—[patTy ) - pf][ 1 - = 2. 2
@f[ foo pf][ ps(wa)-pf] or | T ™ Tg(pf)J

Moreover, neglecting the inertial terms, i e., 33sUMINgG

2(R R + RTIN(R/RgIcos(8/2) + 2R cos(8/2)
<<

ap*ror ! (A.4)
Equation 4.1 becomes
cho 3 Tg
m s | (A1)
Thus, bubble growth is controlled only by the energy equation, ie.,
Try - Talop) = E‘ilﬁfﬂ mat R (4.27)

which yields Equation 9' where is 8= Ti~ Tslpf) . Using Equation 9,
Conditions 4.3 and A.4 become

27 20

_ <1 {A.3")

pr cdavat D cJa\{ar,J (t/’tg)

c2h2art) __ s2Jec(alTy) < | (4.4
aperor  (t/tg) ap=/gr o

Assuming that Conditions A.3" and A.4' hold st the beginning of bubble
arowth,ie. fort « Tq. and using Relstion |2 for Tq we obtain

2d

”? - = 600 Pa A3
i t ’[SU’RSSin‘D 143 (A.37)
Tyl Zed
[ (3oRgind)2/3 pps 144
Ja "‘( 77[—03—- L7 L 60 (h.47)
) [ ] s .;Qfg of TQ

Condition (A.37} is satistied in most situstions. Thus. Condition (4.4") im-
plies that the “diffusive” solution (Relation 9') is valid for Ja 210. A lsrge
collection of data taken from the literature (Kiper. 1971 Stewart snd Cole.
1972; Yan Stralen et a., 1975b) show good sgreement with the empirical
solution (97) for Ja 2 20 provided we take cg 75 = 2. The constant ¢z may
be obtained by a best fit of Relation 20 on the same experimenta) dsts. Since
the largest error made using Relstion 20” {dynamic limit) to calculate the
detachment diameter instesd of Relation 20 {general solution) for Ja 2 Ja is
Tess than 20%, it is simpler to use Relation 207, ie.,

1/3 473 8 1/3  (4/3m )
Ryy= tm  C3 Lg—z] Ja (a.5)
4

Thus, we get cz= 1.228



