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Abstract

An experimental capillary-pumped loop (CPL) was designed to investigate the behavior of phase-change heat
transfer devices and ascertain the mechanisms which have caused anomalous behavior of previous CPL demonstrations
in low gravity. Low-gravity experiments were conducted during the Microgravity Science Laboratory (MSL-1) mission
on-board the Space Shuttle Columbia in July of 1997. An interesting phenomenon resulting from liquid flow in an
annular film was observed while investigating operation of the experimental CPL in low gravity. To the authors’
knowledge, observation of this phenomenon has not been previously reported. In every test run performed, liquid
would accumulate in the curved portion of the vapor leg. The accumulation of liquid would continue until the liquid
lobe would suddenly transition into a slug of liquid. The liquid slug would prevent the flow of vapor to the condenser;
eventually resulting in dryout of the condenser. Since liquid was no longer fed to the evaporator from the condenser, the
CPL would ultimately fail. Analysis reveals that the formation of the slug is a consequence of both capillary pressure
differences in the liquid film present in the curved section of the vapor leg and a long wavelength instability of the liquid
film. This analysis also reveals the conditions under which the formation of such liquid slugs are inevitable. © 2001
Elsevier Science Ltd. All rights reserved.

1. Introduction research because one of the many concerns when

working in space is overheating of the spacecraft and

The utilization of space has become routine over the
last several decades as evidenced by the large numbers of
communication satellites, weather satellites, and manned
missions that currently include the Space Shuttle, the
Mir Space Station, and very soon the International
Space Station. Issues such as power generation, orbit
control, communications, and life support systems have
had to be resolved to make space technology feasible.
While certain technologies have matured, others have
not. Thermal management is an area under extensive
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spacecraft systems.

Single-phase heat transfer systems have been used for
the purpose of transferring heat from the spacecraft
interior. But these systems, while thermally effective, are
inefficient and large. Another concern with single-phase
systems is their reliance upon a mechanical pump to
circulate the fluid. In addition to being a source of vi-
brations on board the spacecraft, a mechanical pump
generates heat and requires a significant amount of en-
ergy in an environment where energy is at a premium.
Also, the problems associated with replacing a defective
pump in space can be enormous; especially if the liquid
is hazardous. Therefore, an alternative heat transfer
system has been sought.

One alternative device that has received considerable
attention in the last decade is the capillary-pumped loop
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Nomenclature

English symbols

a acceleration

h annular film thickness

L characteristic length scale

P pressure

r radial dimension

Ry radius of bend

R; inside radius of tube

t long wavelength instability timescale
ty capillary-driven flow timescale
£, dimensionless timescale

u radial velocity

U radial velocity scale

v azimuthal velocity

|14 azimuthal velocity scale

Greek symbols

0 dimensionless film thickness
r radii ratio

D wavelength

u absolute viscosity

P liquid density

o surface tension
Ts surface shear stress

Dimensionless groups

Bo Bond number, pal?/c

Ca Capillary number, pU/a

Oh  Ohnesorge number, u/\/poL
Re Reynolds number, uUL/p

Subscripts

v vapor phase

1 liquid phase

1 region 1 of liquid film
2 region 2 of liquid film
3 region 3 of liquid film
4 region 4 of liquid film

Superscripts
* dimensionless variable

Units

cm 10~2 meters
mm 1073 meters
pm  107° meters
S seconds

(CPL); first developed at the NASA John H. Glenn
Research Center at Lewis Field ! in Cleveland, Ohio [1].
The basic operation of a capillary-pumped loop (CPL) is
illustrated in Fig. 1. Heat is added to a porous wick,
shown on the left side of the loop, causing the liquid to
evaporate. In theory, the evaporation results in a slightly
higher pressure at the wick which forces the vapor over
to the cold side of the loop. There the liquid recondenses
and is then pulled back to the evaporator by the capil-
lary pressure difference between the condenser meniscus
and the menisci in the evaporator wick. The pumping
potential of a wick is not great. But since there is little
resistance to liquid flow, the liquid can be moved over
very long distances with relative ease. Some capillary-
pumped loops tested on the ground have transferred
heat over 20 m [1].

The promise of CPL’s in space applications arises
from the tremendous heat transport capability of these
capillary-driven devices. These devices are much more
efficient in the transfer of thermal energy than single-
phase systems and, therefore, can be built much smaller
and lighter. In addition, these capillary-driven devices
require no power, generate no additional heat, and
produce no vibrations.

Space-based demonstrations of CPLs have, at times,
behaved wunexpectedly. Pressure oscillations would

! Previously known as the NASA Lewis Research Center.
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Fig. 1. Idealized operation of a CPL.

arise, particularly at low heat fluxes and at startup.
While the effect of the pressure oscillations could be
modeled, the physical mechanism generating the pres-
sure perturbations could not be explained. [2-6] The
experiment described herein was designed to test the
hypothesis that one source of pressure perturbations
was due to destabilization of the evaporating menisci in
the CPL wick.

2. Experiment

The experiment, known as the capillary-driven heat
transfer (CHT) experiment, was designed and developed
for flight on the Space Shuttle Columbia during the first
Microgravity Science Mission (MSL-1) in July 1997. An
idealized glass CPL was constructed in order to observe
the behavior of an evaporating meniscus within a closed
phase-change heat transfer loop.
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The principle component of the CHT experiment was
an instrumented glass test loop which is illustrated in
Fig. 2. Details of the rationale for the design of the ex-
periment are described elsewhere [7]. A three-way valve,
referred to as the control valve, directed liquid flow from
the reservoir into the condenser leg and/or the evap-
orator leg of the test loop. During the experiment, the
control valve allowed for liquid flow from the condenser
leg to the evaporator leg while isolating the reservoir.
The reservoir was constructed from a 10 cc gas tight
syringe with a screw type plunger which allowed for
repeatable fills. The liquid leg of the test loop was con-
structed from a Pyrex capillary with an inside diameter
of 1 mm. The vapor leg of the test loop was constructed
from 10 mm inside diameter Pyrex tube. Two conical
transition sections connected the vapor leg to the liquid
leg. The conical sections were designed to be capillary
traps in low gravity so as to preferentially locate the
evaporator meniscus. A capillary pumping potential was
established by the difference between the pressure drop
across the condenser meniscus in the 10 mm diameter
tube and the pressure drop across the evaporator
meniscus in the 1 mm diameter capillary tube. The dif-
ference in the condenser and evaporator diameters
allowed for the capillary pumping potential to be main-
tained even with a large temperature difference between
the evaporator and condenser. For these experiments,
the test fluid was spectroscopic grade ethanol which
perfectly wetted the test loop. Heat was applied to the
evaporator by either of two resistance heaters attached to
the capillary tube. Cooling of the condenser meniscus
was accomplished by forced air convection at ambient

Pressure
T2
Evaporator — | Temperature
Probes /
Cone X m FOA"-:ed
Heater = T2 :: Fln;rw
T3
s T / R ;
Capillary~ - eservoir
Heater
. i
Condenser

Control Valve

Fig. 2. Schematic of CHT experiment test cell.

temperature. Instrumentation included 7 thermocouples
along the length of the evaporator leg and 4 thermo-
couples along the length of the condenser leg. An addi-
tional thermocouple and a pressure transducer were
connected to the vapor leg. The position and behavior of
both the condenser meniscus and the evaporator
meniscus were recorded using a single video camera.

3. Experimental observations

One of the first experimental observations, irre-
spective of the gravitational environment, was the for-
mation of a continuous liquid film over the entire length
of the vapor leg. Immediately after applying heat, a
liquid film could be seen advancing up the wall of the
vapor leg. This, in and of itself, is not a surprising result.
Just beyond the evaporator meniscus the vapor is
superheated relative to the test loop surface and it is
expected that the vapor would condense immediately.
Also, because ethanol perfectly wets the glass surface,
the condensing vapor should form a liquid film as op-
posed to droplets. In normal gravity, the liquid film
drains into both the condenser meniscus and into the
evaporator cone section. The latter film drainage
affected the stability of the evaporating meniscus by in-
troducing cold fluid into localized areas of the meniscus.
In low gravity, the liquid film also drains, but the
draining occurs as a result of capillary forces.

Capillary forces “drain” the liquid film in the curved
sections of the vapor leg. During each experiment run,
the liquid accumulated in the outer portion of the curve
in the vapor leg of the test loop. This pool of liquid would
collect into a lobe which would grow until a slug of liquid
would form, completely bridging the vapor line. Fig. 3
shows the formation of the liquid slug in the vapor leg
during one of the low-gravity experiments. Viewing the
sequence of images from left to right in Fig. 3, the liquid
film begins to pool in the outer radius of the bend region
eventually bridging. Prior to complete bridging of the
vapor line, there is no observed adverse effect on the CPL
operation due to the pooling of the liquid in the bend of
the vapor leg. However, after the liquid slug forms,
condensation at the condenser meniscus is greatly
reduced. Subsequently, as liquid is continually fed to the
evaporator, the condenser meniscus begins to recede.
Eventually, the condenser meniscus recedes into the
capillary tube thereby eliminating the pressure difference
feeding liquid into the evaporator. At this point the
evaporator deprimes and the system fails.

4. Annular liquid films

The condensation of the vapor on the inside of the
loop results in the continuous annular liquid film. In a
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Fig. 3. Formation of a liquid slug in the bend of the vapor leg.

horizontal condenser under normal-gravity conditions
without a large vapor flow Reynolds number, the an-
nular film will drain to form a stratified two-phase sys-
tem. Under low-gravity conditions, however, the
dynamics of the annular film are governed by a balance
between capillary forces and shear forces at the liquid—
vapor interface.

It has long been recognized that an annular liquid
film is unstable to long wavelength instabilities [8—15].
For annular films without an imposed axial flow and no
surface shear, it has been observed that the liquid will
accumulate into lobes and, if the volume of liquid is
sufficient, into lenticular lenses which “pinch-off” the
core fluid. The formation of a lenticular lens from the
liquid in the annular film is also referred to as “snap-off”’
of the core fluid. Whether the adjacent lobes/lenses are
connected to one another by a liquid film depends upon
the static contact angle between the liquid and the tube
[16]. For the purposes of this paper, annular film
breakup will refer to either the formation of lenticular
lenses or the break up of the thin film connecting liquid
lobes since both conditions represent a stable liquid
configuration.

Goren [13], using a linear stability analysis, deter-
mined the wavelength which gives rise to the fastest
growth of a perturbation for various film thicknesses
and Ohnesorge number, Oh. The Ohnesorge number,

u/\/paR;, is a ratio of viscous forces to surface tension
and inertial forces. Hammond [14] extended Goren’s
linear analysis and examined the nonlinear growth rates
using the thin film approximation (4/R; < 1). Ham-
mond determined the characteristic time for evolution of
the interface to be

uRr?}
S~ 1
o~ (1)

where p is the absolute viscosity of the liquid film and ¢
is the surface tension. The disturbance wavelength, A4,
resulting in the fastest growth was found to be 23/?nR,.

Gauglitz and Radke [11] modified the nonlinear
analysis of Hammond by using the small slope as-
sumption in place of the thin film assumption. The
critical film thickness required for lens formation was
found to be 0.12R; and the experimentally determined
critical film thickness was found to be 0.09R;. The ini-
tial growth rate was found to be exponential, but
quickly slowed to the growth rate calculated in the
linear stability analysis. As the lobe neared lens for-
mation size, the growth rate rapidly increased due to
non-linear effects. However, the initial and final growth
times of the liquid film disturbance are insignificant
relative to the slow growth period. The characteristic
time of the slow growth period is the same as that ex-
pressed in Eq. (1).
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Everett and Haynes [10], in a study of condensation
in capillary tubes, examined the surface energy of con-
stant curvature interfaces. They report that as the liquid
film forms a lobe of critical volume, the surface energy
can be minimized by reorienting the liquid lobe into a
lenticular lens. Though the quasi-equilibrium analysis
does not give information on the rate of this reorienta-
tion, the energy jump associated with the reorientation
can be significant indicating a relatively rapid process.

The lobe formation and film breakup/lens formation
has also been studied in the presence of an imposed axial
flow. In most instances, these studies were conducted by
displacing liquid in a capillary with an elongated gas
bubble. In one such study [12], the liquid film sur-
rounding the gas bubble in the flat film region did not
have any apparent motion and the disturbance wave-
length and growth rates were consistent with the linear
stability analysis of Goren. Aul and Olbricht [17] studied
lobe formation in flowing liquid films at low Reynolds
numbers and found that the wavelength of the most
unstable disturbance is independent of the Reynolds
number for Re < 100. Interestingly, the liquid lobes were
relatively stationary compared to the velocities in the
liquid film and the core. For core flow velocities of
480 pum/s, the lobe velocity was less than 0.1 pm/s.
After the liquid lobe had transformed into a lenticular
lens, the lens acquired a velocity equal to that of the core
(480 pum/s). The authors also report that the imposed
flow enhanced the liquid transport into a particular lobe
at the expense of its neighbor.

Many studies have been conducted on the destabil-
ization of a liquid film due to interfacial shear. Hickox
[18] examined instabilities on an annular film resulting
from the difference in viscosity at the fluid—fluid inter-
face. At very small Reynolds numbers, the interface
destabilized due to capillary effects and at high Reynolds
numbers the interface destabilized due to shear effects.
Under certain conditions, axisymmetric disturbances
were found to be stabilized, but no conditions existed for
which the primary flow was stable to both axisymmetric
and asymmetric disturbances.

Frenkel et al. [19] examined those conditions under
which core flows could stabilize capillary instabilities on
an annular film. Using a linear stability analysis with the
thin film approximation, the determined a growth rate
of the capillary instability which is consistent with Eq.
(1). A non-linear analysis resulted in the same charac-
teristic time scale. They found that the annular film did
not break up over a small range of Capillary numbers,
Ca, and Reynolds numbers, Re. The analysis of Frenkel
et al. [19] is applicable when the Capillary number,
Ca > & and Re < 1/4, where § is a dimensionless film
thickness and the parameters Ca and Re are based on
the interfacial velocity. These limits imply that the
annular film must be very thin in order to be shear
stabilized. In addition, the viscosity of the film was the

same as the viscosity of the core in this analysis.
Therefore, though interfacial shear was shown to satu-
rate symmetric capillary instabilities, instabilities in-
duced by viscosity stratification were not addressed.

Hu and Joseph [20] performed a linear stability
analysis of core-annular flow allowing viscosity and
density to vary across fluid interfaces. Of particular in-
terest for two-phase heat transfer systems is the result
that when the more viscous fluid resided in the annular
film, the interface is unstable at a// Reynolds numbers.
Hu and Joseph found that at the lowest Reynolds
numbers the long wavelength instability was the domi-
nant mechanism and at higher Reynolds numbers in-
stabilities arose due to interfacial shear which is
consistent with Hickox as well as Aul and Olbricht.

Film breakup also occurs as bubbles pass through
orifices or constrictions in liquid filled capillary tubes.
Arriola et al. [9] studied the pinch-off of a oil drops
moving through water in a constricted, square capillary
tubes. They report that the pinch-off of the oil drop
occurs slightly upstream of the center of the orifice.
Ransohoff et al. [21] considered the effect of liquid flow
in corners on the snap-off of a gas bubble in constricted
square capillaries. It was found that above a critical
Capillary number, the characteristic time for snap-off
was constant. Below the critical Capillary number, the
time for snap-off was inversely proportional to the
Capillary number. The effect of the thin film on the wall
(not in the corner) was found to be of little impact on the
time for snap-off. They also report that snap-off can only
occur in the presence of a tube constriction which con-
trasts with in the study by Aul and Olbricht where snap-
off was experimentally observed in square capillaries
without any constriction.

Gauglitz and Radke [22] examined the breakup of the
liquid film in constricted, cylindrical capillaries. The
characteristic time for breakup was found to be con-
sistent with Eq. (1). Under conditions related to the
initial film thickness and the bubble velocity, two lobes
were found to form; one on either side of the constric-
tion and these lobes migrated towards the constriction
due to differences in capillary pressure. The theory cor-
relates Ca to pinch-off time and works relatively well for
larger pores and for small pores with high Ca. The
stability of liquid films in networks of small channels has
also revealed capillary induced snap-off at channel
constrictions and divergences [23-25].

The liquid accumulation and slug formation ob-
served during the CHT experiment is similar to the
pinch-off observed in constricted capillaries in that the
phenomenon resulted from a combination of a long
wavelength instability and capillary driven flow in the
liquid film. It will be shown that when a capillary-
dominated annular liquid film exists in a curved tube,
the pressure in the liquid is not circumferentially uni-
form. The variation in pressure drives an azimuthal flow
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which results in liquid accumulation in the low pressure
region.

5. Capillary pressure analysis

Capillary effects are important whenever a liquid—
vapor interface exists in a low Bond number environ-
ment. The Bond number, Bo = paR?/s, is a ratio of
gravitational acceleration effects to surface tension ef-
fects on a liquid—vapor interface; where p is the liquid
density, a is the acceleration, R is the characteristic
length scale, and o is the surface tension. For a given
liquid, the Bond number may be varied by changing
either the gravitational acceleration or the characteristic
length scale. A low-gravity environment naturally re-
sults in a small Bond number (Bo < 1). In the annular
film studies described earlier, a small Bond number was
obtained by using very small diameter channels and
tubes.

In a low Bond number environment, an annular
liquid film in a curved tube will flow from the inside
radius of the curve to the outside radius of the curve
because of the differences in liquid pressure between
these two regions. This difference in liquid pressure oc-
curs as a result of variations in curvature of the liquid
surface within the curved tube. Careful distinction must
be made between the radius of the tube and the curve (or
bend) radius of the tube in order to avoid confusion
during the discussion to follow. The tube radius is the

vapor tube T
cross-section A-A \y

€

Fig. 4. Geometry of the annular liquid film illustrating the re-
gions of interest.

inside radius of the tubing and will be designated as R;.
The bend radius of the tube is the radius of the tube as it
curves around to form the test loop. The bend radius
will be designated as R, (see Fig. 4).

The pressure and liquid flow within the bend are
analyzed by examining four distinct regions of the an-
nular liquid film as shown in Fig. 4. The first region is
the outer portion of the tubing bend where the liquid
accumulates. Region 2 is the inside radius of the tubing
bend and is located 180° from region 1 at the same
centerline location. Region 3 comprises the straight
portion of the vapor line and region 4 is the condenser
meniscus. Initially, the condenser meniscus is assumed
to be relatively far from the bend. The liquid film flow
will also be studied with the meniscus in the vicinity of
the bend; i.e., when there is no region 3. For the pur-
poses of this analysis the liquid film is assumed to be of
uniform thickness, 4.

The pressure drop across a liquid-vapor interface is
known from the Laplace-Young equation:

1 1
PV_I)I—O—(R_I"_R_Z)v (2)

where P, is the vapor pressure, P is the liquid pres-
sure, R; and R, are the principal radii of curvature,
and o is the surface tension. One of the principal radii
of curvature is the same for each of the four regions
and is equal to R; —h. The second principal radius
curvature varies from region to region. In region 1
that radius of curvature is R, + (R, — /). Similarly,
—[Ry — (R; — )], oo, and R; — h are the second prin-
cipal radius of curvature for regions 2, 3, and 4, re-
spectively. Table 1 lists the two principal radii of
curvature for the four regions of interest as well as
typical values of the principal radii of curvature for
the CHT experiment.

In order to simplify the analysis, a film thickness
ratio and a radii ratio are defined as

h (R, — h)

0=— and I'=

R 2 3)

Substituting the appropriate principal radii of curvature
and the two ratios into the Laplace-Young equation
results in a set of expressions for the pressure drop
across the liquid surface for each of the four identified
regions of the liquid film. For an isothermal system there
will be no vapor flow between regions 1 and 2. Similarly,
for an isothermal system without significant vapor flow,
the pressure drop in the vapor between each of the other
regions will be negligible. This assumption would have
to be revisited when considering a system with a con-
densing vapor. Neglecting pressure variations in the
vapor, the pressure drop across the liquid surface in each
region as described by Eq. (2) can be rewritten so as to
express the pressure drop within the annular liquid film
between the various regions.
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Table 1

Principal radii of curvature for the four regions of interest in the annular liquid film*

Region Principal radii curvature Typical values for CHT experiment
Ry Ry R; (mm) R, (mm)

1 Ri—h Ry + (R 4.65 19.65

2 Ri—h —[Ry — (R- — h)] 4.65 -10.35

3 R —h oS 4.65 00

4 Ri—h Ri—h 4.65 4.65

#The values for radii of curvature typical of the CHT experiment are based on a film thickness, %, of 350 um, an inner tube radius, R;,

of 5 mm, and a bend radius, Ry, of 15 mm.

Ay R,-(la— d) {1 EFFZ]’ @
AR, R,(IU— 3) {HLF} ®)
VRN )
M= i o) (7)

Eqgs. (4)—(7) describe the pressure difference within the
annular liquid film when the condenser meniscus is rel-
atively far from the tubing bend. If flow in the annular
liquid film is assumed to be steady and dominated by
viscous effects, then the governing equations can be re-
duced to the lubrication approximation. For § < 1 the
velocity in the liquid film scales as:

(6R))* AR

U~
u L

(8)
where L is the length scale over which the pressure dif-
ference occurs. This scaling for U is only valid for values
of I' < 1. As I' approaches 1, the bend radius ap-
proaches the inside radius of the tube. The curvature
effects associated with R, then become important and
cannot be neglected. From region 2 to region 1 the ap-
propriate length scale L, associated with the pressure
difference, AR, |, is nR;. For the liquid flow between
region 2 and region 3 and between region 1 and region 3
the length scale is the arc length from the bend to the
straight section. The length scale used for the liquid flow
near region 4 is half of the arc length of the meniscus.

The potential for liquid flow can be rewritten in terms
of the Capillary number which scales the viscous forces
against the capillary forces. Neglecting the aspect ratio
of the annular liquid film, the Capillary number is de-
fined as

ru

Ca = .
o

)
The appropriate Capillary numbers for flow between
each of the four regions can be determined by combining
the expressions for the pressure drop in the liquid film,
AP, the length scale associated with the pressure drop,

L, and the velocity scale in the liquid film, U. When the
condenser meniscus is relatively far from the tubing
bend, the resulting expressions for the Capillary num-
bers between each of the regions are shown in Eqgs. (10)—

(13).
Cd2 1 Ng(%) lfF2:|7 (10)
SN[ r 7
Cazl’\“*(ié) l—i—[l 5 (11)
r 2
Cd23Ng(L5) lfl.,:| ) (12)
2
Ca;4 (m) (13)

The Capillary number development above applies when
the meniscus is relatively far from the bend region; that
is, when the distance is greater than 27R;. When the
meniscus is near the bend there is, in effect, no straight
section (region 3) of the liquid film. For this case, the
expressions for the Capillary numbers between the re-
gions of the annular film are:

2/ 8 \[ T

Ca2l~—(1_6) W} (14)
2/ 6 \ 1

C“‘*‘N_(l—a) _1+r}7 (1)
2/ 5 \ 1

Cirar (1_5) ﬁ} (1e)

During the CHT experiment, the thickness of the
annular liquid film was estimated to be 350 pm. This
estimate of the liquid film thickness is based on a uni-
form distribution of a volume of liquid over the entire
surface of the vapor leg. The volume of liquid chosen
was that which was lost from the condenser meniscus
before the formation of the liquid slug. The inside radius
of the vapor leg of the test loop is 5 mm and the bend
radius of the test loop is 15 mm. Therefore, for the CHT
experiment, the film thickness ratio, J, is 0.07 and the
radius ratio, I', is 0.31. Using these values for § and I,
the Capillary numbers present during the CHT exper-
iment are calculated and shown in Table 2 for both the
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Table 2
Typical Capillary numbers for the annular liquid film flow in
the bend of the vapor leg during the CHT experiments

Meniscus far from bend Meniscus near the bend

(>27R)) (<27R;)

Regions Ca x 10° Regions Ca x 10°
2-1 124 2-1 124

3-1 20 14 275

2-3 73 2-4 523

34 361

case where the condenser meniscus is relatively far from
the tubing bend and for the case where the condenser
meniscus is near the tubing bend.

The Capillary numbers for both positions of the
condenser meniscus are represented pictorially in Fig. 5.
Note that the starting and ending positions of the ar-
rows is not intended to be indicative of transport dis-
tances. The arrows are only intended to indicate
direction and relative magnitude of the flow in the an-
nular liquid film. In Fig. 5(a), there is an azimuthal ar-
row representing Ca, |, a small arrow directed into the
outer portion of the bend representing Ca;_;, a second
small arrow directed out of the inner portion of the bend
representing Ca, 3, and two large arrows directed into
the meniscus representing Cas 4. Note that the Cas 4
arrows represent flow from the annular film in the
straight section into the meniscus and do not represent

@<* @ﬂ\
|

O)

©

0L

\0
(a) (b)

Fig. 5. Illustration of the direction and relative magnitude of
liquid film flows for two cases; (a) the condenser meniscus rel-
atively far from the tubing bend (>2#R;) and (b) the condenser
meniscus in the vicinity of the tubing bend (<2nR;).

flow from the bend into the meniscus. As reported by
Aul and Olbricht [17], drainage by the meniscus will
only occur over a length of 2zR;. If the distance between
the meniscus and the bend is greater than 2znR;, the bend
is effectively isolated from the meniscus. When the
meniscus is relatively far from the tubing bend, liquid
flow within the bend is much larger than the flow out of
the bend and liquid will accumulate in the outer region
(region 1) of the tubing bend. This result can be gener-
alized to any low Bond number system and is not re-
stricted to low-gravity systems. The liquid flow from
region 3 into the condenser meniscus is higher than any
other liquid film flows in the system. This implies that
there is significant drainage into a meniscus even in low-
gravity systems.

Similarly, for the case where the condenser meniscus
is in the vicinity of the tubing bend; that is, less than
27R; from the bend (Fig. 5(b)), the liquid flow into the
meniscus is an order of magnitude greater than any
other liquid flow in the annular film. This has the effect
of draining the bend region of the tube and can prevent
the formation of the liquid slug in that location only. The
formation of the liquid slug did appear to be inhibited
during one run of the CHT experiment when the con-
denser meniscus was very near the bend; effectively
draining the liquid out of the bend. However, conden-
sation increased the thickness of the liquid film and as
the condenser meniscus progressed away from the bend
a liquid slug eventually did form.

The variation in the Capillary number between the
various regions is a function of the geometry of the
system and is not a function of the properties of
the liquid (assuming constant temperature). Therefore,
the liquid film flows illustrated in Fig. 5 are typical of the
flows in any annular liquid film within a bend in a low
Bond number system where the radii ratio, I', is between
0.1 and 0.4. As I' decreases below 0.1, the liquid film
flow characterized by Ca,_; is the dominant feature in
the region of the bend, but is an order of magnitude less
than the liquid flow into the condenser meniscus. At
I' = 0.01, Ca,_, will be two orders of magnitude less than
the flow into the meniscus. Liquid film flows character-
ized by Ca, | become significant relative to flows into the
meniscus only when I' > 0.1.

6. Characteristic time scales

The azimuthal flow described in Section 5 only oc-
curs when there is a bend in the tubing. When ¢ < 1,
the film can be treated as planar and the characteristic
flow time for the circumferential flow is y,R, /5. For
thicker films, the radial dependence of the annular film
must be retained. At times during the conduct of the
CHT experiment, the estimate for J was found to
exceed 0.1.
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The radial velocity component in the liquid film is
represented by u and v is the azimuthal velocity com-
ponent. U and V are the respective characteristic velocity
scales. By non-dimensionalizing the radial dimension as
r=R;(1 —or), the annular liquid film thickness is
scaled from 0 at the wall to 1 at the liquid-vapor inter-
face. Applying these scales to the continuity equation
results in U/V ~ . Retaining only those terms of order
0 or greater reduces the conservation of momentum
equations to

2 2 4% *
R; 1 oP 1 0
OR (1 \oP_ a_uz ol ¢ (17)
wV \1=20+)00 or 1 —or ) or
Using the no-slip condition at the wall and the free
shear condition at the liquid surface, the dimensionless

velocity profile, v*, can be expressed in terms of
0[5]7

U*_ézRiAPrr r*ilr*z +5 1,»*2,1 3 +
T T 2 2" 73" ’
(18)
where AP, is the capillary pressure drop within the liquid
film.

At r* = 1,v" is equal to 1 which results in a velocity
scale of

5 R,AP, 1
Vo~ o <1+§5)‘ (19)

The characteristic time, ,, is found by dividing the
distance of liquid flow, nR;, by the velocity scale, V.
Substituting the expression for the capillary pressure
drop from region 2 to region 1, AP, ,, into the velocity
scale, V, results in the following expression for the
characteristic time of the capillary-driven flow:

Ry, 1-r1?
ty ~ . 20
(;52 <1+(1/3)5) ( )

To reiterate, ¢, is the characteristic time for liquid to be
convected 180° circumferentially within the bend.
These two time scales, Egs. (1) and (20), characterize
the rate of liquid accumulation in the vapor line. Liquid
flow in the axial direction (scaled by #;) will always tend
to form liquid lobes whenever the film length exceeds
23/27R;. When there is a bend in the tube, azimuthal flow
(scaled by ¢,) will result in liquid collecting in the outer
portion of the tubing bend. The bend does not eliminate
the long wavelength instability, but rather, the bend
provides a perturbation to the liquid film which aug-
ments the long wavelength instability by locally in-
creasing the liquid film thickness.
The importance of ¢, relative to #; can be examined
by expressing the time scales as a ratio,
. i 1 [1+406/3 r
bic ngnZ{a(l—a)Kl—ﬁ)' @0

\v’
_ — o
r~o 0<<1%<<1 r~1

Fig. 6. Types of liquid accumulation in the bend of the vapor
line for various values of I with 6 < 0.1. At I' ~ 0,£; ~ 0 and
the liquid forms axisymmetric lobes. At 0 < I'* < 1, 5 ~1
and the liquid forms into non-axisymmetric lobes on the outer
region of the bend. And at I' ~ 1,7, ~ oo.

The ratio of tube radius to bend radius, I" varies from a
straight tube (I' = 0) to a toroid with zero inside radius
(I'=1). For straight tubing (I' = 0),#, = 0. This im-
plies that ¢, ~ oo and that the film flow is only due to the
long wavelength instability. The lobe formation will
therefore be axisymmetric. When I = 1, the bend radius
is equal to the tube radius; R, = R,(1 — ) and ¢; — oo.
For this case, #, < t; and the liquid would accumulate
uniformly in the outside radius of the tubing bend, but
would not form lobes or slugs provided that ¢ < 1.
However, examining #; at I' ~ 1 can be misleading since
curvature effects of order 6* and higher may become
important. For values of I'> between 0 and 1, both flow
mechanisms are important which results in non-axi-
symmetric lobe formation in the bend. In general, #; is
approximately 1 when I' is between 0.1 and 0.6, de-
pending upon the value of d. For the CHT experiments,
t;_is typically around 0.4. The effect of I" on the liquid
lobe formation is illustrated in Fig. 6.

The ratio #; is also a strong function of 6. The limits
on #; can be expressed in terms of the relative values of
I'and 6. When 6 < I' < 1, then £ — oo and the liquid
film flow is characterized by ¢;. When I' < ¢ < 1, then
t;, — 0 and the liquid film flow is characterized by ¢,.
The effect of very small film thicknesses on the charac-
teristic flow times can be seen by examining Egs. (1) and
(20). The capillary time scale, #,, is proportional to 62
whereas the long wavelength instability timescale, ¢;, is
proportional to 6°. Therefore, as the liquid film be-
comes very thin, ¢, increases more quickly than does ¢,.

7. Conclusions

During the operation of the CHT experiment both in
normal gravity and in low gravity a liquid film formed
over the entire vapor leg of the loop. In normal gravity,
the draining of this film affected the stability of the
evaporating meniscus, but was not directly responsible
for evaporator dry out. In low gravity, however, the
drainage of the annular liquid film resulted in an ac-
cumulation of liquid in the outer portion of the curve in
the vapor leg. The liquid accumulation in this region
bridged the vapor leg and blocked the flow of vapor to
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the condenser meniscus. Subsequently, both condenser
dryout and evaporator deprime ensued and the system
failed. This mode of failure was not appreciated before
the on-orbit experiment.

The CHT experiment has revealed a capillary flow
phenomena which can result in an unexpected formation
of a liquid slug. In any low Bond number system, an
annular liquid film will flow circumferentially in a tubing
bend as long as a continuous film exists because of
capillary-driven flows. The conditions under which a
non-axisymmetric liquid lobe will form out of the liquid
collecting in the bend depend upon the geometry of the
system, I', and the liquid film thickness, 0.
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