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Microscale Transport Processes in the Evaporator
of a Constrained Vapor Bubble

Ling Zheng,¤ Ying-Xin Wang,† Peter C. Wayner Jr.,‡ and Joel L. Plawsky§

Rensselaer Polytechnic Institute, Troy, New York 12180-3590

Microgravityexperiments ona constrained vaporbubbleheat exchanger (CVB) are beingdeveloped forthe space
station. Results are presented of precursory experiments and modeling on microscale transport processes in the
evaporator of the vertical constrained vapor bubble in the Earth’s environment. A nonisothermal experimental
setup was designed and built to study heat transfer and � uid � ow in an ethanol/quartz vertical CVB system.
Temperature pro� les were measured using an in situ LabView® data acquisition system via thermocouples. Film
thickness pro� les were measured using image analyzing interferometry. A mathematical model was developed
to yield the liquid � lm curvature pro� le in the evaporator. Experimentally measured curvature pro� les were in
good agreement with modeling results. A theoretical relation between the curvature and temperature pro� les in
the Earth’s environment was developed. Under microgravity conditions, an analytical expression that reveals an
inherent relation between temperature and liquid � lm curvature pro� les was derived for the � rst time.

Nomenclature
A = area, m2

B = dispersion constant, J ¢ m
Cl = geometric coef� cient
c = contact line length, m
dh = hydraulic diameter of the � ow channel, m
f = friction factor
g = acceleration due to gravity, m/s2

h f g = latent heat of vaporization, J/kg
ho = heat transfer coef� cient between constrained vapor

bubble heat exchanger (CVB) and room, W/m2s
K = curvature of liquid � lm, m¡1

k = thermal conductivity,W/mK
k f = friction factor coef� cient
L lw = length of liquid–wall interface, m
m = rate of evaporation,kg/m ¢ s
N = number of fringes
P = pressure, Pa
p = perimeter, m
Q = power of heater to the CVB, W
r = radius of curvature, m
T = temperature, ±C
U = velocity, m/s
V = vapor in the CVB
x = axial distance, m
y = distance in the direction normal to CVB axis, m
z = distance in the direction normal to CVB axis,

perpendicular to y axis, m
® = angle at the corner of the CVB cell
¯ = inclination angle
0 = total rate of evaporation, kg/s
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1P = pressure difference, Pa
± = liquid � lm thickness, m
µ = apparent contact angle
¹ = viscosity, Pa ¢ s
5 = disjoining pressure, Pa
½ = density, kg/m3

¾ = surface tension, N/m
¿ = shear stress, Pa
Á = angle covered by the arc of the meniscus at the corner

of the CVB cell

Subscripts

c = corner of the CVB cell
cal = calculated results
exp = experimental results
i = number of fringes
l = liquid
lw = liquid–wall
o = outside cell
v = vapor
vw = vapor–wall
1 = arbitrary location 1 along the length of the CVB
2 = arbitrary location 2 along the length of the CVB
1 = environment

Introduction

T HE use of interfacial free energy gradients to control � uid � ow
naturally leads to simpler and lighter heat transfer systems be-

causeof the absenceof mechanicalpumps. Therefore,“passive”en-
gineering systems based on this principle are ideal candidates for a
microgravityenvironment.In this context,passiverefers to the natu-
ral pressure � eld for � uid � ow due to changes in the intermolecular
force � eld resulting from an imposed nonisothermal temperature
� eld. This force � eld is a function of the shape, temperature, and
composition of the system. Passive systems that depend on regions
with low capillarypressuresare emphasizedherein. In particular,we
are concernedwith experimentaland theoreticalstudies of a passive
constrained vapor bubble heat exchanger (CVB) system presented
in Fig. 1. The liquid–vapor system is formed by evacuatinga closed
container with sharp internal corners and then under� lling it with
a liquid. In essence, the system is a large-scale version of micro
heat pipe with regions of low capillary pressure. For an isothermal
completelywetting system, the liquid will coat all of the walls of the
chamber. On the other hand, for a � nite contact angle system, some
of the walls will have only an extremely small amount (probably
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Fig. 1 Constrained vapor bubble; assumptions for schematic: B < 0
for wetting system with heat input at 2, heat removal at 1, and g ! 0.

less than a monolayer) of adsorbed vapor, which changes the sur-
face propertiesof the solid–vapor interface.Liquid will � ll at least a
portion of the corners in both cases. If temperature T2 > T1 because
of an external heat source in the evaporatorand heat sink in the con-
denser,energy� ows from2 to 1 by conductionin the walls and by an
evaporation,vapor � ow, and condensationmechanism (Fig. 1). The
condensate � ows from 1 to 2 due to the intermolecular force � eld,
which is a function of the � lm thickness pro� le. The � lm thickness
pro� le is a function of the thermal conditions on the surface. There
is a shape-dependent pressure jump at the vapor–liquid interface,
Pv ¡ Pl , due to the anisotropic stress tensor near interfaces. The
pressure jump is given by the extended Young–Laplace equation,
which includes the effects of both capillarity, ¾ K , and disjoining
pressure 5:

Pv ¡ Pl D ¾ K C 5 (1)

Because of the relatively large cross-sectional area for vapor � ow
in our system, the vapor space is almost isobaric.

The classicalYoung–Laplaceequationof capillarityhasbeensuc-
cessfullyused to describethe pressurejump at a curved liquid–vapor
interface under equilibrium conditions, see for example, Concus.1

Examples of its use to describe nonequilibrium � uid dynamics in
micro heat pipes and grooves are given by Peterson and Ha,2 Wu
and Peterson,3 and Khrustalevand Faghri.4 In these cases, the pres-
sure jump causing � uid � ow is a function of the liquid–vapor sur-
face tension and the interfacial radius of curvature. This leads to
the extended Young–Laplace model for the pressure jump at the
liquid–vapor interface (see Refs. 5–17). These long-range van der
Waals forces have been found to be extremely important in that they
lead to the concept of an extended evaporating meniscus and the
Kelvin–Clapeyron model for interfacial heat transfer, for example,
see Refs. 6, 10, 16, and 18–20. Long-range intermolecular forces
in the thin � lm control the liquid bridges connecting corners of the
CVB.

We � nd that relatively large systems (millimeter compared to
micrometer) and small pressure gradients in the thicker thin-� lm
regions are needed for both optimum heat � ux performance and
convenient experimental study. However, as presented in Fig. 1,
these large systems are easily distorted by the Earth’s gravitational
� eld. Because of the sensitivityof systemsof this size to gravity and
to small temperature and pressure gradients, these thermal systems
need to be � nally studiedunder the microgravitationalconditionsof
intendeduse. “Axisymmetric” systemswith smallBondnumbersare
required for optimum performance.(The term axisymmetric is used
herein to mean re� ective symmetry with respect to the length axis.)
The Bond number gives the effect of gravity on the con� gurationof
the interface with components in both the axial direction and cross-
sectional plane. The cross-sectional Bond number can be used to
classify the various studies. In our case, the inside width and height
are 3 mm, givinga Bo D 2:8 for ethanolat 25±C, which indicatesthat

the system will be asymmetric for horizontal or inclined cells. For
the horizontal cell, the curvature changes by approximately 1000
between the top and bottom of the cell. Therefore, a vertical cell is
used for ground studies.

Throughoutthe CVB systemundermicrogravityconditions,� uid
� ows as a result of the intermolecular forces of liquid–liquid co-
hesion and liquid–solid adhesion. This pressure � eld for � ow re-
sults from an imposed external temperature � eld that causes a non-
uniform liquid � lm to form due to evaporation/condensation.When
a quartz cell is used, the pressure � eld is revealed by optically mea-
suring and analyzing the shape of the liquid volume by viewing
the naturally occurring interference pattern through a microscope.
The pressure � eld and resulting transport processes can be stud-
ied at the molecular, microscopic, and macroscopic levels. At the
junction of the liquid � lm with the vapor and the solid substrate
(which can have a nonevaporating adsorbed � lm), the liquid � lm
thickness can be (but does not need to be) the thickness of a mono-
layer. This junction has been called the contact line or interline and
is of general importance to the � eld of wetting. The contact line
thickness is controlled by the imposed experimental conditions. A
monolayer thickness can be obtained by imposing a large super-
heat at the contact line. At the other end of the nonisothermalCVB,
where condensation occurs, the thickness of the liquid � lm can be
much larger (approximately 1.5 mm). Therefore, depending on the
experimentalconditions,extremely large variations in the thickness
scale are possible. Under some nonisothermal conditions, the heat
� ux in the contact line region can be enormous. On the other hand,
the � ux can be substantially less a short distance away, where the
� lm thickness is much larger, and so this device exhibits an enor-
mous range in both the scale and the level of transportprocesses.For
example, under equilibrium conditions, it is a thermodynamic cell
in which interfacial properties can be accurately studied.17 Under
nonequilibriumconditions,a very dynamic transport system can be
studied. The ultimate goal is to determine how this system can be
optimized for use as a passive heat exchanger under microgravity
conditions.

The following broad categories can be evaluated in the CVB un-
der microgravity and normal gravity conditions: 1) effect of inter-
molecular forces, temperature, and liquid–vapor volume ratio on
the isothermal equilibrium liquid � lm thickness pro� le, for exam-
ple, DasGupta et al.17; 2) effect of intermolecular forces, liquid–
vapor volume ratio, and temperature on the average phase change
transport processes over a relatively large area, that is, the overall
macroscopic heat � ow rate, average � uid � ow rate, heat conduc-
tance, and stability results presented subsequently; and 3) effect of
intermolecular forces, liquid–vapor volume ratio, and temperature
onphasechangeovera very small area, that is, the localheat � uxdis-
tribution, local � uid � ow rate, and stability. These areas of research
can be further subdivided with the adjectives transient and steady
state, and, in the Earth’s environment, vertical and approximately
horizontal.Although gravity does not affect the horizontal pressure
gradient in our current Earth-bound studies, the horizontalcell does
give different results in the top and bottom sections, which affect
each other in a complicated way. On the other hand, the pressure
gradient due to gravity in a vertical cell adversely affects the maxi-
mum � ux and rangeofmeasurements.There are advantagesand dis-
advantages associated with both orientations in a strong gravita-
tional � eld. Herein, experimental and theoretical results on the ver-
tical CVB are presented. Another engineering objective is to use
these results to design heat transport systems uniquely suited to
microgravity conditions

The CVB studies are generic with uses beyond those associated
with heat pipes.Nevertheless,it is useful to relate the current system
to a microheatpipe21 aboutwhichPeterson22 andFaghri23 havewrit-
ten excellentreviews.Many papershavebeenpublishedon the mod-
elingofmicro heatpipes.Cotter’s21 originalwork describeda model
to predict the behavior of micro heat pipes. However, this model re-
quires the knowledge of a parameter that behaves as a correction
factor. Babin et al.24 present a steady-statemodel that assumes prior
knowledge of the liquid � lm pro� le to compute the liquid and va-
por pressure drops. Longtin et al.25 developed a one-dimensional
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model to predict the operating parameters of the micro heat pipe.
The factor they use to compare their model results to experiments
is the macroscopic heat � ux instead of a more fundamental param-
eter such as the � lm curvature pro� le. Bowman et al.26;27 derived
an expression for a constant area, adiabatic end condition,heat pipe
ef� ciency and compared the performance of a heat pipe � n with a
standard � n. Khrustalev and Faghri4 and Swanson and Peterson28

used models based on the extended Young–Laplace equation to an-
alyze a micro heat pipe. Heat transfer from a stable evaporating
thin � lm in the neighborhood of a contact line was analyzed by
Moosman and Homsy12 and Brown et al.29 Swanson and Herdt30

used the three-dimensional extended Young–Laplace equation to
describe the details of the evaporatingmeniscus in a capillary tube.
Catton and Stroes31 presented a one-dimensional, semi-analytical
model for prediction of the wetted length supported by inclined
triangular capillary grooves subject to heating below. Karthikeyan
et al.32 studied the intermediateregionof the horizontalCVB usinga
one-dimensionalmodel; however, they used an averageheat transfer
coef� cient over the entire evaporator length. Although these stud-
ies provide a considerable insight into the evaporation mechanism
in the grooved surfaces, they did not correlate interfacial curvature
pro� les of the meniscus directly with temperature pro� les. In this
paper, we present the results of our Earth-based experimental mea-
surementsof the temperatureand interfacialcurvaturepro� les of the
vertical CVB. A simpli� ed model, which provides insights into the
heat transfer and � uid � ow phenomena underlying the evaporator
region, is derived for the � rst time to correlate the curvature pro� le
directly with the experimental temperature data under microgravity
and in the Earth’s environment.

Experimental Studies
Figure 2 shows a schematic diagram of the vertical CVB exper-

imental setup. The CVB was formed by under� lling an evacuated
fused quartz cell with 99.99% pure ethanol. The quartz cell had a
square cross-sectionwith sharp internal corners and internal dimen-
sions of 3 £ 3 £ 40 mm. A thermoelectricheater was located on the
top, and coolers on each side of the cell were located at 20 mm
from the top. The � ll ratio determines the bubble length, which is
the bottom of the vapor bubble. If the bubble were too long, the
coolers would block observations and measurements of a portion
of the evaporator and the whole portion of the condenser region. If
it were too short, coolers would have little effect on the operation.

Fig. 2 Vertical constrained vapor bubble system; thermocouples on
the outside � at wall of the cell not shown.

Fig. 3 One of the corners of a container with a vertex angle ®.

We use the measured bubble length to characterize our system. In
our CVB system, the bubble length is 16 mm. An in situ LabView®

data acquisition system was built to measure the temperature pro-
� le. Details regarding the experimental setup may be seen by Wang
et al.33 There were 12 microscale K-type (chromel–alumel) ther-
mocouple beads pasted onto a side of the cell; the distance between
the thermocouples was 2 mm. The 12th thermocouple was used to
measure room temperature. The uncertainty of the absolute tem-
perature measurement was 0.5±C. Because we only dealt with the
temperaturedifference, the overall uncertaintywas further reduced.
A pressure transducerwas connected to the system through a three-
way vacuumvalve to monitor continuouslythe vapor–liquid system
pressure. Pressure measurements indicate that we had less than 6%
noncondensibles.

A high-power microscope was rotated and situated on an ad-
justablestage,so that the interferencefringesin the side cornerof the
verticalCVB could be viewed and evaluatedusing image analyzing
interferometry.17;34 Monochromaticlight (¸ D 543:5 nm) from a Hg
arc was used to illuminate thecell througha 50£ objectiveof the mi-
croscope.With the 50£ objective,each of the 640 £ 480 pixelsmea-
sures the average re� ectivity (thickness)of a region with a diameter
of 0.1777 ¹m. The interferencefringes resulting from the re� ection
of monochromatic light at both the liquid–vapor and liquid–solid
interfaces in the CVB were used to determine the thickness pro� le
of the meniscus. Figure 3 shows one of the corners of the cell with
a general vertex angle of ®. In our particular case of square cross
section, ® D ¼=2. The corner is partially � lled with the liquid that
forms an apparent � nite contact angle of µc on the interior wall of
the container. The coordinate axes are labeled in Fig. 3. The z axis
representsthe liquid � lm thickness±. The y axis,which corresponds
to one side of the container wall, represents the location of the � lm
thicknesspro� le.The planeof y–z is normal to CVB axis.The major
portion of the vapor–liquid interfacecan and is assumed to be a part
of a circle, the center of which is located at point O. The coordinate
of point O (r cos µc , c C r sin µc/ is easily derived from geometric
relations, where c D r [sin.Á=2/= sin.®=2/] and Á D ¼ ¡ .2µc C ®/.
Thus, the shape of the vapor–liquid interface at the corner of a con-
tainer can be expressed as

.± ¡ r cos µc/
2 C .y ¡ c ¡ r sin µc/

2 D r 2 (2)

When Eq. (2) is rearranged while using the negative square root,

y D c C r sin µc ¡
p

r 2 ¡ .± ¡ r cosµc/2 (3)

The two unknowns, r and µc , can be obtained simultaneously by
best � tting the experimental � lm thickness pro� le,

min

"
NX

i D 1

.yexp;i ¡ ycal;i /
2

#

where N is the totalnumberof dark andbrightfringes.The subscripts
exp and cal denote the experimentaldata and calculatedvaluesusing
Eq. (3), respectively.The curvature K is obtainedfrom the reciprocal
of the radius of curvature.The uncertainty in the value of curvature
in the region between x D 3 and 6 mm is within 6% because the
number of fringes available for data � tting is more than 6; however,
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in the region between x D 0 and 3 mm, the uncertainty becomes
large, up to 20%, because the number of fringes available for data
� tting is reduced to 2 or 3. The detailed error analysis regarding the
curvature measurements,which are a function of wavelength of the
light, refractive index, apparent contact angle, interfacial curvature,
and number of dark fringes, used for the data � tting is given by
Zheng et al.35

Theoretical Analysis
In the evaporator region of the CVB, as shown in Fig. 4, the

temperaturegradientcauses evaporationof the liquid, and the liquid
recedes into the corner of the cell, which results in a curvature
gradientdrivingthecondensateupagainstgravityand shearstresses.
The curvaturedistributionis the result of a pressurebalancebasedon
capillarity, gravity, and shear stress. Thus, the temperature gradient
leads to the curvature gradient. Experimentally, the curvature and
temperature pro� les along the axial direction of the cell can be
measured. Herein, we explore a theoretical relationship between
the curvature and temperature pro� les.

Neglecting the effect of a possible superheated liquid, we made
the following assumptions to derive governing equations for the
model:

1) There is steady-state operation.
2) There are constant � uid properties. Because the vapor space

is relatively large and the pressure drop in the vapor phase is very
small, it is reasonable to assume an approximately constant vapor
temperature.Thus, we can evaluate the � uid propertiesat this vapor
temperature.

3) The � ow is laminar and incompressible. It is expected that
the Reynolds numbers of the liquid and vapor are less than 10, and
the Mach number for the vapor is much smaller than unity at the
operating temperatureof the CVB. Therefore, both liquid and vapor
� ows are assumed to be incompressible.

4) There is a single radius of curvature. Because the interfacial
radius of curvature parallel to the CVB axis is much larger than that
normal to the CVB axis, the mean radius of curvature at any axial
location is equal to the radius of curvature normal to the CVB axis.
This was justi� ed by Karthikeyan et al.32 and Huang et al.36

5) The radius of curvature is constant at any axial location. The
thicker portion of the meniscus has a constant radius of curvature at
any axial position. This radius of curvature will be used to analyze
axial � ow. Additionalmodels are needed to analyze transverse � ow
and the contact line.

6) The effect of Marangoni � ow can be neglected.
7) The liquid � lm pro� le in the corner is static.
An energy balance on the quartz wall gives a second-order dif-

ferential equation

Fig. 4 Schematic of three different regions of the vertical CVB.

k A
d2T

dx2
¡ ho.T ¡ T1/ p ¡ mh f g D 0 (4)

Note that the third term represents the heat � ow rate per unit axial
length and m represents the rate of evaporationper unit axial length
from the evaporatorwall into the vapor phase.

We de� ne the total rate of evaporation from the beginningof the
evaporator to an axial location x as

0.x/ ´
Z x

0

m dx (5)

Rearranging Eq. (4) and substituting into Eq. (5) yields

0.x/ D
k A

h f g

dT

dx

­­­­
x

0

¡
ho p

h f g

Z x

0

.T ¡ T1/ dx (6)

To use Eq. (6), the experimental outside surface temperature pro� le
of the evaporator was � tted as a polynomial and then substituted
into Eq. (6).

The conservationof mass for liquid in the evaporator gives

d.½l AlUl/

dx
C m D 0 (7)

The average liquid velocity can be obtained from the total rate of
evaporation,which, in turn, can be determined from the experimen-
tal temperature pro� le.

The governing equation for the liquid momentum balance is ex-
pressed as

Al
dPl

dx
C Al ½l g sin¯ C

d
¡
½lU 2

l Al

¢

dx
¡ L lw¿lw D 0 (8)

The � rst term represents the pressure difference that pumps the
liquidagainstgravityand shear stresses. It is related to the curvature
gradient using the Young–Laplace equation:

dPl

dx
D ¡¾l

dK

dx
(9)

For Eq. (9), it is assumed that the axial component of the disjoin-
ing pressure gradient is small. The second term in Eq. (8) is the
gravitational term. For our vertical CVB with the heater at the top,
¯ D ¡.¼=2/. The third term in Eq. (8) accounts for the change in
the bulk momentum � ow. Because the liquid velocity is small, this
term can be neglected compared to the other terms. The fourth term
is the tangential force that arises due to the shear encountered at
the liquid–wall interface. This shear stress is due to friction and is
written as

¿lw D 1
2 ½lU

2
l f (10)

where the friction factor is f D k f =Re and k f is a constant that
dependson the geometryof the � ow channel.The Reynoldsnumber
is de� ned as Re D ¡.dhUl½l =¹l / (note negative sign of Ul ), where
the hydraulic diameter is dh D 4Al =8r , the liquid cross-sectional
area is Al D 2Clr 2 , and Cl is the geometric coef� cient of the liquid
cross-sectionalarea.

Combining Eqs. (8–10) yields a differential equation describing
the curvature pro� le in the CVB:

dK

dx
D ¡

k f ¹

C3
l ½l ¾l

0.x/K 4 ¡ ½l g

¾l
(11)

where 0.x/, a function of axial location, can be obtained from the
experimentaltemperaturepro� le usingEq. (6).The curvaturepro� le
can then be solved numerically from the experimental temperature
pro� le.

The boundary condition for Eq. (11) is

K jx D 0 D K0 (12)
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where K0 is an assumed large curvature at the beginning of the
evaporator (x D 0/. K0 is adjusted to � t the experimental curvature
at the end of the evaporator (which is relatively small and, thus,
accurate to measure).

For an isothermal case, 0 D 0, and Eq. (11) becomes

1K D ¡.½l g=¾l/1x (13)

which equates the capillary pressure with the hydrostatic pressure.
Under microgravity, the gravitation term is neglected in Eq. (11),

and the equation is solved by separation and integration.

1
K 3

¡ 1

K 3
0

D
3k f ¹

C 3
l ½l ¾l

Z x

0

0.x/ dx (14)

If the temperatureof theevaporatoris alsoclose to the temperature
of the surroundings(at low heat input),or we preventheat loss to the
surroundings,the heat loss term in Eq. (6) can be neglected.For this
reason, the following simpler equation, which provides insight into
theheat transferand� uid � ow phenomenaunderlyingtheevaporator
region in microgravity,is derivedand correlatesthe curvaturepro� le
directly with the experimental temperature data:

1
K 3

¡ 1

K 3
0

D
3k f ¹k A

C3
l ½l ¾l

[T .x/ ¡ T .0/] (15)

Results and Discussions
For a verticalCVB under isothermalconditions,there is a thin liq-

uid � lm in the corner along the entire axial direction. In the thicker
portionof themeniscus, the capillarypressureequals the hydrostatic
pressure,which can be expressedby Eq. (13). When the heaters and
coolers are turned on, the thin � lm in the corner evaporates and re-
cedes into the cornerof the CVB. Compared to the isothermalCVB,
the curvaturegradientof a nonisothermalCVB is larger, thereby in-
creasing the available pumping force to pump the liquid up to the
evaporator against gravitational and viscous forces. As the heat in-
put increases, a dryout region appears, where no thin � lm exists in
the corner, and the radius of curvature of the � lm is zero. If the heat
input is increasedfurther, the dryout regiongrows longerand moves
toward the cooler end. Therefore, there are two or three regions in
the CVB depending on the heat input.

Figure 5 shows the temperature pro� le of the CVB � lled with
ethanol at a heat input from the power meter of 0.49 § 0.08 W.
There are dryout, evaporation, and condensation regions. For com-
parison, the temperature pro� le of the dry cell with the same tem-
perature at the beginning of the cell is also shown in Fig. 5. The
temperature pro� le of the dry cell can be described by the standard
� n equation, obtained by neglecting the third term on the left side
of Eq. (4). The outside heat transfer coef� cient ho , which includes
natural convectionand radiation heat transfer,was obtained by best
� tting temperature pro� le of the dry cell using the � n equation.
Figure 6 shows temperature pro� les of the dry cell and � n equation
� tted curves at different heat inputs. Table 1 lists the value of ho

at different heat inputs. The average value of 20.95§ 1.5 W/m2K

Fig. 5 Comparison of temperature pro� les of the dry cell with the
CVB using ethanol; T ¡¡ T1 §§ 0:5±C.

Table 1 Outside heat transfer coef� cient ho obtained
at different heat inputs

Quantity 1 2 3 4 5 Average

Q, W 0.93 0.81 0.66 0.55 0.28 ——
ho , W/m2 K 20.95 21.50 21.50 21.15 19.65 20.95

Fig. 6 Surface temperature pro� les for the dry cell.

is chosen as the outside heat transfer coef� cient. As can be seen
from Fig. 5, the temperature pro� les of the CVB deviated from
those of the dry cell due to evaporationand condensationprocesses.
The heat transport rates were higher than those of the dry cell. We
measured the vapor pressure using a pressure transducer and found
that it correlatedwith the expected vapor pressure based on the sur-
face temperature in the region of condensation.Because of the large
cross-sectional area of the vapor space, the pressure in the vapor
space has to be approximatelyconstant. For the isothermal system,
at room temperature, T1 D 23:8±C, we measured the correct satu-
rated vapor pressure of Pv D 8193:4 Pa, which did not change over
a period of many months. Therefore, we did not have a leak and,
within the measurements, maintained a good vacuum. The outside
surface temperature of the dry quartz cell responded to heat � ux
as expected. We have also operated various vertical cells that re-
sponded the same way. On the other hand, the horizontal cells (see
Karthikeyanet al.32) behaved differently as to the axial temperature
pro� les. For thishorizontalcell, the temperaturepro� le was uniform
over a signi� cant portionof the cell as expected for a heat pipe. Pos-
sible reasons for the measured temperature gradient in wet vertical
cell are 1) poor conduction in the quartz because the temperatures
were measured on the � at portion of wall away from the meniscus
region and 2) possibility of a superheated liquid. We need the low
thermal conductivityquartz to see the � uid pro� le. Additional three-
dimensional analyses beyond this presentationare needed to model
the complicatedtemperature� eld that indicatesa superheatedliquid
in a wall region next to a dry region. However, the measurementsof
the vapor pressure for different conditions over a period of months
indicated that there was a low level of noncondensiblespresent.

Figures 7 and 8 show interference patterns of the liquid � lm at
different locationsof the evaporatorregion.The brightpart indicates
the presence of a nonevaporating thin � lm on the � at surface. At a
location closer to the top of the evaporator as shown in Fig. 7, the
spacing between fringes is smaller, indicating a larger curvature,
K D 7100 m¡1. In Fig. 8, K D 5300 m¡1 . The resulting pressure
gradient in the � uid drives the liquid from the regionof condensation
toward the region of evaporation. Figure 9 shows the � lm in the
cornerof thecell at the junctionthat separatesregion2 fromregion3.
At the top of Fig. 9, K D 3600 m¡1 . On the � at surface of the cell,
the vapor condensed into discrete liquid drops, which were then
absorbed into the bulk liquid in the corner. The interference fringes
representing the liquid � lm in the corner were spread out due to
the condensation of the vapor. Closer to the cooler, the condensate
formed a continuous, thicker liquid � lm on the � at surface of the
glass. As heat input rates increased, the droplet condensationregion
disappeared and was replaced completely by � lm condensation.
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Fig. 7 Interference fringes of the thin � lm of ethanol in the corner
of the cell at x = 2.8 §§ 0.1 mm, K = 7100 m¡1.

Fig. 8 Interference fringes of the thin � lm of ethanol in the corner of
the cell at x = 4.8 §§ 0.1 mm, K = 5300 m¡1.

Fig. 9 Interference fringes of the thin � lm of ethanol in aregion around
the junction, x = 6.0 §§ 0.1 mm, which separates region 2 from region 3;
K = 3600 m¡1 .

Figure 10 shows the pro� le of the total rate of evaporation from
the beginningof the evaporator to an axial location x obtained from
Eq. (4). Based on the de� nition of 0.x/, the rate of evaporation
m per unit length at any axial location corresponds to the slope of
0.x/: m D d0=dx . The slope at the beginning of the evaporator is
the largest and indicates the largest rate of evaporation.This is jus-
ti� ed because the � lm is thinnest and the temperature difference
between the wall and vapor phase is the largest at this location.The
slope of 0.x/ decreases as x increases along axial location, indicat-
ing that the rate of evaporation decreases. At x D 6 mm, the slope
0.x/ approaches zero, which indicates the end of the evaporation
and the evaporator region of the CVB (junction of regions 2 and
3). Note that the location of the end of the dryout region where
r ! 0 is determined as follows: First, we estimate it from the com-
parison of temperature pro� les of the dry cell and the CVB with
ethanol (Fig. 5). The length of the dry region is determined by ob-
taining overlapping regions of temperature pro� les of the dry cell
and the CVB.37 In our case, extrapolating the temperature pro� le
of the evaporator region of the CVB, we found that the dryout re-

Fig. 10 Total rate of evaporation in the evaporator between x = 0
and x.

Fig. 11 Dry region.

Fig. 12 Local evaporative heat � ow rate per unit axial length in the
evaporator.

gion ends at about x D 0:8 mm. Then, interferometry is used to
obtain accurately the length of dry region as follows. Interference
fringes of the thin � lm can be clearly observed at the top of the ver-
tical cell when no heat is input to the cell. As heat input increases,
the liquid recedes into the corner, and the number of interference
fringes observed become fewer. When heat input is large enough,
no fringes are observed, and the dry region appears, as shown in
Fig. 11. The dry region moves downward as heat input increases
further. The location of the end of the dry region was read accu-
rately from the three-way translation stage. Using this approach,
we found that the end of the dry region occurred at x D 0:8 mm.
Figure 12 shows the local evaporative heat � ow rate per unit axial
length in the evaporator.The heat � ow rate is the largest at 0.8 mm
and then decreases as it goes toward the cooler end. The heat � ow
rate reaches zero at 6 mm, which indicates the end of evaporation.
The � lm thicknesspro� les correspondingto interferencepatterns in
Figs. 6–8 are shown in Fig. 13. The plus sign represents the experi-
mental data, and the solid line represents the calculated results from
Eq. (3). As can be seen, the � lm thickness pro� le becomes steeper
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Fig. 13 Film thickness pro� les at different local evaporative heat � ow
rates corresponding to Fig. 12. Absolute value of the error in � lm thick-
ness is a function of � lm thickness but always within 5%.

Fig. 14 Comparisonof the experimentalcurvaturedata with modeling
results.

as the heat � ow rate increases,which indicates the larger interfacial
curvature.

Solving Eq. (11) numerically by employing the results of 0.x/
from the temperature pro� le gives the curvaturepro� le, as shown in
Fig. 14. The experimentallymeasured curvature data were obtained
using the image analyzing technique described earlier. The experi-
mental data were in good agreementwith the modeling results from
Eq. (11). Currently, it is dif� cult to obtain nonisothermal experi-
mental curvature values in excess of 25,000 m¡1 . However, we are
working on image processing enhancement techniques that would
extend this range considerably.For comparison,the modeling result
of the isothermal CVB represented by a dashed line [calculated by
Eq. (13)] is also shown in Fig. 14. This model was previously con-
� rmed experimentally by Wang et al.34 The curvature gradient of
the isothermal CVB is very small. We � nd, for the nonisothermal
CVB, the evaporation/condensationprocess causes the curvature to
deviate from that of the isothermal CVB. The curvature increases
gradually from x D 6 mm. In the region close to the top, the curva-
ture increases dramatically, indicating more evaporation, which is
consistentwith the pro� le of 0.x/. As the heat input was increased,
the top of the cell started to dry out, and the curvature gradient be-
came larger. This provided a larger driving force for liquid to � ow
upward to the evaporator against both gravity and shear stresses.

Conclusions
1) Experimental techniques for measuring temperature and in-

terfacial curvature pro� les were developed and used to study heat
transfer and � uid � ow in the evaporator section of a vertical CVB.

2) Experimental results for a large Bond number were obtained
for future comparison with experimental results to be obtained in
microgravity (low Bond number with the same system).

3) A mathematical model was developed to predict the curvature
pro� le of the thin � lm in the evaporator. The measured curvature
pro� les were in good agreementwith modelingresults.The concept

of the total rate of evaporation as a function of axial position 0.x/
was introduced.The slopeof 0.x/ at the beginningof the evaporator
is the largest, which indicates the largest rate of evaporation, then
decreases as x increases in the axial direction, which indicates that
the rate of evaporation decreases.

4) A theoretical relation that correlates interfacial curvature di-
rectly with temperature pro� les in the Earth’s environmentwas de-
veloped.

5) An analytical expression [Eq. (15)], which reveals an inherent
relationbetweentemperatureand interfacialcurvaturepro� lesunder
microgravity conditions, was derived for future use.
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