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The Constrained Vapor Bubble (CVB), a simple, wickless, heat pipe design that depends on interfacial
forces to drive corner flow in a square cuvette, was studied in the microgravity environment aboard the
International Space Station (ISS). In this paper, we consider the effects of different condenser tempera-
tures on the heat transfer and fluid flow behavior using pentane as the working fluid. As the condenser
temperature was decreased, the performance of the system decreased. This performance decrease using
the pure working fluid was opposite to the behavior observed when using a mixture of 94 vol% pentane
and 6 vol% isohexane. The mechanism for the decline in performance as the condenser temperature was
lowered was a stronger than expected increase in the apparent strength of Marangoni flows at the heater
end of the system. A simple mathematical model was fit to the experimental data and used to extract an
evaporator heat transfer coefficient for experiments where we held the condenser temperature constant
while increasing the heater power and where we held the heater power constant while decreasing the
condenser temperature. All the results could be collapsed onto a single Nusselt number vs. Marangoni
number curve. In this formulation, the Nusselt number was found to decrease with increasing Marangoni
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number to the 1/3 power.
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1. Introduction

Heat pipes are designed to assist in removing heat from the hot
spot of a device and dissipating that heat to the surrounding en-
vironment. Evaporation of the working liquid removes heat from
the hot end. The vapor flows to the cold end where it condenses
and releases heat to the environment through a heat sink attached
to the condenser. The condensed liquid returns to the hot end via
capillary forces, so no mechanical pumping is required. This cycle
of evaporation, condensation, and liquid return is repeated indefi-
nitely, leading to many applications for the technology [1-4].

The development of the heat pipe has a long history, and sci-
entists have done extensive studies both analytically and experi-
mentally, on a large variety of different heat pipe configurations
[5-16]. The effects of evaporation and condensation on the per-
formance of heat pipes have been studied, and numerical models
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have been constructed to analyze the impact of phase change on
the heat transfer performance [1-4]. In general, the experiments
and models agree, especially in a terrestrial environment. Trans-
parent, wickless systems, designed to better understand the dy-
namics of phase change in the liquid meniscus, contact line re-
gion, and thin film regions have also been studied experimentally
[17] and modeled [18]. The behavior of the heat flux profile and
its dependence on the meniscus curvature has been analyzed us-
ing heat transfer models and optical interferometry to measure the
film thickness profile in the device [18].

In terrestrial applications, the three primary forces driving the
performance of a heat pipe are gravity, fluid friction, and capillar-
ity. In the absence of gravity, Marangoni forces that arise due to
surface tension gradients, become important factors driving fluid
flow [19,20]. In a wickless heat pipe, the capillary force driving
liquid flow is a function of the contact angle the liquid makes
with the solid surface and the corner angle along which the lig-
uid flows [21-23]. As the corner angle becomes more acute, the
capillary force increases but the frictional losses for liquid flow-
ing along that corner also increase. Dry-out of the hot end of the
heat pipe happens when the evaporation rate and the frictional
and Marangoni forces combine to exceed the capillary force avail-
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Nomenclature

Roman symbols

Ac cross sectional area of the cuvette wall (m?)
Bo Bond number

g gravitational acceleration (m/s?)

hin average internal heat transfer coefficient (W/m? K)
k thermal conductivity (W/m K)

L characteristic length (m)

Ma Marangoni number

Nu Nusselt number

P measured pressure at each cooling setting (Pa)
P, inside perimeter of the cuvette (m)

Pout outside perimeter of the cuvette (m)

Geond conduction heat transfer rate (W)

Qout.rad  thermal radiation heat transfer rate (W)

Qin internal heat transfer rate (W)

D ond conduction heat flow per unit length (W/m)
q(’mtmd outside radiation heat flow per unit length (W/m)
q, internal heat transfer flow per unit length (W/m)
T temperature (K)

TGy the nt" thermocouple

Ty temperature of the vapor (K)

T temperature of the external environment (K)

X distance (m)

Greek symbols

o thermal diffusivity of the liquid (m?2/s)

e emissivity of the cuvette material

% dynamic viscosity of the liquid (N s/m?2)

0 density (kg/m3)

o Stefan-Boltzmann constant (W/m? K#)

o]} surface tension of the liquid (N/m)

able for pumping the liquid back from the condenser end [24,25].
V-shaped angular heat pipe experiments have been conducted to
study this dry-out limitation, and numerical models were devel-
oped to evaluate the capillary limit and heat transfer at the menis-
cus [26-30].

Our group has analyzed the effects of using a binary mixture of
94 vol% pentane and 6 vol% isohexane as the working fluid in mi-
crogravity in an attempt to minimize the effect of Marangoni forces
[31]. The study showed that changes in the liquid phase composi-
tion could offset the temperature-induced Marangoni stresses that
develop near the heater end and thereby increase the heat trans-
fer coefficient at the evaporator end of the device. The study also
investigated changing the temperature at the condenser end of the
device while holding the heat input constant. An increase in the
heat transfer coefficient in the evaporation region was correlated
with a decrease in the condenser temperature even though the two
ends were roughly 40 mm apart.

We recently uncovered a similar set of experiments that were
run prior to the mixture experiments using pure pentane as the
working fluid. In this article, we analyze the pure fluid case us-
ing a simple, one-dimensional heat transfer model in combination
with detailed images of the liquid-vapor interface to understand
why the behavior of the pure system was so much different than
that for the mixture and why decreasing the condenser tempera-
ture had a similar effect to increasing the heater power input. Dis-
tinct regions of the heat pipe were identified based on their visual
characteristics and thermodynamic properties. The extent of these
regions and the effective heat pipe length were compared at dif-
ferent condenser temperature settings. Bowman and Maynes, us-
ing an analytical analysis, showed that lower temperatures at the
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condenser end enhanced the average internal heat transfer coeffi-
cient of the heat pipe [32]. However, by considering the effect of
Marangoni stress, we found both the area over which condensation
occurred and the internal heat transfer coefficient decreased with
decreasing condenser temperature and adversely affected heat pipe
performance.

1.1. Experimental apparatus

The experimental apparatus included a fused silica cuvette,
which served as a transparent wickless heat pipe. An image cap-
tured by a surveillance camera for the experiment is shown in
Fig. 1a. The outside cross section of the cuvette is 5.5 x 5.5 mm,
and the inside channel is 3.0 x 3.0 mm. Pure pentane was used as
the working fluid and partially filled the cuvette to achieve a de-
sired bubble length. The experimental system was operated aboard
the International Space Station in the Fluids Integrated Rack. The
rack contained the Light Microscopy Module that was used for
the optical observations. Heating and cooling of the cuvette were
achieved by installing an electrical resistance heater and a cold fin-
ger attached to several thermoelectric coolers respectively at the
two ends of the heat pipe. In this article, we focus on a discussion
of the 40 mm version of the device. 40 mm represents the length
of the vapor bubble in the system. The condenser end was kept at
a constant temperature during each run, while the heat input was
maintained at 2.0 W. Four condenser temperature settings, 25°C,
19°C, 10°C, and -5°C, were applied to study their effect on the heat
pipe performance. The temperature profile along the main axis of
the device was recorded by type-E thermocouples installed on one
side of the cuvette wall, and the steady-state temperatures of the
last 20 measurements were averaged for analysis. The thermocou-
ples used in the experiment have a specified accuracy of £ 0.5 K.
The heater and the condenser temperatures were also monitored
and measured by thermocouples. The internal pressure was mea-
sured using a pressure transducer with an accuracy of + 0.69 kPa.
Similarly, the last 20 measurements of the pressure at the steady-
state were averaged to reduce the noise and enhance the accuracy.
A more detailed description of the experiment operations can be
found in previous publications [10,11,18,31].

2. Results and discussion

The constrained vapor bubble experiment was conducted on
the International Space Station to minimize the influence of grav-
ity. The goal was to achieve a very low Bond number, Bo, by ex-
posing the system to a gravitational acceleration, g, equal to 0.19
12529

Four experimental condenser runs are discussed in this article,
and each was conducted using a constant heater power of 2.0 +
0.01 W. The condenser temperature was varied from a high of 25°C
to a low of -5°C. The temperature profiles along the main axis of
the heat pipe for these four runs are shown in Fig. 1b. An isother-
mal region of varying length is observed in the middle of the heat
pipe for each run. The length of that region decreased as the con-
denser temperature decreased. The internal pressure of the cuvette
for these conditions is shown in Fig. 1c. The pressure decreased by
as much as ~30% as the condenser temperature decreased.

A full view of the cuvette was available using a wide-angle,
surveillance camera as shown in Figs. 1a and 2a. A microscope was
used to capture a series of images at 10x magnification shown in
Fig. 2b, and these images were stitched together to provide more
detailed information of the fluid flow and the liquid film thickness
in the heat pipe as shown in Fig. 2c.

Generally, a heat pipe can be separated into three distinct zones
according to the dominant heat transfer process occurring there:
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Fig. 1. (a) A surveillance image taken at low magnification showing the experimental apparatus of the 40-mm-long fused silica heat pipe module. (b) The temperature
profiles along the main axis of the 40 mm heat pipe as a function of the condenser temperature at the cold end. The solid squares represent the central drop location;
the solid diamonds represent the transition between the evaporation and the condensation regions. The error of each temperature measurement is small, +£ 0.5 °C, and
represents the standard error of the last 20 measurements for each case under steady state condition. (c) The internal cuvette pressure measurements at different condenser
temperature settings. Error bars, that are only as big as the symbols, represent the standard error of the last 20 measurements for each case under steady state conditions.

an evaporation region, an adiabatic region, and a condensation re-
gion. However, because the system used here is transparent and its
outer surface is exposed to the environment, the adiabatic region
is replaced by an isothermal region as seen in Fig. 1b. We treat this
heat pipe as a combination of three regions based on the distinc-
tive visual characteristics of the liquid-vapor interface, as demon-
strated in Fig. 2b. Region I is defined as the interfacial flow re-
gion and covers a section from the heater end to where a central
drop appears. The temperature gradients between the heater end
and the central drop for all four runs are greater than 7000 K/m.
At such high temperature gradients, significant Marangoni stresses
can develop at the liquid-vapor interface and induce a flow of lig-
uid away from the higher temperature locations. The sharp corners
of the wickless cuvette enable a capillary flow that drives the lig-
uid from the condenser end to the heater end. The two opposing
flows form a local, thick, liquid drop that spreads over the flat sur-
face. We termed this phenomenon a flooding limitation in previous
publications [33-36]. Region II represents an evaporation zone that
spans an area from the central drop until the position where the
flat surface of the heat pipe reaches the saturation temperature of
the vapor and starts to be covered by a condensate film. This last
portion of the cuvette, Region III, is defined as the condensing re-
gion.

In Fig. 1b, the slopes of the temperature profiles near the heater
end for all four condenser settings are all negative and the mag-

nitude of the slope near the heater end decreases with decreas-
ing condenser temperature. This is expected as the heat load into
the device is constant but the overall, end-to-end driving force
for heat transfer increases. As the slope near the heater end de-
creases with decreasing condenser temperature, the isothermal re-
gion also shrinks to the point where it nearly disappears at the
lowest condenser temperature setting. The isothermal region ex-
ists due to a balance between condensation on the inner surface
of the heat pipe and heat rejection to the surroundings. As the
condenser temperature drops, the internal pressure drops, conden-
sation starts closer to the condenser itself and the extent of the
isothermal region correspondingly shrinks and eventually nearly
disappears. The surveillance images in Fig. 2a and the 10x com-
posite images in Fig. 2c illustrate that the interfacial flow region
grows tremendously as the condenser temperature decreases ex-
tending to over 1/3 of the length of the device at the lowest con-
denser temperature. The thick, liquid film in this region limits the
amount of evaporation that can occur, and so, as the region grows,
the performance of the heat pipe decreases. Previous work using
a constant condenser temperature and a variable heat input re-
ported similar behavior [35]. This phenomenon was also directly
related to the growth of the interfacial region. We attribute this to
Marangoni forces and attempt to quantify it below.

A one-dimensional analytical model was developed to support
the observations in Figs. 1 and 2. It serves to define a set of in-
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Fig. 2. (a) Surveillance images of the 40 mm system with the same heater power
input but at various condenser temperature settings. Labels indicate the numbering
sequence for the thermocouples and their locations along the cuvette main axis. (b)
A composite, 10x image of the 40 mm device at 2.0 W heater input and 19°C con-
denser temperature. The heat pipe is segmented into three distinct regions based on
the dominant thermal-fluid processes occurring. (c) 10x composite images of the
liquid distribution for different condenser temperature settings. The dashed lines
enclose the span of the central drop.

ternal heat transfer coefficients that we can correlate with the
images and interfacial phenomena we observe inside the device.
The model is similar to that of Bowman and Maynes [32]. Due
to the microgravity environment aboard the ISS, natural convec-
tion about the outer surface was negligible. Thus, the model was
based on the following three heat transfer mechanisms: conduc-
tion of heat within the glass wall of the cuvette along the main
heat transfer axis (q.nq); radiative heat exchange between the cu-
vette external surfaces and its surrounding environment (qyy¢ rqq);
and convective heat transfer internal to the heat pipe that accounts
for phase change and single-phase flow components (g;,). Fig. 3
demonstrates, schematically, these three mechanisms within the
control volume of the wickless heat pipe.

An energy balance was constructed based on the control vol-
ume shown in Fig. 3. This led to the following, simplified differen-
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tial equation:

d’T
KAcy = Pahin(T — To) - 0Py (T*=T) = 0 (1)
@iy

where T, represents the temperature of the external environment,
which is 21°C on average and measured by thermocouples in the
external housing where the cuvette was mounted. A derivation of
this equation can be found in Appendix 1. P, is the inside perime-
ter of the heat pipe, P,y is the external perimeter, and T, is the
saturation temperature of the working fluid in the vapor phase. h;,
is an average, internal heat transfer coefficient and qj, is the heat
flow per unit length into or out of the internal walls of our device.

To solve for h;,, the only unknown variable in Eq. (1) is T, the
vapor temperature. However, we can calculate the value of T, by
setting Eq. (2) to be zero. q;, = 0 here represents the point where
we transition from net evaporation to net condensation.

ql{n = qéond + q:)ut. rad (2)

The vapor temperature, Ty, is assumed to be relatively constant
throughout the cuvette and setting Eq. (2) to zero yields a tem-
perature very close to the experimentally measured temperature
at which condensation starts to appear on the walls of the cell.

The temperature profiles for all four experimental runs were fit-
ted with 6™ degree polynomials. The order of the polynomial pro-
vided a good fit to the data while still being smooth enough to
differentiate. The polynomial was used to evaluate each term in
Eq. (1) and determine g;,. This is shown in Fig. 4a. g}, < O repre-
sents regions where heat was being removed from the wall, and g,
> 0 indicates regions where heat is being deposited onto the wall.
The last three data points in each curve represent the heat trans-
fer occurring in the region near the condenser. The behavior of g,
near the condenser changes sign because the condenser was set
at a temperature above the dew point (25°C), near the dew point
(19°C), below the dew point (10°C), and below the frost point (-
5°C) respectively on the space station.

We see in Fig. 4a, the rate of internal heat transfer, g; , switches
sign from positive to negative in the region close the heater end,
which indicates a change from heat gain by the wall (condensa-
tion) to heat loss from the wall (evaporation). The gj, profile of
Fig. 4a also exhibits a local mathematical minimum that corre-
sponds to a maximum in the evaporative heat transfer rate. This
minimum occurs where the competing Marangoni and capillary
flows meet. The local minimum in g}, moves away from the heater
end as the condenser temperature is lowered and tracks the mo-
tion and extent of the interfacial region.

Fig. 4a shows the boundary between the net evaporation and
the net condensation regions represented by the second occur-
rence where ¢, = 0. This point also moves further away from the
heater end as the condenser temperature decreased and the posi-
tion of this boundary was used to evaluate T,,.

Fig. 4b compares the results of finding the location of the cen-
tral drop using the analytical model, g}, =0, and the 10x magni-
fication images. The 10x images have a resolution of 1.3 yum per
pixel. Hence, the position and the distance of the central drop from
the heater wall could be measured by counting the number of pix-
els involved and then multiplying by the length of a pixel. From
Fig. 4b, the local minimum of g, is also able to reproduce the
trend of the central drop movement with the variation of the con-
denser temperature. As shown in Fig. 4c, the vapor temperature
estimated from the regression model, g, = 0 decreases with a de-
crease in the condenser temperature.

The polynomial regression model was subject to two additional
verification methods to ensure the estimate of T, was accurate
enough to extract an average heat transfer coefficient. Using the
measured internal pressure and the Antoine equation, Eq. (3), we
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the temperature profile.

could calculate the vapor temperature in each case. This tempera-
ture should coincide with the temperature at which condensation
occurs on the walls of the device.

B

Ty = A— lOg]()P -C

(3)

Here, P is the vapor pressure (mmHg), and T, is the saturation
vapor temperature (K). A, B, and C are the Antoine equation pa-

rameters. The specific values of A, B, and C for pentane as the only
working fluid in the heat pipe are listed in Table 1.

The Antoine-based vapor temperature is shown in Fig. 4c and
is very similar to the temperature we obtain from the one-
dimensional model. Further verification of the heat transfer model
involved analyzing the composite 10x micrographs from all four
runs. As T, represents a saturation temperature for the vapor phase
the location where the wall temperature reaches T, should indi-
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Table 1

The Antoine equation parameters of pentane. The
values are valid in the temperature range from -
129.73°C to 196.5°C [11].

Component  Antoine equation parameters
(P in mmHg, T, in K)
Pentane A B C

7.00877 113415  238.678

cate the transition from evaporation to condensation. This location
is easy to see because once the wall temperature is less than T,
liquid accumulates on the walls and many closely spaced interfer-
ence fringes appear. Therefore, the visual observation method for
checking T, took advantage of this phenomenon to locate where
condensation first appeared. We then compared that position with
Fig. 1b to determine the wall temperature at that location. The
results for this version of T, are also shown in Fig. 4c. All three
T, estimates are quite similar, so the model compares favorably
with experimental observations outlining the different regions of
the heat pipe.

Once T, is known, we translate from ¢}, to hy,. Our primary
analysis for h;, only considers the region from the heater wall to
the point where condensation on the walls begins. A separate cal-
culation to determine the heat transfer coefficient in the condenser
region used the temperature profile from the end of the isothermal
region until the point 40 mm from the heater wall. This coincided
with the end of the vapor bubble. In every case, a value for the
heat transfer coefficient was assumed, Eq. (1) was solved numeri-
cally, and the value for the heat transfer coefficient was adjusted
to minimize the least squares error between the predicted tem-
perature and the experimental data. Results of the average inter-
nal heat transfer coefficients in both evaporation and condensation
regions at various condenser temperatures are shown in Fig. 4d.
Overall, h;;, in the net evaporation region decreased as the con-
denser temperature decreased, in agreement with the observation
that in the region near the heater end, the temperature gradient
decreased with decreasing condenser temperature. In the conden-
sation region h;, followed a similar decreasing trend with decreas-
ing condenser temperature. However, the -5°C case deviates from
the overall trend. As the environment temperature is 21°C, the -5°C
case has the longest region where the device wall temperature is
lower than the temperature of the external environment and lower
than the dew point on the station (~ 17 °C). Hence, radiative heat
transfer switches sign near the condenser end and the cuvette sur-
face absorbs a significant amount of heat from the environment
and from vapor condensing and then freezing on the surface. Over-
all, both heat transfer coefficients in the evaporation and conden-
sation region show that less heat is circulated within the device as
the condenser temperature is lowered.

In the pure fluid experiment, the decrease of the average in-
ternal heat transfer coefficient is attributed to an increase in the
heat transfer resistance induced by the flooding phenomenon in
the interfacial flow region and to a minor extent, the increase in
the overall driving force that results from decreasing the condenser
temperature. As the condenser temperature decreased, the interfa-
cial flow region grew and thereby compressed the extent of the
condensation region at the same time. The effect of the condenser
temperature on the average heat transfer coefficient when using
pure pentane as the working fluid is opposite to the results found
when using a mixture of working fluids [10,31]. In the binary mix-
ture experiment, local pentane and isohexane compositions varied
with the change of temperature and hence, with position in the
heat pipe. Since each component had a different surface tension
at a certain temperature and the local composition of the fluid
changes with temperature, the overall surface tension of the lig-
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uid mixture stayed relatively constant in the evaporation region.
The flooding phenomenon did not occur, and the interfacial flow
region did not appear. Consequently, h;, in the evaporation section
increased as the condenser temperature decreased.

The interfacial flow is driven by the Marangoni stress. Using
fluid property data from NIST, we approximated the change in
surface tension with temperature using the linear correlation in
Eq. (4). The equation is valid in the temperature range from 273
K to 463 K [37]. Based on Eq. (4), the surface tension of pentane
versus the position along the main axis of the cuvette is shown in
Fig. 5a.

o; = 0.0153076 — 0.000096 (T — 298.15) (4)

From Eq. (4), as the temperature drops from the heater end to
the condenser end, the surface tension rises, as shown in Fig. 5a,
and the Marangoni stress increases. This stress creates a flow that
opposes the capillary flow from the condenser end and results in
the central drop formation. In Fig. 5b, the extent of the central
drop region, the pinch point location, and the predicted central
drop location based on the minimum in gj,were plotted against
the surface tension gradient between the heater end and the lo-
cation where condensation begins for each condenser temperature
run. A linear relationship exists between the length of the inter-
facial flow region and the surface tension gradient as shown in
Fig. 5b.

When the condenser temperature decreased, the system pres-
sure also decreased, and the length of the interfacial flow region
increased, so the starting position of condensation moves towards
the condenser end. Fig. 5c summarizes the length of these three
regions, which are all functions of the condenser temperature.

We focused on the performance of the heater end and the be-
havior of the heat transfer coefficient there because we were sur-
prised at how strong the effect of condenser temperature was in
that region and because the behavior was so much different when
using a pure fluid. We compared three different sets of runs. The
cooling run was the group of experiments performed at a constant
heat input of 2.0 W and condenser temperatures ranging from
25°C to -5°C. The second group of experiments was a heating run
where the heater power was varied from 0.8 W to 3.0 W and the
condenser temperature was fixed at 19°C. The third group of ex-
periments was another heating run where the heater input varied
from 0.8 W to 2.0 W and the condenser temperature was fixed at
25°C. The full maps of the liquid-vapor distribution inside the heat
pipe for the two heating groups are shown in Fig. 6 while the con-
denser temperature runs were shown in Fig. 2c.

The average internal heat transfer coefficients in the evaporator
region were all calculated using Eq. (1) and the fitting procedure
discussed previously. The Nusselt and Marangoni numbers were
defined by Eqgs. (5) and (6) respectively.

Nu = h"’;f (5)
do; L AT
Ma = T aa (6)

L is defined as the characteristic length from the heater wall
to the central drop position, AT is the temperature difference be-
tween the heater and central drop location, do;/dT is the mean
surface tension variation over the temperature range defined by
the slope of Eq. (4), while @ and « are the average values for
the dynamic viscosity and thermal diffusivity respectively over the
temperature range defined by L. The average heat transfer coeffi-
cient, h;,, is calculated using Eq. (1) for each run.

As the central drop moves away from the heater end, the
Nusselt number in the net evaporation region decreases and the
Marangoni number increases. In both dimensionless groups, the
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Fig. 5. (a) Surface tension of pentane as a function of position along the main axis of the cuvette. Error bars represent the standard error that propagates from the tem-
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the central drop region was shown by the patch, and pressure variation among each case from Fig. 1c was represented by the change of the color hue. (c) The length of the
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Table 2
Effect of the Marangoni stress in different experiments.

Thermocapillary convection
around gas bubbles in pure
alcohols [38]

Thermocapillary migration of
Fluorinert FC-75 drops in silicone
oil in microgravity [39-42]

Marangoni convection over a flat
surface [43,44]

Constrained vapor bubble in
microgravity

FMC—F

Experiment

Correlation Nu = f-Ma®33 +C U = f-Ma 3% (Velocity as a Nu = f-Ma'/? Nu= f.-Ma'73
function of Marangoni number)

Contribution Positive Negative Positive Negative

by the

Marangoni

stress

characteristic length increases due to the longer interfacial flow re-
gion. A fit to the Nusselt number vs. Marangoni number curve col-
lapses all the data and shows that the Nusselt number decreases
with the Marangoni number to about the 1/3 power (Fig. 7).

The effect of Marangoni stresses on heat transfer has been stud-
ied under several different circumstances. Some of these findings
that directly tie the Nusselt and Marangoni numbers are summa-
rized in Table 2. Shankar and Subramanian investigated the ther-
mocapillary migration of Fluorinert FC-75 drops in silicone oil un-
der reduced gravity conditions [39-42]. Although heat transfer was
not emphasized in the study, the velocity of the FC-75 drops as a
function of the Marangoni number shares a similar exponent as in

our heat pipe experiment. In a chamber with an imposed tempera-
ture gradient, the drop diameter, the temperature difference across
the drop, and liquid viscosity determined the Marangoni number.
The velocity of the drops decreased with increasing Marangoni
number which indicates the Reynolds number decreased, and from
that, we infer the Nusselt number also decreased in this situation.
Most other studies focusing on heat transfer have shown a positive
contribution of the Marangoni effect. Benz and Straub [38] stud-
ied a gas bubble, injected in a closed chamber filled with alcohol,
where the bubble was located at the top of the chamber due to
gravity. Marangoni convection around the bubble was generated by
the heating and cooling plates at the top and bottom surfaces re-
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Fig. 7. Nusselt number as a function of the Marangoni number. The experimental
data includes two groups of heating experiments and one group of cooling experi-
ments. The fitted power equation can well present the correlation between the two
quantities.

spectively. Circulation of the liquid, driven by the surface tension
gradient, enhanced the heat transfer at the liquid-vapor interface.
The authors fit their data to a power law and showed the Nus-
selt number to be a function of the Marangoni number to the 1/3
power. A similarity solution for Marangoni convection over a flat
surface was analyzed by Christopher and Wang [43]. The scaling
law they developed also shows that the Nusselt number should

International Journal of Heat and Mass Transfer 176 (2021) 121484

depend on the Marangoni number to the 1/3 power. In the first
three groups of studies, though the contribution by the Marangoni
stress is not the same, they all share a similar magnitude in the
exponent, which is around 1/3. In most cases, the Marangoni flow
improves the convection inside the system and assists heat transfer
by augmenting the removal of the hot fluid from the surface and
allowing cooler fluid to take its place. In our case, the Marangoni
flow opposes the capillary return flow and so retards the heat
transfer by preventing cooler fluid from reaching the hot end. Thus,
while our correlation still shows a power law exponent of mag-
nitude 1/3 in agreement with other studies, we end up with the
opposite sign for the dependence.

3. Conclusion

The impact of the condenser temperature on heat pipe perfor-
mance using pure pentane as the working fluid was investigated
under microgravity conditions. In contrast with other heat pipe
studies, we found that the heat pipe efficiency was degraded as
the condenser temperature decreased, and this was quantified by
a decrease of the heat transfer coefficient at the evaporator end.
The cause was the development of a Marangoni flow that opposed
the capillary return flow in the heat pipe. This created what we
call an interfacial flow region where evaporation was limited. The
length of the interfacial flow region increased when the condenser
temperature was lowered, and the region of large-scale condensa-
tion decreased. This results in less surface area being available for
condensation of the pentane vapor. Thus less condensate can be
replenished to the heater end. Quantifying the Marangoni effect in
the form of a heat transfer coefficient and Nusselt number at the
evaporator end showed that the Nusselt number varied with the
Marangoni number to the -1/3 power. The magnitude of the expo-
nent governing the Marangoni effect agrees with other studies in
the literature, but the sign of the power law dependence is oppo-
site since, in this case, Marangoni flow prevents cooler fluid from
reaching the hotter surfaces. The single correlation unifies all the
data obtained in the experiments whether the condenser temper-
ature is adjusted while the heater power remains constant or the
heater power is adjusted and the condenser temperature held con-
stant.
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Appendix 1. Derivation of the one-dimensional heat transfer
model

An energy balance was constructed based on the control vol-
ume shown in Fig. 3 of the paper.

Gcon, x +qin = qcon, x+Ax + Qout, rad (A1)
From Fourier’s law, conduction of the heat can be described by:

dT dT
Gcon, x — qcon, x+Ax = _kAc(abc - alerx) (A2)

where k is the thermal conductivity of the fused silica heat pipe
material, and A; is the cross-sectional area of the wall, as shown
in Fig. 3.

According to the Stefan-Boltzmann law, thermal radiation from
the outer surface is quantified by Eq. (A3),

Qrad, out = O'8PoutAX(T4 - Té,) (A3)

In Eq. (A3), o is the Stefan-Boltzmann constant, ¢ is the emis-
sivity of the cuvette, P, is the outside perimeter of the heat pipe,
T represents the environment temperature, which is 21°C on av-
erage and measured by the thermocouples in the external housing
where the cuvette was mounted.

The internal convective heat transfer rate and the heat ex-
change occurring as a result of phase change are generalized using
a lumped parameter, qj;.

qin = _PinAx hin(T - Tv) (A4)

Here, P, is the inside perimeter of the heat pipe, and T, is the
saturation temperature of the working fluid in the vapor phase.
The overall heat pipe performance in the evaporation and conden-
sation regions is evaluated by h;,, a simple, average heat transfer
coefficient. h;; can then be used to quantify the performance under
different condenser temperature conditions.

By substituting the corresponding terms in Eq. (Al) using
Eq. (A2) - (A4), we obtain:

dT dT
- kAc(ah - a|x+Ax

— oePAX(T*-T2) =0 (A5)

Both sides of Eq. (A5) are divided by Ax, and in the limit as Ax
approaches zero, we have:
d’T
dx?
Eq. (A6) can be represented in an overall sense, using the

primed quantities to denote the heat transfer per unit length along
the main axis:

) — Py AX hin(T - T)

—Pphin (T — T,) + kAc — 0Py (T*-T2)= 0 (A6)

qI{n = qéon + qi)ut, rad (A7)

where,

ql{n = _Pinhin(T - TU) (AS)
d2T

q/con = _kACW (A9)

q:)ut. rad — 0 &Pout (T4 - Toi)
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