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I. Executive Summary

Efficient thermal management for advanced life support, propulsion and science instrumentation
systems on spacecrafts is among the technologies critical for the successful deployment of future
space missions. Power needs of space platforms are expected to grow substantially in the near
future to support exploration and colonization missions involving advanced science instruments
and technology. This would require increasingly efficient methods of dealing with increased heat
loads and higher rates of heat dissipation in outer space.

Thermal management on space platforms is generally performed using transport of a single phase
cooling fluid from heat sources within the spacecraft to external radiators. Such systems have been
used on Mercury, Gemini and Apollo NASA missions, the Russian MIR space station and Soyuz
spacecraft, the U.S. Space Shuttle fleet and the International Space Station (ISS). The heat removal
capability in a single phase circulating system relies on sensible heat capacity of the fluid which is
limited by the system size and flow rate constraints in space environments.

The effectiveness of thermal management on space platforms can be greatly improved by making
use of the latent heat capacity of the fluid. The associated reduction in pumping power and system
size will be instrumental in enabling advanced space mission. Heat pipes utilize phase change to
absorb latent heat which has been demonstrated to be effective on Earth. However, heat pipes have
been found to have much less impact in space because of low gravity which deters buoyancy related
dynamics of vapor bubbles on heated surfaces. In order to exploit the full potential of latent heat
transfer in space environments, we must find a way to the remove vapor bubbles from the heated
surface to make room for new bubbles to form and absorb latent heat.

The key challenge in improving the thermal capacity of two-phase thermal systems for space envi-
ronments is to reduce the affinity of nucleated bubbles for the heated surface in order to minimize
dryout. We propose to investigate means of reducing the force of wall adhesion on bubbles to
enhance wall heat flux in low gravity situations. This can be achieved by either the manipula-
tion of the contact angle using a surface of variable thermal conductivity and wettability, or by
using micro-textured surfaces to decrease the rewetting timescale, achieved by the wicking action
of micro-textures. We are proposing well-characterized numerical experiments using high fidelity
Direct Numerical Simulation of two phase flow to investigate passive means of deterring surface
adhesion of nucleated bubbles and facilitating rewetting for improving wall heat transfer under
low gravity conditions. This affords a unique opportunity for a quantitative assessment of the im-
provement in heat transfer afforded by various surface enhancements. The proposed research will
complement and advance NASA’s efforts towards finding efficient means of dissipating heat from
electronics, instruments and life support systems in space and low gravity environments.
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II. Boiling heat transfer in low gravity

Understanding the effect of gravity on pool boiling has received much attention because of increased
used of satellites for communication and growing interest in space missions [1]. Most of the early
low gravity experiments used ground-based facilities like drop towers [2] and magnetic fields to
compensate for earth gravity [3]. Aircraft [4, 5, 6] and sounding rockets [7, 8, 9] have also been
used to produce low-g environments.

Figure 1: Heat flux in boiling as a function of gravity. (a) Low subcooling, (b) high subcooling. Data from
Raj et al. [10, 11, 12, 13]

Figure 2: Results from our numerical sim-
ulations [14] in earth gravity (left) and mi-
crogravity (right).

The aircraft data of Raj et al. [10, 11, 12, 13] shown in
Fig. 1 reveals the existence of at least two prominant
regimes; Buoyancy Dominated Boiling (BDB) and Sur-
face tension Dominated Boiling (SDB). The slope in the
BDB regime is a function of the wall superheat. The
transition between the BDB and SDB regimes is a sim-
ple function of the Bond number, Botrans = 4.41, and
the magnitude of the jump in heat transfer is given as,
1 − exp (−C Ma), where Ma is the Marangoni number,
∆Tsub is the subcooling, and C is a constant. This model
was validated using aircraft and ISS data over a wide
range of subcoolings, heater sizes, dissolved gas concen-
tration levels, and surface roughness under Lunar, Mar-
tian, and microgravity conditions [15].

We have carried out numerical simulation to understand
and analyze experimental data. Our simulations have re-
vealed that the overall heat transfer decreases with grav-
ity because bubbles merge and grow to a larger size before
they are removed by buoyancy, resulting in more dryout
on the surface, as indicated in Fig. 2. The heat flux ob-
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tained from simulations is plotted in Figure 3 where the flux is scaled with the reference value in
earth gravity. Our simulations show good agreement with the slope in BDB, the abrupt transition
to SDB and the constant flux in the SDB regime.

Figure 3: Heat flux as a function of gravity ob-
tained with our numerical simulations (symbols).
The blue lines represent the model based on data
in Fig. 1. Red lines indicate the hypothesized
improvement in heat flux.

Flow visualizations such as those in Fig. 2, sug-
gest that the loss of flux in BDB is likely due to
the increase in the force of wall adhesion relative to
buoyancy. The shift between the two competing ef-
fects diminishes the ability of the bubbles to escape
from the wall. As a results, more bubbles remain
attached and grow in size at lower gravity, leading
to more dry out and lower heat flux. At lower lev-
els of gravity, smaller bubbles transfer momentum
to the larger bubbles by merging. Such mergers can
nudge larger bubbles to periodically detach. In view
of such behaviors, it is likely that the force of ad-
hesion, in opposition to buoyancy and convection,
is governed by the contact angle. It may therefore
be possible to increase the force of adhesion at low
gravity by allowing the contact line to adopt a more
favorable orientation with respect to the wall. Which
could then lead to an increase of slope in BDB and
also push the transition to the left, as shown by the
hypothetical red lines in Fig. 3.

III. Research Objectives

In the proposed work we will investigate the opportunity for improving the heat flux associated
with boiling for a range of gravity conditions. We propose to find means of dynamically altering
the contact angle to reduce the force of wall adhesion or using textured surfaces to decrease the
rewetting time scale. Both measures can be expected to improve wall heat flux. Our hypotheses
driven research effort has the following salient features.

Hypothesis 1: With decreasing gravity, the force of wall adhesion is increasingly governed by the
contact angle.

The adhesion of bubbles to the heated wall under low gravity conditions will be governed mainly
by the contact angle between the bubble and the wall. The heat flux is insensitive to gravity in
the SDB regime. This could be because low gravity does not allow buoyancy to overcome the
force of wall adhesion that pulls the bubble downwards as indicated in Fig. 4(a). The numerical
solution will be used to calculate the relative effect of these forces, which can be then compared
with the forcing produced by bubble mergers and natural convection at different gravity levels.
Data available with NASA will be used for validation by relating visual observations of the bubble
departure rate to the average contact angle under Earth normal gravity conditions.

Hypothesis 2: The force of adhesion under low gravity can be increased by using spatially varying
thermal conductivity.

As nucleating bubbles grow in size or translate on the wall, the associated motion of the contact
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spots spreading irreversibly and enveloping the entire heated
surface in a continuous vapour layer. In the process, the substrate
temperature escalates rapidly as the mechanism of heat transfer
from the substrate to the liquid transitions from liquid convection/
evaporation to conduction/radiative transport through the
vapour layer. Challenging the assumptions of the conventional
hydrodynamic theory23, which completely ignore the boiling
substrate, researchers have long suspected that these dry spots have
an important role in triggering the boiling crisis36. However, an
accurate mechanistic model for CHF based on this concept is not
available, primarily due to difficulties associated with experimental
visualization of the phenomena. Taking advantage of the
parametric dependence of CHF on surface texture and aided by
infrared thermal visualization of the substrate, we develop a
coherent physical model for CHF by analysing a random dry spot
formed on the boiling surface underneath a mass of vapour at heat
fluxes close to CHF (Fig. 3). Most of the evaporation into
the vapour mass occurs from the liquid–vapour interface near the
three-phase contact line, and is roughly proportional to the surface
superheat temperature37,38. This liquid evaporation results in the
motion of the liquid–vapour interface away from the dry spot
because of mass and momentum conservation. Under normal
circumstances, the surrounding liquid moves in to rewet the
surface under the influence of gravitational and capillary forces,
and the dry spot disappears. However, at high heat fluxes the
temperature in the interior of the dry spot may rise rapidly due to
the incoming heat flux and the absence of evaporative/liquid
convective cooling. Therefore, we hypothesize that the boiling
crisis is triggered by the inability of the surrounding liquid to rewet
a localized dry spot on the boiling surface because of a competition
with high rates of evaporation precipitated by elevated
temperatures in the interior of the dry spot. We propose that the
effect of surface texture on CHF can be understood by looking at
the role it has in the rewetting of a dry spot.

Dry spot thermal characteristics. To justify our hypothesis for
the boiling crisis, we first analysed the thermal behaviour of
the boiling substrate at different heat fluxes to identify and
characterize a hot dry spot. A real-time temperature map of
the boiling substrate and boiling images was obtained using
high-speed infrared and optical cameras, respectively, for boiling
on the micro-textured surface with 10 mm-spaced micropillars

(Fig. 4). It should be mentioned that as the infrared camera
can directly measure only the temperature Th(x, y) of the
infrared-opaque Ti heater on the back of the substrate, we
calculate the boiling surface temperature Tb(x, y) using Fourier’s
law: Tb(x, y)¼Th(x, y)—q00 � ts/ks. Here q00 is the applied heat
flux, tsB0.6 mm the substrate thickness and ksB105 W m� 1

K� 1 the thermal conductivity of the substrate. There are two
approximations associated with this approach, which have a
minimal affect on our analysis: (i) Steep spatial temperature
variations on the boiling surface (for example, at the three-phase
contact line) can get smoothed out over a distance on the order of
substrate thickness ts (B0.6 mm), which fortunately is much
smaller than the bubble/dry spot diameter we observe (B5 mm).
(ii) Sudden temperature fluctuations on the boiling surface
require a thermal diffusion time td ¼

ffiffiffiffiffiffiffiffiffi
t2
s =a

p� �
of B3.4 ms to

accurately reflect in Tb(x, y), which again is much smaller than
the typical lifetime of a bubble/dry spot (B50 ms).

Table 1 | Critical heat flux measurements on micro- and nano-textured surfaces.

Sample type bd (lm) b(lm) h(lm) CHF (W cm� 2)

Micro 2 1.7 15.6 130
Micro 3 3, 2.6 17.1, 16.4 140, 155
Micro 5 5.5, 5.1 12.2, 12.1 171, 169
Micro 10 10.9, 10.4 11.2, 10.7 160, 187
Micro 25 25.6, 25.4 10.3, 10.2 150, 140
Micro 50 50.6, 50.6 10.2, 9.6 115, 110
Micro 200 200 15.8 110
Micro — — — 100,100
Nano 2 2.1, 2.1 16.4, 15.7 140, 137
Nano 3 3.2, 3.3 16.9, 16.0 150, 150
Nano 5 6.7, 6.5 13.3, 10.4 201, 186
Nano 10 12.2, 13 11.9, 11.2 211, 188
Nano 25 27.4, 27.4 10.8, 10.8 191, 180
Nano 50 52.6, 51.5 10.7, 9.6 170, 186
Nano 200 200 15.7 120
Nano — — — 131, 115

CHF, critical heat flux.
bd is design micropillar spacing, b is measured micropillar spacing, h is measured micropillar height and CHF is measured critical heat flux. Measurements on the two nominally similar samples are listed
in order.

Heat flux

Evaporation

Vapor

contact line

Microtexture

Liquid

Rewetting

Hot Cold

Figure 3 | A coupled thermal-hydraulic approach for modelling the

boiling crisis. The schematic shows a dry spot formed on the boiling

surface underneath a mass of vapour at heat fluxes close to CHF. Substrate

temperature at the centre of the dry spot should be higher because of lack

of an effective heat removal mechanism. The boiling crisis phenomenon can

be understood in terms of competition between liquid rewetting of the dry

spot because of gravitational and capillary forces and enhanced liquid

evaporation because of elevated surface temperatures in the interior of the

dry spot.
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(a) (c)

(b) (d)

Figure 4: (a) The forces of buoyancy and adhesion compete to detach the bubble from the wall. (b) Influence
of variable thermal conductivity heater on the contact angle (c) Temperature gradients and flow circulation
patterns around the nucleating and departing bubbles. (d) Microtextured surfaces can enhance heat flux.

line depends on local flow dynamics that are governed by the interaction of inertial, capillary and
thermal effects in the vicinity of the contact line. The resulting changes in the contact angle
effect the force of wall-adhesion relative to that of buoyancy. The dynamic contact angle is a
function of contact line speed, which depends on the rate of evaporation close to the wall, which
in turn is a function of wall temperature as indicated in Fig. 4(b). The dynamic contact angle
can therefore be influenced by manipulating wall temperatures using spatially varying patterns of
thermal conductivity. Numerical simulations will be used to determine the relationship between the
contact line speed and the wall thermal temperature for various patterns of thermal conductively
as indicated in Fig. 4(c).

Hypothesis 3: Micro textured surfaces can increase wall heat flux at low gravity and also influence
the contact angle.

Micro-textures on heated surfaces, as indicated in Fig. 4(d), are known to increase the heat flux
substantially at both critical heat flux (CHF) and lower temperatures. This happen due to the
improved wettability and enhanced evaporation at some optimal density of the texture. However,
the enhancement is documented only for Earth gravity conditions. It is not known whether it would
have the same effect at low gravity. Even though the Bond number will be relatively small, it is not
clear how the contact line dynamics at low gravity will effect the process. Our investigation will
attempt to find the relationship between various forms of surface enhancements and gravity levels.

IV. Heat flux enhancement in pool boiling

The wettability of the surface is an important parameter that impacts the force of wall adhesion
during bubble motion. It has been observed that bubbles with smaller contact angle grew faster
and moved more quickly on the heater surface [16]. The greater mobility of the bubbles indicates
a weaker force of wall adhesion compared to the case for water with a higher static contact angle.

4



Figure 5: Nucleating bubble profiles obtained from our numerical simulation. (left) Using a smaller static
contact angle and (right) a larger static contact angle.

The effect of the dynamic contact angle on the affinity of the bubble for the wall will be examined
in detail, as noted in Hypothesis 1. Our preliminary results suggest that a smaller contact angle
leads to a weaker force of wall adhesion while a large static contact angle helps keep the bubbles
attached to the wall. This is shown in Fig. 5 where a small static angle leads to loosely attached
bubbles while in the case of a dynamic contact angle the bubbles are more firmly attached, resulting
in a comparatively lower heat flux at the wall.

using the capillary and viscous pressures given by equations (1)
and (2) while noting that the viscous pressure drop in this case
only acts along a length (1–f)l:

Pc �
mvi 1� fð Þl

Kv
) vi �

KvPc

m 1� fð Þl ð6Þ

As the imbibition liquid front travels ahead of the sloshing liquid
front, it travels the entire length of the dry spot and so the
rewetting timescale can be expressed as:

tw ¼
l

2vi
¼ 1� fð Þtw;i; tw;i ¼

ms
2DrgKvPc

ð7Þ

where tw,i denotes the imbibition-induced component of the
rewetting timescale. By comparing the rewetting timescales
obtained from equations (5) and (7), we find that f¼ tw,i/(tw,gþ
tw,i). The rewetting timescale can therefore be written as:

tw ¼ 1=tw;gþ max 0; 1=tw;i
� �	 
� 1 ð8Þ

where the max operator is used to preclude a negative
contribution to the rewetting timescale in cases where the
capillary pressure Pc is negative (non-imbibing textures). In
Fig. 6e, we plot this calculated rewetting timescale versus
micropillar spacing b for the micro-textured surfaces and see
that it agrees quite well with an experimental timescale obtained
by extrapolating the silicone oil imbibition results to water
(Supplementary Note 5) corresponding to a measured silicon–
water equilibrium contact angle of yB30� (see Methods and
Supplementary Fig. 5). It is interesting to note that the dry spot
rewetting timescale tw exhibits exactly the same trend as the
heating timescale th, strengthening our hypothesis that the
phenomena of boiling crisis is dictated by a competition between
the heating and rewetting of a dry spot on the boiling surface.

Now that we have obtained expressions for the dry spot heating
and rewetting timescales, and verified them against experimental
data, the value of CHF can be obtained by equating them using
equations (4) and (8):

q
00

CHF ¼ rsCsts Tcrit�Toð Þ�

4Drg3

s

� �1=4

1� trð Þþ max 0;
2DrgKvPc

ms

� �" #
ð9Þ

To verify the applicability of the scaling model and check its
accuracy, we compare the calculated rewetting (tw) and heating
(th) timescales at the experimentally observed CHF values for all
the micro- and nano-textured boiling samples in Fig. 7a. The
ratio of tw and th is plotted against the micropillar spacing b
using experimentally measured values of micropillar width (a),
height (h) and spacing for each sample (Table 1). Recall that the
underlying hypothesis of the model was that CHF is encountered
as soon as the rewetting timescale exceeds the heating timescale,
which is borne out by the fact that most of the CHF data points in
Fig. 7a fall on the horizontal line tw/th¼ 1.

Figure 7b plots the CHF curves obtained from equation (9) for
both the micro-textured and nano-textured surfaces versus the
micropillar spacing b, and compares them with the experimental
CHF data. The CHF model nicely captures the maxima observed
in the experimental CHF data and most of the CHF data points
fall on the model curves within the margin of error. At large
micropillar spacings (bZ200 mm), the rewetting of the dry spot is
purely gravity-induced because either the liquid does not imbibe
into the micropillars (Pco0 for micro-textured samples) or the
imbibition liquid-front velocity vi is smaller than the velocity of
the sloshing liquid front vg (nano-textured samples). In this
regime, the slightly higher CHF for the perfectly wetting (y0¼ 0)
nano-textured surface is explained by the non-zero sloshing-

liquid pressure reduction term (DPr) for the partially wetting
micro-textured surface (y0B30�). From bB200 mm to bB50 mm,
the CHF increases for both the surfaces, albeit due to different
reasons. The smaller increase for the micro-textured surface is
due to a reduction in DPr (decreasing y0), whereas the larger
increase for the nano-textured surface is because of imbibition-
induced rewetting of the dry spot becoming active (vi4vg). For
bo50mm, imbibition-induced rewetting becomes active for both
the surfaces with the CHF enhancement larger for the
nano-textured surface because of a smaller micro-texture level
liquid–solid contact angle y1. Below a micropillar spacing of
B10–20 mm, CHF for both surfaces starts to decrease with
further reductions in b. This is because reducing b now increases
the viscous pressure drop Pv to a larger degree than the
imbibition capillary pressure Pc, resulting in a reduced imbibition
liquid-front velocity vi. For small micropillar spacings (booa
and booh), the capillary pressure scales as PcB1/b, whereas the
viscous pressure drop scales as PvB1/b2 (or KvBb2).

Discussion
We can summarize the role of the micropillars and the nanograss
(or nanopillars) in CHF enhancement as follows: (i) For a
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Figure 7 | CHF scaling model results. (a) Plot of the ratio of calculated

rewetting (tw) and heating (th) timescales at the experimentally observed

CHF values for both the micro- and nano-textured surfaces versus measured

micropillar spacing b. The actual measured values of a, b and h have

been used for all the samples (Table 1). The measured contact angle of

water on silicon is yB30� (see Methods and Supplementary Fig. 5) and

Tcrit–ToB12 �C. (b) Plot of experimental CHF data and theoretical curves

obtained using the CHF scaling model versus micropillar spacing b for the

micro- and nano-textured surfaces. Average micropillar width of a¼ 10mm

and height of h¼ 12.75mm were used for generating the theoretical CHF

curves.
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Figure 6: CHF goes though a maximum on tex-
tured surfaces for an optimal texture density [17]

Surface textures also have the ability to substantially
enhance wall heat flux. While the essential mecha-
nisms for this are not yet completely clear, various
hypothesis have been advanced to provide a funda-
mental description. A few recent studies on para-
metric [18, 19] have proposed a monotonic increase
in critical heat flux (CHF) as a function of surface
texture density by using a static force balance at
the contact line [20]. Other studies have suggested
that surface wetting plays a more prominent role
in heat flux enhancement compared to roughness.
However, liquid imbibition (or wicking) into the mi-
crostructures has been shown to be strongly related
to CHF [21, 22]. A more recent study notes that
the CHF on a textured with micropillers depends
non-monotonically on texture density [17]. The au-
thors argue that surface texture essentially effects
the rewetting time scale, making it easier to rewet
at higher wall superheats. The enhancement in rewetting is claimed to be related to the capillary
imbibition or a wicking effect of the surface texture or micropillers in their case. All existing stud-
ies of the effect of surface texture are carried out under normal gravity and at CHF conditions.
However, the essential mechanism of capillary induced rewetting is likely to be carried over to the
low gravity regime as well, which will be the focus in the testing of Hypothesis 3.

V. Research plan and implementation

We will use high fidelity direct numerical simulation to characterize the thermal and fluid dynamic
behavior of the nucleate boiling process. Our numerical simulations of nucleate boiling can resolve
the complex interaction of liquid and vapor phases involving phase transition and contact line
dynamics, including (i) interface transport, (ii) phase discontinuity, (iii) singular interfacial forces,
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(iv) contact line dynamics and (v) fluid-solid interaction. Our computational methods and solvers
have been described in detail in [23, 24, 25, 26, 27, 28, 29]. With the help of such tools we are able
to simulate the transport of mass, momentum and energy in two-phase flow with high precision.

Our parallel Navier-Stokes solver for multiphase flow is high accuracy, fully 3-D and employs
Cartesian grid, octree based, mass conservative adaptive mesh refinement, to maximize the use
of computational nodes and features an optimized algebraic multigrid linear solver. Such features
provide for an extremely efficient tool for interrogating the fundamental physics of boiling heat
transfer across the entire spectrum of gravity conditions relevant for this study. Various aspects of
the solver have been validated using MABE and NPBX databases available with NASA based on
computations on the NASA advanced supercomputing infrastructure (NAS).

Figure 7: Adaptive mesh refinement
around the bubbles used in our simu-
lation of nucleate boiling.

In order to test Hypothesis 1 stated in section II, we will first
carry out simulations on a plain surface to obtain reference
data. We will document data for bubble sizes and contact
angles using simulations to establish a base line case correlating
the bubble size with the contact angle for a range of gravity
conditions. We will then vary the static contact angles to
investigate the dependence of bubble size and departure rate
on the contact angle for various gravity levels. This procedure
would serve to illustrate the affect of the contact angle on the
force of wall adhesion as a first step.

In order to test Hypothesis 2, noted in section II, we will use
variable thermal conductivity, as indicated in Fig. 4(c). Vari-
ous patterns will be considered, ranging from striated bands to
checkered patterns with different wavelengths, λ. Fig. 4(c) il-
lustrates the idea that high conductively regions will be cooler
than low conductively regions which will lead to a smaller and
larger contact angles, respectively, for the contact angle as the
contact line moves across the heater. This implies that if the
wavelength is set to high, then the contact angle will progressively become smaller for a mov-
ing contact line, as indicated in the figure. However, such behavior will depend on the contact
line speed and the dynamic contact angle as well as the time scale of thermal adjustment to the
changes in wetted surface area and the local Prandtl number. Simulation data for plain surface will
help us quantify the thermal response under various gravity conditions, which would help design
conductively patterns in a more systematic manner.

Hypothesis 3 will be tested by setting up micropillered surface textures of various texture densities.
The capillary wicking action of the textures will be studied under various conditions and its effect on
the heat flux and bubble departure will be documented. Particular focus will be on characterizing
rewetting time scales for low gravity conditions. It will also be interesting to observe the behavior
of the contact angle in response motion over textured surfaces.
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