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We describe the results of experiments on mushy layers grown from aqueous ammonium chloride solution in normal, micro, and hyper gravity environments. In the
fully developed chimney state, the chimney plume dynamics differ strikingly when
conditions change from micro to hyper gravity. In microgravity, we find fully arrested
plume motion and suppressed convection. As gravity exceeds Earth conditions, we
observe a host of phenomena, ranging from arched plumes that undergo forced
Rayleigh-Taylor instabilities to in-phase multiple plume oscillatory behavior. For the
same initial solute concentrations and fixed boundary cooling temperatures, we find
that, in runs of over two hours, the averaged effects of microgravity and hypergravity
result in suppressed growth of the mushy layers, a phenomenon caused by a net
enhancement of convective heat and solute transport from the liquid to the mushy
layers. These behaviors are placed in the context of the theory of convecting mushy
C 2012 American Institute of
layers as studied under normal laboratory conditions. 
Physics. [http://dx.doi.org/10.1063/1.4760256]

I. INTRODUCTION

During the solidification of all binary mixtures under a wide range of conditions, the rejection
of solute from a growing solid causes constitutional supercooling above the solid/liquid interface.1
The ensuing morphological instability is responsible for the growth of a mushy layer, a reactive
porous medium of solid dendrites that accommodates solute in the interstitial fluid. The theory of
mushy layers is composed of the set of conservation laws (mass, momentum, and heat) governing
the evolution of these two-phase two-component (and sometimes multi-component) systems, which
have broad applicability. For example, this approach underlies the brine drainage from, and hence
the structure of, sea ice and is therefore important to climate;2, 3 Earth’s inner core grows through
freezing of liquid iron-nickel alloy and rejecting a light solute and thus there is the possibility of
a substantial mushy layer at the core boundary;4, 5 and mushy layers characterize many industrial
processes in which materials such as semiconductors and jet turbine blades are produced.6
Due to the fact that the original alloy systems motivating mushy-layer studies were optically
opaque,6 transparent analogue experimental systems have been developed to study their evolution
and the associated fluid mechanical processes. In particular, it is common to cool an aqueous binary
eutectic solution such as ammonium chloride (NH4 Cl), sodium chloride (NaCl), or sodium nitrate
(NaNO3 ) from above or below to directionally solidify a mushy layer.7–10 A subeutectic (with lower
salt concentration than the eutectic point) sodium chloride solution grown from above in a normal
gravitational field, for example, has salt-enriched dense fluid that becomes convectively unstable
once a critical porous medium Rayleigh number, characterizing the potential energy required to
overcome both thermal dissipation and the viscous dissipation associated with the proximity of the
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crystals, is reached.11 The same general behavior is found when growing a transeutectic (with higher
salt concentration than the eutectic point) aqueous ammonium chloride solution from below, in
which the interstitial fluid is positively buoyant. Depending on the direction of motion, the incipient
buoyancy induced fluid flow can locally dissolve the surrounding solid matrix, or crystallize onto
it, in order to maintain local thermodynamic equilibrium.12 Positive feedback occurs because, for
instance, matrix dissolution causes an increase in permeability, facilitating further flow and nonlinear
growth of the convective instability.13 Thin channels of essentially zero solid fraction eventually form
and become the primary conduits for transport out of the mushy layer.
In the ammonium chloride system, these channels are known as chimneys and define the
extent of the plumes of buoyant, relatively fresh, water flowing upward out of the mushy layer.
In metallurgy, the channels are referred to as freckles, where they have deleterious effects on
the mechanical and electrical properties of the solidified crystal. A variational principle, based
on optimizing potential energy removal from the mushy layer, can be used to derive the channel spacing.14 Turbulent compositional convection, dominated by the chimney plumes, characterizes the flow in the overlying bulk liquid, which can strongly influence the overall growth of
the mushy layer. In particular, convection in the bulk melt strongly affects heat transport at the
mush-liquid interface.15, 16 Buoyancy effects significantly alter the solidification process in these
few examples. Studying such systems in the absence of gravity and thus buoyancy is therefore
attractive.
The solidification of ammonium chloride crystals in microgravity environments has been examined in suborbital rockets,17 during parabolic flight,18, 19 and aboard the Space Shuttle.20, 21 Studies
in different gravities are valuable because buoyancy, and thus convective forcing, is proportional
to the strength of gravitational acceleration. Although conflicting results were reported, previous
experiments generally aimed to quantify the effects of microgravity on mushy layer growth rate
and dendrite morphology. As expected, chimneys formed during control experiments on Earth, but
not in microgravity. Suppressing convection influences the solute concentration in the interstitial
fluid, and some researchers have observed an increase in the dendrite spacing.17, 18, 20 Compositional
convection in the fluid above the mushy layer can enhance the heat transport from the liquid to the
mush-liquid interface thereby suppressing overall growth. An increased growth rate in microgravity
might therefore be expected, as was observed during the Space Shuttle experiments.20, 21 In earlier
experiments, however, a decrease in mushy layer growth rate in microgravity was reported.17, 18
Here, we examine the solidification of aqueous ammonium chloride during parabolic flight using the
shadowgraph method. We find some of the expected microgravity behavior and describe previously
unreported hypergravity phenomena of general fluid dynamical interest.

II. EXPERIMENTAL DESIGN

During a series of experiments, in both a terrestrial laboratory and during two parabolic flights,
aqueous solutions of 29.5 wt.% NH4 Cl were cooled and solidified from below. For ease of control
under flight conditions, the acrylic growth cell has a copper base mounted on a container containing
frozen 5 wt.% aqueous NaCl solution with approximate liquidus temperature −4 ◦ C.11 The cold
base temperature in this system is above the eutectic temperature for aqueous ammonium chloride
so there is no complete solid with eutectic composition. The interior cell dimensions are 9.4 × 5.1
× 18.6 cm (length by width by height), with cell wall thicknesses of ∼0.5 cm. We machined a
12.7 mm diameter hole in the acrylic lid through which the working solution was siphoned. The
copper base is composed of two plates with total thickness 1.46 cm. A block of frozen NaCl solution
contained in thin plastic bags with dimensions 17.4 × 7.8 × 3.58 cm was placed in an insulated
acrylic container with exterior dimensions 19.4 × 10.8 × 5.08 cm. Solidification was initiated by
placing the cell on the cold block of salt solution. Ambient temperature in the laboratory and on
the aircraft was 25 ± 2 ◦ C. The solution in the cell had initial temperatures in the range of 55
± 10 ◦ C, with density ρ = 1.077 g cm−3 at 46.8 ◦ C. Mushy-layer formation and chimney behavior
were visualized with the shadowgraph method10, 11 using the optical system shown in Figure 1.
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FIG. 1. A schematic diagram of (left) the optical system, including the light source and camera, and (right) the experimental
apparatus, including the cooling mechanism and the thermocouple positions. Dimensions are indicated, but not drawn to
scale.

A. Ground-based studies

Two thermocouples were installed inside the uppermost copper plate at the center of the cell and
2.54 cm from the center, as shown in Figure 1. During the terrestrial experiment, a computer actively
monitored the thermocouples, revealing that the minimum temperature at the cell base (−1.5 ◦ C) is
reached ∼25 min after the cell is placed on the ice block, as recorded in panel (c) of Figure 4. The
temperature inhomogeneity across the cell base is less than 0.01 ◦ C. For a period equivalent to the
parabolic flights detailed below, the temperature at the cell base was 0.5 ± 2.5 ◦ C.
With the exception of gravity, control experiments were conducted under conditions identical
to the parabolic flight. Video was collected of the shadowgraph projection of the solidifying mushy
layer for at least 7000 s using a Canon VIXIA HF R10 Camcorder with a maximum resolution of
1920 × 1080 pixels.

B. Parabolic flight experiments

Two experiments were performed during the June 2011 NASA Reduced Gravity Student Flight
Opportunities Program flight campaign. The campaign consisted of two flights, each composed of
32 parabolas, in the Zero Gravity Corporation’s modified Boeing 727-200 aircraft. The aircraft flew
a series of parabolic trajectories over the Gulf of Mexico to create 20 to 30 s episodes of microgravity
(∼0.00±0.02g) within the cabin. Each microgravity parabola was initiated and terminated with a
hyper-gravity (∼1.8g) episode of ∼45 to 60 s duration. Both flights were terminated with one lunar
gravity (0.16g) parabola and one Martian gravity (0.38g) parabola. In the normal mission profile,
these maneuvers are flown consecutively, but spacing between some sets of parabolas was introduced
during both flights. An accelerometer installed immediately next to the experiment (pictured in
Figure 2) recorded acceleration along three perpendicular axes during the reduced gravity portions
of each flight with a sampling rate greater than 25 Hz and resolution less than 0.001g. Another
accelerometer measured vertical acceleration g during the entire flight with a sampling rate of
∼8 Hz and resolution ∼0.01g. Here the “vertical” acceleration measured by the accelerometer has
direction perpendicular to the floor of the aircraft cabin, aligned with the long axis of the test cell,
which changes direction with respect to Earth’s surface throughout the flight.
Although data collection was effectively automated, three authors flew with the experiment
during each flight. The experiment was contained within a test article engineered to NASA’s safety
standards, including resistance to a 9g crash load. In particular, the cell and camera were contained
within an opaque, watertight glovebox to prevent light contamination and the release of the highly
corrosive ammonium chloride solution into the cabin. The dimensions of the test article are 58 in.
× 24 in. × 38 in. (length × width × height). Images were collected of the systems’ shadowgraph
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FIG. 2. In-flight configuration of the experimental test article, strapped to the cabin floor. Accelerometer on the left measures
the quality of the reduced gravity portion of each parabola. Authors A. C. West, A. J. E. Riggs, and M. M. Popelka (left to
right) included for scale.

projection with a Canon EOS Rebel T2i camera, set to a resolution of 2592 × 1728 pixels. During
the flight, images were collected at a rate of ∼3.7 Hz. Figure 2 depicts the test article in its in-flight
configuration.
Because of the large working volume and the logistical issues associated with flight preparation
and boarding with multiple research groups, controlling the initial sample temperature was challenging. The mushy layer began growing when the cell was placed on the cold base at time t = 0.
Insulation placed on top of the cold base prevented the measurement of the height of the mushy layer
for several minutes. Takeoff occurred 2640 s after the mushy layer began growing (at dimensionless
time t∗ = 0.0125, as explained below). The flight profile, consisting of the maneuvers that produced
the various gravities, began roughly 1360 s later, at 4000 s (t∗ = 0.0190) total elapsed time. The
total duration of the flight profile was 2915 s, ending at 6915 s (t∗ = 0.0328) total elapsed time.
Data were obtained from the aircraft’s accelerometer system for the reduced gravity episodes and
from another accelerometer for the entire flight. Figure 3 shows the aircraft’s accelerometer system
data for the first 11 microgravity episodes. In this coordinate system, the z axis is perpendicular to
the cabin floor and the +y axis points towards the cockpit. A typical microgravity episode has a
length of 22 ± 2 s. Time-dependent variations in acceleration (g-jitter) are less than ∼0.05g along
each axis. Using data from the other accelerometer, the average z-axis acceleration during the flight

FIG. 3. Acceleration in three axes during (a) the first and (b) the subsequent ten reduced gravity episodes. Microgravity
typically persists for 20 to 24 s. Vertical acceleration (black) is recorded when it is below 0.5g. Accelerations along the
aircraft’s long and short horizontal axes (dark and light gray, respectively, blue and red online) are generally 0.00±0.05g.
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profile is calculated to be 1.10±0.02g. (A net change in z axis acceleration is possible because the
direction of acceleration changes during parabolic flight.) Comparing these data with the aircraft’s
accelerometer system’s partial coverage provided the estimate of the systematic error.
III. RESULTS

Gravity’s effects on mushy-layer dynamics were examined on short and long timescales. Analysis of the mushy-layer growth rate is consistent with the theoretical prediction that mushy layers
will grow more slowly in increased gravity. During each episode of microgravity and hypergravity,
a striking range of phenomena was observed, including inertial plumes, coupled oscillations, and
Rayleigh-Taylor instabilities in jets.
A. Mushy-layer growth rate

During each experiment, images were collected at high frequency of the shadowgraph projection
of the experimental cell. An image analysis program written in MATLAB compared the position of the
mushy-layer boundary to a known location on the experimental cell to calculate mushy-layer height
as a function of time to within ±1.5 mm, obviating problems associated with camera movement
during flight. Over time, the top of the mushy layer developed topography. To calculate a unique
height of the mushy layer, we measured the distance from the bottom of the cell interior to the
lowermost portion of the top of the mushy layer. The recorded time t was non-dimensionalized as
t∗ = t/tc , using the conduction time for the liquid tc = H2 /κ, where H is the height of the cell and
κ is the thermal diffusivity of the ammonium chloride solution. For κ = 1.64 × 10−7 m2 s−1 ,22
tc = 2.11 × 105 s. Mushy layer height was non-dimensionalized as h∗ = h/H, where h is the
dimensional height. An interruption in data collection for the second flight meant that complete h(t)
profiles were only available for one flight. For comparison purposes, non-dimensionalized data were
1/2
fit to power laws of the form h ∗ (t) = λt∗ , where λ is a constant, using the least-squares method.
The mushy-layer growth rates for the terrestrial control experiment and the 1g portion of the
flight are essentially identical, with λ = 1.2684 and 1.2756, respectively. The best-fit constant
decreases significantly after the beginning of the increase in net gravity, i.e., λ = 1.1580, although
such a fit is simply a rough metric because we understand that the test conditions merit a more
complex theoretical description, as explained below.
The raw data are plotted in Figure 4. To correct for constant systematic error in the image
analysis program, the two data sets were aligned at the earliest possible time. Insulation covering
the cell base prevented imaging and measurement of the mushy layer height at very small heights.
Each experiment began with the initial condition h(0) = 0, so the best-fit power laws were used to
interpolate the mushy-layer height until the beginning of recorded data. The qualitative conclusions
of the best-fit analysis are readily apparent: the mushy-layer growth rates are identical in identical
gravitational conditions. However, the growth rate obviously slowed once average gravity increased
during the parabolic flight profile.
The discrepancy between the relative height of the mushy layers in the parabolic flight and
control experiments at the end of the experiments is larger than the error associated with the image
analysis. In order to model this discrepancy quantitatively, it would have been necessary to have
complete control and/or measurement of the entire temperature history of the sample from the time
the cell was filled with solution through to the end of the flights. Due to the logistical issues associated
with our payload and with that of the other flight campaign participants, such was not possible. This
lack of precise knowledge of the thermal history contributes to us being unable to construct a well
constrained model of mushy layer growth here, the limitations being due to several unconstrained
competing factors as discussed below. In particular, net solidification of mushy layers can proceed
via an increase in the thickness h(t), or alternatively by increase of the internal solid fraction within
the two-phase matrix, the latter of which was not measured here. Both processes may be influenced
by convection within the mushy layer and in the overlying liquid.
We focus first on the role of boundary layer convection. Previous theories of mushy-layer
growth subject to convective heat fluxes15, 22 show that growth histories are very sensitive to the
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FIG. 4. Time series showing effect of gravity on the growth rate of mushy layers. Panel (a) shows raw data from one parabolic
flight (gray, red online) and a representative terrestrial control experiment (black). Error bars are omitted for clarity. Dashed
lines are interpolated from the initial condition h(0) = 0 to the first recorded data using the best-fit power law. Panel (b) shows
the vertical acceleration experienced for the entire duration of the flight. Takeoff occurred at ∼140 t/tc . The dashed vertical
line (blue online) in each panel indicates the beginning of the flight profile. Panel (c) shows the temperatures recorded by the
two thermocouples installed in the cell base during the terrestrial control experiment.

rate at which superheat is removed from the overlying fluid. Hence it is possible that an increase
in g to a value g may either increase or decrease the overall growth of a mushy layer depending
on the particular thermal conditions and the rate at which superheat is exhausted. For example, in
a pure (say perfectly insulated) system, the evolution of the layer thickness is governed by a Stefan
condition and conservation of energy in the bulk liquid region, with the mushy layer losing heat by
turbulent convective transport according to a canonical four-thirds law heat flux FT . One finds a rich
dynamics where the growth rate varies in a non-monotonic fashion with g depending on the time
evolution of these dominant balances.1 As a result of this sensitivity to heat fluxes, an imprecise
knowledge of heat losses to the environment will hamper attempts to constrain a theoretical model.
For our current mushy layer setting, compositional convection driven by the difference C, between
the solute concentration at the interface and that of the far field, provides a flux in the bulk fluid
phase of
   13
βg
4
4
C 3 ,
(1)
FC = 2 3 λD
Dν
where λ is a parameter that can itself depend on the buoyancy ratio,22 D and β are the solutal
diffusivity and density coefficient, respectively, and ν is the kinematic viscosity. The heat flux is
proportional to the compositional flux FC as
FT = 

T
FC
C

(2)

in which the thermal contrast between the interface and the far field is T and the so-called flux ratio
1
 depends on the ratio of thermal to solutal diffusivities. Note, that such fluxes depend on g 3 and
1
hence time-averaging [g  (t)] 3 over the flight period (t∗ > 0.019) with intervals of zero gravity and
1
intervals of hypergravity (up to ∼1.8g) leads to a reduction of ∼0.92g 3 . As discussed by Worster
22
and Kerr, the value of  may change depending on the strength of convection, and this results in
a non-monotonic change in growth history as illustrated by the interwoven sets of growth curves in
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Figure 4 of Ref. 22. In addition, to further illustrate the sensitivity to superheat history, a simulation
of the model of Kerr et al.15 modified to account for the flux ratio above shows that the uncertainty
in the initial temperature (55 ± 10 ◦ C) is sufficient to produce growth rate changes of the same order
as those in Figure 4.
Modified gravity may also change the evolution of the interior of the mushy layer. For fixed
gravity, it is found that increasing the number density of chimneys increased the solute flux from
within a mushy layer (with the properties of ammonium chloride) into the bulk fluid (see Fig. 7
of Ref. 23). Enhanced convection suppresses the growth of a mushy layer due to the combined
influence of enhanced heat transport towards the interface (as described in the previous paragraph)
and enhanced solidification associated with the increased convection of buoyant, solute depleted,
material out of the layer, which increases internal solidification. Moreover, recent theoretical analysis
of laboratory experiments3 shows that after the onset of chimney convection, the evolution of the
solute flux into the bulk liquid is governed by a scaling law with a magnitude that depends on the
mushy layer Rayleigh number; itself depending linearly on gravity, as


hc
ρg  β(C B − C∞ )2
1−
, for h > h c ,
(3)
F ∼γ
μ
h
where h = hc is the mushy layer thickness beyond which convection dominated by chimneys begins,
is the permeability of the mushy layer, γ is a constant, μ is the dynamic viscosity, CB is the
concentration at the base of the mushy layer, and C∞ is the far field concentration. Thus, the ten
percent increase in time averaged gravity in our flight experiment has an associated increase in
solute flux which leads to an increase in internal solidification and a suppression of growth as
described above. In addition, the enhanced convective circulation through the mushy layer results
in an increased advective heat flux from the overlying fluid into the mushy layer which will also
suppress growth. The solute flux law (3) emerges from a variational principle that couples the phase
change and hydrodynamics of the fluid flow in the matrix, particularly through the chimneys. This
principle sets the chimney spacing to maximize the potential energy flux out of the mushy layer.
Although the theory of Worster23 imposed a larger flux by increasing the number density of chimneys
by prescription (with the consequences for thinning the overall thickness as discussed above), the
larger flux and reduced chimney spacing in the analysis of Ref. 3 emerges from the variational
principle of Ref. 14.
Any change in the chimney spacing in mushy layers requires a modification of the spatial
distribution of the local solid fraction φ, and so to provide further insight we estimate the timescales
for evolution of the solid fraction during periods of microgravity and hypergravity. Considering local
conservation of solute in the two-phase mushy layer leads to
∂
[Cs φ + C(1 − φ)] = u · ∇C,
∂t

(4)

where the solid crystals have solute concentration Cs = 100 wt.%, the interstitial liquid has local
concentration C, u is the Darcy velocity determined from Darcy’s law for flow in a porous medium,
and we neglect the weak solute diffusion.1 In addition, the two phase mixture of solid crystals and
liquid remains close to a state of local thermodynamic equilibrium so that the local temperature and
liquid solute concentration are coupled via an appropriate liquidus relationship.1 During microgravity there are no driving buoyancy forces, and Darcy’s law predicts that flow ceases within the mushy
layer so that u = 0. As a result (4) shows that the time evolution of φ is determined by changes in
C, which in turn are determined by changes in mush temperature as a result of local thermodynamic
equilibrium. Hence, in microgravity the solid fraction evolves on the thermal diffusion timescale
based on the mushy-layer thickness td ∼ h2 /κ ≈ 8000 s, which rules out any notable modification
of chimney spacing during the ∼20 s periods of microgravity. At the onset of hypergravity, Darcy’s
law predicts the immediate resumption of convection and we estimate a velocity scale u ∼ g β(C∞
− CB ) /ν where the modified gravity is g = 1.8g, β = 2.5 × 10−3 wt.%−1 is the solutal density
coefficient, and ν = 9 × 10−7 m2 s−1 is the kinematic viscosity of the solution.22 The initial far
field liquid salinity is C∞ = 29.5 wt.% whilst we estimate an approximate solute concentration
CB = 25.8 wt.% at the base of the mushy layer from local thermodynamic equilibrium with
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a base plate temperature from Figure 4(c) of approximately 2 ◦ C. We use a permeability value
= 8 × 10−8 m2 from studies of solidification of NH4 Cl in the laboratory.24 A scaling analysis
of (4) yields the approximate timescale ta ∼ (Cs − C∞ )φh/(C∞ − CB )u for the evolution of φ.
(Note that this timescale can also be deduced in a less ad hoc fashion by an asymptotic scaling
analysis,30 although we omit the details here.) Noting that φ = O(1) by definition and combining
with the scale for the Darcy velocity in hypergravity yields the estimate ta ≈ 50 s which is comparable to the duration of each episode of hypergravity. The system will attain the chimney spacing
governed by the variational principle for times t
ta , and so a single episode of hypergravity provides insufficient time for this evolution to be completed. However, the relaxation of φ is negligible
during microgravity, and so it is plausible that we may observe a rectified effect integrated over
several periods of hypergravity, with the chimney spacing evolving towards the preferred value for
g = 1.8g. This would result in an accompanying change in the resulting solute flux. We were unable
to test this possibility quantitatively as we did not provide contingency in the flight package to
observe the planform of chimney spacing.
Regardless of the underlying process through which the solutal buoyancy emerges from the
layer, increasing gravity leads to a decrease in the thickness of the mushy layer. We infer that these
influences would be triggered by the net increase in buoyancy forcing in the flight experiments,
driving increased compositional convection through the chimneys. However, given that there are a
number of competing factors that influence the growth rate, a detailed theoretical model requires the
introduction of more details than can be presently constrained from experiment.

B. Observed fluid mechanical and solidification phenomena

In addition to the overall difference in mushy-layer growth rates, many interesting phenomena
were observed during parabolic flight. Images of halted freshwater plumes, coupled oscillating
plumes, plumes exhibiting Rayleigh-Taylor instabilities in horizontal jets, and inertial plumes are
shown in Figure 5. This figure is augmented in the online edition of this publication with four videos
(videos 1–4). The video enhancement of panel (a) reveals microgravity plume behavior and the
immediate resumption of freshwater plume flow during the transition from micro to hyper gravity.
Video associated with panels (b) and (c) includes the coupled oscillatory behavior of two freshwater

Vid. 1, 00:08
~1.8g

~1.8g

Vid. 2, 00:10
~1.8g

Vid. 3, 00:09
~1.8g

~1.8g

Vid. 4, 00:15
~0g

FIG. 5. Photographs of the evolving mushy-layer system featuring freshwater plumes in various gravities. Panel (a) shows
freshwater plumes beginning to rise from chimneys shortly after the onset of hypergravity. Panels (b) and (c) illustrate the
coupled oscillatory behavior of the plumes in hypergravity. Panels (d) and (e) provide a clear view of the Rayleigh-Taylor
instabilities in horizontal jets observed in hypergravity. Panel (f) features inertial plumes shortly after the onset of microgravity (enhanced online) [URL: http://dx.doi.org/10.1063/1.4760256.1]; [URL: http://dx.doi.org/10.1063/1.4760256.2];
[URL: http://dx.doi.org/10.1063/1.4760256.3]; [URL: http://dx.doi.org/10.1063/1.4760256.4].
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plumes in hypergravity. Video accompanying panels (d) and (e) shows Rayleigh-Taylor instabilities
in the horizontal portions of freshwater plumes. Finally, video enhancement of panel (f) reveals the
behavior of the inertial plumes during a representative microgravity episode.
Under normal gravity conditions, freshwater is rejected from chimneys as an unsteady laminar
plume, with characteristic Reynolds number based on the chimney diameter of Re ∼ 102 . Compositional buoyancy and the associated convective instability vanish with gravity during parabolic flight.
Therefore, as expected and observed, plume generation is suppressed in microgravity. The extant
plumes have inertia and are observed to move horizontally as distinct units. Towards the end of each
reduced gravity episode, the shadowgraph projections of the plumes become vanishingly diffuse. On
the time scale of such an episode, diffusion of salt into the boundary region of the freshwater plumes
can act over approximately a few millimeters and this, in concert with the vanishing shear which
localizes the boundary itself, acts to reduce the density difference and the associated refraction that
the shadowgraph method typically detects. As the system transitions from micro to hyper gravity,
new plumes emerge from the mushy layer. This is observed at the beginning of each hypergravity
episode, thereby demonstrating that the extent of the hypergravity episode is insufficient to drain the
mushy layer of all of the freshwater provided by solidification during this episode.
In each hypergravity episode, two unexpected phenomena were observed. First, as seen in
Figures 5(b) and 5(c), the plumes oscillate in phase when they reemerge from the mushy layer.
These oscillations are not correlated with any lateral acceleration of the aircraft. The plumes are
either coupled in hypergravity, or the apparent coordination is a coincidental result of both plumes
beginning to flow at exactly the same time. We consider a number of possible factors below.
It is possible that the coupled oscillations may result from a convective overturn in hypergravity
of the diffusive boundary layer of solute-depleted material that is rejected at the mush-liquid interface
during the previous episode of microgravity. To provide insight into the plausibility of such a
mechanism, we seek an analogy with the onset of convection in a transient Rayleigh-Benard system
subject to a step change in buoyancy forcing at one boundary. This stability problem has been
approximated using a variety of methods (reviewed by Ihle and Nino25 ). Instability conditions,
based on both propagation theory and relative growth rates in a mean field theory, suggest that
solutal convection is initiated at a time tsc = 7.5(ν/g βC)2/3 /D1/3 ,25, 29 which is consistent with
convection when a Rayleigh number
√ based on the time-dependent thermal boundary layer thickness
exceeds a critical value g  βC( Dt)3 /Dν > 20.5. For the analogy to the initiation of hypergravity
in our mushy layer growth setting, g = 1.8g, and again C corresponds to the concentration
difference between the mush-liquid interface and the far-field fluid, and D = 10−9 m2 s−1 is the
solutal diffusivity.22 During
√ a typical 20 s microgravity episode, a diffusive boundary layer develops
with thickness of order Dt ≈ 1.4 × 10−4 m, which we therefore expect to be unstable to convective
overturn at the onset of hypergravity if C > 0.15 wt.%, a value easily achieved in laboratory studies
of the same material22 in which C ∼ 0.4 wt.% is measured. Any large scale organization of the
resulting convection may lead to coupling between the motion of neighbouring chimney plumes.
An alternative possibility is that background noise and jitter may excite gravity waves within
the tank.
√We can rule out surface gravity waves which for a rectangular cell of length l1 have periods
tsg < 2 l1 π/g  ≈ 0.25 s, much shorter than the order 10 s period of the plume oscillation, and the
linear modes decay exponentially away from the free surface over length scales lsg < l1 /π ≈ 0.03 m.
Internal waves within the O(10−4 ) m solutal boundary layer at the mushy liquid interface are unlikely
to control the plume oscillation on account of their confined extent. However,
√ internal waves of period
10 s would be possible if a stratification of buoyancy frequency N = g  (∂ρ/∂z)/ρ ∼ 2π/10 s−1
developed in the overlying fluid region via the filling box mechanism that is frequently observed
in laboratory √
experiments. For stratification over the full depth of the liquid region, the scaling
relation N ∼ g  βC/(H − h) requires a concentration difference of C ≈ 1.3 wt. % across the
stratification which is slightly larger, but of the same order as typical concentration scales in previous
laboratory measurements.22
We can also consider alternative heuristic mechanisms. The coupled oscillation of plume trajectories may be influenced by residual inertial motions from the previous hypergravity episode,
with any large scale motions on the scale of the cell being damped on the relatively slow viscous
timescale tv ∼ l22 /ν ≈ 3000 s, where l2 is the width of the tank. Additionally, the plume flow out of
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FIG. 6. Rayleigh-Taylor instabilities in a horizontal jet, observed during a terrestrial experiment. The syringe is visible in
the bottom right corner.

the chimneys is accompanied by a downward return flow into the mushy layer in order to conserve
mass,3 and coupled motion may result from shear between the counterflowing layers. We lack sufficient quantitative information about the flow to distinguish between the above range of heuristic
mechanisms. Whilst beyond the scope of this study, a detailed theoretical investigation provides an
interesting opportunity for future work.
Under normal gravity, turbulent plumes have obvious tortuosity. However, in hypergravity, the
oscillations can be so dramatic that segments of plumes can end up as jets oriented perpendicular to
the gravity field. Then, the density difference between the fluid in the jet and that in the surrounding
ammonium chloride solution clearly causes Rayleigh-Taylor instabilities, which are only observed
during hypergravity episodes, as seen in several of the panels in Figure 5. This phenomenon is
easily reproduced in the laboratory by injecting a horizontal jet of solution, with controlled density,
velocity, and width, into the side of an experimental cell. Such inertial Rayleigh-Taylor jets are
visualized using the same shadowgraph method as is seen in Figure 6, which is an image of a lowdensity (26 wt.% NH4 Cl) solution being injected horizontally into a high density (27 wt.% NH4 Cl)
solution. Rayleigh-Taylor instabilities of the jet are clearly visible. Their detailed evolution are part
of a future study in which we are examining the sensitivity of the wavelength to the jet speed; here
the instability occurred both during injection and once the imposed jet velocity was reduced thereby
suppressing the shear between the buoyant fluid and the exterior. Whilst previous studies (e.g.,
Refs. 26 and 27) have considered the Rayleigh-Taylor instability of horizontal and inclined jets of
miscible fluid for very viscous flow at low Reynolds number, we are unaware of any theoretical study
of the corresponding problem at the larger Reynolds numbers of order 100 relevant to the chimney
plumes.

IV. CONCLUSIONS

The practical difficulties of carrying out solidification experiments in various gravities during parabolic flight necessitate their mostly qualitative nature. However, the range of conditions
experienced over relatively short time intervals is also not easily available in the more controlled
environment of the laboratory. Moreover, there are a number of observations that provide goals
for future research under perhaps more controlled gravitational settings such as in a purpose built
centrifuge where the dominant effect in reducing mushy-layer growth, whether enhanced convection
in the liquid layer or in the mush itself, could potentially be determined. For example, hypergravity
enhances the convective solute and heat fluxes which can reduce mushy layer growth, and modifies
the structure and evolution of the interior of a mushy layer. The laboratory based experimenter does
not normally have an independent control on the strength of buoyancy-driven convection which is
strongly coupled to the temperature and concentration conditions during solidification.
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In fully three-dimensional mushy layer growth experiments such as ours, in particular, modified
gravity may provide the opportunity to control the number density of chimneys, and hence the flux of
solute emanating from the mush interior. Control of the number density of chimneys cannot normally
be achieved without adding a chemical dopant.28 We believe that the observation of synchronized
plume dynamics offers a new target for systematic laboratory based experiments and theory. Finally,
the fortuitous observation that such oscillations provided, of inertial jets at an angle to the direction
of gravity, suggest a new and interesting area of Rayleigh-Taylor instabilities and these presently
form the basis of our ongoing research.
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