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Laboratory studies of high Rayleigh number circulation

in an open-top Hele-Shaw cell:

An analog to mid-ocean ridge hydrothermal systems

Abdellah S. M. Cherkaoui' and William S. D. Wilcock

School of Oceanography, University of Washington, Seattle, Washington

Abstract. Ridge crest hydrothermal systems are generally characterized by high heat fluxes
and a permeable top which allows fluids to flow freely across the seafloor. The basic pat-
terns of flow and heat transport in such systems are poorly known especially at high Rayleigh
numbers. We present the results of a laboratory study using a wide-aspect ratio, open-top
Hele-Shaw cell heated from below. The model is an analog for two-dimensional hydrother-
mal convection. The onset of convection occurs at a Rayleigh number Ra = 20.4 in good
agreement with numerical predictions. Above onset, the spacing of upwelling plumes de-
creases quickly with the Rayleigh number before reaching an asymptotic limit in the range
0.2-0.3 above Ra = 125. Periodic unsteady flow is first observed at Ra = 47 and is a result of
small thermals that are advected horizontally in the bottom boundary layer. The amplitude,
frequency, and irregularity of oscillations increase with the Rayleigh number. Unsteadiness
can also result from the repeated formation of new plumes accompanied by the merging of
plumes elsewhere in the model. Above Ra = 590, the flow patterns show no dominant fre-
quency and are chaotic. In the unste(z)igily regime the frequency of oscillations scales as Ra'*

and the Nusselt number scales as Ra

above Ra = 200. These relationships are in close

agreement with theoretical scalings for high Rayleigh number porous convection, Nu < Ra
and fo< Ra*. Assuming vigorous mid-ocean ridge systems can be approximated by flow
through a Darcy porous media, our results predict that upwelling sites will be spaced at about
half the depth of circulation. This is compatible with observations on the Endeavour segment
of the Juan de Fuca Ridge. Our results also predict that ridge crest hydrothermal systems
with Nusselt numbers of 10-500, will exhibit unsteady flow at periods of ~500-0.2 years.
Unsteady convection has not yet been observed, perhaps because highly permeable flow

channels stabilize the flow in real systems.

1. Introduction

It is well established that convective fluid circulation plays
a fundamental role in the formation and evolution of oceanic
crust. Since the discovery of ridge crest hydrothermal springs
over 20 years ago [e.g., Lonsdale, 1977], direct mapping and
sampling of the associated vents, sulfide deposits, hydrother-
mal plumes, and biological ecosystems have yielded much in-
formation about these systems. Constraints on the subsurface
have come from drilling the seafloor, from studying ophio-
lites, and from remote geophysical measurements and imag-
ing. Theoretical and laboratory studies have provided critical
insights to our understanding of these systems. Yet, because
ridge crest hydrothermal cells are very complex and dynamic
systems in which fluid and crustal composition, permeability,
temperature, and biological activity are all interrelated, het-
erogeneous, and time-dependent, many aspects of these sys-
tems remain poorly understood.
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Perhaps the most fundamental problem in the study of hy-
drothermal systems is to understand the characteristics of hy-
drothermal fluid flow. What are the flow paths? Where does
seawater enter the system? What are the residence times and
temperature history of the hydrothermal fluids? How are the
flow characteristics related to the heat source and to the per-
meability? Because all hydrothermal processes are the result
of fluid flow through the oceanic crust, answers to these
questions would provide a critical framework to advance
studies of the chemistry, geology, and biology of these sys-
tems.

Two types of physical models, pipe and cellular convection
models, have been used to describe these systems [e.g.,
Lowell, 1991]. Pipe flow models treat hydrothermal systems
as a U-shaped loop through which fluids circulate once. Only
the integrated physical properties (e.g., temperature, mass
flow rate, permeability, heat input) of the recharge, heating
and discharge zones are considered. Although simplistic,
pipe models have been applied to many seafloor hydrothermal
problems such as conductive heat flow anomalies [Lowell,
1975], the formation of sulfide ore deposits [e.g., Strens and
Cann, 1986], the temporal evolution of heat transfer from so-
lidifying magma to black smokers [e.g., Lowell and Germa-
novich, 1994], and the formation of catastrophic event plumes
associated with diking events [e.g., Lowell and Germanovich,

10,983



10,984

1995]. Cellular convection models consider fluid flow over
complete two- or three-dimensional regions and yield solu-
tions for the distribution of flow and temperature over the
whole section considered. They have the advantage that they
do not make any assumption about the geometry of the circu-
lation cells. Solutions for cellular convection can be obtained
analytically, numerically, and in the laboratory. Analytical
solutions are typically limited to the linear stability of the
governing system of equations considered and only provide
details about the onset of convection. Numerical solutions
are limited in spatial and temporal resolution by computa-
tional capabilities. Laboratory solutions have no intrinsic
resolution limit but are more difficult to analyze quantita-
tively.

In a horizontal, fluid-saturated porous continuum heated
isothermally from below, the convective flow patterns are a
function of the Rayleigh number,
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where K is the layer permeability, oy is the coefficient of
thermal expansion, g is the acceleration due to gravity, p; is
the density, ¢, is the specific heat, H is the height of the layer,
AT is the temperature differential between top and bottom, L
is the viscosity, and k is the thermal conductivity of the po-
rous matrix. The subscript f denotes properties of the fluid. If
the bottom is heated with a constant heat flux Q,, AT is re-
placed by QyH/k. For any given configuration this dimen-
sionless parameter determines the flow patterns and the heat
transported by convection.

The permeability is the critical parameter controlling the
flow of fluids through the crust. Because of the number of
volcanic, tectonic and hydrothermal processes involved, the
true nature of this permeability is complex. Models of fluid
flow must assume a simplified representation of the perme-
ability, and this is a significant limitation of physical models
[e.g., Fisher, 1998]. Measurements of the permeability at the
decimeter scale from drillholes [e.g., Becker, 1996] yield
maximum permeabilities in the range 107°-10"° m’ while
models of high-temperature hydrothermal systems suggest
that bulk permeabilities of the order 10> m” and higher are
required to explain the heat fluxes [e.g., Lowell and Germa-
novich, 1994; Wilcock and McNabb, 1995; Cherkaoui et al.,
1997; Wilcock, 1997]. The temperature of the impermeable
boundary at the base of hydrothermal circulation is usually
taken in the range 400-500°C [e.g., Lister, 1983]. Taking a
maximum depth of circulation in the range 2-5 km, a bulk
permeability of 10 m’, and physical properties that are the
intermediate between those of hot and cold values yields a
minimum Rayleigh number for high-temperature hydrother-
mal circulation of order 10*. For some systems, Lister [1995]
argues that it could reach up to 10",

Although this estimate is based on convection within a
horizontal porous layer with uniform fluid and rock proper-
ties, it suggests that convective circulation within axial hy-
drothermal systems is very vigorous. Numerous porous flow
studies have addressed the problem of high Rayleigh number
convection for various configurations [e.g., Nield and Bejan,
1998]. Very few, however, have addressed the open-top con-
figuration that characterizes ridge crest hydrothermal systems
where the general absence of sediment cover allows for free
flow of fluid in and out of the crust. Cherkaoui and Wilcock
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[1999] presented numerical solutions for two-dimensional
convection in an open-top porous layer heated from below.
Although their numerical solutions provide complete charac-
teristics for time-dependent temperature and flow fields,
computational resolution limited their solutions to small as-
pect ratios, of which only a square system was considered.

In this paper we briefly review the results of numerical
simulations at high Rayleigh numbers in closed- and open-top
systems, and we present the results of laboratory studies of
open-top thermal convection in a wide-aspect ratio, two-
dimensional Hele-Shaw cell at higher Rayleigh numbers. We
use these results to deduce scaling laws for the heat transport,
the temporal characteristics and the geometry of hydrothermal
cells in vigorously convecting open-top systems.

2. High Rayleigh Number Porous Convection
2.1. Confined Systems

Convection in a closed, porous layer heated from below
has been studied extensively during the past 30 years [e.g.,
Nield and Bejan, 1998]. Early experimental and numerical
studies established the existence of transitions from steady to
time periodic motions above a threshold Rayleigh number
[e.g., Caltagirone, 1975]. Subsequent numerical [e.g., Horne
and Caltagirone, 1980] and experimental [e.g., Koster and
Muller, 1984] investigations uncovered the physical mecha-
nism responsible for the transition to fluctuating convection.
Oscillations are caused by instabilities born in the thermal
boundary layers at the horizontal boundaries. Transitions to
the fluctuating convection regime are typically characterized
by an increase in the heat transfer relative to the stable solu-
tions, although one counterexample has been observed [Gra-
ham and Steen, 1994]. More recent numerical work [e.g.,
Graham and Steen, 1994] has been primarily concerned with
uncovering routes to chaos in the context of porous media
convection. Using spectral methods, these studies determine
more accurately the Rayleigh number and the frequency of
oscillations at the transition to time dependence and at a se-
quence of higher transitions. For a square cross section the
convective states evolve with Rayleigh number through the
sequence: steady - periodic P' - quasiperiodic QP' - periodic
P’ - quasiperiodic QP* - chaotic. Most studies agree closely
below Ra = 600, but some discrepancies appear at higher
Rayleigh numbers. In a recent study of the confined system,
Graham and Steen [1994] show that fluctuations born in the
boundary layer and convected by the steady circulation even-
tually develop into thermal plumes as the Rayleigh number
increases.

2.2. Open-Top Systems

A few analytical results exist for the onset of convection
and its characteristics at low Rayleigh numbers in an open-top
porous layer heated from below [e.g., Rosenberg et al., 1993].
Cherkaoui and Wilcock [1999] determined numerically the
evolution of the flow and heat transport patterns in a square

~ open-top porous layer (Figure 1). Their results show signifi-

cant differences from the evolution in a confined square box
[e.g., Caltagirone and Fabrie, 1989]. The evolution from on-
set at a critical Rayleigh number Ra,, = 29.3 to high Rayleigh
numbers is characterized by two types of transitions in the
flow patterns. The first type is a decrease in the horizontal
aspect ratio (width/height) of the cells. The convective sys-
tem evolves from a unicellular to a bicellular flow pattern at



CHERKAOUI AND WILCOCK: AN OPEN-TOP HELE-SHAW CELL MODEL

10,985

25 T r
Ra™ = 1.02 Ra" = 3.1 Ra’ =174
K
20t
3
< 15t
N
N
S
g
3
<
El
g 10}
Stable steady convection
— Unstable steady convection
O A=l
o A=12
5t v A=1/4
* A=1/6
% Unsteady convection
X Average Nusselt number
1 Amplitude of oscillations
0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Ra’ = Ra/Ra,,

Figure 1. Evolution of the Nusselt number (dimensionless vertical heat transport) as a function of the Ra" from
numerical simulations of flow through a square, open-top, porous layer heated from below [Cherkaoui and Wilcock,
1999]. Ra is the ratio of the Rayleigh number to the critical Rayleigh number. Each branch corresponds to a dif-
ferent aspect ratio A (width/height) of the convective cells. Diamonds, circles, triangles and pentagrams show solu-
tions to the time-independent problem. Crosses show time-dependent solutions which differ from the time-
independent ones (i.e., unsteady convection). At a given Rayleigh number only one solution is stable (bold line and
crosses) except between Ra = 14.5 and Ra = 17.25 where a hysteresis loop exists and two stable solutions can be
obtained. Unsteady bicellular solutions are realized in the increasing Ra" direction while steady quadricellular solu-
tions prevail in the decreasing direction. The insets show examples of dimensioneless temperature contours (con-
toured every 0.1 unit from 0.1 to 0.9) for each of the three flow configurations realized in the open-top square.

Ra" = Ra/Ra,, = 3.68 to a quadri-cellular pattern at Ra" = 17.2.
The second type of transition is from a steady to an unsteady
pattern. Two such transitions occur in the quadricellular re-
gime, first at Ra" = 14.5 in the bicellular regime, then again at
Ra’ = 33. Oscillations in the flow and heat transport patterns
are the result of thermal instabilities born in the bottom
boundary layer (Figure 2a). These instabilities increase in
size and frequency with the Rayleigh number and eventually
develop into thermal plumes that advect heat out of the con-
ductive boundary layer (Figure 2b). Within the unsteady con-
vection regimes, flow and heat transport display a sequence of
bifurcations from periodic to quasiperiodic to chaotic patterns
similar to that observed in a confined square box. Both types
of bifurcations in the flow, whether a decrease in the convec-
tive cells’ aspect ratio (Figure 2c) or transitions to unsteady
patterns are associated with an increase in the average vertical
convective heat transport (Figure 2d). Chaotic convection
seems to coincide with the onset of plume formation in the
boundary layer. In that regime, the vertical heat transport
scales linearly with the Rayleigh number [Cherkaoui and Wil-
cock, 1999].

3. The Model
3.1. The Hele-Shaw Cell Analogy

Hele-Shaw cells are a well-known analog for two-dimen-
sional porous flow [e.g., Nield and Bejan, 1998]. First intro-
duced by Hele-Shaw [1898], this analog has been used exten-
sively for groundwater flow problems, including artificial re-
charge, seawater intrusion, drainage, seepage through earth
dams, and oil production in reservoirs [e.g., Bear, 1972]. It
has also been used successfully in numerous investigations of
porous thermal convection, including studies on the onset of
convection and its characteristics [e.g., Hartline and Lister,
1977], the effect of seafloor topography on hydrothermal flow
patterns [Williams et al., 1974; Hartline and Lister, 1981],
and the characteristics of two-dimensional unsteady convec-
tion in confined porous layers [e.g., Graham et al., 1992].

The analogy relies on the similarity between the differen-
tial equations governing Darcy flow in a porous medium and
those describing the flow of a viscous fluid within a thin slot
between two parallel planes (Figure 3a). In a fluid-saturated
porous medium of low permeability, laminar flow of an in-
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Figure 3. Schematic sections (a) of a Hele-Shaw cell model and (b) of an idealized fractured porous rock. For iso-
thermal flow the Hele-Shaw cell model is an exact analog of the capillary model. In thermal convection problems,
there are two possible configurations. If the sidewalls are insulated, the exterior of the cell corresponds to the
planes of symmetry in the capillary model, and the appropriate porosity is @ys = d/(2y+d). If the sidewall exteriors
are isothermal, only their inner portion is in equilibrium with the fluid in the slot. The plane of symmetry corre-
sponds approximately to the middle of the sidewalls giving an effective porosity ¢ys = d/(y+d).

compressible fluid is described by Darcy's law [e.g., Bear,
1972, Nield and Bejan, 1998]:

q=¢v =;K—(—Vp+ pfg), @

f

where q is a volummhe-averaged fluid flux or Darcy velocity, v
is the average fluid velocity through the pores, ¢ is the poros-
ity of the medium, and Vp is the pressure gradient driving
the flow. The other symbols are as defined in section 1. In a
Hele-Shaw cell the mean velocity v of laminar fluid flow
within the thin slot of width d is

2

12pf

(—Vp+pfg)- 3)

V=

For isothermal flow the presence of the walls is thermally
immaterial to the fluid, but for convective flow the thermal
interaction between the liquid and the solid surface must be
considered. Heat is advected by the fluid in the slot but is
conducted by both the fluid and the walls. Assuming thermal
equilibrium between the fluid and the solid, conservation of
energy in the Hele-Shaw cell is written

((DHS (pcp )f +(1-oys )(PC,, )s )aa—f+¢HS (pcp )f vVT
(00 s

= (¢Hskf + (1= s K, )V2T

ks

@

where T is the temperature and where the subscripts f, s, and
HS denote a property of the fluid, the solid or the combination
of both, respectively. Assuming an isothermal base, we non-
dimensionalize (3) and (4), along with the continuity equation
V-v=0 using scales of length H, time (pcp)HstlkHs, veloc-
ity kyg/ous(pc,)sH, temperature AT, and pressure 124,
ksl d” s pc,)r. The result is a system of governing equations
characterized by a single dimensionless parameter:

12kpshy

This Hele-Shaw cell Rayleigh number Rayg is analogous to
the porous Rayleigh number Ra, with an equivalent perme-
ability Kys = ¢psd*/12.

In a fluid-saturated porous medium the effective thermal
conductivity can be defined as

k= gke+ (1-9)k, ©®)

[Bear, 1972; Nield and Bejan, 1998], implying that fluid and
solid matrix are in thermal equilibrium. Using the same rela-
tionship for the effective thermal conductivity of a Hele-Shaw
cell requires that the external sidewalls be perfectly insulated.
Physically, this boundary condition represents the adiabatic
symmetry plane between adjacent cracks in a fractured rock
(Figure 3). Due to the large surface area of the sidewalls in a
Hele-Shaw cell this boundary condition is difficult to enforce
strictly.

The analogy also depends upon the choice of material for
the solid walls and for the fluid. Hartline and Lister [1977]

(&)

RaHS =
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Figure 4. Diagram (not to scale) showing a section of our open-top Hele-Shaw cell. A thin slot is formed by two
clear Plexiglas sheets spaced by aluminum and PVC shims. A flat Nicrome wire embedded between the shims heats
the aluminum base of the slot when an electrical current is applied. A self-adhesive sheet of temperature-sensitive
liquid crystals on one of the internal sidewalls changes color with temperature in the range 20-25°C. Twenty-nine
thermistors are embedded in the other Plexiglas sheet very near the internal sidewall.

carried out careful measurements of the critical Rayleigh
number and of the flow velocities under supercritical condi-
tions in a closed-top Hele-Shaw cell with isothermal hori-
zontal boundaries. Their results showed good agreement with
the theoretical predictions for the onset of convection in a
fluid-saturated porous medium [Lapwood, 1948]. In an at-
tempt to reproduce the results of Hartline and Lister [1977],
Koster and Muller [1982] found agreement or disagreement
depending on the different combinations of wall material and
fluid they chose. A combination of high-conductivity glass
and low-conductivity silicone oil yielded critical Rayleigh
numbers in close agreement with the theoretical predictions
for perfectly conducting sidewalls [Frick and Clever, 1980],
while with lower-conductivity Plexiglas and higher-conduc-
tivity water, their experimental results were in closer agree-
ment with the theoretical predictions for adiabatic sidewalls
[Nield, 1968]. On the basis of their experiments, Koster and
Muller [1982] suggested that for nonisothermal flow prob-
lems, the Hele-Shaw cell analog is bound by the two ideal
situations.

3.2. Experimental Apparatus and Procedures

Our Hele-Shaw cell consists of a slot of width d = 1.4 mm,
length L = 800 mm, and height H = 50 mm between two
Plexiglas plates of thickness y = 12.7 mm (Figure 4). A flat
Nicrome wire, connected to a regulated electrical source, pro-
vides a uniform heat flux to the base of a galvanized alumi-
num shim that forms the base of the slot. The top of the slot
is open and thus allows for free exchange of distilled water
with the tank in which the cell is immersed. A 125-um-thick
film of thermochromic liquid crystals (TLCs) is glued to the
other Plexiglas wall, inside the slot. The temperature-sensi-
tive crystals change color with temperature in the range 20-

25°C [e.g., Parsley, 1991]. When temperatures are in this
range, we use a digital video camera to record images of the
temperature field (Plate 1). A heat controller unit pumps wa-
ter through a soft copper coil along the walls of the outer tank
and maintains the temperature of the fluid outside the Hele-
Shaw cell constant within 0.05°C. An array of 29 precision
thermistors (YSI 44008) embedded in one of the Plexiglas
walls near the fluid-solid boundary records the temperature of
the fluid and of the aluminum shim. The thermistors are ar-
ranged in five horizontal lines H, through Hs and two vertical
lines V, and V, (Figure 4). Lines H, and H, give the tem-
perature at half depth along the aluminum shim and 1 mm
below the base of the slot. Hj characterizes the temperature
in the bottom boundary layer of the convecting fluid. Hy
measures the temperature at half depth along the slot. Hj
gives the temperature just beneath the open top. A reference
thermistor records the fluid temperature in the tank outside
the cell. Note that although our apparatus delivers a constant
heat flux across the base of the aluminum shim, the high
thermal conductivity of aluminum acts to equalize the tem-
perature across the base of the slot. For all our runs, tem-
perature records from H, and records of the difference be-
tween H, and H; show that our apparatus more closely ap-
proximates an isothermal than a uniform heat flux lower
boundary condition.

We collected 251 runs averaging 10 hours with power out-
puts from the Nicrome wire ranging from 0.1 to 176 W. At
each power setting, we restarted runs with different initial
conditions (conduction, mild, intermediate, and vigorous con-
vection). Within <1 hour, the solutions reach a state that is
independent of the starting conditions. Unless otherwise
stated, all temperature measurements described hereinafter are
time averages over representative portions of the final state.
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Plate 1. Temperature fields along a 37-cm-long portion of the slot at Ra’ =2.1,2.5,3.1, 8.8, and 24.6. The work-
ing range of the thermochromic liquid crystals is 20-25°C. Warm colors represent cold temperatures. The evolution
of the flow patterns with increasing Rayleigh number is characterized by the appearance of unsteadiness at Ra =
2.3, the decrease of the mean convective cell aspect ratio toward a constant value in the range 0.2-0.3 above Ra' =6,
and the onset of a chaotic regime dominated by boundary layer thermal plumes above Ra" =29.
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To allow visualization of the flow field on the TLC sheet, we
maintained the temperature at the top of the cell (temperature
of the outer tank) near 19.5°C for ~25% of the runs. For the
remainder, we used outer tank temperatures ranging from 6 to
26°C. To realize the highest driving temperature differen-
tial AT across the slot, we combined the maximum cooling
capacity of the outer tank with the maximum electrical input.
At 176 W, with the outer tank's temperature stabilized at
10°C, the temperature at the base of the slot was near 60°C.
Thermal deformation of the cell prohibited measurements at
higher powers.

In our experiments, fluid temperatures varied between 6
and 60°C. In that range the viscosity fi, decreases by nearly
70%, and the coefficient of thermal expansion o increases by
more than 200%. These variations are significant enough to
affect the convective patterns. A Rayleigh number character-
istic of the convective vigor can still be defined following
equation (5) but must account for the variations of the fluid
properties in the convecting layer. Numerous studies investi-
gated the effects of temperature-dependent parameters on
cellular convection in both fluid and porous layers [e.g.,
Sorey, 1978]. In a confined layer, fluid properties defined at
the arithmetic mean of the maximum and minimum tempera-
tures yield a representative estimate of the convective vigor of
the system [Sorey, 1978]. However, in an open-top layer,
flow patterns are characterized by focused flow and broad
downwelling, especially at higher Rayleigh numbers. The
mean temperature tends to be close to the temperature of the
cold fluid. Thus we used spatially averaged properties to cal-
culate the Rayleigh number for each run (equation (5)). We
used an arithmetic mean for the coefficient of thermal expan-
sicn, the density, and the heat capacity and a harmonic mean
for the viscosity because this quantity appears in the denomi-
nator of the transport equation (equation (3)). Because the
sidewalls in our apparatus are not insulated, their temperature
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Figure 5. Critical Rayleigh number Ra,, as a function of the
aspect ratio a, of cells at the onset of convection. We com-
puted solutions for the onset of convection in an open-top po-
rous layer with isothermal horizontal boundaries (triangles)
using the numerical method described by Cherkaoui and Wil-
cock [1999]. The calculations included temperature-
dependent properties, a cold (top) temperature of 20°C and
included conductive heat loss through the sidewalls. The so-
lutions compare very well with our open-top Hele-Shaw cell,
where we first detect convection at Ra,, = 20.4 with a,, = 1.6.
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Figure 6. (a) False-color temperature field over a 23-cm-long
portion of the fluid-filled slot at Ra = 1.4. The gray scale
used is an approximate proxy for the temperature. There are
five equally spaced color contours ranging from black at the
minimum temperature to white at the maximum. The flow
patterns are steady. There is a well-defined boundary layer
and upflow is fairly focused. The average aspect ratio of the
convective cells over the whole slot is 1.33. (b) Temperature
records from a vertical profile of five thermistors coinciding
with a downwelling area and from the reference thermistor
outside the cell (coldest record).

is influenced by both the inner and outer temperature. To ac-
count for this fact, we assume that only the inner half of the
sidewalls are in thermal equilibrium with the fluid in the slot
when defining the porosity used to calculate the effective
thermal conductivity of the cell (equation (6)).

4. Results

4.1. Onset of Convection

The onset of convection in porous media has been deter-
mined analytically for numerous configurations [e.g., Nield
and Bejan, 1998]. In an infinite open-top porous layer with
isothermal horizontal boundaries, linear stability analysis
shows that the minimum critical Rayleigh number Ra,, is 27.1
and corresponds to a convective cell aspect ratio a,, = 1.35
[Nield, 1968]. We have obtained numerical solutions that
extend this result to the case with temperature-dependent fluid
properties with side heat loss (Figure 5). In our experiment
we could only determine the onset of convection for runs with
a cold temperature between ~21 and 21.5°C, where the most
distinguishable color change occurs. In that range the ther-
mochromic liquid crystals can reveal relatively small devia-
tions from an initial vertical conductive gradient. The small
temperature differences make the color changes faint and dif-
ficult to observe. The minimum Rayleigh number at which
we detected convection in our Hele-Shaw cell is Rayg, =
20.4, at which point, six upwelling sites are visible. Two of
the upwelling plumes occur at the end walls, and four are uni-
formly spread within the slot, resulting in 10 convective cells
of average aspect ratio (width/height) ayg, = 1.6. This ex-
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perimental result compares well with the expected critical
Rayleigh number determined numerically (Figure 5). The as-
pect ratio of the cells at onset is slightly larger than the ex-
pected value of 1.44. However, we note that our apparatus
seems to always force upwelling plumes at the end walls and
hence an even number of convective cells.

Above onset, the evolution of the flow patterns is similar
to that observed in numerical models of porous flow in an
open-top square with an isothermal base [Cherkaoui and
Wilcock, 1999]. The flow is steady and the bottom boundary
layer develops as a prominent feature of the temperature field.
As convection becomes the dominant mechanism of heat
transport, the evolution of the flow is characterized by nar-
rowing of the upwelling plumes and broadening of the
downwelling areas. Figure 6a shows the steady state tem-
perature field over a portion of the Hele-Shaw cell at Ra" =
1.4. There are 12 convective rolls with an average aspect ra-
tio of 1.33. Figure 6b shows the temperature records on a
vertical profile that coincides approximately with the middle
of a convective cell. The temperatures are very constant once
the steady state configuration is reached.

4.2. Unsteady Convection

Unsteady convection appears early in our Hele-Shaw cell.
We first detect oscillations in the boundary layer temperature
record at Ra” = 2.3. This result is very different from the nu-
merical solutions for an open-top porous box heated isother-
mally from below where unsteadiness first occurs at Ra’ =
14.5 [Cherkaoui and Wilcock, 1999]. The thermal instabili-
ties responsible for these oscillations become visible on the
TLCs above Ra” = 2.7. At this point they are well-developed
thermals transporting heat across the boundary layer. Figure 7
shows the typical evolution of these thermal instabilities at
Ra" = 3 over one oscillatory cycle. They are born near the
mid-point between plumes and grow as they are entrained by
the overall convective flow. Since they do not form precisely
at the midpoint, they often split asymmetrically with one
thermal instability noticeably larger than the other (Figure 7a,
=240 s). The characteristics of asymmetric splitting vary un-
predictably between successive oscillations. The temperature
records show periodic temperature oscillations of variable
amplitude at every height sampled (Figure 7b). The tem-
perature oscillations observed in the boundary layer are de-
tected a little later halfway up the slot but only the largest are
observed at the top. Qualitatively, these flow and temperature
patterns compare very well with the patterns obtained numeri-
cally in an open-top porous box near Ra’ = 16.7 (Figure
2b).Above onset the average number of upwelling sites in-
creases continuously with the Rayleigh number. The mecha-

Figure 7. (a) Snapshots of the false-color temperature field
over the same portion of the slot as in Figure 6a and over one
oscillation at Ra” = 3. Thermal instabilities born near the
center in the boundary layer grow as they are entrained with
the general convective flow, and produce oscillations in the
temperature and heat flux. (b) Same as Figure 6b but for
Ra"=3. (c) Time series of the normalized basal temperature
(H,) and H;-H, (which approximates the basal heat flux).
Note that the bottom boundary condition is closer to isother-
mal than to a constant heat flux.
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(a)

Figure 8. Same as in Figure 6a but for the evolution from R
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(b) (c)

o’ =3 to Ra" = 3.4. The snapshots are shown (a) 5 min,

(b) 20 min, and (c) 2 hours (final state) after the increase in the Rayleigh number. ’Ihe geometry of the cells
changes continuously via cell splitting, cell merging, and the migration of upwelling sites within the slot.

nism by which the geometry of the convective rolls changes is
the same as for an open-top porous box (Figure 2¢) and is il-
lustrated in Figure 8a for an increase from Ra™ = 3 to Ra" =
3.2. A thermal instability born in the boundary layer splits
two convective cells into four and develops into a new up-
welling site. This occurs typically just after the increase in
the heat input and takes place between the upwelling sites
spaced the farthest apart. The change in the aspect ratio of
one of the rolls affects the remainder of the rolls. Figure 8b
shows the merging of two upwelling sites as the system ac-
commodates the creation of a new upwelling site elsewhere in
the convecting layer. Depending upon the Rayleigh number,
the number of upwelling sites may or may not reach a steady
state. In some cases, the final state involves the continuous
creation and destruction of upwelling sites. Figure 8c shows
an example of the creation of an upwelling site as a result of
the widening of convective cells at Ra"=32.

As the Rayleigh number increases, the convective patterns
inferred from the temperature field become less structured.
The three mechanisms responsible for unsteady convection,
namely, boundary layer thermals, cell splitting, and the
merging of upwelling sites, increase in intensity and fre-
quency. Figure 9a shows snapshots of the approximate tem-
perature field over one characteristic period at Ra" =15. The
flow patterns are characterized by narrow upwelling plumes,
swaying under the influence of strong boundary layer ther-
mals and rising cell-splitting plumes. The temperature oscil-
lations (Figure 9b) have increased in amplitude reaching up to
15% of the temperature difference across the slot. The pro-
nounced change in the amplitude of the temperature oscilla-

tions at 2.3 hours (Figure 9b) occurs because the convective
cell shifts with respect to the thermistors. During the last part
of the record the vertical profile coincides with a downwel-
ling area. The oscillations in the boundary layer are small
compared to earlier in the record and the temperature at half
height is very close to the outside temperature. While the lo-
cal flow is very unsteady, the general geometry of the con-
vective cells and the position of the upwelling sites can re-
main stable for long periods of time.

As the Rayleigh number increases further, the convective
patterns become progressively dominated by cell-splitting
plumes, although faster and larger boundary layer thermals
continuously feed sideways into existing upwelling plumes.
At Ra” = 25 (Figure 10a), the temperature in the boundary
layer is higher than 30°C, and it is not possible to distinguish
separate thermals until their margins cool below 25°C be-
cause the working range of the TLC sheet is limited to 20-
25°C. We infer that the wider upwelling sites are the result of
merging several closely spaced plumes. Even at this vigor-
ously convecting stage, convective rolls can sometimes
maintain the same general geometry and position for long pe-
riods of time, as illustrated by the temperature records past
~2.2 hours and ~3.1 hours (Figure 10a).

Above Ra" = 29 the fluid temperature is out of the TLCs
range except in the heart of the upwelling sites near the lower
boundary, and our apparatus does not allow us to visualize the
complete flow patterns. The temperature records at Ra" =48
(Figure 10b) show that the amplitude of the oscillations con-
tinues to increase, reaching up to 29% of the total temperature
difference. The convective regime is dominated by boundary



CHERKAOUI AND WILCOCK: AN OPEN-TOP HELE-SHAW CELL MODEL
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Figure 9. Same as in Figure 6 but for Ra" = 15. (a) The flow
patterns are irregular with narrow upwelling sites and an in-
creased number of boundary layer instabilities. (b) The tem-
perature record along a vertical profile exhibits larger oscilla-
tions with maximum amplitudes of 15% of the total tempera-
ture differential. These oscillations can be seen in the venting
fluids.
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layer thermal plumes that peel off the boundary layer as soon
as they are born. The long-wavelength variations in Figure
10b are most likely the results of upwelling sites migrating
horizontally. At this Rayleigh number, temperature oscilla-
tions are observed at the lowest thermistor, halfway down the
aluminum shim.

4.3. Heat Transport

As we noted in section 3.2, our apparatus more closely ap-
proximates an isothermal bottom boundary condition than a
constant heat flux. This is apparent from the temperature time
series in Figures 7, 9 and 10. For instance, at Ra" = 3 (Figures
7b and 7c), the temperature at the base of the slot (H,) varies
by a little less than 3%, while the heat flux (which is ap-
proximately proportional to the difference between H, and
Hs) varies by nearly 50%. At Ra" = 48 the temperature fluc-
tuations are appreciably larger (Figure 10b), but the variations
in the bottom boundary temperature (~8%) are still much
smaller than the heat flux variations (>50%).

The temperature averages can be used to estimate the heat
fluxes within the Hele-Shaw cell. Using the notation shown
in Figure 11, we approximate the heat fluxes

oT
QO = de[El s @)
Q) =kpH 4 ;To , )
— kP_[)’ (Tbase ‘TO)
O, = > g &)
Oy =k,d (Tbas;I_TO), (10)

where k,, and kp, are temperature-dependent thermal conduc-
tivities for water and for the Plexiglas walls, respectively.
Equations (9) and (10) are based on the assumption that the
temperature along the upper boundary is everywhere the tem-
perature outside the cell T,. This is a reasonable approxima-
tion given the narrowness of upwelling plumes. The tem-
perature at the base of the fluid Ty, is extrapolated linearly
from the temperatures measured within the aluminum shim.
T is the mean temperature inside the slot. To characterize
the efficiency of the convective heat transport, we estimate
the Nusselt number, Nu, which compares the total heat trans-
port with the heat that would be transported by conduction

only:
2
Nus ————. 11
A0 +0) 0, v

Figure 12 shows the results for all the runs collected. Above
the onset of unsteady convection, a least square fit to the loga-
rithmic Ra” data yields Nuo< Ra®®. As the effects of conduc-
tive heat loss through the sidewalls become less significant,
the trend of the Nusselt number steepens above Ra" = 10. A
separate least square fit to the data above Ra =10 yields
Nu o< Ra()")l.

4.4. Temporal Characteristics

We used the thermistor data to deduce the temporal char-
acteristics of the unsteady convection patterns in the Hele-
Shaw cell. Figure 13 shows selected 1-hour portions of tem-
perature records in the boundary layer and the power spectra
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Figure 10. (a) Same as in Figure 6b but for Ra" = 25.
Boundary layer thermal plumes dominate the flow patterns.
(b) Same as Figure 10a but for Ra = 48. Convection is
dominated by boundary layer thermal plumes that peel off the
boundary layer. The long-wavelength variations are pre-
sumably due to the migration of the upwelling sites along the
axis of the slot.

calculated from the full records. Both the amplitude and the
characteristic frequency of the oscillations increase with the
Rayleigh number. A strong power peak, associated with peri-
odic instabilities in the boundary layer, can be observed up to
Ra" =29. At higher Rayleigh numbers, no frequency peak is
visible in the temperature records. They become increasingly
broadband and noisy and are characteristic of a chaotic re-
gime (Figure 13f). The records are dominated by long-period
oscillations associated with migrating thermal plumes. Fig-
ure 14 shows the compilation of the characteristic frequencies
for all the temperature records collected. For each record the
characteristic frequency is the mean of the peak calculated at
each thermistor location that displays a clear peak in its power
spectrum. A least squares fit to the data yields fo< Ra"*”.

4.5. Mean Plume Spacing

Another feature of the evolution of the flow patterns is the
change in the geometry of the convective cells with the vigor
of convection. Plate 1 shows selected images of the tem-
perature field in the slot over nearly half of the cell's length.
Figure 15 shows the evolution of the mean aspect ratio of the
convective cells as a function of the Rayleigh number. In the
unsteady convection regime we estimate an average cell as-
pect ratio using the mean spacing between venting sites at
regular time intervals over a representative period of time.
Above Ra" = 24 it is difficult to get reliable estimates as the
TLCs are off-scale. Following the onset of convection, there
is a rapid decrease in the aspect ratio of the convective cells.
Above Ra’ = 6 the mean plume spacing appears to reach an
asymptotic constant in the range 0.2-0.3. The results are in
good agreement with the numerical results for porous flow in
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Figure 11. Schematic diagram showing the heat fluxes
across the separate portions of the Hele-Shaw cell. Q, is the
heat flux input into the fluid. Q; is the horizontal heat flux
lost to each Plexiglas sidewall. @, is the vertical heat flux
conducted along each Plexiglas wall. (Q is the heat con-
ducted vertically through the fluid-filled slot. The amount of
heat advected out of the cell is Qy-2( Q1+ Q5)- Os.

e

an open-top square box [Cherkaoui and Wilcock, 1999],
where the aspect ratio takes the quantized values 1, 0.5 and
0.25 as the flow patterns evolve from monocellular to bicel-
lular and to quadricellular patterns (Figure 15).

5. Discussion

We have obtained laboratory solutions for the evolution of
flow and heat transport patterns as a function of the Rayleigh
number in an open-top Hele-Shaw cell. The results extend

~ N
(= S

“n

Nusselt number, Nu

1 2 5 10 20 50
Ra’ = Ra/Ra.

Figure 12. Nusselt number as a function of the Rayleigh
number. The lines are the best least squares fit to the loga-
rithmic data. A fit to the data above the onset of unsteady
convection yields that Nue< Rao'S‘.gsolid line).  Above
Ra" = 10 the relationship is Nu o< Ra®*, which is close to the
theoretical scaling Nu o< Ra.
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Figure 13. Evolution of temperature records and their power spectra with the Rayleigh number. The temperature is
shown for 1-hour-long records, but the associated power spectrum is calculated from complete records (~10 hours).
All the records shown are taken from boundary layer thermistors. The size and the frequency of the oscillations in-
crease steadily with the Rayleigh number. Up to Ra’ = 28 a peak (dashed line) is visible in the power spectra. At
higher Rayleigh numbers the spectra become broadband and noisy and are characteristic of a chaotic regime.

previous numerical solutions [Cherkaoui and Wilcock, 1999]
to a wider geometry and well into the chaotic regime. Al-
though our solutions are limited to a uniform configuration
with a two-dimensional geometry that clearly simplifies the
complex structure of real systems, they do provide quantita-
tive characteristics and relationships that can be applied using

scale analysis to hydrothermal flow and heat transport beneath
the axis of mid-ocean ridges. Before considering the impli-
cations of our results for ridge crest hydrothermal circulation,
we first discuss the differences between our Hele-Shaw cell
and previous results and review the limitations of our model
as an analog to mid-ocean ridge systems.
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Figure 14. Evolution of the characteristic frequency f as a
function of the Rayleigh number. The frequencies shown
(diamonds) are the mean of the frequencies measured at each
thermistor location, whenever available. There is consider-
able scatter at higher Rayleigh numbers, but a fit to the data
yields fo< Ra"* (solid line), in close agreement with the theo-
retical scaling fo< Ra* (dashed line). Numerical solutions for
an open-top porous square are plotted for comparison
(crosses).

5.1. Differences Between Hele-Shaw Cell
and Porous Flow Solutions

The Hele-Shaw cell models extend the numerical results of
Cherkaoui and Wilcock [1999] to a wide-aspect ratio geome-
try, but before making direct comparisons it is important to
note that there are a number of differences. The Hele-Shaw
cell allows conductive heat loss through the sidewalls, and
unlike the numerical solutions the fluid properties are tem-
perature-dependent. The analogy between the Hele-Shaw cell
and a Darcy porous medium requires that the flow in the slot
is laminar. We obtained crude estimates of flow velocities by
observing the rise of well-defined thermals. The maximum
Reynolds number for our experiments appears to be ~500,
which falls well below the turbulent flow regime for channel
flow. Thus all our solutions satisfy the requirements for
laminar flow. The porous flow analogy also requires thermal
equilibrium between fluid and sidewalls. The conductive
time constant for the sidewalls is ~700 s. The frequency of
the instabilities ranges from 1600 s at the onset of unsteady
convection to ~10 s in the chaotic regime. Thus at high Ray-
leigh numbers only the innermost portion of the wall will be
in equilibrium with the fluid.

On the basis of simple physical and dimensional argu-
ments, one can show that in the limit of high Rayleigh num-
bers the Nusselt number should scale asymptotically as
Nu o< Ra, and the frequency of unsteady flow would scale as
fo< Ra® [e.g., Horne and O'Sullivan, 1978; Graham and Steen,
1994]. This scaling has been observed in laboratory experi-
ments in porous media [Elder, 1967] and in Hele-Shaw cells
[Koster and Muller, 1982], as well as in numerical experi-
ments for closed [e.g., Graham and Steen, 1994] and open-
top boxes [Cherkaoui and Wilcock, 1999]. Our experimental
results show that Nu o< Ra"*? above Ra" = 10 (Figure 12) and
fo< Ra"** in the unsteady regime (Figure 14), in close agree-
ment with the theory.
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While the scaling compares well with prior work, the
scaling constants differ appreciably from the numerical solu-
tions of Cherkaoui and Wilcock [1999]. The absolute values
of the Hele-Shaw cell Nusselt numbers are ~2-3 times smaller
than those obtained numerically (Figure 12). We attribute this
difference to the effects of conductive heat loss through the
sidewalls, which appears as an extra term in the denominator
of Nusselt number (2Q; in equation (11)). The characteristic
oscillation frequencies in the laboratory solutions are 3-4
times greater than their numerical counterpart (Figure 14).
There are at least two effects that may contribute to this dis-
crepancy. First, the heat capacity of the sidewalls (or porous
matrix) acts to slow the advection of thermal anomalies. As
we noted above, the conductive time constant of the sidewalls
is much greater than the period of higher-frequency oscilla-
tions. Only a small portion of the wall is in equilibrium with
the fluid and the thermal perturbations can thus travel faster.
Second, we define the Rayleigh number on the basis of mean
fluid properties, which is appropriate when considering con-
vection of the whole layer. However, the instabilities origi-
nate in the boundary layer where the fluid temperatures are
much warmer than the model average. If we use the proper-
ties of the hottest fluid to define the Rayleigh number, we
find scaling constants 2-3 times smaller than for the numeri-
cal solutions.

In the laboratory models, unsteady flow is first observed at
Ra" = 2.3 compared with Ra" = 14.5 in the numerical solu-
tions. This discrepancy of a factor of 6 is appreciably larger
than the difference in the frequency scaling constants. It may
result from the difference of geometry between the numerical
solutions and the laboratory models. In addition, small ir-
regularities in the Hele-Shaw cell may promote the onset of
unsteadiness.
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Figure 15. Evolution of the mean aspect ratio of the convec-
tive cells as a function of the Rayleigh number. We could
only measure mean plume spacings when the temperature
field allowed characterization of the plumes on the TLC
sheet. There is a sharp decrease of the mean plume spacing
just after the onset of convection. Above Ra = 6 the mean
aspect ratio of the cells remains constant within the range 0.2-
0.3. The solid lines show the aspect ratio of the convective
cells in numerical solutions for open-top, porous flow in a
square [Cherkaoui and Wilcock, 1999]. The aspect ratio
evolves discontinuously because the domain is limited to a
square.
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The numerical solutions of Cherkaoui and Wilcock [1999]
were limited to a square geometry. In the wide-aspect ratio
Hele-Shaw cell, plumes are able to migrate large distances
laterally as new upwelling sites form and plumes merge (Fig-
ures 8b and 8c). However, except for the highest Rayleigh
numbers reached in this study (Figure 10b), the temperature
records show that upwelling sites can maintain steady posi-
tions for long periods, despite the unsteady nature of the flow
(Figures 10a and 10b). One explanation for this observation
is that the end walls influence the overall geometry of flow
despite the wide-aspect ratio of the apparatus.

5.2. Model Limitations

Our experimental solutions are limited to Darcy flow in a
two-dimensional, homogeneous porous layer heated isother-
mally from below. In order to apply our experimental solu-
tions to crustal hydrothermal circulation we must assume that
the permeability can be represented by a continuum. This as-
sumption is justified when the scale of the flow is much
greater than the mean crack spacing [e.g., Brace, 1984]. In all
our solutions the plume widths are always greater than about
4 mm and the minimum thickness of the boundary layer is
about 2.5 mm. Assuming hydrothermal circulation to a depth
of 2 km, these lengths correspond to 100-200 m in a mid-
ocean ridge system. Nehlig [1994] reports typical crack
spacings of ~1-5 m for ~0.1 to 1-mm-wide cracks in the
Oman ophiolite. If these cracks dominate the flow, the con-
tinuum assumption will hold for our model. However, it is
not known if flow at depth is focused through larger, more
widely spaced cracks.

Extensional tectonism at spreading centers is likely to pro-
duce a narrow zone of high and strongly anisotropic perme-
ability, which may confine most of the flow [e.g., Fisher,
1998]. The highest-temperature vent sites generally lie on the
ridge axis [e.g., Fornari and Embley, 1995] and at many lo-
cations it is believed that deep circulation is oriented primar-
ily along axis [e.g., Haymon, 1996]. An open-top, two-
dimensional Hele-Shaw cell may be quite a good analog for
this configuration. However, it is clear that the permeability
is not uniform. The permeability of the upper oceanic crust
decreases typically with depth by several orders of magnitude
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[e.g., Becker, 1996]. Tectonic processes will create high-
permeability zones which may focus upflow [e.g., Curewitz
and Karson, 1997]. In addition, the permeability is likely to
be continuously affected by chemical reactions such as the
precipitation of silica [Wells and Ghiorso, 1991] and anhy-
drite [Sleep, 1991].

The numerical solutions of Cherkaoui and Wilcock [1999]
and the laboratory study presented in this paper are both lim-
ited to an isothermal bottom boundary. A constant basal heat
flux is a reasonable boundary condition when the base of a
hydrothermal system is a magma chamber overlain by a con-
stant-thickness impermeable layer [e.g., Cann et al., 1985].
When the maximum temperature of circulation is controlled
by a fixed rigidus below which the rock cracks [Lister, 1983],
an isothermal boundary condition may be more appropriate.
However, the high heat fluxes required by an isothermal
boundary can only be maintained if the lower boundary mi-
grates downward at about one fifth of the mean Darcy flow
velocity [Lister, 1983].

5.3. Implications for Ridge Crest Hydrothermal Systems

The Hele-Shaw models suggest that in vigorous systems
the spacing of upwelling plumes (twice the cells' aspect ratio)
should be half the circulation depth. On the fast spreading
East Pacific Rise the depth of the circulation above the axial
magma chamber is ~1 km. If the flow is oriented along-axis
[Haymon, 1996], the model predicts upwelling sites spaced ~
500 m apart. This prediction is not incompatible with the
distribution of vent biota near 9°30’N and 9°50’N on the
East-Pacific Rise [Haymon et al., 1991]. Perhaps the best ex-
ample of regularly spaced vent fields is the intermediate-
spreading Endeavour segment of the Juan de Fuca ridge.
Here, four well-mapped vent fields are spaced ~2 km apart.
This segment appears to be in an early tectonic phase [Kappel
and Ryan, 1986]. Seismic refraction data [White and Clowes,
1994] show no evidence of a low-velocity zone characteristic
of a steady-state magma chamber beneath the ridge axis. Mi-
croearthquake activity along the Endeavour segment extends
to depths of ~4 km below the seafloor [Archer et al., 1996],
suggesting that hydrothermal circulation may be at least 4 km
deep. Thus, the aspect ratio of individual cells is ~0.25, in

Table 1. Estimates of Oscillation Periods T, for Unsteady Convection in Hydrothermal Systems

Numerical Solutions * Laboratory Solutions Ridge Crust
Ra' Nu T.%s Nu T s Terust, - years
Observed
5 5 steady 22 960 6000 - steady
15 10 200 6 60 400 - 1200
35 18 40 12 10 60 - 240
Extrapolated

10? 50 5 34 1.2 8-30

10° 5x10% 5x107 340 1.2x107 8x107 - 3x10"'
10* 5x10° 5x10™ 3400 1.2x10* 8x10™ - 3x10°

Open top porous flow in a square [Cherkaoui and Wilcock, 1999].

Tlme from the numerical solutions dimensionalized with the characteristic conductive timescale of the Hele-Shaw cell:
Tus = H Kus [e.g., Graham and Steen, 1992; Nield and Bejan, 1998], where H = 5 cm is the cell’s height and Kys = 1.2x107
m* s is the thermal diffusivity of the combined fluid-filled slot and solid walls.

¢ Esumates for a hydrothermal system are based ona circulation depth of H=2 km. The periods are proportlonal to H

4 The values at Rayleigh numbers higher than 10 are extrapolated using the scaling Nu o« Ra and T =< Ra.

At these Ray-

leigh numbers, flow is chaotic, and so unsteadiness should be observed at a range of periods.
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good agreement with the asymptotic value observed in our
models.

We calculated a characteristic conductive timescale T, =
H ool Kerust [€.8., Graham and Steen, 1992; Nield and Bejan,
1998] for hydrothermal heat transport through the upper oce-
anic crust, using typical values H, ., = 2 km for the maximum
depth of circulation and Ky = 10° m* s for the thermal dif-
fusivity. We applied this characteristic time to the laboratory
solutions to estimate typical oscillation periods for unsteady
convection in hydrothermal systems as a function of the Ray-
leigh number (Table 1). The results suggest that only very
vigorous systems with Nusselt numbers of order 100 and
higher may exhibit oscillations with periods of ~1 year and
less.

On fast spreading ridges, steady state models for the ther-
mal structure of young oceanic crust require an average Nus-
selt number of ~10 to maintain steady state magma lenses at
the observed depths [Phipps Morgan and Chen, 1993]. The
Nusselt numbers are almost certainly higher beneath large
black smoker vent fields [Wilcock and Delaney, 1996]. On
the basis of regional water column surveys, Baker et al.
[1995] suggest that ~50% of the axis of fast-spreading (>120
mm yr') ridges is overlain by hydrothermal plumes, suggest-
ing Nusselt numbers of up to 20. The minimum period of os-
cillations due to unsteady hydrothermal circulation would
then be ~100 years. Periodic volcanic eruptions [e.g., Hay-
mon et al., 1993] perturb these systems frequently and may
prevent the evolution to an equilibrium oscillatory state.

On intermediate and slow spreading ridges, the episodicity
of the magma supply may result in the formation of a down-
ward migrating cracking front which is able to sustain high
heat fluxes for long periods of time [e.g., Lister, 1983; Wil-
cock and Delaney, 1996]. Nusselt numbers for such systems
can be calculated using estimates of the hydrothermal heat
flux and the surface area tapped by hydrothermal circulation.
However, they have very large uncertainties. For instance, on
the Endeavour, estimates of the heat fluxes are in the range
10%-10* MW [Baker and Massoth, 1987; Rosenberg et al.,
1988; Schultz et al., 1992; Thomson et al., 1992; Bemis et al.,
1993]. If we assume that this heat flux is being extracted
from an area of between 1 and 10 km” and use a thermal con-
ductivity of 2W m™ °C”, then Nusselt numbers for 4-km-
deep cells fall in the range 50-50,000. This is a very large
range. For our models this is compatible with oscillation pe-
riods of 20 years to 600 s (Table 1). On the basis of physical
arguments, Wilcock and Delaney [1996] argue that Nusselt
numbers for the Endeavour are most likely in the range 50-
500. This range predicts characteristic oscillation periods in
the range 20-0.2 years. The Endeavour hydrothermal system
has been monitored intermittently for more than a decade and
unsteady flow has not been observed except at tidal periods
[e.g., Shultz et al., 1995]. This may be due to the lack of ob-
servations. However, it is possible that geological complexi-
ties might stabilize the circulation. For instance, one could
speculate that high-permeability zones provide stable conduits
that inhibit unsteady flow leading to a configuration that
closely resembles a single pass pipe model.

Extensive zones of inactive sulfide deposits in the axial
valley imply that high temperature venting has been localized
elsewhere in the past [Delaney et al., 1992]. For instance,
Main Endeavour Field appears to have moved ~500 m North
[Delaney et al, 1992]. Clam Bed, a small separate field
venting diffuse fluids ~500 m southwest of one of the High
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Rise vent fields [Robigou et al,, 1993] might represent the
emergence of a new upwelling site. These observations sug-
gest that hydrothermal circulation along the Endeavour seg-
ment could be characterized by the migration and formation
of cells on timescales of at least decades. Such flow patterns
are characteristic of unsteady flow in the Hele-Shaw models
(Figures 7-9).

6. Conclusions

We have presented laboratory solutions for flow patterns
and heat transport as a function of the Rayleigh number in an
open-top, wide-aspect ratio Hele-Shaw cell. This study sup-
ports previous numerical work that showed significant differ-
ences between closed-top and open-top systems. The onset of
convection occurs at a critical Rayleigh number of 20.4, in
good agreement with theoretical predictions. Above onset, the
spacing of plumes decreases quickly with the Rayleigh num-
ber, before reaching an asymptotic limit of 0.2-0.3 above Ra
= 125. Unsteady periodic flow patterns appear above Ra = 47
owing to thermal instabilities in the bottom boundary layer.
Above Ra = 590 the flow patterns are chaotic and are domi-
nated by thermal plumes in the boundary layer. We deter-
mined scaling relationships for the Nusselt number and for
the characteristic frequency of unsteadiness. Above Ra =
205, the Nusselt number scales as Ra"”'. The frequency
scales as Ra'*’. These relationships are close to the theoreti-
cal scalings for high Rayleigh number convection in a porous
medium, Nu o< Ra and fe< Ra’.

When applied to vigorous mid-ocean ridge hydrothermal
systems, the Hele-Shaw models predict that upwelling sites
should be spaced at half the depth of circulation. This result
is in excellent agreement with the spacing of vent fields on
the Endeavour segment. The Nusselt number for mid-ocean
ridge systems are poorly constrained and may vary from 10 to
500, values which suggest periods for unsteady flow in the
range 500-0.2 years. Unsteady convection has not been
documented in mid-ocean ridge systems. This may be due to
the lack of observations or to processes such as flow chan-
nelization, which might inhibit unsteady convection.

This study shows that a Hele-Shaw cell experimental ana-

“log can yield solutions to the difficult problem of high Ray-

leigh number circulation in open-top systems. The simple
configuration of our current setup limits its applications to the
real systems. Future models could use the same design prin-
ciple to investigate the effects of idealized geologic com-
plexities such as fault zones, layered permeability structures,
and the variations in heat source geometry.
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