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Fluid turbulence is a paradigm for non-linear systems with many degrees
of freedom and important in numerous applications. Because the analytical
understanding of the equations of motion is poor, experiments and, lately,
direct numerical simulations of the equations of motion, have been funda-
mental to making progress. In this vein, a concerted experimental effort has
been made to take advantage of the unique properties of liquid and gaseous
helium at low temperatures near or below the critical point. We discuss the
promise and impact of results from recent helium experiments and identify
the current technical barriers which can perhaps be removed by low tempera-
ture researchers. We focus mainly on classical flows that utilize helium above
the lambda line, but touch on those aspects below that exhibit quasi-classical
behavior.

KEY WORDS: cryogenic turbulence; thermal convection; quantized
vorticies.

Table of Contents

1. INTRODUCTION 164
1.1. General Considerations 164
1.2. Fluid Equations and Non-dimensional Parameters 165
1.3. The Promise of Low Temperature Helium as a Test Fluid 169

1.3.1. Fluid Properties 170

1.3.2. Tunability and Scaling 172

1.3.3. Material Properties 173

1.3.4. “Table-top” Experiments 173

1.3.5. Other Promises 174

1.3.6. A Brief Historical Note 175
163

0022-2291/06/0600-0163/0 © 2006 Springer Science+Business Media, Inc.



164 J. J. Niemela and K.R. Sreenivasan

1.4. Alternatives to Laboratory Experiments
2. MAJOR RESULTS IN HELIUM FLOWS
2.1. Hydrodynamic Turbulence
2.1.1. Karman Flows
2.1.2. Free Jets
2.2. Thermal Turbulence
2.2.1. Rayleigh-Bénard Convection
2.2.2. Scaling
2.3. Superfluid Turbulence
2.3.1. Grid Flows
2.3.2. Superfluid Kdrman Flows
3. SOME UNRESOLVED ISSUES
3.1. Hydrodynamic Turbulence
3.2. Thermal Turbulence
3.3. Superfluid Turbulence
4. PROSPECTS AND SUMMARY
4.1. Short Term Concerns
4.2. Theoretical Issues
4.2.1. Continuum Approximation
4.2.2. Superfluid Turbulence
4.3. Instrumentation Issues
4.3.1. Direct Pressure Measurements
4.3.2. Thermal Sensors for Boundary Layers
4.3.3. Local Measurements
4.4. Numerical Simulations
4.5. A Long-term Proposal for a Landmark Experiment
4.6. Final Remarks
ACKNOWLEDGMENTS
REFERENCES

1. INTRODUCTION

1.1. General Considerations

176
177
177
177
183
185
186
187
191
191
196
197
197
198
200
200
200
203
203
204
204
204
204
205
205
206
207

We cannot overstate the importance of turbulence in a wide range
of contexts such as the motion of submarines, ships and aircraft, pollu-
tant dispersion in the earth’s atmosphere and oceans, heat and mass trans-
port in engineering applications as well as geophysics and astrophysics.!
Turbulence often occurs in conjunction with other features such as rota-
tion, magnetic field and particulate matter,> so the knowledge of the sub-
ject is useful to a number of closely related problems such as interstellar
dust and energy transport’ and weather prediction and planetary magnetic
fields.* The problem is also a paradigm for strongly non-linear systems,
distinguished by strong fluctuations and strong coupling among a large
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number of degrees of freedom,” and so even distant areas such as
fracture®—perhaps even market fluctuations’—will benefit from a better
understanding of turbulence. The subject is a particularly useful paradigm
of a wide variety of non-equilibrium systems because the equations of
motion are known exactly and can be simulated with precision. However,
the complexity of the underlying equations has precluded much analyti-
cal progress, and the demands of computing power are such that routine
simulations of large turbulent flows have not yet been possible.®° Thus,
the progress in the field has depended more on experimental input. This
experimental input points in part to a search for optimal test fluids, and
the development and utilization of novel instrumentation. The choice of
low temperature helium as a test fluid is the subject of this review. We will
examine how its use has impacted the field of turbulence and what obsta-
cles there are in making further progress. Our view is that the use of low
temperature helium yields several benefits, but its adaptation to the study
of classical turbulence is not without impediments.

The review is organized as follows. In the rest of this section, we
write down the fluid dynamical equations and show how the relevant non-
dimensional control parameters emerge from them; these parameters allow
us to unify the behavior of fluid systems under seemingly unrelated con-
ditions. We will then discuss ways in which the use of low temperature
helium can help address classical problems in turbulence. In section 2 we
will also discuss some fundamental problems in classical turbulence and
show how low-temperature fluids and techniques have been applied to
address them. In section 3 we will discuss the main unresolved questions
related to these efforts. Finally, in section 4 we will address the progress
needed in order to better fulfill the promise of helium.

1.2. Fluid Equations and Non-dimensional Parameters

An accessible description of the equations of fluid motion, generally
aimed at physicists, can be found in Tritton’s book.! We will present a
brief outline here. The equations are written down in a coordinate system
that is fixed in space (“Eulerian” description). We will assume that contin-
uum mechanics is a valid assumption for turbulence. Considering a fluid
element of density p and moving at a velocity u, the mass conservation

takes the form
ap
— 4+ V- =0, 1
ar T (pu) (1

which, in the common case of constant density, reduces to the divergence-
less condition
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V.u=0. 2)

For a Newtonian fluid, in which the stress and strain tensors are linearly
related, the momentum equation reduces to

CLERRE S G)
Dt P

in terms of the pressure p and kinematic viscosity v=u/p, where u is the
dynamic viscosity. For convenience of notation, we have used the so-called
substantive or convective derivative % = % 4V -u. The external body force
term is represented by Fex:.

The body force could arise from sources such as gravity, rotation and
magnetic field. Of particular interest here is the gravitational buoyancy in
thermally driven flows, for which there is only one component of the force
in the direction of gravity and is given by Fex = ga AT, where g is the
acceleration of gravity, « is the isobaric coefficient of thermal expansion
and AT is the temperature difference across a layer of fluid in the direc-
tion of gravity. It is customary to assume that the thermal driving does
not affect pressure or the incompressibility condition, and that its major
effect is to introduce buoyancy. This is the Oberbeck—Boussinesq, or sim-
ply Boussinesq, approximation.'® The equation for energy conservation in
the Boussinesq approximation (to be written as B-ap henceforth) is

o 2T —u.VT. (4)
at
Here « is the thermal diffusivity of the fluid at temperature 7.

Within the B-ap, Egs. (2)-(4) describe the fluid motion and determine
the velocity, pressure and temperature. These partial differential equations
must, of course, be supplemented by the appropriate initial conditions and
boundary conditions on rigid or “free” surfaces, conducting or insulat-
ing surfaces, rough or smooth surfaces, as appropriate. Under these condi-
tions, the solutions of the equations of motion should indeed correspond
to the observed flows, including turbulence. It is not always clear if small
deviations from the ideal boundary conditions produce only small effects.
We shall have more to say on this aspect in section 2.2.

We can economize our thinking by scaling all velocities in the prob-
lem by some characteristic velocity U and all lengths by some character-
istic length L and time by L/U. (For time-dependent phenomena such as
turbulence, the time has to be scaled independently but, given our limited
purpose here, we shall not consider that situation explicitly.) The pressure
p can be normalized by pUZ2. Then Eq. (3) for the case of simple pressure-
driven flow can be written (now for normalized variables) as
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ou I _,
5 +u-Vu= Vp+ReV u, ®)
where the so-called Reynolds number Re =UL/v appears naturally as a
consequence of the scaling of the variables. In the momentum equation in
this form, we need not keep track of solutions of the problem in terms of
various lengths and velocities of the flow and viscosities of the fluids sepa-
rately, but simply in terms of various Re. The Reynolds number is a mani-
festation of dynamical similarity. That is, if we consider two flows that are
geometrically similar, then they are dynamically identical if the correspond-
ing Re is the same for both, regardless of the specific velocities, lengths
and fluid viscosities involved. Matching such parameters between labora-
tory testing of a model and the actual full-scale object (the prototype) is
the principle upon which aerodynamic model-testing is based. Physically,
the Reynolds number is the ratio of the inertial forces (the term u-Vu in
the substantive derivative, see Eq. (3)) and viscous forces (the term vVZ2u).
New similarity parameters can be formed depending on the types of
external forces that need to be accounted for in Eq. (3). In thermal flows
for which buoyancy plays a role, another dynamical similarity parameter,
namely the Rayleigh number

Ra:gotATL3/w<, (6)

emerges. Here g is the acceleration due to gravity, o, v and « are, respec-
tively, the isobaric thermal expansion coefficient, the kinematic viscosity
and thermal diffusivity of the fluid, and AT and L are the characteristic
temperature difference and the length scale of the flow (which will be spec-
ified in later sections). Physically, the Rayleigh number measures the ratio
of the rate of potential energy release due to buoyancy to the rate of its
dissipation due to thermal and viscous diffusion.!! The Prandtl number

Pr=v/k (7)

is the ratio of time scales due to thermal diffusion (rp = L?/«) and
momentum diffusion (r, =L?/v), and will be useful later on.

For the immediate discussion we will focus on isothermal flows driven
by gradients in pressure. Turbulence in such systems is generated when iner-
tia forces overwhelm the ability of the fluid to dissipate fluctuations directly,
or when Re is large. Turbulence is made of fluctuations of many different
scales (or “eddies”) between the largest scale that is comparable to the size
of the apparatus in which the flow is created and the smallest which is invari-
ably damped out by viscosity. Eddies of a given characteristic length scale
are associated with their own characteristic velocity and therefore their own
characteristic Reynolds number. The large eddies are more energetic and



168 J. J. Niemela and K.R. Sreenivasan

their Reynolds number is correspondingly large; by the principle of dynam-
ical similarity, this can be considered equivalent to having a small viscosity.
Thus, viscous effects are unimportant for large eddies and so their energy is
not lost by viscosity; instead, the loss of energy occurs to other scales by the
non-linear interaction with them. It is conventionally thought that the most
effective interaction occurs with eddies of comparable sizes (though there is
no rigorous proof that this is so). This gives rise to the notion of a cascade
of energy from one scale of eddies to those of the neighboring scale. There is
an average direction to the energy cascade because the energy is eventually
dissipated in small scales. The Reynolds number for the small scales gets
progressively smaller and so the viscous effects become important below a
nominal scale; the smallest dynamically important scale is the one for which
the Reynolds number is of the order unity. This is called the dissipation, or
the Kolmogorov, scale, 7.

As long as the energy is supplied steadily at a large scale ¢, a statisti-
cally steady state is obtained; in this state, the most important dynamical
phenomenon that occurs in the range of scales between the “large” and
“small” scales—the so-called inertial range—is the scale-to-scale energy
transfer without viscous dissipation. Energy is dissipated when it reaches
the small scales; the rate of energy dissipation per unit mass, €, is the
same as the rate of energy input. (Thus, the energy dissipation rate, even if
enabled ultimately by viscosity, does not depend on the magnitude of vis-
cosity. Reducing viscosity simply allows the cascade to continue to even
smaller scales until, as noted above, the characteristic Reynolds number
of the smallest eddies becomes of the order unity.) The energy dissipa-
tion rate € has the dimensions of cm? s~ in cgs units and can be deter-
mined in order of magnitude from a dimensional analysis as proportional
to u®/¢, where u is a characteristic measure of the fluctuating velocity
(such as its root-mean-square value) at the scale £ at which the energy is
injected. This is the input power. Since the smallest scale n is responsive
entirely to the viscosity and the energy dissipation rate, dimensional anal-
ysis shows that

n=3/e)'/*=rRe; ", ®)

where Re;=uf/v is the characteristic Reynolds number of the large scale.
For a fixed ¢, the Kolmogorov scale becomes increasingly smaller as the
Reynolds number increases. The corresponding time scale also becomes
smaller. Thus, the spatial and temporal resolutions required of measure-
ments become more demanding as the Reynolds number increases.

It is common to recast the energy dynamics in terms of a spectral
language and discuss the nature of the energy spectrum E(k), where k is
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the wavenumber and E(k)dk is the kinetic energy in the wavenumber shell
between k and k +dk. Using the cascade picture of local interactions,! we
can obtain

E (k)= Cre?3k13, )

where the proportionality constant Cy is empirically determined!>!# to be
about 1.5. Spectral decomposition is not particularly useful if the flow
is confined or strongly inhomogeneous. A suitable wavelet decomposition
with finite support is usually a better basis to use.

In the inertial range, which increases in size with Rey, we can expect
the turbulent flow to be more or less homogeneous and isotropic. This is
Kolmogorov’s hypothesis of local isotropy.!? Self-similarity in this range of
scales means that turbulence at one length scale is similar to that at another
length scale except for the change due to the scale ratio. That is to say,
the local properties of the turbulence do not depend on the velocity and
length scales of energy injection, and that at each scale the motion is the
one relative to the immediate larger scales, which can be regarded as a steady
background flow. If there are any universal statistical properties of turbu-
lence in the inertial range, it is reasonable to look for them as Re — oo,
since the separation between the energy-injection scales and the dissipative
scales increases with Re—thus making it plausible to imagine that the iner-
tial range would be independent of energy injection as well as dissipation.
Needless to say, there are many practical questions of interest in engineering
applications at high Reynolds numbers.

One goal of an experimentalist is thus to attain high enough values
of Re. High enough Re means effectively any Re above the point at which
certain scaling properties in the inertial range cease to vary. If high enough
Reynolds numbers can indeed be attained using common fluids such as air
or water, there is little sense in pushing the low temperature technology. This,
however, is not the case in general. Another salient fact is that the increase
in the Reynolds number is measured in terms of its logarithm,'® and, in
some respects, it makes sense to consider changes that may occur when Re
changes by one or more decades. For this reason, a good experiment is one
that permits Re to be explored over many decades—preferably in a single
apparatus so we may neglect other effects such as changed boundary con-
ditions, geometry and experimental protocol. As we will discuss in the next
section, this possibility can be realized using helium as the test fluid.

1.3. The Promise of Low Temperature Helium as a Test Fluid

From this discussion, we may identify several aspects that must be
considered in an experimental program: the generation of the desired
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boundary conditions, similarity parameters that can be varied indepen-
dently over a wide range, and the ability to make meaningful measure-
ments, particularly when the Reynolds number is large.

1.3.1. Fluid Properties

Perhaps the principal promise of low temperature helium has been the
recognition that its kinematic viscosity is low compared with any other
fluid and much lower than that of the commonly used test fluids, air and
water.

For comparison, Table I shows some typical values of kinematic vis-
cosity for common test fluids. Helium has a substantial advantage in terms
of viscosity over air and water, although these latter fluids are abundant
and easier to use. One further point to be made especially is that helium
IT is similar to helium I in terms of the kinematic viscosity, here defined
using the ratio of the normal shear viscosity to the total density. This
remains true even to the absolute zero of temperature where an effective
kinematic viscosity acts in turbulent flows even in the absence of a nor-
mal component of helium.!®

Let us turn attention briefly to thermal turbulence and examine other
beneficial properties of helium. Recall that the relations (6) and (7) define
the two principal similarity parameters—the Rayleigh number Ra and the
Prandtl number Pr—for systems in which buoyancy, derived from unsta-
ble heating, drives the flow. Ra is the primary control parameter and fully
developed thermal turbulence occurs at very large values of Ra; again, we
wish to produce flows in which Ra varies over a wide range. It is clear
that the small kinematic viscosity of helium can make Ra also quite large.
In addition, for helium gas, the thermal diffusivity « =k/pCp, where k is

TABLE 1

Kinematic viscosities for some test fluids.

Fluid T (K) P (Bar) v (cm?/s)
Air 293 1 0.15
Water 293 1 0.01
Helium I 22 SVP 1.8x 107
Helium 1II 1.8 SVP 8.9x 1073
Helium gas 5.5 2.8 32x 1074

Note: The numbers quoted for the liquid phases of helium are evaluated at the saturated
vapor pressure (SVP).
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the thermal conductivity of the fluid, p its density, and Cp is the constant
pressure specific heat, is of the same order of v (except near the critical
point, where, in fact, it becomes vanishingly small because Cp diverges
there). The Prandtl number Pr=v/k has a constant value near 0.7 suffi-
ciently away from the critical point, as for air and other non-interacting
gases, and increases rapidly only near the critical point.

The other fluid parameter which enters the definition of the Ray-
leigh number is the isobaric thermal expansion coefficient a=—p~19p/dT,
where the derivative is evaluated at constant pressure. The sign of « deter-
mines the direction of the temperature gradient that is needed to induce
buoyancy; since it is positive in most cases, the heating needs to be from
below in order to destabilize the flow and set up turbulence. A notable
exception is water for which the sign of « reverses below 4°, as is also the
case for liquid helium just above the lambda point.

For non-interacting gases, « =1/T, and so, low temperatures them-
selves have a particular advantage for buoyancy-driven flows. For helium
near its critical point, « is thermodynamically related to the specific heat
and also diverges. In summary, it is the combination «/vk that determines
the Rayleigh number, and we show it in Table II for helium, air and water.

One can use to advantage the enormously large values of the combi-
nation «/vk near the critical point and generate large values of Ra. For
illustration, if we consider a fluid layer some 10 m tall (difficult and expen-
sive, but well within the capacity of presently available cryogenic capabil-
ity) and a reasonable temperature difference of 0.5K, Rayleigh numbers
of the order 102! are possible. Such large values are characteristic of
turbulent convection in the Sun.!”

TABLE 11

Values of the combination of fluid properties o/vk for air, water and helium.

Fluid T (K) P (Bar) afvi
Air 293 1 0.12
Water 293 1 14
Helium T 2.2 SVP 2.3x10°
Helium II 1.8 SVP —
Helium gas 5.25 2.36 6% 10°

Helium gas 44 2% 107 6x 1073
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1.3.2. Tunability and Scaling

It is also clear from Table II that at low pressures and tempera-
tures sufficiently far away from the critical value values for «/vk are quite
small. In fact, the range shown in the table covers a factor of 1012, so
any given experiment of fixed size L can yield at least 12 decades of the
control parameter Ra by this means alone. Further, if L is chosen to be
large enough, this entire range of Ra can be shifted to a regime of devel-
oped turbulence where well-articulated scaling relations can be expected to
occur. This is the motivation for the experiments to be discussed later.

It is worth noting that liquid helium at standard conditions of tem-
perature and pressure can increase the range of Ra in a way that would
be essentially impossible for air and water, but it does not have the same
tunability as the gaseous state.

As mentioned earlier, of interest to turbulent convection is the loga-
rithm!> of Ra, and so several decades, rather than several factors of 2, of
Ra are needed to extract accurate scaling information. One cannot simply
increase the temperature difference to increase Ra if one were to main-
tain the closeness of fluid properties at the top and bottom of the con-
vection apparatus. Cryogenic helium gas can, in fact, yield very high Ra
while keeping AT relatively modest. Conventional fluids are not similarly
flexible.

To see better how Ra can be varied over a wide range using cryogenic
helium gas, it is instructive to rewrite Ra as

ATL3
Ra=(p*aCp)® . (10)
uk

The quantity in parentheses can be varied substantially and is the tuning
parameter that allows the experiments to access large ranges and high val-
ues of Ra. For low densities and pressures (roughly P <1 bar), we oper-
ate more or less in the non-interacting gas limit where both the expansion
coefficient and specific heat remain essentially constant. Here, roughly,
Ra « p? and by increasing the density by orders of magnitude (starting
with a rarified state) we can generate a very wide range of Ra. Obviously,
it is important to have a large value of L in order to push Ra to the high
end.

Since part of the density dependence of Ra comes from the kinematic
viscosity, a similar flexibility exists for flows governed solely by Re which
is linearly proportional to the density.
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1.3.3. Material Properties

An indirect benefit of the use of low temperature helium comes from
the relation between the fluid properties and those of the solid material
used to confine it. Boundary conditions play an important role in fluid
mechanics and, in the case of thermal turbulence, the usual boundary
condition at the horizontal surfaces is one of constant temperature. In
practice, this condition is effected by using highly conductive plates with
constant heating or with good temperature control. Annealed and oxygen-
free copper has a thermal conductivity of order 1 kWm~! K~! to be com-
pared with the nominal thermal conductivity of helium, which is of order
102 Wm! k-l

Of course, the effective thermal conductivity of the fluid at very high
Ra can be quite large because of turbulence and, at an Ra of about 107,
be as high as 10,000 times that of the quiescent fluid. This brings the effec-
tive conductivity considerably closer to that of the plates and necessitates
some correction. The correction!® is negligible for helium except at the
very highest Ra where it is of the order of a few percent; on the other
hand, it could be of the order of 10-20% for conventional fluids even when
the Ra is moderately high.!?

1.3.4. “Table-top” Experiments

Let us now consider another experimental aspect that benefits from
the use of low temperature helium: its size. Consider first the case for
those turbulent flows in which Re = UL/v is the principal similarity
parameter, and for which the goal is to generate very high Re. The reader
may have already wondered why Re could not be be made large enough
by making either L or U (or both) large, and thus avoid the use of an
uncommon and expensive fluid that is harder to work with than water or
air. The first answer is the exorbitant cost and space constraints associ-
ated with large L. On the other hand, U has a more fundamental restric-
tion. It cannot be arbitrarily increased without introducing compressibility
effects, characterized by a new non-dimensional parameter, namely the
Mach number (i.e., the ratio of flow velocity to the speed of sound in the
medium).

We can illustrate the relative advantages of helium over air and water
through a concrete example of pipe flow, spanning both laminar and
fully turbulent conditions, for various magnitudes of surface roughness
(which may become important at high Re depending on the diminishing
height of the viscous boundary layer in comparison). The classical experi-
ment is due to Nikuradse?® from the 1930s. Nikuradse obtained turbulent
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flow conditions with Re of up to 3 x 10°. His apparatus used water and
occupied two stories of a building. Recently, this range of Re has been
duplicated in a standard dewar (13cm diameter, 1.5m tall) containing a
pipe flow apparatus, where the pipe was only Smm in diameter.?!-2> This
illustrates one of the compelling features of low temperature studies: that
they are accessible to even modest sized academic laboratories.? Similarly,
a 100 cm cross-section helium wind tunnel with feasible cooling power (of
order 1 kW at the operating temperature) could match the Reynolds num-
ber of any wind tunnel in existence (usually tens of meters in its smallest
dimension and hundreds of meters in the longer dimension).!”

For thermal flows the situation is similar. From the definition of Ra,
it is clear that it can be increased by going to larger and larger appa-
ratus (because the characteristic length L appears as the third power in
Ra). There are, of course, obvious limits to growth in this way. Further-
more, it is not always desirable to follow this route because each choice
of L means a different apparatus with different conditions of roughness
and other details which matter.® Increasing the temperature difference AT,
as with U in the Reynolds number, has a fundamental limit: It cannot be
made arbitrarily large since the fluid properties in Ra would be ill-defined
over the sample across which a large temperature difference is imposed.
Obviously, in the case of liquids one has to contend also with a phase
change for too high AT. Related to this, as L becomes larger and larger
for a fixed AT, temperature homogeneity in the boundaries becomes a
practical issue at some point.

1.3.5. Other Promises

We mention in passing an area that has not received adequate attention
but has been a primary motivator all along: the utilization of low temperature
helium for model testing in aerodynamics and hydrodynamics. We mention at
the end of this section an early experimental effort along this line.

In aerodynamic testing, one measures lift, drag and moments on a
model and infers the corresponding values on the prototype. Since Re can
often be very large in practical situations (of the order 108 or 10° for
commercial aircraft or modern submarines),!’ it is difficult to match the

aIt should be noted that pipe Reynolds numbers of the order 107 have recently been gener-
ated using air compressed to about two hundred atmospheres.”> Highly compressed air has
some advantages and some disadvantages compared to helium.

YIn principle, there is a complementary problem in helium. A surface that could be regarded
as smooth at low and moderate values of Re could become effectively rough at very large
values of Re. For convection experiments even at the highest Ra, this does not seem to have
been a problem.
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prototype Reynolds number if the same fluid is used for model testing: L
for the model is typically much smaller and there is not much maneuver-
ing room on U without encountering technical problems of compressibil-
ity.° On the other hand, the very small kinematic viscosity of helium can
compensate for the smaller L and U of the model, so that there is much
potential in this area. Helium has an advantage over highly compressed air
because the dynamic pressure (1/2)pU? is substantially smaller for a given
Reynolds number, and hence the helium flow can be expected to exert sig-
nificantly less force on the models (this being an issue of some practical
importance). Another possibility here is the use of powerful superconduct-
ing magnetic balance and suspension systems both to orient models with-
out the external arm or “stinger”, and to measure forces on them.

One might suppose that results from testing facilities might be extrap-
olated to higher Re values of interest. Unless the flow configurations are
clean, as is the boundary layer on a smooth horizontal plate immersed in
a smooth stream, extrapolation over even a decade of Re is not accurate.
Flows around practical objects include vortex shedding, interaction of vor-
tices with solid surfaces, the production of acoustic energy, non-linear inter-
action among various parts of the flow, and so forth, so extrapolation could
be misleading overall. Thus there remains a clear and compelling need for
facilities that generate truly high Re. It suffices to say that there are not many
opportunities to do full scale testing, other than perhaps at NASA Langley,
where the cryogenic tunnel (the National Transonic Facility, or NTF) uses
liquid nitrogen spray. The use of cryogenic helium instead of liquid nitrogen
would be a natural extension of the idea behind NTF.

Briefly, we mention that testing of surface ships poses another critical
problem: two important similarity parameters, Re, and the Froude number
Fr=U/(gL)"/? which takes into account the effect of waves, cannot both be
matched on a scale model using water, since U will have to be decreased to
match Fr, which means that Re will be too small—typically by a few orders
of magnitude. This could be avoided in principle by using liquid helium at a
temperature and pressure for which the ratio of kinematic viscosities of helium
and water can be chosen to compensate properly for the relative decrease in
UL of the test model. (Note that v does not appear in Fr.)

1.3.6. A Brief Historical Note

A small “superfluid wind tunnel” was constructed®* in 1957 at Cal-
tech with the idea of exploiting the superfluid properties of helium II.

“Note, however, that compressibility needs to be accommodated in testing transonic aircraft,
and only the gas phase can in principle be utilized for a test fluid.
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Although potential flow was observed (with no measurable lift on a pair
of fly wings hanging in the tunnel) for low velocities, the inevitable appear-
ance of quantized vortices altered that picture for higher flow speeds.
The report of this early experiment acknowledged the participation of
Feynman and Liepmann. Following some discussions on the subject, a
proposal was made by Liepmann to construct a low temperature super-
sonic wind tunnel facility at Caltech,> but the project did not materialize;
the needed technology development, including instrumentation, must have
weighed heavily in the decision.

1.4. Alternatives to Laboratory Experiments

Before discussing the results from low temperature turbulence experi-
ments, it is useful to consider the alternatives available to attain large val-
ues of the relevant control parameters such as Ra and Re.

First, it is reasonable to ask why nature’s “laboratories”, such as the
atmosphere and oceans, cannot be instrumented and studied for turbu-
lence dynamics. In fact, this is often done?®2% but is not a substitute for
controlled laboratory studies when questions become sharp and a deeper
understanding is required.

The second comment concerns the role of direct numerical simula-
tions (DNS) in which the appropriate equations are solved on a computer
without making any approximation. This fine tool has been making tre-
mendous progress with each generation of powerful computers, but still
has a limited applicability for simulating practical flows at high Reynolds
and Rayleigh numbers. The DNS efforts are hampered by the large num-
ber of degrees of freedom in turbulence that grows as Re®/*. This can
be easily seen from (8), where it is clear that the range of scales need-
ing to be well resolved, £/n, grows as Re>/*. If the flow is to be followed
in a numerical simulation with a uniform grid, the minimum number of
necessary grid points (in three dimensions) is then proportional to Re”/.
In fact, there is a recent theory” that suggests that this growth follows a
steeper power of up to 3 instead of 9/4. Under certain circumstances, large
eddy simulations (which compute only the large scales but model the small
scales) and turbulence models (which compute only average information)
do better in terms of providing useful information, but they are not satis-
factory as universal recipes; the state of the art in computer hardware is
years away from allowing us to address the most important problems in
natural and engineering fluid turbulence.®

As in the quest to understand the limitations of the standard model
in particle physics, we are compelled to push for the highest Re, not only
for practical reasons, but also for bringing to bear more stringent tests of
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existing phenomenology.!3?° Thus, the prospect of modest-sized laborato-
ries, primarily utilizing low temperature facilities, is quite alluring for the
study of turbulence. This does not mean that all other facilities will be ren-
dered obsolete, since not all unresolved questions concern very high Re or
Ra.

2. MAJOR RESULTS IN HELIUM FLOWS

We will attempt to summarize major results in helium turbulence
research but the review is not meant to be comprehensive. We will not
address in detail turbulence in helium II about which another review has
recently appeared,'® but restrict attention to a “quasi-classical” result.

2.1. Hydrodynamic Turbulence
2.1.1. Karman Flows

Here we discuss turbulence in the so-called von Karman swirling flow
between two counter-rotating disks immersed in a fluid, separated by a
vertical distance H. Such flows typically generate intense turbulence. This
increases the magnitude of the velocity scale and thus increases the Rey-
nolds number somewhat, but the main feature that increases the Reynolds
number is the use of cryogenic helium. As already remarked, the thinking
in turbulence literature is that the rate of energy dissipation remains finite
even as the viscosity vanishes.’*3* Fundamental changes in the phenom-
enology of turbulence would result if this were not the case; for instance,
the prevailing description of energy cascade through the inertial range of
scales would have to be different. A convincing test of the existing phe-
nomenology would require precise data at much higher Re, for which the
turbulence is closer to a “universal” state (if one exists). A wide range of
Re would be required to detect trends, if any. Naturally, to avoid compli-
cations due to changes in apparatus and measurement procedure, it is also
desirable to extract this information from a single experiment. That helium
is a viable working fluid for the purpose was recognized by Tabeling and
co-workers. We now briefly describe the experiments carried out in that
group using low temperature gaseous helium to measure turbulent energy
dissipation at very high Re using the apparatus shown in Fig. 1.

The counter-rotating disks had a radius R =20cm. Additional radial
“fins” were added to the plates to ensure stronger stirring of the fluid. The
experiment was operated near 5K with pressures ranging between about
2bar and a few mbar. The Reynolds number, defined here as Re=QR?/v,
where € is the angular velocity of the disks, varied from 10* to about
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Fig. 1. Swirling flow apparatus. (1) dc motors. (2) Blades fixed on the rotating disks. (3)
Working fluid. (4) Thermal link. (5) Copper plate. (6) vacuum. After Tabeling et al.>*

107, the upper limit being roughly within a decade of characteristic atmo-
spheric flows.

The quantity most often measured in these experiments is a com-
ponent of the velocity in the direction of the disk rotation. This can be
quite strong near the disks due to the entrainment of the fluid by the
fins. It may be recalled that the hot-wire anemometry, which is a common
tool for measuring turbulent velocities, requires the presence of a mean
flow. Tabeling et al.** employed a version of the hot-wire (Fig. 2) to mea-
sure turbulence in their helium flow. In the usual fashion, such devices
effectively measure the fluid velocity because of the forced convective cool-
ing of the wire, which is held at a higher temperature than the ambi-
ent. The necessary calibration is done by comparing the average flow rates
measured simultaneously by other means. Note that by virtue of their
operational principle, hot-wires work best for nominally isothermal flow
conditions; otherwise a more complicated calibration procedure must be
used to separate the variations of ambient temperature. It is possible
to alternately measure the background temperature signal from a nearby
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Fig. 2. Cryogenic hot wire probe, showing the active region, ¢,, = O(7 um). After Tabeling
et al3*

thermometer and apply the necessary corrections to the velocity signal
from the hot wire. A more ambitious approach would be to operate a sin-
gle wire in both the “hot” and “cold” (i.e., as a resistance thermometer)
mode.

A time record of a velocity component obtained from a probe fixed
in space is related partly to the temporal changes of the velocity at that
point and partly to changes in the flow sweeping past the probe. In turbu-
lence, the latter contribution far exceeds the former, so it is conventional
to interpret fluctuations measured as a function of time entirely as spatial
fluctuations, the connection being the sweeping by the mean velocity at the
measurement point. This is the so-called Taylor’s frozen-flow hypothesis:
the underlying assumption is that the small scale turbulence is “frozen”,
or unchanging, for short times so that a variation of the velocity in time
can be converted into a spatial variation by concurrent knowledge of a
mean sweeping velocity. This hypothesis has limitations but is adequate for
many purposes. (Significant advance in our understanding of turbulence
may come from well-resolved measurements that are simultaneously func-
tions of both time and space.) By this means, the wavenumber spectrum,
E(k), of velocity fluctuations, over the wavenumber k, can be obtained.
The very high Reynolds number flows that can be created using helium
possess large inertial ranges, thus making the scaling information more
reliable. While hot-wire measurements at room temperature have been rou-
tine for some 60 years, this is not the case at low temperatures. First, any
usable probe has to retain a large sensitivity at low temperatures. Second,
because of the high Reynolds numbers in cryogenic flows, the correspond-
ing Kolmogorov scale will be quite small in magnitude (of the order of
1 um in some of Tabeling’s experiments) and the measurement transducers
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must be correspondingly small. All this is non-trivial, but some success has
occurred.

The hot wires used by Tabeling et al. consisted of carbon fibers 7 um
in diameter. To reduce the characteristic size along the length of the fiber,
they were masked by another similar fiber stretched perpendicularly across,
with a conductor (Au) evaporated on the remainder to provide a good
electrical connection. The sensitivity of the carbon spot was within a fac-
tor of ten of that corresponding to a typical Allen Bradley resistor and so
was still quite good. Thus the active areca was a cylinder of diameter and
length equal to 7um. Even this small size is much larger than the Kol-
mogorov scale at the highest Re achieved.

Figure 3 shows the probability density function (PDF) of longitudinal
increments of velocity calculated on different scales. These increments are
defined as

AV, =V(x+r)—V(x), (11)

where V is the local velocity, and the separation length r is determined
from the measured separation time using the Taylor frozen flow hypoth-
esis. We can see from Fig. 3 that as the scales decrease toward the Kol-
mogorov dissipation length, the increments display more intermittency,
indicated by the presence of long “tails” in the distribution. Intermittency
refers to the existence of “patchiness” in the spatial distribution of small
scales and leads a departure of the random velocity field from the self-
similarity assumed by Kolmogorov’s phenomenological theory. It is a gen-
eral feature of turbulent flows related to the relatively frequent and large
excursions of the data (e.g., velocity increments) from the mean; hence
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Fig. 3. Log-linear plot of the PDF of longitudinal velocity increments, calculated on differ-
ent scales (a) r~10um. (b) r~100um. (¢) r~1 mm. (d) r~1 cm. Here, n~2.5um and Ry ~
3000. The large-scale Reynolds number is of the order Rf. After Tabeling er al3*



The Use of Cryogenic Helium for Classical Turbulence 181

it appears in the form of stretched tails in the PDF. While there has
been much effort in recent years to quantify and elucidate the nature of
intermittency,?>:3¢ there is, as yet, no rigorous theory to explain all the
observations. Intermittency renders Gaussianity inapplicable to turbulence
broadly, though large-scale quantities do approximate Gaussian behavior
under certain conditions (see Tennekes and Lumley).’’

The intermittency as a relative measure of the distribution of tails can

be partially quantified by the flatness factor given by
<A Vr4 >

<A Vr2 >2"

One can take the limit of this quantity as the separation distance
approaches zero. This will yield the flatness factor F of the derivative.
Clearly, the authenticity of the derivative obtained from experimental data
depends on whether the velocity has been resolved and sampled ade-
quately. By “adequate”, we mean that all spatial scales are resolved with
good temporal fidelity. As already pointed out, there is increasing evi-
dence that the resolution requirements become increasingly stringent with
increasing Reynolds number’ because smaller and smaller scales below the
Kolmogorov scale are generated in that limit. In any case, even if we adopt
the Kolmogorov scale as the standard, it is known from measurement that
F increases with increasing Reynolds number monotonically.?® The data
at higher Reynolds numbers have been obtained in the atmospheric flows
where resolving Kolmogorov scale (of the order of 0.5mm) from conven-
tional hot wires presents no problem. One of the surprises from helium
experiments (see Fig. 4) is that the flatness of the measured “derivative”
decreases with increasing Reynolds number beyond a certain critical value,
R; >~ 700, where the Taylor scale Reynolds number R, is based on an
internal scale of the flow (i.e., the Taylor microscale). The microscale Rey-
nolds number is roughly equivalent to the square root of the Reynolds
number based on the large scales which we introduced above. In fact,
this break in behavior has been interpreted®® in terms of a new bifurca-
tion at around Rj =~ 700. If this is true, the measurements have revealed
new physics that was missed earlier, or the derivative flatness is dependent
on the particular method of generating turbulence, violating the spirit of
scale similarity. The possibility that the tendency for the flatness to reach
constancy at some high Reynolds number could be merely an experimen-
tal artifact related to the inadequate resolution of the probe (since the
turbulent scales in the flow are small) was discussed®® and regarded as
unlikely. However, in another recent paper,*’ it has been pointed out that
this anomalous tendency disappears when the resolution of measurement
is improved. At the least, this debate suggests that there is a great need

F(r)= (12)
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Fig. 4. Flatness of velocity derivatives versus R; (after Emsellem ez al3%). The solid and
open symbols refer to two different experimental cells, the larger one (open symbols) having
a radius roughly 3 times that of the other (solid symbols).

to resolve the velocity data better in order to know with any certainty the
true behavior of the flatness. We have already seen that there is an issue
of probe resolution to be sorted out.

What might be the needed resolution? The conventional wisdom has
been that the gradients can be computed from the velocity data reliably
if the latter is measured with a resolution of the order of the Kolmogorov
scale. That has been the ideal to aim for in most experimental efforts, and,
indeed, some at high Reynolds numbers fall short of this goal. For some
time, however, there has been a growing realization®*~#3 that the Kol-
mogorov scale is a fluctuating quantity due to the (approximate) multifrac-
tality of the energy dissipation, and that scales significantly smaller than
the mean value must exist. This feature has been verified (Schumacher et
al. submitted) in which the grid resolution was much finer than the Kol-
mogorov scale. A recent paper* discusses how the grid-resolution depends
on the moment order and the Reynolds number. The higher the order of
the moment and the higher the Reynolds number, the more stringent is the
required resolution in measurement and simulations. Simulations of pas-
sive scalar,®® made with resolutions much smaller than the Batchelor scale
(the nominally smallest scale for passive scalars), confirm that such finer
scales indeed exist in quantities other than the velocity.

Finally, we note that similar experiments were conducted*® using a
pressure transducer in helium II flows in which hot wires would be ineffec-
tive. The output of these transducers could be related to the squared veloc-
ity and hence to the turbulent energy directly. At all temperatures below
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the lambda point down to 1.4K, the structure function exponents were
indistinguishable from those observed in normal fluid turbulence. This was
the best available direct evidence that turbulence in helium II could indeed
behave quasi-classically. This issue has been discussed in another review,
and we shall comment on it section 2.3.

2.1.2. Free Jets

Another flow that is particularly well studied using water and air,
and to whose study the use of low temperature helium gas can benefi-
cially add, is the turbulent jet. Jets manifest as exhausts from combus-
tion devices, environmental effluxes, materials processing problems, and in
many technical devices. We will consider the case when the jet fluid is the
same as the background medium into which it emerges and with which
it eventually mixes. As in wakes behind solid objects, the turbulent fluid
in jets is separated from the non-turbulent fluid by a relatively sharp and
dynamically changing stochastic interface. The turbulent jet spreads into
the background medium linearly with the distance downstream so that, on
the average the flow takes the form of a cone.

In this system, the large-scale Reynolds number is based on the diam-
eter of the orifice diameter and the exit velocity, and is given by

UL 4w

Re =—
v mwin

13)
in terms of the mass flux m of a fluid with shear viscosity u emerg-
ing from an orifice of diameter £. In an experiment recently conducted
at CERN, Re values of up to 107 have been achieved,*’ correspond-
ing to flow rates up to 260gs~!. The apparatus used in this work is
shown in Fig. 5. For comparison, the highest Reynolds number previously
attained*® is of the order 5 x 10°, even though the latter facility was con-
siderably larger. (A precise comparison is not very useful because it is not
clear how the ancillary equipment, such as refrigeration in the case of
cryogenic systems and the fluid pumping devices in the case of other flu-
ids, should be compared in detail.)

Local velocity fluctuation measurements in the emerging jet were
made using hot-wire anenometers* constructed by depositing a tempera-
ture sensitive resistive alloy (Au—Cr) on a small diameter (roughly 2-5 pum)
glass fiber, exposed an active length of the fiber that was approximately
equal to its diameter. Thus they are similar in design to those utilized ear-
lier by Tabeling et al. (see Fig. 2) but employ a different thermometric
material. The measured power spectral density, E(k), is shown in Fig. 6a
for two different Reynolds numbers, and displays the nominal —5/3 slope



184 J. J. Niemela and K.R. Sreenivasan

He goo
(=5, Pot

7 “sza
e s e

Fig. 5. Cryogenic helium gas jet apparatus at CERN. After Bézaguet et al*’

predicted by Kolmogorov.!? Figure 6b shows the PDF of the velocity fluc-
tuations for the highest Reynolds number and two different spatial incre-
ments §r, representing the two extremes of the inertial range in Fig. 6a.
For the large scales the PDF is more or less Gaussian, while for small
scales exponential tails are visible, indicative of small-scale intermittency
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Fig. 6. (a) Power power spectra of the velocity fluctuations for R;=6700 and 3500. The
straight line has slope —5/3 and the abscissae is the wavenumber K in m~!. (b) PDF of spa-
tial velocity increments (R; = 6700) in semilog coordinates. The plot for larger dr has been
shifted down one decade for clarity of display. Note the noise ceiling towards higher wave-
numbers for R, =3500 in (a) and the artificial manner by which the noise seems to have been
filtered for the case R; =6700. These wavenumbers are essential for proper dissipation esti-
mates. After Bezaguet et al*’

as we saw in the previous section for the Karman flow and which have
been seen in other turbulent flows at high Reynolds numbers.?8

The results so far are merely a guide-post to where one can proceed.
The spectrum exhibits a sizeable inertial range and the maximum micro-
scale Reynolds numbers exceed those typical of research wind tunnels and
come close to those characteristic of geophysical turbulence.?28 Assum-
ing that any universal traits of turbulence will be more likely revealed at
very high Reynolds numbers, this cryogenic research is moving us in the
right direction. The key accomplishment so far has been the development
of facilities where high-Re flows are possible under well-controlled con-
ditions. As new measurement procedures are developed, or existing ones
improved, and as scientific questions become more refined, the existence of
such facilities will assume greater importance for the advancement of the
field. It is easy to see that the array of outstanding questions surrounds
instrumentation.

2.2. Thermal Turbulence

We now turn attention to thermal convection, a subject in which the
use of helium has played a major role in recent years. Turbulent ther-
mal convection has long been a problem of major interest for a number
of reasons: it plays a prominent role in the energy transport within stars,
atmospheric and oceanic circulations, the generation of the earth’s mag-
netic field, and countless engineering processes in which heat transport is
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important. Threlfall’® is credited with recognizing the advantages of using
low temperature helium gas to investigate this problem in the laboratory.
Later work by Libchaber and co-workers®':32 brought a broader awareness
of the potential of helium.

2.2.1. Rayleigh—Bénard Convection

We cannot hope to solve all real problems of convection and rep-
licate in a laboratory every aspect related to complex boundary condi-
tions, rotation, magnetic fields, ionization, chemical reactions, etc. Thus, it
is generally agreed that it is better to make progress for a simpler prob-
lem that still contains the essential physics. In the case of buoyancy-driven
turbulence, this paradigm is the Rayleigh-Bénard convection (RBC). In
RBC, a thin fluid layer of infinite lateral extent is contained between
two isothermal surfaces with the bottom surface maintained slightly hot-
ter. When the expansion coefficient is positive (as is the case usually),
an instability develops because the hot fluid from below rises to the top
and the colder fluid from above sinks to the bottom. The applied driv-
ing force is measured in terms of a Rayleigh number, Ra, which is a
non-dimensional measure of the imposed temperature difference across the
fluid layer, see Eq. (6). The Prandtl number, Pr, defined in Eq. (7), is an
additional dynamical parameter because it determines the state and thick-
ness of the viscous and thermal boundary layers set up on the bound-
aries. With increasing Ra the dynamical state of RBC goes from a uniform
and parallel roll pattern at the onset (Ra ~ 10%) to a turbulent state at
Ra~107-108. (The onset value is independent of Pr but the turbulent
state depends on it.)

For the low temperature experiments that will be discussed here we
refer to the original papers for the exact set-ups,>>>> but note the fol-
lowing salient features. To approximate the constant temperature top and
bottom boundaries, annealed oxygen-free copper is used, with a conduc-
tivity near 1 kW m~! K~ at helium temperatures, nominally five orders of
magnitude larger than the molecular conductivity of the contained helium
gas. On the bottom plate a constant heating is applied, using a distributed
heater (either a serpentine metal film or spiraling wires) while the heater at
the top plate regulates the temperature as part of a feedback loop, where
the plate is in contact with a cold reservoir (liquid helium bath) through
an appropriate thermal resistance. Temperature fluctuations within the tur-
bulent gas are measured using small cubes of doped germanium or sili-
con, nominally of the order of a few hundred microns on the side. The
fluid is contained laterally by thin wall stainless steel, typically only as
thick as necessary to withstand the pressure differential between the fluid
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and the surrounding vacuum’; this minimizes parasitic heat inputs through
conduction or convection. Radiative heat input through the vacuum is
reduced through the use of shields at various graded temperatures.

The length scale associated with the lateral containment of the fluid
introduces another dynamical parameter in the form of an aspect ratio
I'=D/H, where D is the diameter for the case of cylindrical contain-
ers and H, the vertical height between the top and bottom plates, is
the relevant proxy for the length scale L in Eq. (6). For recent helium
experiments, I" is small of the order of unity, so the correspondence with
theoretical models which banish lateral walls to infinity is fraught with
difficulties. Considering that we wish to approximate I' > 1, it is of some
concern that most recent experiments have the value I' =1/2. It is, of
course, easy to understand from the definition of the Rayleigh number in
Eq. (6) why such a small aspect ratio has been chosen. Maximizing the
height is paramount to achieving high Ra, and to make the width of the
same order or much larger than the largest feasible height is often techni-
cally difficult and expensive. But the effects of small I are non-trivial; we
shall revisit them subsequently.

2.2.2. Scaling

The heat transport in convection is usually given in terms of the Nus-
selt number Nu

Nu=-—21 _ 47 (14)

cond kaT
where ¢ is the total heat flux, gcong 1s the heat flux in the absence of
convection, given by Fourier’s law, and k; is the thermal conductivity of
the fluid. Nu represents the ratio of the effective turbulent thermal con-
ductivity of the fluid to its molecular value and can reach values of over
10* in helium experiments®® thus demonstrating the enormous enhance-
ment of transport possible (one of the motivations for Threlfall’s work>")
in cryogenic turbulent convection. It is this global quantity that is often
of interest in natural and engineering turbulent processes, and the abil-
ity to predict its value in the limit of high Ra corresponding to those
processes—and often out of reach of laboratory experiments—is clearly
useful. Since we normally expect Nu = f(Ra, Pr,T’,...) to attain some
limiting power-law form in fully developed turbulence as Ra — oo, we may
hope to extrapolate results from experiments at the highest Ra if we have,
indeed, exceeded the Ra beyond which the functional relation ceases to
change.
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In a simplistic view, it is possible to see two limiting cases for the
scaling of Nu. In the first, we imagine that the global flux of heat is
determined by processes occurring in the two thermal boundary layers
at the top and bottom of the heated fluid layer. These layers, defined
as the extent over which the molecular conduction remains important,
are always present at the solid boundary where a heat flux is imposed,
although they become thin at high Rayleigh numbers. Their thickness A
can be estimated as the distance over which the imposed temperature gra-
dient would produce a state of marginal stability for convection; that is,
when the Rayleigh number based on their height exceeds something of
order 103. Assuming that the temperature outside the thermal boundary
layer is uniform (because of turbulent mixing), one can easily show that
A= H/2Nu. Clearly, A can become rather small; for instance, for the high-
est Ra achieved at present in the laboratory>? the thermal boundary lay-
ers at the boundaries of a 1 meter column of fluid would have a thickness
of the order 100 um. In fact, this sharp temperature gradient realized in
the limit of vanishingly small A is the source of “stress” on the boundary
layers and results in the emission of bursts of hot or cold fluid into the
interior, commonly referred to as “plumes” or “thermals”.36-51.57-58

Now, in the sense that the bulk fluid outside the boundary layers is
fully turbulent and “randomized", it acts more or less as a thermal short
circuit. Therefore its precise nature or spatial extent is immaterial to the
flux of heat and from the definition of Nu given in (14) we can then
immediately write down the asymptotic power law>® as Nu~ Ra'/3, where
we assume that the heat flux ¢ appearing in Nu has no implicit height
dependence (no internal energy sources). This simple argument has been
made more precise by others®® and rigorously shown®! to hold when Pr
and Ra are both very large.

There is another limit one can think of in which molecular properties
lose relevance in determining heat transport—for instance, when bound-
ary layers are mixed by a vigorous turbulent flow so that molecular con-
duction is supplanted entirely by small scale turbulent motion. Here, an
exponent of 1/2 (modulo logarithmic corrections) has been proposed; the
phenomenological theory has been developed by Kraichnan®? and later
shown to be relevant when boundary layers are artificially removed from
the problem.%® The theory of Grossmann and Lohse® is consistent with
both “asymptotic” scalings given above, in different regimes of Ra and
Pr, but does not anticipate the 1/2-power to occur in the range covered by
most available experiments. The one experiment®> where it could perhaps
have been expected to appear does not show it. In Kraichnan’s work®? this
scaling was proposed to occur for Ra~ 10%*. Of course, it is not merely
the exponent, but also the prefactor which determines our ability to make
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Fig. 7. Log-log plot of the Nusselt number versus Rayleigh number. The line through the
data is a least-square fit over the entire Ra range, and represents a dlog Nu/dlog Ra slope
of 0.32.

a prediction of Nu at higher Ra, so it is of some importance to determine
both from an experiment at sufficiently high Ra. To get these numbers
accurately, for technical reasons (see below), a few more decades of Ra
will be required. As we saw in the introduction, low temperature helium
gas provides an opportunity not only to attain the highest possible Ra in
an apparatus of given height, but also to obtain many orders of magnitude
of it without making mechanical changes to the apparatus (or change its
aspect ratio which is often done in conventional fluids).

Figure 7, plotted using the data from Niemela et a illustrates the
enormous range of Ra and Nu possible in low temperature experiments of
modest size. We show this figure mainly because it represents the highest
Ra achieved in a laboratory and also the largest range of Ra in the tur-
bulent scaling regime, both of which represent the fulfilment of the prom-
ise of cryogenic helium gas. The average slope over 11 decades is 0.32,
close to 1/3. Low temperature experiments of Chavanne et al,°* and by
the present authors for a different aspect ratio,’>% have found a scaling
exponent close to 1/2 over a limited range at the very highest Ra, but
those high-Ra data have been obtained very close to the critical point of
helium. The interpretation in this case is complicated because the data
cover the region of large departures from Boussinesq conditions and var-
iable Prandtl number (remember that increasing Prandtl number serves to
stabilize and laminarize the boundary layers, in contrast to the conditions
prescribed for observing the 1/2 scaling).

L ’53
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The data shown in Fig. 7 have been corrected for two main effects,
although the corrections for these low temperature experiments are rather
small. We have already pointed out the thermal advantages of cryogenic
helium experiments over conventional fluid experiments in having heating
plates of thermal conductivity many orders of magnitude greater than that
of the fluid. However, for very high Ra, the effective thermal conductiv-
ity of the fluid, Nu x ky, becomes large, and the plates can no longer
be regarded as strictly isothermal. The resulting “mixed” boundary con-
ditions could then affect dynamical features such as plume production.'®
This effect is unmeasurably small over almost the entire range of Ra used
by Niemela e al.>3 For the data shown in Fig. 7, we estimate the correc-
tions to be order of a few percent only for Ra>5x 10'6. The same order
of magnitude correction in similarly constructed water experiments would
develop at a Rayleigh number roughly seven orders of magnitude lower!

The other correction required is that due to sidewall conduction.
Some (small) part of the heat is inevitably conducted from the bot-
tom plate to the top through the side walls. The standard procedure
is to subtract this parallel conductance, assuming for this purpose that
the temperature difference prescribed between the plates varies linearly
between them. The onset of turbulence and thermal short-circuiting in the
bulk of the flow makes such corrections inadequate in a range of moder-
ately large Nu, where the temperature profile is no longer approximately
linear, but Nu not so high as to make any parallel conduction negligi-
ble. Various models®>%©-% have been developed for the purpose, all of
them reasonable but none perfect. The data in Fig. 7 have been corrected
for plate effects using the scheme proposed by Verzicco!® and modified in
Brown et al.'® and for wall effects using the scheme proposed by Roche
et al.%

Another area worth mentioning is the detailed study of a weakly
organized, coherent mean wind’%7®, adding significantly to our overall
understanding of turbulent convection. The wind phenomenon has had a
rather broad reach; for example, quantitative observations of occasional
reversals of the mean wind flow direction have been shown using data
obtained from helium experiments’”-’® to be related to standard criti-
cal systems. Furthermore, the lifetimes of the metastable states of the
bi-directional mean flow have intriguing analogies with reversals of the
earth’s magnetic field polarity, a phenomena arising from turbulent con-
vection within the outer core;* there is also a more quantitative statistical
analogy with the lifetime of solar flare activity driven by turbulent con-
vection in the Sun’s outer layer.” This latter conclusion may indicate the
existence of an underlying universality class, or a more direct physical sim-
ilarity in the convective processes that lead to re-shuffling of the magnetic
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footprints and ultimately to flare extinction. In general, the understanding
of the transition from one metastable state to another is an unexplored
territory in the presence of large fluctuations.

Finally, we briefly mention the contributions from low temperature
convection experiments®® on the effect of rough surfaces®! on the global
heat transport in turbulent convection. A principal motivation in the low
temperature studies was to illuminate the nature of a proposed “ulti-
mate regime”. Indeed, the heat transport increased with a slope of about
1/2 above the roughness transition®! (defined as the Rayleigh number at
which the thermal boundary layer thickness becomes of order the size of
the roughness elements). Unfortunately, the roughness transition occurred
within a decade of the highest possible Ra: from Du & Tong?! it is
known that the heat transport is increased by up to 40% when the rough-
ness transition has been crossed due to the extra transmission of thermal
plumes from the roughness tips, and some ambiguity arises as to whether
the increased heat transport slope represents a change of slope or is simply
a transition between parallel curves displaced by some 40%. Because it has
been difficult to obtain all the flow details in low temperature experiments,
such possibilities have not been answered. At the least, one needs to repeat
the experiment with larger roughness elements so that the roughness tran-
sition occurs at much smaller Ra. This poses an attractive challenge for
further work.

2.3. Superfluid Turbulence

Several “classical” experiments have been performed in liquid helium
below the lambda temperature. These experiments also can be interpreted
in a quasi-classical sense, which is what will be done below. In many cases,
this correspondence cannot be made because it depends on factors such
as the ratio of normal to superfluid densities, or whether, say, the normal
fluid remains at rest in response to the driving,!6:82-84

2.3.1. Grid Flows

The canonical method of creating a nearly isotropic and homoge-
neous turbulent flow is to force a fluid through a grid of crossed bars, usu-
ally by placing a stationary grid in a stream of air or water in a wind
or water tunnel. Alternatively, one can tow a grid through a stationary
body of fluid. Several such experiments in water exist. The relevant refer-
ences, as well as recent measurements in helium I, are reported in White
et al.®% A series of measurements have also been made in which a grid is
towed through a stationary sample of helium II, contained within a square
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channel of 1cm? cross-section.’¢3% In recent experiments,®® there were 13
meshes across the channel, this number being comparable to that com-
monly used in wind tunnels. The grid velocity in all cases was approx-
imately Vy; <2.5 m sl The mesh Reynolds number defined as Ren =
veMp/u, where p is the dynamic viscosity of the normal fluid and p the
total density of the fluid, varied between 5000 and 200,000. (The total
density p is the sum of the superfluid density ps and the normal fluid
density p,.) These mesh Reynolds numbers must be considered quite large
given the compactness of the apparatus. There is some lack of clarity as
to which density must be used below the lambda temperature. The present
choice seems plausible because, when the superfluid vortex tangle becomes
polarized and the superfluid and normal fluid velocity fields are correlated,
helium IT should behave as a single fluid with the combined density p for
scales large compared with the average inter-vortex line spacing.”® In fact,
the effective kinematic viscosity of turbulent grid flows in helium II has
been shown to be proportional to the quantum of circulation, «, which
has the same units without an explicit density dependence. Both « and v
defined above have similar magnitudes but this is regarded as a numerical
accident.!®

For various values of Repp, observations were made of the decay of
the quantized vortex line density in the measuring volume following the
upward pull of the grid. The velocity V, was constant from well below the
measuring volume to well above it.”! On the opposing walls of the channel
two second-sound transducers were situated, using flush-mounted vibrat-
ing superleaks. In this case the channel acted as a second sound resona-
tor. The best results were typically obtained using a high harmonic of the
fundamental, corresponding to 25-40 kHz.

The length of quantized vortex line per unit volume, L, can be
deduced from second sound measurements through the relation

16A
L= 0(@—1) (15)
Bk A

where A and A are, respectively, the amplitudes of the second sound
standing wave resonance with and without the vortices present, Ag is the
width of the resonance curve at half maximum of the second sound res-
onance peak in the absence of vortices, B is the (frequency-dependent)
mutual friction constant.”> A more general formula3® is

14+ p?>P+/2p2P + p*P2

7 Bid 14+ P+4+/2P + P2
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Fig. 8. The log-log plot of the decaying vortex line density versus time obtained with a con-
ventional grid. The data correspond to Rey = 1.5 x 10° and a temperature 1.5K. The grid
passed the measurement volume at 7 =0, and precisely that part of the decay data used for
determining the effective kinematic viscosity of the turbulence (see text) is shown here. The
exponent —3/2 is shown by the displaced dashed line. A schematic of the grid used to gen-
erate these data is shown in the inset.

where p=Ap/A and P=1—cos2rwdAy/u3), uy the second sound velocity
and d the channel width. The final resting position of the grid following
the pull-through was against the top wall of the channel, with a constant
translating force applied to compensate for the effects of expansion on the
part of the pulling rod that is in contact with room temperature. Other-
wise, the small and variable displacement downwards of the grid would
affect the second sound resonance properties of the channel during decay.

An example of decaying line density is shown in Fig. § for the tem-
perature of 1.5K in the region of power-law decay. Similar data were
obtained for other temperatures as well. The time-dependent line density
was spatially averaged over the measurement volume of order d>=1cm?.
The slope of —3/2 is precisely what one might expect if the superfluid
turbulence behaved like classical turbulence,!%-%39¢ except at the smallest
scales where the precise mechanism of energy dissipation determines tur-
bulence characteristics. The relevant notion is that the vorticity fields of
the classical and quantized turbulence are coupled to each other.!”-%7

We shall now state the underlying assumptions concretely. First, we
note that the turbulent energy dissipation rate per unit mass, €, is not
a small scale property but one that is inherited from the large scales at
which energy is injected into turbulence. For classical homogeneous tur-
bulence, € is exactly equal to kinematic viscosity times the mean squared
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vorticity. For decaying grid turbulence in helium II, we may assume®> 10

that the total energy dissipation per unit mass in the turbulent fluid is
analogously given by

e=vk’L?, (17)

where v’ is a proportionality constant with units of kinematic viscosity.

Second, as already mentioned in section 1.2, the energy dissipation
rate in fully developed turbulence is thought to be independent of viscos-
ity, so that

e=Ceu’/L, (18)

where C. is a constant for sufficiently large Reynolds number,313%% in

practice for R; > 100. Here, u can be taken as the root-mean-square value
of the turbulent velocity. The precise value of C. depends on the defini-
tion?1-32 used for ¢ and is about 0.5 for the definition employed here. We
assume that this type of relation holds for helium turbulence as well.
Third, we assume that the length scale ¢ grows with time just as in
classical turbulence. If this is true, at late stages of decay, it will become
comparable to the channel width d and will cease to grow further. Of
course, it does not prevent the length scale from growing in the direction
of the grid motion, thus rendering turbulence anisotropic, but we shall not
consider this possibility. If £ is a constant, the above relation becomes

2/3
2 ed
=] ] (19)
Noting further that d/dt(%uz): —e, we have
d\*? | de
—e[ =) =e1P=. 20
e(ce) < ar 20)
Integrating and using (17) we have
2771 a
kL=|=—| =172 1)
v/ Ce

With C.~0.5, this relation turns out to be identical to that derived by Vi-
nen & Niemela'® using a somewhat different argument. The —3/2 decay
of the line density follows from Eq. (17) relating the line density to the
energy dissipation rate per unit mass. We note that it does not depend
directly on the form of the Kolmogorov —5/3 energy spectrum, but rather,
more generally, from the finiteness of the energy dissipation expressed in

(18).
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Fig. 9. Plot of the line density normalized by " where the exponent m takes on the val-
ues (a) 1.6, (b) 1.55, (c) 1.5, (d) 1.45, (e) 1.4. Clearly, the curve labeled “c”, representing the
exponent 1.5, gives the best results. (i.e., is most constant in ¢).

In Eq. (21), the only explicit unknown is v'. We may find it by fit-
ting (21) to the decay data for L(¢) in the power-law part of the decay (see
Fig. 8). There is, in fact, some uncertainty due to ambiguities in the value
of the frequency-dependent mutual friction coefficient used to determine
the vortex line density, as well as the —3/2 exponent forced in the fitting
procedure. The latter concern is not too strong, as illustrated in Fig. 9,
where we have normalized the data represented in Fig. 8 by the value of
time raised to an exponent that varies around 1.5 in gradations of 0.05.
We see that —3/2 is indeed the best exponent. Finally, the values of v’
obtained according to the prescription given above are shown in Fig. 10.

The deduced values of the effective kinematic viscosity are of the same
order as the kinematic viscosity based on the total fluid density, but the
details are somewhat complex. An analysis of the energy decay within the
two-fluid model'® found that indeed the relation for the energy dissipation
rate per unit mass given in Eq. (17) applies to helium II, but with v" pro-
portional to the quantum of circulation « and independent of normal fluid
viscosity. The predicted value of V' is also shown in Fig. 10 and it can be
seen that there is good agreement for much of the temperature range. How-
ever, as noted previously'® the calculation does not produce the leveling off
of v/, indicating that more work is needed.

In this context, we point out that a recent grid experiment due to Brad-
ley et al.,*” in which the working fluid was superfluid *He-B, finds a similar
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Fig. 10. The effective kinematic viscosity of the superfluid turbulence v" deduced from vorticity
decay data at various temperatures. The dashed line represents v =1/p, where 7 is the normal
fluid viscosity and p is the total density of helium II. The squares represent the kinematic
viscosity deduced from decay data obtained using an older grid,¢:3% while the open circles rep-
resent the present data. The pluses connected by the solid line represent a model calculation
for the effective kinematic viscosity!® which is proportional to the quantum of circulation, a
quantity that has the same units and approximately the same numerical value as the kinematic
viscosity based on the normal fluid viscosity and the total fluid density.

decay as discussed above, although in their case the grid was vibrated rather
than pulled through the fluid. For *He-B, the normal fluid is sufficiently
viscous that under normal forcing conditions it cannot be made turbulent.
At low enough temperatures where the mutual friction is weak, turbulence
can exist in the superfluid®? irrespective of the behavior of the normal fluid.
At the lowest temperatures of the experiments of Bradley et al the normal
fluid fraction is negligibly small so that the turbulence observed occurs in
what might be then regarded as pure superfluid, where classical decay mech-
anisms cannot operate. The interesting observation of these experiments is
that a similar decay occurs as in the experiments towing a grid in *He (see
Fig. 8), but the decay can only be quantitatively reconciled if the effective
kinematic viscosity is taken to be proportional to the quantum of circula-
tion as illustrated in the case of *He in Fig. 10. Since there is no possibility
of a “numerical accident” as in the case of *He, where 7, /p ~ «, these exper-
iments support the notion of an effective kinematic viscosity that does not
depend of the normal fluid viscosity.

2.3.2. Superfluid Karman Flows

A more direct examination of quasi-classical behavior in superflu-
ids was carried out by the Karman flow experiments below the lambda



The Use of Cryogenic Helium for Classical Turbulence 197

105

104 Ty
=103 Yy
3 gy
< - o,
g N”M\m

10!

100

10-1 N

10 100
frequency (Hz)

Fig. 11. Results by Maurer & Tabeling!®’ showing the energy spectrum obtained under the
same conditions but at different temperatures (a) 2.3K, (b) 2.08K, (c) 1.4K.

point.>* In these experiments the Kolmogorov spectrum was found to
work equally well to describe the distribution of turbulence energy. In fact,
it was impossible to distinguish which measurements were taken above or
below the superfluid transition, all giving the —5/3 law decay in the energy
spectrum Eq. (9). Measurements were made using a local pressure probe
inserted into the fluid in a region close to the rotating plates and thus hav-
ing a large mean flow. The pressure fluctuations measured by the probe
were then interpreted to give the velocity fluctuations which are directly
connected to the turbulent energy.!®’ The resulting energy spectra in fre-
quency space are shown in Fig. 11. Note that the three curves are dis-
placed for clarity, and only the curve labeled “A” is taken for a temper-
ature above the superfluid transition. Of the other two, the curve labeled
“C” was measured at 1.4 K, where the normal fluid fraction of the den-
sity is only a few percent, yet all three instances show essentially iden-
tical energy spectra (with the canonical —5/3 roll-off). At all tempera-
tures below the superfluid transition, the structure function exponents, for
example, were identical to those observed in normal fluid turbulence.

We add the final note that all the cases considered here are essentially
“table-top” experiments.

3. SOME UNRESOLVED ISSUES
3.1. Hydrodynamic Turbulence

As we saw, very large values as well as large ranges of Re were pos-
sible in the Karman flow using gaseous helium. A transition to reduced
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intermittency was noted above a certain threshold Re. This has not yet
been seen in turbulence work using water and air. It is not firmly estab-
lished that the observed result is due to poor probe resolution, but there
are enough concerns on this score that the result will need to be sub-
stantiated by measurements in other flow configurations by using differ-
ent or smaller probes. There are questions on how to assess the errors due
to the finite size of the probe. If the local Re based on the probe size
is large enough, we have to worry about vortex shedding by the probe
itself, leading to altered heat transfer laws for the hot wires.!! Analysis
of this behavior3%:192 shows that hot wire response would likely affect flat-
ness measurements: the viscous boundary layer set up around the probe
limits the response time by the need for heat to diffuse through this layer
and maintain the temperature of the probe constant.!%?

3.2. Thermal Turbulence

As noted in section 2.2, very near the critical point, the increase in
Ra is associated with the divergence of the specific heat. The diminishing
value of thermal diffusivity makes the Prandtl number grow substantially
in excess of 0.7. Thus, two control parameters are simultaneously varying.
This effect begins for Ra > 10'3 in the experiments of Niemela ez al.>* and
for Ra>10' in the experiments of Chavanne et al>*

Additionally, close to the critical point, the temperature dependence
of the fluid properties can lead to large enough vertical asymmetry for the
applicability of B-ap to be in serious doubt. Unfortunately, little is known
about such departures from B-ap at high Ra, and we have to appeal with
meagre justification to practices that are common in the work near the
onset of convection. For instance, the common practice near the onset
is to evaluate all physical properties of the fluid at the midplane tem-
perature, but it has become clear that this practice cannot be justified in
the turbulent regime, especially as one operates near the critical point of
helium.

One suitable measure of Boussinesq conditions is given by the frac-
tional change in density across the layer

A,o_
0

aAT. 22)

On the basis of a comparison to the Boussinesq problem at onset, it is
generally assumed that « AT <0.2 is an acceptable condition for B-ap to
work. This criterion can be satisfied up to very high values of Ra (above
101 for one set of data® and above 10! for another>?), although there is



The Use of Cryogenic Helium for Classical Turbulence 199

no proof that asymmetries of this magnitude are without consequence at
high Ra. In fact, a more stringent requirement of « AT <0.05 was adopted
by Niemela & Sreenivasan.>>

At a speculative level, very close to the critical point, there may
be some transient effects associated with compressibility, for instance a
“piston effect” in heat transfer due to an adiabatic expansion which has
well-understood effects near the onset of convection.!93-104 Tt is not clear
whether this would lead to differences in the long-term turbulent state
due to the boundary layers being regenerated continually (following plume
emission) so that the normally transient piston effect could result in some
effective steady state heat pumping.

Further empirical justification for thinking in terms of a critical point
effect comes from recent experiments® in a container of reduced height
and aspect ratio 4, in which anomalous heat transport enhancement (and
increased scatter) were seen for the meager data obtained at operating
points close to the critical temperature and pressure. Similar observations
were reported earlier for aspect ratio unity> for the few points taken
within the same range of the critical point but, notably, for much different
values of the principal dynamical control parameter Ra.

Even away from the critical point there are confinement effects which
tend to cloud the picture at moderate Rayleigh numbers. The corrections
that have been formulated until now are parameterizations of empirical
evidence which may or may not depend on subtleties of the experiments
from which they are derived. For instance, the effect of partial heat prop-
agation in the sidewall involves the complex interaction between a strong
mean flow and the temperature distribution in the container. The mean
flow may itself be a confinement effect that does not exist in laterally
infinite systems,> and so it is not clear that we can “correct” it out of
the problem. Also, since the mean flow may depend sensitively on bound-
ary conditions, some subtle differences between experiments may have a
greater overall effect on the resultant heat transport than we realize. Fur-
thermore, considering that the large temperature gradients driving the con-
vective flow occur at the walls—in the boundary layers—we should know
better about the processes that occur there. A fuller knowledge of the
stress at the wall as a function of Ra would put the global measurements
of Nu in a substantially better light.

A principal disadvantage of low temperature helium gas experiments
is that it has been difficult to measure the velocity directly. Clearly, knowl-
edge of both velocity and temperature provides a better picture of the
physics of turbulent convection.
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3.3. Superfluid Turbulence

Under a set of assumptions that seem plausible, the root-mean-square
superfluid vorticity has been measured. The assumptions, discussed in
section 2.3.1, have to be put on firmer ground. Measurements of the root-
mean-square value do not lead to the direct knowledge of the energy spec-
trum or the dynamics. For that, we would need to measure the velocity
fluctuations. It is not clear how this can be done but we will consider a
few possibilities in section 4.3. An interesting question is the local motion
of the superfluid near the grid, and its possible influence on the decay
dynamics. Experiments have shown that global averages of the superfluid
line density decay are rather insensitive to the gross change in grids,
although there is some small systematic difference. Within the framework
we have discussed in section 2, the major issue needing explanation is
the behavior of the effective kinematic viscosity of superfluid turbulence.
A start in this direction has been made'® and recent experiments®® in
3He-B have added important observations in the case where the effective
kinematic viscosity has different values depending on whether one takes it
as proportional to n,/p or to «. The correctness of the latter interpreta-
tion!® has now been more firmly established.

4. PROSPECTS AND SUMMARY
4.1. Short Term Concerns

A promise of helium for classical turbulence research is that very high
values of the control parameter such as the Reynolds and Rayleigh num-
bers can be obtained in relatively small apparatus, as can large ranges of
these parameters. Our experience with the Karman flow, thermal convec-
tion, as well as superfluid turbulence, has shown that this aspect of the
promise has been realized. Indeed, new grounds have been broken in terms
of the ranges of Reynolds and Rayleigh numbers attained.

The prospect of obtaining very high Re and Ra in apparatus of small
physical size has imposed severe demands on instrumentation. The combi-
nation of small sizes of the apparatus (thus of the large scale) and high
values of the control parameter leads to the generation of small scales
that are physically very small (of the order of microns or less in existing
experiments) and oscillate with frequencies on the order of MHz. Resolv-
ing these scales requires non-trivial development of small, fast, sensitive
and durable probes. A few designs for temperature and velocity probes
have been developed as discussed earlier, but their performance is less well
understood than those of their room-temperature counterparts, and they
seem to be subject to a larger number of limitations.
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Because of this problem, we raise the issue that the promise of helium
may not be easily realizable in its entirety. It is not clear to us that smaller
probes based on the principles of the standard thermal anemometry are
the solution to these problems, some of which arise because the use of
helium elevated the Reynolds number of the probe itself to a higher level
than in conventional fluids, leading to unfavorable heat transport charac-
teristics.

In thermal convection flows, where some direct knowledge of the
velocity would be most desirable even at scales much larger than the Kol-
mogorov scale, the use of hot and cold wires is made further complex by
the fact that they require a steady flow—and the mean wind exists only
near the boundaries and is also probably too weak to be effective. Also,
there are both active temperature fluctuations in the cell and temperature
fluctuations of the wire due the the velocity fluctuations that it is intended
to measure. This particular limitation holds for room-temperature fluids as
well.

Single-point measurements can also be made by using laser Doppler
anemometry (LDA). The key to success is the proper tracer particles
which follow the flow faithfully, so that a detection of their motion is the
same as measuring the fluid velocity. One needs to seed the fluid with
nearly buoyant tracer particles that can also scatter light effectively. The
greater need is to measure the entire velocity field in a turbulent flow.
Field measurements are more useful because turbulence consists of spa-
tial structures of all sizes. To obtain an entire two-dimensional section of
the turbulent flow field at a given instant in time, we may use the Parti-
cle Image Velocimetry (PIV).!%> Here, the fluid is typically illuminated by
a laser sheet through some cross-section and the scattered light from the
seeding particles is recorded by a camera at right angles to the plane of
the light sheet. Two “exposures” separated by a small time increment are
made, and local velocity vectors are obtained over the entire sheet area by
(statistically) comparing the two exposures. Again, the key is the choice
of the most suitable particles. This technique has, in fact, recently been
applied in grid turbulence®>196-19%8 at 42K, as well as in counterflow tur-
bulence!” and in helium II turbulence.!!”

Liquid helium has a relatively low density and tiny hollow glass
spheres have been used’>!%® for purposes of PIV. Beginning with Chopra
& Brown'!! and Ichikawa & Murakami,!'? attempts have been made to
inject hydrogen and solidify it into small particles. This work has been
improved upon!?-119 recently. The use of hydrogen particles in helium IT
has been the latest step!!” in this direction, but more work is needed to
make the technique routinely usable.
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The seeding of helium gas for thermal convection experiments does
not appear possible owing to the large variations and small values of the
density, which at best is less than half that of the liquid phase. However,
as mentioned already, liquid helium can also be used to attain high Ra;
though this sacrifices the large range of Ra, we know that it can be seeded
adequately. Considering the problems involved in de-convolving tempera-
ture and velocity fluctuations, the problems associated with gaining opti-
cal access and the limited range of Ra that one can attain, it is not clear
that such an experiment ought be pursued without much thought.

Even so, it should be obvious that much can be gained from flow
visualization in order to focus theoretical and experimental efforts, and
yet this has not been well developed for cryogenic helium. It has a huge
pay-off because most existing flow visualizations in water and other room-
temperature fluids are at low to modest Rayleigh numbers, and the intu-
ition that one derives from low Ra cannot readily be extended to high
Ra. There are no intrinsic barriers to perfecting visualization tools—only
that researchers are forced to develop both the technology and the sci-
ence. This is not unique in scientific endeavor, but it slows down progress
nonetheless. We may also remark that it is not easy to test new particles in
the actual low temperature environment. In experimental phase, White!?
had resorted to testing in a pressurized SF¢ environment, where the den-
sity could be matched to that of liquid helium.

The selection of suitable tracer particles can indeed be helped by
theory, especially in helium II. Recent theoretical work!!3 addresses the
behavior of particles in the simultaneous presence of the normal velocity,
superfluid velocity and the vortex line velocity. Various regimes were found
in which the tracer particles would either follow the motion of the super-
fluid, the normal fluid or the total mass current depending on the parti-
cle relaxation time. The relaxation time for the particularly simple case of
neutrally buoyant particles is given by

2

3un’
where a;, is the particle diameter, o the fluid density (here equal to par-
ticle density) and w, is the normal shear viscosity. Generally, when the
eddy turnover time in turbulence is much smaller than the typical relax-
ation time given above, the particles will follow the total mass flow. If the
opposite condition prevails, the particles will follow the normal fluid (at
very low temperatures, however, the particles will follow the superfluid).
It is thus clear that one must know the parameters of the tracer particles

well in order to properly interpret the results of any measurement of their
motion in helium II.

(23)
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Where density gradients exist in the flow, visualization can occur in
the absence of tracer particles, using shadowgraphs (which depend on den-
sity gradient) or the schlieren technique (which depends on the second
derivative of the density). It has been demonstrated!!*!13 that shadow-
graphy can be used in helium I to visualize even weak flows near convec-
tive onset. A light beam reflected from the cell displays intensity variations
resulting from convergence or divergence as a result of gradients in the
refractive index. In the case of thermal convection, these gradients indicate
the average temperature field. The signal is averaged over the fluid sam-
ple in the direction of light propagation, and so the technique does not
give local information but only global features. In the case of large appa-
ratus, installing an optically transparent but thermally conducting plates is
a non-trivial task. For the case of turbulence under isothermal conditions,
it would be possible to use helium 3 as a “marker” for shadowgraphs.

Scattering of ultrasound is another method that can, in principle, be
used for velocity measurements in helium. It can be used in the gas phase
which makes it a plausible candidate for cryogenic convection experiments.
However, there would be substantial problems with achieving sufficiently
high signal/noise resulting from a mismatch of acoustic impedance between
sound transducers and helium. Much work along this direction has been
performed! %117 but no concrete results have come forth in turbulence.

4.2. Theoretical Issues
4.2.1. Continuum Approximation

An interesting question that has been raised at various times is
whether the increasingly small scales in cryogenic helium flows render ten-
uous the continuum approximation of classical hydrodynamics. Even in
the experiments already completed, does one have to worry about aspects
of molecular motion? Frisch!!® has addressed this question in a general
context and demonstrated that the ratio of the dissipation scale to the
molecular mean free path grows with increasing Reynolds number. The
hydrodynamic approximation thus becomes better applicable at higher Re.

Related to this interplay between microscopic and macroscopic degrees
of freedom, though not focused on low temperature experiments, we note
some previous attempts'!® to cast macroscopic observations in terms of
molecular properties, in which case different working fluids could give
rise to possibly measurable differences under otherwise similar conditions.
Such assertions have not been substantiated by other measurements.'2 Tt
appears highly plausible that the Navier-Stokes equations will remain the
bedrock for the understanding of cryogenic turbulence as well.
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4.2.2. Superfluid Turbulence

One of the subjects that derived resurgence from the recent helium
measurements is superfluid turbulence. We have summarized the argu-
ments of the hypothesis of coupled motion between the superfluid and
classical turbulence. Under these conditions the superfluid turbulence
behaves like classical turbulence with an effective kinematic viscosity which
is of the same order as the kinematic viscosity of helium I. This impor-
tant result puts to rest the notion that we may generate extremely large
Reynolds numbers using helium II. Helium II flows will thus not be able
to unlock qualitatively new understanding of classical turbulence through
the attainment of fantastically high Re that were once thought possible.
Even so, the increased understanding of the connection between the classi-
cal and superfluid fields of turbulence has been immensely rewarding. It is
clear that superfluid turbulence on its own is an extremely important sub-
ject to study and understand.

4.3. Instrumentation Issues

As indicated above, the one single issue that has prevented greater
progress from occurring is no doubt the inadequacy of suitable instru-
mentation. We list here a few possible avenues to pursue, without being
exhaustive.

4.3.1. Direct Pressure Measurements

In the towed grid problem, it should be possible to use commercial
piezo devices, such as used by Tabeling®* in the Karman flow. However,
such devices would have to be towed behind the grid at various distances
and the turbulence time decay data assembled from many runs, each with
different transducer-grid separation distances. The interpretation will have
to assume ergodicity to hold. Other possibilities utilizing MEMS tech-
nology to fashion miniature pressure transducers are being explored by
Gary Thas (Report of ICTP Workshop on Experimental Techniques for
the Study of Superfluid Turbulence, in preparation).

4.3.2. Thermal Sensors for Boundary Layers

Development of thermal stress sensors for gaining information on the
boundary layers will be particularly useful. However, the boundary layers
can be quite small (of order 100 um) at high Ra and hence micro-machin-
ing will be required.
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4.3.3. Local Measurements

Many of the measurements, such as second sound scattering, measure
global averages of the flow properties, while we want more detailed under-
standing of processes occurring over a small spatial scale. An attempt
begun some years ago by Tabeling (personal communication) to develop
a local second sound probe appears to have been abandoned. How-
ever, Roche and co-workers in Grenoble, as well as Skrbek in Prague,
are continuing (Report of ICTP Workshop on Experimental Techniques
for the Study of Superfluid Turbulence, in preparation) the develop-
ment of miniature second sound detectors with dimensions as low as
300 pwm.

4.4. Numerical Simulations

As we have hinted, the inherent difficulties of the Navier—Stokes equa-
tions have lead to a proliferation of phenomenology. In addition to the
lack of suitable instrumentation, other factors have also limited progress.
These factors in experiments include non-constant Prandtl number, the
effect of imperfect boundary conditions, poor applicability of the B-ap in
experiments, and so forth. Numerical work seems to provide some useful
answers without these limitations, but it is beset with its own difficulties.
The main difficulty is the large number of degrees of freedom in turbu-
lence. In this connection, it is interesting to note that recent DNS!?! have
been run up to Ra =2 x 10 for aspect ratio 1/2. In these simulations,
Boussinesq conditions and constant Pr=0.7 were strictly prescribed. Over
nearly the last four decades of Ra an asymptotic Nu-Ra scaling range
with log—log slope 1/3 was observed. It was further found that changes in
the mean flow structure, including its cessation, occurred depending on the
location of the dynamical operating point in the Ra-Pr phase space. The
constant Pr of the simulation at high Ra is closest to the conditions of
the experiment of Niemela er al.,>3 for which the average log Nu-log Ra
slope was 0.32 (after taking into account the best estimates of corrections
for the sidewall conductivity and finite conductivity of the top and bottom
plates).

As in thermal turbulence, numerical simulations have helped us
understand aspects of superfluid turbulence. Schwarz!?%123 set the trend
by using vortex methods and classical Euler hydrodynamics supplemented
by certain algorithmic prescriptions for reconnection and boundary effects.
His simulations were extended to various other flows but the common
drawback of these simulations has been that they are kinematic. That is,
the back reaction of the superfluid vorticity on the velocity field has not



206 J. J. Niemela and K.R. Sreenivasan

been included and the velocity field had been imposed as given. This last
issue has been amended recently,'>*123 but those related to the reconnec-
tions and boundary effects have remained somewhat elusive. Since this
issue is clearly quantum mechanical in nature, one has to go beyond the
Navier-Stokes equations to address it correctly. Such efforts have indeed
been made!'?%127 and the prescriptions used by Schwarz was found to be
reasonable.

It should be emphasized that issues of grid resolution in numerical
simulations have not been fully explored in these flows.

4.5. A Long-term Proposal for a Landmark Experiment

One of the excitements of helium turbulence has been the promise
of a great turbulence experiment that will propel the subject to the level
of importance and recognition that it deserves. The experiment on which
a great deal of convergence has occurred is thermal convection. In order
to improve contact with natural systems and to remain within the exist-
ing analytical framework, it is desirable to probe thermal turbulence in
apparatus with large aspect ratios. Early attempts®? to study large aspect
ratio convection were limited to rather low Ra because of small absolute
cell height, and therefore do not particularly apply to practical situations.
In new experiments® in a container of aspect ratio 4, however, Rayleigh
numbers of up to about 10!3 have been achieved (with the last half-decade
being regarded as too close to the critical point, as was briefly mentioned
above in section 3.2). The main results of these experiments, within the
B-ap, were that the heat transfer scaling exponent approached the “clas-
sical” value of 1/3 at high Ra from a slightly lower value of 0.31 at lower
Ra. Some mean wind survived at low Ra and appeared to encompass the
entire container, as it did for smaller aspect ratios. However, the long-time
correlation between temperature sensors located in the path of the wind
at the mid-height of the cell, but separated by a diameter, vanished in the
region of power-law exponent 1/3. This observation is consistent with the
global randomization of the bulk flow expected for the 1/3rd power law®°
to emerge, following the discussion in section 2.2.3. This is the first sig-
nificant attempt to study high Ra turbulence in the RBC geometry that is
closer to the theoretical discussion of section 2.2.3.

While this experiment has revealed considerable new information, the
Rayleigh number it attains, without getting too close to the critical point,
is about 5x 10'2, which is many orders of magnitude below those relevant
to geophysics and astrophysics. Clearly, to maintain large aspect ratio (4
being the minimum'2%) and also large height (to gain on Ra), one needs
a physically tall and wide apparatus (say 2m high and 8 m in diameter).
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This will enable us to reach Rayleigh numbers of the order of 10'® with
aspect ratio 4 (five orders of magnitude higher than is possible at present)
well within the B-ap. Operating such a container will encounter many new
difficulties in sealing and maintaining temperature homogeneity across the
horizontal plates, but the returns would be immense for bringing a closure
to the problem of thermal convection.

4.6. Final Remarks

Flow visualization and particle tracking have long been used in fluid
dynamics to provide essential hints for theoretical efforts. As we have seen,
there has been some experimental low temperature work in recent years
involving PIV measurements in both helium I and I1.108.106.109.110 ¢ g
also clear from recent theoretical work!!? that the proper interpretation of
observations requires some theoretical knowledge of the particle behavior.

Techniques based on seeded particles are unlikely to be of use in the
type of turbulent convection experiments carried out, since they depend
on using the gas phase for which suitable particles would be rather diffi-
cult to find. We note that the liquid phase also has favorable properties for
obtaining high Ra, but it lacks the versatility of the gas phase in yield-
ing large ranges of Ra. Even so, some flow visualization could be accom-
plished in a suitably designed optical cryostat at a reasonably high Ra, for
which the Prandtl number would be nominally unity, as for the gas that is
not too near the critical point.

Direct measurement of velocity by any means would be extremely use-
ful. In principle, high frequency sound scattering can be used!!® but, as in
optical methods, it is also easier in the liquid phase than in the gas phase.
The traditional hot-wire method, as we have seen, has had some suc-
cess and can be further adapted for low temperature use, but it is rather
unlikely that this technique could be used in thermal convection studies,
since the hot-wires require an adequately large mean background flow, and
one must be able to separate temperature fluctuations from velocity fluc-
tuations, since both lead to a similar wire response. While this is possible
in principle, it appears that the effort needed is better devoted elsewhere.

A more speculative possibility is to attempt laser-induced fluorescence
of metastable helium molecules, which can be used as the “tracer” par-
ticles for, say, a PIV measurement.!?’ This could be a very sensitive tool
with good spatial resolution (only molecules in the intersecting region of
two crossed lasers would be excited to metastable states). It is also possi-
ble that a single molecule could be detected spectroscopically. Above 1K,
the molecules would likely move with the normal fluid component, allow-
ing its velocity profile to be detected, provided that the molecules are not
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trapped on vortex lines (Report of the ICTP Workshop on Experimental
Techniques for the Study of Superfluid Turbulence, in preparation). Such
a technique would be complementary to more typical second sound atten-
uation measurements.

Our overall understanding of thermal convection has increased slowly
but steadily. At the highest Ra it is still not clear that we can disentan-
gle effects of proximity to the critical point (section 3.2), particularly with
respect to the reporting of an ultimate regime by some authors. Even if
such enhanced heat transport may be related to a type of non-Boussinesq
behavior associated with close approach to the critical point, one cannot
rule out its existence at even higher Ra than presently possible,> if the
critical point can be avoided. On the negative side, we should point out,
however, that the ultimate regime has been rigorously ruled out in the
limit of infinite Pr by Constantin & Doering® which would suggest that
it might not appear at any other Pr as well.

This last statement notwithstanding (nature often has surprises in
store) the most convincing test for an ultimate regime would be to
devise!’® an experiment that can combine sufficiently large aspect ratio
with high Ra, keep the Prandtl number constant and stay within Bous-
sinesq conditions. Such an experiment is probably not without consider-
able technical difficulties. This large-scale low-temperature apparatus could
be constructed, say at CERN or BNL, where there is an adequate refrig-
eration capacity. Having a horizontal dimension of several meters would
require segmentation of the plates with multiplexing of the heating and
temperature control. Fundamentally, this is no more complicated than the
mirror arrays used in astrophysical observationd. The bottom plate with a
constant heat flux condition has no structural limitations associated with
its weight since it can be supported from below. The temperature con-
trolled top plate would probably have some limitations in this respect.
Estimates have been made of the cooling power required for a cell that is
5m in diameter but also 10m tall, and it is around 200 W at 4 K. This
is not too severe. It is possible that, at the very high Ra attainable in
such an apparatus, the mean wind becomes sufficiently weak even for low
aspect ratio, thus recovering the situation in which flow confinement has
a weak effect on the heat transport and other statistical properties of the
flow. Any correction due to finite conductivity of the plates will be pushed
to higher and higher Ra as the cell height is increased, and we can pre-
dict from scaling the observations in similar experiments that it will be

dIndeed, a similarly large experiment has recently been constructed for use with ambient

air,’3! and such technological challenges have been met. However, because the fluid is air,
the Rayleigh numbers reached are substantially lower than those aimed in the present con-
text.
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negligible for any helium experiment operated in the Boussinesq regime.
Thus, even the small aspect ratio experiment at large height may present a
qualitatively different system capable of adding new understanding of the
problem of turbulent thermal convection.

In summary, one part of the promise of helium (namely large values
and ranges of the control parameters) has been amply established; flows
with huge values of Ra and Re have indeed been generated in laboratory-
sized apparatus. However, the second part of the promise—of being able
to develop versatile techniques for precise measurements of velocity and
vorticity—has lagged behind substantially, despite some impressive gains.
This aspect needs substantial investment. The third part of the promise,
namely the possible use of superfluid helium to generate extremely high
Reynolds numbers, has turned out to be impossible for reasons of prin-
ciple.
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