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ABSTRACT

In rapidly rotating turbulent flows the largest scales of the motion are in approximate geostrophic
balance. Single-point turbulence closures, in general, cannot attain a geostrophic balance. This
article addresses and resolves the possibility of constitutive relation procedures for single-point sec-
~ond order closures for a specific class of rotating or stratified flows. Physical situations in which
the geostrophic balance is attained are described. Closely related issues of frame-indifference, hor-
izontal nondivergence, Taylor-Proudman theorem and two-dimensionality are, in the context of
both the instantaneous and averaged equations, discussed. It is shown, in the absence of vortex
stretching along the axis of rotation, that turbulence is frame-indifferent. A derivation and dis-
cussion of a geostrophic constraint which the prognostic equations for second-order statistics must
satisfy for turbulence approaching a frame-indifferent limit is given. These flow situations, which
include rotating and nonrotating stratified flows, are slowly evolving flows in which the constitutive
relation procedures are useful. A nonlinear non-constant coefficient representation for the rapid-
pressure strain covariance appearing in the Reynolds stress and heat flux equations consistent with
the geostrophic balance is described. The rapid-pressure strain model coefficients are not constants
determined by numerical optimization but are functions of the state of the turbulence as param-
eterized by the Reynolds stresses and the turbulent heat fluxes. The functions are valid for all
states of the turbulence attaining their limiting values only when a limit state is achieved. These
issues are relevant to strongly vortical flows as well as flows such as the planetary boundary layers,
in which there is a transition from a three-dimensional shear driven turbulence to a geostrophic or

horizontal turbulence.

1'This research was supported by the National Aeronautics and Space Administration under NASA Contract No.
NAS1-19480 while the author was in residence at the Institute for Computer Applications in Science and Engineering
(ICASE), NASA Langley Research Center, Hampton, VA 23681-0001.



1. Introduction

Many geophysical and environmental flows exhibit regions of the flow which are in an approximate
geostrophic balance - a balance of Coriolis and pressure forces, 2¢;kpup{ly ~ —p,;. At present
no turbulence closure for the statistics of the fluctuating field is consistent with the geostrophic
balance. Single-point turbulence models are, in general, subject to ad hoc corrections when applied
to rotating flows. This approach does not make use of the mathematical requirements that the
dependent variables and their evolution equations satisfy. The difficulty with the equations, as
currently modeled, can be seen when the equations are transformed to a rotating coordinate system
- a geostrophic balance is not attainable in the small Rossby number limit. Closely related to this
is the requirement, associated with the Taylor-Proudman theorem, that as the flow reaches a
two-dimensional state the turbulence be frame-indifferent. Frame-indifference is required by the
Navier-Stokes equations, Hide (1977), Speziale (1981, 1985), Ristorcelli, Lumley and Abid (1995).
The problem with the current models for the second-order equations results from the inability of
the rapid-pressure strain covariance model to reflect the physics associated with the reduction of
vortex stretching. These issues are related to the fact that if there is no vortex stretching along
the axis of rotation then rotation does not play a dynamical role in the flow’s evolution. This is a
form of realizability: a turbulence that is horizontally divergence free is frame-indifferent and the
exact and, therefore, the modeled equations must be frame-invariant. The terms frame-indifferent
and frame-invariant refer to the fact that the rate of rotation of the frame of reference does not

appear in the prognostic equations.

The title to this article is after Lumley’s (1970) article with a similar title. Lumley’s (1970) article
discussed the possibility of the use of the invariant basis methods of rational mechanics to create
constitutive relations for < w;u; >. Here the fact that, in more complex flows with rotation
or buoyancy, one needs to carry evolution equations for < wju; >,< u;6 >, is acknowledged.
Nonetheless these are slowly evolving flows and are therefore suitable candidates for the invariant
basis methods. Lumley’s (1970) article also discusses the principle of material-frame-indifference; a
modelling principle used with success in continuum mechanics. Lumley (1970) provides a very clear
physical picture for why such a principle is not appropriate for positing turbulence constitutive
relations. This article is in concordance with that viewpoint: the principle of material-frame-
indifference is not a valid theoretical principle for a general three-dimensional turbulent field. It
is, however, an applicable principle in the limit of a horizontally nondivergent field for which the
equations are frame-invariant. Research in rotating turbulence typically addresses issues relating
to the reduction of the cascade rate. Here the focus will be on the Reynolds stresses and the form

their modeled evolution equation takes when the stretching of vorticity along the axis of rotation



vanishes. This sort of flow structure takes place in strongly vortical flows of aerodynamic interest

and also in many geophysical situations.

This article discusses in depth these and attendant analytical issues. A substantial portion of the
time is spent describing flow situations in which rotation or stratification plays a role before in-
dicating how these issues manifest themselves in the instantaneous quantities and their statistics.
The intention is to illustrate the physical effects of rotation and stratification and to show how such
phenomena lead to flows whose evolution equations are frame-invariant. The point made is that,
for flows affected by rotation or stratification, a two-dimensional or horizontal turbulence is an
equilibrium situation and the constitutive relation procedures are viable. Mathematical details re-
garding Taylor-Proudman, frame-indifference and horizontal divergencelessness are then discussed.
These issues are discussed in the context of three flows, rotating, baroclinic and stably stratified. In
these flows the primary component of the fluctuating vorticity is aligned with the axis of rotation.
It is then shown how these issues are dealt with in the context of second-order moment closures;
a constitutive relation for the pressure-strain covariance ensuring that the proper frame-invariance

of the modeled second-order moments equations is produced.

The potential importance of frame-indifference for turbulence modelling was put forward, in the
context of a rapidly rotating mechanical turbulence, by Speziale (1981, 1985). In this article this
idea has been substantially generalized to a wider class of flows, both rotating and nonrotating.
The proofs of frame-invariance used here are also different than that of Speziale (1981, 1985). The
present proofs deal directly with the vorticity and as such allow a very clear physical intepretation
in terms of vortex stretching. This allows a comprehensive assessment of the class of flows for which
such a principle might be useful. This article also indicates how these frame-indifference issues are

used to produce a properly frame invariant set of modeled equations.

In short we (1) describe the physical effects of rotation and stratification in a number of stationary
flows, (2) show the mathematical consequences of rapid rotation or stable stratification, (3) indi-
cate how the geostrophic balance manifests itself in the second-moment equations and (4) discuss
the possibility of and posit a turbulence constitutive relationship consistent with the geostrophic
balance. It is made clear that such a single-point constitutive procedure is limited to classes of
turbulence for which the anisotropy of the Reynolds stresses and heat fluxes is a suitable measure

of the anisotropy of the turbulence.

2. Frame invariance in rotating and stratified flows

Several examples of flows in which stratification and rotation lead to frame-indifferent flows are



described. This will motivate and clarify subsequent more mathematical considerations. To provide
physical insight into these effects three simple cases - the rotating tank, the rotating differentially
heated annulus, and the stratified grid turbulence - are treated in detail. In all three of these case

there are regions in which a horizontally divergence-free stationary turbulence exists.

A few points on nomenclature are appropriate: A geostrophic turbulence is one whose horizontal
divergence is small because its Rossby number is small. This latter qualification distinguishes it from
a general flow with vanishing horizontal divergence for arbitrary Rossby number. Reynolds (1989),
has coined the word componential to better distinguish the several different classes of flows for which
the phrase two-dimensional is casually used. Componential refers to the number of components
the velocity vector has; dimensional refers to the number of independent variables of which it is a
function. Thus a 2D-2C field is u;(z,y),% = 1,2 while a 2D-3C is one in which u;(z,y),i=1,2,3.
See also Kassinos and Reynolds (1994). Lesieur (1991) has also found the need to differentiate
these different types of fields. For Lesieur (1991) a two-dimensional turbulence, as seen in the
Taylor-Proudman situations has u;(z,y),? = 1,2,3 while a turbulence with u;(z,y,2),7 = 1,2, as
arises in stably stratified situations, is called a horizontal turbulence. Both of these fields in the

limit of small Rossby or Froude number are frame-indifferent.

The rotating tank: Figure 1 shows a schematic of the three different regimes seen in rotating grid
generated turbulence studied by Hopfinger, Browand and Gagne (1982). It is an inhomogeneous
turbulence with no mean flow; an isotropic turbulence is generated at an oscillating grid placed at
the bottom of the rotating tank. Greenspan (1968), has tentatively summarized the major effects of
rotation as being the tendency of the flow to become two-dimensionalized in planes perpendicular
to the axis of rotation, the occurrence of inertial wave for frequencies, w < 2Q and the rapid spin up
of fluid elements or creation of intense vortices. Hopfinger, Browand and Gagne’s (1982) rotating
tank, the first example below, is very simple and elegant experiment exhibiting all three of these
aspects. This flow is a graphic demonstration of the effects of rotation as a function of the local
turbulent Rossby number, Ro; = #/2Q¢, which changes in the inhomogeneous (axial) direction.
The axial coordinate is a proxy for the Rossby number which decreases with from distance from

the grid as, near the grid, 4 ~ 27! and £ ~ z and Ro; ~ 272

The grid is oscillated at a frequency much larger than f > 2Q. Near the grid one obtains an
isotropic three-dimensional turbulence unaffected by rotation as seen in inertial systems. This is
a region of large Ro;; as long as the turbulence frequency /£ > 2 the usual three-dimensional

turbulence exists.

Further from the oscillating grid, Ro; < 0.4, there is a transitional zone in which the largest scales



of the motion are two-dimensional over which are superposed smaller scale ageostrophic motions.
In this region the energy decay is substantially diminished; this is due to a reduction of vortex
stretching and thus the reduction of the cascade from the energy containing two-dimensional scales.
The smaller ageostrophic motions continue to lose energy through the cascade and dissipation. The

fluctuating field is composed of inertial waves and turbulence.

Further past the transitional zone there is a third region in which the turbulence, now almost
purely two componential is independent of the axial coordinate, two-dimensional - “2D-2C”. The
transition to this flow takes place abruptly at Ro; = 0.2. The flow is composed of thin coherent
columnar vortices whose lifespans are very large compared to the rotation period, (2Q2)~! and the

eddy turnover time, £/%. The flow is consistent with the Taylor-Proudman theorem:
Qju;,; — 0. (1)

In this region of the flow both energy and enstrophy conserved quantities and as a consequence
the transfer of energy from a larger to a smaller scale of the flow is accompanied by transfer from
smaller to larger wavenumber. The “inverse cascade” imposes a powerful constraint on nonlinear
interactions between different scales of the motion. It is accompanied, as is well known, by vortex
merging phenomenon. The vorticity of the vortices can be two orders of magnitude larger than the

background rotation.

The differentially heated rotating annulus: Both buoyancy and rotation are important in
this flow situation, Figure 2. This experimental set up simulates the transport of heat in the
atmosphere (modulo the beta effect) from the warm equatorial regions to the poles: the heated
outer cylinder representing the equatorial regions, the cool inner cylinder the polar regions, the
azimuthal direction represents the zonal (east-west) flows. A horizontal temperature gradient is
impressed across a rotating annulus. Under the action of strictly gravitation torques the fluid
elements undergo an overturning motion and the differential heating produces a stably stratified
meridional circulation. The mean vorticity is azimuthal. At zero and low rotation rates the flow
is an “ageostrophic” thermal turbulence (provided the Grashof number is high enough). As the
annulus is rotated more rapidly several things occur: Coriolis forces inhibit the meridional flow,
vertical component of the velocity is reduced, and an azimuthal component to the mean velocity
is induced. The Coriolis force that inhibits the overturning motion in the meridional planes and
promotes a different kind of convection called sloping convection, Hide and Mason (1975): fluid
elements have trajectories with very small angles to the horizontal. This is a manifestation of

baroclinic waves. The waves transfer heat and momentum perpendicular to the shear.

Some of the features of this sequence of transitions can be understood from the thermal wind



balance. The momentum equations, in this limit, reflect the geostrophic and hydrostatic balances,
2Q'3U2 =P, 2‘QSUI P2, gﬁT = —=P.3- (2)

Here the coordinates [21, 3, 23] are the cartesian equivalents to the cylindrical system [r, 8, z]. The
comma indicates differentiation with respect to the subscripted variable. The basic state represents
a balance between buoyancy, Coriolis and pressure forces in the interior of the fluid. The equations

for the azimuthal and vertical components of the vorticity become
2Q3U3,3~ 90Tz, 2Q3U3,3~ 0. (3)

If the basic state of the temperature field is assumed to be of the form T'(z1, z3) = z3—z1tan(d) the
balance requires an azimuthal shear, Uy = ﬂ%lz. This is the basic state that is used in the Eady
model for the analysis of the baroclinic instability, Hide and Mason (1976). It is valid when the
Ekman and Rossby numbers are small. The baroclinic instability is the instability of the vertically

sheared zonal current, Us = 2,32%:12_

The different flow states as a function of two external flow parameters reflecting the size of the
impressed horizontal temperature gradient and the speed of the rotation is of interest. For a given
Prandt] number the flow can be characterized by two nondimensional numbers: the thermal Rossby
number, Roy, = gBATH/Q* R,— R;)?, and a Taylor number, T'a = 4Q%(R,— R;)?/v? where R, and
R; are the outer and inner radii of the annulus. This sequence of transitions, associated with the
geostrophic instability, are nicely illustrated in the heated rotating annulus flows of Buzyna, Pfeffer
and King (1984), Fein and Pfeffer (1976) and Hide and Mason (1975). The temperature field and
fluctuations were measured in these experiments. As the reason for undertaking these experiments
was primarily an investigation of the transition to a geostrophic turbulence the stabilization of
the ageostrophic or thermal turbulence by rotation was, from the viewpoint of the turbulence
statistics, not fully explored. Furthermore the thermal turbulence (when it existed), most notably
in the mercury experiments of Fein and Pfeffer (1976), has a low Reynolds number; Re = 2500

based on annulus width.

1). Azisymmetric: At large values of the Rossby number, Ros, >> 1 (low rotation rates) the flow
in the annulus is essentially buoyancy driven with a unicellular meridional circulation. The flow
field is axisymmetric and the mean vorticity is azimuthal. As the rotation increases Coriolis forces
reduce the azimuthal component of the mean vorticity, the vertical component of the velocity is
reduced, and the mean velocity becomes zonal. This is accompanied by a reduction in heat transfer
across the annulus. In addition, the stable stratification (associated with the meridional circulation
driven by the horizontal heat flow) decreases, the temperature fluctuations decrease and conduction

becomes a much more important component of the heat transfer. .



2). Non azisymmetric - steady baroclinic waves: As Ro; — 1 the flow loses its axisymmetry:
the zonal (azimuthal) velocity becomes wavelike and the primary vorticity component is vertical.
There is a transition from a thermal turbulence to a turbulence field over which are superposed
baroclinic waves. As the rotation increases the thermal turbulence is suppressed. There are large
azimuthal waves, wavenumbers 1 and 2, travelling with a small uniform drift with respect to the
rotation speed of the annulus. The waves have length scales on the order of the Rossby radius
of deformation - A ~ 2(gBATH)Y/2/Q. The power spectrum of the temperature has a few peaks
corresponding to two characteristic wave frequencies and their harmonics. Because of the waves the
heat transfer is augmented: a fluid particle gains and loses heat as it is moved back and forth by
the passage of a baroclinic wave. This form of thermal convection is known as sloping convection
where radial heat transfer is not by the overturning of an eddy in the meridional plane but by the
passage through the fluid of an almost horizontal baroclinic wave. This is called the regular wave
regime; the flow is, disregarding drift, periodic. Additional increases in rotation create additional

waves with ever higher azimuthal wavenumber.

The baroclinic wave regime and ensuing instability are a result of a modification of the gravitational
body forces by system rotation; what is a stably stratified temperature field in the non-rotating
coordinate system becomes, at high rotation rates, an unstably stratified field due to a change in
the direction in which a displaced particle oscillates. This is schematically illustrated in Figure
3. The isopycnals (isotherms) in the interior are almost horizontal, while stably stratified in the

vertical.

3). Non azisymmetric - unsteady baroclinic waves: Further increases in the rotation rate produce,
near Rog, ~ 0.1, the structural vacillation regime: another frequency appears and the waves undergo
fluctuations in amplitude and wavenumber. With further increases in rotation rate additional
frequencies appear in the temperature spectrum and background noise begins to increase. The

wavelengths of the azimuthal waves continue to get smaller.

4). Non azisymmetric - geostrophic turbulence: When Ro;, < 0.1 the flow is spatially (in the
horizontal) and temporally uncorrelated; the flow is perfectly correlated in the vertical. The tem-
perature spectrum is broad and relatively featureless. The heat flux across the annulus undergoes
a sudden decrease as the flow becomes a geostrophic turbulence; essentially composed of random
unsteady baroclinic waves. With increasing rotation more baroclinic waves of higher azimuthal
wavenumber appear; this is a necessary prerequisite for the transition to a baroclinic turbulence
which requires an inverse cascade and cannot occur until there are enough small scales for a spectral

flux to larger scales.



Stably stratified flows: The analogy between rotating and stratified fluids is known, Veronis
(1970) and Hopfinger (1987); the stable stratification, as quantified by the mean density gradient,
plays a role analogous to the rotation. A scaling analysis of the continuity and vorticity equations
can be used to scale the relative magnitudes of the vertical and horizontal components of velocity.

Linearizing around the basic stratified state the continuity equation becomes,

dpo u{ dpo
Ujpyj +uz—- Pl (4)
The balance in the vorticity equation produces
uly
Po(UjWwisj — Wikisj ) = EimgFqPim = P POy (5)
Combining the two estimates produces
2
U uyy . d 1
28 poH 21 o (6)
U gl ' dz R

Ri is the Richardson number. As the stable stratification increases Ri increases and ug — 0 and
the turbulence becomes a horizontal turbulence. For arbitrary rotation the axial stretching of the
vertical vorticity goes to zero: 2{3ug,3— 0 as uz — 0. These scalings are consistent with the
observation of the turbulence collapse for grid turbulence under stable stratification, Browand and

Hopfinger (1982) and Browand, Guyomar and Yoon (1987), observed to take place when

~

@ 2_ 9 (9po
w7 <03, N = et (7)

This is analogous to the collapse of the two-dimensional flow seen far from the grid in the rotating
tank flows, Hopfinger, Browand and Gage (1982). The Brunt-Viisdld frequency now plays the
role the Coriolos .frequency, 2Q; N?% and 2Q both represent upper bounds on the frequency range
of gravity and inertial waves. They approximate the frequency with which a particle displaced
from its equilibrium position oscillates. A similar collapse is seen in the wake of a sphere in a
stably stratified environment: a fully three-dimensional turbulent wake collapses to create a two-
dimensional wake, in the plane of the stratification, similar to the two-dimensional von Karman
vortex street behind a cylinder. Some of these wake issues are summarized in Thorpe (1987) and
Hopfinger (1987). Lin and Pao (1979) and Xu, Fernando and Boyer (1995) provide more detail.

Applications: The above flows are simple pedagogical examples useful for illustrating the physics
of the effects of rotation and buoyancy which must be incorporated into single-point turbulence
closures for such flows if they are to be predictive tools. These effects play a role in more complex

flows.



There are the planetary boundary layers in which many of these issues are relevant. At the large
scales of the motion the turbulence is two-dimensional; at the smaller scales the turbulence is three-
dimensional, Wyngaard (1992). From a mesoscale point of view both of these regimes are important.
For the interfaces between the atmosphere and the earth or the ocean there is a boundary layer
typically a kilometer or two in height (depending on wind conditions) in which the flow makes
a transition from a three-dimensional shear driven boundary layer turbulence with its attendant
three-dimensional cascade mechanism to a quasi-geostrophic turbulence whose largest scales do not
undergo the vortex stretching and rotation seen in three-dimensional turbulence. In the neutrally
stable boundary layer rotation affects the flow within the mixed layer, Wyngaard (1992). For the
stable mixed layer the size of the layer is established at the inversion cap at which the vertical

component of the turbulence is extinguished by the stratification.

A similar transition takes place at the ocean—air interface and at the ocean bottom. These bound-
ary layer while only 0.1-.5 kilometers in size represent a transition zone from three-dimensional
shear or buoyancy driven turbulence to a geostrophic flow in the interior of the oceans. Computa-
tions that span these regions for either quantitative environmental calculations or to create simple
parameterizations of these regions to use as boundary conditions for global circulation models will
require a set of equations consistent with a geostrophic balance. This flow is complicated by the fact
that the mean flow is much lower than a typical fluctuating velocity. The usual mean production
mechanisms are no longer the most important and more care must be taken with the modelling of

pressure and transport terms in the equations.

There are several flows of technological interest in which material-frame-indifference will potentially
play a roll. Figure 4 is a sketch of a Czochralski crystal growth apparatus. The melt flow is a
thermally driven flow driven by the temperature difference between the crucible and the crystal.
It is modified by centrifugal forces associated with the rotation of the crystal and Coriolis forces
associated with the rotation of the crucible. Some of the features seen in the baroclinic instability
in the melt are seen in this flow. A summary of issues associated with this flow is given in Ristorcelli
and Lumley (1992).

In vortex flows of aeronautical interest the persistence of trailing vortexes is associated with the
strong rotational forces that reduce turbulence mixing. The alignment of the vortical fluctuations
with the mean vorticity will also produce a frame-indifferent flow field. This situation is further
exacerbated by the local effects of stable atmospheric stratification that substantially reduce their
decay. A strong mean strain, as might be seen when turbulence goes through a rapid axisymmetric

contraction, will align the fluctuating vorticity with the primary strain axis. Such a 2C turbulence



associated with the 1C vorticity, Figure 5, is also frame-indifferent.

3. Taylor-Proudman, frame-indifference and horizontal-divergencelessness

First it is shown that rapid rotation leads to flows whose prognostic equations are frame invariant.
This is a result of the Taylor-Proudman theorem which indicates that scales of the motion with time
scales slow compared to the rotational period become horizontally divergence free. It is then shown
that, for arbitrary rotation rate and thus a much wider class of flows, any horizontally divergence

free flow is frame-indifferent.
The Navier-Stokes equations, in the Bousssinesq approximation, are
Ui + ujtis; + 26kpQkttp = —Pyi + 980 + vy . (8)

The pressure has been normalized by the constant density. The curl of the Navier-Stokes equations

produces the vorticity equation
@i + ujwir; = (W; +2Q5)uisi + €imqgBefim + VWirj; - (9)

where W = €xqi%;,q. For ease of discussion it shall be assumed that the rotation and gravity are
along the “3” axis. For rapidly rotating flows the Taylor-Proudman theorem, for those portions of
the flow whose frequency is slow with respect to the rotation of the frame, is obtained from the

vorticity equation,
Qsui3— 0 (10)

as ; — oo. This is a statement about a flow occurring in the presence of a background vorticity
of 2Q2. The motions of a fluid in geostrophic balance is the same in planes perpendicular to the
axis of rotation. In such a flow the vorticity generation mechanisms of stretching along the axis of
rotation 23833 and rotating into the axis of rotation Q3was, (o = 1,2) are reduced. This manifests

in the reduction of the turbulence cascade rate. Here s;; = %[ui,j +uj, ] and w;; = %[’Mi,]‘ —Ujs |-

It has been shown that as £; — oo that {2;u;,; — 0 and the evolution equations are frame invariant.
Clearly if Q;u;,; — 0 for arbitrary rotation rate the flow is also frame indifferent. Situations in which
Qju;,; = 0 occur in flows with strong stable stratification (described above), low aspect ratio or

MHD. For baroclinic flows the thermal wind balance of the vorticity equation is
Qqui,j = - 5imqgﬁq9,m- (11)

The individual components of the vorticity equation require, for 2 = 1,2, 2Q;u;,; = —€imq9B8¢0m »

and for ¢ = 3, 2Q,uz,; = 0. In such flows the velocity field, to lowest order in Ro;, is described by

9



a streamfunction
Uy = €qu§lk’lﬁ,q + wb;3 ’l,b,pz eqpkflkuq -+ Qpﬂq”l,b,q (12)

where ¥» = 1 (z,y,z). The carat indicates a unit vector. This is easily seen by contracting
on the the geostrophic balance in the following manner: &;;,Q, [ 2k, = —pyi + gBi0 ]
Carrying through the mathematics one obtains ¥ = —p/2Q. The streamfunction and pressure
field are proportional and the isobars and streamlines are aligned. Thus u ~ —p,, and v ~ p,;
and to lowest order u,; +v,, = 0. The hydrostatic balance, p,3 = g6 leads to 6 = -Tzﬁg-¢,3. The
vertical velocity is then obtained diagnostically from %0 = 0. The vorticity is related to the
streamfunction, ¢ = ¥(z,y, 2), by

wi = Myt ~ Qi gq - (13)

The vertical component of the vorticity is given by the horizontal Laplacian of the streamfunction
w3 = —V%1 which evolves according to

W3 + ujwz,; = (Wi + 205)us,; + vws,j; . (14)

This is the prognostic equation for the streamfunction and it is closed with respect to the stream-
function. Inspection shows that it is frame-invariant if there is no axial stretching of vorticity,
Qjus,; = 0: this is a statement that the flow is horizontally divergence free: —w,, = u,; +v,y = 0.
As a consequence any horizontally divergence free velocity field is also frame-indifferent. Such a
flow field, with the representation u, = equflm/z,q + wd;3, includes a horizontal turbulence whose
velocity components lie in planes perpendicular to the axis of rotation as well as three-dimensional
velocity fields that are independent of the coordinate along the axis of rotation. It is well known
that the vertical variability in these flows will in fact induce an axial stretching and that evolution
of such a system is described by the conservation of potential vorticity. Our interest lies with
constructing a turbulence closure consistent with physical principles: if the axial stretching (equiv-
alently if the horizontal divergence vanishes) then the evolution equations for the turbulence must

be frame invariant. Some special cases are now indicated.

Case 1: Qu; = 0,9 = ¢ (2,y) : This is the case that Reynolds (1989) calls 2C-2D - the velocity

vector has only two components and is dependent on two coordinates. In geophysical fluid dynamics,

for example, the shallow water limit of the atmosphere or ocean, such a field is sometimes called
two-dimensional. The field is horizontally divergence free. The Taylor-Proudman theorem applied

in a bounded domain, with no flux boundary conditions, is included in this category.

Case 2: Q;u;,; = 0,% = % (z,y) : Such a field is horizontally divergence free. This might be called

a 3C-2D meaning the flow is independent of the coordinate along the axis of rotation ¥ = ¢ (z, )

10



and the velocity vector has three components, u, = €k Qx%,y + Qpu;6i3. The Taylor-Proudman
theorem in an unbounded domain is included in this category. Note that in the very common
configuration, a bounded domain with no flux boundary conditions (Qpu, = 0) that the Q;u;,;=0

case includes Case 1.

Case 3: Q;u; = 0,9 = 9 (z,y,2) : Using Reynolds (1989) nomenclature this case would also be

called 2C-3D, as w = 0. The streamfunction is a function of all three-coordinate directions and the

field and u,; +v,y = 0.

Case 4: Q;uz,; = 0,% = 9 (z,¥,2) : The streamfunction is a function of all three-coordinate direc-

tions though now w = w (z,y). This is the most general of all four flow fields and includes cases
1, 2 and 3 as special cases and is a statement of the horizontal divergence free condition, w,3 = 0.
A dependence on all three coordinate directions occurs in the case of the thermal wind balance: a
horizontal temperature gradient in a rotating fluid induces vertical shear of the horizontal velocity
field as can be seen from the vorticity equation, 2Q3u,3 = —g30, €kqs- The pressure field which is
related to the streamfunction, determines the density field through the hydrostatic balance of the
vertical momentum equations, ¥,3= %p,,?, = -;—50. In the absence of such body forces the flow is
not dependent on the vertical coordinate and the thermal wind balance produces £,u;,, = 0 which
may have two or three nonzero velocity components depending on initial conditions or boundary

conditions.

4. Stratification, low Froude number and frame-indifference

The previous section addressed rapidly rotating flows, with and without buoyancy, in which there
was an approximate geostrophic balance. It was also shown that, for arbitrary rotation rate
(ageostrophic turbulence), a horizontally nondivergent field is also frame-indifferent. A turbu-
lence in a stably stratified environment is an example of an ageostrophic turbulence that is frame-
indifferent in the limit of strong stratification. The case of a stably stratified horizontal turbulence
is now treated. In the strongly stably stratified case while the vertical velocity associated with
turbulence does go to zero one might still expect large horizontal divergences associated with fluid

elements oscillating about the equilibrium position.

A turbulent Froude number, Fr; = 4/N{ where N? = gBT 3 is used to describe the properties of
stably stratified turbulence. It can be understood as a ratio of length scales. The turbulence length
scale, £ and the buoyancy length scale £, = %/N. The buoyancy length scale £, can be interpreted
as the largest size eddy capable of executing an overturning motion against the stratification. A

three componential turbulence will in general collapse to a horizontal turbulence for small enough

11



Fr,. Essentially vertical motions must perform work against the stable stratification to maintain
themselves, horizontal motions do not. As the relative stratification increases energy is fed into
the large scale horizontal motions and the flow collapses into striated layers sometimes described
as being comprised of thin horizontal pancake vortices decorrelated in the vertical direction. The
layers are independent of each other and lead to a vertical structure with different layers evolving
independently (unlike the baroclinic case). The energy containing scales of the turbulence has
primarily a vertical vorticity with small vertical velocities. Superposed on the turbulence will be an
internal wave field with vertical velocity but no vertical vorticity. The occurrence of these vertical
velocities is what distinguishes this case from the rapidly rotating flow. The wave and turbulence
are, in the low Froude number limit, decoupled and the evolution equations for the turbulence are

frame invariant.

The equations are written in horizontal and vertical velocity components: u; = v; + wé;3 where
v; = [v1,v2,0]. Continuity is therefore u;,; = v;,; +w,3 = 0. The momentum and energy equations,

modulo diffusivity and viscosity, are

U + Ui, + 2eikpvplp + Pyi=10 (15)
 + ujw,; + pi —gBo=0 (16)

. dT
0; +u;0,; + wz; =0. (17)

A scale analysis similar to Lilley’s (1983), in which the distinction between the wave fields and
the turbulence is highlighted, is useful. The equations are rescaled by characteristic turbulent
velocities in horizontal, u., and vertical directions, w., with length scale £. The fast time scale: the

nondimensional equations are rescaled on the wave time scale, IV,

) 290 A
; +p,,-+-]—v—e,-kpvpﬂp = —Fr; [ujvi,5] (18)
W+ p; — gl = —Fry[ujw,;] (19)

X dT
Vj,j W3 = 0 (21)

where Ro; = u./(2Q4) and Fry = u./(N{). For the wave regime w, ~ u; note that the horizontal
divergence for this field is not small. In the absence of rotation (strictly for convenience of presen-
tation) the three and two-dimensional Poisson equations for the pressure are, in the limit of small
Fry, V?p = 0,3 and Vp = 1b,3; the energy equation is used to produce a prognostic equation for

the potential,
Vi + Vip =0, (22)
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where ¢ = —p. The slow time scale: the equations are rescaled on the advective time scale, u./¢,

v + V505, + Ro{1265kp’0pflp + py = —Fr} [wvi3] (23)
P — 9B = —Fr} [+ vw,; + Fri [wwgs]] (24)

0; + v;0,; + w% = —Fr? [w;8,3] (25)

Vi, = —Frtz [w,3]. (26)

For the turbulence w, ~ Friu.. The horizontal divergence for the turbulence field, unlike the wave
field, vanishes as Fr? and the vorticity is vertical. Such a field is fully described by a streamfunction,

¥ = 1¥(z,y,2) whose evolution is described by the vertical vorticity equations, w3 = -V
Vit + 0 Vi, = vVid,; - (27)

as can be verified by taking the curl. As the horizontal divergence vanishes, as Fr? — 0 the
equations are frame-invariant and the evolution is frame-indifferent. The 1 solution generates the
velocities and the pressure. The temperature is found from the pressure through the hydrostatic
balance; the energy equation is then a diagnostic relationship for w. It should be noted that the

streamfunction has vertical structure and that the turbulence is frame-indifferent.

In the low F'r; the waves and the stratified turbulence are describable by a Helmholtz decomposition
for the velocity field is possible:

Up = qukﬂk'l/)aq + ¢ap — 3 61)3 + wap3 (28)

The horizontal divergence of the field is associated with the wave field: as up,, = 0 thus —V%¢ =
w,3. Such a velocity field decomposition seems to have first been used, in this context, by Riley,
Metcalf and Weissman (1981).

5. Frame-invariance of the second-moment equations

A similar investigation of the frame invariance of the second-moment equations is now described. It
will be shown (1) how the geostrophic balance manifests itself in the second moment equations, and
(2) what constraints any representation for the rapid-pressure covariances are required to satisfy. It
should be clear that a geostrophic turbulence is one whose horizontal divergence is small because its
Rossby number is small reflecting a pressure-Coriolis balance 2¢;kpup{d, ~ —p,;. However any flow
with vanishing horizontal divergence (and arbitrary Rossby number) also satisfies the geostrophic

constraint. Both have second-moment evolution equations that are frame-invariant.

The instantaneous fields are partitioned into mean and fluctuating field. The usual Reynolds

decomposition, uf = U; + u; and T* = T + 6, is used. The second-order moment equations for an
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incompressible turbulence, in the Boussinesq approximation, in a rotating coordinate system, are

D ~
— < uu; >+ 2 QkRo_l[eikp < Upt; > +€ikp < Upl; >] = < bu; > ,Hj+ < (911,]' > G

Dt
=< wjup > Uipp+ < uiup > Ujp] — < UUjUp >op
—[< pyjui >+ < priu; >+ Ret < UG > ppp — 2Re™! < Ujyp U yp > (29)
D 5 -1
i < Ou; > +26,ikQk < Ou, > Ro™t = —[< Ou; > U j+ < wiuj > T+ < 00 > ;

- < 9u¢u]~ > — < p,59.>
+Re‘1(1 + P?"—l)(< Ou; > j; —2 < 8 ju; 5 >).  (30)

The velocity has been normalized by a characteristic turbulence velocity . and the Rossby number
is Ro = u./QR, where R, is a length scale and  the rotation rate of the frame of reference. The
gravity and rotation vectors are aligned with the 3 axis. The concern is with the pressure-strain
and pressure-temperature gradient correlations, —[< p,;u; > + < pyiu; >] = —[< pu; >,j+ <
PU; >,il+ < psi; > and < pf >=< pf >,; — < pb; >. An equation for the pressure fluctuations

comes from the divergence of the Navier-Stokes equations for the fluctuating velocity
Uit +U5 Usyi +U 055 HUjUs5 — < UsU5 >,5 +26ikakupRo_1 = —p,; +006; + Renlui,jj (31)

which produces a Poisson equation for fluctuating pressure. The standard linear decomposition

recognizes three terms

-—p;—i = Q[Ui,p +€pikaRo'1]up,i (32)
D% T Uiy Ui — < Uiyj Ui > (33)
P = Bib,i (34)

where p”, p*, p® are respectively the rapid-pressure, the slow or return to isotropy pressure, and the
buoyancy-pressure. The effects of rotation are felt through the rapid-pressure, p™. Solution of the

Poisson equation for the rapid-pressure is by application of Green’s theorem
- dx/!
B(x) = — (4m)7 [ (x') 35 e

It is the moments of the solution that are required to close the second-order equations. For a homo-

geneous mean field a straightforward interchange of the order integration and averaging produces:

<p'sij >=  —2Upp +epgeQRo™ [ Xipgj + Xjpgil (35)
<Pl >= —2[Uyp +€pqk U R0~ X iy (36)
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1
where s;; = [ui,; +u;, ] and

Xpig=  (4m)71 [ < 8(x)up(X) >oirgs 5507 (37)

Xipgj = (4m)71 [ <us(X)up(x’) >jrqr Fci—)%';' (38)

By continuity s;; = 0; this < ps;; > interchanges energy between the different components of the
Reynolds stress but does not contribute to the kinetic energy of the turbulence. In drawing the
mean velocity gradient outside the integral the assumption of quasi-homogeneity has been made:
the length scale of the inhomogeneity of the mean field is large compared to the integral scale of the
turbulence. The primary contribution to the integral will then come from regions within an integral

length scale of the local position over which the velocity gradient is approximately constant.

Consider the portion of the rapid-pressure correlation associated with the rotation

dx!

x — x|’

. _ 1 -
pgkSlk Ro lX,'qu = Tr ko /qukﬂk < ui(x)up(x/) >i5'e (39)

A horizontally divergence free velocity field has, to within an arbitrary additive scalar function, the

representation
Up = €1Jqlchc¢aq ) VYoo = €qpk{litlg + Qpﬂq?pvq (40)

for ¢ = 4 (2,9,2). The flow along the rotation axis is specified by an additive scalar function.
In the stably stratified case in which there is a horizontal divergence associated with potential
field the analysis is the same: the potential makes no contribution to the integral. A proof of the
frame-invariance of the second-moment equations when the velocity field has this representation
is straightforward. Insert the expression for the velocity field into the integral and contract to
produce, in the integrand, the Laplacian of the streamfunction, 9., = €gpk{di,g which reduces the
volume integral of a two-point statistic to a one-point statistic which is identical with the Coriolis
term,

!

1 A dx .
E/qukgk < ui(x)up(x') >y’ —I-X—_—;,T =< unﬁ,j >= €pijk < UiUp > (41)
This analysis and a similar one for the heat flux equations produce the geostrophic constraints

€pgnflnXipg; = €qinSln < Ul > (42)

€pqnnXpgi = €qinfln < ugh > . (43)

These are constraints reflecting the geostrophic balance of the second-moments of the fluctuating

field. The indicated contraction of any model for the rapid-pressure strain covariance, X;p,; and
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Xpgi is Tequired to satisfy. From another point of view: when the fluctuating flow is generated
by a streamfunction the rapid-pressure covariance representation equals the Coriolis terms and the
exact equations (and therefore their models) are frame-indifferent. This is not an invocation of the
principle of material-frame-indifference, Lumley (1970), used in rational mechanics to construct a
constitutive relation. It is a statement, derivable from first principles, that any constitutive relation
for the rapid-pressure strain must satisfy if the evolution equations are frame-indifferent in the limit

of a two-dimensional or a two-componential turbulence.

6. Additional mathematical properties of the rapid-pressure covariance

There are additional mathematical properties that the rapid-pressure covariance integrals must
satisfy. The fourth- and third-order tensors have the following symmetries: X;;x = Xk, Xiju =
Xiiki, Xijk = Xikj. For an arbitrary three-dimensional turbulence the tensor polynomials must

also satisfy the constraints of normalization and continuity:

Xijke = <uiu; >, Xgr = <wb >,
Xijix = 0, Xij = 0. (44)

Note that a contraction of the integral of a two-point statistic is a local one-point statistic. For a

purely isotropic turbulence the tensors have the values

4 1
Xl = IR k [6;;0k — Z(5ik5jz + 8i6x)] (45)
Xk = 0 (46)

The tensor < u;u; > has positive eigenvalues. This reflects the fact that the energy of the turbu-
lence is always positive and that the magnitude of the correlation coefficients between the various
components of the tensors be bounded by one. These facts lead to “realizability” constraints that
specify the behavior of the correlations as an eigenvalue of the Reynolds stress approaches zero.

The relevant portion of the Reynolds stress transport equations, in principal axes, requires that
D/Dt < gty > ~ [Upy +€ipp QRO N Xiapa = 0 as < Ugliq >— 0 (47)

in order to satisfy realizability. The rate of change, due to the rapid-pressure correlation, of the
eigenvalue < u,U, > is required to vanish as the limit state is approached. This insures that
the rapid-pressure correlation model does not cause the solution to go into the unrealizable region
in which < usu, > is negative. This is extremely dangerous from a computational viewpoint,
Ristorcelli et al. (1995). The realizability limit is rephrased in terms of the determinant of the
Reynolds stress: F = (RY; — 3R;;R%; + 2R%;)/6 where R;; =< w;u; > [ < upu, > which can

be written in terms of the invariants of the anisotropy temsor as F = 1 + 911 + 27111 where
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II = —%bijbij = —% <b > IIl= %b,-pbpjbji = % < b3 >. The determinant F varies between zero
and one; F = 1 corresponds to an isotropic turbulence and F = 0 corresponds to the realizable

limit in which an eigenvalue is zero.

The quantities Xpi, and Xipy; cannot be modeled independently; and the heat fluxes and the
Reynolds stresses are linked through Cauchy-Schwarz type inequalities, Dj; = < 60 >< wju; >
— < Bu; >< Bu; > > 0. D;; has positive semi-definite eigenvalues. Similar reasoning produces the

“joint-realizability” constraint
D/Dt Dyy ~ [Up,i +€ikakR0_l][< 08 > Xiapa— < Oug > X,'ap] —0 as Dyo — 0 (48)

which couples the rapid-pressure correlations appearing in the heat flux and the Reynolds stress
equations. A similar determinant function Fg is defined with the normalized D;;, for which 0 <
F,; < 1. Joint-realizability reflects the requirement that the magnitude of the correlation coefficients
be bounded by one: the Reynolds stress and the heat-flux take on values “jointly” such that the time
rate of change of Dy, goes to zero as Dyy goes to zero. The mathematical properties, continuity,
symmetry, normalization, isotropy, geostrophy, and realizability of the unknown rapid-pressure

covariances have now been given. The possibility of a constitutive relation is now addressed.

7. A constitutive relation for the rapid-pressure covariance

A closure for unknown rapid-strain covariances,

Xopig = = J < 0(0up(x) >y 52507 (49)
Xipgj = Zl,“r J < ui(x)up(x) >,5q x(ﬁlc'] (50)
is now sought. The two-point velocity and velocity-temperature covariances satisfy complex evo-
lution equations and the quantity desired is the integral of their double divergence. There is little
that can be done at this point; not much of any simplicity will result from investigations of the

two-point evolution equations. A hypothesis which cannot be true with full generality but which

may be rigorously correct in special circumstances is adopted.

The point of view of rational mechanics, Lumley (1970), is adopted: if a constitutive relation is to
be determined phenomenologically it must satisfy certain general properties that the original un-
known quantity satisfies. These properties, tensor invariance, symmetry, continuity, normalization,
geostrophy, isotropy and realizability, must therefore be satisfied by any constitutive relation for
the rapid-pressure covariances. In this way a general structure for the phenomenological relation is
obtained. One might then expect the closure to be able to predict the pressure-strain for a class of
flows from another of the same class. The subject of this article is closure in terms of other single-

point quantities carried in such a closure. The properties of continuity, geostrophy, and isotropy
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which relate the unknown integrals, Xpi;, Xipgj, t0 single-point quantities suggest such a closure,

may be tenable.

A closure of the form Xpiq = Xpig(< wiu; >, < w0 >) and Xipgj = Xipgj(< uiu; >) is sought.
Parameterizing the integrals of a two-point covariance in terms of the Reynolds stress and the
heat flux is a substantial simplification requiring consideration. It is likely only to be adequate for
certain classes of turbulent flows. Lumley (1970) has discussed the conditions under which such a
constitutive relation is possible. Lumley’s (1970) conclusions are that such a procedure is suitable
for slowly evolving flows,

%g <1, or Lk <1 (51)

suitably removed from the initial conditions

At %’i > 1 (52)

so that nonlinear effects and production mechanisms that generate turbulence have been in oper-
ation long enough to decorrelate the present state from the initial state. Here At represents time
past initiation of the flow, the overdot represents a Lagrangian derivative, S represents some norm
of the strain S;;, Py is the production rate of k¥ and £ is an integral scale of the turbulence. The
overdot represents the Lagrangian derivative. For a turbulence with short term memory and limited
awareness Lumley (1967) has carried out an expansion procedure indicating how truncation errors

might scale.

There is another point of view that is useful to consider. A brief summary is given - these points
have been covered clearly in Lumley (1970, 1978), and Lumley and Khajeh-Nouri (1974). Consider

the high Reynolds number homogeneous form of the Reynolds equations

D
o7 < Wit >= - [< wsty > Uspp + < Uithy > Ujpp] — 2685
—Q[Uqap +€quQkR0_1][Xiqu + ijqi] (53)

as an equation for X;;x;; Xijk can then be written as functionals of the Reynolds stresses, the dissi-
pation, the heat fluxes throughout the field and over previous time; Xk = Xiu{VU, < uun >,¢e},
Xijk = Xijpe{ VU, < uu >, < uf >,ep}. Expanding the functional in a Taylor series about the
present state and keeping only the lowest order terms is suitable for a slowly evolving turbulence.
Retaining higher order terms of the functional Taylor series expansion will involve spatial and
temporal derivatives of b;; and substantially complicate the problem. It is expected that, for a

slowly evolving turbulence, retention of only the first order term captures enough of the physics
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to allow predictions suitable for calculations provided that any model for X;;u and X,; have the
proper mathematical properties. This is a brief recapitulation of the arguments that lead to the
possibility of closures using constitutive relations. It is clear that the theoretical development un-
derlying this procedure is not applicable to rapidly evolving flows or to flows whose anisotropy is

not parameterizable by < u;u; > and < u;6 >.

The most general forms of a parameterizations for the fourth-order tensor appearing in the Reynolds

stresses will be

Xiju/2k = A18i;60 + A2[8:x651 + 6085x]
4+ A36iibpi + Aabijbrr + As[birbr + bibik + dixbjr + Sibji]
+ A66ijb?c1 + A7b%jl$kl + As[b§k5ﬂ + b?lﬁjk <+ 5,'kb?1 + 5ub?k]
+  Agbijbr + Axolbikbji + birhji]
+ Allbijb]%-,l + Alzb?jbkl + A13[b?kbjl + bglbjk + bikb?[ + bilb?k]
+  Augblby + Ass[b50% + bhb%].

The six Reynolds stresses have been replaced with the six quantities b;; and k = § < upu, > where
bi; =< wju; > /2k — 16;; is the anisotropy tensor. Following Pope’s (1983) linearity principle only
terms linear in the heat-flux are kept in the tensor polynomial for the representation rapid-presure

in the heat flux equations:

Xpkj = D1 < 8up > 85 + Ds[< Oug, > 6pi+ < Ouj > bpi]
+ D3 < buy, > br; + Dy[< Gui > byi+ < Ou; > bpk]
+ Ds < fup > b}, + De[< Oup, > b2+ < fu; > ;]
[D7bgpbr; + Ds(bgrbpj + byjbpr)] < Oug >

[Dobgpbrj + D1o(bgrbpj + bejbpr)] < Oug >
[Dllbqpb%j + D12(bqkb;2>j + bqugk)] < fug >

+ + +

+ [Dlgbgpﬁkj + D14(b§k5pj + bgjépk)] < Bug >

+ [D1sbZbe; + Die(blpbyp; + b2:pk)] < Oug >

+  [D1rb2,b%; + Dis(b2b2; 4 b7.5%,)] < Oug > .
The A; and D; are scalar functions of the invariants of b;; and < fu; >. They are functions of the
state of the flow as characterized by the invariants: they are not constants, Rivlin (1955), Spencer
(1971). As complex as these expressions appear one should keep in mind that they result from
nothing more complex, conceptually, than the Buckingham PI theorem; tensor quantities require

invariance under a larger group of transformations.

This methodology can be contrasted to the usual procedure. The usual modeling procedure is to
choose these functions to be constants and then use the empirical curve fitting procedure with

modeled partial differential equations to match predictions for the Reynolds stresses in a number of
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flows. Sometimes these constitutive relations for the rapid-pressure strain also require expressions

linear in the b;;; such a requirement does not satisfy many of the required mathematical properties.

A few caveats appear necessary. These sorts of constitutive arguments, that allow Xp;q = Xpig(<
uiu; >, < ;0 >) and Xipgi = Xipgi(< uju; >), are not applicable to rapidly distorted flows;
these are essentially linear problems in which the dependence on the initial conditions has not
been decorrelated by the nonlinear processes of turbulence. The assumption of a slowly evolving
turbulence underlying the constitutive relation procedure is violated. The shortcomings of this sort
of methodology for rapidly distorted problems are known, Reynolds (1994), and the shortcomings of
the linear rapid distortion methods for fully nonlinear turbulence problem are also well known. Our
interest here is in geophysical flows; the atmosphere and the ocean have been integrating for several
million years, Margolin (1996), and for these geophysical flows, as is well known for fully developed
turbulence in engineering flows, terms quadratic in the fluctuations are far more important than
those linear, Smith (1996).

Inserting the tensor polynomial expressions into the continuity, normalization, geostrophy and real-
izability constraints produces a set of algebraic equations. The solution for the algebraic equations

yields the following expressions for the scalar functions:

Ay = (11111 + 73)/271I;— F(4201I + 239)/13511,
Ay = —(69II + 32)/271I;+ F(42011 + 257)/27011,
As = (3II+4)/3II;— F(11/10)/(1+ 3II)
Ay= (1511 +11)/31I;— F(4/10)/(1+ 3II)
As= —3(1+3II)/3II;+ F(3/10)/(1+ 3II)
Ag= —(102II+61)/3II,
A7 = —2(33II +20)/31I; — F(6/10)/(1+ 3IT)
Ag = (4211 +23)/311,
Ao = —(57II+28)/3II;— F(3/10)/(1+ 3II)
Ao = (151 +14)/311; + F(9/10)/(1 + 311)
Ay = —(102I1 +61)/II,
Az = (4211 +23)/1,

where A;4 = 0 and 435 = 0 and I1; = (1 + 3II)(7+ 12I1), F = 1 + 27111 + 911, where I] =
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—1/2b;;b;; and ITT = 1/3bipbp;bj;. In the third-order tensor polynomial the scalar functions are ‘

Dy = —(312I1% + 14911 — 21)/511;— F(1/5)/(1 + 31I)
(48112 + IT — 14)/511; + F(3/10)/(1+ 3I1)
D3z = —(324II + 22211 +17)/11;— F(3/10)/(1 + 31II)

N
I

Dy= —=3/(7+12II)+ F(9/10)/(1+ 3II)
Ds = —(1021I +61)/II,
Do = (42I1+23)/II,
Dy = —2(3II +4)/5I1;— F(3/5)/(1+ 3II)
Ds= 27(2II+1)/5II,
Do = (42T +23)/II,

Dio = (4211 +23)/11,

Dis = —8(39II + 22)/511,

Dis= 2(24II +17)/511,

Dis = —27/(1+ 3II).

Note that D1y = Dig = Dig = D17 = Dig = 0 as well as A;4 = A5 = 0 have been set to zero
as they are not necessary to satisfy the mathematical constraints; there are some free parameters
left in this closure. Recourse to experimental data has not yet been made. What is now required
is a flow that has attained a structural equilibrium, gzbz’j = 0; the fixed points of the modeled
evolution equations for b;; are then required to match the phenomenological data. This provides
six additional algebraic comstraints to set the free parameters. This is the requirement that the
constitutive relation be asymptotically consistent with a known equilibrium state of a particular
turbulent flow. This procedure was introduced by Speziale, Sarkar and Gatski (1990). It is executed
for the present rapid-pressure strain closure for a homogeneous simple shear in Ristorcelli et al.
(1995).

8. Additional commentary

In the Fourier space the rapid-pressure covariance can be written as an integral of the energy
spectrum over all the scales of the motion: from the production scales at k£ ~ 1 and larger to the
dissipation scales k7 ~ 1. The major contribution to the integral will be from large scales of the

-5/3 inertial subrange in which

motion, k¢ ~ 1. In a high Reynolds number turbulence with a &
there is enough of a separation of scales for a second-order simulation to be useful approximation,
say at least Rey ~ 10%, the ratio between the dissipative and the energy containing length scales
is n/€ ~ ReZB/ * ~ 1000 and the flow scales range over 0 < ¢ < 1000. Approximately 85% of the
energy of the motion is contained in the first decade x¢ < 10: the major contribution to the rapid
pressure integral is from the scales of the motion greater than one tenth of the production scales.
If only the largest 1% of the flow scales, i.e. from 0 < k€ < 10, begins to lose an eigenvalue of
the Reynolds stress tensor, the rapid-pressure will begin to approach the frame-indifferent limit.

The rapid-pressure covariance becomes asymptotically close to the frame-invariant limit with only
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a relatively small portion of the scales of the flow becoming horizontally divergence free.

Consideration is now given to additional limitations to the class of flows for which the constitutive
relation posited is not appropriate. The anisotropy of the Reynolds stress is not the sole measure
of the anisotropy of a turbulence field. Consider homogeneous rotating isotropic turbulence as
seen in the DNS of Mansour, Cambon and Speziale (1992). As assessed by Reynolds stresses it
remains isotropic yet the two-point statistics are highly anisotropic indicating a larger correlation
length scale along the axis of rotation. Reynolds (1989), Kassinos and Reynolds (1994), Reynolds
and Kassinos (1994) have realized the inadequacy of single-point closures to account for effects
of this form of anisotropy expected to be important in nonequilibrium situations. Within the
context of a single-point closure the resolution of this problem can only be accomplished by carrying
an additional quantity to represent this missing information. Reynolds (1989) uses single point
quantity that he calls the structure dimensionality tensor that appears to be a useful proxy for
the information contained in two-point quantities. The possibility of the method to account for

two-point information using a single-point quantity is an interesting idea worth following.

The rapid-pressure strain covariance which is an integral over the two-point covariance is very
much affected by the two point anisotropy. The implicit assumption in single-point developments
with closures parameterized by Reynolds stresses is the implicit assumption of a single character-
istic length scale. This is a reasonable assumption for slowly evolving fields in which nonlinear
effects strongly couple the different directions. In geophysical flows in which body forces reduce
the nonlinear strain-vorticity interaction mechanism, Tennekes and Lumley (1972), the two-point
behavior is substantially different. The present version of single-point formalism can nonetheless
be applied to these flows; the physics that produces the anisotropy of the two-point statistics also
produces the anisotropy in the Reynolds stress. Rotating geophysical flows such as the planetary
boundary layers occur adjacent to solid boundaries and Taylor-Proudman requires uz — 0. Thus
in either rapidly rotating or stably stratified flows the turbulence becomes a horizontal turbulence,
< ugug >— 0, for which a single-point parameterization using < u;u; > and < u;0 > is possible.
This will also be the case for strongly vortical flows in which the vorticity of the fluctuating field is

aligned with the mean rotation.

In the DNS of homogeneous rotating isotropic turbulence a decrease in the nonlinear cascade rate
is noticed. This has been explained as an interference of the inertial wave field associated with
rotation with the phase coherence necessary for the cascade of energy to the smaller scales of the
motion. Here it has been shown that as the flow becomes horizontally divergence free the transfer

between the vertical and the other components of vorticity is reduced. This is an important
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component of the cascade process as Tennekes and Lumley (1972) have shown. Whatever the
mechanism the reduction of the cascade mechanism will make the current parameterizations for
the dissipation equation invalid. There are some limits on the rotation rate that can be set in
order for the current parameterization of the cascade to be adequate. Consider the Rossby number
defined as a ratio of the vorticity of the production scales of the motion to the background vorticity
Ro; = (¢2/3)Y/?/2QU = 3¢/2Qq? using ¢ = (g2/3)'/2/L. A spectral Rossby number can also be
defined as Roy(k) = u(k)/20U(k) = (kE(k))*/?/29(2n /x) which using the inertial range scaling
E(k) = ae?/3c=5/3 and ¢ = (¢2/3)1/2/{ becomes Roy(k) ~ 0.2 (k£)*3Ro;. The effects of rotation
decrease as the wave number increases. For the inertial oscillations associated with the rotation not
to interfere with the cascade mechanism Ro:(x) > 1 for k€ ~ 2 is required. Thus for Ro; > 3 the
usual parameterization of the spectral cascade rate, €, in terms of the energy containing scales of the
motion is appropriate. For Ro; < 3 the current dissipation equation begins to require modification.
How the dissipation equation is to rationally account for the effects of rotation on the cascade is
an unresolved issue. It is, however, clear that the assumption of the small scale equilibrium with
the large scales of the motion is valid in most high Reynolds number rotating flows of interest for
Ro¢ > 1: the Rossby number of the dissipation scales of the motion is Ro. = Rez/ 2Rot and therefore
the dynamics of the small scale motions will be set by the large scales. At this point primarily
phenomenological theories have been advanced, Zhou (1995), Mahalov and Zhou (1996). There is
the rigorous analytical work of Babin, Mahalov and Nicolaenko (1996) on rotating turbulence that

may well produce theoretical results that might bear on this issue in a rational way.

9. Summary and Conclusions

Three experiments - the rotating tank, the rotating heated annulus and the stratified grid turbulence
- have been described. These cases cover three very basic classes of flows: rotating turbulence (in
a finite domain), baroclinic turbulence (rotation with horizontal temperature gradient) and stably
stratified turbulence. In the limit of small Rossby number or small Froude number these flows
exhibit equilibrium states that are horizontally nondivergent and therefore frame-indifferent. If the
second-moment equations are to be frame-invariant in the horizontally divergence free limit then

rapid pressure-strain covariance must satisfy the following constraint:

€pannXiqu = eanQn < UiUg > (54)
qunQnquz' = qunQn < uq9 > (55)
This equality, which assures the frame-invariance of the second-order equatioms, is called the

geostrophic constraint as it reflects the small Rossby number geostrophic balance of the momentum

equations, 2¢;5,Upl ~ —p,i. The geostrophic constraint must, however, be satisfied by any flow
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with a vanishing horizontal divergence for arbitrary Rossby number; this is a manifestation of the

fact that, in the absence of vortex stretching along the axis of rotation, that the evolution equations |
are frame-invariant. This is not an application of the material-frame-indifference principle of ra-
tional mechanics, Lumley (1970), it is a rigorous consequence of the Navier-Stokes equations. The
evolution equations are quite dependent on rotation aslong as the flow is not horizontally divergence
free. The principle of frame-indifference in the two-dimensional limit, Speziale (1981,1985,1989),
is a special case of this invariance relevant to a purely mechanical turbulence. Here the flow may

have a vertical structure as might occur in stratified or baroclinic situations.

A horizontally nondivergent state has been shown to be a stationary flow achieved by turbulence
under the influence of rapid rotation or strong stratification. The invariant basis representation
methods have been used to construct a constitutive relation for the rapid-pressure strain covariance
that, in the limit of a horizontally divergent free field, produces the proper frame-invariance. The
representation constructed for the rapid-pressure strain covariance has variable coefficients. The
coefficients are functions of the state of the turbulence and are valid for all states of the turbulence
- they are not, as is typically the case, fixed to constant values obtained from empirical calibration,
Ristorcelli et al. (1995). The constitutive relation for the rapid-pressure-strain covariance has been
achieved for the class of horizontally nondivergent flows that are accompanied by the suppression
of the component of the energy of the turbulence along the axis of rotation or stratification. This is
a limited class of flows and represents the most that can be done with current single-point second-
order turbulence closures without carrying additional equations for additional quantities. This
limited class includes the horizontal turbulence case that occurs in most geophysical situations.
These flows occur in such situations as the planetary boundary layers in which the flow transitions
from a three-dimensional shear or convection driven mixed layer flow to an outer layer in geostrophic
equilibrium. It also includes the strongly vortical flows in which the vorticity of the turbulence is

aligned with that of the mean rotation.
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Figure 3. Schematic for the baroclinic instability.

30



@ys’talline silicon

Te

molten silicon Ty

Y

Figure 4. Czochralski crystal growth apparatus.

31



I
,Jv

MFI —_—

Figure 5. Strain aligning vorticity in axial direction.



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
Collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY(Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
November 1996 Contractor Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
TOWARD A TURBULENCE CONSTITUTIVE
RELATION FOR ROTATING FLOWS C NASI-19480

WU 505-90-52-01

6. AUTHOR(S)
J. R. Ristorcelli

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Institute for Computer Applications in Science and Engineering REPORT NUMBER
Mail Stop 403, NASA Langley Research Center
ICASE R t No. 96-66
Hampton, VA 23681-0001 eport Xo

9, SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
National Aeronautics and Space Administration AGENCY REPORT NUMBER
Langley Research Center NASA CR-201621
Hampton, VA 23681-0001 ICASE Report No. 96-66

11. SUPPLEMENTARY NOTES

Langley Technical Monitor: Dennis M. Bushnell
Final Report
Submitted to Theoretical and Computational Fluid Dynamics; to be submitted to the J. of Geophysical Research.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified—~Unlimited

Subject Category 34

13. ABSTRACT (Maximum 200 words)

In rapidly rotating turbulent flows the largest scales of the motion are in approximate geostrophic balance. Single-
point turbulence closures, in general, cannot attain a geostrophic balance. This article addresses and resolves the
possibility of constitutive relation procedures for single-point second order closures for a specific class of rotating
or stratified fiows. Physical situations in which the geostrophic balance is attained are described. Closely related
jssues of frame-indifference, horizontal nondivergence, Taylor-Proudman theorem and two-dimensionality are, in the
context of both the instantaneous and averaged equations, discussed. It is shown, in the absence of vortex stretching
along the axis of rotation, that turbulence is frame-indifferent. A derivation and discussion of a geostrophic constraint
which the prognostic equations for second-order statistics must satisfy for turbulence approaching a frame-indifferent
limit is given. These flow situations, which include rotating ard nonrotating stratified flows, are slowly evolving
flows in which the constitutive relation procedures are useful. A nonlinear non-constant coefficient representation
for the rapid-pressure strain covariance appearing in the Reynolds stress and heat flux equations consistent with
the geostrophic balance is described. The rapid-pressure strain model coeficients are not constants determined by
numerical optimization but are functions of the state of the turbulence as parameterized by the Reynolds stresses
and the turbulent heat fluxes. The functions are valid for all states of the turbulence attaining their limiting values
only when a limit state is achieved. These issues are relevant to strongly vortical flows as well as flows such as
the planetary boundary layers, in which there is a transition {rom a three-dimensional shear driven turbulence to a
geostrophic or horizontal turbulence.

14. SUBJECT TERMS 15. NUMBER OF PAGES
turbulence modeling; geophysical; rotating flows; second-order closures 34
16. PRICE CODE
A03
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION] 19. SECURITY CLASSIFICATION] 20. LIMITATION
OF REPORT OF THIS PAGE OF ABSTRACT OF ABSTRACT
Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298(§ev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



