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P6.7 ON PREDICTING THE TRANSITION TO TURBULENCE IN STABLY STRATIFIED FLUIDS

D.O. ReVelle
Earth and Environmental Sciences Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

1. INTRODUCTION AND OVERVIEW

The development of turbulence in stratified
fluids has historically been studied using the flux,
Ris, and the gradient Richardson no., Ri,
whereas the simpler shear flow transition in
homogeneous fluids has been studied using the
Reynolds no. A complete dimensional analysis
of the relevant linearized conservation equations
in the Boussinesq approximation predicts that
the physical processes in stably stratified
boundary layers should depend on as many as
five dimensioniess parameters, namely, the
Rayleigh no., Ra, the Reynolds no., Re, the
Taylor no., Ta, the Prandt! no., Pr, and the
Radiation no., Rd. The Radiation no. is very
similar to Pr, but includes thermal radiative
transfer instead of molecular heat conduction .

IIl. PRELIMINARY EVALUATION OF Rip

It is possible to directly evaluate the bulk (finite
difference form) of the gradient Richardson no.,
Riy, in @ non-rotating, stratified fluid using an
expression developed by Asai (1970) for
convective flows or using a relation derived by
Sutton (1877) for the case of stably stratified
flows. The individual terms in both expressions
for Riy for the non-rotating flow case (small
Taylor no.) include only the Prandtl no., the
Reynolds no. and the Rayleigh no., consistent
with our dimensional analysis.

Using the critical values, Rac. = 1.128-10(4) and
Rec= 125 for a Prandtl no. of 0.714 (at 273.13
K) after correcting for the appropriate imposed
boundary conditions, we have evaluated Ri, for
the onsét of turbulence from a state of laminar
flow using either the theoretical or experimental
values for the individual terms in Sutton's
relationship. This yields critical transition Riy
values in the range from 0.51-1.00. These Riy,
values are in good agreement with the
reevaluation of the classical result of
Chandrasekhar (1961) by Miles (1986), who
found a critical value, Ric, of unity. Our result
also agrees with Townsend (1958), who found
that the inclusion of thermal radiation
significantly increased Ri; above the small

amplitude, transitional semi-infinite fluid value,
0.25. Although interesting, our initial evaluation
of Ri, does not allow insight into the detailed
dynamics of flow transition.

Hl. STABLY STRATIFIED FLUID BEHAVIOR
A. MOTIVATION

In the case of the turbulence transition in the
stably stratified atmosphere or ocean, the
transitional Ris value can be used to predict the
onset of “bursting” or breakdown of the turbulent
boundary layer to laminar flow. Using a semi-
empirical approach, ReVelle and Coulter (1995)
and ReVelle, Nilsson and Kulmala (1997) carried
out bursting analyses and explored transitional
Rip values in the range from about 0.30-1.0,
including the possibility of hysteresis effects
using prescribed transitional Ri, values for the
laminar/turbulent/laminar flow reversals.

B. ANALYSIS OF TRANSITIONAL BEHAVIOR:
REEVALUATION OF THE CRITICAL Rip

We can evaluate additional details of the fiow
transition process, since dRi/dt has been
observed ,e.g., by ReVelle (1993) to change sign
during transition, i.e., the time series of Ri, was
observed to be oscillatory, resembling that of a
frictionally damped, transient osciliation. Prior to
the turbulence transition dRiw/dt < 0, but it then
switches sign after transition. Thus, using the
fact that dRiw/dt =0 is the limiting value between
the flow behavior changes, we can show that the
product of the Brunt-Vaisalla frequency, wav, and
the depth of the boundary layer flow, 8, divided
by the wind speed at the top of the layer, V(5), is
a constant during transition. This constant is just
the square root of Ri, indicating the constancy
of a critical transitional Ri , value, Riy | .. Using
the semi-empirical boundary layer model of
ReVelle and Coulter {1995), we have evaluated
the possible values of this constant during
periods of nocturnal boundary layer flow where
bursting was evident. Using this approach, we
have determined the constant to be about 0.5 -
1.0 depending on the external flow forcing. As




expected, the square of the above range of
values agrees very well with the range of Rip | .
values prescribed during testing of the model.

Finally, we have also evaluated this constant
by direct calculations using the fundamental
dimensionless parameters identified earlier for
laminar boundary flows utilizing the displace-
ment thickness as the operational definition of
the boundary layer depth. We have summarized
our method of calculation, below:

1) Solve the expressions for Ra = Ra. and for
Re = Re. for 8, equate them and solve for V(3).

2) Solve these same expressions again for the
kinematic viscosity (/p}, equate them and
solve for 8.

3) Having computed & and V(38), compute opv
and Riglc (where V(3) =~ 0gv:5 ).

The results of these temperature dependent
calculations {due to the molecular shear
viscosity and thermal conductivity variations with
temperature) are indicatéd in Table 1 below. The
values of Rac and of Re. noted above were used
in this evaluation. In Table 1, AT is the
prescribed temperature difference across the
layer. Thus, from these comparisons, it appears
that the bursting process is a transition from a
thick, turbulent surface boundary layer (depth of
=10 m in middle latitudes for a roughness length
> 0.1 m and a geostrophic wind between 1.5 m/s
and 3.5 m/s) to a thin, laminar boundary layer of
depth generally < ¥ m. In addition, we have
determined that Riy| . varies slightly over the
range of input AF values, but that it generally
has a'value close to unity. For small AT, V(d)
becomes very small and bursting is far less
likely. Thus, in this region Rip| . values are
progressively less meaningful. Finally, as can
readily be seen from Table 1, as the stability
increases, the depth decreases as the predicted
wind speed steadily increases and vice versa.

IV. SUMMARY AND CONCLUSIONS

We have attempted to evaluate details of the
flow transition process. We first evaluated the
critical Rip value using a simple dimension-
less equation developed by earlier workers.
This agreed in magnitude with earlier
results, but did not provide any details on
the transition process or on the boundary

layer depth, wind speed, etc. A second
analysis was performed using a more
detailed approach. This allowed a re-
evaluation of the critical Ri, value and also
predicted explicit properties of the laminar
boundary layer as well. It also predicted a critical
Riy value whose magnitude agreed with earlier
work, but which varied slightly with the
prescribed AT across the layer.
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TABLE 1.
Simultaneous solution of the dimensionless
fundamental parameters for the temperature
dependent, laminar boundary layer properties.

(for Pr=0.714 at T = 273.13 K)
AT: o V(8): | wav: Riy|c | Const
K m m/s 1/s

0.001 | 0.427 | .0039 | 0.021 | 5.222 | 2.285

0.005 | 0.249 | .0067 | 0.033 | 1.503 | 1.226

0.01 {0.198 |.0084 | 0.047 | 1.206 | 1.098

0.05 | 0.116 | 0.014 | 0.126 | 1.034 | 1.017

0.10 | 0.092 | 0.018 | 0.199 | 1.020 | 1.010

0.50 | 0.054 | 0.031 | 0.578 | 1.012 | 1.006

1.0 0.043 | 0.039 { 0.918 | 1.011 | 1.006




