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Abstract

The objectives of this study were to implement a high-performance numerical code
for three-dimensional, unsteady, incompressible flow governed by the Navier-Stokes
equations and to carry out large-eddy simulations of several laboratory-scale realiza-
tions of geophysical flows in complex geometries. The code was implemented on a
distributed memory massively parallel computer, viz., the IBM SP2.

The governing equations are the continuity, Navier-Stokes, and the scalar trans-
port equations under the Boussinesq approximation, and they are solved in a rotating
reference frame. A finite-volume method is used to discretize the governing equations
in general curvilinear coordinates on a single non-staggered grid. A fractional-step
projection method is used to solve the incompressible Navier-Stokes equations. A
pressure Poisson equation is solved by the multigrid method. Three different dy-
namic subgrid-scale turbulence models were implemented in the code. An accurate
and efficient parallel code was developed on the IBM SP2 using the message passing
interface (MPI). A code performance of 38 MFlops per node was achieved, which was
the reported peak rate on NASA’s IBM SP2. The use of MPI enables good portability
of the code among a broad class of parallel computers. This simulation tool was then
used to study three rather different laboratory-scale realizations of geophysical flows.

First, large-eddy simulations of a laboratory model of rotating convective flows
were carried out. The turbulent convection processes in a rotating tank driven by the
energetic heating at the tank bottom have been studied for the purpose of modeling
the convective flow caused by intense cooling at the ocean surface. The simulations
showed Rayleigh-Bénard instability in the form of the circular concentric convective
rolls, which were not seen in a related physical experiment due to the visualization
technique used. New insights were gained into the evolution process of the convection

and baroclinic wave formation via detailed three-dimensional simulation results. The
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simulation results also were in reasonable agreement with the experimental data.

Second, large-eddy simulations of motion in an annular tank with a sloping bot-
tom were carried out to simulate laboratory-scale coastal upwelling. The simulation
results were compared with experimental data both qualitatively and quantitatively.
Baroclinic waves, meanders and pinched-off eddies near the upwelled-surface front
in the form of jets and cyclone/anticyclone pairs, as reported in the related experi-
ments, were observed in the simulation results. A data assimilation algorithm, z.e.,
the nudging method, was incorporated into the code. Hindcast data assimilation was
successfully performed for the laboratory-scale coastal upwelling flow, demonstrating
that nudging is applicable to baroclinically-unstable flows.

Third, numerical simulations of flows induced by source-sink pairs in a rotating
stratified fluid were performed under the same conditions as in an on-going experi-
ment. The purpose of the experiments was to examine the formation of essentially
two-dimensional eddies in a stratified fluid. The effects of different rotation rates
were evaluated with the jet-forcing internal Froude number being held constant. It is
found that the size of the formed vortices decreases, while the expansion rate of the

jet increases with increasing rotation rate.
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Nomenclature

Roman Symbols

A coefficient in the mapping function

a coefficient in the mapping function

B buoyancy flux

b coefficient in the mapping function

B; operator for the pressure gradient term in the momentum equation
C SGS model coeflicient

C coefficient in the mapping function

C; convective term in the momentum equation

Cij SGS cross term

cr modified SGS cross term

%]

Cu coefficient for the modified Leonard term in subgrid-scale stress
Cp specific heat at constant pressure

Cs coefficient for the resolved term in subgrid-scale flux

c coefficient in the mapping function

Dg operator for the off-diagonal viscous term

Dy operator for the diagonal viscous term

E Ekman number
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Es

L™

1

N

convective term in the scalar equation
Coriolis parameter

operator for the off-diagonal diffusion term
operator for the diagonal diffusion term
flux tensor in the momentum equation
mesh skewness tensor

gravitational acceleration constant
reduced gravity

height of tank

Jacobian

thermal diffusivity or molecular diffusivity
Leonard term

modified Leonard term

number of grid points

pressure

resolved term in the SGS scalar flux
Prandtl number

turbulent Prandtl number

reduced dynamic pressure
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ij

R™

17

heat flux

radius of tank

Rayleigh number

Rossby deformation radius
Reynolds number

flux in the scalar equation

SGS Reynolds stress

modified SGS Reynolds stress
radial coordinate

Schmidt number

source term in the momentum equation
strain rate tensor

source term in the scalar equation
friction torque

temperature

Taylor number

reference temperature

time

volume flux
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Ur, Ug

Y

At

intermediate volume flux

Cartesian velocities =,y and zdirections
Cartesian velocity

disk friction velocity

intermediate Cartesian velocity

radial and azimuthal velocities

wave speed of the frontal waves
Cartesian coordinate

Cartesian coordinates
Greek Symbols

ratio of the test scale to the grid scale
angle of the sloping bottom

thermal or salt expansion coefficient
length scale of the grid filter

time step

conductive layer thickness

Ekman layer thickness

Kronecker delta

Rossby number



vr

€m

Po

Pb

P

curvilinear coordinate

curvilinear coordinate

circumferential coordinate in mapped computation space

circumferential coordinate

non-dimensional parameter for the upwelling flow

thermal diffusivity or molecular diffusivity

eddy diffusivity
wavelength

dynamic viscosity
kinematic viscosity
eddy viscosity
curvilinear coordinate
curvilinear coordinate
pi, 3.14159265...
density

reference density
background relative density
relative density

subgrid-scale stress tensor
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”

L,k

surface stress tensor
scalar

subgrid-scale flux vector
rotation rate

Calligraphic Letters

radial coordinate in mapped computation space

axial coordinate in mapped computation space

Other Symbols

partial derivative operator
integration

summation

product

grid filtering operator
Superscripts
nth time step
a subgrid-scale or spatial perturbation quantity
a temporal perturbation quantity

Subscripts

indices for the Cartesian coordinates or vector quantities
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m,n indices for the curvilinear coordinates or vector quantities
Abbreviations

ADI  alternating direction implicit

CFL  Courant-Friedrichs-Lewy

CPU  central processing unit

DMM dynamic mixed model

DNS  direct numerical simulation

DSM dynamic subgrid-scale model

DTM dynamic two-parameter model

EFML Environmental Fluid Mechanics Laboratory
LDA  Laser-Doppler Anemometer

LES large-eddy simulation

MIMD multiple-instruction multiple-data

MPI message passing interface

INASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NM Narimousa and Maxworthy

OTIS Optimum Thermal Interpolation Scheme

QUICK quadratic upstream interpolation for convective kinematics



RANS Reynolds-averaged Navier-Stokes

RHS right-hand side

SGS  subgrid scale

SHARP simple high accuracy resolution program
SIMD single-instruction multiple-data

SPMD single-program multiple-data

SYNOP Synoptic Ocean Prediction

TGL  Taylor-Gortler-like
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Chapter 1

Introduction

1.1 Motivation and Objectives

Atmospheric and oceanic flows may be thought of as turbulent motions under the
constraints of geometry, stratification and rotation. Different kinds of geophysical
flows hold both fascination and great physical importance in many areas, such as
weather prediction, environmental protection and marine ecology. Field observa-
tion, analytical research and experimental study all are promising problem-solving
approaches. With the rapid advancement of vector and parallel supercomputers, nu-
merical simulation is becoming an increasing effective tool. The numerical simulation
of laboratory-scale flows can provide complete and detailed information about the
flow fields under completely controlled conditions. It is the purpose of this study
to develop an efficient numerical simulation tool and to collaborate with experimen-
tal studies to obtain physical insight into different laboratory-scale realizations of
geophysical flows relevant to our atmosphere and oceans.

Due to the wide range of spatial scales in the real flows, direct numerical simula-
tion (DNS), which requires a fine computational grid to resolve all the scales of the
flow motion, is limited to low Reynolds number flows and flows with relatively simple
geometry. With recent improvement in the modeling of the subgrid-scale motions,
the large-eddy simulation (LES) is now emerging as a most practical and powerful
tool for the simulations of real engineering and geophysical flows. In LES, the large
scale motions are computed explicitly, and the effect of sub-grid scales is modeled by
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the use of large scale quantities. Unfortunately, for some flows of practical impor-
tance, the computational and memory requirements of LES render such simulation
infeasible on a single-processor computer system, such as the Cray Y-MP. In recent
years, distributed memory parallel computers have been widely recognized as a likely
means of achieving scalable high performance computing. The typical design of a
parallel computer exploits many small processors, working simultaneously, each ac-
companied by a small memory of its own. In such a design, which is called parallel
processing, memory capacity and processing capacity can both be utilized with high
efficiency. A novel aspect of this study is the development of a high-performance par-
allel code on a distributed memory architecture parallel machine, namely, the IBM
SP2, using the standard portable message-passing library definition - Message Pass-
ing Interface (MPI). This simulation tool is then used to study three rather different
laboratory-scale geophysical flows. Since three-dimensional numerical simulations re-
produce many important characteristics of turbulent flows and allow one to extract
information which cannot be easily obtained from laboratory experiments or field
observations, the objectives of the present study are to generate simulation results to
both guide and compare with experiments and to gain better understanding of the
flow physics.

The first problem: Turbulent, rotating, convective flow arises when intense
cooling at the ocean surface occurs in places, such as the Gulf of Lions in the Mediter-
ranean and some areas of the polar seas, namely, the Greenland Sea, the Labrador
Sea and the Weddell Sea. There are very few observations of convective events which
allow an identification of the structure and scales of the flow. Nevertheless, turbulent
convection in the open ocean is important due to its role in the transport cof surface
water to deep locations and ultimately in the large scale thermohaline circulations,
which in turn play a central part in determining global climate. A series of laboratory
experiments of isolated buoyant-convection in unstratified water with shelf and slope

topography was carried out by Jacobs and Ivey (1998) at the University of Western
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Australia to model the turbulent downflow-convection processes in an ocean driven by
the energetic cooling at the ocean surface. In their study, the effects of different heat
fluxes and rotating rates are investigated. A time scale characterizing the convective
overturning stage is proposed. Both baroclinic instability and baroclinic eddies have
been observed in their experiments. The wavelength of the baroclinic eddies is found
to be a function of the Rossby deformation radius. In the present study, large-eddy
simulations are carried out under the same conditions as the experiment to study the
flow in detail.

The second problem: The fluid flow in this study is a laboratory-scale model
of coastal upwelling in the ocean. Upwelling occurs mostly from spring to summer
near the eastern boundary of oceans (along the western coasts of continents) where
prevailing winds carry the surface water away from the coast because of the Coriolis
effect. Because upwelling brings cold and nutrient-rich deep water into the surface
layer, it affects fishery productivity, ecology and climatology in the coastal regions.
A series of laboratory-scale experiments of shear-driven coastal upwelling was con-
ducted by Narimousa and Maxworthy (hereafter referred to as NM) at the University
of Southern California. In NM’s experiments (1985 and 1987), they used a rotating
cylindrical tank with a sloping bottom, which was filled with a two-layer stratified
fluid; the upwelling was generated by the relative rotation of a solid top lid. They
found that most of the characteristics of the flow field can be described by a single
non-dimensional parameter, which combines the effects of stratification, rotation and
surface stress. In their experiments, waves, meanders and pinched-off eddies were
observed near the ocean surface front in the form of jets and cyclone/anticyclone
pairs. Similar experiments are being carried out at the Environmental Fluid Mechan-
ics Laboratory (hereafter referred to as EFML) at Stanford University. A wider and
taller annular tank is used at the EFML. Zang and Street (1995) were the first to
carry out a large-eddy simulation of coastal upwelling flows which solved the full set

of Navier-Stokes and scalar transport equations, and they compared their results with
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the experimental results of Narimousa and Maxworthy (1985 and 1987). Zang and
Street made two approximations in their simulations: they employed a fluid viscosity
that is 12.5 times larger than that of the water and they simulated upwelling flow in
a section (one quadrant) of the tank used in the corresponding laboratory study due
to the CPU time and memory limitations of the CRAY Y-MP. In the present study,
large-eddy simulations are carried out under the same conditions as the experiments
conducted by NM and EFML and simulation results are compared with experimental
data obtained by NM’s experiments. The purpose of the combined numerical and
experimental study at the EFML is to develop and test methodologies for prediction
systems using numerical methods in conjunction with observing systems. The nu-
merical simulation code is used to generate a forecast of the upwelling flow in the
rotating tank. Measurements will then be taken in the rotating tank using computer
controlled data gathering, directed by the results of the simulation; data assimilation
is performed to utilize these measured data and the old numerical forecast to produce
a new forecast and the process is repeated as required. In this study, a data assimila-
tion algorithm, i.e., the nudging method, is incorporated into the simulation code to
test the feasibility of using accurate numerical simulations to both predict physical
behavior and to direct the measurement program needed to enhance predictions.
The third problem: This study investigates the flow dynamics generated by
source-sink pairs in a rotating stratified fluid. The on-going experiments of Hacker
and Linden at Cambridge University consist of forcing a linearly stratified fluid in
an annular tank with eight source-sink pairs around the inner perimeter of the tank.
These sources and sinks induce motion in a single horizontal plane; thus, their exper-
iments are capable of producing horizontal eddies directly without there first being
a decay of three-dimensional motion. It is one of the most striking features of our
weather that it is dominated by the passage of high and low pressure systems that are
essentially two-dimensional and horizontal. Similar features, called mesoscale eddies,

occur in the ocean. Thus, the laboratory system has the capability of studying flows
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with direct application to the atmosphere and oceans under controlled conditions and
enables accurate measurements of the flow to be made. The insight drawn from the
numerical experiments in this study is being used in the experimental design and
planning. Ultimately, the numerical simulations and the experimental results will

then be examined together so that underlying dynamics can be investigated.

1.2 Outline

The remainder of the dissertation is organized as follows. The mathematical for-
mulation and numerical algorithm are presented in Chapter 2. The test of different
dynamic subgrid-scale models and the code validation are performed in Chapter 3.
Chapter 4 describes procedures adopted in this study for the code development and
code optimization. The large-eddy simulations of rotating convective flows are pre-
sented in Chapter 5. The large-eddy simulations of the coastal upwelling flows and
the data assimilation in the upwelling flow are presented in the consecutive chapters,
Chapters 6 and 7. The numerical investigation of rotating stratified flows is presented

Chapter 8. Concluding remarks are given in Chapter 9.



Chapter 2

Mathematical Formulation and

Numerical Algorithm

2.1 Introduction

The governing equations for unsteady, three-dimensional, rotating, non-hydrostatic,
and variable-density fluid flows are the continuity, Navier-Stokes, and the scalar trans-
port equations in a rotating frame of reference. The Boussinesq approximation is used
to simplify the governing equations. The filtered governing equations are obtained
by applying grid-filtering to the governing equations to handle large-eddy simulation
of flow turbulence. In order to deal with complex flows associated with irregular
domain boundaries, the filtered governing equations are transformed from physical
space to a regular computational space, and the final set of the governing equations
in general body-fitted curvilinear coordinates are obtained. A finite-volume method
is used to discretize the governing equations in general curvilinear coordinates on a
single non-staggered grid.

In Section 2.2, the original set of governing equations based on the conserva-
tion principles are presented. The Boussinesq approximation is used to simplify the
governing equations in Section 2.3. The filtered governing equations for large-eddy
simulation are described in Section 2.4. Coordinate transformations are performed
in Section 2.5 to give the governing equations in general curvilinear coordinates. The
numerical scheme, including the time and space discretization, the solution method

and the solution procedures are given in Section 2.6.
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2.2 Governing Equations

The motions of a three-dimensional, unsteady, variable density and rotation-influenced
incompressible fluid are governed by the equations for the conservation of mass, the

conservation of momentum and the transport of a scalar quantity,

9p  9py; 9
aat oz, ~° (2-1)
dpu; a&f 99
5t v s, = (2:2)
dpd OR; 5 -
ot + oz; 0. (2:3)

where the flux term F};, the source term S; for the momentum and the flux term R;

for the scalar are given by

au; 8uJ—
F; puiu; + Péi; — p (8zj + 3:1:;) (2.4)
S: = —pgbip + pQ¥(z; — bi2z2) + 2pQ(—u3zby + u1bis) (2.5)
I4 a¢ -
RJ' = pu;p— k—a—l—‘;. (2.6)

In the above equations, ¢ is the time, z; the Cartesian coordinate, p the density, u;
the velocity, P the pressure, g the gravitational constant, {) the system rotation rate,
® a scalar (e.g., density or temperature), and g and k represent, respectively, the
dynamic viscosity and molecular diffusivity. The Einstein summation rule applies to
all the terms. The axis of rotation is in the positive z, direction, and the direction
of the gravity is in the negative z, direction (see Figure 2.1). The set of governing
equations is closed with an equation of state which relates the density p to the scalar
o via,

p = p(9)- (2.7)
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z r

Figure 2.1: Coordinate diagram.

2.3 Boussinesq Approximation

To make the Boussinesq approximation, one assumes that the effect of variable density
is negligible except in the buoyancy term of the momentum equations. The fluid
density can be represented by a reference density po and the relative deviation from

the reference state p. as

p = po(l + p-)- (2.8)

Based on the fact that the density variations are very small compared to the
reference density, i.e., p. < 1, in all the cases that have been studied in the present
work, we can use the Boussinesq approximation to simplify the governing equations.
The density p may be replaced by the reference density po in all the terms except
the buoyancy term in the momentum equation, and the values of x and k& are taken
as constants. The relative density p. can be further decomposed into a background

relative density p, and a perturbation relative density p’ as

P« = po(z2) +p'. (2.9)
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The momentum equation (2.2) can be further simplified if we eliminate the ef-
fects of the background stratification and the centrifugal force by defining a dynamic

pressure p as proposed by Zang (1993)
2 ’ ’ Lo, 2 2 ‘
p="Plpotglz+ [ m(ap)day)]| - 507t +23), (2.10)

where P is the total pressure.

If the working fluid is salt-stratified, the resulting simplified governing equations

are
au,-
= 2.
B 0 (2.11)
8u,— BF,J
X = S; 2.12
5+ 92, S; (2.12)
Bp. aR,-
= = 2.1:8
5+ oz, 0, (2.13)
where
3u,—
Fij = wuj+pbyj —vo— 2.14
] J ¥ axj ( )
S; = —g(p. — ps)biz + 2Q(—u3zé;1 + u16i3) (2.15)
dp.
R;, = u,-p,—fca—::j— (2.16)

and v = p/po is the kinematic viscosity and & equals to k/po. The ratio v/« is the
Schmidt number S¢, which is equal to 722 in this work.

If the working fluid is thermally stratified, the scalar for which we are solving is the
temperature T'. The equation of the state, Eqn. (2.7), which relates the temperature

to the density, can be linearized with respect to the reference state as

pP—po _ 1 dp
= ———= ———(T —Tp) =B(T — Tp), 2.17
P 0 poaT( o) =B( o) ( )
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where T is a reference temperature and f is the thermal expansion coefficient.

The simplified governing equations are

gizj =0 (2.18)
aa’f + gi‘: = S (2.19)
o+ gf;_' - o, (2.20)
where
Fii = uwu; + pbi; —y%‘; (2.21)
Si = —gB(T — To)éss + 20 —uabiy + u16i3) (2.22)
R, = u,—T—ngj (2.23)

and v = u/po is the kinematic viscosity and k equals to k/po. The ratio v/k is the
Prandtl number Pr, which is equal to 7 in this work where water is the working fluid.

Two sets of governing equations, t.e., the governing equations for the salt-stratified
fluid and for the thermally stratified fluid, have been used in this study. In the text
after this, only the set of the governing equations for salt-stratified fluid will be

presented to avoid any redundancy.

2.4 Filtered Governing Equations

In large-eddy simulation (LES), each flow variable f is decomposed into a large-scale

(or resolved) component f and a subgrid-scale (or unresolved) component f’

f=F+f. (2.24)
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A filtered quantity f is defined as:
_ 3
F(@v,2,35) = [ T] Gile, ) £}, 23, a5)d s, (2.25)

where G; is the filter function and D is the entire domain. In the present work, a box
filter is used for the finite volume method as proposed by Zang (1993), in which G; = 1
and D spans a region equal to the local size of the grid.- The governing equations
for the LES are space-filtered by applying the filtering operation, Eqn. (2.25), to the
instantaneous equations of motion, i.e., Eqns. (2.1) to (2.3). The resulting filtered

equations are:

aﬁ,-
—L =90 2.26
% (2.96)
ou; OF;; =
bt = S; 2.27
ot t ozx; ( )
dp.  OR;
—= —_— = 0’ 2.28
ot | Bz, (2.28)
where
— Jdu;
F;; = uu; +pb; — v—+ Tij (2-29)
—J 3 3] Iz;
Si = —g(p. — ps)biz + 20 —Usbi + U1 bis) (2.30)
—_— ap..
RJ' = U;p.—K p + X;- (:2'31)
a:l:j

The filtered equations govern the evolution of the large, energy-carrying, scales of
motions. Two extra terms which represent the effect of the unresolved, or subgrid-
scale, on the resolved part of turbulence also appear in the above equations. The two
terms are the subgrid-scale (SGS) stress tensor 7;; and the subgrid-scale flux vector

Xj, which are defined as

Tij = Uiuj — UUj (232)
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The large-scale momentum and scalar transport equations are closed by modeling
7;; and x; using the filtered quantities. Discussion of different SGS models and
comparison of results obtained by using different SGS models will be presented in
Chapter 3. In the present study, the models for 7;; and x; take the following form
(Zang et al. 1993, and Salvetti and Banerjee 1995):
1 bij

T — §5ikak = —2urS;; +Cu (L:'; - '3—1322) (2.34)

ap. .
Xi = _"’Ta:- + CsF;, (2.35)

where v7 and k1 are called the “eddy viscosity” and the “eddy diffusivity”, respec-

tively, and S;; is the resolved strain rate tensor

< 1 aﬁi aﬁj
i=s\3-+t 32 )- 2.36
55 =3 (ax,- + B:z:;) (2.36)
L?%, the “modified Leonard term” (Germano 1986), and P; are defined as
L = wu; —ud; (2.37)
P; = Wp. —Ujp.. (2.38)
Rewriting 7;; as
1 om o5 w5
- g = v ge — w34 G (25 - Bam). )

then substituting Eqns. (2.35) and (2.39) into Eqns. (2.27)-(2.28) and finally rear-
ranging the equations yield

o5 _ (2.40)
01:,—
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where

¢! ;:jl

2

ow;  OFy
+

at ' oz; S
dp.  OR; &
at + Bz]- - Ss,
Ju;
wu; + po; — (v +vr)3
i T PO ( T) dz;
—g(P. — Ps)biz + 2Q(—uU36: + U16:3)
Qvr 08 _ o LG _ 1 mOCm
9z; 0z; W oz; 7 dz;
a_'
Tp. — (k + KT)ap_
7
aP; aCs
_ _pZs
CS 3:1:,— ! (’):cj

13

(2.43)

(2.44)
(2.45)

(2.46)

Note that the isotropic parts involving Tkt and Lt have been lumped into the pressure

term.

2.5 Governing Equations in Curvilinear Coordi-

In order to deal with complex flows associated with irregular boundaries, the govern-

ing equations are transformed into the governing equations in boundary-fitted curvi-

linear coordinates by performing coordinate transformation. In the present study,

only independent variables (z;,z3,z3) are transformed to reduce the extent of the

complexity. By applying the chain rule of derivatives

8 0, 9
a:L‘j o 6zj 6{,,"

(

[

AT)
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the governing equations in the physical space (z1, z2,z3) are transformed to the cor-

responding computational space (£1,&;,&3) as

Hm O;

6a:j afm

ou; " O 3?{]' —

ot = Ozj O&m

dp. 06 OR; -
at = O0z; Otnm

where

aém aﬁi

9z; Obm

—g(P. — p)bia + 2Q(—TU36:1 + U1 bi3)

O Ovr 06, 0%; _ , 0&mOLY | 0n OCur
Oz; 0, 9z: 06, M Oz; 06, U Oz; Obm
& 9p.

0z; Obm

¥n 0P; _ agm aCs

9z; O Oz; Obm

!
a
I

wiu; + pbij

%2
[

2
I

—Cs

|
¥,
I

Multiplying the above equations by the inverse of the Jacobian defined as

oz;
_l _— T
J P =det (3§m) .

and utilizing the metric identity

d 106 _
Om (J 81:;) =0

(2.48)
(2.49)

(2.50)

(2.55)

(2.56)

we obtain the final set of governing equations in the “Strong-Conservation-Law Form”

(Hindman 1982),

AU
9m 0

(2.57)
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oJ u; c‘fF_,-m —
+

= §; 2.
EY 3E.. CH (2.58)
8J 5. OR, -
= 2.
where
— — o¢, Ju;
m = u; 1205 — 2.
Fim U+ J 7' 5250 = (v + v1)Gonn 2. (2.60)
Si = —J7'g(p. — p)biz + 201 Q(—uzby + Wibia)
+ J—l a&m agn aVT aﬁj
8:1:1- 8:1:; 8£m afn
a —1 aEm m m () —1 aé’"- 9
Cﬂl[afm (J a L ) Lz] afm (J ax] N[ (""61)
— Jp.
R, = Unp.— (k+67)Grnz> 3€ (2.62)
= _ a _19€m 9 _10€m c 5
Jos = _Csafm (J 01.']' PJ) P] ET (J az]_ Cs (....63)
The relevant curvilinear quantities are defined as:
77 1 9m _ .
resolved volume flux: U,, = J 8:1: ~; (2.64)
i
i . — gt 2.
mesh skewness tensor : G, J- Bz; oz, (2.65)

2.6 Numerical Scheme

2.6.1 Discretization

Following Zang (1993), a finite volume method is used to discretize the governing
equations in general curvilinear coordinates on a single non-staggered grid. The
pressure and the Cartesian velocities are defined at the control volume centers and the
volume fluxes are defined at the mid-point of their corresponding faces of the control

volume in the computational space. The viscous term 9 [(v + vT)Gma0u:/0E,] [Om
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and the diffusive term 3 [(k + £7)Gmndp./ 0] /Om are split into diagonal (When
m = n) parts and off-diagonal (when m # n) parts. The governing equations (2.57)

to (2.59) can be re-written schematically as:

U

W _ 2.

e 0 (2.66)
aJ u;

5 Y = Ci+ Bi(p) + Di(w@) + De(m) + S: (2.67)
aJ 5

5~ = Es+ Filp.)+ Fe(p.) +Ss, (2.68)

where C; and FEs represent the convective terms for the momentum and scalar trans-
port equations, respectively; B;(P) represents the pressure gradient terms; and D(%;)
and Dg(w;) (Fi(p~) and Fg(p™)) represent, respectively, the diagonal and off-diagonal

viscous (diffusive) terms. These terms are:

BUm U;

o= — 2.
C; 7C,, (2.69)
Im
Bi(p) = —rg= ST (270
D[(l—‘i) = a? [(V + VT)Gmn g? :I for m=n (2'71)
17, ou;

De(w;)) = a&n [(I/ + v1)Gmn 3&1] for m#n (2.72)

S; = —J7'g(p. — ps)biz + 2J T IQ(—U3b; + Wi bi3)

+ g O 0€, OvT JT;

Oz; 0z; Oy Obn
— Cu 9 (J“laém[/m) — L — 9 (J‘langM) (2.73)

afm a s ()6 83:]-
OU 7.
Es = —761 (2.74)
d ap.
Fip) = 5e [(n +£7)Grmn agn] for m=n (2.75)

7] ap.
Fg(p.,) = . [(K + KT)Gmn—a—g—;] for m#n (2.76)
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Ss = 0 ~19%m _Q_ -l_a_gﬂ 2.7
Ss = —Csafm (J 89:, PJ) _Pjafm (J 81:,— Cs). (2.77)

Following Kim and Moin (1985), a semi-implicit time-advancement scheme, with
the second-order implicit Crank-Nicolson scheme for the diagonal viscous term D(%;)
and diffusive term Fy(p,) and the second-order Adams-Bashforth method for all the
other terms, has been used. The diagonal viscous and diffusive terms are treated
implicitly in order to remove the viscous stability limit. The off-diagonal viscous and
diffusive terms usually have less significant contributions, unless the grid is severely
skewed. They are treated explicitly here in order to yield easily-inverted left-hand-
side matrices of the momentum and scalar transport equations. In the present study,
highly skewed grids are avoided in order to preserve the accuracy of the numerical

method. Equations (2.66) to (2.68) are discretized in time as the following:

aaﬁ"g:l _ 0 (2.78)
%(w+l ) = -;-[ ¢+ De(w;) + 571
~ s lert 4 DetEt) + 57
+ 3 [De@) + Di(@)] + BiE) (2.79)
L I(p"*1 po) = ;[EE'FFE(U ) + 53] (2.80)
~ s [Ezt+ Fe(@m) + s3]
+ ;)i-[ (P2 + Fr(pz)] (2.81)

where superscript n represents the time step.
All the spatial derivatives are approximated with second-order central differences
with the exception of the convective terms, which are handled with special upwind-

difference schemes. The convective terms in the momentum equation are discretized
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using a variation of QUICK (Quadratic Upstream Interpolation for Convective Kine-
matics) (Leonard 1979, Perng and Street 1989). The convective term in the scalar
transport equation is discretized using SHARP (Simple High Accuracy Resolution
Program) (Leonard 1988). The preference of SHARP to QUICK is because QUICK
may produce spurious oscillations in regions where the dependent variables change
very rapidly (Perng 1990). However, SHARP is only used in solving the scalar field

since it is more expensive than QUICK.

2.6.2 Solution Procedure

A two-step time-advancement method developed by Kim and Moin (1985) based on
the fractional-step method used by Chorin (1967) is employed for time-advancement
of the governing equations in the present study. The two-step time-advancement

method for Eqns. (2.78) and (2.79) can be written as the predictor and the corrector

steps as the following:

J_l — —n 3 n -n 3
E’(ui -u7) = §[Ci + Dg(ut) + St
1
- slert + De(@m) + S77]
1 1
+ D7) + 5D1(%7) (2.82)
J1! +1 -1 afm a¢n+1 +1
Wt —gr) = —JI22 = Bi(¢" 2.
with +1
au,
n_ 2.
=0 (2.84)

where ¢ is a scalar to be determined and it is related to pressure p by

2[4

Bi(p) = Bi(®) — 5-Dr [ 5 B(9)] - (2:85)
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Multiplying Eqn. (2.83) by 8¢,./0z; yields

a ¢n+1

1 +n+l -
— - = — —_— 2.
T =T0) = ~Ca (2.86)
and taking 8/9€, on the above equation yields the Poisson equation for ¢™+!
ad do™t! 1 aU,
_— —_ | =T 2.
Om (G""‘ 0 ) At On’ (2.87)

where U,, = J7Y(8&x/8z;)u] is called the “intermediate volume flux”.

The solution procedures are as the following. First, an intermediate velocity field
(u?) is obtained by solving Eqn. (2.82) using the approximate factorization technique
of Beam and Warming (1976). The approximate factorization scheme only requires
inversions of tridiagonal matrices rather than inversion of a large sparse matrix. This
results in a significant reduction in computing time and memory. Then, the Poisson
equation [Eqn. (2.87)] is solved by a V-cycle multi-grid method (Brandt 1975, 1981)
with the alternating direction implicit or ADI method (Hageman and Young 1981) as
the smoother. The velocity field at the next time step is obtained by solving Eqn.
(2.83) using the information of the intermediate velocity field uT and the scalar field ¢.
Finally, the scalar transport equation [Eqn. (2.83)] is solved by the same approximate
factorization technique as the predictor equation [Eqn. (2.82)]. Initial and boundary
conditions are required to complete the solution procedure. The typical conditions
are described as part of the set-up description for each application in their respective
chapters. Two special conditions are noted here. First, a pressure boundary condition
is required for a non-orthogonal coordinate system. Second, a pressure correction
must be made at boundaries by employing Eqn. (2.86) when one is computing the
intermediate velocity u}. In Eqn. (2.86), U,’:H is the imposed boundary volume flux
and the intermediate volume flux U, is computed from u}. A detailed discussion of

the pressure boundary condition can be found in Zang (1993).
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Since the viscous stability limit is removed by advancing the diagonal viscous terms

implicitly, the time step At is then determined by the Courant-Friedrichs-Lewy (CFL)

number

— lur] | w2l | |us] _ At N
CFL = (Aa: + Ay + Az At = J_I(IUII+IU2I+[U3I), (2.88)

where Az, Ay,Az are the grid spacings in the three Cartesian coordinates in the
physical domain. The stability condition of the present method requires the maximum
value of the CFL number obtained from Eqn. (2.88) over the entire computational

domain to be less than one.

2.7 Numerically-Induced Physics

In the course of this study, we encountered situations where certain flow phenomena
were caused by numerical errors or the numerical scheme used rather than by the
physics. We call such flow phenomena “numerically-induced physics”. Two examples

of the numerically-induced physics are given below:

Case I:
The scalar p* transport equation in curvilinear coordinates can be written as
0J p. OUnp. 0 dp.
=K an— | - 2.89
it o, "0 \"™"3e (2:89)

The convective term in the above equation can be split into two parts as

OUnp.  OU, dp- 5
%, "o, tUmoe. (2.90)

For an incompressible fluid, mass conservation 9U,,/3¢» = 0 holds. For a stably-
stratified two-layer system, such as the one described in Chapter 6 for the coastal
upwelling flow, the density p. remains uniform, i.e., p./0&m = 0, in the lower layer

of the fluid far away from the two layer interface. Therefore, Eqn. (2.89) can be
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simplified to
oJ1p.
at

which means that the density p. does not change with time if it does not change in

=0, (2.91)

space. However, mass conservation can not be satisfied exactly since the pressure
Poisson equation is not converged to machine accuracy in the actual simulation. In

other words, mass conservation can only be satisfied to a certain degree, e.g.,
OU[0m =€, (2.92)
where € is a small number which depends on the convergence error for the pressure

Poisson equation. Thus, Eqn. (2.89) can only be simplified to

aJ 1p. oUn

L _o. 2.9:
5 +p‘a§m 0 (2.93)

With 9U,,/9€m acting as a source/sink term, the density p. will change with time.
The density may not change much during one time step, but it will change significantly
after hundreds to thousands time steps. The density change will cause changes in
the velocity field via the buoyancy term in the momentum equation. The observed
flow phenomenon caused by the change in the density field with time is induced by
numerical errors. A simple fix for the problem is to replace Eqn. (2.89) with the

following equation

OJ lp.  OUnp. U, 0 dp. 5
o o, PoE. e (G”“‘afn) (2.94)

to enforce the mass conservation.

Case II:

The multigrid method has been demonstrated as one of the most efficient iter-

ative schemes for solving elliptic problems, such as the pressure Poisson equation
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encountered in this study. A four-color ZEBRA scheme proposed by Rosenfeld et al.
(1991) was picked first to serve as the smoother on each level of the V-cycle grid of
the multigrid method. The three-dimensional ZEBRA scheme is an iterative solu-
tion which solves implicitly all the equations along one coordinate line. However, the
order in which the lines are processed is not the usual lexicographic order (by rows
or columns), but a “colored” order, devised so that the implicit solution of a line is
decoupled from the solution of the other lines that belong to the same order.

The ZEBRA scheme gives good parallelization and vectorization possibilities with
no sacrifice in convergence properties. However, the ZEBRA scheme will produce
two-delta! waves whose amplitude are comparable to the convergent error at each
grid level. A periodicity in the ZEBRA scheme was reported by Brandt (1981).
The two-delta waves at the coarse level of the V-cycle grid will become four-delta
waves at the grid level that is one level finer during the coarse to fine inter-grid
transfer process, which is also known as the prolocngation process. At the end of the
prolongation process, there are 2"-delta waves existing on the finest level of the V-
cycle grid, where n varies from 1 to the maximum number of levels used in the V-cycle
grid. Those waves caused by the ZEBRA and the multigrid schemes co-exist with the
waves resulting from the baroclinic instability. The numerically-generated waves with
wave numbers close to the unstable wave numbers will grow in amplitude. Therefore,
the waves observed in the flow field might be generated by the numerical schemes used
instead being those waves associated with the most unstable wave mode. We observed
that our simulations with four multigrid levels tended to produce waves containing 16
grid points without regard to the the fineness of the grid. Thus, precautions should
be taken when the ZEBRA scheme is used as the smoother for the multigrid method
in periodic and unstable flows. In this work, an ADI smoother has been used in lieu

of the four-color ZEBRA scheme (See section 2.6.2).

ldelta refers to the grid space at each corresponding grid level.
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Test of Different Subgrid-Scale
Turbulence Models

3.1 Introduction

There are many different approaches in the numerical simulation of turbulent flows.
The most straight forward approach is the direct numerical simulation (DNS) of
turbulence. In DNS, the Navier-Stokes equations are solved without recourse to any
turbulence model. A fine computational grid is required to resolve all the scales of
the flow motions and higher-order numerical schemes are desirable to limit dispersion
and dissipation errors. Therefore, DNS is limited to low Reynolds number and simple
geometry turbulent flows.

If Reynolds time averaging is applied to the Navier-Stokes equations, one obtains
the Reynolds-averaged Navier-Stokes (RANS) equations, which describe the evolution
of the mean quantities. The Reynolds stress term appearing in the RANS equations
must be modeled. There are a variety of models for the Reynolds stress and all of
them have the same shortcoming, that is the model must represent a wide range of
scales.

Large-eddy simulation (LES) is the approach between DNS and the solution of
the RANS equations. In LES, the large scale motions are computed explicitly, and
the effect of sub-grid scales is modeled by the use of large-scale quantities. Since the
small scales are believed to be more isotropic and universal than large scales, and

only carry a small fraction of the total turbulent energy, they can be modeled using

23
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simpler parameterizations than those used for the Reynolds stress term in the RANS
equations. In LES, the effect of the unresolved, small scales on the resolved, large
scales of turbulence appears in the subgrid-scale (SGS) stress. The key to the success
of LES is to accurately represent this term. A review of the present state of the LES
technique can be found in Piomelli (1999).

In this chapter, three different dynamic SGS models, i.e., the dynamic subgrid-
scale eddy-viscosity model of Germano ef al. (1991), the dynamic mixed subgrid-
scale model of Zang et al. (1993) and the dynamic two-parameter model of Salvetti
and Banerjee (1995), are briefly described. The models are ther applied to three-
dimensional isothermal lid-driven cavity flows. The LES results are compared to
previous experimental results of Prasad and Koseff (1989) to test the different SGS

models and to validate the code.

3.2 Subgrid-Scale Turbulence Models

[n Chapter 2, the filtered equations [Eqns. (2.26) to (2.28)] for LES are obtained
by applying the space filtering operation to the governing equations [Eqns. (2.11) to
(2.13)]. Two extra terms, which are the subgrid-scale (SGS) stress 7;;

Tij = Uil; — Uy (3.1)
and the subgrid-scale flux vector x;
Xi = U;p, — U;p. (3.2)

are introduced. The SGS stress 7;; and the subgrid-scale scalar flux x; have to be
modeled by the use of the resolved quantities.

The simplest and most widely used SGS model in LES is the eddy-viscosity model
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proposed by Smagorinsky (1963), which assumes that the SGS stress 7;; is propor-

tional to the local strain rate tensor ?.—,-, so that
5 T T
Tij — ?Tij = —2CA ISIS,_-, = —...I/TS[J', (3-3)

where v7 is the eddy viscosity, C is a dimensionless model coefficient, A is the filter

width, which is usually defined as
K = (AZIAJIzAl‘;;)I/S (3.4)

and |S| = (25;:;S:;)/? is the magnitude of the resolved strain rate tensor

— 1 (W‘ I 8’&,) ) (3.5)

Sy = 2\dz; ' Oz

The main advantage of eddy-viscosity models is that they are dissipative. The
Smagorinsky model, however, has some notable drawbacks, which include the require-
ment of an input model coefficient C which is flow dependent, the incorrect prediction
of asymptotic behavior near a wall or in a laminar flow, and the inability to account
for energy backscatter from small scales to large scales.

Unlike the standard Smagorinsky model (Smagorinsky 1963), in which the model
coefficient is a constant given a prior?, the model coefficient(s) of the dynamic models
are determined as the calculation proceeds, based on the energy content of the smallest
resolved scales. In the dynamic SGS model (DSM) developed by Germano et al.
(1991), the Smagorinsky model is employed as the base model, in which 7;; is of the
form

6:;

E—T;j = —'2CKZI§I§gJ. (3.6)

The model coefficient C is now a function of time and space. Lilly (1992) proposed

a least square technique, which allows the coefficient C to be computed locally. The
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DSM exhibits correct asymptotic behavior near a wall and in a laminar flow and
permits energy backscatter from small scales to large scales. However, the model
still required that the principal axes of the SGS stress tensor to be aligned with
the resolved strain rate tensor since the Smagorinsky model is employed as the base
model.

Zang et al. (1993) modified the dynamic eddy-viscosity model by employing the
mixed model of Bardina et al. (1983) as the base model, which is a linear combination
of the scale similarity model and the Smagorinsky model. If the subgrid-scale velocity
is defined as u} = u; — %;, Germano (1986) suggested that the SGS stress can be

decomposed into three parts:

7 = LT+ C7 + R} (3.7)
where
LY = ww;—ug,; (3.8)
C:;l = ﬁ‘,—u;— + ui—ﬁj — ﬁ,;’; - u_:f] (3-9)
R} = uluj—ulul. (3.10)

The three terms are referred to, respectively, the “modified Leonard term”, the “mod-
ified cross term” and the “modified SGS Reynolds term”. From Germano’s decompo-
sition of the SGS stress, the dynamic mixed model (DMM) of Zang et al. explicitly
computes the modified Leonard term, and only models the modified cross-term and
the modified SGS Reynolds stress by a Smagorinsky-type model; thus
1 i S

rj = 3bume = —2CK(S(Sy + (L3 - 365L) (3.11)
The least square technique proposed by Lilly (1992) can be used to compute the
coefficient C locally. The DMM retains the favorable features of the DSM, but it
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does not require the SGS stress tensor to be aligned with the strain rate tensor. This
model has been used by Zang et al. to study the lid-driven cavity flow (Zang et al.
1993) and coastal up-welling (Zang and Street 1995).

Salvetti and Banerjee (1995) improved upon the DMM by assuming the modified
cross-term to be proportional to the modified Leonard term. The modified SGS
Reynolds stress is still modeled by a Smagorinsky-type model. The proposed dynamic
two-parameter model (DTM) of Salvetti and Banerjee is thus characterized by two

dynamic coefficients as

s — és,-jr,ck = —2C&[3(5; +Cur (L7 — %aijL;:;c) - (3.12)

They showed that dynamic coefficients (C and Cjr) can be computed for each element
of the model, i.e., not only the coefficient C for the Smagorinsky term, but also the
coefficient Cys for the modified Leonard term. The DTM retains all the positive
features of the DMM, but it improves the modeling of the terms in the SGS stress
tensor arising from the overlap between resolved and unresolved scales. This model
was used in the code of Zang (1993) to study free surface flow (Salvetti et al. 1997).
Fluctuations of the dynamically computed model coefficient occur in all the three
models. Numerical instability caused by too large negative values of the model coefhi-
cient has been reported by Cabot (1991) and Zang (1993). [n many cases, the model
coefficient values can be averaged over a homogeneous plane in the flow (Germano
et al. 1991 and Moin et al. 1991). However, since there is usually no homogeneous
direction for the wall-bounded flows in complex geometries, the model coefficient has
to be averaged locally in space. However, at times the use of local averaging alone
cannot prevent numerical instability. The cut-off criteria v = max(vr,—v) and

& = max(kT,—k) proposed by Zang et al. (1993) have been used in the present

study.
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3.3 Application to Lid-Driven Cavity Flow

In this section, large-eddy simulations are carried out using three different dynamic
SGS models, i.e., DSM, DMM and DTM, in isothermal three-dimensional lid driven
cavity flows for different Reynolds numbers. Simulation results are compared to the
data obtained from previous experiments by Prasad and Koseff (1989) to test the
different SGS models and to validate the code.

Figure 3.1 is a schematic representation of the lid-driven cavity, in which the
nomenclature for the lid-driven cavity flow is given. For our example, the cavity
depth D and the cavity stream-wise width B are both 150mm, while the cavity
length L is varied from 75mm to 150mm. The initial condition is that the entire
system is at rest. A no-slip boundary condition is applied to all the solid walls.
The experimental study of Koseff and Street (1984) found that at Reynolds numbers
lower than 5000, the flow is essentially laminar although inherent unsteadiness may
occur. At Reynolds numbers higher than about 6000, the flow becomes unstable
near the downstream eddy. Flow becomes increasingly turbulent near walls as the
Reynolds number further increases. The flow becomes fully turbulent at Reynolds
number higher than 10,000. Two different Reynolds numbers, Re=3200 and 10,000,
are examined here. The Reynolds number Re is based on the lid velocity (Ug) and
the cavity width (B). A computational grid, which is non-uniform in the stream-wise
(x) and vertical (y) directions and is uniformly distributed in span-wise (z) direction,
is used to simulate the whole cubic cavity. The parameters and the grid resolutions
for the simulations are summarized in Table 3.1. The grid resolutions in Table 3.1 are
chosen to ensure that there are at least five grid points inside each boundary layer for
each simulation. The number of grid points for each case shown in Table 3.1 is for
interior points. Two fictitious points outside the physical domain are added in each
dimension in the simulations to facilitate implementing boundary conditions.

Simulation results of instantaneous streamlines at Re=3200 (Fig. 3.2), taken at
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the symmetry plane, at 10, 30, 60 and 90 seconds after the start-up, have been com-
pared to experimental flow visualization (Fig. 3.3) of Prasad (1989). Qualitatively,
good agreement was found between the computation results and experimental flow
visualizations.

At 90 seconds after the start-up, the vertical motion has already reached the lower
boundary of the cavity, and the flow has begun to enter the fully-developed state.
Previous experiments by Koseff and Street (1984) have shown that three-dimensional
cavity flow at high Reynolds number (above 3000) is characterized by a number of
inherently unstable low phenomena, such as the Taylor-Gértler-Like (TGL) vortices,
which prevent the flow from ever reaching a truly steady state. Therefore, “fully-
developed” here means the mean flow characteristics have become unchanging with
time.

In Figure 3.4, the instantaneous streamlines at Re=3200 at a plane, which is
parallel to and 0.25B away from the downstream side wall, show the existence of
two pairs of TGL vortices in the cavity flow. The computed span-wise wavelength of
the TGL vortices is 0.33B (B=150mm), which matches the preferred wavelength of
50mm suggested by Prasad (1989) for the given flow conditions.

The time-averaged quantities at the centerlines at the symmetry plane, i.e., the
mean velocities (< u > /Upg and < v > [Ug), the root-mean-square (r.m.s.) velocities
(V< u™ >/Ug and V< v" >/Ug) and the Reynolds stress (< u"v” > [UE), have
been compared quantitatively with those obtained from the LDA measurements by
Prasad and Koseff (1989) at two different Reynolds numbers (Re=3200 and 10,000).
Time averaging is denoted by <> and u! equals u;— < u; >. In the figures presented
below, the computed r.m.s. velocities and the Reynolds stress are multiplied by a
factor of 10 and 500, respectively. The experimental data were 5-minute averages
at the fully-developed state, while the computed statistics were 4.5-minute averages
from 9 to 13.5 minutes after the start-up.

Figures 3.5 to 3.7 display the mean velocity profiles (< u > /Ug and < v > [/UB),
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the root-mean-square (r.m.s.) velocity profiles (V< v >/Ug and V<2 >[Ug)
and the Reynolds stress profiles (< u”v” > /U}) at the centerlines at the symmetry
plane at Re=3200. In Figure 3.5, the mean u- and v-velocity profiles from LES agree
well with those obtained from the experiments of Prasad and Koseft (1989). Figure
3.6 shows that all three models accurately predict the magnitude of the peaks of the
r.m.s. velocities near the walls, except that the DSM over-predicts the r.m.s. velocity
near the downstream wall. The computation also captures the two bumps near the
upstream and the bottom walls in the experimental profiles with remarkable accuracy.
The values of Reymnolds stress computed respectively by the DSM, DMM and DTM
compare reasonably well with the values obtained from the experiment (Prasad and
Koseff 1989), with the exception that both the DMM and DTM slightly over-predict
the magnitude of the negative Reynolds stress near the upstream wall and the DSM
over-predicts the magnitude of the Reynolds stress near the downstream wall (Figure
3.7).

The same profiles as those shown in Figures 3.5 to 3.7 but at a higher Reynolds
number (Re=10,000) are shown in Figures 3.8 to 3.10. Figure 3.8 shows that the mean
velocity profiles predicted by DSM, DMM and DTM are close to each other. All the
mean u-velocity profiles agree well with the experimental data, while all the mean
v-velocity profiles slightly over-predict the maximum velocity near the upstream and
downstream walls. The r.m.s. velocity profiles and the Reynolds stress profiles, shown
in Figures 3.9 to 3.10, also agree with the experimental data except that the r.m.s.
velocities are under-predicted inside the boundary layers of the top and downstream
walls. Both DMM and DTM are found to give more accurate prediction along the

vertical centerline than DSM.
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3.4 Conclusion

The predictions of three dynamic SGS models, i.e., DSM, DMM and DTM have been
compared with experimental data of Prasad and Koseff (1989) in a three-dimensional
isothermal lid-driven cavity flow at low (Re=3200) and moderately high (Re=10,000)
Reynolds numbers. Both DMM and DTM results are found to show better agree-
ment with experimental data than that of DSM. However, the CPU time required by
different models is increased by model complexity. For the lid-driven cavity flow that
we studied, the CPU time ratio for the three different models is CPUpsym : CPUpmMm
: CPUptm = 1.0 : 1.5 : 1.8. DMM will be used in the cases studied in later chap-
ters since DMM gives better results than DSM and essentially equivalent accuracy to
DTM, yet it requires less CPU time than DTM.
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Table 3.1: Grid resolutions and parameters of lid-driven cavity flow simulations

Case | SGS Model Re B:D:L Grid
UgB/v Ny x Ny, x N,
Runl DSM 3200 | 1:1:1 64 x 64 x 64
Run2 DMM 3200 | 1:1:1 64 x 64 x 64
Run3 DTM 3200 | 1:1:1 64 x 64 x 64

Run4 DSM 10,000 | 1:1:0.5 | 64 x 64 x 48
Rund DMM 10,000 | 1:1:0.5 | 64 x 64 x 48
Run6 DTM 10,000 | 1:1:0.5 | 64 x 64 x 48

|
,,d"l

downstream
side wall

o

. Y.,V
upstream - §
R side wall . / x,u
m L -
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Figure 3.1: Definitions for the lid-driven cavity flows.
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Direction of Lid Motion Direction of Lid Motion
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Figure 3.3: Visualizations of the start-up of the isothermal cubic lid-driven cavity flow
at the symmetry plane at Re=3200 (Prasad 1989). (a) 10 seconds; (b) 30 seconds; (c) 60
seconds; (d) 90 seconds.
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Figure 3.4: Instantaneous flow field of the isothermal cubic lid-driven cavity flow at the
plane 0.25B from the downstream side-wall at =540 seconds and Re=3200.
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Chapter 4

Parallel Code Implementation

4.1 Introduction

In recent years, distributed memory parallel computers have been widely recognized
as the most likely means of achieving scalable high performance computing. The
typical design of a distributed memory parallel computer exploits many small pro-
cessors, working simultaneously, each accompanied by a small memory of its own. In
such a design, memory capacity and processing capacity can both be utilized with
high efficiency. Each processor is much less powerful than the single processor in
traditional sequential machine, but hundreds to thousands of less powerful processors
together make the parallel computer one of the fastest computers ever constructed.
The two most commonly used programming paradigms in parallel environments are
the Single-Instruction Multiple-Data (SIMD) approach (also referred to as the data
parallel mode) and the Multiple-Instruction Multiple-Data (MIMD) approach which
is also referred to as the message passing mode. Since 1993, a broadly-based group
of parallel computer vendors, software writers, and application scientists have collab-
orated on the development of a standard portable message-passing library definition
called MPI, for Message Passing Interface. MPI, as an industry standard, enables
good portability among a broad class of parallel computers. It is one of the objec-
tives of the present study to develop an efficient parallel code to carry out large eddy
simulations of different geophysical flows on distributed memory massively parallel
computers. Due to the existence of different parallel computer architectures and

consequently different programming paradigms, it was an interest of this study to
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examine the code performance using different programming paradigms on different

parallel machine architectures.

4.2 Programming Paradigms

As noted above the SIMD (the data parallel mode) and MIMD (the message passing
mode) approaches are the two most commonly used programming paradigms in par-
allel environments. In the data parallel mode, data in each array is laid out across
all the processors and a single instruction acts on all the data simultaneously. In this
environment, the compiler generates the required communication directives between
processing nodes. By using the Fortran 90/High Performance Fortran (HPF) array
syntax, this method can be quite powerful in extracting the inherent parallelism in a
solution algorithm. In the message passing mode, the programmer explicitly subdi-
vides the work at the processor level. Each processor sees only the data in its local
memory and must explicitly send and receive messages te coordinate work and ex-
change data with other processors. Each approach has its strengths and limitations.
In particular, data parallel works best on problems with large amounts of data. Small
data structures generally do not have enough inherent parallelism at the data level.
The data parallel mode is very easy to use, but in general it does not have a high
degree of versatility. Message Passing, which explicitly handles both communication
and data partitioning among processors, leads to a high degree of versatility, but it
is more difficult to implement. The Message Passing Interface (MPI), a standard
portable message passing library definition, provides the portability necessary for the
message passing parallel programming to have wide applicability. The most common
form of MIMD approach is the Single-Program Multiple-Data (SPMD) mode, which
avoids having to write numerous separate programs. In the present work, two Navier-
Stokes solvers have been developed using the same numerical algorithm, one has been

programmed in Fortran 77 with some Fortran 90 features and implemented on the
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IBM SP2 and the SGI Origin2000 in the message passing mode; and the other one has
been programmed in CM Fortran (Thinking Machine Corp. 1991) and implemented
on the Connection Machine model CM-5 in the data parallel mode.

In the following sections of this chapter, the architectures of the parallel computers
used in the this work are introduced. The different procedures adopted in this study
to develop the two different parallel codes and some code optimization issues are

discussed. The performances for the two parallel codes are also presented.

4.3 Parallel Implementation on the IBM SP2 Us-
ing MPI

The parallel code described in this section was developed on the IBM SP2 using the
message passing interface (MPI), then ported to the SGI Origin2000. The use of MPI
enables good portability of the code among a broad class of parallel computers. The

code implementation issues and code performance are discussed below.

4.3.1 The Architectures of IBM SP2 and SGI Origin2000

The parallel code in this work was developed on the IBM SP2 and then ported to
the SGI Origin2000. The IBM SP2 at NASA (The National Aeronautics and Space
Administration) is a distributed memory 144-node RS6000/590 cluster connected by
a high-performance proprietary IBM network. The network displays a bandwidth
(the rate at which data can be transferred between processors) of 34 Mbytes/second
and a latency (the time required to get a data transfer started) of approximately 45
micro-seconds. Each node has at least 128 Mbytes of main memory and 2 Gbytes
of disk space. Each node operates at a clock rate of 66.7 MHz, and displays a peak
performance of 267 MFlops. The SGI Origin2000 at NASA has 128 processors with
32 Gbytes of shared memory. Each processor is rated at 250 MHz with a theoretical
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memory transfer rate of 1.6 Gbytes/second. The processors are arranged in pairs

with a small amount of memory (512 Mbytes) on a single card.

4.3.2 Message Passing Interface

Message passing interface (MPI) is a standard portable message-passing library def-
inition, which resulted from the efforts of numerous of computer vendors, software
writers and application scientists. The book by Gropp et al. (1994) provides an easy
to understand tutorial and guidance on the use of MPI. MPI is not a revolutionary
new way of programming parallel computers. Rather, it is an attempt to collect
the best features of many existing message-passing systems. MPIL, as an industry
standard, enables good portability among a broad class of parallel computers. The
present code, which was originally developed on the IBM SP2, was directly ported to
the SGI Origin2000 without making any changes to the code.

4.3.3 Data Structure

In the current code, a finite volume method is used to discretize the governing equa-
tions in general curvilinear coordinates on a single non-staggered grid. The Cartesian
velocity components u,v and w, the scalar p or T, the pressure p and the inverse
of the Jacobian J~! (the volume of the control volume) are stored at the center of
each control volume. On the face of the control volume, the vector surface area
JY0m/0z: (1 = 1,2,3), three corresponding elements of the mesh skewness tensor
Gmn (n =1,2,3) and the volume fluxes U,, (m = 1,2,3) are stored. Only one set of
metric quantities needs to be stored per control volume. More variables have to be
stored if a large-eddy simulation is performed. The executable code for a large-eddy
simulation with a grid size of 192 x 160 x 320 running on forty processors of the IBM

SP2 requires 8 Gbytes of core memory.
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4.3.4 Domain Decomposition

In message passing parallel mode, the programmer has to explicitly partition the
data at the grid level. The key issues in developing efficient message passing codes
are to maintain load balance and minimize communication cost. Thus, a uniform
domain decomposition is a natural way to maintain load balance among the proces-
sors. The three-dimensional computation grid (N, x N, x N_) is subdivided evenly
into N, partitions, which equal the number of processors allocated for the compu-
tation, and one partition is assigned to each processor. According to the way the
grid is partitioned, there can be 1-D, 2-D and 3-D partitioning, as illustrated in Fig-
ure 4.1. Assume that the number of processors in each dimension is N1, NVp2 and
Np3, with V1 X Npp x Npz = N, then each partition contains an equal number
N[Ny x Ny /Ny2 x N3/N,3 of data items. Since communication occurs at the bound-
aries, the communication cost can be reduced by minimizing the surface to volume
ratio for each partition. This criterion can be used as guidance for choosing spe-
cific partitioning. In the present implementation, the domain decomposition is done
statically. Thus, the change from one partitioning to another can be done by simply

changing the number of the processors in each dimension before compiling the code.

4.3.5 Algorithm Implementation

Based on the nature of the inter-grid data dependencies, there are two types of parallel
calculations in the present work: parallel-by-point and parallel-by-line. The “parallel-
by-point” calculations are the simplest because computations can be done at each
grid point independently of the computations at the other grid points. Depending on
the discretization stencil used, known values at one or more neighboring grid points
in each dimension are needed in computations at any grid point. The “parallel-
by-point” schemes were extensively analyzed for partitioning and minimizing the

communication overhead by Reed et al. (1987). For “parallel-by-line” calculations,
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the computation at each grid is coupled to other grid points in a fixed direction, but
can be done independently of the computations at grid points on all other lines in
that direction. Computations on different lines may proceed without any dependence
or communication delays.

It is important to divide the numerical algorithm into its separate components and
to identify the computation and communication requirements for the basic kernels.
For the fractional step method employed in the present study, the solution algorithm
naturally divides into three steps:

(1) calculating the intermediate velocity field [Eqn. (2.82)].

(ii) solving the Poisson equation [Eqn. (2.87)].

(iii) updating the velocity field [Eqn. (2.83)].

In step (i), the computation of the partial derivatives of the advective and diffusive
terms using known velocity and scalar fields is “parallel-by-point”. To invert the
matrix on the left hand side of Eqn. (2.82), the approximate factorization technique
(Beam and Warming 1976) is used. Solving the resulting three tridiagonal systems
is “parallel-by-line”. In step (ii), the Poisson equation is solved by the multi-grid
method with ADI as the smoother. Except for solving of the tridiagonal systems in
the ADI steps, the calculations are “parallel-by-point”. Finally, step (iii) is completely
“parallel-by-point”. Examples of the two-different types of calculations are given in

the following.

4.3.6 Point-to-Point Communication

The “parallel-by-point” calculation and the nearest neighbor point-to-point commu-
nication will be demonstrated by a simple example of computing the second-order

x-component derivative u”=9%u/dz?. At a point i, it is discretized as:

" 1
u; = E(ui—l —2u; + Uig)- (4.1)



CHAPTER 4 48

The procedures of computing u; are divided into the following two steps:
(1) domain decomposition

The first step of the calculation is to do a domain decomposition. In the example,
the length of the global array u is N=12, and the number of processors used in the
computation is nprocs=3. As illustrated in Figure 4.2, the global array u is divided
evenly into nprocs=3 sub-arrays, one assigned to each processor, and “shadow” entries
(or “ghost points™) are added to each sub-arrays to hold data from other processors.
The static domain decomposition can be done by the following code fragment:

¢ Domain decomposition

integer, parameter :: N=12

integer, parameter :: nprocs=3
integer, parameter :: MyN=N/nprocs
real, dimension(0:MyN+1) :: u, d2udx2

(ii) break calculations into communication and computation
For the specific example, we use a “parallel-by-point” type of calculation. The
computation is entirely local and the communication is point-to-point communica-
tion between the neighbors at the boundaries. There are different ways to perform
this point-to-point communication in MPI. The most commonly used ones will be
demonstrated by actual code fragments and each of them will be analyzed.
e Communication Routine I : blocking communication
The simplest approach is to use the basic blocking send and receive, as shown in
the following code fragment:
¢ Exchange data at the boundaries
if ( n.left .ne. MPI_PROCNULL )
< call MPI_SEND( u(1), 1, MPIREAL, n_left, 0, commid, ierr )
if ( n.right .ne. MPI_PROCNULL )
< call MPI_RECV( u(MyN+1), 1, MPIREAL, nright, O, commid, ierr )
if ( n_right .ne. MPI_PROC.NULL )
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< call MPI_SEND( u(MyN), 1, MPI_REAL, n_right, 1, commid, ierr )
if ( nleft .ne. MPI_PROCNULL )
< call MPIRECV( u(0), 1, MPI REAL, n left, 1, commld, ierr )

c Calculate d2udx2

do 1 =1, MyN

d2udx2(i) = 1/dx**2*(u(i-1)-2*u(i)+u(i+1))

enddo

The values of n_1eft and n_right are set elsewhere and are different on different
processors. In the above code fragment, each processor sends data to the processors
on the left and then receives data from the processor on the right. The order is
then reversed and data is sent to the processor on the right and received from the
processor on the left. The blocking sends do not complete until the matching receives
are issued on the destination processor. Since processor P1 (the leftmost processor in
Figure 4.3) does not send data to any processor in the first step, it can receive data
[5] from the processor P2. Only after data [5] has been received by the processor P1,
i.e., the blocking send of P2 is completed, will the processor P2 begin to receive data
[9] from the processor P3. This produces a staircase pattern of sends and receives.
Thus, processor P3 has to wait longer than processor P2 for the blocking send to
complete and the communication is entirely sequential. After the communication is
over, computation can be done in parallel, as shown in Figure 4.3. Even though the
above approach is simple, but it is not the best way to implement the exchange of
ghost points.
e Communication Routine II : buffered (non-blocking) communication
Instead of requiring the programmer to determine a safe ordering of the send and

receive operations, MPI allows the programmer to provide a buffer into which data
can be placed until it is delivered. Note that the send and receive orders shown in
the code fragment below will cause deadlock if a blocking send is used. The change
from blocking send to buffered send is simple; one just replaces the MPI_SEND calls



CHAPTER 4 50

with MPI_BSEND. The resulting code fragment is shown below:
¢ Exchange data at the boundaries
if ( nleft .ne. MPI_PROCNULL )
< call MPIBSEND( u(1), 1, MPI_REAL, n_left, 0, commid, ierr )
if ( n.right .ne. MPI_PROCNULL )
< call MPI BSEND( u(MyN), 1, MPI_REAL, n right, 1, commid, ierr )
if ( nright .ne. MPI_PROCNULL )
< call MPI RECV( u(MyN+1), 1, MPIREAL, nright, 0, commld, ierr )
if ( n_left .ne. MPI_PROC_NULL )
< call MPIRECV( u(0), 1, MPI_REAL, n_left, 1, commid, ierr )

In addition to the replace of MPI_SEND with MPI_BSEND, MPI requires that the pro-
grammer provide the storage into which the message may be placed with the routine
MPI_BUFFER_ATTACH. This buffer should be large enough to hold all the messages that
must be sent before the matching receives are called. Once a program no longer needs
to use a buffer, the routine MPI_BUFFER_DETACH should be called. It is important to
remember that buffering incurs a performance penalty, since the message must be
copied an extra time when a message is buffered. From the code optimization point
of view, the programmer should avoid using buffered communication.

e Communication Routine III : asynchronous communication

On most parallel computers, moving data from one processor to another takes
more time than moving or manipulating data within a single processor. To keep a pro-
gram from being slowed down (also described as “starved for data”), MPI allows pro-
grammers to start sending and receiving several messages and to proceed with other
operations by providing nonblocking, asynchronous send and receive (MPI_ISEND and
MPI_IRECV). The arguments for the routine MPI_ISEND are the same as for MPI_SEND
with the addition of a handle as the next to last argument. The handle argument
is used to determine whether a message has been delivered. The buffering can be

avoided with the following code fragment:
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c Exchange data at the boundaries
if ( nleft .ne. MPI_PROCNULL )
call MPT_TRECV(u(0), 1, MPI_REAL, n_left, O, commid, req(l), ierr)
call MPI_ISEND(u(i), 1, MPI_REAL, n_left, 1, commid, req(2), ierr)
endif
if ( nright .ne. MPIPROCNULL ) then
call MPI_TRECV(u(MyN+1),1,MPI REAL,n right,1,commid,req(3),ierr)
call MPI_ISEND(u(MyN),1,MPI REAL ,n left,0,commid,req(4),ierr)
endif
call MPI_WAITALL( 4, req, status, ierr )

The above approach allows for both sends and receives to take place at the same
time. In principle, the message passing in this approach can be almost twice as fast
as the blocking sends and receives. However, the communication is still separated
from the computation, as demonstrated in Figure 4.3. The best strategy is to over-
lap computation and communication, as demonstrated in Figure 4.4, and it can be
achieved by the following code fragment:

c Start data exchange
if ( nleft .ne. MPI_PROCNULL )
call MPI_IRECV(u(0), 1, MPI_REAL, n_left, O, commld, req(1), ierr)
call MPI_ISEND(u(1), 1, MPI_REAL, n_left, 1, commld, req(2), ierr)
endif
if ( nright .ne. MPI_PROCNULL ) then
call MPI_IRECV(u(MyN+1),1 ,MPI REAL,nright,1,commid,req(3),ierr)
call MPI_ISEND(u(MyN),1,MPI REAL,n left,0,commid,req(4),ierr)
endif

c Calculate d2udx2 (interior)
do i = 2, MyN-1
d2udx2(i) = (1/dx**2)*(u(i-1)-2*u(i)+u(i+1))
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enddo
¢ Wait for boundary data

call MPI_WAITALL( 4, req, status, ierr )
c Calculate d2udx2 (boundaries)

do i =1, MyN, MyN-1

d2udx2(i) = (1/dx**2)*(u(i-1)-2*u(i)+u(i+1))

enddo

The first part of the above code fragment begins with both the nonblocking sends
and receives. While the messages are “In transit”, the computations involving only
interior points are in progress. Once data from other processors is received, the
computations on the boundary points are performed. The above approach is effective
but can be difficult to implement when the overlapping of the communication and

computation is not as simple as in the given example.

4.3.7 Pipelined Thomas Algorithm

One major task of the present numerical algorithm includes solving many tri-diagonal
systems. Sequentially, the most efficient algorithm for inverting a tri-diagonal system
is the Thomas algorithm. To solve a system of size n, with coefficients A;, B; and C;,

and the right hand side f;, given by,
Ay + Biu; + Ciu,-+1 = f, (4.2)

where u; and u, are known, the Thomas algorithm performs two sweeps over the index

i. In the forward sweep, coefficients Py, and gi41,2 = 2,...,n—1, are computed, where

Py = (B:— A:P)7'C; (4.3)
g1 = (Bi— A:P)7 M fi — Aigi)- (4-4)
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The unknowns u;,z =n —1,...,2, are determined in the back sweep from
u; = gip1 — Peiprtia- (4.5)

Note that the computation requires storage of all P;4; and ¢;; from the forward sweep
for computing unknowns u; in the back sweep. Clearly, both phases of the Thomas
algorithm have recursive data dependencies and hence the algorithm, when used for
solving a single system, is inherently sequential. The single tridiagonal system can be
solved in parallel by the cyclic reduction algorithm (Stone 1975). The cyclic reduction
algorithm is highly parallelizable, but it is computationally expensive. Though the
Thomas algorithm is sequential when solving a single tridiagonal system, a significant
amount of parallelism can be extracted from the Thomas algorithm for 2-D and 3-
D problems when several independent systems are to be solved. This is achieved
by pipelining the computations of these systems so that the computation of several
solves overlaps with each other, as in the pipelined version of the Thomas algorithm
proposed by Naik et al. (1993). In the pipelined Thomas algorithm, if a processor is
to compute unknowns u; through ug, ¢ < k, for one of the systems, it receives the
coefficients P; and ¢; from a preceding processor and then proceeds to compute the
coefficients through Pryy and gr4i. On completion of these computations, it sends
the final coefficients Pi4+1 and gg4; to the succeeding processor. The same is repeated
for all other systems assigned to it. After completing all the forward sweeps, the back
sweep is completed by computing (in reverse order) the unknowns u; through u;. The
computed value of u; is sent to the preceding processor and the process is repeated
for all the systems assigned to that processor. The pipelined Thomas algorithm is a
typical “parallel-by-line” calculation.

The pipelined Thomas algorithm can be clearly demonstrated by a simple 2-D
problem. Assume that a two-dimensional computation grid (NV; x N;) and N, = 3

processors are given. Parallelism can be extracted from the Thomas algorithm for
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the 2-D problem when N; = 3 tri-diagonal systems of size N; = 9 are to be solved.
The grid is partitioned evenly in the i—direction into three sub-domains, with each
partition containing N;/Np x N; data items. Then, ghost points are added to each
partition to hold data from other processors, as shown in Figure 4.5. At first (Figure
4.6a), when Processor P1 is beginning the forward sweep of the tri-diagonal system
Jj = 1, processors P2 and P3 are idle. Once processor P1 finishes the forward sweep
of the tri-diagonal system j = 1, it passes a message with updated data information
at location (7 = 3,7 = 1) to Processor P2 and then begins the forward sweep of the
tri-diagonal system j = 2. Once processor P2 receives the message from processor
P1, it begins the forward sweep of tri-diagonal system j = 1 while processor P3 is still
idle (Figure 4.6b). The process continues in a similar manner. At the next moment
(Figure 4.6¢c), all the three processors are working on the forward sweep of different

tri-diagonal systems. Thus, the algorithm is called the pipelined Thomas algorithm.

4.3.8 Code Performance

All the computations in the present study were performed on the NASA’s IBM SP2
and SGI Origin2000. At NASA, a performance measurement tool, RS2HPM, was
used to record the performance of individual batch jobs on the IBM SP2. Users and
system personnel examined and analyzed the hardware counter reported for these
jobs. By examining the entire workload measured over a 9-month period during 1995
and 1996, Bergeron (1998) showed the performance per node of jobs as a function
of the number of nodes requested in Figure 4.7. The code performance result is
presented in terms of MFLOPS (Million FLoating point Operations per Second). A
performance of about 40 MFLOPS per node on a 28-node job was achieved by the
parallel code developed in this work. This was the peak rate (see Figure 4.7) on
NASA’s IBM SP2 - outdistancing the next best performance by 41%. Subsequently,
the parallel code developed in this work was used by NASA for benchmark testing.
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A CPU time per computation cell per time step, t.e., the “normalized CPU”, of 5us
was achieved for the large-eddy simulation of the laboratory-scale coastal upwelling
flow (Narimousa and Maxworthy 1987), which is presented in Chapter 6, when forty
IBM SP2 processors are used. The normalized CPU for the serial version of the code
(Zang 1993) running on a single processor of the Cray Y-MP was about 45us. The
serial version of the code carried out a large-eddy simulation of the same upwelling
flow using the same geometric parameters but a viscosity 12.5 times larger than the
viscosity used in this study. The numbers of grid points, resolution and flow domain

were also all less in the serial computation.

4.4 Parallel Implementation on the CM-5 Using
Data Parallel

In the early phases of this work, the parallel code was implemented in CM Fortran on
the CM-5 in the data parallel mode. The code implementation and code performance

issues are discussed below.

4.4.1 The Architecture of Connection Machine CM-5

The Connection Machine model CM-5 was a massively parallel processing computer
with a “universal architecture” supporting both SIMD and MIMD models. The node
in a CM-5 system, each with its own memory, can fetch from the same address
in their respective memories to execute the same (SIMD-style) instruction, or from
individually chosen addresses to execute an independent (MIMD-style) instruction. A
CM-5 system may contain tens, hundreds or thousands of parallel processing nodes,
one or more control processors and input/output units. All these components are
integrated into a system by two internal communication networks, the control network

and the data network. The CM-5 at NCAR (The National Center for Atmospheric
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Research) contained 32 processing nodes. Each CM-5 processing node consisted of a
Sun SPARC microprocessor, a memory subsystem of 32 Mbyte node memory and a
CM-5 network interface. Each CM-5 processing node was accelerated by four vector
units. Each vector unit had 32 MFlops peak 64-bit floating-point performance and
a peak memory bandwidth of 128 MBytes/sec. Therefore, a single CM5 node had
a total of 128 MFLops of peak 64-bit performance and four 64-bit paths to node

memory.

4.4.2 CM Fortran

The CM-5 architecture can be used as either a SIMD or MIMD machine. In this study
we only employed the SIMD approach on the CM-5. This is done by making use of
the Fortran for the Connection Machine, i.e., CM Fortran (Thinking Machine Corp.
1991). CM Fortran is an implementation of Fortran 77 supplemented with array pro-
cessing extensions from Fortran 90 (Metcalf 1991). The most important difference is
that it is not necessary to refer to array elements separately by means of subscripts
with Fortran 90 constructions. Therefore, DO loop structures and other explicit in-
dexing are not necessary. CM Fortran also offers several extensions beyond Fortran
90, such as the FORALL statement and some additional intrinsic functions. The use
of CM Fortran array notations results in much more compact codes. The CM-5 Sci-
entific Subroutine Library (CMSSL) provides a wide range of common mathematical
operations, including dense vectors, dense matrices, LU factor and solve, tri-diagonal

solvers, FF'T, and eigenvalue analysis.

4.4.3 Data Structure and Array Layout

The data structure of data parallel implementation in the present study is the same as
that used in the SPMD implementation using MPI (see Section 4.3). The number of

data elements does not need to be equal to the number of processors requested in each
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partition. If there are fewer processors required, the system temporarily switches off
the processors that are not needed. If there are more data elements than the number
of processors, the CM-5 hardware operates in virtual processor mode. Each physical
processor simulates multiple processors, each with a smaller memory. The CM-5
operates automatically in the virtual processor mode. However, it is better to choose
the number of data elements to be a multiple of four times the number of processors,
since four vector units are used in a single CM5 node to pipeline all processing node
computations.

While programming on the CM-5, the emphasis is on the use of a large uniform
data structure, such as arrays whose elements can be processed at once. To take
full advantage of the data parallel mode of computation, all the arrays have to be
conformable, which means arrays with the same dimensions. The compiler directive
LAYOUT allows the user to specify which dimension is parallel and which dimension is
serial.

Consider, for example, the following compiler directive to layout data:

double precision, array(mi,nj,nk) :: rho, u, uxi

CMF$ layout rho(:news, :news, :news)

CMF$ layout u(:news, :nevs, :news)

CMF$ 1layout uxi(:news, :news, :news)

where rho, u and uxi are conformable arrays. The dimensions, denoted by “:news”,
are the parallel dimensions. NEWS indicates that processors along that axis are to
be ordered in NEWS ordering. NEWS-ordered processors are physically connected on
a dimension if their grid indices on that dimension differ by one. A statement like
rhou=rho#*u would proceed in parallel on all the data elements with array rhou having
the same size as arrays rho and u. If a dimension is denoted by “:serial”, that
dimension is a serial dimension. SERTAL indicates that array elements along that axis
are to be allocated up the memory of each processor. In the present study, all arrays

have the layout of the axes in the NEWS configuration. Such mapping was found to be
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optimal for the present study.

4.4.4 Algorithm Implementation

The Connection Machine CM-5 architecture allows a serial programming style, and
similar programming environment, therefore programming on the CM-5 is very simi-
lar to that on the Cray Y-MP if data parallelism is used. The solution procedure in
the data parallel implementation has the same three steps as used in the SPMD im-
plementation using MPI (see Section 4.3). Efficient programming on the Connection
Machine requires communication time to be minimized and utilization of all proces-
sors at the same time. In step (i) to (iii), there are three types of communication
patterns used, which are regular communication, irregular or send/get type of com-
munication and reduction. Communication comprises a major part of the numerical
algorithm.

Regular communication, z.e., the NEWS communication, is the most prevalent and
the least expansive. NEWS communications allow communication between nearest
neighbors. They are encountered in calculating finite volume stencils. All regular
communications in this study are performed using the intrinsic CM Fortran functions
CSHIFT and EOSHIFT. The command CSHIFT(ARRAY, DIM, SHIFT) performs a cir-
cular shift of the element ARRAY along the dimension DIM by the amount specified in
SHIFT; while the command EOSHIFT (ARRAY, DIM, SHIFT, BOUNDARY) is appropri-
ate when a boundary value BOUNDARY is to be imposed. For example, the second-oder
x-component derivative at point ¢, u; [Eqn. (4.1)], is computed as
c Calculate d2udx2 (interior)

d2udx2(i) = (1/dx#**2)*(cshift(u,1,-1)-2%u+cshift(u,1,1))
The slowest form of communication is irregular communication, also known as

the router, which allows each processor to communicate with any other processor.
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There are two types of router communication, the “send” and the “get”. Irregu-
lar or send/get operations are used in the restriction and prolongation of data be-
tween different levels of multigrid in step (ii). The pressure Poisson solver is the
most computationally intensive algorithm in the fractional-step method. Therefore,
send/get communication, which is the slowest form of communication on the CM-5,
encountered in the multigrid method when solving the Poisson equation dominates
the communication time and the total CPU time.

The reduction operations, such as the operation cfl=maxval(cfl local), which
computes the maximum CFL number, do not contribute in a significant way to the
total communication costs since they are not used extensively in present implemen-
tation.

The set of tridiagonal systems is solved simultaneously by the method of parallel
cyclic reduction (Stone 1975) provided by CMSSL. The diagonals are setup in the
preprocessing stage by calling gen banded factor. The solve stage is performed by
caliing gen_banded solve.

To apply the boundary conditions, masks are pre-set which define the boundary
of interest. The mask is a logical array of bits, each bit associated with a single
processor, whose context (true or false) determines whether or not the resuit of the
operation of the processor is actually used. For example, the following code fragment
defines the mask for the boundaries of the physical domain.

logical mask(ni, nj, nk)

mask = .false.

mask(1l:ni:ni-1, :, :) = .true.
mask(:, 1:nj:nj-1, :) = .true.
mask(:, :, 1:nk,nk-1) = .true.

where ni, nj and nk are the total number of grid points in each direction.
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4.4.5 Code Performance

There is no facility on the CM-5 for measuring floating point operations. Therefore,
computational performance in terms of MFLOPS is hard to measure precisely. A
normalized CPU of 38us was achieved for the numerical simulation of the laboratory-
scale coastal upwelling flow (Narimousa and Maxworthy 1987) with a 80 x 80 x 256
computation grid when thirty-two CM-5 processors were used. The normalized CPU
for the serial version of the code (Zang 1993) running on a single processor of the
Cray Y-MP was about 45us. In this context, the performance of the data parallel
code on the CM-5 is unsatisfactory.

Several factors that can influence the performance are given below. The bound-
aries are a source of computational inefficiency on the CM-5 with SIMD implemen-
tation because many processors will be idle while a few processors perform the cal-
culations associated with the boundary conditions. The cyclic reduction algorithm is
computationally expensive, because it requires twice as many as fioating point opera-
tions per grid point as the Thomas algorithm. The pressure Poisson solver is the most
time-consuming part of the numerical algorithm. The slowest form of communication
on the CM-5, send/get communication, which is required by the multigrid method
when solving the Poisson equation, dominates the communication time and the total
CPU time and contributes to the low overall performance. For the above reasons, we
reached the conclusion that data parallel was not the best approach for the present
study. The code performance of SPMD implementation using MPI (see Section 4.3)

suggests that message passing was the correct approach for the present study.
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Large-Eddy Simulation of
Turbulent Rotating Convective

Flow

5.1 Introduction

Thermal convection in rotating fluids is important in many geophysical and engineer-
ing situations. Turbulent, rotating, convective flow arises when intense cooling at the
ocean surface occurs in places, such as the Gulf of Lions in the Mediterranean and
some areas of the polar seas, namely, the Greenland Sea, the Labrador Sea and the
Weddell Sea. There are very few observations of convective events which allow an
identification of the structure and scales of the flow. Nevertheless, turbulent convec-
tion in the open ocean is important due to its role in the transport of surface water to
deep locations and ultimately in the large-scale thermohaline circulations, which in
turn play a central part in determining global climate. During the past four decades,
numerous analytical works, laboratory studies and numerical simulations have been
performed on this subject.

The topic of the onset of thermal instability in horizontal layers of fluid heated
from below without and with rotation about a vertical axis has been discussed in the
second and third chapters of Chandrasekhar (1961). Analytical solutions of Rayleigh-

Bénard convections with rigid-rigid, rigid-free and free-free horizontal boundaries are
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also provided in Chandrasekhar (1961). Laboratory studies of rotating Rayleigh-
Bénard convection have been done by Nakagawa and Frenzen (1955), Koschmieder
(1966), Rossby (1969), and Buse and Heikes (1980). Three-dimensional numerical
simulations of Bénard-like convections in a rotating frame have been performed by
Somerville and Lipps (1973) and Hathaway and Somerville (1983).

The importance of rotation and its effect on the modeling of the relevant turbulent
processes have been studied experimentally by Golitsyn (1981), Boubnov and Golitsyn
(1986, 1990), Fernando et al. (1989, 1991), Maxworthy and Narimousa (1994), Coates
and Ivey (1993, 1997), Coates et al. (1995), and Jacobs and Ivey (1998). The
laboratory investigations were supported by numerical modeling efforts. Madec et al.
(1991) parameterized the convective processes and used a hydrostatic model to focus
on the dynamics of the large-scale flow driven by the vertical convection. Raasch and
Etling (1991) applied a k-€ type of turbulent closure scheme to the case of turbulent
convection subjected to strong background rotation. However, they did not take
into account of the influence of background rotation in their sub-grid turbulence
parameterization. Jones and Marshall (1993) studied the convection process in a
homogeneous, rotating ocean using a non-hydrostatic model, but did not include all
terms of the Coriolis force . In their study, the subgrid-scale transport process were
parameterized by constant vertical and horizontal eddy diffusivities. Sander et al.
(1995) developed a three-dimensional, non-hydrostatic model based on the primitive
equations. The sub-grid turbulence in their study was taken into account through
eddy viscosity and thermal diffusion, where the respective coefficients were taken as
constant.

The two common problems with previous numerical simulations are insufficient
grid resolution and poor turbulence models. The advent of massively parallel pro-
cessing and the extensive efforts that have been put into the development of new
large-eddy simulation models provide the possibility to perform large-scale compu-

tations of turbulent flows for complex geometries. The objective of this study is to
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conduct a large-scale large-eddy simulation to complement an experimental study in

investigating the fundamental mechanisms of a turbulent rotating convective flow.

5.2 Experiment of Jacobs and Ivey

Laboratory-scale experiments have been carried out by Ivey and Jacobs at the Uni-
versity of Western Australia to model the turbulent convection processes in an ocean
driven by the energetic cooling at the ocean surface. In their experiment (Jacobs
and Ivey 1998), the flow was inverted for experimental convenience so that heating
at the bottom is used to drive the convective, rotating flow. All the experiments
were conducted using water. Figure 5.1 is a schematic of the experimental apparatus.
The experiments were conducted in a circular perspex tank of radius R, = 0.48m.
The circular tank was surrounded by a slightly larger outer tank, with the volume
between the two tank walls filled with water at the same temperature as the water
in the working section. The tank was fitted with a false bottom with built-in circu-
lar copper plate of radius R; = 0.2m that acted as a heat exchanger. The copper
plate formed the upper surface of a heat exchanger and could be heated uniformly by
pumping hot fluid from a constant temperature bath through a circuit of pipes built
into the copper plate. The plate was insulated on the sides and the bottom, so that
heat could only escape through the top surface. The heat flux @ was determined by
the measurements of the volume flow rates and temperature drop of the heated fluid
passing through the heat exchanger. According to Jacobs and Ivey (1998), the heat
flux Q could be determined with an accuracy of about 6%, and buoyancy flux with
an accuracy up to 10%. The tank top was closed with a model of a shelf and slope
with an angle @ = 28° commencing at the same radius as the edge of the heated
area. The top lid consists of a cellular perspex construction with air sealed in the
interior, which is an adequate insulator. The distance H between the tank bottom

and the shelf was 0.04 m. The entire assembly was mounted on a rotating table,
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revolving counter-clockwise about the vertical axis at a constant rate €. Details of

the experimental apparatus can be found in Jacobs and Ivey (1998).

5.3 Setup for the Numerical Simulations

Large-eddy simulations have been carried out under exactly the same conditions as
the experiment except that a small cylinder of 0.02 m radius (R) was cut from
the numerical domain to eliminate the coordinate singularity at the center for the
numerical simulation. Figure 5.2 is a schematic of the setup for numerical simulation.
In this simulation, the sub-grid dynamic mixed model (DMM) of Zang et al. (1993)

was used.

5.3.1 Analytical Computation of the Grid Stretching and
Mapping

When the coordinate transformation from physical space to computational space is
performed, extra quantities, such as the inverse Jacobian J~!, the mesh skewness
tensor G.n and 9€,/dz;, will be introduced. Analytical stretching functions are
used so that the above quantities are continuous in space. In order to have a smooth
transition between the shelf and the slope, analytical mapping functions are also used
in the present study.

The computational domain in the physical space (r,y,0) can be mapped into a

unit cube in the computational space (R,)Y, ) by the following mapping functions:

r— Rh
- 5.1
R, (5.1)
y
Yy = ano cosh A{r—Rn—R: cosh A(r—Rp—Rp+C (5.2)
H + t2A [log CO(ShAfgc L log cosh A(['Zlb—c?)'{- )]
0
© = (53)

27’



CHAPTER 5 70

where
R, = R:—Rax (5.4)
Ry, = R,— R, (5.5)
C = 10mm (5.6)
A = 04mm™' (5.7)
and
R € [0,1] (5.8)
Yy € [0,1] (5.9)
e € [0,1]. (5.10)

The grid points in the azimuthal direction of physical space (r,y, ) are distributed
uniformly due to the axisymmetric nature of the flow field. A uniform grid is also used
in the vertical direction. In order to resolve the small scale flow structures inside the
convected region, a non-uniform grid is used in the radial direction with grid points
clustered in the constant-height shelf region and then stretching out radially. A
section of the computational grid is illustrated in Figure 5.3. The grid points in the
computational space (£,7,() are distributed uniformly with grid size A = Ap =

A( = 1. The following stretching functions are used,

_ ¢, cosha(E/Ng—b) ¢, cosha(l —b)
R = [g/NE + a log cosh ab [+ a log cosh ab (5-11)

Y = n/N, (5.12)
© = (/N (5.13)
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where

£ € [0,N¢] (5.14)
n € [0,Vy] (5.15)
¢ € [OvNC] (5'16)

and Ng, N, and N, are the numbers of control volumes in the &-, - and (-directions

of the computational space. The values of the parameters used in the stretching

function are

a = 6 (5.17)
b = 1 (5.18)
c = 0.8, (5.19)

so that the stretching factor is less than 1.1 everywhere, which is consistent with the
recommendation of Hodges (1997) regarding the maximum stretching factor.
In the physical space, the Cartesian coordinates (z,y, z) and cylindrical coordi-

nates (r,y, 0) are related as follows (Figure 5.4):

z = rcosf (5-20)
y =y (5-21)
z = rsinf. (5.22

In summary, the relationship between the points in the physical space (z,y,z) and
those in the computational space (§,7,() are defined by Eqns. (5.11) to (5.13) and

the following equations:

z = (Rn+ RyR)cos(270O) (5.23)
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_ Ytana cosh A(RyR — R:) cosh A(RyR — Ry + C) 5
y = HY+ 2A [[0 cosh AR, log cosh A(Ry — C) 5-24)
z = (Rp+ RyR)sin(270). (5-25)

5.3.2 Initial and Boundary Conditions

The working fluid, ¢.e., pure water, is initially at a uniform temperature 7; and is in
solid body rotation with the tank. At time t = 0, a constant and uniform heat flux
@ is applied to the bottom central disk. No-slip velocity bourndary conditions are
imposed at all solid walls. Except at the bottom central disk, where a constant and
uniform heat flux @ is applied, the temperature boundary conditions for the inner
vertical wall, the top lid and the bottom of the tank are obtained by assuming that
those walls are adiabatic. A constant temperature, equal to the initial temperature
T:, is applied to the outer vertical wall. The buoyancy flux B can be related to
the heat flux @ through B = ¢B8Q/(pC,), with the thermal expansion coefficient
B = 2.5 x 107*/°C, the gravitational acceleration constant ¢ = 9.81m/s?, the density

p = 1000kg/m? and the specific heat at constant pressure C, = 4180 J/(kg K).

5.4 Simulation Results

A number of simulation runs were performed covering three different angular velocities
Q1 and two different buoyancy fluxes B while the geometric parameters were fixed.
A summary of the grid resolutions and physical parameters for the simulation runs
is given in Table 5.1. The number of grid points for each case shown in Table 5.1
is for interior points. Two fictitious points outside the physical domain are added
in each dimension in the simulations to facilitate implementing boundary conditions.
Case Runl to Case Run6 have the same physical parameters as the Experiment Run
No. 14 of Jacobs and Ivey’s experiment (Jacobs and Ivey 1998). An extensive grid

resolution study has been conducted during the first six runs and led to the use of
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up to twelve million grid points in the simulation. The difference between Case Run7
and Case Run6 is that the angular velocity 2 of Run7 is half of that of Run6. The
difference between Case Run8 and Case Run6 is that the angular velocity Q of Run8
is twice of that of Run6. The difference between Case Run9 and Case Run6 is that
the buoyancy flux B of Run9 is twice of that of Run6. The following sections give a

step-by-step description of the convection process.

5.4.1 Grid Resolution

Case Runl to Case Run6 have the same physical parameters as the Experiment Run
Number 14 of Jacobs and Ivey’s experiment (Jacobs and Ivey 1998). A grid resolution
study has been conducted during the first six runs. The temperature fields at t=46s
obtained by using different number of vertical grid points have been compared in
Figures 5.5 a, b and c¢. The temperature field with 128 vertical grid points shows
little difference from the temperature field with 160 vertical grid points, suggesting
that 128 grid points in the vertical direction are sufficient for the present study. The
temperature fields at t=40s obtained by using different number of horizontal grid
points have been compared in Figures 5.6 a, b and c. The results show that the
number of rings remain unchanged when the horizontal grid points increases from
352 to 384, suggesting that 352 grid points in the horizontal direction have to be
used. Jacobs and Ivey’s experiment found less than ten azimuthal eddies for the
present case. Two hundred and fifty-six grid points have been used in the azimuthal

direction to resolve less than ten eddies.

5.4.2 Growth of the Conductive Layer

The working fluid is initially at uniform temperature T; and is in solid body rotation
with the tank. At time ¢ = 0, a constant and uniform buoyancy flux B is applied

to the bottom central disk. A thin thermal layer then forms immediately above the
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heat source and grows diffusively with time. The thin thermal layer grows uniformly
in the vertical direction except at the outer edge of the heated disk (Figure 5.7a). In
response to the lateral temperature difference between the heated and ambient fluids
at the outer edge of the heated disk, some radial exchanges take place with a thin
layer of warm fluid just above the heat source moving radially out into the ambient
fluid and the ambient fluid moving radially into heated region right above the thin
layer of moving warm fluid (Figure 5.7b). As a direct result, a roll of warm water can
be seen rising off the heated disk (Figure 5.7c).

The velocity profiles, shown in Figure 5.8, indicate that all the three velocity
components are negligibly small within the thermal layer and, therefore, that a basic
static state of heat conduction exists. Since molecular conduction dominates inside
this thermal layer, we call it “the conductive layer”. Temperature profiles in Figure
5.9 show that the angular velocity Q has no effect on the growth of the conductive
layer. In addition, temperature profiles for different buoyancy fluxes B at ¢=20s
presented in Figure 5.10 show that the conductive layer thickness does not depend on
the buoyancy flux B. A dimensionally correct scale for the conductive layer thickness

6(t) can be introduced as

§(t) ~ Vi, (5.26)

where k is the molecular thermal diffusivity and ¢ is the time. This scale is derived
from the unsteady one-dimensional heat conduction equation.

The temperature profiles for Case Run6 at different times plotted against the
non-dimensionalized vertical distance y/v/st are shown in Figure 5.11. All the curves
approach the same non-dimensional thickness value, suggesting that v/t is the correct

length scale for the conductive layer thickness.
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5.4.3 Onset of the Rayleigh-Benard Convection

The temperature difference across the conductive layer increases as the layer thickness
increases. When the temperature difference exceeds a critical value AT, the buoyancy
of the fluid is able to overcome the dissipation caused by the viscosity and thermal
diffusivity of the fluid, the basic static state becomes unstable and the convective
instability. 7.e., the Rayleigh-Bénard convection, sets in. The Rayleigh number Ra is
a non-dimensional measure of the vertical temperature difference across the layer that
is necessary to overcome the dissipative influences of viscosity and heat conduction;
Ra is given by

Ra = BgAT&/(vk), (5.27)

where AT is the temperature difference across the layer, § the conductive layer thick-
ness, B the thermal expansion coeflicient, g the gravitational acceleration constant,
v the kinematic viscosity and « the thermal diffusivity. The Taylor number Ta is a
non-dimensional measure of the rotation rate of a fluid layer rotating with angular
velocity 1; T'a is defined as

Ta = 40%6* /12, (5.28)

where v is the kinematic viscosity and é is the conductive layer thickness. The
conductive layer thickness é, instead of the distance H between the tank bottom and
the shelf, is used here since a fluid particle has traveled only within the distance
6 until Rayleigh-Bénard convection takes place. The onset of the Rayleigh-Bénard
convection can be observed through the formation of circular concentric convective
rolls (see Figure 5.12). An expanded side view of the velocity and temperature field
(Figure 5.13) shows the warm water trapped in the convective rings rising from the
bottom heat source and the cold water descending between them. Table 5.2 tabulates
the values of the time ¢, the critical temperature difference AT, the corresponding
critical Rayleigh number Ra., the layer thickness 6 and Taylor number T'a when the

onset of Rayleigh-Bénard convection occurs for different runs.
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From Table 5.2, the following conclusions can be drawn :

(1) The time for the formation of the convective rings does not depend on the rotation
rate Q, but is determined by the supplied buoyancy flux B.

(ii) The critical Rayleigh number Ra. dictates the onset Rayleigh-Bénard convection.
For the current geometric configuration, the critical Rayleigh number Ra. is found
to be between 1.25x10° and 1.26x10° for all four simulation runs, i.e., essentially
constant.

The analytical solutions for three combinations of the horizontal boundary condi-
tions, i.e., the cases of two free boundaries, two rigid boundaries, and one rigid and
one free boundary, are available for the thermal instability of a layer of fluid heated
from below with or without rotation (Chandrasekhar 1961). Without rotation, the
critical Rayleigh number Ra. is found to be a different constant for different boundary
conditions. Under the effect of rotation, Ra. increases with the Taylor number T'a
when Ta is greater than 103>. When Ta is less than 10>, the dependence of Ra. on
Ta is not significant. The present numerical study differs from the analytical work in
the following respects:

(i) The horizontal boundary conditions of the present study do not fall into any of
the three cases of the boundary conditions in the analytical work.

(ii) In the analytical work, a steady adverse temperature gradient is maintained within
an infinite horizontal layer of fluid. The present numerical results (Figure 5.11) show
clearly an unsteady, non-linear temperature distribution within the conductive layer.

Although the numerical result can not be compared to the analytical result quan-
titatively, the analytical result should serve as a guide to the numerical results. From
Table 5.2, the Taylor numbers are less than 5 x 10® for all four simulation runs. The
finding of that the critical Rayleigh number Ra. is essentially constant for all four

simulation runs is supported by the analytical solution.
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5.4.4 Development of the Convective Rings

The convective ring development stage in this study refers to the process from the
initial formation of the convective rings near the bottom of the tank to the arrival
of the convective rings at the top shelf. At {=40s, the presence of radially uniform
convective rings is apparent for Cases Run6 to Run8 (Figures 5.12 and 5.14a, b and
c). By t=53s, the continuing penetration of the rings is evident, and some of the
rings have already reached the top shelf (Figures 5.15a, b and c¢). The simulation
results in Figure 5.15 show that the horizontal motions are directly affected by the
rotation. As the angular velocity Q decreases, the horizontal velocity components are
less restrained, and some blobs of warm water are already detached from the rings
(Figures 5.15a and b). The rings are also more deformed in the vertical direction with
the decrease of the angular velocity (2, resulting in a radially irregular ring pattern.
Despite the non-uniform pattern in the vertical and radial directions, the rings are
still axisymmetric in the azimuthal direction (Figure 5.16). A comparison of results
at t=55s for different rotation rates (Figures 5.15a, b and c) shows that rotation has
little effect on the time it takes for the rings to reach the top shelf, suggesting that
the time scale for the ring development stage is independent of the angular velocity
Q.

The temperature fields of Case Run9 (Figures 5.17a and b) with twice the buoy-
ancy flux of Cases Run6 to Run8 show that increasing the buoyancy flux reduces the
time for the rings to reach the top shelf. As suggested by Jacobs and Ivey (1998),
the time scale characterizing the convective ring development stage is given by the
time it takes for a fluid particle with a typical vertical convective velocity (BH)'/3 to

travel over the vertical length scale H :
t, ~ H/(BH)'® = (H*/B)/3. (5.29)

From the time of the onset of the convective instability for Cases Run6 and Run9
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tabulated in Table 5.1 and by observation of the time near the end of the ring devel-
opment stage for Cases Run6 and Run9 (Figures 5.15b and 5.17b), the ratio of the
two time scales ¢, gune/tv Runo[= (555 —355)/(40s — 23s) = 1.2] is approximately equal
to cube root of the ratio of the buoyancy flux (Bpruns/Brun7)/*(= 1.3), suggesting
that £, ~ (H?/B)'/3 is the correct time scale for the ring development stage within
the current angular velocity range.

The horizontal velocity components are more restrained with increasing rotation
rate, and the lateral temperature difference increases near the edges of the heat source
with increasing buoyancy flux, therefore the radial momentum and heat exchanges
near the edges of the heated disk are different for the system under different rotation
rates and subjected to different buoyancy fluxes. As a direct result, low patterns and
temperature distributions near the edges of the heated disk are different from early
in the simulation (Figures 5.14a, b, c and 5.17a). In terms of the number of the rings
observed for different rotation rates and buoyancy fluxes, it is only reasonable to make
comparisons within a region that is away from the edges of the heated disk. From
Figures 5.14a, b, c and Figure 5.17a, a uniform ring pattern can be seen for the radius
range from 0.03m to 0.17m in all four simulations (Cases Run6 to Run9). Within that
radius range, the number of observed rings is 17 for all the four runs for the current
geometric configurations, suggesting that the number of rings formed (or the critical
wavelength \.) depends only on the geometric parameters. The critical wavelength
Ac is the width of the layer divided by the number of rings when the critical Rayleigh
number Ra. occurs. As pointed out by Koschmieder (1993), little work has been
devoted to the measurements of the critical wavelength A. (therefore the number of
the rings) although . is a fundamental feature of the Rayleigh-Bénard convection.
There seem to be no reports in the literature about specific efforts to measure A..
Because the experiment carried out by Jacobs and Ivey (1998) did not study the

early stages of the convection process, no comparison can be made at this point.
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5.4.5 Generation of the Convective Cells

As the convective rings reach the top shelf, a chimney of the convected fluid, which
is mainly confined to the volume defined by the heated disk, is formed. Once the
convected fluids reach the top shelf, they begin to spread out along the top shelf.
Figure 5.18 shows that the axisymmetric ring structure still holds at {=140s. Figures
5.19 to 5.22 show a sequences of the side views of the temperature and instantaneous
velocity fields', and illustrate the development of the temperature and velocity fields
with time. Due to the existence of the adjacent slope, and therefore the along-
slope component of the gravitational acceleration constant, the convected fluid is
transported away along the top slope within a thin layer. Some radial adjustments
also occur at the bottom of the tank with colder ambient fluid moving radially in over
the heated disk. An inclined front dividing the heated and ambient fluid is observed,
and it evolves with time after the collapse of the chimney of the convected fluid.
Successive top views of the temperature field at corresponding times are shown in
Figures 5.23 to 5.26 to illustrate the evolution of the temperature field with time. At
t=140s, small wavy perturbations are observed on some of the convective rings (Figure
5.23). The amplitude of the perturbations grows with time and some rings have
broken into vortices by t=160s (Figure 5.24). By t=180s, the convective rings have
completely broken down into vortices (Figure 5.25). The convective vortices already
begin to merge at £=200s (Figure 5.26). Even though the temperature distribution
at £=200s (Figure 5.22a) is more uniform than that at {=140s (Figure 5.19a) due to
the horizontal mixing, individual convective cells are still being seen rising from the
heated disk (Figure 5.26). The individual elements of the convective cell consist of an
ascending core in the middle surrounded by a cylindrical surface on which descending
motions are observed (Figure 5.22).

The horizontal characteristics of the convective cells (vortices) can be seen from

LThe velocity vectors in the side view velocity field plots in this chapter are plotted at every third
point in the radial direction, at every seventh point in the vertical direction.
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the horizontal slices of velocity field? cut at three different vertical levels (5mm, 20mm
and 35mm, in Figures 5.27 to 5.29, respectively). By {=180s, a number of small scale
convective vortices is clearly visible at the lower level of the tank (5mm level) (Figure
5.27) above the heated disk . At this level, most of the cells are rotating cyclonically.
Away from the heated disk, there is a quiescent region. Between the two regions, an
azimuthal rim current which flows in a cyclonic direction is already developed. The
rim current is perturbed by the individual vortices. As explained by Coates et al.
(1995), the incoming ambient flow at the bottom of the tank must speed up in order
to conserve angular momentum and hence acquires a cyclonic rotation. The opposite
is true for the rim current at the upper level of the tank. Figure 5.29 shows that
the rim current at the 35mm level indeed flows in the anti-cyclonic direction. Figure
5.29 also shows that the outlines of the individual convective cells at the 35mm level
are not as clear as those at the 5mm level and the vortices now have no preferred
direction of rotation. As pointed out by Nakagawa and Frenzen (1955), the direction
of the horizontal circulation of each cell is that appropriate to the conservation of
angular momentum in the divergent or convergent field. At the mid-height of the tank
(20mm level), there is no distinguished rim current and only the general outline of the
convective cells can be seen (Figure 5.28). Three horizontal slices of the velocity field,
cut at the same three different vertical levels (5mm, 20mm and 35mm), are shown
in Figures 5.30 to 3.32 for t=200s. The merging of convective cells is evident at the
5mm level. The rim currents both at the 5mm and 35 mm levels, are stronger, and
the convective cells at all the three levels are more energetic. The along-front wave-
like instability appears to grow with time. By ¢=200s, the horizontally axisymmetric
flow pattern (Figure 5.18) has fully evolved into a quasi-2D vortex field (Figure 5.33).
A similar evolution process was also observed in the experiments of Boubnov and

Golitsyn (1986).

2The velocity vectors in the top view velocity field plots in this chapter are plotted at every sixth
point in the radial direction and at every point in the azimuthal direction.
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5.4.6 Development of the Baroclinic Instability

As mentioned before, the rim current is already perturbed by individual vortices by
t=180s (Figure 5.27). The vertical temperature fields at later times (Figures 5.34a
and 5.35a) show that the horizontal temperature difference between the convected
and ambient fluid increases with time. The lateral temperature (density) difference
increases with time, and so does the available potential energy. This available po-
tential energy is the energy source for baroclinic instability (c.f., Jacobs and Ivey
1998). Therefore, the increasing lateral temperature gradient leads the rim current
to undergo a baroclinic instability, which is forced by the individual vortices of the
convective flow. The vertical velocity fields (Figures 5.34b and 5.35b) show that both
the radial outflow at the top shelf and the inflow at the bottom have become stronger
with time. As shown in both the velocity field (Figures 5.36 to 5.39) and the tem-
perature field (Figures 5.40 and 5.41), the instability grows in amplitude with time,
while the number of the baroclinic eddies formed around the edge of the heated disk
decreases with time. A close examination of the horizontal velocity field at £t=240s
(Figure 5.36) reveals that each baroclinic eddy is made up of a number of individual
convective vortices. The shape of the eddies are somewhat different at different verti-
cal levels, i.e., the eddies at the lower level have narrow heads (Figure 5.37) and the
eddies at the higher level have full round heads (Figure 5.39).

Continuous temperature-time series were obtained at two fixed positions in the
tank, i.e., r/R;=0.5, 0.75 and y/H = 0.75. Figure 5.42 shows that the fluid is well
mixed horizontally within the convected region at y/H=0.75 level from early on and
therefore there was little horizontal temperature difference between the two radial
locations (r/R;=0.5, 0.75 and y/H = 0.75) within the convected region. Figure 5.43
compares the temperature-time history obtained by numerical simulation at two ra-
dial locations with an angular separation of 90 degrees (r/R;=0.75 and y/H=0.75)
with the experimental data collected at the same radial location (r/R;=0.75 and
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y/H=0.75) by Jacobs and Ivey (1998). Except for the spike between 100s and 120s
in the experimental data, which might be caused by uncertainty in the experiment or
the ramp up of the plate heating, the simulation result follows the trend of the exper-
imental data well. For time beyond 280s, the differences between the experimental
data and simulation results are simply due to the fact that the experimental probes
and the simulation probes were located at the different parts of the baroclinic eddies
at a given time.

There are conflicting results regarding whether the density anomaly between the
convected and ambient regions depends on the system rotation rate. Jones and Mar-
shall (1993), Chapman and Gawarkiewicz (1997) and Jacobs and Ivey (1998) all found
such a dependency. However, Brickman (1995) and Narimousa (1997) reached the
conclusion that the final density anomaly is independent of the background rota-
tion in a constant depth ocean. A comparison of the side view of the temperature
and velocity field for two cases (Case Run6 and Case Run8) with different system
rotation rates (Figures 5.35 and 5.44) shows that the lateral heat and momentum
exchanges are more restrained for higher rotation rates. Figure 5.45 shows the con-
tinuous temperature-time history for Cases Run6 and Run8, in which exact the same
conditions were maintained except for the different rotation rates. The temperature
is consistently higher for the higher rotation rate case, indicating clearly that the
temperature difference, and therefore the density anomaly, between the convected
and ambient regions depends on the rotation rate.

By the comparison of the horizontal velocity fields at the same level for two dif-
ferent rotating rates (Cases Run6 and Run8), it is clear that the size of the baroclinic
eddies depends on the rotation rate {2 of the system. The wavelength ) of the baro-
clinic eddies is found to be a function of the Rossby deformation radius Rp (Jacobs
and Ivey 1998), which is given by

gH

Rp =Yoo (5.30)
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where ¢’ = gBAT, B is the thermal expansion coefficient, AT is the average temper-
ature increase within the convected region, {2 is the system rotation rate, and H is
the distance between the tank bottom and the top shelf.

The number of baroclinic eddies observed by the Jacobs of Ivey (1998) was six at
y=20mm level for Case Run6. In their experiment, the flow pattern was obtained by
injecting fluorescent dye in the convective region. Their observed flow field resembled
more or less the simulated temperature field. There appear to be six baroclinic
eddies in the simulation result for the temperature field at =280 (Figure 5.41) as
well. However, a close look at the velocity fields at at the same time and the same
vertical level reveals (Figure 5.38) that there may be as many as nine instead of six
baroclinic eddies formed around the rimn of the heated disk. The nine eddies can be
seen more clearly at the lower vertical level (Figure 5.37), yielding a correlation of
A = 4.3Rp. For Case Run9, twelve baroclinic eddies were found at t=280s (Figure
5.46), which leads to a correlation of A = 5.8 Rp. Due to the difference in the number
of eddies observed in the simulation and the experimental results, the correlation
constants found in the two numerical simulation cases are lower than those found by
Jacobs and Ivey (1998), who reported a constant of 5.9+0.3. The correlation constant
found by present study falls within the experimental range of Saunders (1973) who
indicated a constant of 4.3+0.8, the experimental range of Brickman (1995) who found
a constant of 5.7+0.9 and the numerical result of Gawarkiewicz and Chapman(1995)

who found a constant of 5.

5.4.7 'Transfer of the Kinetic Energy

The resolved kinetic energy is defined as

l\.’)( 3

v |3
=l
-~

(5.31)
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The transport equation for §?/2 can be derived by multiplying the momentum equa-
tion [Eqn. (2.41)] by @;. Thus, we have

9 (1, d (& _ o [._ __ . 8 (@ —
5 G7) + o3 ("15) = "o [P KA (a' 98T ~ o
ou; ou; —
— .. G .. w4
Vaa:j 5z; + 7S+, (5.32)

where S;; is the resolved strain-rate tensor. The last two terms on the right hand
side of Eqn. (5.32) represent the viscous dissipation (e,) and SGS dissipation (€s4s)
terms. For the dynamic mixed model (Zang et al. 1993) introduced in Chapter 3 and
used in this chapter, ;; is

T = —2VT§;j + L?}, (5.33)

and the resulting expression for €45 is
€sgs = —21/1'—5_;]'—5;{]' + L::';—S—;j. (5-34)

When e, is negative, energy is transferred from the resolved scales to the sub-grid
scales; this is denoted as “forward scatter”. On the contrary, when €,,5 is posi-
tive, energy is fed into the resolved scales from the sub-grid scales, which is called
“backscatter”. Examination of the energy dissipation constituents and the energy
transfer between the resolved and the sub-grid scales provides information about the
effect of the SGS model.

The ratio of SGS to viscous dissipation at t=280s for case Run6 is shown in Figure
5.47. The area around the inclined front (Figure 5.35) which divides the heated
and ambient fluid is the location where SGS dissipation is the the largest, being up
to 40% of the total dissipation. Throughout other locations within the convected
region, the SGS dissipation represents a minor fraction of the total dissipation. The
SGS dissipation (esys) at t=280s for case Run6 is shown in figure 5.48. In Figure



CHAPTER 5 85

5.48, in order to highlight the forward and backscatter regions, €,,s has been non-
dimensionalized by the volume average of the molecular viscous dissipation, €, =
< ug%g% >, where < - > denotes the average over the whole domain. Figure 5.48
shows that interaction between the resolved and the sub-grid scales is again strong
near the lower part of the inclined front (Figure 5.35), resulting in both forward and

backward energy transfer. Forward scatter appears in the most of the other locations

within the convected region.

5.5 Summary

This study provided a step-by-step precise description of the development of a turbu-
lent rotating convective flow. The present simulations were able to show for the first
time the detailed temporal evolution and spatial structure of the three-dimensional
convective flow field. The simulation results also were in reasonable agreement with
the experimental data from an experiment by Jacobs and Ivey (1998). The following

are the findings for each stage of the convection process:

e The Growth of the Conductive Layer

A basic static state of heat conduction exists within a thin thermal layer - the

conductive layer. A correct length scale for the thickness of the conductive layer
is 6(t) ~ Vkt.
e The Ounset of Rayleigh-Bénard Convection

The time for the formation of the convective rings is determined only by the
supplied buoyancy flux B. The critical Rayleigh number Ra. dictates the onset
Rayleigh-Bénard convection, and is found here to be essentially independent of

rotation rate and buoyancy fluxes.

e The Development of the Convective Rings
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The time scale characterizing the convective ring development stage is given by

t ~ (H?/B)Y3.

e The Generation of the Convective Cells

The horizontally axisymmetric ring pattern breaks down and evolves into a
quasi-2D vortex field. A rim current develops around the rim of the heated disk

as a result of the Coriolis force.

e The Development of the Baroclinic Instability

The density anomaly depends on the system rotation rate Q. The wavelength
of the baroclinic eddies relates to the Rossby deformation radius as A = cFRp.

The correlation constant ¢ for present study is between 4.3 and 5.8.

e The Transfer of the Kinetic Energy

The SGS effect is significant around the inclined interface that divides the heated

and ambient fluid.

Several questions remain unanswered. The precise nature of the mechanism that
causes the breakdown of the convective rings and the formation of the individual
convective cells is unclear. In the turbulent rotating convective flow, the density
anomaly is thought to depend on the ratio R/H of the radius of the heated disk to
the distance between the tank bottom and the shelf. However, it is difficult to create
an aspect ratio R/H larger than 5-8 in the existing rotating convective flow laboratory
setup. Thus, it would be desirable to explore the case for R/H > 10 numerically and
to determine the dependence of the density anomaly on the ratio R/H in the future
work. The effect of changing the bottom slope on the size of the baroclinic eddies

could also be investigated by numerical simulations.
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Case Grid Q | Bx10°
N, x Ny x Ny |rad/s| m?/s®
Runl | 128 x 96 x 256 | 0.2 1.57
Run2 | 128 x 128 x 256 | 0.2 1.57
Run3 | 128 x 160 x 256 | 0.2 1.57
Run4 | 320 x 128 x 256 | 0.2 1.57
Run5 | 384 x 128 x 256 | 0.2 1.57
Run6 | 352 x 128 x 256 ;| 0.2 1.57
Run7 | 352 x 128 x 256 | 0.1 1.57
Run8 | 352 x 128 x 256 | 0.4 1.57
Run9 | 352 x 128 x 256 | 0.2 3.14

Table 5.2: Values observed at the onset of Rayleigh-Bénard convection

Case | t (s) | AT.(°C) | §(mm) | Ra. x 10° | Ta x 103
Run6 | 35 5.3 9.2 1.25 1.1
Run7 | 35 5.3 9.2 1.25 0.3
Run8 | 35 5.3 9.2 1.25 4.6
Run9 | 23 8.5 8.2 1.26 0.7

87

Table 5.1: Grid resolutions and physical parameters of rotating convection flow simulations
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Figure 5.2: A schematic of the setup for numerical simulation.
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Figure 5.3: An illustration of a section of the computational grid.
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Figure 5.4: Coordinate diagram.
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(c) Grid size 128 x 160 x 256
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Figure 5.5: Side view of the temperature field for @ = 0.2 rad/s, B = 1.57 x 10~% m?/s3

at t=46s.
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at t=40s.
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velocity field at t=20s for © = 0.2 rad/s, B = 1.57 x 10~ m?/s® (Case Run6).
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Figure 5.12: Top view of the temperature field at £=40s and y=20mm for Q = 0.2 rad/s,
B = 1.57 x 10~® m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
line.
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Figure 5.13: Expanded side view of the temperature and velocity fields at t=40s for
Q =0.2rad/s, B =1.57 x 107® m2?/s? (Case Run6).
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Figure 5.15: Side view of the temperature field at t=55s.
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Figure 5.16: Top view of the temperature field at t=55s and y=20mm for Q = 0.2 rad/s,
B =1.57 x 10~® m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
line.
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(Case Run9) at (a) t=30s and (b) t=40s.
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Figure 5.18: An iso-thermal surface at ¢=140s for Q = 0.2 rad/s, B = 1.57 x 10~ m?/s®
(Case Run6).
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Figure 5.23: Top view of the temperature field at t=140s and y=20mm for Q = 0.2 rad/s,
B =1.57 x 107 m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
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Figure 5.24: Top view of the temperature field at t=160s and y=20mm for Q = 0.2 rad/s,
B =1.57 x 10~® m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
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Figure 5.25: Top view of the temperature field at £=180s and y=20mm for Q = 0.2 rad/s,
B = 1.57 x 10~® m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
line.

274

027

Figure 5.26: Top view of the temperature field at t=200s and y=20mm for @ = 0.2 rad/s,
B = 1.57 x 1076 m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
line.
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Figure 5.33: An Iso-thermal surface at t=200s for Q@ = 0.2 rad/s, B = 1.57 x 10~¢ m?/s®
(Case Run6).
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Figure 5.40: Top view of the temperature field at t=240s and y=20mm for Q = 0.2 rad/s,
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Figure 5.41: Top view of the temperature field at £=280s and y=20mm for Q = 0.2 rad/s,
B = 1.57 x 107® m?/s® (Case Run6). The rim of the heated disk is marked by the dashed
line.
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Figure 5.44: Side view of (a) temperature field (b) expanded velocity field at t=280s for
Q = 0.4 rad/s, B = 1.57 x 10~® m?/s® (Case Run6).
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Figure 5.45: Temperature-time history at y/H=0.75 and r/R;=0.75 for Case Run6 and

Run8.
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B = 1.57 x 107% m2/s3 (Case Run8). The rim of the heated disk is marked by the dashed
line.
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Figure 5.47: Side view of the ratio of SGS to viscous dissipation at t=280s for Q =
0.2 rad/s, B = 1.57 x 10~ m?2/s3 (Case Run6).

Figure 5.48: Side view of the SGS dissipation at ¢=280s for @ = 0.2rad/s, B = 1.57x10~¢
m?/s® (Case Run6). Dashed lines represent negative values (forward scatter).



Chapter 6

Large-Eddy Simulation of Coastal
Upwelling Flow

6.1 Introduction

The use of the term “upwelling” follows that of Sverdrup (1938), who points out
that although upwelling is a widely used term in oceanography, a precise definition
has not yet been given. In general, upwelling is the result of horizontal divergence
in the surface layer, and usually the water comes from depths not exceeding a few
hundreds meters. Upwelling occurs mostly from spring to summer near the eastern
boundary of oceans (along the western coasts of continents) where prevailing winds
carry the surface water away from the coast because of the Coriolis effect. Because
upwelling brings cold and nutrient-rich deep water into the surface layer, it affects
fishery productivity, ecology and climatology in the coastal regions. Since the impor-
tance of upwelling is widespread, so is the literature. A brief review of the analytical,
numerical, experimental works and the field observations of coastal upwelling flows
that relates to the present study can be found in Zang (1993).

Zang and Street (1995) were the first to carry out a large-eddy simulation (LES) of
coastal upwelling flows which solved the full set of Navier-Stokes and scalar transport
equations, and they compared their results with the experimental results of Narimousa
and Maxworthy (1985 and 1987). Zang and Street made two approximations in their
simulations: they employed a fluid viscosity that is 12.5 times larger than that of the

water and they simulated upwelling flow in a section (one quadrant) of the tank used
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in the corresponding laboratory study. Their simulation results confirm several flow
structures observed in field observations and previous experiments and agree with
some analytical criteria quantitatively. Since the viscosity used in Zang and Street’s
simulation is larger than that in the corresponding experiments, it is difficult to
compare their simulation results to those measured data from the experiments which
depend on viscosity. Zang and Street (1995) pointed out the need for simulations
of high Reynolds number upwelling flows in a whole tank in order to yield a direct
comparison with the experiments measurements.

[t is the objective of the present study to carry out an LES of a full tank configu-
ration using the actual viscosity of the working fluid and to make direct quantitative
comparison with the measured data of the corresponding experiment. In the following
sections of this chapter, the LES are carried out for two different upwelling labora-
tory experiments, one conducted at the University of Southern California and one at
Stanford University. One of the important quantities in the upwelling flow, the disk
friction velocity u., is discussed with regard to its experimental measurement, analyt-
ical determination and numerical calculation. The LES results are compared to the
experiment measurements. The difference in the upwelling flow structures between

the two experiments is also discussed.

6.2 Upwelling Experiments

A series of laboratory-scale experiments of shear-driven coastal upwelling was con-
ducted by Narimousa and Maxworthy (hereafter referred to as NM) at the University
of Southern California. In NM’s experiments (1985 and 1987), a stably-stratified
two-layer system with fluids of slightly different densities is brought to solid-body
counter-clockwise rotation ) inside a cylindrical tank with a conical bottom. The
upper layer of working fluid is fresh water and the lower layer is salty water. At

time ¢=0, the top lid begins to rotate in clockwise direction at a rotation rate AQ}
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relative to the rotating tank to apply a stress to the top fluid surface. Upwelling flow
is thus generated by the relative rotation of the top lid. Details of the experimental
apparatus can be found in Narimousa and Maxworthy (1985). Similar experiments
are being carried out at the Environmental Fluid Mechanics Laboratory (hereafter
referred to as EFML) at Stanford University. Figure 6.1 is a schematic of the ex-
perimental apparatus. A summary of the geometric parameters of NM and EFML’s
experiment facilities is given in Table 6.1. In Table 6.1, H is the maximum depth of
the tank, h, is the initial depth of the upper layer, « is the slope angle of the sloping
bottom, R, is the outer radius, Rj is the inner radius, which is zero for NM’s tank,
and R; is the distance between the center of the tank to the outer edge of the bottom
of the tank. It can be seen from Table 6.1 that the experiment facilities at the two
sites differ in the following respects: (i) unlike the NM cylindrical tank, an annular
tank is used in the EFML experiment. (ii) the EFML tank is wider and taller than
the NM tank.

6.3 Setup for the Numerical Simulations

Large-eddy simulations of NM’s experiment have been carried out under exactly the
same conditions as the experiment except that a small cylinder of radius R;=0.045m
was cut from the numerical domain to eliminate the coordinate singularity at the
center. For the large-eddy simulations of EFML’s experiment, the geometry of the
flow domain is exactly the same as the configuration of EFML’s laboratory test facility.
In the simulations in this chapter, the subgrid dynamic mixed model (DMM) of Zang
et al. (1993) was used.
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6.3.1 Analytical Computation of the Grid Stretching and
Mapping

For similar reasons to those given in Chapter 5, analytical stretching functions and
analytical mapping functions are used in this simulation. The computational domain
in the physical space (r,y,8) can be mapped into a unit cube in the computational

space (R, )Y, 0) by the following mapping functions:

r— R,
= R (6-1)
_ Y—Yo 5
y = & (6.2)
0 .
0 = Y (6.3)
where
Rt - Ro - R;,_ (6.4)
Ry = R:—R; (6.5)
tana | 1 cosh A(r — R;)
Yo = B l:—A—, lOg cosh ARb + (T‘ — Rh)] (6.6)
A = 0.4mm™! (6.7)
and
R € [0,1] (6.8)
Yy € [0.1] (6.9)
© e [0,1]. (6.10)

The values of H, R,, Rn, R; and o are given in Table 6.1.
The grid points in the azimuthal direction of physical space (r,y, ) are distributed
uniformly due to the axisymmetric nature of the flow field. In order to resolve the



CHAPTER 6

131

boundary layers at the solid walls and the Ekman layer at the top lid, non-uniform

grids are used in the radial and vertical directions, with grid points clustered near

the solid wall and stretched out away from the solid wall. The grid points in the

computational space (&,7,() are distributed uniformly with grid size Af = Ap =

A( = 1. The following stretching functions are used,

_ 4 €
R = Ce Ng
1 {1 coshag, (E/Ne —be,) 1 cosh ag, (§/Ne — 1 + bg,)
—l—1 &1 1) L 2 2 )
* Ce l:afx ° cosh g, b& ae, o8 cosh aEz(l - b&z) (6 11)
dy 1
y = k. A
ey Ny
1|1 cosh a,, (n/Ny, — b,,) 1 cosh an,(n/N, — 1+ b,,)
i l T n m/ _ - I 2 n 2 .12
+ Cy [am 8 cosh a,, by, an, 8 cosh a,,(1 — by,) 6.12)
© = (/N (6.13)
where
_ 1 coshag (1 — b)) 1 cosh ag, be,
e = det ag, log cosh ag, b, N g log coshag, (1 — bg,) (6.14)
L cosha, (1 —b,) 1 cosh a,,b
- d 2 m m) 1 2 0m ]
“ nt m log cosh a,, by, a, 8 cosh an, (1 —by,) (6.15)
_ tana | 1 cosh A(r — R;)
d"? - eﬂ/ {fﬂ - ?-H [A log COSh ARb + (T Rh)] } - (6’16)
The values of the parameters used in the stretching function are
ag = Qg = 12 (6.17)
bg, = b;, = 0.3 (6.18)
de = 0.25 (6.19)
Gy, =Gy, = 12 (6.20)
by, =b,, = 0.3 (6.21)
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e, = 0.16 (6.22
fa 0.3, (6.23)

so that the stretching factor is less than 1.1 everywhere, which is consistent with the

findings of Hodges (1997). Note that

§ € [0,N] (6.24)
n € [0,V] (6.25)
¢ € [0,N(] (6.26)

and Ng, N, and N¢ are the numbers of control volumes in the &-, 7- and (-directions
of the computational space.
In the physical space, the Cartesian coordinates (z,y,z) and cylindrical coordi-

nates (r,y,#) are related as follows (Figure 6.2):

z = rcosf (6.27)
y =y (6.28)
z = rsinf. (6.29)

In summary, the relationship between the points in the physical space (z,y,z) and
those in the computational space (&,7n,() are defined by Eqns. (6.11) to (6.13) and

the following equations:

z = (Rp+ R:R)cos(270O) (6.30)
y = yo+ (H —y)Y (6.31)
= (Rx + R:R)sin(270), (6.32)

N
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where

= — . 6.33
Yo 2 A log cosh AR, +RR (6-33)

tan o [ 1 cosh A(R:R — Rs)

A section of the computational grid is illustrated in Figure 6.3.

6.3.2 Initial and Boundary Conditions

The working fluid, i.e., the stably-stratified fluid, is initially in solid body rotation (€2)
with the tank. The initial density field, which is horizontally uniform and vertically
separated by a narrow interface, approximates a “two-layer” stratified system with
a lighter fluid on top of a heavier fluid. The density difference between the lower
and upper layer is Ap. At time t=0, the top lid begins to rotate clockwise at a
rate AQ relative to the rotating tank to apply a stress to the top fluid surface, and
thus generates upwelling. The initial vertical density profile is approximated by a
hyperbolic tangent function. Since there are no experimental data available on the
thickness of the density interface, the interface thickness is chosen to be as small as
possible and yet large enough to be resolved by the computational grid. A no-slip
velocity boundary condition and no-flux scalar boundary condition are imposed at all

solid walls.

6.4 Determination of the Disk Friction Velocity

Upwelling at a steady rate is caused by offshore Ekman transport. The amount of
upwelling in a given region is proportional to changes in the Ekman flux across it,
which depends on the wind stress applied at the ocean’s surface. We define the disk
friction velocity u. to be the friction velocity applied to the surface of the fluid by
the top disk. The disk friction velocity is directly related to the surface shear stress
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7w at the disk as
Tw

Uy = ([ —-. (6.34)
p

Narimousa and Maxworthy (1985 and 1987) found in their experimental study that

the upwelling flow field can be characterized by a single non-dimensional parameter

’

9. = u{ ;‘; (6.35)
where Ap is the density difference between the two layers, ¢’ = gAp/po is the reduced
gravity between the two layers, hg is the initial depth of the top layer, f = 2Q is
the Coriolis parameter, u. is the disk friction velocity at the location of the upwelled
front, and A, is the distance from the final stationary upwelled front to the outer
edge of the tank. The parameter 6. combines the effects of stratification, rotation
and surface stress (or disk friction velocity), among which the surface stress is the
most difficult to obtain in the experiment or in the simulation. Therefore, in order
to quantitatively study upwelling flow, it is crucial to make accurate assessments of
the shear stress 7, (or disk velocity friction «.) in the experiments and to produce

accurate T, (or u.) in the numerical simulations.

6.4.1 Experimental Estimation of the Disk Friction Velocity

While is is possible in an accurate and well-resolved simulation to determine u. quite
precisely, it is often virtually impossible to get a quantitative estimation of u. in a
physical experiment. Thus, no direct measurements of u. were made by Narimousa
and Maxworthy in their experimental studies of upwelling flows (1985 and 1987).
Instead, they inferred the u. for their upwelling experiment from an analysis of the
experimental results of Kantha et al. (1977) and the experimental observation of
Narimousa et al. (1986) for different flows.

The experimental apparatus of Kantha et al.’s experiment (1977) consists of a flat
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bottom annular tank, which has inner and outer diameters of 106.7cm and 152.4cm,
respectively, and is 28cm deep. The tank initially contains two homogeneous layers
with a density difference Ap. The surface stress was applied by means of a rotating
screen at the fluid surface. The shear stress 7, applied at the fluid surface by the

screen is then

7w = pul = (Ty — Tr)/AR, (6.36)

where T} is the torque indicated by the deflection of the turntable, TF is the frictional
torque in the bearings, A is the surface area of the tank, R the mean radius and u. is

the disk friction velocity. By direct measurements of Ty, Tr and U, they found that

u. = 0.07U,, (6.37)

where U, is the speed of the screen. There are major differences between Kantha
et al’s experiment (1977) and Narimousa and Maxworthy’s experiments (1985 and
1987). In Narimousa and Maxworthy’s experiments, a solid top lid was used instead
of a screen. Narimousa and Maxworthy’s experimental apparatus is a cylindrical
tank, not a thin annular tank, thus their 7, (or w.) is a function of radius. Therefore,
it is not reasonable (as our simulations show) to assume 7, (or u.) to be independent
of radius as in Kantha et al’s experiment.

The experimental apparatus of Narimousa et al.’s experiment (1986) consists of a
recirculating water channel with a straight test section and a pump section both 2m
long. These two sections are joined by two semi-circular annuli of mean radii 0.45m.
The width of the channel is 0.15m in the test section and in the semi-circular annuli.
A two-layer fluid system with a free surface was produced initially. A disc pump was
used to produce a turbulent shear flow in the top layer. They define a friction velocity
of the pump u., which results from the pressure gradient force and the shear stress

force accelerating the flow arising from the action of the pump. They found that the
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mean mixed-layer velocity U is related to the friction velocity of the pump . as
U =~ 10.6u.. (6.38)

Narimousa and Maxworthy (1985) then conducted an experiment using the lowest
tank rotation rate @ = 0.622rad/s of their tank and made direct measurement of the
top-layer mean velocity U, and found that U is related to the top plate (disk) velocity
U, as

U ~ 0.7440,. (6.39)

By combining Eqn. (6.38) and Eqn. (6.39), Narimousa and Maxworthy concluded
that
u. = 0.07U,. (6.40)

There is fundamental difference between Narimousa et al.’s experiment (1986) and
Narimousa and Maxworthy’s experiments (1985 and 1987). In Narimousa et al’s
experiment (1986), the friction velocity of the pump u. is not caused by surface shear
stress and thus has a different physical meaning than the disk friction velocity of
Narimousa and Maxworthy’s experiment (1985 and 1987).

Based on the experimental results of Kantha et al. (1977) and the experimental
observation of Narimousa et al. (1986), Narimousa and Maxworthy (1985) directly
relate disk friction velocity u. with an independent variable, i.e., the known disk
velocity U, = rAQ, as

u. = 0.07U, = 0.07TrAQ. (6.41)

6.4.2 Theoretical Discussion of the Disk Friction Velocity

We consider the motion of a homogeneous, incompressible fluid rotating with an
angular velocity Q. Two horizontal rigid walls, located at y = 0 and y = —o0, are

perpendicular to the axis of rotation. A horizontal uniform velocity U,, is specified at
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the top wall and the bottom wall is kept stationary. The governing equations are :

%4-2—;4—%? =0 (6.42)
e - L (2 e e
o - (B2 e

where f = 2Q is the Coriolis parameter. The boundary conditions are

u=U,, v=w=20 at y=20 (6.46)

u— 0, v,w—0 as y — —Oo0. (6.47)

The analytical solutions to the above governing equations and boundary conditions!

u = Ug,exp (\/%y) cos ( )—{/-y) (6.48)

v = 0 (6.49)
w = Ug,exp (\/%y) sin( —f;y) . (6.50)

Thus, the shear stress at the top wall (y = 0) is

are

du vf
Ty = #@IFO = pU, 5 (6.51)

LRefer to Pedlosky 1987, page 186, for the solution procedure.
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and the top wall friction velocity is

2

4

2 1/4
v = [T — (uUwf) = (vuza)"". (6.52)

When we use this analytical solution to evaluate the disk friction velocity u. at the
upwelled front of the upwelling flow, we use the disk velocity at the radial location
of the upwelled front for the top wall velocity U, of the analytical solution, z.e.,
U, = rAQ. Thus, the analytical solution can only give an approximate estimation of
the u. value of the upwelling flow we are studying. The disk friction velocity at the
upwelled front evaluated by the derived analytical solution is given by

1/4

u. = [v(raQ)?Q] " (6.53)

6.4.3 Numerical Calculation of the Disk Friction Velocity

Since the surface shear stress 7, (or disk friction velocity u.) plays an important
role in the prediction of the upwelling flow, it is essential to calculate it accurately
in the numerical simulations. The primary length scale in the vertical direction is
the thickness of the Ekman layer. The scaling relations for a laminar Ekman layer
thickness 6% (Greenspan 1968) and a turbulent Ekman layer thickness 8% (Caldwell

et al. 1972) are
6y ~ ([= (6.54)
8§ ~ — (6.55)
where v is the kinematic viscosity and f is the Coriolis parameter. A grid resolution
study was performed to decide whether there are enough grid points inside the top and

the bottom Ekman layers. Two numerical simulations (see Table 6.1 and discussion

about it later) of NM’s experiment (Cases NM1 and NM2), with 128 and 160 grid
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points in the vertical direction, respectively, are carried out and the results are given
in Figure 6.4. Figure 6.4 shows that the two u. curves lay on each other indicating
that there are sufficient grid points inside the Ekman layers. Thus, 128 grid points in
the vertical direction will be used in the simulation runs. The azimuthally-averaged
u. at different times are plotted against radius r in Figure 6.5. Figure 6.5 shows that
u., which is always a function of r, first decreases with time, then stops changing
with time between £=200s (¢/t, = 0.91) and t=250s (t/t, = 1.14). A curve fitting of
the u. vs. radius r at t=250s (Figure 6.6) for the Case NM1 gives

u. = 0.0145r + 0.0025. (6.56)

The units for r and u. used in the above equation are m and m/s, respectively. For
this simulation case (Case NM1), the top lid rotation rate AQ = 0.185rad/s. Thus,

the relation between u. and U, =rTAQ is
u. = 0.078U, + 0.025 = 0.078rAQ + 0.0025, (6.57)

which is different from the formula obtained from experimental estimation [Eqn. 6.41].

6.4.4 Conclusions

In summary, at the stationary upwelled front r = 0.33m of Case NM1, the u. value
from the experimental estimation [Eqn. (6.41)], the analytical analysis [Eqn. (6.53)]
and the numerical calculation [Eqn. (6.57)] are ©$® = 0.0043m/s, u2** = 0.0096m/s
and u™™ = 0.0073m/s, respectively. As noted above, no direct measurements were
made toward u. in NM’s upwelling experiments. Instead, NM inferred the u. for
their upwelling experiments from an analysis of previous experiments using different
experimental apparatus. There are considerable differences between the NM’s and

the previous experiments, thus the experimental estimation [Eqn. (6.41)] may not
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give an accurate assessment of the u. value of the upwelling flow we are studying.
The analytical analysis performed above is based on a uniform fluid velocity, while
the fluid velocity is a function of radius in the upwelling low. Thus, the analytical
solution can only give an approximate estimation of the u. value of the upwelling flow.
The grid resolution study above shows that the current simulation is well resolved

and thus the u. value can be determined precisely.

6.5 Simulations Conducted and Relevant Parame-
ters

Two sets and a total of four cases of large-eddy simulations were carried out in this
work. The first set of simulations (Cases NM1 and NM2) simulate Case (a) of Nari-
mousa, Maxworthy and Spedding’s experiments (1991). The only difference between
the Case NM1 and NM2 is the grid resolution. The second set of simulations (Cases
EFML1 and EFML2) simulate EFML’s on-going experiments. The only difference
between the Case EFML1 and EFML2 is also the grid resolution. A summary of the
grid resolutions and physical parameters for the four cases of the simulation runs is
given in Table 6.2. The number of grid points for each case shown in Table 6.2 is for
interior points. Two fictitious points outside the physical domain are added in each
dimension in the simulations to facilitate implementing boundary conditions. The
reference time scale ¢, used this study is the spin-up time scale defined by Linden and
van Heijst (1984) as

ts = (ho/AQ)[(Q + AQ)/y]/2. (6.58)

The non-dimensional parameters for the two different upwelling experiments are given
in Table 6.3. 0. is the non-dimensional parameter defined in Eqn. (6.35), which can
be used to characterize the upwelling flow field (Narimousa and Maxworthy 1987).

The Rossby number € evaluates the ratio of the convective acceleration to the Coriolis
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acceleration. In the definition of €, U, = R,AQ is the maximum disk velocity, and
Lr = R, — Ry is a horizontal length scale. The Ekman number F gives the ratio of

the frictional force to the Coriolis acceleration. R is the geometric mean of the radii

R =\/R\R,, (6.59)

and the deformation radius for each layer is defined as

of the two layers

R =gkl f, (6.60)

where h; is the averaged initial depth of each layer and ¢’ = g(p, —p1)/p1. The values
of R are much smaller than L for both experiments, which indicates that the effect
of the inner wall of the annulus on the rotation-dominated flow structures near the

outer wall is small.

6.6 LES of Narimousa and Maxworthy’s Experi-

ment

6.6.1 Grid Resolution

A grid resolution study in the vertical direction was conducted in simulation Cases
NM1 and NM2 in Section 6.4.3 to determine whether there are enough grid points
inside the top Ekman layer. One hundred and twenty-eight grid points in the vertical
direction are thus used in the production run (Case NML1); 192 grid points are used
in the radial direction to ensure that there are five grid points inside the inner and
outer wall boundary layers. About 20 azimuthal frontal waves are observed by the
Narimousa et al. (1991). Three hundred and twenty grid points have been used in

the azimuthal direction to resolve the twenty waves.
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6.6.2 Qualitative Description

At time t=0s, the top disk is set to rotate clockwise relative to the system at disk
rotation rate AQ after the two-layer fluid system is brought to counter-clockwise solid-
body rotation at tank rotation rate €. A stress is then applied to the top surface of
the upper-layer of fluid by the differentially rotating disk. The fluid below the top
disk which moves with the disk is driven radially inward by the Coriolis force and
forms the top Ekman layer. The resulting Ekman flux causes the density interface to
rise near the outer wall and descend near the inner wall. As this process continues,
the density interface intersects the top disk and a surface front is formed. The time
scale when the front appears at the top surface is called the front-surfacing time ¢;.

Yoshida (1955) proposed a analytical criterion for ¢y as
ty = phoRf/s, (6.61)

where p is the fluid density, k¢ is the initial depth of the upper layer, f is the Coriolis
parameter, 7, is the surface stress and R is the geometric mean of the radii of the
two layers defined in Eqn. (6.59). For Case NMI, the front-surfacing time ¢ is
39s by Yoshida’s analytical criterion. The density field at ¢=40s (¢/t,=0.i8) from
LES is shown in Figure 6.7. We can see from Figure 6.7 that the density interface
reaches the top disk and a axisymmetric surface front forms near the outer edge of
the tank at t=40s (¢/t;=0.18), which is in agreement with the analytical prediction.
Zang and Street (1995) denotes the surface density front as the “primary front”.
Even before the density interface reaches the top surface, mixed layer fluid is carried
radially inward by the Ekman transport. Thus, a thin layer of the mixed fluid, which
is slightly heavier than the upper-layer fluid develops under the top disk. Zang and
Street (1995) denote this layer as the “top inversion layer”. At the tip of the top
inversion layer, another weak secondary front is developed.

The primary front migrates away from the outer wall after its formation and allows
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the lower-layer fluid to contact the top disk in a narrow strip of width A around the
outer edge of the tank, as shown in Figure 6.8. From Figure 6.8, which gives the
density field from LES at t=80s (£/t;=0.36), one can see that the top inversion layer
extends further towards the center of the tank. In the process of the migration of
the surface front, the Coriolis force tends to increase the distance from the outer
edge of the tank to the front A, while the radial pressure gradient caused by the
front deformation opposes the Coriolis force, and tends to stop the front. Eventually,
geostrophic balance is reached and the front becomes stationary, so that A reaches its
steady-state value \; at approximately t=220s (¢/t,=1.0).

A sequence of side views of the density field from t=40s (¢/t,=0.18) to 300s
(t/ts=1.36) is shown in Figures 6.9 to 6.12. They show that the top inversion layer
becomes thicker and a mixing zone can be seen developing with time near the outer
edge of the tank, which is consistent with the observation of Mooers et al. (1976).
Those figures also show that a Rayleigh-Taylor type of instability takes place in the
top inversion layer due to the unstable stratification, the heavier mixed fluid in the
top inversion layer begins to sink to the lower level and thus deepens the top inversion
layer.

Before the front becomes stationary, at some time when A < A, the front becomes
unstable to small perturbations and small amplitude azimuthal frontal waves appear
at the axisymmetric front. The developed instabilities are believed to be baroclinic
instabilities (Narimousa et al. 1991). The potential energy contained in the density
field is the source of kinetic energy for the baroclinic instabilities. A more detailed
discussion about the instability mechanism in the upwelling flow is given in Section
6.8 of this chapter. At t=80s (t/t;=0.36), such small amplitude frontal waves are
already seen at the axisymmetric front (Figure 6.8). When the waves first appear at
the front, they have their smallest wavelength. As time proceeds, neighboring waves
combine to create waves of larger size. The process continues until the waves reach

their maximum (saturated) size A,,. When the waves first appear at the front, they
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have their lowest azimuthal drift velocity in the direction of the applied stress. As
the neighboring waves combine to create waves of larger size, the drift velocity of
the waves also increases. The waves reach their maximum drift velocity u,, when the
waves reach their saturated size A, .

Figures 6.13 to 6.15 show the the top view density field and velocity field 2 de-
velopment from ¢=100s (£/t;=0.46) to 200s (t/t,=0.91). Due to the existence of the
frontal wave drift velocity, the velocity vectors are plotted in a reference frame trav-
eling with the maximum drift velocity ug in order to reveal the vortex-like structure
of the frontal waves. At t=100s (t/ts=0.46), Figure 6.13 shows a nearly axisymmet-
ric wave pattern. Figures 6.13 and 6.14 show that smaller frontal waves at ¢=100s
(t/ts=0.46) grow into larger waves at t=200s (¢/t,=0.91). By ¢=200s (¢/t,=0.91), the
previous axisymmetric bands of the mixed fluid at the unstable top inversion layer
break into isolated patches (Figure 6.14) and the heavier fluid sinks back to the lower
level (Figure 6.11). A close look at the density and velocity fields of four different
locations (points A, B, C and D) on Figure 6.14a reveals the rich flow structures in
the upwelling flow (Figures 6.15a, b, ¢ and d). The corresponding vertical vorticity
and velocity fields for the same four locations (Figures 6.16a, b, c and d) show that a
meandering, jet-like wave motion is produced around the outer edge of the upwelled
front, with cyclones to the offshore side (at a wave trough) and anticycloclones to the
inshore side (at a wave crest). In other words, the frontal waves appear in the form
of cyclone/anticyclone pairs when the axisymmetric front becomes unstable. These
wave troughs propagate in the direction of the applied surface stress and eventually
detach from the wave troughs. Figure 6.16a shows that a cyclone is about to pinch
off at location C. Meanwhile, a cyclone just pinches off at location D (Figure 6.16b).
At locations A and B (Figures 6.16c and d), the pinched-off cyclone interacts with its

neighboring frontal anticyclone and leads to generation of an outward meandering jet

2The velocity vectors are plotted at every second point in the radial direction, at every second
point in the azimuthal direction.
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transferring a filament of heavier fluid towards the center of the tank (Figures 6.15¢
and d). The flow structures observed here closely resemble those observed in one of
the NM’s experiment (1987) with similar parameters (Figure 6.17). Figure 6.18 shows
the density and velocity fields at ¢=220s (¢/t,=1.0) with the updated locations of the
four points marked at ¢=200s (¢/t,=0.91). The pinched-off eddies at locations A and
D continue to grow in size. From £=200s (¢/t,=0.91) to 300s (¢/t;=1.36) (Figures
6.14 and 6.19), the size of the frontal waves remain about the same, suggesting that

the frontal waves reach their saturated size during this time period.

6.6.3 Quantitative Comparisons with Experiment

Because the large-eddy simulation is carried out under the same conditions as NM’s
experiments, a direct comparison between the simulation results and the experiment
measurements can be made. Twenty saturated frontal waves are reported by NM
(1991). Figure 6.20 is a streak photograph of the flow field (top view) from NM’s
experiment. About seventeen saturated frontal waves are observed in the LES result
(Figures 6.14a and 6.19a). The saturated wavelength A, is related to the number of
saturated waves N, by A, = 27(R, — As)/N,. The discrepancy in the number of
saturated waves lies in the fact that it is difficult to count the number of waves accu-
rately from the highly irregular flow structures obtained, no matter in the experiment
or numerical simulation (Figures 6.19 and 6.20). The distance from the front to the
outer edge of the tank when the density front becomes stationary is the stationary-
front width \,. Its LES value is compared here to the measurements of NM (1987).
In NM'’s experiment, small neutrally buoyant particles were placed in the interface
between the two layers and their motion recorded by streak photograph. Figure 6.21
is a streak photograph of the flow field (top view) at ¢=320s (¢/t;=1.45) for Case
NM1. The radius of the tank is R,=0.45m and a direct measurement on the photo

gives a A; value of 0.13m. Figure 6.22 shows the side view of an azimuthally-averaged
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density field at £=320s (t/t,=1.45) from the LES. A A, value of 0.12m is obtained
from Figure 6.22. The uncertainty in the comparison of A, lies in the fact that there
is no experimental data available on the thickness of the density interface and the
specific vertical location where the small buoyant particles were placed initially is
unknown. In the LES, the density interface expands some distance (Figure 6.22), but
the location of the density plane with the average density value of the mixed layer is

chosen. The maximum drift velocity given by NM (1987) is
Uy = 0.370,, (6.62)

where U, = rAQ is the disk velocity. At the stationary front A; = 0.11m, u, is
0.023 m/s from the experiment. The computed wave drift speed from the LES result
is about 0.027m/s. In NM’s experiment, they measured the speed of the waves by
measuring their distance from a fixed point on the tank from photographs taken from
the experiments. In the LES, similar method is used except that the instantaneous
flow field plots are used to replace the photographs. The above comparisons are
summarized in Table 6.4. The differences for A, N, and u, between the LES-
computed and the experimentally-measured values are -8%, 18% and -15% of the

LES values, respectively.

6.7 LES of EFML’s Experiment

6.7.1 Grid Resolution

A grid resolution study in the vertical direction was conducted in simulation Cases
EFMLI and EFML2 to determine whether there are enough grid points inside the
top Ekman layer. Figure 6.23 shows that the two u. vs. r curves, obtained by
using different number of vertical grid points, are identical, indicating that there are

sufficient grid points inside the Ekman layers. Thus, 128 grid points in the vertical
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direction are used in the production run (Case EFMLL1); 256 grid points are used in
the radial direction to ensure that there are five grid points inside each of the inner
and outer wall boundary layers. Less than 20 azimuthal frontal waves have been
observed in the on-going experiment conducted at EFML. Three hundred and twenty

grid points have been used in the azimuthal direction to resolve these waves.

6.7.2 Simulation Results

The on-going experiment at EFML has not produced production data sets yet; thus
only a qualitative description of the time evolution and structure of the upwelling flow
will be provided. Tables 6.2 and 6.3 summarize the physical and the non-dimensional
parameters used for the two different upwelling cases. Since the EFML’s tank is much
bigger than NM’s tank, it is structurally unsafe to rotate as fast as NM’s tank. Thus,
the main difference lies in the tank rotation rate. From Table 6.3, one can see that the
6. value for Case EFML1 (0.=5.8) is more than four times bigger than that of Case
NM1 (6.=1.4), which is mainly due to the slow rotation of both the tank and the
disk. Narimousa and Maxworthy (1985 and 1987) found in their experimental study
that the upwelling flow field can be characterized by the non-dimensional parameter
f.; accordingly, flow field features different from those observed in Case NM1 are
expected.

As in Case NMI1, at t=0s, the top disk exerts a stress to the fluid surface as
it rotates opposite to the tank’s rotation. The applied surface stress produces an
along-shore shear low and an offshore Ekman flux in the top layer. The resulting
Ekman flux causes the density interface to descend near the inner wall and to rise
near the outer wall. At t=50s (t/t;=0.2), the density interface just intersects the
top disk and forms an axisymmetric density front (Figure 6.24). The front-surfacing
time tf predicted by Yoshida’s analytical criterion [Eqn. (6.61)] is 56s. Driven by the

Coriolis force, the front migrates further away from the outer wall. In this process,
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the upwelling front becomes unstable to small perturbations and baroclinic instability
develops. By t=100s (t/t;=0.4), a narrow strip of lower-layer fluid has appeared
at the surface around the outer edge of the tank, and small amplitude baroclinic
frontal waves have also appeared at the axisymmetric front (Figure 6.25). As time
proceeds, the frontal waves continue to grow in size (Figures 6.26 to 6.28) 3 and
develop into large amplitude baroclinic waves. Due to the existence of the frontal
wave drift velocity, the velocity vectors are plotted in a reference frame traveling
with the maximum drift velocity uy in order to reveal the vortex-like structure of
the frontal waves. The wave structure consists of cyclone/anticyclone pairs (Figure
6.29) as observed in Case NM1. At a later time £=300s (¢/t,=1.2), the flow structures
(Figure 6.30) remain similar to those observed before (Figure 6.28) and still no pinch-
off process occurs (Figure 6.31). When the horizontal pressure gradient caused by
the front deformation balances the Coriolis force and the front becomes stationary
at a distance A, from the outer edge of the tank. The disk friction velocity u. at
different times are plotted against radius r in Figure 6.32. Figure 6.32 shows that
u. first decreases with time and is approaching to a constant value at each radial
location at approximately t=250s (¢/t,=1.0), suggesting that the upwelling front is
just becoming stationary.

The time evolution process of simulation Case EFMLI is similar to that of sim-
ulation Case NM1. However, a close examination of the flow structure reveals the
following differences between the two simulation cases. The amount of upwelling in
a given region is proportional to changes in the Ekman flux across it, which depends
on the shear stress applied at the fluid surface. As a result, the top inversion layer is
much thinner in Case EFML1 (Figures 6.33 to 6.36) than that of Case NM1 (Figures
6.9 to 6.12). The top inversion layer is so thin that the sinking of the mixed fluid in

3The velocity vectors are plotted at every third point in the radial direction, at every second
point in the azimuthal direction.
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the top inversion layer due to unstable stratification in Case EFMLLI is not as obvi-
ous as that of Case NM1. A mixing zone can be seen developing with time near the
outer edge of the tank, as in Case NM1. Compared to Case NM1 (Figure 6.18), the
frontal instabilities in Case EFMLI1 are less intense (Figure 6.28) at the same non-
dimensional time ¢/t, = 1. This finding is consistent with the observation of NM’s
experiments (1987). NM (1987) reported that the frontal instabilities are much more
intense and the upwelling front itself display strong unsteadiness and cyclonic eddies
containing the lower-layer fluid pinches off from the front at low 4. values (6. < 6).
At large values of 0. (6. > 6), the frontal waves are large, and they tend to remain
at the front and consequently no pinch-off process is observed. Unlike Case NMI,
the frontal waves remain at the frent and no pinch-offs are observed (Figure 6.31) by
=300s (¢/ts = 1.2) for Case EFML1 (0.=5.8). Likewise, no pinch-offs were found in
the EFML physical experment either under the same conditions. While in Case NM1
(6.=1.4), pinched-off eddies and jet-like motions are already observed (Figure 6.16)
at t=200s (t/t; = 0.91). This finding agrees with the observations of both the NM’s
experiments (1987) and the EFML experiments.

6.8 Instability Mechanism

In order to better understand the upwelling flow, it is important to identify the in-
stability mechanisms in the flow. When the experimentally measured values of the
saturated wavelength A, obtained by Narimousa et al. (1991) are compared with
those obtained in previous studies of baroclinic turbulence (Phillips 1954; Griffiths
and Linden 1982, Chia, Griffiths and Linden 1982; and Killworth, Paldor and Stern
1984), good agreement is achieved. Narimousa et al. (1991), thus, believes that the
frontal waves first appear at the front due to baroclinic instabilities. The potential
energy contained in the density field is the source of kinetic energy for the baroclinic

instabilities. After the eddies are pinched off from the front, their scale increases
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and such eddies could be equivalent-barotropic type (McWilliams 1984). However,
Griffiths and Linden (1981) showed that at values ho/H,yg > 0.25 (Hgzug is the aver-
age total depth of the water), which is the case in NM’s experiments, the generated
instabilities are of baroclinic type. Tadepalli (1997) showed that the primary insta-
bility of the upwelling flow in NM’s experiment is of mixed barotropic-baroclinic type
based on a linear instability analysis of two-layer, inviscid, shallow water equations.
A formal stability analysis, which should include the effects of rotation, stratification,

three-dimensional shear and possibly viscosity, is still needed in the future.

6.9 Summary

Large-eddy simulations of two different full tank configurations using the actual vis-
cosity of the working fluid were carried out. Different approaches to assess an im-
portant quantity, namely, the disk friction velocity u., in the upwelling flow are
discussed. The simulation results are compared to experimentally measured data and
good agreement is obtained. The three-dimensional LES results are able to reveal the

complex upwelling structures in detail. The main findings are:

e A single non-dimensional parameter 6. can be used to characterize the upwelling
flow field. At low . values, the frontal instabilities are much more intense
and the upwelling front itself displays strong unsteadiness and cyclonic eddies

containing the lower-layer fluid pinch off from the front.

e The primary front is unstable to azimuthal perturbations and develops large

amplitude baroclinic waves.

o The frontal wave structure consists of cyclone/anticyclone pairs, associated with

jet-like motion.

o A Rayleigh-Taylor type of instability takes place in the top inversion layer due

to the unstable stratification, the heavier mixed fluid in the top inversion layer
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sinks back to the lower level. Consequently, the secondary front breaks into

isolated patches.

e A mixing zone can be seen to develop with time near the outer edge of the tank.

The effects of bottom topography and coastal perturbations should be studied in
the future. A formal stability analysis, which should include the effects of rotation,

stratification, three-dimensional shear and possibly viscosity, is also needed.
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Table 6.1: Geometric parameters of upwelling simulations

Case [ H (m) | ho (m) [ a(®) | Ba (m) | Ba (m) | B (m)
NM 0.15 0.026 15 0.45 0.0 0.055
EFML | 0.1905 | 0.03048 | 15 0.9144 | 0.2286 | 0.3302

Table 6.2: Grid resolutions and physical parameters of upwelling simulations

Case Grid Q AQ | Ap/p v ts
N, x Ny, x Ng |rad/s |rad/s | kg/m® | m?/s| s
NM1 192 x 128 x 320 | 2.27 | 0.185 | 0.018 | 10~° | 220
NM2 192 x 160 x 320 | 2.27 [ 0.185 | 0.018 | 10~° | 220
EFMLI | 256 x 128 x 320 | 0.628 [ 0.105 | 0.015 | 10~° | 250
EFML2 | 256 x 160 x 320 | 0.628 | 0.105 | 0.015 | 107° | 250

Table 6.3: Non-dimensional parameters of two different upwelling simulations

Case | 0% =g'hofu.frs | e=U,/fLr | E=v/fH?* | R/Lgp
NM1 1.4 0.045 9.8 x107° | 0.047
EFML1 5.8 0.11 2.2 x107° | 0.099

Table 6.4: Comparisons of LES-computed and experimentally-measured values

Case | A\s (m) | Ny | uy, (m/s)
LES | 0.13 | 17 0.027
NM 0.12 20 0.023
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Wind shear disk

Figure 6.1: A schematic of the cross-section of the experimental apparatus.

z r

Figure 6.2: Coordinate diagram.
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Figure 6.3: An illustration of a section of the computational grid.
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Figure 6.4: Disk friction velocity u. vs. radius r at £=25s for different numbers of vertical

grid points.
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Figure 6.5: Disk friction velocity u. vs. radius r at different times (NM1).
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Figure 6.6: Curve fitting of disk friction velocity u. vs. radius r at ¢ = 250s (NM1).
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Figure 6.7: A section of the density field at ¢/t,=0.18 (Case NM1).

Figure 8.8: A section of the density field at ¢/t,=0.36 (Case NM1).
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Figure 6.9: Side view of the density field at t/t,=0.18 (Case NM1).
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Figure 6.10: Side view of the density field at ¢/t,=0.46 (Case NM1).
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Figure 6.11: Side view of the density field at t/t,=0.91 (Case NM1).
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Figure 6.12: Side view of the density field at t/t,=1.36 (Case NM1).
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Figure 6.13: Top view of (a) density field (b) velocity field at y/H=0.9 and t/t,=0.46 for
Case NM1.
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Figure 6.14: Top view of (a) density field (b) velocity field at y/ H=0.9 and t/t,=0.91 for
Case NM1.
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Figure 6.15: Expanded top view of the density and the velocity fields at four different
locations at y/H=0.9 and t/t{,=0.91 for Case NM1.
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Figure 6.15 (continued) (b) density and velocity fields around point D
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Figure 6.15 (continued) (c) density and velocity fields around point A
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Figure 6.15 (continued) (d) density and velocity fields around point B
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(a) vertical vorticity and velocity fields around point C

Figure 6.16: Expanded top view of the vertical vorticity and the velocity fields at four
different locations at y/ H=0.9 and t/t,=0.91 for Case NM1.
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Figure 6.16 (continued) (b) vertical vorticity and velocity fields around point D
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Figure 6.16 (continued) (c) vertical vorticity and velocity fields around point A
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Figure 6.16 (continued) (d) vertical vorticity and velocity fields around point B
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Figure 6.17: A combined dye and streak photograph with parameter values of Q@ =
2.47rad /s, AQ = 0.18rad/s, h,=0.026m, Ap/p=0.026 [Figure 12(b) of Narimousa and Max-
worthy (1987)]. PC, AE are for pinched-off cyclones and anticyclonic eddies, respectively.
The frontal waves are indicated by F.



CHAPTER 6 172

x (m)

(b)

Figure 6.18: Top view of (a) density field (b) velocity field at y/H=0.9 and ¢/¢,=1.0 for
Case NM1.
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Figure 6.19: Top view of (a) density field (b) velocity field at y/H=0.9 and t/t,=1.36 for
Case NM1.
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Figure 6.20: A streak photograph of the flow field (top view) for Case NM1 [Figure 1(c)
of Narimousa et al. (1991)].
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Figure 6.21: A streak photograph of the flow field (top view) at t/t,=1.45 [Figure 2(c) of
Narimousa and Maxworthy (1987)].
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Figure 6.22: Side view of an azimuthally-averaged density field at ¢/t,=1.45 (Case NM1).
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Figure 6.23: Disk friction velocity u. vs. radius r at t=20s for different numbers of vertical

grid points.
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Figure 6.24: A section of the density field at t/t,=0.2 (Case EFML1).

Figure 6.25: A section of the density field at t/ts=0.4 (Case EFMLI).
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Figure 6.268: Top view of the density and the velocity fields at y/H=0.95 and t/t;=0.6
(Case EFMLI1).
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Figure 6.27: Top view of the density and the velocity fields at y/H=0.95 and t/t,=0.8
(Case EFML1).
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Figure 6.28: Top view of the density and the velocity fields at y/H=0.95 and ¢/t,=1.0
(Case EFMLI1).
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Figure 6.29: Top view of the vertical vorticity and the velocity fields at y/H=0.95 and
t/ts=1.0 (Case EFML1).
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Figure 6.30: Top view of the density and the velocity fields at y/H=0.95 and t/t,=1.2
(Case EFMLI1).
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Figure 6.31: Top view of the vertical vorticity and the velocity fields at y/H=0.95 and
t/ts=1.2 (Case EFML1).
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Figure 6.32: Disk friction velocity u. vs. radius r at different times (Case EFML1).
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Figure 6.34: Side view of the density field at £/t;=0.8 (Case EFML1).
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Figure 6.35: Side view of the density field at t/t,=1.0 (Case EFML1).
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Figure 6.36: Side view of the density field at t/t,=1.2 (Case EFML1).
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Data Assimilation by Nudging of
the Upwelling Flow

7.1 Introduction

The name “data assimilation” originated in meteorology about thirty years ago. Data
assimilation is a process that combines a numerical model simulation with one or more
measured data sets in real time to improve the forecast. A review of data assimilation
in meteorology and oceanography can be found in Ghil and Malanotte-Rizzoli (1991).

Nudging is one of the assimilation methods. The nudging scheme was first in-
troduced in meteorology by Anthes and colleagues (Anthes 1974; Hoke and Anthes
1976). Prompted by the new availability of global synoptic data sets provided by
satellite, the nudging scheme was later introduced for oceanographic data assimila-
tion by Verron and Holland (1989) and by Holland and Malanotte-Rizzoli (1989). The
altimetric data set can provide information about the sea surface elevation. Ocean
acoustic tomography is the technique that is capable of providing synoptic mapping
of the interior of a water body. The combination of altimetry and tomography is often
presented as the definitive answer to detailed measurement of the ocean. Experiments
such as (SYNOP) project, sponsored by the Office of Naval Research, provide data
sets collected in limited regions that can be used for local data assimilation. The
Optimum Thermal Interpolation Scheme (OTIS) developed at the U.S. Navy Fleet
Numerical Oceanography Center provides a global data set for global data assimila-
tion. Nudging not only has been used in localized, surface data sets but also has been
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tested by assimilating of the three-dimensional interior temperature and salinity field.
For more recent and realistic assimilations, see Malanotte-Rizzoli and Young (1995).

Unlike previous nudging experiments, in which only simplified equations were em-
ployed, we will perform time intermittent nudging to upwelling flow results obtained
by solving three-dimensional Navier-Stokes equations. This chapter is organized as
follows. In Section 7.2, the general nudging scheme is introduced. Section 7.3 dis-
cusses the data sets used in the nudging scheme. In Section 7.4, the application of
nudging scheme to the specific upwelling flow is presented. Seven nudging exper-
iments were carried out to study the dependence of the assimilation results upon
the time-scale and the nudging coefficient in the nudging term and to evaluate the

effectiveness of nudging the velocity field (u,v,w) and/or the density field p’.

7.2 Nudging Scheme

The governing equations are the three-dimensional Navier-Stokes equations and the
scalar transport equation described in Chapter 2. A complete description of the
model, including its implementation, solution procedures can also be found in Chap-
ter 2. After moving all the terms except the time-derivative term in the governing
equations to their corresponding Right-Hand Sides (RHS), the governing equations

can be written schematically as

af
5; = RHS, (7.1)

where variable f represents u,v,w or p’ and RHS contains all the terms except the
unsteady term of the governing equations. Following the original formulation by

Anthes (1974), the equation for nudging can be written in a general form as

af N obs
'a_t = RHS - Z G(5t7 5rn)(f - fn )7 (7'2)

n=1
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where fobs n=1,...,N, are the measurements of f at N observational stations, G is a
function of space and time, 6t is the time separation between the observation times
t°*s and the model evaluation time ¢, and ér, is the distance between the model grid
point (z,y,z) and the observational point (z%, yobs, z2b). The equation for nudging
is then integrated forward in time. During the integration period, Eqn. (7.2) is
modified at each time step by a correction based on N observed data. For effective
assimilation, data needs to be available at time intervals that are shorter than the
time scale over which the model loses memory of the initial state. As pointed by
Anthes (1974), there is no general form of G that will apply to all dynamic models,
nor even to the same model under different synoptic conditions. For example, the
decay of G with distance separation should be larger in a region of strong gradient,
such as baroclinic zone, than in a quiet, barotropic zone. The decay of G with time
separation in a highly transient regime should be much larger than during a more
steady regime.

The convergence of the assimilation experiment towards the observations is quan-
tified by monitoring the time evolution of the global root-mean-square (r.m.s.) dif-

ference between the model-predicated variable f and the corresponding independent

observations f°Y as:

1 N
rms = \l S (f ~ fobep, (7.3)

n=1

where NV is the total number of grid points.

7.3 Data Sets

In data assimilation, observed data has to be inserted into a numerical model as it
is integrated forward in time. Therefore, two sets of data, one from real measure-

ments and the other generated by the numerical model are needed. The numerical
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simulation of upwelling flow corresponding to Narimousa and Maxyworthy’s exper-
iment (Narimousa and Maxyworthy 1987) were performed on a fine computational
grid of 192(radial)x128(vertical) x320(azimuthal). The physical parameters relevant
to the upwelling flow and an illustration of the computational grid can be found in
Chapter 6. The simulation results are in good agreement with the corresponding
experimental data. Since the previous lab experiment did not provide the data for
three-dimensional velocity and density fields, the high resolution simulation data will
be used to represent the measured data in the absence of the real measured data from
experiment. The fine resolution simulation run will be called hereafter the “control
run” and the data obtained from the control run will be used as the observation data.
Although the fine-grid computation produces accurate results, it also led to high
computation cost. We will reduce the computational grid size from 192x128x320 to
96x128x160. Nudging is then performed to assimilate the observed data into the
coarse grid numerical forecast to produce a new improved forecast. The new forecast

results will be compared to the control run results.

7.4 Application of Nudging Scheme

In this section, three-dimensional global data sets of the three velocity field (u,v,w)
and/or the density field p’ are assimilated intermittently at every model grid point.
Following Malanotte-Rizzoli and Young (1995), the function G in Eqn. (7.2) takes

the form:
G(z,y,z,t) = Rori(z,y, z)ra(t), (7.4)

where Ry is an inverse time constant. The spatial structure ri(z,y, z) takes the form

ri(z,y,z) = eT/E, (7.5)
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where 67, = [(z —z2%)% +(y —y°P®)% +(z —22>%)?]'/2 is the distance between the model
grid point and the observation point; thus the point information is smoothed around
the measurement point by a Gaussian function. L is a length-scale, usually prescribed
to be of the order of the Rossby deformation radius of the region. Regarding the time
dependence of the data, there are usually two types of applications, i.e., forecast and
hind-cast. In a forecast experiment, there is no future data available. However, in
a hind-cast experiment, there are a whole time series of data to work with. The
hind-cast type of application has been used in the present implementation. Thus we
choose the following time dependence for the data insertion:

t _tobs +At

r2(t) = tanh [a( A7

)] o — At <t < ¢obs, (7.6)

where At is the time interval over which nudging is performed, a is a dimensionless
constant and At/a is a decay time-scale for the nudging. The observation fields begin
to influence the numerical model evolution before the moment that the observation
data are taken, and the inserted observation data is felt most strongly at the obser-
vation time £°°5. When the nudging is repeated for every At seconds, the time £ is
reset each time new observation data become available.

As the data sets are provided at every model grid point in this work, the spatial
error function r; [Eqn. (7.5)] is unity and drops out of the function of errors G [Eqn.

(7.4)]. The equation for nudging becomes:

t — t°b% + At

At/a

of _
E = RHS—Rota.D.h (

) e em_ar<e<e @)

Implementation of Eqn. (7.7) is particularly straight-forward. The simplicity of
nudging as a data assimilation scheme has made it very popular in a broad range of
oceanographic and meteorological applications. However, in order to perform nudging

effectively, the proper length-scale L, the time-scale At/a and the nudging coefficient
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Ry should be decided by case study for each specific flow.

The observation data are inserted into the numerical model every At =2.5 seconds
at every model grid. The time step for the numerical simulation is 0.005 second. At
each nudging period, the equation for nudging is integrated from b5 — At to £°PS.
Each nudging experiment lasts 10 seconds. The assimilation starts from initial time
t = 80s, when the density front has migrated from the outer wall and the baroclinic
frontal waves have just begun to develop (Figure 7.1). The simulation results of the
control run at ¢ = 85s and t = 90s (Figures 7.2 and 7.3) show that the baroclinic
frontal waves grow in amplitude with time. For comparison, the results of the coarse
grid simulation run without nudging at corresponding times (¢ = 85s and t = 90s) are
shown in Figures 7.4 and 7.5. It is obvious that the coarse grid simulation without
nudging cannot resolve the evolution of the baroclinic frontal waves with time and
the top view density fields are completely different from the control run results.

A number of assimilation experiments have been performed in this chapter and
they are summarized in Table 7.1. First, the effects of changing the time scale At/a
are studied in experiments Expl to Exp3 and the effect of changing nudging coefficient
Ry are studied in experiments Expl, Exp4 and Exp5 while both the velocity fields
(u,v,w) and the density field p’ are nudged. Then the efficacy of nudging only the
velocity fields (u,v,w) or the density field p’ is compared to nudging both of them.

7.4.1 Effect of Changing Time Scale

The time scale At/a defines how fast the data are assimilated toward to the observa-
tion data. Three assimilation experiments (Expl to Exp3) with different At/a values,
i.e., At = 2.5s and a = 12, 3 and 1 are performed. The nudging coefficient value
Ro = 257!, which strongly relaxes the model evolution toward the observation, is
chosen. The density field and the time evolution of the normalized r.m.s. differences

between the control run results and the simulation results of the three experiments
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are presented in Figures 7.6 to 7.8. All the r.m.s. difference curves presented in this
chapter are normalized by their initial values at each nudging period, thus giving a
value of 1 at the beginning of each nudging period. One may notice that the vertical
velocity v field converges better than the other two velocity fields in the first nudging
period. This is because that the assimilation run has the same number of vertical
grid points as the control run and thus the vertical velocity field has a better initial
value than the other two velocity fields at the first nudging period.

Figures 7.6b, 7.7b and 7.8b show that the time scale At/a directly affects the
convergence rate of the normalized r.m.s. differences. The r.m.s. difference converges
slower with an increasing At/a value (or a decreasing a value). Figures 7.6b and
7.7b show that the nmormalized density r.m.s. difference eventually reaches the same
asymptotic value for @ = 12 and a = 3 cases at a decreasing convergence rate, while
the normalized density r.m.s. difference for a = 1 case reaches a slightly higher value
at the slowest rate (Figures 7.8b). Therefore, the top view density fields of cases
a =12 and a = 3 (Figures 7.6a and 7.7a) are identical and the top view density field
for a = 1 case (Figure 7.8a) is slightly different from the other two cases. The density
fields of all the three cases resemble the control run density field. For the a = 12
and a = 3 cases, each normalized r.m.s. difference of the velocity component reaches
its distinct asymptotic value quickly. However, the normalized r.m.s. difference for
the velocity component for @ = 1 case converges too slowly so that the velocity
field evolves differently than the fast converging cases (i.e., cases @ = 12 and 3) and
each of the normalized velocity r.m.s. differences reaches an asymptotic value that is
about 40% higher than its corresponding normalized r.m.s. difference of the other two
cases, indicating that the evolved velocity field at ¢ = 90s for a = 1 case is different

for a = 12 and a = 3 cases.



CHAPTER 7 194

7.4.2 Effect of Changing Nudging Coefficient

The nudging coefficient Ry decides the intensity of the nudging. Holland and Malanotte-
Rizzoli (1989) carried out a sensitivity study by changing the value of Ry. They found
that the nudging term is very weak and the data assimilation process is ineffective
for small Ry values, while too large R values “shock” the model dynamics with the
excitation of undesirable internal gravity waves. These two extreme behaviors should
be avoided in the process of choosing an Ry value. The nudging coefficient value
Ry = 257! was used in the time scale study. Two more assimilation experiments
(Exp4 and Exp5) with different Ry values, i.e., Ry = 45~ and 1s™! are carried out.
The time scale At/a is fixed at 2.5/12s.

The results of assimilation experiments with Ry = 25! and 4s7!, i.e., with in-
creasing nudging strength, are shown in Figures 7.6 and 7.9. The top view of the
density field at ¢ = 90s for each of the two experiments (Figures 7.6a and 7.9a) are
almost identical to the control run results at the same time (Figure 7.3). The time
evolution of the normalized r.m.s. differences between the control run results and the
simulation results for the corresponding experiments (Figures 7.6b and 7.9b) show
that simulation data converges better toward the observation data with increasing
Ry values. For the assimilation experiment with Ry = 1s~!, Figure 7.10a shows that
the density field has already departed from the control run results (Figure 7.2) by
t = 85s, even though the nudged density field is improved compared to the simulation
run density field without nudging (Figure 7.4). The time evolution of the normalized
r.m.s. differences (Figure 7.10b) for the same experiment shows that the r.m.s. differ-
ences already converge to higher values (about 40% and 95% higher than Ry = 2s7!
and 4s™! cases, respectively) by the end of the second nudging period, indicating that
the assimilation results are diverging from the observation data. Therefore, one can
reach the conclusion that the nudging with Ry = 1s™! is too “gentle” and fails to keep

the evolution of the baroclinic waves close to the control run for the present upwelling
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flow case. Even though a large Ry value can drive the flow field toward the control
run results, as pointed out by Malanotte-Rizzoli and Young (1995), a very strong
nudging intensity over-constrains the model and the effect is similar to a replacement

of the numerical field by the observation data.

7.4.3 Nudging Velocity Field or Density Field

The experiments of nudging both the velocity field (u,v,w) and the density field p’
have been performed. We now proceed to study the effects of nudging the velocity
field (Exp6) or the density field (ExpT7) alone. A strong nudging coefficient Ry = 4s~!
and a small time scale At/a = 2.5/12 are chosen. The assimilation experiment result
of nudging velocity field (u,v,w) alone is shown in Figure 7.11. Examination of
the normalized r.m.s. difference between the control run results and the simulation
results indicates that the normalized r.m.s. difference of the density field decreases
only about 30% in the first nudging period, decreases only about 10% in the second
nudging period and then has an increasing trend. The nudged velocity components u
and w converge well to the observation data. However, the vertical velocity component
v converges poorly to the observation data because the poorly converged density field
affects the vertical velocity via the buoyancy term. The top view density field shown in
Figure 7.11a reveals that the density field is completely different from the control run
density field (Figure 7.2) by t = 85s. The result suggests that a globally converged
velocity field cannot lead to the expected time evolution of the density field near
the baroclinic wavy front without the guidance of the “correct” information of the
observation density field.

The assimilation experiment result of nudging the density field p’ alone is shown
in Figure 7.12. Without nudging the velocity field, the simulated velocity field quickly
departs from the control run result as indicated by the increasing normalized r.m.s.

differences between the control run results and the simulation results (Figure 7.12b).
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The normalized r.m.s. difference of the vertical velocity component v diverges slower
than the normalized r.m.s. differences of the other two components simply because
that the vertical velocity field is directly affected by the nudged density field via the
buoyancy term. Even though the simulated velocity field is totally different from the
observation velocity field, the assimilation result for the density field still converges
to the control run result with the strong density nudging, which is confirmed by the
converged normalized density r.m.s. difference and the good agreement between the
top view density field (Figure 7.12a) and the control run density field at the same time
(Figure 7.2). The above results suggest that both the velocity and the density field
information are needed in the nudging in order to obtain the correct time evolution
of both the the velocity and the density field for the present study in which only a

rather coarse computation grid has been employed.

7.5 Summary

A number of time intermittent, three-dimensional nudging experiments are performed
on the velocity field (u,v,w) and/or the density field p’. An extensive study of the
effect the time scale At/a and the nudging coefficient Ry used in the nudging term was
carried out. The effectiveness of nudging the velocity field (u, v, w) and/or the density

field p’ are evaluated in this chapter. The following conclusions can be reached:

e The effect of changing time scale At/a

The time scale At/a defines how fast the data are assimilated toward to the
observation data. It directly affects the convergence rate of the flow field r.m.s.

differences.

e The effect of changing nudging coefficient R,

The nudging coefficient Ry decides the intensity of the nudging. Too weak Rg

will fail to keep the time evolution of the flow field to the observation field. Too
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strong Ry will over-constrain the model up to the limit of acting effectively as

a mechanism for replacement of the numerical field with assimilated data.

e Nudging velocity (u,v,w) and/or density p’ fields

Both the velocity and the density field information are needed in the nudging
experiment in order to obtain the correct time evolution of both the velocity

and the density field for the present study in which a rather coarse computation

grid has been employed.

Although only a limited number of nudging experiments have been performed
in this work, the results are encouraging and demonstrate that the hind-cast type
of nudging is applicable to laboratory-scale upwelling flows we studied in Chapter
6 with appropriate selection of nudging parameters. Further work is needed to test
the forecast-type of nudging and nudging with only localized, partial data sets. The
forecast-type of assimilation experiments have been performed successfully by Haines
et al. (1993). After the experimental data being made available in the EFML studies,
forecast-type nudging of the same upwelling flow should be performed on a fine enough
grid resolution (lower than our control run grid resolution but much higher than our
assimilation run grid resolution) so that the flow field can evolve properly with the
correction of the observation data most strongly at the beginning of each nudging.
Due to the limitation of efficient communication between the nearest neighboring
processors required by the parallel computer and the parallel algorithm we are using,
nudging only partial data sets is more suitable to be tested on a serial computer

instead of a parallel computer.
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Table 7.1: A summary of the assimilation experiments performed.

Experiment | Assimilated data | time scale At/a (s) | Nudging Coeff. Ry (s7)
Expl u,v,w and p’ 2.5/12 2.0
Exp2 u,v,w and p’ 2.5/3 2.0
Exp3 u,v,w and p’ 2.5/1 2.0
Exp4 u,v,w and p’ 2.5/12 4.0
Exp5 u,v,w and p’ 2.5/12 1.0
Exp6 u,v,w 2.5/12 4.0
Exp7 o 2.5/12 4.0
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Figure 7.1: The density field at the the beginning of the assimilation experiments (¢=80s).
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Figure 7.2: Top view of the density field at y/ H=0.93 and t=85s for the control run.
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Figure 7.3: Top view of the density field at y/ H=0.93 and t=90s for the control run.
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Figure 7.4: Top view of the density field at y/H=0.93 and t=85s for the simulation run
without nudging.
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Figure 7.5: Top view of the density field at y/H=0.93 and ¢t=90s for the simulation run
without nudging.
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Figure 7.6: The simulation run with (%, v,w) and p' nudging (At/a = 2.5/12s and Rg =
2s71) at y/H=0.93 and t=90s. The solid line is for u, the dash-dot line for v, the dashed
line for w and the dotted line for p’.
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Figure 7.7: The simulation run with (u,v,w) and p’ nudging (At/a = 2.5/3s and Ry =
2s571) at y/ H=0.93 and t=90s. The solid line is for u, the dash-dot line for v, the dashed
line for w and the dotted line for p'.
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Figure 7.8: The simulation run with (u,v.w) and p’ nudging (At/a = 2.5/1s and Ry =
2571} at y/ H=0.93 and t=90s. The solid line is for u, the dash-dot line for v, the dashed
line for w and the dotted line for p’.
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(b) The convergence history of the normalized r.m.s. difference between
the control run result and the simulation result

Figure 7.9: The simulation run with (u,v,w) and p’ nudging (At/a = 2.5/12s and Rg =
4s71) at y/H=0.93 and t=85s. The solid line is for u, the dash-dot line for v, the dashed
line for w and the dotted line for p’.
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Figure 7.10: The simulation run with (u,v,w) and p’ nudging (At/a = 2.5/12s and
Ro = 1s71) at y/H=0.93 and t=85s. The solid line is for u, the dash-dot line for v, the
dashed line for w and the dotted line for p’.
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Figure 7.11: The simulation run with (u, v, w) nudging (At/a = 2.5/12s and Ry = 4s7!)
at y/H=0.93 and t=85s. The solid line is for u, the dash-dot line for v, the dashed line for
w and the dotted line for p’.
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Figure 7.12: The simulation run with p’ nudging (At/a = 2.5/12s and Ry = 4s7!) at
y/H=0.93 and t=85s. The solid line is for u, the dash-dot line for v, the dashed line for w
and the dotted line for p'.



Chapter 8

Numerical Investigation of

Rotating Stratified Flows

8.1 Introduction

Atmospheric and oceanic flows may be thought of as turbulent motions under the con-
straints of geometry, stratification and rotation. The motions at large scales tend to
be horizontal due to the combined effects of large diameter-to-height aspect ratio and
the existence of stable stratification. The combined effects of these constraints are to
produce approximately two-dimensional turbulent flows at very high Reynolds num-
bers. The most striking feature of two-dimensional flows at high Reynolds numbers
is the “inverse cascade” of energy to large scales. Energy is observed to accumulate
in large scales and coherent structures emerge from a random initial field, which is
demonstrated by the numerical calculations of McWilliams (1984), Legras, Santan-
gelo and Benzi (1988), Dritschel (1993) and others. The accumulation of energy in
these structures results from the inability of vortex lines to be stretched or twisted
in a two-dimensional flow. This scenario is very attractive as a model for geophysical
flows, which are known to contain very energetic structures in atmospheric highs and
lows and mesoscale oceanic eddies.

In a series of laboratory experiments, Boubnov, Dalziel and Linden (1994) and
Linden, Boubnov and Dalziel (1995) have investigated the dynamics of the inverse
energy cascade in stratified flows. Their experiments consist of forcing a stably-

stratified fluid in a square tank with an array of sources and sinks around the perimeter
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of the tank. These sources and sinks induce horizontal motion in a single horizontal
plane; thus their experiments are capable of producing horizontal eddies directly
without there first being a decay of three-dimensional motion. The laboratory system
has the capability of studying flows with direct application to the atmosphere and
oceans under controlled conditions, and enables accurate measurements of the flow
to be made, so that underlying dynamics can be investigated.

In their on-going experiments, Hacker and Linden at Cambridge University have
modified the experiment apparatus of Linden, Boubnov and Dalziel (1995) slightly
to accommodate the present numerical study. The forcing consists now of an ar-
ray of eight source-sink pairs, located in a horizontal plane at the mid-depth around
the inner perimeter of an annular tank containing stably-stratified fluid. The objec-
tive of the present numerical study is to carry out numerical simulations under the
same conditions as those of Hacker and Linden’s experiments and to compare the
simulation results with the quantitative data obtained from the experiments. The
objectives of the combined study are to examine a number of fundamental questions
about the dynamics of the turbulent, rotating and stratified flows, e.g., the effects
of the rotation rate, stratification and forcing strength, efc. on the flow dynamics.
However, so far only the rotation effects on a flow field resulting from weak forcing
have been investigated numerically. Data from the physical experiments have not
been made available yet. Accordingly, this chapter reports on numerical experiments

and the insights drawn from them which are being used in the experimental design

and planning.

8.2 Experiment of Hacker and Linden

The on-going experiments of Hacker and Linden are conducted in an annular tank
whose inner radius R;=75mm, outer radius R,=275mm and depth H=100mm. A

schematic of the experimental apparatus is shown in Figure 8.1. The tank is filled with
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linearly stratified salt solution. The whole apparatus is mounted on a rotating table
and spun with constant angular velocity about a vertical axis of rotation. Around the
inner perimeter of the tank, a set of eight source-sink pairs is located symmetrically
at mid-depth in a horizontal plane, as shown in Figure 8.1. The orifices of the sources
and sinks have a diameter d = 4mm and are oriented along radial lines from the center
of the tank. Equal flow rates @ are provided for each source and sink. The forcing
arrangement is set up so that no net impulse or angular momentum is imparted to
the fluid in the tank. The idea is that fluid is removed at a given level and then

re-injected at the same neutral density level.

8.3 Setup for the Numerical Simulations

Numerical simulations of Hacker and Linden’s experiment have been carried out under
exactly the same conditions as the experiment except that a top lid, which rotates
with the tank, is added to the the simulations to simplify the top boundary condition.
This approximation is acceptable since the free-surface curvature in the experiments
due to rotation is small, z.e., the maximum deviation of the free surface from the initial
flat surface is less than 1mm, within the range of the tank rotation rate 0 < Q <1

rad/s in this study.

8.3.1 Analytical Computation of the Grid Stretching and
Mapping

For similar reasons to those given in Chapter 5, analytical stretching functions and
analytical mapping functions are used in this simulation. The computational domain

in the physical space (r,y,0) can be mapped into a unit cube in the computational
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space (R,),0) by the following mapping functions:

r—R; .
R = R (8-1)
A 9
- H (8"’)
0
0 = Py (8-3)
where
R, = R,—R; (8.4)
R; = T5mm (8.5)
R, = 275mm (8.6)
H = 100mm (8.7)
and
R € [0,1] (8.8)
Yy € [0,1] (8.9)
© € [0,1]. (8.10)

The grid points in the azimuthal direction of physical space (r, y,8) are distributed
uniformly due to the axisymmetric nature of the flow field. In order to resolve the
small scale flow structures around the sources and sinks, non-uniform grids are used in
the radial direction, with grid points clustered near the inner wall and then stretching
out radially; and non-uniform grids are used in the vertical direction with grid points
clustered near the mid-depth and then stretching out vertically. A section of the
computational grid is illustrated in Figure 8.2. The grid points in the computational
space (£,7,() are distributed uniformly with grid size Af§ = Anp = A{ = 1. The
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following stretching functions are used,

_ [ ¢, cosha.(§/Ne — br) ¢ . coshar(l — b.)
R = _é/NE + a, log cosh a,-b, [t + a, log cosh a, b, (8.11)
[ Cy cosha,(n/N, —b,) ¢, . cosha,(n/N;—1+b,)
— N - v 7 y Y v n y
Y _17/ T ay, log cosh ayb, + ay 8 cosh a,(1 — &)
[ 2 ha,(1 —5b,)
S cosh ay y
— 1 12
/ _1 a, °8 cosh a,b, ] (8.12)
© = (/N (8.13)
where
£ € [0,N¢ (8.14)
¢ € [0,N] (8.16)

and Ng, N, and N are the numbers of control volumes in the &-, 7- and (-directions
of the computational space. The values of the parameters used in the stretching

function are

ar = 3 (8.17)
b, = 0 (8.18)
& =5 (8.19)
a, = 9 (8.20)
b, = 0.15 (8.21)
¢ = 1/3.5, (8.22

so that the stretching factor is less than 1.1 everywhere, which is consistent with the

recommendation of Hodges (1997) regarding the maximum stretching factor.
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In the physical space, the Cartesian coordinates (z,y,z) and cylindrical coordi-

nates (r,y, ) are related as follows (Figure 8.3):

z = rcosf (8.23)
y =y (8.24)
z = rsind. (8.25)

In summary, the relationship between the points in the physical space (z,y,z) and
those in the computational space (£,7n,() are defined by Eqns. (8.11) to (8.13) and

the following equations:

z = (R;+ RsR)cos(270) (8.26)
y = HY (8.27)
: = (B:+ RsR)sin(270). (8.28)

8.3.2 Initial and Boundary Conditions

The linearly stratified working fluid is initially in solid body rotation ©Q with the tank.
The buoyancy frequency of the fluid N is defined as

[ gdp
N=/———, 8.29
po dy ( )

where p(y) is the density, po is a reference density, y is the vertical Cartesian coordi-
nate and g is the gravitational acceleration constant. The initial buoyancy frequency
N for the linearly stratified fluid is 2s~!. Thus, the initial vertical density distribution
is

p(v) = p(0) = [ 2 Ndy. (8:30)
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Beginning at time ¢ = 0s, fluid is sucked from the sinks and re-injected into the tank
through the sources with a mean velocity V' = 30mm/s at the same (neutral density)
level. The mean velocity V of jets from the sources is related to the flow rate of
a source/sink Q through V = 4Q/nd?, where d is the diameter of the sources and
sinks. A no-slip velocity boundary condition and no-flux scalar boundary condition

are imposed at all solid walls.

8.3.3 The Inlet/Outlet Forced Velocity Profile

The round orifices of the sources and sinks are located at the inner tank wall. The
position of the orifice center is specified by its cylindrical coordinate ( R;, 8s,y,), where
R; is the inner radius of the tank. The radius of the orifice is B; = d/2. The
cylindrical coordinate of the center of each computational cell on the inner tank wall
is (R:, 0k, y;)- An illustration of the coordinates of the orifice center and the centers of
the computational cells on the inner tank wall is shown in Figure 8.4. The inlet/outlet
forced velocity profile is assumed to be a paraboloid. Thus, the inlet/outlet velocity,

which is in the radial direction, has the following form

e =0 (1 - @yl LRO 0B por (g, — 2 + (R0 — 0P < B2
’ (8.31)

The constant C in the above equation is determined by
Q=) ujrAj (8.32)
N

where N is the number of computational cells that are within the orifice, Aj is the
area of each computational cell that is within the orifice and @ is the known flow rate

of the sources and sinks.



CHAPTER 8 216

8.4 Simulation Results

Three simulation runs were carried out covering three different rotation rates. A
summary of the grid resolutions and parameters for the three cases (Cases Runl to
Run3) of the simulation runs is given in Table 8§.1. The number of grid points was
selected to adequately resolve the expected flow based on our experience with the grid
resolution studies for the simulations described in Chapters 5 and 6. The number of
grid points for each case shown in Table 8.1 is for interior points. Two fictitious
points outside the physical domain are added in each dimension in the simulations to
facilitate implementing boundary conditions.

For a given fluid and geometric arrangement of sources and sinks, there are four
parameters governing the behaviors of the flow. They are the mean velocity V of the
fluid through the source orifices, the diameter of the orifices d, the initial buoyancy
frequency NV and the Coriolis parameter f = 2Q). These parameters may be expressed
in terms of three non-dimensional external parameters: the forcing parameter Fy; =
V/dN, the Reynolds number Re; = Vd/v, where v is the kinematic viscosity of
the fluid, and the ratio f/N of the Coriolis and buoyancy frequencies. It should be
emphasized that F; and Req, based on the external variables that control the flow,
are not the internal Froude and Reynolds numbers of the flow.

The forcing parameter Fy characterizes the relative strength of the forcing to the
stratification. Fy is also a measure of the internal Froude number of the jet flow from
the sources. Fy = V/Nd can be interpreted as the ratio of a vertical wave frequency
w = V/d to the buoyancy frequency N, t.e., F; =w/N. When Fz > 1 for the jet flow,
i.e., when w > N, no internal wave motions are generated by the jet disturbances since
the dispersion relation (page 238 of Kundu, 1990) requires that Fy = w/N = cosf < 1.
The Reynolds number Rey is a measure of the Reynolds number of the jet flow from
the sources. The low values of Rey in the present study indicate that little or no

turbulence is injected into the flow. For the present numerical study, flows at different
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rotation rates but at the same low Reynolds number Re; = 120 and the same low
value of forcing parameter Fy = 3.75 are studied. Boubnov et al. (1994) show that
the character of the flow changes according to the value of F;. Thus, when F; <10,
the forcing is weak and the flow is characterized by approximately horizontal flow
motion, while when F; >10, vertical mixing occurs and the flow motion eventually

becomes three-dimensional.

8.4.1 Velocity Field

For the non-rotating case (Case Runl), the jet low from the source penetrates towards
the outer tank wall as time progresses. After the arrival of the jet flow at the outer
wall, the flow is stalled by the wall and splits equally into two parts. Thus, two
recirculating regions are formed at each side of the jet flow, as shown in Figure 8.5.
The side views of the velocity field (Figures 8.6a and b) on the centerlines of the source
and sink show that the flow motion is primarily horizontal. The velocity vectors in
the above figures are plotted at every second point in the radial direction, at every
point in the azimuthal direction and at every point in the vertical direction.

The expanded top view of the velocity field and the side views of the velocity field
at the centerlines of the source and sink for 2 = 0.5 rad/s (Case Run2) at ¢t = 60s
are shown in Figures 8.7, 8.8 a and b, respectively. The corresponding velocity fields
at the same time but at a higher rotation rate = 1.0 rad/s (Case Run3) are shown
in Figures 8.9, 8.10 a and b. The velocity vectors in Figures 8.7 to 8.10 are plotted
at every third point in the radial direction, at every second point in the azimuthal
direction and at every point in the vertical direction. There are number of similarities
in the observed flow patterns. First, eight vortices are formed linked to the eight
source flows. Second, these vortices are all anticyclones as a result of the Coriolis
force pushing the jet from the source to the right. There are also some differences in

the observed flow patterns. Figures 8.7 and 8.9 show that the vortices are smaller at
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higher rotation rates. It is clearly shown in the side views of velocity field (Figures
8.8a and 8.10a) that the jet flow penetrates further at the lower rotation rate, while
the jet flow spreads more widely at the higher rotation rate. Those figures also show
that the flow motion is primarily horizontal with very small vertical velocities, which
is consistent with the observation of Linden, Boubnov and Dalziel (1995).

The time-evolution of the flows in the horizontal plane at the mid-depth is given
in Figure 8.11. The root-mean-square {rms) horizontal velocities (z and w } averaged
over the horizontal flow domain are plotted against time for three different values of
Q. There is almost no difference between the two velocity components indicating that
the horizontal flow is isotropic. Figure 8.11 shows that the flow accelerates quickly
over the first twenty seconds, and then continues to accelerate at a much reduced
rate, reaching an asymptotic value at later times.

The Rossby deformation radius corresponding to the lowest baroclinic mode is
defined as Rp = NH/f, where N is the buoyancy frequency, H the height of the
tank and f the Coriolis parameter. For Cases Run2 and Run3, Rp values are 200mm
and 100mm, respectively. The size of the vortices in Cases Run2 and Run3 depends on
the rotation rate. At t =60s, size of the vortices in each case is much smaller than the
corresponding Rp value (see Figures 8.8a and 8.10a). Since the Rossby deformation
radii for the rotating flow cases in the present study are comparable or smaller than
the low domain R, — R; = 200mm, the rotation effects are important. When Rp is
comparable to or smaller than the flow domain, the inverse energy cascade is altered
by baroclinic instability. Instead of a large-scale circulation, small-scale eddies, whose
sizes are consistent with Rp, were found in the interior of the flow along with the
eddies around the forcing boundary by Linden, Boubnov and Dalziel (1995). The
current simulations for the rotating cases need to be run longer in order to explore

the development of the baroclinic instability.
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8.4.2 Vorticity Field

The vorticity imparted to the flow field by the forcing is determined by the velocity
profile of the source across the orifice. Figures 8.12 to 8.14 show the vertical and
azimuthal components of the vorticity for the three simulation cases studied. For the
non-rotating case (Figure 8.12) at £ = 150s, the vorticity is confined to two zones, one
containing positive and the other negative vorticity. The total vorticity contained
in these two zones is of equal magnitude so that the circulation around a contour
enclosing all the flows from a jet is zero. For the two rotating cases at £ = 60s,
Figures 8.13a and 8.14a show that the negative (anticyclonic) vertical vorticity zone
gets turned back on itself to be concentrated into an anticyclone under the effect of
the Coriolis force. At the same time, the positive (cyclonic) vertical vorticity zone is
stretched around the outside of the anticyclone to form a thinner cyclonic zone. One
may notice that there is a small negative vorticity region inside the positive vertical
vorticity zone near the left part of the jet inlet for Q = 0.5rad/s case and a bigger
negative vorticity region inside the positive vertical vorticity zone near the left part
of the jet inlet for Q = 1.0rad/s case. A close-up look at the velocity and the vertical
vorticity fields (Figures 8.15 and 8.16) reveals that this is caused by the combined
effects of the Coriolis force and the viscosity. The dominant effect of the Coriolis
force turns the jet to the right, while the dominant effect of the viscosity causes the
fluid on the left side of the jet to spread. In the middle of the two regions the fluid
velocity is smaller than the adjacent fluid velocity, which leads to the formation of
the negative vorticity region inside the positive vertical vorticity zone near the left
part of the jet inlet . The azimuthal vorticity on the centerline of a source for the
two rotating cases (Figures 8.13b and 8.14b) show a pair of vorticities with opposite
sign near the inner tank wall resulting from the inlet source velocity profile. There
is another pair of vorticities with opposite sign on the left of the first pair resulting
from the wake of the jet flow from the source. At a later time (¢ = 100s) for the
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rotating case Q = 0.5rad/s, Figure 8.17 shows that the vorticity fields still have the
similar features as those at £ = 60s (Figure 8.13) except that the vorticities spread
further in both the radial and the vertical directions.

8.5 Summary

This chapter describes a numerical investigation of the response of a rotating strat-
ified fluid to continuous forcing produced by an array of sources and sinks arranged
symmetrically around the inner boundary of the fluid domain. Simulations of three
different rotation rates at low values of the source forcing parameter are carried out
and the effects of the rotation rate are evaluated. The outflow from a source is affected
directly by the Coriolis force. The size of the anticyclones formed as a result of Cori-
olis force pushing the jet decreases with the increasing rotation rate. The strength of
the anticyclones increases with the increasing rotation rate. The horizontal penetra-
tion of the jet flow decreases with the increasing rotation rate, while the spreading
width of the jet flow increases with the increasing rotation rate. As a result of these
observations, one can conclude that the increase in the rotation rate produces mainly
quantitative changes to the early development stage of the flow. The motion is found
to be primarily horizontal and there is no significant vertical mixing at the low value
of the forcing parameter Fy = 3.75. This finding is consistent with the observation of
Linden, Boubnov and Dalziel (1995).

When Rossby deformation radius Rp is comparable or smaller than the flow do-
main, baroclinic instability is expected to develop. Small-scale eddies, whose sizes are
consistent with RBp, are found in the interior of the flow along with the eddies around
the forcing boundary by Linden, Boubnov and Dalziel (1995). The current simula-
tions for the rotating cases need to be run longer in order to explore the development

of the baroclinic instability.
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At high injection velocities, the jets from the sources are turbulent and cause verti-
cal mixing, as reported by Boubnov, Dalziel and Linden (1994) and Linden, Boubnov
and Dalziel (1995). An extensive study of flows with higher values of forcing param-
eter Fy is needed in the future to study the three-dimensional turbulence generated
by strong forcing and the relevant vertical mixing process. The information on the
effects of the different rotation rates on the flows with higher values of Fj is also much

needed.
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Table 8.1: Grid resolutions and parameters of rotating and stratified flow simulations

Case Grnd f |4 N | f/IN | F; | Rey
N x Ny x Ny | rad/s | mm/s | s7}

Runl | 128 x 96 x 320 | 0.0 30 2 0.0 |3.75| 120

Run2 | 192 x 96 x 384 | 1.0 30 2 0.5 [3.75] 120

Run3 | 192 x 96 x 384 | 2.0 30 2 1.0 |3.75 | 120
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Eight pairs of
sources and sinks

Figure 8.1: A schematic of the experimental apparatus.
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Figure 8.2: An illustration of a section of the computational grid.

z r

Figure 8.3: Coordinate diagram.
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Figure 8.4: An illustration of the coordinates of the orifice and the computational cells on

the wall.



CHAPTER 8 226

-0.28+

-0.214

-0.14

-0.07-

25!
025555552
orerss

E o
N

0.07

0.14-

0.214

0'2-% 0.28

28 -0.21

Figure 8.5: Top view of the velocity field for Q=0 at y/H=0.5 and t=150s (Case Runl).
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(b) side view on the centerline of the sink

Figure 8.6: Expanded side view of the velocity field for Q@ = 0 at t=150s (Case Runl).
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Figure 8.7: Expanded top view of the central section of the velocity field for Q@ = 0.5rad/s
at y/H=0.5 and t=60s (Case Run2).
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Figure 8.9: Expanded top view of the central section of the velocity field for @ = 1.0rad/s
at y/H=0.5 and t=60s (Case Run3).



CHAPTER 8 231

0.074 Ttz
0.095 0.105 0.115 0.125 0.135

r(m)

(a) side view on the centerline of the source

0.074 STz
0061 iiiiiiiiiiiiiii:
- i SEEE2Z2:2::2:::: 0 i
§0,05~f~§: Tz =<z -z : : : : :
> N\YI3Z23z:zz:= 232 32 ¢ §o¢ : :
oo HIIIIIIIIEIEIIC LDl
0.03 — —r —
0.075 0.085 0.095 0.105 0.115 0.125 0.135

r(m)

(b) side view on the centerline of the sink

Figure 8.10: Expanded side view of the velocity field for @ = 1.0rad/s at t=60s (Case
Run3).



CHAPTER 8

232
5 T T T T T T T
ast ]
=
= osna-wa s &
8 -
-3
235 f’ i
E 4
£
RH
4
s == u
i T W
2'50 10 20 30 50 60 70 a0 90 100
time (s)
(a)
5 T T T T T T T
- G g
asf /”' R anhhtna . T OSSO o iaaas TETPWS
e
f -~
H 4 rd E
>
3 e
2
Sl f .
E L
’
i
af} J
d -=-- u
—— w
250 10 20 30 50 60 70 80 90 100
time (s)
S T =3 T Y Y T T
45K 1
g
£ 4+ {.'.po-'\‘.".'“.‘ .
& -“"0‘-..--—-0“
2 £
g ]
a3srd J
E 14
1 4
i
3H b
11
| -=- u
------ w
L L : L ry T
250 10 20 30 €0 70 a0 90 100

Figure 8.11: Root-mean-square horizontal velocities plotted against time for (a) @ = 0
(Case Runl), (b) Q = 0.5rad/s (Case Run2) and (c) @ = 1.0rad/s (Case Run3).



CHAPTER 8 233

-0.28-

-0.211

-0.14

-0.074

£ o

N

0.071 5.0E-01
3.0E-01

0.141 1.0E01
-1.0E-01

0.214 -3.0E-01
-5.0E-01

0'2-‘6.28 021 -0114 -007 O 0d7 0.14 021 028

x(m)

(a) top view

5.0E-01
3.0E-01
1.0E-01
-1.06-01
3.0E-01
-5.0E-01

(b) side view on the centerline of the source

Figure 8.12: (a) vertical vorticity field and (b) azimuthal vorticity field for @ = 0 at
y/H =0.5 and t=150s (Case Runl).
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Figure 8.13: (a) vertical vorticity field and (b) azimuthal vorticity field for @ = 0.5rad/s
at y/H=0.5 and t=60s (Case Run2).
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Figure 8.14: (a) vertical vorticity field and (b) azimuthal vorticity field for Q = 1.0rad/s

at y/H=0.5 and t=60s (Case Run3).
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Figure 8.15: Expanded top view of the velocity and the vertical vorticity fields for Q =
0.5rad/s at y/H=0.5 and t=60s (Case Run2).



CHAPTER 8 237

5.0E-01

2.0E-01
-1.0E-01
-4.0E-01
-7.0E-01
-1.0E+0C

Figure 8.16: Expanded top view of the velocity and the vertical vorticity fields for @ =
1.0rad/s at y/ H=0.5 and t=60s (Case Run3).
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Figure 8.17: (a) vertical vorticity field and (b) azimuthal vorticity field for @ = 0.5rad/s
at y/H=0.5 and t=100s (Case Run2).
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Conclusions and Recommendations

The objectives of this study were (1) to implement a high-performance numerical code
for three-dimensional, unsteady, incompressible flow governed by the Navier-Stokes
equations and (2) to carry out large-eddy simulations of several laboratory-scale re-
alizations of geophysical flows in complex geometries. The code was implemented on

a distributed memory massively parallel computer, viz., the IBM SP2.

9.1 Conclusions

Parallel Code

A simulation code for the three-dimensional, unsteady, turbulent, variable density,
and rotation-influenced motions of an incompressible fluid was developed on the IBM
SP2 using the message passing interface (MPI). Three different dynamic subgrid-
scale turbulence models were implemented in the code. The use of MPI enables good
portability of the code among a broad class of parallel computers. The present code,
which was originally developed on the IBM SP2, was directly ported to the SGI
Origin2000 without making any changes to the code. The code was optimized and a
code performance of 38 MFlops per node on a 28-node job was achieved, which was
the reported peak rate on NASA’s IBM SP2 (Bergeron 1998). The code is being used
by NASA for benchmark testing.

Turbulent Rotating Convective Flows
Large-eddy simulations were carried out under the same conditions as the ex-

periments of Jacobs and Ivey (1988) to simulate laboratory-scale turbulent rotating

239
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convective flows. An extensive grid resolution study was conducted and led to the use
of up to twelve million grid points in the simulation. The simulation results provided a
step-by-step precise description of the development of a turbulent rotating convective
flow. The simulation results also were in reasonable agreement with the experimental
data of Jacobs and Ivey (1998). With the fine-grid resolution results, the Rayleigh-
Bénard instability in the form of circular concentric convective rolls was recognized in
the initiation process of the convection, which was not observed in Jacobs and Ivey’s
experiment due to the visualization technique used. New insights were gained into
the evolution process of the convection and baroclinic wave formation through the
use of the detailed three-dimensional simulation results.
Coastal Upwelling Flows

Large-eddy simulations of the motions in an annular tank of rotating, stratified
fluid were carried out using the actual viscosity of the working fluid to simulate the
upwelling experiments conducted by Narimousa and Maxworthy (1985 and 1987)
and the on-going experiments at the Environmental Fluid Mechanics Laboratory at
Stanford University. To our knowledge, this is the first large-eddy simulation of up-
welling flows to solve the full set of Navier-Stokes using the actual fluid viscosity and
achieving the resolution obtained here, with up to ten million grid points. Different
approaches to make an assessment of an important quantity, namely, the disk friction
velocity u., in the upwelling flow are discussed. While it is possible in an accu-
rate and well-resolved simulation to determine u. quite precisely, it is often virtually
impossible to get a quantitative estimation of u. in a physical experiment. The simu-
lation results of this study are compared to experimentally measured data and good
agreement is achieved. Baroclinic waves, meanders and pinched-off eddies near the
upwelled-surface front in the form of jets and cyclone/anticyclone pairs, as reported
by Narimousa and Maxworthy (1987), were observed in the simulation results.
Data Assimilation

A data assimilation algorithm, i.e., the nudging method, has been incorporated
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into the code. Hindcast data assimilation was successfully performed for the laboratory-
scale coastal upwelling flow. A reduced resolution simulation was nudged by data
from a very accurate simulation to demonstrate that the concept is applicable to
laboratory-scale flows with appropriate selection of parameters.
Rotating Stratified Flows

Numerical simulations of flows induced by source-sink pairs in a rotating stratified
fluid were performed under the same conditions as those in the on-going experiment
of Hacker and Linden. Simulations of three different rotation rates at low values of
the source-sink forcing parameter, i.e., the internal Froude number of the source, are
carried out and the effects of the rotation rate were evaluated. It is found that the
size of the formed vortices decreases, while the expansion rate of the jet increases
with increasing rotation rate. The insight drawn from the numerical experiments in

this study are being used in the experimental design and planning.

9.2 Recommendations for Future Study

The present study has led to improved understanding of three interesting, but rather
different geophysical flows, namely, turbulent rotating convective flow, coastal up-
welling flow and source-sink induced flow in a rotating stratified fluid. Based on the

insight gained in this study, some recommendations for future study are given below:

e Since baroclinic instability and other instabilities are identified in all the three
rotating, stratified flows, a formal stability analysis, which should include the
effects of rotation, stratification, three-dimensional shear and possibly viscosity,

is needed.

o Turbulence remains the grand challenge problem in fluid mechanics. The key
to the success of large-eddy simulations is to accurately represent subgrid-scale

stress term. The concept of the dynamic model is very promising in achieving
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this goal. However, for geophysical flows, more physics, such as the effect of
rotating and stratification, may need to be incorporated into the subgrid-scale

model.

o In the rotating convective flow, the density anomaly is thought to depend on
the ratio R/H of the radius of the heated disk to the distance between the tank
bottom and the shelf. However, it is difficuit to create an aspect ratio R/H
larger than 5-8 in the existing rotating convective flow laboratory setup. Thus,
it would be desirable to explore the case for R/H > 10 numerically and to
determine the dependence of the density anomaly on the ratio R/H. The effect
of changing the bottom slope on the size of the baroclinic eddies could also be

investigated by numerical simulations.

e In order to study upwelling flow that is close to the real flow condition, the

effects of bottom topography and coastline perturbation need to be examined.

e Hindcast data assimilation performed in this study has demonstrated that the
concept is applicable to laboratory-scale flows. After the experimental data
become available in either the EFML or the Hacker and Linden studies, forecast

data assimilation should be performed.

e In source-sink induced flow in a rotating stratified fluid, further numerical in-
vestigation of flows with higher values of the forcing parameter is needed in the
future to study the three-dimensional turbulence generated by strong forcing

and the relevant vertical mixing processes.



Appendix A

SGS Dissipation for Coastal
Upwelling Cases

In this appendix, we display the ratios of the SGS “dissipation” to viscous dissipation
for the two upwelling cases studied in Chapter 6 to develop a visual and qualitative

picture of what is happening. The resolved kinetic energy is defined as

U
= ——2 - (A']‘)

(LY
2

The transport equation for §%/2 can be derived by multiplying the momentum equa-

tion [Eqn. (2.41)] by @;. Thus, we have
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where S;; is the resolved strain-rate tensor. The last two terms on the right hand side
of Eqn. (A.2) represent the viscous dissipation (€,) and SGS dissipation (€,4s) terms
(see Section 5.4.7). When e,y is negative, energy is transferred from the resolved
scales to the sub-grid scales, this is denoted as “forward scatter”. On the contrary,
when e,45 is positive, energy is fed into the resolved scales from the sub-grid scales,
which is called “backscatter”.

The ratios of SGS to viscous dissipaticn at t = 220s (¢/t;=1) for Case NM1 and at
t = 250s (t/t,=1) for Case EFMLI are shown in Figures A.1 and A.2. The two figures
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show the two flows at equivalent real times because the non-dimensional time t/t, = 1
in both figures. The reference time scale ¢, is defined in Chapter 6 and its value for
each case is given in Table 6.2. The flow patterns are complex and, hence, the ratios
of SGS to viscous dissipation are also. While we do not attempt to interpret these
plots quantitatively, one can observe that (i) sizeable areas of backscatter (positive
ratio) at these instants in both flow configurations and (ii) considerable difference
between the two flows at equivalent real time ¢/t,=1. It appears that the SGS model

is playing a useful, but not large role here; and that is as it should be.
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Figure A.1: The ratio of SGS to viscous dissipation at ¢t/t,=1 (Case NM1).
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