Stratified Flow past an Ideal Topography
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Absirget

A three-dimensional, non-hydrostatic, numerical turbulent model was used to study the flow pass a three-dimensional
obstacle under a strong steatification condition. The numerical results clarify the stratification effect on the behavior of
the flow at low Froude numbers. A vertical vorticity budget study shows that the tildng and friction term are impoTtant
to the formation of the tee vortices while the baroclinicity term can be ignored.

1.INTRODUCTION

How structure over or around a three-dimensional
obstacle changes drastically with stratification, which
can be chmacterized by Froude number (Fr=U/MNhy,
where U is the flow speed, hp is the height of the
obstacie, and N is the Bruni-Vaisalla frequency). At low
Froude pumbers, 'wo phenomena are recognized: the
onset of flow arcund the obstacle instead of that over
the obstacle (i.e., flow splitting phenomenon) and onset
of wave breaking sbove the obstacle (i.c., wave breaking
phenomenon). Arguments from a linear theoryl,
experimeni2 and numerical simulations-3 suggest the
cecwrence of the flow spliting smd wave breaking
phenomena at  sufficiently low Fropde numbers.
Moreover, a pair of vortices (lee vortices) is formed on
the lee side of the obstacle at lower Froude number?-3.
in the atmosphere the air flows in approximately
honizontal planes around topography as the stratification
is strong enough Despite their practical importance 0
aeronautics and air pollution dispersion, the distinctions
among these phenomena are stfl litde known, and the
effects of stratification on flow splitting amd wave
breaking are far from clear. As for the lee vortices, there
is still a debate on its formation mechanism, That is,
interaction: between the fluid and boundary is the only
one mechanism of vortex formation mnder nentral
siratification condition, while baroclinicity imay be
another camndidate for vortex formation. There is am
argument about the contribution of the later mechanism
in a real atmosphere. The presemt work tes io
investigate the imporiance of the stratification sffect on
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the flow splitting and wave breaking phenomena by a
putnerical model. Vertical vorteity eguation with its
budget calculation is also provided to undersiand which
terms in the equation are importast for the formation of
the lee vortices.

2. NUMERICAL METHQGD

The numerical mode] uged in this study was the same as
in 6-7. Only a brief descrnption of the model features
will be given here.

The model eguations are based on the atmospherical
primitive equations simplified by adoption of the
anelastic and Boussinesq approximations. A lerrain-
following coordinate system 14 used and the governing
equations are of the three-dimensional, non-hydrostatic
and dry memerical mode. In the trbulence modeling, the
merbulent eddy &ffusivity for momentem K, 8

evaluated from the turbulent kinetic emergy E and the
rurbulent dissipation fate €.

The progmostic equations are imtegrated forward
explicitly in time with the tiuue step chosen o satisfy
the CFL-criterion. Centered differcace approximations -
are use im space; the advective lerms are evaluated by
upstream difference with a spline techpique. To increase
the accuracy of the finite difference approximations, a
staggered grid is used, both borizontally and vertically.
In the horizoptal directions, a grid interval of



A=A y=1000 m is adopted, while in the vertical
direction #m expanding grid, with the greater resolution
A z=20.2 m near the ground, is used.

MNuerical calculation is performed on a domain of
wiich fateral houndaries are located at 100 km both in x
and y directions, while the top boundary is located at
7z=8.5 km. The domain coosists of 101%101*45 gnd
points, The mesoscale pressure is computed by solving
a three-dimensional discrete Poisson equation with a
Neumann boundary condition. The equation is solved
directly by a Gaussian olimination method in the
vertical direction, and by sigeafunction decomposition
and fast Fourier ransforms in the horizontal directions.

All experiments use the same mountain shape h(z) ;

o2

where by is the height of the mountain, and 2 and b are
the ball width of the mountdn in the x, y directions
centered at g, Yo

A no-slip lower boundary condition w=v=0 is
imposed. The surface temperatuwre ia comstant The
Monin-Obukhov similanty law is used to determine the
surface heat and momentum fluxes and u, v and O at the
nearest grids above the lower boundary. At the upper
boundary ail variables are fixed af their initial values. In
the upper levels of the model, ar absorbing layer is
employed using Rayleigh damping d{o suppress
downward reflection of eaergy. At the inflow lateral
boundary, u,v.w are fined at their initial valves and an
absorbing region similar to that in the upper level is
installed upstream. This region serves 0 mantain the
integrity of the upstream profiies throughout the
integration. At the outllow lateral boundaries a radiation
condition is used. Linear vertical profife of potential
temperature and wniform profile of velocity are used to
injtizlize the model by assuming the profiles
borizontally homogemeous in  the computational
domain.

3. RESULTS AND DISCUSSION

Fig. | shows the wind (3, w), the potential
temperature (8} on the ceatral y plane and the surface
wind (1, v) for the case of Fr=044. The vertical wind
field {u,w) and the polentidl temperature distribution
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show that the flow is in a wave breaking regime with a
decline of the isotherm immediately after the mountain
pesk. The borizonial surface flow is characterized by
flow splitting around the mountain and a defined vortex
peir in the mountain wake.

Fig.2 is the same as Fig. 1 but for Fr=022. The
overall patterns are quite similaz to the oues in Fig 1,
but the details are different, The vertical wind field (u,w)
and the potential temperatmre distribution show an
evidemce of very reduced gravity wave activity in the
croas sections. The horizontal swface flow s
characterized by strong splitting arcund the mountain
and a dearly deflined vortex pair in the mountaiz wake.
The vortices bave axs in the vertical direction. After
created above the les side slope, they detach the slope
and flow downstream. We have also dope numerical
experiment for the case of Fr=).66.

These numerical results clarify the different bebavior of
the flow at low Froude numbers, showing the relative
importance of the stratification effects on the {low
splitting, wave breaking, and fee vortices phenomena. It
is found that for Fr=0.22, the {low is characterized by
styong strearoline splitting with the {ormation of a very
defined vortex pair (lee vortices). For Fr=0.44, the flow
is in the wave breaking regime amd the lee vortices sull
exigt. For =066, the flow is characterized by wave
breaking with a strong hydraulic jump and no lee
vortices can be found.

We further examine the vertical budget of vorticity
equation to determine which terms are hmportant to the
formation of the lee vortices. After the statiopary
condition is attained, lomg-term averaging was made for
each term of the vortivity equation. The tme-averaged
value of the local chamge of the vertical vorticity is
assumed (o be zevo. Figure 3a-f are the surface
distnbutions of the vertical voriicity itseif, and terms of
advection, stretching, tilting, barockinicity, ang friction
for the case of Fr=0.44. Fig.3a shows respectively the
lee vortices on the lee side of the siope. The advection
and streiching terms (Fig.3b-c) are one order smaller
than the tlting term {(Fig.3d) or friction term (Fig.30),
but they are responsible for the increase or decreagse of
the vertical vorticity. Fig3d and Fig.3f show that the
tiling and fricton term are most important for
maintaining the vertical vorticity. It &s also found in
Fig 3e that the baroclinicily term is much more sipaller
than the other terms and can be ignored. Therelore, it
can be comcluded that tilting and friction are responsible
for the mainienance of the vertical vordcity, and the
contribution of baroclinicity can be ignored for it.



(a} - 8m/sec

8 T ¥ T T == T T T
ot o o et e et e el el el ekt e el Tl et et e o o o et sk et 58]
3 -
- -
) bttt ot et bt b
-
- -
U e ettt
-t
-
[o T S [ TP DN
" o
= . —
U PSP NN N

St Y
uu.—l—.—t—-l‘l-—«:d—c-«q—b—.-‘—.

;
/

" - N/
ey
e

—
b oo e ot e it b At it it s et

Zikm)

)
3 b et iom b e e om0 e s L G

T b i ]

—
—
S
— “+ . o
A g g g som o i s

R

i

@ 19 20 30 48-5@ 68 7@
Rlkm)

Zlkm!}
Y

8 18 26 30 4@ S50 6@ 70 8@ GG 189
Xikm)

°
g

~8m/sec

* T k2 T T T
I R e

B T T R I IR R A

19a T

kL
L

3@

L I R R
- 3
- -

+

L)

i L

i

B O I I I O T A A A S R SRR
L I S S S A U SR
L R T A S

E I A O R 2 B I TR A A A R Y R AN
i

-
-
-
-
-
-+
-
"
-+
-

»

-

L]

2

-

Y
3
-
-
-
2
-
-
-

&$b$$6$lll$$il&ll&&&i;${
EE I A T O R N T T T U A A S T L S A
LR A I T T T T N S N N A S A R A A} FS
N R 2R 2 T R R T S S A R A AN A

-
-
-
-
-
-
~
E]
+*
L
B
-
EY
-
-
2
e
-
-+
-+
>

AT TR S AT I T T LT

A
-
-
+
-
Y
Py
-+
-

-
4
-
s
-
+
-
4
-+
N
+
N
N
k4
-
>
5
5
-
-
"
-
-+
.
i
)

P R I I T T I O O N A A T A A 1

G 20 30 46 56 60 78 B8 90
Xikal

[~
=
(]

Figure 1. For a case of Fr=044, {a) vestical cross section wind field (o.w), (b) vertical cross section potentiat
temperature distribution on the central y plame, (cjhorizontal cross section wind field (u.v) on the lowest level
{z=20.2m) with contours of the mountain.
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Figure 2. As same as Fig. | but for Fr=0.22.
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Figure 3. Swiace distribution of (2) vertical vorticity, (b} advection term, (¢) stretching term, (d) tling term, (&)
baroclinicity term, and {f) friction term on the lowest level (2=20.2mm) for case of Fr=0.44.
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4. CONCLUSIONS

A three-dimensional, som-hydrostatic, numerical
turbulent model was used io study the flow pass a three-
dimensional obstacle wmder a strong stratification
condition. The numerical resuits carify the behavior of
the flow at low Froude numbers, showing the relative
importance of the strafification effects on the flow
spliting, wave breaking, and lee vortices phenomena.

A vertical vorticity budget study shows that the tilting
and (riction term are important 1o the formation of the
lee voriices. On the other hand, the advection and
stretching  ferms are responwible for carrving the
vorticity to the lee side. The bavoclinicity term cam be

ignored.
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