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Using the differential cube formalism and
constructing the inflow and outflow terms as CQ/
volume * volumetric flow we then shrink the cube

to 0 and obtain the following (completely general)
iIntermediate result:
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ns the probable path of the storm center but does not show
Hazardous conditions can occur outside of the cc

Hurricane Irma Current information: x Forecast positions:

Tuesday September 05, 2017 Center location 16.6 N 57.0 W @ Tropical Cyclone  Q Post/Potential TC
5 AM AST Advisory 24 Maximum sustained wind 150 mph  Sustained winds: D < 39 mph

NWS National Hurricane Center Movement W at 14 mph S$39-73 mph H74-110 mph M > 110 mph
Potential track area:  Watches: Warnings: Current wind extent:
Q\osy13 ECXoayss iHumcane  TopStm  [Murricane Ml TropStm  [MMurricane [ Trop Stm
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Hurricane Irma Tracks 09/04/2017 12Z

Figure 5. The 0Z September 4, 2017, track forecast by the operational European model for Irma (red line,
adjusted by CFAN using a proprietary technique that accounts for storm movement since 0Z), along with the
track of the average of the 50 members of the European model ensembie (heavy black line), and the 50 track
forecasts from the 0Z Monday European model ensemble forecast (grey lines). Image credit: CFAN.

Irma Spaghetti Models

LA

<O - ) . : Lesiet | Mag thes by Stamen Desirs, CC BY 10 ~ Map dats O OpenSvotias
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The uncertainty in the exact wind speed,
barometric pressure, humidity at every location
anywhere close to the storm, combined with the
limit on “resolution”, the spatial grid scale for the
numerical solution and that the fluid flow
equations are nonlinear — meaning that a small
change or error could have either a small or
iIncommensurately large effect, leads to the
uncertainty in the path shown here.

Still this level of forecast is much better than
guess basing in past hurricane paths!



TABLE 3.4

(Continued)
Spherical coordinates
rdirection
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Task today
Continue the derivation to include forces

1. Body forces (e.g., Gravity)
2. Surface forces (pressure, shear stresses that
arise because of the fluid viscosity)

Complication of surface forces is that we will not
only have two kinds of forces (pressure, viscous),
but that we need to always consider separately
the normal and tangential components of the
forces ---

This leads to 3 by 3 array of force components
" Stress Tensor"



Forces:
= =
1) Body Forces. E.g., Gravity E.

2) Surface forces...fPr\essure and shear stress.
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i i = N.So'z." (2.1\\\0 dRVEL VE wcb¢>

A vector is a 1st order tensor
A scalar is a zero order tensor

Lo /(&xo\bx@f\
0> = 105 (Gl &

|
| 3 @ 29
l‘\ 0\7;2 6';2 GEZ"/
i \ O 6\
s 0l |
(P ",
0N P
LOENNIRY
T E N S O 1] | )
— Tx
G\" i =

y \NOEJC"‘\)G%PST’DI\.)—

30357_17_lecture_9_5_17 13/30

9/5117



SURYACE ToeCES
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Figure 2.9 Cubic fluid element showing the stresses acting on a face of constant . As shown, the normal stress o,
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lg re 2.9 Cubic fluid element showing the stresses acting on a face of constant y. As shown, the normal stress @,
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Figure 3.5 Schematic of components of the viscous stress tensor.
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Conservation of Linear Momentum

Rectangular coordinates

X component
av v v v (-'p or (.'T)'x or ™
o= X 4 Vx-_x + v‘.,—x ol vz’_"' = pg. — — + ’xx + — + —
ot ax Y i o ' dx ox dy oz
y component
r"v). ("V), ("V). ('N), ap (’Tx)' HT”, ‘.'Tz)'
PI=""0 BT T 1= 7% | 7T
ot ~ ox ) dy * oz y ady ox oy dz

2 component

Myy My, 01 zz]

av p C V. v, av, dp
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ot ax Ty oz (174 ox ady a3
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Shear-Stress Tensor for an Incompressible Newtonian Fluid

Rectangular coordinates

)" x

Txx — ~
w =200

a2 ax
av,,
Tyy = 2p—
dy
vy v,
Toy = Tye = | — +
2y y M P ay
av.
Tor = 2
22 M a2
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TABLE 3.4
Navier-Stokes Equation for an Incompressible Fluid

Rectangular coordinates

x direction

3 3 )
v, o v, av ap v, a-v,, v,
x x X X X
p\— +v,— + \ —_— v, —-) = —— gl— t—35 +—3 t pgy
ot ox oy oz ax ax= oy* o .
y direction
) R . LD . =,
4f\ l‘\'\. ov,, l'\'\. "0]; d°vy r‘-\'\. vy
P t Vy T Vy T —+V,— )= ——+pl— +—= +—5 |+ P8y
it X oy oz iy ax= - az=- -
z direction
K ) 2
v, V. v, v, /l’) V. orv. aev,
—_—t vy — 4+ V,— + V, = —— . + + pg,
g ot . ox y l‘\ = l': l": H 4",\'2 4.‘\': /'l:: P&z

TABLE 3.1
The Conservation of Mass (Continuity Equation)

Rectangular coordinates (x,y,2)  ap (,'.p\"_ apv, ;up\':)
— = - =+ +

ot ax ay az

These equations can be used to solve almost any
fluid flow problem if the fluid is Newtonian.

Our challenge is to learn to use them!



Let’s start with simplest problem

NN U

—
Bottom plate is fixed. Top moves with velocity U.
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TABLE 3.1

The Conservation of Mass (Continuity Equation)

Rectangular coordinates (x,y,2)  ap apvy  IPVy  dpv,
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TABLE 3.4 /

Navier-Stokes Equation for an Incompressible Fluid

Rectangular coordinates

x direction
('\ '"’x t'\ . d\ 2y
—= 4+ v, — + v, —= v, =)= +
P ot X o Y 3y e %) P8x
y direction
o - . X o a D
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