d
% 4V (pu) =0, (4.8)
at
1 Dp
—— 4V eu =0, 4.
> D + u=»10 (4.9)
Du, dtyj
— = pg; + —. 4.15
Py = P&t 9%, (4.15)
- 2 . .
Tij = — (P + j#v . ll) 81; + zﬂeu (4.43)
Du; ap d [ 2 ]
—_— e — ;| - —— 2 () A (V~u)5 ' (4'44)
P Dt ax; + pgi an 1A€4 3ﬂ' o
Du 2 i ibl 4.45)
pE =—Vp+pg+pVu (incompressible) (4.
Deformation work (rate per volume) = —p(V -u) + ¢,
where
_ ! 2 ” I ’
¢ =2peijeij — zu(V-u)" =20 e; — (V- -wi; | .
D (LYo pews + - twii) — zorers
p'E; (5“4‘) = pgiu; + an (witij) Jij€ijr (4.61)

D (1, a
pa(iui)— pg-u %—E(um,H-p(V-ll)— ¢

rate of work by total rate of rate of work rate of (4'62)
body force work by t by velume viscous
expansion  dissipation

(4.59)

(4.60)
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Al. Useful Conversion Factors

Length: I m = 3.2808 ft
Iin. = 2.540cm
I mile = 1.609km
1 nautical mile = 1.852 km

Mass: I kg =2.20461b
1 metric ton = 1000 kg
Time: | day = 86,4005
Density: 1kg/m? = 0.062428 Ib/ft’
Velocity: 1 knot = 0.5144 m/s
Force: IN = 10° dyn
Pressure: 1dyn/em? = 0.1N/m? = 0.1Pa
1 bar = 10° Pa
Energy: 1) = 107 erg = 0.2389 cal
1cal =4.186]

Energy flux:  1W/m? =2.39 x 10~% calem™? 57!

841
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Appendix A: Some Properties of Common Fluids

A2. Properties of Pure Water at Atmospheric Pressure

Here, p = density, « = coefficient of thermal expansion, . = shear viscosity.
v = kincmatic viscosity = u/p, ¥ = thermal diffusivity = k/(pCp), [k is firsi
defined on p.6] Pr = Prandd number, and 1.0 x 10~ is written as 1.0E — n

T 0 o i v s Cp Pr
°C  kg/m’ K-! kgm~fs~! m?/s m?/s Tk RV
0 1000 —06E-4 1787E—3 1787E-6 1.33E—7 4217 134
10 1000  +09E—4 1307E—3 1307E—-6 138E—7 4192 9s
20 997 2JE~4  1002E~3 100SE—6 142E-7 4182 71
30 995 30E—~4  0799E-3 0802E-6 146E—7 4178 55
40 992 38E~4  0653E—3 0658E—6 1.52E-7 4178 43
50 088 45E—4  0S548E~3 05SSE-6 1.58E—7 4180 s

Latent heat of vaporization at 100°C = 2.257 x 10 J/kg.
Latent heat of melting of ice at 0°C = 0.334 x 10 J/kg.
Density of ice = 920 kg/m?.

Surface tension between water and air at 20 °C" = 0,0728 N/m.
Sound speed at 25 °C = 1500 m/s.

A3. Properties of Dry Air at Atmospheric Pressure

T P “ - v s Pr
°C kg/m° kgm—!s! m?/s m?/s vk
0 1.293 L.7IE-5 1.33E -~ 5 [.84E - 5 0.72
10 1.247 1.76E —~ 5 L4IE -5 1.96E -5 0.72
20 1.200 1.8lIE-5 1.50E —~ 5 208E -5 0.72
30 1.165 1.86E - 5 1.60E — 5§ 225E -5 0.71
40 1.127 1.87E -5 1.66E — 5 238E -5 0.71
60 1.060 197E -~ § [.86E — 5 2.65E -5 0.71
80 1.000 200E-5 207E -5 299E -~ § 0.70
100 0.946 217E -5 2.29E -5 328E-35 0.70

At20°C and 1 atm,

Cp=1012Jkg 'K
C,=718Jkg ' K™!

y=14

=338 x 103K}

¢ =340.6m/s (velocity of sound)

Constants for dry air :

Gas constant R = 287.04J kg~ K™!
Molecular mass m = 28.966 kg,/kmol



A4. Properties of Standard Atmosphere
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A4. Properties of Standard Atmosphere

The following average values are accepted by international agreement. Here, z is the

height above sea level.

z r P P
km °C kPa kg/m3
0 15.0 101.3 1.225
0.5 1.5 955 1.168
1 85 89.9 1.112
2 20 795 1.007
3 -45 70.1 0.909
4 ~11.0 61.6 0.819
5 -175 54.0 0.736
6 -24.0 472 0.660
8 —-37.0 35.6 0.525
10 ~50.0 26.4 0.413
12 —-56.5 19.3 0.311
14 ~56.5 14.1 0.226
16 ~56.5 10.3 0.165
18 ~56.5 75 0.120
20 ~56.5 5.5 0.088
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Curvilinear Coordinates
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B1. Cylindrical Polar Coordinates

The coordinates are (R, 8, x), where & is the azimuthal angle (see Figure 3.1b, where
@ is used instead of #). The equations are presented assuming ¥ is a scalar, and

U =igup +igug + ixuy,

where ig, ig, and i, are the local unit vectors at a point.

Gradient of a scalar
; ay g oY ay
Vi =ig——+ — = 4 i —.
V=irge YR T
Laplacian of a scalar
. 1 a v 1 %y 8%y
Vg = R— |+ — o 4 —.
V= R?R( aR) R2 967 ax2

Divergence of a vector

1 3(Rupg) 1au9 . ity
"R 4R R 38 ax

Curl of a vector

v sxuti (1aux a“")+ig BuR_B_u_{)}i 1 d(Rug) 1 dug
R\R 30 ~ ox ax  OR R 3R R 40 |

Laplacian of a vector

2. . 2 Ug 2 dug 2 3uR Uag
Vu—IR(VuR—k—z RZ 30) ( u9+R2 30 Rz +I,Vux

845



846 Appendix B: Curvilinear Coordinates

Strain rate and viscous stress (for incompressible form o; i = 2ueq))

dug I
€RR = R ZL-GRR'
1 ug | ug 1
66 = EE&T R 2—080.
_ouy
€xx = _a;“ = 5;0':3
R 3 sup 1 dug 1
€Re = 55}' (—E) ﬁ_ﬁ = EURO.
1 Quy 1 dug 1
€ox = 3R 38 + 3 = Eaﬂt.
l dup 1 0u, |
€xR

T2%x 2R Tk

Vorticity (w = V x u)

_ 1 Quy dug
R=R% ~ oz’
_dug  Bu,
T dx AR’
1 8 (Rug) 1 dug
*TRAR YT R 30
Equation of continuity
do 1 8 13 3
- — —_ = 0.
T + RaR(PR“R)"' Rao(p"") + Py (puy)

Navier-Stokes equations with constant p and v, and no body force

2
1 2
au_R.;.(n.v)uR,_u_9=__.apA+v(v2uR_u_R___M)'

ar R 0 3R R?2  R? 30
%+(u V)u9+“';“’=~plkg—5+v(vza+;—,?—;—%)-
% + (- Vu, = —%gi-’ + vV,
where
uV=uRi+u—oa uxa.

1 3 3 1 92 3
vi= - " [RZ — e
(R )+R2 802+3x2



B3. Spherical Polar Coordinates
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B2. Plane Polar Coordinates

The plane polar coordinates are (r, @), where r is the distance from the origin
(Figure 3.1a). The equations for plane polar coordinates can be obtained from
those of the cylindrical coordinates presented in Section BI, replacing R by r and
suppressing all components and derivatives in the axial direction x. Some of the
expressions are repeated here because of their frequent occurrence.

Strain rate and viscous stress (for incompressible form o;; = 2pue;;)

rag  r  2u
¢ _zf’_('fz) 1o 1,
ro_28r r 2r 30 2u ré:
Vorticity .
1 Ju,

W =T ue) = T g

Equation of continuity

do 139 1 a
e + ;a—r(pru,) + ;%(puo) =0.

Navier-Stokes equations with constant p and v, and no body force

yi+u,%+u_"aﬁ_"_g=_la_p+v(vzu,_“_r_£3ue)'

at ar r a6 r par 2 r2 90

dug dug  ug dug  uUrug 1 3p ( 2 2 du, up

=2 bt Al B 4 i v e e e ]

at *or ar +r 39+ r pr80+v up + 238 r?
where

19/ @ 1 3
V= - — S0
rar (’ar) =TT

B3. Spherical Polar Coordinates

The spherical polar coordinates used are (r, 8, ¢), where ¢ is the azimuthal angle
(Figure 3.1c). Equations are presented assuming v is a scalar, and

u =i u, +igug + iy,

where i, ig, and i, are the local unit vectors at a point.



Appendix B: Carvilinear Coordinates

Gradient of a scalar

3 ¥ Loy 1 v
VY =hr g el g e rinaag

Laplacian of a scalar

13 v 13 oy 1 8%y
vig =L (230, 1 3 9_) 1 %y
v r2 ar (r ar ),,+ r2 sin 0-30 ( a0 + r2sin’ 6 9¢?

Divergence of a vector

1 a(riu,) 1 d(ugsinf) 1 dug

V- .
™ R rsin@ 90 rsiné dg

Curl of a vector

Y xu = ir [B(u,,,sin())_?ﬂ] ig[ 1 du, 8(ru¢)]

rsing 26 3 v |sing 3¢ or
Lo [2ru) o,
r ar ae |

r

Laplacian of a vector

2u 2 I ugsin@) 2 du
V=i, | Vi, - = - - e
u=n [ T T P2sine 00 rising d¢

2 du, ug 2cosf au,,]
g | Viug + - —
b [ "T298 T yisinfe rlsin’g 09
2 du; 20050 dup “_v]
risinf d¢  r2sin?@ d¢  r2sin’@

+ip [Vzu,p e

Strain rate and viscous stress (for incompressible form oy; = 2pe;j)

du, 1
€rr ? 5 Tyr
€gg = l%ﬂ - ﬁf = lU&O.

r a8 r 2

1 du Uy  ugcotd 1

“0¢ = L sing 3; Tt =20

siné @ 8uo 1
0 =3 ﬁ(sm ) rs1n0 e 2u %09
o = L Our :i(_)=L(,
T 2rsin® dp 23 2u
o=l (24,
= 2% 290 2



B3. Spherical Polar Coordinates 849

Vorticity
1 b . dug
W, ppray: Iiﬁ(u.,° sinf) — —]
[ 1 du, d(rugy)
Wy = | = — '
r|sinf de ar
wo = M2 gy 2
Tl ar 8 a0 |
Equation of continuity |
do 1 a 1 a . 1 2
L Sl 0) + ——— = 0.
ot PO ¥ S ag P sn O+ ang 5, 0

Navier-Stokes equations with constant p and v, and no body force

au, ul + u?
+(- Vg, - 2—F -
ot
== TV Vi = 5 = e - = .
p or r2  r?sin@ 90 résinf dg
du ug uicotd
T Vug+ L ¥
at r
=_L§£+v V2u9+£6u’ L 2c?56 duy ,
pr a0 r2 86  r25in%0 r?sin’@ ¢
du Uglt gy, coLl
—£ 4 (U Vug + 2t 4
at r r
= - l_ -a—p- v vzup + 2'. — 'ai 208t aua - u.wz :Iw
orsin® dg r’sin 3¢  r2sin”0 d¢  r?sin’é@
where

u'v=ur:§_+£‘£—a- “.w i'
dr  r 98  rsind de

13 (.8 1 38 3 P8
v2=__ 27 e —— in@— 5 . 7 .
r2 ar (r 3r)+r23in0 26 (sm 89)+rzsin29 dp?



