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(L. Euler)
(J.L. Lagrange) (D. Bernoulli)
(N.E. Jukovski)
(L.M. Navier) (H. Ph. Darcy) (L. Prandtl)
PR.) (J. L. Poiseuille)
(O. Reynolds) (Blasius

(Hydrodynamics (Completely theoretical ))
(Hydraulics (Purely experimental))

.(Boundary-layer theory) (1904)
(Mechanics of Fluids)
o) adt g posigd] 1
TJedl
! ikl
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Dimension and Units of ) ikddl silaales dadl -1.1

:(Measurement

(Units)
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:(S7 )
(Centimeter-Gram-Second) —iusiwidl ol (1
(C.G.9)
()
cm Centimeter -L-(Length)
g Gram -M-(Mass)
s Second -T-(Time)
°C,K deg Degree, Celsius, (Temperature)
Kelvin
(M.K.S) (Meter-Kilogram-Second) imesb) wbaadl (2
()
m Meter -L-(Length)
Kg Kilogram -M-(Mass)
s Second -T-(Time)
‘C,K deg Degree, Celsius, (Temperature)
Kelvin

(M.KS) iusuisidl idasll (3

c e
e

()

m Meter -L-(Length)
Kp Kilo pound -F-(Force)
s Second -T-(Time)

deg Degree (Temperature)
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(International System of Units) dandgad] ddadl (4
:(S1)

()
m Meter -L-(Length)
Kg Kilogram -M-(Mass)
s Second -T-(Time)
K,deg Kelvin, Degree (Temperature)
A Ampere (Current)
cd Candela (Luminous Intensity)
mol Mole (Number of particles)
( ) (1.1)

(U.S. Customary Units) ikl iusSapod] ol (5

()

Jt Foot -L-(Length)
b Pound -F-(Force)
s Second -T-(Time)
F° Fahrenheit (Temperature)
R Rankine
B3] Gtk g o bl @
R =F"+460
F°=1.8°C+32
R =18K"
K =C"+273
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SI. Units

0.3048 m
1.609 Km
2.54 cm

14.59 Kg

6.452 cm?
0.0929 m?

C"=(F° -32)/1.8
K°=C°+273
4.448 N

0.3048 m/s

16.39 cm’
0.0283 m*

10° pa=1 bar

[18]

U.S. Customary

Units
1t
1 mil
lin
1 slug
1 in*
17
F°=18°C+32
R =F"+460
1 lb
1 ft/s
1in’
1 /7
14.5 psi

(Length)

(Mass)

(Area)

(Temperature)
(Force)
(Velocity)

(Volume)

(Pressure)

(1.1)
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a r "
. (1.1)
((1.1) )

. v=% (1.2)

L t v
a:% (1.3)

(1.1) (1.3)

F:m% (1.4)

m=1Kg L=lm t=1s

1(Kg)-1(m) _ Kg-m _ 1 N (Newton)
(1s)* s*

1 unit of Force =

o I3
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5 |x |8

o

1012
10°
10°
10°

(1.2)

(tera)
(giga)
(mega)

(kilo)
(hecto)
(deca)
deci)

—_ |~

centi)

milli)

—

(micro)
(nano)

(pico)

(1.2)

(K Pa)

e

[20]
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((1.3) )

(Centigrade Degree)

1000 Kg Ton (Mass)
60 s Minute
3600 s Hour (Time)
86400 s Day
1-10° m’ Liter (Volume)
3,6-10°J Kilowatt-Hour (Work)
3,6:10°J Kilowatt-Hour (Energy)
1/s Hertz (Frequency)
(1.3)
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‘(Physical Properties of Fluid) peilgbd dutsibiperid] scaibscairl] -1.2

((1.1) )

SOLID

MATTER < / GAS
FLUID N LIQUID
PLASMA (99% of the universe)
(1.1)

(Liquid)
) 1

(
() 2
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(T)
(nm)
(Shear Stress)
(T)
( = )
.(ABCD)
) °
(
1
() ) 2
1
2
()
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A
- (Gas)
~(Kinetic Theory)
(p) .
[ )
[ )
:(Density) @\Q\ 121
(Specific Mass)
(p)
=7 (1.5)
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(1000Kg /m*) (4°C)
(1.4)
(Specific Volume)
(v)
v:X:N/:l (1.6)

.......................

(7)
y=% (1.7)
(N) w
(m*)
(N/m?) 7
(+4°C) (9810N) (1m?)

y=$=9810mm3
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(0,5+4% )
.[30+100 “C]
(100 bar)
(4,65%)
plKg/m’| plxe/m’]

789,3 999

970 1020

1,188 13595

1,312 780-820
0,614 680-740

1,151 900
0,739 760-900
T=15°C (1.4)

(Relative Density)

(+4°C)

s =7

g
j/w,+4°C

(133KN/m*)
133000

S, = = 13,6
9810
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(1)

(+4°C)

[ oo Guind| 3 30udba Gl Vs @

-

(9.81m/s*) 'g

S /4 P& P

g
]/W,+4°C pw,M"C g pw,+4°C

(+4°C)

7, 9810(N/m?) ;
oY J2000NIM) 600k
Pusvc = 0 T 9810(m/s?) g/m
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ik ik @
:(Pycnometer) (a
(100em*)  (50cm?)
:(Precision Hydrometer - ) (b
( )

(F=V-y=V-g-p)

(1.3)
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) ; (c
-(
(AP degree) e w6 &1 Gl g2 o
( )
API:%—BI.S
p60F°
() (o)
(60F° =15.6 °C)
(60F°)
(4PI)
TAPI> 40 .1
'30< API <40 .2
123< API <30 .3
110 < API <23 .4
" API <10 .5
(10) (4PI)
(API)

(+94°C) (+4°C)
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Pyiwc = Pyiorc 1000 -964

= =3.6%
Py ac 1000
Z(Viscosily) o,,m -1.2.4
((1.4) )
(U)
(F)
( )
n
r 3
4—U—h: F o
—,"" .
! T " U, r
x =
>
(1.4)
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(L)
(Tangential Stresses)
(L) (U)
F U
T= g = ,Uf (1 8)
(mz) .S
(kp/m*) (N/m*) T
.

(Dynamic Viscosity)

7-L ﬁ-m.S:N.S:pa-s:lo

2

dyn-s

2

10—
cm- S

=10 poise

- v-(Kinematic Viscosity )

- (1.9)
o,
(1.9)
o= K& MM 0 srokes
m-s Kg s
(1.8)
r=,u-a—U (1.10)
on

[31]
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(Newton’s Viscosity Law)
(Newtonian Fluids)

.(Nonnewtonian Fluids )

(1.10)
((1.10) )
( )
()
( )
! Sl gl a2 gl ek -1.2.4.1
(1.5) E7]
200cm’ (¢,)
(20°C) 200cm® (1)
()
Ezi_f (1.11)
( )
(Stokes)
u:0,0731-E°—0’06o31 (1.12)
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[ ]

]
v=E"x0,076" & (1.13)

(1.5)
Ostwald )
(Viscometer
(1.6)
idadhad] 5,511 63 i gpbl) i ©
(%) (Terminal Velocity)
(F) (Fl) - —
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F T Bouvancy Force

-

rrF \. .
\ l ! Weighe Force

(1.7)

ZF:mxa

weight force — bouyancy force —drag force =0

1
T
F:%[E'DSJ
2
T
F=r,-V, :7/'(E'D3)
e
.V,
.D
3

F,=3mu-v-D

[34] Jo¥ bl




Bk e IS

U
:.D
7;;(%'133)—}/_/(%-D3j—37r,u-v-D=0
(2) (¢) (v)
: (Terminal)
vk
:(71;'7/_/')D2't
18L
(¢) (m) (D) (W/m") (r,) ()
(pa-s) (m) (L) (sec)
‘(Rotating Viscometer) yl§adl iagubll st ®
(Rotating Drum)
(Stationary Drum) (o)
(Torque Meter) (r)
(o)
(7)
(F)
() (T)

[35] Jo¥ bl
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meter Stationary
/ drum

p—— Rotating
drum

|~— Sample
fluid
(1.8)
(Shear Stress) % =7
( )
(Velocity Gradient)
(») (v)
_ Shear Stress T
7= Velocity Gradient  v/y
(r) (F)
F= I =>7r= E = T
r A rxA
A
A=2rrh
. T
“h

[36] Jo¥ bl
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T
T =
27 r’h
v=(r+y) o
VErX-
-(r)
.(rad/s ) Q)
__ Ty
2xr’h-w
(1)
Parameter U.S.Customary Units SI Units
H Ib-s/ ft* N-s/mt’
T b- ft N-ft
Yy ft m
St m
St m
w rad /s rad /s
(1.9)
(Spindle)
[37] Jo¥ bl



Bk e IS

(1.9)

:(Capillary Tube Viscometer) o yoid] ciguiaiS] 93 i@ bl ilais ©
(1.10)

Sample Py

mol o 9

} | \
Supply tank (5 . o)
D

Receiver tank

(1.10)
(Hagen-Poiseuille) -
R* 8-L-u
- Ap = Ap =
0 811 P =Ap=— 0

O=v-A=v-2R’

[38] Jo¥ bl
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FUH ) 5 ae
8-L-v-u 8 L-v-u 32-L-v-u
Ap = - -
PR (D/2) D
.(m/s) ‘v
(m) (2) (1) L
(m) )
.(pa-s) :'u
(ra) @) () &p=p.-p
L Ap-D2
©32.L-v
k] Gibwbiniy @
0= f(Ap)
(Z)
. (0-2p)
o

G U pE

> Ap

(1.11)
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T:,u% (1.14)
Q:S_’f;Ap (1.15)
(0-ap)
)
(Apo)(
Q—Jf;(Ap—gApo) (1.16)
T=T,+U— (1.17)
.(m3/s) 0
(m) R
(m) L
.(pa-s) yr
(pa) (z,) -Ap,
(pa) (2) (1) IAp=p, - p,
(0-ap)

[40] oY e
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(1.16) (ap, =0)
(r=7,)  (au=0)
? —»AD.S : &
e ST
(1.12)
( ) 1
F=MAp-S=rr’-Ap
2
( )
F,=t2rnrL
F=F
w’ Ap=1-27rL
(ap)
Ap = T-27Z'27"L =r-2L e Ap-r
Tr r 2L
Ap,-r
2L
72_124
= A 1.18
0 5L Y (1.18)
[41] Jo¥ bl
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(1.13)
.'“’“
rc
(1.13)
( )
v, =0, e
(1)
(¢.)
(y-c)
t2 tl
lni
p=—2
L, =t
o

[42]

e

(1.20)

U, , U,
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(1.5)
(v-10°,m*/s) (u-107,pa-s)

1,003 1,002 (Tr=20°C )

1,01 1,03 (r=20°C )

2-3 1,6-2,5 (T=15°C )
0,83-0,93 0,6-0,65 (T=15°C )

10-50 8,5-40 (r=20°C )

0,111 1,5

(1.5)

il shid | Gl et -1.2.4.2

(Random movement)
(Molecules)

(Temperature)

Mono-)

(Component

:(Sutherland Low) °

32
I,+S(T
= — 1.21
# #°T+S(Toj (1.21)

:(Power Low) o

[43] oY e
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T n
u_yo[;oj (1.22)
(7,) ( ) Hy
on
Sutherland Y

N, O, co, CH, CJH, CH, H,

102 112 270 322 226 164 73 124 S

.(1.6)
(Molecular Mass) (Pressure)
(Mixture)
-Herning-Zipperer o
i, = 2 myinM; (1.23)
> viIM;
I iy
Sutherland
i Y
= (124)
n
i N,

1

[44] Jo¥ bl
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n
i ‘M,
(1.7)
.(EV:O°C,pN:1amﬂ
#y [pas] #y [pas]
5,210° 10,2 10°°
5,010° 8,510°
11,7 10° 7,510°
13,7 10°° 7,110°
16,3 10° 7,0 10°°
17,1 10°° 6,4 10°
18,510° 5,910°
(1.7)

..........................

(Coefficient of Thermal Compression)

1AV
e 1.25
ﬂ I/l (Ap JT:Const ( )

AV =V, -V,

Ap=p,—p

[45] Jo¥ bl
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(1/21000) (0°C)
(1-10° pa)
(B=0)
- (Ideal Gases)
:(Boyle-Marriott law)
(a_”] __r (1.26)
ap T=Const p
(1.25)
p=L (1.27)
p
(1.25) (Real Gases)
p 07 |1
=[1-£.22 1= 1.28
/ { Z ap}p (1.28)
(E,) (Modulus of Elasticity)
1
E =— 1.29
=5 (1.29)
(£,) (8) (1.8)

30 20 10 0 T,0oC
4,66-107"° | 474-107"° | 493-10"°  512-107"° B, 1/ pa
21,48-10° 21,3-10° 20,3-10° 19,52-10° E,,pa

(1.8)
[46] Jo¥ bl
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Coefficient of)

(Volume Expansion

o= (GVJ (1.30)
ap T=const

(20°C) («) (1.9)

12,73-10°*  1,82-10* | 9.55-10* | 14.87-10"* | 2,07-107* o

(1.9)
(0+30°C)

:(Equation of State) s Al -1.2.6

(Thermodynamic)
:(Real Gases) (Ideal Gases)

el | il skl -1.2.6.1

.(Real Gases)

[47] Jo¥ bl
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(
( ) )
( ) ’
oV, =MRT =RT (1.31)
.(pa) P
(22,414m3) Y
.(Kg/Kmol) M
(J/KgK) ‘R
(K) T
'R,
5
R = Pa Vi 101325-10°-22414 oy g
T, 273,15
R
R_Ro_s314 (1.32)
M M
(n)
pV = m}li;T =nR,T (1-33)
(m) 4

[48] L
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(1.30) (p=%)
£ = (1.34)
) T = const o

— (
:(Boyle-Marriott’s Law)
pv=pv, =p,v, =(C), (1.35)
(1.34)
P _ const = Bl (1.36)
p M

(Isothermal Transformation)

(1.35)
I
T
11'7":"";"
(1.14)
= (p = const) 4

(Gay-Lussac’ s Law)

=2 (), (1.37)

Y
I T,

N<

[49] Jo¥ bl
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: (1.34)
% = —MR” = const (1 .38)
P
Isobar )
(Transformation
(1.37)
>
4 p
// B
6o a)'.}-r'. EESY
(1.15)
(V = const) °
:(Charles Law)
P_P_Pr_
bl (1.39)
(1.34)
% = const = RL;V}’O (1.40)
Isochore )
(Transformation
(1.39)

[50] Jo¥ bl
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bl
Fy \:_'2
/ i
00 a)'.}-.;'. EEST
(1.16)
:(Adiabatic Transformation) L
(System)
(Surroundings)
9, =0
pv' =pvl =p,vi =const (1.41)
Specific ) k
(c,) (c , ) (Heat
k=2r (1.42)
CV
:(Polytropic Transformation) °
pv" =pyVv =p,v, =const (1.43)

[51] Jo¥ bl
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1<n<k

(Isobar Transformation) p = const < n=0
(Isothermal Transformation) pv =const < n=1
(Adiabatic Transformation) pv* =const = n=k

(Isochore Transformation)n=w < v = const

(1.43)
P
21

T\ _— n=1{lsothermal)

\—#=k= C, 1 C, Usontrapic)
— n#k (Polvtrapic)
Fa
00 >y

e

ddbad] wiljladl -1.2.6.2

[52]
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pV =nZR,T (1.44)
(Compressibility Factor) Z
(1.44)
p-M p-M
=ZR T = 1.4
p T=P= g g (1.45)

Z=f(p,.T,)
(Reduced Pressure)
Standing and ) (Reduced Temperature)
~( ) Z (Katz
(1.16)
(7) (r)
(7.) ()
_r o, _>r
b BT,
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Al e

1 11} 1 2 3 4
T bl igladday
1,0 et =
oo NS §
W %hx | .
e 3]
9 0,8 \\\\Q — "f /
'l 0.7 \:\_\ ::: /Aj'l /l’ﬁ
SEANN A
B
| - s ‘5 ;
?3‘ 0,5 WA A x‘IV‘/”;’?ﬂ;ﬁ.ﬂﬁm
0,4 W VAT = 1.3
: ILi \llil..-' f?;‘}-’ 13 e ’
'/ "
0.3 1,05 e 1.2
3.0 '
R | B 1,1
;..."!;ﬂ —
I:T-T = 1,05 1,0
.
50 | 0,2
7 ] 9 10 11 12 13 14 15
B. i ol S5l
yd (1.18)
Z(Surface T ension) u}éa_.d\ 35 -1.2.7
(Molecules)

(F)

.(Molecular Cohesive forces)
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(1.19)
(1.19)
(r) ()
(4)

(Equilibrium) (B)

)

(
(r)
()
(1.20)

rele v 3FY 4 v 3
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= mem TESTS e

== _HB_:_:—_—
A1 Al
| (1)
[l
IT, >1II, > 11,
(1.22) ~(m)

m )X
EANRE
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(B)
(C) (m)
(albl) (azbz)
(C) (aib}) (a3b})
_(azbz)
(aibt) (©) -
IT, > 11,
IT, > 11,

...........................
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(1.23)
)
((1.24)
1
(A)
2
(B)
(1.24)
()
(1.24) (A)
(121) )
(IT
IT, >1II,
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(11, -11,) ((1.25.A)
((1.25.B) )

o

o :j—g = const (dF —dS) (1.46)

o) 5 |- hem =g
S 9,81 m
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O-O
(d = 2r) (h)
()
20, cosf
h — 0
o (1.47)
(6=140") (6=0")
(7)
()
(1.10)
(r=20"C)
o, 10[N-m| | o, -10'kp-m]
72,5 7,4 /
25-30 2,54 3,06 /
472 48,2 /
25,5 2,6 /
48 49 /
375 38,2 /

[60]
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p\}&\

)|

o\

(€

:(Hydrostatic Pressure)

e el dncinl] g 2. 1

(Fluid static)

(Normal Stresses)
(Hydrostatic Pressure)

(2.1)

p=lo|

2.2)

\JQ\M\

[61]
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(AB) (M)
(AB) (1) (1)
(F) (1) - -
(s)
()
(1)
()
(1) (1)
(F)
to(s) |7l
A, 22)
(s) (F) p
) (2.2) (s)
( M
(o)
‘M
p= lsigg(@) (2.3)
(r.) (p) (2.3) (2.2)

(T, /m* Kg, /lcm® KN/m* )
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(2.3)
(2-2 1-1) (M)
\y (1)
(M) (2.3)
as,) (M)
(2-2 os, 1-1
(») (as,)
'(Pz) (852)
P1=Pr=p

da i} Jalguidd (Differential Equations) desbe@bivil] Gidabad) -2.2

~

) (2.4)
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"
F
p=f(xy.2) (2.4)
(F)
(1-2-3-4)
( dy  )dz dy dx
(z vy x) (A)
(A) (p)
(ox)
- - (MN)
(op/ox)
(N) (M)
Pu =p—%d 'Z—Z (2.5)
pN—p+—dx-Z—1;
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()
(a
f(dxdydz)- p (2.6)
(dxdydz)- p
(ox)
f.(dxdydz)- p (2.7)
(2-3) (1-4) ; (b
(1—2) (ox)
: (3-4)
Py — Py =Py (dzdy)— p,(dzdy)
C(p_L P i+ tacll
=(p 2dxax)dzdy (p+2dxax)dzdy
__P dxdydz (2.8)
ox
(ox)
p
f.(dxdydz)-p —a—dxdydz =0 (2.9)
X
P (2.10)

:(oz oy)
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POy (2.11)

(2.11) (2.10)
(1755) (Euler’s Equations)

STl Bl id oW s Wi K -
(az) (av) (ax)

fdx+f dy+fzdz—i~(6—pdx+a—pdy+a—pdz):o (2.12)
g O Ox oy Oz

p=f(x,2) (2.13)
(2.12)
(dp)
(2.12)
dp=p-(fdx+ f,dy+ f.dz) (2.14)
(2.14)
(p = const)
(du)
(2.14)

dp=p-du (2.15)
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v e
du= fdx+ f,dy+ f.dz (2.16)
(du)
ou ou ou
du —adx+5dy+gdz (2.17)
(2.17) (2.16)
ou ou ou
fx—a fy—a fz—g (2.18)
()
(f. £ 1)
(2.18) (u)
()
. P = const
(2.15)
p=p-u+C (2.19)
C
(«) (p)
p=p, u=u (2.20)
(2.19)
p,=pu,+C (2.21)
C=p,—pu, (2.22)
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(2.19) (2.22)
p=p,+p-(u-u,) (2.23)
(2.23)

(p = const)

1 Seh) il oo puliel| oo -2.3

RVENPEIO P

RVEC
¢=(x,,2)
((o = const)
.(T = const)
()
( )
()
: (u) (u)
(x.2.2) (1
2
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) i

((Z.S.B) ) Z = const
oz
— =
Ox :
Z
)
_ it
1—-‘_1“ ;;f’ 1.2
¥4 i.f....:..?}ff”l.__
-— -~ T
fl‘}ff N
X B
(26A) )
T
= g
Y“___./g S
/ /[ §

[70]

(2.5.A)
y X

9Z_

o 7

(

(2.6.B) @
34\ \\u"‘i ._,_.—-r‘a
N A
\"::‘\u Ss s
u A
y kh : .‘:""'llj*_, .-"‘P‘"’
Al Nu
_..\ .
X A
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Besitid o3 510uie Pk (I oo yodet] dcdd] o et -2.4
[(Gravitational Force) adlddd} 5ol &
(Homogenous Liquid) ki Jaksi adbss -2.4.1

@7 )

(2.7)
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X7 (F) e Sy

f.=-01-g)

(2.16)
du= f.dx+ f,dy+ f.dz = -gdz (2.25)
(2.15) (2.25)

dp=—p-gdz (2.26)
p=—-p-gz+C (2.27)
p=-y-z+C (2.28)

C

p=p, z2=0
(2.27)
C=p,
(2.28)
pP=p,~7°z2 (2.29)
(h=-2) (m)
(2.29)

:(Hydrostatic Basic Equation)
p=p,+7-h (2.30)
[72] — i Jad
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(4bsolute Pressure) P
‘P,
(2.30)
A
(Isobars)
(») 2
(28 )
Z“\.
FPao
-\
)\
)\
\
[y h—]
(2.8)
(ps=7-1) (2.30)
p() = pa
(Atmospheric Pressure) 12
(2.30)
p=p,+y-h (2.31)
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-(Over Pressure)-(p-p,)

(Gauge Pressure)

p=p,=7h
(p) (p,)
P=pr,-P, (2.32)
(2.30)
.a
Pi=D,tyV h=p,+ps=p,+p
: .b
Pi=P,tyV h=p,+ps=p,+p
p=py=y-h
(ps) (p)
p=ps+(p, =P,
P,

:(Non-Homogenous Liquid) ket s Jabesi ulbay -2.4.2

[r=r]
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(Immiscible Liquids)

)
(2.9
(6-0)
'(pz)
(2.9)
(n) b-b
() ()
Pr—pPi =V h
Py—Pi=7,h
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(71 :7/2)
(h—)O)
" (b—by) (a—a)
(7/ :const) (p = const)
( ) (7/1<72<73 ----- <7/n)
(h by by, )
Pr=pP.t7h

Dy=Dt)V, hy=p,+y h+y,-h

Py =D+ D7k, (2.33)
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.ﬂp

T

L

palghl alla (& (Elevation) ghisydl g didhadly Qael) paisd -2.5
:(Static compressibility Fluidsy &\ %l dabilddl§ dviabosid]

(Vertical Distances)

(Planets)
(2.26)
a__, (2.34)
dz
(Variable Value) (7)

(Compressibility Effects)
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Relativety Larg Ranges
( ty Larg Rang

Pressure-Elevation )

(Relation

Isothermal ) MU\ ;\& (Constant Temperature) ;o)) Js> .1

:({deal Gas
pv=pyv,=(C); (235)
-(O);
(1) P> P
(Specific Volume) VLV
(v) (1)
y=pg=rg=v=~ (2.36)
v v
(2.35) (2.36)
p§:p1£:(c)r (237)
v 7
(Elevation Range)
(2.37) (g)
p_p _©) = (C", (2.38)
v 1
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(2.38)
(2.34)
dp p
. =~ (2.39)
p__ & (2.40)
r ()
(z) (z) () (n) (240)
(4 __ 2.41
,{ p I (C)r (241)
np|’ = @l (2.42)
P __
In > (C > (z-2z) (2.43)
(2.43) (2.37) ("),
P =D exp[——(z z )} (2.44)
(Exponentially) (2.44)

(Zl) (71) (pl)
Temperature Varies ) E\ZJY\\C/)&- Lﬁ_: A a3 A s 2

:(Linearly with Elevation
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T=T +Kz (2.45)
.(z = 0) T
(Lapse Rate) K
pv=RT:7=% (2.46)
(2.45)
dt
dz = E (2.47)
(2.34) (2.47) (2.46)
dp __ g dT (2.48)
p KR T '
() (») (z=0)
InL = —ilnﬂ = ln(ﬂ)g/KR (2.49)
p, KR T T
T g/KR
_ 1
p= p{Tl +sz (2.50)
(Degrees Absolute) (1;)

(The Standard Atmosphere) gmiksbd] gl @i -2.6

(dirplanes)
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(Rockets) (Missiles)
(Actual Atmosphere)
(Sea Level)

p=29.92inHg =2116.21b/ fi* = 760mm Hg =101.325 KPa
T=59°F=519°R=15°C=288.15K

y=0.076511b,/ fi* =11.99 N /m’

p =0.002378 slug / ft* =1.2232Kg /m’
1u=3719x10"1b-s/ ft* =1.777x10° KN - s/ m*

T=(519-0.00357z)  °R(zin fi)

T =(288-0.006507z)  K(zinm) (2.51)
(=)
(11.000m)
(Troposphere)
(-565°C)
(21.100m)  (11.000m )

(Stratosphere)

(2.11)
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60

30

r 20
)
Lower

stratosphere
20 ¥ _\

Troposphere
Lower g
stratosphere 1

50

N1/

=
(=]
s

AN

Altitude (Kam)

Altitude (Km)

0 L ! [—
10 """-\‘_ 0 40 80 120
\\ Troposphere Absolute Pressure (kPa)
0 1 1 | l
60 -0 20 0 +20
Temperature (°C)

(2.11)
O I (= T PR S PAETERY (Applications) silbemda -2.7

{(Connected Vessels) % Ja l\is ;Y\ A

(Principle of Communicating)
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(2.11)

AA’

b =D
pa+7/‘h1 =pa+]/.h2
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Ll pls 1 B
(».) ( )
( )
(Barometers)
(2.12)
. B
1K
=
B A
-B -A (2.12)
( )
()

[lat = le/cmz]
latm = 760mm (Hg) = 76-107 13,596 = 1,0333 Kp / cm®
Absolute )

(Pus) (Pressure

(r.)

[84] \J\J\M\
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,\)X\
- p. —(Atmospheric Pressure)

Manometer )
(2.13) . (p), (Pressure
Y A
b b
N
, v ¢ g2l haial
= FPvac ’
g 2 B
AT (P 2l p =0
. 1 abs Blaadt iial
(2.13)
(P)A =P, " Pa
A p,
(p)A >0
(p)i=P,~P.=p.=7h, (2.33)
(h,=p,/7)
(p),<0
(P)y==pP,~p.=-Py=7h, (234
(hy ==py /7)
(2.34) (2.33)
(7)
(2.13)
(pabs)A :p” +(p)A
ST
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Al ks
(©)
(n) (©
Pe=p,t7h
D=V h (2.35)
'(C) :pc()
'(C) :pc
(Zat )
(7/=103 Kp/m3)
[86] \_é;ﬂ\y.}d\
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4 2
b= Peo :2 1? (Kp/n: ):20m
¥ 10°(Kp/m”)

(7.) (u)

((2.15) )

Ps=Ds

p.+y-h=p,+y, h,

P.=Py+Vy h,—y-h

(7-n) (7.) (7)

p.=p,+V.h, (2.36)
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~ (Differential Pressure)

-(2.16)
( ) (u)
()
Ap=p,—p,=h, (7, —7) (2.37)
Ap=p,—p =h,(y,—r)+y Az
. Z,
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1§ 5 el il 4519 il dniall -2.7.1

bl bl ey diohs BN
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0,6 Kpa = 0,6KN /m* = 0,006 Kg, /cm?
(m)
(m) .
p,+7-h=p, (2.38)
(m) .
O+y-h,
pPi=V-h, (239)
(h) (p.)
(h.)
h, =24 (2.40)
Y
(n,)
(h,)
( )
KN Kpa Kg, / I
m* m’ cm’ '
( ) 1
[90] \JD\M\




e

@ S5 M\Jﬁ ,},;\&Li.: W2

(2.17)

(n)
(B)

(2.41)

[91]
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(7,) (%)
(pi-p.)
(p7) (B) (A) 1
() (h.=n)  (p,=p,) 2

edid| ghisglg il i) -2.7.2

'pA<pa

(2.18)  (m)

(2.18)
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Py=D, TV h
(m) .
Pi=D,*7h,
h, = Poa—P4__P (2.42)
4 4
( ) h,
(m) (h,)
( )
( )
(4)
(6)

5@?@35 Qaeial] pbisiy) | Jdleid damiguaaid] dibladl -2.8

5\ (Specific Potential Energy) w}d\mjﬁ\uﬂd\ (1

(Work) (Mechanical Energy)
.(Potential Energy)
(0-0) (2.17)
(n) (2)
(2)
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(n.) - - (B)
(0-0) (H) (MN)

(0-0) (z)
(PE), =Z-G
.G
(n.) (r)
(PE), =h -G
.G
(PE)=(PE), +(PE),=Z-G+h_-G (2.43)
] (PE)
()
(SPE)
(n)

(SPE):P—(fzerh -H (2.44)

(Z) (SPE)Z (a

(n,) (SPE), (b

B =P
¥
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& A

\J:f,é\ ol ¢l )1 (2
- (#) .
(z) ~-(2.44)
(n) (z) (H) (4.)
(#)
( n )
. Z -(2.17) —(0-0)
h,
H=Z+hC:H:Z+§ (2.45)
(#)
(#)
H:const( ) (2.46)

Hez+PozyPa=Po_ 7 Potr W=D,
y y y

[95] — bl
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AbIels

:(Z+h)+&—&=T+&—&:const (2.47)
y oy y oy
T = const
((2.19) )
1,2,3,4
(p-p)
(pp)
(#)
(sPE)

.SPE:const( )

\_}U\ Jad



‘Jalgwibd (Relative Equilibrium) wsid] §¢Seid) -2.9

- (a

(,0 = const)

> 5
(2.20)

(Angular Velocity)

(Rotation)
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(ABC)

dF =dF. +dF,

(2.16)

du=du_+du,=—g-dz+W? - xdx

=|

(2.49) (2.15)
dp=p-du=-p-(g-dz—W?* - xdx)

( P, = const)

dp=0=g-dz—W?* -xdx=0

(2.49)

(2.50)

(2.51)
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W2 x

dz - dx=0 (2.52)
g
(2.52)
x72 2
7 VX _ ¢ (2.53)
2-g
e
(B)
x=0, Z=H,
1(2.53)
H,=C
(2.53)
172 2
7-V"% (2.54)
2-g
(z) (Parabolic)
(B)
(H,) (2.54)
(2.20 ).
7 R*H = 7 R*H, —%;;RZ(Hl —H,) (2.55)
H,=2H-H,
(c) (2.54) (#,)
x72 2
H =V Ry (2.56)
2-g
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(#,)
172 2 n72 2
H, o -V _R ~H,=>H, _g- VR (2.57)
2-g 4-g
WZ 'R2
AH=H-H, = (2.58)
4.-g
(ar)
Wz%w/g-AH (2.59)
(2.50)
p=p( 2-x -g-2)+C (2.60)
(x.2) (B,)
w2 . .2
Py =P, =P =g 2)+C (2.61)
- - (B!)
B} (x,2) (8)
W?.x®
Py =p (=g 2)+C (2.62)
(2.62) (2.61) (C)
((B})
Py =P, tpg(z=2)=p,+y-h (2.63)
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(2.60)
(W=0) (W=0)
pm—g-W : (2.64)
Al <0 A (b
(c)
[101] — Sl i
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Z = (h, +HO)=W2 L
W?2.r2=2.g-h, (2.65)
2
7 R*h =%7rr2 By = hy =2'r—fh (2.66)
L h
(2.65) (2.66)
— 2R
W = e \g-h (2.67)
(B)
(2.67)
:(rzR)
Woi :%'\/g'h (268)

zolaadl s Byigd) (Pressure Forcey &l 3¢d daaeii -2.10
{(Plate Surfaces) uigeinsid}
ik G 3}l el bl -2.10. 1

(om) (2.22)
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(s)
(s) (£,) (p.)
(2.22
(%)
(n) (m) () (F,) badlsp .1
(z)
h=27sind (2.69)
: 10
(ds) (m)
(dp,)
dF,=p,-ds (2.70)

1(2.31)
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df,=(p,+y-h)-ds=p, -ds+y-h-ds

dF, = p, -ds+y-Z-sin@-ds (2.71)
(s) (2.71)
Fy=p,[ds+ysin0[Z-ds (2.72)
S S
jds=s J.Z-ds:ZC .S (2.73)
N N
() (€) 1z,
(2.72) (2.73)
F,=p,-S+y-S-Z.sin@ (2.74)
( ) he =2, -sin6 :
F,=p,-S+y-S-h, (2.75)
Fio=(p,+7-he)-S=8-(ps)c (2-76)
NONE
(2.75)
F,=F,+F (2.77)
(s) .F,
F,=p,-S (2.78)
- - . F
F=y-h.-S=p.-S (2.79)
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- Pc
(2.79) (2.76)
( )
(Po)c (s)
(pc=7h)
(F,) (D,)
(F,) (s)
Lad S s 2
(F,) (2.23)
(p,=p.)
()
(0 )F
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(z;) (p,)
(D) (£,) (F)
(2,)
(ox)
[(p-ds)-z=Fz, (2.80)
J.(;/-h~ds)-Z:(;/-hC-S)-ZD (2.81)

j(ysmaz-ds)-z =(ysin@-Z.8)-Z,
N

J.Z2 -ds
Z, =% = o (2.82)
S-Z. (8,
(ox) (s) 1, =[2"-ds
(ox) (s) [(S0),, =S Z
(€) (s) (z.)
I =1.+8-72 (2.83)
(2.82)
_LerSZe o L (2.84)
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(D) (¢)
e=2Z,~Z.= ZifS (2.85)
(e>0) (1)
(e)
(D) (2,)
(x5)
(2.80) (0z2)
j(p~ds)~X=F~XD
[ h-ds)- X =(y-he-8)- X,
j(ysine-xczs)-x=(ysin9-zc-5)-XD
jX-Z-ds
=% = Lo 2.86
XD SZC (St)ox ( )
| gl o] Qo shay dlbay -2.10.2
(r)
(€) (e=0)
(») (D )
(7)  (s)
F=y-H-S (2.87)
'S
(») H
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(2.88) (A) (o)
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() (p=0) (h=0) (o)
(h:hl)
p=7r-h
() (7,)
(0AB)
(F) (v) (0AB)
F:széﬁ-%b (2.89)
(c’)
(1) (0 )»
(AB)
: (2.89) (7-m) (7)
F=S-y-b=—h>-y-b (2.90)
s=Lp
2
)
(0AB) (h,) (2.25.a)
(0'AB’)
(2.25.a) ) (OAMN)
(i) (F)
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.(2.25)

dmmouinty 3] g0 (ool B aiGd ) daieidl] (S04 dmaai -2.10.3

(Inclined Plane)
(Cylindrical Surface)

sl e
(2.26) (ABC)
(ABC)
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e

(b= const)
(z) (x) (cc')
(F.)
(ED)
(ABCED
(DE)

G =[(ABCED) |
(ABCED)

(2.92)

(®.)

(2.93)
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i}z ::’i’( R -G (2.94)
(2.94) (7,) (G)
F. =—[(C'CED) -(ABCED) lv-b  (2.95)
F, =-[(ABcC') ]-7-b (2.96)
(2.96) (2.94)
() 1
(ED)
.(DEF) (F.=F)
(F.) 2
(ABCC')
(2.96) (G,)
F. =-G, (2.97)
(F.) (F)
: ( )
F=,F*+F? (2.98)
(cc')
&\M@D\mu\ .
((2.27) ) (cc’)
[112] — St il




.(ABC) (2.27)

F =+G (2.99)

\_gzmc%ﬂmameA o

(cc’) (ABC) (2.28)

E L (F)ys (F),

.(ANBC) ( ) (2.28)
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e LB I

.(ABC)

(2.30) (ABC)

(ABC) ( )

(2.30)
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((2.30) )
(r.) (F,)
Aaliggls ol o
W&) {%b})ﬁ\w\o}s 1
(2.31)
(r)

_D.

p=7

pt—y

[115] — St
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) (p)
() ( AB
(F.)
.(adc) (abc)
(adc) (abc) (ac)
22?;2} (2.100)
(L) (ac) A
)
P
.(2-e~L)
(o)
a:if (2.101)
(p)
eZZf:%; (1.102)

(2.32) (D)

[116] — jtidad



Al ks

(abcd)
(2.32)
R=TP, BT, (2.103)
(R)
(F) (abed) (1&]=[7])
(7) (F)

(F)
8l (Hydrostatic Buoyant Force) il ydasiti] g ull 864 -2.11
(Archimedes’ Principle) et} asuila
(Submerged) (A-B)

(ds) -(233)  -(y)

[117] — jtidad




dF, = (hy ~ )y -ds

F =(hy~h)y-S=p-V

(Floatation Force)

F =y-V'

[118]

(2.106)

\JQ\M\



Skl s

( ) n
S (Vertical)
(c)
(D)
(7k) (FG)
:(7<7k)
F,=F,—F, (2.107)
(7:) (%)
Fg =FG_7/'&
Vi
FG_FG' :7’_0
Vi
K
Vi = FG—_FG, (2108)

Stability Considerations For ) imiball ghead S pdieib) o jlgud) & pett -

'(Bodies in Floatoation

()

[119] — jtidad




Al ks
(F5)
F =F,=y-V

C (F,) \%
Center ) D (F) (Center of Gravity)
(of Buoyancy

(Axis of Floatation)

(Rotation) (Torque) (r) (F,)

F. =F, ™
F>F, ®
F.<F, ™
) : F,=F, 10 ad) -

:((2.34)
(2.34.a ) =Stabile Equilibrium- o
(2.34b ) =Unstable Equilibrium- o
(2.34.c ) ~Indifferent Equilibrium- o
[120] — jtiyai
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o

S o E
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(2.35) (b) (c)

b) -1
(c) (D) (D)
(Restoring Torque)
()
(M) (%)
(MC = hy,)
(M)
(c)
(D)) (c) -2
(c)
(c) (M)
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Metacentric ) (CM = h,,)
(DC=¢) (Height
() (V)
DM=r, =e+h, (2.110)
(M) ()
(hy) -(2.35.b) - (c)
(2350) )
.(hM <0) (hM >0)
(a) (v)
(rM :const)
. =§ (2.111)
Y

dldumdalip (Pascal’s Law) Jbwmibi edki -2.12

((2.26)
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(d4)
(0x) (z,) (2)
(pz) (pl)
py-dd=p,-d4=p, =p,
sl e
() (K,)
(d,) (K.) (z)
(z,)
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e

p\}h
(x,) (s)  (2)
K FL
P = i
q.
4
(5.) (K.)
F-L d
F,=p-S,=—-(})’
p 2 dl
a 4y
(“) ()
a_1 a _1
L 5 d, 5
F-5 F
szT(S)Z:F-IZS = F”:lzs
(1kp) (125Kp)
[126]
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B A

AW\ dunad\

P

\/ N
n A+
.

R

da .. § .
o= i i i ‘&‘&jé“:wmu 8 "w o
Y 4 = ‘ , P
(b e 3 iyl it § 3 el
) VAW (a
) AUl (b

(o.... )
0 g sl 3l dussibesil) (Analytical Methodsy ieskisbavisd] §gall -3.1
(Velocity Field)
) (Acceleration Field)

Ll guid] 35 e il d (Lagrangian Viewpoint) gel wid adeisla -3.1.1
((3. 1) ) (K)
(0z) (oy) (ox)
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X = f1(X45¥0>Z¢51)
Y= 1(x0,Y0520,1) (31)
z= f3(x05Y052951)

(3.1)

(ar) (as)

(M)

@:af‘l()%’yoﬁzoﬂt), a _azx:azf‘l(xw)yo:zoat)
ot ot Y ot ot*

Vza_yzafz(x()ayo’ZOat). a :azy:azfz(erJ’ano’t)
ot ot Yo or’

ot ot © o ot? ot*

%:aﬁ(xmymzo’t), a _622=82f3(x0,y0,20,t)
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(Euler’s Viewpoint) g} it yda -3.1.2

(G2) )

o(y) X

[v,cD]  (2) [u,(t)]
fusd]  (3)

[”3(t2)] [uz(tz)] [ul(tZ)]

[129] I Jail
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(ar) - -(¢)
(M)
Jalguadl bl i wddl (Euler’s Equations) bl widalae -3.2
el i
(1)
() (1) (1)
T P Ly ooy (3.3)
dt g dt dt
du . duy . dux
dt* dt’ dt
( )
(33)
(2.9) [1, - (p-dxdydz)]
—(2.4) - (ox)
(2.10)
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Lo _du,
Yo oox dt
1 op du,
T 3.4
Yop oy dt (3:4)
1L dp_du
p oz dt
()
(3.4)
(Stokes’ Equations)
()
e (3.5)
-8
2 2 2
du, :_l_a_pw_ ou, +8 u, +8 uzx)

Lo —. T4y s > 3.6
dt p Oy (8x2 oy* oz’ ) ( )
2 2 2
du :_l.ﬁ_ijv.(a uZ+8 uZ+8 uzz)
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dux:8uX+8uX.@+6ux_ﬂ+6ux.@ (3.7)
dt ot Ox dt Oy dt 0z dt

(u, =) (. =%)

Cdr Cdt

(3.6)
; (3.7)
du. Ou, ou, ou, ou,

= +u, +u, - +u_ -

d o " o 7 oy 0z
d 0 0 ou, 0
S +u, - Yo +u,_ - Yy (3.8)
dt ot ox 7 oy 0z
du. Ou, ou Ou Ou,

= +u, - +u +u

(Unsteady) b ylisid) s (Steady Flow) b yhsiesid) siibibi gl -3.3
(3-3) (azbz) (a1b1)

(3.4) (3.3)
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( ) ) (u)
(') (1) (M)
(¢) (1) (M") (u')
(u")
(1) (2)
u=f(x,y,z,t) (3.9)
)
(
u=f(x,y,2)
p:fz(xayaz) (310)
,0=f3(X,y,Z)
(u)
ou :auyzﬁu _
ot ot ot
o (3.11)
—=0
ot
(3.11)
(M)
((3.3) M"-1 M"-1 M'-1 )
[133] 0 il
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(Stream Tube) skisisl uaguaily (Stream Line) sk & -3.4
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A
(Path) (Path Line)

M"-M"=M'=1-=2 )

((3.4)

-(36) - (s)

[135] I Jail




Slsdlh 2y AU

Stream )
(filament
(Central Stream Line)
(One-dimensional Flow)
( )

1
2

() .

°
3

ok piedd (ol Jlmid] pdadd) -3.5

((3.7) )

.(B-D) (3.7)
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(o) (Area of Flow Section) .
(o) (Circumference) o
(R) (Hydraulic Radius) °
R=2 (3.12)
oC
:((3.8)
c
b _’é z'
/) =7
A= =7
A= =7
= =7
-
é;:—‘ ?
f - :—:—:—:—:—:—:Zzg
A
—Hh—»
(3.8)
(38a) - 1
:(a)
R-®_7d/4_d_r
o zd 4 2

[137]
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CAEE
:~((3.8.b) )- 5
© - 2/ ,
R—;: ﬂ-ciz’/28=%_§
) () 3
-((3.8.¢) )
R_O_ bk
o« b+2h
( )
( )

(Volume Flow)
.(Mass F low)

(do)
[(a0)

dQ =u-dw (3.13)
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(3.7) ) (u)

(3.15)

()

(Velocity profile) ( )

— U o—
| Vol o A A A, 7!_/:2:///10 |

o

T
-] al

|

-
L

—

__.-F-"
Yl A A A A A
— 7 —

(3.10)
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AL

Sl 296>
KEW @a%? gzl (Continuity Equationy ) weeeid! ddalas -3.6.1
:(One-dimensional Flow )

5l s udldl L 1

(3.11)
(1-1) (abed ) (1-1,2-2,3-3,4-4)
: (AB) (2-2)
(0.)  (2-2) (0)  (1-1)
(1-1) (abed) (dr)
(0,-ar)
(0, -dt) (2-2)

A
(3.11)
(Incompressible)
(r-B)
010 0 (519
0=0,=0,=........ = = const (3.17)
AU il
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(3.17)
{Jal..\\,\:%\} 4',\3,,_9\3",,«.\..3\/553\33\»- 2
-V =const ( )
@, -V, =0, -V,
AR (3.18)
Va0
(3.18)
dQ =u-dw = const ( )
u_ do,
P (3.19)

(Three-dimensional Flow) s} @it bl da3) posieisl] adilas -3.6.2
‘(Incompressible) &kaeaitl Jubi s
(v) (x,v,72) (3.12)

() (¢) (4) (u) (x.3.2)

[141] I Jail
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P
4 L _
e B _,i_ﬁ._. ,Mlljg
3, 2
I .
oY) .
(3.29) (3.12)
(ar)
(dr)
(u,) (4)
|
Ca) () (w)
() y :ux+l-dx-8ux (3.20)
: ox
(M)
(U, )y :ux—l-dx-aux (3.21)
: ox
ou,
()
(ox) (M,M,)
(ar)
(1-2)
ou,

AV, = (u,)y dtdydz = (u, +%dx Ydy dz dt (3.22)

ox
(1-2)  dydz

[142] I Jail
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(ar)

(3-4)
AV, = (), didyds = (u. -~ ax 2"y dz di (3.23)
’ 2 ox
(ar)
(3-4) (1-2)
Av, —Av, = a&dxdydza’t (3.24)
ox
Ou
Av, —Av, = —=dxdy dz dt (3.25)
y
Avs —Av, = %dxdydzdt (3.26)
Z
(Av, —AV,) +(Av; —Av,) +(Av, —Av ) =0 (3.27)
(3.27) (3.26) (3.25) (3.24)
(dxdydzdt)
o, O [y (3.28)
ox oy oz

i ] ) o 1 il i |y i) st 3.7

(3.13) i) htgll -3.7.1

.(0) = const)
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<<<<<<<<<<<<<<<<<<<<<<<<<<

>>>>>>>>>>>>>>>>>

>>>>>>>>
<<<<<<<<<<<<<<<<<<<<<<<<<<

<
>>>>>>>>>>>>>>>>>>>>>>>

(3.13)
1” 2” 3” l' 2' 3'
—(3.14) ~( # const ) A
(0) :const) 2
(uy, 1y 5. )
(3.15) (u, #u, #u,.....)

(3.14)

(”) - - (mzconst)
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vV = const

3.15 )

- _”0_&51_-.

(3.15)

sl 306 il -3.7.2
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((Bernoulli’s Equation) gy ddaksss -3.8

ity (bt B 3l i (gl ol Wl -3.8.1

AV AM

&V; AM

O b P o
(3.34) (3.16)
(AB) ((3.16) )
(00) (2-2) (1-1)
(AOJI) (Zz) (Zl)
'(Amz)
(AB') (Ar) (AB)

(2-2) (as,) (1-1)

AS, =u, -At AS, =u,-At ;
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(2-2) (1-1) U, U,
(AA") (3.7)
(BB")
(AA") = (BB") =AV

AV =AA, -AS, = AA, -AS, = AQ- At
(AM) (AV)
AM=p-AV =LAV (3.29)
g

(AB) (AB)

J(AB') dandl QL Al se (AB) syl aSTH wldl W]

(Kinetic Energy) (KE)
(3.16)

A(KE) = KE(A'B') - KE(AB) = KE(A'B+BB')— KE(AA'+ A'B) =
= KE(BB') - KE(AA")

u; -AM  uf -AM

AKE) == :

(3.29)

2 2 2 2
u

AKE) =L . avE2 L avE (2 My av (3.30)
g 2 g 2 2g 2g

[147] I Jail




Sl 2y o AU

(AB') dandl 4 (AB) 3l JWl we godl Jos WIT

(an’) : (1
| (aB) ] (BB)

W, =(Z,~Z,)-y-AV (3.31)
(2-2) (1-1) (2
W,=(p, -Aw))-AS, —(p, - Aw,)-AS, =(p, — p,)-AV (332)
(@) P, P
(602)
(3
.(AB)
) (4
((aB)
( ) (5
( )
S\ gl LI
u222—7/l12 vy AV=(Z, -Z,) y-AV+(p, —p,) AV
g
(7-av)
1/[ +&+Z _—+&+Z (3.33)
2¢ y 2g 7y
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(3.33) (2-2) (1-1)
£+£+Z:const:CBH ( ) (3-34)
28 7
(Bernoulli’s Equation) (3.34)
( 1738)
(z) (p) (u)

Gkl )0 (lge i Wdalaw (3.34)

(¢,) (m)
()
(h=3,)
)
((3.17)
l L 13e
‘B A (3.17)
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SN

[150]

AL

(r=p-g) (3.34)

2

‘u
p2 +p+y-Z=const=Cy, (3.35)

Sagiuiall (oolge d bt

(5) (£5)

u
7+£+g-Z:const:CBE (3.36)
yo,

AU il
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By ol i i

(C)

i ] bt il oSS gy it -3.8.2

(s)
%+V%+%2—§+g2—§20 (3.37)
() (p) (v)

:(p;éconst)la\.hfalw 4\ c‘)\l\g}\ A .1

°
m=p, -v,-A =p,-v,-A, =const
(a.) (a)
: °
P _Rr
P
(3.37) (p = const) 2

(r) (v)

O=v,-A, =v, A, =const
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(2

ot

L L2 (3.38)
as’ pds °ds

(3.38)
:(p = const)

pdW b, dz

0
2 ds as P s

(s)

%Vz +p+p-g-Z=const=Cy, =const

gl b0kl (gl ddalag) dadpid] Gibiall dusadgyeentl] ddalad) -3.8.3
iy (e
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[153]

AL

2
l
2g

He=Y 12,7
28 7
+ +
1((3.34)
+&+Z _—+&+ZzihAE+hf
4 28y
( )
)

He, = He, t h,, +h,

2

(3.39)
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(7))
D hy =0
(3.40)

%+%+zl :%+%+Zz+hf (3.41)
h, = He, — He, (3.42)

() (He, - He, )

(L)
joHe—He, By (3.43)
L L

| gt e 35 2] Aol Gt dettl] ddalid] 3.9

(x) (2-2) (1-1) (3.18.a)

Ay =a, =0, (3.44.1)
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A(KD), = (NC), (3.44.2)
(2-2) (1-1) (AB)
(AB') (ar) (1)
(AB) [AkD)] 1
( ) (ar,) (ar;)

A(KD) = KD(A'B')— KD(AB) = KD(A'B+ BB') - KD(AA' + A'B)

= KD(AV,)— KD(AV,) (3.44.3)
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Ko -
KD=m-v=[KD]=—-5"
S

[xp@avy ] [kparp]  (ar,) (an)

(1-1) (a7;)
(dr)
(AV)) =p-Q-dt (3.44.4)
(v) (1-1)
[kD(ar)]
[KD(AV,)],, = (p-Qdt)-v, (3.44.5)
(1-1)
KD(AV,) =y - [KD(AV))],, =ty - p-Q-v,-dt  (3.44.6)
(1-1) v,
[kD(AV,)]
KD(AV)=a,-p-Q-v,-dt (3.44.7)
(2-2) v,
(v,) (v)) (3.44.3)  (3.44.7) (3.44.6)
(v..) (vi) (%)
AKD), =a, - p-O(v,, —v,,)-dt (3.44.8)

.(AB) (NC) 2

(NC)=F-t, (NC)=N-s
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(AB)
(A'B")
(6.)  i(aB) (¢) (a
: (x)
G, -dt (3.44.9)
(7:) (b
(T,), -dt (3.44.10)
( ) (c
R, -dt (3.44.11)
(x) (R) ‘R
-(AB) (d
- (2-2) (1-1)
(7) (F)
(F,+F,)-dt=F, -dt (3.44.12)
(x) (7) (R) F,
(3.44.9) 3
:(3.44.8) (3.44.12) (3.44.11) (3.44.10)

ao.p.Q(VZX_le):Gx+(TO)x+Rx+Fr (3'44'13)
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() 0
- —(p-Q:const)
(p-0) @y prQ-V
(v)
) (a-p-0-v)
(
(3.44.13)
(x)
( ) (2-2)
(G.T,,R.F)
(2-2) (1-1)
(3.18.) (G,T,,R,F,,F,) ]

[(ao'p'Q'Vz) (ao'p'Q'Vl)
(180) (ao'p'Q'Vz)
(G.asp) )

(3.18¢) ) (B)
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(1-1) .a
1(2-2)
- pQ-(Vy, =V )= p- Q- (0-v, )=—p-0-V,

=v, a,=1.

| (1-1) 1R =F, =0

Fx:Ex+F2x:0 ;F2x:0
Rx:R:_FO J(TO)sz
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(3.44.13) .C
—p-Q-v, ==k
2
Fo=p-0-v, :l(wl V)V, :2(’31‘/_17/
g 2g
(1-1) ®,

Qlal) daaS A5 il S (oeb o il £ 3090 obinl] o pili -3.10
okl (il pdall] o W il

(AB) (3.19.a)
( ) (3.19.b)
(A’B’)
(A’B’) (AB) ].(v)
1|
A Mo Al
,-‘J
—T1T— v, v
B e B U=v
: 7 7
Y e
( )
.(3.19)
KD (M) KEM)
[kE (M), (at) (AB) (M)
(M) [kD(M)],
(at) (A’B’)
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KD(M) KE(M)
@ )
[kp(M)],  [KEMW)], :
(u)
(b ) (v)
b a KD KE
KD KE
KEM):[KEM)], KDM):[KD(M)],
szu-doa:QzJ.wdw:V-co (3.45)
v =dt-dQ =V =dt[u-do=v-odi (3.46)
dM = p-dV = p-u-dodt 3.47)
M:p-dt:J.u-dm:p-V-mdt (3.48)
Ldo
Y
‘W
(dr) %
(V) ‘M
(M) (kD) (v) (1
; (am)

[161]
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KD (dM) =u-dM = pu® - do - dt (3.49)
‘(M)
KD(M):J.KD(dM)zp-dtIuZ - dw (3.50)
(M)

[KD(M)], =v-M=v-(p-v-adt) = p-v* - odt (3.51)

cp

(kD (M)], > KD (M) (3.52)
KD(M):p-dtJ.uz-dw=p~dtJ.(V+a)2~dco (3.53)

( ) (a)

Ia-dm:O

®

.(BDN) (MCD)
(3.53)

KD(I\/I):,O-Q'{J‘V2 -a’(0+2J‘V-a-a’o)+J.a2 -doa}:

=p-dt V2'|‘al(n+2v'|‘a-a’(o+‘|-a2 -doa}:

®

=p-dt| v’ ~0)+ja2 ‘dm}=p-vz ‘mdt+p-dtja2 -do =

(0]

=[KkD(M)],, + p-dt[a’ - do
(v=v)  (a=0)
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(3.51) (3.50)
qu -dw
DM . _, (3.54)
[KD(WM)], Ve ’ '
qu-dm:ao-vz-m (3.55)

[2]

KDM)=a, - [KDM)] =a,-p-v'-odt=a, p-v-Q-dt(3.56)

cp

ao
(M) (kE) (2
) (am)
.((3.47)
KE(dM):”Z‘ZdM:%pu%d@-dt (3.57)
‘(M)
KE (M) Z%pdtjtf -do (3.58)
[KE(M)],, = Moy =%v3 - odt (3.59)
(3.52)
[KE(M)],>KE(M)
(3.59) (3.58)
J.u3 -dw
KEM) _ —a (3.60)
[KE(W)], Vo
ju3~dw=a~v3-oa (3.61)

®
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KEM)=a-[KEM)], = %a- PV -odt (3.62)
(M) (3.62)
(ar)
() ((v) )
(,) («) (3
a=a,=1
(a,) (@)
a, =1
a =1+1,03
a=2) (a=11) (a=1)
(a=1)
(o) (a,)
(a,)
(o)
() (1)
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av, P, :a2_ﬁ+ﬁ+22+hf (3.63)
2¢ p-g g p-g '
.(3.20)
(2) (1)
(0-0)
(p-D')
(BB')
(cc)
(1) (h,, =h,) (pc)
(1)
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Sloed
Y
PP
EEN
s ;Kv

. ).(3.63)
| (3.20
) (2) )
(
) |
.(3.63) (
(v=0) |
(3
(4
(5

(
-
b9
| 9 (el il
>l ‘~‘;ﬁ
9 gl | d
el
\'3
11

(3.21)
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Fdlch 2, R

(S)
(Stagnation Point)
(S)
- (S) : ps 4 Vs
- p,Vv
P _2_ _
POV =p +0=p, (3.64)
Yo,
pdyn = Evz
(Pur)
+ =
p+§V2 :ptot (365)
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Sl 2y o AU

(0.2+0.8mm)

(3.22) (7.,)

(r<7.)

(3.66)

((322b) )
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Slodl 25

AL

((3.22.¢)

(Pitot-Tube ) (Pur)

)
((3.23)
P=p, 7, h (3.67)
(pdyn)
-(3.24) - ( )
0
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pa’yn :§V2 = J/m Ah (368)

(3.23) (3.24)

[l g g ildomsdad -3.12

' Ganeisl] i (Venturi Meter) 3 guieinbd b -3.12.1
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Flodlch 2976 ks

.(3.25)
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Slsdlh 2y AU

Vi, P Vi, Py

2g pg 28 pg

([91 — P )
P8
(an)
2 2
Ah = V22_ AN vy —vi=2g-Ah (3.69)
g
(0)1 "V =0, 'Vz)
v, =V2& (3.70)
@,
(3.69)  (3.70) (v,)
2
vgll-(&j ]=2g~Ah (3.71)
0‘)1

(3.72)

D? md?

O, =—;0,=—

4 4

(3.73)
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()

(3.73) (ID)
( )
()
( )
(3.74)
.(0.95+0.98) i
Ld
:D

il il e By Gemsalld e 30 3 gt -3.12.2

(#) (d)

(d<0.1H)
(d>0.1H)

-(3.26) - (a)

(H = const )
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Sl 2y o AU

(05+1.0) d
(o) (oc)
(e=0.64) (g=%c)
(0-0)
. — (I-1) - — (I-1)
ON‘Z+L+ZI:ON§+ P +Z,+h,
g p-g g p-g '
(pzconst)
)
(

vi=03 p=p, 5 pPy=p, sh; =0 ; a=1

2

pa V2 pa

+H=—+—""—+0
P-g g prg
v, =+2g-H (3.75)
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Slsdlh 2y AU

(#)
(#)
:((’)c)
O=0."V,
(0) (0)
()
Q* =@ -0V,
(wc)
Q' =¢-¢-0-v,
O =u-o2g-H (3.76)
U=E-Q
(0.97) L

U=c-0=064x0.97=0.62
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Slsdlch 25

AL

s et il et B i mtalld el 30 o it -3.12.3

(».) (2.27)
(v.) ()
(r.)
1rIr'::‘:|:|
z, N CU_
o HVa, 2,
(2.27)
(v,=0)
(Po+P) _Va, Pa
p-g 28 pg
12p
v, = |—%*=2g"h, (3.77)
Yo
(7,)
()
 Jilgmad! bt anddl -3.13
(Hugoniot)
(1854)
(1883) (Reynolds)
[176] I ol




Fdlch 2, R

.(2.28)

Laminar )

(Flow
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Sl 2y o AU

(v>v)  (v) (v) (2
-(3.29.b) — (T)
(Turbulent Flow)
(v.)
(Critical Speed)
e, .a
n b
.D
v.,cp-n-D (3.78)
(3.78)
v,=Re_p*n’-D* (3.79)
() Re,

(3.79)
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Slsdlh 2y AU

(3.79)
L M., M
o () () (L) 3.80
S=) () (3.80)
Lot =M™ L3 (3.81)
x+y=0 —3x—-y+z=1 -y=-1

x=-1 y=+1 z=-1

(3.79)
v.=Re,p"-n" D" = lj:fg
Re, = Ye PP (3.82)
n
(v.) (Re,)
(Critical Reynolds Number)
(Critical value) (Re, =2320)
(Re <2320)
(Re >2320)
(3.82)
Re:V.D-p:V.D: 4-0 (3 83)
n v 7-D-v '
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Slsdlh 2y AU

.Re
.m’ /s -0
m .D
Kg/m’ P
.pa-s -
.m’ /s .U
(Re) (3.83)
(<)
Re' = Y DP (3.84)
7, D
-+ )
6-17-v
(Generalized Reynolds Number) ‘Re’
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Eulp\ dunal

> -
deszatad ] €aban ] ool aall il Shid ] s w2
3 " % S g\ = > ‘%
WS g,\;@ VY (o B JeAl) Gl et Yz e
RPN DT LY P PN
S i 3.
(e sm;ﬁ.ﬁ o | Sadpmint

FRRUE WA T I . iy
awde -4.1.1

(Compressibility Effect)
(Temperature Changes)

(Second Law of Thermodynamics)

Incompressible )

(Analysis
Two-) (One-Dimensional Flows) A
(Three-Dimensional) (Dimensional
(Steady and Unsteady Flows) 2
.(Rotational and Irrotational Flows) 3
Subsonic ) 4
:(Compressible Flow
J0.4+1] (Mach Number)
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:(Transonic Flow) S
:(Supersonic Flow) .6
(3) (1)
:(Hypersonic Flow) i
(3)

sl (Thermodynamic Relationsy iesetbistags sl ibidadl -4.1.2

[ el
High-)
( ) (Speed Flows
(Internal Energy)
ou
(a_vl _0 (4.1)
(Isothermal Process) (7)
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AR

ol WIas -
u=u(T) (4.2)
(Enthalpy)
h=u+pv=u+RT (4.3)
(h=h(T)) (4.3)
dh
p d_T (44)
du
= (4.5)
(c.) (c,)
(4.4) (4.3)
_d@+RT) _ o
g dT !
c,—c,=R (4.6)
() (c)
(Dimensionless Parameter)
@k (4.7)
cv
()
¢, = %R (4.8)

)l Jail
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c = (4.9)

(System)
(Surrounding)

(v) (»)
(Adiabatic Reversible)
(du) (dn) (Isentropic)
(4.5) (4.4)
(First-Law Equations)
dQ° = du + pdv
¢.,dT =—pdv

dQ° = dh —vdp
¢,dT =vdp
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Inp =Inv™" +Inconst

vk = const 4.10
p (4.10)

b [V—zjk (4..1 1)

—_

N [&JH | (4.12)

T, P>

(k=1)/ k
_ {ﬂj (4.13)
P,

(Thermodynamic Equilibrium)

SIs

(Formulations) (Quasi-Static Restrictions)

(Nonequilibrium Conditions)

(Shock Waves) (Explosions)

(pvk = const)
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(Compression)

(End Conditions)

{(Propagation of an Elastic Wave) i ! iaeh! sivial -4.1.3

System of’)
(Varying Volumes) (Fluid Elements
(Group) (Space)
Simultaneous )
(Shift

(Small Shift)
(Compressible Media)
(Similar Small Movements)

(Adjacent  Elements)

(Acoustic Wave) (Disturbance)
(Speed of Sound)

(Medium)

(Infinite Velocity) (Propagations)

(Instantaneously) (Adjustments)

(Elastic Waves)
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(Finite)
.(Compressible-Flow Theory)
Some Vital )
(Consequences
Constant-Area ) (4.1)
.(Rest) (Duct
D Ay D Dy B
] I I I
—-%—mm dt |
dp | g | T*E
. — dl
7 2 7
!: cdt q
(4.1)
Infinitesimal ) (dp)
(4-A) (Pressure
(Molecular Action) °
(4-4)
Acoustic ) (c)
(Pressure Wave) (Celerity
()
(4.2.a) (Microscopic Action)
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AR

ol WIas -
(Newton's Law) °
(dp) (Wave Front)
(dp) (ar.)
(ar.)
(ar.)
(4.2.b)
P (@)
$dp N
}: cdf >
& Tar N ®
(4.2)
-(B) (cdt) (dr)
-(4.1)
- (8) (4) (4,) (av.dr)
-(4.1) (D)
() (ar.5) (D)
(Steady-Flow Analysis)
Moving )

(Infinitesimal Control Volume
(43)
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y /—Controi Volume

i
velocity= ¢ -di, #2 +— Velocify=c
Pressure=p . dp% «—— Pressure=p
Density=p.d, 72 «— Density=p
%

— iz —» Wave Front
. (4.3)
(Equation of Continuity)
cpd=(p+dp)c—dV.)A (4.14)
av. =P (4.15)
yo,
Linear Momentum )
(Equation
dpA = pc* A— pAc(c—dV.) (4.16)
pdv, =2 (4.17)
C
(4.17) (4.15) (av.)

(Velocity of Propagation)

d 0
=P =(h)

= 4.1
-G (4.18)

N

(Total Derivative)

(Partial Derivative)

(Friction Force)
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(Wave Propagation)

.(Heat Transfer)

(Infinitesimal Acoustic Wave)
(Isentropic Process)
(Action)
(dp/dp) (Circumstances)

(5)

(Nonisentropic Effects)
(4.10)

k
p(lJ = const (4.19)
P
In p—kln p =Inconst
W dp_, (4.20)
p P
(ﬁ_pJ k2 (4.21)
o), P
(4.21)
(a_pJ — kRT (4.22)
op ),
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AR

(4.18)
Fluid Properties
( P

.(Pressure Fluctuation)

Weak Spherical )

(c)

(Isothermal Flow)

(4.22) (4.21)

(4.23)

(4.24)

(Artificial Contrivance)

(Small Disturbance)

(and Cylindrical
(4.24) (4.23)
(4.18)

(Nonisoihermal Case)

(Nonisothermal Effects)

(Unsteady Contributions)

[191]

)l Jail



S e

(4.3)
(Very Narrow Front)
(Shock Waves)

Limiting )
(Cases

((The Mach Cone) g &g g -4.1.4

(Stationary Fluid) (P)
Instantaneous, Small, )

(Spherically Symmetric Disturbance
(Speed Of Sound)

(4.4)

(Succeeding Time Intervals)

(Concentric Circles)

—~cl44)

&

- c(At)

cl24t)

(4.4)
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(Vo <c) ()

Ve<e e(24t) c(34t)
- c(44t)
—  clat)

VA —>
Vol2at)—| [
Vpl3a0)— |4
V4an— ke
(4.5)
() (Vo)
((4.6) )
Conical Tangent )
(a) (Surface
(Mach Angle)
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(4.25)

V(2at)

%(3&!) ! \
V,(44at)

(4.6)

(Zone of Silence)
(Zone of Action)

(41l Directions)

(Unsymmetrical Manner)

(Continuous Disturbance)
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S e

(Unreal)

ol ealdd) il ok il $ 310 81 ] ol W32 M -4.1.5

(One Spatial Coordinate)
(Time)
(Parallel-Flow Model)

(4.7)

((A-A) )

(Position)

(4.7)
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S e

(Nozzles)
(High-Speed Ducts) (Diffusers)
(Wind Tunnels)
(Boundary Layer)

Bk | B pueieiety ety ($ b ) (S Qlovinietr 3l pill -4.2

i ) S bt l) Wl B 51y ] olgd] 4.2, 1

(Straight Centerline)

((4.8) )

(4.8)
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(0) (Stagnation Conditions)
(2) (1)
:(First Law of Thermodynamics) °
A vy
o = Iy ==y (4.26)
Original )

(Stagnation Enthalpy

:(Second Law of Thermodynamics) °

:(Direction of Flow)
Sy =8 (4.27)

:(Continuity Equation) ]

(Mass Flow)
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PVA=const=w (4.28)

:(Linear Momentum Equation) °

(2) (1)
P4 =Py A, + R=p,Vi A, = p Vi 4 (429)
(R)
Equation of State For Pure ) o
:(Gaseous Substances
pv=RT (4.30)
(p.v.T)
h=h(s,p) (4.31)
p=p(s,p) (4.32)
( )

(Experimentally Derived Curves and Charts)

(7)) (w) (s0) ()
(Slzso) (po)
(p) (n) (4.32) (4.31)
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(4.26) ()

(Pressure Decrements)
((4.9) )
(Corresponding Areas)
(Isentropic Expansion)

(Actual Flow)

358 b didas

(4.9)

L s i) 38 ebd Gedind) bl -4.2.2

(Zero Velocity)
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.(Local Isentropic Stagnation Properties)

(Isentropic Retardation Process)

(Initial Condition)

-(4.10) - (Simple Pitot Tube)
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S e

G-
— h
i

—_—
é G2 N lain B
—_— - s

—r (" AN

SRR

(4.10)

the)
— p— (Undisturbed Pressure

'(po) (p)

(Static Pressure)

(Total Pressure)

.(Dynamic Pressure)

(4.11) (Pitot-Static Tube)

dS._a-;J.H Laasdl ¢ ) oy
e ezl pk el ) hz

(4.11)
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(B)

(pB) (pA)

ool i 1 it gcal] s 0 el] g 00l ibibsadll -4.2.3

Infinitesimal )

(z) (4.12) - (Thickness

(4.12)
Differential )
All) (Form
(z) (Dependent Quantities
(4.12)
[ ]
y? y? y?
h+7—(h+dh)+7+d(7) (4.33)
[202]
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S e

V2
dh = —d(—
(2)

ds =0 (4.34)

(4.28) (Logarithmic Differential)

Inp+InV +1In A4 =Inconst
d_p+d_V+ﬁ:0
p V A4

(4.35)

(p+dp/2)

pA +(p +d7pj-dA —(p+dp)(A+dA)=(pVA)V +dV)- pV*4

dp = —pVdV (4.36)
av =& (4.37)
Yol 4
(4.35) (4.37) (av)
. (a4/4)
dAd_ dp _dp_ dp (| 2 dp (4.38)
A pV: p  pV’ dp
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S e
(dp/dp)
(4.38)
de - pdé’z (1-Mm?) (4.39)
(Nozzle)
(dp)
(ar) (4.37)
(dp) (M <1)
(da) (4.39)
(M-1)
(d4)
(Minimum Area)
(a4) (1)
(Diffuser)
(dp)
.(4.36)

[204]

)l Jail



S e

Nozzle action Diffuser action
dp<0 dp>0
a1 >0 <0
Subsonic Flow Subsonic Flow

lld) Shid (s ] Gt -4.2.4

Isentropic-Flow )

(Characteristics
(4.2.1)
¢, Ty =c,T+ %2 = const (4.40)
Stagnation )
(Temperature
(c,7)  (4.40) (p/p) (p/p,) (T/T,)
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Sl WIAS AL
LI (4.41)
T, 2¢,T
(4.41) (4.8) (c,)
Ty k1 (4.42)
T, 2 kRT
(c¢? =kRT)
T 1
T, 1+[(k-1)/2]- M’ (4.43)
(4.13)
T » (k=1)/k
(4.43) (4.44)
P ! 4.45
Po fl+[tke-1y/2]- M2 (4.45)
(4.12)
5:(&J (4.46)
2 P
(4.43) (4.46)
P ! 4.47
po fl+[te-1y/2]- M2} (4:47)
(1+[(k -1)/2]-M?)
[206] =i



ol WS~

(po /po)

NS

(4/47)
(Throat Area)
G=pV =2V (4.48)
(G)

p kv Ak [k

G_ﬁﬁVﬁ_me_Tﬁﬁ_pM\/; (4.49)
(VTO/TO)
(4.43) (J7,/T)

(4.45) (p/po)

(G)
_ |k Py M
"k VI e [+ 2] Mz e (4.50)
(G)
: (M=1)
B k Do ) (k+1) /[2(k-1)]
_\/;ﬁ'[ﬁj (4.51)
(A/A ) G=w/A
G* A 1 2 k _1 , (k+)/[2(k-1)]
?:T:M{E(HTM ﬂ (4.52)
(4.52) (4.47) (4.45) (4.43)

(k=14) (M)

[207]
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(4.2.2)
Common )
(Common Exit Area) (Throat Area
(4.51)
(4.45)
(4.50)

) 39 it ek i) g (lsinl] bty -4.2.5
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(2) (1)
h +V—12:h +V—22
2 2
() (7,)
(High Kinetic Energy)
(Effectiveness)
~@1 - (- )
.(h-s) (4.14)
(pz) (pl)
(Vertical Line)
(8) () (p.)
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AR

(Nozzle Efficiency)

(Actual Kinetic Energy)
(Theoretical)
(Inlet Conditions)
(Exit Pressure)
(V22 / 2)act _ (V22 / 2)act

B B R ROy

(2) (1)

(hl _hz)

_ (V22 / 2 )act
" (hl - hz )isen

(4.54)
T

v [2),,

n=—7rmr—\

cp( 1 T2)isen

(Adjustments)

(4.53)

(4.54)

(4.55)

(Divergent Portion)

(Convergent Part)

[210]
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°
(Appreciable Velocity Component)
(Loss in Thrust)
.(Divergence)
°

(Cross Section)

: ittt} i doal) -4.3

(Finite Strength)

(Discontinuous Changes)

[211] g i



S e

(Shock Structure)
Nonequilibrium )

(Thermodynamics

‘(Fanno and Rayleigh Lines) fuhisg gaki ad -4.3.1

( - )
(4)
)
(2) (1) (
@ O (4.15)
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Q\ju\:\:{f» é\)‘\\e’\fo
. °
Vlz V2
h1+7:h2+72 (4.56)
°
oV, =p,V, =G = const (4.57)
°
R
(pl_pz)‘l'E:G(Vz_Vl) (458)
°
h=h(s,p) 4.59)
p=p(s,p) 4.60)
(1)

(4.16) (1) (n-s)

_______ — 248 e

subsanic (1)
Flow
k a
Supersarxic\
Flow
§
(4.16)
(States)
(1)
(2)
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(2)
(1)
() (®)
(p,) (4.57
(h,) (4.56)
Drag ) (p,) (s,)
(4.58) (Force
(h-s) (Particular Frictional Effect)
(4.16)
(1) (Locus of States)
(n-s)
(Extreme Point) (4.16)
(Maximum Entropy) (a)
(a) (M=1)
(a)
(2) (1)
(4.15)
h1+%+z—i=h2 I% (4-61)
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°
oV, = p,V, =G = const (4.62)
°
(p,—p,)=GV,-V) (463)
°
h=h(s,p) (4.64)
p=p(s,p) (4.65)
(1)
(h-s)
(2)
(p:) (4.62) (7.)
(p.) (4.63)
(2)
(a0/dm)
Rayleigh ) (h—s)
(4.17) - (Line
(1)
b
subhsanic
A
Sug;zg’inich ()
hY
(4.16)
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dadimsdiad ] e el wildinhs -4.3.2

o e

(4.17)

(4.17)

(ar)

(Finite)
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Q\j\.‘d\k{f- C\)‘\\"’\“K“
(1)
(2)
(1) ( h—s )
(2)
(2)
(h=s) (2)
Fanne Line suhsonic Flow
h et
Supersanic Flow
s
(4.18)
(2)
(1)
(2) (1)
[217] e
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el G )l Gt 0 ol iidhs -4.3.3

(4.17)
2 VZ

c,T, +71:cpT2+72 (4.66)

p2
c,(T,), =c,T, +71 (4.67)

V2
c,(T)), =cpT2—i-72 (4.68)

(T,), (4.68) (4.67) (4.66)

(75),
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(4.43)
(TO)I :Tl(l""?Mf):(To)z :Tz(l""?M;j (469)
T, _1+[(k-1/2]M7 (4.70)
T, 1+[(k-1)/2]M? '
(4.70)
(7,/T) (M,) (M,)
(k) (M)
PV _(_IIJ(CIMI)ZPIVI :[If;z J(CzMz) (4'71)
(Vkrr)  (c)
p L _ M, (4.72)
P\ T M,
(pz/pl) (470) (\/Tz/Tl )
by _ M1{1+ [(k _1)/2]M12}1/2 (4_73)
P M, +[(ke-1y/2M2 )"
(P = P2) =GV, =V) = (V7 = pV7Y) (4.74)
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AR

(p/RT)  (p) (MVkRT )

pi(1+&M?) = p, (1+ kM)

(pz/pl)
Py 1+iM;]
p 1+kM;

(4.76) (4.73)

12

1+ AME ML+ [k -1/2]M3 )
LHRMS ML {+[(k—1)/2]M2

12

,_ [2/(0-k)]-Mm;
AT (YA (W8 VE

(k) (M) (p./p) (1,/T))
(4.76) (4.70)

L+ [(k = 127 2k (k- 1)]M; -1
(k1) /2(k = 1)M?
Py _ 2k o k-l
p, k+1 ' k+1

(pZ/pl)

&:pz/RTz :&T

-t

P pl/RTl n T

(4.81) (4.80)

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)

(4.80)

(4.81)

[220]
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M e o

A {1+TM%H£M§ —1}
[(k-1)/(k+1)]
{2/ (k =17 -1

% B k; : 1+ [(klfl)/z]Mf (4:83)
(po)z _ (po)z Py D
(po)1 - P> P (p0)1 (484)
(4.84)
(2 /(ps).) ((po),/(p5),) (M,) (M)
(pz/pl) (445)
(Mm,)  (M,) (4.78) .(4.80)
{ (& -+ 1)/ 2]n2 }’““"‘”
(po)z _ 1+[(k_1)/2]M12 (4 85)
(Po) {2k/(k +D)M? = (k —1)/(k +1)"* '
(4.19)
(M,)
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M) e 1
80 S~
60
5:} \\ .50
::. “’ok\
-r ol (p,)
p 20 \ 4 (.o: )
p_IZ
% 10 \L 0.10
s Z -
6 //
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Absolute temperature

Absolute viscosity

Acceleration of gravity

Adiabatic flow
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Angular speed
Apparent viscosity
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Archimedes' principle
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Atmospheric pressure
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Axial flow pumps
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Bernoulli's equation
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Boiling temperature

Boundary layer

Bourdon pressure
gage
Brake horsepower

Bulk modulus
Buoyancy

Capillary tube
viscometer

Cavitation

Celsius temperature
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Center of buoyancy

Center of pressure

Centrifugal
compressors

Centrifugal pumps
Changing head
Chezy coefficient
Chezy equation

Colebrook equation
Compressed air
Compressible flow
Conservation of energy
Conservation of mass
Continuity equation
Contraction coefficient

Control volume
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Converging nozzle

Conversion factors

Critical flow

Critical pressure ratio

Darcy-Weisbach
equation

Density

Discharge coefficient
Drag

Drag coefficient
Dynamic head
Dynamic pressure

Dynamic pumps

Dynamic viscosity

Efficiency
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of common liquids

of water

of air
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of water

overall

of pump
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flow
Energy kinetic

potential

Energy equation
Energy line
Energy losses

Entrance pipe loss

Equivalent length
Exit pipe loss

External flow

Fahrenheit
temperature scale
Falling ball
viscometer

Filters

Fittings
Floating body
Flow coefficient

Flow due to a
changing head
Flow energy

Flow rate mass
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weight
Flow rate
measurement:
Fluid mechanics
Fluid power
Fluid properties
ideal
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non-Newtonian
Fluid statics
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drag
gas
gravity
hydrostatic on curved
surfaces
Force hydrostatic on flat
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lift
pressure
shear
thrust
viscous
Free surface ( )
laminar flow
Frictional losses ( )
turbulent flow
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Gear pumps
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equation
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Gradual expansions
Gradually varied flow
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equation
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flow in pipes
flow through nozzle
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energy
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dynamic
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loss
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pressure
pump

static
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Hydraulic diameter
Hydraulic grade line
Hydraulic motors
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Hydrostatic force

Hydrostatic pressure
distribution
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in open channels

in pipe bends
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Isentropic exponent
Isentropic flow

Isothermal flow
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Kelvin temperature
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Kinematic viscosity

Kinetic energy
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Liquids
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Loss coefficient
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M
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differential
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Mass flow rate
Maximum velocity
Metacentric height
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Moment of inertia of
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Momentum

Momentum equation
Moody diagram
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Newton ( )
Newtonian fluids
Newton's law of motion
Newton's law of viscosity
Non-Newtonian fluids
Nonuniform flow
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Oil
Open channel flow

Orifice meter

Parallel piping
systems

Pascal

Pascal's law
Perfect gas law
Piezometric head
Pipes

Piston pumps

Poise

Positive displacement

pumps
Pound

Power

Pressure distribution
Pressure drag
Pressure energy
Pressure force

Properties
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of common liquids
of water

Pumps

Rankine temperature
scale
Rapid flow

Rapidly varied flow
Relative roughness
Relative velocity
Reynolds number
Reynolds's experiment
Rocket engines

Rotating drum
viscometer
Roughness factor,

Screw compressors
Screw pumps

Series piping systems

Shaft

Shear stress

ST units
Similarity laws
Siphon

Sonic velocity

Specific energy
Specific gravity
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Specific speed
Specific weight

Speed of sound

Stability

Stagnation point

Stagnation pressure
Standard atmosphere

Static fluid pressure

variation
Static head

Static pressure
Steady flow

Stress

Subcritical flow
Submerged area
Submerged bodies
Suction pressure
Supercritical flow

Systems of units

Temperature
Terminal velocity
Torque

Total energy line

Total head
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of ideal gas

of completely
submerged bodies
of floating bodies
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Total pressure
Turbine flow -meter
Turbine power

Turbulent flow

Uniform flow
Unsteady flow
U.S. Customary units

Vacuum

Valve

Valves

Vane pumps
Vapor pressure
Varied flow
Velocity
Velocity gradient
Velocity measurement
Velocity profile
Venturi meter
Viscometers
Viscosity
Viscosity index

Volume flow rate
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Wave speed
Weight

Weight flow rate
Wind resistance

Work
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