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j : particle’s speed
Streamlines

a = dV/dt the acceleration has two components
Steady

V= V(s) === a, = dVdt = (aV]as)(ds/dr)

V= ds/dr
oV avaes_ov
o or os ot ot
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= | = ds/dt
{Dne along the streamline, a;

normal to the streamline, a,

= VYR
(aV]as)V. /
a>0,a, >0
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g viscous forces and surface tension effects.
are assumed negligible

along the streamline direction. s. e SRR since the fluid is inviscid.
¥V

oV
E&F amas—éan——pSFV— X
o5 Ay 19

6% = Os én oy
The gravity force (weight) on the particle §W = y § ¥

O g

: . . +0p,)0s Oy
the component of the weight force in the e 7858y =0
Particle thickness = 5x

direction of the streamline 1s

(p+ dp,) dndy

oW, = —06Wsinh = —y&¥ sinb

/\

for steady flow, p = p(s, n)

5p, = P ) -/ .
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»s 18 the net pressure force on the particle in the streamline direction.

0Fps = (p — 8ps)6ndy — (p + Op;) ondy = —28p; 6ndy = ——85 dn by = P sy
as s
Vp = dp/ass + dp/on i

3 J |
> OF, = 8W + 6F,, = ( Yy sinf — 2L sy . op oV _

ds .. —=ySmi — T pV? = pa

av riV - s

2, 0F, = dma; = om & s ¥ T ds ) sinf = dz/ds ~—TVdljds = Sd(V*)/ds

along the streamline the value of » is constant (dn = 0)== p = (9p/ds) ds + (Ip/on) dn = (dp/ds) ds

ol s bl o dp/ds = dp/ds

\f

2 1
ﬁ @, 1 p wlid mm) dp + —pd(V?) + ydz =0 (along a streamline)
fis ds 2 ds 2

L 5 | for steady, inviseid, incompressible tlow.

R B i o (along a streamline)

p + 3pV?* + yz = constant along streamline
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(p + apV + yz = constant along streamline
Dy —2+gz —+1V + gz, = const )
p %) 1 1 p 2 2 p)
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/F = ma Normal to a Streamline

26 n

(p +6,)85 8y |
Tdsdy=0

: oW, = —8W cos@ = —y 6¥ cos 0
\ﬁ>/ SFpn = (.p o Spn) os 6_}’ o (p i 3pn) Os 6}!’ = =2 ap” 0s ay
I-,'
/ﬂm _ap ap
= 6 6 6 — __S'FZ — iz
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Aﬁ ap)w

2 oF, = 6W, + 8F,, = (—“y cos B — —
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Particle thickness = dy

\ —

g P+ op.)ondy

MNormal to streamline

tdsdy=0

(p- dp,)ds oy

Along streamline
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g ’ where 7, is the velocity at r = ry
V= (Vyirghr F={Fr P = DPo atr = o
streamlines in the horizontal plane (dz/dn = 0)
r=%R 2 I B d
, For case (a) _p — P( Vs /?‘ﬂ)zi"
(a) [MV ap  pV B ar
V(F) = (VO”,F{})F I/(}') — ( - }U) ar r E,lp p( VD }‘0)2
% for case (b) ar = =

~——

Forcase(a) P — Po = (pV§/2)[(r/ "{})2 - l}

forcase (b) P — Po = (PVI‘;‘%/Z)[I i (rﬂ/{r)z]

—
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dz 0 & d v’ .
an® | —y— — 2_P —> J_P e J dn + gz = constant across the streamline

~

dn on 0 QR

V="Ws,n) and R = R(s,n) &)

Newton’s second law applied across the streamlines for steady, inviscid, incompressible flow

2

ptop J Edn + 7z = constant across the streamline

p+ % pV2 + ¥z
= constant

p + 3pV? + yz = constant along the streamline

r 12
p+pj%aﬁ?+

= constant

D 5 D J' 7 dn + yz = constant across the streamline
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(p 17 ™

— 4+ — 4+ z = constant on a streamline
Y 2g

z, is related to the potential enerqy of the particle and is called the elevation head.
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. ﬂHE) Energy Type
Kinetic Potential Pressure
oD Point pv-/2 vZ P
| N 1 Small Zero Large
_ L 2 Large Small Zero
3 Zero Large Zero

‘ - p+apV? + vz

= constant along the streamline
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=
p+op J ﬁdn + yz = constant across the streamline =~ R = oo == p + Yz = constant

P =Dt ¥z — ) =py + yhy, P> = 0(gage), z; = 0,andz, = hy,

Zy 172
(using dn = —dz) ) 5 + p ﬁ(—dz) + vz, = p; + yz3
R 24 VE
Withp, =0andz, — z; = h, , ™=  ps=yh3—p J adz
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piezometer / Open \ p, 1s the actual thermodynamic pressure of the fluid

Static, Stagnation, Dynamic, and Total Pressure N

it 1s normally termed the static pressure.

P = Yhy_s

vz, 1s termed the hydrostatic pressure,
(4) Lo f—r g since hy ; + hy 3 = hit follows that p; = yh.

4.3 The second term 1n the Bernoulli equation, pV?/2,
| 1s termed the dynamic pressure.

T - o V, = 0, or point (2) is a stagnation point.

p, = py +3pV7

b sz (655 plos B a8 ) YL H ¢las )| U mle <> 0l jo
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Stagnation point
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the stagnation pressure, p + pV?/2, is the largest pressure

static pressure. .
hydrostatic pressure

\ -

p + 3pV* + yz = p; = constant along a streamline

; the total pressure, pr.
dynamic pressure

Pitot-static tube

the values of p, and p, (or the difference p; — p,) can be determined

(3)
/ !
two pPressurc gages I -
\\ Dy =p + 3pl? Ps — Py = 2pV?
e (4) —
Pe=P =P | 7 =V2ps—p)lp
(1)
V L o

1
@ i (2)
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Four static pressure ports

Heated outer case

Stagnation
pressure port

Stagnation pressure fitting

Heater leads
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Static pressure fitting
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From Table C.1
p; = 1456 1b/ft* (abs) = 10.11 psia

(1)
Cama p = 0.001756 slug/ft’
pVi
p=pt— py = 1456 b/ + (0.001756 slugs/ft*)(293* f/s)2
V, = 200 mi/hr = 293 fi/s and V, = 0 = (1456 + 75.4) Ib/ft* (abs)

Hence, in terms of gage pressure mmp P> = 75.41b/ ft* = 0.524 psi

PV |
the pressure difference indicated by the Pitot-static tube === P2 — 1 = N 0.524 ps1
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pressure at —— pressure on ——,
tip stem

(-
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2
[ }\/ \\ Static
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specific angle (B = 29.5°)
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2 Pyt 3pVi T ¥z =py T 3pV3 + ¥ ol e b >
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| . (p1 = 0gage) “freejet” (p; —m
3) . o J
V@ !

h
V= 2% = V2gh

[

Cowl o JLB L ol g o SO pdul o515 Jlow 29,5 ,LAS

L (5) =
across the streamlines between (2) and (4) outside the nozzle between points (1) and (5)
(ps = 0) V= V2 (h+ H)

(%t = ) = py = Dy

between points (3)and (4) V 3 — 0
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Confined Flow ool sgae b

(1) and the outlet as (2). it follows that m; = m, wesp p.4,V; = p,4,V,

AV, = A V501 0 = 0O,

T - m = pQ.where O (ft/s or m}s)
volume flowrate
2 :
Z @ O=vAimmy m = pVA
If the density remains constant, then p; = ps. p
0
A =24
i (1) —=| 1} 8t |=—
r A r A AL I
e r——
I"'1 = I
= | I
1], | I
i | I
o | |
s -
(1)

o

I’/\I'ulume =V 6t 4, |

Yy¥yYyYrrY
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Volume = v ot Ay
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() f/:’ b FapVi v =yt 30V + v5
____

S L e S

D=020m— P1=p,=0,z = h. andéz =

h=0.20m
2
”: O

b =

2 Vi + gh =

I 3) J_fb Y

d=0.01m

- 0, d\:
. Q} ATy = 4V, my DD, = T, - V1=(_) : ©

O = AV 4 D
© o — sz\/ 2gh =\/2(9.81m/s‘)(0.20m) Lo
oSl 1 — (d/D)* 1 — (0.01 m/0.20 m)*

O =AY, = A4V, = %(0.01 m)*(1.98 m/s)
= 1.56 X 10 *m’/s
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With the assumptions of steady, inviscid. incompressible flow.

py + 30V3 + ¥z, = p, + 3pVE + vz,

D2
| 0=ty =47 ] )

C =Yz —2z)+ %PVHI = (Azfﬂl)z]

the manometer ™ p; — ¥(2; — ;) — v€ — yh + SGvh + y{ = p,
D~ P=Y2—2z)+ (1 — SG)yyh

\ )
Y 2
(1 = SGyyh = 5 pV3 | 1 n
| — b -
h = (0O/4,)* _
(0/42) 2¢(1 — SG) V, = 0/4,
- aoly 4 atuly ogilo h glas )| ccol o SO (gl 09 B0
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4 In general, an mcrease in velocity 1s accompanied by a decrease in pressure

-

p

(Absolute
pressure)

.I.D'r ————————————————————

Large O Incipient cavitation

Cavitation occurs
when the pressure
is reduced to the
vapor pressure.
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(3)

V, = V2g(z, — z3) = V2322 /)15 — (=5)] fi=359ft/s = V,

b3 o i | sdes alg) o 5l eslitl b 0,55 S 5l e 4k blie JS5 oz Jle
085 7, sl 10 yseiliysls a5 0y sl Cewsy gysb |y H e oy 35Le

P+ 3pVE+ vz = p, + V2 + yz, = ps + 3073 + vz

-]

=15ftz, = H,

I

3 = =5t p; = O(free jet)
0 (large tank), p;, = 0 (open tank).

4
from the coﬁtinuity eqﬁation A, Vz- = A;V;

constant diameter, == J, = J;

P2 =p1 +3pVi + vz — 30V3 — vz,
= Y(z1 — ;) — %ﬂV%
the vapor pressure of water at 60 °F is 0.256 psia

(p; = 0), we must use gage pressure at point (2) also
p, = 0256 — 147 = —14.4 psi

) [/ =02832ft= 2




! = 1 P s 1 2
/Flﬂg? ate }:IE?SIIIEIHE'HI The Bernoulli equation P1 + 3pVi = py + 3p¥,

the continuity equation O = A1Vy = 4,0

_"'“K-h\_l :_j_____ﬂ ¥ o (A =0 ) Q _ II'III 2(}?1 e pg)
_m 2 “wf’_“ ’ 1 N AL~ (4‘12/’141)2]

- ‘

—_— o Nozzle

Ap=p, —ps
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Kerosene, SG = 0.85 O 20 b 6,989 5l 6Hge dnbw E Jlw (sl il

| N O bid OS] Al ) e e /o0 /40
D1:0.1m Ja)JWA-g‘)Yg\JoLB.S
&
(1) o
T 0.005 m3/s < 0 £0.050 m*/s
I 2(p, — p, 25[1 — (A4./A4-)
0=y |22 =P) |y R O*o[1 — (4,/4,)]
N p[1 — (do/4,)] ! - 24
p=—5Gpge = 0.85(1000 kg/mj) = 850 kg/m3 1.16 kPa = p;, — p, = 116 kPa
120 .
A, /4, = (Dy/D; = (0.06 m/0.10 m)2 =0.36 KRG AIE = L6 )
100
(0.005 m¥s)*(850 kg/m®) (s 046
— p> = (0.005 m7/s)7(83 m
- S (/A 006 my R &
= 1160 N/m* = 1.16 kPa < o0
= a0
o e (1 —0.36% (0.005 ms, 1.16 kPa)
P1 J %) _( : ‘)( - )2[(‘77'/4)(006)2]2 20
= 1.16 X 10° N/m* = 116 kPa %0 001 002 003 004 0.5
By: M. Farhadi, Faculty of Mechanical Engineering, Babol 0, mis
@ University of Technology ’ /




@

if the gate is the same width as the channel = 4, = bz, and 4, = bz
O = 41V, = bVyzy = 4V, = bVszy |

auly az ..)~>\

"y
= R e e :
AP D ety Sluice gate
d =2y width = b
|
i |
,-a_nm______ = a4 —h"
et
b — .
B v, (2]
e | ——\_ - .
—| I
| 3] -

1 1
Pyt 3pVi+ ¥z = py + 3pV3 + vz,

|'II Zg{zl - EEJ
pr=p=20 - O =2b,|
0 E: \-' 1 — (21!31}2
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Amled dslows |y azy 10 5l 29,5 (20 Jlade blde SO o Lo \
steady. mviscid. incompressible flow,

g e II|III zg(:l o :2}
b “N1- (:Ef:l)z

In this mstance z; = 5.0 m and a = 0.80m

0.8m

a/z; = 0.16 < 020 ===y approximately C, = 0.61 mmp Thus, 5, = C.a = 0.61 = 0488 m

9

/2(9.81 m/s?)(5.0 m — 0.488 m 8

- = (0.488m) | ( A 3 ) 7

b V' 1-—(0.488m/5.0m) -

= 4.61 m%/s £ s

S 4 (5m, 4.61 m?/s)

COMMENT If we consider z; > z, and neglect the kinetic ~ ~' 3

energy of the upstream fluid, we would have -

—— 1

m) O =z,b\V2g7 .
0 5 10 15

Zy, M
% =z, \/2gz, = 0.488 m \/2(9.81 m/s?)(5.0 m) |

= 483 m’/s 90 4 CewaVb Jlow gl )| (uulidl &g j0 :aiSS
| Do S ool g0 0 oyl
By: M. Farhadi, Faculty of Mechanical Engineering, Babol Dl el AP i L LD D
K University of Technology /




" : )

T oL e e L S s S s e y Mu‘ lJ M)‘ oo lasw!
- Pressure distribution
Width = & , ) .
. o alin |y 0bz ol (oo 0ol (24 L sy cnl 5o
L 4 | Cenils Gt )l 5o ()b,
i
Fl J
u I .'-'—
(1) B 7=\ 20H
L
. - : : 75 gy 3l € dle (gl
O = C\Hb V2gH = C;b V2g 7 (Cyis a constant to be determined. 39z oolil

hydraulic grade line (HGL) and the energy line (EL) s 0ub cud ks ¢ o550 b

p ¥ : 2 Sy aaly ends b Cel (g adaily comm 5 09,
— + — + z = constant on a streamline = H : D
Y 22 B PoREe P PaT )9

total head| °* < Fo&=ewlt
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] 1 __Flzf.?g FE:E - Energy line (EL)
h"l“‘rr--—-_____ s 2g
T Tty - —— Hydraulic
Pyl W grade line (HGL)
7l
P”’/ 1<
|
Py | ¢ Wil (o0 Jlow oy 5o (IS o Sl 6551 b
H 1]
Static o __T _______ I
p> > :
! 2, 12i2g
Q A f v #
l ot P‘T
I
| \ 4 L L4 v d
| Datum
Stagnation
(g o 5l oolatwl L) o9l cawds |y, (IS ae g oo 95w HLid (605 o3ladl 5l solawl b
p/y + z. This sum 1s often called the piezometric head
! t




1
A

SRR | —EL
) e O
| 2g
AR e T TN
1 \ ,-HGL 25
P ‘11 2g
H 2 9 1 ‘1
> \
{ =
®(2) = T——————
_._.‘.-':__ |
( Z z; (3)
¥ ¥ Y

The hydraulic grade line lies a distance of one velocity head, 7*/2g. below the energy line.

| below atmospheric

p>0 a
above atmospheric__|

~

Under the assump-
fions of the Bernoulli
equation, the energy
line is horizontal

5 Sy b ol o alols

For flow below
(above) the hy-
draulic grade line,
the pressure is

positive (negative).
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HGL with valve closed and

EL with valve open or closed

— HGL with valve open

Valve

VST U SOV NP - Sy [
@ Jbow ol atils 0929 g jo B jgm
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" de 3+ %Vﬁ +gz=C (along a streamline)

S dp | 1

isothermal flow p = PpRT wemp p = p/RT wmp RT J' S g g gz = constant
72 | £ P .
J_FZ]_}_EIH(%)ZJ_FZE Ok b G s 4o ahds g gl

2g g 2/ 2g

= 1 = == =1+¢ | __ | |
pl/pz (})1 j?z)/}?g _the standard incompressible Bernoulli equation.
with £ < 1 Condly 10 Lol onel vty g3 e Jlw (5,8 abansly 4y doeets ol

1isentropic flow plpf = C == p = plkC1/k
Cl/fc _ p%/k/pl or Cl/].: _ p%/k/Pz

& k k \(p: P
erJ' — 1k gy = jl/k( ) (k—1/k _ _(k—1)k7 = ( )( 2 _ 1)
g = k—1 [Pz o } k—1/\p, p

nl
k P Ir% ( k )p1 Ir%
+—L 4 gz, = 2 e 2l
(k 1)91 2 T \k-1/p, " 2 T &

for compressible, 1sentropic, steady tflow of a perfect gas
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. . — | kfk—1 . \
/rhe stagnation point P — P _ Kl i Ma? . 2§ (compressible)
P1 _
Mach number =»Ma, = V,/c, (2) the stagnation
zy = 25, V5, = 0. the speed of sound, ¢, = VERT].
. - . " 2 o = o 2
the incompressible p13/2 +p,=p, | po—p1 V3 ) A
B o 2RT pz p] . a]
P = pRI, P 1 - D, = 5
: Mal — fl/ VkRTl
) i
0.8 7 4
Compressible /
{Eg. 3.25) V
& - Jlw b p3b o515 Jlow ol /Y 5l 2858 Fle sae gl 1SS
éﬁm o ) 5SS 2l sae b laglS ol 130 ol Sl L iy o513
' ool pamo 6L WS35 558 /Y
Incompressible
0.2 (Eq. 3.26)
0
0 0.2 0.4 0.6 0.8 1
Ma,
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From Tables

p; = 265kPa (abs) k=14

T, = —49.9°C, p = 0.414 kg/m’

— E 2 2
incompressible flow, 22— 1 _ i L 0471 ™= P> — p1 = 0.471(26.5 kPa) = 12.5 kPa

D1 2 ' 2

P2~ D1 _ (4=1) M
if we assume 1sentropic flow - { [1 = 7 (0.82) — 1

compressible — 3 T
P> — p1 = 0.555 (26.5 kPa) = 14.7 kPa M0 L »lyple a5 O

Note that if the airplane were flying at Mach 0.30 incompressible flow p, — p; = 1.670 kPa

compressible flow P2 — P1 = 1.707kPa
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/loncr a streamline V: Us, 1) wmmmhp a, = ol/ot+ Valjos oo ,*:le,m\

V
p d}—r ds + dp + pd( VA + ydz= (along a streamline)
:

_ _ 1 = oV .
S5 LS 5l oolanl | ) | 4 5P Vi+ vz = pJ —ds +p+ = ,r::l«*’1 Y2 (along a streamling)

/ Valid for unsteady, incompressible, inviscid flow
Open ol 3 e o plid Slegs (6.5 ojlal ksl ol SO U pegile SO blie JSC0 L
e — 7 th — _ _ S,gl G 1y leg
v z, =z thenz = —z h=V=1" ) :h O
I'g T ttzﬂ p=p=0 at any instant in time
Jz_ ] V { 1s the total length of the liquid column
R 18 __z-0
Z)=pf— + yz
Equilibrium ‘}’( ) & dt i
Ot position - i
“ oV gy dV
—ds——J ds = { — V= dz/dtand y =
L L ot dt |, dt / s

L= }
2 - _ ; .
d°z 28 _ .\ wy Af) = Csin(VIGL 1) + C,cos(V2g/C ) mummb @ = \/2g/1
dr ¢ The values of the constants C} and C, depend on the
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Streamwise and normal
acceleration

for steady mviscid flow

The Bernoulli equation

Pressure gradient normal to
streamline for inviscid flow in
absence of gravity

Force balance normal to a
streamline for steady, inviscid,
mcompressible flow

Velocity measurement for a
Pitot-static tube

Free jet

Continuity equation

Flow meter equation

Sluice gate equation

Total head

Force balance along a streamline

av 2
= P a, = —
’ as "R
a1, .
) 5 5 o (along a streamline)
p + 5pV? + yz = constant along streamline
p__pr
an R

1% .
p+ pJE dn + yz = constant across the streamline
V'="V2(p; — p)lp
7 ==
V=4[2—=\V2g}
N p £
A = AV, ot O = Oy
."'I 2(py — p)
Q= A, \. : 5
' P[] — (4,/4)) ]
.“'I 2g(z1 — )
Q=zb \ l_ 7
1 — (-Qf(:l)
4 + — + z = constant on a streamline = H
Y 2¢

-1

(3-6)
3.7

(3.10b)

(3.12)

(3.16)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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