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Bernoulli Equation

Assumptions:
oN O Y&
() =pa =V =2

Along streamline, s

s s\ 2 . Steady flow
5£p+yz+p2]:0 « Incompressible fluid
s + Inviscid flow

_2|, —> Dynamic pressure V2
P+ —H'O? Constant (along StreamllnE) p+p—-= total pressure

______ 2
L——-1 T T T T T T T ==
= or (after/ d“"d'”g by 7) > P 7 Piezometric head
~—~(1\2, /4
B

Total -2 '41—'1 Constant 5
head Ly g H————— —____ Y, : .

| L1 1od] oo =Velocity (dynamic) head

g
So, for points 1 & 2 on the same streamline:
&Jrz +V12 _ P 47 +£ Note for V,=V,=0 we recover law of

4 20 vy 20 hydrostatics for incompressible fluid.
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Velocity of fluid out of hole in tank (same as Example 4.4)
(all pressures are gage)
Q1) V=7 If tank top open

V2

/g //+ +—

V=V,=.2gh

Q2) p,="7 If tank top open

A; (area of
tank top) open top
@ Pam
streamline | | h
_DATUM | @
z=0 /'

A, (area of hole)

p3 = vh

Q3) V=? If tank top closed

S ]

—-|-z +/\Z/(Jg//5)/+ -|-—:> V=V2=\/29—+29h=
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Velocity of fluid out of hole in tank (same as Example 4.4)

A (area of
tank top) open top object in free fall

® Patm

I
streamline | | h :
I
I

DATUM @ 1
_____________________ Y Y

z=0 /

A, (area of hole) Patm

V=.2gh

In both cases shown above: v =,/2gh  WHY?
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Q1: Can Bernoulli equation apply between points
which do NOT belong to the same streamline?

« Bernoulli applies among points A, B, C, where flow is IRROTATIONAL
« Bernoulli does NOT apply between points D & E, where flow is ROTATIONAL

o C

(mostly) irrotational flow (Bernoulli applies)

A ©

Highly rotational flow (where eddies, swirl, vorticity are formed)
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Q2: How pressure varies along lines
normal to the direction of parallel flow?

Flow close to wall * Bernoulli does NOT apply
z, e between points A & B (flow is
qaodd ¥ rotational and viscous)
by, -  Instead the hydrostatic law
gxc.eﬁf““‘“e applies between points A & B:
< i Pat7VZp=Ps t7g
Q
B " , WHY?
/ x ) a
Euler equation: Y (p +yz) = —paq

Y g (direction of gravity)

(p + yz) = cons. along |

or

0
In the shown case a;=0 =) 31 (p+yz)=0 = 5
]7+ z = cons.along |
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Stagnation Tube (p. 129 of Textbook)
Method for relating pressure measurement to velocity

=stagnation or total pressure=

2 2 ressure at stagnation point
Py P2, Vo P g p
/4 g 7 g
2
PL VI _ P2
y 29 vy

2 X \l
= (y(1+d) - yd)
Jo,

Pressures between points 1 and 3 (free
surface) are related via
HYDROSTATIC LAW (WHY?)
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Stagnation Tube in a Pipe
(presented for a more general case in the next slide)

o/ open
/| 4
¥
Total T Velocity Head ., VT2 %+ - % . =/"';£+ .
2
Head\ i :£+Z+V_ o \. E = z3 = piezometric head at 1
/4 29 3 N
L
P1 V12
T I Total Head at1 = — + z; + —
14 29
| vy —+12 0
Piezometric—"| | .
Head Pipe
Flow
v v z=0
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Measurement and physical meaning of
total head (H) and piezometric head (h)

2: stagnation point, ¥V ,=0
P, = stagnation pressure

1: sample point
P, = static pressure

For details see:
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http://cavity.caee.utexas.edu/kinnas/COURSES/ce319/ebook/head/head.html
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The Venturi Applet

- PH2 TH

PH

Flowr Fate [ = |2426 a3 Fadiz B2 = |0.75 an
Welocihy Wl = 123 .50 ane CONSTANTS Welocihy W2 = 137330 ane
Presame P1 = 381.90 Hén"™2 Fl=21.5 on Presame P2 = -83152.52 Hin"2
Welocihy Head WH1 = 7,72 an =02l mi™d Welocihy Head WH2 = 26124 an
Piezometric Head PH1 = 389 an tho=1000.0 kgAn"2 Piezmmetric Head PH2 = -948 .56 an
Total Head TH= 11.67 an Total Head TH= 1167 an
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http://www.ce.utexas.edu/prof/kinnas/319LAB/fr_tool.html

Example problem

Q: What pressure would you feel on your palm (or forehead!) if
you stick your hand (or head!) out of the window of a car moving

at 65 miles/hour, and place it vertical to the direction of motion?

Consider flow relative to you:

miles e 1,610 m
hour =~ 3,600 sec

/\@) ®:
i V2 P, V2

V, = 65mph = 65 = 29.07 m/sec

Az + =247, +%
4 29 29
V2 :
.‘ 120 97 =stagnat.'onpressure

p = 1.2 kg/m3 (assume 20°C)

=
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Pitot Tube or Pitot-Static Tube

Stagnation pressure tap ~— ]

 Very important, easy to use (and cheap!) velocity measurement device.
* Derivation to be done on the board (also given in )
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http://cavity.caee.utexas.edu/kinnas/COURSES/ce319/ebook/Pitot.pdf

Pitot and temperature probes on the “belly” of an A330
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Example 4.7 of Textbook

A mercury- manometer is connected to

the Pitot tube as shown. If the deflection, h, on

the manometer is 7 inches, what is the kerosene l l l

velocity in the pipe? Assume that the specific 1
. . _

gravity of kerosene is 0.81. an f

2171,

»la
«

(- B G|

V2hlyma = v1/p=/20p,/p

Ap, = Pz1 — Pz2

= (p1+ vz1) — (p2 + v23)
= (P1’ + VZ1’) — (Pz’ + sz’)
= (py —py) + (Yzy — v2zyr)
Ymah— vh=Wpa—V)h
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Example

A tube with a 2 mm diameter is mounted at the center of a duct conveying air. The
well of manometer fluid is large enough so that level changes in the well are
negligible. With no flow in the duct, the level of the slant manometer is 2.3 cm.
With flow in the duct it moves to 6.7 cm on the slant scale.

Find the velocity of air in the duct.

IMPORTANT NOTE: The given pressure of air inside duct is ABSOLUTE. You
must use absolute pressure of gas when you apply ideal gas law!

e 10Tcm
p =150 kPa
T=20°C ﬂ l
&

S=0.7
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3 Solution

—V)- \ 10 cm
p = 150 kPa N\

T = 20°C
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The Venturi meter (1/2)

(device for measuring flow-rate)

1 2

Prassure-sensing holes

Throat section

Deflection L YMa Continuity equation:
Q Q
V, = &V, =
Bernoulli equation: e A1 2 Az
V2 V.2 2
A+ =P2h 2 o Py Q2=p2+z2+ 5
14 29 v 29 14 2941 Y 294;

Venturi’s Idea: If I measure (p,-p,), then | can find Q!
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The Venturi meter (2/2)

1 2
Pﬂ:esswe-sensing holes ,
/ 5 N
i @7;/ \_j_ . anoat section
D o Q —_— d %
y O
| 2
L] ’
Hydrostatic law: | U-tube manometer equation:
Deflection == 7/Ma
P1 Py 1> | Py — P2’ = Ymah
7 + Z1 = 7 + Zz Zq! :
/ h
Pz Pz' Ahz — (pl + 21) (Pz 7 r) — YMa —h = (YMa _ 1) h
— _|_ ZZ e — _|_ ZZ, )4 )4 Y Y
4 Y Ap, =Pz1 —Dz2 = (01 + vz1) — (P2 + vZ2)
_ _ =y +vzy)— Py +vzy)= yAh, = (Yma— V) h
Bernoulli equation:
Y Ma
2 Q2 \/Zgh{ — :| A2 ZApZ
@4_ Zy, + Q2=p2’+22,_|_ 5 Then: — p
Y 2941 v 294, N
- (5)
18
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Example — Venturi & Cavitation

When gage A reads 120 kPa gage, cavitation just starts to occur in the venturi
meter. If D =40 cm and d = 10 cm, what is the water discharge in the system for
a condition of incipient cavitation? The atmospheric pressure is 100 kPa. The
water temperature i1s 10 °C. Neglect gravitational effects.

D A throat or throttle
| \Jdk
Q 1
> _ . v - - -
p1 Q* p Q* <0
—+zi+t—=—"+2z,+
Y 2942y 2943 __,é .
l |
P2 P1 e’ & b 2 ( : : )
L=z, -z + — =—+z -2+ —5-
y oy N T gk 2945 y I\ :

NOTE: As Q1 pzl and cavitation occurs when the ABSOLUTE pressure at 2
reaches vapor pressure, p, , for the given temperature of operation
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Excerpt from the Table for Water

TABLE A.5 Approximate Physical Properties of Water™ at Atmospheric Pressure

Dynamic Kinematic
Temperature Density Specific Weight Viscosity Viscosity
kg/m’ N/m? N-s/m? m?/s
0°C 1000 9810 1.79 % 107 1.79 X 10°¢
5°C 1000 9810 1.51 x 107 1.51 x 107
10°C 1000 9810 1.31 X 10°° 131 % 10°¢
15°C 999 2800 1.14 X 107 1.14 X 10°¢
20°C 998 9790 1.00 x 107° 1.00 x 107
25°C 997 9781 891 x 107 894 X 107
30°C 996 9771 7.97 X 107 8.00 % 107
35°C 994 9751 7.20 X 107 724 X 107
40°C 992 9732 6.53 X 10 6.58 X 107
50°C 988 9693 547 X 107 553 X 107
60°C 983 9643 4,66 % 107 474 X 107
70°C 978 9594 4,04 x 107 4,13 x 107
80°C 972 9535 3.54 X 107 3.64 % 107
90°C 965 9467 3.15 X 107 326 X 1077
100°C 958 9398 2.82 % 107 294 x 107
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Vapor Pressure

N/m? abs
oll
872

1,230
1,700
2,340
3,170
4,250
5,630
7,380

12,300

20,000

31,200

47,400
70,100
101,300
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Example — Venturi & Cavitation (solution)

When gage A reads 120 kPa gage, cavitation just starts to occur in the venturi
meter. If D =40 cm and d = 10 cm, what is the water discharge in the system for
a condition of incipient cavitation? The atmospheric pressure is 100 kPa. The
water temperature is 10 °C. Neglect gravitational effects.

D 4 throat or throttle
B i
Q il
I : : 2 : : :
P2 D1 Q2(1 1) Qz(l 1)
—=—+ 242, + - = p2=p1tp -
yy/ZgA'{Ag 2= P\ T 2
2
| = % p, (absolute)=1,230Pa
4 md? p, (absolute) = p; (gage) + Pgem = 120,000 + 100,000 = 220,000 Pa
2 = " o
4

withD = 04m,d =0.1m&p =1,000kg/m> —— Q=0.1646 m3/s
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Picture of cavitation on the upper (suction) side of a hydrofoil
placed inside a cavitation tunnel (flow goes from left to right)

p=vapor
pressure

Inflow

For more pictures/theory check UT’s Cavitation Home Page at
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http://cavity.caee.utexas.edu/

Cavitation damage on impeller of a pump
(taken from 9™ edition of textbook)
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Cavitation damage on dam spillway tunnel
(taken from 10™ edition of textbook)

RRtE | . /

?a‘v

\ . N
X,
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