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Review Review Resultant Force
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Bernoulli Equation

Review Buoyancy

-+ Buoyant force, Fg, due to
difference in pressure
between top and bottom

* Fa = YiidVo

 Passes through the
centroid of the
submerged body
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Review Buoyancy |l

* If the object is
light enough, it
- will float on the
. Centroid iqui
Nof disohesd  OP of the liquid
volume

Fy
« This analysis ignores the weight of the
top layer of fluid assumed to be air

— Can consider buoyancy of an object be-
tween two fluid layers with different densities

Californis Stase University Figure 2.24(d), Fundamentals of Fluid Mechanics, 5/E by Bruce Munson, 8

Nortllridge Donald Young, and Theodore Okiishi Copyright © 2005 by John Wiley & Sons,

Inc. All rights reserved,

Streamlines

* Aline everywhere tangent to a the
velocity vector is a streamline (s, n) =
_ distance (along, normal to) streamline

S -
i = v
- §7 P
j V' Streamlines
‘/,-/ n=ny
[ |t =ais)
Radius of

, | curvature
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F = ma Along Streamline

 Start with equation from previous slide
and define acceleration terms
_ysine_@:pas :pﬂ: p|:a\/+d\/ds:|
ds dt ot ds dt
¢ Assume steady flow so 6V/ot = 0 and
substitute V for ds/dt

2
st _ dvds_ av, 1 div?)
ds ds dt ds 2 ds
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F = ma Along Streamline I

« From diagram sin® = dz/ds; substitute
this for sinB, multiply by ds and integrate

s __dz_do_1 div?)

ds..__: it ds ds_2p ds

:’ff)éfz+‘j;+;d(\/2)= gdH%%d(\/z):O

2 2 2
9(z,-z)+ j% +L\4) —0
Califoenia Seate Universic 1 p 2
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Bernoulli Equation

 Limited to steady, inviscid, streamline
flow

 Restriction to steady flow comes from
assumption that velocity changes in
space, but not with time (6V/éot = 0)

« Have to know p-p equation to integrate
— Simplest relation is constant density

For constant |, ), PP, (v? —\/12):0

density 2 2

Northridge Bernoulli Equation u

Stagnation Point Flow

 External flow over a body

< At one point, called stagnation point,
velocity is zero

Stagnation P Stagnation point
streamline -

Stagnation streamline

N~

" e
Sy — P
Stagnation point
Figure 3.5, Fundamentals of Fluid Mechanics, 5/E by Bruce
r_.rhrm- 1 ate Lniversity Munson, Donald Young, and Theodore Okiishi Copyright © 15
Northr'dge 2005 by John Wiley & Sons, Inc. All rights reserved

Stagnation Streamline

¢ What is the pressure at a stagnation
point if, at another point along the
streamline, the pressure, elevation and
velocity are p,, z; and V,?

¢ Assume steady, inviscid, incompres-
sible flow along the streamline

 For stagnation, V, =0

P~ P + (sz _Vlz)
el 2

=0

9(z-2)+

r_.rhrm- 1 ate Lniversity 16
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Stagnation Streamline I

 Solve Bernoulli equation for p, with V, =0
)+ P,— P + (sz _V12) 0

9(z-2 T, v T
V.2 V,2
pp =2 p0(22)= P~ 1(2-2)
V2
s Forz, =z, pz—p1=p71

* Find p, —p, forV, =30 m/s and p =
1.2 kg/m3 (air) and p =1000 kg/m?3 (water)

17

California Seate Universit
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Stagnation Streamline Il

* Find p, — p, for V, =30 m/s and p =
1.2 kg/m3 (air) and p =1000 kg/m? (water)

2 2 2
0, p, = PV 112 i(g [30 mj kPa-m-s* ., oo
2 2 m S 1000 kg
2 2 2
D,-p = M, :lloooskg [30 m) kPa-m-s* _ oo\ on
2 2 m s 1000 kg
Californin Seate Universiv 18
Northridge
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Head Terms
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« Bernoulli equation between two points
along a streamline (p = constant)
R +(V22 _V12) 0

g(zz_zi)_t,_pzi =
el 2

 This is equivalent to saying that p +
pV?/2 + yz is constant along a
streamline — divide by g (recall y = pg)

2
zZ+ P + \2/— = Constant along a streamline
Y 49

r_.rhrm- a1 Seate University 19
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Head Terms Il

¢ Terms in equation just written have
dimensions of length called head
2
zZ+ P + \2/—9 = Constant along a streamline
Y

—z is elevation head
— ply is pressure head
—V?2/2g is velocity head

r_.rhrm- a1 Seate University 20
Northridge

Energy Terms

» Bernoulli equation terms pV?/2 +yz + p
can also be interpreted as energy terms
per unit volume
— Kinetic energy mV2/2 divided by volume so
that m/volume = density, p

— Potential energy mgz divided by volume so
that mg/volume =y

— Pressure energy is product of p times

volume — dividing (p times volume) by
volume leaves p

l'_.'hflu' 1 State Liniversity 21
Northridge

Forces Normal to Streamline

« Similar force balance involving pressure
and weight as forces

2 N
* Resultis y%Jr@Jrﬂ: igj:\sl;tahdrg;sof
n on N

- . op pV?
e For negligible density —=-—
glig y on R

 For swirling flows, pressure decreases
towards the center

l'_.'hflu' 1 State Liniversity 22
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Dynamic and Total Pressure

» Bernoulli equation analysis of
stagnation point flow shows stagnation
pressure, p, = p; + pV,2/2

« Call pV?/2 the dynamic pressure

« Call p + pV?/2 the stagnation pressure

 Call pressure, p, static pressure to
distinguish this from other pressures

* Total pressure is p + yz + pV?/2

x'_.rhfm- i1 Spate Liniversit 23
Northridge

* H is stagnation @)

Mechanics, S/E by Bruce
Munson, Donald Young,

John Wiley & Sons, Inc
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Static and Stagnation Pressure

» Parallel streamlines -~ Open
* his static pressure What is [ %

at (1) Vv, =V?

pressure at (2) b
?

T -
Figure 3.4, ? 3)
Fundamentals of Fluid

and Theodore Okiishi
Copyright © 2005 by

L

Al rights reserved. Vi=V V=0
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Finding V, =V
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» Piezometer relations OO
—p,=yhandp,=yH il
» Bernoulli with z, — z;
=V,=0 (@) —— ;
P+ pVi2=p, b M
th+lgVi2=1H e —" -
ve=g-t [ L
=g(H-h)¥2 | (1) (5
| Vy=V V,=0
oo St et Figure 3.4, Fundamentals of Fluid Mechanics, S/E by Bruce
Northridge e aon by o ey & Sone . Al e reoowes. 2>

Pitot-static Tube

Concentric tubes (2) faces flow, 2l
(1) normal to flow

Measures difference between
static and stagnation pressure, p,
— Py, =pV32

Used to measure velocity
V=[(ps—pa)lel? )

| c—e
—_— L]
——— |
n
! (2)
Figure 3.6, Fundamentals of Fluid Mechanics, 5/E by Bruce
Munson, Donald Young, and Theodore OKiishi Copyright © 2%
2005 by John Wiley & Sons, Inc. Al rights reserved.
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— e (4)

Free Jets
 Look at streamline from (1) to (2) to (5)
v V, =00 9(z,-2)+ PmPy (\/22 _Vlz)
P 2
h=2z, - /
PL=p,=0 —gh+72:0
o eate sty Ftincon, onald Youna:and Theodete OKiah: Comrant©
Northridge 2005 by John Wiley & Sons, Inc. Al rights reserved 27
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Ideal Gas Isentropic Flow

e Forideal gas P = pRT

 For ideal gas with frictionless flow and
no heat transfer (constant entropy or
isentropic flow) P/p* = C (k = c,/c,)
—k = 1.4 for air at room temperature
—For P/pk=C, P = Cpk and dp = Ckp* 1dp
Jdp JCkp "dp CkJ. k2 = Ckp
1P P

-1

o }
Norihridge -1 2. A P

Ideal Gas Isentropic Flow Il

« Start with integral j V2

form of Bernoulli d

* Substitute ideal gas jdp:k(pz_plj
isentropic flow result 1 2 k-1{p, p

k(pz_pl}(vzz -v7) g

k-1{p, p 2

» Equation applies to steady, frictionless
ideal gas flow along streamline with

.ho.heat transfer or viscous forces
Northridge

g(22_21)+

Incompressible Error

ME 390 — Fluid Mechanics
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Northridge

¢ What is the error for assuming
incompressible flow in a gas

» Compute pressure ratio p,/p,, where p,
is stagnation pressure, as a function of
initial Mach number, Ma, = V,/a,

» a = sound speed; a? = kRT where k =
heat capacity ratio c,/c, (T in kelvins)

— Use of Mach number based on accurate
analysis of compressible flow

30
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Stagnation Pressure Error

k=14
7 1.E+01
/—’_
| // 1101
o
=
IS
@ 5 / 1 1E03
o .
3 [
3 4 — Compressible 1E-05
o ;
£ — Incompressible 4
c 3 — Relative error 1E07 &
p=] ' 3
T
5 2 L LE-09
It
<
& /
1 b—T"] {1E11
0 L 1.E13
0 0.25 0.5 0.75 1 1.25 15 1.75 2
Mach Number
AT T 3
Northridge

Usual Rule of Thumb

¢ Accurate results for gas flows can be
found from incompressible flow
equations provided that the Mach
number is less than 0.3
—Ma = 0.3 gives relative error of 0.13% for
computation of stagnation pressure
¢ Results less accurate for Ma > 0.3

 Catastrophic errors for Ma > 1
— 1145% relative error for Ma = 4
— Shock wave for Ma > 1 changes equation

California Seate University 2

Northridge

Continuity Equation

 Consider internal (confined) flow

» Look at simple example shown in figure
» Conservation of mass for steady flow

« Mass flow in = mass flow out

Fluid parcel at t=0

Same parcel at r = &1

-

Volume = V) dr A, - L S

Volume = ¥, & A,

V. {2)
Californ Sease Lnigensity  Figure 3.15 Fundamentals of Fluid Mechanics, S/ by Bruce Munson, Donald 4
NOI‘t]II‘idge Young, and Theodore Okiishi Copyright © 2005 by John Wiley & Sons, Inc. All
rights reserved.

Continuity Equation |l

Volume flow rate, Q = &W/6t, = VASt/6t = VA
» Mass flow rate, m = pQ = pVA

« Mass in = mass out gives m; =m,
 Continuity equation: p,V,A; = p,V,A,

Fluid parcel at t=0

Same parcel at 1 = &

————

Volume = V) drd, - L S

Volume = ¥, & A,

Californ Sesse Lnigensity  Figure 3.1 Fundamentals of Fluid Mechanics, S/E by Bruce Munson, Donald 5,
NOI‘t]I s id!.’,e Young, and Theodore Okiishi Copyright © 2005 by John Wiley & Sons, Inc. All
rights reserved.

Continuity Equation Il

« For more complex confined flows there
may be several inflows and outflows

» Also, flow * Still
may be : g conserve
i — __
unsteady | mass
] |—b'| : 1 =y
T J . o
r— s 1
nt ! \ A\
| 1 N 3 Figure 4.13 Fundamentals of
o=l A Fluid Mechanics, 5/E by Bruce
1 \ Munson, Donald Young, and
Theodore Okiishi Copyright ©
: Va 2005 by John Wiley & Sons,

Inc. All rights reserved

Continuity Equation Il

dm
t |control zmn Zm)ut meA nVin— ZpomA)utvout
volume
For steady
flow dm/dt = [—| ._-J__
\,—-v| | _1:—»1_
:’_ : “ \\: Figure 4.13 Fundamentals of
gy Fluid Mechanics, S/E by Bruce

Munson, Donald Young, and

Theodore Okiishi Copyright ©

Va 2005 by John Wiley & Sons,
Inc. Al rights reserved.
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Cavitation

» Change from small to large velocity (V,
<<V, will cause large pressure
decrease: p, = p; + p(V,2 = V,?)/2

« Could reduce pressure to vapor
pressure of liquid

 This causes vapor bubbles to form and
burst exerting pressure on surfaces

« Cavitation can, over time, damage
surfaces and must be avoided

Califioeni Seate Unive 37

Northrlidgé

Cavitation Il

* Large flow

B N ceds need
R very high
|

pressure) |

i velocity for
{ {2 (3)
5 'E‘ ! i smaller area
{ -.nur—i | I .
vl | ! i Will decrease
|
|

Small ¢

p, but cannot
Moderate 0 — decrease p
below p,

Figure 3.16 Fundamentals of Fiuid Mechanics,
5/E by Bruce Munson, Donalgoung, and

__ Theodore Okiishi Copyright © 2005 by John Wiley
o - & Sons, Inc. All rights reserved.

7 N
| Large ¢ Inzipient cavitation

Bubbles from Propeller

Figure 3.17
Fundamentals of
Fluid Mechanics,

5/E by Bruce
Munson, Donald
Young, and

Theodore Okiishi

Copyright © 2005
by John Wiley &

Sons, Inc. All
rights reserved.
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Flowrate Measurement

J/\\\

(0 (2)
« Venturi meter shown here is example of
flow meter

— Measure velocity (and flow rate) by
measuring pressure difference p; — p,

Califioeri Seate University Figure 3.18 Fundamentals of Fluid Mechanics, 5/E by Bruce Munson, 40
Nl)l'th s idge Donald Young, and Theodore Okiishi Copyright © 2005 by John Wiley &
Sons, Inc. Allrights reserved.

Flowrate Measurement Il

* Flow meters use basic idea of Bernoulli

equation and continuity

— Continuity: area differences give related
velocity differences: V, = V,A,/A,

— Bernoulli: velocity differences give V2
difference in terms of pressure difference:
Vo2 = V2 =2(p, — p.)lp

e Assumes z, = z,
— Substitute continuity result, V, = V,A,/A,

California State University

Northr'idgé
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Flowrate Measurement Il

¢ Result of substitution
— Continuity: V, = V,A,/A,
—Bernoulli: V,2 - V2 =2(p; — p,)/p
— Combination: V,2 — V,2 = (V,A/A,)? — V2 =
V21 = (AJA)?] = 2(p, — po)lp
2Ap-P2)  « For circular pipes
pb— (AQ/Al)Z] (AJAL)? = (D,/Dy)*

 Bernoulli-continuity combination
important in problem solving

California State University

Northr'idgé

42
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Flowrate Measurement V Flowrate Measurement VI
* |s measuring flow rates really this easy? ¢ Basic relation: velocity (or flow rate)
—No. The approach used here ignores proportional to square root of Ap
viscous forces that are ignored in the
Bernoulli equation Q=VIA = A 2(p - P2)
— Consideration of these forces is usually Pb—(Az//i)z]
done by empirical modifications to basic
equation on previous chart * Problem: Find V, for D, =0.1m, D, =
— Can also apply these ideas to open channel 0.05m, p, — p, = 100 Pa, water (p =
flows where flow rates are measured by 1000 kg/m3)
elevation differences
Rorthridge - Rorthridge “
Flowrate Measurement VI Flowrate Measurement VI
N kg-m Ib; ) slug- ft
v | Ap-p) _ 2000 Pa) o o N e 2[1042] e
) 2 2 p - pz) ft |bf - S
\/ Ph-(a/a] 1100k 1—(£(o.05 m)z/z(o.lm)zj - 2] 1 000238 9 2
m’ 4 4 h-(m/AP] | 000288ug (02 /0
ft3 4 4
Vi = 0.2 m ‘ ftz
t i's « V,=0.462 m/s S O S -
1_[0'0ﬂJ 1 Vi \]0.00238 2 4in 4 i Vl =947 ft/s
0.1m 1,[7_J
2in
* Problem: Find V, for D, =4 in, D, = 2 in, , | ith ai
P, — P, = 10 psf, air (p = 0.00238 . ?O%;ve;?e%pt?ez?;a arger V with air as
W
slugs/ft®) . P2 .
Northridge Northridge
Other Flow Meters
Flow Rate Measurements
m @ i echanics S by 0 ‘ ‘ ‘ For Ap in Pa
: o:‘x:e"cgnu"‘n"?s‘"ggzggg —AZAL=098 /4 andpin
=" Tt e o 77| kot vis
e e Orifice 150 g:izgﬁ A
T o e A7 Forapinps
1 —A2/A1 =0.60 p
' Both less ideal ” ——AzaLZ010 slugs/ft’, v
. than Venturi % ] = j sinfUs
W o == / i
Nozzle 1 10 Ap 100 1000
M alifoenis Seate Univenst
f A=) Northridge ®
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Open Channel Flows Sluice Gate

* Measurements by sluice gates and 1)y
. o e : > C = /a =
weirs - Skl g Z;
Wi 1=D0 .
« Measure height difference, z, — z, = H, g Eggg&%ﬁn
at between two points with p = 0 i N
P . P . — 0.61 for a/z,
« Rectangular flow areas with width b has — o <02
areas bz, and bz, so that V,bz, = V,bz, 154
and z, +V,;22g=2z,+V,22g =z, + —
(V,z,/z,)%2g 4
29(z -7
Vo= | — 5 e
2
California Stase University 1_(22/21) 49 e
Nort]]ridge Figure 3.19 Fundamentals of Fluid Mechanics, S/E by Bruce Munson, Donald Young, and
Theodore Okiishi Copyright © 2005 by John Wiley & Sons, Inc. All rights reserved.

Sluice Gate Il

M- b 1
Here a/Z]_ = _Pressure diSTrllel‘iDl‘ll
(0.8 m)/(5 m)
=0.16<0.2 1
S0 2z, ~ i
0.61(0.8 m) =
z, = i
1

* Height H is measure of flow rate: Q ~

a
T 0 Hb(2gH)12
califorrii Seate Univenity
Figure 3.19 Fundamentals of Fluid Mechanics, 5/E by Bruce L y 52
0.8m Munson, Donald Young, and Theodore Okiishi Copyright © Nort]mdge

2005 by John Wiley & Sons, Inc,_ All rights reserved.

— Energy line (EL)

Energy/Hydraulic Grade N |

. S Hydraulic
grade line (HGL)

< Natural definition of lines in a flow from
Bernoulli equations
— Energy line = z + p/p + V2/2g = H = total
head, a constant for an inviscid steady flow

« A series of pitot tube measurements will always Static
produce the energy line k

— Hydraulic Grade Line =z + p/p = energy

Figure 3.21 Fundamentals
of Fluid Mechanics, 5/E by
Bruce Munson, Donald

Young, and Theodore
Okiishi Copyright © 2005

line — VZ/2g s s
. . . J
« A series of piezometer tubes will always 2 4
produce the hydraulic grade line
1 L L L
Califorria Seate Unierst 53 T Datum
Northridge Stagnation
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