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6-1 Introduction

m Fluid flow problems can be analyzed using one of three
basic approaches: differential, experimental, and
Integral (or control volume).

m In Chap. 5, control volume forms of the mass and energy
equation were developed and used.

B In this chapter, we complete control volume analysis by
presenting the integral momentum equation.

B Review Newton's laws and conservation relations for
momentum.

B Use RTT to develop linear and angular momentum equations for
control volumes.

B Use these equations to determine forces and torques acting on
the CV.
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B Newton’s laws are relations between motions of bodies
and the forces acting on them.

B First law: a body at rest remains at rest, and a body in motion
remains in motion at the same velocity in a straight path when
the net force acting on it is zero.

B Second law: the acceleration of a body is proportional to the net
force acting on it and is inversely proportional to its mass.

F=ma=m— =

dt dt

B Third law: when a body exerts a force on a second body, the
second body exerts an equal and opposite force on the first.
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6-3 Choosing a Control Volume

Fixed control volume

m CVis arbitrarily chosen by fluid dynamicist,
however, selection of CV can either simplify
or complicate analysis.

g B Clearly define all boundaries. Analysis is often
simplified if CS is normal to flow direction.

B Clearly identify all fluxes crossing the CS.

|
I |
|
| Ly B Clearly identify forces and torques of interest
| g . y q
:"' = B acting on the CV and CS.
L__Mgvizg_coztrglzomng_J v, B Fixed, moving, and deforming control
=, <L volumes.
®) B For moving CV, use reiative veiocity,
— — —
Vo=V —Vov

B For deforming CV, use relative velocity all
deforming control surfaces,

V.=V —Ves
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6-4 Forces Actingona CV (1)

m Forces acting on CV consist of body forces that act
throughout the entire body of the CV (such as gravity,
electric, and magnetic forces) and surface forces that
act on the control surface (such as pressure and viscous
forces, and reaction forces at points of contact).

Control volume (CV)
g \

a8 - _/Z * Body forces act on each

s il h volumetric portion dV of the CV.
ll K » Surface forces act on each

e F “ portion dA of the CS.
: // dFsurface

\ y

~ /7
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6-4 Forces Actingon a CV (2)

Body Forces B The most common body force
dy IS gravity, which exerts a
downward force on every

l > differential element of the CV

B The different body force
— deody — ng'ram'ty — pgdv
dx Typical convention is that

=
PN VST -‘-'AA T W II‘AA -A

aclo Il tie IIBCIdLIVB Z- UIIBLLIUII
j=—gk
| S B Total body force acting on CV
y
vi > Fooay = / pgdy = mcvg
cv 65
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6-4 Forces Acting on a CV (3)

Surface Forces

T Ty

Fluid Mechanics

Y.C. Shih February 2011

Surface forces are not as simple to
analyze since they include both normal
and tangential components

Diagonal components a,, oy, o,, are
called normal stresses and are due to

pressure and viscous stresses

Off-diagonal components g,,, o, etc.,

are called shear stresses and are due
solely to viscous stresses

Total surface force acting on CS

Zﬁsu'r‘fa,ce — /(Z‘S O35 -ndA
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6-4 Forces Acting on a CV (4)

B Surface integrals are cumbersome.

m Careful selection of CV allows
expression of total force in terms of
more readily available quantities
like weight, pressure, and reaction
forces.

B Goal is to choose CV to expose
only the forces to be determined
and a minimum number of other

.
‘ forces.

X Out
§ Fg'rcwz'ty E Fp'ressu'r'e + § Fm’scous + E Fother
p— A\ ~ > —|— A ~ >y

body force surface forces
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6-5 Linear Momentum Equation (1)

m Newton's second law for a system of mass m
subjected to a force F Is expressed as

, v d L
F — 1l — _— = — ( V)
Ma="1m" = a

m Use RTT with b = V and B = mV to shift from
system formulation of the control volume
formulation

d (mV
(mdt)sys :% Cvpﬁd]}jL/cspv’ (ﬁ,ﬁ) dA
Zﬁ:% Cvm*/’dv+/csp17(17r-ﬁ) dA
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6-5 Linear Momentum Equation (2)

B Steady Flow > F= fcs 2 (Vﬁ) a4

m Average velocities = [ (Vi) ddc = pVayyA.

Ac

B Approximate momentum flow rate
[ o7 (V) A % 0Vaog ATy = 1V
CS
B To account for error, use momentum-flux
correction factor f3

Zﬁ: %/pvdl}‘l“z;@mf}ayg_ZBmVavg

out

1 vV \*
5—A_c[40 (Vavg> dAC
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6-5 Linear Momentum Equation (3)

i \\lu

Pom ;W

i
PI— \_

P Py (gage)
With atmospheric With atmospheric
pressure considered pressure cancelled out

FIGURE 6-9

Atmospheric pressure acts in all
directions, and thus it can be ignored
when performing force balances since
its effect cancels out in every direction.

Fluid Mechanics

(Pressure
" force)
f l.gage !l

W (Weight)

t (Reaction force)
F R,

An 180° elbow supported by the ground

FIGURE 6—1%

In most flow systems, the force F
consists of weights, pressure forces,
and reaction forces. Gage pressures
are used here since atmospheric
pressure cancels out on all sides

of the control surface.
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6-6 Angular Momentum (1)

m Motion of a rigid body can be considered to be the
combination of
B the translational motion of its center of mass (U,, U, U,)
B the rotational motion about its center of mass (@,, @, ®,)

B Translational motion can be analyzed with linear
momentum equation.

B Rotational motion is analyzed with angular momentum
equation.

B Together, the body motion can be described as a 6—
degree—of—freedom (6DOF) system.
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6-6 Angular Momentum (2)

Angular velocity w Is the
angular distance 4
traveled per unit time, and
angular acceleration « Is
the rate of change of

Fluid Mechanics

Y.C. Shih February 2011

angular velocity.
dd _d(lr) 1dl _V

YT @ dt  rdt 1
dw_d2€_1dV at

dt dt? r dt r

0 —

V =rw and a; = ra
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6-6 Angular Momentum (3)

H=rmV
=rm(rw)
I = rimw

— _——
— —
—-— —
—

S~ -
"-___. ——
—— —

FIGURE 6-29

Angular momentum of point mass m
rotating at angular velocity w at
distance r from the axis of rotation.
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6-6 Angular Momentum (4)

Sense of the
moment

Direction of
rotation

M=FxF
M = Frsin@ Axis of
rotation
FIGU_BE 6-31 i
The moment of a force F' about a
point O is the vector product of the FIGURE 6-32
position vector 7 and F . The determination of the direction of

the moment by the right-hand rule. 614
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6-6 Angular Momentum (5)

®m Moment of a force: M=7xF
H X M

B Moment of momentum:

m For asystem: H, :/ (Fx V)pdV
SYS
stys . d — “7
= Sys('r x V)pdV

m Therefore, the angular momentum equation can

be written as: N~ g7 _ “Hays
| 2 7
B To derive angular momentum for a CV, use RTT

withB=Hand 3=7xV

Eluid Mechanics Chapter 6: Momentum Analysis

Y.C. Shih February 2011 of Flow Systems



6-6 Angular Momentum (6)

B General form

ZM——/C rxV)pdV—l—/

% CS
m Approximate form using average

properties at inlets and outlets

M—— 'r'prdV—l- 7 x mV — 7 x mV
SN > >

14 out

m Steady flow

ZM —I—Z'r’me Zfrme

out 6-16
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6-6 Angular Momentum (7)

—

FIGURE 6-28

Analogy between corresponding
linear and angular quantities.
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6-7 The Second Law of Thermodynamics

r

a’S) 1
_ = =0
d{ SY stem T

sdm = j spd¥
¥(system)

S

system

j M (system)

dS p o
— _ 9 s .
dt li}*‘fstem ot jC\:’ P a¥ s SQV d.

d S I(Q
— + dA = —| = |dA
v jCVSpCfJFZ jCSSpV da o T(A)d
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