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£ Newton’s Second Law—The Linear Momentum and Moment-of-Momentum Equations 141
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5.21 Derivation of the Linear Momentum Equation
Newton’s second law of motion for a system is

time rate of change of the _ sum of external forces

linear momentum of the system  acting on the system

Since momentum is mass times velocity, the momentum of a small particle of mass
pd¥ is Vpd¥. Thus, the momentum of the entire system is fsyszdV and Newton’s law
becomes

D
ce- o J Vpd¥ = > F,, (5.14)
L ! 5
| T

e sys

‘When a control volume is coincident with a system at an instant of time, the forces
acting on the system and the forces acting on the contents of the coincident control volume
(see Fig. 5.2) are instantaneously identical, that is,

2 Fsys = 2 Fcunlants of the (5'15)
coincident control volume
Furthermore, for a system and the contents of a coincident control volume that is fixed and
nondeforming, the Reynolds transport theorem (Eq. 4.17 with b set equal to the velocity, and
B, being the system momentum) allows us to conclude that

D d 5
—J VYpdV=— VpdVJrJVpV-ndA (5.16)
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: B FIGURE 5.2 External forces acting on system and
System ’ coincident control volume.
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142  Chapter 5 m Finite Control Volume Analysis

Equation 5.16 states that the time rate of change of system linear momentum is =
pressed as the sum of the two control volume quantities: the time rate of change of the
ear momentum of the contents of the control volume, and the net rate of linear momernzus
flow through the control surface. As particles of mass move into or out of a control volums
through the control surface, they carry linear momentum in or out. Thus, linear momen=zs
flow should seem no more unusual than mass flow.

For a control volume that is fixed (inertial) and nondeforming, Eqgs. 5.14, 5.15, and =
suggest that an appropriate mathematical statement of Newton’s second law of motion :

ar control volume

d %
*J Vpd¥ + J VoV - fi dA = D Feomens of ihe (51

cv cs

We call Eq. 5.17 the linear momentum equation.

The forces involved in Eq. 5.17 are body and surface forces that act on what is o
tained in the control volume. The only body force we consider in this chapter is the on< =
sociated with the action of gravity. We experience this body force as weight. The sura
forces are basically exerted on the contents of the control volume by material just outside
control volume in contact with material just inside the control volume. For example, a =i
in contact with fluid can exert a reaction surface force on the fluid it bounds. Similarly, Fu
just outside the control volume can push on fluid just inside the control volume at a com
mon interface, usually an opening in the control surface through which fluid flow occu

522 Application of the Linear Momentum Equation

e

W The linear momentum equation for the inertial control volume is a vector equation (Eq. 3
In engineering applications, components of this vector equation resolved along orthogomii |
V5.4 Force coordinates, for example, x, y, and z (rectangular coordinate system) or r, 8, and x (ciis
due to a drical coordinate system), will normally be used. A simple example involving one-dims= !
water jet sional, steady, incompressible flow is considered first.

EXAMPLE 5.5

As shown in Fig. E5.5a, a horizontal jet of water exits a nozzle with a uniform spesc ¢
V, = 10 ft/s, strikes a vane, and is turned through an angle 6. Determine the anchoring f
needed to hold the vane stationary. Neglect gravity and viscous effects.

[A[: 0.06 ft2

v

(a) B FIGURE E5.5a
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