CHAPTER 5.

FORCE, ENERGY AND POWER

5.1 Accderated motion

In aprevious section we had equation (4.4) that gave the accderated motion of abody, under
the influence of unbaanced externd forces, we could aso cdl these non-equilibrium forces as
they change the momentum of the body. We could aso write our equation as

& F =ma. (5.1)

If the body isto accderate without rotetion, then dl the forces F; must meet a the centre of
meass of the body or the sum of the moments of these forces must be zero.

5.2Analysis of acceleration caused by forces

A common textbook illugtration of the application of equation (5.1) concerns ablock that isable
to dide down an indined plane, such asysem is shown in the next figure, dong with the free
body interpretation.
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Inthe firg part of the figure we see the block of mass m placed on a plane that has anincline
angleof q tothe horizonta, we can dso see aplane view of the centre of mass marked with a
cross. In the second, middle diagram we have the free-body sketch showing the block and
including dl the forces that act on the block. Theseforces are:

(i) theweaght mg,

(i) the normd force, N thet acts & right angles to the indined plane that supports the
block,

(iif) thefriction, f that acts between the block and the inclined plane and actsto hinder
the diding of the block down the plane.
In the lagt, figure on the rioght the force mg has been replaced by two mutudly perpendicular
components, it was hecessary to erase or crossout mg so that it remains dear which forces are
to be added up.

At this stage we are ready to write out equation (5.1) in terms of components, for the
components pardld to the indined surface we have



f- mgsing=ma, (5.1a)
and for the components normd (that is perpendicular) to the indined plane, we have
N - mgcosq = ma,,. (5.1b)
For the firgt equation, (5.18) we will work with the assumption thet the block can only dide
directly down the plane. For thisto happen mgsing must be greater than f so thet
f .
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and g, will be negetive, thiswill make the block dide down the plane as expected. If g, iszero
then
f =mgsing
and the friction force up the plane cannot exceed the component of the weight force down the
plane, thisisafeature of frictiona forcesthey are passve reactions that can reduce or prevent
relative mation but cannot creete relative mation. Asthe block is held by friction and cannot
change momentum we have the sum of these force components as zero
f-mgsing=0

For the second equation, (5.1b) we cannot expect the block to jump into the air nor to forceits
way into the inclined plane, thet is we must kegp the condiition g, = O, thisbeing the case we
have

N = mgcog.
This shows us that the reaction to the component of the weight force into the planeis, as
expected, equd to and in the opposite direction to this component of the weight force.

The problem we have just gudied can be extended by joining two blocks together with alight
ungtretching cord that passes around a (mass-less) pulley as shown beow.

We have aso shown thét the blocks have masses m, and m,, and that atenson T in the cord
pullsm, up theindined plane and supports m, againg itsweight force. It is not necessary for
m, to be greater than m,, for m, to move up the plane and we will assume thet it will movethis
way. The next gep in our analyssisto draw free-body diagramsthat show dl the forces acting
onm, and m,.
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The free-body diagram for m, is sraightforward, the centre of massof mugt bein linewith both
the support force T and the weight force m,g, if thiswere not the case the block would rotate
to bring these forcesinto aline. Equation (5.1) can eesily be written as

mg-T=ma. (5.18)
The other free-body diagram for m, is more complicated, it shows the forces acting on m,
drawn from where they would be expected to act.
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Asf and T arenat in line they form a couple that would tend to rotate m, in adockwise
direction, however from the nature of the system we do not expect this rotation to occur, So we
can conclude that the force averaged position of N has moved out of line with the centre of
mass to counter this rotation. Once we have satisfied the condition that no rotetion occurs, we
can then draw all the forces acting from the centre of mass, in this case we have replaced m,g
with its components pardld to the indined plane because thisis the direction that motion will
occur. We do not expect any norma moation directly into the inclined plane. Equation (5.1) can
be now written as

T-mgsing-f =ma (5.1b)
and mgcosg- N = 0. (5.1c)
In writing these equations we have assumed thet the block will accderate up the plane asit is
pulledby T, equation (5.18) has the matching assumption that the force m,g pullsthe massm,
in a corresponding direction with the same acceleration so that the cord does not stretch.

If we combine equations (5.1a) and (5.1b) we get
m,g - mgsing - f =(ml+mz)a_ (5.1d)
The accderation a of the blocks may be positive, that ism, accelerates up the plane, or

negative, that ism, accderates down the plane. The positive vaue occurs when m,g is greater
then m,gang + f in which case the weight force of m, is sufficent to meet our initia assumption.

Thisanays's can be gpplied to saverd other particular Stuaions:

0]
cosse For this Stuation the equations become
m,g-T =ma
and T-mg=ma
so that
_ (mz 3 ml)g
o | [ "y +m,)
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(i)

For this Stuation the equations become
i m,g-T=ma

: and T-f=ma

sothat

, gz Mo-f

(m,+m)
In case (i) if our equetions make a negative then m, goes up (rather than down asweinitialy
assumed). In case (i) some problems arise from the passive nature of the frictiona resstancef,
thevaueof f remanslessthean, or equa to m,gand we cannot have m, being pulled upwards

by f or m,.

5.3 Motion and energy

In the previous chapter we introduced the concept of momentum by smply multiplying the
velocity of an object by itsmass. To define kinetic energy we take the same gpproach, we dart
with the equation for condtant acceleration
V2 =V +2a(s- s,)

and divide this by one hdf then multiply both sdes by the mass of the moving object, m to get

V- mvy; =ma(s- §) =Hs- §), (5.2)
Here F is the magnitude of the outsde force on the body that causes the constant acceleration,
while$ MV isthe kinetic energy of the body when it moves at speed v.

The unitsfor energy are joules (symbol J) and you should note from equetion (5.2) thet
1J=1kgm*s® =1 Nm

Now kinetic energy is something that abody possesses, this energy is put into (or taken from)
the body by work from the environment outside the bodly, thisis the reason why we used the
term externa forces when discussng Newton,s laws. Thiswork can be identified from the right
hand term in equation (5.2); it isHS - ). The work done on a body is the product of the
external force that acts on the body, times the distance that the force moves the body in
the direction that the forceis applied.

"The digtance that the force moves the body in the direction that the force is gpplied”, needs an

illustration. In the diagram below awagon is pulled dong arailway track by aforce, F that acts
to one 9de of the track. The wagon is congtrained to move dong the
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track through a displacement s - s,; dthough the wagon moves through this displacement the
component of the vector in the direction of F isonly (s -s)cosg. Thework done by F inmoving

the wagon through s - s,isgiven by
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W = F(s— so) cosq. (5.3)
We can dso use an equivadent gatement The work done on a body is the product of the

distance that the force moves the body, times the component of the external forcein the
direction of this displacement.

So far we have assumed that the force is congtant in both magnitude and direction, we did this
S0 that we could use a congtant acceleration equation. In the Stuation shown above it could be
possible that a friction force could oppose the action force F, so that little or no accderation
takes place and yet the force il does the work W againg friction to move the wagon. If the
waggon does not move et dl, then (s - s)) iszero and we are forced by our definition to say thet
F does no work.

Itisdso likdly that the force, is not congtant in magnitude when thisis the Stuation the work is
cdculaed usng caculus as

W= C):cosqu .
%
Ascdculusisnot required for this course we mugt replace this equation by the equivaent
datement: the work done by a force can be found from the area under the force against
distance graph. We could aso say that the work is equd to the average force timesthe
distance moved.

5.4 Kinetic and potential energy

In our familiar every-day environment we have become quite used to the effects of friction and
other passive resstances, no metter what we do, or how we move we congantly lose work
energy to friction. If these effects can be ignored (as may be the case with something faling
through air with negligible air resstance) then equiation (5.2) can be used to cdculate the change
in kinetic energy, this equetion takes aform that is sometimes caled the Work Energy
Theorem.

¥

In the diagram above we see abody of massm faling fredy, firs with avelodty v, then later
withaveloaty v,. These velocities have been replaced by their horizontal components v, and
V,, and thair vertical componentsv;, and v,,. The horizontal component of the velocity cannot
change with time as the only accderation is vertically downwards. If the body has avelocity v,
at (x,,y,) and then falsto anew pogtion (x,,y,) whereit hasaveocity v, then we can write the
equations for its mation as
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Vi, =V,

and ng = V12y - Zg(yz - yl)
where g= 9.8 m s2 isthe downward acceleration due to gravitationd atraction of the earth.
By rearranging both eguations and then multiplying by 7 m we can arrive a

vz, +v3 ) =32, +v2 |- mg(y, - v,)
or vy =zmvy - mg(y, - ;) (5.4)
This equation can be written in aform that is both useful and demondtrates the conservation of
kinetic plus potertia energy & (X,,y,) and (X,.Y,),

ZIMV; +mgy, =Zmv; +mgy, (5.5)
where gy isthe gravitetiond potentid energy of massmat position (x,y). Although thisisa
workable definition of potentiad energy it is more correct to equate energy changes, in which

case our Work Energy Theorem is best written as
%me - %m\/g = mg(yz - yl).

Sysemslike this one, with no frictiond loss of energy to the environment are cdled
conservative systems In this casemg(y,-Y;) isthe work done by the gravitationd force, this
term indicates the potentia for work to be done, henceit is caled potential energy. As
3mv’ +mgy isacongant the kinetic energy of a consarvative system increases while the

potential energy decreases and vice versa

55 Kinetic energy and collisons

In aprevious section we learned that: "two (or more) bodies ae cdled asysem and ... the
momentum of a system cannot change unless a force from outside the sysem acts on the
system’”. Momentum is aways conserved for any ingant when two bodies callide. Thisis not
necessaxily the case for kinetic energy. In an explosive collison or disntegration the kinetic
enagy of the fragmentswill increase while the totd momentum must remain unchanged. Inan
elastic colligon the kinetic energy will remain unchanged aong with the momentum. For other
collisons energy is logt to the environment, or to deformation of the bodies and the kinetic
energy of the system reduces after the collison, even though the momentum is conserved during
the ingant of collison. These results do not eesly fit our common experiences because we live
In non-consarvaive sysems where relative motion or momentum is condtantly being lost to
friction and other resdtive effects

Thereisapedid interesting result that gppliesto dastic collisons where both momentum and
kinetic energy are conserved. Consider two bodies of the same mass m, that approach each
other and collide so thet they return dong the origind line dong which they traveled,
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the two bodies are shown above with their velocity vectors and initid speedsv,, v, and find
Speeds v, ', v,. The equation for the consarvaion of motion is

mv, - mv, =-mv';+mv’,
while the condition for the dadtic collison reguires congant kinetic energy or

S 4wz =T+t
There are two solutions for the gpeeds in these equations:

) Vi=-v, and V,=-V,

or (”) V'1 =V, and V'2 = Vl,
Inthe firgt case (i) nothing has changed, perhaps the bodies never made contact? In the second
case the bodies have exchanged momentum on collison. This result isimportant for the
derivation of the idedl gas equation. At an aomic or microscopic scale collisons can usudly be
consdered dadtic and these sysems will conserve thelr energy despite internd collisons.

5.6 Power

Power is the measure of the rate a which energy is used. For common physicd examplesthis
energy could be: heet energy, ectrica energy, magnetic energy or mechanica work.
In the familiar case of amotor vehicle moving with a teedy speed, we can say that the force
from the engine just baances the friction and resstance forces and hence the vehidle is not
accderating. The work done by the engineis

W=Hs- s)
asinequation (5.2), if the vehicle tekes atimet to go from s, to s then we can caculae the
power P as

p=N_p3%_p

t t (5.6)

where v isthe congtant (or average) speed of the vehicle.

The unitsfor power are watts, symbol W.
1W=1Js? =1 Nms? =1kgm?ss.
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