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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass

16.0 u. Find the position of the center of mass.
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass

16.0 u. Find the position of the center of mass.
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass
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Figure & 280

& shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass
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Figure 8.2810 shows a simple model of a water molecule. The oxygen—hydrogen separation

is d = 9.57 x 107 ' m. Each hydrogen atom has mass 1.0 u, and the oxygen atom has mass
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If a homogeneous object has a geometric center,

that 1s where the center of mass 1s located.
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If a homogeneous object has a geometric center,

that 1s where the center of mass 18 located.

[f an object has an axis of symmetry, the center
of mass les along it.
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If a homogeneous object has a geometric center,

that 1s where the center of mass 18 located.
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[f an object has an axis ol symmetry, the center

of mass lies along 1t. As in the case of the donut,
the center of mass may not be within the object.

29




\!/Asu

Motior o certer o paan

(=




Motior o cerrter o’& oy

\!msu

31




Motior o cerrter o’& oy

(=

= SN

—F\CM — EM}E.' > &c»_ & ZM:":}
EM: e — ALz

\!msu

32




\!msu













37




White dot:
e Center of mass

of wrench

Velocity of
center of mass




Z wremel jorces #‘ CM m(yl-}o/:/

4
—_

\!msu




Z wremel jorces #‘ CM m(yl-}o/:/

Ainee a = &% Haer

N -~

\!msu

40




Z wremel jorces #‘ CM m(yHo/:/

Ainee a = &% Haer

. = A
M= Smiz: § awmce F=ma

41




Z wremel jorces #‘ CM m(yHo/i/

Aince A= &% oo
Moo= Smiz;  § awnce F =it
’H/\eu Zf :Z/"f;a




Z wremel jorces #‘ CM m(yHo/i/

Aince A= &% oo
Moo= Smiz;  § awnce F =nio
—tHren Zf :ZM;;L = 277'—:: /V(;c,vs




Z wremel jorces #‘ CM m(yHo/i/

_Af/vce ’5& = &% Her
Moo= Smic  § awmnce F =it
’H/\eu Zf :ZM;;L = Zf'—:: /1/(3%
'. j_z% 2? = Z?ex-f ‘1‘22411

\!msu




Z wremel jorces #‘ CM m(yHo/i/

Linee A= &% +lrers
Moo= Smic  § awmnce F =i
I Zf :ZM;;L = 277'—::/1/(;(;»
| LA ZF = ZRu +EFu Lok to
222 5o Mok AL vtewal jorce
| parhSs oAl @f/(uaﬂ J O)”ﬂa’ﬂe

\ynsu




Z wremel jorces #‘ CM m(yHo/i/

_Af/vce ’5& = &% Her
Moo= Smic  § awmnce F =it
’H/\eu Zf :ZM;;L = Zf'—:: /1/(3%
| A ZF = 2R +2Fur | Lok ek

P cJL el Jorce
%./@"W MY ot 7—]-6-?22F~T;—e_




Z wremel jorces #‘ CM m(yHo/i/

_Af/vce ’5& = &% Her
Moo= Smic  § awmnce F =it
’H/\eu Zf :ZM;;L = Zf'—:: /1/(3%
| et ZF = 2R +5Fot | bk th

P AL el Jorce
%./@"W MY ot 7—]-6-?22F~T;—e_




Z wremel jorces #‘ CM m(yHo/i/

_Af/vce ’5& = &% Her
Moo= Smic  § awmnce F =it
’H/\eu Zf :ZM;;L = Zf'—:: /1/(3%
| et ZF = 2R +5Fot | bk th

P AL el Jorce
%./@"W MY ot 7—]-6-?22F~T;—e_

< e O Zus™




Z wremel jorces #‘ CM m(yHo/i/

Aince A= &% oo
Moo= Smic  § awmnce F =it
Hrer Zf :ZM;;L = Zf'—:: /1/(3%
| LA ZF = 2R 2Pt | bk Moo
%¢ ég 50 laﬁ, ’H/W‘;% o«u \ml-\'e//UévQ JOI‘CQ
Do Sha= M. O hn~ ézqf/i
Vasu Muvs - Sl =C" 7 %@ ="




Z wremel jorces #‘ CM m(yHo/i/

.A;NOQ ’5& = &% /HAQA/
Moo= Smic:  § awnce =< i
Hew  EF =ZMa 3 EF=Men
| j-Z?% 2? = Zize,)d ‘1’2 ‘,l:—(-@—/_loj /{/ewlo»-'J
24 /@u«v e Hosk ML emesd jorce/e_
| purs are equld § oppte 3 Zha™
Lo f;exf‘-:/‘/lacm Of ;em"’%
\!/ASI.I Havs ng-l' — = %A@:_@’ X’}w:co,«/ﬁ'/.




—_____“-
— " —

/’f‘# — — MHH

( S,

4 Star o X\ _~ Planet/@
~

--"'- i
— — -_--_'
— e e — S— S—

cm of star—planet system

51

\!/Asu




After the shell explodes, the two fragments

Shell explodes follow individual trajectories,
but the center of mass (cm)
e continues to follow the

‘ shell’s original

* trajectory.

A shell explodes into two fragments in flight. If air resistance is ignored, the center of
mass continues on the same trajectory as the shell’s path before the explosion.
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James (mass 90.0 kg) and Ramon (mass 60.0 kg) are 20.0 m apart on a frozen pond. Midway

between them is a mug of their favorite beverage. They pull on the ends of a light rope

stretched between them. When James has moved 6.0 m toward the mug, how far and in

what direction has Ramon moved?

\!/Asu

53




James (mass 90.0 kg) and Ramon (mass 60.0 kg) are 20.0 m apart on a frozen pond. Midway

between them is a mug of their favorite beverage. They pull on the ends of a light rope

stretched between them. When James has moved 6.0 m toward the mug, how far and in

what direction has Ramon moved? M'J = QO kg
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James (mass 90.0 kg) and Ramon (mass 60.0 kg) are 20.0 m apart on a frozen pond. Midway

between them is a mug of their favorite beverage. They pull on the ends of a light rope
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James (mass 90.0 kg) and Ramon (mass 60.0 kg) are 20.0 m apart on a frozen pond. Midway

between them is a mug of their favorite beverage. They pull on the ends of a light rope

stretched between them. When James has moved 6.0 m toward the mug, how far and in
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+x-direction

Burned fuel = Rocket
lfm, =0 =Up U + dv

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
l = P ' | - P —- , 3% o — . - . s
l and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

+ dv. The burned fuel has x-component of velocity

: U p.. and mass —dm. (The minus sign 1s
iceded to make —dm positive because dm 1s negative. )
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+x-direction

—— . Burned fuel ° Rocket
' lfm, =0 =Up U + dv

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where

l and x-component of velocity v. dm is inherently negative) and x-component of velocity
+ dv. The burned fuel has x-component of velocity

: U v.. and mass —dm. (The minus sign 1s

iceded to make —dm positive because dm 1s negative. )

P = [+ V+aV)
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+x-direction

—— . Burned fuel ° Rocket
' lfm, =0 =Up U + dv

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where

l and x-component of velocity v. dm is inherently negative) and x-component of velocity
+ dv. The burned fuel has x-component of velocity

: U v.. and mass —dm. (The minus sign 1s

iceded to make —dm positive because dm 1s negative. )

B= (W), T = ki)
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?ocke& Kﬂmpmjs 1ons

(a) (b)

+x-direction B
Burned fuel =~ Rocket .-
lfm, =0 =Up U + dv

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
l and x-component of velocity v. dm is inherently negative) and x-component of velocity
dv. The burned fuel has x-component of velocity
U v.. and mass —dm. (The minus sign 1s
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+x-direction

— . Burned fuel ~ Rocket .-
' ' lmlzl‘_”' v+dv‘

_II_IlI--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where

—_ t P st 4 . vl " | - T —— . %, — . . ’ : .

and x-component of velocity v. am 1s inherently negative) and x-component ol velocity
dv. The burned fuel has x-component of velocity

U p.. and mass —dm. (The minus sign 1s

.y

weeded to make cause dm 1s negative

2= W(QMB (V+&v) P -amg-@
50D P=%4 l’% MV 4Vt mV + @&y -&/«V+9MV®<
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(b)

(a)

+x-direction

A e Burned fuel

[m|=l"—l*'

Rocket .-
v + dv ‘

_II_IlI--

—rfm oL

At time [ dt . the rock

of velocity v. dm

At time [, the rocket has mass m

and x-component 1S iInherently negative) and x

dv. The burned fuel has a
U .. and mass s'

ILlelHll

2= (m«QMB (V+&V) P

—

;D ? V/PZ-Q 101
\ynsu 7 P= MY + MU+ Iy

¢l nas mass m
cOomponent ol
-.'Hl'i'i“!i'-l‘lu.'H'.

| ||1'.'

MV QY+ ImV + @&y -amvﬂ:-&qvu

m + dm -

dadm (where

' L'_ll-,_'l_l_'-.
of velocity
MINUS s12n 18

wse dm 1s negative

‘&MQ/'\/&)
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Burned fuel = Rocket .-
lfm, =0 =Up U + dv ‘

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
] ; J o1ty 1 [ o e 1y ’ 3} an AT ) . 1%
l and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

dv. The burned fuel has x-component of velocity

X - U p.. and mass —dm. (The minus sign 1s
N/h &”9¢ q.:%ﬂ\ ||ILH| *d to make itive because dm 1s negative. )
2= W(QMB ), P -amg-@
50D P=%4 l’% MV 4Vt mV + @&y —&/«V+9MVQ»<

\!/ASIJ 7 P= MY + MY+ IMVe,
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Burned fuel = Rocket .-
lfm, =0 =Up U + dv ‘

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
] ; J o1ty 1 [ o e 1y ’ 3} an AT ) . 1%
l and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

dv. The burned fuel has x-component of velocity

X - U p.. and mass —dm. (The minus sign 1s
N/h &”9¢ q.:%ﬂ\ ||ILH| *d to make itive because dm 1s negative. )
2= W(QMB ), P -amg-@
50D P=%4 l’% MV 4Vt mV + @&y —&/«V+9MVQ»<

 oof
VASU T P= mv +maU+Amley £ e
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Burned fuel = Rocket .-
lfm, =0 =Up U + dv ‘

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
] ; J o1ty 1 [ o e 1y ’ 3} an AT ) . 1%
l and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

dv. The burned fuel has x-component of velocity

X - U p.. and mass —dm. (The minus sign 1s
N/h &”9¢ q.:%ﬂ\ ||ILH| *d to make itive because dm 1s negative. )
2= W(QMB ), P -amg-@
50D P=%4 l’% MV +M£h/+c9ml/+&m§2\/ —&/«V+9MVQ»<

\I/ASIJ 7 P=my +mMEV+AmVe, g P’, W
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?ocke& Kﬂmpmjs 1ons

(a) (b)

+x-direction A ,
Burned fuel =~ Rocket .-
lfm, =0 =Up U + dv ‘

_II-III--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
] ; J o1ty 1 [ o e 1y ’ 3} an AT ) . 1%
l and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

dv. The burned fuel has x-component of velocity

9; W(QMB (V+&v) P -amg-@
50 P= 2+ (% = mv +M9t/+c9ml/+&mQV—£2/«V+9MV@x _

\I/ASIJ 7 P=mV +mMEAV+ Moy ¥ P’/ _ ﬂ\”‘(’a Al
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(a) (b)

+x-direction . :
e —— . Burned fuel =~ Rocket .-
- ' Hu|=l*—l*' v+dv‘

_II_IlI--

—rfm oL m + dm -

At time £, the rocket has mass m At time [ dt . the rocket has mass m + dm (where
_—_ t P st 4 . vl " | - T —— . %, — . . ’ : .
and x-component of velocity v. am 1s inherently negative) and x-component ol velocity

dv. The burned fuel has x-component of L-Im‘i'?~

9; W(QMB (V+&v) P -amg-@
50 = 2-%'0-,1 MV -PMQl/'(’CQMl/‘F&/"-QV"MV'FQMVQX

VAU 7 9= my +m&V+mlly Ao MV=-LuVex

.y
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To provide enough thrust to lift its payload into space, this Atlas V launch vehicle ejects more than 1000 kg of
burned fuel per second at speeds of nearly 4000 m/s.




The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

A =convst, = (o )/(lS) /zas
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

._ggf_.ca,vs-}. = /20 /<IS> /205 / VO\A =Z YOO%
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

._g?f_/l_.ca,vs-}. = /20 /<IS> /205 / Ve)A =Z YOO%

\!/Asu

94




The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

._g?f_/l_.ca,vs-}. = /20 /<IS> /205 / Ve)A =Z YOO%

F:-Vex%t ;: = WMo
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

._(‘:’gf_/l_.can/s-}. = /20 /<IS> /205 / Ve)A =Z YOO%

F:-Vex%t ;: F_:M =
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

(QM /20)/05) ,205 , Vex =2 YY00%%

F:-Vex%t ;: F:M =

\ynsu
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 m/s. What is the rocket’s initial acceleration?

(QM /20)/05) ,205 , Vex =2 YY00%%

}'_:-Vex%t ;: F:M =
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 m/s. What is the rocket’s initial acceleration?

(QM /20)/05) ,205 , Vex =2 YY00%%

}'_:-Vex%t ;: F:M =

oL = (: ZV“%}( Mo |\ _ —20%%
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The engine of a rocket in outer space, far from any planet, is turned on. The rocket ejects

burned fuel at a constant rate; in the first second of firing, it ejects 120 of its initial mass my

at a relative speed of 2400 ]11/5. What is the rocket’s initial acceleration?

AQM = G2 =552 Y_e:‘ff——é Yoo %%

F:-Vex%t ;: F_:M =
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2/0/-4 Pz s|ile 0\:_%,‘%

\!/Asu

101




3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2/0/-4 Pz s|ile 0\:_%,‘% 5

80\ Lt = —Vex S'(gnﬂ
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2/0/-4 Pz s|ile 0\:_%,‘% 5
Mo/q
M

SO‘ de = ‘Ve“S-(-,,i,,ﬂ %%o@é = Ve o m
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2/0/-4 Pz s|ile 0\:_%,‘% 5
Mo/q
M

SOK &{: = —VexS_(_gdﬁ. %%&é — ‘V&L/a\/'(“
< AV = ‘Ve,x[«@‘f\‘%l‘a —,&«MJ
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2(/0/-4 pﬁav}o\/s 5])&Q 0\_.—__&&/% >

M
MDA{

SOK &‘é = —Vex S'(gnﬁ %%&é p—t -\/ex/@,.m "
:? XV = ‘V&x[%ﬂ‘i;-a —_/a‘-\/'/‘g) 2 V]::—\é)(/a"‘(ﬁ;"/‘zj
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2(/0/-4 pﬁav}o\/s 5])&Q 0\_.—__&&/% >

M
MDA{

SO‘ de = ‘V“S-(-,,i,,ﬁ %%o@é = -Vex/omﬂ"Ma
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4 Vq: = "\/ex/@,\ (’L‘/’)
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2(/0/-4 pﬁav}o\/s 5])&Q 0\_.—_&&/% >

M
MDA{

SOK&'& = —VexS_(_gaﬁ %%&é — -\/&L/a\,,(MMD
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2(/0/-4 pﬁav}o\/s 5])&Q 0\_.—_&&/% >

M
MDA{

SO\ &'é = —Vex S'(‘g,\ﬁ %%&é — ‘\/&L/a\/v(‘" "
i :? XV = ‘V&x[%ﬂﬁ-a —_/&«MJ 2 V]::—\é)(/a"‘(ﬁ;"/%j

4 \/F - \/ex/@,\ (L/) > V]:: «Ve/xﬂ"\(”
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3
Suppose that 1 of the initial mass of the rocket in Example 8.1518 is fuel, so the fuel is

completely consumed at a constant rate in 90 s. The final mass of the rocket is m = my /4. If

the rocket starts from rest in our coordinate system, find its speed at the end of this time.

2(/0/-4 pﬁav}o\/s 5])&Q 0\_.—_&&/% >

M
MDA{

SO\ &'é = —VexS_(_gaﬁ %%&é — -\/ex/a\,,(mM
i :? XV = ‘V&x[%ﬂ‘i;-a —_/&«MJ 2 V]::—\é)(/a"‘(ﬁ;"/%j
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