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Angular Velocity

1 (2 marks)
2 _
(a) 30 x - B1
Answer: mrad s™! 1 mark
2m
(b) 150 x 50 = oI B1
Answer: 5mrad s7! 1 mark
2 (2 marks)
Vv=rw=25x%x4 M1
=10ms™? Al
Answer: 10m s~ 2 marks
3 (2 marks)
_a_2
=T ~08 M1
= 5711 rad s~ (7.85 rad s7?) Al
Answer: 5711 rad s~* 2 marks
4 (2 marks)
_v_1
=7=3 M1
=4rads? Al
Answer: 4rad st 2 marks
5 (2 marks)
_1_ 6x60 . .
6rads™ ™ = 5o revolutions per minute M1
= 57.3 revolutions per minute Al
Answer: 57.3rev min~! 2 marks
6 (2 marks)
(@) 3.5x2m=7n B1
Answer: 71 rad 1 mark
(b) 3.5 x 360 = 1260° B1
Answer: 1260° 1 mark
7 (4 marks)
_v__5
@w=v=53 M1
=143rads?! Al
Answer: 14.3rad st 2 marks
. wx60 _ 143x60
(b) Revolutions = I M1
=136 Al
Answer: 136 2 marks
8 (4 marks)
_ 2
() w =150 x 0 M1
=5n=157rads™! Al
Answer: 5m =157 rad s* 2 marks
(b) v=rw =0.6 x 50 M1
=3m=942ms™ Al
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Answer: 3m=9.42m st

9 (4 marks)
_ 211
(@) W = 5753600

=727%x10°rads™?

Answer: 7.27 x 10~ °rad s7!

(b) v =rw =6.37 x 10° x 7.27 x 10~°
=463 ms?t

Answer: 463 m st

10 (4 marks)

_2or _ 8u
@T=%"=%

6
=4.19s
Answer: 4.19s

() w=o=15rads™

-2 _
t—E—l.33S

Answer: 1.33 s

11 (4 marks)
_ 2un _ 3o
(a) w =45 x -2
=471lrads™!

Answer: 3711 =471lrad s

(b) vp=04x471=188ms*
Vo=09x471=424ms™
Answer: P: 1.88m s, Q: 424ms™t

12 (3 marks)
Vg — Va =50 — 2w = 3w
3w=3sow=1rads™*
Va=2x1=2ms*

1

Answer: w =1rads™, v, =2ms™

13 (4 marks)

(8) 270° = 3 rad

31
2:075 =6.28s
Answer: 6.28 s
(b) Angle turned = 0.75 x 60 = 45 rad, and 45 + 211 = 7.16
So 7 complete revolutions
Answer: 7

t=

14 (7 marks)
(8) 0 = 20 = 0.0698 rad 57"

v=25w=175ms™*

Answer: 0.0698 rad s™*, 1.75m s™*

(b) The radius to the passenger makes angle 6 with the downward vertical, so the passenger is
25c0s0 below the centre

Height above the ground = 27 — 25cos0 metres (check: 6 = 0 gives 2 m, the lowest point)
Answer: The height of the passenger above the ground is 27 — 25cos @ metres
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(c) 27 — 25c0s0 = 40 so cosb = —0.52 M1
0=212rad Al
_9 _
t= w - 30.3s Al
Answer: 30.3 s 3 marks
15 (4 marks)
(@) w, = 150 x é—g =5mrad st M1
Belt speed = 0.12 x 5 = 1.8 ms™* Al
Answer: 1.88 m s! 2 marks
(b) Same belt speed: 5wy = 12 x 51 (in cm and rad s™) M1
wg = 121 rad s™* = 360 revolutions per minute Al
Answer: 360 rev min~? 2 marks
16 (4 marks)
Radius of orbit r = 6370 + 400 = 6770 km B1
- -3 -1
W=5Ex60 =113x 10" rad s M1 Al
V=rw=6770x 1132 x 1073 =7.66 km s™* Al
Answer: 1.13x 10 3rad s7%, 7.66 km s™! 4 marks
17 (5 marks)
(a) Q gains 21 radianson P: (3.5 — 2)t =21 M1
_2n _
t= 15~ 4.19s Al
Answer: 4.19s 2 marks
(b) B5+2t=2ns0t=114s M1 Al
Distance=3x2x 1.14=6.85m Al
Answer: 1.14 s, 6.85m 3 marks
18 (6 marks)
(@) |r]? = 9cos?2t + 9sin?2t = 9 M1
so |r| =3 m, acircle centre O of radius 3 m Al
Answer: circle, radius3m 2 marks
(b)v=—6sin2ti +6cos2t]j M1
|v|=6ms‘1,andoo=¥=2rads‘l Al
Answer: 6m st 2rad st 2 marks
(c) rv=-—18sin2t cos 2t + 18 sin 2t cos 2t M1
= 0, so the velocity is perpendicular to r Al
Answer: Thevelocity of P isalways perpendicular tor 2 marks
19 (4 marks)
(@) w=2mrads™; vp = 0.4 x 21, Vo = 0.1 x 2, in the same direction M1
Relative speed = 0.3 x 2im = 1.8 ms™* Al
Answer: 1.88m st 2 marks
(b) The velocities are in opposite directions M1
Relative speed = (0.4 + 0.1) x 2m=3.14ms ! Al
Answer: 3.14m st 2 marks
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20 (4 marks)
II
(a) Minute hand: 3600 1800

2 _ 1

Hour hand: 73565 = 21600

-1

Answer : rad s~

1800 21600
(b) Minute tip: 12 X —g~=

oI, o
150 ~ 2700

I

; hour tip: 8 X 57655 = 7750

1800 150 '

Ratio = =18

Answer: The speed of thetip of the minute hand is 18 times the speed of the tip of the hour hand

21 (8 marks)

(a) Minute hand: one revolution per 60 minutes; hour hand: one revolution per 720 minutes

Ratio of angular speeds = % =12

Answer: The minute hand turnsthrough 12 times the angle of the hour hand
(b) Minute hand has turned 211 more than the hour hand: (12 — 1)wt = 211, where w is the hour

hand's angular speed

2 and w = te, sot = 20
1lwan(,0 720perm|nueSO—11

= 1 hour 5 minutes 27 seconds

t= = 65.45 minutes

Answer : 120 min=1h5min 27s

11

720

(c) Overlaps occur every 1210 minutes, and 11 x — -1 = 720 minutes

So 11 times in each 12 hours (counting 12:00 once)
Answer: 11

22 (7 marks)

Theformulav = rw needs w in rad s™%, but 20 is in revolutions per minute

n_ 20

w=20x 20 =2

v:4><—:8.38ms‘1

Perlod- -35

Answer: 8.38 ms™ 3s

23 (6 marks)
(@) wp = g =16rads™', w,= g =12rads™?
They approach at 2.8 rad s™* and are 11 radians apart: t = %
=112s
Answer: 1.12 s
(b) Second meeting when the anglesadd to 3m1: t = 55 =3.37 s

Distance=8 x 3.37 =269 m
Answer: 26.9m
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24 (6 marks)
The chain moves the same number of teeth past each wheel in the same time
Sprocket revolutions per minute = 90 x 4— =270
W=270x == =9mrad s*
Speed = rw = 0.33 x 9n
=933ms™
Answer: 9.33ms™!
25 (6 marks)
(@w=+
Start: ——32rads‘l end: ——16rads‘1

Answer: 3.2rad s}, 1.6rad st
(b) 32 x o =306

1.6 x 6—2 = 15.3 revolutions per minute

Answer: 30.6 and 15.3 rev min~*

(¢) v = rw, so with v constant, w = ¥

As the radius of wound tape increases, w decreases
Answer: w inversely proportional to r
26 (7 marks)
T =27.3x 24 x 3600 =2.359 x 10° s
w=22 =266x 1070 rads™
vV =rw=384x10%x266x107°=1020ms*

which is 1.02 km s™* to 3 sf.

Angle per day = % =13.2°

Answer: 1.02 km s™% 13.2° per day

27 (9 marks)
Hour and minute hands coincide when the minute hand has gained k whole turns: (12 —
=2nk, sot= i;:k minutes, k=0, 1, ..., 11

In t minutes the hour hand turns revolutions and the second hand turns t revolutions

L
720

Second hand points the same way as the hour hand whent — ;0 is a whole number m:

. 720m
S0t= 19
Equate: 72X = 200 55 710k = 11m

11 and 719 have no common factor (719 is prime), so 11 divides k
With0 = k = 11 thisgivesk=0ork=11,s0t=0o0rt=720
These are 12:00 and 12:00 twelve hours later

Answer: t =0and t = 720: both 12:00
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28 (10 marks)
(a) Distance along shore from the foot of the perpendicular: x = 600tan© B1
dx _ 2 do
o 600sec-0 i M1
_ 2t _ m _1
w—2xﬁ—1—5—0.209rads M1 Al
Answer: @ = % rad s™* 4 marks
(b) © =0: 600 x 0.209 = 126 ms™* M1
0 = 60°: sec®60° = 4, so speed = 503 m s™* M1 AL
Answer: 126 m s™%, 503 m s™! 3 marks
) 600w _ 126 _
(c) 600w sec® > 340, s0 c0S’0 < —5;5- = 575 = 0.3696 M1
cosH < 0.6079 M1
0 > 52.6° Al
Answer: 52.6° 3 marks
29 (9 marks)
Time between frames = 2—14 S B1
Angle turned between frames = 52—2’60 = 75° clockwise M1 Al
Spokes are 3%0 = 45° apart, so positions repeat every 45° M1
75° = 45° + 30°, so the picture looks as if the wheel has moved 30° clockwise Al
But 75° = 90° — 15°, so it also looks as if the wheel has moved 15° anticlockwise M1
The smaller apparent movement is 15° anticlockwise El
Apparent angular speed = 15° x 24 = 360° per second M1
= 1 revolution per second anticlockwise Al
Answer: 1 revolution per second anticlockwise 9 marks
30 (11 marks)
Angular speeds 22 and 2% rad per minut
(a) Angular sp S 5o ad g rad per minute B1
. 21 21
A gains 21r: (% - ﬁ)t =20 M1
t= ﬁ = 900 minutes M1 Al
90 ~ 100
A: 900 + 90 = 10 orbits; B: 900 + 100 = 9 orbits Al
Answer: 900 minutes; A 10 orbits, B 9 orbits 5 marks
(b) Relative angle 1x: (50 — —a)t = M1
t = 450 minutes Al
211 x 450 . e
Angleturned by A = —50 - 1011, a whole number of revolutions, so OA isinitsinitial M1 A1l
direction (angle 0)
Answer: 450 minutes; angle 10m rad (OA isback in itsinitial direction) 4 marks
(c) Angular speeds are equal and opposite, so together they cover 211 when (529—5I + g—g)t =21 M1
t = 45 minutes Al
Answer: 45 minutes 2 marks
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Centripetal Acceleration

1 (2 marks)
V2 _ 64
a=- =7 "
=32ms2 Al
Answer: 32 m s™2 2 marks
2 (2 marks)
a=rw?=05x 36 M1
=18 ms™2 Al
Answer: 18 ms™2 2 marks
3 (2 marks)
VS
a= -~ s0r=3;5 M1
=25m Al
Answer: 2.5 m 2 marks
4 (2 marks)
_ 2 _ 12
a=rw°sor= 7z M1
=0.75m Al
Answer: 0.75m 2 marks
5 (3 marks)
(a) Towards the centre of the circle B1
Answer: Towardsthe centre 1 mark
2
(b)a:VTanda:roo2 B1B1
V2
Answer: —, rw? 2 marks
6 (2 marks)
(1):120><26—1;:41'1rads‘l M1
a=rw?=02x (4m)?=316ms2 Al
Answer: 31.6 m s~ 2 marks
7 (5 marks)
_ 72 x 1000 _
(@ 72kmh™ = == =20ms™ B1
_ 207 _ -2
a= gy = 8ms M1 Al
Answer: 8 m s™2 3 marks
(b) 9;88 = 0.816, so the acceleration is 0.816g M1 Al
Answer: 0.816g 2 marks
8 (3 marks)
v 36 3
r=— =1 =3m M1 A1l
_Vv_6_ -1
W=, =3= 2rads Al

-1

Answer:r=3m,w=2rad s 3 marks
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9 (4 marks)
0 = 3000 x 2 = 100m rad s+ M1
a=rw?=0.15 x (100m)? = 14800 m s> M1 Al
g = 1510, i.e. 1510g AL
Answer: 14800 m s~2 (1510g) 4 marks
10 (4 marks)
__am _ -5 -1
w—m—7.27><10 rad s B1
a=rw?=6.37 x 10° x (7.27 x 107°%)? M1
=0.0337 ms™? Al
a f—
98 = 0.00344 Al
Answer: 0.0337 m s™% 0.00344 of 9.8 4 marks
11 (4 marks)
= ZTH = % rad st B1
r:%:%:ZABm M1 AL
w II
x
v:r(Jo:2.43><%:3.82ms‘l Al
Answer:r =243m,v=382ms! 4 marks
12 (3 marks)
v2
= B1
_ (@) _ 8
8= "= w
2
Ratioay:a,=8:1 Al
Answer: 8:1 3 marks
13 (5 marks)
- 21 - -6 -1
(a)w—m—Z.GGXlO rad s B1
a=rw?=3.84 x 108 x (2.66 x 107%)? = 0.00272 m s2 M1 AL
Answer: 0.00272 m s™2 3 marks
98
(b) 000273 = 3597 M1
so theratiois 1: 3597 Al
Answer: 1: 3597 2 marks
14 (6 marks)
(@) w = 1200 x é—g =40 rad st M1
a=0.25 x (40m)? = 3950 m s> M1
= 403g Al
Answer: 3950 m s~ = 403g 3 marks
(b) rw? = 40g SO w = \/400x2§'8 =396rads™t M1 A1
= 378 revolutions per minute Al
Answer: 378 rev min~? 3 marks
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15 (6 marks)
(@) v=—aw snwti+aw coswt | M1 Al
V| = awvsin“wt + cos’wt = aw, a constant Al
Answer: aw 3 marks
(b) a= —aw?cos wt i — aw?sin wt j M1
= —w?r, so the acceleration is towards O Al
Magnitude = w?r| = aw? Al
Answer: aw? towards O 3 marks
16 (5 marks)
2
a) - < 0.6x98 M1
80
v=v06x98x80=2L7ms™* Al
=21.7%x36=781kmh™! Al
Answer: 21.7ms t=781kmh~? 3 marks
2
() 2 < 06x98 M1
900 _
r= 588 153 m Al
Answer: 153 m 2 marks
17 (4 marks)
a:rwz,sowZ:O—SS:G.ZS M1
w=25rads™t Al
a=05x%x6.25 M1
=312ms? Al
Answer: w =25rad s, a=312ms™? 4 marks
18 (5 marks)
211
w=F B1
_ 2 _ 4H2
a=rw-=rx ? M1
Art?r L
T2
V =Tw S0 rw? = (rw)w = v M1 AL
4o’
Answer: a= Tz - V® 5 marks
19 (7 marks)
(a) Orbit radius = 2R B1
2
a= (g;z = % =245ms? M1 A1
Answer: 245 m s~? 3 marks
2
(b) ;’—R =245,50V =V245x 1.274 x 10’ =5590 ms* M1 A1
T=222R = 14300 s = 3.98 hours M1 AL
Answer: 5590 m s™%, 3.98 hours 4 marks
20 (5 marks)
(@) w =25x 2 =50 rad s7* M1
a=0.8x (5m)?=197 ms? Al
Answer: 197 m s™2 2 marks
(b) 0.8w? < 400, 0 w < V500 = 22.4 rad s™* M1 Al
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w

5 = 3.56 revolutions per second Al
Answer: 356 rev s 3 marks
21 (8 marks)
_10° _ -2
(a)a—T—ZOms M1 Al
Answer: 20 m s2 2 marks
(b) Velocities are perpendicular, each of magnitude 10 M1
|Av|=10vV2=141ms™* M1 A1
Answer: 10vV2=141ms™? 3 marks
5
Time = quarter circumference _ 2 _ I
(c) Time= seed =415 =75 M1
Average acceleration = 1(;;/2 =18.0ms™2 Al
z
The acceleration changes direction during the motion, so the vector sum of the changesis smaller El
than the sum of the magnitudes
Answer: 18.0m s2 3 marks
22 (8 marks)
(@v=—6sn2ti+4cos2tj M1
a=-—12cos2ti —8sn2tj=—43cos2ti+2sin2tj) M1
= —4r, so the acceleration is towards O Al
Answer: a= —4r 3 marks
(b) [a)* = 144c0s?2t + 64sin?2t = 64 + 80c0os?2t M1
Greatest 12 m s™2 (cos?2t = 1), least 8 m s™2 (cos 2t = 0) Al A1l
First least value at 2t:%,t:% Al
Answer: 12and 8m s % t = % 4 marks
(c) Speed |v| = V36 sin®2t + 16c0s°2t varies with t (itis4 att = 0 and 6 whent = %) E1
Answer: speed not constant 1 mark
23 (6 marks)
The angular speed hasto bein rad s™2, not revolutions per minute El
_ 21 _ -1
w—90x@—3nrads M1
a=0.3 x (3m)? M1
=26.6ms 2 Al
Thisis 2.72g, not 248g B1
Direction: towards the centre of the wheel B1
Answer: 26.6 m s~2 towards the centre 6 marks
24 (7 marks)
The point movesin acircle of radius R cos A about the axis, with angular speed w M1 A1
Acceleration = (R cos A)w? towards the axis Al
The direction to the axis makes angle A with the direction to the Earth's centre M1
Component towards the centre = Rw?cos A x cos A = Rw?cos?A Al
Rw? = 0.0337 m s~2, so Rw?cos 51.5° = 0.0210 m s~2 M1
Rw?cos?51.5° = 0.0131 ms2 Al
Answer: 0.0210 m s™? and 0.0131 m s™2 7 marks
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25 (7 marks)
v
r - 16 M1
=490 ms™? AL
=Y =2 _175rads
w=,=7g=17orads M1 Al
. 17.5
Revolutions per second = S =279 M1 Al
490
a=45g9= 50g Al
Answer: 490 m s™2=50g, 17.5rad s, 2.79rev s! 7 marks
26 (7 marks)
2
(a) Acceleration of the satellite = rw?, which equals griz M1
2
Sor*fw?=gR%ier’= g('% Al
2
Answer: Theradiusr of the orbit satisfiesr? = ?Diz, where w isthe angular speed of the Earth 2 marks
__2u -1
(b) w = 86 2400 rad s B1
6\ 2
r3=9'8x(6'(ileo) ,s0r=4.22x10"m M1 A1
Height = 42200 — 6370 = 35800 km M1 Al
Answer: r = 42200 km, height = 35800 km 5 marks
27 (9 marks)
Velocities at A and B each have magnitude v, and the angle between them is 66 (equal to the B1
angle AOB)
Isosceles triangle of velocities: [6v]| = 2v sin% M1 Al
2v sinﬁe
_ [6v] _ 2
69—w6t,soF—T M1
. 66
S|n7
=V WX —55 M1
2
. 66
smT V2
Asbt—=0, —gg— — L soa=vw=— M1 A1
2
The base angles of the isosceles triangle are 90° — % — 90°, so 6v becomes perpendicular to the M1
velocity at A
and hence is aong the radius towards O Al
2
Answer: VT towards O 9 marks
28 (11 marks)
2 — K 2_k
(a)v/r—rz,sov =7 M1 AL
2.,2_ 1.1 _ . _
VA 'VB —r_.T—4.1,wVA—2VB M1 Al
A A
Answer: The speed of A istwice the speed of B 4 marks
_2mr Tg _ s _ Va _ _
(b)T—T,S)T—A—EXV—B—4X2—8 M1 A1l
wa%,sowA:wB:S:l Al
Answer: Tg: Tp=8:1, w1 wz=8:1 3 marks
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a,
(c)acxr—lz,soé:(42:16

Answer: 16: 1
(@) T2 o r? (from T = 22 and v2 = X), 50 T = T,(9)*2
Answer: 27T,
29 (11 marks)
2 2
a) Radial component = V- = 224 1 1512
@ p ; 5

Tangential component = % =15ms?

Answer: tangential 1.5 m s2
(b) 1.125t> = 1.5

4
2_ 4 L _
t*=3,t=115s
Answer: 1.15s
(c) Att =2: radia = 4.5, tangential = 1.5

Magnitude = V4.5% + 1.5 = 474 m 572
B 15 .o .
Angle = arctanz s = 184
Answer: 4.74 m s~?, 18.4° to theinward radius

30 (11 marks)

2
(@ OnAJ a= % =10 m s~2 towards C

L. 207 -2 ;
OnJB: a= 100 = 4ms - towards C
Answer: 10 m s~ towards C; 4 m s~ towards C'
(b) Length =1 x 40 + 1 x 100 = 14011 m

_ 140 _ _
t—2—0—7H—22.OS
Answer: 7w =22.0s
(c) The centres C and C' are on opposite sides of the road, so at J the two accelerations are in
opposite directions
Change=10+4=14ms?
Answer: 14 m s2
2

(d) Greatest acceleration is on the radius 40 m arc: % =05x%x98
V=v196=14ms*

Answer: 14 ms™!

Centripetal Force

1 (2 marks)
_mv? _2x9

F=—"=715
=12N
Answer: 12 N

2 (2 marks)
F=mrw?=0.4x0.5x 36
=72N
Answer: 7.2 N
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3 (2 marks)
_mv? _05x16

T=="="08 "

=10N Al

Answer: 10N 2 marks
4 (2 marks)

2

mTV:24sov2:24;2:16 M1

v=4ms? Al

Answer: 4m st 2 marks
5 (2 marks)

Friction provides the centripetal force: F = mrw? M1

=0.02x0.15x64=0192N Al

Answer: 0.192 N 2 marks
6 (3 marks)

(a) Friction between the tyres and the road B1

Answer: Friction 1 mark

(b) Gravitational attraction of the Earth B1

Answer: Gravity 1 mark

(c) Tension in the string B1

Answer: Tension 1 mark
7 (5 marks)

_ mv? _ 900 x 152

@F="r="2 - 2

=5060 N Al

Answer: 5060 N 2 marks

(b) R=mg=900x 9.8 =8820 N B1

u2g=%=0.574 M1 A1

Answer: 0.574 3 marks
8 (4 marks)

2

@T= mTv =20 M1

V< \/20(;(30'6 =6.32ms? Al

Answer: 6.32m s™! 2 marks

(b)w =~ =105rad s M1

=10.5x % =101 revolutions per minute Al

Answer: 101 rev min~! 2 marks
9 (4 marks)

At the point of slipping F = pR = pmg, and F = mrw? M1

pmg = m(0.2)w?, so w? = O'4Ox29'8 =196 M1

w =4.43rads™? Al

= 42.3 revolutions per minute Al

Answer: 443 rad st =423 rev min~! 4 marks
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10 (4 marks)

Extension:O.Zm,Tzﬁz%:GN M1 Al

_mv?_ 052

T= B 6= 06 M1

v=268ms Al

Answer: T=6N,v=268ms* 4 marks
11 (3 marks)

The hanging particle isin equilibrium, so T = 0.6g = 5.88 N B1

mv? _ 02

ForP. T = S0 5.88 = 05 M1

v2=147,v=383ms?t Al

Answer: 3.83m st 3 marks
12 (3 marks)

2

Gravity is the resultant force towards the centre: F = g M1

_ 500 x (7.5 x 10°)? "

- 70x10°

=4020 N Al

Answer: 4020 N 3 marks
13 (3 marks)

_ 1200v*

6000 = ) M1

v2=300,v=173ms™ Al

=17.3x36=624kmh™* Al

Answer: 17.3m s ' =624km h™! 3 marks
14 (7 marks)

8x0.2 . .

T= 05 - 3.20 N, maximum friction pumg = 1.960 N M1 Al

Least w: friction acts away from O: T — pmg = mrw? M1

3.20 — 1.960 = 0.28w? so w = 2.10rad s™* M1 A1

Greatest w: friction acts towards O: T + umg = mrw?, so w = 4.29 rad s™* M1 Al

Answer: 210rad s™' = w = 4.29rad s™* 7 marks
15 (5 marks)

B isat distance 0.5 + 0.7 = 1.2 m from O B1

For B: Tpg = Mglgw?=0.3x1.2x9 M1

=324 N Al

For A: Toa — Tag = Malaw?=0.4x05x%9 M1

TOA =504 N Al

AI’]SNer TAB = 324 N, TOA = 504 N 5 marks
16 (6 marks)

Lee AC=%x,s50CB=12—x B1

Tension in AC gives the force on A: T = 2xw?. Tension in CB gives the forceon B: T = 3(1.2 — M1 Al

X)w?

2x=3(1.2 — x),s05x =3.6 and x =0.720 m M1 Al

T=2x0720x4°=230N Al

Answer: AC=0.720m, T =23.0N 6 marks
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17 (6 marks)

_ mv? _ 025x36
@T==="73

=750N
Answer: 7.50 N

_ 0252
(b) 12 = 17

v=759ms?
Answer: 7.59 m s”
(c) The particle moves along the tangent at speed 7.59 m s™*: distance 15.2 m

Distance from O = V1.22 + (15.2) = 152 m
Answer: 15.2m

1

18 (6 marks)
Slipping when pmg = mrw? i.e. w? = £2
A:w= \/0'40#19'8 =6.26 rad s~
.. _ ,04x98 _ .
B.w—\/w—&%rads

B has the smaller slipping angular speed (the larger r), so B dlips first
Speed of B =0.25 % 3.96 =0.990 ms™*
Answer: @ =3.96rad s™!, v=0990ms™*

19 (6 marks)

(@) mvZ _ GMm
a - = 2

GM GM
2:T,SOV:\/T

Answer: The speed of the satellite is \/@

\Y

3.99 x 10

S ox10" =4470 ms !

(b)v=v

T= @ = 28100 s = 7.82 hours

Answer: 4470 m s~ %, 7.82 hours

20 (6 marks)
_mv? _ 80x64 _
=Tr T 26N

R=mg=784N, p = ¢ = 0.327

_F_ Vv _
tan® = R™ G = 0.3265
0=181° = 18°

Answer: 256 N, p = 0.327, 0 = 18°
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21 (8 marks)
3mg x a
. _a _ 4 _ 3mg
Extension = 4,soT a =1 M1 Al
Maximum friction = pR = %mg B1
Least w: friction acts outwards: T — F = m(%fjl)u)2 M1
3 1 5 5ma g
ZMg — 3Mg = 5Mg = = —w? s0 w? 5 M1 A1
Greatest w: friction acts inwards: —mg + 5 mg 13 Mg = 5maw S0 w? f;g M1 Al
Answer: 3& w’=s 122 8 marks
22 (7 marks)
The normal reaction is R = mg =800 x 9.8 = 7840 N, not 800 N (800 is the mass) El
Frax = 0.6 x 7840 = 4704 N M1 A1l
2
4704 = %,sov:ﬂ.lms‘l M1 A1l
=61.7kmh™* Al
Radius 100 m: v = V0.6 x 9.8 x 100 =24.2ms™* M1
Answer: 171 m s t=61L7kmh™ 242m st on 100 m 7 marks
23 (9 marks)
(a) For A: force fromrod = myra,w?=0.3x 1.2 x 25 M1
=9 N towards O Al
For B: Fog — Fag = Mglgw?=05%x04x25=5 M1
Fog=9+5=14N Al
Answer: 9N, 14 N 4 marks
(b) Therod islight, so the net force on it is zero
The particles pull the rod away from O with forces 9 N and 5 N, so the axle exerts aforce of 14 N M1 Al
directed along the rod from A towards O B1
Answer: 14 N towards O 3 marks
(c)03><12><oo2520 M1
-1
w<\/036—7.45rads Al
Answer: 7.45rad s7* 2 marks
24 (8 marks)
(a) Same tension T gives the centripetal force for both: T = 3m r,w? = 2m ryw? M1
SOr,:rg=2:3 Al
ra+rg=5as0r, =2arg=3a M1
T = 3m x 2ax w? = 6maw? Al
Answer: A is at distance 2a from O, and the tension in the string is 6maw? 4 marks
(b) 6x0.5% 0.4 x w? =30, 0w? <25 M1
w=5rads™* Al
Vg =rgw=3%x04x5=6ms* M1 A1
Answer: w =5rads™, vg=6ms™?! 4 marks
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25 (8 marks)
(a) For Q in equilibrium T = Mg
For P: T = mrw? = 0.3rw?

2_ Mg
SO w® = 0.3r

Answer: The angular speed w of P satisfies w? = %

, 09x98
(b) W™= 53%04

v=rw=343ms"
_2m _
T—E—O.7335

=735 w=857rads™*
1

Answer: w =857rad s}, v=343ms !, T=0733s

26 (7 marks)

(a) Let the extension bex. T = % = 40x

T = mrw? = 0.2(0.5 + x) x 64

_ _ 64 _

40x = 6.4 + 12.8X, SO X = 575 = 0.235m

Answer: 0.235m

(b) 40x = 0.2(0.5 + X)w?, 50 X(40 — 0.2w?) = 0.1w?

= 0.1w? |
40 - 0.2w?
As w? — 200 the extension tends to infinity: the string cannot hold the particle
Answer: w? < 200

s positive and finite only if w? < 200

27 (11 marks)
(8 T =0.6g = 5.88 N; maximum friction = 0.3 x 0.4 x 9.8 =1.176 N
Least w: friction acts away from O: T — F = mrw?, 5.88 — 1.176 = 0.2w?
w? = 23.52
_ 7.056

Greatest w: T+ F=0.2w2, so w? = o5 = 3528

485<w=<5%rads?!
Answer: 485 < w < 5% rad s
(b) Mg F umg = mrw? with the same limits

4704
Fin = 04 %2916 - 0.403 m
r 708 _ 5605m

max = 0.4 x 29.16
Answer: 0403 m =r = 0.605m

28 (12 marks)

(a) The same tension T gives the centripetal force on each: T = mry,w? = 2m ryw?

. 2
SOr, =2rg;ra+rg=1 +eg|vesrA:§(I +e)

2
T=mxg(l+e)w2= 2mw(l + €)
3 3
Answer: rA:%(I +€)

(b) Hooke's law: T = 2

de _ 2mw*(l +¢)
I~ 3
3he = 2mw3(l + €
g3\ — 2mw?) = 2mw??, giving the result
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Answer: e= _amw 4 mark
T 3 - 2mwd marks
(c) Need 3\ — 2mw? > 0, s0 w? < % M1
With the data: ” < o = 150, 50 w < 12.2 rad s™* AL
_ 2x05x36x036 _ 1296 _
€= 90— 2x05x36x06 684  0-189m MLAL
Answer: w < \/%; e=0.189m 4 marks
29 (11 marks)
(a) Cisat distance 3a: T; = 3m x 3ax w? = Imaw? M1 Al
Bisat distance 2a: T, — T, = 2m x 2ax w? = 4maw?, so T, = 13maw? M1 AL
Aisatdistancea T, — T, =m x ax w?, so T, = 14maw? M1 AL
Answer: T, = 13maw?, T, = 14maw? 6 marks
(b) Zmr=mx a+2m x 2a+ 3m x 3a= 14ma, S0 W’Zmr = 14maw? B1
The string OA supplies the whole centripetal force of all three particles together El
Answer: T, = 14maw? 2 marks
() BC: 9% 05 x 0.4 x w? < 36,50 w? < 20 M1
OA: 14 x 0.5 x 0.4 x w? < 60, S0 W? < 21.43 M1
The smaller limit applies: w < v20 = 4.47 rad s™*, and AB (13 x 0.2 x 20 = 52 N) is within any Al
limit given
Answer: 4.47 rad s7* 3 marks
30 (12 marks)
(a) Same force on each: M rew? = m ry,w? M1
SoOMrg=mry,andrg+ry =d M1
_md
re=Mam Al
Answer: The distance of the Earth's centrefrom C is Mnldm 3 marks
(b) GI;/IZm =M rew? = ,\;A—T?nwz M1 A1l
So w? = —G(Md: m) Al
Answer: w? = w 3 marks
_ ,6.67x 107" x 6,0435 x 10** _ 6 1
Qw=v (384 % 107 =267x10"°rads M1 A1
T= %H = 27.3 days M1 Al
re =4.67 x 10°m M1
Thisis less than the Earth's radius (6.37 x 10° m), so C lies inside the Earth E1l
Answer: 27.3 days; 4.67 x 10° m; C inside the Earth 6 marks
Horizontal Circular Motion
1 (2 marks)
Verticaly: T cos 30° = mg M1
_ 05x98 _
T= Cos30° 5.66 N Al
Answer: 5.66 N 2 marks
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2 (2 marks)
TcosE):mgsocose:% M1
0 =35.2° Al
Answer: 35.2° 2 marks
3 (2 marks)
o V2
tan 15° = 9 M1
v=v60x9.8xtan 15° =126 ms* Al
Answer: 126 m st 2 marks
4 (2 marks)
Horizontally: T sin@ = m(l sinf)w?, so T = mlw? M1
T=04%x09x25=9N Al
Answer: 9N 2 marks
5 (2 marks)
Radius=1.5sin40° = 0.964 m B1
Depth=1.5c0s40° = 1.15m B1
Answer: radius 0.964 m, depth 1.15m 2 marks
6 (3 marks)
(@) TcosO =mg B1
Answer: T cos® = mg 1 mark
(b) T sin © = mrw? B1
Answer: T sin@ = mrw? 1 mark
. Tsnd _ mrw? _rw?
(c) Divide: Tcod — m—g, so tan@ = ? Bl
2
Answer: tan @ = r(g 1 mark
7 (5 marks)
Tcos40°=mg,so0 T=3.84N M1 A1l
: o — H o 2 2 _ T — g
T sin 40° = m(0.8 sin 40°)w*, sO w = 03%x08 ~ 08 cosdo® M1
w=4.00rads™* Al
. 20
Period = o - 157s Al
Answer: T=3.84N, w =4.00rad s™*, period 1.57 s 5 marks
8 (4 marks)
2
Rénezg,RCOSGng M1
_v? _ 400
tan® = 6 = 781 M1
0=27.0° Al
__mg _
R= o - 11000 N Al
Answer: @ =27.0°, R = 11000 N 4 marks
9 (5 marks)
Vertical: F = mg; horizontal: R = mrw? M1 M1
Limiting friction: F = uR, so mg = 0.5 x m x 3w? M1
w=256rads™! Al
= 24.4 revolutions per minute Al
Answer: 256 rad st = 24.4rev min~! 5 marks
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10 (4 marks)
2
LcosB:mg,LsinG:mTV M1
_ v _ 6400
tan0 = E = 12700 M1
0 =235° Al
_ 4000 % 9.8 _
L= W =42800 N Al
Answer: @ = 23.5°, L =42800 N 4 marks
11 (4 marks)
The normal reaction R is perpendicular to the surface, at 30° to the horizontal B1
2
Vertical: R sin 30° = mg; horizontal: R cos 30° = % M1
Dividing: —=— = — V" 2 - 6,790
viding: o355 = gaxog: SOV = 6. M1
v=261ms? Al
Answer: 2.61ms! 4 marks
12 (5 marks)
Pisin equilibrium, so T = 0.6g = 5.88 N (the tension is the same throughout the string over a B1
smooth ring)
. _ _ 029 _ 1
For Q: T cosB = 0.2g, so cosO = - =3 M1
0 =705° Al
T SN0 = 0.2 x (09 SINB)w?, 0 W? = gyigg = 3267 M1
w=572rads™? Al
Answer: T=588N, 0 =705, w=572rad s™* 5 marks
13 (5 marks)
Radius of circler=3+4sin35°=5.29m B1
2
Tcos35°=mg,Tsin35°=$ M1
v2 = rg tan 35° = 36.33 M1
v=603ms Al
w = ¥ =114rads™?t Al
Answer:v=603mst w=114rads™? 5 marks
14 (7 marks)
(a) The string makes angle 6 with the vertical where cosd = % = % B1
Horizontally: T sin® = m(0.8 sin@)w? so T = 0.5 x 0.8 x 16 M1
=6.40 N Al
Answer: 6.40 N 3 marks
(b) Vertically: T cosB + R=mg M1
R=05x98~ 640% 3 =170N AL
Answer: 1.70 N 2 marks
(c) R=0: T cos9 = mg with T = m(0.8)w? M1
2 _ 9 — — -1
w —m—24.5,sow—4.95rads Al
Answer: 495 rad s™* 2 marks
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15 (7 marks)
Greatest speed: friction acts down the slope. Resolving vertically: R cos20° = mg + F sin20° M1
2
Horizontally: R sin20° + F cos20° = g with F=0.2R M1
2
R(cos20° — 0.2 sin20°) = mg, R(sin20° + 0.2 cos20°) = n;—\é Al
> _ 50g(tan20° + 0.2) _ _ 1
\ —m—ZQB.O,V—ﬂSmS M1 Al
o B _ ,_ 50g(tan20° — 0.2)
Least speed: friction acts up the slope, F = 0.2R: v* = 1+ 02 a0’ M1
v=865ms Al
Answer: greatest 17.3 m s™!, least 8.65m s™* 7 marks
16 (7 marks)
(a) Triangle ABP isisosceles, so P is level with the midpoint of AB: vertical distance 0.4 m
cosa:ﬁ:O.8,sosina:0.6,r:0.55in(x:0.3m B1
Answer: sin a = 0.6 for each string, where ac isthe angle to the vertical, and the circle has radius 0.3 finark
(b) Vertical: (T, — T,)cosac =mg,s0 T, — T, = % =49 M1 Al
Horizontal: (T, + T,)sina = mrw?, so T, + T, = w =72 M1
T,=6.05N (AP), T, = 1.15N (BP) Al
Answer: Top=6.05N, Tgp =1.15N 4 marks
(c) BPjust taut: T, = 0, so T,cosa = mg and T,sina = mrw? M1
w?2=2 t?n(x = 9'86(??'75 =245 w=49rads™? Al
Answer: 495rad st 2 marks
17 (6 marks)
(@) w = 40 x é—g =419rad st B1
R =mrw? =60 x 2.5 x w? = 2630 N M1 A1
Answer: 2630 N 3 marks
(b) F=mg =588 N B1
p= % =0.223 M1 A1l
Answer: 0.223 3 marks
18 (6 marks)
Vertical: R cosat = mg; horizontal: R sinac = m(0.5 sina)w? M1 M1
_ 2 _ g _98
So R =m(0.5)w*, and COSX = =5 = Ig M1 Al
a =57.0° Al
Depth = 0.5 cosaxt = 0.272 m Al
Answer: a = 57.0°, depth 0.272 m 6 marks
19 (6 marks)
2
R sin30° = mTV R c0s30° = mg, so v? = rg tan30° M1 AL
v=v25x98xtan30°=11.9ms! Al
_85%x98 _
R= Cos30° 962 N Al
14 > 11.9: the cyclist is going faster than the no-friction speed and tends to slide up the slope, so E1B1
friction acts down the slope
Answer: 11.9 m s, 962 N; down the slope 6 marks
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20 (7 marks)
. _ 05%x98 _
T cos 30 —mg,soT—W—S.GGN M1 Al
. Tl _ 5658%x06 _
Extension e = N4 - 0.115m M1 Al
Length of string = 0.7155 m, radius r = 0.7155 sin 30° = 0.3577 m B1
2
Tsin30° = g givesv=142ms™? M1 A1l
Answer: e=0.115m,v=142ms™* 7 marks
21 (8 marks)
(@) T cosd =mg, T sin® = m(l sinB)w? M1
So T = mlw?, hence w? = ; Cgse M1 A1
Looom | cos
Period = ~— = 2V 9 A1
] . . | cos @
Answer: Thetimefor onerevolution is 2mv 9 4 marks
(b) ZHV% =185s M1 A1
Answer: 1.85s 2 marks
(c) m cancels in the equations, so the period is independent of mass El
cosO decreases as 0 increases (0 < 6 < 90°), so the period decreases El
Answer: independent of m; decreases with 2 marks
22 (8 marks)
(a) About to slip up the slope, friction acts down the slope. Vertically: R cosac — pR sina = mg M1
2
Horizontally: R sinax + 1R cosa = g M1 A1l
L - . V2 tano+ 1
Divide, and divide numerator and denominator by cosa: 9 T-pana Al
) - > _ rg(tan a + p)
Answer: The speed v of the car satisfiesv- = T-pana 4 marks
, _ 80x9.8x(0.25+05) _
(b) ve = 1= 015 =672 M1
v=259ms Al
.y T rg(tanax — . . . .
Sliding down is limited by v = w, which is negative since p > tana M1
so friction aone can hold the car even when it is at rest: no minimum speed El
Answer: 259 m s™? 4 marks
23 (7 marks)
The vertical component of tension is T cosO (the angle is measured from the vertical) and the El
horizontal component is T sinB
Tcos60°=mg,soT=3.92N M1 Al
T Sin 60° = M(L.0 N 60°)w?, 50 w? = - = 196 M1
w=443rads™! Al
V=rw=sin60°x4.43=383ms™’ M1 A1
Answer: T=392N, w=443rad s}, v=383ms™* 7 marks
24 (9 marks)
(a) 0.82 + 0.6% = 1.0%, so angle APB = 90° (converse of Pythagoras) M1
Area of triangle:%XO.SXO.G:%><1.0xr,sor:0.48m Al
Answer: Angle APB isaright angle and the radius of the circleis 0.48 m 2 marks
(b) AP makes angle a with the vertical, sina = % = 0.6, cosax = 0.8; BP: sinp = % =0.8,
cosp = 0.6
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Vertical: 0.8T, — 0.6T,=0.59=4.9 M1
Horizontal: 0.6T, + 0.8T, = 0.5 x 0.48 x 36 = 8.64 M1
T,=9.10N,T,=397N A1AlL
Answer: Tpp=9.10N, Tgp =397 N 4 marks
(c) T, =0: 08T, = 4.9 and 0.6T, = 0.24w? M1
»_ 06x49 _
= 08x024 - 15.31 M1
w=391rads™ Al
Answer: 3.91rad s™* 3 marks
25 (9 marks)
(a) Risat angle a to the horizontal: R sinac = mg, R cosac = mrw?, wherer = h tana M1 Al
T B (V5
Dividing: g M1
2__9 _ 9
W= Ttana - h tan2a Al
. ; — 9
Answer: Theangular speed of Pisw = \/h P 4 marks
(b) w? = 9'81 =49, w="7rads™* M1 AL
0.6 x 3
r=0.6tan30°,v=rw=242ms* M1 A1
Period = 2% = 0,898 s AL
Answer: w =7rad s™, v=242m s}, period 0.898 s 5 marks
26 (7 marks)
(a) Radius of circler =3 + 4 sinB B1
T cosd =mg, T sind = mrw? M1
_rw? »_ gtan®
tan® = T, SOW"™ = 3+4310 Al
Answer: w? = % 3 marks
(b) Substitute w? = 2.25 in part (a) M1
Let f(B) = 9.8 tanO — 2.25(3 + 4 sinO) B1
f(54.8°) = —0.216 < 0 and f(55.8°) = 0.223 > 0, so by change of sign the root lies between M1 Al
Answer: @ = 55.3° 4 marks
27 (10 marks)
Normal reaction R perpendicular to the surface: components R sin60° towards the axis, R cos60° B1
upwards
At the greatest w, P is about to slip up the surface, so friction F = 0.2R acts down the surface, M1
with components F cos60° towards the axis and F sin60° downwards
Vertical: R cos60° = mg + 0.2R sin60° M1 Al
Horizontal: R sin60° + 0.2R cos60° = m(0.5)w? M1
Lo 2, _ tan60° + 0.2 2 _
Divide: 0.50/9 = T— 55 tan60° 02 60>’ 0 W max = 57.94 Al
At the least w friction acts up the surface; vertical: R cos60° + 0.2R sin60° = mg, horizontal: R M1
sin60° — 0.2R cos60° = 0.5mw?
> _ g(tan60° — 0.2) _
W min = G5+ 0.2 tan607) ~ 22-30 MLAL
472 < w < 76lrads™t Al
Answer: 472 = w < 7.61rad s™* 10 marks
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28 (9 marks)
2
(8 T cos60° =mg, T sin60° = mTV r =1.2 sin60° M1
v2 = rg tan60° = 1.2 sin60° x 9.8 x tan60° M1
=12x98x15=1764,s0v=42ms* Al
Answer: The speed of P in the circular motion is4.2m s™! 3 marks
(b) Kinetic energy gained = % x05x1764=4411J M1 AL
Height gained = 1.2(1 — cos60°) = 0.6 m, so PE gained =0.5x 9.8 x 0.6 =294 J M1
Work done=4.41+294=7.35J Al
Answer: 7.35J 4 marks
(c) KE= %mv2 = %mgl sin tand (using v2 = rg tand, r = | sinB) M1
Work = KE + PE = mgl(1 — cos) + %mgl sinB tan® Al
Answer: Work done = mgl1 — cosO + %sin(—) tan©@ 2 marks
29 (8 marks)
vy’ _ taha+p _  tana +tank
(a) Greatest speed: 79 - T-mana - 1— o @k M1 AL
=tan(a + A) Al
VoY tana - _
Leastspeed.ﬁ—m—tan(a—h) Al
v,? Vv,?
Answer: T " tan(a + A) and T - tan(ac — A) 4 marks
_ 1842
(b) x+ A= arctan—ggs- = 30 M1 A1
_ 1022 _ .
(x—)x—arctanW—lO M1
o =20° = 20°, A =10° Al
p=tanA =0.176 = 0.18
Answer: a = 20°, p = 0.18 4 marks
30 (11 marks)
(a) Normal reaction R along the radius PO. Vertical: R cosB = mg M1
Horizontal: R sin® = m(asind)w?, so R = maw? (sind # 0) M1 A1
_mg_ g
coso = R " R Al
Since cosO < 1, we need w? > % E1
Answer: cosf = —2 5 5 marks
aw
_ 98 _ _ o
(b) cosO = 04x64 — 0.3828,0 = 67.5 M1 Al
R=maw’=02x04x64=512N M1 A1
Answer: @ =67.5°, R=512N 4 marks
(c) For w? = % no angle satisfies cosd = % so the only equilibrium positions are on the axis: El
0=00r0=1m
On the axis the bead has no horizontal acceleration, so the lowest point (and highest point) are El
aways positions of equilibrium, for every w, including w? > %
Answer: 0 = 0 and m always; off-axis only if w? > % 2 marks
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Vertical Circular Motion

1 (2 marks)
2

T—mg= g M1

T=05x98+ 222 % 574N AL

Answer: 27.4 N 2 marks
2 (2 marks)

2

T+mg= # M1

T=22220 _02x98=337N AL

Answer: 3.37 N 2 marks
3 (2 marks)

%mv2 = %m(49) — mg(1.2) M1

V=v49 —2x98x12=505ms™! Al

Answer: 505m s™* 2 marks
4 (2 marks)

2

T =0 at the limit: mg=$ M1

v=v98x09=297ms™? Al

Answer: 297 m st 2 marks
5 (2 marks)

u? = 5gr M1

u=v5x98x15=857ms™* Al

Answer: 857 m st 2 marks
6 (2 marks)

Energy: %mu2 = mg(2r) (speed may be zero at the top) M1

U=v4x98x04=39%ms™* Al

Answer: 3.96 ms™* 2 marks
7 (4 marks)

Energy: %mv2 = %m(5.4)2 — mg(0.8) M1

v?=29.16 — 15.68 = 13.48,v=3.67ms™* Al

2
String horizontal: T = mTV (weight has no component along the string) M1
_ 03x1348 _
T= — Qo8 - 5.06 N Al
Answer: v=367ms™}, T=506N 4 marks
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8 (4 marks)
2
Atthetop: R+ mg= mTV
R=20212 _ 3920=2130N

Energy: %VBZ = %(121) +g(16)
Vg = V121 +313.6=208ms*
Answer: R =2130N,v=208ms™*

9 (4 marks)
Energy: v = 64 — 2g(2r) = 24.80
2
Atthetop: T+ mg = mTV soT=05%x2480—-49=750N
T > 0 at the top (and the tension is smallest there), so the string stays taut and the circle is
completed
Answer: 750 N

10 (4 marks)
Energy: v2=25 —4x98x05=5400,v=232ms*

2
At the top, resultant force towards the centre: mg + R = mTV R measured downwards

0.1 % 5.400
R=—35

Answer: v=232m s % R =0.1000 N downwards

— 0.98 = 0.1000 N, towards the centre (downwards)

11 (4 marks)
2
mg — R= -
R=302— 24*1 375N

2
R=0:v?<gr=196
v<443ms*

Answer: R=372N;v=443ms™*

12 (4 marks)
Energy: %mv2 = mg(0.9)
v=v2x98x09=420ms?!

2

T—mg=""
T:4.9+w:14.7N

Answer: v=420ms} T=147N

13 (4 marks)
2
mg - R= -
R =1200 x (9.8 — 22%) =5010 N

R=0:v?=gr=392
v=198ms?
Answer: R =5010 N; 19.8 m s
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14 (6 marks)
Completing the circle needs u? = 5gr = 58.8 but u? = 49 < 58.8, so the string goes slack M1 Al
Let O be the angle with the upward vertical: vZ = 49 — 2g(1.2)(1 + cosb) M1
2
T=0mg cosG:T—Vz,sovzzl.Zg cosd M1
1.2g cosb = 49 — 23.52 — 23.52cosH, so 35.28cosH = 25.48 M1
cosD =0.7222, 6 = 43.8° Al
Answer: 0@ = 43.8° 6 marks
15 (6 marks)
L owest point: %mv2 =mg(0.6),v=343ms™* M1 AL
2
R—mgzg,soR:Smg:&SSN M1 A1l
At 60°: v2 = 29(0.6 cos60°) = 5.880 M1
2
R—mgcos60°=¥,soR=2.94N Al
Answer: v=343ms !, R=588N; at 60°, R =294 N 6 marks
16 (6 marks)
At the top at the limit: R =0, so v;* = gr = 58.8 M1 AL
Energy: u? = v;2+4gr =5gr =294, u=17.1ms* M1 Al
2
Bottom: R — mg = mTu =5mg, so R = 6mg M1
R =6 %900 x 9.8 = 52920 N Al
Answer: u=17.1ms™, R =52920 N 6 marks
17 (5 marks)
Energy: %mv2 = mga(l — cosb) M1
. . mv?
Radial equation: mgcosb — R = - M1
R =0: g cosO = 29(1 — cosB) M1
3cosb = 2, cosO = % Al
v2=gacosd = 9.8 x 1.5 x % =98, v=313ms™ Al
Answer: @ =482°,v=313ms™t 5 marks
18 (5 marks)
Energy: v2 =36 — 4 x 9.8 x 0.7 = 8.560 M1
v=293ms™ Al
2
Suppose the rod force F acts downwards (tension): F + mg = g M1
F= 232850 504=0720N AL
F >0, sotherodisin tension El
Answer: v =2.93m s~ 0.729 N tension 5 marks
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19 (6 marks)
Energy: %mv2 = %m(Z)2 +mg(1.5)(1 — cosh)

2
Radial equation, with R = 0 on leaving: mg cosd = % s0 v2 = 1.5g cos9
1.5g cosb = 4 + 3g(1 — cosh), so 4.5g cosb = 4 + 3g and cosd = 0.7574
0 =40.8°
v=V15x98x0.7574=334ms™*

Answer: @ =40.8°,v=334ms

20 (6 marks)
w = 300 x é—g =3l4rad st somrw? =296 N

Lowest point: the rod pulls P upwards; T — mg = mrw?

T =296 + 14.7 = 311 N, the greatest force

Highest point: the rod pulls P downwards: T + mg = mrw?

T =296 — 14.7 = 281 N, the least force

Answer: greatest 311 N (at the lowest point), least 281 N (at the highest point)

21 (7 marks)

. _ mv?

@T=0: mgcose—ﬁ

v2=12x98x0.7222=8493,v=291ms*

Answer:v=291ms™

(b) Velocity of P at that instant is perpendicular to OP, so its upward component is v sind

visin?® _ 1.2 cosO sin?Q _
29 - 5 =0.207 m

Height of P above O at slackening = 1.2cosO = 0.8667 m

Greatest height above O = 1.07 m

Answer: 1.07 m

Further rise =

22 (8 marks)
Pisat height 0.8 + 0.8 sin30° above the lowest point

Energy: v2 = u? — 29(0.8)(1 + sin30°)

2
Leaves surface: R = 0, and the radial equation isR + mg sin30° = . sov?= 0.8g sin30° =

08"
3.920

u?=3.92 + 2352 = 27.44

u=524ms?tv=198ms?

Answer: u=524mstv=198ms!

23 (8 marks)
v = 6 isthe speed at the lowest point, not at the highest point
Energy: v2 = 36 — 4g(0.8) = 4.640

2
Atthetop,T+mg:¥,soT=m(% —98=—4m

T would be negative (a string cannot push), so the string cannot remain taut
Alternatively u? = 36 < 5gr = 39.2

So the particle does not complete the circle

Answer: No: the string slackens befor e the top
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24 (8 marks)
Energy: v2 = 2gl cosd M1
2
T—mgcosezml—V:ngcose,soT:3mgcose M1 A1
3mg cosO = 2.5mg gives cosb = % Al
vZ=2x98x12x % =19.6,v =443 ms™?, directed at © = 33.6° below the horizontal M1
Height of the bob above the ground =3 — 1.2 x % =2m B1
2=vsnOt+ %gtz, givingt=0.436 s M1
The bob moves towards the vertical through O, so it starts 1.2 sinf from that line and travels v Al
cosO t towards it: distance = |1.2 sin® — v cosO t| = 0.946 m (on the far side of the vertical)
Answer: 0.946 m 8 marks
25 (8 marks)
2
(a) At the top of the loop: R + mg = mTV withR = 0,s0v? = gr M1
Energy: %mv2 =mg(H — 2r) M1
Zg(H—2r)zgr,son% Al
Answer: The car can complete theloop only if H = 5—2r 3 marks
(b)LeastH:¥:15m B1
v =2g(18 — 12) = 12g M1
mv?
RzT—mg=m(Zg)—mg=mg M1 Al
Answer: 15 m; R = mg 4 marks
(c) The mass cancels from the energy equation and from the condition R = 0 El
Answer: m cancels 1 mark
26 (8 marks)
(a) Speed at the lowest point B: v = 2gl M1
Radius about the peg = | — d. At the top of thiscircle: v;2 = vZ — 4g(l — d) = g(I — d) M1 AL
29l = 5g(1 — o), s0d = 3 AL
Answer: P can complete the circle about the peg only if d = %l 4 marks
. — mV2 — — —
(b) Before: T — mg = T =2mg, T=3mg=118N M1 Al
After: radius0.6 m, T — mg = %%(15) =5mg M1
T=6mg=235N Al
Answer: 11.8 N before, 23.5 N after 4 marks
27 (10 marks)
(a) Energy: v? = 2ga(1 — cosP) M1
2
Radial:mgcose—R:%;R:Ogiv&evzzgacose M1
gacosb = 2ga — 2ga cosB, so cosd = % Al
2_ 20a
ViE3 A
Answer: cos 0 = % and the speed of P when it leaves the surfaceis \/% 4 marks
(b) After leaving, P moves as a projectile with velocity v directed at angle 6 below the horizontal, M1
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starting at height a cosd = 2—;‘

Energy from the top: %va2 =mga, S0 Vg = V2ga

2ga V5

Vertical motion:@=vsin6t+%gt2,wherevsin6=\/ 3 X3

3
t = 0.6967 vg

Answer: t = 0.6967 \/g

(c) Horizontal distance at leaving = asind = ﬁa

3
Further distance = v cosO x t = 0.3792 a
Total =1.125a
Answer: 1.12a

28 (11 marks)

2
(a) Bottom: Tz — mg = g
Energy: v;2 = u? — 4gr

mv;2 u?
—, 80 Ty =m— — 5mg

u? u?
Answer: Tg = m--+mg and T = m-—- - 5mg

Top: T+ + mg =

2 2
(b) Subtract: (m*- +mg) — (m*- — 5mg) = 6mg

Answer: 6mg
u? u?
(© m—- + mg = 8m—- — 40mg

ol 5 Agr
4lg = 77, SO U™ = 7
41 2 L 41 L
- = 586>5s0u">5gr: Tr=m 9(7 — 5) > 0 and the circle is completed
Answer: u? = £7gr
(d)u= \/foo'g =719ms!

Answer: 7.19 m s™!

29 (12 marks)
2

(a) Radia equation at P: R + mg sing = mTV; R=0sov?=gasing

Energy: v2 = u® — 2ga(l + sing)

u? = gasing + 2ga+ 2gasing = ga(2 + 3 sing)

Answer: u?=ga(2 + 3sin @)

(b) Take O as origin. P leaves at (a cosp, a sing) with velocity v(—sing, cosy)
a cosp
V Sing

Horizontal: acosp =v tsing, sot =

Vertica: —asing = vt cosp — %gt2

cos’g  cos’y
sing 2sin’g
Multiply by 2sin®p and use cos’p = 1 — sinp: 3sinp = 1

Substitute t and v2 = gasing: —sing =
. 1
sing = 73
. 1
Answer: sing = 73

(O U = ga2 + og) = g2 + V3)
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u=193Vga
Answer: 1.93Vga

30 (11 marks)
(a) Energy: v = u?> — 2ga(1 — cosd)

2

Radial: R — mg cosb = mTV

2 2
R="2" — 2mg(1 — cosh) + mg cosd = "= + mg(3cosh — 2)
mu?
Answer: R = —— + mg(3cosd — 2)

2
(b) u> < 2ga: v =0occursat cos = 1 — 2u_ga = 0, i.e. at or below the level of O
There R — mg cosb =0, so R=mg cosd = 0, and R decreases as 0 increases, o R = 0
throughout

2
u225ga:minimumRisat9:n:R:mTu—5m920

Answer: u? = 2ga: P oscillates without leaving the surface; u? = 5ga: P completes circles
(c) Risleast at © = 1, where it is negative if u? < 5ga, S0 R reaches zero before the top
R=0at 6 =120 % +9.8(3cos120° — 2) =0

u2
05 =98x35=343
u?=17.15u=414ms™*

Answer: u=4.14ms™!

Circular Motion Modelling

1 (2 marks)
The stone is modelled as a particle (point mass), so its size and rotation are ignored
The string is light and inextensible and there is no air resistance, so speed is constant
Answer: particle; light inextensible string, no air resistance

2 (2 marks)
0= 1000 x 20 = 105 rad 5!

v=025w=262ms !
Answer: 26.2m st

3 (2 marks)
_2r _ 20 x6.7 % 10°
- T T 90 x 60
=7800ms™?

Answer: 7800 m st

4 (2 marks)

@v= ZHS" 2 -251ms™?

Answer: 251 m s™!

V2

(b)a=—=316ms™

Answer: 3.16 m s~2
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5 (2 marks)
mv?
nmg = N M1
v=v05%x98x40=14ms™? Al
Answer: 14 m st 2 marks
6 (2 marks)
2
a=Y =5 _sggms2 M1
r 2
% =29.4, so about 29.4 times g Al
Answer: 288 m s™2, 29.4timesg 2 marks
7 (5 marks)
Vertical: T cos50°=mg,so T =3.05N M1 A1l
2
Radius = 1.5 sin 50° = 1.15m, T sin 50° = ", 50 v2 = g tan 50° M1
v=366ms? Al
Assumption: the ball is a particle, or the rope is light/air resistance is negligible B1
Answer: T=305N,v=366ms™ 5 marks
8 (4 marks)
V2 B gRZ 5 gRZ
T 7, SOV™ = o M1
_,9.8x%(6.37 x 10%? _ _1
v=v 384 x 10° =1020ms Al
T=20 =237 10°s M1
= 27.4 days Al
Answer: v=1020m s, T = 27.4 days 4 marks
9 (4 marks)
0 = 4000 x 20 = 419 rad 5! M1
F = mrw? = 0.005 x 0.12 x w? = 105 N M1 A1
Weight = 0.005 x 9.8 = 0.049 N, so F = 2150 x weight Al
Answer: 105 N = 2150 times the weight 4 marks
10 (3 marks)
. . mv?
Vertical: R = mg; horizontal: F = - M1
_F _v®_ 36
tan® = R rg =147 M1
0=13.8° Al
Answer: 13.8° 3 marks
11 (4 marks)
Limiting friction: pmg = mrw? M1
w?= 22298 -1 715 w = 131 rad s ML AL
= 12.5 revolutions per minute Al
Answer: 12.5rev min~? 4 marks
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12 (5 marks)
Acceleration towards the Earth's centre = rw? = 0.0337 m s M1 AL
mg — R = m(rw?), so R = 70(9.8 — 0.0337) M1
=683.6 N Al
North Pole reading is 686 N, so the differenceis 2.36 N B1
Answer: 683.6 N; 2.36 N lessthan at the pole 5 marks
13 (4 marks)
% 80r
T—TSSO,SOVS\/? M1
r=1.0:v<141ms Al
r=05v=<10ms™ Al
For agiven tension, v2 « r, so a smaller radius gives a smaller maximum speed El
Answer: 141 m s tand 10 ms™ 4 marks
14 (6 marks)
. . _ 20
The satellite has period 88 620 s, sO w = 88620 B1
,_k s k _ 4.28x10" x 886207
w"=—,80r=-—-= > M1 A1l
r w 4
r=204x10"m Al
_ _2or 1
V=10 = 5655 =1450ms M1 A1
Answer: r =2.04x 10" m,v=1450m s ! 6 marks
15 (5 marks)
. . mv?
Vertical: F = mg; horizontal: R = - M1
2
Limiting: mg = ug M1
v2 = % =81.67,v=904ms? Al
_mg _ 200%x9.8 _
R_T_—O.S =3270N M1 Al
Answer: v=904ms R=3270N 5 marks
16 (6 marks)
_ 2 _ -1
=07 = 8.98rad s B1
Horizontal component = mrw? = 7.26 x 1.8 x w? = 1050 N M1 Al
Vertical component=mg=711N B1
T = V(1050)? + (71.1)> = 1060 N M1
_ 711 _ o
tan(angle) = 1050 angle = 3.87 Al
Answer: 1050 N, 1060 N, 3.87° 6 marks
17 (5 marks)
(a) Reaction R = mrw? must equal mg: w? = % =0.098 M1
w = 0.313 rad s~ = 2.99 revolutions per minute Al
Pariod = 2% =20.1s AL
Answer: 0.313rad s =299 rev min~t; 20.1s 3 marks
(b) R = mrw? =m x 60 x 0.098 M1
= 5.88m = 0.6mg, so the fraction is 0.6 Al
Answer: 0.6 2 marks
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18 (5 marks)
Greatest speed: friction acts down the slope. R cosoc — 0.4R sinac = mg M1
2
R sina + 0.4R cosax = g M1
Divid VP _ tana+04 _ 06

Ivide rg ~ 1-—04tana ~ 0.92 MLAL
v2=639.1,v=253ms* Al
Answer: 253 m s™* 5 marks

19 (5 marks)
Vertical: F = mg; horizontal: R = mrw? M1
F<pR:mg=<03xmx0.3x w? M1

,_ 98 _

W = 559 = 108.9 Al

w = 104rads™t Al

= 99.6 revolutions per minute Al

Answer: = 99.6 rev min~? 5 marks
20 (4 marks)

_ V2 _ (7.66 x 10°)?

S r T 6.78x10° M
= 8.65 m s™2 (about 8.65, towards the Earth's centre) Al
The astronaut moves in the same circle: mg,, + R = mawith a= g, M1
Hence R = 0O: the floor of the station does not push on the astronaut, so there is no sensation of El
weight
Answer: 865ms % R=0 4 marks

21 (7 marks)
GMm _ 2
z = Mmro M1
_2n. GM _ 4m?
= T = r? M1
_ 4 AL
~ GT?
T=273%x86400=236x10°s B1
_ 4 x (3.84 x 10%)® _ on
= 667 x100xTZ - 6.02 x 107" kg M1 A1
Assumption: the Moon's orbit is circular, and the Moon's mass is negligible compared with the B1
Earth's
Answer: 6.02 x 10% kg 7 marks
22 (8 marks)
(@ w= é—g =0.1047 rad s}, rw?=0.2193 ms ™2 B1
Top: mg — R = mrw?, so R = 60(9.8 — 0.2193) =575 N M1 Al
Bottom: R — mg = mrw?, so R = 601 N M1 Al
Answer: top 575 N, bottom 601 N 5 marks
(b) R =0 at the top: rw? =g M1
w=ve=07rals 0T =22 =898s ML AL
Answer: 8.98 s 3 marks
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23 (8 marks)
The student used a period of 365 days, but w must bein rad s™%, so the period must be in seconds El
T=365x86400=3.15x% 10" s B1
w = 2711 =1.99%x 10 " rad s7* M1 AL
a=rw?=0.00595 ms—2 M1 A1
2
(i—';ﬂ:a,soM:%:Z.lemSOkg M1 A1
Answer: a=0.00595 m s™2, M = 2.01 x 10% kg 8 marks
24 (8 marks)
(a) At thetop, R + mg = mrw?, and R = 0 M1
w? = % =245 0w = 4.95rads™! Al
= 47.3 revolutions per minute Al
Answer: 47.3rev min~! 3 marks
(b) w =2 rad s}, s0rw?=15.79 ms™2 B1
Top: R = m(rw? — g) = 0.2(15.79 — 9.8) = 1.20 N M1 AL
Bottom: R = m(rw? + g) =5.12 N M1 AL
Answer: top 1.20 N, bottom 5.12 N 5 marks
25 (7 marks)
_ mv? _ 7.26 x 676
@F==—="71g M1
=2580 N Al
Answer: 2580 N 2 marks
(b) Vertical: —1.9 = 26 sin 42° t — 4.9t%, with 26 sin 42° = 17.40 M1
t=3.66s Al
Horizontal distance = 26 cos 42° x t = 70.7 m M1 Al
Energy: v2=26°+2%x98x 19, v=267ms™! Al
Answer: 70.7m, 26.7 m s™* 5 marks
26 (7 marks)
The person moves in acircle of radius R cos60° about the axis M1
a= Rw?’cos60° = 0.0337 x 0.5 = 0.0168 m s~ 2 M1 A1
Component towards the Earth's centre = a cos60° = 0.00842 m s~ M1 A1
mg — R = m x 0.00842, so R = 70(9.8 — 0.00842) = 685.4 N M1 A1
Answer: a=0.0168 m s~2, towards centre 0.00842 m s™%, R = 685.4 N 7 marks
27 (11 marks)
v2 B gRZ 5 gRZ
(a)T—T,SOV = M1
V= R\/% Al
Vpo=7700ms™ ! vy =3070ms™? M1 AL
Answer: v, = 7700 m s™%, vy = 3070 m st 4 marks
(o) T= 21 = 2 M1
RVT
_om
= F\/E Al
To=152h,Tg=240h M1 A1
Answer: T, =1.52h, Tz =24.0h 4 marks
(c) Relative angular speed: 2n _ 2m M1

Ta Ts
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() = (+)t=1 50t=162h M1 AL
A B
Answer: 1.62 h 3 marks
28 (10 marks)
(a) The normal reaction is zero, so the whole of gravity provides the centripetal force: mg = M1
mRw?
2_9 ;_20 _, /R
(*)_R’T_w_zm/g Al
Answer: T = 211\/% 2 marks
(b) M = %HR"’p B1
GM 4
= R = §1‘1GpR M1
_ R _,qy.3 _y31
T=2mV/—7 —211\/4HGp _\/Gp M1 A1
3 nGpR
Answer: T = w/é—ls (independent of R) 4 marks
— 30 _
(c)T—\/6-67X10_11)<5500 =5070 s M1
= 84.5 minutes. the Earth would have to spin about 17 times faster than it does for objects on the Al
equator to be weightless
Answer: 84.5 min 2 marks
d)p= 3n 3 M1
P= G2 T 667x10 Zx (1.5 x 1073)?
=6.28 x 10" kgm™3 Al
Answer: 6.28 x 10 kg m™3 2 marks
29 (11 marks)
(a) Energy: %mv2 =mg x 10(1 — cos55°) M1
v=914ms™ Al
Answer: 9.14m s™* 2 marks
2
(b) Greatest tension is at the lowest point: T — mg = % M1
T=80x98+ X 28% - 50N AL
1450 < 1500, so the vine does not break El
Answer: 1450 N, safe 3 marks
(c) Energy: vZ = 2g x 10(cos20° — cos55°) = 71.76, v =847 ms™* M1 A1
Velocity is perpendicular to the vine, at 20° above the horizontal: v, = 7.960, v, = 2.897 M1
Height of release above the lowest point = 10(1 — c0s20°) = 0.6031 m B1
—0.6031=2.897t — 4.9t%, s0t = 0.7544 s M1
Horizontal distance = 7.960 x 0.7544 = 6.01 m Al
Answer: 847 ms™t; 6.01 m 6 marks
30 (12 marks)
(a) Top, contact: v = gr
Energy: vg? = v;2 + 4gr = 5gr M1 Al
m 2
Bottom: R — mg = \:B = 5mg, so R = 6mg > 4mg M1 A1l
Answer: R = 6mg at the bottom 4 marks
(b) Top, just in contact: v? =g ry
Energy: vg? = g ry + 29(12) M1
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mvg? rr+ 24

Bottom: R=mg + = mgl + = 4mg M1 Al

B
rr+24

g = —3 Al
. . . r+24

Answer: Therequirement ismet if rg = -3 4 marks

4+ 24

©rg= 3 = 9.33m M1 A1

Vv =vVgr; =v9.8x4=626ms* M1 AL

Answer: rg =9.33m,v; =626 ms™! 4 marks
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