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MNAavntng (12 Movadeg)

Bplokeote o€ évav Ayvwoto TTAaviTn xwplg va yvwpilete Twg ptacate ekel. To TIPWTO TIPAYHA TIOU TIPO-
omaBeite va kavete eival va pabete 000 ylvetal epLocOTEPA yLa TOV TAQVATN autov. OupnBeite Twg
o FaA\atog TELpapatioTnKe agrvovtag oYalpeG va TIECOUV KAl EPTIVEUCHEVOL amod autod, Bewpriote OtTL
UTTAPXEL £vag amdAuTa Katakopuywog Tupyog, UPoug H = 2000 m. Me Sedopévn tnv Umapgn tou Tup-
you, utopeite va Eekvrjoete va plyveTte opaipeg amo omoLodrmote UPog h Tou TTUPYOU, HETPNHEVO ATIO
TO £5APOG PEXPL TO KATWTEPO ONUELO PLag oaipag TpLv tnv ameAeuBépwon tng. EE attiag twv Tmeplo-
PLOPWV OTa UALKA TTou oag SlatiBevtal, pmopeite va metdte o@atpeg pe aktiveg, 5cm < r < 50cm Kat
TIUKVOTNTEC 0.1 g/cm3 <p<10 g/cm3.

KdbBe popa Ttou pila opalpa agprvetat va TieoeL XwpLg apyLkr TaxUTnTa, HTIOPELTE va PHETPOETE TNV SLAp-
KELA ¢ TNG TITWONG KAl TNV opL{ovTLa andotaon s PETAEU TOU CNUELOU ETIAPNG PE TO £€6aPOG KAl TNG aE-
nplag.
MpLv Eeklvrioete Ta TELPAPATA oag, TIPAYUATOTIOLELTE TLG AKOAOUBEC TTapaTNPrOELG YLd TOV TIAQVTN:

« Mg Bdon tnv kivnon tou ‘HAwoU, Stamotwvete OtL BploKeOTE KATIOU OTOV LONUEPLVO TOU TIAQVATH.

« O MAavATNG €xeL atpoopatpa. H TtukvoTnTa tou aépa lvatl apKETA PLKP WOTE va PTIOPOUE va
BewprooupE TNV AVWON aPEANTEQ.

+ H Beppokpacia tou edayoug eivat T, = 20°C.

+ daivetal va Quodel €vag Avepog Katd pnkog tou Ionueptvou Tou lvat opoLlopopYog o€ OAo To
UYog Tou Upyou. Na Bewprioete apeANTEA TNV EMLSpacT Tou TTUPYOU OTNV TayUTNTA TOU AVEPOU.

Mua KOAALTEXVLK (OXL UTTO KALJOKa) avarmapadotach Tou TipoBArHaAtoG.

MepLypa@r Tou AOYLGHLKOU TIPOGOOLWONG

To tpoypaAPHA TNG YPAUMNAG EVIOAWY TIPOCOHOLWVEL TLG JETPIOELG TOU XPOVOU TITWONG ¢ KAL TNG EKTPOTING
amd tn Bdon Tou TUPYoU s, e Bacn to dedopgvo UYPOC h amd TO OTIoLo N oPalpa aYRVETAL VA TIECEL, TNV
aktiva Tng oaipag r, KaL TV TTUKVOTNTA TNG p.

'ONEG OL TLHEG TWV AVWTEPW TIAPAUETPWY, ELOAYOVTAL ATIO TO TIANKTPOAOYLO PETA TNV EPPAVLON KATAA-
ANAWV TIPOTPETITLKWY INVUPATWY KAl KATaxwpouvTal e To TTAtnpa Tou TARKTpou Enter.
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Ma va EEKLVAOETE, XPNOLUOTIOLOTE TOV aKOAoUB0 KwSLKO €€oualodotnong, 6tav oag {ntnbei amd to
AOYLOHLKO:

Enter Valid Authorization Key: 12345678.888

H eLoaywyn) plag AavBaopévng TLpng Ba B€0eL To AOYLOPLKO OE KATAoTAON SOKLUAOTLKNG Asttoupylag. MNa
Va OUVEXLOETE Ba TIPETIEL VA ETTAVEKKLVIOETE TO AOYLOULKO.

Katd tnv eKtéAEon €EVOG TUTILKOU KUKAOU TIPOCOHOLWaONG HETPROEWY Ba TipemeL otnv 080vn oag va PAE-
TIETE PLa €lkOVA avtioTolyn TG akoAoubng:

0 < h (m) < 2000 | h (m): 90
5 < r (cm) < 50 | r (cm): 13
0.1 < rho (g/cm™3) < 10.0 | rho (g/cm™3): 2

é.&s) =3.5, s (m) =0.1

0 < h (m) < 2000 | h (m):

ApXLKQ, eLodyete To UYPOG h PETPNHEVO 0 M (N TLN| Tou elvat petagy 0 kat 2000), oTnV oUVEXELA TNV
aktiva tng opaipag » peTpnuévn o€ cm (n T tng lval petagu 5 kat 50) Kal TEAKA TNV TIUKVOTNTA
NG oYaipag p HETpnUEVN og g/cm3 (n Tun Tng etvat petagu 0.1 kat 10). KaBe tiun kataywpiletal Pe to
Tidatnpa tou TARKTpou Enter. AkoAoUBWG, TO AoYLOPLKO EEAYEL TNV TLUN TOU XPOVOU TITWONG ¢ OE S Kat
NG amootaong and tn Bdon Tou UPYou s GE M.

2TN CUVEXELA TO AOYLOMLKO ETTIAVEPXETAL OTO TIPOTPETITIKO PVUMPA ELoAywyng TS UPouc.

H eLoaywyn TG EKTOG oplwv TTPpoKaAel TNV EUAVLION TOU PNVUHATOC OPAAUATOG.
Value Out 0f Bounds!

KOL ETTAVEPQAVICETAL TO TIPOTPETITLKO PAVUHA ELOAYWYHG TNG TLUNAG TTou §08nke AavBaopéva.

H eloaywyr) tou UPoug TITwong h va otpoyyulottolnBel pe akpiBeta 1 m, n aktiva tng opaipag r HE akpi-
Bela 1 cm Kat n TtUKVOTNTA TNG p ME akpiBela 0.01 g/cm?. (Mpoaooxn, Sev €xeL vonua va poonabroste
Va ELOAYETE TILO AKPLPBELG TLHEG).

Ta amoteAeopata Tou TELpapatog Ba ekppadovtal Pe Tuxala o@AAPATa, WOTE VA TIPOCOUOLWOEL N Tie-
ploplopevn akpifeLa mou Ba eixe kamoLlog otnv paypatikn {wry. Ta peyEdn Twv GYAAPATWY Prtopolv
va Bpebolv apatnpwvtag TLg SLAKUPAVOELG otnv €£060.

OTIoLaSATIOTE OTLYMN) XPELAOTEL Va TEPPATIOETE TO AOYLOMLKO Ttatrote Ctri+C.

KataAoyog ctaBepwv KAt XprjGLUWYVY CXEGEWV

H otaBepd tng Maykooptag EAENG: G = 6.67 x 10711 m3 kg~ s~2.
H otaBepd Twv Savikwy agpiwv R = 8.314) mol " K1,

Atvetai o1, 0°C = 273.15K.
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H SUvapn avtiotaong Tou aokeltal o€ pla opaipag eykapoLag SLatopng A KwoUpevn Pe taxutnta v
HEoQ O€ agpa TUKVOTNTAG p, Slvetal amod tnv oxéon;:

F, =0.24Apv*

Mua adtaBatikr atpdoatpa exeL Eva ipo@iA TtukvoTnTag Tou Sivetat and tnv oxeon:

y—1pgh)71 b\
pa( ) paO( v RTQ) paO( H() )

n ottola LoXVEL PEXPL TNV KOPUPN) TNG atpdoatpag omou T = 0 K. Me ~ cupBoAiletat o adtapatikdg
OUVTEAEOTNG, ME 1 N HOopLakn pada Ttou agpa (SnA. To agpLo Tou anoTeAEl TNV atpooalpa autou Tou
mAavntn), g €lvat n emtdyuvon tng Baputntag kat 4 To UPog ard To £6ayoc.

Mépog A. I8LotnteG Tou TtAavitn (3.0 povAasdeg)

A1 Na mpocdLoploete TV emitayuvan tne Baputntag g otov MAavrtn mpaypato-  2.0pt
TIOLWVTAG KATAAANAO CUVOAO PETPRICEWV KAl oxeSLAZoVTAG TNV KATAAANAN ypa-
(PLKN TIAPAOCTACH OTOV XWPO TIOU UTIAPXEL OTO PUANO amavtroswv. Na cupTie-
PNGBETE PLa avaAAuon OXETLKNA PE TNV aBERaldTNTA TOU ATIOTEAECHATOC OAG.

A.2 Kabwg amopakplveote amo tov ipyo, Katd prkog tou Ionuepvou, Siamiotw-  0.5pt
VETE OTL UTIOpELTE va Tov SLakpivete péxpL YLa amootacn L = 230km amod autov
(amtooTacn amo €04¢ PEXPL TV KOPUPH TOu TtUpyou). Mota eivat n aktiva tou
mAavntn; Na Bswproete 0Tt To VYOG oag eivat TIOAU PKPOTEPO amod To UYPogG
TOU TIUpYyOUL.

A3 Na ektipnoste tnv pafa M tou mAavrtn. Na cupTieplAdBete pla avaluon oxe-  0.5pt
TWKA PE TNV aBeBaldtnta Tou amoTeEAECHATOG 0aG.
MoLo YUGOLKS (PALVOHEVO EXEL TNV PJeyaAUtepn emiSpacn otnv akpiBela tng exti-
pNong oag ywa tnv T g palagM; Xto QUANO amavinoswyv va BAAETe Eva
onpadL (tick) 0TO PALVOPEVO TIOU ETIAEYETE.

MéEpog B. I&L0tNnTEG TNG Aatpocpalpag (6.5 povasdeg)

B.1 Na mpoodlopioete tnv TaxUTNTA © TOU AVEPOU OTNV ETLYPAVELA TOU TTAavATn,  2.0pt
TIPAYHATOTIOLWVTAG KATAANAO CUVOAO UETPHOEWV Kal oXedLadovtag tnv KATAA-
ANAN ypa@Lkr tapdotacn oTov XWPo TIoU TIapeXETaL 0To PUANO ATTAVTHCEWV.
Na cupTIEPIAGBETE PLa avAAuon OXETLKN PE TNV aBeBaldtnTa Tou anoteAéopa-
16¢ 0aG.
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B.2 Na ipoodLoplogte TNV TIUKVOTNTA p,, TOU A€Pa OTNV EMLPAVELA TOU TTAaviTh,  1.0pt
glte AapBdavovtag TIPOCHETEG PETPNOELG | ETAVAXPNOLUOTIOLWVTAG TLG UTtdp-

XOUOEG Kal oxedLadovtag tnv KAtdAANAn ypagiki tapdotacn oTov XWPo TIou
Tapéxetat. Na cupmepAABeTe pla avdAuon OXETLKA PE TNV afeBatdtnta tou
QTIOTEAEOPATOC 0a.

B.3 YroBEtovtwag OTL N CUPTIEPLYOPA TNG atpdoalpag elvat adtapartikr pe cu-  3.0pt
vteheot v = 1.4, va mipoadlopioste 1o VYOG (Ttaxog) H, TNG athooyalpag,
TIPAYHUATOTIOLWVTAG KATAANAO CUVOAO HETPACEWVY KAl OXESLALOVTAG TNV KATAA-

ANAN ypag@Lkr mapaotacn otov Xwpo Tou Tapexetat. Na cuptieptAaBete pLa
avAAUonN OXETLKN PE TNV afefaldtnTa Tou amoTeEAECUATOC Oac.

B.4 Na pooélopioete tnv poplakn pada p Tou agpa Kat tnv Tieon p, otnv Baon  0.5pt
Tou TUpyou. Na cupTiepAdPBETe pLa avAaAuon OXETLKN PE TV aBeBatdtnta tou
amoTEAEOPATOC 0ag.

Mé£pog C. ALdpKeLa TNG NHEPAG (2.5 povadeg)
c.1 Na mpocdlopioetetnv Sldpkela T, TNG NUEPAG OTOV TTAQVATN, TTpaypatomoww-  2.5pt

VTag KAtdAnAo oUVOAO PETPROEWV Kal oxedLddovtag TNV KAtdAANAn ypa@Lkn
TIaPACTACH OTOV XWPO TIoU Ttapexetal. Na cupteplAABeTe pLa avaluon oxe-
TLKN PE TNV afefaldtnTa Tou amoTeAECUATOG 0ag.
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MéEpog A. I8LOTNTEG TOU TTAAVI TN

A.1 (2.0 pt)
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A.2 (0.5 pt)
R=
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A.3 (0.5 pt)

M =
AM =

TomoBetr)ote éva onuddt (tick) 0To YUGOLKO PALVOUEVO TIOU £XEL TNV PEYAAUTEPN EMLSpacn otnv akpi-
Bela tng palag M.

Avtiotaon Tou aépa Tou aokeltatl otnv oyaipa.

AUvapn Coriolis F, = 2m% x & Tou aokeltat otnv opaipa, 6Tou m, ¥ Kal & CU-
BoAilouv tnVv pala tng owailpag, TNV TaxvTNTd TN KAl TNV YWVLaKn Taxutnta
TOU TAQVITN avtioTolya.

Avwtepng ta&ng dlopPwoelg otnv Baputnta pe Baon tng Oswpla tng ZXETIKO-
TNTAG, TO OXETLKO PETPO TWV oTtolwv elval TdEng peyeboug tng ywviag katd tnv
ottola éva pwtdvLo ammokALlVEL amo Tnv euBUypappn TPoxLd Tou Adyw NG Bapu-
TIKNG €AENG Tou TTAQVITN.

duyokevTpog Suvapn TIou agkeital otnv caipa.

METABOAEG OTNV TLUH TOU g Adyw aAAaynG TNG andotaon anod tov NMAavitn Kkatd
TNV SLAPKELA TNG TITWONG.
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Mépog B. ILétnTEG TNG ATUOGPALPAG.

B.1 (2.0 pt)

Au
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B.1 (cont.)
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B.2 (1.0 pt)

Pa0 =

Apa() =
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B.3 (3.0 pt)
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B.3 (cont.)

B.4 (0.5 pt)
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Mépog C. AldpKeLa TnG nHEPA.

C.1 (2.5 pt)
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C.1 (cont.)
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NMNpO6oBsTo MLALUETPE YAPTL
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MpO6oOBsTOo MLALUETPE XaPTL
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MpO6oOBsTOo MLALUETPE XaPTL
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MpO6oOBsTOo MLALUETPE XaPTL
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E1: Planet - SOLUTION

A.1: The free-fall acceleration g can be found by drop-
ping the ball from low heights such that the air friction
and effects from the curvature of the planet are mini-
mized. We also choose the radius and density of the ball
to be as big as possible to minimize the effect of air fric-
tion, i.e. setting r = 50 cm, p = 10 g/cm?. The drop height
is then given by h = gt?/2, and so we can find g from the
slope of ¢?> vs h. From the graph, we measure the slope
2/g = 0.127s%/m and its error A(2/g) = 0.004 s?>/m and so
g = 15.7m/s? with an error of Ag = 0.5m/s%.

r=>50cm, p=10g/cm3
h(m) [ s(m) | t(s) | t2(s?)
0 0.0 0.0 | 0.0
20 0.0 1.7 | 2.9
40 0.0 2.2 | 438
60 0.0 2.8 | 7.8
80 0.1 3.2 | 102
100 | 0.1 35 | 12.2
120 | 0.2 39 | 15.2
140 | 0.0 41 | 16.8
160 | 0.1 4.6 | 21.2
180 | 0.1 4.8 | 23.0
200 | 0.1 5.1 | 26.0
25 ?
i °
20 A
] (]
" 15
10 1
5
0 G L — T T T U T
0 50 100 150 200
h,m
Marking scheme:
Theory | h = gt?/2 0.20 pts
Data varying only h 0.05 pts
maximising r 0.05 pts
maximising p 0.05 pts
table has units 0.05 pts
h distributed roughly wuni- | 0.05 pts
formly
hmax < 300m 0.05 pts
hmax — Pmin > 100 M 0.05 pts
correct calculations of de- | 0.05pts
rived quantities
7 or more measurements 0.30/0.30
6 measurements 0.25/0.30
5 measurements 0.20/0.30
4 or fewer measurements 0.10/0.30

Plotting | overall plot 0.30 pts
points don’t cover 60% of the -0.10 pts
area
missing axis labels -0.05 pts
missing axis units -0.05 pts
one plotting mistake -0.05/-0.10
two or more plotting mistakes | -0.10/-0.10

Fitline | drawn on graph 0.05 pts
line passes through origin 0.05 pts
slope computed with units 0.10 pts
uncertainty of slope com- 0.10 pts
puted

Values | 15.0m/s? < g < 16.4m/s? 0.20/0.20
14.3m/s? < g <17.1m/s? 0.10/0.20
units for value 0.05 pts
Ag <0.7m/s? 0.20/0.20
Ag < 1.4m/s? 0.10/0.20
units for error 0.05 pts
sum 2.0 pts

Points are added additively (including negative points),
except for blocks of grey background, where the op-
tion with maximal points should be chosen (in absolute
value)

A.2: How far one can see from on top of the tower can
be related to the radius of the planet via the right trian-
gle shown in the figure below. Applying the Pythagoras
theorem on the triangle, one gets (R+ H)? = L2 + R? and

SO

2 72
L i = 13200 km.

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
4

Marking scheme:

Theory | correct geometry (either a fig- | 0.20 pts
ure or implicitly assumed)
correct formula 0.20 pts
Values | correct value 0.10 pts
sum 0.5 pts

A.3: From Newton’s law of gravity, ¢ = GM /R?. Hence,

2
P kg.

M
G

By adding the errors in quadrature, we find the error

A
AM = 2901 = 0.2 x 10 kg.
9

Our estimation of free-fall acceleration has a contribu-
tion from the centrifugal force caused by the rotation
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of the planet. This serves to reduce the acceleration on
the surface and hence decrease our estimation of the ]
planet’s mass. 15 4
Marking scheme:
g 107
% ]
Theory | correct formula 0.10 pts 1
correct phenomena 0.20 pts 5]
Values | 3.9x10%°kg < M < 4.5x10?°kg | 0.10/0.10 1 o
3.6x10% kg < M < 4.8x10*°kg | 0.05/0.10 ] . ®
missing units for value -0.05 pts 0 — . . — T
AM < 0.3 x 10®°kg 0.10/0.10 0 5 10 15
AM < 0.6 x 102 kg 0.05/0.10 t,s
missing units for error -0.05 pts
sum 0.5 pts
Marking scheme:
Theory | idea of reaching terminal ve- 0.15 pts
The student can’t get overall negative points for value locity as fast as possible
nor error (for example when the value is completely out s = 80 + ut 0.10 pts
of range and the units are wrong). Data varying only h 0.05 pts
minimising r 0.05 pts
B.1: In general, if the variations in gravitational accel- minimising p 0.05 pts
eration are small (as is the case here as H < R), as a table has units 0.05 pts
response to air drag, objects tend to terminal velocity h distributed roughly uni- 0.05 pts
where they experience no net acceleration. In the refer- formly
ence frame of air, this corresponds to the object falling hmax > 300m 0.05 pts
straight down with some terminal speed v;. In the lab hmax — Pmin > 300m 0.05 pts
frame, the object then has horizontal and vertical speeds 7 or more measurements 0.30/0.30
of v and v; respectively. 6 measurements 0.25/0.30
5 measurements 0.20/0.30
In order to find u, we can choose to drop an object that 4 or fewer measurements 0.10/0.30
reaches terminal velocity as fast as possible and then ob-  Plotting | overall plot 0.30 pts
serve how the displacement s relates to the fall time ¢. points don’t cover 60% of the -0.10 pts
When terminal velocity is reached, we expect s = s + ut, area
where s, captures the displacement related to reaching missing axis labels -0.05 pts
terminal velocity. To maximize the effects of air drag, we missing axis units -0.05 pts
minimize radius and density, i.e. setting p = 0.1g/cm?, one plotting mistake -0.05/-0.10
and r = 5 cm. Plotting s vs ¢, we measure the slope to be two or more plotting mistakes | -0.10/-0.10
u = 1.31m/s with an error of Au = 0.04m/s. Fitline | drawn on graph 0.10 pts
slope computed with units 0.10 pts
uncertainty of slope com- 0.10 pts
r=>5cm, p=0.1g/cm3 puted
h(m) | s(m) | ¢(s) Values | 1.25m/s <u <1.37m/s 0.20/0.20
0 0.0 0.0 1.19m/s <wu < 1.43m/s 0.10/0.20
20 0.3 1.7 units for value 0.05 pts
40 0.8 2.6 Au < 0.06m/s 0.20/0.20
60 1.5 34 Ay <0.12m/s 0.10/0.20
80 24 4.2 units for error 0.05 pts
100 3.2 5.0 sum 2.0 pts

120 | 41 5.7

140 | 5.0 6.5
160 | 5.8 7.3
180 | 6.9 7.9
200 | 7.4 8.5

B.2: By keeping the measurements close to the surface,
we can assume to a good approximation uniform air
density. Then, using similar reasoning as before, we ex-
pect h = ho + viot, Where hg captures the part of reaching

240 | 94 10.0 terminal velocity.

280 | 117 | 11.6 At terminal velocity, the drag force balances out grav-
320 | 134 | 129 itational acceleration:

360 154 | 144

400 164 | 154 mg = 0.24Ap,v2.
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Using m = 47pr3/3 and A = 7r?, we get

[ 4dprg
vt(pa): 3.024p .

On the surface, vio = v¢(ps = pao)- Using the measure-
ments from the last subtask, we can plot ¢ vs » and mea-
sure the slope to be 1/v, = 0.037s/m with an error of
A(1/vp) = 0.002s/m. Hence, vyg = 27.0m/s, Avyy =
A(1/vy0)/vZ = 2m/s. Now,

4dprg

3
pa0 = 3~ 02407~ 0.60kg/m?.
and the error is
Apap = 28010 pao = 0.07kg/m?.
Uto
8]
6 ]
w ]
] ( ]
] [
21 °
0 L L B — T T L L
0 50 100 150 200
h, m
Marking scheme:

Theory | h = hg + vt 0.05 pts
formula for terminal velocity 0.10 pts
final expression for p,q 0.05 pts

Data reusing the data from the last 0.05 pts
subpart
hmax < 200m 0.05 pts
6 or more measurements 0.05 pts

Plotting | overall plot 0.25 pts
points don’t cover 60% of the -0.05 pts
area
missing axis labels -0.05 pts
missing axis units -0.05 pts
one plotting mistake -0.05/-0.10
two or more plotting mistakes | -0.10/-0.10

Fitline | drawn on graph 0.05 pts
slope computed with units 0.05 pts
uncertainty of slope com- 0.10 pts
puted

Values | 0.52kg/m3 < p,o < 0.68kg/m3 0.10/0.10
0.44kg/m? < p,o < 0.76kg/m? 0.05/0.10
Apao < 0.08kg/m? 0.10/0.10
Apgo < 0.16kg/m? 0.05/0.10
units for both value and error 0.05 pts
sum 1.0 pts

B.3: Due to the adiabatic profile of the atmosphere, the
further up you go, the more the temperature and air den-
sity decreases, but the terminal velocity increases. We

can estimate the terminal velocity of the ball at different
heights by comparing the dropping time of a ball with
the smallest possible terminal velocity (so minimal den-
sity and radius). This hence gives a direct probe for the
air density and thus the height of the atmosphere.

If the ball reaches terminal velocity instantly, then the
difference in falling time between dropping the ball at
heights h; and hy > h; comes simply from h; < h < ho.
This is because in both cases the ball falls for the same
amount of time at 4 < h; (because the terminal velocity
only depends on height). Then, if hy — h; < hy, we can

estimate
ho — hy

o (hl ;hQ) = Hha) — t(h)’

In reality, the ball doesn’t reach the terminal velocity
instantaneously. However, it turns out we can, to a good
approximation, neglect this effect. As a rough order of
magnitude estimation, on the ground level, the ball ex-
periences a time difference of v;y/(29) = 0.8 s compared
to the instantaneous case. This difference will increase
as the ball is dropped from further up, but as long as the
atmosphere isn’t too much sparser in the upper parts of
the tower (we can verify this later), the difference will
be insignificant compared to the total falling time of the
ball. Hence, we approximate the terminal velocity via
equation (1).

Because the calculated velocities are very sensitive on
the measured quantities, we do repeated measurements
throughout the whole height of the tower.

(1)

r=>5cm, p=0.1g/cm3

h(m) | sy(m) ¢1(S) | so(m) ta(S) | s3(m) t3(S)
200 | 7.6 84 |78 86 |78 8.6

400 | 170 157 | 169 156 | 173  15.7
600 | 26.1 226 | 254 222 | 26.2 227
800 | 336 285|346 292|343 291
1000 | 41.1 343 | 43.0 35.7 | 43.3 3538
1200 | 51.1  41.9 | 50.2 412 | 50.0 4141
1400 | 579 47.2 | 58.8 478 | 58.7 47.8
1600 | 655 53.0 | 651 528 | 65.3 529
1800 | 709 571 | 722 582 | 714 575
2000 | 785 629 | 79.6 63.8 | 79.5  63.7

Using equation (1) we make a separate table with
velocities, while also adding the ground level velocity
found in one of the earlier part (we set it at A = 100 m be-
cause that was the centre of the range of measurements).
We find air density using

_ Aprg
Pa= 3702402

From the density profile of an adiabatic atmosphere,
_ h
pat =00t = pap <1 - Ho) :

Hence, we find H, by plotting p%; against 4 and fitting a
straight line.

From the plot, we measure the slope a = —p0/Hy =
—1.1 x 107* (kg/m?)>*/m and the intercept b = p%} =
0.82 (kg/m3)°* so Hy = —b/a = 7500 m. We calculate the
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r=5cm, p=0.1g/cm3 mio 1 )

h(m) | v(m/s) | pa(kg/m?) | pg*((kg/m*)") Uto 4Ho(y - 1)
100 27.0 0.599 0.814 t 1 1 b
300 | 28.0 0.556 0.791 hY v GugHo(y— D)
500 | 29.3 0.510 0.764
700 | 31.1 0.452 0.728 Plotting ¢/h vs h and calculating H, similarly to before
900 | 31.6 0.438 0.719 (by calculating the intercept and the slope), we get Hy =
1100 | 32.6 0.411 0.701 6300 m, which falls within the error range. However,
1300 | 32.3 0.420 0.707 because of the approximations, this approach will be
1500 | 37.7 0.307 0.624 awarded a maximum of 2.0 out of 3.0 points (the follow-
1700 | 42.6 0.241 0.566 ing grading scheme still applies, but is capped out at 2.0).
1900 | 34.1 0.376 0.676 Marking scheme:

error from two reasonably chosen lines that correspond
to maximal and minimal estimates for H,

3,0.4
AHy~ L (_ 0.80 (kg/m?)

—8.4 x 10~ (kg/m?)**/m
0.83 (kg/m3)**
—1.4 x 10~ (kg/m3)** /m

2

) ~ 2000 m.

We can also confirm that our assumption about the
density of the atmosphere not dropping significantly in
the upper parts of the tower holds true.

1000 1500 2000

h,m

0 500

Alternative, less accurate solution

In this approach, it’s assumed that when the air drag is
maximised, the ball falls at the terminal velocity v, for
the whole duration of the fall. This gives

dn

dh h )*ﬁ
dt '

= Ut(h) = Uty * (1 — F()

Rearranging and integrating,

1 h \ 35D
~ dh(l _ —) .
Uto HO

So far this is exact and differs from the exact solution
by the “speeding up” term which is a constant and has
a smaller relative contribution the higher up one goes.
In order to approximate this integral, we can do a first
order binomial expansion to get

Theory | approximating v;, via finite 0.30 pts
difference
reasoning why the ball 0.15 pts
reaches terminal velocity
effectively instantaneously
linearising v;o Vs h 0.25 pts
expressing H, in terms of the 0.10 pts
slope/intercept

Data varying only h 0.05 pts
minimising r 0.05 pts
minimising p 0.05 pts
table has units 0.05 pts
h distributed roughly uni- 0.05 pts
formly
hmax — Pmin > 1800m 0.10 pts
calculating derived quantities 0.20 pts
15 or more measurements | 0.45/0.45
(can be repeat)
10 - 14 measurements 0.30/0.45
1 -9 measurements 0.15/0.45

Plotting | overall plot 0.30 pts
points don’t cover 60% of the -0.10 pts
area
missing axis labels -0.05 pts
missing axis units -0.05 pts
one plotting mistake -0.05/-0.10
two or more plotting mistakes | -0.10/-0.10

Fitline | drawn on graph 0.10 pts
slope computed with units 0.15 pts
uncertainty of slope com- 0.15 pts
puted

Values 5500m < Hy < 9500m 0.20/0.20
3500m < Hp < 11500m 0.10/0.20
units for value 0.05 pts
AH, <2000m/s 0.20/0.20
AH, <4000m/s 0.10/0.20
units for error 0.05 pts
sum 3.0 pts

B.4: From the expression for adiabatic atmosphere we

have
= B v
pg v —1
SO
RTO Yy -1 -1
= ————="T72gmol "~ 70gmol
/ Hog v —1 g g
and

Ap

AHg AQZ 1
=1/ 2 +g—2u:20gmol .
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From ideal gas law,

W RT,
po = P20 _ 90000 Pa
"
and
A Ap?
Apo = | == 4 ZLa0 ), — 6000 Pa.
1% paO

Marking scheme:

Theory | correct expression for u 0.15 pts
correct expression for p 0.15 pts
Values | 45gmol ' < < 95gmol " 0.05 pts
Ap < 25gmol ! 0.05 pts
12000 Pa < pg < 28000 Pa 0.05 pts
Ap < 8000 Pa 0.05 pts
sum 0.5 pts

C.1: Our goalis to find the rotation speed {2 of the planet.
The rotation of the planet affects the ball’s trajectory
via centrifugal and Coriolis force. The centrifugal force,
however, dueto H « Risimpossible to disentangle from
gravitational acceleration. Coriolis force affects the ball
via acceleration .o, = —2(} x #. This is perpendicular
to both the velocity of the ball and rotation axis of the
planet. Hence, it’s directed along the equator, and in-
creases linearly with the falling speed. Thus, the hori-
zontal acceleration is given by a, = 2Qu, + agrag-

The procedure is then to minimize the effect of air drag
(maximal radius and density) and hope that the Corio-
lis effect contributes enough to the horizontal displace-
ment. If we neglect air drag, then a, = 2Quv, = 2Qgt so
vy = [a,dt = Qgt? and z = [v,dt = Qgt*/3. The final
displacement will then be s = ¢gQt3 /3, where the falling
time satisfies # = gt7 /2. Putting them together, we get

2Q [2H3
S§= —4/—.
3 g
By varying the radius/density, we do indeed confirm that
the effect of Coriolis force is significant, on the order of
couple of meters. By doing a suitable number of mea-

surements in the range 0 to 2000 m and plotting s vs h'5,
we measure the slope

20 /2
a="",/2=53x10"°m /2
3 Vg

and the error
Aa=11x10"%m~1/?
such that

o 4mw [2
=22 |2 _98000s ~ 8h
Q 3aV g

and

2 2
AT = \/(0.5Ag> + 8% _2n
g a

r=>50cm, p=10g/cm3
h(m) | s(m) [ A-°(m™-)
0 0.0 0
200 0.2 2800
400 0.5 8000
600 0.8 14700
800 1.2 22600
1000 | 1.8 31600
1200 | 2.3 41600
1400 | 2.8 52400
1600 | 3.4 64000
1800 | 4.0 76400
2000 | 4.8 89400
9]
44
g ; ]
@« i
2 1 .
1
0 — T — T — T L
0 20000 40000 60000 80000
h1'5,m1'5

Alternative solution.

An alternative approach is to consider the system in
the non-rotating frame (where we don’t have to deal
with fictitious forces). In there, the ball starts off with
speed vy = Q(R + H). Due to the conservation of angular
momentum, as the ball drops towards the ground, the
ball’s angular speed will start increasing and the ground
will start lagging behind (the ground rotates with Q). At
height », when the ball moves with angular speed w, the
conservation of angular momentum reads w(R + h)? =
Q(R + H)? and so the angular lag between the ball and
the ground is

2
Aw:w—Q:Q<<R+H> _1> %QQH];h.

R+h

The positional velocity shift along the ground is then
vy = AwR = 2Q(H — h) = Qgt*>. We recover the same
expression as for Coriolis force, and from there we pro-
ceed the same way as before.

Marking scheme:

Theory | Deriving s(h) 0.80 pts
linearising s vs h 0.10 pts

Data varying only h 0.05 pts
minimising r and p 0.05 pts
table has units 0.05 pts
h distributed roughly wuni- | 0.05 pts
formly
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hmax — Pmin > 1800m 0.05 pts
calculating derived quantities 0.05 pts
7 or more measurements 0.30/0.30
6 measurements 0.25/0.30
5 measurements 0.20/0.30
4 or fewer measurements 0.10/0.30

Plotting | overall plot 0.30 pts
points don’t cover 60% of the -0.10 pts
area
missing axis labels -0.05 pts
missing axis units -0.05 pts
one plotting mistake -0.05/-0.10
two or more plotting mistakes | -0.10/-0.10

Fitline | drawn on graph 0.10 pts
slope computed with units 0.10 pts
uncertainty of slope com- 0.10 pts
puted

Values 270008 < T < 290008 0.20/0.20
26000s < 7' < 300008 0.10/0.20
missing units for value -0.05 pts
AT <1000s 0.20/0.20
AT < 20008 0.10/0.20
missing units for error -0.05 pts

sum

2.5 pts





