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8.01 Physics I: Classical Mechanics, Fall 1999
Transcript — Lecture 5

Today we will discuss what we call "uniform circular motion." What is uniform circular motion? An
object goes around in a circle, has radius r and the object is here.

HOm nay chiing ta sé& thao luan mét loai chuyén déng dwoc goi la chuyén dong tron déu. Chuyén
déng tron déu la gi? Mot vat thé chuyén déng theo mot dwdng tron, cé ban kinh r va vat & day.
This is the velocity.

Pay la van téc.
It's a vector, perpendicular.

N6 la vecto, vudng goc.
And later in time when the object is here the velocity has changed, but the speed has not
changed.

Va tai cac thoi diém sau dé khi vat & day van toc da thay déi, nhung toc dé khong thay déi.
We introduce T, what we call the period—

Chung tagoi T la chu ki — -

of course it's in seconds—

Tat nhién don vi la giay

which is the time to go around once.

NO la thoi gian dé di hét moét vong tron.

We introduce the frequency, f, which we call the frequency which is the number of rotations per
second.

Chung ta goi tan s6 la f, tan s6 la s6 vong tron ma vat di dwoc trong mot giay.
And so the units are either seconds minus one

Va vi vay don vi clia né hoac la giay mi -1

or, as most physicists will call it, "hertz" and so frequency is one divided by T.
Hoac, nhu da s6 cac nha vat li thwong goi, “hertz” va vivay tan sé la 1 chia T.
We also introduce angular velocity, omega which we call angular velocity.
CHung ta goi van tdc goc la omega.

Angular velocity means not how many meters per second

Van téc goc khong cé y nghia la bao nhiéu mét trén giay.

but how many radians per second.

Ma la bao nhiéu radian trén giay.

So since there are two pi radians in one circumference—

in one full circle—

b&i vi mt vong tron trng véi 2 pi radian - -

and it takes T seconds to go around once it is immediately obvious that omega equals two pi

divided by T.
va phai mét T giay dé di hét mot vong tron dy nén ching ta suy ra dwgc ngay omega =2 pi chia T.
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This is something that | would like you to remember.
T6i mudn cac ban nh& cong thirc nay.

Omega equals two pi divided by T—

Omega bang 2 pichiaT - -

two pi radians in capital T seconds.
2 piradian trong T giay.

The speed, v, is, of course, the circumference two pi r divided by the time to go around once but
since two pi divided by T is omega you can also write for this "omega r." And this is also
something that | want you to remember.

TA&t nhién, van téc v, bang chu vi dwdng tron 1a 2 pi r chia cho thoi gian dé di hét mét vong nhung
b&i vi 2 pi chia T Ia omega nén ban cling c6 thé viét cai nay bang omega r. Va tdi cling mudn cac
ban nh& cbng thirc nay.

These two things you really want to remember.
Hai cong thirc nay cac ban that si can phai nhé.

The speed is not changing, but the velocity vector is changing.

Toc do khong thay doi, nhwng van tdc thay déi.



Therefore there must be an acceleration.
Do d6 phai c6 gia toc.

That is non-negotiable.
Diéu d6 khong thé tranh khoi.

You can derive what that acceleration must be in terms of magnitude and in terms of direction.
Ban c6 thé rat ra do Ién va hwédng cua gia tée do.

It's about a five, six minutes derivation.

Chi can 5, 6 phut dé lam diéu dé.

You'll find it in your book.
Cai nay c6 trong sach cua ban.

| have decided to give you the results so that you read up on the book so that we can more talk
about the physics rather than on the derivation.

T6i da quyét dinh chi cho ban két qua dé ban doc thém trong sach dé ching ta cé thé ndi vé hién
twong vat li nhiéu hon.

This acceleration that is necessary to make the change in the velocity vector is always pointing
towards the center of the circle.
Gia téc nay can dé lam thay doéi vecto van téc ludn ludn hwéng vao tam vong tron.

We call it "centripetal acceleration." &nbsp; Centripetal, pointing towards the center.
Chuing ta goi né la gia téc hwéng tam. Hwéng tam nghta la chi vé phia tam.

And here, also pointing towards the center.

Va & day, cling chi vé phia tam.

It's a vector.

N6 la mot vecto.
And the magnitude of the centripetal acceleration equals v squared divided by r, which is this v
and therefore it's also omega squared r.
Va dé 1&én cla gia tdc hudng tdm bang v binh chia r, né 1a v nay va do d6 né cling badng omega
binh r.

And so now we have three equations and those are the only three you really would like to
remember.
Va vi vay bay gio chiing ta c6 3 phuong trinh va day la nhitng phuong trinh cac ban can nhé.

We can have a simple example.
Chung ta c6 thé lay mot vi du don gian.

Let's have a vacuum cleaner, which has a rotor inside which scoops the air out or in, whichever
way you look at it.

Chung ta c6 mo6t may hit bui, né c6 mot roto bén trong déy khéng khi ra ngoai hoac hit vao trong,
tuy theo ban nhin né theo cach nao.

And let's assume that the vacuum cleaner these scoops have a radius r of about ten centimeters
and that it goes around 600 revolutions per minute, 600 rpm.

Va hay gia st rang nhirng canh quat cla roto cé ban kinh r khoang 10 cm v & quay 600 vong trén
phat , 600 rpm

600 rpm would translate into a frequency, f, of 10 Hz so it would translate into a period going
around in one-tenth of a second.



Hay chuyé&n 600 vong trén phat sang tan sé, f, bang 10 Hz vi vay chuyén sang chu ki twong trng
sé la 1/10 giay.

So omega, angular velocity, which is two pi divided by T is then approximately 63 radians per
second and the speed, v, equals omega r is then roughly 6.3 meters per second.

Vay van téc géc omega bang 2 pi trén T c& 63 radian trén giay va toc do, v, bang omega r
khoang 6.3 m/s.

The centripetal acceleration—

Gia téc huéng tam - -

and that's really my goal—

va dé méi thwe suw la muc tiéu cda toi - -

the centripetal acceleration would be omega squared r or if you prefer, you can take v squared
overr.

Gia téc hudng tam sé la omega binh r hodc v binh trénrr.

You will get the same answer, of course, and you will find that that is about 400 meters per
second squared.

TA&t nhién, ban s& nhan duwoc cung két qua va ban sé tim ra rang né khoang 400 m/s binh phuwong

And that is huge.
Va dé la gia tri rat lon.

That is 40 times the acceleration due to gravity.

Gia tri do6 lon gap 40 lan gia toc trong tr wvong.



It's a phenomenal acceleration, the simple vacuum cleaner.
N6 la gia t6c hién twgng luan, cia may hit bui don gian.
Notice that the acceleration, the centripetal acceleration is linear in r.

Chu y réng gia tfc, gia téc hwdng tam |a tuyén tinh theo r.
Don't think that it is inversely proportional with r.
Purng nghi né ta Ié nghich dao va&ir.

That's a mistake, because v itself is a function of r.
biéu d6 khdng ding, vi ban than v 1a ham theo r.
If you were sitting here then your velocity would be lower.
NéEu ban ngdi & day thi van toc cla ban sé thap hon.
Since omega is the same for the entire motion you really have to look at this equation and you
see that the centripetal acceleration is proportional with r.
Vi omega la khdng d6i d6i véi toan bd chuyén déng ban that s phai nhin phwong trinh nay va ban thay
réng gia téc huéng tam ti lé véir.
Therefore, if you were...
Do dé, néu ban ...

if this were a disc which was rotating and you were at the center of the disc the centripetal
acceleration would be zero.
Néu day |a mot cai dia dang quay va ban & tam cla dia gia t6¢c hwdng tam sé& bang 0.
And as you were to walk out, further out, it would increase.
Va khi ban di ra ngoai xa tam, gia t6c hwéng tdm sé tang.
Now, the acceleration must be caused by something.
Bay gi0, gia téc phai dwoc gay ra do céi gi dé.
There is no such thing as a free lunch.
Khéng cé bira an trira nao mién phi ca.
There is something that must be responsible for the change in this velocity and that something |
will call either a pull or I will call it a push.
Phai co thr gi dé dong vai tro thay doi van tdc nay va cai ma toi sé goi la sw kéo hodc sy day.
In our next lecture, when we deal with Newton's laws we will introduce the word "force." Today we
will only deal with the words "pull" and "push.” So there must be a pull or a push.
Trong chuong tiép theo, khi ching ta khao sat cac dinh luat Newton chiing ta sé d wa vao khai niém luc.
HOm nay ching ta chi xét khai niém day va kéo. Vi vay phai c6 mot s day hoac kéo.
Imagine that this is a turntable and you are sitting here on the turntable on a chair.
Hay twéng twong day la cai ban quay va ban dang ngoi trén mot cai ghé trén ban quay.
It's going around with angular velocity omega and your distance to the center, let's say, is little r.
N6 sé quay tron v@i van toc géc omega va khoang cach clia ban so véi tam, giad st la r nho.
You're sitting on this chair and you must experience—

Ban dang ngoi trén ghé nay va ban phai chiu- -

that is non-negotiable—
Diéu dé khong thé tranh dwoc - -

centripetal acceleration A of ¢, which is omega squared times r.
Gia toc huéng tdm a c la omega binh nhan r.



Where do you get it from?

Ban nhan dwoc né tr dau?

Well, if your seat is bolted to the turntable then you will feel a push in your back so you're sitting on
this thing, you're going around and you will feel that the seat is pushing you in your back and so
you feel a push, and that gives the push out.

O, néu ché ngdi clia ban duoc gén chat trén ban quay thi ban s& cadm thay mot sw ddy & luwng ban
vi vay ban dang ngdi trén cai nay, ban dang quay tron va ban s& cam thdy rang chd ngdi dang day
ban & phia lwng va vi vay ban cam thdy mot sy day, va cai dé day ban ra ngoai.

Yeah, | can give this a red color for now.

Vang, bay gi, téi c6 thé cho cai nay mau

do.

So you feel a push in your back.

Vi vay ban cam thdy mot sy day tlr lwng ban.

That push, apparently, is necessary for the acceleration.

Hinh nhu sy day dé la can cho gia téc.

Alternatively, suppose you had in front of you a stick.

Gi& str ban cé truédc mat mot cay gay.

You're not sitting on a chair.

Ban khong ngdi trén ghé.

You don't get a push from your back.

Ban khong bj day tlr phia lwng.



But you hold onto the stick and now you can go around by holding onto the stick.

Nhwng ban cadm gay va bay gio ban cé thé di vong tron bang cach cam gay.
Now the stick is pulling on you in this same direction.
Bay gi0, cay gay dang kéo ban vé cung huwéng nay.

So now you would say, aha, someone is pulling on you.
Vi vay bay gi& ban sé ndi, a, ai d6 dang kéo ban.
Whether it is the pull or whether it is the push one of... either one of the two is necessary for you
to go around in that circle on that turntable with that constant speed.
Cho du né la day hay kéo mét trong nhitng hodc ca hai cai déu can thiét cho ban dé di v ong tron trong
vong tron dé trén ban quay véi tée do khong dadi do.
Now, the classic question comes up, which we often ask to people who have no scientific
background.
Bay gi®, dén mét cau hdi cd dién, cau nay chiing ta thwdng hoi nhivtng nguwdi khdng cé kién thiec khoa
hoc.
If you were to go around like this and something is either pushing on you or is pulling on you to
make this possible suppose you took that push out, all of a sudden.
Né&u ban di vong tron gidng nhu thé nay va thir gi d6 ddy ban hoac kéo ban, gia str rdng ban bi ddy ra
ngoai, bat ngo.
The pull is gone.
Sy kéo khdng con nira.

[makes whooshing sound]

What is now the motion of the person who is sitting on the turntable? And many non-scientists
say, "Well, it will do like this." That's sort of what your intuition says.
Bay gi®, chuyén dong cua nguwoi dang ngoi trén ban quay la gi? Va nhiéu nguoi khong co kién thic
khoa hoc noi, “Oh, né sé& chuyén ddng giéng nhw thé nay.” D6 la phan nao ma trwe giac cla ban néi.
You go around in a circle, and all of a sudden you no longer have the pull or the push and you go
around in a spiral and obviously, that is not the case.
Ban chuyén déng theo mot vong tron, va thinh linh ban khong con sy day hoadc sw kéo ntra va ban
chuyén dong theo qu§ dao xodn ¢ va hién nhién, diéu d6 khéng ding.
What will happen is, if you have, at this moment in time a velocity in this direction and you take
the pull or the push out you will start flying off in that direction and depending upon whether there
is gravity or no gravity there may be a change, but if this were...
biéu gi xay ra, néu tai thoi diém nay ban c6 van t6c theo hidng nay va ban bi kéo hodc ddy ra ngoai
ban sé& bat dau bay di theo hwéng dé va phu thudc vao c6 hay khdng co trong lwc cé thé c6 mot sw thay
déi, nhwng néu day da la..........
if there were no gravity you would just continue to go along that line and you would not make this
crazy spiral motion.
Né&u khéng c6 trong lwc ban sé tiép tuc di doc theo d wdng thing d6 va ban sé& khéng chuyén dong
theo quy dao xoén 6¢ ngu xuén nay.

| have here a disc, which we will rotate and at the end...

O day tdi c6 cai dia , ching ta s& quay va & cubi ................
the edge of the disc here we have a little ball.

O ngoai ria nay ching ta cé moét qua béng nho.

And the ball is attached to that disc with string.
Va qué béng gén vai cai dia bang mot [0 xo.

So now this is vertical, and so this is going to go around with angular velocity omega.
Vi vay bay gi& day la thang dirng, va vay cai nay sé quay tron véi van téc géc omega.

And we have a string here and the string is attached to this ball and the whole thing is going
around and so at one moment in time this has a velocity, like so.



Va chuing ta c6 10 xo & day va |o xo gan véi qua bong nay va toan bd 10 xo sé quay tron va vi vay tai thoi
diém nao dé cai nay cé van téc, gibng nhw vay.
And therefore there must be non-negotiable centripetal acceleration which in magnitude is omega
squared r or, if you want to, v squared divided by r.
Va do dé phai c6 mot gia toc hwéng tam véi do Idn la omega binh r hoac, la v binh chiar.
Now | cut it and that's like taking away the push and the pull.
Bay gi¢ tdi cat né va didu dé gidng nhuw la 1dy di sy ddy hodc kéo.
The string that you have here is providing the pull on this ball.
Lo xo & day cung cap su kéo cho qua béng nay.
This ball is feeling a pull from the string and that provides it with the centripetal acceleration.
Qua boéng nay dang cam thay sw kéo tr 10 xo va sy kéo dé cung cap cho né mét gia téc huéng
tam.

Cut the string and the pull is gone and the object will take off.

CAat 10 xo thi su kéo khdng con nira va vat sé bay ra ngoai.



And if there were gravity here, as there is in 26.100 it would become a parabola and it would end
up here.
Va trong trwdng hop nay c6 trong luc, khi cai dé & trong 26.100 né sé tré thanh mot parabon va né sé
két thuc tai day.
If, however, | cut the ball exactly when it is here—
Tuy nhién, néu t6i cat qua bong khi n6 & ngay day
not the ball, but | cut the string—
Khéng phai qua béng, ma tdi cét 1o xo - -
then, of course, it would fly straight up gravity would act on it, it would come to a halt and it would
come back.
Thi tat nhién, n6 sé bay thdng 1&n trong lwc sé tac dung trén né, né sé dén diém cao nhat va sé quay
lai.

So it really would then go along a straight line.
Vi vay sau do6 né thuc sy sé di doc theo dwong thang.

But you would clearly see, then that it's not going to do what many people think—
Nhwng ré rang ban thay, sau d6 n6 sé khéng chuyén déng gidng nh w nguoi ta nght - -
that it would start to swirl around.
N6 sé& bat dau xoay tron.
It would just go...
NG sé chidi .....
[makes whooshing sound]
and comes back.
Va tro lai.
Let's look at that.
Chang ta hay nhin cai do.
We have that here.
Chung ta c6 cai dé & day
So here is that ball.
day la qua bong doé

The string is behind here; you cannot see the string.
O day |0 xo & phia sau; ban khéng thé thay 16 xo.

| will rotate it, wait for it to pick up a little speed and the knife, that you can't see either, is behind
here and when | push the knife in, | do it exactly here.
Toi sé quay no, ch n6 thu dwgc mot it van toc va con dao ma ban khéng thé thdy & phia sau day va
khi t6i day con dao, t6i lam nd ngay tai day.
It cuts the string and it goes up.
N6 cét 16 xo va né di 1én.

You ready for this? You sure you're ready? Three, two, one, zero.

Ban s&n sang cho diéu nay chua? Ban chic 1a ban da sén sang? Ba, hai, mét, khéng



Wow! That was very high.
Wow! rét cao.

So you see, it's nothing like this.
Vi vay ban thay, né khéng giong nhw thé nay.
It simply continued on in the direction that it was going.
Don gian la n6 ti€p tuc theo hwéng ma né da di.
It wasn't going into a parabola because | was shooting it straight up.
N6 sé khong chuyén dong quy dao parabon vi toi bén né th&ng ding.
The string forms the connection between the rotating disc and the ball and therefore, the pull is
responsible for the centripetal acceleration.
Lo xo hinh thanh sy két n6i gitra dia dang quay va qua béng va do dé, su kéo gay ra gia toc
hwéng tam.

Let's now think about planets.

Bay gi0 hdy nght vé nhirng hanh tinh.
Planets go around the sun.

Nhirng hanh tinh quay xung quanh mat troi

There's no string, so who is pushing? Who is pulling? Well, it's clear that it must be gravity.
Khong ¢ 10 xo, vay ai day? Ai kéo? O, rd rang dé phai la Iwc hdp dan.

It must be the sun that is pulling on the planets.

N6 phai la mat troi dang kéo cac hanh tinh.



Now, | realize that the orbits of planets are not nicely circular so it's not really a uniform circular
motion.
Bay gid, tdi nhan ra rang quy dao cta cac h anh tinh khéng phai 1a cac duéng tron vi vay that si nd
khong phai la chuyén dong tron déu.
We will deal with orbits in great detail in a few weeks—
Chung ta sé& nghién ctvu chi tiét vé cac quy dao nay trong vai tuan nira.
circular orbits and elliptical orbits.
Céac quy dao tron va quy dao elip.
Let us just assume for simplicity now that the orbits are roughly circular just to get a little bit of
feeling for it.
Bay gitr, dé cho don gian hay gia st rang quy dao gan tron dé chdng ta nhan dwgc mot it cadm
nhan vé noé.
And you can look up now in your book—
Va bay gi¢ ban c6 thé tim trong sach ctia ban - -
which | did for you—
cai ma téi da lam cho ban - -
even in your preliminary version you can look up what the mean distance of the planets is to the
sun and you can look up what the period is the time to go around the sun.
Tham chi trong phién ban so b6 ban cé thé tim khoang cach trung binh gitra cac hanh tinh dén mét
troi va ban cé thé tim chu ki, tirc la gi thoi gian dé di mot vong quanh mat troi.
The time to go around the sun is not the same for all planets.
Thoi gian dé di mot vong quanh mat trei khéng gidng nhau d6i véi tat ca cac hanh tinh.
The planets are not attached to a turntable.
Céc hanh tinh khéng gén trén cac ban quay.
Anywhere, any person on a turntable would go around in the same amount of time.
Bat cr & dau, bat cr vat nao & trén ban quay ciing sé chuyén dong hét mét vong tron
v@i cung mot khoang thoi gian.
We know that that's not true for planets.
Chung ta biét rang dieéu dé khdng ding cho cac hanh tinh.
It takes the Earth a year to go around the sun.
Trai dat quay quang mat troi mat mot nam.
It takes Jupiter 12 years to go around so don't make the mistake to think that omega is the same
for all planets.
Sao M@c di quanh mat tréi mat 12 nam vi vay dirng ngi rang omega la giéng nhau déi véi tac ca cac

hanh tinh.

That's not true.
biéu dé khdng dang.

So | look up the distance--
Vi vay téi tim khoang cach - -
the mean distance to these various planets—



Khoang cach trung binh dén nhirng hanh tinh khac nhau nay.
and you see that here in millions of kilometers.

Va ban sé thay & day don vi la triéu kilomet.

Notice that Mercury is about 100 times closer than Pluto.
Sao thly gan Mat tr&i hon 100 lan so véi sao Diém Vuong.
By the way, this is on the Web, so don't copy this.

May cdi nay & trén Internet, vi vay dirng viét lai.

You will find this on the 801 home page.
Ban sé tim thay cai nay trén trang ch( 801.

Then | looked up how many years it takes to go around the sun—
Sau do6 t6i tim xem né di mot vong quanh mat tréi mat bao nhiéu nam - -

12 years for Jupiter, one year for the Earth—

12 nam doi vé&i sao Moc, mot nam cho trai dat - -

and | looked up all the other values.

Va t6i tim tat ca nhirng gia tri con lai.

Then, since | know the periods, | can calculate omega.
Sau dd, vi tdi biét chu ki, t6i c6 thé tinh omega.

Omega is two pi divided by T, so | know omega.
Omega bang 2 pi chia T, vi vay tdi biét omega.

And then | take omega squared times the mean distance to the sun and this is, of course, the
centripetal acceleration.

Va sau do toi lay omega binh nhan khoang cach trung binh dén mat trdi va tat nhién dé la gia toc
huéng tam.



So the planets experience this centripetal acceleration in some crazy units, but who cares about
the units here? And notice that Mercury, which is 100 times closer than Pluto has a centripetal
acceleration which is 10,000 times larger than Pluto.

Vi vay nhirng hanh tinh chiu gia téc huéng tdm vé&i nhirng don vi gi d6, nhwng ai ma quan tam
dén don vi & day? Va chd y rdng sao Thily gan Mat tréi hon mot tram lan so v&i sao Diém Vuong
nén coé gia téc huwéng tam I&én hon sao Diém Vwong 10000 lan.

100 times closer has a 10,000 times larger centripetal acceleration.
100 lan gan hon thi c6 gia t6c hudng tam Ién hon 10, 000 lan.

So what | did was | plotted this data, the centripetal acceleration versus the mean distance to the
sun and | did that on log paper.

Vi vay toi sé lam gi tdi do thi hoa di¥ lieu nay, gia téc hwédng tdm theo khoang cach trung binh dén
mat troi va toi da lam diéu dé trén gidy logarit.

And what immediately strikes...
Va ngay lap t&rc diéu gi gay an twong......

is very striking is that all these points—
Rat an twong la tat ca nhirng diém nay - -
I've done them for all the planets—

To6i da vé cho tat ca cac hanh tinh.

they fall on a straight line.
Chang nam trén duéng thang.

And so what is the slope of that line? Well, | tried various slopes and | found that the slope is
very, very close to minus two.

Va vi vay hé sé goc clia duong thang do la gi? O, t6i da tinh thr nhieéu hé s6 géc khac nhau va

t6i thdy rang no rét , rat gan vaéi -2.

Here is the slope of minus two, and | can overlay this and notice that the fit is absolutely stunning.

Pay la hé s6 gdc trir 2, va tdi co thé che cai nay va chi y rang suw khop la tuyét déi tuyét voi.

Therefore, you cannot escape the conclusion that the centripetal acceleration which is the result

of gravity, falls off as one over R squared, ! ! ~
Do d6, ban khong thé thoat khéi két luan rang gia téc h wéng tam la két qua cla lwc hdp dan, giam
theo 1 trén R binh.

We refer to this, often, in physics as the "one over R square" law.
Trong vat ly, chldng ta goi cai nay la dinh luat 1 trén R binh.

And therefore, the effect of gravity itself must go down with R squared.
Va do d6, anh hudng clia chinh lyc hdp dan phai giam theo R binh.

So if you are 100 times further away like Pluto compared to Mercury then the gravitational...

Vi vay néu khodng cach R I&n hon 100 lan nhu sao Diém Vwong so v&i sao Thay thi lwc hap

the centripetal acceleration which is due to gravity is 10,000 times smaller.
Gia téc hwéng tam do lwc hdp dan phai nhd hon 10 000 lan.

And we will learn a lot about gravity in the future.



Va chiing ta s& hoc nhiéu vé lic hdp dan trong tuong lai

We will just leave it for now.

Bay gi0 ching ta sé chia tay no.

If you took the sun away, it would be like cutting the string that provides the pull and in that case
what you would see is that the planets would just take off along a straight line.

Néu ban I8y mat trovi ra xa, no ciing gidng nhw cat 10 xo cung cép lwc kéo va trong tredng hop dé

nhitng gi ban sé& thdy |a cac hanh tinh sé& bay ra theo duéng thang.

They would continue to go.
Chuing sé ti€p tuc di.

They wouldn't have anything to pull on them anymore.

Khoéng cé gi kéo chung nira.

Now let's look at an object that we're going to rotate.

Bay gio hdy nhin mdt vat ma ching ta sé quay.

| have a glass tube that | want to rotate and in the glass tube, | have a marble.
Toi c6 mot dng thly tinh ma t6i mudn quay va trong 6ng thdy tinh do, téi c6 mét
vién bi.

The glass tube is very smooth.

Ong thay tinh rat tron.

I have here the glass tube.

O day tdi c6 6ng thay tinh.

Here's a marble.

Pay la vién bi.



I'm going to rotate it in this direction say, with some angular velocity omega about an axis
perpendicular to the blackboard.

Gia slr toi sé quay né theo huwéng nay, véi van téc géc omega nao dé quanh mot truc vudng

goOc vai bang den.

So the marble here has a velocity like so, at this moment in time but it's a very smooth glass tube
and the marble is very smooth.

Vi vay & day vién bi cé van téc giéng nhu vay, tai thdi nay nhwng né la mét 6ng thly tinh rat tron va
vién bi rat tron.

The glass cannot push on the marble nor can the glass pull on the marble.

Thay tinh khong thé day vién bi hoac kéo vién bi.

Now, the marble gets desperate because the marble needs a centripetal acceleration in this
direction in order to go around like this.

Bay gi®, qua bi tuyét vong vi qua bi can mét gia toc hwdng tam theo hwédng nay dé chuyén
dong tron nhu thé nay.

But there is nothing to provide that centripetal acceleration.
Nhwng khong cé thir gi dé cung cép gia téc hwdng tam do.

So the marble is doing exactly the same that the planets would do if you take the sun away.

Vi vay vién bi lam twong tw diéu ma cac hanh tinh lam néu ban dem mat troi ra xa.

The marble continues to go in the direction that it was going.

Vién bi ti€p tuc di theo hwéng ma né dang di.

So by the time that the tube is here, the marble is here and by the time that the tube is here the
marble is there.

Vi vay vao ldc nay 6ng & day, vién bi & day va vao lac nay 6ng & day, vién bi & dé.

So the marble finds its way to the edge and that's, of course the basic idea behind a centrifuge.
Vi vay vién bi tim dwong di dén bién ngoai , va tat nhién, dé la y twdng co ban vé may li tam.
My grandmother had always...

Ba ngoai t6i ludn luén ........

She was a great lady and she had such fantastic ideas, | remember.
Ba la mot ngudi dan ba tuyét voi va ti nhé ba tdi ludn ludén cé nhirng y twdng ki la

And when she made lettuce we had no good way of drying the lettuce and | would take the
lettuce and go like this... paper towel.

Va khi ba ay lam ra diép ching téi khéng c6 cach nao tot dé lam cho rau diép sach nwéc va téi
sé cam rau di€p va di nhu thé nay......

She had a method of her own.
Ba toi c6 phwong phap riéng.

She took a colander and, of course, first of all we would wash the lettuce, that goes without
saying.

Ba ay lay mot cdi ray loc va tat nhién, triéc hét ching t6i sé rira rau di€p, dieu ma khong can phai néi.
| would wash it once.
Toi sé rira N6 Mot lan.

My grandmother would wash it three times but that's what you have grandmothers for.

Nhwng ba ngoai t6i sé rira né 3 lan nhwng doé la nhirng gi ban dwoc ba ngoai cho.



So there comes the lettuce.

Vay dé la xong rau diép.

We were also very fond of spinach, so add some spinach.
Chung t6i ciing thich rau bina, vi vay thém mat it rau bina.
We would wash it...

Chung t6i sé rtra né.....

there goes the spinach.
b6 la rau bina

Then she would take something to cover it up—
ROi ba toi sé lay cai gi do dé phu lén trén - -
maybe some Saran wrap, or something else—
C6 thé la tdm nhwa Saran, hoac th gi nra --

put it over it and put a rubber band around it to hold it.
Dat nd 1én trén day va rang mot day cao su xung quanh dé git né.

And now what she's going to do, she's going to swing it around.
Va bay gi¢ 1a nhitng gi ba s& lam 13, ba sé& l&c né long vong.
And now the water is like these marbles.

Va bay gio nwéc giong nhuw nhibng vién bi nay.



The water will work its way to the edge but there are holes, so the water will come out.
Nw&c sé chay dén ra bién nhwng cd 16, vi vay nwéc sé ra ngoai.
Isn't she clever? Okay, I'll give you a demonstration.

Ba ay khéo |éo dung khong? Vang, t6i sé chirng minh cho ban thay.

Be careful or you may get some water on your lecture notes.
HAay can than néu khéng vé clia ban sé dinh nuéc.

But | want to show you the basic idea behind it is very interesting.
Nhwng tdi mudn chi cho ban y twéng co ban & phia sau, no rat hap dan.
She would go out... she would do this outside, by the way.

Ba 4y di ra ngoai.....tién thé, ba dy sé lam diéu nay bén ngoai.

But | have no choice, so | will do it here.

Nhung khong c6 suw chon lwa, vi vay tdi sé lam né & day

So there we go.

bay roi.

[class laughs]

You see? This is the way you dry...

Ban thay khéng? Bay la cach ma ban lam sach nuéc........

Oh, I lost my magnetic strawberry--

0, t6i lam mét qua dau tay tir cla téi roi - -

that's a detail in the process.

D6 1a mot chi ti€t trong quy trinh.

So you end up with...
Vi vay ban két thuc véi......

you end up with dry and clean and nice lettuce.
Ban két thic lam khd va rira va rau di€p ngon.

This is 801 at work and this is clearly an early version of a centrifuge.
Pay la 801 dang lam viéc va day rd rang la mot phién ban dau ctia may li tam.

Now, my grandmother's method, very tragically has been replaced lately with something that you
can buy at Crate and Barrel.
Bay gir, phwong phéap rat thd so clia ba ngoai tdi méi day da duoc thay bang thir gi d6 ma ban c6
thé mua tai Crate and Barrel.

We have it here.
Chung ta c6 n6 & day.

Um, it is very boring.



Uh, n6 tréng rat don gian.

It's very decadent.

Rat diéu tan.

Put the salad in here and all you do is you rotate and it dries.

Dat rau séng & day va va tat ca nhirng gi ban lam la ban quay va né sach nuwéec.

It's a centrifuge.

N6 la may li tam.

This is actually a high-tech version of the much more sophisticated invention of my grandmother.
Pay thwc sy 1a phién ban céng nghé cao ctia phat minh rac réi hon nhidu cia ba ngoai toi.
And it's nowhere nearly as exciting.

Va né chéc la khéng ly tha.

The days of romance are really over but that's the way it goes.
Nhirng ngay ldng mang da qua nhwng doé la con dwong ma né da di.

I'm now going to make a connection between rotation on the one hand and centripetal
acceleration on the other.

Bay gio t6i sé két néi sy quay va gia toc hudng tam.

I'm going to make a connection between centripetal acceleration and perceived gravity.
Toi sé tim m&i quan hé gilra gia téc hwéng tam va trong lwc duwgc nhan thay.

The way that you perceive gravity.

D6 la cach ma ban nhan thay trong lwc.

I'm going to put you in various positions and then ask you what is the direction of gravity.

To6i sé dat ban & nhirng vi tri khac nhau va sau do6 héi ban hwéng cla trong luc la gi.



I'm going to create artificial gravity for you.
Toi sé tao ra lwc hdp dan nhan tao cho ban.
And let's first do it as follows.

Va dau tién ching ta sé lam né nhu sau.
| first hang you on a string.

Pau tién i treo ban trén 16 xo.

There you are, like this.

Ban & d@, gibng nhu thé nay.

And | ask you, do you feel a push or a pull? And you say, "Yeah, | feel a pull." And you feel a pull
in this direction.

Va t6i hdi ban, ban cam thdy day hay kéo? Va ban néi, “vang, td6i cam thay kéo.” Va ban cam thay
kéo theo huwéng nay.

So now | ask you "Ah, in what direction do you perceive gravity?" and you think I'm crazy.
Vi vay bay gi¢ t6i hdi ban “Ah, ban cdm thay trong lwc theo hwdng nao?” va ban nght téi bi dién.

You're right in that case, but nevertheless you say "Gravity is in this direction." The other direction
is the pull.
Ban dung trong trwong hop do, tuy thé ban néi “ Trong lw ¢ theo huwéng nay.” Huéng kia la kéo.

Okay, so far, so good.

Vang, cho dén lic nay, qua dang.
So now I'm going to put you just standing on the floor and | say to you, "Do you feel a push or a
pull?" And you say, "Yeah, | feel a push.
Vi vay bay gid t6i sé dat ban dirng trén san nha va t6i néi vgi ban, “ Ban cam thay day hay kéo?"Va
ban no6i. * Vang t6i cam thay day.

| feel a push from the floor up."” So | say, "In what direction do you perceive gravity?" You say,
"Well, come on, don't be boring.

T6i cdm thay ddy tlr san nha Ién.” Vi vay tdi ndi, “ban cam thay trong lwrc theo hwédng nao?” Ban
noéi “Thoi nao, chan thé.

Gravity is in this direction." Notice in both cases you tell me that gravity is always in the opposite
direction of either your pull or your push.
Trong lwc theo hwéng nay. CHUG y rang trong ca hai truérng ho'p ban néi véi toi trong lwc ludn ludn
nguoc hwdng véi sy day hoac s kéo cua ban.
Okay, now I'm going to be a little rough on you.
Vang, bay gio t6i sé hoi hung dir v&i ban.
Now I'm going to swing you around on a string just as if you were an apple and I'm going to do
this with you.
Bay gio toi sé quay ban long vong trén 0 xo gidng nhu ban la mot qua to va tdi sé lam diéu nay voi
ban.
And you're at the end of the apple.
Va ban & cudi qua tao.
You are the apple, not at the end.
Ban la qua tao, khong phai & cudi qua tao

You're at the end of the string.



Ban & cudi 10 xo.

You are the apple.

Ban la qua tao.

So there you are.

day roi.

Here... poor you.

bay....... ban tdi nghiép

[class laughs]

And | say, "Do you feel a push or a pull?" And you say, "Yeah, | do, | feel a pull." Fine, in what
direction? "l feel a pull in this direction.” Okay, so now | say to you "In what direction do you
perceive gravity?" And you say, "Well, in the opposite direction as pull." So now you perceive
gravity in this direction which is very real for you.

Va téi néi, “ Ban cam thdy ddy hay kéo?” Va ban néi, “ Vang, t6i cam thay kéo”. Tét, theo hwéng
nao? “T6i cAm thay bi kéo theo huéng nay”. Vang, vi vay bay gi¢ tdi bao ban “ban cam thay trong
Iwc theo hiwéng nao?” Va ban nadi, “a, nguwec hwéng day.” Vi vay bay gio ban cam thay trong luc
theo huwéng nay la rat thwc té€ doi véi ban.

Now, in this particular case since the direction changes all the time—

Bay gid, trong triedng hop dac biét vi hwéng thay déi theo thi gian - -

since | swirl you around—

vi tdi quay tron ban - -

you will, of course, get dizzy like hell, but that's a detail.

T4t nhién, ban s& hoa mét giéng nhw trong dia nguc, nhung do 1a chuyén nhd.



You will perceive gravity in this direction when you're here and when you're here you will perceive
gravity in that direction.

Ban sé cam thay trong luc theo huédng nay khi ban & day va khi ban & day ban sé cam thay trong
Iwc theo hwéng do.

So you perceive gravity in the direction which is opposing the pull and the faster | rotate you, the
stronger will be the pull and therefore the stronger will be your perceived gravity.

Vi vay ban cdm thay trong lwc theo hwéng ngwoc véi hwdng kéo va toi quay cang nhanh, sirc kéo
sé cang manh va do dé trong lvc dwgc cam thay sé cang manh.

A carpenter would use a plumb line and the carpenter would just hold the plumb line like this.
Va mot tho méc sé dung day doi va thg moc sé gilr day doi nhuw thé nay.

The pull is in this direction and so the carpenter says "Okay, perceived gravity is in that direction."
The carpenter happens to be right in this case.

Sv kéo theo hudng nay va vi vay thg moc néi “ Vang, trong lvc duwoc cdm thay theo hwéng d6.” Anh
tho mdc ngau nhién dang trong tredng hop nay.

Gravity is in this direction, but it's the same idea.
Trong lyc theo huéng nay, nhung né la moét y twéng twong tu.

The plumb line is being used to find the direction of gravity.

Day doi duoc dung dé tim hwdng cla trong lwc.

Think of this as being a plumb line to find...

HAay nght cai nay nhw 1a day doi dé tim.........

used to find the direction of gravity.

Puoc ding dé tim hwdng cla trong lwc.

Now you're in outer space.

Bay gi0 ban & ngoai khdng gian.

You're going to play Captain Kirk and you're in a space station and there is no gravity.
Ban sé choi Captain Kirk va ban & trong mét tram khéng gian va khéng c6 trong luc.
So we're going to make some gravity for you.

Vi vay ching t6i sé tao mot it trong lwc cho ban.

We're going to create some artificial gravity.
Chung t6i sé tao trong lwc nhan tao.

So let this be your space station; it's a big wheel, a radius of about 100 meters and we'll make it
very fancy for you.

Vay hay cho cai nay la tram khong gian clia ban; né la mdt banh xe 1én, ban kinh khodng 100 mva
ching t6i sé lam no rat la thwong doéi véi ban.

We'll make some corridors around, like here.
Chung t6i sé tao ra vai hanh lang xung quanh, gidng nhw thé nay.

We'll make it a very interesting space station like so... and like so.

Chuing ti s& lam cho né thanh mét tram khéng gian hdp dan giéng



nhw vay............. va giéng nhu vay.

And this is rotating around with angular velocity omega.

Va céi nay quay tron v&i van téc gébc omega.

You're here—

Ban & day

there you are.

Vay do

You go

around.

Ban quay tron

Therefore, non-negotiable you're going around with a certain velocity v.
Do dd, khéng thé tranh khoi ban s& quay tron véi van téc v nao do .

This v equals omega r and therefore, you require centripetal acceleration towards the center—
v bang omega r va do do, ban mong mudn c¢6 gia téc hudng tam hudng vé tam - -
that is non-negotiable.

Diéu d6 khong thé tranh khoi.

Where do you get it from? Well, the floor—

Ban nhan duoc né tlr dau - -6, san nha - -

this is your floor—

Pay la san nha cda ban - -

is pushing on you.
Dang day ban.

Simple as that, just like the floor is pushing on me now.

Pon gian ciing giéng nhw san nha dang day t6i bay gio.



This floor is pushing.
San nha nay dang day.

There's nothing wrong with that; | don't fall over.

C6 gi sai v@Gi cai do; téi khdng bi dé.

And so | say to you, "In what direction do you perceive gravity?" And you say, "This is the
direction of gravity" which is as real for you as it can be.

Va vi vay t6i néi véi ban, “ban cam thay trong lwc theo h wéng nao?” Va ban néi, “Day la
huéng clia trong lwc” |a thuc té€ déi voi ban

Someone else is standing here.
M6t nguoi khac ding & day.

What do you think that person will think if | ask that person "What is the direction of gravity?"
Exactly, radially outwards, opposing the push from the floor.

Ban sé& nght ngudi dé néi gi néu tdi héi ngudi dé “ Hudng cla trong lwc [a gi?”"Chinh xac,
huwéng ra ngoai tam, nguwoc véi huwdng day tlr san nha.

So we could now calculate how fast we have to rotate this space ship to mimic the gravitational
acceleration on Earth—

Vi vay bay gio ching ta tinh toan thir xem ching ta phai quay tr én tau khéng gian nay nhanh nhw
thé nao dé bat chwét gia tde trong tredng cla Trai Dat.

which is 9.8 meters per second squared.

B&ng 9.8 m trén giay binh phuong.

Let's call that 10, just to round it off a little.

Hay xem né nhu 10, chi chénh léch mét it.

So we want the people who walk around in this corridor to have an acceleration omega squared
R which is about 10 so omega squared is about 0.1 so omega is about 0.3 radians per second.

Vi vay chiing ta muén ngwdi chuyén dong tron dirng & ngoai hanh lang nay co6 gia t6c omega
binh R khoang 10 vi vay omega binh khoang 0.1 vi vy omega la 0.3 radian trén giay.

And so the period to go around is about two pi divided by omega and that is about 20 seconds.
Va chu ki chuyén dong tron khoang 2 pi chia omega va khoang 20 giay.

And the tangential speed—

Va toc do tiép tuyén - -

that value for v, which is omega R—
giatriciav, laomegaR - -

would then be 0.3 times 100 would be about 30 meters per second just to give you an idea for
these numbers which are by no means so ridiculous.

Do d6 sé la 0.3 nhan 100 sé& c& 30 m/s chi dé cho ban mét y twdng vé nhirng s6 nay khong khi
nao la vé nghta.

What is interesting, that the perceived gravity--

Cai gi dang chuy, trong lwc duwgc cam thay

and therefore the centripetal acceleration—



Va do do6 gia téc huéng tam - -
is zero here.
Bang 0 & day.
There is nothing; there is no gravity there.
Khéng cé gi; khéng cé trong lwc & day.
And so that may be a good place for you to have your sleeping quarters.
Va vi vay dé cd I la noi tét cho ban dé ngu 15 phit.
Now comes an interesting question.
Bay gio dén mot cau hai li tha.

You can walk around here without any problem.
Ban c6 thé di bd quanh day ma khong c6 bét cr van dé gi.

Could you walk into these spokes? So when you were here, could you then walk towards your
sleeping quarters? When you were standing here and | first ask you "In what direction is gravity?"
And you will say, "Well, gravity is in this direction." Can you now walk to your sleeping quarters?
And what's the answer? You cannot.

Ban co thé di vao trong nhirng bac thang nay khong ? Vay khi ban & day, ban c6 thé di vé noi ngu cta
ban khéng? Khi ban dang dirng day va dau tién tdi héi ban “Huéng cla trong luc l1a gi?” Va ban sé noi,
“6, trong luwc theo hwéng nay.” Bay gi® ban cé thé di dén noi ngul clia ban khéng? Va cau tra |oi 1a gi?
Ban khéng thé.

You cannot walk up against gravity.

Ban khong thé di Ién chéng lai trong Iwc.

It would be like asking you to walk to the ceiling.

Giong nhw héi ban di Ién tran nha dwoc khong.



How do you do that? An elevator or a staircase, that's fine because then you get the push from
the stairs when you step on the stairs.

Ban lam diéu d6 nhu thé nao? M6t thang may hoac mot cau thang, diéu doé t6t vi nhd d6 ban bij
day tlr nhirng bac thang khi ban bwéc 1én tirng bac.

So you could have the staircase here and that's the way this person could go here.

Vi vay ban c6 thé cé cau thang & day va do la cach ma ngu oi nay co thé di dén day.

But you cannot simply walk here because gravity is always in this direction.

Nhwng ban khong thé di & day vi trong lwc lubn theo hwéng nay.

Now let's suppose you are at your sleeping quarters and you wake up in the morning and you
decide to go back either in this direction or this direction or this direction or that direction—

Bay gid, gia st rdng ban dang & tai noi ngl va ban thirc day vao budi sang va ban quyét dinh tré

lai hoac theo hudng nay hoac theo huwdng nay hoac theo hwéng nay hoac theo huéng do - -

it doesn't matter.
Khoéng sao ca.

Could you do that, just by...
Ban c6 thé lam diéu do,

just going into this corridor and slowly, carefully starting moving? What would happen? Yeah?
Chi di vao trong hanh lang nay va cham, cén than bt dau di chuyén? DBiéu gi xay ra? Vang?
STUDENT: You would fly out.

Ban sé bay ra ngoai.

LEWIN: You would fly out.
Ban sé bay ra ngoai.

It would be suicide, because the moment that you are here already, you have maybe not a very
large gravitational experience but already it's beginning to grow on you.

Do la s tw tir, vi lGc ma ban & day rdi, ¢ 1& ban khdng chiu trong Iwc rat I6n nhwng né bat dau tac
dong tang dan Ién ban roi.

The farther out you are, the stronger it will be.
Ban cang di xa ra ngoai, n6é sé cang manh.

By the time you're here, it's 10 meters per second squared.
Vao luc ban & day, né la 10 mét trén giay binh phuong.

Remember? We had 10 meters per second squared because we wanted to mimic the Earth and
so you literally crash.

Nh& khéng? Ban cé 10 m trén gidy binh phwong vi ching ta mudn bt chwét trai dét vi vay ban
dang la dam sam xuéng.

It's like falling into a shaft, jumping into a shaft.
N6 gidng nhu roi trong moét cai ham, nhay vao trong ham.

It's not quite the same because you start off with no pull on you.

Nhwng khdéng giéng hoan toan béi vi khéng cé lwc kéo tac dung 1én ban nira.

The moment you start going, however the situation gets out of hand and indeed you will slam.
LGc ban béat dau di, tuy nhién tinh hudng sé vt khoi tam kiém soéat va qua thwc ban sé ném

phich.



So you can use the same elevator.

Vi vay ban c6 thé dlng thang may giong nhau.

You can use the same staircase.

Ban cé thé dung cau thang giéng nhau.

There's nothing wrong with that.

Khéng cé gi sai v&i cai do.

Suppose | have a liquid which has very, very fine, small particles in it—
Gia str t6i c6 mot chat 1dng cé nhirng hat rat nhé, min trong no - -
extremely small, so small and so light that they will not sink to the bottom.
Cuc ki nho, qua nho va qua nhe dén ndi chiing khéng 1an xuéng day.
So you will always see some colored milky-type liquid.

Vi vay ban sé ludn ludén thdy mot chat Idng c6 mau gidng nhu sira.

And here is that tube which has these fine particles.
Va & day la 6ng d6 c6 nhirng hat tinh nay.

And the tube is sitting there and the line of the liquid is obviously like this.
Va 8ng dang nam doé va hién nhién dong chét 1dng giéng nhu thé nay.
Why? Well, that's obvious.

Tai sao? Oh, diéu d6 hién nhién.

Because gravity is in this direction.
Vi trong lwc theo hwéng nay.

And so the surface of the liquid is always perpendicular to gravity.

Va vi vay bé mat chat Iédng luén vubng géc v&i trong luc.



You see here two glasses with water.
O day ban thay hai li nuérc.

The surface is perpendicular to gravity.
Bé mat vubng géc vai trong luc.

Now I'm going to rotate this about this axis—
Bay gi0 t6i sé quay cai nay quang truc nay - -
it's going around like this—

né sé chuyén dong tron thé nay - -

and I'm going to rotate it with an angular velocity omega and this is at a distance, R.
va téi sé quay né v&i van téc géc omega va day la tai khoang cach , R.

Therefore, there is now a centripetal acceleration in this direction, and so the particles now say
"Aha! Gravity is in this direction.” The side of the glass and the liquid is pushing in this direction to
provide this centripetal acceleration.
Do dé, bay gid c6 gia téc hwéng tam theo hudng nay, va vi vay bay gi¢ cac hat néi “Aha! Trong lwc theo
hwdng nay.” Thanh li va chat léng dang day theo hwéng nay dé cung cap gia téc hwéng tam nay.
So if you ask them, "Where is gravity?" they will say "Gravity is there." And this gravitational effect
can be so much stronger than this one that you can forget this one--
Vi vay néu ban héi chiing, “Trong Iwc & dau?” ching sé néi “Trong luc & d6.” Va tac dong cla trong lwc
c6 thé Ién hon cai nay rat nhiéu dén nGi ban cé thé quén cai nay - -
you will see that in a minute.
Ban sé& hiéu diéu dé trong mot phdat.

You can completely forget this one.
Ban cé thé hoan toan quén cai nay.

And so the liquid will say "I'm going to be perpendicular to gravity." And so the liquid will go like
this, clunk.
Va vi vay chat ldng sé ndi “Toi sé vudng goc véi trong lwc.” va vi vay chat Idng sé di nhu thé nay.

While it rotates around the liquid in this tilted tube will be vertical. .
Khi né quay tron chat l1dng trong 6ng nghiéng nay sé di Ién theo phuwong thang ding.

But not only that, the particles that are here experience now way stronger gravity than they did
before so | have made them heavier.

Nhuwng khéng chi cai do, bay gio nhirng hat & day di qua con duwong co trong lwc manh hon ching
da di vi vay toi da lam ching nang hon.

They are no longer light particles.
Chung khoéng con la nhirng hat nhe nira.

They are heavy particles, and what do heavy particles do? They have no problems in making it to
the side.
Chuing 1a nhirng hat ndng, va nhitng hat ndng lam gi? Chung rat dé di ra thanh li.

The reason why the light particles couldn't fall in the first place has to do with the fact that the
molecules of the liquid due to their temperature, have a chaotic motion.

Cac hat nhe khong thé roi vao noi dau tién vi do nhiét dé, cAc phan tlr clia chéat 16ng ¢6 chuyén
dong roi.

We call that the "thermal agitation." And these molecules would interact with these very small and
light particles and so the light particles would never make it to the bottom.

Chung ta goi d6 la chuyén déng nhiét. Va nhirng phan tr nay twong tac véi nhivng hat rat nhe va rat
nhd nay va vi vay nhirng hat nhe sé khéng bao gi¢ di xuéng day.



The thermal agitation now of the liquid is the same—

Bay gi chuyén déng nhiét ctia chat léng giong nhw

the temperature doesn't change—

nhiét do khong thay déi- -

but the particles have become way, way heavier and so the particles now go in the direction of

gravity which is here.
Nhuwng céac hat tr& nén nang hon va vi vay bay gio cac hat di theo huéng cla trong lvc & day.

And what you will see, if these patrticles are white you will see white precipitation there and the
liquid will become clear.

Va nhitng gi ban s& thdy, néu nhitng hat nay trdng ban sé thay su két tha trang & do6 va chat léng
tr& nén trong hon.

And that is something that | would like to demonstrate to you.

Va dé la vai diéu ma téi mudn ching minh cho ban.

But before | do that, | want to give you some numbers.

Nhwng trieée khi téi lam diéu dé, t6i muén cho ban mot vai so.

Here we have a household, simple, nothing-special centrifuge that is used in any laboratory.

& day chang ta c6 mot may li tam, don gian, khéng c6 gi dac biét duoc dung trong moi phong thi
nghiém.



The centrifuge that we have has an rpm which is 3600 rpm.
May li tam ma ching ta c6 c6 s6 vong quay trén phat la 3600 rpm.

So 3600 rpm translates into a frequency of 60 Hz.
3600 rpm chuyén sang tan s6 |a 60 Hz.

So it goes around once in one-sixtieth of a second.
Vi vay n6 quay mot vong tron trong 1/16 giay.

Omega is two pi times f is therefore roughly 360 radians per second.
Do d6, Omega la 2 pi nhan f khoang 360 radian trén giay.

360 radians per second.
360 radian trén giay.

If we assume that the radius is...
Néu chung ta gia sir rdng ban kinh la
maybe it's 10, 15 centimeters.

C61é n6la 10, hoac 15 cm.

Whatever, let's take a radius of 15 centimeters.
Bat ké thé nao, hay lay ban kinh [a 15 cm.

And we can calculate now what the centripetal acceleration is.
Va bay gi¢ chiing ta c6 thé tinh gia t6¢c hwdng tam bang bao nhiéu.

And the centripetal acceleration a of ¢ which is omega squared R is then roughly about 20,000
meters per second squared.
Va gia téc huéng tam ac la omega binh R c& 20, 000 mét trén giay binh.

20,000 meters per second squared.
20, 000 mét trén giay binh.

And that is 2,000 times the gravitational acceleration.
Va gia tri nay lén gap 2, 000 lan gia téc trong trwong.

It means that these particles experience gravity which is 2,000 times stronger than if | don't rotate
them.
Cé nghta la nhi*rng hat nay chiu trong li'c 2000 lan Ién hon so vé&i tredng hop t6i khdng quay ching.

And so they will go to the side here.
Va vi vay chlng sé di vé cac thanh li & day.

But the glass itself is also 2,000 times heavier and therefore the glass can easily break so when
you design a centrifuge like that you have to really think that through very carefully—

Nhwng chinh thay tinh cting 2000 lan nang hon va do dé thay tinh c6 thé dé v vi vay khi ban thiét
ké may li tam giéng nhw thé ban phai thwe sy nghi vé diéu d6 rat can than - -

that the pieces that are in there don't fly apart.
Nhitrng manh & d6 khong bé ra tirng manh.

| have here water in which | have dissolved some table salt—
O day t6i c6 nwéc ma toi da hoa tan mot it mudi - -

the same table salt that you use in the kitchen when you prepare your food, table salt in here.



Céac vién mudi hét nhu ban ding trong nha bép khi ban ndu nwéng thie phdm, vién mudi &
day.

Here | have water in which | dissolved some silver nitrate.

O day tdi c6 nwdc ma tdi da hoa vao do mét it bac nitrat.

It's nasty stuff, | warn you for it, you have to be very careful because if you get the stuff on your
hands it burns through your hands very quickly without your realizing it and you end up with a
very black spot.

NO la chat ban, téi canh bao ban nhw vay, ban phai rat can than néu ban cam vat liéu tr én tay ban

né sé lam baéng tay ban rat nhanh ma ban khoéng kip nhan ra va sé dé lai mét vét den.

It really eats away, burns out your skin.
Né an mon, lam béng da ban.

People put it on warts and then the warts, they think, fall off.

Nguoi ta dat né trén mun coc, sau d6 mun coc sé run.

They probably do after a while but your finger may also fall off.

Chiing c6 thé run sau mot chéc nhwng ngdn tay ctia ban ciing c6

thé run.

So | have here silver nitrate and there | have sodium chloride and | mix the two.
Vay & day toi cé bac nitrat va & d6 tdi cé mudi va toi tron hai thir.

So | get table salt--

Vay t6i lay mudi - -



sodium chloride—
Na ClI

plus silver nitrate gives sodium nitrate plus silver chloride and this, very small white particles, and
you will see that the liquid turns milky instantaneously.

Cong bac nitrat cho NaCl cong Ag NO3 va céai nay, nhwng hat trang rat nho, va ban sé thay chat
I6ng chuyén sang mau giong nhu sira ngay lap tirc.

It almost becomes like, like yogurt, as you will see.

N6 gidng nhuw yao-ua nhu ban sé thay.

And so | want to show that to you.

Va vi vay téi mudn chi diéu dé cho ban.

| have here these two glasses.
O day t6i c6 hai li nay.

This is the table salt and this is the silver nitrate.
Pay la NaCl va day la AgNO3

I'm going to mix them.

Toi sé trdn chung véi nhau.

| hope you can see this.
Toi hi vong ban sé thay cai nay.

Here are the two glasses, and when | mix them...
Pay la hai li, va khi téi trén chang .....

[whistles]

instantaneously you get milk.
Ngay tirc thoi ban nhan duwoc sira.

[class laughs]
Yeah.
Vang.

I'm not asking you to taste it but look at it, right? Just milk.
Toi sé khong bao ban ném né nhwng hay nhin né, ding khdng? Nhu sira.

You can leave this for hours and hours and hours and it will just stay like that.
Ban c6 thé bd né hang gi®r va né van gitr nguyén trang thai giéng nhuw thé do.
Very small particles of silver chloride are in here.

Nhirng hat Bac clorua rat nhé & day.

So now we are going to put this in the centrifuge.
Vi vay bay gio ching ta sé dat cai nay vao may li tam.

| have to put it in a very small tube.

To6i phai dat né trong mét 6ng rat



nho.
I'll show you this small tube.
Toi sé chi cho ban 6ng nhé nay.

There's no way that | can pour that in without making a mess.
Khoéng c6 cach nao dé rét né vao ma khéng lam tao ra sw hén don.

Here's this small tube and so what | will do is | will first put it in a small beaker and then from this
small beaker | will transfer it, some of it, to this tube.

Pay la 6ng nhé nay va vi vay nhirng gi téi sé lam la dau tién t6i sé dat n6 trong mdt coc nho va tw
c6c nho nay t6i sé sét mot it sang 6ng nay.

When you put this in a centrifuge your force on this glass is so high that you must always make
sure that you balance it with another tube that you fill with water on the other side.

Khi ban dat cai nay trong may li tdm Iwc cla ban trén li nay qua I&n dén ndi ban ludn ludn phai
ch&c chén ring ban can bang né v&i 8ng khac ma ban ché day nudc & phia khac.

Otherwise the thing begins to shake like crazy.
Nguoc lai ching sé bat dau lac lw mét cAch ngé ngan.

It's like your centrifuge when you dry your towels.
N6 giéng nhw may li tam cla ban khi ban héng khé khan tdm.

If they are not equally distributed it begins to make very obscene sounds and starts to move.
Néu chung khéng dugc phan bd bang nhau né bat dau tao ra am thanh rat ghé gém va bat dau di
chuyén.

[class laughs]

And the same thing will happen here.

Va su viéc twong ty sé xay ra & day.



So you just have to take my word for it that we have put on the other side just some water to
balance it out.
Vi vay ban phai chl y dén goi y clia téi |a ching ta phai dat & phia con lai mdt it nuwéc dé can bang voi
no.
So here is now the yogurt and on the other side is plain water and we will just let it sit there for a
while and we will return to that shortly.
Vi vay bay gior day la yao-ua va & phia con lai 1a nwéc va ching ta sé chi dé cho n6 ngbi d6 mot ltc
va quay lai dé sau mot lic.
I mentioned already your centrifuge for your clothes.
Toi da dé cap dén may li tam dung cho do dac cla
ban roi.
That is the way that you can dry your clothes.
D6 la cach ma ban c¢6 thé lam khd quan 4o clia ban.
That is the same way that my grandmother dried the lettuce.
D6 la cach twong tw nhw ba ngoai t6i lam kho rau diép.
The water will go to the circumference.
Nw&c sé chuyén déng tron.
A household centrifuge for your clothes would easily rotate 1,200 revolutions per minute have a
radius maybe of 15 centimeters which would give you a centripetal acceleration of 200 times g,
200 times the gravitational acceleration.
May li tam & nha dung cho quan 4o quay 1200 vong trén phut cé |& c6 ban kinh 15 cm cho ban gia
téc hwéng tam la 200 nhan g, 200 lan gia tdc trong trudng.
So your clothes experience gravity which is 200 times stronger and therefore your clothes are
200 times heavier and therefore your clothes can tear apart and we have all seen that.
Vi vay quan 4o cta ban chiu mot trong lwc I&n hon 200 lan va do d6 quan 4o cta ban nang hon 200
lan va do dé quan ao clia ban bi x4o ddong manh va tat ca ching ta déu thay diéu doé.
We have all put in stuff in a centrifuge and when you take it out you're disappointed because it's
torn.

Tat ca chung ta dat do dac trong may li tam v a khi ban lay n6 ra ngoai ban that vong b&i vi né da bj rach.
That's because of the tremendous gravity that you have exposed them to.
D06 1a vi trong lwc khiing khiép ma ban da béat chiing phai chiu.
Many times when | take my shirts out, half my buttons are gone.

Nhiéu lan khi t6i lay 4o so mi cla tdi ra, ¥2 s6 nat khéng con nira.

That's because the force—
boé lado luwc - -

| shouldn't use that word...
Toi khdng nén dung twr do......

the gravitational effect on the buttons is enormous and they just get ripped off.
Anh hudng cla trong lwc [én cac ndt la Ién va ching chi

Now | want to revisit the situation that you are on the end of my string and I'm going to swirl you



around.
Bay gi0 t6i mudn xét lai trvong hop ban & cudi 10 xo va téi sé quay tron ban.

E_arlier, | swirled you around like this and you didn't like it and | don't blame you because you got
'(Ij'léjzt)rlL.r(yc, t6i d& quay ban nhw thé nay va ban khong thich né va téi khdng trach ban vi ban bi hoa
mat.
Now I'm going to rotate you like this.
Bay gi0 t6i sé quay ban nhu thé nay.
You may like that better.
Ban c6 |& cam thay diéu dé t6t hon.
Maybe not.
Cé 18 khong.
[chuckles]
And so, whether you like it or not I'm going to twirl you around and here you are.
Va vi vay, ban thich né hay khong t6i sé quay ban va day roi.
This is the circle.
Pay la vong tron.
There's a string--

CO mot 1o xo - -

you're here.

Ban & day.



Here's the string and there you are.
Pay la 1o xo va ban & dé.

You have a certain velocity.
Ban c6 mot van téc nao do.

Your velocity is in this direction and there is a certain distance to the center, R.

Van téc cla ban theo huéng nay va cé mot khoadng cach nao doé dén tam, R.

And so you need a certain centripetal acceleration to go around in that curve.

Va vi vay ban can gia t6c hwéng tdm nao dé dé chuyén déng tron theo dwdng cong dé.
So you need a centripetal acceleration a of c—

Vi vay ban can mot gia téc hwéng tam ac - -

which is...

you can take the v squared divided by r, if you like that.
Ban c6 thé 1y v binh chia r, néu ban thich céi dé.

This is the magnitude of that v.

Pay la dd Ién cua v dé.

Now follow me very closely.
Bay gio hay theo doi tbi chat ché.

Just imagine that this number happens to be exactly 9.8.
Hay twéng twong rang s6 nay ngau nhién dang bang 9.8.

| can always do that.
T6i c6 thé ludn ludn cé diéu dé.

Where is this person going to get the push or the pull from for this centripetal acceleration? Does
the string have to pull on it? No, because there's always gravity and gravity gives you an
acceleration of 9.8 meters per second squared.

Dai véi gia tbc hwwéng tdm nay, nguwdi nay sé nhan suw ddy hay kéo tr dau? Lo xo nay phai kéo no
hay khdng? Khong, vi ludn ludn cé trong luc va trong lwc cho ban gia toc 9.8 mét trén gidy binh
phuong.

So the string says, "Tough luck, | don't have to do anything.
Vi vay 10 xo ndi, “ That khéng may, téi khéng phai lam gi ca”

"Gravity provides me with the 9.8 meters per second squared that | required.” Now I'm going to
swing you faster, so the v will go up and so the centripetal acceleration will go up.

Trong lwc cho t6i 9.8 m trén gidy binh phwong ma téi can. Bay gio tdi sé quay ban nhanh hon, vi
vay v sé tang lén va vi vay gia téc huwéng tam sé tang Ién.

The string will say "Aha! I'm going to pull now on this person "because the gravitational
acceleration alone is not enough—
Lo xo néi” Aha! Bay gi¢ t6i sé kéo nguwoi nay vi mét minh gia tdc trong tridng khéng dua. —

I need some extra pull." So the string is going to tighten and pull on you.



T6i can kéo thém mot it. Vi vay 10 xo sé cang ra va kéo ban.

And | say, "Hello, there, in what direction is gravity?" And you say, "Gravity is in this direction."
Why? Because you feel the string is pulling on you in this direction, so you experience gravity
there.

Va t6i néi, “ Xin chao, huwéng cua trong lwc la hwéng nao?” Va ban néi, “ trong lwc la huéng
nay'Tai sao? Vi ban cam thay 10 xo kéo ban theo hwéng nay, vi vay ban chiu mét trong luc &
do.

Now comes the question, how real is this? This is very, very real.

Bay gi0 dén cau hai, diéu nay thuc té nhu thé nao? DBiéu nay réat, rat thuwc.
It is so real that if | took a bucket of water instead of you...

Va no6 qua thyc dén ndi tdi phai 1ay mét xd nwéce thay vi ban..

and here is the bucket of water.

Va day la x6 nuwéc.

| attached to the bucket a rope.

Tdi gan x0 voi s@i day thirng.

I swing it around, and | swing it around such that the centripetal acceleration is substantially
larger than 9.8 so the string is definitely going to pull so if you were the water, and | asked you,
"Where is gravity?" you would say the gravitational direction is in this direction and so the water will
say, "Okay, fine, then this will be my surface and | want to go in this direction." But the water
can't go in that direction so it will just stay there.
T6i quay né va tbéi quay noé sao cho gia t6c huédng tdm vé co ban I&n hon 9.8 vi vay 10 xo sé kéo dit
khoac néu ban & trong nwéc, va téi hdi ban, “ Trong lwc & dau?” Ban sé néi huéng cla trong luc la
huéng nay va vi vay nuéc sé néi, “ Vang, tot, thé thi day sé la bé mat cla téi va t6i mudn di theo
huwéng nay.” Nhwng nwéc khong thé di theo huwéng dé vi vay né sé chi & yén do.

So | could swing this thing around if | do it fast enough--

Vi vay t6i c6 thé quay céi nay néu téi lam n6 di nhanh.



so fast that the acceleration at this point here must be larger than 9.8—
gua nhanh dén ngi gia t6c tai di€ém nay phai lén hon 9.8 — -

the water will stay up while the bucket is upside down.
Nwéc sé & lai bén trén trong khi thung xudng du i bé mat.

How fast should | rotate it? Well, let's put in some simple numbers.
T6i nén quay né nhanh nhu thé nao? O, Hay chon mét sé don gian nao doé.

I have here this bucket and let's say that this is about one meter.
O day t6i c6 cai thung nay va gia st day la khoang 1 m.

Let's round some numbers off.

Chung ta hay lam tron mot vai so.

So R is about one meter.
Vay R khoang 1m.

And | want v squared over R | want that to be larger than 9.8—
Va t6i mudén v binh trén R t6i can |én hon 9.8 - -

let's just call it 10.

Hay cho né 1a 10

So that means v has to be larger than about 3.2 meters per second.
Vay diéu dé c6 nghia la v phai I&n hon 3.2 m/s.

The time to go around is two pi R divided by this velocity so this time to go around, then, has to

be six...
Thoi gian dé di mot vong la 2pi R chia van téc nay vi vay thdi gian nay dé chuyén dong tron phai

has to be less than two seconds.
Phai nhé hon 2 giay.

So if | swing this around in less than two seconds | will be okay.
Vi vay néu t6i quay tron cai nay nhoé hon 2 giay thi sé ok

Now, | realize that the speed when | move this thing around is not constant everywhere.
Bay gid, t6i nhan thay rang tdc dd khi tdi di chuyén céai nay theo vong tron khéng 1a hang sé
& Moi noi.

That's very difficult to do that, because of gravity.

Réat kho dé lam diéu do, vi trong luc.

But it's close enough to get an idea.
Nhuwng né gan li twéng

So if | rotate this faster than in two seconds when the bucket is upside-down if physics works, the
water should not fall out.

Vi vay néu téi quay cai nay nhanh hon 2 giay khi cai thung dado nguoc xudng néu tién doan dang,
nuwdc sé khoéng roi ra ngoai.



So let us fill this with water.

Vi vay chiing ta hdy dé day nwéc vao day.
There we go.

bay roi.

I'm always nervous about this.
T6i ludn ludn cang thang vé diéu nay.

Um, let's first look at the centrifuge.
Um, dau tién chidng ta hdy nhin b6 li tam.

We have to see whether the centrifuge has done its job.
Chung ta hay nhin xem bd li tam da hoan thanh céng viéc
cla no hay chua.

So let's look at what this tube...

Vi vay hay nhin nhitng gi trong 6ng nay .....

| think it was tube number four.
T6i nght né la 6ng s6 4.

Oh, yeah! Very clear is now the liquid and you see the white stuff here on the side.
Oh ,vang! Bay gi® 1a chét I6ng rét trong va ban sé thdy chat mau trdng & day & cac
thanh bén.

It's not too easy for you to see, really.

Thwc sw cac ban rét dé thay.

| put my hand under here.
TOi dat tay dudi day.

Maybe some of you can see some white stuff but it's no longer milk--

C6 18 mot s6 ban thdy mdt chat mau trdng nao dé nhung né khang con la siva - -



really a clear liquid.
Chat léng thwc sw rat trong.

Here you see some white stuff here but it's also on the side.

O day ban thdy mét chat mau tréng nhung né ciing & thanh 6ng

You can actually see it here.

Ban thuc sw c6 thé thdy n6 & day.

You see the white stuff because this was the direction of gravity so it ended up here and there's
some here.

Ban thay chat mau trdng vi day la hwéng cla trong Iwc vi vay né két thic & day va c6 mot it & day.

It is completely clear.
Hoan toan rd rang.

You see the white stuff? So that's the way that you can separate the silver chloride.

Ban thdy chat mau trdng? Vi vay dé |a cach ma ban c6 thé tach bac clorua

So now we come to this daredevil, daredevil experiment.

Vi vay bay gio dén thi nghiém tdo bao nay.

And we're going to see whether we can fool the water and make the water think that gravity is not

in this direction but in this direction.
Va chiing ta sé& thdy chang ta c6 thé Ira nwédc hay khdng va lam cho nwéc nghf rang trong luc khéng
theo huéng nay ma theo huwéng nay.

Now, you're doing the right thing, there.

Bay gi¢, ban dang lam diéu dung, & do.

[class laughs]

| don't blame you at all.
Toi khdng trach cac ban gi ca

[Lewin chuckling]

Okay...

There we go! You see the water is completely fooled and notice that | go around substantially

faster than in two seconds.
Ban sé& thay nwdc hoan toan bi Ilra va chi y rang tdi s& chuyén dong tron vé co ban la nhanh hon 2
giay.

And the water, when it's up there just thinks that gravity is towards the ceiling.

Va nuéc, khiné 1én dén doé chi nght rang trong lwc hwdng 1én tran nha.

Physics works.

Now, who is going to do this for me, too?
Bay gi0, c6 ai mudn thr lam khéng?

[class laughs]

Please, someone should try this.
Ai doé nén thtr lam céi nay.



You think you can do it? Come on, try it.

Ban nghi ban c6 thé lam né? Théi nao,

hay thor

In the worst case, it will be a disaster.

Trong trudng hop xau nhat, né sé la tai hoa.

[class laughs]

Okay, get some feel for it, but before you do it make sure that I'm out of the way.

Vang, nhan mét it cdm giac vé nd, nhung trwdc khi ban lam né hdy dam bao rang téi & ngoai
duwong.

But first swing it a little and don't hold it too close to you because | don't want you to get hurt.
Nhwng treée hét hay 1&c v né mdt it va khéng gitr né qua gan ban vi téi khéng muén ban bi
thwong.

Larger swing, larger, larger.

Lac manh hon, manh hon, manh hon.

Now you get some feel for it.

Bay gio hdy nhan mét it cAm giac vé né.



Go for it, now! Yeah, faster!
Bay gio, di theo néi! Vang, nhanh hon!

[class laughs]

That was very good.
rat tot

[class laughs and applauds]
See you Friday.
Hen gap th& sau.

[applause]



