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NEWTON'S INVESTIGATION OF THE OSCILLATIONS OF FLUIDS
(Blue Book pp. -32-39) . Co
Supplementary Notes '

(Experiment No. 4 )

Introduction
o ‘ | ) ‘
Like so many other-experiments .in the History-of-Physics
Laboratory, this one can be tieated at a level of sophistication
‘to suit the interests and capabilities of the student.
! v . )

At the simplest level, it can be regarded as a straight- \
forward exercise in observation, and verification of a proposed
"law". But the law is so strikingly simple it can hardly fail - -
to evoke some curiosity about its basis. A proposition that )

» engaged Newton's attention, and is worthy of a place in the

" . Principig can hardly be trivial. - It does, in fact, illustrate
the general principles of isochronism involved in what .came to
be known as '"simple harmonic motion" - a general concept which
was beginning to emerge in Newton's time, :

At a more.sophisticated level one can'examine, and test,
the nature of the.assumptions and appro%imations implicit in the .
idealired treatment, Such an inquiry will soon stir up questions
about' the essential properties of a fluid that must be recognized -
.and/or assumed in any attempt to anatyse fluid motion on mechanical.
(Newtonian) principles, | (There is no mention of '"fluid" in the '
familiar formulation of Newton's laws!) 1In a critical vein, one -
can ask how successful Newton was in his own treatment of the
subject; not only in this initial rudigentary problem - which he
- "solved" ~but also in’'the use he made of {t is subsequent devel-
opments.. And beyond Newton's own inquiries, there were others
that attempted to refine and geherali7e—Newton's_treatment; to
develop, in fact, the whole subject of hydrodynamics ﬁromJNewton's
_ somewhat haphazard beginnings. This simple experiment with oscil-
v lating -fluids may not be the most logical starting point/for an
exploration of fluid-motion, ,but can provide an opportunity to
perceive mdny of the subtleties that are encountered in/any thor-
oughgoing and precise investigation. Hydrog amics may have been .
- erected.on’ the firm foundations of Newtonian principles,but it was
~& long difficult and laborious task to build up the edifice itself,
And it is a task which-one cannot say is, today, finally completed,

The cq&fr&st between the developmentbéf classical "rigid-
body" and. fluid mechanics is particularly illuminating. . Both start ™
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out from the base of Newtonian particle mechanics: botﬁ have

to grapple with the problem of dealing with an essentially infi-
nite number of particles. But in rigid body 'mechanics one basic
assumption - that the mutual separations jof all pairs of particles
remains constant - suffices to reduce 'th ,apparently infipnitely
complex problem to one which is finite and tractable; and to J\f'
extent that the assumption is physically valid precise

answers can be given to precisely formulated questions, But in
fluid mechanics there is fio such drastically simplifying principle.
Such idealizations as rero-rigidity (essentially the definitipn '
of a "fluid"), rero compressibility and the absence of viscosit
~greatly help in limiting the range . of possihilities, but are far
from sufficient to close the huge gap .betveen the limited possi- .
bilities in one or two body mechanics, and the immense variety

of motions conceivable for a whole continuum, Even when the formal
and analytical problems have been mastered, there always remains

the problem of how closely the idealiring assumptions correspond

to the physical reality in a particular case. In fluid mechanics
especially, this may be the hardest questioh to answer.

Our-udderstanding of mechanical prinpipleé starts out from -
the -experience of solids (or solid "particles'), 1In a world without
solids, could our knowledge of the laws of méchanics even have been <.
acquired? And in a world without f}gids would we ever ha¥e dis-
covered the ingufficiency of this knowledge alone in’ the face of
the real compLZiity of nature?(lz '
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, The sagacious Dr. Thomas Youﬁg writes (in 1807)":

I1. " Historical

r

7 : A ‘\
R ' "It must be confessed, that the labours of Ncwton addcd fcwcr mprove-
- ments to thic doctrines of hydraulics and: pneumatics;, than to many other
- departments of science; yet some praise is undeniably due both “to his com-, -
~ putations and to his experiments relating to these ‘subjects. No person ' .
before Newton had theoretically investizated the velocity with which fluids
are discharged, and although his first a empt was unsuccessful, ‘and the
method whigh he substituted for it in his second edition is by no means-free
8 from objections, yct citheyjof the determinations may be considcged in some
: cases.as a convenient approximation ; and the obscrvation of the contrac-
' -tion of a strcam p'x"smwthrou"h a simple, orifice, which was then new, SN
© serves to reconcile them in some measure  with cach other.  is modes
of considering the resistatice of fluids are far from being, perfectly just,
yet they havc led to results which, with proper coxrcctlons, are toler rably
(. accurate; and his determination of the osclll.xt!om of flurds, in bent tubes,

- was a good beomnmg of the investigation of their altcmatc mot:ons in

——

sgeneral. (2) )
. . . ) \ Is :
N ' - & ) : .
Newton is a good yardstick by which fo neasure the progress
and problems in any field of physics., "~ In his Hydrodynamics we are
+ struck, in Samuel Johnson's style, not by how well or badly he

performed; but by his attempting the matter at all. We can admire
the superb skill and confidence with which he reduces one problem
after another tp its elements and then provides his elegant solu-
tion; we are astonished by the. recurrent flashes of insight which
enables him to penetrate complexfties And ‘invent some simplifying
pridciple; and we are flabbergasted at’ times, when in some bbld (or
desperate?) maneuver to réscue himself<from difficulties, he makes
some wholly unwarranted -assumptiom or discards the very
principles |onwhich his whole philos y is based. His mistakes
.like his' achievements, are in the grand style' Yet most purvling
is the enormous effort he devoted tq this work: and the promifence
he gave it in the Principia. It's dijrect antecedents are hard to

VA find. There was no public debate and'lengthy correspondence in’
the Philogophical Transactions of the Rogal Society as there was

¢ ‘for his Optics; no record of his lectures on this subject at

-Cambridge; no elaborate legend of long-hursed, ideas as. for his

e gravitational theory. .As late as January 1687 - the year of the

S




publication of the Prineipia = the members of the Royal Society
were still unaware. of the extent of Newton's hydrodynamical inter-
ests; for ‘

~ "Concerning .the resiqtance of thefhediumto bodies
N profectéd through it— as likewise to. the fall of
-bodies" p .
- . ™~ .
)
the, Society ordered: : _ N .

"That-Mr. Newton be consulted whether he degigned
to treat of the opposition of the medium in it to
bodies moving in it in his treatise De Motu
Corporum then in. the press..."'(3) (

lhough Newton's hydrodynamics appeared to emerge suddenly‘
full-grown in the Principia, the reasons for his congern with
these matters certainly has deeper roots. The:Principia wds notlv
l?qt a new book on mechanics: it was a complete formulation of
the mathematical principles of natural philosoplly ‘and a new system
of the world; not just an extension of - existing science, but a
complete reformulation Very much in theé spirit of the time,
it was essential thereforé for Newton to refute prior phiLosophiqal
systems which his Principia sought to replace.\ For Newton the -
heir-presumptive, the-occupier of the" throne,was Des Cartes,
b . Whether mentioned or not the Cartesian doctrines were an obstacle:
" in Newton's path and here in the Second BookYof the Principia,
Newton directs his attack on the central feature.of the Cartesian
system - its fluids and vortices. Some, at least, of Newton's
contemporaries- recognized the thrust. Halley's keview of the lst
'Ed7tion succintly puts the matter thus: ' ' :

"From hence 1is. proceeded to the undulation of Fluids
and Laws whereof are laid down, and\by them the Motion
and Propagation of. Light and Sound are explained The
last Section of this Book 'is concerning the Circular -.
Motion of Fluids, wherein the Nature of their Vortical
. Motions is considered, and from thence the Cartesian
Doctrine of the Vorticals of' the Celestial Matter
carrying with them the Planets about the Sun, is proved
to be altogether impossible.’ T 4) : <

This alleged refutatioh of the Cartesian doctrine of vortices
is a passing episode in history. Of more las'ting significance is
the seminal work e hydrodynamics itself, and the manner in which '
Newton's opposition to DesCartes influenced his attjtude in. other
' scientific iSSues ;. and thereby the course of the history of physics.
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Two great monumentq stand to Newton's contributioh to
: ~8clénce: The Principia (1687) and Opticks (1704); it is natural'(

a -

N and commonplace enough: to contrast these. works in their method, g

~ ' style, origins and influence. The Principia, written in Latip, 1is

‘ formal, austere, mathematical and for the most part deductive;

Its mechanical laws, though in- principle based on experimerit and
.observation, are gertainly not exhibited as the results of Newton's "

. own experiments or inductions from his:own observations. The ,
Opticks by tontrast is written more® colloquially in angligh; it |
narrates in.full’ Newton's own experimental investigations and in ;

“its inferences, formal ﬁathematics ks generally eschewed. The’ N l
Principia diqplays the great’ mathematical philoSOpher the OBticks :

’ the superb pracLical experiménter * Both display Newton the Thinker, \

' One, if. pot ope and the same, Newton, striving ultimately to treate ,

a completq natyral philosophy which wlll embrace, or at least, : ’ l

|
i

reconcile; his mecHanics, his optics and his cosmology; and pre-
/ - paréd, or compelled, ultimately to make compromises to this end:
to conjecture where experiment does not convince, to postulate
what cannot be proved, and even to overlook what cannot be understood,
o
~ Yet by-and large, we treat the twoJNewton books, his mechanics
and his optics, as separate, , The former we acclaim an unqualified .
‘achtevement, perhapslihe greatest single step forward in the history

.
A}

- of-science, Fowar¢9 the lafter, our reaction is ambivalent; the
\ _beaut1ful prerln "we a mlre but to Newton's infelences and )
his "stubborn" rence to partlcle theory" we commonly attribute

a stult1fy1ng 1nflu nce on the science of(ptlcs There' is a Good .
Newton and, if not Bad, theén at least a Dangerous: Newton .

?f " .In Newton' @ fluid- mechan1c§’(Book 11 of the Principia) the _ i
two Newton's are' to be found inextricably interwoven, Here the '
: .. dichotomy cannot be maintained - or even pretended. The two
) cerchral Wemispheres Eave to work togethﬁr. Format theorizing,
o and practical experimentatiom, rigorous deduction and uninhibited
" speculation, acute observation and (careless?) disregard for facts
'jollow in a rapid succession of seemingly wanton abandon, If ghe
tyle is., at time,- formal - cast in the. rigid pattern of Theorems,
Y . 7Propbsitions and Lemmas - - the argutients are anything but rigorous
But Newton's destination is -~ for himself - quite c1®r; and he is
determined to reach it by whatever path. And astonishingly some
" of the most extraordinary achievements - for example the "theoretical"
ingerpretation of .the velocity of propagathon. of sound - emerge as
evidence of the power of his remarkable genius,‘!even in this con-
fused territory. Book II of the Principia offers us .a fascinating
view of Newton ‘which lies between his mechanits and optics, and
through which are diffused attributes of both - indeed of the whole N
"vast range of Newton 8 philoséphy On the two firm Qillars of - C

\
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mathematical reasoning’and experimental observation he strives
to throw a complete, connected arch. It is a .perilous structure -~

he erects - lacking the stability of either of its foundations, i
But it certainly indicates the magnitude .and direction of the®

future tasks. : . ’
" . k] . !

(For further comments see: 1) by C.Truesdell , Appended p.‘XII,
- o o 2) by the writer, Appended p. XXII,
: : ) : '3) J. C.- Hunsaker, on'Newton and :

Fluid. Mechanics', Appended p. XXVII. {

L

. ’ . .
- . \ ‘ \
Referques in Text '_///A\X

1) c.f. William Whewell, History 6£ Inductive Sciences, : ‘
Vol. 2, pp. 116-120, ‘London, 1847, : . !

X .
¢ 2) Thomas Young, Natural Philosophy and the Mechanical L ,
Arts, Vol. 1. p. 357. London_1807. ;

-

3) Birch: History of the Royal Society. (1756). Quoted . }\ o
- in TIsaac Newton's Papers and Lette®rs on Natural Q

Philosophy (Ed. I. B. Cohen), p. 491, Harvard, 1558.

- , . G _;

_ 4) Edmund Halley's Review of the Principia .xPhilgsogii- )

=~ cal Frgpsactionq (291). 1687. Quoted in Ref. 3), &
p 409 : Y ) ‘ . ‘
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111, Newton's Investigatjon of Oscillations

The particular part of the Principia of interest here is . “ /'
Bogk 1I, Propositions XLIV to L (Appended pp.EFXD). " '
]

~ After a discussion of the‘propagation through fluids generally,
Newton enunciateg his theorem for the oscillatiohs of water\(sic)
in a U -shape "canal or pipe": Proposition XLIV, Theoreg XXXV,

There is go,indication that Newton arrived at this theorem.
as thesw.result of actual observatian, or that he experimentally
tested the validity of his Théorem, nor indeed of any of the
‘assumptions or approximations which might limit the exact agree-
ment of theory and practice. The pipe is shown in 'idealized
fashion, igpdicating a uhiform\\ross section; but with sharply angled
bends which could hardly correspond either to a practical arrange-
ment or that most likely to justify the ideal fluid motion which .
is tacitly assumed. Tt seenfsthat at this stage Newton has complete
confidence in his analytical ability:" confirmagion of his theory, ’
or the mention of 1its confirmatibn)seems superfluous, (Matters
ate quite different a little later on!) ‘

Newton's proof" is concise and quite elegant It is based
simply on an.analogy bétween the isochronous motion of a cycloidal =
pendulum (which-is for all practical purposes equivalent to a
simpla pendulum of small amplitude) gnd that of the fluid/. Th
both casés the force restoring equilibrium is proportional to the
extent of the deparfhre\from equilibrium, The proportionality
(i.e. the ratio of the force to the mass -~ which Newton refers to

"as the !'weight"!) for the pendulum is expressed by the*ratio of
the displacement to the length; as Newton has shown in an earlier -
part of the Principia (Cor. Prop. LI. Books’I.), The corresponding
~ratio for the fluid ‘oscillations is twice the displacement to the
whole length of the fluid columr (assumed uniform and in uniform ' ]
motion). Hence it would be the same for a pendulum of half the 5&
length of column (Q.E.D, ')

Immediately following this Proposition is the Theorem
XXXVI concerning the velocity of waves on. the surface of water -
(seeApp. I-V). Newton procegds with the scantiest of indication
of the actual circumstances in which his theory might bé, applicable; = |
justifying hisemmmaceedure only with the casual observation that S
"the alternate ascent and descent will be analogous to the'recip- - - .
rocal motion, of the water in the canal'. Proof by analogy! There
is some ambiguity in his terminology ("one-oscillation" seems to !
correspond with oneé-half of a complete oscillation) : His’argument
and conclusions can be rephrased thu9° A

¢
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The equivalent U -¢éube
extends from one wave crest
"to one trough, It seems to
be assumed (inter alia') that
the height of the crests and

tﬁpughs fg.very small compared
-with the \‘klength, A ;. and

that therefore the ”equivalent” pipe is ope o ength N2 -

The isochronous pendulum will then be of 1ength'“A4 and
have a period, ST, o m/axj

The wave (phase) velocity % 1is then:

Py Mos wiAg

‘This expression is exemplified hy Newton's nuJerical example,
No comment is made on its consistency with observation,

That, V OC\V\J 1can be deduced from dimensional .afflalysis
alone; assuming that there are no physical factors other than
’grav1ty and inertia, and no dimensional features ("infinite" depth
"and no lateral boundaries)’ Later more realistic theories consider
both surface-tension and gravitational sources. of energ and deal
with the case of fipite 1atera1 dimensions, - For very qiort waves
(ripples). it is the surface energy which predominates and Newton ]
theory 1is wholly inapplicable] ©

. . One wWould be surprised’ if Newton's analogy gave the correct
numerical value for the velocity - even when the physical condi-
tions .are appropriate. Indeed it does 'not., The "correct" theory .
for these 1ong'waves gives YWiZw - 47(3 , whieh is about 25%
higher than Newton's value, Perhaps one should be agtonished hd@
close Newton came to the truth! . .

- *

From oscillations on the surface of water (an "incompressible
fluid") to oscialltions in (elastic) air (Theorem XXXVIII ,App.p.V.)
is Bnother great step forward. Newton's demonstration of the ‘f,

 unmodified- -propagation of-the wave-form in an elastic medium, and
his calculation of the velocity of sound\I““eir seems, to the'
present-day reader, a tremendous tour-de-force, Using arguments

. similar to, but’fa; subtler than that used for. the (J -tube oscilv
lations; (with no.formal calculus, no’differential equations! ),
'\demonstrates that a simple harmonic motion (represented by the pro[

jection of- uniform circular motion on a line) of each infinitésimal
segmeng of the medium ig consistent with the physical conditions
in which the pressure varies inversely as the volume, (Newto? refers

N
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L T
throughout, to the Yropagation of "the pulses'; but it 18,-of
course, simple sinusoidal oscillations of each particle, i.e. a
wave motion of a single frequency, that he is dealing with, Thc
o " "pulses" refer fo the motions of each Infinitesimal segment.)

He eventually arrives at the result that the velocity of propagaﬁ\ )
tion of (lonhitudinal) compressional: waves is equaly toem (?lqstic

compressibility of the air/ dengity of air]”f NufWically he :

finds thig vgJocity ' ,18 equivalent  to: _ y T ‘

. J‘ - ) ’ “‘
% ‘ . Vg = 2w (H/Ty), :

o ‘ | «
' where H is the height of a column of air (of the same density as =~
that through which the sound is propagated) of equal weight to
the barometer height, and Ty is the period of a simple- pendulum e
(an isochronbus cycloidal one, for’ Newton') of length H. '
l -

~In moderﬂ Lermgnology we would write for the veLocity bf

SO‘IL}(l 7 'i-‘-.. ’ : e, I._ W "‘. ‘\\vgﬂ'&) ‘-.“'."J “ '_ ) . o~ ""‘-.
- - Eiad . K./ﬁ . EEERERN . 3 Vi v'\* ._.;’ . g
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where K is the elasticity of the air and jo its dEnqityo-;";'*

-

For ilothermal compreqsion and dilation lwhich is w&ht

Newton tacitly assumes) . uﬂ
- ' Y

o

and with.‘ . P”:‘_fg_r"H | ‘_ e - . H
then i - VS s VJH * ¥

We obtain Newton's result: ‘Vg = 2rr("/fh)

P

. / Newton quoteé the-values'26}?%k'ft; for B (compare 27,800
for dry air at 15°C); and Ty = 190% ."(equivalent'tog = 32,2 ft/sec
- and thue \é - 979 ft/sec I S :
/
Compared to the experimental value ‘(Sauveur™ standing ‘waves

in pipcs) of 1142 ft/sec, the agreement is none too good! ' But
Newton's imaginative resourses are not exhausted. Even if it means
‘jettisoning his most.cherished princ ple - that forces act between




beed N hend '8

y A - .
N Aximmutable < he-is détermined to make theory and* experiment meet,

- With his incrediblelnotion of the ”crassi&ude of the particles"
(See Appehdix p. X3 e.f. also- pXV)andNSQQ ditional patching
ap' by. appeql ta thbgnfistpre vapour in the ai , he manages_to_
produce a theoretic value - 1142 ft/sec = identical with expers
& {ment This wild conjecture is, -of course ,. utterly wrong. It -
v -« . is the implicdit use of iscthermal elasticity ‘(proportional to o
= from the "law" pV=donstant) rather than:its. adilabatic value ( ¥p)
B that leads to the discrepancy with Lhep(y ‘Newtonis analysis of
. the propapation of sound. is essantially correct wit
- work., As LaPlace commented one hundred years later:\'"His Lheory, S
although,imperfect; is a monument to his genius, "

the ultimate parLicles which are themselves hard solid and ' .j
|
i

e
)- - In a few Pages of the Principia we can span the whole range
of Newton's-remarkable work: f{rom an dssured mastery in applying
his~formal, logically worked-out theory to the bold exploratory
SpeCUlatlons in a-domain where great 1magination is as signif?ﬁ\ka\

cant as logical andlysis. " His analysis. of the U - ~tubesproblem L
- lies mnicely 'as a link.between' the txp. , ) y .
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v, - Daniel Be;ﬁoulli's Cenéqglizations

We returnto Newton's treatment of the U -tuye’ 9scillations
as a problem ‘in hydrodynémibs. Apart from the id alization of a
""perfect! incompressible, frictionless. fluill, thére is the impli-
cit assumption that all _parts of the fluid system move together
harmoniously, that is to say, the relative velocities of differ-
ent parts of the fluid remain constant throughout the motion.
" The kinetic energy of the.“fluid can then be written as AvZ
the ‘product of the: square of the velocity of any convenient
~part (e.g. the fluid in the. vertical 1limbs) and A a constant of
the whole arrangemént. Since the P.E. is proportional to. 5
the square of the displacement from equilibrium, sz, this ensures
‘that motion is simple~-harmonic, and of period T = ZTTJA/B\ .

Daniel Bernoulli in his Hydrodynamies (1736) attempts to
generalize the argument beyond Newton's ‘example of g U -tube of
+ uniform bore and vertical limbs: first to a uniformﬁpipe with
sides inclined to the vertical, then to a more general arrangement
- (See appended extract ftrom Hydrodynamics; pp.XVI). Bernoulli's
treatment of the problem is based on the principle of vig-viva
(or "live-forces'as it is. translated!) whose modern counterpart
is the .energy principle, .The nature of Bernoulli's "sBltEibn",
. which is somewhat buried in his elaborate notation, can be illus-
.trated by a slightly more speckfic example, We consider a pipe.
-~ of varying cross-section, which is nevertheless constant at each
' fluid surface over the full extent of the oscillations,
> The potential égargy'is then:

l

!
»

ﬁ; apd since the fluid is assumed incom- | é
-+ pressible; ajx =apx,.

.
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If the fluid motion is assumed to be

evérywhere parallel to the "axis" of

the pipe, so that for each element of

len §¢ having a cross-sectidn d, the. :
: : 2 S

K.E.can be expressed as: % payvy<fr .-

the total K.E, can be expressed thus:

K.E, = %ﬂf}%1;12<[ﬂ
‘ 3-- 5}]8; (al/a;-fq)zjﬂ | con
-=%¥pa2 2.1/ %F
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a=1./) a, {s a "mean' cross-gection over the whole length L.
© Now {f the pipe is not -uniform.the value of & will change as the
pasition of the fluid-changes, (the limits of the integral for
. the K,E, over f{_chﬁngéf);but for small osecillations — B -
a1x1 (782X2)(<3\L - _I

»

% can be assumed congtant; and the K4E, X x124

N -

From these expressions for K.E, dand P.E, we than have for

. period: ‘
2 a182)/ed (aC0s8 | 4 ay1Cos0 é)} o
o AL U s U :
g 3(aoCos8 1 + a1Cos6,7) ;o

(which of course reduces to Newton's result for 81==‘82==g,; 9139230)
The above limitation to small oscillations is simply a con-!

sequence of the geometry of the pipe. But even if the pipe is of
uniform cross-section, there is an implied physical assumption that-
the pattern of the flow stays constant, throughout the oscillation,
But since the speed of the: fluid flow is_varying (approxihately
sinusoidally), the Reynold's number is changing and the pattern
may well be different in different phgses of the motion. If this

- is so the conditions for simple-harmonic motion will not be satis-

' fied.. The ‘isochronism of the odcillations, for different' ampli-
tudes, is then dependent on both factors - the geometrical and the
physical. This can, of course, be tested experimentally,
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\ , 'Damp{ng>of the Oacillatioﬁ; ‘ \

Neitler Newton nor Bclnoulli discgg; the damping of these .
oscillationg (fnittionless fluld) Proyided this is small  °
erinh))Lroscill), the e‘fect on the frequency will Be small
e order:(Togeill damp)? ). However as the oscillattons
ie down, bobth-the frequenay and the damping may change; the.
formér [or the reasons already given, the latter because the
pagkern of the flow and the relative significance of viscosity
and turbulance may change.

A separate study of the damping does reveal that the de-
crease of amplitude is not precisely exponential The departure
from exponential damping will of, course depend on the siée/shape
of the pipe and the nature oT the fluid: for example sharp ”corners”
will introduce relatively large Reynolds' numbers: V - f/dq
(N .-1is viscosity, and  density of the fluid: V and d respECtively
the characteristic velocity and transverte dimensions of the fluid
motion): Or the fluid velecitjes which range from zero to some
maximum value {n each cycle, may, ‘egpecially near the angularities,
pasq Lhrough the critical value where the nature of flow changes

"abruptly'",

IS I



] . \/—-\/

VI. o l ExperiﬂGntq ..
R ;. 1. The apparatus (for details see . pplGBO comprises several )
U -tubed of various shgpes, some with (colored) water others ith

mercury. The larger-boye U- tubes are suitable for water, and ‘may
.be filléﬁ with varying/amounts, One U-tube is mounted on a sep-
arate _board which may be orienLed at any desired. angle to the
verticnl Oscillations can be stimulated easily. by means of the
, small pneumatic bulb, The simple pendulum alonggide the U- tubeq

may be readily adjuqted in 1engqh N
2. ~Start with a U- Lube wi 'vertical sides, Set the pendu-

~3

lum oqcillatinb (small amplitu e') and then set up the oscilla-
tions of the liquid in the UJLube Notice, simply by eye, which
¢ oscillation is more rapid; then adjust the length of the pendulum
' and repcat the observation, "Measure the length of the pendulum
. which seems closest to iqoohronous with the U-tube oscillatiqss
\
Measure the-overall length of the 1liquid column as accurately

as you can - along the "axis" of the pipe. With this pendulum

~ length fixedy examine the isochronism for various amplitudes of
coscillation of the liquid ia the U-tube® Verify that over~a
limited raqge the oscillations are isochrbnous

3. A mOré precise method of matching Lh9 pendulum and liquid
oecillagion periods is by counting ‘beats’. "When the two oscilla-
_ tions are not quite isochronous, one can watch the oscillations
start b& being in step, then go out of step, then come back into
step. /’Count the number of pendulum oscillations (n) for one such
cycle. By tabulating n - or better 1/n - for different pendulum
1engihs (and denoting n a3 positive/negative according as tg
pepdulum is faster/slower), one can easily interpolate to egtimate
the pendulum length for which 1/n is zero - -which is the condition
for isochronism,
/ - /
/b, Repeat these measurements for several different amounts of
/" liquid in the U-tube, (Note: it is easier to add water, than tQ__.
/7 remove it.) Tabulate your results: '
' 1) Length of water column . ’
. ‘ ii) Length of isochronous pendulum’
- 1ii) Ratio of ii)/1)

N :  5. - Repeat the measurements for the U-tube 'with mercury (Do NOT

r————

attempt to change the amount of mercury in the tube! ) Compare
the result here with those in #4,

-14-
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- 6. ' Compare the iqochrOnoug pendulum- 1enthq for two diﬁ@erent

Luh@ of the, qort ‘\ .
“\ - . l_{ and ‘___.J

¢ . . - N . . RN

~
*

}

7. Decexmine the 1sochrohouq pendulum len5th for the tube of N

’ Lhc sort: AR N
and \\u// ' :
8. Determing the isochronous penﬁulum lengths for the U-tube
which‘can be rotated with a-constant amount of fluid, but for _,
\ _ different angles of orientation Tabulate:
- ! 1) Cos@ (O is angle between 1limbs -and vertical)
' ii) Length of the isochronous pendulum L
/ iii) 1/L
,-I
+*  What do ydu notice?
o - ., ' M
< 9. "Additiofhal investigations may be made of the damp of
the oscillations for both wqger and mercury, -
. ._ N ' ey .;.“ .,..“.n.;,.“_.m.w.N...,.,...;-,,..wmﬁh_.",,_,,,.,m
f " ’_:’3 " ‘< . ,-
B . :\x -~ . ?. i
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.VII. " x°  Some ,Q“C_’Stions ﬁ A

1. Newton states the theorem for-water. - Do yo»rfind the qame

theoYem .true for mercury (which is nearly 14 times. denser

~ than water)? Explain - tn wordg! - why the density "W the
fluid- does or doeq not, influence the period of oscillation,

2. The oscillations ‘are strongly ”damped” - How would-. you expect’
this to depend on the bore of the U-tube? Why are -the U-tubes
uqqe for water of larger bore than thoqe usegd for &ercury7

3. Would Ncwton S theorem Ee va11d if the bore of the U-tube were
.not constant throughout its 1ength7 If the limbs of the U-tube
weré not-. stralghL?

« . A

4
4. Suppose a hybrid system -- as shown -- were used (Do NOI
attempt to reproduce this system in the 1aboratory ). What
would you expect to be the lengtﬁ of the isochronous pendulum?
\

A —
™
,U*

merevry N\

5. Can you give a simple interpretation of the oscillatlon

‘ period when the U-tube was not vertical? ) :
6. With what accuracy havé you verified Newton's Theorem and
how accurately do you think Newton might have verified ie?

7. Do you think Newton was sufficiently confident of his theo-

~ pvetical analysis not to concern himself about aﬁ experimental
verification? 'Verification of this Theorem might have been
regarded (at the time) as a test of Newtonian Principle
Would it have been a particularly severe or crucial t t7 )
What particular features of Newtonian theory would be tested7

(c £, question #1 above)

AL
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10.—Understanding Physics Through Its History. By Samuel Dovons, -
F.R.S:, Deépartment of Physics,. Columbia University. (Witlf' 2

text-figures) ' «, - -
. . N . . . I N ]
4 . .o ’ l /‘ ) .' ' .~ - . - A
L 4 _ ¢ T - -o . - q’ . R ‘
Itis a 8 tribute to Professor Norman Feather: My recol-

great, pleasure to join in-tl

Icc(ion‘s of him sttcuchcr, N'icn\rdnd co.cuguc extend back ncarly Jorty years. 1
recall attending, as a Cambridge undergraduate, his lectures on ‘Propertics of Matter’
(what an agc§aic and nosmlgic flavour that title hasynow!); and hearing him describe
his pioncering experiments on the properties of the ndutron. He was my doctoral
thesis examiner; and later when he was Editor of the Cambridge monogriphs, it was
at his suggestion, and with his help and cncouragement, that I nlade my first essay
as an author. 1 was privileggd Jo succeed my former teachers, Professor C’D. Eilis

and Professor Feather, at Trinity College; and in the 1950s 1 was regularly and warmly \

welcomed at Edinburgh, the ambivalent benevolence of my role as ‘External Examiner’
notwithstanding,. ‘ :
") My modt recent contact with Professor Feather has been one of which | ‘may be
M unawarc—consulting his engaging series of introductory surveys of the priseiples of
X(muinly) classical ppysics [1]. There is the recurrent implication in the treatment of
many topics in these Books, that an understanding of science is,-or can be, enhanced
Hby some kndwledge of its historical devclobmcm. This issuc is not forcibly belaboured ;
but the conviction is quictly and characteristically affirmed, both by example and by
the modest declaration.of purpose, to present ‘a carcfully told story, starting at the
beginning’. It is on this matter of the function and value of ‘history’ intecaching or -
learning physics, and on a particular way of introducing its perspective in the labora-
tory, that I would like to ofler a few comments, and an illustration.
Tt is not my purpose to cxpatiate on the value of studying the history of science as
,2ameans of understanding the function or limitations of science, of scicnee as a part or
a productypf cvolving culturg, or the role of science in cqntcmporury'civvi_\lisation. No
one scrioysly contends that for an understanding of these general feattires of science’
as a whole, some knowledge of its history is not essential. What is moré&debatable—«-
but less frequently debated —is the value of explicit historical studies for the under-
standing of a particular topic in scicnce itself’: its pgesent structure, methods, range and
concepts. Amongst those who tcachg‘_physics there is a fairly marked cleavage, in
practice and in precept, between those who adopt ‘the formal-thcorcticﬁ‘, largely
deductive and often mathematical approach, and those who take a more phenomeno-
logical, inductive quasi- (or pseudo-) historical path. Since physics is not-—cven today
—Q wholl); deductive science, and certainly not a totally empirical one, both approaches
“nare valid, but neither can claim to present a compléte picture. But many will assert
. that in its present state of maturity, physics cdn largely dispense with the historical-
inductive approach. And judging by most of today's textbooks, they'do juyst that. I
““3' no basic quarrel with this decision nor a desire to convert those who have taken

-
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R]C}1do ask whether the student, who receives all his instruction from teachers-of - lab?mmf)’. it see.mcgi
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* this persuasion, is rot being deprived of some opportunity to cnhanc‘o his under~
§txnxu(li||g of tlie subject 7 Might it not be that if the subject were, even occasionally,
tlluminated fram a differént direction, the new perspective and bolder relief \vofle.
enhance the value of what is already learned 7 - ’ -
: I have elsewhere [2] claborated Yhis advocagy of an occasionally-different viewpoint
in stadying physics, and particularly how this might be acgomplished in an experi-
npental laboratory. The association of history with the labomlory,~ rather than the
Igcture rogm or library, is usually regarded, at the outset, as rather accentric.. But
why's’hou.ld it be so?.After all, it is cxperiment and observation thay constitute the
empirical-phenomendlogical component of physics and it is this aspegt~which is so
cloge to history. Morcoyer, new ideas as well as new facts arc often born in thé
laboratory; and it is by examining them in their nascent state that thelr fuller (and

- later) meaning can often be better understood. Itis not simply a question of stucdying

how physics was created—as distinet from what it now is—but rather by re-creating
one may understand better what has cVolved. The standard counter to this argument
18 that life is too short to retrace ¢he whole evolution of ideas, concepts and theories
of a subjegt with suclr an immense histor as physics. And the bcriodical reassessments
and rcformulations of the whole structire of the subject, in which older ideas are
absorbed or discarded, and whicly historically have o¥curred from time to time‘make
all this unnccessary. This atgument would be unanswerable if ‘it were possi,blc."lo
present the whole contemporaiy conceptual framework of physics, awith all its sophi-
stication, to the beginner starting ot to master the subject, But in pr:lc(icc.(lldrc are
steps to be taken on the widy. Simple Meas and simple matters {or what are portrayed
as su.ch )] h'nvc ¢o be presented first. No one, no matter what his approach, starts out
b.y ,(ilscussu\g the problems of contemporary physics: invariably onc begins with
siipler questions, most of which were studied; and resolved, in the past.

Al'l experimental laboratory in which the viewpoint is explicitly historical has one
cardinal @dvantage over other historical approaches. One studies the phenomena
Ill']‘d the phenomena never lic; nor do the phenomena themselves change with timc.’
Of conirse, thc‘phcnomclna which Are studiced, those which-command the attention of
the exploring scientist, change dramafically. But a student faced with experimental
phenomena which have puzzled scientists, whether of 100 or 200 or 300 years ago, is
fuced with a physical situation as ‘real’ as it ever was. If, in his attempts to imcrp’rct
and understand what he obscrves, he adopts a consciously historical approach, it s
on'ly in so far as he does not use concepts, instruments or techniques which di(,l not
exist at the ‘limc, and which perhaps could not have existed prior to the elucidation of
th;,\.problcm he is studying. In experiment, observation and interpretatjon, history and .
logic are not so disjoint as one might imagine. And as with any more orthodox
approach to a physical problem, some background, g;lnd a basis from which to start
niust be assumed and provided. Here it js the historical-scientific context which pr i
vnfle§ this basc for a particular experimental enquiry; and the enquiry is an cxcrc&. N
‘wnhm a specitied framewor'k. If it be argued that such a framework js ‘unreal’ mean-
ing not the full context of contemporary physics), then we might ask which ‘exercises’
are not so defined ? Solving some problem involving point masses or infinite conduct-
ing planes is not less ‘atificial’. o -

When, three or.four years ago, a start was made on such an historical-experimental
obvious that the most appropriate would be some of the ‘great
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experiments’ that we pow regard as the landmarks in physics. Many such exptriments,
for examplg those z.l_sshc_'i:ncg{}vith the names of Gilbert, Newtay, Frankling Coulomb,
Ampere, Faraday, Joule, Hertz, ete., have been reconstructed, ind do indectl provide

excellent exercises both in cchrimcnkund in interpretatndn; agd when performed
with a proper knowledge of their historical context, also provide insight into

how physics comes into being, gs.well as what it now is. But that is not the tssue at

. ~o » *. v
stake here. Pxperience soon demonstrated that not, only the famous experiments but.

many others- -some famous, some forgotten, sgme suceessful, some failurcs-—stepping
stones rather than mile-stonces in the development of physics, can be equally illuminat-
ing when repeated in the proper historici context. In brief, cvery experiment is pre-
sented as a probfer: Can it be understood in terms of pr‘c-cxisling concepts and prin-
ciples? If so, how? If not, %ncw concepts and principles aré-suggested ? This is
n matter of siow physics workst And if adoption of a deliberately historical approach
rarcly fails to cvoke the question of why a particular problem orphenomena is of
in\[r\csl at all, who woiild be so churlish as to deny that this, also, is part of one’s
understanding ? ' : : -

The cxample that “follows, one of the more clementary ones in Sur history-of-
physics laboratory, is illustrative of only some features. It is certainly not typical: in
fact, experimerits in mechanics, as a class, Tarely are. Classical mechanics has its Toots
‘hore in observation than in experiment ;.50 that most such laboratory cxpcrilhcms
tend to be illustrative rather than exploratory. In this case it is not even certain that
the experiment was ever performed by its illustrious author. But it surcly marks a

o

theory wirh experiment which is g from trifling. And as an experiment to verify
some preformulated ideas, rather than to discover ‘new phenomena, it is far from
unusual in the history of physics.” One conclusion above nli is soon reached in an
historical laboratory: style, aim, and function of experiments of every varicty have
“played a part in the development of physics. There is no ‘typical’ experiment in

»

physics. - s

+

I. NFWTON'S INVESTIGATIONS OF THE OSCILLATIONS OF FLUIDS

1. The background to N;;'hm’s work on fluid motion '
Every student of sciefCe has heard of the great Isaac Newton (1642-1727) and his
monumental work ‘“The Principia’ (Philosophiae Naturalis Principia Mathematica,

1686.—First Edition). One lcarns that this unique, cpochal book provided the first -

major synthesis of the principles of physics; that these principles formed the faunda-
tion df Classical (Newtonian) mechanics which in turn provided a firm bedrock for
Yurther advances in physical seicnce for more than two ‘centurics.

The fiest part of *The Principia’ formulates these powerful new principles and laws:
the concepts of mass and forge, the laws of motion and the Universal Law of Gravita-
tiort. Newton himself, of coﬁ'sc, exploits these new principles to construct his own
‘System of the World (in mathematical treatment)’, which forms the substance of Book
L of “The Principia’. Logically one .might expect the laws and principles to be
conceived first, and then their application to yarious features of the universe at large
o “ollgw; and although this is the formal order of presentation in ‘The Principia’, it

%o misleading to infer that such a neat logical orde® was generally followed in

UMYV N TN X ' 7
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significant step in the development of his idcas; and it soon leads to a confrontation of

: . ,
Newtoft's'time, or by Newton himself. At this stage'in the evolution of science, whole
new ways of-examming and understanding the physical universe art being ¢reated
and examiped, and in this context there could be no sharp separation between prin-

ciples and their application. The adoption of a particular cosmological viewpoint—_

both hcéps to find and formulate principles and is, in turn, shaped by them. ™

1 »

- : S A
)

In the actual writing of ‘The Pringipia® (Ist Edn: 1687)—a task whjch Ncwlo# _

~accomplished in months, although most of what he wrote had occupied his mind over
a period of more than twenty-y&ars—Newton, not unnaturally, attempts to cxhibit a.

logical sequence. The nature of this scquence- is stated by Newton himsil}f_yith
exemplary clarity in the opening paragraph of Book 111, viz.:

“*In the preceding books I have laid “down the yinciplestof philosophy: principles
I g I ] P phy. p !

not philosophical but mathematical: such, namely, as we may build our reasonings
upon in philofophical inqyirics. These principles are the laws and conditions of
certain motions, and powg:'s or forces, which chiefly have respect to philosophy;
but, lest they should have appeared of themselves dry and barren, I have illustratgd
them here and there with some philosophical scholiums, giving an account of such

things as arc of more general nature, and which philosophy scems chiefly to be -
founded on; such astthe density and the resistance of bodies, spaces void of all’

bodies, and the motion of light and sounds. It remains that, from the same prin-
ciples, I now demonstrate the frame of the System of the World. Upon this subject
I had, indeed, composed the third’«B‘ook in a popular method, that it might be read
by many; but afterwards, considering that such as had not sufficiently entered into
the principles could ot ecasily discern the strength of the consequences, nor lay
aside the prejudices to which they had been many years accustomed, therefores to
prevent the disputes which might be raised upon such accounts, 1 chose to reduce
the substance of this Book into the form of Propositions (in the mathematical way),
which should be read by those only who had first made themselves masters of the
principles established in the preceding Books: not that 1 would advise anyone to
the previous study of every Proposition of those Books: for they abound with such

as might cost téo much time, cven to readers of good mathematical learning. It

is =nough if one carcfully reads the Definitions, the Laws of Motion, and the first
three sections of the first Book. He may then pass on to this Book, and consult such
of the remaining Propositions of the first two Books, as the references in this, and
_ his occasions, shall require.’ ’

Although Newton refers to ‘the preceding books' (i.c. Books I and 11 of “The Princi- -

pia’), it is clear from the later remarks that it is mainly on Book I and its Decfinitions,
Axioms, Laws and Mathematical demonstrations (all of which contern ‘the Motion
of Bodies’ through empty space) that the ‘System of the World® of Book Il rests.

These principles and their extraordinarily successful application are unqucstionably)f
the outstanding achievements of “The Principia’ and the source of Newton's powerful «

influence over successive generations of natural philosophy. It is for this accomplish-
nent that Newton was, and is, universally extolled. But interpdsed between Book I
and Book II1, un%occupying more than a quarter of the whole work, there are matters

of a rather different sort—considerations of ‘“The Motion of Bodies in Resistive Med-
jums’—which although partly resting on the principles developed in Book I, are little .

exploited in the application of these principles in Boqk. Il To be sure, the form of

’
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Book I bears much superficial resemblance to the development.of the laws of mech- '+

anics in Book I—there arc the familiar Propositions, Theorems, Lemmas, Problems

and Scholiums; yet the nature of the subject, its state of development in Newton's <

time and Newton's own contributions are of a very different nature. Here Newton
is not at all the great synthesisar-—producing order,
1s already known, and more than he himself creates. Book 11, unlike Book I, is no

the spectacular climax to decades,  and centuries, of obscrvation, speculation and .

theorising. Rather it is an attompt to begin-—even if falteringly—a new science. Many
of the arguments and mcthods Newton uses here are sketchy, uncertain improvisa-
tions, often sheer gucsswork; and as such many are incorrect. They are of interest as
much because they atg Newton's as for their intrimsic merit. And even here Newton’s
genius is impressive: he demonstrates how powcrfully he is able to. develop new
concepts, modes of investigation and analysis and to reagh definite conclusions in
questions whose apparent complexity and obduracy must have deterred his predeces-
sors and contemporaries. New'ton may not always have procceded in the correct
way-—but before his work there was.virtually nothing!™ (For a contemporary assess-
ment of Newton's work on fluid mechanics see [5].)

Why did Newton expend so much cffort on this topig at all? And why was it given

} so important a place—dircctly between the fundamentals of Book I: ‘“The Motion of

K Bodies’, and Book I1I: ‘Systems of the World'? Today
< the logical sequence to Book 1 and skip Book 11 entirel

ne might regard Book I as
(as many who refer to “The
Principia’ implicitly do!).1 If this is so, it 1s surcly becayse some of the major, and in
Newton’s day revolutionary and even heretigal (in thess ientific sense) ideas, have now
become wholly commonplace. Especially is this truc of the basic conceps of the motion
of objects (the heavenly bodies) through a void, guided by an abstract, mathematically
defined, attractive influence (universal gravitation), spanning-space with no, or no
specified, intervemng agency. Whatever may be today’s view of the fundamental
validity of these Newtonian cancepts, they arc neither startlingly unfamiliar nor do
they provokc violent controverqy But matters~stood very differently in Newton's

~ .o

time.
Isaac Newton grew up @t a time when the ncw Natural and cschnlly Mathematical

Philosophy was dpmm.ucd by the influence of Descartes (1596--1650) and the ‘Car-
tesians’. Many of the ideas and principles which appear in the Newtonian system of
Mechanics derive from Descartes” writings (c.g. Newton’s first law of motion—the
‘Law of Inertia’—had been earlier- formulated in almost exactly the same words by
Descartes). However, there are profound ‘philosophical’ differences between the

Newtonians and the Cartesians regarding the nature of space and the possibility of

influences acting through a void. The philosophical conflict is not only deep; its
partisans arc widespread and the dispute goes on for decadcs. These differences appear
wholly irreconcilable in their respéctive cosmic systems and interpretations of the
“planetary orbits. To Voltaire, who visits England ja 1727—the year Newton died—
(hc contrast is still striking:

* Nothing, that is to say, in the way of scrlous investigations of fluids and smotion. There was,
nf courke, a considerable legacy of work in hydrostatics, extending from antiquity (¢.g. Archimedes’
on ‘Floating Bodies’, ¢. 250 B.c.) to Newton's time (c.g. Pascal’s treatise on the Equihbnum

ati
E KC Liquids and the Heaviness of the Mass of Air, 1663).

wll Toxt Provided by ERIC

FNU e e o alive today, misht well echo Heine’s complaint—that many praised his work

system and reason in much that .

' lhcvmnoducc so cavhlierly to ‘explamn?
I

=¥t a short step to

oA Frenchman who_arrives in London, finds a great difference in philosophy as in
. “hther things. He left the world full, he finds it empty. At Paris you sce the w0rld
(\ompbscd of vonmcs of subtle matter, in London we see nothing of the kind.
S 5 :

Ncwmn s qurly preparing (o meet the expected criticism and prejudices of his
cn ul opponenty —the lollowcm of Deggartes. To do so he must enter their territory;
Cand’ not only enter it but master the vefly subject—motion in and of, huds—which
motion of the heavenly bodies. To Newton
_ot, .nppalcmly eriough to present a rival theory, even one which is far more
'pow 1‘%\11 in its interprefive value; it is also necessary ta demolish the theory of one’s
{ is not so much then a’.question of what place Newton’s *digression’ into fluid
rc\lgvunt to lus own System of tHe World; but of the need to demonstrate that

it chi §o,t form the basts of"un alternativg one.

llm M]Q!c qucsuon of tnotion in empty space (and the corjcomitant ‘action-at-a-

dnmnw) is. an, older dnd \Vldt,l' issue than the conflict between Cartesian and New-
tonian tlmul};of_jhc motign of the Plancts. Motion in a vacuum is still, in Newton's
time, regagihelt by many a8 an. unrcnl——or at best an abstract—concept. The ancient
principle fhiat patpre ; hors, A& vacuum’ still exerted its influence on philosophic
thinking, keor¥in wlm_h szkoh'l}\ohon in-a-void occupies a central role could be
challenge upds of itd \cmphym'\l unrcality and the utter impossibility of
its demong mllo p‘unrcal was lhc\umslcncc of the vacuum to Aristotle that he bases
his expl: matf\)n.at oyon—-by lmel*lﬁnon with the medium traversed—on the prin-
ciple of lts non- cxméqcc Agistoteliamgm not dic a sudden dcath with Galileo.
To rany of Ncwmu't’comcmfmr’nnms thc.qdcn of motion (and forces) in a void was a
return to the mysm'ﬁ. and the m(,\u]i a,nd evcn those opponents who did not ;,cmun;x
k it as a stmk with ‘which to beat the Newtonians. Descartes,
Aristotelign explanation of uniform motion in favour of the
'_‘iH tainsithe pripciple that all influences which change an
e essen ially to direct contact of their impencetrable parts.
f space, but.also the nature of Mrce, is wholly different in
,11 philosephies. (‘Among you Cartesians, all is done by an
snot wcll undorstand with the Newtonians it is done by an
AOW um muse no.better ——Volmnc 1727 again.)

But this docs not imply ifns NQwum ay&tﬁ;tpts to.show in Book Il of ‘The Principia’
—that the propertics qf mcdmm flﬂ}\)l {ﬂhnd) material, and the motion of a (solid)
object through such avmcd;um are outside the scope of his System: but rather that
they occupy a very dl({eréfwrolc from tha‘t z\!mgncd to such phcnomcna cither by th,s
Cartesians, or the Anst ans belorct mL

Havmé bccome mvolvcg, fqr whatcvef hotive, in thls subject of mouons in ﬂmds
Newton does not stopy at !}galrng only w r those aspécts which.relate to his rival's
System. With cha'ﬁc{  vigoury. xm@mﬁm and lﬁgcnuny Newton directs his
energies successively to & wi e r.mge‘oﬁ prablems, creating on the way new concepts
and new methods of a yan- &om t‘hqmt}#_o&of objects through fluids, it is for him,
mat" v of fluids<- Stéady motion through pipes; orifices and"
canals, the oscnllatory motion ¥f waves'sn the sy fdce, the propagation of 30und and
the nature of the spring (elas ity) of ﬂqxds, and so on. It is in the coursc of thesc

T .

- a _-';'l;
Lo, R

fecl so could S_‘}'L‘u
although he yejecfs t
principles of qncm{)
object’s motn(m(mus 4
Not only the pro
Cartesian and-
impulsion which one
attraction of which v
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enquirics that Newton treats the problem of the oscillations of a fluid in.a vertical
U-tube. This is best presented in Newton's own words | 3.

2. Newton’s Proposition XLIV, Theorem XXXV (Book 11)

‘I water ascend and descend alternately in the erected legs KL, MN of a canal
or pipe; and a pendulum bé constructed whose length between the point of sus-
pension and the centre of oscillafion is cqual to half the length of the water in the
canal: I say, that the water will ascend and descend in the same times in which the
pendulum oscillates. _

‘I measure the length of the water along the axes of the canal and its legs, and
make it equal to the sum of those axes; and take no notice of the resistance of the
water arising from its attrition by the sides of the canal. Let, therefore, AB, CD
represent the mean height of the wai_cr in both legs; and when the water in leg KL
ascends to the height EF, the water will descend in the leg MN to the height GH.
Let P be a pendulous body. VP the thread, V the point of suspension, RPQS the

V.

- N

™
-
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| 4 1] L 1{
cycloid which the pendulum describes, P its lowest point, PQ an arc equal to the
height AL The force with which the motion of the water is accelerated and retarded
alternately is the excess of the weight of the water in one leg abovesthe weight in the
other: and, thercfore, when the water in theleg KL ascends to EF, and in the other
leg descends to GH, that force is double the weight of the water EABF, and tlicre-
fore is to the weight of the whole water as AE or PG to VP or PR. The force also
with which the body P is accelerated or retarded i any place, as Q, of a cycloid,
is (by Cor., Prop. LI, Book I) to its whole weight as its distance PQ from the
lowest place P to the length PR of the cyclid. Therefore the motive forces of the

-~  water and pendulum, describing the equal spaces AE, PQ, are as the weights to

8 be moved; and thercfore if the water and pendylum are quicscent at first, those
forces will move them in equal times, and will cause them to go and return together
with a reciprocal motion. Q.E.D.’ y -

Cor. 1. Therefore the reciprocations of the*water in ascending and descending
are all performed in equal times, whether the motion be more or less intense or
iss.

Q |
EMC Jor. IL. If the léngth of the whole water in the canal be of 6 1/9 feet of French
FERET e W vrrer wi dwopasd i+ ope seconds “ime. and will ascend in another

se¢ond, and so on by turns in infinitum: for a pendulum of 3 1/18 feet in length will
oscillate in one sceond of time. ' —

‘Cor. L But if the length of the water be increased or diminished, the time oﬁ;\c
rcciproc‘mion will be increased or diminished as the square root of the length.’
Newton's ‘proof”, as you can sce, is extremely concise and really very clegant. Hé

shows that the motion of the fluid in the tube is a dynamical analoguc of another,
already solved, problem. This is the problem of the ‘simple’ pendulum (i.c. a ‘polat’
mass oscillating at the end of a ‘werghtless” string) which was, in Newton's time, a
familiar and well-studied one. It is part of the folk-lore of physics that Galileo was
inspired by watching the swinging lantern in the Duomo at Pisa to conceive the idea
ot isochronous oscillations. This subject was taken up by Christian Huygens (1629—
1695) and Christopher Wren (1623-1723), both of whom are referred to in "The Prin-
cipia’ as having su.cccssfully 'solved’ this problem. Newton himself devotes many
pages in “The Principia’ to what he terms *. . . oscillating pendulous motion of bodies’
(Scction X of Book 1). His reference is to motion along a ‘cycloid” which he has shown,
using poverful (but now archaic) geometrical arguments—characteristic 0("‘1'hc
Principia’— to be truly isochronous motion for any amplitude of oscillation. An ‘ordin-
ary” simple pendulum, oscillating along the arc of a circle, approximates to the
cycloidal oscillations if the maximum angle of the arc is small. ‘ .

The essential feature of such ideal oscillatiops—‘simple harmoni¢ motion’ in to-
day’s terminology-—is that in‘ any part of the cycle, the force-per-unit-mass acting on
the displaced object, and th’c'rc_forc its acceleration, is proportidnal to its displacement
from the place of equilibrium. If, then, two types of oscillatory motion—no matter
how they differ in other respects—are both characterised by the feature of proportion-
ality, with the same value of the constant of proportionality, they will have Yhe same
period. Itis such a direct similarity argument that Newton invokes here.

Newton does' not indicate whether, or how, he has examined such oscillations
experimentally; or whether he knows or has attempted to verify the truth of his
“Theorem XXV'. Possibly this was already a well-known fact? Notice, also, that this
oscillation is cssentially an example of one-dimensional motion, for which the applica-
tion of Newtonian principles is straight-forward.and uncquivocal., -

3. The relation of Propogition XLIV, Theorem XXXV to Newton's other work

Having once started-an examination of the oscillations of fluids, Newton certainly
docs not stop with this simple example, He goes on to face a much more challenging
one—the general problgm of the transmissions of vibrations through fluid media of
indefinite extent: Waves on the.surface of water, sound vibrations through the air,
etc., a subject which has already been tentativel explored. Newton's calculations
and speculations here arc of great interest in the his ory of physics for several reasons.
Firstly, Newton's is the first successful quantitative cxplanation of the veloeity of
sound in terms of the static properties of air. This work demonstrates his powerful
grasp of the principles involved in wave propagation generally-—an understanding
which is sufficient for him to see the inherent difficulties in applying these same
principles to the interpretation of light as a wave propagated through a medium.
Newton'’s reluctance to accept a wave theory of light is all too well known; but cer-
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tainly not well understood. For Newton's contemporaries who had ito theory at all
(in‘thc.Ncwtonim\ sensc)-of wave propagation in & medium, there must haveybeen
little difficulty in postulating some such wave motion for hight. Newton knew too fuch
to acceptsuch an ill-defined, and what he must have considered careless and ill-thought-
out, association. Where ignorfince was bliss, perhaps it was frustrating to be too wise!
In any event, Newton's opposition to a wave theory of light was to influence physics
for n century or more after him; and it was many decades before his arguments
against such a theory could be properly understood and answered. )
This simple thcorem about the oscilintions of water in a tube is then of intriguing
interest, in that it is a link between the formal precise arguments that characterise
Newton'’s great contributions to mechanics of particles on the one hand, and on the
other his exploratory and morc speculative work on the motions and oscillations in

fluid media, and the nature of sound and light. It ig interesting to contrast the manner

in which Newton, having demonstrated his Theorem for the oscillations of fluid in the
U-tube, proceeds (in *The Principia’) without hesitation to the next ‘theorem’—about
the velocity of waves on water. Already rigorous analysis is replaced by intuitive:
plausibility. And a few bold steps lnter—when he has completed his intricate theory
of sound propagation, he stops to compare his theory with observation. And he does
not tind everythimg quite in order. One bold speculation leads to another; and- we
finally obscrve an ingenious (or ingenuous!), and quite incorrect, attempt to reconcile
theory and experiment.* in & few pages we can span the whole range of Newton's
remarkable work: from #n assured mastery in applying his formal, logically worked-
out theory to bold exploratory speculations in a new domain where great imagination
is as important as logical analysis. His analysis of the U-tube problem lies nicely as a
link between the two. ' _

The influence of Newton's exploration of the motion of fluids on his successors
may have been less profound than his major achievements in mechanics and cosmo-
logy, but it was none the less of major significance. Fifty years after the publication
of ‘The Principia’, there appeared the celebrated work of Daniel Bernoulli: Hydro-
dynamica (1737) [4]. In the section entitled ‘Concerning the Oscillation of Fluids in
Curved Tubes’, we find:

“These are the things which have been communicated to the public up to this time
on the osciljations of fluids, and certainly first bchwtOn, in order to show ‘the
nature of waves, . ...

—aclear example of the seminal significance of Newton’s contribution to hydrodynam-
ics, and its lasting influence. . ‘ '

30 - 2
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The foregoing represents an attempt to provide an introductory-historical back-
ground {o some simple experiments on the oscillation of fluids in pipes—Newton's
original U-tube and simple variations and extensions of it. With the mipimum of

exnlicit instructions, the student is asked to verify Newton’s theorem, and to examine
) i

Y ~ktension in such arrangements as: .
EMC nsion in ngemen :

Full Tt Provided by ERIC.
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Both mercury and (coloured) water are used as fluids. Oscillations .\‘.’ilh Cpmp‘o‘si\c
fluid columns (e.g. water on mercury) can also be studied. The only ‘instrument’ 1s a-
ruler; no timepicce is necessary.€ . .
Many questions arc posed, to stimulate both experiment and interpretation. For
example: . .
Newton states the theorem for water. Is it true for mercury which has a density
nearly 14 times greater? Could you have prc(Tictcd this? What '-p.rinc.iplc(s) .of
Newtonian mechanics are involved here? Is this cxpcrimc‘nt a stnsitive or precise
test of these principles? What better evidence for thesc already existed at the tl'mc?
Is the oscillation truly isochronous (independent of amplitude)? Would this be -
so if the bore of the'tube were not uniform? What do you observe in arrangement
(X L
Is there a unique period for the arrangement (g)? Does the solution of this prob-
lem really afford a solution to the problem of water, waves (Theorem XXXVI), as
Newton affirms?
Might the theorem ‘The velocity of the waves varics as the square root of the
breadths’ be correct, although Newton’s numerical estimates arc not? ¢
The_bore of the U-tubes with.mercury is smaller than those with water. Why?
What essential physical propertics of fluids are assumed-in the am.lly_gis of all these
problems? How are these assumptions tested in this simple experiment ?

For some npprccintioh of the subsequent development of this subject the student is
referred to (and reproductions of short extracts are appended for cncoumgc'mcn_t!)
sclected passages from ‘The Principia’ [3], Daniel Bernoulli's Hydror{ynamxca (4],
and a modern commentary on Newton’s attempt to solve hydrody'namncal pl:oblcms
[5]. And a student (with limited analytical cquipment) who w.oul(.i like to sce, In more
detail, how different and more subtle continuum mechanics 1s thar} onc-palttlclc
mechanics; can be referred to Professos Feather’s excellent elementary analysis of
water waves, in the work mentioned-at the beginning [6]. .o

v .
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NEWTON AND FLUID MECHANICS

By Proressord. C. HuNgsawer
)
Newton's conception of dynamies armed his suecessors of the next threna
centuries with basie tools with which they erected the great structures of modern
engineering seidtee. '

While Newton is claimed by mathematicians angd astronomers as theiv own,
engineers owe to him the very foundation of their art. Modern aerodynamies is
completely Newtonian in its development. Not only is it a consequence of
Newton’s laws of motion, but to this day it continues to utilize some of his
original taecties to obtain solutions. '

For example, Newton, being unable to determine from first. prineiples the
resistance of a body moving through a real tluid, simpliticd his problem by
separgiing it into three parts. e postulated, fivst, a speeial frictionless incom-
pressible tluid, then a viscous {luid, and finally a*compressible fluid.

For the frictionless fluid, he deduoed that there would be a resistance, due to
the impact of Huid particles; varving as the fluid density, as the square of a
linear dimension of the body and as the square of the veloeity of motion.

For the second tluid, having ‘o want of lubricity’ or \'i.-.wosit._y, he coneluded
that the frictional foree mnst very as the ratgmot shear of adjacent lavers of fluicd.
Tiis is o cleae delinition of the cooflicient of viscosity and the hagie characteristic
“laminar tlow. Mo this day wo speak of tars and greases as non-Newtonian fluids
peguse they do not exhibit this l}n‘nr relation between forco and rate of shear.
~ Tinally, he speculated on the proparation of pressure pulses, ke sound waves,

in a compressiblo fluid and found the velocity of propagation to be a function of -

tho density and elasticity of the fluid. s computation for the velocity of sound
in air was o fair approximation which stood until Laplace corrected it for
adiabatic rather than isothormal conditions. ’
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A\ second example of old and new is the modern wine thedry

T BEST COPY AVAILABLE

From the concept of tho ideal frictionless fluid comes the classieal hydro- -
mechanies of B(“.rnoulli, Luler, d’Alembert, and Lagranye. ‘

From the coneept of the viscous fluid we have tlnok'gl-eat. development by
Stokes and Osborne Reyuolds feading to Lrandtl's boundary laver mm:hnnics:

From the coneept. ot compressikility, we are just now evolv i-ng N comprehensive
mechanies of supersonie low to cope with the enginecring necds of modern flight.

- I\l< ston s' ideas are as old os reason and as now as rescarch. Their timelessnoss
Is e by threeo simple instances, ) '
cewton clearly state at his laws ion.i ¥
e clearly stated that bis laws of motion.imply that it. does not matter
v B ‘
' S b whether the body move
ot e Beid ot eest, Ui L olativit e i astifiont: or the ‘
( B 2 dontorest. Lais Lind of relativity is the justification for the wind
unuel testing by the Wiight bhrothers and their followers in acrodynamics !
research, ‘ ~ \

Lo and the fluid flow over it, or

s which accounts
tor 1ift. os the reection to the foree which commmunicates dovnward momentam
continuously to the air, Froude applicd the same reasoning to marine propulsion,

',l‘h(.\ third instanco is the newest stylo ofall, jet propnl.:ion. Jet propuldion as
a device of mechunies s certainly Newtonian in principle. The propulsion is the
third law reaction to the second law force, as measured by tho rate at which
momeoentum is created in the jet. While Newton is «aid to lm'\-o, speculated 5!)0115

-8 Jot-propelled steam carringe, certain marine creatures were making use of °

a I:ropulsn'e jet very much carlier and might claim priority in geological time

o 33‘_:

N

From: Newtoq Tercentenary Celebrations (1946).
Cambridge, 1947, po. 82-83,
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