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I. I n t r o d u c t i o n  

The events  which led t o  the formula t ion  of BOYLE'S Law have  been described 
f requent ly  in histories of science, and the  revo lu t ionary  features Of the  Law have  

caused its widespread use a~ an example  in discussions about  t he  n a t u r e  of laws 

in Science. However ,  there  are notable  deficiencies in our knowledge of cer ta in  

aspects  of the  background  to BoYLE's work, and it  is too readi ly  assumed tha t  

]3OYLE'S~ ~nterpretat i0n oi the  Law was similar  to the twen t i e th -cen tu ry  view. 

I t  has long been realised tha t  the foundat ion  for BOYLE'S work  was laid b y  
the  exper iments  on air pressure which are popular ly  connected  wi th  TOI~RICELLI 

and PASCAL. Their  work has been discussed in detai l  dur ing the  present  century,  

and i t  is now realised tha t  the c0ncept  of air pressure was of interes t  to m a n y  

French  and I t a l i a n  na tura l  philosophers in the mid-seven teen th  century.  PASCAL 

and  TORRICELLI are consequent ly  regarded as the ma jo r  contr ibutors  to a CO- 
Arch. Hist. Exact Sci,, Vol. ~ 3 0  



442 C. WEBSTER : 

operative enterprise, in Which the experimental and theoretical work of their 
contemporaries is of the greatest significance. 1 

During this period, consideration of the physical properties of a air was 
inseparable from discussion of underlying assumptions about the physical con- 
struction of the Universe and the general principles operative in nature. Each  
development in the experimental aspect of the study of the nature of air had  
a profound impact on philosophical discussions, and the mutual interaction be- 
tween these two  aspects of tile problem had an important  influence on the 
eventual concept of the nature of air. Only slowly did the experimental investiga- 
tion become divorced from its philosophical origins. 

The initial impetus of the Continental work was largely lost by 1655. B u t  
the new generation brought the growth of experimental science in England, 
and the studies on air pressure culminated with the publication of BOYLE'S 
Law in t662.  This final stage has received less detailed treafment than has 
the Continental work, although the contributions of BOYLE, and his assistant, 
HOOI~E, have been described on many occasions. In this article I will give a 
more detailed account of the English researches than has previously been at~ 
tempted, giving particular emphasis to the problems which have been incon- 
clusively considered. 

I will begin by  considering the origins of the concept of the elasticity of 
air, as distinct from its weight, by the European  investigators, during the great 
burst of experimental investigation which occured between 1640 and 1650, which 
resulted from the revival of the vacuist-plenist controversy.. The introduction 
• of these experiments into England will then be examined, followed by  a detailed 
assessment of the work on air pressure of HENRY POWER and RICHARD TOWNELEY, 
who pioneered the English experimental studies. Finally, there will be a detailed 
discussion of the r61e of the various investigators who aided BOYLE in his search 
for a quantitative expression of the elasticity of air between 1658 and 1662. 
I t  was in this last stage that I derived• most benefit from other  accounts, z but  
i have been able to introduce supplementary material, particularly in respect to 
elucidating the r61es of HENRY'PowER and RICHARD TOWNELEY in BOYLE'S work. 

II. Philosophical Background: The Early Experiments Concerning Vacua 
At the beginning of the seventeenth century physics was dominated by the 

Aristotelian principles as bequeathed .by the neo-scholastic philbsophers O f the 
• . 1 The major works dealing with PASCAL and TORRICELLI include: C. DE WAARD, 
L'Expdriencd Baromdtrique, ses antecedents et ses explications, Thuars, t936. W.E.  
KNOWLES MIDDLETON, The Place of Torricelli in tile History of the Barometer, 
Isis, t 963, 45, pp. t 1--28; The History o/ the Barometer, London, 1964. C. TI~URO.T, 
Les Exp6riences de Pascal sur le vide et la pesanter de l'air, Journal de Phy.sique~ 
Ser. 1, t872, 1, pp. 267 271. P. DUHEM, Le Principe de Pascal, essai historique, 
Revue Gdndmle des Sciences, t905, 16, pp. 599 610. F. MATHIEU, Pascal et L 'ex-  
p6rience du Puy de D6me, Revue de Paris, t906, 13, Part I, pp. 565 589, 772--794; 
Part h i ,  pp. 179--206; 19o7, 14, Part II, pp. 176---224, 367--378, 835--876. G. MIHAUD, 
Pascal et l'exp6rience du vide, Revue scienti[ique, Ser. 5, i907, 7, pp~ 769 777. 

The following accounts are concerned with BOYLE'S work between i660 and 
t662, W. S. JAMES, The Discovery of the Gas Laws; I, Boyle's Law, Science Progress, 
1.928, 23, pp. 263--272. D, McKIE, Boyle's Law Endeavouz t948, 7, pp. i48 ~5~. 
R. G. lXI-.EVILLE, The ~Discovery of Boyle's Law, t66i--1662, Journal o/ Chemical 
Education, 1962, 39, pp. 3~6 359. 



Boyle's Law and the Elasticity of Air 443 

previous half century, 3 and the degree of acceptance (in academic circles at 
least) of hypotheses derived from the growing experimental science was largely 
determined by their consistency with these principles. Thus, the appearance of 
experiments which apparently supported the Democritean notion of vacuum, 
caused considerable debate, providing a powerful test of allegiance to the 
Aristotelian orthodoxy. 

ARISTOTLE 4 had elaborately refuted the views of the Democritean atomists, 
who had accepted that a space could be completely deprived of body to produce 
a macroscopic void, or vacuum coacervatum. They had also argued that  motion 
could not occur without the existence of ,such a vacuum, and that light was a 
phenomenon caused by the rapid motion of corpuscles in the void. Expansion 
and differences in density were caused by void in its subdivided state, or vacuum 

disseminatum, and decrease in density was caused by the increase of the dis- 
persed vacuum. 

ARISTOTLE replied that  there was no void separate from bodies, and that 
there could be no void occupied by any body, or existing in a body. 5 For this 
negation of the idea of vacuum he relied upon the concept of "natural movement",  
believing that a void could not engender the natural upward or downward motion 
of simple bodies, or decide their direction or mechanism of propulsion. The 
velocity of movement of a body through space was determined by its weight 
and the resistance of the medium. Thus a body would pass through a void in- 
stantaneously, also there would be no difference in the velocity of a ligl~t and 
heavy body in a void. 

Neither was the space occupied by a body a void since, even if the body 
could be separated, from its attributes, such as heaviness and lightness, it would 
still occupy the same volume ; thus the suggestion that  a space containing matter 
was a vacuum was superfluous. 

In denying the interstitial vacuum he reached the conclusion that change 
of volume occurred by condensation and rarefaction. Thus, when water was 
turned into "air", it did not add external matter but the water actualised its 
potentiality for becoming air. Change in volume was thus~ assimilated into the 
category of qualitative changes. He illustrated this by the example of the inter- 
conversion of air and water, which showed that, by rarefaction and condensation, 
the same quanti ty of matter could alter its bulk. 

Similarly the matter of a body may also remain identical when it becomes greater 
or smaller in bulk. This is manifestly the case; for when water is transformed into 

- air, the same matter, without taking on anything additional, is transformed from 
what it was, by passing into the actuality of that which before was only a potentiality 
to it. And it is just the same when air is transformed into water, the transition being 
from smaller to greater bulk, and the other from greater to smaller. 6 

3 The most notable works written in this tradition were the series of commentaries 
published by the Jesuit College of Ciombra; the importance oI the influence of these 
Works in the seventeenth century has been noted by 1~. GILSON, J~tudes sur Le Rdle 
de la Pensde Mddidvale clans la ]ormation du systeme Cartdsien, Paris, 1951. 

4 ARISTOTLE, Physics, 213 b, 20---214 b 11. 
5 Ibid., 214b 12--217b 28. 
6 Ibid., 217a 26~217a  31. Translation from ARISTOTLE'S Physics, by P.H.  

WICKSTEAD ~: ~'. M. CORNFORD, London, i929, pp. 366--369 
30* 
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Thus the expansion and contraction of mat te r  involved no break in the 
continuity or plenum of nature~ 

The Aristotelian explanation of light also was relevant to the seventeenth 
century discussions of the vacuum. The Democritean theory of light did not  
preclude its transmission through a completely empty  space, but  Aristotle pro- 
posed that  light was the actualisation of the potentially transparent  medium, 
such as air or water. Thus, the transmission of light required a continuous medium, 
and any space lacking that  medium would be invisible. ~ 

The rivival of the atomist philosophies during the renaissance brought in- 
creasing criticism of Aristotelian plenism, particularly with the populari ty of 
LUCRETIUS' De rerum natura, which had been rediscovered in the fifteerfth cen- 
tury. Interest  in atomism led to the important  I talian experiments which at- 
tempted to produce an artificial vacuum, this development being certainly 
stimulated by GALILEO'S contemplation of the Scholastic principle of nature 's  
abhorrence of vacuum. 

He concluded that  vacuum disseminatum 8 was an essential aspect of mat ter ;  
he possibly reaching this conclusion during his consideration of the problem of 
the cause of cohesion of bodies, and he reinforced it with an explanation of the 
paradox of the rota Aristotdis. He believed that  it was  possible to discover an 
infinite number  of ~vacua within a finite space, and since it was possible to 
divide a line by  ali. infinite number of indivisible spaces, so it was possible to 
divide a three-diniehsional body into an infinity of atoms, interposed between 
an infinite number  of empty  spaces. 

However ,  GALILEO, like DESCARTES, avoided building a theory of mat te r  on 
the assumption of a Democritean vacuum. In a passage in the Discorsi he hinted 
that  he would have done so if it were not for the unacceptabili ty of this hypo- 
thesis on general philosophical grounds. 9 This was written at a t ime when Demo- 
critean atomism was universally considered atheistic. This at t i tude was only 
reversed later in the seventeenth century, although atomism had been tolerated 
during Islamic times. 

He built his theory of cohesion in bodies (for which he had great hopes of 
practical application) 1° on the assumption tha t  every sort of mat te r  had a 
characteristic upper, limit of resistance :to rupture, n He estimated this in the 
case of solids by  computing from experimental values, the height of a column 
of the substance which would be on the point of breaking under its own weight 
if held at the top. Copper yielded the value of 4801 Cubits. 1~ 

Liquids, including water, were considered as bodies whose cohesion due to 
micro-structure was zero, and whose breaking strength, as measured by  the 
maximum height of k column, gave a true measure of the "force of the vacuum".  

7 ARISTOTLE, De Anima, 418a 31--4t8b t2. 
8 GALILEO, Discorsi e Dimonstrationi Matematiche, intorno h due nuove Scienze, 

Leyden, 1638. English translation, Dialogues concerning Two New Sciences, by 
H. CREW ~: A. DE S#;LVIO, New York, t914; pp. 20--26. 

9 Ibid., p. 12. 
10 j .  j .  FABLE in Studies in the History and Method o[ Science, ed. C. SINGER, 

2 vols., Oxford, 192t ; vol. 2, pp. 207--220. 
11 GALILEO, 1638, op. cit., pp. t6--17. 
12 Ibid., p. 17. 
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The craft experience of the limited effective height of lift-pumps may  have 
helped him towards this: conclusion, but  such evidence was confused and un- 
reliable, since real or imaginary pumps of other designs Were in principle capable 
of lifting more than the 18 cubits of water, la 

Working from the above argument,  GALILEO assimilated the phenomena of 
pneumatics to those of cohesion in the Solid state, and was consequently led 
away from the explanation which, soon after his death, became the most fruitful 
and essentially correct one. 

However, he had fully emancipated himself from the idea of nature 's  complete 
abhorrence of vacuum, opening the way to the experimental p roduc t ion  of 
vacuum by  suggesting that  a column of liquid had only a limited resistance to 
vacuum. In the same work he confirmed ARISTOTLE'S experiment to show that  
air had weight, concluding that  water was 400 times as dense as air. 1. 

GALILEO h a d  certainly been influenced by  his discussions with GIOVANNI 
BALIANI (I 582--1666), who was one of the most influential I talian proponents 
of vacuum. He too had reached the conclusion that  the atmosphere exerted a 
pressur6 on the earth as a result of the failure of the siphon experiment on high 
hills. A similar idea had also occurred to ISAAC BEECKMAN (t588--t637) in '  
Holland, who evolved the model of air which was supposed to be like a large 
sponge surrounding the earth. By  using this analogy he introduced t h e  valuable 
concepts of the compressibility of the  lower layers and the weight and elasticity 
of the whole mass of air. 

I t  cannot be denied that the lower part of water or air is more strongly compressed 
than the upper part, since it is compressed by its own weight, as would happen to 
an immense sponge, its lower part l?;ing on the earth is packed more tightly than 
the upper part. But this cannot be of great importance in the case of air which by 
its na.ture cannot easily be overcompressect and which is-not very weighty. Never- 
theless, it is necessary to believe that  the lower part is as compressed as it could be, 
by the upper air, and consequently there exists a greater compression at its base. 15 

I t  is probable that  BEECKMAN'S theory of air pressure, although it was ex- 
pressed in his private Journal, was introduced to his friend DESCARTEs, who 
soon proposed that  air was analogous to a pi le  of wool fleeces, and this same 
analogy occurring independently to TORRICELLI. Thus I r0m the inception of the 
seventeenth century investigations of air pressure, there appeared a model which 
favoured the concept of the elasticity of air. 

Soon after the publication of GALILEO'S Discorsi in 1638, the Italian in- 
vestigators turned their attention to the experimental  production of a vacuum. 

T h e  first successful apparatus wasprobably:  devised by  GASl'ARO BERTI (b. t 6 . .  
d. 1643 ?) in Rome, the experiment being performed by  him and his distinguished 
collaborators before t642. I6 The apparatus  was a long glass, tube, expanded into 
a small globe at the upper end, and the openings at either end could be closed 
b y  brass screws. T h e  t.ube was probably about 33 feet long. The Whole tube 
was filled with water and the lower end immersed in a tub of the same liquid. 

i8 C. DE WAARD, 1936, op. cit., pp. 73~-74. 
14 GALILEO, 1638, op. cit,, pp. 79--80. 
la ISAAC BEECKMAI'{ , Journal, 24 December t620--!9 February, 1621, quoted 

from C.DE WAARD, 1936, Op. cit.,ip p. 155--156. Translated from the French. 
16 Ibid., 101--t09. - -  W. E. KNOWLES MIDDLETON, 1963,-op. cit., pp. 14- ~6. 
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Upon the lower tap being opened; the water descended- from the globe, to stand 
in the tube at about t8 cubits over the surface of the water  in the tub. 

The experiment was performed privately, and publications relating to it were 
delayed and contradictory. Also, as an experiment conceived as ala experimentum 

crucis between plenists and vacuists it showed many  confusing features, char- 
acteristic of a first trial. The Supposed vacuum in the globe transmitted light, 
magnetism and sound (this last because of conduction by  the wooden frame 
supporting the bell). Moreover, strange sounds .were heard as the liquid descended 
(which were due to the release of dissolved air). Also the height of the water 
changed overnight. 

Further,  the question of Democritean atomism was, at this time," as delicate 
as that  of the Copernican hypothesis, and.this discouraged discussion and publica- 

'tion of the experiment. 

IiI. The Torricellian Experiment and Its Conflicting Interpretations in France, 
1645 1648 

In two letters of June, t644, EVANGELISTA TORRICELLI (t608 1647) z7 pro- 
posed a more elegant form of this experiment, using mercury and a tube only 
three feet long. The experiment v/as performed for him by V!NCENZO VIVlANI 
(t622~1703), and it was found that  the mercury was supported to a height 
of 29 inches. Further, he had designed this experiment to test the "ocean of air" 
hypothesis, predicting that  under this hypothesis, water would be supported to a 
height of 32 feet. He had r/o inhibitions about adopting the concept of vacuum; the 
absence of mat ter  in the space above the mercury could be~shown by  replacing 
the mercury by water, which completely filled the tube. 

TORRI~ELLI'S work thus assimilated the various fragmentary ideas and ex- 
periments of his contemporaries into a hypothetico-deductive framework, and 
his ,letters, which were addressed to MICHELANGELO RlCCI ( t6t9-- t682) ,  became 
the effective propagators of the concepts of vacuum and the weight of a i r , .  
the contributions of BERTI and his collaborators in Rome being overlooked. 
RlccI  was in contact with MARIN MERSENNE (t 586----t648) of Paris, who was 
Europe's leading publicist of scientific information, and it was in the more 
tolerant atmosphere of France that  the unorthodox ic!ea of vacutlm was subjected 
to detailed scrutiny. 

In 1644, RICCI sent MERSENNE extracts of TORRICELLI'S letters, but  there 
was little practical response in France until after MERSENNE had visited Itaby 
in 1644 and t645.18 In t645, he visited Florence and attended a demonstration 
of the experiment, and during his s t a y  in Florence and Rome he had scientific 
discussions with the major participants in the Italian researches. 

17 EVANGELiSTA TORRICELLI, the letters were written on l l t h  and 28th June, 
1644, but they were not published unti l  1663; CARLO DATI, L'ettera a Filaleti di 
Timauro Antiate de la vera storia della Cicloide /amosissima esperienza del!'argento 
vivo, Florence, 1663; also in Opere di Torricelli, ed. G~ LORIA & G. VA~SURA, vo1. 3, 
t 919, pp. t 897-190, 198--20t. English translation in The Physical Treatises o/Pascal, 
ed. J. H. B. SPIERS ~¢ A. G. U. SPIERS, New York;,'1937, pp. 163--t70. 

18 C. DE x~VAARD, 1936, op. cir., pp. !17-~-119. P. LENOBLE, Mersenne, ou la 
naissance du mdcanisme, Paris, 1943, pp. i 18--t 19. 
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Upon his return to France in March, t645, he publicised information about 
'roRRICELLI'S experiment, while losing sight of  the contributions of BERTI and 
other Italians. Since the course of the ensuing experiments in France  has been 
well documented, I will concentrate on the growth of the idea o f  the elasticity 
of air. 

The Torricellian experiment was first performed in France by  PIERRE PETIT 
( t589-- t677) ,  the engineer in charge of the fortifications at Rouen. 19 This w a s  
at Rouen in October, t646. I t  marked the inception of an intensive series o f  
investigations of the physical properties of air, which provides one of t h e  
pioneer examples of the collaborative approach to experimental research and 
which was symptomatic of the trend which resulted in the foundation of the 
scientific academies in this century. 

Although the French experiments are usually associated with BLAISE PASCAL 
(t623--1662) and his brother-in-law, FLORIN PERRIER, an important  part  was 
also played by  MERSENNE, ETIENI~E NO]~L and ROBERVAL, while contributions 
were made by ADRIEN AUZOULT, PETIT, JACQUES PIERIUS, JEAN PECQUET, as 

i 

well as DESCARTES and GASSENDI who utilized the experimental  evidence in 
their rival philosophies of nature. Through MERSENNE, the  discussions were 
carried far afield, to England, Holland, I ta ly  and Poland. 

The initial French experiments were concerned w i t h t h e  repetition of TORRI- 
CELLI'S w0rk and the verification of the hypothesis of the weight 0f air. In 1647 
PAscal. confirmed TORRICELLI'S prediction by showing that  air  su. pported a 
33 foot column of water or wine, S° and MERSENNE compared the densities of 
water and air, concluding that  Water was 1,356 times as dense as air. 21 

There was far less agreement over the interpretation of th e space above the 
mercury or "apparent  vacuum", in view of the powerful Aristotetian arguments 
against absolute void. In 164"7, even PASCAL was unwilling to adopt the vacuum 
theory, although he noted that  the "experimental and Democritean" vacua had 
many features in common, but  against these Similarities he placed the traditional 
arguments against vacuum. 

MERSENNE, ~ h o  was otherwise one of ARISTOTLE'S most stringent critics also 
became increasingly doubtful about the idea of vacuum, during t647 a n d  t648. 

The opposition to the idea of vacuum came from two distinct quarters, 
the one proposed that  the space Was filled by  a materia subtilis or aether ,  the 
other, that  it was filled with rarefied air. The former view was adopted by  
DESCARTES and ETIENNE NOEL, and it was widely influential in England upon 
such diverse authors as HENRY MORE, POWER, and NEWTON, DESCARTES a n d  
NOi~L proposed that  the descent of mercury was associated with tile entry of 
a subtle mat ter  into the space, which passed either from tile walls of the tube, 

x9 CI DE WAARD, t936 oP. cir., p. 1t9. ~ P. PETIT, Observation touchant Ie Vuide 
/aite pour la premier Fois en France contenue en une lettm dc~ite ~ Monsieur Chanut 
Resident poffr sa Ma]estd en Suede, par Monsieur Petit, Intendant des [,orti/ications, 
le 10 novembre 1646, Paris, t647. This is given in Oeuvres de Blqise Pascal, ed. L.. 
BRUNSCHWIG & P. BOUTROUX, Paris, 1904--t914; voh t, pp. 329--345. 

20 BLAISE PASCAL, JExperiences Nouveltes touehant le Vuide, Paris, !647; O~uvres 
op. ct., vol. II,, pp. 74__76. 

*x MARIN MERSENNE, Cogitata Physico-Mathematica, Paris, 1644. "De Hydraulicis 
et Pneumaticis phenomenonis", Propositio XXIX. 
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or through the~mercury. To them the idea of vacuum was philosophically in- 
admissible since extension was a defining property of matter .  

There was however the second, more popular explanation Of the space, which 
was more strictly in acco~l with Aristotelian physics, i t  proposed that  the space 
was a manifestation of the great powers of expansion or rarefaction of air, when 
released from the compression of the upper layers of the atmosphere. This theory 
had the twin advantages of conformity with Aristotelian principles and abundant  
experimental evidence. The idea lost ground only slowly although it was opposed 
by  GASSENDI and DESCARTES alike, its influence being noticeable in HOBBES' 
criticisms of BOYLE. 

Already by  t644, MERSENNE had collected together examples of the great 
powers of rarefaction and condensation of air, in the course of which he estimated 
the density of air relative to water. He showed that  air could be reversibly 
condensed to occupy t/1000th part  of its former volume. 2~ 

During the course of his development of the aether hypothesis, ]~TIENNE 
NOi~L, who had been DESCARTES' teacher at La Fl&che, found tha t  the intro- 
duction of a small volume of air caused a greater reduction~i~l the mercury level 
than the same volume of water, when introduced above the mercury in the 
TorriceUian experimer~t, za This was a paradoxical result, since water was at least 
400 times as dense as air. The  depression of the mercury level  was therefore 
not a manifestation of weight alone. Noi~l. explained the paradox by  proposing 
tha t  the depression in level was caused by  the aether, which was present to a 
much greater extent in air than in water. However, the significance of  this 
exper iment  was not in its conclusion, which, like other aether explanations was 
a problem of speculative rather than experimental physics, but  in pI6"viding the 
basis for quanti tat ive methods of measuring the degree of expansion of a volume 
of air. This modification of the Torricellian experiment could be adapted to 
measure the behaviour of air under either increased or decreased pressure. 

This same experiment had been evolved also by  GILES PERSONE DE ROBERVAL 
(t602 t675), who was professor of mathematics  at the Coll~ge Royale in Paris, 
and who was one of "DESCARTES' most persistent critics. He was one of the 
prominent  virtuosi of the period, who had explored numerous mathematical  and 
physical problems. He was a friend of both MERSEN~E and PASCAL and took 
par t  in the regular-scientific meetings in Paris. His writings on air pressure 
be t ray  similarities with PASCAL'S. He had a positivist bias, and he was un- 
willing to declare in favour of either the plenist or vacuist schoolsl Furthermore, 
he had great ingenuity in devising'experiments, which were scrupulously described 
and explained. As with PASCAL, his work was known more through the informal 
demonstrations and discussions of the experiments than by  publication, for his 
writings on air pressure have not been published until the present century. H i s '  
influence was manifest primarily in the writings of MERSENNE and PECQUET. 

ROBERVAL'S first experiments on air pressure were prompted by  the dis- 
agreements over PETIT'S vindicati9rr of the vacuist interpretation of the Torricell- 

~ Ibid., Propositio XXIX.  
2a ]~-TIENNE NO~L, Gravitatis comparata, seu comparatio gravitatis aeris cure hydrar- 

gyri gravitate, Paris, t648. pp. 55 56. 
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fan experiment. 2~ JACQUES PIERIUS gave a scholastic reply to the Torricellian 
theory, proposing that nature's abhorrence of vacuum was limited and that  tile 
apparent vacua• were filled by the vapour of the liquid in the tube. During his 
examination of the Torricellian experiment, ROBERVAL infiltrated bubbles of air 
and water into the apparent vacuum, and 

P F I  concluded that  bubbles of air did not pass 
into the vacuum, but remained above the 
mercury as distinct bubbles. 25 

But, during the next year, he reversed 
these opinions and evolved an elaborate 
theory to explain that  the space contained 
rarefied air, an explanation that he found 
accorded well with his mechanical princi- 
ples, as well as disarming the peripatetic 
opponents of vacuum. ~6 

T h i s  change of opinion was induced 
by the experiments which illustrated air's 
great powers of expansion, the most perti- 
nent experiment being the carp-bladde r 
experiment, which he devised himself. 27 
The swim-bladder was removed from a. 
carp, and the air pressed out; the neck 
of the bladder was then tightly ±ied, and 
it was placed at the apex of a Torricellian 
tube: The tube was filled with mercury, 
immersed into a dish of mercury, and 
when the mercury fell, the bladder was } 
suspended in the vacuum. The bladder 
now inflated. This experiment was visually 
impressive and its popularity probably ex- 

Y ceeded that of the Torricellian experiment 

itself, until it became ~n indispensible Fig. t. JEAN PECQUET, Experime~itc* Nova Anatomica, 
part of future works on air pressure. Interest Pa~i~, t65t, Plate I. T~e ca~p bladder ~p~r~,,t 
in this experiment was greatly enhanced 
by its use to criticise DESCARTES' aether hyp9thesis. ROBERVAL proposed that, 
under normal circumstances air is compressed or condensed (comprementu seu 

~4 G. P. D~ ROBERVAL, "de Vacuo narratio Ae. P. de Roberval ad nobilissimum 
virum DI de Noyers, 20 Sept., t647." See PASCAL'S Oeuvres op. cit., vol. II, pp. 21--35. 
JACQUES PIERIUS published his detailed criticism of the vacuist theory in i648~ 
Jacobi PierS, doctoris medics et .phlilosophiae pro/essoris, A d expe¢imentiam circa 
vacuum IP. P. Valerians Magni demonstrationem occulamm et mathematicorum quo- 
rumdam nova cogitata, Responsio ex Pe~,ipateticae Principiis desumpta, Paris, 1648. 

25 G. P .  DE ROBERVAL, i647, op. cir., pp. 26--2.7. 
26 ]i{OBERVAL expressed his change of mind in a further letter to DES NOYERS, 

which was written in May/June, 1648. Like the former letter it was not published 
until the present century. "A. P. de RoBerval de Vaeuo Narratio ad Nobilem virum 
dominum des Noyers," Pascal's Oeuvres, op. cir., vol. II, pp. 310--340. 

27 Ibid., pp. 325--328. A translation of the whole bf the carp-bladder experiment 
is given as Appendix I. See footnote 177 and Illustration i. 
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condensantis) by  the upper layers and tha t  it has a natural  power of resilience 
(resiliendum [acultas) which enables it to expand when released from compression. 
Such a circumstance occurred in the bladder, which, although largely deflated, 
still had a little residual air; when this air was placed in the reduced pressure 
of the vacuum, it expanded until its force was equalled by  the tension of the 
elastic bladder. 

PASCAL had also no ted  the expansion of air when subjected to reduced pres- 
sure, wl~en he noted the increase in volume of a partially inflated bladder when 
carried up a hill. 

Henceif  a balloon, only half inflated : -  not fully so, as they generally are - -  
were carried up a mountain, it would necessarily be more inflated at the mountain 
top, and would expand in the degree to which it was less burdened. 28 

Thus already PASCAL had speculated that  there was a simple relationship 
'between the volume of air and the external pressure on it, although this was 

" n o t  an expression of the proportionality between atmospheric pressure, and the 
expans ion  of the air. ROBERVAL also came to this conclusion in a further 
experiment,  which is quoted as Appendix II .  Like N0i~L, ROBERVAL intro- 
duced equal volumes of  air and water above the mercury in the Torricellian 
experiment, and noted that  air caused the greater depression of the mercury 
level. This could be explained in a similar manner  to the carp-bladder 
exper iment  water  pressed on the mercury by  its weight, while air exerted a 
force of dilatation (vi aut appetitum ad  rare/actionem). Further,  h e  noted that  
a volume of air caused the greatest depression of mercury in smaller tubes and 
the least expansion in longer tubes. To explain this he assumed that  air 's spring- 
like proper{y was similar to the resilience of a bow, which, when released from 
constraint, h a d  the greatest rebouI~d at  the beginning of its spring and this 
diminished until it returned to quiescence. 'Likewise, air had the greatest power 
of' spring at the beginning of its expansion, when it was just released from com- 
pression of  the whole weight of the atmosphere. This force then relaxed as it 
expanded. Thus in a long tube the mercury was depressed s l i gh t l yby  air in its 
expanded and weak state. 

Ac initio quidem suae rarefactionis magnis viribus rarefit, quia magnis, puta 
totius elementaris naturae prementis viribus cond6nsabutur. Inde vero sensim lan- 
guescunt ipsius vires, quia minus ac minus premitur atque condensatur ~..29 

This passage is reminiscent of ]30YLE'S conclusion that  his hypothesis explained 
"how much-air  dilated itself loses of its elastical force". 80 

ROBERVAL'S'aCcount showed a greater capacity of reducing this experiment 
to the form of a problem in mechanics than did other French authors. He had 
clearly in his mind the idea that  the experiment represented an equilibrium 
between the pressure of the atmosphere on the one hand, and the pressure o f  

2s BLAISE PASCAL, Traitez de l'J~quilibre des liqueurs, et de la Pesanteur de la Masse 
de i'air, Paris, t663. English translation, op. cir. (note t7), PP. t~75 ;  this quotation 
is taken from p. 30. 

29 G. P.  DE t{OBERVAL, t648, op. cit., p. 316. 
so :ROBERT BOYLE, New Experiments Physico-Mechanieal, Second edition Oxford, 

1662; The Works o] the Honourable Robert Boyle, ed. T. BIRCH, London, t 744; vol. 1, 
p. 1o2. 
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the column of mercury and enclosed air on the other. Any disturbance of this 
equilibrium by altering the volume of air in the tube, caused a readjustment of 
the mercury level to restore the equilibrium. This principle of conservation, he 
subsumed under his general principle that  gravity was due to the mutual attrao~ 
tion of the ultimate parts of nature: 

si respexerit ad vim illam qua partes totius naturae elementaris invicem com= 
primuntur ad unicum systema elementare constitutendium: sl 

ROBERVAL'S experiments and theories attracted great attention in Paris, and 
on 5th May, 1648, PECQUET wrote to ]ViERSENNE: 

Monsieur de Roberval performed marvels here, and yesterday he performed suc- 
cessfully the experiment with the carp' s bladder; he had a great number of c~bservers. 3~ 

~-VIERSENNE, like many other French natural philosophers, was impressed by 
ROBERVAL'S work, and he disseminated information abou~ the rarefaction of 
air to his European correspondents. He now hesitated over the vacuist inter- 
pretation of the Torricellian experiment, expressing these doubts in his Re- 
/lexiones Physico-mathematica of t647. 

In his last work, the new preface to the Harmonicorum Libri X I I ,  he included 
an account of the depression of mercury by a volume of air, and in a letter to 
HEVELIUS in June, 1648 33 he noted that  the question of vacuum had been 
reopened, but expressed his reservations about the Aristotelian theory of rare- 
faction. However, by  July, t648, he was convinced that the space contained 
rarefied air. 

We see that numerous tracts are written in Poland on the vacuum in the glass 
tube, but nothing comes of it, and similarly in our experiments, of which even now 
we are multiplying new ones, but nevertheless we conclude that it is rarefied air, 
not vacuum, a4 

This may be taken as MERSENNE'S final statement about the Torricellian 
experiment, si~ae he died on 1st. September, t648. 

IV. The "Elater" of Air: Jean.Pecquet 
Another author who was impressed by ROBERVAL'S theory of the spontaneous 

rarefaction of air was JEAN PECQtlET (1622 1674). He has an assured place in 
the history of science through his discovery of the chyle receptacle and the thoracic 
duct of the lymphatic system, which was made during his demonstration of  
ASELLI'S chyle vessels in dogs at Montpellier, when he was a student of medicine 
at that  University. His study of the lymphatic system was one of the most signi- 
ficant contributions to experimental physiology since HARVEY'S discovery of 
circulation; PECQUET defended HARVEY'S work against JEAN RIOLAN, of ParAs, 
who was the most  influential opponent of the idea of circulation. PECQUET inte- 

Zl G. P. DE ROBERVAL, 1648, op. cir., p. 3 t 7. This same principle had been stressed 
in his previous work, Aristarchi Samii de Mundi Systemate Libellus, Paris, 1644, p. 4. 

3* PECQUET'S letter is translated from the quotation in PASCAL'S Oeuvres, vol. II, 
p. 295. 

a3 M. MERSENNE, letter to HEVELIUS, t June 1648; PAscAL's Oeuvres ;col. I I ,  
pp. 302 303. 

~4 M. MERS2ENNE, letter to HEVELIUS, 27 July 1648; PASCAL'S Oeuvres vol. II, 
p. 309. 
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grated the theory of the mction of chyle into the general theory of circulation. 
His discoveries were made in t647, and he  gathered various short essays on 
physiology into a small volume, Exper imenta  Nova Xnatomica, which was publish- 
ed in t651. 3~ This, his first work, became very• popular and it passed through 
many editions, being translated into English in 1653. This is significant, since 
only the most influential_ anatomical works were translated at this time. 

This book is important for the purposes of this article since it contained a 
section on experiments on air pressure, which would thus b e  distributed to a 
wide audience, by virtue of their association v)ith the physiological work. Thus 
paradoxically; a physiological treatise became one of the most accessible and 
widely read accounts of the French experiments on air pressure. 

I t  has been noted that PECQUET reported • ROBERVAL'S carp-bladder experi- 
ment to MERSENNE in i647. I n  the next year he was writing a further account 
of an experiment on air pressure. At the same time he was attracted to  attend 
the weekly, scientific meetings in MONTMOR'S house in Paris, and it may be assumed 
that the theories of air pressure were of great interest to him at this time. It is 
therefore not unnatural that he should include an account of air pressure in his 
first book. Unfortunately, the great acuteness of PECQUET'S intellect, shown i n  
these initial physiological and physical studies, was soon clouded by an addic- 
tion to alcohol. 

The purpose of the section on air pressure was apparent from the', first chapter 
heading: 

Esse non PONDUS tantum, sed rareiactarium Aeri ELATEREM Experimentis 
demonstratur. 36 

PECQUE.T collected together various experiments which illustrated that air 
had not only weight but also a spring or elater. The originality of the  work was 
therefore not in the introduction of new experiments, for all the experiments 
were  from other, albeit unpublished, sources. He described the P u y  de D6me 
experiment of PASCAL and PERIER, 87 and it was  through PECQUET'S account, 
rather than PASCAL'S that this experiment was introduced to POWER, BOYLE 
and SINCLAIR in Englarld a n d  Scotland. He gave also AUZOULT'S modification 
of PASCAL'S vacuum in the vacuum experiment. 38 From ROBERVAL he took the 
carp-bladder experiment and the experiment of enclosing air  or water above t h e  
mercury of the Torricellian apparatus. This experiment is quoted in full as 
Appendix I I I  (see also Illustration 3) ; and it indicates the terse Style which was 

85 JEAN PECQUET, Experimenta Nova Anatomica, Paris, 165t, 4 °. There was.an- 
other issue published in Paris in the same year; Experimenta Nova Anatomica ... 
Hardevici apud J.  Tollium, ]uxta exemplar Parisiis impressum, t2 °. - -  A second 
edition appeared in Paris in 1654. The English edition was produced in conjunction 
with THOMAS BARTHOLIN'S tract on the lymphatic system; New Anatomical Ex-  
periments o/ J.  Pecquet . . . .  Also an anatomical dissertation o[ the movement o/ blood 
and chyle ... b y  T. Bartholinus, 2 vols., London, t653, t20 . - -  HENRY POWER!S 

• library had both the English and the 1651 edition of this work. - -  My references 
are to the most widely available edition, Joannis Pecqueti Diepaei Experimenta Nova 
Anatomica, Quibus Inc@nitum hactenus Chyli Reeeptaculum, & ab eo pe~:-Thoraeem 
in ramos usque Subclavios Vasa Lactea deteguntur . . . .  Amsterdam, 1661, 1.6 °. 

a2 Ibid., p. 87. 
av Ibid., pp. 99~t0t .  
as Ibid., pp. 102--106; see Illustration 2. 
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adopted for thes~ experiments, which contrasts strongly with complex ramifica- 
tions of R O B E R V A L ' S  arguments. 

The importance of PECQUET'S work lies therefore in its effective publicity 
of the French experiments and in its stress on the property of the elasticity of 
air. Further, he adopted the terminology to describe this phenomenon which 
has become integrated into the English language. 

F II F I f !  

F 

G 

Fig. 2. JEAN PECQUET, Experimenta Nova Anatomica, Paris, 
162t, Plate II.  AUZOULT'S vacuum-in-vacuum experiment. 
The upper tube is shown incompletely and is sawn off 

a t  F. The containers C ~nd D hold mercury 

Fig~ 3. JEAN PECQUET, Experimenta Nova Amztomica, Paris, 
165t, Plate IU. PECQUET'S demonstration that air exerts 
pressure by virtue of its elasticity, while water exerts 
pressure by its weight. Equal volumes of water (E) and air 
(B) are placed above mercury (AE) in a Torricellian tube 

ROBERVAL had maintained the Aristotelian terminology in explaining the 
expansion of air, although he inferred that the condensation and rarefaction 
was a "spontaneous" or active property. It was perhaps his deference to the 
plenist theory which prevented him from expressing a physical model to explain 
this property. PECQUET now adopted the terms "elater" and "elastic" to describe 
the same phenomenon. Neitherlcerm had been used in classical Latin, and P E C Q U E T  

took them from the Greek noun ~ a T ~  (elaterl that which or one who drives). 
This term was widely adopted by English authors, and through the works o~ 
C H A R L E T O N ,  POWER and BOYLE it became familiar to seventeenth century readers. 
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I t  was  often expressed as "elatery" and used as an adjective. This term probably 
suggested the analogous English term "spring" which BOYLE preferred. Both 
"spring" and " e l a t e r "  gradually fell into disuse, being succeeded by "elasti- 
city". 

PECQUET adopted a transliteration of ~ a ~ d ~  (dasticus," propulsive or 
impulsive), and this term was adopted by POWER, BOYLE, HOOKE and HENRY 
MORE, and has become the standard English term expressing the reversible 
extension and contraction "of physical bodies. PECQUET expressed his concept 
of air at the beginning of his account. This shows clearly the fusion of the ideas 
which originated from BEE CKMAN and ROBERVAL. 

I t  is my suggestion to you that this (air) is like spongy or more woolly heaps 
lying on the matter of the Terraquaceous Globe; as a consequence of which each 
successively higher layer compresses the lower; they are sustained so that, the nearer 
the layers are to the earth, then also tl~ey are more closely compressed by the weight 
and pressure of those lying on them. On account of the spontaneous dilatation, which 
I call Elater, however strongly they are compressed by the cumulative burden, if 
set free the' air rarities. 

Hence, I infer that such lower parts that are subjected to the whole burden, 
so that  of all parts they have the maximum degree of condensation. Because of this 
same cause, whereby it exerted its powerful tendency to rarefy, not only by means 
of its weight but also by its elater pressing against the surface of the Terraquac~ous 
globe. 39 

The aims of PECQUET'S experiments were limited; he proposed the hypo- 
thesis of the elasticity of air and produced a series of experiments to verify this. 
Only  slight attention was paid to the plenist-vacuist controversy, and his only 
excursion into the polemic was to point out that  DESCARTES' aether theory could 
not explain the carp-bladder experiment. I t  is probable that  PECQUET, like 
ROBERVAL, retained the idea of the homogeneity of air, in keeping with the 
Aristotelian idea of rarefaction, but his terminology was sufficiently suggestive 
to relay to the English authors, the idea of spring-like particles suspended in a 
more rarefied medium. 

V. The Int roduct ion of Exper iments  on Air Pressure into England 

I t  is probable that  the performance of the Torricellian experiment in France 
preceded its introduction into England, but the delay could not have been long, 

• since JOHN WALLIS recorded that  "the weight of Air, the Possibility or Impos- 
sibility of Vacuities, and Nature 's  abhorrence thereof, the Torricellian Experi- 
ment  in Quicksilver," 4o were among the subjects discussed at the weekly scientific 
meetings in London. The group performing these experiments included JOHN 
WILKINS, JONATHAN GODDARD, GEORGE ENT, FRANCIS GLISSON, CHRISTOPHER 
MERRET, SAMUEL FOSTER and THEODORE HAAK, who were among the nation's 
most distinguished natural  philosophers. In about 1648 this group extended 
their activities to Oxford, and this introduced the Torricellian experiment to 
a wider group, which soon included ROBERT BOYLE. 

3, Ibid., p. 8.9. 
4o JOHN ~VALLIS, letter to Dr. SMITH, 29th Jan., 1696/97; this is found in Peter 

Langto]t's Chronicle, ed. T. HEARNE, Oxford, 1725, 2 vols.; vol. !, Appendix xi, 
pp. clxi--clxiv. 
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THEODORE HAAK was p roposed  b y  WALLIS as the  i n i t i a to r  of these  regula r  
scientif ic  meet ings ,  and  i t  was p r o b a b l y  he who in t roduced  the  Torr ice l l ian  
expe r imen t : t o  t h e ' S o c i e t y ,  since he h a d  t r ave l l ed  ex tens ive ly  in E u r o p e  and  was 
one of MERSENNE'S correspondents .  I n  t647 he r e sumed  c o n t a c t  wi th  MERSENNE 
af ter  a b r e a k  of nea r ly  seven years ,  and  in a l e t t e r  of 24 March/3 Apri l ,  t648, 
he t h a n k e d  MERSENNE for the  communica t i on  of the  expe r imen t ,  and  r epor t ed  
t h a t  'it h a d  a l r e a d y  been pe r fo rmed  b y  his friends.  

~We have made two or three trials of i t ,  in t h e  company of Inen of let ters and 
rank ... I shall a t t empt  to encourage some of the best  wits to make .some investigation 
of the basis of these observations. 41 

In another letter of 3/13 July, he reported placing water with the mercury 
in the experiment, and their unsuccessful trims of the vacuum-in-vacuum ex- 
periment, of which he wished MERSENNE to provide more details. 42 

SAMUEL HARTLIB (1595/1600--1662), 43 who was ano the r  of MERSENNE'S COY- 
respondents ,  f r iend  of HAAK and  publ ic is t  of scientif ic  in format ion ,  also knew of 
th is  in te res t  in a i r  pressure,  and  in March 1646/7 he in formed  BOYLE of his suppor t  
of MERSENNE'S opinions.  

. . .  and now it  comes into m y  mind, I read, not  long since, in a late mechanical  
t reat ise of the excellent  Mersennes, both the construction and use of this engine 
(wind-gun), and amongst• the uses, one, whose s t ra tagem obliged me to take of i t  

p a r t i c u l a r  notice; and i t  was, how by  the help of this instrument  to discover the 
weight of the air, which,  for all the pra t t l ing  of our book philosophers, we must  
believe to be both heavy  and ponderable,  if we will not  refuse belief to our senses. 4~ 

I n  a l e t t e r  of May  1648, we f ind HARTLIB again  p rov id ing  BOYLE wi th  informa-  
• t ion  abou t  expe r imen t s  on  air  pressure ;  th is  t ime  as an  ex t r ac t  f rom one of Sir  
CHARLES CAVENDISH'S le t ters ,  which  will be  soon quo ted  in full. 45 BOYLE h a d  

c o n s e q u e n t l y  many .  years  acqua in tance  wi th  the  p rob lem of a i r -pressure ,  before 
he had  begun  the  cons t ruc t ion  of his f irs t  a i r  pump,  and  i t  is p robab le  t h a t  the  
Torr icel l ian  expe r imen t  was f r equen t ly  d e m o n s t r a t e d  a t  the  London  and  Oxford  
meet ings  of th is  Engl i sh  vi r tuosi .  Thus,  when wr i t ing  his New Experiments Physico- 

~x Let te r  from THEODORE HAAK to MERSENNE, 24th March/3 April, 1648; quoted 
from HARCOURT. BROWN, Scienti/ie Organisations in seventeenth century Prance, 
1620--1680, Baltimore, 1934, p. 58 

¢2 Let te r  from THEODORE I-IAAK to MERSENNE, 3/13 July, 1648. This is  given 
in the French  in Pascal 's  Oeuvres, op. cir., vol. I I ,  p. 307. A translat ion of this passage 
is given below. - -  "We have als0 tr ied to mix water  with the mercury in the tube, 
and we find notable variat ions in i t ,  which will cause us to be more precise in our 
observations in future. I would like to learn how you arrange the experiments so 
as not  to spoil and lose considerable amoun t s  of mercury;  and if you make use of 

• exact  glasses ra ther  than  any tha t  come to hand. Also, I do not  unders tand the manner 
Of performin'g your last experiment  of the one tube in the  other, in which [the vauum] 
should empty  everything, seeing as we have not  ye t  succeeded in this a t t e m p t . "  

as The relationship of HAAK and HARTLIB with t h e  early Royal.  Society has been 
considered by  Miss JR. H. SYFRETT, The Origins  of the Royal. Society, Notes and 
Records o/the Royal Society, 1948, 5, pp. 75--137; G. H. TURNBULL, Samuel Har t l ib ' s  

• influence on the early his tory of the Royal  Society,  Notes and Records o~ the Royal 
"Society, 1953, 10, pp. 101-=-t30; PAMELA 1~. ~[3ARNETT, Theodore Haak  and the early 
years of the R6yal  Society, ~qnnals o/ Science, t957, 13, pp. 205--2t8 .  

4,4 SA.NIUEL HARTLIB, l e t t e r  to ~OYLE, 19th March, 1646/7; ]3OYLE'S Works, op. c i r . ,  
vol. ~, p. 22. 

48 SAMUEL HARTLIE, let ter  to BOYLE, may, 1648; Works, :op. cir., vol. 5, p. 257. 
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Mechanicall in 1659, he referred to his con j ec tu r e s  about  t h e  exper iment  when 

he had "severa l  years before often made  the  exper iment  de vacua with  m y  own 
hands . "  46 

H a d  HARTLIB not  received in fo rma t ion  about  the  Torricel l ian exper iment  

f rom HAAK, he could have  obta ined  i t  f rom WILLIAM PETTY, who received infor- 

a t i 0 n a b o u t  recent  research in France  from Sir CHARLES CAVENDISH. This l e t t e r  

was passed  on to HARTLIB and is preserved in his papers.  

April 7/t9, t648,  Paris. To Mr. Petty.  
Wor thy  Sir, 

My thankes was due to you long since for many favours received from you and 
particularlie for your letter wherein you are pleased to acquaint  me with some of 
your new discoveries in Anatomie, and Inquires of other usefull and ingenious know- 
ledges and your . invent ion of writing in many Copies at  once, for all which I give 
you many thankes" and had done it  sooner but  that  I hoped to have had some new 
book or invention of our rare men here to informe you off, but  knowing nor hearing 
of any 1 thought  fit though to trouble you to acknowledge your favours by this 
Letter. I showed Mr. Hobbes your Letter  who liked it soe well tha t  he desired me 
to send it him w h i c h  I did knowing him to be your f r iend.  He is not now here 
otherwise I know h e w o u l d  either have write to you or desired m e  to remember 
him to you. Your worthy Friend and myne Mr. Gassend is reasonable well and hath 
Printed a Book of Ye Life and Manners of Epicurus since your going from hence 
as I thinke. H e  hath now in ye Presse at Lyons, ye philosophie of Epicurus in which 
I beleeve wee shall have much of his owne philosophy which doutlesse will be an 
excellent worke. There is an Experiment,  how to show as they suppose tha t  there 
is, or may be, vacuum. I t  may bee it was here before you went from hence. I t  were 
too long to recite all the particfllars, but  ill brief thus, they prepare a long tube like 
a weather-glasse, which is filled with quicksilver, and being stopt as close as may 
be with ones finger the tube is inverted and plunged in a vessell halfe or more full 
of quicksilver. The quicksilver in ye tube will force Ye quicksilver in ye vessell to 
rise by adding more quicksilver to it, and so leaves a space in ye top O f the tube 
vacuum as is supposed but a bladder being hung in tha t  vacuum, was as perfectly 
seene as could be, so tha t  there must bee some body there to convey ye Action of 
light to ye and you as I suppose and divers others heere, that  the bladder was made 
as flat as they could, then they pu t  it  in, and when then quicksilver lefff it, i t  swelled 
in tha t  supposed vacuum like a little football. Sir I have troubled you much there- 
fore committ ing you and us all to God's holy protection. I remame. 

Your assured friend 

So serve you 

Charles Cavendish 47 

Sir CHARLES CA~CENDISH'(1591 t654), *s the au thor  of this  let ter ,  was an 

exile in Europe  during the  Civil  W a r  and he spent  three  yea r s  in Paris,  beginning 

46 ROBERT BOYLE, New Experiments Physico-MechanicaU, Oxford, 1660; ~Vorks, 
op, cir., VO1. ], p. 5- BOYLE may have been referring to the communications between 
England and France in 1647 and t648 when he noted: "perceiving by letters 
from other ingenious persons at Paris, tha t  several of the Virtuosi there were very 
intent  upon the examination of the interest of the air, in hindering the descent of 
the quicksilver, in the famous experiment touching the vacuum; I thought  I could 
not comply with your desires in a more fit and seasonable manner, than by prosecuting 
and endeavouring to promote tha t  .noble experiment of Torricellius." Ibid., p. 5. 

47 This letter is in  the Hartlib papers, Sheffield Universi ty Libral-y, Brindle VII ,  
no. 29. 

4s JEAI~ JACQUOT, Sir Charles Cavendish and his learned friends, Annals ol Science, 
t952, 8, pp. 13 27, 175 194. 



Boyle's Law and the Elasticity "of Air . 457 

in t645. He became acquainted with MERSEN~'E and DESCARTES and was con- 
versant with a wide range of scientific developments. The Cavendish family 
were patrons of THOMAS HOBBES, who was mentioned in the above letter, and 
who later became a participant ill the discussions of air pressure. 

Thus, even without direct access to the writings of PASCAL and TORRICELLI 
on air pressure, English natural philosophers had ample evidence of the continental 
research on air pressure, from informal exchanges of correspondence aiTd the 
publications of MERSENNE, GASSENDI, PECQUET, PETIT, iNOJ~L and PASCAL, as 
well as certain Italian works. 

The first published description of the Torricellian experiment by an English 
author, which I have been able to trace, was by  WALTER CHARLETON (1619-- 
1707). H e  was educated at Oxford University, where he received his M.D. in 
t641, and his first published works were concerned with medicine, but  in 1654 
he turned his attention to wider philosophical problems. His works Were mainly 
derivative, although they betrary wide reading. 

His influential work, Physiologia Epicuro-Gassendo-Charltoniana, 4~ of 1654, 
contained a detailed discussion of the controversies between the plenists and 
vacuists, which had !argely overshadowed the experimental studies of the physical 
properties of air by French authors. Interest in the 'Torricellian experiment was 
closely related to this metaphysical discussion, since its interpretation determined 
the alignment with either the Cartesians or Gassendists. 

With  CHARLETON, as with the French authors, interest in the Torricellian 
experiment as a problem in experimental physics, was allied to its relevance to 
the problem of vacuum. The long fourth chapter of Book I Of Physiologia was, 
concerned with the establishment of the vacuum disseminatum and vacuum 
coacervatum, and it was as Support for the latter notion tha t  he introduced the 
Torricellian experiment. 

CHARLETON referred to the experiment as a: 

Welcome opportunity to challenge all the Wits of Europe to an aemulous combat 
for the honour of perspicacity. Now albeit we are not yet fully convinced, that the 
chief Phaenomenon in this illustrious Experiment doth clearly demonstrate t h e  
existence of a Coacervate Vacuity, such as thereupon by many conceded, and with 
all possible subtlety defended by that miracle of natural Science, the incomparable 
Mer sennus (in reflexionibus Physicomathemat ) yet, insomuch as it affords occasion 
of many rare and sublime speculations, whereof some cannot be solved either so 
fully, orperspicuously by any Hypothesis, as that of a Vacuum Disseminatum among 
the insensible particles of Aer and Water; and most promise the pleasure of Novelty, 
if not the profit of satisfaction to the worthy consider; we judge it no unpardonable 

49 .WALTER CHARLETON Physiologica Epicuro-Gassendo-Charltoniana: or, a'Fabrich 
o/Science Natural, Upo n the Hypothesis o /A  toms, London, ! 654. Although CHARLETON 
quoted a wide range of authorities, he had probably not read more than a few of 
them and most of his information was abstracted from GASSENDI'S work. In France, 
there had been discussion about the origins of the Tolxicellian experiment and KIRCHER 
acknowledged TORRICELLI'S priority, although he must have been acquainted with 
BERTI'S work. CHARLETON quoted from ]KIRCHER'S account and in England there 
was general and unquestioning acceptance of TORRICELLI'S priority. - -  "... never- 
theless, it is ascertained to my satisfaction that the experiment was first invented 
by Torricelli, mathematician to the noble and great Duke of Florence " W CHARLETON, 
op. cit., p. 35; A. KIRCHER, Afusurgia universalis sire Ars magna consoni et disoni, 
Rome, 1650, p. 11. 

Arch. Hist. Exact Sci., Vol. 2 3i 
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Digression, here to present to our judicious Reader,  a faithful Transcr ipt  of the 
Experiment ,  together  with the most rat ional  solutions of all admirable Appearences 
observed therein ...s0 

The  account  of the  expe r imen t  was t o t a l l y  der iva t ive ,  and  the  m e r c u r y  he ight  
in t he  Torr icel l ian tube  was given as 27 inches. 51 He  over looked  the  fact  t h a t  
the  F r e n c h  inch w a s  a la rger  un i t  t han  the  Engl ish ,  and  in Engl i sh  inches t h e  
he igh t  would  have  been 29 inches. He~n0ted  t h a t  wa te r  should  rise to 32 feet  
in this  exper iment ,  b u t  showed no p rac t i ca l  knowledge  of i ts  t r ial .  52 

Host of CHARLETON'S account  was devo ted  to a r epe t i t ion  of GASSENDI'S 
jus t i f ica t ion  of the  E p i c u r e a n . a r g u m e n t s  in favour  of Vacuum in Na ture ,  and  
this  led  h im to discuss the  raref ica t ion  and  condensa t ion  of air.  I t  has  been 
no ted  the  Ep icu rean  exp lana t ion  of change in dens i ty  by" the  a l t e ra t ion  of the  
ra t io  of vo id  to m a t t e r  in a body ,  and  the  condensa t ion  and ra refac t ion  of vo lumes  
of a i r  p rov ided  ex t r eme  examples  of change in densi ty .  He  exp la ined  this  b y  
reference to the  pr incip le  of the  disseminate vacuum. The  air  in a closed space 
was analogous  to  a vessel f i l led wi th  whea t  seeds or  s and  par t i c les ;  b y  the  appl ica-  
t ion  of a g rea t  weight  the  par t ic les  could be compressed  to  occupy  a smal le r  volume.  
This  was exp la ined  b y  the  closure of the  spaces be tween  the  par t ic les .  

So likewise are the particles Of air included in the four-inch space of the Tube, 
b y  Compression or Coangustation reduced downe to the impletion of onely the hal~ 
of tha t  space; because from a more lax or rare Contexture they are contracted into 
a dense or close, their  angles and sides being by  tha t  force more disposed for reciprocal 
Contingence, and leaving less IntervMs, or empty spaces bet;wixt them then before. 53 

Other  exper imen t s  induced  h im to revise "this s i m p l e g e o m e t r i c a l  exp lana t ion  
and  a d o p t  a more  k i n e t i c m o d e l  for t he  air. H e  recognised t h a t  the  in t roduc t ion  
of a smal l  vo lume of a i r  in to  the  space above  t h e  mercu ry  in the  Torr icel l ian  
exper iment  caused an immed ia t e  and  violent  descent  of the  l iquid,  an effect 
out  of all  p ropor t ion  to  the  vo lume of air  in t roduced .  5~ He  also no ted  t h a t  the  
W i n d - G u n  i l lus t r a t ed  the  expans ion  and  compress ion of air,  adop t ing  the theore-  
t i ca l  model  of air  as mass  of spr ing- l ike  par t ic les .  

For, as the insensible particles of the Aer included in the Tube of a \¥ind-Guri,  
being, by  the Embolous or tZammer, from a more lax and rare contexture,  ill order, 
reduced to a more dense and close (which is effected when they  are made more con- 
tiguous ill the points of their  superfice, all d SO compelled to diminish the inane spaces 
inter jacent  betwixt  them, by  subingressi0n ) are, in a manner so many  Springs or 
Elaters,  such whereof, so soon as the external  Force, t ha t  compressed them, ceaseth 
(which is a t  the remove of the Diaphragme or par t i t ion plate in the chamber of the 
Tube) reflecteth, or is a t  least  reflected by  the impulse of another contiguous particle. 55 

This  conceptua l  mode l  of air  as a mass  of spr ing-l ike par t ic les  is u s u a l l y  
a t t r i b u t e d  to BOYLE, b u t  i t  h a d  prev ious ly  been impl ied  in PECgUET'S book,  as 
well  as in CHARLETON'S. 56 

5o Ibid., pp. 35--36. 
~ Ibid.,  p. 36, this account was taken from GASSENDL and it  is found in Opera 

Om'nia, Lyons, 1658, vol. t, p. 204. 
52 W. CHARL!ETON, 1654, op. cit., p. 52. 
~ Ibid., p. 26. 
54 Ibid., pp. 55--56. 
5~ Ibid., pp. 55--57. 
5s See Appendix 5. 
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VI.'Henry Power's Experiments of 1653 
W r i t i n g  a t  the  same t ime  as CHARLETON Was HENRY POWER ( t623- - t668) ,  

who a d o p t e d  a more  expe r imen ta l  a p p r o a c h  to  the  p rob lem of a i r  pressure.  
POWER was born  a t  Ha l i f ax  in Yorkshi re  and  was educa ted  a t  Chris t ' s  College, 
Cambridge ,  where  hs ob t a ined  his M.D. in t655. Dur ing  the  ea r ly  p a r t  of his 
four teen  years  a t  Cambridge,  he became an enthusias}ic expe r imen ta l  scientist ;  
and  his f irst  wr i t ings  were on c i rcula t ion  and  the  l y m p h a t i c  sys tem.  57 Thus,  i t  
m a y  have  been  PECQUET'S book  which t u r n e d  his a t t e n t i o n  towards  the  s t u d y  
of a i r  pressure  and  i t  is p robab le  t h a t  the  Torr icel l ian  expe r imen t  was cOm- 
m o n l y  pe r fo rmed  at  Cambridge,  b y  t653. Like  CHARLETON, POWER.Was s t rong ly  
invo lved  in the  Gassendist-Car{esian disputes,  and ,  under  t he  influence of HENRY 
MORE, Chr is t ' s  College was the  centre  for Car tes ian  though t  in England. ,  

POWER per fo rmed  his f irst  series of exper imen t s  on air  pressure a t  Cambr idge  
and  Ha l i f ax  in t653, b u t  his account  was no t  f inal ly  ed i t ed  for pub l i ca t ion  unt i l  
t663, the  exper imen t s  forming the  first  pa r t  of Book I I  of his on ly  work,  
Experimental Philosophy, which a p p e a r e d  in the  a u t u m n  of 1663~ 5s This  de l ay  
in pub l ica t ion  has  caused neglect  of these p ioneer  Engl i sh  e x p e r i m e n t s o n  ai r  
pressure .  

Even  though  POWER was an obscure person a t  th is  t ime,  his work  was circu- 
l a t e d  among  n a t u r a l  phi losophers  as la te  as t677. 59 The expe r imen t s  were 
ndt .  w i thou t  in te res t  since in fo rma t ion  abou t  t h e m  reached HARTLIB. R~LPH 
GREATOREX, who p rov ided  h im wi th  the  in format ion ,  was one of the  mos t  
ce lebra ted  London  i n s t rumen t  makers .  He  was soon invo lved  ill the  design of 
an air  p u m p  for ROBERT BOYLE. HARTLtB r e p o r t e d :  

One IBil!ingsley a schoolmaster lives in a gentleman's house, writes on Dr. Pascal 's  
rare experiments  of quicksilver - -  tr ied and augmeli ted by  Henry  Bower Esic.] 1653, 
2 May Esic.] which he is to publish in the gentleman's name. 

57 HENRY POWER, "Circ~latio sanguinis inventio Harveiana,?'  IBM Sloane MS t 343, 
ft. 3--40;  " invent io  Aselliana de Venis Lacteis et de Motu Chy!i," Ibid.,  ft. 41--56. 

5s There are three remaining versions of POWER'S t653 experiments.  They will 
be referred to as texts  A, B, and C. - -  A, "Exper imenta  Mercurialia nuper mihi 
exhibi ta  a viro undiqnaque ornatissimo D. Domino Henrico Power Med ae- Doctorae 
Hallifaxae. Anno Domini 1703," IBM Sloane MS t326, f f . t33- -141 .  'The date of 
this work is added to the original manuscript  and is incorrect; i t  should read t 653. - -  
B, "Dr. Pascall 's  rare experimefits of 9 t ryed  and augmented by  Henry  Power~ 
t653, May 3rd," BBodleian Library,  Ashmolean MS t400, ft. 15~21. - -  C, "Physico- 
Mechanical Experiments  t ryed  in the yeare 1653 by  Henry  Power," IBM, Sloane 
R¢S 1393, ft. 134--153. m Only version C is in POWER'S handwriting, and i t  is *he 
most complete account of the experiments.  I t  was this version which was incorporat ,  d 
in his publicat ion of 1663. I will ref,er to C, unless otherwise stated,- and the page 
references will be to the published account:  Experimental Philosophy, in Three Books: 
Conlaining Ne~e~ Experiments Microscopical, Mercurial, Magnetical. With some De- 
ductions, and Probable Hypotheses, raised [rom them, in Avouchment and illustration 
o/ the.now /amous Atomieai Hypothesis, London, t664, [t663~. Version C occupies 
pp. 88--121. - -  While Version C gives a good indication of POWER'S experiments 
of 1653, internal  evidence suggests t ha t  i t  is a revised account of an earlier manuscript.  
Thus versions A and B may  give a bet ter  indicat ion of the first draft  of this work. 

59 There is a note appended to B;  '"VVritten by  John Sponge, came after to  Rob ' t  
Turner, then to Mr. DUCGETT, from him to me EStansby]ye 1 Sept. 1677". f. 13a. 
JOHN SPoN~ (1623--post  1668) was a mathemat ica l  pract i t ioner and instrument 
make of London  

3t* 
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He hath re-experimented them all and put new experiments to it. s° 

POWER left Cambridge, in 1654 or t655, without having published these 
experiments, and he spent his remaining years in the West Riding of Yorkshire, 
paying only occasional visits to London and Cambridge. He was thus separated 
from the main centres of scientific activity and had'little opportunity to augment 
and publish his work. As will be explained later, these circumstances altered 
when the Royal Sociei:y was instituted. In t660 he resuscitated his earlier scientific 
writings and returned to the experimental study of air pressure. 

P0WER'S work is a great contrast to CHARLETON'S. He showed knowledge of 
PECQUET'S book only, as the source of his knowledge of'the French investigations, 
and like PECQUET he presented a series of briefly described experiments, indicat- 
ing their relationship to his hydrostatical and pneumatical hypothesis. However, 
his metaphysical position differed from PECQUET, who had adopted ROBERVAL'S 
theory of rarefaction; while POWER held Cartesian plenism. 

I t  is probable that  POWER had already adopted the Cartesian theory of 
matter before he was introduced to tile French experiments on air pressure. 
He believed that air consisted of infinitely divisible "corpuscles" or "atoms" 
suspended in an "aether" or "subtle matter". He now was introduced to the 
hypothetical model of air proposed by PECQUET, and this influenced him to 
introduce the concept of the innate activity of the particles of matter, differing 
from DESCARTES who believed that  the motion of the corpuscles was due to the 
activity of the aether. POWER now accorded the aether a more passive r-61e, as 
the innate substratum for the particles. This view differed from that  of PE~QUET 
in adopting a more literal.interpretation of the spring-like nature of the particles 
of air, and in introducing the Cartesian aether as the substratum for them. A 
full quotation of POWER'S theory is given as Appendix IV. 61 This assimilation 
of the Aristotelian concept of active rarefaction into the structural characteristics 
of the corpuscular theory was a valuable imaginative aid in the later quantitative 
studies of the elasticity of air. 

The starting point of POWER'S experiments had been the Torricellian experi- 
ment, 62 and like CHARLETO~¢, he was hesitant in giving his own experimental 
results which differed from those .of the French authors. Only the last version 
gave the height of merCjary as  29 inches although he was aware of the difference 
between English and French measure 6~ in the earliest composed "~ersion A". 

:so SAMUEl. HARTLIB, Ephemerides, 1655. This is a journal kept by HARTLIB \ 

between t634 and t660; it is in the Sheffield University Library. In t654, HARTLIB 
had referred to BILLINGSLEY as he "who necessitated to follow heterogeneous im- 
ployments as I take it Physick, but his whole genius is bent towards the mathematicks 
and mechanicks in which he excels." ROBERT BILLINGSLEY was a school-master at 
the Free School, Thurlow, Suffolk. 

61 Version C pp. t01--t03. 
6~ It  was not until version C that POWBR mentioned TORRICELLIUS (p. 90) or 

PARICELLIUS (p. 93)! 
s3 In version C he noted that the. difference between .the French and English 

results "may partly arise from the variations of the climates, the Air being more 
thin and hot then ours, partly from the difference and altitude of the.atmosphere 
here and there .,., and partly from the diversity of our measures and theirs," 
pp. 93 94. BOYLE had reached similar conclusions in his 1659 experiments; Works 
op. cit., vol. 1, p. 25. 
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I t  is also probable that  air was not  completely removed from the apparatus in 
the early trials of the experiment. He varied tile diameter, length and shapes of 
the tubes and in all cases the mercury remained at 29 inches in vertical height• 
In a separate experiment, he studied the difficulty of removing air from tile 
apparatus. 

The interpretation of the space above the mercury was of the greatest import- 
ance to him. Since the mercury space could be completely replaced by water, 
the space could not contain air. 64 He was also satisfied that it contained neither 
light nor mercury vapour alone. Although this "seeming vacuity" had no positive 
properties, it would transmit light and magnetism and it had extension, tile 
Cartesian determinant of. matter• These three points, and the associated belief 
that  all action was by contact, convinced him that  tile space could not be empty 
and must contain an "aether". 65 

Like PASCAL, he noted that meteorological conditions influenced the mercury 
leVel, and the possibility of us{ng the tube for weather-forecasting interested him 
at various times from this date 66. PECQUET had given an account of PASCAL'S 
Puy de D6me experiment, and POWER was in a good position to repeat this, 
since the hills rise steeply to t000 feet around Halifax. This is to be contrasted 
with the position of BOYLE and HooKE, who were never able to give a satis- 
factory verification of this experiment, for want of high hills i n  tile south-east 
of England. On May 6th t653, he carried the Torricellian experiment to the sum- 
mit of Halifax hill, to the east of Halifax. 67 The earliest account of this experi- 
ment, although the brie2est, indicates the manner in which he reached the hypo- 
thesis that  the height of all mountains could be derived b y  proportion, from 
the results of a barometric experiment• 

84 HENRY POWER, version C, p. 100. 
8s Ibid., pp. 94--103. 
8~ HENRY 'POWER; in version B, f. 16, he noted "that 'if any thing considerably 

hot or cold be apply'd to the top of the tube it will proportionally ascend or descend 
(as tile water in a weather glass though not by farr so much), the l!ke is to be observed 
in the changes of weather, and therefore it is not unalterable at all times of the 
yeare'!. - -  In 1661 POWER and TOWNELEY reaffirmed the value of barometric readings 
in reflecting the meteorological conditions. The mercury level did "vary and alter 
its Standard, which we found it to do considerably; for sometimes it was half an 
inch higher or lower then the Mark and Standard we left it first at. I think, according 
to the variation of the Atmosphaere in its temperaturei and if you observe, strictly, 
you shall see that the Quicksilver in the Tube does never precisely observe the same 

- StandArd not a day together, nay sometimes not an hour.', H. POWER, 1963, op. cir., 
p. ~ 23. - -  BOYLE also ~aoted that the Torricellian tube "did sometimes faintly imitate 
the liquor o f  a weather glass." He attempted, to associate this fluctuation with 
meteorological Changes and tide levels; 1660, op. c~t., Works, vol. t, pp. 26--28. 
In his later works he frequently returned to this problem. On 1st January, 1662 
"M~. Croune was desired to write to Dr. Power to observe the weather at Hallifax," 
T. BIRCH, History of the Royal Society, 4 vols., London, t756/7; vol. t, p. 68. Al- 
though there are no records of POWER'S sttldies, the systematic meteorological records 
of his colleague, RICHARD TOWNELEY, are preserved. His barometric records were 
• sent to ~BOYLE, and his rainfall measurements, were transmitted, to th e R0yal Society 
and CHARLES LEIGH; Boyle's Works, ~'01. 5, p. t35; CHARLES LEIGH, Th'e Natural 
Historj~ of Lancashire, Cheshire and the Peak,. in Derbyshire, Oxford, 1700, pp. 21--;25. 

87 Halifa:~-Hill is 775 It. high• "BoYI£E and HoolcE overcame the deficiency o f  
hills by,carrying .th e Torricellian experiment to the top of i~ondon churches. BOyI-EI 
1662, op. cit., Works, voL 1, p. t02, vol. 5, p. 535. 
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HENRY POWER a t tempted  this experiment  on 6th May 4653, with tubes of various 
lengths and diameter, on Halifax Hill, which is s i tuated above the town of H~Iifax. 

The mercury cylinder was carried to the base of the hill and the mercury  r o s e  
to equal 27 inches, whence a t  the summi t  of the hill i t  was shorter in height b3~ 
4/Sths. inch, this being near ly  a whole inch lower. 

This experiment was performed with tubes of 45 and 35 ~- inches in length, so 
tha t  by  analogy and proport ion in each of these experiments,  the perpendicular  
height of Halifax hill exceeds 290.2/3rds. yards,  t ha t  is 872 feet; (I est imate tha t  
6 French feet are equal to one English pole). Likewise this "golden rule" applies 
in this and subsequent experiments:  
{ inches [fall in mercury]:  3o0o [feet in al t i tude] 

1,000 [feet in alti tude].  [therefore] { inches [fall in mercury] : - - ~ - -  
Whic h, when reduced into French feet, constitutes 800 feet. Likewise 100 French 

f e e t  (according to Herigone) equal 109 English feet, so tha t  800 French feet are 
equal to 872 English feet or 290.2/3rds. yards,  which discovers the he igh t  of this 
hill very satisfactorily. ~ 

In  the  final vers ion of this  account  h e  was sat is f ied w i t h  a genera l i sa t ion  
t h a t  the  he ight  of hills could be found b y  the  pr inciple ,  b u t  he gave  no numer ica l  
example ;  

. . . .  we .might not  only Mechanically find out  the Perpendicular  height of our 
great  Hill  here at  Halli/ax, or any other Mountain whatsoever, bu t  venture notably  
a t  the height of the Atmosphere i t  self. 69 

POWER'S confusion over  m a t h e m a t i c a l  examples  m a y  have  been the  reason 
for no t  p resen t ing  his original  calculat ions,  b u t  also the  expe r imen ta l  inaccuracies  
On such a smal l  hi l l  would  p reven t  consis tency of results.  T° 

The  cons idera t ion  of the  e las t i c i ty  of a i r  con ta ined  PowER'S mos t  original  
exper iments ,  and  concluded the  inves t iga t ions  of ~653. He  followed PECQUET 
i n  s t ress ing t h a t  the  e las t ic i ty  of a i r  required separa te  cons idera t ion  from i ts  
dens i ty .  

... the whole mass of Ayr  ha th  a Spontaneous Eleter  [sic.] or natura l  apt i tude 
in i t  self to dilate and expand i t  self upon the removal of all c ircumambient  obstacles 

Version B, f. 139. The calculation in the middle  of t h e  quotat ion has lit t le 
connection with the text.  - -  In  version C~,the mercury height a t  the base of the hill 
was given as 29 inches, and the fall during, the ascent was "more then half an inch." 
p. 104. 

~9 Version C, p. t 0 4 .  
T0 POWER suggested tha t  his hypothesis for de termining the heights of  mountains 

should be tested on Mount Teneriff (3,7t I m.), in the Canary Islands. I t  was generally 
considered tha t  this was the highest mountain in the world (version C pp. t05--106),  
and sixteenth century authors had  est imated its height as 90,000 m. (ScALIGER) and ~ 
105,000 m. (PATRIZZO)- BOYLE and the members of the Royal  Society also suggested 
tha t  the  Torricellian tube should be carried up this mountain;  T. BIRCH, 1756/57 
op. cir., vol. !, p. 8; R. BOYLe, Continuation o /New ExperirnenB Physico-Mechanical, 
Oxford, t669?, Works, op. cir., vol. 3, pp. 2 2 5 - - 2 2 8 . -  In  October, 1661, GEORGE 
SINCLAIR (d. t 696) est imated the heights of Scottish hills by  the barometric  method, 
and he, like Power, had been s t imulated by  PECQUET'S work. While POWER used 
PASCAL'S Pl~ly de ]35me alt i tude as his s tandard,  SINCLAIR obtained his own s tandard 
by  carrying the tube up buildings of known height.  He reached a similar conclusion 
to POWER, tha t  the barometer  fell one inch for every 250 paces ascended (4 ;250 ft.). 
However., i t  must  be noted that.  PowER'S height for the Puy  de D6me (3,000 ft. 
or 973 m~) was too.low; i t  is actual ly 4,465 m. G~ORG~ SINCLAIR, Ars n o w  et magna 
gravitates et levitatis, Rotterdam, t 669, pp. i25- - t49 .  F. CAJORI, His tory of determina- 
tions of the heights of mountains, Isis, t929, 12, pp .  482--5t4 .  
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(which he Pecquet calls the Elastical motion of that Element) so that the particles 
of Ayr may be understood to be as so many little Springs, which if at liberty, and 
not bound and squeezed up, will powerlully, strongly, and spontaneously dilate and 
s{retch out themselves, not onely to fill up a large room but to remove great bodies, n 

This " d a t e r "  or ';spring" of air was the property which later interested BOYLE 
also, and both he and POWER made initial unsuccessful attempts to reduce this 
concept to some simple law. POWER began by  repeating the simple experiments 
which PECQUET had performed to illustrate the "spring of air, including the 
enclosure of a fish's bladder in a vacuum, which has already been quoted from • 
CAVE>iDISH'S correspondence. 72 .But the  experiment that  impressed POWER most 
w&s PEcQuET'S fourth experiment. "That  Water onely by its weight compresseth 
the Earth 's  watery Globe; But the Air compresseth it, not onely by  its weight 
but  by  its Elatery."Ta 

POWER repeated this experiment, but  gave a more precise result than PECQUET. 

Fill the Tube (as in the former Experiment) and let the Segment A of 14. inches, 
which -was formerly fill'd with Water, be onely fitI'd with Ayr; then, after you have 
revers'd' it into the vessel'd Quicksilver D, and with drawing your finge r, you shall 
see the Quicksilver in the Vessel so to fall, that it came down 16. inches lower then 
its wonted and determinate Altitude :74 

He concluded that  this phenomenon could not be explained other than by 
the spring of' air. 

That, before you withdraw your finger, you shall perceive the water and Quick- 
silver in the Tube, to press so sensibly upon your finger: as if it would force an 
entrance out, both before and after it was immerg'd in the Vessel'd Quicksilver: 
which protrusion cannot possibly be supposed to proceed from any ,other cause, 
but the Elatery of the included Ayr25 

POWER now undertook a series of experiments to examine the spring of dif- 
ferent volumes of airy e In each case the experimental details were similar to the 
first trial, and I have extracted the results from POWER'S account, to construct 
the following Table t .  All units are in inches. 

Liquid in th e / 
apparatus I 

Mercury 
Mercury 

Mercury i Mercury 
Mercury 
Mercury 
Mercury 

• Water . . ] 

Table 1 

Air volume a~ter 
invel~ion of the 

tube 

Original 
Tube length air volume 

45 2 
45 t4 
45 40 
29 t4.½ - 
27 t3} 
21 t0~ -  

t8 9 
45 22.} 

t6 
42 

t8.~- 
r ~4~ 
I 

t o  

1 24-~- - 

71 HENRY POWER, Version C, p. 105. 
~ Ibid., ,pp. 116--117. 
73 j. PJSeQUET, 1"651, op. cir. The title is quoted from the  English tfgnslation, 

1653, p. i09. 
74 H~NRy t~,owER, Version C, p. t t3. 
75 Ibid., p. t14. 
7e Ibid., pp. t14-- t t6 ;  Version A, if. 20--21; Version B, ff. 139---t41. 
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In a further experiment a twelve-inch tube was half filled with water, and 
this was inverted and totally immersed in a cylinder of water. In this case the 
volume of air was reduced. T h i s  modification of the experiment was 'probably 
suggested by  RICHARD TOWNELEY who had originated the experiment in which 
the Torricellian tube was ¢ompletely immersed in  Mercury,~7 

I t  is apparent,  from scrutiny of the Table, that  POWER'S results were too 
incomplete to enable a n y  satisfactory law to be induced, but  he concluded: 

The descent or fall of the Quicksilver or Water, was-most notable about  the 
midst of the Tube, viz. v~hei1 it was equally fill'd with Ayr and Quicksilver, or Ayr 
and Water7 s 

This generalisation was correct within the confines of these particular results, 
b u t w o u l d  not have applied for tubes of different lengths. I t  also shows that,  
at  this time, POWER ~¢as concerned with comparing the change in volume of 
the air, as an expression ~of its elasticity, with the height of th e mercury column 
in the same tube. He was not then comparing the air's elasticity with the external 
pressure exerted on i t ,  which mu~t be calculated from the barometric h e i g h t  
and the height of the mercury in the experimental tube. 

A final significant feature of POWER'S experiments was, that  in his enthusiasm 
to derive a quanti tat ive expression for the elasticity of air, he lost sight of  its 
weight, which led him in another experiment to give an incorrect explanation for 
the action of the siphon. His experiments as a whole show that  he had only a lim- 
ited ability to reduce his experiments into the terms of quant i ta t ive hydrostatics. 

These tentat ive and inconclusive experiments on the spring of air bring to 
an end POWER'S first series of experiments, and his interest in the subject was 
not revived until t660, when he read the work of ROBERT BOYLE. 

VII. Boyle's First Researches on Air Pressure: The Pneumatic Engine 

As I have previously pointed out, BOYLE was probably familiar with the 
Torricellian experiment from the time of its introduction into England in 1647, 
but it was not until t658 that  he began his more systematic s tudy of the physical 
and chemical properties of air. The greatest stimulus to this work was the inven- 
tion of the air pump by  OTTO VOI~ GUERICKE in about t 654, and BOYLE realised tha t  
this apparatus could be~ased for performing experiments in vacuo. I t  is not certain 
how BOYLE was introduced to yon  GUERICKE'S apparatus,  '9 since the lat ter 's  
book was not published until t672, but it is probabM-that h e w a s  told about  it 
by  one of his correspondents, who migh t  have seen the experiments or read the 
account of the pump in SCHOTT'~ Mechanica hydraulico-pneumatica, which was 
published in 165 7. 8o According to BOYLE'S account he had contemplated the evacua- 
tion of a vessel with a suction pump prior to t6 58, but  the success of the German 
experiments convinced him to prosecute his own investigations. 81 

7~ Ibid.. p. to7. 
~8 Ibid., p. 116: While it would have been possible to derive a functional relation- 

ship between the mercury height and the air volume, this would have been completely 
beyond Pow•R's mathematical abilities. 

~9 OTTO vo~ GUERICKE, Experimenta Nova (_ut vfcantur) Magdeburgica de 'Vacuo 
5patium a R. P. Gaspare Schotto. Amsterdam, t672. 

80 CASPAR SCHOTT, Mechanica Hydrau. lico-Pneumat~ca, Wfirzburg, t657. 
.81 ROBERT BOYLE, 1660, op::eit., Works, vo_l. 1, pp. 4 5. 



Boyle's Law and the Elasticity of Air 465 

By January  1658 BOYLE had written to HARTLIB about " the German vacuum 
as of no ordinary beauty",8~ and in the same year he employed RALPH GREATOREX, 
the London instrument maker,  and ROBERT HOOKE, his assistant at Oxford, 
to coflStruct an air pump. The final design and 
construction of the appa ra tus  were mainly the 
work of HOOKE, but  GREATOREX m a y  have been 
responsible for dnqling-the piston cylinder. 8a 

BOYLE could have gained little practical infor- 
marion about the construction of the pump from 
SCHOTT'S book. Indeed, it is probable that  
HOOKE'S pump greatly exceeded voN GUERICKE'S 
in efficiency and ~ design, since the German later 
modified his own design to conform to HOOKE'S, 
thus accounting for the similarity of even super- 
ficial points of construction between the pumps 
illustrated in BOYLE'S work or t660 and VON 
GUERICKE'S of 1672. s~ 

There were two major  differences between the 
German and English pumps;  the German pump 
used a lever to operate the piston and the evacu- 
ated globe had only one opening, which was 
attached to the pump ; while ]~OYLE'S pump used 
a more efficient rack and pinion for moving 
the piston and there  was a second opening into 
the globe, which enabled the insertion of ex- 
per imental  objects. 

Since there are m a n y  adequate descriptions 
of BOYLE'S air p u m p  85 or "pneumatic  engine!', I 
will consider only its application to the exami- 
nation of air 's elasticity. BOYLE'S description of 
the pump a n d  numerou~ chemical and physical 

a~ Letter form SA~MUEL HARTLIB to BOYLE, Janu- 
ary, t658; Works, vol. 5, p. 27t. 

8a H O O K E ' S  contribution to the construction and Fig.4.R.BoYLE, New Experiments Physico- 
design, of BOYLE'S air pump has been discussed Mechanicall, London, *660, Works, vol. 1, 
by, R. W A L L E R ,  Posthumous Works o] Hooke, London, Endplate Fig. I. BoYLE's air. pump or "pnetmaatic engine" 
t705, pp, ill--iv; R. T. GUNTHER, Early Science at 
Oxford, vol. 6, Oxford, 1936, pp.. 8--9, 70---72; R .F.  
FULTON, Bibliography o[ the Honourable Robert Boyle, Second edition, Oxford, 1960, 
p. t l ;  H . D .  TURNER, Robert Hooke and Boyle's air .pump, Nature, a959, 184, 
PP. 395---397. 

84 ~ee Figure 4. This apparatus is very similar to that Oil the title page of yon 
GUERICKE'S work. See J. R. PARTINGTON, History of Chemistry, vol. 2, t961, p. 516. 

ss Good descriptions of BOYLE'S air pump are to.be found in, R. BOYLE, Works, 
op,~it., vol. I, pp. 4 5; E.N.  DA C. ANDRADE, The early history of the vacuum 
pump, Endeavour, t957, 16, pp. 29--4t ;  J. ]3. CONA~T, Harvard Ca.se Histories in 
Experiental Science, 2 vols. Camb., Mass. 1950, vol. t, pp. t 64; G. WILSON, Relg$o 
Chemici, London, 1862, pp. 193--218. 
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experiments s6 using it were published in Oxford in t660, as New Experiments 
Physico-Mechanicall, Touching the Spring of the Air. sT 

As the title and introductory experiments indicate, BOYLE was particularly 
concerned with the examination of the hypothesis of the spring of air, having 
once repeated .the proofs Of its weight. 

That  he was stimulated to examine the elasticity of air by  the French exPeri- 
ments is suggested at the very beginning of the work, when he admitted that he 
had been induced to s tudy the Torricellian experiment by "perceiving by letters 
from some other ingenious persons at Paris, that  several of the Virtuosi there 
were very intent upon the examination of the interest of the air, in hindering 
the descent of the quicksilver". Since he knew of PECQUET'S book, and quoted 
from it in the second edition of his own work, it is possible that  this was an 
important "French" influence on his concept of air pressure. 

The first part of the work was focussed on proving that  the air had the pro- 
perties of weight and spring. Weight was the primary quality of air, and this 
characteristic was deduced from PASCAL'S Puy  de D6me experiment, the Tor- 
ricellian experiment and by the direct weighing of air. He was not satisfied that  
previous trials had been sufficiently accurate; he used methods similar to those 
of GALILEO and MERSENNE, but  achieved considerably greater accuracy, finding 
that  water eas 938 times as dense as air. 88 

He was equally convinced of the elasticity of air, and he sought a theoretical 
model which would explain this phenomenon. He favoured most a model v e r y  
like that  proposed by POWER, except that  he was undecided whether the corpuscles 
were suspended in an aether or void. His opinion is quoted in full as Appendix'V. 
As the investigations of the physical properties of air progressed he incessantly 
referred to this theory of elater o r  spring. However, he was undecided whether 
this represented the true structure of air, since air was able to dilate without 
prior compression. 89 He presented DESCARTES' theory of the structure of air and 
noted that  it was of little significance what shape was suggested for the corpuscles, 
since their pressure resulted from "the vehement agitation ... which they receive 
from the fluid aether. ''9° 

While BoYi.E adopted explanations of physical processes by  his "Mechanical 
or Corpuscular Philosophy , he carefully avoided commitment in the disputes 
about the ultimate mechanical principles. Thus he used the plenist and vacuist 
models of air to illustrate tile phenomena" of elasticity, but  he was careful to 
conclude that  it was probable that  neither represented the air's t r ue  physical 
constitution. This att i tude helps to explain the indignation which h e  felt when 
HOBBES accused him of introducing the vacuist interpretation, and it was perhaps 

86 The v~trious experiments performed with BOYL]~'S pump have been discuss6d 
bY G. WILSON, op. cir., pp. 2t9--228; J, R. PARTINGTON., t961, op. cit., pp. 520--5281. 

87 ROBER~ BOYLE, New ExperimenIs ]ahysico-Mechanicall, Touching the Spring 
o/ the Air, Oxford, t 660. - -  New Experiments Physico-Mechaniea[, Touching the Air .  
The Second Edition. Whereunto is added A Defence o/ the Authors Explication of the 
Experiments, Against the Obiections O/Franciscus Linus, And, Thomas Hobbes, Oxford, 
i 662. 

s8 R. BOYLE,, 1"660, op. cir.; Works, vol. t, pp. t2--13, 55--56. 
s~ Ibid., P.'9. 
90 Ibid., p. 8. 
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this misinterpretation which provoked the pathologically impartial  BOYLE to 
write a stinging criticism of HOBBES in the second edition of the New Experiments 
Physico-Mechanical in t662. 

He demonstrated the elasticity of air by  ROBERVAL'S carp-bladder experiment,  
which had originally been mentioned to him by  HARTLIB in t648, 91 He then 
showed that  a similar result ensued of the bladder was placed in an exhausted 
glass globe. The elasticity of air was influenced by  temperature  as well as external 
pressure. This was shown by  moving a partially inflated bladder nearer  and 
further from a fire. When the bladder was brought  nearer to the fire " the  elastical 
power of the same quant i ty  of air m a y  be as well increased by  the agitation of 
the aerial particles". When the bladder was moved away from the fire, the 
bladder deflated; but  if it was taken too near, it burst. 92 

I t  has often been overlooked that  BOYLE was not only concerned to give a 
qualitative demonstrat ion of air 's elasticity,  but  he also wished to reduce this 
phenomenon to a quanti tat ive law. As early as Experiment  793 he turned to this 
problem, when he examined the extent to which a volume of air would expand 
when subjected to reduced pressure. 

A small glass tube, 6 or 7 inches long, was sealed at one end and a parchment  
calibrated scale was at tached to the side. The scale ended just below the apex 
of the tube, which was expanded into a small glass globe. The apparatus  was 

filled with water, except for this globe, which contained an air bubble. The open 
end of the tube was immersed in a small dish of water, and the whole apparatus 
was placed in the globe of the evacuation apparatus.  

As the globe was exhausted the air bubble expanded until it filled the whole  
tu]3e. In the next  experiment he found that  air had an even greater capacit9 for 
expansion and it could increase its volume its volume b y  252 times. This confirmed 
MERSENI;E'S experiments o n  the rarefaction of air. 

A more satisfactory method for studying the quanti tat ive aspect of the elasti- 
ci*y of air was described in Experiment  17. The Torricellian experiment was set 
up, and the dish, containing the residual mercury and the lower end of the Tor- 
ricellian tube, was enclosed with the glass globe of the exhaustion apparatus.  
BOYLE pointed out tha t  t h e  mercury was now cut off from the weight of the 
atmosphere and must  be supported by  the elasticity rather than the weight o f  
the air. 

... upon which closure there appeared not any change in the height of the mercurial 
cylinder, no more than if the interposed glass receiver did not hinder the immediate 
pressure of the ambient atmosphere upon the inclosed air; which hereby appeares 
to bear upon the mercury, rather by virtue of its spring than of its weight; since 
its weight cannot be supposed to amount to above two or three ounces, which is 
inconsiderable in comparison of such a cylinder of mercury as it would keep from 
subsiding, 94 

The hypothesis  tha t  the mercury in the Torricellian tube was. now supported 
by  the elasticity rather  than the spring of air, was an essential assumption for 

..... his followiiig a t tempt  to detect th e relationship between the elasticity and volume 

9x Se~ footnote 4 5. 
92 Ibid., p. 13. 
9z Ibid., p. t4. 
9a Ibid., p. 22. 
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of air.  BOYLE saw t h a t  the  29 inches of m e r c u r y  in the  Torr icel l ian  tube  could 
no t  now be suppo r t ed  b y  the  weight o/a column o/air since i t  was effect ively  cut  
off f rom the  a tmosphere  b y  the  sealed glass globe. The  m e r c u r y  was now sup-  
p o r t e d  b y  the  res is tance of the  par t ic les  of air.  

A s imi lar  conclusion had  p rev ious ly  been reached  b y  TORRICELLI, who had  
been asked  b y  RlCC195 to expla in  the  suspension of the  m e r c u r y  cy l inder  under  
s imi lar  c i rcumstances ;  he had  repl ied  t h a t  the  lowest  layers  of a i r  were compressed  
b y  the  upper ,  and  this  degree of compress ion was uninf luenced  b y  p lac ing  the  
a i r  in an enclosed p lace :  

... bu t  if the air t ha t  you include is more rarefied than  the external  air, then the 
suspended metal  will descend by  tl~e proper amount ;  if now it  were infinitely rarefied, 
i.e., a vacuum, then the metal  would descend all tile way, provided tha t  the enclosed 
space were  able to take it. 9~ 

However ,  there  is no evidence t ha t  TORRICELLI made  a n y  expe r imen ta l  con- 
f i rmat ion  of th is  i m p o r t a n t  hypothes is .  Indeed ,  there  is evidence t h a t  he avo ided  
fur ther  deve lopmen t  of this  work ,  pe rhaps  in deference to  religious d i sapp rova l  
of uno r thodox  tendencies .  Also, While he a p p r e c i a t e d  t h e . g e n e r a l  na tu re  of the  
a i r ' s  e las t ic i ty ,  he was not  sure t ha t  dens i ty  alone Was not  responsible  for changes 
in pressure.  Thus,  reduc t ion  of a i r  pressure a t  h igh a l t i tudes  was due  to  i ts  g rea te r  
" p u r i t y " ,  and  a t  low a l t i tudes  hea t  caused ai r  to be " m o r e  subt le  and  l ight" .  

I t  was lef t  for PASCAL tO examine  the influence of a l t i t ude  on the  height  of 
t h e  m e r c u r y  column and  for BOYLE to  ra re fy  a i r  wi th  his v a c u u m  pump.  More 
than  this,  he hoped t h a t  he migh t  der ive  a law from the  results ,  which would  
re la te  t he  dens i ty  of the  enclosed ai r  to i ts  e las t ic i ty .  The former  could  be e s t ima ted  
f rom the  gtroke of the  pump,  since the  d imensions  of the  p i s ton  cy l inder  were 
accu ra t e ly  known;  t h e  l a t t e r  was measured  d i rec t ly . a s  the  he ight  of t he  m e r c u r y  

column.  

This  expe r imen t  was conduc ted  in the  presence of WREN, WALLIS and  WARD, 
three  of the  na t ion ' s  most  p rgminen t  ma thema t i c i ans ,  and  t hey  found tha t  the  
descent  of m e r c u r y  decreased with  the  increas ing exhaus t ion .  

We formerly mentioned, t ha t  the quicksilver did not, in ita descent, fM1 as much 
a t  a time, after the two or three first exsuctions of the air, as a t  the beginning. For, 
having marked its several stages upon the tube, we found, t ha t  a t t h e  first suck 

and when the vessel i t  descended an inch and 3 and at  the second an inch and s, "8, 
was almost emptied,  i t  would scarce a t  one exsuction be drawn down above the 
breadth  of a barley-corn: 97~ 

He  concluded  t h a t :  

We could not  hi therto make observations accurate enough concerning the measures 
of the quicksilver 's descent, to reduce them to any hypothesis, ye t  would we not 
discourage any from a t tempt ing  it, since, if i t  could be  reduced to a certainty,  i t  is 
probable, t ha t  the discovery would not  be unuseful, g8 

~5 Let te r  from RlCCI, tO TORRICELLI, t8 June, .t644; TORRICELLI Opere, op.  cit., 
vol. 3, pp. 21 22. 

96 Le t te r  from TORRICELLI I:O RlCCI, 28 J.une 1644, 01)ere, vol. 3, pp. 198--201. 
The quotat ion is taken.from KNOWLES MIDDLETON t963 op~ cit. (see footnote t), p. 23. 

97 R.  :BOYLE, 1660, op.  cit. ,  Works, v o h  1, p. 23. 
9s Ib id . ,  p. 23. -_ 
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This failure to o b t a i n  a sat isfactory hypothesis  was not  surprising, even given 
the help of prominent  mathemat ic ians .  Comparisons between the  readings would 
be rendered useless, since the leakage of the contMner increased as it was progres- 
sively exhaustedl In  addition, the Torricellian t u b e  was no t  calibrated, and 
when the  mercury  level had  fallen below the level of the lip of the globe, the 
level  was guessed b y  eye. 99 

I t  was realised tha t  leakage was insignificant during the first Strokes of the 
pump,  therefore he repeated his experiment,  hoping to compare  the results for 
the  initial exsuctions of globes of different capacities. This, he hoped,  might  lead 
to  a • sa t isfactory hypothesis.  

\ 

But  on this occasion, I hold it not uniit  to give YOUr Lordship notice, tha t  I 
llope.d from the descent of the quicksilver in the tube, upon the first suck, to derive 
this advantage; tha t  I should thence be enabled to give a nearer guess at  the pro- 
portion of force betwixt the pressure of the air (according to its various states, as 
to density and rarefaction) and the gravity of quicksilver, than hitherto hath been 
done.100 

This m e t h o d  would have proved sat isfactory had  he chosen grobes of suitable 
sizes, bu t  his first Choice :was a globe which held less than  ~ quar t  of liquid, or 
less t han  69 cubic inches of air. Thus,  the piston was capable of wi thdrawing 99 
cubic inches in one s t roke,  and almost  completely exhaust ing the globe. However,  
sucl;1 a great  reduct ion in pressure would cause considerable leakage, and BOYLE 

f o u n d  tha t  the  mercury  •fell to  8{  or 9 { inches. Therefore, this result could not  
be compared  with the first strokes in his former experiment.  He  also suggested 
tha t  'the use of a smal t  globe in t roduced other  difficulties. The residual mercury  
volume decreased as t ha t  in the tube  fell; he suggested tha t  this would influence 
the accuracy  of the pressure de te rmina t ion .  Fur ther ,  tl~e subsequent  volumes 
of air extracted from the globe would be more rarefied, and consequent ly  it 
would not  be comparable  t o  an equal volume of air at  .atmospheric pressure. 

~With these difficulties in mind,  he concluded:  

B e c a u s e  of these (I s a y  i and some other difficulties, tha t  require more skill in 
mathematics than • I pretend to, and much• more  leisure than my present occasions 
would allow me, I was willing to refer the nicer considerations of this matter  to some 
of our learned and accurate mathematicians, thinking it enough for me to have 
given the .hint a l ready suggested, l°x 

This confession should not  be read as indicating BOYLE'S weakness at mathe-  
matics, as m a n y  commenta tors  1°~ have unders tood it, bu t  an indication of the 

99 Ibid., p. 231 
100 Ibid.( p. 24. BOYLE gave sufficient information for it to be established that  

there was little leakage during the first few strokes of the pump.  The glass globe 
of the apparatus held 30 quarts of liquid, or about t.2 cubic feet. Since it was ap- 
proximately spherical, its diameter was about 8 inches. The piston 'cylinder was 
14 inches long and 3 inches ill diameter and its. maximum capacity was therefore 
99 cubic inches. A single stroke of the piston was able to exhaust about 4.8% of the 
sphere's content of air. At  the first stroke the mercury fell from 27 to 25 ~ inches, 
%-vhich was a fall of 5.1%. Had there been leakage, the mercury would have fallen less. 

~o~ Ibid., p. 24. 
102 R. T. GUNTHER, Early Science in Oxford, Vol. 6, Oxford, 1930, p. 73. GUNTHER 

attributes the failure of BOYLE~S work to his lack of mathematical ability combined 
with weak eyesight. 
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inherent difficulties of this particular experiment for determining the  relationship 
between the pressure and volume of air. The importance of these experiments 
are that  they represent BOYLE'S first systematic a t tempt  to determine the law 
relating the two dependent variables, the "spring" of air (which he now terms 
its "pressure") and its density. 1°3 

Although BOYLE'S initial a t t empt  to determine the law was a failure, the 
experiment is of the greatest .interest as an illustration o f  BOYLE'S approach to 
an experimental problem. He had clearly in his mind the goal of the experiment 
which was to obtain a table which would compare the different densities and 
related pressures of air. This ambition was thwarted by  the technical imperfec- 
tions of the apparatus,  and it is interesting that  neither he nor his mathematical  
colleague were willing to risk the formulation of a hypothesis on the initial results 
of their first experiment, although we now realise that  these  indicated a pro- 
portionality between density and pressure. 

BOYLE then Sought to avoid the former experimental errors, but unfortunately 
he chose an expedient which increased the risk of leakage and introduced further 
complications Which reduced the vaiidity of comparisons with the former ex- 

pe r iment .  
The publication of ]3OYLE'S experiments in t660 led to great interest in the 

hypothesis  of the weight and spring of air. LINUS and HOBBES lo4 produced pro- 
t racted refutations of his explanations, which had the valuable function of stimu- 
lating BOYLE to add a lengthy Appendix to the former work, and to embark on 
further experiments. I t  also stimulated various authors to engage in this fruitful 
experimental study. These included a large committee 105 of the newly inst i tuted 
Royal  Society, GEORGE SINCLAIR in Scotland, and POWER and TOWNELEY in 
the north of England. 

VII I .  Power  and  Towneley:  The Direct Measurement  of the Elastici ty of  Air 

I t  has previously been mentioned tha t  RICHARD TOWNELEY was to s o m e  
extent involved in POWER'S experiments of t653, and when these exper iments  
were resumed in t660, it was upon the initative of b o t h  men. 

I have already given t h e  major  biographical details by  POWER l°6, but  have 
only made incidental reference to RICHARD TOWNELEY. 

TOWNELEY'S name is n o t  insignificant in the history of seventeenth century 
science, for he was associated with the invention of the rain-gauge, the improve- 
ment  and publication of the details of GASCOIGNE'S micrometer, meteorological 

1o8 These experiments correct the misconception that BOYLE made no attempt 
at a quantitative estimation of the Spring of air during his initial work in 1658 and 1659. 

10~ FRANCISCUS LINUS, Tractatus de corporum inseparabi'l~tate, London, t66t. - -  
THOMAS HOBBES, Dialogus physicus de natura aeris, London, t661. 

105 On January t6th t660/61, the Society appointed a committee to study the 
Torricellian experiment. This consisted of BALL,- BROuNcKER,.BOYLE;'CLARKE, HILL; 
2{EILE, MORAY, ROOKE and WREN. T. BIRCH, 1756/57, op. Cit, vol. % p. t2. 

106 For further details of HENRY POWER'S life and work, see my M. Sc. Disserta- 
tion "The Scientific Work of Henry Power, M.D."  London University Library: 
also T. COWLES, Dr. Henry Power, Disciple of Sir Thomas Browne, Isis, 1933/34, 
20, pp. 344--366; J .W.  CLAY, Dr. Henry Power of New Hall, F. R. S., Hali/az 
Antiquarian Society, papers, reports, t917, pp. 1--3t . '  
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records and the suggestion of the hypothesis, which has become known as BOYLE'S 
Law. There has,. however, been a noticeable lack of biographical information 
about him,  and he has been both placed in the wrong c e n t u r y a n d  confused with 
his uncle, CHRISTOPrlER TOW~ELEY of Carr and Moorhiles (16o3--t674). ~°7 

I will therefore include a few biographical details in order to clarify the 
position of this mysterious figure of seventeenth cer~tury science, l°s The TOWNE- 
LEY family were important  landowners in South Lancashire, and they traced 
their descent to an ecclesiastical dean of Whalley, two centuries before the Norman 
Conquest. Their chief seat was at  Towneley, near Burnley. RlCrlARD TOWNELEY 
(ToWNLEY) was born in 1629 and was the eldest son of CHARLES TOWNELEY, 
who was killed at the batt le of Marston Moor in t644. WILLIAM GASCOIC-NE, a 
friend of the TOWNELEY family a n d  physicist was killed in the next  year. The 
Royalist  and Catholic sympathies of his family, as well as a retiring "disposition, 
may  explain why RICHARD entered little into public affairs and avoided becoming 
a member  of the Royal  Society. 

He married MARGARET PASTON, 1°9 daughter of CLEMENT PASTON of Barning- 
ham, Norfolk, who was from the famous Norfolk family whose letters provide 
indispensible evidence about the social history of England in the fifteenth and 
sixteenth centuries. RICHARD lived at Noeton, near Lincoln, and at Towneley, 
where he devoted himself to the s tudy of science and mathematics,  leaving the 
management  of his estates to his younger brother, CHARLES (16~t--=t 7t 1). CHAR- 
LES, and another Brother, JbHN (i630 ?--1678), assisted RICHARD in his scientific 
work. Although he w a s  not educated at a University, he had a sound under- 
standing of Latin and he was familiar with the major  activities in m a n y  branches 
of natural  philosophy, n° He added to the l ibrary at Towneley, which was already 
one of the finest private libraries in the north of England by  the beginning of 
the seventeenth century. 

His scientific interests were very similar to those o f  POWER, and the latter 
was both  physician to the TOWNELEY family and collaborator in scientific acti- 
vities, between t653 and t664. Both men were deeply influenced by  the writings 
of DESCARTES as well as the English authors, BOYLE, WILLIS and HENRY MORE. 

102 CHRISTOPHER TOEVNELEY was a celebrated antiquarian. 
10s Information about RICHARD TOWNELEY and his family is scattered through 

many works. These include; - -  CTIARLES LEIGH~ The Natural History o/ Laneashre, • 
Cheshire; and the Peak, i~¢_Derbyshire, Oxford, t 700, pp. 17--26. --- RALPH TttORESBY, 
Ducatus Leodlensis, Leeds, 17t5. - -  J. HUNTER ed. The Diary of Ralph Thoresby 
F. R. S., 1677--172g, 2 vols., London, 1830; Letters o/ Eminent  2¥[en addressed to 
Ralph Thoresby, 2 Vols., London, I832. - -  THOMAS D. ~THITTAKER, A n  History o[ 
the Original ,Parish of Whalley, Blackburn, 1801. - -  F. R. RAINES, ed., The visitation 
o[ the County Palatine o[ I~ancaster, made in the year 16'64/65 by Sir Will iam Dugdale, 
Chetham Society Publications, vol. 88, Manchester, 1873, pp. 304--307. - -  \V. T. 
LANCASTER, Letters addressed to Ralph Thoresby ~:. R. S., Thoresby Society, Leeds, 
t912. 

109 The Paston Letters A.  D. 1~22--1509, 6 vols., ed. JAMES GAIRDNER, London, 
t 9O4. 

110 ]-~ICHARD ToWNELEY'S manuscript "Some short considerations uppon Mr. 
Hooke's at tempt for ye Explication o:f ye Expt. of waters ascent into small Glasse 
Canes," is preserved in Yale University Library. An appended note by R. T. GUNTHER 
wrongly attributes the work to CHRISTOPHER TO'WNELEY. 
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Their collaboration was probably  hindered when POWER moved  to Wakefield 
in i664;  this was ' fol lowed by  in termi t tent  illhealth, and he d ied- in  1668. 

Towneley Hall wag to some extent  the focus of sientific ac t iv i ty  in the nor th  
of England ;  writings of JEREMIAH HORI~OCKS and WlUaA~ GASCOIGNE passed 
in to  RICHARD TOWNE!,I~/S hands, and he was visited by  m a n y  intelleCtuals. 
During the last years of his life he lived at York and he died there on 22nd 
January ,  t 706/7. 

POWER and TOWNELEY read BOYLE'S New Experiments Physico-Mechanicall 
in the year  of its publication, and this resulted in their  re turning to the s tudy  
of air pressure and Part icularly to the investigation of ttie elasticity of air which 
they  h a d s o  effectively demonst ra ted  in t653. 

They  now under took a second series of experiments which were performed 
at Towneley Hal!  in t660 and t66t .  POWER wrote an account  of these experi- 
ments  in the early summer  of t661, enti t led: 

Additional Experiments made at Townley Hall, in the years 1660 and 1661, by 
the advice and assistance of that Heroick and Worthy Gentleman, RICHARD TOWNLEY, 
EsQr. and those Ingenious Gentlemen Mr. JOHN, and CHARLES TOWNLEY, and Nfr. 
GEORGE KEMP. 

This was eventual ly  pr inted in the second par t  of his Exper imenta l  Phil- 
osophy, in t663.111 The account  began by  eulogising BOYLE'S work. 

The last year, '1660, came out tha t  excellent Tractate of Experiments of Esqr. 
Boyle's, with his P.neumatical Engin, or Ayr-pump, invented, and published by him, 
wherein he has by virtue of tha t  rare Contrivance, outdone all that  ever possibly 
could be performed by our late Mercurial and Experimental Philosophers: And, 
indeed, to give a true and deserved .Character of that  worthy Production of his, 
I must  needs say, I never read any such Tractate in all my life, wherein all things 
are so curiously and critically handled, the Experiments so judiciously and accurately 
tried, and so candidly and intelligibly delivered. I no sooner read it, but  rubbed up 
all my old dormant Notions, and gave me a fresh view o! all my former, and almost 
forgotten, Mercurial Experiments. Nay, it had not that  effect onely on me, b u t  
l ikewiseit  excited and stirr 'd up the noble soul of my ever honoured Friend, Mr. 
Townley, together with me, to a t tempt  these following Experiments. n2 

POWER'S account  of these experiments had features in common with his 
previous t ract  of t653. The work was in the form of a series of experiments,  which 

w e r e  described brieflyl and in certain cases incompletely. Again, the e l a s t i c i t y  
of air Was the subject which received greatest  emphasis, bu t  there was less dis- 
cussion of the vacuist-plenist  controversy than in the former work. As before, 

111 HENRY P(D'vVER, Experimental Philosophy, London, 1663, pp. 121--137. A 
manuscript version of the same experiments, having the same title, is in the British 
Museum, Sloane MS 1393, ff. 154--167. - -  Tile italics and capital letters in the quo- 
tation are as written by POWER. I have previously pointed out that  the presentation 
of the title in this form was probably the cause of BOYLE attributing the experiments 
to TOWNELEY ; Richard Towneley and Boyle's Law, Nature, 1963, 197, pp. 226--228. - -  
POWER wrote two other short tracts on air pressure between 1660 and 1663. The 
first, "A Confutation of this Funicular Hypothesis of Linus ; by Henry Power, M a e'Dr" ;" 
was published in Experimental Philosophy, pp. 138--142. Tile second, "Physical ex- 
periments.using Mr. Boyle's Improved Engine, July t663," BM Sloane MS 1326, 
ff. 46--48. I-Ie was one of the first scientists to give independent confirmation of 
BOYLE'S experiments on the air pump. 

112 HENRY POWER, t663, op. cit., pp. 121--122. 



Boyle 's  Law and the Elas t ic i ty  of Air 473 

a few exper imen t s  on siphons,  were incomple te iy  exp la ined  and  i n c l u d e d  as 

curiosit ies.  

In  1653 he was aware  o f  PASCAL'S exper iment ,  which suppo r t ed  TORRICELLI'S 
p red ic t ion  t ha t  wa te r  should rise to 33 feet when suppor t ed  b y  the  weight  of 
the  a tmosphere .  ~te had,  however ,  been unable  to cons t ruc t  an a p p a r a t u s  to 
conf i rm this  exper iment .  They  now a t t e m p t e d  i t  aga{n a t  Townley  Hall ,  l~a and  
thei r  account  is in teres t ing  in i l lus t ra t ing  the  technica l  imperfec t ions  of the i r  
methods .  I t  was not  possible to cons t ruc t  the  a p p a r a t u s  in glass;  therefore,  t in  
tubes  were cons t ruc ted  out  of sheets  of t in ;  these were fas tened toge ther  b y  
pewte r  solder  to form a tube  33 feet long. The only  pa r t  of the  a p p a r a t u s  made  
of glass was the  end section. This  tube  was erec ted  agains t  the  corner  t f i r ret  of 
Townetey  Hall ,  and  i t  was fi l led from its upper  end. W h e n  the tube  was full 
of wa te r  the  t op  was sealed, and  the b o t t o m  was immersed  in a cis tern of water .  
The wa te r  fell, i t  was guessed, to 32 feet, bu t  i t  had  un fo r tuna t e ly  fallen below 
the  glass tube  and  i t  con t inued  to subside,  since there  was a leakage  at  the  
juc t ion  of the  glass and  t in  tubes .  

PASCAL'S exper iment  was suppor t ed  b y  ano ther  experience.  A neighbour ,  a t  
H e a t h  Hall ,  near  Wakef ie ld ,  wished to raise wate r  to a height  of 48 feet, and  the  
sc ient is ts  de r ived  sa t is fact ion in the  failure of this  ' exercise. 

For  I remember in my  Lady Bowles her new V~Tater-work at  Heath-Hall ,  near 
Wake/ield, where the Wate r  is raised at  least t6 yards h igh  the simple workman 
undertook first to do i t  by  a single Pump;  but  seeing his endeavours were frustrated, 
he was forced to cut his Cylinder into two Pumps, and to raise it, first, eight yards  
into a head-cistern, and then by  another Pump to raise it  out of t ha t  other, eight 
yards,  into a cistern above} 1~ 

On 27th Apri l ,  t 66 t  t h e y  r e tu rned  to the i r  examina t ion  of the  e las t ic i ty  of 
air, adop t ing  the  a p p a r a t u s  which had  been used in the i r  first  quan t i t a t i ve  s tudies  
in t653. E q u a l  volumes  of a i r  and  mercu ry  were p laced  in a Torr icel l ian tube  
and  upon  invers ion into a, dish of mercury ,  the  expans ion  of the  inc luded air  
was measured .  The new fea ture  of this  exper iment  was, t h a t  the  expans ion  of 
the  air  was measured  at  different  a l t i tudes  on Pendle  Hill ,  i -  Lancashire ,  
which was conven ien t ly  near  Towneley.  11~ 

At  the top of the said Hill, we pu t  into the same Tube 42 inched long (which 
was divided into 102. equal divisions of spaces) as much Quicksilver, as being s top 'd  
and inverted, the Ayr  remaining at  the top of the Tube, fill 'd 50/15, or there about, 
of the forementioned divisions, and the quicksilver, tile remaining par t  of the Tube. 
The tube being thus immers'd,  and the finger withdrawn, the internal Ayr  di lated 
so as to fill of the above mentioned parts  84/75 and-there  remained in the Tube a 
Cylinder of Quicksilver containing in length t l /26  inches. W e  tr ied the same Ex- 

,la I b id . ,  pp. 131--132. , BoYLE had described this experiment in 1660, Works, 
vol. 1, pp .  28--29. Like POWER, the Roya l  Society had. difficulty in obtaining the 
appara tus  for this experiment,  and t h e  first successful performance, recorded by  
BIRClL was on t6 th  July, 1663; T. BIRCH, 1756/57 op. cit., pp. 7~--80, 86, t03, 255, 
266, 27t, 273, 279, 286, 259. 

n4 H~SNRY POWER, t663, op. cit., pp. t31- - t32 .  - -  GALILEO, 1638; op. eft., 
pp. t6---t7.  

i1~ HENRY POWER, 1663, op. cit., p. t27. The alt i tudes of the stations mentioned 
by  Power were: -Pendle New Church - -  850 It.; Barlow (Barley) - -  750 ft.; Pendle 
Hill summit  or Beacon, 1,831 ft. 

Arch. Hist. Exact Sci., Vol. 2 32 
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per iment  a t  the bot tom of the said Hill, the Tubes being fill'd, as above, and the 
Ayr  50/15. dilated to 83/8. and the Cylinder was in height 11/78 inches. 116 

The e las t i c i ty  of the  air  h a d  thus  decreased as Pendle  Hi l l  was descended.  
This observa t ion  was cor re la ted  to ano ther  expe r imen t  in which the  " e x t e n d e d "  

! A air  pressure  was found to increase dur ing  
~:]: Tab "5 " &e descent  in height.  A t  Pendle  New 

" Church, the  l e v e l  of me rcu ry  in the  
Torr icel l ian tube  was 28.4, while a t  the  
summi t  of the  hil l  i t  was 27.4 inches. 
This  resul t  was consonant  wi th  POWER'S 

c - f ' t ' o ' z "  former  expe r imen t  on Ha l i f ax  Hill ,  
-~ E where the  fall was less t han  an inch, 

this  "hill being cons ide rab ly  lower t han  
Pendle  Hill.  

I_9 The  exper imen t  was now repea ted  
- using a tube  of 26 inches, which was 
4 n d iv ided  into  31 divisions.  A t  the  apex  

t = Is of the  hill  9 divisions of a i r  were in- 
eluded,  above  the mercury .  Upon  inver- 
sion into the  res idual  mercury ,  the  air  
e x p a n d e d  to occupy  t 7.8 divisions a n d  

i the  me rcu ry  shood a t  t3.86 inches.  The 
i 
;! t ube  was again carried down the hilt. 

i i  We brought this Tube, wittI the same 
i i Mountain Ayr  in it, by  the help of a long 
i i Tube of wood, having a dish fastned to the 

open end of it, and both full of Quicksilver, 
into which we put  our Tube; AB, (which 

- instrument  you have here represented) 
B and at  the bot tom of the Hill the Quick- 

i silver: rose up unto the mark  ra, under the 
t 7. division. So tha t  the Ayr  dilated, fill 'd 
of the equal parts  17~ 35, and the Quick- 
silver in B was in height i4/41, inches, n~ 

Fig. 5. H. POWER, Experimental Philosophy, London, t663; 
Endplate, Tab. f.TheapparatusforcarryingtheTorriceUian They  h a d  ensured  t h a t  the  same 
tube up Pendle Hill. Air  occupied the space AE before ex- 
pansion. This coincided with the 9 unit mark. Theairex- sample  of "Moun ta in  A y r "  was meas-  
partded to either 17.35 (m) or 17.8 (l). I t  is obvious that u red  at  the  two a l t i tudes .  They  now 
POWER'S diagram is ambiguous; the t9 mark  is in the 
wron~ position and the meaning of the various height exchanged t h a t  a i r  f o r " V a l l e y A y r "  a n d  

levels is not  explained 
r epea ted  the  expe r imen t  a t  the  lower 

a l t i tude .  A sl ight  difference in the  resul t  was found;  nine uni ts  of a i r  e x p a n d e d  
t o  17.58 units ,  and the mercu ry  s tood a t  t4.20.11s 

The resul ts  were now presented  in t abu l a r  form, in which the  mercu ry  he ights  
were given in inches and the  air  volumes in the  previousL,' men t ioned  a r b i t r a r y  
units.  Sc ru t iny  of the  d i ag ram a n d  tile tab le  which ac~:.ompanied this  expe r imen t  

116 Ibid., p. t27; tile appara tus  is shown in Figure 5. 
117 Ibid., p. 128. 
l~s Ibid., p. 128. In  POWER'S Table of results on p. 129, the final mercury level 

was given as 14.02 units; see Figure 6. 
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shows them to contain numerous minor errors, which are typical of POWER'S 
work. Thd lack of at tention to details of presentation, diagrams and tabulated 
numerical results, contrast  lOOWER'S Experimental Philosophy with HOOKE'S 
Micrographia, which was also published by MARTIN and ALLESTREE, only a 
short t ime after POWER'S book. Indeed the plates for the two .works were being 
executed at the same time in t663. n" 

In the l o n g  T u b e .  

~lt the top of the Hill. { aCt tb, bottoraof it at Barlow, 

A g ..... " 5'o115 I " - 5o[~; ~)Eqaalparts 
A D :  S4175 -' - 11318 i~ofSpaces ,  
B D :  - - lx la6  I~ - -xx[78 )Inclaes. 

In the leffer T u b e .  

aCt the top 1 At Barlow with t ,'lt Barlow roitb 
~tbe Hill. i ~12(r. " iVall, y.aC, r. 

A E , - :  9 ~ 9 i 9 
A D "XTf 8 i -  x7I'~fi'------. 17Iy$ 
B D - - -  ~318a I - -  g÷13~ !~ - t41o2 

Fig~ 6. H. POWER, ExperimenCal Philfsophy, London, t663; Table from page 129. This is POW~R'S only attempt at a 
tabular presentation of his results. I t  has certain ambiguities. In the upper part of the Table the bracket on the right 
hand side should upply to the first two lines only. The units are not indicated at all in the lower half of the Table, and 

14.02 should be 14.20 

The account was terminated with a short consicteration of the theoretical 
implications of these resul ts)  ~° This also was deficient in clarity of expression. 
The height of the mercury in the Torricellian tube was called the Mercurial 
Standard, and the difference between this and the final level of mercury in the 
experimentM tubes (the Mercury), was called the Mercurial Complement. Each 
of these values were presented in inches, and the Mercurial Standard represent 
the pressure of the atmosphere, whereas the Mercurial Complement represented 
the strength of the Spring or Elatery of the air enclosed in the experimental 
tubes. 

The. original volume of air enclosed in the tube at atmospheric pressure was 
the Ayr," this expanded, and the new volume was The Ayr Dilated. The difference 
between these two values was the A yr's Dilation. These were measured in either 
of two different arbi trary units. TM 

]. 

110 L e t t e r s  f r o m  MARTYN a n d  A L L E S ~ R Y  t o  p O W E R ,  A u g u s t  a n d  S e p t e m b e r ,  1663 ,  
B M  Sloane M S  1326 ,  H. 3 9 - - 4 0 .  

12o H E N R Y  POWER,  1663 ,  op .  c i r . ,  p p . 1 2 9 - - - t  30 .  I h a v e  g i v e n  a p r e l i m i n a r y  a n a l y s i s  
o f  P O W E R ' S  r e s u l t s  i n  a l l  e a r l i e r  a r t i c l e ;  - -  s e e  f o o t n o t e  t t t .  

X~l POWER'S original Table of results is given in Figure 6 ; ,my amplified and 
corrected version of his results is given as Table2. 

32*  
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Volume of the 
o n r ,  l r ~ A  ~ir  

Air Pressure 

Table 2. The ex Oressures 

Altitude (ft.) 

(0.41 inch units) 
In  RA i n c h  ~ n ~ t ~  

(inches) 

~ansions o~ air at di//erent 

Long tube 

Volume of ex- 
panded air 

Reduced mer- 
cury pressure 

800 I 1,800 [ 

50.15 ~ 50. i5  

28.4 27.4 

SO0 

O 

, 2 8 . 4  

(0.41 inch units)[ 83~-8 ,. I 
(0.84 inch units) t 7.5 
( inches)  111.7811.2614.2 

(1) Lengths indicated in POWER'S text diagrams, and Diagram 1. 

(2) The term used by POWER to designate each volume. 

Short tube 
(I )  i sooi,, ,oo 

28.49 27.49 AEAEBI( 

17.3517.8 AE 
14.31 13.861 B~] 

(2) 

~The Ayr 

Mercurial 
Standard 

The Ayr 
Dilated 
The 
Mercury 

They now concluded: 

So that here is now four Proportionals, and by any three given, you may strike 
out the fourth, by Conversion. Transposition, and Division of them. So that by 
these Analogies you may prognosticate the effects, which follow in all Mercurial 
Experiments, and predemonstrate them, by calculation, before the senses give an 
Experimental eviction thereof. 12~ 

Unfortunately, the reader was left to guess the identity of the "four Propor- 
tionals". However, it is possible to assess them from the previous paragraphs. 
I t  is clear that they  were comparing mercury values• with air volumes. In the 
account gave three mercury variables - -  tke Mercury, Mercurial Standard and 
Mercurial Complement, and  three air volume variables - -  The A yr, A yr Dilated 
and Ayr 's  Dilation. Two pair s out of these two sets of three must be chbsen. 
Since it is improbable that the above generalisation would have been made 
without having performed elementary calculations with the figures from these 
experiments, four of the above variables would be chosen which would, enable 
the mentioned "prognostication". Their hypothesis would work if the Mercurial 
Standard and Mercurial Complement were compared with the Ayr and the Ayr 
Dilated. The Mercury can be eliminated, since it alone of the three figures is 
not a measure of external pressure, neither does it allow prediction of the results 
o f  other experiments. The A yr Dilated is not used since it is obtained simply 
by subtraction from the two basic measurements of air volume. 

'Thus if Mercurial standard ='Pz, 

Mercurial complement = P2. 

Ayr = vl. 

A3~r Dilated = v2. 

The equation PlVl=p~% enables the calculation of the results of similar experi- 
ments in which one of the values is unknown. It  assumes the inverse proportio- 

123 HENRY POWER, 1663, op. cir., p. 130; "eviction" is added from the errata. 
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nal i ty  between the volume and pressure of air, and any  other assumpti0Ii would 
prevent  the prediction of the results of future experiments. I~3 

Al though POWER presented the experimental  results and hypothesis  i n  the 
simplest form, it is obvious tha t  this joint investigation had achieved consMerabiy 
greater  unders tanding of the elasticity of air, than  in the exper iments  of t653. 
The most  impor tan t  advances were tha t  the hypothesis  was no longer the result 
of a comparison between the volume o/air  and the height o~ mercury in the same  
tube, bu t  between the volume o/a ir  and a measure of it's elasticity, determined 
by  the comparison of the atmospheric pressure and the height of mercury  ih the 
experimental  tube. 

This method  had the initial advantage  over BOYLE'S, tha t  the volume of 
air was measured directly, whereas in BOYLE'S experiment  it w a s  calculated. 
BOYLE had measured the pressure of the air directly, whereas in the nor thern 
experiments  it was calculated. This was however  not  as liable to error as the 
calculation of the volume in BOYLE'S experiment.  

POWER and TOWNELEY had been familiar with the concept  of the reduction 
of atmospheric  pressure with al t i tude for m a n y  years;  when they  observed tha t  
the spring of air was increased by  an increase in altitude, it is probable  tha t  they  
immedia te ly  associated it with the reduct ion in atmospheric pressure. Thus a 
few trials were sufficient to verify this and give them the intuit ive realisation 
of the reciprocal relationship between the pressure and volume of air, a l though 
they  did not  verify this over a wide range of pressures, or explore its theoretical 
significance. 

However,  in 1662 they  performed a series of experiments in coal mines, and 
they  carried a weather  glass down the mine and noted tha t  the water  in the 
appara tus  rose 3 inches during the descent. In  the second trial of this experiment,  
POWER noted : 

Now we observ'd tha t  in carrying idown of the said Glass in a Scoop from the 
top to the middle of the Pit, there the water did not rise so much as it did from the 
middle to the bot tom, by half an inch; so that  it seems the rise of the water was 
no* proportional to the Glasses descent in the Pit. T M  

I t  would be interesting to know if POWER realised the significance of this 
observat ion in relation to his former rule of proport ional i ty  for calculating the 
heights of mountains,  or to his hypothesis  for calculating the volume of air at 
increased pressures. 

123 The application of this hypothesis may be illustrated by an exampl e taken 
from one of the experiments described in Experimental Philosophy. 50.t5 traits of 
air (vl) were enclosed in a tube at atmospheric pressure, which was 27.4 inches (Pl) ; 
the hypothesis can be used to predict the volume (v2) at the reduced pressure of 
16.t4 inches (p~). 

The hypothesis assumes that  Pl v~=P2 vs. 
By substitution 27.4 x 50.15 = (27.4--1 i .26) × v 2 

90 -v2 .  
Therefore the hypothesls predicts that  the air would expand from 50.15 units to 
90 units, whereas in the experiment this volutge e~xpanded to 84.75 units. 2_ In the 
experiment:where 9 tinits were taken at 27.4 inches atmospheric pressure, the predicted 
increase in volume at 13.54 inches pressure was l 8.3 units, whereas the experimental 
result was 17.8 units. 

1=4 Ibid., p, 176. 
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Certain improvements in the technique of experimentation may  be noted in 
the account of 166t, a l though' i t  is inadequate by  modern standards. The tubes 
were calibrated, and the most accurate figures were given to the nearest //20th 
bf~an .inch. The levels of mercury reached in the experiment were not liable to 
fluctuatio n, which was one of the deficiencies of BOYLE'S experiment. The initial 
volume o f  air included in the tube was constant for any tube used, whereas in 
the 1653 experiments a different initial volume was used for each trial. Finally 
.the experimental results were arranged in a Table which allowed the ready com- 
parison of the variables. 

Before considering the dissemination of the works of POWER and TOWNELEY, 
it is appropriate to consider briefly their general at t i tude to the plenist-vacuist 
controversy. Since their basic presuppositions showed no change, between 1653 
and 166t, it is possible to consider the evidence from both treatises together. 
In addition, it should be noted that  TOWNELEY'S criticism of HOOKE, written in 
two parts, in 1665 and t667, contained an amplification of the opinions stated 
in Experimental Philosophy. 

Both POWER and TOWNELEY were concerned to relate the experiments on 
air pressure to their general philosophy of  nature, as had been the case with the 
French observers: However, there was a difference of emphasis; the English 
writers gave most emphasis to the spring of air and, since this had li~le relevance 
to the vacuist-plenist controversy, there was greater separation of the discussion 
of the experimental and philosophical problems. BOYLE, even more than TOWNE- 
LEY and POWER, by2passed the philosophical problem and was content with 
a mechanical repetition of the vacuist and plenist arguments, without indicating 
his own alignment. 1~5 

Neither did BOYLE'S att i tude change in the second edition of the New Experi- 
ments Physico-Mechanical. HOBBES accused him of adhering to the vacuist 
philosophy, but  BOYLE indignantly accused his opponent of misrepresentation. 

For neither has the society declared either for or against a vacuum, nor have I:  
nay, I.have not only forborn to profess my self a Vacuist, or a Plenist, but I have ill 
a fit place in rr~, epistle expressly said, that  I reserve the declaring of my oven opinion 
touching the ~o'~int to another discourse. TM 

On t h e ~ t h e r  hand, POWER and TOWNELEY were plenists and both based 
their physics on Cartesian principles. This is generally overlooked in discussions 
of the Cartesian influence in England. While the Cartesian influence on the 
philosophy of MORE and the physics of BOYLE is well known, POWER and TOWNE- 
LEY have been overlooked, although they provide outstanding examples of 
dev~'i0n to Cartesian physical principles among English scientists of the mid- 
s e~h t een th  century. ~27 

-"i'i2~, I{. BOYLE, t660, op. cit., Works, op. cit., v01. 1, pp. 24--25, 37, 48--49. 
#~,\ ~2~ Ibid., pp. t21--122. 
• ,27 The importance of POWER and TOWXELEV in the history of Cartegianism in 

/.'~England is overlooked in the two most important articles on this subject. MARJORiE 
NICOLSON, The Early Stages of Cartesianism in, England, Studies in Philology, 1929, 
26, pp. 356----374. S. P. LAMI~RECrt'r, The Role of Descartes in Seventeenth,Century 
England, .Studies in the History o/ Ideas (Columbia University, New York), t935, 
3. pp. 181--242. 
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TOWNELEY and POWER were aware that  there was little support  for Aristot- 
elian physics among their contemporaries, and both realised that  the vacuis t  
philosophy was in  the ascendency in England. TOWNELEY'began his "Preliminarie 
Discourse" with the s ta tement  that  he would base his work on the principles 
of "Motion, Rest, figure a n d  Size, ye principles I thinke only to bee made use 
of in ye Solution of Physicall problemes", and that  he had adopted the "Cartesian 
Hypothesis  exclusively to any  othere. I know that  though I hope for favour 
even in this particular, for by  what I have seene it appeares to mee, tha t  des 
Cartes and Epicure, (or rathere Gassendus) are at ye head of ye two factions 
which tend for superioritee in this mention 'd Philosophicall reformation. ''1~8 

He went on to justify Cartesian principles, and devoted'  the majori ty  of  his 
discussion to the denial of vacuum and justification of aether. 129 

POWER too, in the Preface to Experimental. PhilosOphy, announced the prin- 
ciples of the "ever-to-be-admired Des-Cartes" which he intended to follow in 
his work. 

He realised that  the Torricellian experiment created difficulties for his Car- 
tesian l~rinciples, and that  French observers favoured the idea of vacuum. He 
therefore proposed that :  

whereas they Will have Rarefaction and Condensation to be performed without 
any increase or toss of quantity (which can never be conceived).we admit of an aetherial 
substance of Matter intromitted and excluded, the Bodies so changed as we formerly 
explicated. 130 

At the same time POWER realised that  the spring of air could be explained 
by  the vacuis t ' s  principles as well as the plenist, but  he preferred to retain, the 
concept of aether. TM 

His reasons for denying vacuum w e r e  largely Cartesian; the concept was 
"non-philosophical", "ve ry  ridiculous ;" all volumes having extension must con- 
tain matter ,  since extension was the designation of matter .  

In addition he adopted the Aristotelian opinion that  there could be no  motion 
in a vacuum; since the space above the mercury  in t he  Torricellian t ube  
t ransmit ted light and magnetism, and since these were substances, this space 
:must also contain a medium. His s tatement  of this principle illustrates the 
persistance of the Arist0tel ian notions of substance and quality, even among 
the mechanical philosophers. . .  

Again we have the sensible eviction of our own eyes to confute this Suppositional 
Vacuity, for we see the whole space to be Luminous (as by Obser.) Now Light must 
either be a Substance, or else how should it subsist (if a bare Quality) in a Vacuity 
@here there is nothing to support it ?x32 

IX. Power  and Towneley:  Their  Relat ionship wi th  Boyle and the Royal  Society 
The  experiments of POWER and TOWNELE¥ included valuable advances on 

the s tudy of the elasticity of air, but they were not published until late in 1663. 

x~8 RICHARD TOWNELEY, "'A Preliminarie discourse by way of Preface, 10th April, 
1667," ff. [3,--4]. This is the introductory chapter to the work already mentioned: - -  
~ee footnote 110. 

129 Ibid., ff. [13--27]. 
x3° HENRY ~OWER, 1663, op. cir., p. 132. 
181 Ibid., p .  133. 
ls~ Ibid., p. 95. 
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I t  would Considerably reduce  the i r  significance in the  h.istory and  science if t h e y  
were not  c i rcula ted  to  a wider  audience  before th is  date ,  since the  second edi t ion 
of the  Ndw Experiments Physido-Mechanical appea red  in m i d - t  662. I t  is i m p o r t a n t  
to assess the  ex t en t  t h a t  POWER'S manusc r ip t s  were  c i rcula ted  and  i n t e g r a t e d  
into the  fabr ic  of c o n t e m p o r a r y  knowledge,  for the  significance of an expe r imen ta l  
advance  lies not  0nly  in i ts  r ecord ing ,  b u t  also on t h e  ex ten t  i t  is publicised.  

Fo r tuna t e ly ,  there  is good evidence about  the  ac t iv i t ies  of POWER and  
TOWNELEY be tween  t 66 t  and  t663 f rom POWER'S correspondence,  which is 
preserved in the  Sloane Collection of the  Br i t i sh  Museum. His  le t te rs  show t h a t  
thei r  exper iments  on air  pressure were c i rcula ted  amongs t  the  members  of the  
Roya l  Society,  and  were of pa r t i cu la r  in teres t  to  ROBERT BOYLE. 

POWEI~ became in te res ted  in the  act iv i t ies  of the  Roya l  Socie ty  at  an ear ly  
stage, his con tac t  wi th  this  group al lowing t hem to benef i t  f rom the records 
of his researches,  while he in tu rn  was s t imu la t ed  to pursue  new inves t iga t ions .  

He first  men t ioned  the  Socie ty  in a i e t t e r  to his friend, REUBEN ROBINSON, 
of Maldon, Essex,  on 30 April ,  166t, a n d  in the  same le t te r  he referred to  his 
recent  exper imen t s  on a i r  pressure.  

I have here only sent you 2 or 3 of those observations I made in it, Besides this 
wee tried the Pascalian Experiment  of the descent of Wate r  in a Tin-Tube above 
32 foot High: which wee found to be exact ly true and proportionall  to the mercurial  
cylinder in weight - -  Nay before wee dissolved ouy socyety wee al l  marched to the 
topp of Pendle HiII, One of the 3 famous Hills in England for Altitude, and there 
wee t ryed the Torricellian experiment of the descent of mercury which was neer 
there abundant ly  lower then at  the bot tom of the same Hilt beside Esic.] Beside, 
wee t ry ' d  the difference of mountain-Aire and Valley-Aire counterchaning [sic.7 their  
places, carrying the one upp and the other down from the toppe o5 the Hill to the 
bot tom in Tubes closely luted, to t ry  the difference of the,elast ic i ty;  of these experi- 
ments I will send you a Transcript  of the chiefe ere long: I heare much of the College 
for experimental  learning you write of: is there never a member of i t  tha t  you.or  
I know tha t  I might have Correspondence with, ~ i t  might, I perchance do us both 
a e0urtesy, la~ 

I t  was abou t  the  same t ime t h a t  t h e  Society  h e a r d  of POWER'S in teres t  in 
science and  WILLIAM CROUNE wrote his f irst  l e t t e r  to h im on J u l y  20th t66t'.!a4 
I t  conta ined  a request  for POWER to send records-of  his inves t iga t ions  to  the  
Socie ty;  he compl ied  b y  sending his exper imen t s  on air pressure and  magnet i sm,  
on t 5 th  August .  ~a5 

133 HENRY POWER, let ter  to  .REUBEN ROBINSON, 30 Aprii~, 1661,%t3M Sloane MS 
1326, ff. 19--20. The following references t o  POWER'S correspondence will Tefer to 
MS 1326 unless otherwise stated. 

134 V~'ILLIAM CROUNE, let ter  to HENRY Pow/~R, 20th July, 1661, f. 26. ---POWER'S 
name was introduced to the Royal  Society by  JOHN TILLOTSON the future Archbishop 
of Canterbury,  who was one of POWER'S friends and correspondents; he was a nat ive 
of Sowerby near  Halifax. TILLOTSON reported to CROU~ tha t  POWER "had made 
a g r e a t  many experiments with Mr Boyle's engin not  t ry ' d  by him, very many 
magneticall,  and some with the mercuriall cylinder," f. 26. On 8th May t 661, CROUNE 
was instructed by the Society to correspond wi th  POWER. @. BIRCH, I 756/57, op. cit., 
vo1. I, p. 22. POWER repor ted- to  TIIvI~OTSON tha t  the correspo~ldence with CROUNE 
had already begun in the early summer of 1661, f. 27. 

135 HENRY POWER, let ter  to CROUNE, I 5 August, 166t; f.2~. 



Boyle's Law and the Elast ic i ty  of Air 48t 

CROUNE repl ied  on 14th Sep tembe  r, in a le t ter ,  in te res t ing  because  i t  referred 
to BOYLE'S pa r t i cu l a r  in te res t  in the i r  l a t e r  exper imen t s  on ai r  pressur  e and  his 
in ten t ion  of referr ing to t hem in his fo r thcoming  r ep ly  aga ins t  LINUS. 

I hold myselfe very par t icular ly  oblig 'd to you for the favour you did mee in 
sending hither your  Booke of Mercuriall Experiments,  and I hope you will not thinke 
me unkind tha t  I have not  sooner re turn 'd  you both my  owne thankes, and the 
hear ty  thankes of all our Company (which I am commanded by  them to doe) when 
I shall informe you tha t  I could not conveniently doe i t  before, because your Booke 
was ill the hand of Mr. Boyle who impor tunate ly  desired it, for a present concern 
of .his own, being engag'd with one who calls him selfe Fransise:  Linus (Indeed a 
Fa ther  of the Society o f  Jes:) here in Town, who pretends a differing Hypothesis  
of explicateing all the mercuriall  phenomena from tha t  of the weight of the Atmos- 
phear. Some of your last experiments have donne Mr. Boyle a kindnesse, which I 
am certaine hee will mention-in his answer to Linus, whose Booke I doubt  not  but  
you have received before this. 136 

T h e  l e t t e r  con t inued  wi th  a br ief  account  of LINI:S' hypo thes i s  and  an apo logy  
for not  hav ing  r e tu rned  the  account  of the  exper imen t s  on. a i r  pressure previously ,  
since t h e y  were be ing  t r ansc r ibed  b y  one of the  Society.  

W h e n  CROU•E acknowledged  POWER'S r ep ly  agains t  LINUS, in J a n u a r y  1662, 
he men t ioned  t h a t  BOYLE had  sti l l  no t  comple ted  his r ep ly  to LINus,  and  in t ended  
to use in fo rmat ion  from this  t r a c t  a l s o "  

especially tha t  of the weather  glasse. 

He assured POWER t h a t  BOYLE in t ended  to acknowledge  this  also. !37 

BOYLE had  thus  in formed  CROUNE t h a t  he in t ended  to use in fo rmat ion  from 
two manuscr ip ts ,  which the  l a t t e r  had  passed on to him. The  first  was the  ex- 
per iments  of t660 a n d  166t which were concerned wi th  the  e las t i c i ty  of air,  and  
were the  jo in t  inves t iga t ion  of POWER and  TOWNELEY. The  second was HEI~R'Z 
POWER'S rep ly  to  LINUS, which con ta ined  an expe r imen t  in which a wea the r  
glass was carr ied up  the  s teep  hill  above  his home at  E l land ,  near  Hal i fax .  

We are now in a pos i t ion  to e luc ida te  the  s can ty  references b y  ROBERT BOYLE 
to TOWNELEY'S work, in order  to ob ta in  an es t ima te  of his deb t  to  the  no r the rn  
inves t iga tors .  

Direc t  reference was~made  to bo th  PowER and  TOWNELEY in the  second 
edi t ion  of the  New Experiments Physico-Mechanical which a p p e a r e d  in t662. 
I t  was  on the basis  of this  work  and  oral  communica t ions  f r o m  BOYLE t h a t  
the  p ropo r t i ona l i t y  be tween the  dens i ty  of air  and  i ts  pressure became known 

136 WILLIAM'CROUNE; let ter  to HENRY POWER, t4 Sept. 1661; f. 25. - -  In  a let ter  
to ROBII~SO~ (ff. 20--21 ) POWER hoped tha t  his manuscripts would be communicated 
to BOYLE, and added tha t  he was composing a reply to LINUS (see footnote 111). 
When  this was completed, i t  was sent to the Royal  Society and was acknowledged 
by  CROUI~E on January  9th, 1661/62; If. 28--29. 

1~7 \¥ILLIAM CROUNE, let ter  to HENRY POWER, 9 January,  t661/62, f. 28. - -  
POWER sent experiments on sipt~ons and capillaries to the Society in February,  
t661/62, BM Sloane MS,  1393, f. 166). These were acknowledged b y  CROUNE on 
March 1st 1661/62, and in the same let ter  he reported tha t  BOYLE'S reply to LINUS 
was not ye t  published; f. 30. I t  had not  appeared by May 17th (f. 31), and i t  was 
finally Sent to POWER on October 16th 1662 (f. 32). POWER wrote a let ter  of acknow- 
ledgement to BOYLE on 10 November, 1662, which was enclosed in a further let ter  

t o  CROUNE on 19 November, 1662; If. 33--34. There was consequently no direct 
correspondence between POWER and BOYLE. 
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as "Towne ley ' s  hypo thes i s "  %r "Town ley ' s  T h e o r y "  b y  seven teen th  c e n t u r y  
authors ,  such as HOOKE and  NEWTON. 1as 

As has  been p rev ious ly  noted,  139 the  second edi t ion of BOYLE'S work  was in 
three  par t s ,  which were p r o b a b l y  ava i lab le  separa te ly .  The  exper imen t s  of the  
t660 edi t ion formed the  bu lk  of the  volume,  and  the  r ema inde r  consis ted of a 
r ep ly  to  I-IOBBES and  one to  LINUS. I t  was in th is  las t  pa r t  of the  work,  which 
was wr i t t en  dur ing  the  closing mon ths  of 166t,  t h a t  BOYLE re tu rned  to an ex- 
pe r imen ta l  inves t iga t ion  of the  e las t i c i ty  of air.  I have  ind i ca t ed  t h a t  he h a d  
the  expe r imen t s  of POWER and  TOWNELEY to a id  him; as well as cer ta in  cont r ibu-  
t ions b y  member s  of the  R o y a l  Society,  which will be referred to in the  following 
account .  

LINUS had  proposed  t h a t  tt{e me rcu ry  in the  Torr icel l ian expe r imen t  was 
suppo r t ed  b y  a raref ied  cord of m e r c u r y  or funiculum. BOYLE saw t h a t  PASCAL'S 
P u y  de D6me expe r imen t  was an " expe r imen tum-c ruc i s "  suppor t ing  the  concept  
of the  weight  of air,  since th is  hypothes i s  r a the r  t han  the  funiculum would expla in  
the  mercu ry ' s  descent  wi th  increased a l t i tude .  140 BOYLE, l ike most  o ther  Engl i sh  
observers ,  had  t aken  the  de tans  of th is  expe r imen t  from I~ECQUET. 

LINUS had  no recourse bu t  to deny  PASCAL'S evidence,  and  BOYLE re to r t ed  t h a t  
the  t r u t h  of PASCAL'S expe r imen t  had  been conf i rmed b y  two Engl ish observers.  

Especial ly since I can confirm these observations by  two more made on dis tant .  
hills in England. The one which I procured from tha t  known Virtuoso Mr. J. Ball, 
whom I desired to make the experiment  a t  a mountain  in Devonshire, on the s ide  
thereof 'he  dwelt;  and the other made in Lancashire by tha t  ingenious gentleman 
Mr. Rich. Townley. Both which observations, since ! have mentioned them at large 
in the Appendix to the Physico-Mechanical  treatise, I shall not  now repeat;  con- 
tent ing myself to observe to our present purpose, tha t  however the proport ion of 
the descent of quicksilver may  vary,  according to the differing consistence and other 
accidents of the neighbouring air, in the par t icular  places and times of the'expei-iments 
being made, ye t  all observations agree in this, t ha t  nearer the top of the atmosphere 
the quicksilver falls lower than  i t  does further from it. To this I shall add two things, 
t ha t  will very much confirm our hypothesis.  The one is, tha t  the freshy named Mr. 
Townley, and divers ingenious persons that assisted at the trial, bethought themselves 
o[ so making the Torricellian experiment at the top o[ the hill, as to leave a determinate 
quantity o[ air in the tube, be[ore the mouth o[ it was opened under the vesselled mercury; 
and taking notice how low such a quantity o[ that air depressed the mercurial cylinder, 
they likewise observed, that at the mountain's loot the included air was not able to depress 
the quicksilver so much. Whence we infer, t ha t  the cylinder of air a t  the top of the hill 
being shorter and lighter, did.not  so strongly press against  the included air, as did the 
ambient  air  a t  the bo t tom of the hill, where the aeriel cylinder was longer and heavier, m 

This  quo ta t i9n  .requires cer ta in  clar if icat ion.  Since BOYLE inc luded  no fuller  
account  of the  observa t ions  of BALL and  TOWNELEY as a sepa ra te  append ix ,  
d id  he refer  to  t h e m  a t  ano the r  po in t  in his work,  and  have  t h e i r  accounts  been 
p rese rved  ? 

138 R. BOYLE, t662, op. cir., Works, op. cit., vol. 1; p. 102. - - R .  HOOKE, Micro- 
graphia, London, t665, p. 225. - -  For  NEWTON'S references to TOWNELEY'S hypothesis, 
see I. BERNARD COHEN,, NeWton, Hooke and Boyle's Law; Discovered by  Power 
and Towneley, Nature, 1964, 204, pp. 6t8--621.  

lg9 See note 87. 
140 1{. BOYLE, t662 op. cir., Works, vol. 1, p. 97. This account formed the first 

p a r t  of Chapter  4 of Pa r t  I I  of the reply to LINUS. 
~a~ Ibid.,  p. 98. I have inserted the ' i ta l ics  a t  the end of the quo ta t ion .  
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In the earlier edition of New Experiments Physico-Mechanical, he referred 
to BALL'S experiment, which had been performed in the West.of England. This 
account was later given to the Royal Society, and preserved in the Register 
Book.14z 

TOWNELEY'S description of this experiment was not alluded to elsewhere in 
BOYLE'S work, but examination of the passages which I have Placed in italics 
in the above quotation, make it obvious that BOYLE was referring to the first 
of the manuscripts sent to him by POWER. 

The first part of the passage refers to the title of the manuscript, 143 which 
referred to the experiments performed at Towneley Hill "by the advice and 
assistance o~ that Heroick and Worthy Genlleman, Mr. RICHARD TOWNLEY, 
ES QR. and those Ingenious Gentlemen Mr. JOHN and Mr. CHARLES TOWNLEY 
and Mr. G E O R G E  KEMP. 'u44 

T h e  sequence of events and results of the experiment are exactly as POWER 
described them in his account, which has already been .quoted, 145 BOYLE'S con- 
cludfng remarks about the experiment make it probable that he did not under- 
stand the significance of the hypothesis which was suggested at the end of the 
experiment. This was probably too cryptic for BOYLE to derive the idea of the 
reciprocal proportions between the volume of air and pressure. 

Thus, BOYLE received the above manuscript from CROUNE at the end of 
August,  1661, when it probably inspired the structure of. the fourth chapter of 
the reply to Lnevs; he quoted from the most significant experiments i n  the 
manuscript, but  misread the title and attributed its ,composition to TOWNELEY, 
while there was no internal evidence to suggest that  it was actually written 
b y  POWER. 14e 

We have no further records of experiments on air pressure by TOWNELEY 
and POWER, although their'active research continued after 1662. POWER'S contact • 
with the Royal Society gave him the opportunity to prepare his pamphlets for 

14~ Register Boo k of the Royal Society, BM Sloane MS 243, ff. 94--95 ; "Account 
of the quicksilver experiment of Mr. Ball." This was an account of experiments 
performed between October 1659 and February t 660, presumably by WILLIAM BALL, 
at his estate at Mamhead ~, S. Devon. The account was read at the meeting of the 
Royal Society in December 166t, "Mr. Balle brought in his account of the quicksilver 
experiment at Mainhead [sic.]; which was ordered to be registered." T. BIRCH, 
1"756/57, op. cir., vol. I, p. 67. BOYLE'S reference was to Mr. J. BALL, but BIRCH 
mentioned only WILLIAM BALL (1627--1690), who  was in the original committee, 
established by the Society, to examine to Torricellian experiment. He was also asked 
to communicate with POWER, presumably about the Puy de D6me experiment. See 
T. BIRCH, t756/57, op. cir., vol. t, pp. 12, 22, 25, 66--67. 

14a The full title of the manuscript is given on p. 472. 
x44 H. POWER, t663, op. cit., p. 121. 
145 .See p. 473--475. 
14~ At the end of Chapter 4 of Part II  of the reply to LINuS, BoyLE made direct 

reference to POWER'S own reply to LINUS. BOYLE stated that he had casually met 
"with an experiment lately sent in a letter to a very ingenious acquaintance of his 
and mine ~WILLIAM CROUNE~, by a very industrious physician [HENRY POWER." 
Their names are given in marginal notes. This was POWER'S account of the Puy de 
D6me experiment which he had verified again on October 15th 1661. This was also 
included in Experimental Philosophy; H. POWER, 1663, op. cit., p. 141 ; R. BOYLE, 
1662, op. cit., Works, vol. 1, pp. 99--100. 
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publ ica t ion ,  bu t  af ter  the  appea rance  of Experimental Philosophy, there  was a 
no t iceable  d imun i t i on  i n  his con t r ibu t ions  to the  Society.  TOWNELEY passed  on 
to a cr i t ic ism of HOOKE'S work  o n  cap i l l a r i ty  and  the  jus t i f ica t ion  of Car tes ian  
mechanism.  

Whi le  the i r  f inal  pub l i ca t ion  of the i r  work  on air pressure was d i sappo in t ing ly  
f r a g m e n t a r y  and  ambiguous ,  the  communica t ion  of the  manusc r ip t s  to BOYLE 
was of the  grea tes t  service to him. They  h a d  p rov ided  a d i rec t  w a y  of measur ing  
the  spr ing  of air  a t  dif ferent  pressures,  and  fur ther ,  given a m e t h o d  which could 
give BOYLE the  comprehens ive  t ab le  of resul ts  which .he  had  sought  in his i n i t i a l '  
exper imen t s  before 1660. 

X. Boyle's Experiments on the Compression and Dilation of Air 

In  Chap te r  V. the  las t  in his book  aga ins t  LII~US, BOYLE re tu rned  to  the  
q u a n t i t a t i v e  s t u d y  of the. spr ing of air.  This  was p robab ly  p r o m p t e d  b y  the 
expe r imen t s  pe r fo rmed  at  the  week ly  R o y a l  Socie ty  meetings.  As has a l r e ady  
been noted in J a n u a r y  t 6 6 t ,  an inf luent ia l  commi t t ee  had  been es tab l i shed  to 
repor t  on the  Torr icel l ian  exper iment ,  147 and  at  the  mee t ing  on Sep tember  4th  
the  member s  of the  Socie ty  were in t roduced  to the  idea of compress ing air  m 
a J shaped  tube,  the expe r imen t  being descr ibed  b y  POWER'S correspondent ,  
WILLIAM CROUNE. 

Mr. Croune was requested to procure a syphon of glass to be made, with the end 
nipt  up, in order to t ry  the compression of air with quicksilver, and also to try an 
experiment  with the welght of liquors in a siphon. 14s 

In te res t  in  siphons was universa l  among  seven teen th  cen tu ry  scientists ,  and  
this  quo ta t ion  shows t h a t  the  J - t u b e  was evolved  b y  s imply  inver t ing  and  do'sing 
the shor t  a rm of the  s iphon;  th is  could now conta in  a vo lume Of air. which might  
be compressed b y  a volume of l iquid  in the  longer  arm BOYLE himself had  per- 
formed var ious  exper imen t s  wi th  s iphons 1~9 and  had  used an inver ted  siphon 
for compar ing  the densit ies  of wa te r  and  mercury ,  b y  measur ing  the heights  of 
the  volumes  of wate r  and  mercu ry  which ba lanced  one another .  Thus,  it  p rovided  
a m e t h o d  for measur ing  the volume o/air and  the  pressure in a single appa ra tus .  
a l though to ob ta in  the  t o t a l  pressure on the  air  the  a tmospher i c  pressure was 
required also. The  weakness  of the  a p p a r a t u s  was at  the  sealed end,  which was 
l iable to break  under  the pressure,  as CROUNE found a t  the  nex t  meeting.  

Mr. Croune produced two experiments, one of the compression of air with quick- 
silver in a crodked tube of glass, the nipt  end of which broke; ... 

Mr. Boyle ga;ee an account of his having made the former of these experiments 
by compressing twelve inches of air  to three inches, with about  a hundred inches 
of quicksilver. 1~° 

A l r eady  BOYLE had  an in tu i t ive  unde r s t and ing  of the  na tu re  of the  re la t ion-  
ship be tween  the  e las t i c i ty  of air  and  its pressure,  he real ised t ha t  an ex t r eme ly  

14v T. BIRCH, 1756/57, op. cit., VO1. 1, pp. 8, 10, 12, 16, |t). BOYLE'S air pump 
wax~ first demonstrated at  the meeting on tSth  May, 1661; Ibid., p. 23. 

14~ Ibid., p. 43. 
149 It. l~c)vLI;., 1662. p. cir., Works, vol. t, pp. 5t 57- 
1.~o T. BIRCH, 1756/57 op. t i t . ,  p. 45. This demonstrat ion was at  the meeting on 

11 September, 1961. 
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long arm was required for the mercury, since the spring ol air increased consider- 
ably as its volume diminished. 

On September t Sth his investigation progressed further, and he presented 
tile Society with a table of results, showing the relationship between the volume 
of air and the height of mercury. This indicated the nature of the spring of air 
even more clearly, TM and this Table, which was entered in the 
Regi'ster Book on October 2nd, t 66t, had a list of results which ~¢~]. ~o • | 

was identical to that in the Table produced in the second edition v IO. 
of the N e w  Experiments  in the next year. 153 The detailed account A 
of this experiment, which was probably the one performed before 
the Royal Society in September t662, formed the first part of 
Chapter V, the last chapter of his reply to LINUS.153 

The greatest technical difficulty in the experiment was the 
production of tubes of even bore and a long enough arm. Many 
tubes were broken in the trials. 154 In the published experiment the 
short arm was 42 inches long and the long one about 120 inches. 

As in the experiments of 1660, he gave full experimental 
details, paying particular attention to causes of error, and techni- 
.cal difficulties. In particular the great length of the mercurial 
tube necessitated two persons to perform the experiment, one 
slowly pouring mercury in, and the other measuring the volume 
of the compressed air. 155 An improvement on the experiments 
Of POWER and TOWNELEY was that the volumes o/f air and mercury 
were measured in inches, and the smallest units calibrated were 
6- inches-~5~ The results were given in both inches and ~ inches. 
I t  is interesting that  none of the observers used a decimal system 
of calibration. The mercury was gradually poured in and its 
vertical height was recorded at each reduction of the air's volume 1 C.~I 
by 2- an inch, between t2 inches and 6 inches; when the volume 
of air had been reduced by a half, the measurements were made ~11 |~ ,  
at each subsequent } inch of compression. 

The observation which BOYLE notes with the greatest pleasure 
was that the volume of air was halved when the mercury stood 
at 29 inches in the long arm, that is, when the pressure on the 
enclosed air was doubled. He now arrived at the following hypo- rig. 7. E. BoY~, 
thesis. Ne~ Experiments 

Physico-Mechani- 
cal, London,  t 662 ;  

Now that this observation does both very well agree and confirm Works, vol.t,End- 
our hypothesis, will be easily discerned by him that takes notice what plate Fig. 16. 

BOYLE'S J - t u b e  
we teach; and Monsieur Pascal and our English friend's experiments apparatus 
prove, that the greater the weight is that leans upon the air,'-the 

xs~ Ibid., p. 45. D. McKIE has reproduced BOYLE'S Table of results from the 
manuscript Register Book of the Royal Society; op. cir., see footnote 2. 

152 R. BOYLE , 1662,. op. cir., Works, vol. 1, p: 101. 
~ss Ibid., pp. 100--102. The title of Chapter 5 was "Two riew Experimelits touching 

the measure of the force of the spring of air compressed and dilated." 
~s~ Ibid., p. 101. BOYLE' S J-tube apparatus is shown in Figure 7. 
~ss Ibid., p. 101. 
~ss Ibid., p. t00. 
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more forcible is its endeavour of dilatation, and consequently its power of resist- 
ance (as other springs are stronger when bent by greater weights). For this being 
considered, it will appear to agree rarely-well with the hypothesis, that as accord- 
ing to it the air in that degree of density and correspondent measure of.. resistance, 
to which the weight of the incumbent atmosphere had brought it, was able to 
counterbalance and resist the pressure of a mercurial cylinder of about 29 inches, 
as we are taught by the Torricellian experiment; so here the same air being brought 
to a degree of density about twice as great as that it had before obtains a spring 
twice as strong as formerly. TM " 

BOYLE acknowledged no assistance in evolving this hypothesis, although he 
noted that  it was in accord with his "Engl ish  friend's experiments". Once the 
experiment was devised and the importance of noting the barometric height as 
well as the mercury height was realised, it would have been obvious, even to one 
of the slight mathematical ability, that "the resistance to compression had dou- 
bled with the doubling of the pressure", iSs 

It  should be emphasised that BOYLE'S Law, as evolved during September 
166t, stated that the spring of air (its resistance to compression) is proportional to 
its density. This particular expression of the law is rarely mentioned by historians 
of science. 

It  is by no means certain that he realised at }his time that  this expression im- 
plied reciprocal proportion between the external pressure and the "Expansion" 
of a volume of air. This expression occurred only in a later place in the chapter 
and in the notes 'appended to the tables of results? 59 

He now wished to examine the influence that the expansion of air had on its 
pressure, or Spring. For this he used a modified form of the Torricellian apparatus. 
The tube was six feet long, and this ~ould be almost completely submerged in a 
cylinder of mercury. One inch of air was included in the tube, which was sub- 
merged in the mercury, with only the inch of air protruding. The tube was now 
raised and the height of mercury recorded for each increase of one inch in the 
volume of included air. L a t e r  in the experiment the mercury level was measured 
against larger increases in the volume of iar.! 6° As in the former experiment he 
tabulated the results, giving the mercury heights against air volumes? 6~ It may seem 
strange to the modern observer that BOYLE could not reduce these results to any 
hypothesis, considering that  he had already produced an hypothesis for the 
compression of air. The barrier to understanding' the application of this hypo- 
thesis to the expansion experiment may have been his failure to understand that 
the true pressure of the volume of contained air was obtained from. the baro- 
metric height minus the height of the mercury in the tube. Thus it was necessary 
for BOYLE tO realise that, in the J- tube experiment, spring = Barometric height + 
mercury height in the long arm, while in the dilatation experiment, spring+ 
mercury height- Barometric height. 

ls~ Ibid., p. tOO. 
158 Ibid., p. 701. 
ls9 In this article it is assumed that the order of experiments described by BOYLE 

in Chapters 4 and 5 of Part II  of the reply to LINUS represents a continuous chrono- 
logical sequence of composition.. 

16o Ibid., .pp. t02--103. 
161 Ibid., p. 102. 
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Perhaps in BOYLE'S mind  there still lingered the scholastic not ion tha t  con- 
densation and rarefaction were qual i ta t ively  different. 

In  the previous experiment  the table of results showed the decrease in the air 's 
volume with increase in the mercurial  coiumn, even wi thout  addit ion of the baro- 
metric height to the total  pressure sustained by  the m e r c u r y :  the air volume 
reduced from t2  to 3 inches as the mercurial  column increased from 0 to 88½ 
inches. 

But  the table of results for the dilation experiment  was less clear. The immediate  
set of results gave two increasing magnitudes,  for as the air expanded the mercury  
column increased in height. The proport ionate  changes might  also have been 
confusing, since, as the volume of air increased from t to t 8 inches, the mercury  
increased from 0 to 26 inches; while as the air increased from 8 to 32 inches, the 
mercury  only increased from 26 to 28~- inches. Direct comparisons between these 
results would thus have been far more confusing than  between the direct results 
of the previous experiment.  They  would certainly not  have indicated the "debili- 
ta t ion  of the force of the expanding air". 

Before  presenting the .table in its final form, showing the agreement  of the 
results with his own hypothesis,  BOYLE expressed his indebtedness to RICHARD 
TOWNELEY for clarifying the meaning o f h i s  results. 

. , .  I shall readily acknowledge, that  I had not reduced the trials I had. made 
about the measuring the expansion of air to any certain hypothesis,  when that  
ingenious gentleman Mr. Richard  Townley  was pleased to inform me, that  having 
by the perusal Of my physicomechanical experiments, been satisfied tha t  the spring 
of the air was the cause of it, he endeavoured (and I wish in such attempts other 
ingenious men would follow his example) to supply what I had omitted concerning 
the reducing to a precise estimate, how much air dilated itself loses of its elastical 
force, according to the measure of its dilatation. He added, that  he had begun to 
set down what occurred to him to this purpose in a ahort discourse, whereof he after- 
wards  did me the favour to show me the beginning, which gives me a just curiosity 
to see it perfected. But, because I neither know, nor (by reason of the great distance 
betwix~ our places of residence) have at  present the opportunity to inquire, whether 
he will  think fit to annex his discourse to our appendix, or to publish i t  by itself, 
or at all ; and because he hath not yet, for aught I know, met with fit glasses to  make 
any-thing-accurate table of the decrement of the force of the dilated air; our present 
design invites us to present the reader with that  which follows, wherein I had the 
assistance of the same person that  I tooke notice of in the former chapter, as having 
written something about rarefaction: whom I the rather make mention of on this 
occasion, because when he first heard m e speak of Mr. Townley's suppositions about 
the proportion wherein air loses of its spring by dilatation, he told me he had the 
year before ... made observations to ttie same purpose, which he acknowledged to 
agree well en.ough with Mr. Townley ' s  theory :162 

I think' tha t  this quota t ion  has been slightly misread in the past,  and yet  i t  
provides an accurate indication of TOWNELEY'S r61e in the evolut ion of the gas 
law. 

Firstly,. BOYLE acknowledges tha t  TOWNELEY pointed out  the significance of 
the  experiment  on "how much  air dilated itself loses of its elastical force". I t  was 
not  suggested tha t  TOWNELEY had derived the law to accdunt  for the experiments 
on the compression of ai'r. Thus, it is probable tha t  BOYLE derived the law from 

16, Ibid., p. 1o2. 



488 C. WEBSTER: 

his expe r imen t s  on the  compression of air, whereas  TOWNELEY po in ted  out  t ha t  
i t  also app l ied  to the  exper imen t s  on expansion.  

BOYLE'S comments  abou t  ToWNELEY are also consonant  wi th  our former 
evidence.  TOWNELEY had  been impressed  b y  BOYLE'S New Experiments Physico- 
Mechanicall, and  he had  expe r imen ted  wi th  POWER on the  expans ion  of air, and  
f inal ly  t hey  had  reduced  these exper imen t s  to the  "precise  e s t ima te" .  This had  
been s t a t ed  in the i r  manusc r ip t  of t 66 t  and  i t  p resumed  knowledge of the  gas 
law b y  the  authors .  In  the i r  exper iments  t h e y  real ised t h a t  the pressure of the  
vo lume of enclosed air was e s t ima ted  b y  sub t rac t ion  of the  mercu ry  level in the  
expe r imen ta l  t ube  from the  ba romet r i c  pressure.  The resul t  of this  sub t rac t ion  
t hey  t e rmed  " the  mercur ia l  complement" .  This was p r o b a b l y  the  aspect  of the  
expe r imen t  po in ted  out  b y  TOWNELEY to BOYLE, who, in turn ,  used the t e rm 
" the  complement  of B r_mercuryl to C [barometr ic  pressure 1, exh ib i t ing  the  pres- 
sure sus ta ined  b y  the  inc luded air" .  a6a 

Such an exp lana t ion  assumes t h a t  BOYLE carr ied  out  a correspondence wi th  
TOWNELEY, or t h a t  t hey  had  a conversat ion.  This l a t t e r  poss ib i l i ty  has  been igno- 
red, ye t  i t  would  expla in  the  lack  of surv iv ing  le t te rs  betweefi  BOYLE and  T0WNE- 
LEY. TOWNELEY was also a most  r e luc tan t  correspondent .  I t  has been the lack of 
surv iv ing  correspondence and  absence of the  d isser ta t ion ,  men t ioned  in the  
previous  quota t ion ,  which have  coused modern  wri ters  to minimise  TOWNELEY'S 
r61e in the  enuncia t ion  of tl~e Law. 164 

F o r t u n a t e l y  the  POWER cor respondence  provides  evidence for TOWNELEY'S 
ac t iv i t ies  dur ing  the win te r  of t661/t662.  In  O c t o b e r  166t, PowER wrote to 
CROUNE t h a t  TOWNELEY was in tend ing  to vis i t  London.  

As for the MagneticalI Experiments,  I will return them to you by Mr. Townley 
who is for London at  the re-session of the Parl iament.  16~ 

On November  27th he wro te :  

I by the bearer here of Mr. Towntey m y  ever honoured friend, returned you 
those few magnetical  observations I had long since made ... Mr. Townley whilst 
hee is resident in ye ci ty will return mee anything from you. I pray  you doe me tha t  
honour, as be acquainted with him: were he not  a person above my Commission I 
would say something to you of him bu t  I should therein prevent  ye abilities and 
judgement,  which is soe acute, as it  needs not the least hur t  or intermation. 166 

TOWNELEY met  CI~OUNE in London,  and  the l a t t e r  wrote  to POWER. 

Let  mee thank you in the first place for the honour you did mee in the know- 
ledge of so worthy a person as Mr. Townley, of whom I shall not bee so [illegibleJ 
as to say any other thinge then tha t  I wish wee had many more such Gentlemen as heeY 7 

Al though  there  is no fur ther  evidence about  TOWNELEY'S ac t iv i t ies  in London 
dur ing  this  visi t ,  I suggest  t h a t  he a t t e n d e d  scientif ic meet ings  a t  the  R o y a l  
Society,  and  there  became acqua in t ed  wi th  ROBERT BOYLE. On the  basis  of the  
expe r imen t s  of t660 and  t661 h.e was able to a id  BOYLE'S i n t e rp re t a t i on  of the  

168 Ibid., p. 102. 
1G4 In  all accounts which I have seen i t  has been assumed tha t  TOWNELEY sug- 

gested the hypothesis in a let ter  to BOYLE. 
165 HENRY POWER, let ter  to Croune, t6  October, 1661, f. 26. 
166 HENRY P0WER, letter to Croulle, 27 November, 1661, f. 28. 
167 WILLIAM CROUNE, let ter  to HENRY POWER, 1 March 1661/62, f. 30. 
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expe r imen t  on the  expans ion  of air. The t rea t i se  men t ioned  was p r o b a b l y  h is  
own account  of the  exper imen t s  of t660 and  t66 t  which he h a d  pe r fo rmed  wi th  
HENRY POWER. U n f o r t u n a t e l y  he was as r e luc tan t  to publ i sh  th is  work  a s h e  was 
to adver t i se  his ac t iv i t ies ,  and  i t  was e i ther  lost  or p laced  in the  large collections 
of manusc r ip t s  a t  Towneley  Hall ,  which were d ispersed  in 1883., t o  our  na t iona l  
disgrace.  168 

ROBERT HOOKE has so far  been l i t t le  men t ioned  in the  exper imen t s  t h a t  led 
to BOYLE'S Law,  ye t  he has, in some accounts ,  been given a m a j o r  r61e in i ts  
evolut ion.  16~ However ,  the  previous  account  shows t ha t  I IooKE'S con t r ibu t ions  
were in no w a y  essent ia l  to the  evolu t ion  of the  Law. His  mos t  i m p o r t a n t  work  
was in the  technica l  cons t ruc t ion  of the  air  pump,  bu t  the  expe r imen t s  us ing th is  
p u m p  d id  not  lead  to  a q u a n t i t a t i v e  es t ima t ion  of the  e las t i c i ty  of air .  

In  the  exper imen t s  descr ibed i n  the  second edi t ion  of New Experiments he 
was again  referred to occasional ly.  He  was p r o b a b l y  the  persor~ who ass is ted 
BOYLE in ca r ry ing  the  Torr icel l ian expe r imen t  up  W e s t m i n s t e r  Abbey ,  and  he 
als0 he lped  in  the  exper iment  on the  expans ion  of air; b u t  BOYLE does not  men t ion  
h im as the  in i t i a to r  of these e x p e r i m e n t s Y  ° 

Most i m p o r t a n t  of M1 he verif ied the  exper imen t  on the  expans ion  o f  a i r  and  
inc luded  his account  and  Table  o f  resul ts  in the  Micrographia, m however ,  i t  
should be rioted t ha t  he was not  men t ioned  in the  History o/the Royal Society as 
pa r t i c i pa t i ng  in the  exper imen t s  on air  pressure,  before December  1662, b y  which 
t ime  the  ma jo r  advances  h a d  a l r eady  been made.  17~ 

On more  person was men t ioned  in connect ion wi th  the  expe r imen t s  on t h e  
expans ion  of air ;  this  was Lord  BROUNCKEE. lla He too had  m a d e  exper iments ,  

16s Catalogue o/ the Towneley MSS,.sold 27 Ju~e 1888, Sotheby, London, 1883. - -  
That  TOWNELEY interchanged letters with BOYLE is proved by  the letters wr i t ten  
by  TOWNELEY to OLDENBURG. From these it is apparent  tha t  BOYLE had sent 
TOWNELEY a barometer  in the summer of t672, but  there was some delay before 
the appara tus  was used. - -  My interpretat ion of TOWNELEY'S par t  in BOYLE'S ex ~ 
periments receives confirmation in one of the letters. - -  "Sir.  I t  was some sat isfact ion 
to me to find in ye Transactions of Ju ly  yt ye hypothesis (w ch Mr. Boile was pleased 
to owne as mine) about  ye force of aire condenst and rarefied, doth succede as well 
in deepe immersions, as in those I made triall  of, and tha t  ir doth administer  now to 
ye learned mat te r  of further speculation, as formerlie i t  d id  to me of writ ing some 
few things, (of w ch I then showed unto Mr. Boile) . . ."  R. TOWI~'ELEY to H. OI, I~EI~BIJ~G, 
January  29, t672/73, Royal  Society, Guardbook T, no. 25. 

1~9 HOOKE'S r61e in the formulation of BOYLE'S" Law has been stressed by  R. T. 
GIJNTI~ER and E. N. I~A C. ANORAOE and more recently by  I. BERSrA~I~ COHEN (op.. 
cit., see footnote 138), but  careful consideration of the chronology of BoYT~E's ex- 
periments  and est imation of the date of composition o f  HooI~E's account largely 
invalida,te claims for the pr ior i ty  of HOOKE'S work• See m y  forthcoming article in 
Nature. 

170 t{. BOYLE , 1'662, op. cir., p. 102. 
m R. HOOKE, "Micrographia, London, 1665, pp. 222--225. 
~2 On December i 0th 1662, Hoot~E demonstrated the influence of reduced pressure 

on a volume of air a t  a meeting of the Royal  Society. On January  28th t662/63, he 
adapted  the experiment,  in  order to measure the influence of increased pressure on 
air. A t2 inch tube containing air was gradual ly  immersed to a depth of 142 inches 
in a deep glass cylinder. The subsequent decrease in volume was measured. T. BIRCH, 
I 756/57, op. cir., • vol. 1, pp. 141--t42,  180--182. POWER and TOWNELEY ha& per 7 
formed a similar experiment in 1653. 

1~3 R. BOYLE, 1662, op. cir., Works, vol. 1, p. 102. 
Arch. Hist, 'l~xact.~eL, .Vol. 2 33 
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which, like those of HOOKE and BOYLE, were explained by TOWNELEY'S hypo- 
thesiS: It is interesting that neither BROUNCI~EI~, HOOKE, nor BOYLE saw the 
significance of their tables of results until it was pointed out by TOWNELEY. 
BROUNCKER, unlike HOOKE, was in the committee appointed by the So'ciety to 
examine the Torricellian experiment, and he was probably familiar with BOYLE'S 
experiments before they were officially recorded. 

The successful formulation of the law of the elasticity of air during tile autumn 
of t66t was the result of patient investigations of many authors; POWER and 
TOWNELEY'S experiments had begun in t653, and BOYLE~S in t658/9. While 
both the northern workers and BOYLE reach a similar hypothesis, their experi- 
mental method differed c6nsiderably, and it is entirely equitable that BOYLE'S 
work should be remembered as a model example of a sustained experimental 
investigation of a quantitative physical problem. On the other hand, it should be 
pointed out that it was left to NEWTON to realise the wider physical significance 
of the law of elasticity, while BOYLE and POWER were more interested in elasticity 
as a qualitative phenomenon for use in arguments relating to the nature of air. 
To them, the Law was an example of the fruitful application of experiment, but 
it was subsidiary to their main interests and it occupied only an' inconspicuous 
position in their works. 

Finally, the last stages of this investigation indicate the value of'the Royal 
Society in stimulating experimental research. It increased the number of investiga- 
tors concerned with the problem, facilitated communication between widely 
scattered workers and encouraged or even patronised the publication of their 
results. 

Conclusions 
This present article has confirmed that BOYLE'S achievements in the study of 

air pressure were the climax of a co-operative'enterprise in which he was the major 
contributor, and that his concept of air pressure was greatly influenced by the 
European researches. In this respect BOYLE'S position is similar to that of PASCAL 
and TORRICELLI, who also benefitted greatly by the interchange of ideas with 
other contemporary investigators, but each triumphed over their fellows ill their 
ability to separate the experimentalaspect of the problem from general questions 
of the philosophy of nature and even more in developing informal models of the 
structure of air, the most important feature of which guided them into fruitful 
experiments. 

The works of PASCAL and BOYLE rei~resent theresults of completed investi- 
gations. In each case the section concerned with devising simple experiments to 
support their hypotheses stands sharply apart from general considerations of the 
plenist-vacuist controversy, and the emphasis of their works lies in the former 
part. This contrasts with HENRY POWER'S work, in which the chapters start 
with an experiment which is examined in order to shed light on his Cartesian 
axioms. It is interesting that he presented his work in a form nearer to BOYLE'S 
model after he had read the New Experiments, but his experiments were still 
presented in a random manner, often inserted, for the sake of curiosity than for 
relevance to a major physical problem. 

The great advantages which BOYLE, PASCAL and TORRICELLI were able to 
derive from other workers was probably increased by their presence in centres 
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of great scientific activity. I t  is probably not coincidental that their major works 
were undertaken in Florence, Paris and London, which were the very centres of 
the developing scientific academies and which at tracted to their informal meetings 
many of the most fertile intellects in the three nations. I t  has been noted that  
many of the experiments on air pressure were inaugurated a t  such meetings; 
and there were many advantages to accrue from group study of this particular 
problem. 

Firstly, many of the experiments were related to the vacuist-plenist contro- 
versy which was actively discussed at the meetings, and this vigorous debate 
provided a substratum of speculation and criticism out of which the experimental 
problem might emerge. Certainly much of the discussion was academic, b~t even 
the scholastic authors originated new experiments and hypotheses to support 
their axioms, and they were quick to see weaknesses in other hypotheses or 
explanations. 

Secondly, group enterprise was valuable in overcoming the many technical 
problems connected with the study of air pressure. Glass apparatus was required 
of a form and precision unknown in chemical experiments. It  was necessary to 
evolve methods of producing long glass tubes of uniform bore, and produce 
methods of calibrating them. The construction and'design of the air pump was 
itself difficult; once it was evolved special glass evacuation globes were required 
and methods of producing air-tight seals. 

The technical imperfections of the experiments of POWER and ToYgNELEY are 
witness to the problems of independent investigators. Even in t661 they were 
unable to construct a glass apparatus t 33 feet long, although this had been achie- 
ved in France fourteen years before. 

Finally, the societies were a centre for the publication of information and 
con:espondence radiated from them; while both of these methods improved the 
dissemination of information and co-operation between geographically isolated 
groups: In addition, at a later date, the societies were able to employ assistants, 
who enabled them to overcome technical problems, or as in the case of }{OOKE, 
became essential members of the groups. 

The importance of the distribution of information by correspondence and the 
distribution of manuscript pamphlets was important  in the study of air pressure, 
as it was in many other spheres of science. Such information has often been 
overlooked as trivial compared with published writings, yet it must be remembered 
that  of the numerous investigators mentioned above, only BOYLE and MERSENNE 
were rapid to publish their researches in a form which had general circulation. 

Even without publication there was surprisingly rapid and efficient trans- 
mission of knowledge. TORRICELLI'$ le t ters  to RlCCI were not published until 
t663, but  MERSENNE had extracts from them shortly after tile 3} were written in 
-1644. Sir CHARLES CAVENDISH communicated ROBERVAL'S carp-bladder experi- 
ment to PETTY in England in April, t648, and in May of that year we find HART- 
LIB relaying the same extract to BOYLE. HAAK'S letters show that  there was little 
delay in transmitting new experiments from France ~co .England and that  MER- 
SENNE was a key figure in this international correspondence. In England at this 
tkne, SAMUEL HARTLIB was an equally enthusiastic correspondent, although~he, 
like MERSENNE, lacked publ ic  .support for his activities as an "intelligencer". 

33* 
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However, once the Royal Society was founded, not the least of its activities 
was~ the delegation of duties concerned with correspondence, and this is illustrated 
by:the exchange of information between WILLIAM CROU~E and HENRY POWER. 

I t  is appropriate at this point to give a resum6 of the essential stages which 
led from the initial understanding of the elasticity of air to the formulation of 
BOYLE'S lawl before going on to resolve certain questions related to BOYLE'S 
own work. The stages are given as a numerical sequence, and the dates refer to 
the original investigations rather than the date of publication. 

I. Associated with the "ocean• of air" hypothesis was the idea that the lower 
layers of air existed in a state of compression; BEECKMAN (I 614 onwards), BALIANI 
(1630), TORRICELLI (t64~). 

2. Many experiments were devised which illustrated this compressibility of 
air, and also its great powers of expansion. These were summarised by MERSENNE 
(1644). Others were the vacuum-in-vacuum experiment and balloon experiments, 
PASCAL (t647), and the carp,bladder experiment, ROBERYAL (t647/8). 

3. It was realised that air enclosed in a vessel exerts a'force different from the 
simple "weight resulting from its location at the bottom of the ocean of air". 
This was visualized separately as the resistance to compression by an external 
weight and the tendency to expand; NOeL (t648), ROBERVAL (t648), PECQUET 
(165t), POWER (t653), BOYLE (t658/59). 

4. This phenomenon was explained by the principles of mechanics, and a 
conceptual model was utilised which stressed the spring-like nature of air, ROBER- 
VAL (i648), PECQUET (t651), POWER (t653), BOYLE (1660). PASCAL proposed that 
air was compressed in proportion to the pressure exerted on it, and ROBERVAL, 
that the air's capacity of expansion decreased with is increase in volume. 

5. The invention of the air pump by vol~ GUEEICKE (t654) and its improve- 
ment by HOOKE (t658), allowed the experimental rarefication of air by BOYLE 
(t659), ~vho attempted to measure the reduction in pressure and the accompany- 
ing degrees of rarefaction. He sought unsuccessfully to reduce these results to a 
law. 

• 6. Systematic measurements of the expansion of air, enclosed above mercury 
in ROBERVAL'S apparatus, were made by POWER and TOWNELEY (April t66t). 
The change in pressure was produced by the ascent of a hill. They deduced the 
reciprocal proportionality between the volume of air and external pressure from 
these experiments. 

7. ~'he J~tube apparatus was evolved at 'the Royal Society me~etings (Sep- 
tember 166t) by BOYLE and CROUNE. This .was used by BOYLE to produce tables 
of the compression of air. He deduced that the spring o/air  was proportional to 
its density. 

8. ROBERVAL'S apparatus was adapted by BOYLE for measuring the expansion 
of a volume of air under reduced pressure. From the table of results TOWNELEY 
pointed out that the pressure O[ air was reciprocally proportional to its expansion 
(December ? 166t). HOOKE verified the results of this experiments (16_6t/62). 

• While the above summary indicates the major contributors to the discovery 
Of BOYLE'S Law, it leaves unanswered the question of priority of discovery and 
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the correct title of the Law, problems which are of limited importance compared 
with that  of obtaining an accurate historical account of discoveries relating to 
air pressure. 

There has already been much discussion of the merits of various titles for 
BOYLE'S Law, in which various combinations of BOYLE-HooKE-MARIOTTE- 
TOWNELEY have been proposedY 4 However, it must not be overlooked that  there 
is no law of priority in the naming of Laws, as there is in botanical nomenclature, 
and that  it is in no way to be ssumed that  the naming of Laws has  any historical 
significance. The titles merely serve to facilitate association with a particular 
generalisation, and as such have a certain psychological assistance in teaching. 
If the name BOYLE brings to the student's mind the relationship between the 
pressure and density of a gas, then its purpose is served, and it is of littleimportance 
if the law is known by another name in European countries. Only if there was 
slight conflict of meaning would there be significance in the use of one or the other 
name. 

In the preceding account it has become obvious that  the Law was to some 
extent  realised by PASCAL and ROBERVAL, POWER and TOWNELEY, independently 
and possibly before BOYLE. This places BOYLE in a similar position to DARWIN 
in the discovery of the principle of natural selection, for since the year of publi- 
cation of the.Origin o[ Species, it has become clear that  he had numerous anti- 
cipators. However, DARWIN'S achievement is not minimised by  these anticipations, 
and neither is BOYLE'S. F o r  BOYLE overshadows the other investigators, both in 
the comparison of his work with theirs, and the ultimate influence of his work 
on future generations. 

From the inception of his interest m air pressure, he realised that  there was 
little immediate progress to be made by experiments applied to the ultimate 
problems which had dominated the discussions until that  date and which had 
indeed given rise to most of the experimental studies. 

Like PASCAL, he was content to apply experiment to the consequences of the 
model of air adopted, arid he explored this thoroughly and reserved consideration 
of t he  more profound issues until later works. He devoted equal skill to the exa- 
mination and refutation of false hypotheses. Thus there arose, out of a substratum 
of unresolved philosophical prob~lems in his work, an impressive hypothetico- 
deductive exploration of the physical properties of air which eventually by  passed 
the philosophical problems, to become an independen~ investigation of natural 
laws. 

BOYLE had a further similarity with PASCAL in his skill in devising experiments, 
bettering him in the production of elaborate apparatus and in the systematic 
recording of experimental results. This latter facet of his work, which was prob- 
ably one of the few direct manifestations of BACON'S influence, as well of his 
own personality, reached a climax in the tabular records, of air volumes and related 
pressures. 

1~ This article will not consider the contribution to the study of air pressure 
made by MARIOTTE,'~ince the relationship between his work and 1BOYLE'S has already 
been discussed thoroughly. See 13. McKIE, 1948, op. cir., pp. 269---272; W. S. JAMES, 
t928, op. cir., pp. 269--272; A. WOLF, A H$story of Science, Technology and Philo- 

,s°phy in the 16th and 17th Centuries, London, 1935, p. 235. 
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During the course of his experiments BOYLE subjected the elasticity of air tc 
a more thorough examination than any other investigator, and selected it as a 
particularly significant concept from the works of GASSENI)I, MERSENNE, CHARLE- 

TON, and PECQUET. Of these, only the last author had given prominent place to 
the hypothesis of elasticity. Also from the earliest experiments he sought to reduce 
the phenomenon to a quantitative law. To this end he made more elaborate ex- 
per!ments than the other observers, and over two years he did not lose sight of 
his objective until his work was successful at the end of t661. 

He recorded the final stages of his investigations with the greatest accuracy, 
and Was diligent i n  admitting assistance from other English scientists; perhaps 
mos6 significantly, these complete investigations were promptly published in 1662. 

The second edition of the New Experiments is one evidence for the background 
to BOYLE'S work, which must be examined in the light of unpublished records 
and correspondence, but  it is the sole means of the future influence of his work, 
for it had a wide circulation and its influence was not surpassed by other works 
on air pressure. I t  preceded the publication of the writings of PASCAL, TO~RI- 
CELLI, POWER and HOOKE. Thus this works stands in a similar position to the 
Origin o] Species in its sphere, as the most definitive and original expression of the 
theory of the elasticity of air. 

The establishment of BOYLE'S Law has considerable philosophical importance 
in the history of science, because it was the first numerical law which illus~ated 
the functional dependence of two variable magnitudes. Such laws provide im- 
portant  illustrations of the failure of the idea of causation in the Aristotelian sense~ 
since any change ill volume is strictly concurrent with the change in pressure, 
there being no justification in assuming that  the relatio/iship is asymmetrical 
or sequential. But BOYLE must not be accorded the position of proponent of the 
concept of functional dependence m opposition to the idea of causation ill the 
case of his Law. His whole experience in experimental physics and chemistry 
had been based on the principle of cause, and effect; and his descriptiofi of his 
experiences leading to the  formulation of his law illustrate the same bias of 

'language. The introduction of a cause in the experiment led to a temporal effect. 
Thus the greater the weight "leaning" upon the air, the more "forcible is its 
endeavour of dilatation". The air "resists" the increase in pressure. Upon the 
reduction of pressure the air "loses of its elastical force". The inch of air which 
was subjected to reduced pressure "when expanded to force its former dimensions, 
was able with the help of a mercurial cylinder of about 15 inches to counterpoise 
the weight of the atmosphere, :which the weight of the external air gravitating 
upon the restagnant mercury was able to impel up into the pipe, and sustain 
twenty eight inches of mercury, when the internal air by its great expansion,. 
had its spring too far debilitated to make any considerable ... resistance :,,17~ 

I have stressed that BOYLE'S initial formulation of his law stated that  the 
pressure of air was proportional to its density, and indeed he used two different 
models and sets of causal terms to describe contraction and  dilation. This has a' 
different emphasis to most expressions which give the law as "the volume of a 
gas is inversely pr0/~ortional to the pressure exerted on it". 

1'~5 1~. BOYLE, 1662, oio. cit., ,Works, vol. t, p. 162. 
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The modern expression of the Law, using "volume" as one of the two variables 
has no physical connotation and although it is the volume (or usually length of 
a column) of air that  is measured in experiments; the pressure is not due to the 
space itself. When BOYLE noted the contraction of air, he stressed that  it was 
"reduced to take up but  half the space it possessed (I say possessed, not filled) 
before". Thus the volume of air was of no significance, the force being caused 
by the increased density and possibly physical compression of the hypothetical 
particles. This expression also indicates that  BOYLE, in the tradition of PECQUET, 
regarded the pressure of air as a dynamic property, in the traditieu of the future 
kinetic theory of gases. 

The  law also applied to air only, and the term "gas" at this period had no 
precise meaning, and as applied by VAN" HELMONT, generally indicated a mixture. 
BOYLE was hesitant about the physical construction of air, and he was generally 
content with the hypothetical model used by PECQUET; like ROBERVAL he 
believed that  air's properties of resistance were common to other springs. Thus air 
increased its resistance with increased pressure, while "other springs are stronger 
when beat by greater weights". 176 This conclusion was of course wrong, but  it 
illustrates the importance of the analogy in framing BOYLE'S concepts of the 
nature of air, and his experiments appeared so well to confirm the well known 
hypothetical model. 

Finally, BOYLE'S initial statement applied only to the compression of air, 
and i t  was only some months later that  he realised that  it applied to its expansion 
when he accepted the reciprocal proportionally between the "expansiOn" and 
pressure. But  the term expansion was still meant in its physical sense, of " laxi ty"  
or "debili tation" of structure. 

In the present article I have at tempted to illustrate the value of careful 
examination of the investigations which form a background to BOYLE'S work 
and to show the great extent to which BOYLE assimilated the experimental and 
hypothetical notions of his predecessors during the emergence of his own theory 
of air pressure. In reading his well organised descriptions and carefully phrased 
explanations it becomes apparent that  he was able to derive the maximum benefit 
from the working model of air which he favoured, while remaining careful to 
reserve judgment on the ultimate physical validity of that  model. 

I t  is also apparent that the foundation fo# BOYLE'S work was laid during the 
first half of the seventeenth century, and after t640 investigations led clearly in 
the direction of the law. At first there was an understanding of the elasticity of 
air as a qualitative phenomenon, but by t647 tentative quantitative studies had 
begun. Finally, it was ROBERT BOYLE'S genius ~vhich evaluated the contributions 
of diverse natural philosophers and from this synthesis built his own outstanding 
contribution to experimental science. 

During the preparation of this article the author has benefitted considerably 
from the advice of Professor J. R. ~:~AvETZ of the University of Utrecht. Thanks 
are also expressed to Professor W. H. G. ARMYTAGE of the University of SHEFFIELD, 
who originally introduced the work of HENRY POWER to the author and to various 
members of the staff of the City Grammar School,. Sheffield and Miss Joan HEPPEN- 
STALl. Of Cambridge University. 

17G Ibid,, p. 100. 
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&ppend ix  I 

"Ae. P. de Roberval  de Vacuo Narrat io  ad Nobilem Virum D o m i n u m  des 

Noyers . . . "  May- June ,  t648. Par t  five. 1~ 

(From B. PASCAL, Oeuvres, Vol. 2, op. cit., pp. 325--328.) 

When we demonstrated that  remarkable rarefaction Of a i r  from our previous 
experiment, to many it  seemed so incredible tha t  they would rather suspect some 
unknown cause, than agree unreservably to our assertions, and I wished if possible 
to free them from all doubts:  I began to ponder ~n my mind, if perhaps there was 
some body available to.us, which was both flexible and satisfactorily hold air. The 
convenient thing which came to my mind was the swim-bladder of the carp, because 
it is quite flexible and is thought to have been given to this animal by nature for 
the express purpose of containing air: Now this bladder is a double structure and the 
two parts are connected, together by a narrow neck through which the air communi- 

cates. Of the two parts I selected the one which is more pointed and more nearly 
Approaches the form of a cone, because the membrane of t h i s  second part  is far 
stronger a n d  splits with greater difficulty. 

This was now emptied of nearly all the air, so that  the proportion of air remain- 
ing in  it  was not in fact 1000th part  of that  which it had formerly held~ A thread 
was tied round the neck and i tied it so tight that  it could not  let out its air, nor 
admit  any. This was then  placed in the tube in which we had previously placed small 
birds and mice, the superior part  of which has the capacity of a'goose egg. 

This being prepared, I made the experiment using mercury, so tha t  the space 
or seeming vacuum appeared as usual at the upper part  of the tube which held the 
bladder. But  t o  the complete astonishment of tile bystanders, the bladder appeared 
quite turgicl and distended, just  a s i f  .it was still inside the carp's belly, for, i n  fact, 
tha t  very small amount  of air which remained in it, liberated at last from compression, 
being in a position in which it was no longer compressed neither b y  our condensed 
air, nor by other surrounding bodies, had expanded itself to the size which the bladder 
would permit. And with the inclination of the tube, the mercury was sucked back, 
the bladder bocame flacdid,, just  as if its air was exhausted. Upon re-erecting the same 
tube, the mercury fell, the bladder expanded again. 

At length, by virtue of perforating the pig's bladder, which closed the upper 
end of the tube, using a fine needle, with but  the minutest.hole so that  air gradually 
penetrated the tube, and tile air condensed around the bladder. The bladder deflated 
and gradually subsided unti l  it returned to the state which it had been in when it 
was placed in the tube. Otherwise7 at another time, if the hole was larger, the air 
rushed in, in a moment, the deflation would occur more rapidly. 17s 

All this confirmed our assertions about the air's rarefaction and condensation 
so that  no one can any longer doubt it, but  all openly assented - -  except the few, 
who have long been our adversaries, who now became a laughing stock. Neverthe- 
less, as it  became obvious that  they themselves were denying a thing so obvious 
not 179 because they thought, it untrue, bu t  because the t ruth  of it had been firstly 

~7) i t  has been pointed out that  this experiment became very popular and was 
widely quoted in support of tile concept of the elasticity of air. I t  was also relevant 
to the vacuist-plenist controversy. The passage is translated from the Latin, - -  
The exper iment  was described by various French writers; M. M~RSSNN~, Harmoni- 
corur~ libri X I I ,  Paris, 1648, "Liber novus praelusorius"; J. PECQUET, Experimenta 
Noffa Anatomica, Paris, 1651, t661 ed. pp. 91~98;  P. GASSENDI; Opera Omnia, Lyons, 
1658, vol. t, pp. 214--2t5.  In  England it was described by POWER and BOYLE, Ex- 
perimental Philosophy t663, p. t l  7, New Experiments Physico-Mechanicall, London, 
1660, Works, vol. t, p. t2. The I tal ian trials of the experiment have been described 
by L. BELLONI, Scheime modelli della machina vivente nel seicento, Physis, t963, 
6, pp. 262--k67. 

~7s "more rapidly" is' inserted at a point where words are missing in the manuscr ip t .  
~79 I have inserted "not"  in the text to improve the sense of the sentence. 
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detected by us. But  this experiment had been tried more than a hundred times, i n  
.public and privately, in various ways and I had never failed. 

Sometimes g~eat industry was applied to total ly removing air from tl{e bladder, 
and yet  perfect evacuation was not possible, for there were always some smM1 air 
bubbles lying ill the folds of the "bladder. Nevertheless, the result of this was tha t  
the bladder became less inflated in proportion doubtless to the rarefaction of the 
surrounding air in the apparent vacuum. 'Doubtless, by the rules of mechanics, tha t  
air remaining inside the bladder cannot be more rarefied than the rarefied air inside 
the tube which surrounds the bladder. 

I also tried what would happen in the same place when the bladder was per- 
forated. However, as soon as it was left in the space or apparent vacuuml it inflated 
but at  once steadily deflated, because the air inside it rarefied and finding an exit, 
it expanded itself through space in the tube or apparent vacuum, and the walls of 
the membrane, not  being held up by any air, fell together. 

I experimented also, in the same way, using a bladder full of our condensed air 
and properly tied up, and tha t  air in the space or apparent vacuum being held back 
only by the membrane of the bladder, pressed by force on all sides, seeking to dilate, 
so tha t  it burst some of them, principally around the thread which tied them, cer- 
tainly because the membrane was weakened at that  point . .  

A p p e n d i x  II  

"Ae.  P. de Roberva l  de Vacuo Nar ra t io  ad Nobi lem Vi rum D o m i n u m  des 

N o y e r s . . .  May-June ,  1648; par t  three, is° 

(From B. PASCAL, Oeuvres, vol. 2, op. cit., p. 313--318.)  

I so refilled a tube, three feet or a little less in length, with mercury so tha t  
one and a half spaces were !eft, which were filled with our air. The tube was then 
inverted and its mouth  immersed-in the mercury of the dish, the one and a half 
inches of air ascended into the upper part, above the mercury. Nor did there appear 

a n y  space there other than the apparent vacuum, into which there arose bubbles 
out of the mercury, as was seen upon closer scrutiny. They were not in large numbers 
as in the above experiment, but Some were somewhat larger; nor indeed was there 
any doubt that  a large number ascended, but  we were.not able to see them. Of course, 
they were not  seen in the mercury because it is opaque, or in the space or apparent 
vacuum, because there was nothing of distinct colour between the bubbles and this 
space. This was afterwards confirmed by suddenly admitt ing two one and a half 
inch .portions, one of water, the other of air, into the tube besides the mercury, by 
which means the ascension of tile innumerable bubbles of air iato the water - - w e r e  
easily seen. And indeed, in both these experiments, either ~ i t h  the air alone, or 
with both air and water, above the mercury, a great change with regard to the mer- 
curial level appeared. For, in that  case a depression of the customary level by wholly 
four inches is seen, so tha t  i t  did not  ascend to the said height of two feet Esic. I. 
And, however often the same experiment:, was repeated ir~ .the same kind of tube, 
the same result appeared, either with air alone, or with the admittanc6 of water  
besides this air. Though, with the admission of water alo~le there was not the same 
result. Moreover, in other tubes, the shorter they were the lower the  mercury became, 
while the longer i t  went higher, to the extent  however tha t  once some measure had 
been admitted, whatever  the height of the tube, the mercury never reached its cus- 
tomary height of 2.7/24ths. feet. However, when I reasoned using the laws of mechanics, 
about, the inducement of such a depression of mercury by air, i t  has not been possible 
to take up a very satisfactory POsition or provide a better  explanation according 
to the laws of nature, than if i t  were agreed that  the air spontaneously and of itself 
became rarefied in the tube, (although I have tried other explanation s in my first 
Narration) in such a way that  the apparent vacuum occupies the whole of t h a t  

1so This passage is translated from the Latin. 
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space; yet  is not true to say that  the whOle of the air's whole force towards rarefaction 
is exhausted. The same air, while seeking to fill the whole space exerts a pressure 
in all directions, on the adjacent bodies, the tube keeps in tile particles from all 
o the r  directions, mercury being the only one of them that  can give way towards 
tile lower part  of the tube. Moreover this explanation must be adopted: that  the 
air which we respire only possesses such force towards' dilatation and rarefaction 
as is equal to the power of the natural  element compressing or condensing it. Besides 
which, this also agrees with the laws of nature itself and applies in all other bodies 
which nature has granted powers of spring, as in bows and innumerable other ex- 
amples. All of which bodies, as long as they are compressed by force, but  not extended 
beyond the limits of their own power, never cease to resist. They are carried by an 
innate force of resilience, which is the same as that  force with which they are drawn 
or impelled by other bodies. So, at the beginning of its rebound t h e  force is at its 
greatest, then it  gradually grows less and less, and finally disappears altogether 
when the body has returned to its normal state. In the same manner, air, included 
in the tube, as long as the tube remains closed at  both ends, is only compressed 
and condensed to the extent  of the force of the natural  element exerting pressure. 
on our air; and for that  reason t h e  included air, by an equal and opposite force, 
resists such compression, a t tempting to become dilated to acquire a larger space 
than it  does in nature. For, the air included in the tube is not less condensed and 
compressed than tha t  outside, because, once it  has been compressed and condensed, 
i t  does not hereafter obtain any freedom to dilate and rarefy. Nor is the same air 
compressed beyond its strength, for..~t is consistent with experience tha t  air is capable 
of much greater compression and condensation. This happens daily in numberless 
ways, but  especially in brass pipes with the application of a plunger. And so, with 
its strength unimpaired, it continually tends to rarefy and in fact i t  does so immedi- 
ately, the very moment  it is set free. And this is what  happens when the lower end  
of the tube is enclosed within the mercury of tile dish and a free descent is left for 
the mercury of the tube into the same dish. For then, the air which was compressed 
in the upper part  of the tube and a t t h e  same t ime  exerted a pressure in all directions, 
is bound to rarefy upon the wi thdrawal  of the mercury. At the beginning of its 
expansion it had a great power of rarefaction, because, one must suppose that  it 
was condensed by the force of pressure of the entire natural  element. Then, its force 
gradually relaxes because it is less and less compressed .and condensed, so that, one 
and a half inches, after rarefying through 6 or 8 inches of space, is able to move. to 
tile extent  of only four inches of mercury, although at the start  of its rarefaction 
it  easily displaced 27 [inchesJ. And hence, in a tube three feet long or a little less, 
in which the air rarefies through 6 or 8 inches, the mercury is driven out by that  
air, only to the extent  of about four inches below its accustomed height of 2.7/24ths. 
feet, Moreover this effect is greater i n  shorter, and less in longer tubes: because 
evidently, in shorter tubes, it Emercury~ is forced down by a smaller space, the air 
rarefying less ; and further, the air in dilating holds greater forces and for that  reason 
it  has more power of expansion and displacement of mercury, and vice versa. 

I know that  there remains quite a considerable doubt in some peoples' minds 
when I s ay  that  greater forces are required .to drive down to the greater extent  below 
its appointed height of 2.7/24ths. feet; and a smaller force to drive it down less, 
for they will imagine that  no force at all is required. Under the hypothesis which 
we hold, air rarefies spontaneously and freely expands into the space left by the 
mercury and seeks to occupy an ever g rea te r  space. By which manner, it seems 
likely that  the mercury would discharge itself completMy by its innate gravity, from 
the tube into tile vessel, and that  air is dilated by its own nature throug h the whole 
of the same tube and it  would occupy a longer tube if longer were provided for it. 
But  this difficulty will "easily be removed by anyone with a moderate knowledge 
of mechanics, if he reflects on that  force by which the elementary parts of the whole 
of nature are mutually compressed to constitiate a single elementary system. I con- 
sider that  this I force, Which we commonly .call gravity, and which vulgar philosophy 
c6nsiders is just  like simple gravity, is indeed more substantial, like a mutual  pres- 
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sure or oscillation of all parts together. Once it has been agreed that  gravity in this 
lower region of the air, or at  the surface of the earth, is as great as the weight of 
2.7/24ths. feet ill altitude of mercury, and that  the tendency to unification between 
the higher and lower parts of the elementary system is in the lower regions 6f the 
air, assumed to be equivalent to the weight of the height of 2.7/24ths. feet of mercury, 
or the weight of about 31 feet in height of water, which a m o u n t s t o  the same thing. 
Once these two points have been conceded in their entirety, if there is no impediment, 
the mercury rises to a height of 2.7/24ths. feet, or water to a height of about  31 feet. 
Thus finally, the parts of elementary nature form all equilibrium, which is the aim 
of the whole of nature,  and when tile equilibrium is disturbed, these parts will im- 
mediately be recalled, by their natural  effort towards their innate endeavour. But  
as a matter  of fact, if besides mercury or water, there be admitted into any part  
of the tube some of our compressed and condensed air, as we have stated above, 
this air obtains its freedom and all its parts recoil and become rarefied and drive 
out the mercury or water, which for tha t  reason will be depressed below the aforesaid 
height, either more or less, according to the air itself possesses greater or lesser powe r 
of rarefaction. 

A p p e n d i x  I I I  

J. PECQUET, Experimenta Nova Anatomica, Amsterdam,  1661, pp. 106--109. lsl 

"Wate r  only compresses the Terraquaecous Globe by  v i r tue  of its weight, 
bu t  air not  only b y  v i r tue  of its weight b u t  als0 by  Ela ter . "  

Let this be firmly and invincibly established by these easily performed experiments. 
A cylindrical glass tube AB, exceeding a little less than three feet in length and .if 
you wish, about four lines in diamater. The end B is hermetically sealed, tha t  is the 
glass is itself completely'closed up, the other end A being left open. Mercury is poured 
into the whole tube with the exception of seven inches CA~ water occupying the 
residual space. Tile mouth is completely closed by the finger, and the tube is then 
inverted, when tile lighter water changes places with the mercury, and at length 
condensed to the other end t3. The tube was then immersed in the restagnant mercury- 
prepared in the vessel D, while sill being supported by the finger, so tha t  when the 
finger was swiftly withdrawn the metal flowed down out of the tube. That  remaining 
.in the tube is tile mercury cylinder AE. I t  rests, not to the usual height of 27 inches 
above the surface of restagnant liquid, bu t  is actually lowered by about 6 lines, 
on account of the constant  pressure of water, which was itself permanently 7 inches. 
I t  was in fact no wonder tha t  water was in this proportion to mercury since seven 
and a half inches of the lat ter  are about equal in weight to half an inch of the former. 

Hence it  is plainly evident tha t  water exerts only the force by weight but  not 
by elater; just  as the mercury is affected inside the tube, so it  weighs down on the 
surface of the earth's mass. 

But, on the  other hand, air possesses tha t  virtue to a great extent, for if this 
experiment is repeated, not with water; but  with air filling the seven residual inches CA. 
That  Js the tube is filled up to BC with mercury, and to the mouth A with seven 
inches CA, which are alone filled with air and then close by the finger. Next, invert  
and immerse in D. You will be surprised by this contrivance, the mercury cylinder AE 
falls more than  seven inches below the twenty-seventh. So it is evident that  t h e  
adjacent mercury was no.t forced down as much by weight as by the strongest da te r ;  
and it is tha t  thus the Terraqnace0us Globe is compressed by air. 

At this point I must  P0ilit out tha t  where it  has brought to rest above 20 inches 
of mercury, by reaching the 17th inside the tube, just  as is frequently described in 
the experiment on the cause of variation of level in the thermometer tube, which 
fluctuations are in proportion as the air is at  one time rarefied and at  another time 
condensed: 

lsl This passage is translated from the Latin. 
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Appendix IV 

H. POWER, Experimental Philosophy, London,  t664, 1663, pp. 101-~-103. 

Pecquel (who I think follows Roberuallius therein) ingeniously conceives, that  
the whole mass of Ayr hath a Spontaneous Eleter, o r n a t u r a l  aptitude in in self to 
dilate and expand it  self upon the removal of all circumambient obstacles (which 
he calls the Elastical motion of that  Element) so tha t  the particle[s] of Ayr may be 
understood to be as many little Springs, which if at  liberty, and not  bound and 
squeezed up, will powerfully, strongly, and spontaneously dilate and stretch out 
themselves, not onely t o  fill up a large room, bu t  to remove great bodies- 'So that  
h e  compares this .vast Element-of  Air, circumfused about this terraqueous Globe, 
to a great heap of Woollfleeces or Sponges, piled one upon another, the superior 
particles of the Ayr pressing the inferior, and hindring their continual tendency to 
a self-dilatation; so that  all the particles of thisAtmosphere (especially the inferiour 
sort) strive at all times to expand and dilate themselves: and when the circumresist- 
ency of other contiguous Bodies to them is removed, then they flye out into their 
desired expansion (or at least will dilate so far as neighbou~ing Obstacles will permit:) 
Just  l ike the Spring of a Watch (which if the String be broke, presently fifes out 
into its fullest expansion which Elastick motion in the Ayr then ceases, when it 
comes to all aequilibration with those circumjacent Bodies tha t  resisted it. 

That  this is not onely an Ingenious Hypothesis, but  that  .there is much of reality 
a n d t r u t h  in it, I think our following Experiment will to safety of satisfaction demon- 
strate. 

Onely we differ-from Pecquet in the strict notion he hath of Rarefaction and 
Condensation, which he supposeth to be performed without either intromission or 
exclusion of any other extraneous Body whatsoever. Now how Ayr or any other 
Body should diminish or augment its Quantity (which is the most close and essential 
Attribute to Bodies) without change of its own Substance, or at least without a 
reception or exclusion of some other extrinsecal Body, either into~ or out of the 
Porosities thereof, sounds not onely harsh to our ears, but is besides an unintelligible 
difficulty. 

Now though we cannot by Sensible and Mechanical Demonstration show how 
any new Substance or Subtler matter (than Ayr is) which enters into the Tube to 
replenish that seeming vacuity, and to fill up the aerial interstices (which must needs 
be considerable in so great a self-dilation), ye~ we must (considEring the nature of 
rarefaction aforesaid) be forced to believe it: and perhaps some happy Experimenter 
hereafter may come to give us a better then -this Speculative and Metaphysical 
Evidence of it. 

That the hollow Cylinder in the Tube is not onely fi]l'd up with the dilated 
particles of Ayr, but also with a thin Aetherial Substance intermingled with them: 

I. Let us suppose therefore (at random if you please) that there is a thin subtle 
aetherial substance diffused throughout the Universe; nay, which indeed, by farr 
the greatest thereof: in which all these Luminous and Opace Bodies (I mean the 
Starrs and Planets) with their Luminous and Vaporous Sphaeres (continually eff- 
fluviating from therh~ do swim at free and full Liberty. 

2. Let us conmder that this aether is of that Subtil and Penetrative Nature, 
that like the Magnetical Effluviums, it shoots it self through all Bodies whatsoever, 
whose small pores and interstices are supplyed and fill'd up with this aetherial Sub- 
stance, as a Sponge with water. 

3. Let us add to the former Considerations, that the Ayr hath not onelv a strong 
Elatery of its own (by which it presses continually upon the Earth, and all Bodies 
circuminclosed by it) and it also ponderates, and is heavy, in its own Atmosphere. 

But because I am resolved you shall take nothing upon the trust .and reputation 
of the best Authour, ~ake this Experiment to prove the Ayr's ~ravitatio~ (in p~opr~o 
Loco) as the vulgar Philosophy cals it. 
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Appendix V 

R.]3oYLE, New Experiments Physico-Mechanicall, London,  t660;  Works, 
London,  1744, Vol. I. p. 8. 

For  the more easy understanding of the experiments triable by our engine, I 
thought  it not superfluous nor unreasonable in the recital of this first of them, to 
insinuate tha t  notion, by which it seems likely, t h a t  most, if not all of them, will 
prove explicable. Your Lordship will easily suppose, that  the notion I speak of is, 
tha t  there is a spring, or elastical power in the air we live in. By which tRaz~9 or 
spring of the air, tha t  which I mean is this; that  our air either COl~sists of, or at  least 
abounds with, parts of such a nature, tha t  in case they be bent or compressed by 
the weight of the incumbent part  of the atmosphere, or by any other body, they 
do endeavour, as much as in them lieth, to free themselves from tha t  pressure, by 
bearing against the contiguous bodies that  keep them bent;  and, as soon as those 
bodies are removed, or reduced to give them say, by presently unbending and stretch- 
ing out themselves, either quite, or so far forth as the contiguous bodies  tha t  resist 
them will permit, and thereby expanding the whole parcel of air, these elastical 
bodies compose. 

This notion may perhaps be somewhat further explained, by conceiving the air 
near the earth to be such :a heap of little bodies, lying one up.on another, as may 
be resembled to a fleece of wool. For this (to omit other likenesses betwixt  them) 
consists of many slender and flexible hairs; each of which may indeed, like a little 
spring, be easily bent or rolled up; but  .will also, like a spring, be still endeavouring 
to stretch it self out again. For though both these hairs, and the aereal corpuscles 
to which we liken them, do easily yield to external pressures; yet  each of them 
(by virtue of its structure) is endowed with a power or principle of self-dilatation; 
by virtue whereof, though the hairs may by a man's hand be bent and crouded closer 
together, and into a narrower room than suits best with the nature of the body; 
yet, whilst the compression lasts, there is in the fleece they compose an endeavour 
outwards, whereby it  continually thrusts against the hand that  opposes its expansion. 
And upon the removal of the external pressure, by opening the hand more or less, 
the compressed wool doth, as it were, spontaneously expand or display it self towards 
the recovery of its former more loose and free condition, till the fleece hath either 
regained its former dimensions, or at least approached them as near as the compressing 
hand (perchance not quite c~pened) will permit. This power of self-dilatation is some- 
what  more conspicuous in a dry spunge compressed, than in a fleece of wool. But  
y e t  we rather chose to employ the latter on this occasion, because it is not, like a 
spnnge, an entire body~ but a number of slender and flexible bodies, loosely compli- 
cated, as the air it self seems to be. 

There is yet  another way to explicate the spring of the air; namely, by supposing 
with tha t  most ingenious gentleman, Monsieur Des Cartes, tha t  the air is nothing 
but a congeries or heap of small and for the most part) of flexible particles, of several 
sizes, and of all kind of figures, which are raised by heat  (especially tha t  of the sun) 
into tha t  fluid and subtle ethereal body that  surrounds the earth; and by the restless 
agitation of that  celestial matter, wherein those particles swim, are so whirled round, 
that  each corpuscle endeavours to beat  off all others from coming within the little 
sphere requisite to its motion about its own centre; and in case any, by intruding 
into tha t  sphere, Shall oppose its free rotation, to expel or drive it away: so that,  
according to this doctrine, it imports'  very little whether the particles of the air have 
the structure requisite to springs, or be of any other form (how irregular soever) 
since their elastical power is not made to depend upon their shape or structure, but  
upon the vehement  agitation, and (as it  were) brandishing motion, which they receive 
from the fluid aether, that  swiftly flows between them, and whirling about each of 
them (independently from the rest) not only keeps those slender aereal bodies separated 
and stretched out (at least, as far as the neighbouring ones will permit) which other- 
wise, by reason of their flexibleness and weight; would flag or curl; but also makes 
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them hit against, and knock away each other, and consequently require more room 
than that,  which if they were compressed, they would take up .  

By these two differeing ways, my Lord, may the springs of the air be explicated. 
But  though the former of them be that, which by reason of its seeming somewhat 
more easy, I shall for the most part  make use of in the following discourse; yet am 
I not willing to declare peremptorily for either of them against the other. And indeed, 
though I have in another treatise endeavoured to make it  probable, tha t  the return- 
ing of elastical bodies (if I may so call them) forcibly bent, to their former position, 
may be mechanically explicated; yet I must confess, that  to determine whether the 
motion of restituition in bodies proceed f rom this, that  the parts of a body of a 
peculiar structure' are put  into mot ion  by the bending of the spring, or from the 
endeavour of some subtle ambient  body, whose passage may be opposed or obstructed, 
or else its pressure unequally resisted by reason of the new shape or magnitude, which 
the bending of a spring may give the pores of it: to determine this, I say, seems to 
me a matter  of more difficulty, t h e n  at first sight one Would easily imagine it. 
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