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"\ hs/,rac/, 

'l'h,' 1lll',lHUrl'llu'nL o( stC'aliy high pr('~sures in a liuid 
sl"~I"m lI'ith the hirrlll'tit. (1C'cuntcy dcma,nels thc use ofprl'SHHl'C 
t;alalh'l'H ({"n'" pist~n gnuglJR) of accumtely known nrTecLiw 
arl'as, This l't'qu ircll a prt'l:isc knowledge of the way ill which 
lh,' ef]'c"Li \'c arl'u>; o( the pist.on-cylinder assemblies concerned 
Yl, r,,- due to tl\(' clastic tlistort ion caused by the applicd pres­
~lIre . 

'1 \ \"0 IlINhods which have bren dirccted to the solution of 
t hi" l)rob l~m art' described , The ji l"~t dcpends on a prin oiple of 
~ill1i l ar it.'" as appli('(l to l,he (lcformatiolls of t wo assemblies of 
111( ' ~<tll1l' ~l'n('ral d imen~ i on s but cons t ructed of matcrial~ 
having tillbstn,ntially d ifferent c lastic moduli. The sccond 
II1I ·thod makl'~ usc of mcaSlIl"C'mcnts of tho How characteristics 
of lhe pJ'(:~sllre transmitting fluid using two pistons having a 
known tlifTUI'CllCe of tli'11111.1tel'. 

The dititort ion factors arc shown to be representable as 
lilll'ar functions of the pressure, so that the efTeotive area at 
pl"l'"Snre l' is connected wi th t hat at zero pressure by exprcs­
~ions of the form 

.-:lp = A. (1 + }.P) 

",hl're), mav hc tcrmcd thc distortion cocffieient. 
The timil accuracy of thc measured distortion coefficients 

i~ auout :i: ~%, which corresponds to an uncertainty in effec-
1 iv,' arc(1 of about ':!:..l. part it \05 at 1000 bars increasing in 
proportion to the lll'etisnre at l1g leI' prebsures, 

Nome n~peets of the practica l calibration of pressure 11111an­
I',", l'arri ,~d ont by di rect balancing against assemblies cali­
brated by the methods describcd, are considered. 

L Introullction 

TIlt' ra pill development of high pressure techniques 
ill t hl' la:-.;t few decacles has given rise to considerably 
ilt("l'l'i\"t'd interc:;t in the accurate m easurement of 
hUl pn'S,;llI'C':i, ooth in fUlidmllenin I ph.\',; ics a,ncl 
,·it"llli-lr.,· "Illl ill the milny as!:lociaicll illdllf;tl' ial 
,q : ,,1".11 illlt'" In m a ll.\' thormodynamic studies, as for 
, \,'" I,]" lb' ]lJ'('ssnre-vo lume-tempel'atul'e I'elat,ions 
.Ind \ il"i:d ('o"l'Iil 'icnts o f' g asl'l:! , the Jottle!I'hullu;ol1 
, :,,'1 ,tltd I h\, 1ltl';tSItI'('Itll'lIi of' vapour !U'CH:,I UrCH, Llw 
.t. II:.'I"I~ "11 :tc'(' Ul'ilt",\' are :,Ie ver e . .l\'"l'vcrtlll' ll'H:; until 
",I", 1','('1"111 ' ,' I'mgn',;s ill high presstlre mcnsurcnlent 

\\.,- l'ItWit rl'lnrdl'l lcompal'ed with the llleasurement 
" I L,· (·t h,·t" 1 h"l'mndynamic variables, temperature 

~ '. !,:lIt", ,llId it is only wit,hin the last few years 
: • ,Ill,' lI~ltaulc (l(h' allCc has heen uchieved, The 

()uject, of this paper is to present a,n up-to-date accouni 
of some recent developments at the Na,tiona.l PhYl:!ical 
Lctboratory which have contributed to these improve­
ments . The discussion is r estricted to the case of 
steady pressures. 

There are two 'quite independent basic methods by which 
pressures may, in principle, be lIIeasured or esta,blished, with 
precision, or by which other pressure-measuring equipment 
may be calibrated. The first, usually represented in praet;iee by 
the mercury manometer or some extension of it, determines a 
pressuro in terms of the height of a column of liquid of known 
density under known conditions of gravity. In the sceond 
method, pressure is measured directly in terms of tho force 
exerted on a surface of known area. In practice this reduces to 
the use of the pressure balance, or free piston gauge, in which 
the force due to the pressure-transmitting fluid acting on the 
base of a cylindrica l piston, free to move in an accurately 
matched cylinder, is balanced by a known dow:nard force 
derived from ealibrated masses suitably supported on the 
piston. The calibration of the instrument is expressed by 
stating the "effective area" of the piston-cylinder assembly, 
and owing to the distortion caused by the applied forees this 
quantity may be expected to vary with pressure_ 

In the high pressure region proper, however, the pressure 
ba lance is virtually the only instrument in the field for prac­
tical pressure measurement of the highest accuracy, as high 
pressure variqil,ts of the mercury manometer are very difficult 
to operate even for fundamental calibration purposes. Two 
problems therefore present themselves: 

(i) the establishment of the effective areas of suitable 
piston-cylinder assemblies in absolute terms at low prcssures; 

(ii) the determination of the changes of effective area at 
higher pressures due to the distortion of the assemblies result­
ing from the applied pressure. 

With regard to (i) details are being dealt with in othcr 
publi c .. tions and we slmll only summarize tho present position . 
fn the mOrl' l'estricied field of barometric pressure t.he Xational 
l'hysie.tl Laboratory has for many years ma intained standards 
based on the mercury manometer and rca ching an accuracy 
of a few mierobars (SEARS & CLARK 1933; ELLIOTT, WILSON, 
MASON & TIrOG 1£)()O) . Recent work has shown that the cfleeti"e 
Un'llM of piMton-c'ylindor ItSlIel11hlit'8 bascd on cOlllpn"i~on with 
It lIIercury nmnollleter of a fcw at.m range, and Lho~c calculllt('d 
diroctly froltl di'1111etrn.1 meaSUl'Cments on thc components, 
aro in agreement 1.0 within ~ part in 1 05 (DADl:!O~ 195;), 
1958}. --- -

Tho clastic distortion offeet (ii) was for a long time consi­
dered to be a fundamental difficulty in the uso of the pressure 
bal'111ce as an indcpendent primm'y standard, but this situa­
tion has uow been completely altered with the development 
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of' lIH'tho<1s 1,,\' ",iti"it II", <!('PI'IHh'IH'(' of (,Ili'etiH' 111'(':1 upon 
I'rh;illrc' IIla\' I", c1.' I' ·1'1l111",rl willi ,'(JII.,iti, ·,':ti>1,· ""( 'llr:,,'\", Till' 
1'1'(''''111 1'111';'1' dl'"b ii, d"laii \l'illl 1\\0 illri"!I('IHIt'1l1 IIH:lho<ls, 
i('rlllt'd '111' ""illlil"1'ill " "lid "110,," Illt'tli.,ds, nT('nll\' <11' \ '( " 

]()I,,'d.1i i Ilf' :\l1li.,I1:11 'I'liysi,'al La iJOI''' I 01',1' for thi~ ]>1I1'1;OS(' , 
S",'('ral ('al'l,\' ilt ll'lllpls to lll('aSUl'e the!;\' e1ist ort ion ('Ireds 

h,\' 1 he 1: ,';(' 0[" hi,~.dl jl/'('~,';l1 1'\J 1I1(;rCl1r,)' lllanOlll('Il'l'S of \"ariouR 
forms It-rl to \','1'\' illl'OnsistonL cOllc,ll1;;io",; as t.o the order of 
llla~JllI lId(; of I Ill: dTI'C'lS to he expt'CI"<! (HOLllOHN &, SeJi ULZI~ 
1!)1.-,: ('n IJ.II;1IJ-:L1:-'- ,\:. K.\tfD 101;;; ](I-:\,I-:S &, DJ';WEY '1927; 
,\II:\,EH~ ,.:; ,J ESSl"I' 1f131; TI 1';ATTl I,; &, EnEL 103'1), :\hCllEt.S 
II!):!:!. I!):!l, In:l:! ) lIas rii';('l1ss('r1 applil':\tioll~ LO the r1iO'I'l'('lltin.1 
1,1'1'(' ()I'l'i "loII " ',\'lillri,'l' ,,~s('IlII.I,\', Tit,' IJlOSt, n'l'('llt" alld h,v far 
1 I.,' Il il hi. "()lIll't'I·III·II>ii\'(', illv('sl iglli inll of t itiH I<illd i~ t hal, of 
~ 1:1\ 1'1'')' 11I1I1 ItiM l'Ollf'It;,(IIl·H. lIHillg 'L \1,111 PI"'HH lIl'iH('d r1itrf'I" '))l inl 
11II'),('I))'Y 111"1111111"\('1' illMial l(,d nt (.11(' 1111 pl'ri;\1 Colll'gn of ::ki(,lIcc 
alld 'i'('('itJ1nlo;jY ( 1lJ.:TT, j·IAYI';S &. l\I.;ll'l'l'T 1U.,)4: BET'l' & 
:\ 1':\\'IT'l' \ Uti3) , Tite measurcments, covering n. rn.ngc up to 
700 har~'*, wcre difficult, and the resulting distortion fn.ctors 
fOf six pressure bah.ncc asscmblies of similar design vn.ricd 
among I hell1sclves b~' much morc t han would be expected 
from their construction, It secms th:1t morc extcllsi ve data 
will bl' nC'cC'ssar,v I)('for(' a final aRscssment of the high prCSiHlrc 
Illcn;lIry eollllllJl (':tn be m:lde, l-tOJWUCK &. CIU~[ (1!):n) a.nd 
HOEHUGK &. TllSlm (1!)'),~) IHwc dca,lt with" recont develop. 
1l11'J1t of the Illllitiplc·colllilm tYIW of Il1C'l'Clll',Y nmnolllet,er 
cOI'prilig til(' l'illlgl' IIp to about 200 bn,fR, 

The (Iistort ion crrors of the "eontrolled·clcn.rn.nce" typo 
of pl'l'SHllre balnn('o nsed at, t,he Xationnl BllI'eau of ::-ilalldarcis. 
\\'nsitin~lon. h(lv,~ hO('11 consicllJro(l hy JOlll'SON &, -'\I'; WllALL 
(1!l.':3) and h,Y ,1'1I1 :-'-",):-'-, CltOS";, Jlll.l:& B(I\\'~IA;\ (H);;7): bl'C' 
also 13I';~;\Jo:'I"1' <'\: \'on,\!, '\\)0:3), It is itol'c'd that, thc I'csults of 
diJ'l'd, t:oJ1lp:trisoJ18 betwcen (,he mcthod~ of calihration dr\'c· 
loped ;,t the i\'B:::i and tho Nl'L mn.y 1.>e avn.il,\hk in the Ileal' 
future , ,\ccollnts of the distort,ion errors of various dl'si,!:(n of 
pist()J\.cylin<lcl' assemblies from the point of vic\\' of clastic 
thco!'y have also been published by ZllOKO\'SKH (1I)GO) . 
l')A;lI01LO\' (10GO), EHI1lCl' (1!)a5, 1!)4!), 19,)1) and ~A 
1 O(\:~. 1 !J(4) , 'J'he~o aULhors, ho\\'ever. givo primary attention 

to the l'til:\ lishlllcnt of the c1isLortion factors bv ca.lculation 
rathnr than by cxperiment, The present pap;)r, 'on the ol,hcr 
hand, deseribcs direct cxpcrimental mct,hods which arc inde· 
pcncit-nt of other prcssnro strmdards, n.nd practically indepen­
dent of detailed ehstic thcory, to which appeal is made only 
in the Cl\leulation of small correction terms, 

2. Formal Theorctical Basis 

CL) General 
As n. basis for discussion of the methods described 

in thi::; p,'lper it i~ uscful to develop a numher of forma I 
expressions for the changes of effective area of a 
piston-cylinder assembly consequent on the distortion 
clue to the applied pressure, Initially, these formulae 
will not involve any assumption as to the form of 
distortion; later, however, the results of introducing 
c:crtain siniplifying assumptions will be examincd, 
Unle~s otherwise statcd, it is assumcd only that thc 
piston and cylinder are initially straight and coaxial, 
thr,t there is circular symmetry in all planes perpen­
dicular to the axis, and that the pressul'e transmitting 
fluid in the interspace flows in accordance with the 
normal laws of viscosity, 

The essential features of the system are shown 
dia~ralllmatien,lly in Fig, 1. The upward force due to 
the fluid prcssure P applied t.o the ba.se of the piston, 
corrccted for thc forces due to thc prcssure a.nd 
J11.m'eJl1(mt. of t he flnirl in t.he gap between the piilj-.on 
nnd cylinder, j" baliLIl(;('(l by the Lot::d downwilrd forcc 
dll(, to til() load, 11', We denotc by ~. and R t.he radii 
of tIl!' llndist.Ol'Lc!l piston and cylinder rcspect.ively, 
'It(.r) a,nll U (,I;) t.he increascs in these ra.dii fo1' i1 total 
applieci pres"lIl'e P, p{x) t.hc prcssnre in thc intcrspl1Ce, 
<tnd 2 It(,c) the mdii'll scparation, at thc axial distance 

'* 1 ba.r - 106 dynJcm2 ~ 105NJm2 • 

,I: ll1('nstlred from the lowcr cnd of the pist,()l1, I t Il(' 
lo!:d Jr.llgl',h of cl1ga,gement" .Ill' t.lln dfer:t.i\'<' arc" of' 
the s,Yskm c1t thc "pplie(l prcHSllre P, and writ!, 
H - I' = 211, where a,ll of 11, fl. , 'IL and {' ill'(' \'('1',1' 

sl11<tll compared with /', P and pare alwaYH to be inLer­
pretcd as the amount by which the actual pressurc in 
the system cxceeds thc ambicnt prcssure - nOl'l1Ullly 
i1tmospheric - to which thc balance is cxposed, and 
t,he effective area as a factor of dimensiolls L2 which. 
when multiplied int,o the total npplied pressnre, give:; 
tho t,ot",l downwal'cl forco pl'Ovirl{'(l 1y t,he lond whillit 

x=l 

x-a 

Axis 
Fig. 1. DiagrtlllllHatic sketch of pi:..:ton-cylinucf asscmhlr (clearance shown 
greatly ('xaggcratcd). - - Undi~tf\ l'lt!t1 hOllnd nriC'~ of }1bt.! .n and e;vlillllt'r, 

- - - Dist(}r~ct! boundaries of JJi~~()n nnd ('~tlindrr 

is rcquired t.o maint.ain tIl\) piston in cquilibl'ium, For 
small a.pplicd prcssures whcn distortion is negligible, 
we have from elcmentf1ry considerations, 

(2,1) 

neglecting second and higher-order terms in 2 HII', 
where Ao is the effeetivc area. at zcro pressure , 

To obtain t.he more general formulae whcn dis­
tortion is prcscnt we notc that the fluid forces acting 
on the piston have the following com,ponents: 

a) upward force duc to applied pressure on bf1sC of 
piston 

Pn),2 [1 + 2 u(O)/r] ; 

b) upward force due to fluid friction on flanks of 

piston I ( d) 
2nr S -hd~ dx , 

o 
I 

= 2 nr S [-- d(1
Jh

) + .E. (~- dU)] dx 
dx 2 dx d,l; 

o 
0) upward force due to vertical component of ap­

plied pressure on flanks of piston 
I 

~ nr J p ~,~ 'd,c 
o 

Tlms thc total upward force acting on the pist,on is 
I 

Pnr2 [1 + 21L{O)fr] + 2 nr J [- c.!l:'fl- + 
o 

+ ~ (~ + ~:)] dx • 
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0 [' 

I 

J) ::tI'~ II ( I +- ~ lf j r ) _j' U(O) + 11(0) 'r r - -+ rp.J P 

(
dU rill) 1 ' l . + l - ri.1' . 
( ,,' ( , " 

Tile forilluia fol' the (,fl'r'dive al'ea is now 

.. [/ • • ;v.2 rl (1 + :21I j r) + !!(O) + 1/(0) + 
_ r 

I 

+ .. ' .. \" 71 (!!!!.. + .Il!!..) d:C] 
11' . cl r (l.e 

o 

o 

(:2.2) 

of \\'h ieh expl'l'ssion (2.1) i:-; a special e;t:><' wit.h (1 11 nd 
/I zcm. We lIlay evicknlly oht ain (2.2) more direct.ly 
hy vis ua lisil1g the: neutral surfacc) as thc cfTecI;iv'e 
boundal'Y of ehe' piston in \\'ilic'h en>iC Lilo fl'idional 
for('e ('OI'I't ':-; IHlllClillg Ie> h) 1I1)I)\'c v:ll1ishc's Ill1el we are 
1('1'1, simply with Ihe pn'S:-IIIl'l' fOI'l':(':-I aeLillg Oil 1,110 

en'(' (' t i\' c h() lIndarie':-; of I ho l'i:-;toll. \\'() all'o havo Lhe 
<'qni,'nlc 'Il L fOl'm 

_'(p =. 71:1.2 [1 + :2 u(O)jr + 
/ / 

T • ~ (J' - II !..lJ!.. • dx + r p clu 
rl' dx J dx 

;1 0 
(2.3) . dX)] 

I 

\\'hi ch i:s ('oll\'cl1ient for use when the integral S - h 
o 

l' 

l (" ) ZI~d. 1' orj Itdp J:S of interest, as is the case, for 

o 

exa mpl e, WhCll the flow method (section 5) is conside, 
r ed. 

b) The ejiects of special (£ssurnptions 

The problem of calculating the actual changes of 
eJfec ti\'e area. of practical designs of piston.eylinder 
assembly, on t.he basis of the above general formulae, 
is compli cated. It would be necessary to know the 
interrelated qu a ntities 1/" U and p as functions of x, 
and s incc t h e pre:s:sul'e gradient dpjdx is governed by 
t h o n orlllal eq ua tion of viscous flow (sec equation 5.1), 
the pre,;sure d cpendence of the coefficient of viscosity 
wo ul d a b o n eed to Le t<1ken into account . It is not, 
how('vcr , the a im of t he present paper to attempt such 
calcula I io ns, but n tther t.O describe direct experimen­
t :,l metltocl:s for the accurate determination of the 
d istort ion factor,; wi t h the minimum of assumptions 
r egar lling t.he cle taileu behaviour of the system. , iVe 
th erefo re con:sidcr o nly certain special cases which are 
ul:leful in ihe a pplica t ions which follow. 

A u :seful approximation may be derived from the 
forcgoing cqnation::; by assuming that the component 
of U(.l:) or U (.c ) due to the fluid pressure in t.he inter, 
"pacc 1J<:t\\'c (~ n piston and cylinder ma.y be taken t;o 
k }J 1'0 Jl Ol'1 irma I to t.h c' pr css ure p(~: ) at the same pos-i. 
lieJ{L '1'11(; rel n 'ant terms ill tIl(' inte cY rals 011 tohe rio-ht 
I 

. . C' 0 

1, IH1 '; Ide t hl' l1 be"onw in t egmhle wil hout the ncecs-
~ i t .\· ru,' all Y ru rt hel' knowledge 01 (,]w actual fUllcLion:11 
t'1l1'1ll>; oru(.'!;) , U(.r ) 01' lJ(.;'). Tht' I'c is fail' sllpport from 
.. la sti(' theo ry 1'0 1' I,hi:s ,lssllinpLion, more especially in 
l b ' \'asl ' of I hn solicl evlinder in which t,lw len <Yt.h is 
:ar~ , ' hJll1jJ:trc:tl with iI,s r allillfl, !~ eondit'ioll ~'hi('h 
" l'l'li, ~ 10 t Iw pi st'o n>; of IllOSt lll'el:lSUI'O halanco <1Sl:lC'lll· 

blir8 o[.hel' I han i,hoHn ea.tel'ing for only a low range of 
pn'SSIIl·l'. e"In; I'; (,1:-):-)0, tDOt) has g ivell polYl1omial 
solul;iom; for Lhe equilibrium 0(' a. finiLe solid (!\' lillder 
for case::; 111 whirh the htern.l presslIl'c if; <,i·t.her a 
lincar or Cjnarlratie [unction of the axia l eo-ol'ciin.L\,c, 
Thc cOl1diLions arc sa.tiflfierl by flll1cLionf; u(:I;) ;Ll1r1 

p(:t) whieh arc accurately proportional , provided tile 
normal tract.ions over the flat endH, irmtead o[ being 
iclelll,ieally zcro, arc aflHullwd only to average 1,0 ",ero. 
By ~:li n t-Vc I Htnt'l:l principle, however, t.he effl'd of 
this dist.urbanee will be appl'eeiltb lo for only a short 
eli::;t,<1l1ce from oaeh e11(1, and ma.y he neglected if 1'.he 
ratio of lengt,h to radius is eonsidera,blo. Thc eonsLant 
of proportiona.lity is Lhe sa.me as in the eitse of ullirorm 
pl'e>;sure on a so lid cyli nder of infinite length. Ji'rr.oN 
(Ul02) hn,s ohtain oc L sol utio l1s for prcssuro dist,!'ibu­
t.ionH eX IJrOI'Hcd ill seriei'{ of trigonomc(,rie rUIlet.ioliH or 
:r whieh lrael t.o a Hill1ilar I'C)Hult provi(k(l t.ho wave· 
lengthH illvol\'c(l a/'(~ f'llil'ly IJl,l'go e:ol1tpJl,I'('(i wiLl, 1."(1 
radius. Tho ('freeLfl or dise:OIlLill\lOlI~ I"'('S~III'(' di~t , l'i"\I' 

I iOllfl, 0 1' narl'ow hal1ds 01' Ilpplieel I)I'(' HH III'O, JmvI' nlso 
bce)ndise118sed (I3AH'J'oN :UHL; RANK1N UH-~; '.1.'J(AN'J'J-at 

& CRAGeS Hl47), wiLh the genera ll'esult that evon the 
effects of riiseontinuities aro l!lorgely lost a.t an axial 
dil:lt,lnee of only about half the radius. If, thcrefore, 
the pressure changes along the length of the assembly 
arc reasonably smooth, no great 01'1'01' is likely to be 
incurred by applying this assumption to the piston of 
the assembly. Taking into account the additional 
change of radius due to the end thrust on the piston, 
it is easily shown that the relevant terms involving u 
on the right hand side of equation (2.2) reduce to 
P (3 (J - 1)/2 E where E and (J are respectively Young's 
modulus and Poisson's ratio, so that we now have, 
using also (2.1), 

I 

+ U(O) + ~S dU. dX] 
r rP p dx 

o 
(2.4) ,, ~ 

obtained directly from (2.3), is ~ ~ 
------->' ~ 

Another useful form, 
p 

[ 
P(3 a - 1) 2 S ] 

Ap=nT2 1+ E + rP hdp (2.5) 
o 

The application of a simjlar assumption to deal 
with the effects of internal presslll'e in a hollow eylin. 
del' with thick walls is less secure. CHREE (1901) has 
given a corresponding solution with U(x) a.nd p(~,;) 
proportional fo.r the case where J)(x) is a linear fUlle­
tion of x , but its vn.lidity would d epend on the eondi. 
tions n.ssum.ed at the ends. The case of a discontinuous 
distribution of pressllre has been considered briefly by 
THANTER (1946). In the ideal en.se of a evlinder whose 
length is la.rge compared with its radius and wall 
thickness. where the working section is removed some 
d i;;;t,,1nee from the points of attachment of the ends, 
ilwl t,ho pressure distribution is reasonably smoot.h, 
a. uscJ.'ul approxim'1tion may result. Proceeding from 
equation (2.,1,), and taking for definiteness the case 
where t,he cylinder walls arc not subjected to 101l cYit u­
dinal ;;L1'e S, we I hen obtain (LOVH 1952), denotin~ by 
il' tho out~r J'IIdius of the cylilJder, 

A ' = A f 1 + .. 2'. (3 _ 1) ..J. ~ [(1 + IT) N'" + (' - a) R~J 1 
1 0 I :!.1!J (J . '1 21!J J~'" - H~ J 

(piston) (oylinuer) 
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01.\ 
OY, C()llll,illill\.'; t)lI' <li"tortioll terms, / ' 

j . [p - ,·1" r 1 -j- , ~~- (~~ + :U,/~2 R2)]' (2.6) 

I" (lw . li/lliliIl Cf case with R'{R effectively infinite 
thi s l'l·dlH·PS to th~ :o;imple expression 

,'lp = ~ Io (1 + ~:Ja.. ,p) . (2.7) 

l':qllatiolls ( ~..+) to (2.7) arc n, useful basis for the 
t1('\'(~lopmcllt of Cl'rt-a i n small correction terms which 
ari"c in the th('ol'Y or t.he similarit.y and flow methods, 

3. 'rhe Similarify Method 

a) Principle 0/ the method 

In norma,l practice the assemblies for which ca,li­
hmtions a,l'C principally required are constructed of 
::;teel. The principle adopted in the similarity method 
is (il'st, to determine the ratio of the effective area, ofthc 
"t('cl piston-cylinder assembly of givcn type, at a 
,wries of pressure::;, to that of a. precisely similar 
assemblv construetcd of ,. material lmving a substan­
hally (lifferent ('lastic modnillii. Thi::; proccdurc deter­
milles. t he <Ii fTerence bet, ween the distortion factors of 
the two assemblies HH ;t fnnction of pressllre. A second 
relation - the quot.ient of the two dist.ortion factors -
is obtained from mcasurements of t.he clastic moduli 
of t.he two materials. The combination of these results 
then aUows the distortion factor of each assembly to 
be derived, a.s a. function of pressure, in absolutc terms. 

b) Ideal theor!! 0/ the similarity method 
In its ideal form the similarity method is extremely 

simple, and involves no assumption regarding the 
form of di::;tortioll of the assembly when under pressure. 
In the iclea.l ::;ituation the two materials are regarded 
as elastically isotropic, with linear stress-strain rela,­
tionship;-J and identica.l Poisson's ratios over the 
ran 'Ye of strcss involved. The two as::;emblies n,re assu­
med to be constructed to the S11lne principal dimen­
sion::; and to have L),ecumtely straight a.na circular 
pistons and cylinder bores. Ideally, the initial radial 
I:leparations between the components of ~he t,~o 
assemulies should be in inverse rat.io to thClr clastIC 
mocluli, although it is found in practice that this 
condition is not critical. These conditions ensure that, 
as the distortion changes with increasing pressure, the 
annular channels between piston and cylinder will 
remain simibr in form and that consequently the 
pressure distribut.ions along the lengths of the chann.els 
will alw,.ys rema.in the same for the same total apphed 
prcR::;ure. ,. , 

1£ the::;e assumptions a.re realIsed t.he dIstortIOn 
terms in the expre;-Jsions for the effective area,s will 
1'C'1I1:1ill in a. fixeel numerical rat,io as the pressllre is 
\·a l'i( ~ <I. Lll oj.ht'l' \\ '() !'(Is j,IIC efrec(,i\'(~ an'aH AI' ;lllt! Rp 
of j,he t.wo asslilUlJlics ,.t the a,pplicli pressure f'l1l<ty 
In' written ill the form, 

AI' = Ao[l + J.A/(P)]; Bp = EoLI + An/(P),! (:U) 

where }'A, J. B a.re consb.llt.s in inverse ratio to t:he 
cIaHLie moduli, ,tIlci f (P) is a function of the a,pphed 
pres::;l11'e of which t.he form is 11l1knoWil but is t:he Ra:ne 
in boj It cases. Bearing in mind that the dlstortIOIl 
11' !'Ilts arc normally very small eornpnred with unity, 
the r;.('io 0[' the arc'as 111ny be ('xpl'f'sHl'Cl ill Lho form 

::'~ = .0_ [1 + (}'A - An) / (P)] (3.2) 
11,. 110 

and writing An = kAIl' where k is a. constant, we 
obta.in 

AI' = ~ [1 + (1- k)AA/(P)] . (:).:3) 
JJ,• JJo 

The ratio ApfEl', and eonsequcntly t.he fl1netion 
(1 -- k) }." / (P), ma,y ue determine(1 eaRity and wit.h 
high preciRion by simply mea.slll'ing the load!'; on ,the 
t.wo pist.olm when t.he assemhlies a.re bala.nced agalllst 
one n,nothcr.· and in equilibrium at t.he samo pressure, 
and carrying out this procedure at a ser!es of pressures 
over the appropl'ia.te range. The. quot.Ient, k, of the 
clastic modu li may be determined by the standard 
methods for the measurement of clastic constn,nts. It 
is clear that in the ideal conditions postulated these 
two procedures suffice to establish the values of the 
distortion t.erms AA /(P) and }'B /(P) to an accuracy 
limited only by the sensitivity of the bn,bneing process 
and the precision to which t. clastic constants cue 
known. , n <YC! • • ound to be or 
vue 1 eventually limIts the accuracy atta.ina.ble, aJHl 

to-oiJtiUI1 theoest PI~isiOll k shoatcl.CvHIClltly differ . 
s110stantmlly from um y, . 

It is of-partiCular mterest that the rheologICal 
propert.ies of the pressure transmitting fluid - e . g. 
dependence of coefficient of viscosity upon pressure -
are entirely eliminated in the similarity procedure. 

In order to simplify further discussion it. is useful 
a,t this point to antieipa,te one praetiea.l result of the 
invest.iga,tion, viii. tha.t in most cases the distortion is 
very closely represented by a linear fUlletion of the 
a.pplied pressure so that we lUay normally replace 
f(P) by P, when the quantities AA and AB may be 
regarded simply as pressure coefficients l~avi.ng the 
dimensions (pressure)-l. Thus we may WTlte mstead 
of (3.1), Ap = Ao (1 + AAP) etc., in aU but excep­
tional cases. 

c) Effect of depart'utes from the ideal conriitions 
It would be a. somewhat fortul1<tte coincidence if 

tIle ideal assumptions were completely rea.l ised in, a 
pair of a,ctual met.als luwing a suffieientl.y large ra.tIO 
of elastic moduli, and also adequate tenSIle strengths. 
to justify their use in practice, and it is necessary to 
consider to what extent minor departures may be 
tolerated, or whether reliable correction terms can be 
d.eveloped. Materials showing appreciable elastic 
anisotropy are hardly worth consideration owing t.o the 
greatly increased complexity of the distortion of t,he 
system, and t.he labour of determining t.he complete 
set of elastic constants over a wide range of ~ 1 ress. 
Again, a pronounced depn,rture from a linear "tT~SR­
strain relation woultl int,roduee awkward comphcil­
j,iol1:-;; small depa.rtures ma,y be tolcl'<1.ble, subjC'd, to.n 
(;ol'J'e:;ponding uncertainty in tho valuo of t.ho clashe 
modulus. In the ca.se of a moderate rlifl'cl'C'l1ec in the 
va.lllcs of t.he Poisson's ratios, however, it is not, 
diff l.c:ult t.o formulate a correction term , This is small 
a.nd need only be eva.luated approximately. :For this 
pmpose we ma.ke use of the formula, (2.4), and exprCS:l 
the distortion coefficients in the form }'A = OA + CPA· .' 
where 

and CPA is t hat part of Ail which is explicitly dl'lh' lHknr 
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,,/1 the d,'I',)rlll,ltioll Ill' Ihe ('.\·Iillder. 1\S tIt(' ratio WIR 
is r. irl.\· large' in Ihl' aCllial cast'S eO/1sidl 'l'l'd, the ma.in 
t('rm "xprcssing tIl<' ('.\'Iint!cr dist.ortion i1; proportional 
10 (1. i- ,,)l 8. i. e. to 1/(/ \l'here G i1; the modulus of 
rigidit,y. 

Interprt'!,i!lg I~ as tIll' ql10t ient of t.he two moduli of 
rigidity. \1'1' no\l' h<1\'(' 

i .. 1 - i. 1I - (I IJ + 0 A - 011 
k) (/ . 1 - 0. 1 - Oil 
k) ),.1 .- (kO .. 1 - 011) (:3 J;) 

Ilt-i"l'Illillillg i' l in tl'rms or the dill'rrenee Goeffieient 
i .. 1 l'li es\ahlislll'cl I,.\' the balaneing procedure, the 
\',11111' or k. alld till' ('OIT('('lion tel'lll (kO A - (JII), 

II) gl'/I' nsiun III Ih e nsf'- o/three m((I('.l'il~l.s 
In I IH' fin.:L SNit's of expc'rinH'nLs the mn.t.eL'ial 

adopted ror I he' ('olllparison n~s(,lllbli('s was a form of 
alulllinilllll bronze, kilowil ('ollllllcl'eially as "hydurax", 

t.hn dil-ltor\ ion eodlicient of the assembly chosen, i, e. 
8, without, nny appeal to the clastic constants of i.he 
material of 8. These three derivations arc not enLirelv 
independenL hut, since the six independent ('Ia~Lie 
modu li, involve five independent ratios, no one resu lt 
is in gcnem! deducible from the other two, Procce(ling 
on the lines of equation (3.5) and denoting by ).s . , . 
the trlle values of t.he distortion coefficients, Os ... 
the moduli of rigidity, Os " . the corresponding 
corred.ion terms given hy equation (3.4), Asu ( = 
As - An) ... Lho (liffercnce coefficients det,ermincd by 
t he balancing cxperimcnts, and kSJI = a IJfO.';, .• , wo 
have fol' the t·hree possiblo experimen~al values, A~, 
I.,; and A~', of A," the equations 

A~ (leus - 1) = AilS - On + klJ::; Os 

for the direct comparisons, and for the indirect 

(a.G) 

(3.7) 

tIll' llloduhlS of rigidity of 
",hi('h was !O\\'('L' than that 
of i:itee! in IIH' ratio I: I.--I-,L 
The Poisson's ra t io was 
rat lH'r lliglH'1' t han I h;t\ of 
stel'I (s('e '1':1 1>. I for 1'111'1 her 
tid ail,,). II was apparent 
(hilt. ,t dll'C'k ill\'o lving it 

third material, differing 
tilrlnil<1nl ia Ily in "In,;tic prop­
Cities frOIll t 110:;e lIi:ied hith-

Tn-ble J. Sllll/1l1ory 0/ ela;;lic const(tnts 

Moduills ofl'i~idity (0) 
(d.Vn /CI1\2)* 

'loung's modulus (iJJ) 
(dynjem~)* Poisson 's 

ratio (a) 
(Ulirn~onic 

plll~c 
method) 

TOl'tiion ! Ult ra~onic ]<;XlcIlRol1leier 
ll1ciho!] 

(mcnn of results 
for tcnsion n-nd 

compres.sion) 

Ultmsonic 
pulse 

mcthod 
cxtcnsoilleter pulse 

Illet hod I mcthod 

I 

,·tcclA,K..9) 
(bardcm·cJ 

I.o:J.?dtcmpel:ed) 
7.86 x 10" 1 7.92 x 10" 20,6 x 10" 20.5 x 1011 0.295 

erto, would providc a valu­
able Lc-sL of the accuracy or ,\lulllinium 
ill(' ,.;illlil:tl'it.y l11et.hod. ,'\n hronw [j.45 x 10" 1i ,3tS x 10" '14,4-. x 1011 14-,33 x 'tO" 0.:33:3 
cv('n lId tel' cheek wOllld ("hydlll';'x") 

"nallll'ilily he prO\'id('(l b,\' a 
(:umpletC'iy independent. 
p.il'ofmatt'l'iab. This In.ttCl' 
cxtelli:iion has not,;o far been 
found practicable as the 
choice of materia];; possess­
ing nil Lhe qnalitic!j requi­

'J'ungskn alloy 
("GEe hcn-vy 
mctal" -

specific gra.vity 
18) 

13.55 x 10/1 114.26 x 10" 36.1 x 10" 36.7 x 10" 

* 1 dynjcm~ = 0.1 Njm'. 

red is limiteel. It has been found possible, however, to 
extend the procedure to include three lll<1terials, thc 
third being all alloy of tungsten known commercially 
as "GEe Hcn,v,V" :\letal" . This material proved to ha.ve 
;1, high degree of isotropy and a Poisson's ratio very 
close to that of the material used for the steel assem­
bliei:i. 1'1 e clastic moduli exceed those of steel in n.bout 
the ratio 1.73: 1 and it was of advantage that in this 
<:a:>c the comparison should involve a material having 
a. lll()(llllus higher thnn that of steel in contrast to the 
former comparii:iol1i:i in which the reverse held . 

In c1i:-;cui:i:;ing this extension of the method it will 
be cOlwenient to refer to t.he steel, bronze and tungsten 
.1~~(·1ll bli .. s by I it(' inil i;lll"t \ 1'1'''; 8, fl ,tlld rl'l'espcet.i\'cly, 
\\'i t It a ;crollj) ()f' t 1""'1' Ill;t\, 'ri;tis, Lltl: di s\o l't .ioll C!oof'fi­

,·j'·llt III' "iiI' 1I1i" a ,,;s '·lId.lI ·. S; I I ' 8, 11l1, \ ' I ... 1'1'1(1'111'<1 l,y 
lit,,·,· oIi tf,:I ·, ·"t 1'11111, '''' 1'"" ;.1' Lit, ·,,; ,Ii,"',·(, I. ;'. 

;:1\ 01\ Illg dil'l'd """III;II'i"OI'S \l'it I, fit,' IIlitl'I' \ \"" 
';"" I:i11il,'s Ii ;lIHl 'I' · :11111 t IILl oLhl' I' intiirl'd .. III t.hc 
, .. " I' I'r')('l'til lJ'(' the di,.;tortion cocClicil'lIt of OliO of' 

I It " Iii II<'I' 1\1'" a,;:-;C'1Il11Iil'';, :-;ay '/' , i:; iirs\; ciC't,C'l'Illille(l 
"" ;\ ppI.I'i n)!, Lite si III illl ri L~' pri Ill:i pic t.o IJ ;t lid ,/1, nlH1 

!:" "llI'fl i"i"llt for 8 IS \.IlC'1l ol>t.iLilll~(l by I-lim plo Ilrldi -
• ,"II or t Ite dilr"I'l:I1(:,: (;()(,nil'il'lI\ for ~ lind 'i'. I t is or 
('I'T'· ... 1 to note tltaL I.he inLiirec;t ]Jl'occ(ll1l'e lea.d:; 1.0 

),~' (kIJT - 1) = I'BT - 08 + kBT 07, + ).ST (kBT - 1). 
(3.8) 

Transposing these equations and making 
the subsidiary relations 

k ns kSIJ = 1 . . . k BS kST kTB = 1 ; 

Ans = - ASB . . . 

we eventually obtain 

use of 

(3.9) 

(A~ - A~') (1 - k SB ) = (A~' - A~) (kST - 1). (3.10) 

Since (1 - k SB ) and (kST - 1) are both positive it 
easily follows from this equation that the three values 
I.~, I'~ and A~' must either be all equn.l or all unequal, 
n,nd that the indirect value ).~' must be interllledi<1te 
bl't.w('C'1l I.il(' Lwo diJ'(~( :t vailles, whatovol' \.110 1tn.\.\ll'O Ill' 

Lil (l (,~p\'l'ill\(lIlLal (1 I'I'ClI'H*, Tilo pl'll(,j,i<:n.ll-ligllilil·IlIIl'" Ill' 
\'B l'i()IIH I lilHHil.Jll IlITIlrH iN I xlllllilHl(l ill mOl't' dol.lli! ill 
til'd.il)JI . ~ II). 

c) D c/erlllina/ion 0/ elastic C01I,~/allts 
Tho elustie cOllsl.:1.nis utiliscd in tho inYcstigation \\,(,(,0 

111 OllSUI'l,tl ill 1.110 ~Ln'"gt.h of l\'1nioril\ls I:kct.ion of till' Bnsiu 

* \\'0 iglloro "U~l'H \\'111'1'0 (l it.h(\(' /"'S/I 01' k.w i~ so oloHo to 
nniLy Lhi\.L oxper'illh,nta.1 OI't'OI':4 n\i~hL ClHl$O a. l'hnn~" of I'\ign 
of (l- l:slJ) or (b,,-i) Hi I1l'l' HIl(,h l'Olldit.iollS would not bo nOl'l'p­
t,~bl(l liS 1\ hll~i" ror th" similarity mothod. 
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I' h~'"ic',,; J)i\'i,.;ioll of th,' Xalional Phy,.; ical Lahoratol"Y, and 
ill' I"cl,'cl r"~llIl' olilninvrl hy Ih (' "Itrnsoni~ p1JI~(' Ill~tho(l 
(,\I.\lU"I I}l 10:,7) as 11"(,11 ns by the sl,andard sta li c: llI (' tlwds 
;!i\'ill~ tll(~ stn·~...;-st l'i\iTl l'('laf.1onH 0\-(' 1" a. ,,-ide rnngp of stJ'C'SH. 
YClilll ~ 'H Ill or licills "'aH 1lH':1SlIretJ bolh in tCllsion and compres­
sion lISill,l! a )1. lrit-nH 1,1'1)(' rhomb :1IHl mirror ('xtcnSOlllC'te r, 
T he mud"IIIH of ri ~ idit I' ,,",1S dclcl"lllillC'd UY Illcans of an Nl'L 
d,'si~n (Jf tlll"sion ~'xkl;so lllett:r in ",hi ('h I:('a rlings wel"c takcn 
"ill",r \I' il li an aulocollimalor or wilh tile IlOrllll.1 arrangement 
of ";('" h- alld I c' lr'I""OI)( 'S , 

l'l'< 'c'alll ions \1"1'1' 1,,1"'11 10 ('IIHIII'I' I hltl , (he H:llll pl"s I1 s{'d 
fClI' tl", pl'('l':ll'llliOIl or I,'s l pi( '(:eH ",,'I'(' Hlinil'i"IlUy 1""llI'I'SPIl­
I:li il'l' of II", llIalc'l"ial II sed in Ih" ]list,nll -cy linder IIHH('lllhli,'s, 
\\ 'hl're vl' l" posHil>!" Iii,!.\' \\'( ' 1'(' Hl' I,'deli ('null the SIUlI,' pi,"'" or 
h"I"h or llml,"l"i,,\, III CaS(,H where lilis Wl1.fl imprlwlienbll', 
1lI;II"l"i,,1 of Hillli l"r "Ollll'OHiLioll \\'aH IlHcd, ,'''1"(' j,,,illg I,,,k,'n 
1 haL "11 ,1' h,'nl I rt'ni 1l1C' IlIH ill\'oln'd II'crn 11lit-(]1ml,'I,Y 1'(']1ro­
dll e" d, A ~ 1 ' lId'y hy 11",.\\,;0., COLI': .I:., J\1"IU\tr"~1 (in:i7) 011 I,he 
" ni"'t.s of iI( ,;tl, l,rl'ntdlll'llt. anc! t.ollll'nrillg on I,h" ('In~tie Illod ldi 
"I' I I\<, HI"c' l" "OII<'('I'II"ri illll,,(,r;L!I'H 1,lll' "igllili"IIIH'(\ or LiIcHO 
(' ffc ' nI :., 

'I'h" 1'1'1,,111 >1 or f iI" "III HI i" IlIodld'l" "11'/1 " "1'1 '1"(,,,1,, 111'1 ' 
:. III1 IIII: II ' II "' c! ill ' 1'"Ic, I, Oil I.h(, 11I'1l1(, lilt , II ): n 'c' IIII ' 1i1. h('ill" '''" 
tlln 1Iltl'lIHtllli,' :11111 HllIfi(1 1I1t ·t IHHI K iK gond. 1.110 di :-;(· I't'I'HI1('i( 'H 

I'Hn'lv l ' :\t',·{ · dill~ 1 or' ~I\:I" It. ;-I('l 'IIH'd dl· ::.; il';lhl(~, hO\\,( · \ ·ul". to 
dC"ici\) ,)11 " l'oll~ i ~(Pnl, haHis for t,hl' "hoil'c of LIlC' aetnal valll!,l; 
In be adopi ed in pr:ll'lieo, l'~p"cinlly as regards the vnlllc's of 
(; and G which arc jlarti{'uln,rly imporl ant in the a)lJlliC'nlion~ 
to tho 8ilnil;l.rily m{'liIorl. Jt was dcciriC'd , aftcreollslIltation 
wi th I'x]lcl'l~ ill till' li('ld 0(' "l ltRlie propcrtiC'R, 10 prOt'C'I' d as 
f()lIo\l'~: 

i) ICol' Ihe llll)(llllllH o r l'igi,lil-,l', 10 nclopl, th(' slali!' yahl c'~ 
1:Ikc'n 01',, 1' n wid" range ur HI I'OtiS, ns being Ihost' 1I10HI lik .. ly 
t.o bc' rcpr(,Hl'nl .tt,il'{, of th" conditions oblaining in pra ctice 
when the ~'ys[cm is s uhjcdl'(\ to tilltitained forl!es, 1 L is 1>C'rl incnt, 
to 110W lhl1t as we are interl'siPd only in the m/io of t he \'nluC's 
of (I for n pair of lllateria ls, (;erta in t}'pl'S of systematic error in 
t i ; .' !",Iic! lll easll/,{' IlI(,llt~ will bc eliminatl!d, 

ii) VOl' Poisson ':; ratio. to adopt the \'alliC's obtaincd hy the 
ultn1son ic method in which this qU il ntity is gi\'cn directly in 
terms of the obsen'cd waye Y(~locilies, This va Inc is likely to 
be eonsi(lerably more aecurale than one deriyed indirectly 
from stat ic measurements of E and G since, as these are deter­
minecl by dill'erenl experiment.al procedures, their ratio may 
be subject. to a systcllmtie error. Dinee EIG = 2 (1 + G) and a 
is normally int(,l~ll\ediale between 1/3 and 1/4, any error in 
EjO would entail an error proportionately 4 or 5 times larger 
in fT , It may be noted, however, that even if the actual value 
of Bla " 'C're somewha,t in error the relation between the loads 
and displnecments would st.i11 help to show up any important 
varia/ivl! in G over the range of stress, so that the static results 
provide useful evidence on tllis point, 

The ultrasonic measurements provide direct information 
on the elaLie isotropy of the material. This was found to be 
sati:;fa ctorv in the case of all three materials considered in 
this invest'igation , 

Thc relationti between displacement and applied force 
gi\'e ll by the extenso meter measurements sho\\'ed a satis­
facto!'? c1('grce of linel1.rity, and freedom from important 
hysteresiti effects, with the exception of the tungsten alloy at 
high stresses, \Vhen t('sted u nder the condition of a rising 
series of values of stress. t.his material exhibited dep artures 
from IinC';tl' it.,v, principally for stresses ,tbove a bout 1600 bars 
(l ,G x to" 'X/m"), which seemed consistent with some dC'gree 
of platit ie d('fol'matioll , Serics taken in descending order of 
~I ress. ho\\'e ,'or, showed .t llllleh clos('r apPl'Oximat.ion to linear 
ll('hayio lll', indicating ,t moduilis reasonably consistent with 
lltal obl;lil1ill,~ 0\','1' Ihc' 10w('l' rango of ~t l,(, S~, i, p, he fore the 
, c, " ';'1',\1 1<'" or III<' ;1110111;110 11' l"'I'Ill:lllc'nt Ret., '.I'h i" point. is 
t','II '1 iet' !' di" 'II "c 'c! ill I Ill' Il<'xl Hc'c 'l iclll, \\'h('I'(' 1\ \',1I'illl iO'1l of t ho 
bala ll<'illg PI'(J""c'hm' 1I ~ .. d ill Iho ~i ll1ilarity 1I11'llcod. to take 
:I(','C\lIIlI. or I hi~ ;lIloll1ah', i,.; clc''<Til\(',1. 

f) /,',/', JI' riJll clI /CI/ lJI e/h od 

,\'; pn'l'iou ... I,I' rl"I<""("',1. t hc ..f'-,', t ,l-c' :lI't';\"; of tIlt' pi'«'OIl­
('I'lillclc'r :I~""IIIj,li,'s , d' IIII' t \10 dilrc'r,'nl lIl:ltcrial" han' bcen 
l'(lIl1l"I C,,' d by diTl;e[, u:llal1('illg 011 It (,O llllllon prl'';SlIre ti,Ystell1 
a, I hi~ is t he' most eonvcnic'n t Jl1C1 Lhod assllllling that two 
('omp}.:l" pn'';S lIrD b,"lanl't's arc n,vailable*. ' 

* 1t s\t(Jl I!tl lw HoLc,l Ihat, t,l1(' bll1nneing proe('s~ is not ill 
il sc'lf fllllclallll ' nia l to til" ~illlilll ri(.\' I'ro('l'dlln', TIlt) I'SSI'II Linl 
cOll,ht ion is t hilL the eqllilihral ing lond~ Oil lho t,,'o ILstiomblies 

Vor the purposes of the present work the equilibrium stl1.1.C' 
of a pislon-('yli11l1er assembly is defined to be that in which Lhc 
pi Htun is falling at such It mlo I1.S eXI1.ct.I'y to (;oll1pensale for the 
yolulllo of fluid lo~t by t hr ,1aLllral lel.kage throngh the intc r­
spl1.ce h('breen the piston and eylindN, 1 n (he caRe of two 
assemblies balanced against one anol Icer, LhcHe conditions 
imply 1 hat there is no movement of fllli(1 throllgh t he e;onnec­
ting line , ,Leaks in other parts of the system lllilst of course be 
can'full'y cont.l'OlIcd if thcRe eqllilibrillm eonditionf! an, to he 
repl'ot\lIcC'd lInallihigllon~ly, The aC(;lIJ'1l cy of 1.ite> 11It11lJ1 ci ng 
prr)( '('HH iH l10rnlally of LIIC orcinI' QC It fi" LJill.1:t.a..i.u...1.f. 

Tho df'jlI'IUit' II (,O of Llw C'il'edivo IU"'II 0 11 [('mjl,·ml.llr" hllH 
boen i'r)lllld 10 hl' nt\eqllalcly l'epn'~c'Il:"c1 hy the IIn'n. (,(ll'rtiC'i"lIt. 
of (,hf'rlll/tl dilltt,nt,iOIl which. in t.ho eltHCl of MIA','I IIHM' l1lhliC'f!, 
n.mollnl,q to It change of nbo ll t 2,:l PII,l't8 in '10"/ "(' , The / 
tompt'mt'Url'fl of t.he piston-cylinder aSHernhli"H \\','1'(' 1ll('!\Kllrf'c.l t e.-~""-
1.0 within n.uout 0,05 °C. · t"":::: --,.~ 
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Fig, 2, Di"gmms of piston-cylinder :>sscmblics (Scalo of cm) 

Some obvious sma.!l corrections to the loads on t.he two 
assemblies may be necessary to account for: 

i) any di fference of level of the two pistons; 
ii) buoyancy effeets due to any submerged portions of the 

piston of other than the working diameter; 
iii) surface tension at the meniscus at the upper end of the 

piston. 
Since the comparison is between assemblies of the same 

nominal dimensions, the corrections involved in ii) and iii) "ill 
normally cancel out, or nearly so. 

Two rather different types of piston-cylinder assembly 
have been used in the present work, and these I1re shown 
diagrammatica.Jly in Fig, 2, a) and b), Units of type a) have 
becn uscd over the range of pressure up to abom 3000 bars, 
the assemblies having nominal effective areas of 0,05, 0,02 
and 0,01 in2* and differing only in the diameter of the piston 
and cylinder bore, The units of type b), which have been used 
mainly for the higher part of the pressure range - i, e. from 
about 1500 to 6000 bars - were of nominal area 0,005 in2*. 

The piston-cylinder units of type a) are attached to the 
support column by screwing into a, collar ShO\l'll in outline in 
Fig, 2, the pressure seal being effected between an I1.llnnlnr 
projection at the base of the assembly and a flut shdf ae tho 
upper end of the column, In order to ayoid any possibilit,y o f 
anomalous eITect.s due to a discontinuit.y ill t he elastir modnlll~ 
at l,ho jllnet,ion , the support column \;til'rl in nti~ol' ia lion with 
lIlly pl1.l'linull1.l' 11.~$cl11bl.l' was eonst.ruetecl of thl' ~al\lo matl'rial 
aR thl' 11~~" lllbl.v itsclf. In Uw units of tY)l" b) tht' housin!!. also 
~hO\m in l"ig, :!, WII S mther dill'orent,. Tho main cylindl'l' block 

sholllci bo detcrmincd for c,rne/lil the same' prcssurc. It. would 
b,' jlo~Hiblc. thOligh 1110rc difticult. to do this by dctcl'llJin inf: 
t hl' load on e1\eh 1\ssembly separately \I'hc'n expo~l'd to <1n 
aecll1'ate1y reproduciblo pressure identi fi,'d. for ('x(\lI\pl(' , by l\ 
phase transition of a pure substancc, If two complcto balnncl's 
wc\'(' not Iwailnulo it, might wcl1 b(l 11(,(,,'&"111',\' to n'l'orl; to somo 
8ueh mdhor!' 

* The llpproximnto nwtrio e'luiYnkntl< liN: 

n,o.) ill" ' n,:;:!:! omz; O,O:! il\~ = O,I~!l <:m2 ; 

0,01 inu ~ 0.OGJ5 e012 ; 0,005 in2 - 0.0322 emz, 
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\\'il" Iwld \I'ith :t tight pr('s~ lit, in all oute'r jacket, and , t,o 
ill\'('~tig;ltC til(' ('Il'('l'! of tilt' 1;11 11' 1', I l'ols \I'[' re mad(' hoth witlt 
tk' 0111('1' j:u'kl'l 0(' till' ,'oll1p"risoll ilRs,'m hly of Ihl' Rltlne 
III"tel'ial (t tl n!!'Tt'n) ,I S the' inlH' 1' blo(,k, and also with,'1, jaeket 
"I' Iti,dl l<'nsill' stc'('1. 'I'11I's(' two tll'l'angl' lllI 'nts HhO\\'('d 110 
"I'Jll'l" 'i ilhl(' c1 il1"'I'l'llI'" as l'I'gill'cis th" distortion (':w t(J1', 

,\ 11 di:llllc' ll':l l nH':tslll'l'nlt'llls 1'I"l'li rl' ci on til(' pistons and 
",I'lind,'I" \1 ',' 1'(' "itlTic,d ') 111 in t il(' 1';lIginl'('l'ill~ .\I (,tl'Olo~y S('('· 
lion or lhc' Slalidards Dil'isinn or the :\aLiollnl I'hysit'a.l Lld,H)· 
rill 01',1' h,l' ciirl'1'1 " OIlIP:1 l'iSO Il wil h hi)!h qll:1lity 'slip gallgeR. 
1111' siz,',; or \I hil'h ,II'C' k1l,O\l'1I 10 nholl \. Lj()-': ill ( + 0.02.) /lIn) 
(:\1' ]. ,\nll. 1:('1' , I!JI!I: '1',IYLt-:Hs":-; I!l.-)t,). 

'1'1", Illilin I'ilrl or ti. c' I,md on thl' piston \\':1S npl'l i<,c1 in t,he 
rnlllili:tr Ill:tll ll('r hI ' :1 111111"'1' 111 :\S';,''; ,bll'kc'e! on n l'ylinclric'al 
<':1rri,'r ti l' l h" ()\'(' rli:tIlg tyl'l' slll'l'l1r!t-d on t hI' IIppe-r l:nd of the 
pislon hl' :1 slt'('1 hnll. In orci('r to l11inil11ise rril'lioll the /I 's('lll· 
hlips \1'(,1'1' ail"I.1''< op('ralc'cl lI'ill, th" I'i,tllil aile! lonti s,I'st,'nl in 
1"\'1' !'tItnliol!. Th(' ~ I'l' ('d "I' I'Ot:ltion i~ not. in g"lIl'ml ('I' itieal 
I()!' :\ss(,l1ll1li,'s oj' tilt' (,I'I"'s IIspd in t.h(' 1"'('~(' n L IIH'tlH IlI'I.'nH.'n(~ 
hilI rill' (kfillikllt'ss II sl'('l'd in Ihl' mngo :30 - 40 I'l'v/nlin WitS 

IlIll'lnall," adopl"d, l'isloIH',I'l incic ' I' nssl' lllhlil's o('!'IIHionnlly 
l';o.hil,it illll)lI1:doIiH ('I1',,('[s dill ' til Hiliall 1ll'lil'nl ('n'Ol's on I,he 

l \ S w as mentioned earlier the distor tion factors for 
assemblies of th is type ma,y he very closely represr n­
t-rd as linea.r functions of t,he a.ppliccl presstlrc, the 
di;;pel'sion of 1,he eXjll'l'imental points rarely amount­
ing to more Lllan :1: I part in 105 . 

It will also be appa.rent that for n. gi \' ell fluid till' 
cli:-;tortiOIl eoeffieien t.s for aasem,b lies h aving diffel'('nt 
cylinder borl's me very similt1r, the eO(,f(jl'ient, j, s 

ueing IlnJ'Jnnlly in t,ho region 4 X to-7jbar, The normal 
mantlfnrt,uring t.okrances on this type of asscntiJly 
ReCn1. t,o in vol ve li ttle v:1riation in the d istor tioll 
roeffieient, t,he vn lnes for a. substa.ntia l group for t.he 
same transm i tJ,ing fluicl having been!ouIHl to va.ry hy 
Qn lY,a few ..I!el'e~~li , 

A point of int.ol'eflt MiseR tll connection wit.h t.he 
nRe of different, fluids , when , as illustmted in Fig. 3, 

piston slIrl':I"" oft('n 1'"rl'(Ted to as "(,Ol'kHGJ'l' II'in"" - whil'h I 
ha\'!' 1111' l'I1'('1'\ orlldciing a sl'"l'illllH 1'()~110Rit.iv(' or 
IlC'l!:ltil'(' :\,'c'ol'cli ll l! tn th, ' din'di,lll or rotlltilln .. to thp lont!, 
Thl'S" I'lk"ts :lI'C,' " :Isil,\' id('nlilipd alld in Ol'ti,'1' to ('Iilllinnt(' 
1III'ni 1II1 ':"<ln'('IIIl'nls \1'('1'(' :l11I';\,l's In:lIk IIsing hoth tiirl'dions 

20 --

/0 

I 1---0 
Nom, area 0.05in2 (o.J22cm2) 

Mineral oi/~) ....... x ....... )1 ....... 

..... , ..... 
yo 

:..--'Il1/'"x 

or ml: ""1 . and lilt' 1I1l';\1l "",~,Rfililil,v 
sho\\, j ll~ :l ( 'OIlSI{ enl ) t' «(" fn'(' 0 ;1:-;\ 0111 'V of thiH killd 
\I'oldd 'ha I'" he('n ]'t'jl'\,tt-ci :~ IInsllitah'i" ('or nieaSlln'"\('nt~ of 
th(' :I,'('III'a,'." "nd 1'c jll'odnl'ihilily nl'tNisar,V rol' t,he pl'es('nl 
work. 

[n l':llT,' in;,! 0111 till' lIal:llH'ing ('xpcl'i ll lC'nt,s the fall of the' 
pi,tllns "ns olh('I'\'(,d pil h,'1' h." I hc' II};(' or opt i('allllngnili('at ion, 
01' ('1,'( '1 ron i\'all,I' IIsillg ,L ('n pa('it n n" C' l1Wt hod, 

'I'1lC' nOl'lllnl jl l'al'l il'(' ill takin!! OhSl' I'I'ntiollR 01'('[' a,n,V giv('n 
mngu or 111"'''111'( ' W:1S lii'sL to tak[' It sl'I'i,'s in I' ising o)'d('1' of 
pl','"snl'C' alld to rolloll' this!ls snon a~ possihle by 1\ I'('peat in 
([(-sc('llding (11'111'1', In ;,!('nl' l'al t hese scril's show('(1 no s,I'stemltt,ie 
di'Tr;,!l'nc,' nne! hystcl'csis df'pcls lI'('rc n('gligible, Th(,l'e \\'as, 
hO\l'('I'CI', 0111' I'xC'C'plion to this rull', 'applying to comparisons 
im'oh' jng the- tllngstl'n bas(' m!lterial :Lt pressur('s n,bove about 
:l(JOll h,ll'~ . In 1 his {';ts(' the risin~ sC'ries of points 01'C'1' the uppcr 
part of tl1\' ]1n',;~uw I':1n):;1' showed n, tendelH',v t.o curve a\l'uy 
from tile initial titmight line in the sense of Ml abnormally 
large int'1'('asc in area on t he part of t he tungsten assembly, 
This ahnormal COmpOl1l'nt of the deformation 'rccovered only 
I'C",\' Hlo\l'l~' on removal of the pressure, !l,nd it wati found tha,t 
if. "ncr 0xposure to till' maximum prestinre, ,t relat.ively rapid 
sl' l' i('s I)f 1'('illlings lI'ns taken in descending order, these appl'Ox i. 
mat('cl well to n st rai~ht line \\'hich , moreover, wa,s sellsibly 
]1:l1':11101 to the initin,ll'ortion where h~lstercsis lI'a,8 not appl'e· 
ei,~blc , As al1'l':tcly pointcd out" t.he ('lastie consta,nt lllCaSl1l'e­
ments on tlH' tungstr-n base alloy showed vcry sim jlar cha,me· 
\(,I'ist il's, \\'it It tlnelasLie clTect,s ov(,r the higher r:tnges of HtrcHS 
l>ltI I'l't)l'iliing I'c'nsona hi)' consist,enL ,,:tliles of t,he (' I,tst,il' 
11I()(/JilIIS Crolll til(' s('r il 's or n';lClill~!i 1:11\('11 ",it.1l ciilllinish illg 

~II" ' ,", I t, ,, :IS ,'Ilnsitl"I'"tI j ll ~ liliilhl, ' , 11"'''l'fol''', til 1'4';,!i \"c1 tltc, 
tI" " "'I"lill ,:~ S!'l'i,'s "" h"in:! r"il'II' l'('I'I'I'>{, 'nl,,1 iI'" "I' t h,' I'lnsl,i(' 
1",It'1\ i,"11' Ill' 11",s,' "S"'lIlhli,'~, ill S ll I'"':ls tltis ('III,'I'S illtll I ltc' 
:-;illlliaril." pnli.·(·lltln '. (hi llii :-; h:l:4 is IlIt 'liS lIn'UlI'llI s witl l tilt' 
st<,,'1 :lIltl IlIll,:!sl,'n :1's","hl i,'s \\"'1'(' ,,~t"IHlt-d 111' tv th .. I'('gion 
Ill' litllill t."r~ , Till' 1'l':\('.licabilit,l' or usillg SOIllO nlOl'l' n"'l'nt,l.\' 
"ewlnped allo,l'ti of high nlOdultls is being considered [01' 
]h1s,.;ible funhl'l' cxtcllsions of the method . 

J. llesnlts of tho Similarity Mothod 
a) J[ Clt,NII !'rlJl«n ts involv ing two mrtten;aZs /01' th e m,nge 

np to :3(J00 (m!';; 

SO\lle aCColl n t of t.he c:1l'lil'r m easurement.s in t.his 

''' 'I'il'S has ]Jccn givcn in 111'0 fOI'llll'r p:1IH' r:; (f),\))"o).' 
I !l.,),) , I !) ,)~) but fo r (;olllpl('{,cness the main fea t.ures 

:I rc ';1 IIll\lla riscd belm\'. 
Fig, ;{ i ll ust ra tcs (;ho l'l'sltlts obtained \l'il h ;] series 

(II' !,j,t <lI1'( ',\'lilldl'l' :lss('mhlil~!:i oC type iL) - 1!'ig,:2 -
' "I (' ,'l lIg thr('( ' dilfcI'C'n(. rangcs of pressnre. Thr chan· 
~('" ill (;il'c'l'! iI'\' l1re:1. aro shown as pn.rb> in I.O~ of t.he 
an'a at 1.('1'0 pr('ssure, ;LIllI in t,IVO cases reslIl1.s are 
;!i\'('11 fOl' diO'I'I'<:llt tmm;Jllit.ting fluids. 

l Cas/or oil 

o 100 

Nominal area 0.01 in2 
(o.06f/.5cm2) 

Mineral oil (C)\ 

o '1000 

Fig. 3. 
Distortion factors of n group of steel piston'cylinder assemblies of type n 

;;()nl(: Vill'in.t,ion of' ( ,1)(\ e!i;;t.ol't.ion (\o(\f'fic;ient llW,,V 0(;(1 111'. 

1(, WOlti([ RCOlll 1.1111.1. t,ll('RC ld]'I'(:l,>J JlHlRt. 1)(\ ('()nn('('( pcl 
wi t.1I <lil1'I'\'(\\I(:('S ill (,110 f'UIlt:1.iOIl;) 1 f'OI'Ill or Clio (k]l(\I1-
cI('IHI(: or j,J](\ (;oe f'li"i( \1l1i or visuo;; iLy IIj )()n JlI'l 'SStl l'(' 
a,ne! i 1 s l'estll Li nf{ ill fllwnee on Lhe pl'CSSU 1'0 d ist.ri iJut ion 
in t,he interspace between piston and cylindcr, In Lhe 
discussion of the formal theory of the pressure balance 
em'Jier in this pa.per the effect was exa.mined of assum­
ing t.hat. t,he components of the melia.l difiplacollll'nt,s of 
t.he surf.wes of t he piston a.nd cylindpr at 11 g il'{:n 
posit,ion cluo to t.he fluid pressure in the intcr:,parc 
eou ld be tn ken a.s proportiona.l to t.he pressure at, t.hl' 
S;1111e posit,ion. HCHaons were adduced t.hat this nssump· 
t,iOIl \\'as unlikely to be much in error in t.he easo of t.hc 
pistoll, but was less secure in t.he case of the cylindcr., 
It is :1.11 imtHedinte consequence of this assumption -
sec equnt,iol1 (2 .0) - t.hat the distort,ion f, ;c,t or j:, 

independent, of t,ho aetna.! pressure clist,rill1lt ion ill t hI' 
int.er:;pa.('c, a,l1ll RiloulJ t h erefore be indepcndent or th,' 
t.ransmitting fluid , The experimcntal l'rslllt:s t,I\\1:< 
provide o\'idencc tha.t t,he Itssnmpt,ion in qllt':::l ion i::: 
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~lIl1t el1t in'I.\' C'CHTI'et, at. IC:lst for the assem ,liC's of t.vpe 
it). allll it will be the cylinder, t.he lateral dirnensioIH:; 
of which :lrc not, smail cOlllparcll with the length of the 
working sedion of the borc, wherc t.hc principal lilllita-
t ion \I ill arise. I r tho cylindcrs were appreciably longer 
<.;()Ill p:l red wit,h their wn.1I ~,hickness, and the region of 
<I tt n(:llInent were loeatccl further n.way from the work-
i llg port ion, the c11'penclenee on the nature of the fluid 
rn igh L well be reduced. AI though the changes so fttr 
nbscl've(l arc not very large, they are sufficient to 
require that any stalldard ca,librn.tion of a pist,on­
cylindcr assembly intended for wErk of high aceumcy 
Jllll::;t be assoC'in.ted with the particular flUId used. 'flrts­
i~ n.spect of t.he prcssure balance on which more ltta 
wOllTcT13c USCIu . 

b) Result.s of mW8uremenis involvinu three 1naterials 
with rZiscw!sion oj errors 

The three-mn.teria l procedure has been carried out 
("or two preS5Hre ra nges - ;)00 a,nd 'I.~OO ba,rs -

nit 1101",h t,he correet,ion i~H:L()r 011 I'(';ld \' cI isc:usHeci 
shoul(ttake account of 1;ltis. i\Jaking llSC ~)[ eqlwtiol1s 
(:3.li) to (~.8) ;1,11(1 introducing till' ;l,(~lllal nUnlcrieal 
values of lens . .. , it, is easily shown thnt. Hll error of 
x% in t.llC relevant, ratio of clastic moduli (k) Icads to 
percentage errors in the three valucs, },~, },:~ and },,~' of 
the distortion fn.ctor, of n.bout :~.:h. l.4x ancl O.Ox 
respectively. In thifl respect, therefore. tlte direct 
compa,riHon u::;ing /3 a.nd l' ;tml thc indiree;t eompari­
son, woulu he eXJlec:tecl t.o show n.n "pprc!ciablc advan­
tage over the cli rect comp,trison lIsing Sand 1f. Con­
siuering now the erro r;; associat,ecl with t,hc correction 
termfl Os ... of eqlln.t.ionfl (:i.G) to (:3.8), int.roduced to 
allow for differences of Poisson's rat.io , some ac[ van! age 
ma,y lie with the direct eomparisoll ufling Sand '1' in 
which the two Poisson's rn.tios n.re nearly eqUId, the 
correction term in this case n.moullting to ollly ahout 
2% of the total distortion factor. 

The data, of Ta,b. 2 arc therefore seen t,o be COI1-

sistent with the a,ssumptiol1s t ha,t the main errors 
involved areassoeia kd ",it,h 

T:Lbll' 2. HrslIlt .. o/ lltTer-mlllerial p.l·/JcrimclIls the valuefl adopted for the 
clastic mo(luli, and t.ha t t,he 
mtios of these are knowll 
to the order of ± 1 or 2%, 
the corresponding distor­
tion coefficients being con­
tained within a dispersion 
of about ± 4 %. If, ho\\,ever, 
the two most favourable 
comparisons (A~ and },~') 
are selected, and the mean 
taken, the final result is 
unlikely to be in error by 
more than about 2%. In 
the practical application of 
the results this procedure 

Distort,ion l'opfficicnt 

?\ominal 
clrcelivc 

11I'e11 

PreSSllrc 
rn.ngo 

of steel n.sscm hi v for cnstor oil 
(b;w-l ) 

Direct. Indirect Direct 
COIl1]l<l rison 
with bronw 

com pnrisoll 
with t ungstcn 

cOll1parison 

(bars) (l,~) (;,~') 

0.0.) in 2 ;')00 4.21 X 10-7 4.00 X 10-7 

(0.:322 CI1l~ i1]lprox.) 

0.02 in2 1200 3.9u X 10-7 4.1 0 X 107 

(0 .129 cm~ appl'Ox.) 

Mcn.n results 
for ahove 

C(LSCS 

4.08 X 10-7 4 .05 X 10-7 4.07 X 10-7 

employing assemblies of type a) - Fig.,2 - of nominal 
areas 0.05 and 0.02 in2 respectively, using castor oil 
as the pressure transmitting fluid . The results of these 
mcasurements are summarised in Tab. 2 in which arc 
shown the val'ues of the distortion coefficients for the 
steel assemblies determined both by the direct and 
indirect methods. Over the pressure range in question 
the dependcnce of disrortion on pressure was closely 
linear , with no appreriable hysteresis efFects. The 
clctllal coefficients gi\'en arc best fits by least squares 
to some four to six sets of data. It is worthy of note 
that it has been verified by direct. balancing that t.he 
distortion coefficient.s of the two steel assemblies 
('ollc(,rt1etl are actually equal to wit.hin 1 %. The total 
(1ispl'l'sioll of t,he results is in t.he region ± 4%, but it 
\\'ill he ,.;e(,11 i hat; there is evidence t.hat the direct. 

- ('olllp;lri';olls invoh-ing brOIl/.C (}.:o;o) arc subjC'ct, (-,0 more 
';('at It' r t,hall the remaind~r. Thi,; re,;ult i::; not, sur­
prising :-;i nC'(' , from t.he point of view of the influellce 
of [lo,.;,.;il)l c ulleertaillties ill the cla~tic eOl1stallt,s, this 
c:oII1[Jari,;on i:-; in e\'ery way at a r1i~;1clvalltag(! l'e!ati\'c 
to 1 he other two . f)ill(;(' the factor I~ ha,.; l!c:r(l it:-; smal­
le:;t value ( = 1...! .J.j , allrl the comrmrison is with an 
assembly having a largeT distortion, the operative 
factor in equation (3.6), viz (k - 1), is particulr.rly 
sensiti,' e to an error in k. The fact that the Poisson's 
'a.tins are some\\'bat different is also not an advantage, 

has been adopted. 

c) Extension to p1'essures oj GOOO bm's 

The extension of the similarity method from 3000 
to the region of 6000 bars has been carried out entirely 
with assemblies of type b), of nominal area 0.005 in2 , 

those of type a) being normally restricted to use below 
3000 bars. The experimental value of the distortion 
coefficient is 3.02 X 10-7/bar, and is thus appreciably 
smaller than the figure for assemhlies of type a) 
averaging at about 4.06 X 1O-7/1>a,r. 

The form of the type b) assembJies approximates 
more closely to the "ideal" piston-cylinder combina­
tion. In considering the formal theory in Section 2 it 
was noted that a very simple approx.imation to the 
distortion factor could be deri\-ed on t.he assmnption 
that. the radial displacements of the piston aud cylin­
der surfaces at an,\' position due to the f]uicl pressure 
in the interspace 111'0 proportional to the pt'l's::;Ul'l' at. 
tha t position, and. the limitl1t.ions of this assnmption 
were discussed. Inserting the a ppropria te nUlIlcrical 
nlues in eCjlhltion (2.6) the di::;tortion coeffi,'ient so 
deduced, assuming a ratio of external to internal 
(;ylinder diameter of 10: 1, is aiJout 2.!1 /. j() -7i fJiLl'. 
The close approach of this figure to the experimental 
value for the type b) assemblies certainly suggests 
that the assumptions involved in the "naive" theory 
are not greatly in error in this case, There are, how­
ever, some features of the actual cylinder, notahly the 
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st 1','SSl':; on the ('lld slIl'facl's , whi('h an' not lakl'n illio 
<I"( 'Ollnt· in III{' (,lIlC:lllalioll so thaI. the rall",1' ('I()st' 
:11!, 'l'l'nH'nt ol'''' ' I'\'(·d ill this pal'ti(,lliar instance mn~' 1J!' 
p;ln Iv f'OI'I.lliIOUs, 

Till' apllli('ilt ion 01' (.11(' sim ilnl'it.y l\1C'thml dde\'­
milH'S the disLOl'tioll cOl'f'fi(;icllt::; of I he t,vpe :L) all(! 
t,l'pe b) ilss('miJlil's quile indcpenrlently of one anot.hcl', 
:-;i lice Ilw two I.,I 'I)(·s nrc fOllnd t,o h:we n ppreein,bly 
.lilrl' I·('nl c(wi'li('il'nls, a direet cOlllpnrisoll, e , g, hy 
halanl'ing i\ s\('l'l ass(,lIlhly o[ type n) agaim;t, on(' o[ 
t,I 'I '(' b) , i~ now ;1.I,l c to pl'ovillc an :Hld it.iol1aJ elleck of 
Ill!' O\'('rall :1(;('111':1(',1' 0[' t.he procedure, The resultH of 
('x Ih'ri Illl'1I1 S Oil I hesl' Ii ncs :trc shown in Fig, 4, whieh 
(,OIllP:lI'('S I it(' I'alut's or Ilw distortion {'acton; of n, 
lype il) nssl'lllhly dC'l'il'('(! in I,wo inclcpencl ent wnys: 

i) hy din'c.1 applieal i011 0[' the simi/;1rity method to 
til<' IYIl(' h) asseml)ly , :l.nd 

ii) h,l' ('DIIli',ll' isOIl of t h(' ~alll(' (',\'1)(' b) :l.ssell1bl,v 
lI'it h as'i(,llll,li('s (lr tyP(' a), Lit(· dislorl iOI\ I'actol's or 
whi('h had pn'l'iol1sly 1l('('1\ dl'!c'l'min('(l h.1' din'et 
:lppliC'nlioll of Ill(' similarity method, 

It will be .~een that, ("he result,s obtained by the two 
methods are pmeticnlly inciistinguiHha,IJle; t.he actual 
1I1('ali l'alllr'S or S('I'c'l'i\l dPl,el'll1inal.iol\s of the distol'-

lOO I 
S,;"i/urily mdhod dirC'c/ 

• ,Comparison v,i/h calibrafed 
6) assemblies of Iype (a) 

~ 
......... ?'" 

.....-r , -1-. ,_ 
o 1000 2000 3000 '1000 

Applied pressure (bars) 

----, 
5000 6000 

Fi~. ·L nbwrtioll f;\ ctc,r of a~:-:crnlily of type b dctcrll1,incd by two methods 

tion fador for the tY]1(' b) aSHemhly are 3,02 X 'lO - 7 

and ~,!l:) X. IO- 7/ba r for procedures i) and ii) respee­
ti\'('I)', This ind('pcncl('nt check thus supports the 
('stimates of accnrae.v put forward in the foregoing 
:';('('tion, 

d) Pmcticill applicfltions 

On('c t.he effective ,11'0<1 0(' a preSRlll'e bai:Lncc 
;\s~;elltbl,y has becn measured ill a,bsoillte tCt'lllt:l a,s a 
('unc:tioll of' pressure over ;L given mnge, it is possible 
to c;l1iumte <llmo::;t ;1I1Y other a::;semuly covering t.he 
";;lIHe rang-e, an(L u:-; ing the same pressure tran::;mitting 
fluid, by the pl'OCe5S of direct b,1laneing , In the course 
of thc pl't'';(,lIt invcstiga,tion ;1 large number of indivi­
dllal I):tian('e,.; or difl'el'l'nt patterns howe heen eil,li­
tll'al<'d , iJl(:iII<iillg J11:\IlY ('or ot.hel' IIsers, l~n1al\(' e;; 

illVC)ll'illg pi,.;lolI-(;ylill(kl' ass('milli('s Ilf' typL'S :L) alld 
b) - I"ig , ~ - II:I\/e alrl'itdy beell dis!!lIsst'd, Thesl: 
,,!tO il ', rol' a ;!il'l! 1I filii.!. I'airf.\' ('OIlRisLl'lIl, distortioll 
('o"n i('i(' IIIs, lYI,ili(',L by t I ... I'alll('s ,U;iVC II above in 
s('( 'li,," s ,f I) ) :lll(l 'f, (:), III sllch (':lses, it m,~y he sllni­
"i(' llt I'DI' 1\1:111.1' PII I'!',,';('S 10 lak,' <1 11 al''-'I'ag(' flgllre 1114 

IYIJi,':.i "I' iISS(·I\.!>ii,·s "I' a gi l" '11 1':1111'1'1\, 
_\1 1,,1 111'1' typl' of' b:Ii;1I11'l' ill ('Ollll\lol\ list'. of whi..Jt 

a (',,"sid"I'aill(' 1I1111llwl' h;II'" 1'("'11 (',liilJl'ntl'd, is thill, 
('llIployillg:l ,:illlpk pisf " lIl-!:'yli IHll~1' :l>:sl'l\lbly oOIl>:isl,­
illg 01' a l'I'OI IZ(' !:ylindC'l' ('oillbined wiLh IL stucl pi>:I ,OII. 
This Iyp(' also n,hil)il:-. rail' l:OI\SiSll'III'Y 1\S r{'gllrds 
tit'jl(,IHI('IH'l' of effective area. lIpon prt'ssure, t.he distol'­
tioll ('o('fficiC'lIt beillg about S X 1O-7/bar, 

('aliill'al,inns h ;)vC' otIS!) bcen lllitde of :l llllll\lwr of 
diffel'(,lIl ,i:lI pisloll-(:ylinder HHsemblieH of tht' \\,(·11 
known form sholl'n diagrammatically in Fig, :i, III 
this j''ype of assembly the actual effect.ivc ar('a iH tIl(' 
difrcrnnce bcLwcell thc effective (l,!'eaH 0[' I he two 
conHtitucnt piRton-cylindcr comhinationR, til" upper 
combinat,ion h('ing varied in diamctC'r to Rllit t.he 
desired prcssnre ra.nge, The eonHi(!eratiolls kading 10 
the appl'oximaLc equation (2,6) may e:u;ily b(' ('xtelldcd 
1',0 include this (liffcrential t.ypo 0[' 1tRscml>ly (e, g, 
ZHOI\oVSJUT 1 %0) a.nd lcad to I,he ex peetation of' a 
distortion coefficient, in the region :~ to 4 X 10- 7/1lal' , 
with a gradual deereaHe as the (liamet.er of the upper 
unit is reduced, .l·;xperienee at the National ]>hysical 
Labom,tory so f:11' haH indicated , howev('I', t.hat. t,hiR 

To pressi/re 
line ......... 

, I ! , ; : 

o I 2 3 'I Scm 

___ To load 
carrier 

l'ig, 5, Diagram of differential piston-eylinucr assombl)' 

type of assembly does not exhibit the kind of consist ­
ency found in the ea.se of the simple pistoll -cylinder 
assemblies, In a group of ten such differential assem­
blies coefficients ranging from about zero to 1. L X 1.0- 7/ 

bar were fonnd, with no indication of any regular 
dependence 011 the eonst,it.uent piston diameter~, This 
may be due to the fact t,hat in mILlly cases the cf1'e(:ti ve 
:tI'Ci~ is I,hc difference betwoen two mlleh larger arC:1S 
so l,hILt t.he efleet 0(' any aIJnornmlit,v on I,he pilrt. 01' 

either of the constituent piston-cylinder eombimttions 
may be considerably magnified, It could also be 
associated in part with the difficulty of eonstrneting 
such assemblies with the two cylinders exactly coaxial. 
,Vhatever the explanation, however, it sct'1l1l:! that. 
eaeh ;~ssnmb]y of 1;his type requiret:l jIHlividliiti enli­
bra,l,ion and that j,/IO aSf;iglllllent, or Lypie,.l vnlllo,,; of' 
tho cli:>tortion eoef'ficinnt;. or relinn(,0 on clll(' lIlnled 
va,itll's , would not be snt.i::;f'act.ory in I,his ('ase, 

5. 'l'h(\ ]"low ]\lot,hocl 

n) "ril/roiJiII' oj the' II/('/hor/ 

Tho floll' Ill'" hod was d!'Vl'lOj>I'd ill order to pn>­
vid(' :III incl('pl'IHiI'lIl, oheek or tlio ('hangl'''; of' dl'el'lil'l' 
arl';~ 01' a PI'('SSIII'l' 1>:111t1l(,(, IIssl'lllbly dd('l'lllilll'd ],~ ' 

III<' similnl'ity 1Il!'1 hod. hy Illl':lns whil'h \\'" lIld ll(' 
ind('IH'I\ ,IC'lll, 01' (.Jill (·onsid(·rlll .illllt4 Oil which I,hl' 
silllilal'il,.\' Illl'1 hod is bnsed , bilL whil'h wOlild sl ill 
de» 'IHL ontirely 011 Llle pl'opel't,ies of the n::;s!'lI\bly 
itself without reference to other standard:;; of pressure, 

I 
I 
I 

I 
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T liI' prill['ipl(' l1>'cl1 i,.; ttl intrrl(lll(,c n. clcliiwr:lt<' 'lI1fl 
,1(: 'ur'ltdy nll':I"Ul'<li,Je initial changc or elre','1 in' arl'n, 
-- 1.,\' ",\I'yin;.; thr dinmetel' of olle of the component.,; 
or t I,,: ;l,f<,;['nlllj.v - \\'hieh is macle t.o ,,:ol'\'e :I": n, I'efe­
n'IH'(' [j UOl nt it yin tl'rlllS of which the addit,ionn I 
"'lang"": of rfredin' a),(';1 duc to pressure may b0 
('aklllairr1 from mea":lIrCI11Cltts of other quant.ities 
\\'hic,h Yill',\' wit h t.he npl'li('(l pre:;sUfe, 

The PI'OI'I'(lure 1lSl'cI i::: n('LlIall,V onl,\' one of a ('lass 
or po,.:,.:ihl<- ]l1ethod,.:, of II'hicll o( hers will bc mcnt.ioned 
lJeloll', 111 t ht' rOn)) a(\oplc'd the raks of flo\\' of t.he 
1'1't''':'':III'l''(.I';)IlSlllit (illg Jll1id through (,Ile intl'l's[>n,ce 
lll't \\'('(' 11 t Iw pisL()11 and cylinder arc llll'aNllr('c l. at n, 
S('ril''': oJ' :1 jJpl i('t I Ill'('SfHi I'('S, uHi I1g (,11'0 a Ikl'naLi ve piNt,OIlS 
hn\'ing an accuratcly known difh'rence of Jainwter, A 
simple relation mn,y then he dcvelope(l connecting 
t.h(' l'hangrs of C'11cct.ive area duc 1'.0 (listortion with the 
initial <:hange dllc t.o t.he difIerent, piNt,on dial11c1,er, and 
the rate,.; of flow corrcsponding to the two pistons, 

'\'1\'0 other met.hods of t.he sn111e general nntllre, 
but not depcnding on flow measurement, were consi­
(lered al1<l S0111e preliminary experiments cn,rricd out , 
In tl1<' fir::;t ea::;e the quantit.y measnred wm; the rate 
of' rrtnl'c1at ion of the rot.ahon speed of tll(' piston a.nd 
loading weigh(;:; dlle to nui(l friction in the clearance 
bej,\\'ecn pi;:;ton anc1 eylinr1cr, cllrrm;ponding t.o the 
t II'() pi;:;toll diametl'rs, 1(' WHS fOUlHl. however, that thc 
contribution dnc to air friet.ion 011 t,hc rotnt,ing load 
s,yst(,1ll was an i.mportant factor, and rather elaborate 
measure" would hayc been nceessary to eliminate 
thi,; ctfce( , In t.he second casr the intentioll was to 
('ompare the electrical capacitances of the piston­
cylinder as:3embly eOJ'l'csponding to the two piston 
diamcters, This method, on which so far only very 
prclilllin;ll'.\' t.rials It.we been ma.de, would very likely 
n~pay further exploration , but n, knowledge of the 
Pl'l'::k;ure dcpelll1ence of the dioleetric consta nt of the 
trn nsm,itting finicl wou ld be required to complete tho 
reJueLion of thc experimentn,l data, 

b) Theory 0/ the /1010 '/n,ethod 
The main problem in the theory of the method is 

to establish a reason a bl,)' sim,ple connection between 
the lne,,::;u l'cd 1';\,1c::; o[ flow of the prcsf:lurc tr.,nsmittillg 
flu ill and the COlTl'Hp011l1ing cha,ngci:i of effective area 
nt t,he ",ame applicll prC;;~\ll'ei:i, 

To int.ro(lucc the varin,tioll of effective a,rea with 
pressure \\'c ndopt the formal expression (2,5) of section 
:2 h, in which the only term dependent upon h is the 

l' 

inLrgr;ll 1'~'- J ltd1), The rcmaining va.riable term, 
o 

I) (:l (J - 1.)/iiJ, is ;t ::;m;)ll p:.I'[. of Lhe t.ot/d, n,l1l1 it has 
;111'1' ;I.ly hl'('11 H('('n LJ];IL LIlt) nssnmpLioli Oil wlli(:h tho 
tit'l'i\'; lt ,iOIl or I.ltis 1,el'l11 ii:i bnHC(l is lInlikely (,0 lend 1.0 

"ppl'('(' i:t lilt' ('1'1'.)1', 

I )"liOl illg II,\' (,J the \,O]lllno veloeiLy or t,lto fillid 
lhl'tlllgit any Hl'c'lilln oft,he nllllidar gap, :lnd 1/ (,1') (ito 
('<I('f'iil'il'nt. of \ 'il'it'()s i t~, of t.JIl' fluid a.('. the axial (lis-
1,1IlC(\ ,1', it, i:; catJiI,v shown that" ullder eon.li(.iol1i:i of 
\'iscous flow, 

(5,1) 

* To a l'()ic1 l1nllc~c~~nl'iiy ('ollll'iicnting the not:LLion we 
ignot'(. " "rint IOil S .. f t lie dl'n~ity or til(' fluid wit h JlL'C~SUI'O, ns 
1 h('~l' am wry lII1illljlorL;\nt cOlllpn.red with the vari:uions in 
ih,' l'Ol'fiicil'1iL of \,j~(,ll~iLy. 

and 11," 11irec(; integrat.ion , \\'e hn,ve 

I' 

f !!."-. dp 
, YJ 

3Q 
.j.:;r1' 

(:>,:2) 
o 

J n order to exhi bit t.he direct rcjn,t.ion between Q al1(l 
l' 

S hdp in a suit.able form we may int.egmt.c equati(ln 
o 
(5,1) hy a (lilfcrent rou te, whcnco we obtain 

(~-q,) } 
4 nr 

p 

S hdp 
o 

, I' 

I f( tl:c) 1 

I ' 1] rip '3 rlp 
o 

1 
This cfJuation shows that. the factor relating Q-a- to 
p 

S hdp is a function only of the pressure d istribution 
o 
in the intcl';;paee between piston and cy linder, n.nd is 
not expl icitly dependent on h, This suggests the 

P 1 

possibility that S (17 ~~) '3 dp may not vary very much 
o , 

for a moderate ehn,nge in t.he initin,l (liamet.el' of t.he 
pistOll, 

Re-arranging equat.ions (5,2) and (5,3), and writing 
for brevity' 

x= 
we have 

p 

(
3 Q)i 
4 nr 

S hdp = X f ; 
o 

and 

iSP (Sp h3 
) i f = l hdp / TJ dp , (5,4) 

o 0 

The second of thesc oqun,tions provides t.he bnsis for 
the ealeu ln,tion of the integrnl f.tetor 1, connecting 
the required changes of effeet,ive a,re,. with t.he experi ­
mentally determined ratei:i of How, 

Before considering further the evalLlation of the 
integral f , it is convenient to convert. the formal 
cquations connecting the changes of effeetiye area 
with the quantities X and 1 to a form suita ble for 
application to the experiment.aI data. l)roccec1ing 
from equat,ion (2,5) and using suffixes 1, :2 where 
necessary to distinguish the two piston diameters, 
and denoting by 01' the value of (1'1 - 1'2) we have 

P 

A p ,l = nl'i [1 + ~ (3 a-i) + r
1

2 
p J hi dP1J ' 

o 
P 

Ap,~ = nl'~[:l + ~ (3a - l) + r:f>Jh2dp~J 
o 

wlwnl'o, ignoring t.!1l'tn,s of t,he sel:ond order or small 
qllunLitie;;, 

Ap'1+Ap.2=2nr~r .. J'._(3a_.l)_or + 
1!J .,. 

P 

+ r ~ (J hi dpl + 
o 

and 

• t 

I 
I 

i 

~ 
j 
l , 
I 
f , 
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I' 

'l'r<1II"Jl""in,l!, <1n<l substituling /.1 [I 1'01' I' hi rlPl rk, 

~ (.,1 /,,] T ,· II', ~) :Tr~ [ I r'~ (:lfJ 

- . - ~)r 

~ (.,1 r, , .. • ' I" ,~) - 1l ri -; 

(
/.:! 12 I I ') >., I," 

( ,~~- ~~ I)' 
(5.5) 

Tlil' ri gi d liand sidl' of' litis ('q\llil iOIl is (',olilplet,e/y 
dd('I'llIilH''' by Z~/'xl' Lit o I'Ilt. in of' I lil' ('llhl! !'Ools of' I ~he 
111l 'I,SIII'{"[ r:tks Ill' fioll', IIlld (lil' I'nlin f~/ II' Tlio <11111.11, 
(it," (.' 11'.1 .' I / ',~) O(,l 'IIITillg ill (,lil! dl!1l0I1lill.tl ,{)1' or 
I Ill' Ipf'L li a lld s ilk Illay be dd,l'l'lll illl'd by dil'ect; bahne· 
illg of' tli e (.11'0 I'ol'lns oJ' 1.11n assoll lilly :lg.tills( :I,I1Y ChiI'd 
l'<'f'( 'I'<' l1 l'(' nssl'IIlIII,I', :tl1d Ilw c)lI' ll1t ,i(.y ()r/r is esl',ablisilcd 
hy din mell'n I Illl':lSIlI'l'IlH'ld s 011 (he I', wo pi'.;(.OIlS, Th o 
sillall lfli;lIl(j(',.I' I)( :~rr - I)/ I~' is kllO\\,1l wilh sli('fj(, i ('Il I~ 

;I( 'l'I II';}( ',\' f'mlll (IH' e lnstil' ('onst.nllh; of the l11:Lj ,('r inl. 
~lihjl '('(, tlll'l'l'l·orr. (0 fllrl ,lirl' examination of t.he 
1;1l'1or 12/11 <'lfllntio ll (;,.ti) e llabl e::; t.lte quant,it,y 
(.1 1',1 t .' I/·,~)/ '2, i,e. (ile JJH'all orUlO er1'eC'Live <1rcas 
or t lil ' 1,\1 '0 f'ol'ms of' j he asse mbly , t.o be de(;ermilled, 
;)s a f'lllidioll or i Itn ;tpplied pre 'sure, fron1. t.ho experi. 
ment,)lobs('I " '<1Liolls, 

It is evidellt. t,hat. the tcrm J'Cri ' Or/ )' occurring in t he 
denominator of the left hand side should be identical 
II'it h ( . ..fo ,1 - AD, 2) and this ma,y be eheekerl directly 
f rom the exper imental data, If, as )nay be the case, 
the diJfcl'encc ( . ..f I', 1 - A 1',2) is independent of pressure, 
the denominator of the left hand side may he written 
more ::;imply as -(AD. I-AD, 2)/2, but. it. cannot of 
cour::;e be assullled a priori that, this condition will 
hold, 

C) 'I'l'wtmMI of the inleyl'OZ ' ]' 

In ordcr to cstimate the value of 1 some simpli. 
(ying nssllm]!tion::; must be introduced if the theory 
i::; not to uecome u njllstifiably complicated, From t.he 
second of equaT-ion::; (;'5 ,4,) it i::; clear that we can calcu· 
la1e 1 jf II'C can e:''l1l'c::;::; hand 17 a::; functions only of 1). 
_-\.:; rognrd:' Ii, the ju::;tification for assum ing that the 
pan of h (:t:) arising from distortion due to t.he pressure 
in the intcrspncc bctween the piston and cylinder may 
be taken ns prupol'l ional to the pressurc p(x) at the 
same position has nlreacly been discussed. Bearing in 
m ind that I\'e :lre not rea ll y interest.ed in t.he absolute 
ntitlcs or 11 and 1 2 , but only in t.hcir ra.t,io , this assump· 
tion jt, not. likely to le(t(l us f,tl' <Lstmy, As before, there 
is a ll addiLilllwl eompone ll t of 11 a.rising from the 
lOllgil,lIdillul Lhrust. on 1,ho piston . whic:h will be pro· 
p()f'lion,iI 10 till' toLd ;}pplied [l l'rss nl'e , 1> , '\Tn (',itorerOJ'o 
wrife 

" = // + 1' 1> + /111 (!Hi) 

\\'hl'I'{' ,Il nlld I' ai'(' ('Oll s( nnt s , 
Thl' ('1)('1'1:1' ;"111 of I'is('""il,'" ,II l'() 11 >It.a II I', lelllp{,l'<thlL'(\ 

is ('('I't.lilll ," dl'1l'l'IlliJl I'd 1II Ii'jl l<'l,\' b.,' 1Ill' ]1I'l'SSIII'C alld 
(ltVI'<' is 00lls idemble l'vid"Il('(' a\'nilnhll' from publisho(l 
mcaSUl'ClllentlS that. the d ependence may be represent. 
I', i l'l'nsOIl:1 hly closcly by an e:xponentictl function, in 
OLlieI' \I'ords that \\'e ma," \l'!·it.e 

(:3.7) 

II'here IX is a consta.nt and 170 is the valuc at "oro (01' 

nt,mosplwrie) pressurc, This relation has been fOllnd to 

hold wi Lh fail' accllracy for most oils of types likely t.o 
be w;crl ill ronjuncl'.ion with pressure ba,lanees, a lt-ho ll gh 
it, appears t.hat, (,here may be more pronounced rlcpar. 
t,ures in the case of some silicone fluids (BRIJ)(:;lIAN 

1952; Amcr. Soc. Mech, Engrs, 195:3; ZOLOTY1W 1D60), 
The evaluation of 1 in terms of the consta.nts in 

equ at. ions (I),(j) and (5.7) is now straightforward n.nel, 
writing for brevity 

0 = (If + liP) IX/"" 
wo obtain 

1 3 

1 = (11]0)3' p"2 l' 
where 

l' = (IX J'r;-(c + ~F·) 
1 

JC3 + :3c2 + 6c+6 l - Y 

l- e-" l' [(c + IX P)3 + :3 (O-l-IX P)2 + 6 (0 -I- IX]» -I- (j]i 
(.'i,S) 

This qlmnt.ity ma.y convoniently be l'epreHontod a.:-; a 
family of graphs showing it,!:, (lepClldc ll ee on (fl -I- 1'/')/ 
""p for a, suita.ble range of va.llles of IX P, 

In order t.o n.pply equn.tioll (Ii ,S) the vallieH of' 
(ff + JlP) /p {) and IX P eOITesponrlillg to the oxperi. 
mentn.l points arc required. Denoting by (!p the mt.io 
X2 12lxl 11 at a given applied press11l'e P, and by eo 
the extrapolated value of ep corresponding to zero 
applied pressure, and using equation (5,6), we find 
that 

Hz + -vP + f.t Pj2 
(!p= H

1
+-v P + f.t P j2' 

whence, after some reduction, we obtain the equations 

Hl +-v P = eo - 'I (~+ t) _ ~ (5.9) 
f.t P eo - 121' f.t " 2 2 

and 

H 2 + 11 P = (}p eo - 1 (~+~) _ ~ . 
f.t P eo - 12r f.t 2 2 

(5 ,10) 

'Ve do not need to know the values of"" and v, but an 
approximate figure for 11/"" is required, From t.he elemen­
tary theory leading to equation (2,6) we easily find 

JI/,u = - a/2 (approx,) 

whence we obtain, with sufficient accuracy, v/"" = 
-0,15, Initially, of eOlU'se, we cannot actu ally use tho 
ratio X2 12lxl11 since 12/11 has not yet been deter­
mined. In practice, therefore, we commence by using 
simply the experimenta.J ratio z2lxl to obtain a first 
approximation to the correction factor, and then if 
neeessa,l'Y proceed to a second approximation. 

To derive the approp6a,te value of IXP we a.gain 
ignore initi<111y tho distinction botweon 11 (P) and 

1 

12 (P) , and denoting tho qUILntity (X2 - X]) p -3' at 
t.JlC a.pplied ]lI'Cs::Hu'e P by LlX (P), wc out,ltin from 
CCj un,l;ions (5,4) alid (5.6) 

2 

!1x(P) = pa(H2 -H])/I(P) 
1 

= (Hz - H l ) (l '17o)- 'f /1' (P) 

wheneo, dividing the experiment.ctl valuo of LlX (P) 
into the ext.rapolated value corresponding t.o zero 
applied pressure, we have 

LIZ (O)/LIX (P) = l'(P)/l'(O) . 
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~L,kiJ1~ 11S(' of th(' yullles of (H + l' P)/p P dl'l"i\'('d 
,LImn' ".(' ;'n' 1l01l· "hit' to d('tl'l"lllill(, thc \·allll' o/" ,I' 
1\ i,i.·h i",,,t lit., t IJ(' expcrimental data by liimplc in­
"Iwc·tinll o/" grnl'lls or (:lbles o/" the fUDe'Lion i ' . [n t.his 
'.""". Hgain. a "C'(·oIHI :1pproximn,tion l1U1Y bo derived 
ii" Il('(·('",.,ary . 

[In\"ing c:lrric<i. out, the above proccdure" we arc 
11011· ill n jlosition to (letermine t,he values of 11 n,nd 
I~. all(l consl'quently the ratio I~/11' corresponding to 
the ne-! nal expC'rimental points, and t,hen to ea leulaLe, 
IIsing ('quat ion (_j.:i) of t.he previous section, the 
("hang('s in t h(' dreGt ive areas of the asseJ11.blics as a 
fllnd ion or t h(' applied pressurc_ 

s('rie:; of measurements. As it fully temperatnre­
('ont rolled room was not available it. was ll('cessal'.\· t () 
determine a tcmperature coefficient. in ordcr t.hat e[leh 
scril's of readings eoulcl be converted to a common 
t,olnpemtnre, which was t.aken to he 20°C. Tn gen('ral 
the a.pparatus and air tempcmture~ were held to 
within a few tenths of a degree during nny one seriof'. I 
Tn order to avoid extraneous friction. all th(' measllre-
ments were made with the piston and n,ssocinted load " 
in free rotation, the speed chosen being in t he range 
:30 t,o 40 rev/min . fn any group of measurement." at, a~ 
given preRsure reitclings were ta'!wn alternately fo)" t he I 

two direeLions of rotn,tion, ancl t,he Ilwan t.n k('Il, (0 I 

rI) 8.rppri'lll(,Il/o/mctlio(Z 

The ('xl)('rilll.'nt;,1 pJ'()('('(lures used in thnt. pari, of 
t 11<' flow llll'l Ii()(l iJlvolving t.he direet ('ontp<1rison nf 
(·m'd i\·C' areas II.\' 1J;1ianeing n0,eclllo furiher (,onsidera­
t ion as t lil'Y aI"(' ('x;)cll), t.lle s;lIne as (-,hose pl"e\·iously 
dl'~("ribl'd ill sC'ct.iol1 :: f. r Il t.he llle:ltiUrelltC'Il(, of" t.he 
rat(' of" fioll' of" the PITSSIIl"l' balal1('O fluid lise i~ marie 
'If" n \·C'ry "imple d('\·i('o. \Vi(.1t i.h0, balance oll<'ra(.ing 
1111 al\ oth('r\\"isl' kak-p1'Oof "YHtem ihe ('hange in 
yoillme o/" Ihe ('onl:Jinl'd tluitl due to f]0\\. through t,110 
intersp')('(, bd \\"1','11 I he piston and eyl ind er is eXlwtl.y 
,·ollllll'J1"a t ('(1 by (,hc gra(llml (ks(:cnt of t.h0. pisj.on. 
and t h(' ra t,e of fa II of the latt.er iH t.hus tlirectly propo l'-

ensnre that. any possible efreets due t.o sllt:J1I 1l<'lieal 
errors on the pist,on snrf'1Ce wem 0.1 i 111 i lI ;d ('d. 

The changes of efrcd-,ive a.rc~n,s wi(,h jl)"( \ssure were 
aJso measnred., us ing the same pressure t.mnsmit,(.ing 
fluid in eaeh caso, l>y the s imillt ri(.y Ilwj,hod .. The {"estll(.s 
of the meu,Ruremonts, and the eompa.rison 0[' Lho (,wo 
metho<1s, arc discussed in Lhe n('xt Hect.iol1 . 

G. Hl1sllHs of the Flnw J1Ie(hncl 
a) l!h:pel-i,mental plM"ameter8 a.nrl correcti()/I. lerm8 

Tho various pa,r:tmeLer: n,11(l eorrect.ioll t,orms 
required in i,he (leriva.tion of t.he clml1ges or elreet.i \-0 

arCn, a.s (1 flillet.ion of pressure I1l"O given in Tal>. :3 i"M 

t,he t.wo n,ssemblies concerned, together wit.h the dis-

T:.Iblc 3. f'llrametcl·s nnrl col·rection tel"llJ.8 

:.\1e[\11 
Xomill::ll 
:.Irea of 

assembiy 

cl i ITeronce 
of piston 

cl iameters 

ca,leulated from 
difference of 

piston diameter::; 
(parts in 10S) 

eo 
experilllenk'11 (ex-

value trap) 

Typicn.l v:.Ilucs of 
corrcction term 

12//1 
Estimated 
valueoflX : 

(bar-I) 

Distortion 
coefficient 

(bm·- I ) 

' (part.s in 105) , Pressure I J2/11 

(bar) : 
Flow l :::;itnil::lriLY 

method method 

0.0.") in2 

(0.322 cmz 

approx .) 

I 3.4.3 X 10-5 in 
(1:l.8.1 x 10-5 cm)1 

21.6 I 21.4 1.48 
(indepcndent . 

I of pressure) I 
o 1.000 

HO "1.002 
x 10-3 4.25 x10-7!4_38 x'10-7 

I 
! 

280 '1.0055 

I I 560 1.004 

I 
0.0:2 inz 

(0.120 em2 

approx.) 

2.75 X 10-5 in 
(6.98 x '10-5 Clll) 

17.5 
1

17.5 (P=0) , 
decreasing 

I smoothly to 

1.32 o 
250 
500 

1000 
](JOO 

1.000 
1.001s 
1 .00~ 
'1.002 
0.909 

15· 0 (p" 1500) 

tiona I t n ( I", 1':11,' 01' 111l1I". :\ II I ha t is 11<'("(,SSIlI",\' t.IH' rl'/"oJ"(! 
is til t illl<' I II<' d"S(·l'lIt. of" (lil' I'i~t.c\ll 0\1('1" it (·OIlSt.lI.llt, 
slinrt dist:lll(·l'. till' 1l1l';I"III"l,d I illl<' lieil1g illversl'ly pro­
por(ion;,1 In tlie mtl' or tIo\\'. In prae(,ice tltis was enr­
ril'd 0111· hy lI,;i ng i'll optiC;) I .l1wgn ifiell,tion Sy::;(,clll n.nd 
Jlle;1suring the time of descent over a. distaneo of t.he 
01"<1('1' j mm by stopwat.eh, hut if the met.hod were to be 
ll"l'd at ::III extc'llsively a m01"e sophisticated procedure 
(·oul(l obviously be substituted, m:ling, for example, a. 
photnel('dri(" rc(:oJ"(ling nlTan~em.ellt. 

TIll" \\"1,1":, has I'COll caniP(l out tlsing two pision­
(".'"Iind('r aSS('1l1 hlit's, of nominal eficci.ive l1['enti O.Ofi 
allll 0.0:2 in 2 . (:ol"(:l"ing rcsp('('(.iveJy pressurc rangcs up 
to alJout (jon l,ars and 1500 bars. The tra,nsmitt.ing 
1l1lid IIs,'<I was III eac·1! C':tRO n, Jl1lxi m'C' of j \1'0 minNa.1 
l!J[,,: r-Ilown (·oll1llwr('ia II.\' as DiJhl ;11,,1 ~'T'i"d j;;, rC'sp(:c-
rively. -

Sin('!' t 11<' ('()<'f"ii('il'nt; Il/" vis(:oHit.y is mnrkedly dopen­
eI('lll on {('llllwri1t lll·(~ prt't'llllt,ioIlS lind. i.o l.)() j,al\(,11 j.o 

( 'II SIlI"(' thaI. til(' !.t'll1pemllll"O o/" t,ll(' pishlll-eylinder 
a"~('lllld.\' l'('m:lim'(l IIH COllstllllt ati pOl:lHillll' <lllI'illl:{ ,\ 

!;oJ'!,ioll (;oeffie i( lllt.s (let.ermin()(l by t,hn flow and SIIIlI­
In ri Cy met.hods. 

A ~()()cl <:Iwc:k of Uw intemal eOllsiH(Clll·Y of" t ht' 
different. men,surelllents is provided hy <L comparison 
of t he figures ill the third and fourth eof 1I111m:l of the 
Table from which it will be seon that the changes of 
effective area at zero pressure, ealeu lat.ed from the 
measured piston diameters, are in very close :lgrecIllent 
with the eha.nges determined experimentally h)' clirec:t 
baJaneing. The eorreetion t,erms l~/ll' of wili('h (ypit'al 
V"IIJ<'S a.re given, nowhere differ from unity by as 
1l11l(;h as I % in the present. mnge of expC'l"imcnt". hili 
owillg (0 the f01'111 of the right hand side of eqnation 
(:3 .5) t,hey ;1,1'0 just, sufficiently significant to warrant. 
taking th('1ll int.o account.. If t.hl' flow method \\"(,I'C' til 
h(' l'xtC'II!Il'(l t.o higher pre"~I1I'(~ rang\'" it is likd.\- that. 
large]' (,OlTeetiolls wonl(i be involved. Hl1ll (hl'~l' mi~ht 

tW('l1tllnlly limit. t,he P],C'8S111'C' rn.I1~(, nt(.ail1ahk with 
]'clinbili{.)'. 

I (. will bo I>t'\\)\ t,hlLl. sOIlH'\\"hnl; difr('n'l\[ ntill('" ot" 
( .hl~ (;o('riiuil'nt. (\: WO\'O fOlll\tI in t,ilo t\\"u \,;\H',... 'l'hi,; j 

i 
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]>rol):II JI," :ll'O";(, fro II 1 l ,hl' I':ld t II:Ji I he t r:lIl};mit,j,ing 
11(lid,.;. :111 hClllgl1 nominal ly :-;illlilal' Illixllll'l':-i. wel'e not. 
adll:!ily id(,lll i(·:II . a,.; wa,.; :l!ljl:1J'('1l1 from difl()J'(mce~ 

of' \ 'i~c(),.;il.", 

I)) C()lIIjJ(/(i."'J/1 I{'ilh. the 8imiln}'it!! m.e/'hud 

'1'1(' most imporr..lI1t asped of the' flow met,hod as 
:-i() fal' :lppliell i . ..: it~ "nltll' as ('ollfil'll1nl,ioll of t.lw rcsults 

"htllilll'll by till' "illlil:1l'il,Y II H'tilod. 'I'bi s comparison 
i ::; ,,11<>\\'ll, fol' t.ho t\\'o (':,:-iC'''; ('ol1oii<inl'cd , in Tab. :l and 
in Figs, li <1n(1 7.]n ('(wll [,IISl' th(' :-inlllC pist,on-eylindel' 
a,.;,.;('mhl.\,. and the same jrall~mi L I ,ing fluiJ , w ere used 
ill t IH' (lei (!l'Ininnt)ions by ('h(' Lwo nwLllods. Although 

30· 
I 

1 I r -' 1 --,--

Nom/na/ ar(!o 005 in 2 (o.J22cm2
) 

• Flow mel hod 
• Slim'lol'ilv mdhod 

/ '/ 

I _ ._ I ., 1._ ......J 

o /00 200 JOO '100 500 600 
App//ed pressure (bars) 

l" i ~ . G. COlllp ..... l'ition of tiistortion fnctors dct{'rmincd by the simiJn.rity and 
Ilnw IIlcLil0do. Assemb ly of cype a with mineral oilmixtul'o A 

j,hc agl'('CntCnt i:; very close in both cases, the eontil'· 
111:1tiOll i" especially impol'tunt in the euse illustr ated 
in Fig, 7 \\ 'hel'e the press ure , and t h e corresponding 
(li::;tort.ioll factors, coy er the widest rnnge. The flow 
mcthod confil'mt; not only the value of the distortion 
coefficient, wit.h agrcement to the order 2 or 3 % In 

c:, 75~ ~-I 
~ L Nom/na/ area 002 in l (aI29cm2

) /' 

; t . Flow mel/lod /" 
t ~ 50L ' Siml'larily mel hod ./,/' 

~ ~ I' y' 
~ . ~ ~ / 

.C:: -= l /; 

r~25~'/., " 
o 250 500 750 /000 /250 /500 

Applied pressure (bars) 

~ 
/750 

Fig. 7. C011lp.'lri:-'oll of distortion factor;:; determined by the similarity and 
fio\\' IlIc'thcHls , .\sscmbl), or Wpe " with lI1inero,l oi l mixture n 

both ('a:-i(''';, b111 a l>;o the fact that the distortion term 

i" ac(;ul'utel .\' l'cprescntaulc as a linear function of the 
'pp lie(l PI'C's::;Ul'e. The flow met-hod shows a slightly 

,illl'rca";l'd dis[lcl't; ion of the e xperimental points, which 
j,; Imli(',Yc(i to 1m due to rcs idua'! u nccrtaintics in t he 

ti!mpe'ratmc of the assembly . It has been noted that 
lite' ClJl'l'l'diOiI 11 '1'l11'" [21 /1 do lIot, (l il l'u r g l'eaLly from 
Illlit,'" !,tll it, i:-i j'CJlllllil hal t il(! illC;h l:-i i')11 or t,lli;.; CllJ'rl)C · 

t j.1I1 Lldlll' ,!.!;i\'('''; ,t ~I",dl 11lI( dC'lillit(' impl'ovc!l1H.mt; ill 
111l' a~n'I' IlWt1t with the :<illlil,"rity method. 

Thc' J'V";ltlt,.; of thc~e (" )lHjlariso n,.; th(')'(' forc support, 
t!1\' (',;tilllate of ttecul';l(;} 0(' the meaiilU'ell dilOtol'tio l1 
('Ill'i'iil'i('llt::; ,tIrc,,(l), aI'ri,-ccl itt U:-i a J'csul t of t·llC di;;cn::; · 

"iOll in ;-\('('Liol1 .j. Il, \ 'il.. t ll:t1. Ihl's l' co0l'fieient.g ;tIT dc-
1l'l'lllil\1'll to ahout, ~(X)' 1\11 Cl'l'O l' or th is magllit,utie in 
I he: clic;(.o)'Liol1 ('()C'i'lie ienL would imply all e rrol' of " bout, 

l par'L ill 10,j iii the (dl'.'cLivo a rea of t h o assemuly at, 

lUOO bars compared with it::. valuo a,t zoro pressure, thc 

( '1'1'01.' inert'<ts ing ill proporLioll to Lite applie(l 111'(';;>:\11'( ' . 

The V(,I',Y close agreemcnL betwee n ('h(' flo\\' 
mcLho(l <tn(l (,jIG simila.rity metho<l up to t h o region 
of 'I!)oO Uitl'S suggests that the flow method , or one or 
t he other methods based on the sa.me general prin­
ciple, ma,y have usefu l ltppIieations in t,h e furt',h c r 
extension of this work to higher pressures. 
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