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Djlato nwtri c meas urCllIen ts we re made on mi xtures of avia ti on ins tr um ent oil and 2· mctl ly lbut a ne 
at low press ures. T lw se res u lt s a rc co mbin ed with previou s di la tolll e tric and ultrason ic Ill eas ure me nt s 
a t hi i!h pre,s ures to i! ive dr ns it y. re lat ive vo lum e. and iso thC' rm al bulk modu lus of tl, (, mi xturcs tn 
press ures of 20 kilol)a r,. 'rh e ra ti " of the ad ia bati c hulk Illodu lu s t,) isotlwrm a l bulk modu lus fnr 
2· ml'lh ylbut a ll c is a lso ~ i v(' n . 

Key w(\I'd , : Bulk Illodulu s; COlllp rcss ibilit y: den s it y: d il a toillc tric rll eas uremcnt s ; high pressure: 
liqui ds : 2' mc th yIiHlt an(': ultra", ni cs. 

1. Introduction 

P e ntan e and 2-methylbutan e (i - pe nt ane), as well 
as the ir m ixtures, are widely used as press ure -tran s
mittin g fiu ids [J] I at ver y hi gh press ures . Mixtu res 
of pe n tane or 2'lll e th ylbutan e with oth e r fiuid s have 
been used to ex pand th e ran ge of hyd rostati c press ure 
to beyo nd 50 kb ar * [2]. Mixtures of 2· me th ylbutane 
wit h avia tion in s trum e nt oi l are used as press ure
tran s mitting fiuid s wit h good lubri city in the Nat ional 
Bure au of S tandard s 26 kb ar pi s ton gage. 

X-cut quartz transducer 

Ve ry littl e is known abou t th e properti es of th ese 
liquids and ill partic ul ar th eir mixtures a t hi gh pres
s ures. The dens it y of pe ntane and 2-me th ylbut ane was 
de termine d by Brid g man [3] to 9.8 kbar. In th e prese nt 
pape r we will re por t on meas ure me nts of the de nsity 
of mixtures or 2-methylbutan e and aviation ins trume nt 
oil (AIO) as a fun ction of pressure up to their soli difi
ca tion region. 

2. High-Pressure Ultrasonic and Dilatometric 
Measurements 

The uliraso ni c a nd dilatom e tri c me thods used in thi s 
labora tory for fiuid s a t very hi gh press ures have been 
desc ribed in a previous report [4 ] a nd again more 
ex tens ively in refere nce [S]. W e assu me tha t the 
reader is fami li a r wit h th ese pape rs a nd will give only 
a ve ry s umm a ry desc ri ption he re. 

1 Fi~urt.:, in brac ket s indicat e tht' lill 'rat ll re rc.Jefl' llct'$ at the end III' thi ~ paper. 
* I kbar = I O~ N/ m2 • 

ve 

cylinder 

ram force 
clamping force 

F IGU HE ] . High·/) resslI.re pis ton ond cylinder system. wit h fluid 
container. 

Th e hi gh·press ure pis ton a nd di e sys tem with th e 
polye th yle ne sleeve used as fluid containe r are s hown 
in figure 1. Ultrason ic transit time measureme nts are 
made with th e tran sducer cem ented to the r ear of the 
back pla te. The advance of th e pis ton into the cylinde r 
tS monitored with two dial indi cators. 
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Th e volume of the fluid at press ure p can be ob
ta ine d from ultrasonic meas urements carried out as 
a fun c tion of pressure 

[ ii' dl) ] 
Vj(p) = V/II exp - (l + O'"yJ) -B ( ) 

o s fJ 
(1) 

where Vj( fJ) , v/o are the volume of the flui d at pressure 
p and zero; 

0'" is the volume expansivity at pres-

y(; 

T 

Bs(p) 

sure p; 
is the pressure-dependcnt Grune i
se n param eter; 
is the absolute te mperatu re; and 

p(p)U(p ) is the adiabatic bulk modulu s with 
r2 (p) pep) density, L (p) sa mpl e length, 

and rep) ultrasonic transit tim e. 

An iterative procedure is used to compute in creas
ingly bette r approximations of ~( fl ) and th e le ngth 
L (p) of the sample. The s uccessful soluti on of thi s 
proble m requires knowledge of O'"y(; as a fun ction of 
pressure. It also re quires knowledge of tb e initi al di
mensions of tbe fluid co ntainf'!' , th e amount of fluid 
co ntain ed , a nd its de ns it y and s peed of sound a t a t
mos pb eri c press ure . If CiI,y(;T is slllaU we may choose 
to neglect it. For the fluid s in vestigated here CiI,y(;T is 
large at atmos ph e ri c pressure and is es timated to 
c bange rapidly with pressure. It s value as a fun c ti on 
of press ure a nd te mperature is not s uffic iently we ll 
known to be used in th e present in vest igation. Tll ere
for e it seems more appropriate to de termine tbe 
d ensity as a fun c tion of press ure from dilatom e tr ic 
meas ure me nts. 

Dilatom etri c meas ure me nts are evaluated with the 
following two equations: 

D2-d2 L [1 1 1 BO , I'E+ BI ' I'EP] - TT' ~O --- n 
4 BI , I'E BO.I'E 

(2) 

wh ere D, d are th e out e r and inner diameters of the 
polyethyle ne sleeve, 

Lo, L (p) are the adj usted le ngths of th e sleeve at am
bient press ure and a t pressure p, respec tively . 

BO,I'E is the bulk modulus of polye th ylene at ambient 
press ure , and 

B - aB pE • 
I , PE - iJ p , 

furth e rmore, 

L (p) = Lo + ho-h(p) +c/.>pl'+ YJiH 

+ y[l-e- · ii l'] + (3cy lLop (3) 

where ho , h (p) are the di al indi cator readings at zero 
ram press ure and at pressure p; 
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c/.>i5I" YJP ;' a re correc tions for co mpression of the 
pi ston stac k and di s torti on of other 
parts; 

y [1 - e- ·pr ] is a correction fo r i ni tial slack in the 
se tup at low press ures; and 

{3c.vILoP is a correction for the effect of cylinder 
expansion which adjusts th e actual 
lengt h to the length wbich th e sample 
would have in a ri gid cylinder. permit
tin g the use of L(fl) /Lo for VIVo. 

The coe ffi cients c/.>, YJ. y, E, and (30-1 an' of't ermin ed in 
separate experime nts described in reference [5]. The 
zero press ure dial indicator r eadin g. 11 0 • is not known 
s ince a small unknown press urf' is always generated 
whe n the press is close d up. The following procedure 
is used to de termin e ho. A valu e is ass umed for ho and 
th e bulk modulus of th e sa mpl e fluid is compu te d from 
the press ure deri vative of eq (2) using L (fJ) from eq 
(3). We furth e r ass ume that as a firs t approximat io n the 
bulk modulu s of a sam plf' is a lin ea r functi on of pres
s ure, at leas t at low pre ss ures. We th e n fit the experi
me nt al bulk modulu s over part of th e pressu re range to 
a lin car fun c tion of prcss ure . 

(4) 

from whi c h the volum e Vd/l) nfthe fluid a nd th e length 
L (fl) of th e sam ple can tb e n be co mput ed 

V ( ) - V [-I 1 'I Bo.I+BI,fp] f fJ - OJ - -B n B 
l,f OJ 

cO) ) 

L ( ) = VI (p ) + VI'E (fJ) 
P D~7T/4 (6) 

where 

V ( ) _ '7 [1-_1_ 1 BO,I'E + BI.PEfJ] 
1'1-: II -" o. PE B n B 

I , 1'1-: O.I' ~: 

(7) 

is the volum e of the polyethylene sleeve. We combine 
eq (3) with eqs (5), (6). and (7) and rearrange to solve 
for ho 

ho = h(p)-LII 

+ L~: r (D~-(P)(l --I - ln BO.I'E+ BI.I'E!J) 
D- l B1.I'E 130 ' I 'E 

+ (12 (1 - _ 1_ In Bo.r + /3 1 .Ifl)] 
BI,f Bo,f 

- c/.>i5r- YJPf - y[l - e - 'll r] - {3cy ILo/J. (8) 

Now ho can be ex trapolated from any datum point fl . 
Thi s procedure is un sat isfactory, at leas t in th e present 
case, because the bulk modulus of the very compressi
ble liquids is not a linear function of pressure and 
furthermore because in Ill any instances th e lowest 
pressure point is a t 2000 bar and th e ex trapolation is 
rath er lon g. 



~ 
I A low-press ure dil a to me te r was th e re fo re co n-

I 

s t m c ted a nd meas ure me nts of S o,} we re mad e to a id 
in th e de te rmin a ti on of ho. 

3. Low-Pressure Dilatometer 

A s impl e lo w-press ure dil a to me te r was co ns truc te d 
to me as ure th e iso th e rm al co mpress ibilit y of liquid s a t 
a tm osphe ri c press ure . Th e p ress ure vesse l is s hown in 
fi gure 2. T he lower half is as- in o. d . s tain less s teel 
tube brazed to a bras s bo tt o m pla te a nd closed a t its 

TRANSPARENT 
PLASTtC 

TUBE -----,. 

GRADUATED 
CAPILLARY 

TUBE -----., 

PLATfMUM 
RESISTANCE 

THERMOME 

FI GU HE 2. LO IV-I'ress"re (hln/ om el er. 

u ppe r e nd by a brass m id pla te sea led with a n D-rin g 
a nd he ld to th e bo ttom pla te by s ix lon g bo lt s. Th e mid 
p la te is d r ill e d a nd tapped to rece ive a platinum re
s is ta nce th e rm o mete r a nd a Aa re fittin g for th e press ure 
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ta p. In additi on th e mid pla te holds a tra ns par e nt 
plas ti c tube into whi c h th e ca pill a ry of the dil a to me ter 
pro trudes. Thi s pl as ti c tube is e aled b y D-rings a nd 
he ld to the midpl a te b y bo lts fro m a top clos ure . 

The dil a tome te r is ma de from a 500-ml ro und
botto m Aas k seal e d to th e ma le po rti o n of a g round 
glass ta pe r jo int. A 0 .2 -ml g ra du a ted pipe t was sea led 
to the fe male porti on of th e gro und -glass tape r jo int. 
The uppe r e nd of th e pi pe t ha s a n o pe n c u p sea le d 
a round it to a id in th e fin a l fillin g. W he n asse m b led 
the read a ble porti o n uf th e scaJe on th e pipe t cove rs 
approxim ate ly 0.17 ml , gradu a ted in 0.001 ml. The 
Aas k is nes te d in a per fora te d b rao;s can with s prin gs 
a ttac he d to th e rim whi c h huo k ove r a c lamp a ro un d 
th e gro un d-gla ss jo int of th e pipe t to ho ld th e jo int 
toge th e r. Th e ca n a lso se rves to loc a te th e dil a to me te r 
in th e press ure vesse l. 

T he base pla te of th e press ure vessel was ma int a in ed 
s li ghtl y above room te m pe ra ture to pe rmit th e r mos ta ti c 
co ntro l o f th e tc m pe ra ture . Th e sa me Auid used in th e 
d il a to me te r was a lso used a s a ba th Auid to fi ll th e pres 
s urc vesse l a ro un d th e d il a to me te r to a bo ut o ne inc h 
be low th e mi dp la te . T he s a me Auid was c hose n to 
dec re ase e vapo ra ti on fro m t he o pe n cap ill a ry a nd to 
ca use s imil a r c hanges in te m pe ra ture du e to c ha nge in 
press ure . N itroge n was used abuve t he li q uid a s th e 
press ure Aui d . 

T he vo lu me of th e d il a tom e te r was dc te rmin e d to 
within 0.2 pe rce nt by th e we ig ht of wa te r co nt a ine d in 
it. Th e ca pill a ry se a le was c hecke d with a we ighed 
s lu g of me rc u ry a nd was fo un d to be within 0.2 perce nt 
of th e ca pill ary vo lum e a nd u nifo r m to within 0.2 
d ivis ion . T hc p ress ure was meas ure d with a ca lib ra ted 
bou rdon tu be gage. T he te m pe ra t ure of th e li q ui d 
s urroun ding th e d il a tome te r wit h in th c p rcss ure vesse l 
was mea s u re d w ith a pla tinu m res is ta nce th e r mo me te r. 

Afte r fi lli ng the appa ra tu s wi th a sample of fi ui d _ 
th e pos itio n of th e me ni sc us in th e ca pill a ry was read 
a t va ri o us te m peratures a nd a t press ures be t wee n 
1 a nd 5 ba rs. 

T he d a ta were fi tted to e q (9) by OMNlT AB F IT fo r 
VIO , K/, (XI' 

= Vl o - Vro K j (l-' - Po) + Vjo(XI( 1 - '0) (9) 

whe re 

VliO is the vo lum e of th e d il a to me te r a t Po a nd / 0, 

(XII is th e vo lum e tri c th erm a l coe Hic ie nt of th e g lass_ 
K II is th e co m press ibilit y of th e gla ss , 
V,. is t he readin g of th e Aui d le ve l in the ca pilla ry a t 

P, t , 
P is th e p ress ure, 
/ is th e te m pera ture . 

Po is s ta nd a rd a tmosphe ri c press ure, 
/ 0 is a n assigne d refer e nce te mper a ture ne a r roo m 

te mper a ture , 
Vlo is th e volum e of Auid a t Po, /0, 

K/ is the co mpressibility of th e Auid , a nd 
(XI is th e vo lum e tri c therm al coe ffic ie nt of th e Auid . 
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ISOTHERMAL BULK MODULUS AT ATMOSPHERIC PRESSURE 

x- FROM EXTRAPOLATION OF FLUID IN PETH SLEEVE 

c,- FROM LOW PRESSURE DILATOMETER 
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RATIO OF AVIATION INSTRUMENT OIL TO 2- METHYLBUTANE 

FIG URE 3. Isothermal b,dk modnlns of mixtlires of 2-methylbntane 
(i-pentane) and aviation inst,.,,,nent oil at atmospheric pressnre. 

The es tima ted sys te matic uncertainties in the 
meas ure me nts of KJ are 0.2 percent due to VJ)o ; 1 
percent for (Xg and Kg; 0. 3 percent for p; 0.2 percent 
for Vc; a nd 3 percent for t . The larges t uncertainty , 
the 3 percent for t, results from an es timated uncer· 
ta inty of 0.02 °C in the measure ment of the equilibrium 
temperature. While this me thod of measuring the 
iso therm al co mpressibility at atmospheric pressure 
gives results good onl y to about 3 percent , thi s is 
sufficie nt for our present use. The res ults for 2-methyl
butane, aviation instrume nt oil, and SO/50, 75/25 , and 
25/75 mixtures of the two are shown in fi gure 3 by (~ ) 
as th e iso th ermal bulk modulus at atmospheric 
pressure (B~ , J) ' 

4. Results 

Evaluation of the expe rime ntal data requires the 
de termination of ho from eq (8). For this purpose and 
in spite of the slight nonlinearity, the bulk modulus 
values 

with 

Pm 

were fi tted to 

Pn+ P II +! 
2 

(10) 

for the first six non-zero pressures (a pproximately 1 
to 10 kbar) for each fluid sample. Th e resultin g Bo ,J 

are plotted (x) in figure 3 and both coe fficie nts are 
li sted in table 1. A co nsiderable improve me nt can be 
made, if Bo,}" is se t equal to B~,J' th e zero-pressure 
bulk modulus obtained from the low-pressure .dila
tO/neter meas ure ments. A straight line is fitted to th e 
same B J(p Ill) as used a bove and forced through B~,f' 
The Bb are also plotted ( ~) in fi gure 3 and the co
e ffic ients B6j and Btf are listed in table 1. The values 
of Bb· and Br,J for each mixture were used to obtain an 

TABLE 1. Density at atmospheric preSSlif"e and co~fficients of bnl k 
modnlus of mix tures of aviation instrument oil and 2-methyLb/1.tane 

Ratio of aviation 
inslrum enl oil 10 po BO•1 B' .1 B~ f B ~ .1 
2- meth ylbul ane 

g/cm" kbar kbar 
0- 10 0.615 2.99 11.54 4.5 11.27 
0- 10 .615 5.13 11.14 4.5 11.26 
1- 9 .651 5.07 11 .24 5.5 lLl6 
2- 8 .678 6.43 10.96 6.5 10.95 
3-7 .705 6.82 10.99 7.5 10.87 
4- 6 .730 7.43 11.18 8.5 10.99 
5-5 .752 7.25 11.69 9.5 11.30 
5- 5 .752 9.09 11.75 9.5 11.68 
6-4 .781 8.98 11.37 10.5 ILl 1 
7-3 .807 11.68 11.36 11.5 11.39 
8- 2 .827 13.61 11.21 12.5 11.40 
9- 1 .851 12.00 11.14 13.5 10.88 

10- 0 .879 10.41 12.10 14.5 11.28 

ho from eq (8) by averaging the values of ho from the 
first six non-zero pressure points for each mixture. 
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FIGUIlE 4. Nalio of volume 0.1 !'reSSlIre 1.0 volume 01 a lm ospheric 
pressure as a ji.ulcll:on 0/ mixt ure and j'resslire. 

These valu es of 17.0 are used in e q (3) for L (p) . L (p ) .is 
u sed in e q (2) to de termine VhJ) . F igure 4 s hows 
VJ (p) /T0o (or pul p) fo r each mi xture . The valu es for 
VJ( p )jVJo are give n in ta ble 2. 

T a ble 3 shows the va lues of th e iso th e rm a l bulk 
modulu s fo r eac h mi xture a t va ri ous p ressures. Th e 
valu es a t a tm osp he ri c press ure a re ob ta in ed fro m a 
lin ear fit to the va lues of the low- press ure dil a to me tri c 
d a ta. A ll o the r values a re from linea r inte rpol a ti o n be
twee n neares t experim e ntal valu es. Th e tabul a ted da ta 
were fitte d to R i' (m, p ) =A + Bm + Cm~ + Dp + Emp + 
Fm~p + Gp~+ Hmp~+ lm~p ~. T he va ri a ble m is th e 
frac ti on of avia ti o n in s trum e nt oil in t he mi x ture of th e 
oil a nd 2 -m e th ylbuta ne and p is the press ure. Th e 
results indica te d th a t an acce pta ble fit fo r th e acc uracy 

o f thi s da ta co uld be o bta in ed with ju s t th e term s A, 
Bm, Dp, Em(" a nd Cp~ . A fit was ma de fo r th ese va ri 
a bles a nd the res ult is: 

B .;:' (m , p ) = 4.542 + 9.568 m + 8.735 p + 1.471 mp 

- .06348 p ~ (11 ) 

fo r B';' a nd 11 in kil oba rs. Th ese res ult s a re s how n in 
fi gu re 5. 

Th e adi a bat ic bulk modulu s fo r 2- me th ylb ut a ne was 
co mp ut e d fro m ult raso ni c meas ure me nt s of th e time of 
Ri g ht a nd th e d il a to me tri c measure me nt s o f de ns it y 
a nd le ngth o f sampl e. Th e ra ti o of th e a di a ba ti c bulk 
modulu s (Bs) to th e iso th e rm a l bulk modu lu s (Bn 

'f AB LE 2. /{ nlio of VjV 0 

Press ure Rati o of av iati on in strume nt oil to 2· mclh ylbut ane 
In 

kil obars 
0- 10 1- 9 2-8 3-7 4- 6 5- 5 6- 4 7- 3 8- 2 9- ] 10-0 

0. 5 0.930 0.940 0.954 0. 958 0. 962 0.966 0. 966 0.970 0.971 0.974 0. 976 
] .893 .903 .911 .920 .926 .934 .938 .941 .944 .949 .952 
2 .843 .856 .866 .876 .885 .893 .898 .905 .909 .912 .919 
3 .811 .825 .836 .846 .856 .866 .87 1 .879 .885 .887 .893 
4 .788 .803 .814 .824 .835 .846 .85 1 .860 .866 .868 .874 
6 .754 .770 .781 .792 .803 .814 .821 .83 1 .838 .838 .845 
8 .730 .746 .757 .768 .779 .791 .798 .809 .816 .816 .824 

10 .71 1 .727 .738 .749 .761 .774 .780 .792 .799 .798 .807 
12 .696 .712 .722 .734 .747 .760 .766 .779 .786 .784 .796 
14 .684 .700 .710 .721 .734 .750 .754 .767 
16 .672 .689 .700 .710 .724 .737 .743 .756 
18 .662 .679 .690 .701 .714 .728 .733 .747 
20 .653 .670 .681 .692 .705 .719 .724 .738 
22 .645 .662 .672 .684 .697 .711 
24 .638 .654 .665 .676 .689 .703 
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as a fun c tion of pressure for 2-m eth ylbutan e is shown 
in figure 6_ The value 1-33 plotted at atmosp heric pres-

sure is the ratio of Bs/Rl obtained from data from the 
Internati onal Critical T ables [6]. 

Pressure 
in 

kiloba rs 0- 10 

0 4.5 
2 22.2 
4 37 .9 
6 54.3 
8 70.0 

10 88.9 
12 102.1 
14 11 3.2 
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20 153.8 
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T ABLE 3. Isothermal bulk modulus (- V dp/dV) in kilobars 

1- 9 

5.5 
23.8 
40.1 
56.1 
70.7 
86.6 

ll2.0 
122.8 
130.6 
144.6 
149.3 

200 

180 

160 

140 

120 

100 

80 

60 

40 

o 

2-8 

6.5 
24.4 
40.6 
58.2 
70.5 
86.1 

106.5 
125. 1 
140.6 
147.5 
158.9 

4 

Rati o of av iat ion in strum ent oil to 2·met hylbut ane 

3-7 4-6 

7.5 8.5 
25.8 26.0 
41.6 43.1 
59 .1 60.0 
72. 1 75.6 
90.9 97.9 

106.0 113.3 
124.4 127 .3 
139.1 141.2 
149.7 153.5 
173.6 165.5 

6 

5-5 

9.5 
27.5 
45.3 
62.2 
80.3 
98.9 

122.3 
129.8 
149.3 
157.2 
172.3 

o 
0' , ,. 
~/ 

6- 4 7-3 

10.5 11.5 
28.6 30.9 
46.4 49.6 
63.0 66.4 
79.8 82.8 

103.8 11 4. 1 
115.5 124.6 
125.4 133.7 
147.7 148.7 
157.8 164.4 
165.5 173.0 

NUMBERS ON CURVES ARE THE RATIO OF AVIATION 
INSTRUMENT OIL TO 2-METHYLBUTANE 

10 12 14 16 18 20 
PRESSURE. k bar 

FIGURE 5. Smoothed values of isothermal bulk modulus (8.;=-V dp/ 
d V) as a fU ll ctioll of mixture alld pressure. 

126 

8-2 9-1 10- 0 

12.5 13.5 14.5 
33.8 31.2 32.3 
50.4 48.7 50.2 
69.0 67.6 69.1 
83.8 81.8 88.5 

112.5 103.6 118.6 
133.3 127.2 162.4 
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5. Conclusions 

T he use of a low,pr essurc dilatoill eter for measure· 
ment 0(' isothc rm al bulk modu lu s of variou s liquids has 
proved useful in fi ttin g data obtain ed in our high· 
pressure pi ston and d ie wit h po lye th ylene Auid con· 
tainer. Thi s has res ulted in m ore usable values for 
lite bulk modu lu s and re lative vo lum es of th e liquids 
at high pressure. 
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