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Studies on the Compressibilities of Gases at High Pressure. I 

Compressibilities of Nitrogen and Methane 

Kaoru DATE, Goro KOBUYA and Hiroji IWASAKI 

Synopsis 

Compressibilit ies of nitrogen and methane were measured by the constant volume method at 

0·, 25·, 50·, 75· and 100·C up to 1000 atmosphers to an accuracy of 0.2% . 

Detailed accounts are given for the apparatus and for the method. 

Results are presented in the power series of density and are compared with t hose of the 

literatures . 

( Received November 16, 1960) 
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Fig. 1. Schematic diagram of apparatus. 

A : High pressure gas pipet 

B: Oil injector 

C: Mercury·piston pump 

D: Dead weight piston gauge 

E: Glass bulbs 

F: Mercury U·tube 

G: Oil injector 

L: Constant temperature water bath 

M: Mercury manometer 

N: Cathetometer 

P: McLeod ga uge 

R: Vacuum pump 

S: Pilot lamp 

a : Valve of pipet A 

H: Gas storage cylinder e: Electrode for detecting the position of 

J: Constant temperature oil bath Hg-surface 

K: Safety tube f. g: Datum line 
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VI : O·C, 1 atm v~-J-ovt Q 1::' ~ /' r (A) (7)~fjlt [em3] 
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Fig. 2. High pressure gas pipet. 
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EEjJO)mU}Et;:.Jf.I~ ,t-: 13m I:.";t.. r :/~EEjJ~tO)~}Eli,'3Ij¥IP8) t;:.~a~L t.:: c to I) ~.<t> I) , ~O)~@t 

Ii 0.02%~·<t>Q . 

717 ;t..~-,/ 1) :/ 1" - (E) 0)~fIHi~n:fn-}EfffiI.~~7j('~iIlillL -c~O)m1i~mU}EL -C 0.01% P3 
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10, 11, 12 j:$O)~km"fto J:: Lf't(~1rK C7.Mj~EEjJHM(7)£~ijt f c g O)j:$O)q§km"f) O) ~

fIili-}EfffiI.~~·-'/ 1) :/1'''- (E) O)--?t;:.~*'i'3'E~L, Jj;~t;:. Lt-:=r--\' 1:."7 1) -$t;:.-,/ 1) :/1"-

1f!00~*'i'J&~~-!<tlllJ{&O)EEjJ~tJ' G~t~ L -c>1<6bk. 

t.s::to , 't(~1r (K), 7J(~EEjJ~t (M) O)£~~ f, g tArO)$?J-O)~flfli7J(~'i'Jf.I\"-C f, g J:: 

I) O)jij!~O)~~ c L -C;j(6bt-:. 

~EE;I;·;t.. \::0"-':' 'Y r (A) ~;:'liEE*ffi*r;JE~O) ~EE%f*'i'3'Et~ L, EE*ffi$IllU}EO)~~ c "£ -?t-: < IRJ L. 

i!kfF~'~(7)~~~ 0.10% O)~~'t:·rJt}ELt.::. #t~E%1*~;:'li~*;I;·;t.. (MiJi: 99.9%) 'i'~Lf, O·C, 

2OO"-'300atm miIT~' Michels GO) data22) ~~Jf.I L -C~}ELt-:. t.s::to , 1:.""-':' 'Y r~:mO)EEjJ~ 

%t;:'J::Q~":lJ11 VI Ii Love23
) O)il*~Lt-:~~ 
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Fig. 3. Mercury-piston pump. 
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Fig. 4. Diagram of temperature control circuit. 
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Vl E(1'X~1'12) (3 (1-2q) (Pl1'12-P21'22) +2(1+ q) (PI-P2)1'22J 

E: ~Y~~-~.~.. q: ~7Y~~ 

1'h 1'2 : ~ Y ~ 3<" - ~P3'1£:to J: U;$'H.I 
Ph P2 : ~ Y ~ pl- ~p~EE:to J: U7i-EE 

-z:'fillIE L, iMtlln;:: J: 0~mm1JD V 2 vi Keyes24
) ~m:1±l Lk 

V 2 = Vl (1 + 3.25 x lO-St + 2.85 x 10-8t2 -1.65 x 1O- 11t 3 ) 

t : iMt~ °C 
~;:: J: -::> '"(~t},!: L t.: . 

s~1tUfLiMtgtrr:to J: U P.T.R. 7MJlliMtlf£Hfi7.K~-mi~, z/(:to J: LfiltJl:~~,~~-ligtJE,~~jlr 
t" ~:J1i:li~~t~;::-::>~'·ni o.or tJ-r, P.T.R. iMt~~t~;::-::>~'·ni 0.02° tJ-r~~~-Z:'~JELt.:. 

0"-::> ~ J: <, *~~~;:: J: 0EE*fi3$~mJjJE~~fi-*mJjJE~. P, V :to J: U T ~;::~f1MIi" 0J::~C.~JE: 

~~tJ'I?~JEi";h.fi:l&*¥-J 0.2% -Z:'~0 . 

4 *1i*c -t(])~M 
mJj JE~-ffiJ~~~~;::-:::>~''"( 50°C, 607.24atm ~:I~.g.v;::-::>~''"( Table 1 ~;::ffiL.k . 

Table 1. An example of experimental data. 

Weight on piston gauge 

Weight of piston & accessories 

Total weight 

Piston gauge constant at 12"C & 600 atm 

Gauge pressure 

Atmospheric pressure 

Absolute pressure 

Indicated barometer 

( Temperature of barometer) 

Correction 

Atmospheric pressure 

Height of left leg of mercury manometer 

Height of right leg of mercury manometer 

Indicated gauge pressure of expanded gas 

Correction 

Corrected gauge pressure 

Expanded gas pressure 

Temperature of oil bath 

Temperature of water bath 

Room temperature 

Sample gas N2, 50"C, 607.24atm 

W 70.7559 kg 

w + 8.3461 kg 

W+w 79.1020 kg 

( 1/ aeff') 7.6642 atm/ kg 

( 1/ aeffJe W +W) 606.25 

Po + 0.99 

P" 607.24 atm 

751.60 mm 

( 12.3) 'C 

1.95 mm 

Po 749.65 mmHg 

602.83 mm 

- 388A5 mm 

214.38 mm 

1.00 mm 

ilh 213.38 mmHg 

P,=Po-ilh 536.27 mmHg 

0.70562 atm 

t 1 50.00 'C 

t 2 25.00 'C 

t 3 12.6 'C 
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(i) ~~: 99.99% ~*~:::'0\.'-C 0',25°,50°,75° ;foJ:lf 100°C ~:::';fo\.'-C 1000atm"i-c'eD~iJllj 

{iEi~ Table 2 v:::.~-t . "i f.::., ~iJIIHiEiiJ' G~ G.ht.: smooth curves (Fig. 5) J: fJ %fftn::.;t"vt Q 

{iEf~;J<b6 , Michels G22) ;foJ:lf Bartlett G10
) eDfiEi c..LU5n ... k . .::.h~ Table 3 v:::.~-t . mU5E 

{iEifJ:v;t.>:· 0.2% tJ,17-:j-C' Michels eD fiEi c. -fZ~.;z,..k. Bartlett eD{iEiiJ: O°C ~1~-R~=*eDfiEiJ: fJ~ 

?t~\. 'M~~ -#-t Q . 

~iJlUfiEiiJ' GI&'J'=*$v:::. J: fJ EE**~ PV ~~n:~ p (Amagat lft{ft) eD"'-'::4'-*»~v:::.J.iU~ 1..-, iJ!U5E 

{tili:l!IH:::.":)\. '-C p eDlill?X~c I..- -C-t-.h.:fneDf*~~;J(b6k . .::.h~ Table 4 v:::.~-t . ~~~~t:::. 

J: QE.i"~{iEifJ::i&:k O . 3~0.4%, f.l$} 0 . 1~0.2% eD{~Et-c'~iJlu{iEi~:p}:m-t Q. 

(ii) j -7 '/ : 99.9% .,J. j! :/~:::. 0~' T O°, 25°, 50' , 75' ;fo J: l:f" 100°C v:::.;t-:; \" -C 1000 atm "i -C'eD 

~iJ!lj(iEi~ Table 5 v:::.~-t . "i t.:~iJ!lHiEixtEE1:J~1*eD~tffil.~~~ Fig. 6 v:::'~ I..-k. ~.EE :m:::.;t-:;vt Q 

{il!~ smooth curves J: fJ;J<b6 , i5h-lt-C Michels G25) Gaddy G26) ;t;;J:lf Sage G21
) eD{iEic 

Jt~;\Cl..-k . (Table 6) IJlIJ 5E{@:c~Ymk{iEi~J:J\l:k 0.5%, f~ 0.17% eDiiffi~-c·-fZ-tQ . 

"it.: , .EE*ffi$ PV ~Wtbt p (Amagat ~fsL) eD"'-'::4'-*;&~v:::.Jilk:~~I..-~iJ!lHiEi~),fh'-C.:t:-eD'f*~~i'k5E 

I..-t.: . "if, p iJ~ 0 ~200 eDf~.EEamIllH:::'0\"-Cti p eD=?XeD~"i -C'c I..- -Clk:5E I..-k. .:t:-eD*6*~ 

Table 7 v:::.~-t. '::nv:::' J: Qjj l-rHiEivt 0 .1% tJ,1;kjeDffmEt-c'~iJIIHiEi~:P}:m-t Q. 0\. '-C', illU5E{tfi!: 

Table 1. (continued) 

Volume of pipet at O'C & 1 atm VI 

Increase in volume of pipet from pressure effect VI 

Increase in volume of pipet from temperature effect V2 

Volume of compressed gas in pipet VI+VI+V2 

Volume of expanded gas in pipet VI +V2 

Volume of glass cylinder ( No.l+No.2 + No.3) 

( Scale reading of meacury manometer) 

Volume under datum line ( g) 

Volume of expanded gas in water bath 

Volume of capHlary connections 

(Scale reading of mercury safety tube) 

Volume under datum line (0 
Volume of expanded gas at room temperature V3 

Compressibility of expanded gas at fl ' C & P, atm 

Comperssibility of expanded gas at f 2' C & P, atm 

Compressibility of expanded gas at f 3'C & PI atm 

PV of compressed gas 

PV of expanded gas 

PV 

Ph( V I +VI +V2) 

(( VI + V2)/CI ) 

( V2/ C2) 

( V3/ C3) 

'L( V/ C) 

P, ' 'L( V / C) 

5.7168 cm3 

0.0073 cm3 

+ 0.0096 cm3 

+ 

+ 

+ 

5.7337 cm3 

5.7264 cm3 

2997.2 cm3 

( 51.1) 

20.5 cm3 

3017.7 cm3 

44.3 cm3 

( 23.2) 

2.7 cm3 

47.0 cm3 

1.18 Amagat 

1.0919 Amagat 

1.05 Amagat 

3481.7 atm·cm3 

4.8 cm3 

2763.8 cm3 

44.9 cm3 

2813.5 cm3 

1985.3 atm ·cm3 

1.7537 Amagat 



Table 2. Observed values of pressure P, density (J and PV for nitrogen. 

o· 25' 50' 75' 100' 

atm I (J Am I PV P atm I (J Am I PV P atm I (J Am I PV P atm I (JAm I PV P atm I PAl 

7.722 28.050 0.9883 65.958 60.634 1.0878 27.723 23.440 1.1827 106.84 81.657 1.3084 27.726 20.1 

; .773 36.233 0.9873 69.260 63.652 1.0881 41.211 34.783 1.1848 207.46 149.89 1.3841 34.903 25.~ 

l.801 42.385 0.9862 80.659 74.101 1.0885 50.318 42.380 1.1873 329.03 217.73 1.5112 50.610 36.E 

l.014 51.864 0.9836 104.94 95.862 1.0947 61.806 51.968 1.1893 397.28 249.58 1.5918 53.468 38.E 

l.031 62.073 0.9832 154.24 137.52 1.1216 81.037 67.768 1.1958 502.67 291.10 1.7268 75.252 53.f 

5.086 67.352 0.9812 209.11 180.36 1.1594 85.546 71.500 1.1965 594.13 322.60 1.8417 84.726 6004 
1.740 83.187 0.9826 309.20 245.20 1.2610 112.37 93.060 1.2075 720.13 357.78 2.0128 106.88 75.f 

H2 106.01 0.9859 410.96 296.08 1.3880 124.12 102.14 1.2152 839.17 386.77 2.1697 112.47 79.~ 

5.36 107.85 0.9862 506.67 335.74 1.5091 150.34 122.23 1.2300 907.22 401.32 2.2606 126.52 88., 

3.47 124.49 0.9918 599.48 366.65 1.6350 199.90 157.79 1.2669 1002.4 420.48 2.3839 149.93 103., 

3.61 152.75 1.0056 711.84 398.25 1.7874 213.31 166.83 1.2786 201.31 135. ~ 

0.00 193.01 1.0362 784.82 416.08 1.8862 224.65 174.24 1.2893 216.42 143.! 

0.58 264.66 1.1357 908.62 442.84 2.0518 286.60 212.47 1.3489 303.46 190.! 

4.16 273.11 1.1503 1005.0 461.46 2.1778 393.64 267.27 1.4728 422.29 244., 

1.76 309.49 1.2335 425.83 281.63 1.5120 502.09 274.; 

0.23 313.64 1.2442 607.24 346.26 1.7537 535.50 285.1 

1.82 387.88 1.5000 704.61 374.29 1.8825 586.45 302.~ 

5.94 389.28 1.5052 778.08 392.49 1.9824 699.00 334.( 

8.64 393.20 1.5225 912.58 421.83 2.1634 804.78 360.! 

5.45 441.41 1.7794 1001.6 439.60 2.2785 916.93 385.! 

7.81 443.52 1.7988 1006.8 403.: 

1.6 495.58 2.1624 

8.1 496.56 2.1711 
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Table 3. Comparison of compressibility factor for nitrogen. 

~ ~ w \ ~ 100' 

a~ PresentlMiche. Bartlett PresentIMiche- IPresentIMiche- IBartlett presentlMiche- PresentlMiche-IBartlett 
work Is et all work Is et al work Is et al , work Is et a1 work Is et al 

100 0.9850 0.9858 0.9846 1.0958 1.1011 1.2025 1.2046 1.2046 1.3052 1.3095 1.4102 1.4119 1.4114 
200 1.0369 1.0363 1.0365 1.1533 1.1546 1.2670 1.2689 1.2742 1.3779 1.3800 1.4878 1.4885 1.4958 
300 1.1336 1.1340 1.1335 1.2503 1.2514 1.3636 1.3655 1.3711 1.4780 1.4787 1.5855 1.5886 1.5971 
400 1.2566 1.2568 1.2557 1.3740 1.3699 1.4800 1.4814 1.4870 1.5955 1.5942 1.7015 1.7025 1.7112 
500 1.3885 1.3887 1.5002 1.4983 1.6105 1.6090 1.7212 1.7190 1.8260 1.8282 
600 1.5255 1.5251 1.5214 1.6345 1.6327 1.7438 1.7374 1.7473 1.8533 1.8490 1.9582 1.9555 1.9650 
700 1.6620 1.6610 1.7715 1.7675 1 1.8764 1.8735 1.9858 1.9810 2.0937 2.0878 
800 1.7985 1.7983 1.7959 1.9070 1.9030 2.0118 2.0041 2.0155 2.1176 2.1139 2.2259 2.2200 2.2273 
900 1.9345 1.9322 / 2.0403 2.0390 2.1467 2.1428 2.2515 2.2480 2.3566 2·3528 

1000 2.0675 2.0680 2.0641 2.1714 2.1710 I 2.2768 2.2711 2.2825 2.3810 2.3810 2.4886 2.4870 2.4942 

p lf 

0.80:---:-:"0=-=O-_QOLO--60..L0--8-'-OO--'O...J.o-0-p-.Jatm 

Fig. 5. Compressibility isotherms of nitrogen. 

Table 4. 

PV = A + Bp + Cp2 + Dp3 + Ep4 for nitrogen up to 1000 atm 

Temp.'C I A I B·I03 I C·106 I D .109 I E .1012 I Range of p 

0 1.0005 -0.3985 1 2.362 0.854 11.167 up to 500 Am. 

25 1.0921 -0.2596 3.010 0.949 10.411 up to 460 Am. 

50 1.1837 -0.0419 3.077 1.424 10.720 up to 440 Am. 

75 1.2753 0.1483 3.360 2.153 9.387 up to 420 Am. 

100 1.3669 0.3593 3.388 2.281 10.840 up to 400 Am. 

PV=1.0000 at O'C, 1 atm. p=Amagat density. 



Table 5. Obserrved values of pressure P, density p and PV for methane. 

0' 25' 50' 75' 100' 

ltm I PAm I PV P atm I PAm I PV P atm I PAm I PV P atm I P Am I PV P atm I P An; 

.110 30.035 0.9359 66.245 67.922 0.9753 27.742 24.262 1.1434 65.453 54.093 1.2100 27.927 20. 7~ 

.118 38.188 0.9196 82.231 86.486 0.9508 46.513 41.510 1.1205 81.020 67.590 1.1987 34.910 26.07 

.302 56.870 0.8845 106.27 114.98 0.9242 61.721 56.104 1.1001 101.15 85.344 1.1852 38.077 28.49 

.510 78.380 0.8485 124.64 137.21 0.9084 65.543 59.774 1.0965 124.68 106.30 1.1730 50.687 38.19 

.513 86.770 0.8357 145.94 163.19 0.8943 72.505 66.622 1.0883 151.81 129.88 1.1689 65.430 49.6f 

.995 106.088 0.8106 163.44 183.23 0.8920 81.470 75.588 1.0778 159.90 136.87 1.1683 80.465 61.5] 

.079 115.47 0.7974 187.80 209.11 0.8968 90.712 84.936 1.0680 197.99 168.53 1.1748 94.129 72.2~ 

.63 136.95 0.7786 201.29 223.06 0.9024 101.78 95.964 1.0606 231.37 194.27 1.1910 120.72 93.2f 

.35 162.54 0.7589 244.23 260.84 0.9363 110.50 105.07 1.0517 280.44 227.94 1.2303 131.46 101.6~ 

.56 200.06 0.7426 244.87 261.19 0.9375 127.45 122.24 1.0426 280.78 228.02 1.2314 150.64 116.4f 

.82 224.42 0.7433 295.93 296.49 0.9981 148.37 143.44 1.0344 298.58 239.15 1.2485 167.55 129.3( 

.65 247.98 0.7527 403.70 349.52 1.1550 166.81 161.46 1.0331 414.23 297.43 1.3927 184.18 141.7~ 

.80 264.15 0.7640 490.06 380.72 1.2872 186.29 179.59 1.0373 528.62 339.46 1.5572 201.27 154.11 

.57 315.63 0.8351 577.99 404.36 1.4294 203.57 194.80 1.0450 633.94 369.11 1.7175 255.76 191.2 ~ 

.65 347.42 0.9201 683.50 427.86 1.5975 246.64 230.07 1.0720 747.02 394.27 1.8947 302.96 219.7( 

.46 379.31 1.0373 922.67 467.20 1.9749 404.04 319.80 1.2634 860.12 415.86 2.0683 337.08 238.2~ 

.63 412.48 1.2089 1039.7 483.09 2.1521 503.13 355.77 1.4142 1047.5 444.76 2.3552 403.34 269.9' 

.16 413.17 1.2106 587.06 379.90 1.5453 504.51 308.9( 

.03 462.13 1.5884 859.21 435.90 1.9711 621.76 344.2( 

1.69 478.30 1.7493 1018.6 459.32 2.2177 795.97 384.3( 

1.2 510.41 2.1340 1012.2 422.0( 



Table 6. Comparison of compressibility factors for methane. 

0' 25' 50' 75' 100' 
Patm 

present\Miche- IGaddy PresentlMiche' jGaddy ISage Present\Miche- IGaddy ISage PresentlMiche- ISage PresentlMiche' IGaddy ISage 
work Is et a1 et a1 work Is et al et al et al work Is et al et al et al work Is et al et al work Is et al et al et al 

30 0.9305 0.9305 0.9303 1.0375 1.0375 1.0372 1.1415 1.1415 1.1412 1.1408 1.2433 1.2431 1.2427 1.3428 1.3427 1.3411 1.3428 

60 0.8611 0.8612 0.8611 0.9852 0.9857 0.9871 0.9848 1.1026 1.1023 1.1020 1.1015 1.2146 1.2135 1.2130 1.3210 1.3213 1.3211 

80 0.8199 0.8193 0.8199 0.9557 0.9553 0.9569 0.9544 1.0788 1.0800 1.0806 1.0799 1.1986 1.1972 1.1971 1.3087 1.3101 1.3101 

100 0.7852 0.7839 0.7853 0.9312 0.9297 0.9319 0.9285 1.0600 1.0616 1.0636 1.0616 1.1850 1.1845 1.1840 1.2998 1.3017 1.3019 

120 0.7621 0.7580 0.7604 0.9110 0.9102 0.9126 0.9091 1.0459 1.0477 1.0498 1.0477 1.1757 1.1753 1.1750 1.2945 1.2963 1.2964 

140 0.7467 0.7434 0.7457 0.8970 0.8977 0.9003 0.8983 1.0372 1.0388 1.0408 1.0386 1.1700 1.1699 1.1699 1.2930 1.2939 1.2941 

160 0.7421 0.7401 0.7425 0.8919 0.8925 0.8949 0.8944 1.0330 1.0350 1.0367 1.0347 1.1680 1.1686 1.1688 1.2942 1.2946 1.2944 

180 0.7487 0.7482 0.8944 0.8944 0.8970 0.8955 1.0349 1.0363 1.0373 1.0359 1.1703 1.1709 1.1714 1.2978 1.2984 1.2995 1.2980 

200 0.7632 0.7631 0.9016 0.9025 0.9048 0.9018 1.0428 1.0425 1.0437 1.0419 1.1754 1.1768 1.1768 1.3040 1.3051 1.3076 1.3045 

300 0.8892 0.8886 1.0049 1.0062 1.0032 1.1267 1.1286 1.1266 1.2499 1.2519 1.3760 1.3785 1.3768 

400 1.0468 1.0468 1.1508 1.1499 1.1502 1.2583 1.2608 1.2612 1.3738 1.3766 1.4910 1.4929 1.4926 

500 1.2106 1.2086 1.3041 1.3064 1.3102 1.4105 1.4106 1.4134 1.5148 1.5200 1.6262 1.6277 1.6282 

600 1.3763 1.3709 1.4642 1.4659 1.4720 1.5650 1.5653 1.5675 1.6650 1.6714 1.7725 1.7729 1.7750 

800 1.6921 1.6894 1.7812 1.7801 1.8781 1.8781 1.9770 2.0757 2.0744 

1000 1.9968 2.0000 2.0916 2.0892 2.1880 2.1845 2.2784 2.3798 2.3757 
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I' otm 

Fig. 6. Compressibility isotherms of methane. 
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Table 7. 

PV= A+ Bp +Cp2 for methane up to 200 atm 

Temp. ·C I A B·103 C·10S Range of p 

0 1.0024 - 2.3941 5.509 up to 200 Am. 
25 1.0942 - 2.1240 5.545 up to 200 Am. 
50 1.1859 -1.8365 5.419 up to 150 Am. 
75 1.2777 - 1.5509 5.470 up to 150 Am. 

100 1.3694 - 1.2922 5.127 up to 120 Am. 

PV=1.0000 at O·C, 1 atm . p=Amagat density. 



Table 8. 

PV=A+ Bp + Cp2+ Dp3+Ep1 for methane up to 1000 atm 
I 

Temp. ·C I 

0-1 
25 

50 

75 

100 

A 

1.0024 

1.0942 

1.1859 

1.2777 

1.3694 

B· I03 

- 2.7462 

-2.3337 

-1.9532 

- 1.6599 

-1.3532 

C· I06 

11.111 

9.515 

7.968 

7.628 

6.456 

D· I09 

- 29.457 

- 23.849 

- 17.090 

- 15.009 

7.729 

E·I012 I 
52.405 

48.724 

42.667 

41.557 

32.446 

Range of p 

up to 500 Am. 

up to 480 Am. 

up to 460 Am. 

up to 440 Am. 

up to 420 Am. 

PV=1.0000 at O'C, 1 atm. p= Amagat density. 
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