on freezing. The gases are presumed to be sufficiently pure
to exclude significant systematic errors due to contaminants.

The large difference between the volume change of argon
during freezing found in these experiments and the volume
change reported by Bridgman (2) (Figure 4) cannot be
ignored. There are differences ranging from 35 to 100%
between Bridgman’s results and those of the authors. Any
possible error in the piston-displacement method used in
the present work would not seem large enough to account
for this discrepancy. “Squaring-up” the experimental
curve of displacement vs. pressure could lead to slightly
too high a value, although no difficulty was found in
reproducing the published data on the change in volume
of water during freezing at comparable pressures. An
undiscovered leak of gas prior to measuring the argon
sample volume after the experiment, and an equivalent
error in computing the sample size at the start of the
experiment (from the vessel size and published PVT data
on argon) would be an unlikely coincidence.

Bridgman pointed out that his bulb-filling method could
be in error on the low side if the filling capillary became

Velocity of Sound in
Compressed Gases

T. K. SHERWOOD
Massachusetts Institute of Technology, Cambridge, Mass.

VALUES of the velocity of sound in compressed gases
are required for various technical purposes, as for the design
of pulsation dampeners and the calculation of throat
velocities in supersonic nozzles. Few data are available and
the sound velocity must usually be calculated from other
properties of the gas. Simple formulas are available for ideal
gases, which serve adequately for many purposes, but these
are not useful if the gas properties differ appreciably from
ideality.

Reliable values of the sound velocity may be obtained if
the low-pressure heat capacity and an accurate equation of
state for the gas in question are known. The present study
explores the possibility that useful values of sound velocity
might be calculated from a general reduced equation of
state for all gases. The results are compared with limited
experimental data on CH,, C.H., C.Hs, CsHs, i-CsHi,,
n-05H12, He, and COz

Thermodynamics provides the following relations:

Cz=_avg<i> _ _ aRTKZ'
v /s a0z 1
2-P(35), W
C Cr° + aC
K=T‘:= (Cp°+A£‘p)_(ép_Cr) (2)
¢ (H~-H"
g (255),
2
R[Z+T, 9z ]
L C )
Z'P'(a—a%,

Here C is the sound velocity and Z is the compressibility
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plugged with solid. This might possibly exzplain why
Bridgman reported lower values than these.
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For estimating sound velocities, the tables in this article give
greater accuracy than graphs. The tables are also practical
for other purposes—for example, data on heat capacity func-
tion have been published by Edmister and by Lyderson,
Greenkorn, and Hougen, based on earlier generalized equa-
tions of state. The present data, based on Pitzer's recent work,
are colculated by numerical differentiation.

factor, which is assumed to vary only with P, and T, the
reduced pressure and the reduced temperature, respectively.
The above relations are the same as those used by Buthod
and Tien (I) in a recent similar study.

Of the several reduced equations of state available, that
of Pitzer and Curl (12) was selected, values of Z being
taken from their tables for Z. = 0.27 (this is equivalent to
an “acentric factor,” w, 0of 0.2625, since Z. = 0.291 - 0.08 ).
Values of dZ/dP, and dZ/3T, were obtained from large
graphs of Z vs. P, or T, using numerical or graphical
methods, as seemed appropriate. Values of AC, were
obtained in the same manner, using Pitzer and Curl’s values
of (H-H%/T..

The result of these calculations is three functions:

C*/aRTK = f(P., T) (Table I)
AC,=f(P,, T, (Table II)
Co,-Co=fo(P, T (Table I1I)

Values of C; needed in Equation 2 are available from API
Research Project 44 (2, 14).

Using these tables, values of C are calculated as follows:
P, and T are obtained as ratios of the specified temperature
and pressure to the known critical properties |if P. and 7.
are not known, they may be estimated closely by the
methods described by Reid and Sherwood (13)]; AC, and
C, - C, are found from Tables II and III and K is calcu-
lated from C% using Equation 2; C?/aRTK is obtained
from Table I, and C calculated by substitution.

The procedure will be illustrated by estimating C for
ethane at 90° F. and 116 atm. From the literature, P. = 48.3
atm., T.=550°R.,and C5> = 12.8; whence P, =24 and T, =
1.00. From Tables II and III AC, = 16.53, C, — C. = 15.93,

47



¢G50 850 090 880 9t’0 820 0 (444 02°0 0%°0 910 ¥1’o 48" s1’0 01°0 ¥00 900 00 80°0 Y00 %00 00V
Ge’l Ge’l €0'1 G6'0 0L'0 860 8€°0 9€°0 ¥e0 ¢80 0€°0 920 66’0 (44 910 910 91’0 oro 80°0 900 00 09S¢
GL1 €91 Wi €51 G0'1 Ga8'0 99°0 490 90 870 o 90 650 ero 8€°0 e 0 0£°0 20 02°0 800 100 00¢
8V'6 (K4 €02 181 L9l €21 LOT £8°0 160 9L0 oL0 L0 L0 oL0 99°0 ¢G50 8¥°0 0o 0£°0 ¥I'0 800 0S¢
£6°¢ a8'e L8'E 99°¢ 81°¢ vLe ] 4 10¢ 181 ELl QL1 JAA 611 101 L8°0 860 Y90 970 070 920 910 0072
1 4 12y 10 4 S0y (424 0g'e [ 444 ¥e'e GC'e LT'? 11e 691 6%l LTt L6°0 vLo oLo 990 o ¢80 810 061
£9% S9Y 19'% 'y LEY oLE 36'C 88°C vL'G L£K4 0£'¢ 602 EL'T 6¢°1 It £6°0 9L’0 ¥9°0 8¥°0 860 020 081
L6’V S0°S 6L'¥ 187 £6'% 61'¥ 09°¢ 86°¢ IT'e ¥6'2 0LS ov'e L6'1 691 (48 S | 680 89°0 870 860 810 OL1
8€°G 98'¢  9g'¢g 09°G 09 £6°¥ 1844 60'¥ 09°¢ 8¢°€ c0t 8¢ 0%'¢ L0g It i Lot 8’0 50 0¥0 ¢c0 091
09°s 89°¢ 8¢ 09’9 8¢9 %9 oS 12°s Wy 15°% 16¢ e 9I'e 495 g€1'e 6L'1 6e°1 STl ¥9°0 8¥0 V20 091
[ARY) 9€'9 989 ae'L 1L '8 §6°9 99 9€'9 94'¢G 60°S 6LV Iy 0z°¢ IT'g 8€C 661 67’1 0’1 LL0 960 0v1
68°L £8°L  S6°L 68 9’6 1101 Lg 01 Sy ol ¥%'6 4] 9L’8 98'9 879 9L’G a8y 36'€ S6°€ 11'g LG 10°T 050 O0F1
q9°L Y98 506 096 0¥ 01 8911 4% IT°¢1 ¥0¢l  ¥8'IT  1Z°11 ST'IT 06’8 Sv'L 829 L6'¥ 9¢°g (4% £6°1 Le'1 090 63’1
68°L 66 086 0801 1211 6931 06°GT 0Z'L] 8¥'81 €161 OI'LI (40 4% 9%l G001 L8 0’9 @@y 8¢°¢ ¥¥'C Lyl vL0 021
[4 4] 9¢€'6  ¥6'6 £8°01 G611 61%1 (US:] or'6l Lg’0c 0916 6¥'22  09€s 9032 (44841 § [{XA¢ ¥6'8 (45 1% ¢0'¢ LL'1 360 GI'l
9¢°6 826 L3Ol £8°01 14888 96°51 0091 vLLT LE'6l  L861 0422 0892 00vE ILey 9066 OL'VI ¥2'6 029 8L°E 1'% It 01’1
966 926 0L'6 S0l £6°01 09721 [ARH] | 6891 £S°LL 8981 0802 G0'te  OV'LE  8TPE  £89§ 1206 9022 056 1eg 08¢ €T 901
T8 906 896 ¥6'6 S¥ o1 6’11 00°€T I8°ET oSt €591 o8LI 0205 981 6L1€ O0LOE  63LY 0091  S6°L 0t G991 001
17’8 006 8E6 096 £6°01 06°01 ¢03l [ £Kg8 ¥8%l  8GYT  80°GT 06'¥1 (WA 98°0¢ 0032  0€'9% Iy86  6L1€  €L91 or9  L8T 660
09'8 568 916 97’6 €101 06'01 G6'TT 8611 ¢eel 06Tl o¥€l €8°€1 0%l 08yl 9ISl G691 0691 OL'8T 9262 996 €3¢ 060
06 0’8 0L 09 0's (Va4 0t 8% 9% Ve (44 0?2 81 91 V1 (A § 01 80 90 vo T0 *d/ML
9DV jo sanjop )1 3jqo)
191 (441§ (S 28¢ et L1 18°1 Tl (49 eIl Sl'l 11 or't 601 LO'T o'l 90°I S0'1 Y01 €0'1 o0'1 1071 00y
89°1 96’1 JAA Le'1 0L'1 ¥l LT'T II'l (40! er'l It or't 60T 80°1 LO'1 90°I S0'1 ¥0'1 €0'1 a0'1 1071 09°€
8L'1 L9'1 Yo'l el 20 | GC1 JANN 9IT'1 ST'1 eIt 49 or'I 601 801 Lol 901 S0°1 ¥0'1 0’1 ¢l 10T 00°¢
6L'1 99°1 €41 i 11 18°1 49 ¢ Er'l Sl'l or't 60T 801 Lol 90'1T 901 ¥l £0'1 0’1 c0'1 101 101 09°¢
68°1 LT €9°1 8¢°1 €21 SI'l ¥t ¥o'1 €01 a0l 101 101 101 001 001 001 001 001 00T 001 001 00¢
061 (VAN S oSl 9€°'T 12’1 601 001 00T 66°0 860 860 860 860 860 80 80 80 80 660 660 001 06°1
061 69l 0S°1 (49§ 9I'l G0'1 860 96'0 960 660 960 960 960 S60 960 960 L60 L60 860 860 660 08'1
66'1 L'l 671 651 o'l 001 16°0 160 060 060 060 060 16°0 160 %60 £6'0  ¥60 G960 960 L60 660 oLt
1'% 181 161 821 Lol €60 98°0 80 80 98’0 980 980 L8O 180 880 680 160 €60 60 9670 860 091
1€7C 96°1 L9l Le'1 Tt 16°0 6L°0 8L°0 8L°0 8L°0 6,0 6L0 080 @80 €80 980 180 060 %60 G60 L6°0 081
0SC [4%4 LL'1 Wi (998 ¢ 98°0 oLo 0L0 89°0 890 690 0.0 &L0 ¥LO  LLO  6L°0 %8B0 980 680 260 96°0 (18
IT'e 9% IT's 89°[ 61l 18°0 Y90 90 19°0 660 850 690 190 ¥#90 190 0L0 SL'0 6.0 80 060 G6°0 0e'1
[ R3 10°€ Sv'e 6'1 ee'l L8°0 840 960 ¥so 660 %50 290 €90 L0 090 S90 OL0 9.0 280 880 ¥6°0 o1
Loy 19°¢ G6'¢ 6€°% 81 LTI 90 960 190 80 S0 ¥WO0 ¥O0 L¥VO 250 850 ¥90 L0 8L0 680 £6°0 02’1
L6’y 0¥ 92'¢ 89°C 60C ¢Sl G8'0 1.0 860 8%¥'0 OO0 ¥E€0 %€0 9E0 o 6¥0 990 990 ELO €80 6°0 ST'1
£e'S Ly vo'y 16°¢ eL'S L6°1 ¥e'1 (498 660 Lo 6¥0 S€0 920 030 L0 90 9¥0 850 690 080 1670 or't
6£°6 99 (49 A 4 bt 092 99l W'l o€l or'l 180 890 290 12°0 Iro Lo %80 8%0 490  9L0 68°0 G0'1
Y001 €8 6%'9 61°S 9%'Y 96¢ 0LC 19¢ 6v'c [49x4 ¢I'c 081 or'l Sl'l 690 L00 V00 650 Lyo  0L0 L80 00’1
q9°¢l 0601 94’8 Sv'9 86°G 00°G 64V 0y LSy oI’y 08¢ 89¢ %€ 8¢ 9€¢ 691 IT'1l 600 o ¥50 ¥8°0 G96°0
SL'81 (484 6%°01 39’8 ST'L 66°G 92’9 90°L L6'L €8°L 0L 059 8¢ 069 OFy  OL'E  00€E 961 100 050 80 06°0
06 0’8 oL 09 0's (U4 0¢ 8C 9C e (&4 0% 81 91 vl o'l 01 80 90 Vo 20 /ML

N1¥0/,D §0 sanjoA *| 3|qo]

JOURNAL OF CHEMICAL AND ENGINEERING DATA

48



and from Equation 2 K is 2.23. From Table I, C*/aRTK
is 2.316; whence:

= 2.318 x 4615 x 550 x 2.23

> Yoo —
o RERIE IXEBE BIERRI NN 30
o

= 437,000; C = 660 meters per second

The experimental value is about 583 meters per second.

Figure 1 compares values calculated in this way with data
obtained from various sources. Although the result is fair,
it is evident that the method of calculation may lead to
serious error. There are several possible reasons for the

0
23
50
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84
50
59
07
30
77
54
39
87
48
47
3.12
2.49
2.23

[Telr k- o R Te =] [~z 1<) 0 O [=2] [nllor N Y =
S M- - = [CoR (=] (=R R [~ ] . . .
S bS LS LS BSCHE Noia discrepancies:
1. Equation 1 is for sound at “low’’ frequencies in a gas
BOING FETBE IR QTC under equilibrium conditions of molecular excitation. This
SRTACT ISI2T RZEEE anm should not be important, since the data quoted were
e obtained at frequencies from 3 mec. to 900 kc. per second
(11).
o IRBLR] 2LHRE I[NBKY IIE 2. The generalized reduced equation of state is not suffi-
v dondn SHLeE SuFEel oao ciently accurate, and the use of values based on a single Z.
introduces additional errors when applied to various gases.
Values of Z are probably correct to within a few per cent,
= 328-8 LIIFI BRS888 EHS but the derivatives 6Z /4T, and dZ/0 P, are subject to large
PAFLERR Do FEIEoo SR error in the vicinity of the critical. This is particularly true
for AC,, which is obtained by two differentiations of P-V-T
data
JARRIR manan IT ?2 o SR D 3. Accurate measurement of slopes of curves is difficult.
RRERE A& This seems to have introduced no great error, except in
the immediate vicinity of the critical.
EEQRS XSDE8 IZRSE N 4. There are experimental errors in the values of C. There
(-] [= R B N o} w e . . . . .
gg2Ln 22082 {ERSS PR is no reason to believe that this was important; it was

necessary, however, to obtain most of the data by reading
values from small graphs given in place of tables in the

&) +« RBRLR 5201RE IJIIZIX2 3= published reports.
\ NBGHEE GoSrdY Ymaea oo - _
a At the critical temperature, C decreases steadily as pres-
8 FRRLE QRN IRVIS © =N sure is increased above atmospheric, passing through a
° W2ERSE RJEIT 8335 Iz sharply pointed minimum at the critical pressure. The
9 mNmes method of calculation described is evidently incapable of
© defining this sharp dip with reasonable accuracy. Above the
> o G328 T[ELBRE B[ILHBE 922 critical pressure C rises sharply and at high values of P.
= NZJILY ORETY OaecN aad reaches values which are large relative to C at 1 atm. The
2 sharp dip at P, = 1 becomes less and less pronounced as
o 0 SURIN RIRBE L89B =8 T.isincreased fromunity. ) )
S hdedes Sriewe dodad ddd In reviewing the calculations, it appears that discrep-
ancies of more than 10% between calculated and observed
OO OO~ [ (OO 110 L= values of C were encountered in the following regions:
G A28 n 2234s Joank noz for CH,(Z. = 0.289), at P, greater than 6 (about 4000
N = p.s.i.g.); for C;H. (near the critical temperature) at P
between 1.0 and 2.0; for C:He ( at T = 1.00) from P, 1.8 to
+« SREBE BITmT SKIIL I8 2.2; for C;Hs, from P, 0.8 to 3 at T, = 0.95, 0.8 to 2 at
TRERET ©Ww¥en cddad dds T. =100, P, =16 to 2.2 at T, = 1.15, P, 1.6 to 1.8 at
T.=1.20,and P-4to5 at T, = 1.3; for CsH;;, from P, 0.8
w8 Y8 BRI LKITIVY KS8 to 1.4 at the critical temperature; for helium (well above the
i Boe wWEdse codda dad critical temperature) at pressures higher than P, of 6.0
(4200 p.s.i.g.). The calculated values for CO, do not agree
BT 52532 IBIRR =88 well with the data of Herget (3) for T, close to unity in
S 8288 2T T&&S8T IS the range of P, from about 0.5 to 1.5.
« Many of the data were obtained in the critical region,
and comparison of data with calculated values presents a
o FIER NE=ZzR BIT=Y =288 severe test of the calculation procedure. Even more refined
S oo Foddd doiddd  oaid calculation procedures fail in the critical region. For
example, the values of C calculated by Hilsenrath and
© J[RE LRILT IS 5T otherg 4) for QOz, using an equation of state dgsigned
S Bemed oGHdaaN dacca aad especially for this gas, are less than 5% of the experimental

value at 38° C. (T, = 1.024) and 100 atm. The calculated
values based on the generalized reduced equation of state
check Herget’s data at 38° C. within 10% except in the
range of P, from about 0.7 to 1.4.

Evidently the method presented is sufficiently good for

21
11
2.03
2.02
2.02

o BERI IIRE] J58=28 833 ; ; £
S mNeda NeaNNN NN SNe engineering purposes for most common gases at tempera-
. tures greater than T, = about 1.3. The pressure region of
Lgeony [2988 23828 288 greatest discrepancy moves from near the critical at the
A A AeddN s critical temperature to values of P. of 6 or more as T is
: ............... B t 1 t p t t 1 f P f 6 T

increased to 3.
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Figure 1. Velocity of sound in compressed gases
ACKNOWLEDGMENT (3P/dv): = rate of change of pressure with volume at constant
entropy

Thanks are due Sheldon Dean and H.L. Gabelnick, who
prepared Tables I, II, and III and made the calculations
on which comparisons with experimental data are based.

NOMENCLATURE

dimensional constant; aR = (4615/M) sq. m./(sec.)(° R.)
velocity of sound, meters per sec.

heat capacity at constant pressure, B.t.u./(lb. mole)(° F.)
C, at “low pressure” (in ideal gas range)

heat capacity at constant volume, B.t.u./(Ib. mole)(° F.}
enthalpy, B.t.u./lb. mole

enthalpy at low pressure (ideal gas range), B.t.u./lb. mole
ratio of heat capacities, C,/C.

molecular weight

pressure, atm.

critical pressure, atm.

reduced pressure, = P/ P.

gas constant, B.t.u./(1b. mole) (° R.)

temperature, ° R.

critical temperature, ° R.

reduced temperature, = T/ T,

specific volume, cu. ft./1b.

molal volume, cu. ft./1b. mole

NN<e 3D URRTITOQDae

PV/RT

value of Z at T. and P.
Acp Cp - C?;
50
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