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Vibrational relaxation times in some hydrocarbons in the range 300-900oK 
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Vibrational relaxation times were determined in methane, ethylene, acetylene, and cyclopropane in the 
temperature range 300--900·K. The experiments were performed by measuring the absorption and 
dispersion of ultrasonic waves passing through the vapor. For all four vapors, the vibrational relaxation 
time T, (sec) was found to vary with temperature TC"K) according to the relationship IOglO(T,P) 
= aT'l/3 - b, where P is the pressure (atm) and a and b are constants. The results of the present measure
ments were also found to be in good agreement with existing data. 

INTRODUCTION 

The obj ective of this investigation was to deter
mine experimentally vibrational relaxation times 
of various hydrocarbon vapors in the range 300-
900 oK. The experiments were performed with 
methane, ethylene, acetylene, and cyclopropane. 
For the former two vapors results are available 
up to 900 oK, 1-5 but there is considerable scatter 
in the data to warrant further measurements. For 
acetylene and cyclopropane data exist only up to 
about 350 and 450 oK, respectively. 5,6 

The relaxation times were determined by mea
suring the absorption of ultrasonic waves passing 
through the vapor. This technique has been em
ployed successfully in the past for studying molecu
lar transfer processes in gases both at room tem
peratures l

- 7 and, in recent years, also at higher 
temperatures, 4,8-10 

GOVERNING EQUATIONS 

Consider an ultrasonic wave with circular fre
quency w = 21Tf propagating through a gas. The 
propagation constant (complex wavenumber) is giv
en byl,ll 

K= wi c - ia , (1) 

where a is the absorption coefficient and c is the 
wave speed. In the absence of binary diffusion and 
chemical reaction, absorption is caused by visco
thermal effects (viscosity and thermal conductivity) 
and by relaxation of the internal degrees of free
dom of the molecules. When the absorption coeffi
cient is small compared to the wavenumber (a« K) 
each of these sources of absorption may be treated 
separately, and the absorption coefficient may be 
expressed as 1,11 

a = a c + aR . (2) 

ac is the classical absorption coefficient1
,11 

(3) 

In Eq. (3) 17 is the kinematic viscosity of the gas, 
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k the thermal conductivity, Cp the constant pres
sure specific heat, and y the speCific heat ratio 
(y = Cp I Cv )' The wavelength of the generated sound 
wave is A, and P is the pressure in the undisturbed 
medium. The absorption coefficient due to inter
nal degrees of freedom iS1,11 

(4) 

ci Co is the sound dispersion1
,11 

(5) 

The subscripts and superscripts 0 and 00 refer to 
conditions at equilibrium (w = 0) and at "frozen" 
flow (w = 00), respectively. T is the relaxation time 
at constant pressure and temperature. Compressi
bility effects are not included in Eq. (5). To eval
uate these effects, changes in the sound speed due 
to compressibility were calculated using the ex
pression given by Carey et al. 12 and the compressi
bility values presented by Tribus. 13 For the con
ditions of the present experiments, compressibility 
did not appear to affect the sound speeds signifi
cantly. 

It is seen from Eq. (4) that aR reaches a maxi
mum when 

(6) 

T could thus be evaluated by measuring AR for dif
ferent values of the frequency and noting the value 
of w (i. e., w = wm ) at which AR reaches its maxi
mum. Unfortunately, in practice it is difficult to 
vary w over a sufficiently wide range. This ex
perimental difficulty may be overcome by observ
ing that the relaxation time is inversely proportion
al to pressure, at least when the pressure is suf
ficiently low so that collisions among three or more 
molecules may be neglected. Then, T may be ex
pressed as11 

T=Blp, (7) 
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FIG, 1. The variation of the absorption coefficient 
with the frequency-pressure ratio, Methane at 650 oK, 

Ole calculated from Eq. (3). Solid line calculated from 
Eq. (8) with B adjusted for best fit to data. 

and Eqs. (4) and (6) become 

_ (.E-)2(£L £:) (2rrB) (j/P) 
AetR-rr Co C2 -~ 1+(Cp"'/C2)2(2rrB)2(j/p)2 , 

(8) 

.£ _ { (C;/cg) (C;/cg - C;/C~) (2rrB)2(f/p)2}-1/2 
Co - 1- 1 + (C;/C%)2 (2 rrB)2(j/p)2 

The proportionality constant B is determined as(9) 
follows. In the experiments / is held constant and 
the pressure is varied providing a range of // P 
values. At each / / P value et is determined ex
perimentally. The absorption coefficient etR is 
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FIG. 3. The variation of the absorption coefficient 
with the frequency-pressure ratio. Argon. o!c calcu
lated from Eq. (3). 

evaluated by subtracting the appropriate value of 
etc [calculated from Eq. (3)] from et [see Eq. (2)]. 
The etR values thus obtained (or etRA, since A is 
constant) are plotted against//P. The construc
tion of such a plot is illustrated in Fig. 1. In this 
figure et' is a small correction to the data as ex
plained in the next section. Further, etRA is cal
culated from Eqs. (8) and (9) for different values 
of B, and the value of B is adjusted until the best 
match is found between the calculated etRA and the 
experimental data (solid line in Fig. 1). 

Both vibrational and rotational relaxation may 
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To 

FIG, 2, Schematic 
of furnace and test 
section. 
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contribute to T. Generally, these two internal de
grees of freedom are excited independently and 
have different relaxation times. These relaxation 
times manifest themselves by separate maximums 
on the O!RA versus lip plot. 14 In our experiments 
only one maximum was observed, caused by vi
brational relaxation. The maximum due to rota
tional relaxation would have occurred at higher lip 
values. 3 The liP ratios needed to observe these 
second maximum points were outside the range of 
the apparatus. 

EXPERIMENTAL 

The experimental apparatus consisted of a fur
nace, an ultrasonic wave generator and signal de
tector, and a gas supply system. The furnace was 
constructed from a 23 cm diam, 0.3 cm thick and 
25 cm long brass cylinder with a cooling water coil 
soldered around its outside (Fig. 2). Twenty cm 
diam and 5 cm thick brass flanges were bolted to 
each side of the cylinder. These flanges were hol
low so that cooling water could be circulated 
through them. The flanges were separated from 
the cylinder by fiber glass insulation and Viton a 
rings. A 5 cm diam hole was drilled at the center 
of each flange, which were covered by 7 cm thick 
brass plates. The buffer rods, gas supply lines, 
pressure and temperature gauges were introduced 
into the test section through these plates. The test 
section was a 5 cm diam and 0.2 cm thick fused 
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quartz tube, mounted coaxially in the furnace and 
isolated from it by Viton a rings. The test sec
tion was surrounded by a gr'aphite tube (7.5 cm 
diam, 0.3 cm thick) which served as the heating 
element. The two ends of this tube were tapered 
and were inserted into matching tapered holes pro
vided in the centers of two 20 em diam and 1 em 
thick graphite plates. When the system was as
sembled the heater tubes pressed these plates 
tightly against the brass flanges ensuring good elec
trical contact. The space between the graphite 
heater and the outer cylinder was filled with a 
graphite "blanket." Before each experiment this 
space was pumped down to about 0.2 torr and filled 
with argon or nitrogen. Power to the heater was 
provided by a germanium rectifier connected to the 
two flanges. 

The ultrasonic wave was transmitted and received 
by 1.2 cm diam and 40 cm long fused quartz "buf
fer rods." These rods were inserted into the test 
section through the centers of the end plates and 
were pOSitioned and sealed by double a-ring feed
throughs. The rod serving as the receiver could 
be moved in and out of the gas with a screw mech
anism. This allowed the separation distance be
tween the rods to be varied. The position of the 
movable rod was measured by a micrometer within 
~0.001 cm. A 0.16 cm thick piezoelectric ceram
ic disk was attached to the "open air" ends of each 
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FIG. 4. The variation of the absorption coefficient with "the frequency-pressure ratio in methane. 0 Data. -Fit to 
data [calculated from Eqs. (8) and (9)J. 
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buffer rod. These open ends were cooled by water, 
passing through a jacket enclosing the rods. 

The ultrasonic wave was generated by an Aren
berg high power pulsed oscillator. The output of 
the oscillator was fed to the piezoelectric disk 
through an impedance matching coil, which was 
provided to maximize the magnitude of the signal 
input to the disk. During the experiments the os
cillator was operated at 0.5 and 1 MHz, with a 
pulse duration of 20 fJ.sec. The frequency of the 
pulsed ultrasonic wave was measured by comparing 
(on an oscilloscope) the signal from the ultrasonic 
oscillator with a standard continuous sine wave pro
duced by a beat frequency generator. When the two 
signals matched, the frequency of the Signal from 
the beat generator was measured by a frequency 
counter. The signal from the receiver disk was 
fed into an Arenberg low frequency preamplifier. 
The output from this amplifier was displayed on a 
dual beam oscilloscope. 

Before each experiment the test section and gas 
supply line were pumped down to -0.2 torr:. The 
test gas (Linde Research Grade 99.5%- 99. 9% 
pure) was then introduced into the test section 
through two bottles filled with CaS04 and P205' re
spectively. The pressure was measured by a Heise 
gause and by a mercury manometer. The temper
ature inside the test section was monitored by a 
tungsten rhenium thermocouple located in the gas 
above the gap between the buffer rods. 

The absorption coefficient and the speed of sound 
were measured by the differential path method, 
which has the advantage that the absolute distance 
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FIG. 5. The variation of the absorption coefficient with 
the frequency-pressure ratio in ethylene. 0 Data. -Fit 
to data [calculated from Eqs. (8) and (9)). 
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FIG. 6. The variation of the absorption coefficient with 
the frequency-pressure ratio in acetylene. 0 Data. -Fit 
to data [calculated from Eqs. (8) and (9)). 

between the buffer rods need not be known accurate· 
ly.9 For a given/lp ratio the distance x between 
the buffer rods was varied, and for each value of 
x the amplitude of the received wave A was mea
sured directly from the OSCilloscope. By plotting 
logA versus x one obtains a straight line, the slope 
of which yields the measured absorption coeffi
ciene 

(10) 

However, a correction must be applied to aM due 
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FIG. 7. The variation of the absorption coefficient 
with the frequency-pressure ratio in cyclopropane. 0 
Data. -Fit to data [calculated from Eqs. (8) and (9)). 
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to effects introduced by the divergence of the sound 
beam. This correction iS 15 

c/ = - (21 L)In[l + (Llr)¢] , (11) 

where r is the radius of the. piezoelectric disk, L 
is the distance between the transmitter and receiver 
disks, and ¢ the angle of beam divergence 

(12) 

Upon applying this correction the absorption coef
ficient becomes 

a=aM+a'. (13) 

In the present experiments 0/ was usually less 
than 10% of aM' 

The transit time t of the wave between the trans
mitter and the receiver was also measured with a 
time delay trigger potentiometer built into the os
cilloscope. The distance x was plotted versus t 
resulting in a straight line. The slope of this line 
is the wave speed c. The wavelength was calcu
lated from this sound speed (A = cll). 

RESULTS 

Prior to the experiment with the hydrocarbon 
vapors, measurements were performed with argon 
to test the usefulness of the apparatus. The mea-
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surements were conducted at three temperatures: 
300, 630, and 1070 OK. The experimentally deter
mined aNA values are represented by circles in 
Fig. 3. A detailed error analysis was made and 
the estimated magnitude of errors is also shown 
in Fig. 3. The classical absorption coefficient 
was calculated from Eq. (2) using the thermal con
ductivities and viscosities given by Hirschfelder 
et al. 16 Since argon is incapable of either vibra
tion or rotation, the calculated and measured aRA 

values should agree closely. Indeed, good agree
ment is evident between the experimental and cal
culated results, lending confidence to the operation 
of the apparatus. In the tests with argon the fre
quency-pressure ratios varied from 0.7 to 40 
MHz/atm. In some of the subsequent experiments 
(most notably with methane) the I/p ratios extended 
to 0.2 MHz/atm. However, the error in the lip 
measurements is expected to be of the same order 
of magnitude at the lower lip values as at the higher 
ones. It is also noted that the major error in the 
data was caused not by uncertainties in the liP 
measurements, but by inaccuracies in the mea
surement of the wave speed. 

The absorption coeffiCients measured in methane, 
ethylene, acetylene, and cyclopropane are pre
sented in Figs. 4-7. In these figures the "best 
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FIG. 8. The dependence of the vibrational relaxation time with temperature. _ Present data. -Fit to present data 
[Eq. (14)]. Results of other investigators: Methane: OEucken and Aybar (1940); o Edmonds & Lamb (1958); x Cottrell 
and Matheson (1962); o Cottrell and Martin (1957); 'V Cottrell and Day (1965); (>Griffith (1950); + Gravitt, Whetstone, 
and Lagemann (1966); D,. Parker and Swope (1965); D,. Hill and Winter (1968), Ethylene: ~ R. Holmes and W. Tempest 
Proc. Phys. Soc. Lond. 78,1502 (1961); D,. Hill and Winter (1968); (>Corran, Lambert, Salter & Warburton (1958), 
Acetylene: 'V Stretton (1965), Cyclopropane: (> Corran, Lambert, Salter and Warburton (1958), 
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fit" curves calculated from Eqs. (8) and (9) are 
also shown. The specific heat values used in the 
calculations are listed in Table I. For each vapor 
a dominant single relaxation maximum was ob
tained within the experimentally attainable fre
quency/pressure range. A second maximum due to 
rotation would have occurred at higher I/p values, 
which were outside the range of our apparatus. A 
trend in the data towards this second maximum was 
observed only with methane at 300 and 400 OK at the 
higher I/p values (Fig. 4). In general, good match 
could be obtained between the measured and calcu
lated absorption coefficients in the regions of in
terest, namely where the maximums occur. The 
worst discrepancy between the data and the calcu
lated results is for ethylene (at 750 OK) at highl/p 
ratios. Here the data fall below the calculated val
ues. This may be attributed either to a slight 
double relaxation or to dissociation of the gas. 
That the latter problem may have been present is 
supported by the evidence that a layer of carbon like 
deposition was found on the buffer rods inside the 
test section after these tests. 

Vibrational relaxation times, calculated from 
the data in Figs. 4-7, are presented in Fig. 8. As 
can be seen, for all four vapors the vibrational 
relaxational time can be described by the expres
sion 

(14) 

where Tv is the over-all relaxation time in seconds, 

TABLE I. Specific heat values used in the calculationsa 

(cal/oK, mole). 

Gas Temp (OK) CO p CO 
v C~-C; 

CH4 300 8.552 6.566 0.608 
(from b) 400 9. 736 7.75 1. 792 

500 11.133 9.147 3.189 
650 13.213 11.227 5.269 
900 16.21 14.224 8.266 

C2H4 293 10.38 8.394 2.436 
(hom b) 410 13.126 11.14 5.182 

750 19.98 17.994 12.036 

C2H2 300 10.532 8.546 3.581 
(from b) 400 11.973 9.987 5.022 

600 13.728 11.742 6.777 

CsHs 300 13.44 11.454 5.496 
(from c) 420 17.76 15.774 9.816 

600 24.24 22.254 16.296 

aForCH4 , C2H4 , and CSH6: C;=7.944, C~=5.958. 
For C2H2': C;=6. 951, C~=4. 965. 
~. D. Rossini, et al., Selective Values of Physical 

and Thermodynamic Properties of Hydrocarbons (Carnegie, 
Carnegie Institute of Technology, Pittsburgh, 1953). 

cS. W. Benson, et al., Chern. Rev. 69, 279 (1969). 

TABLE II. The constants a and b in Eq. (14). 

Vapor a b 

9.15 
11.33 

9.682 
2.568 

7.373 
8.41 
8.577 
6.97 

P is the pressure in atmospheres, and T is the 
temperature in degrees Kelvin. The values of the 
constants a and b are listed in Table ll. Thus, 
the present results follow the Landau-Teller ex
pression, 17 according to which 10g(TvP) is propor
tional to r-l / 3. 

For comparison, the existing experimental data 
are also shown in Fig. 8. For methane, the pres
ent data agree very well with the data of Eucken and 
Aybar, 18 Parker and Swope, 19 and Gravitt et al. 20 

The results of Cottrell and his co-workers21- 23 

and Edmonds and Lamb24 seem to be too high, while 
those of Griffith, 25 and Hill and Winter4 appear to 
be too low. It is worth noting that at low tempera
tures the existing data differ by as much as 10% 
and at high temperatures by about 59(. The pres
ent data fall in the middle of this "spread." 

For ethylene, acetylene, and cyclopropane the 
results of the present measurements agree within 
about 1 % of the eXisting data. Note, however, 
that only one set of measurements has yet been 
performed for acetylene (Stretton 6) and one set for 
cyclopropane (Corran et al. 5). These measure
ments extended only to 300 and 500 OK for acety
lene and cyclopropane, respectively. 
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